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ABSTRACT

Given the superior thermal stability and highly attainable hydrogen density, yttrium hydride is an excellent
high-temperature moderator material in advanced thermal neutron spectrum reactors that require small core
volumes. Yttrium hydride has been selected as the moderator material for the Transformational Challenge
Reactor, which was launched at Oak Ridge National Laboratory (ORNL) in 2019. However, fabrication of
large-scale crack-free yttrium hydride is challenging and very limited efforts have been committed to the
characterization of bulk yttrium hydride in response to the need to establish a complete database of the
thermomechanical properties of YHx. In this report, the challenges associated with fabricating large-scale
crack-free yttrium hydride are discussed herein. In response to those challenges, a hydriding system was
designed and constructed at ORNL and was used to successfully fabricate crack-free yttrium hydride in
complex geometries at large scales. This was accomplished by precisely controlling the hydrogen’s partial
pressure and the retort temperature, which was informed by the well-established thermodynamic properties
of the binary H-Y system. Hydrogen content in as-fabricated hydride was determined by the weight change
method and vacuum hot extraction technique, complemented by the X-ray diffraction (XRD). In addition,
significant efforts are being dedicated to establishing a complete database of the thermomechanical
properties of as-fabricated yttrium hydride. In FY2020, we investigated the thermophysical properties of
yttrium hydrides as a function of temperature (room temperature to 700°C) and hydrogen concentration
(H/Y ratio ranges from 1.52 to 1.93). The results indicate that at the temperatures below 300 °C, the
hydrogen content did not have a significant influence on the thermal expansion, while the specific heat
capacity, the thermal diffusivity, and the calculated thermal conductivity were slightly higher for the higher
H/Y ratio. Between 300°C and 700 °C, a reversible second-order endothermic transition in all measured
thermal properties was observed. It was also found that the onset temperatures of the observed transition
varied, with the composition having inverse dependence on the hydrogen content. An attempt was made to
explain the behavior of the thermophysical properties at higher temperatures by considering the order—
disorder transition as a result of hydrogen redistribution. In addition, nanoindentation was employed to
determine the elastic modulus and hardness and to capture the crystal orientation dependence of these
parameters. Vickers hardness was also reported. The final section of the report introduces ongoing neutron
irradiation campaign of yttrium hydride.

vi



1. INTRODUCTION

Hydrogen has broad applications in both nuclear and non-nuclear systems [1, 2]. Hydrogen is an
outstanding moderator for fast neutrons in nuclear systems because of the equivalent mass to the neutron,
the low neutron absorption cross section, and the acceptably high neutron scattering cross section [1, 3].
Given the high energy density, hydrogen is also an ideal energy carrier [4]. Metal hydrides have been
recognized as an efficient, low-risk option for high-density hydrogen storage since the late 1970s [1]. As to
the nuclear application, metal hydrides are particularly well suited for use in thermal reactor systems in
which core weight and volume must be minimized. In thermal reactor systems, metal hydrides serve as a
constituent in fuels and in moderator and shield materials. ZrHx in the form of the matrix for fissile
materials—U(30wt%)-ZrH; s—was employed as the moderator material in the Systems Nuclear Auxiliary
Power (SNAP) Program [5], Training, Research, Isotopes, General Atomic (TRIGA) research reactors [6],
and nuclear thermal propulsion reactors [7]. Higher power density, high moderator density inherent to the
fuel, large prompt negative fuel-temperature reactivity feedback, and higher thermal conductivity are
attractive attributes of this class of hydride fuels [6]. Hexagonal cross section rods of clad YHx were
investigated for possible application as moderator elements in the gas-cooled Aircraft Nuclear Propulsion
(ANP) reactor developed by General Electric [3, 8]. In addition to the outstanding neutron moderating
characteristics, hydrogen, particularly as a metal hydride, offers other unique nuclear advantages when used
as a shield component. The desirable elements of an ideal nuclear reactor shield are hydrogen for neutron
moderation and a heavy metal effectively absorbing gamma-ray. However, the high cost limited the metal
hydride’s application as a radiation shield. Metal hydrides were also proposed for use in reactivity control
elements for fast-spectrum nuclear reactors to facilitate thermalization and subsequent absorption of
neutrons [9]. Furthermore, variation of hydride temperature would provide attendant reversible changes in
the equilibrium concentration of hydrogen, affecting and reducing the reactivity [10].

In contrast to ZrHx and other metal hydrides under consideration as moderator, YHx offers unique
advantages as a moderator for high-temperature thermal neutron spectrum reactors, even though ZrHy has
lower neutron absorption cross section and consequentially a higher moderating ratio. YHx exhibits superior
thermal stability and retains relatively high content of hydrogen at elevated temperatures [1, 11]. This is
particularly true at temperatures above 870°C. For example, when in equilibrium with 1 atm H, at 900°C
and 1,100°C, the attainable hydrogen content in yttrium hydride is 1.6 and 2.6 times that in zirconium
hydride, respectively. The equilibrium hydrogen pressure of YH; is several orders of magnitude lower when
compared to ZrHx with the same hydrogen/metal atomic ratio at the same temperature. This also illustrates
the ability of YH,to retain hydrogen at elevated temperatures. In contrast, the application of ZrHx in nuclear
systems has required careful management of the moderator temperature and additional effort to develop a
hydrogen barrier (e.g, metal cladding or self-protecting oxide or nitride layers on the surface of the hydride
itself) to mitigate hydrogen desorption at elevated temperatures [3]. The development of hydrogen barriers
for YHx becomes necessary when the hydrogen loss at elevated temperatures is unacceptable. Although the
YH; moderator is attractive, in the nuclear systems of the first nuclear era, the unavailability of high-purity
yttrium as an industrial metal and its prohibitive cost—30 times the cost of metal zirconium [12]—did not
allow for the broad application [13]. However, high-purity yttrium is now widely available as a commercial
product at an affordable price, even at the ultra—high-purity grade of 99.9%, which is <§50/kg [14].
Therefore, the time is ripe to reap the benefits of this metal hydride to enable advanced nuclear energy
applications.

YHy is now being developed under various US Department of Energy (DOE) programs to serve as the
moderator for microreactors and small modular reactors, which have wide civilian applications because of
their capabilities to be deployed with low enriched uranium and integrated with microgrids [15]. DOE’s
Office of Nuclear Energy launched the TCR program in 2019 to build and operate an additively
manufactured microreactor at Oak Ridge National Laboratory (ORNL). The TCR program aims to



demonstrate a faster, more affordable approach to advanced nuclear energy [16]. YHx was selected as the
moderator material for this reactor [17].

Based on these various proposed applications in nuclear systems, it is manifest that there is a high demand
for large-scale, crack-free bulk YH. Fabrication of metal hydrides is usually achieved through the direct
reaction of metals and hydrogen at elevated temperatures in a Sieverts’ high vacuum apparatus.
Considerable difficulty was encountered due to cracks forming in the fabricated yttrium hydride [3, 8] in
the ANP program of the 1960s. The cracks were associated with the large amount of impurities in the
starting yttrium metals. Houten [12, 18, 19] demonstrated that including additives, which are usually present
as carbides or borides, allowed for achieving small metal grain size, and the carefully tuned hydriding cycle
yielded crack-free hydride bodies. After nearly 30 years of dormancy in yttrium hydride fabrication and
characterization, crack-free, small YH, samples were successfully fabricated by a Japanese research group
using an ultra-high vacuum Sieverts’ apparatus [20, 21] to investigate the thermomechanical properties of
this material as a function of hydrogen concentration. Large-scale yttrium hydride may also be fabricated
via the powder sintering route, as demonstrated by researchers at Los Alamos National Laboratory [22].

In addition to the fabrication of crack-free yttrium hydride, very limited efforts have been committed to the
characterization in response to the need to establish a complete database of the thermomechanical properties
of YHy to facilitate its deployment as high temperature moderator. Preliminary evaluation of the
thermomechanical properties of YHx were carried out in 1960s and available in Ref. [1]. Since the
availability of high purity yttrium, Ito et al [21] reported the thermal properties (i.e., specific heat capacity,
thermal diffusivity, and thermal conductivities) of three bulk yttrium hydride samples (YH1.72, YHi gs, and
YHi90) in the temperature range from 300 to 773K. Setoyama et al from the same research group [20]
investigated Vickers hardness and Young’s modulus of YHy (1.7<x<2.0) at room temperature. In addition
to the bulk yttrium hydride, Shivprasad et al [11] reported the elastic moduli of high-density sintered
monoliths of yttrium dihydride. However, a reliable database of YHy properties as a function of hydrogen
concentration remains incomplete.

This report summarized the R&D activities under Hydride Thrust of the TCR program, including the
fabrication of the crack-free yttrium hydride by using the TCR large scale bulk metal hydriding furnace
[23] and the thermomechanical property measurements.

2. FABRICATION OF BULK CRACK-FREE YTTRIUM HYDRIDE

2.1 CHALLENGES ASSOCIATED WITH FABRICATING BULK CRACK-FREE YTTRIUM
HYDRIDE

Yttrium hydrides with the desired H/Y atomic ratios can be fabricated in a variety of ways: such as
introducing a measured amount of hydrogen into small-volume retorts or carefully matching retort
temperature and hydrogen pressure. The Y-H binary phase diagram and the pressure-composition-
temperature (PCT) map are the two most important pieces of information needed to guide fabrication of
yttrium hydride. A reliable thermodynamics database of the Y-H binary system was gradually established
once ultra—high-purity yttrium metal became available in the late 1970s [24-27], even though significant
effort had been expended in the 1960s to investigate this binary system [28, 29].
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Figure 1. Equilibrium hydrogen partial pressure of the Y-H binary phase as a function of the H/Y atomic ratio at
900°C and 1,000°C, respectively, predicted by using data adapted from Begun et al. [24].

Based on the PCT curves [24], the experimental isotherms of the Y-H system basically describe the phase
evolution during the hydriding process. As shown in Figure 1, the logarithm of the equilibrium hydrogen
pressure first increases approximately linearly with the H/Y atomic ratio. In this region, only the metal
phase exists: an interstitial solid solution of atomic hydrogen in metal Y with ample solubility. Then, as the
concentration of dissolved hydrogen is increased, the equilibrium hydrogen pressure reaches a plateau, and
the curve becomes relatively flat. This marks the onset of the two-phase region in which H activity is at
equilibrium between (1) the solid solution of atomic hydrogen in metal yttrium and (2) a hydrogen-deficient
face-centered cubic (FCC) YH:.x phase. With the addition of more hydrogen and a corresponding increase
of the YH>.x phase fraction, the curve starts to slope upward, indicating that all the metal has been consumed,
and only a single-phase region exists once again: the slightly hydrogen-deficient § phase yttrium hydride.
However, the experimental data in the temperature range of >1,000°C and in the atomic ratio of H/Y>1.90
are not yet available. The thermodynamics properties of YHx at higher temperatures and the hydrogen
contents can be obtained by extrapolating from the data that are currently available.

Hydriding is a rate-controlled exothermic process [1]. The rate limiting process may be diffusion of
hydrogen inside the solid metal or hydride, as H is supplied to the solid or surface adsorption, depending
on the bulk H» gas flux onto the surface. Phase transformation of the metal to hydride (or vice versa) is a
moving boundary growth process similar to what occurs in Zr-H system [30]. However, the interfacial
reaction rate is not deemed as rate limiting. The most significant challenge in fabricating massive crack-
free bulk metal hydride (or during rapid dehydriding) is that if the hydrogen concentration gradient across
the sample body is not managed to a low value, then differential lattice strain results, leading to significant
stress. This stress, coupled with the low fracture toughness of the hydride materials, is the ultimate cause
of cracking, and it is routinely exploited to produce powder from various metals in the hydride-dehydride
process. In this work, finite element analysis was performed using BISON [31] to semi-quantitatively
demonstrate the stress distribution in an yttrium sphere of 1 mm in diameter under various hydrogen
concentration gradients along the radial direction. The simulation temperature was set to 823K, and it
remained constant without considering the exothermic nature of the hydriding process. The swelling of



yttrium hydride was assumed to be proportional to the H/Y atomistic ratio. The swelling was 7.1 % at YH 5
and O for Y, linearly increasing between these values. The elastic modulus was set to 66 GPa for Y and 140
GPa for YH, 34 [20], linearly increasing with hydrogen concentration. Poisson’s ratio was set to a constant
0.27. The densities of yttrium and yttrium hydride were set to 4,500 and 4,200 kg/m®, respectively [32]. A
linear correlation between density and the H/Y ratio was assumed. Four cases were evaluated: (a) the H/Y
atomic ratio as 0 for radii less than 0.21 mm and 1.84 otherwise; (b) the H/Y ratio linearly increasing for
radii greater than 0.21 mm from 0 to 1.84; (c) the hydrogen concentration following a linear gradient
through the radius from 0 to 1.84; and (d) the H/Y ratio linear increasing from 1.74 to 1.84, starting from
the radius of 0.
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Figure 2. The hydrogen concentration gradient, the maximum principal stress, and the von Mises stress distribution
for four distinct H concentration profiles. The H concertation gradients (left) become more gradual and flat moving
from scenario (a) to (d), resulting in the lower stresses arising from lattice differential strain (right) [23].

Figure 2 shows the hydrogen concentration gradient, the maximum principal stress (relevant when assessing
brittle hydride), and the von Mises stress (relevant for assessing ductile metal) distribution in each case. In
the first three simulations, significant stress built up within the spherical sample, and Case 1, with the
sharpest hydrogen concentration, had the highest stress. The yttrium hydride perimeter swelled and
attempted to pull the yttrium core outward. Thus, the yttrium hydride region was subjected to strong
compressive hoop stress but tensile radial stresses, while the yttrium region was subjected to tensile hoop
stress and radial stress. The inner Y region was equitriaxial, which is why the von Mises stress was so small
in the center. Also, this analysis implies that the cracks could have started anywhere in the Y region. Figure
3 shows a picture of two cracked yttrium hydride rods that were fabricated under conditions that rapidly



supplied H into the solid, resulting in a large hydrogen concentration gradient throughout the hydrided work
pieces (i.e., the H gas—solid surface flux is much larger than the H diffusive flux in the solid).

0.5 mm [ ( |

10 20 30 40 50 60 70 80 90 100 110 120 130 140 130

Figure 3. Cracked yttrium hydride rods resulting from the presence of the large‘ hydfogen
concentration gradients within the samples during fabrication [23].

The fourth simulation considered a case with a shallow H concentration gradient in which the center was
YH, 74 and the surface was YHi g4, This represents a scenario in which H was slowly supplied to the solid,
so there was ample time for diffusive flux to flatten the H concentration profile inside the solid. This
simulation predicted much smaller stresses. Therefore, crack prevention appears to be clearly a matter of
preventing large concentration gradients within the sample. A practical approach is to initiate hydriding at
the desired final temperature but to limit the rate of hydriding at said temperature by applying a small
hydrogen flow rate to allow more time for hydrogen redistribution (via bulk diffusion process) within the
workpiece, thus avoiding an adverse hydrogen concentration gradient in the sample. Uniformity of retort
temperature is generally of primary importance in producing sound massive metal hydrides with uniform
hydrogen/metal atom ratios.

2.2 Fabrication of bulk crack-free yttrium hydride

A fully programmable hydriding system with continuous hydrogen partial pressure and flow control
coordinated with precise temperature control has been designed and constructed at ORNL to fabricate
yttrium hydride. A schematic plot of this system is shown in Figure 4: an ultra-high vacuum system
consisting of all metal parts and fittings capable of a vacuum level of 2x 10 torr. The maximum temperature
of the 3-zone tube furnace is 1,100°C. An Inconel retort is employed to process the sample. The
programmable gas control system was designed to enable flow control coordinated with temperature
control. An automatic emergency cut-off system with a safety inert gas purge line and a pressure relief
valve was included to ensure safe hydrogen handling.

Instead of introducing a set amount of hydrogen to the retort, yttrium hydride is fabricated by carefully
matching the retort temperature and the hydrogen partial pressure. The process was initiated with ultra—
high-purity yttrium metal—99.99%, purchased from American Elements—to avoid the effects of
impurities. The typical hydriding process is designed as follows:
1. Evacuate the retort after loading yttrium samples and run Ar purges;
2. Heat the retort to 900°C to degas under vacuum, and then lower the retort temperature to the pre-
determined processing temperature;
3. Isolate the retort from the pumping system using the gate valve;
4. Introduce ultra-high-purity hydrogen to the retort at a low flow rate ranging from 5 to 150 sccm,
depending on the surface area of the material to be hydrided;
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Figure 4. Schematic of the TCR bulk metal hydriding system at ORNL [23].

5. Maintain the hydrogen pressure within the retort to a predetermined value that, together with the
processing temperature, determines the H/Y atomic ratio of the final product, and maintain a close
coordination of the throttle valve, the mass flow controller, and the capacitance diaphragm gauge

to yield the constant retort pressure;

6. Bring the retort to room temperature following the temperature-pressure isochore line. Precise
pressure control corresponding to the retort temperature is achieved using the same instruments

during this step.
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Figure 5. (a) Schematic plot of the evolution of retort temperature, hydrogen partial pressure, hydrogen flow rate,
and H/Y atomic ratio during a desired hydriding process, and (b) the important processing parameters
recorded during a typical hydriding process. The theoretical hydrogen partial pressure calculated
using the recorded temperature is also shown (bright green line) [23].

The evolution of important parameters during the hydriding process is schematically shown in Figure 5(a).
A constant hydrogen flow rate is initially maintained to provide hydrogen supply to the retort. The work
piece rapidly absorbs the introduced hydrogen, resulting in a stable vacuum environment in the retort. Then
the hydrogen pressure in the retort begins to increase slowly, indicating the onset of hydride formation.
Eventually, the hydrogen pressure reaches a threshold that is predetermined based on the desired H/Y
atomic ratio in the final product and the processing temperature. Then the hydrogen’s partial pressure in
the retort will remain constant to enable homogeneous distribution of the hydrogen across the sample.
During the cooling down process, the temperature-pressure isochore line must be followed to maintain the
H/Y atomic ratio in the final product, which requires the simultaneous controls of temperature and hydrogen
partial pressure. An isochore is a line of constant composition on a plot of temperature vs. pressure, which
has been well established through thermodynamics studies [24]. By following the isochore line, it is
possible to maintain the hydrogen concentration of fabricated yttrium hydride without either absorbing
hydrogen from or evolving it to the surrounding atmosphere during the furnace cooling process. Figure 5(b)
shows the hydrogen partial pressure, the hydrogen flow rate, and the temperatures recorded during a typical
hydriding process. The theoretical hydrogen partial pressure calculated using the recorded temperature and
the correlation of temperature and hydrogen pressure with respect to a specific H/Y atomic ratio from Ref.
[24] was also shown to exhibit the excellent control of the system’s hydrogen partial pressure.
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Figure 6. Yttrium hydride samples with various geometries fabricated using the ORNL hydriding system [23].
2.3 CHRACTERIZATION OF FABRICATED YHX

Following the fabrication procedure outlined above, crack-free YHy disks, pellets, rods, bars, tensile test
specimens, and hexagonal coupons with complicated geometries were successfully fabricated at ORNL, as
shown in Figure 6. Optical microscopy observation showed that there is no visible cracking on the as-
fabricated yttrium hydrides and only the pattern following surface polishing of the starting yttrium metal is
observed, as shown in Fig. 7. The H/Y ratios of the yttrium hydride samples (0.1 ~ 600g) shown in Figure
6 range from 1.65 to 1.90. The hydrogen concentration in the hydrides was determined based on the weight
change before and after the hydriding process. The large weight gain in the large-scale samples (e.g., >2%
weight increase resulting from hydrogen absorption during the hydriding process) allows the hydrogen
concentration in the fabricated hydrides to be more accurately determined. The hydrogen concentration was
also measured using the hot vacuum extraction technique (Luvak Inc.) to assess the accuracy of the
hydrogen concentration as determined by weight change. The results are shown in Table 1. The H/Y atom
ratios determined by the weight change method and the vacuum hot extraction technique are comparable,
within 4% uncertainty, except in YHR-3. Therefore, the method for determining the H/Y atomic ratio
according to weight change will be used in the R&D of yttrium hydride.
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Figure 7. Optical microscopy of the (a-b) end surface and (c) side surface of an as-fabricated yttrium hydride annular
rod [23].

XRD analysis was used to confirm the phases present in the fabricated hydride samples. XRD samples were
prepared by depositing YHx powder on a zero-background (for 260<120°) silicon dioxide single-crystal
sample holder. Samples were also mixed with lanthanum hexaboride (LaB6) powder (NIST SRM660b),
which served as an internal standard during pattern refinement. XRD diffraction patterns were obtained
using a Bruker D2 Phaser benchtop x-ray diffractometer of 0.30 kW with Cu Ka radiation. Rietveld
refinement was performed on the experimental patterns using the General Structure Analysis System [33].
A typical powder XRD pattern of a fabricated YH;.ss is shown in Figure 8. Based on the analysis, it is
apparent that both the §-phase yttrium hydride and the a-phase metal yttrium are present in the fabricated
hydride material. The XRD results from selected yttrium samples are summarized in Table 1. The fraction
of §-phase yttrium hydride is a function of the H/Y ratio, and it increases with the increasing H/Y ratio.
The absence of any noticeable oxide phase underlines the well-controlled vacuum environment within the
system, implying that the H/Y atomic ratio as determined by weight change during the hydriding process
is reliable.

Table 1. XRD results of as-fabricated YHx pellets.

H/Y ratio XRD
Sample Weight change Hot vacuum 6-phase YH» a-phase Y
method extraction (wt%) (Wt%)
YHR-1 1.70 1.72 81 19
YHR-2 1.52 1.57 77 23
YHR-3 1.59 1.71 72 28
YHR-4 1.84 1.89 >99 <l
YHR-5 1.88 1.87 >99 <l




[ T N I - T
L ¢ ——Experimental data | |
120 ¢ —Refinement fit
100 - ® LaBg .
> ¢ YH,
D 80r Ay |
c ¢
Q
£
‘5 60 - =
o
9D 40
20

Figure 8. XRD pattern of YH1.ss along with Rietveld refinement fit [23].

TCR program has successfully demonstrated the fabrication of bulk crack-free yttrium hydride in FY2020.
The hydriding process and the characterization of the as-fabricated hydride have been published in the
Journal of Nuclear Materials [23]. With bulk crack-free yttrium hydride now available, a comprehensive
R&D campaign was initiated under the TCR program at ORNL to establish a complete database
summarizing the basic physical and thermomechanical properties of yttrium hydride, as well as the
irradiation response needed to facilitate its deployment as a high-temperature moderator material in
advanced thermal neutron spectrum reactors. In the following sections, selected thermomechanical
properties are reported.

3. THERMAL PROPERTIES OF YTTRIUM HYDRIDE

The thermophysical properties of yttrium hydride have been measured in FY2020 and the results have
been included in a manuscript that is under review in the Journal of Nuclear Materials. Here, we are
presenting the thermal diffusivity, the specific heat capacity, the thermal conductivity, and the coefficient
of thermal expansion of yttrium hydride as a function of temperature and hydrogen concentration. In
addition, a reversible 2" order transition of the measured thermophysical property was identified and the
possible underlying mechanisms will be discussed.

3.1 EXPERIMENTS

3.1.1 Materials

Yttrium hydride rods (10mm in diameter, 15mm in height, approximately 5.4 g) were fabricated with H/Y
atomic ratios ranging from 1.52 to 1.88. The hydrogen concentration was determined by the weight gain of

the samples before and after hydriding. Fig. 9 showed a picture of five as-fabricated hydride rods. Following
the characterization of the as-fabricated hydride rods, these rods were embedded inside epoxy and sectioned
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into disks with approximately 1 mm thickness by using a slow speed diamond saw for further
thermomechanical property measurements.
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Figure 9. (a) As-fabricated yttrium hydride rods; (b) an yttrium hydride rod embedded inside epoxy and the
sectioned slices.

3.1.2  Specific heat capacity

Specific heat capacity was measured according to ASTM E1269 [34] at 10°C/min using a Netzsch
differential scanning calorimeter (DSC) 404C. Temperature ranged from room temperature to 500°C for
YH,, with x = 1.88 and 1.84, and from room temperature to 700°C for YHy, with x = 1.70, 1.59, and 1.52.
Each sample underwent two full heating and cooling DSC runs to confirm reproducibility. Platinum pans
and lids were used during the DSC runs. Sapphire was used as a standard reference material. YH, samples
were 5.5 mm diameter disks that were 1 mm thick. Prior to the experiments, the DSC furnace was purged
with argon three times. The DSC runs were conducted with flowing titanium-gettered argon, and the oxygen
level was kept below 10 ppm. Upon completion of a heating cycle, samples were held at the maximum
temperature for 20 minutes before starting a cooling cycle.

3.1.3 Thermal diffusivity and thermal conductivity

Thermal diffusivity measurements were performed according to ASTM E1461 [35] using a Netzsch Laser
Flash Technique (LFA) 457 laser flash system. A temperature range from room temperature to 500°C was
used for YHx with x = 1.88 and 1.84 and from room temperature to 700°C for YH,, with x = 1.70, 1.59,
and 1.52. Samples were 10 mm diameter disks that were 1.5 mm thick. No coating was applied to the
samples. The testing was performed under argon purge gas at 100 mL/min. The diffusivity values are
calculated based on the sample thickness and the temperature rise curve after each laser pulse using the
Cowan method with pulse width correction [36, 37]. Three measurements were performed at each
temperature set point for every sample, and the average values with the standard deviation are reported.

Thermal conductivity (x) was calculated after measuring thermal diffusivity («) using the laser flash method
and specific heat capacity (C,) using the DSC. Using RT density (p), thermal conductivity values from
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room temperature to 500°C or 700°C, depending on the composition were calculated using the following
equation:

K =apC (M
3.1.4 Thermal expansion

The coefficient of linear thermal expansion (CTE) was measured using a Theta Dilatronic IX differential
dilatometer, which is a horizontal dual pushrod dilatometer. The YHx samples were 6 mm diameter
cylindrical rods 25 mm long with a hydrogen content of x = 1.61, 1.68, 1.75, 1.81, 1.85, 1.87, 1.93. The
temperature range was from 100 to 700°C. A heating/cooling rate of 3°C/min was used. Each sample was
measured twice to confirm reproducibility, and a sapphire standard was used as a reference. Before each
run, the vacuum-tight dilatometer was pumped down and back-filled with helium three times, and then it
was pumped down a final time to below 200 mTorr. During the run, titanium-gettered helium flowed
through the system at 15 sccm.

3.2 RESULTS
3.2.1 Specific heat capacity

Figures 10a and 10b show the specific heat capacities, Cp, of five yttrium hydrides YHx as a function of
temperature 7, where x = 1.88, 1.84, 1.70, 1.59, and 1.52. The results in Figure 10a show that at the lower
temperatures (<300°C), the specific heat capacities for the samples with higher H/Y ratios were higher than
those with lower hydrogen concentration. This is expected since more H atoms exist in the lattice per unit
mass: note that if the heat capacity were normalized to J/mole-H/K, then the trend would be the opposite.
The samples also showed gradual increase of C, with the temperature until a certain value, at which point
a heat capacity anomaly was observed as represented by a sharp drop, followed by the reestablished positive
slope. The observed A-type C, is consistent with the second-order transitions similar to the Curie
temperature for ferromagnetic to paramagnetic transition or order—disorder transitions [38]. The transition
appeared to be reversible since the sharp increase of C, during cooling cycles was present, as shown in
Figure 10b. The transition temperature was lower for the samples with higher H/Y ratios, and its values
appeared to be lower during the cooling cycles than during the heating cycles. The observed difference
between heating and cooling can be partially attributed to the thermal lag between the measured temperature
and the actual temperature of the samples. The second DSC run of each sample confirmed the repeatability
and reversibility of the transition. Another noticeable feature of the specific heat capacity was that following
the transition, the dependence of the H/Y ratio on the specific heat capacity was negligible within instrument
uncertainties of £2—-3%, as manifested by the observation that all measured curves fall onto the same line.
Figures 10c and 10d display the baseline-corrected DSC curves and their first derivatives, respectively, of
YH. s sample, as a representative example. The curves are matched against the measurement of the
sapphire standard reference material (SRM) to emphasize the region where the change in the heat flow
occurs corresponding to the transition in the heat capacity plots and to indicate the endothermic nature of
the discussed transition upon heating and the exothermic transition upon cooling.
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Figure 10. (a—b) Specific heat capacity Cp, of YHx as a function of temperature for various H/Y ratios. (a) Heating
cycle; (b) Cooling cycle (dotted lines are extrapolations of Cp(7) to highlight similar heat capacity after the transition
for all the samples); (c) DSC curves; and (d) their first derivatives as a function of temperature for the YHi.so sample
and a sapphire SRM.

3.2.2 Thermal diffusivity

Figure 11a shows the thermal diffusivity, o, of yttrium hydrides with the same H/Y ratios used to obtain
the heat capacity. In general, the thermal diffusivity was higher for the samples with larger H/Y values, and
it decreased as a function of temperature, showing typical phonon scattering due to the changes in the mean
free path. When the data were taken at 50-100°C steps, the results were similar to those found in the
literature [39]. However, when the diffusivity data were taken at 5—10°C steps before and after the expected
transition temperature, a clear change in the slope was observed that can be correlated with the discussed
shift of heat capacity. This change was subtle and would be difficult to recognize without corresponding C,
data and small temperature increments. As shown in Figure 11b, the transition temperatures seen in the
thermal diffusivity experiments match those from the specific heat capacity plots. Figure 11b only shows
overlaps of the results for the samples with the lowest and the highest H/Y ratios, but the same applies for
all the compositions.
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Figure 11. (a) Thermal diffusivity of YHx as a function of temperature for various H/Y ratios (heating cycle). (b)
Overlap of thermal diffusivity and specific heat capacity as a function of temperature for the lowest and the highest

H/Y ratios emphasizing similar transition temperatures. Dashed lines serve only as guides for the eye.
3.2.3 Thermal conductivity

The thermal conductivity x, shown in Figure 12, was derived from the specific heat capacity, the thermal
diffusivity, and the density according to Eq. (1). RT density was used, with its values being 4.264 for YH, ss,
4.252 for YH; 84, 4.271 for YH; 70, 4.274 for YH; 59, and 4.280 g/crn3 for YHi 5: . As in the diffusivity results,
the x decreased with temperature, being higher for larger H/Y ratios, and becoming more similar at higher
temperatures. Change of the slope at higher 7, as observed in Figure 12, was expected since the thermal
conductivity was estimated from aforementioned C, and o, and the values after the transition followed a
less steep slope, indicating that the high temperature phase may have less defects for phonons scattering.
The thermal conductivity results were close to those reported in the literature on YHx with the similar
compositions [39]; however, there was no report of the changes in the material’s response at high
temperatures. Upon close inspection of the results for YH;.99 from the 2005 publication by Ito et al. [39],
the deviation of thermal diffusivity and thermal conductivity trends from the other two YHy samples can
be recognized at around 625 K (350°C). According to the inverse proportionality of the transition
temperature to the hydrogen content established in the present work, the noted temperature would be in
agreement with a transition temperature of approximately 372°C of the YH, g3 sample from Figures 11 and
12. Furthermore, onset of the transition for YH; ss and YH, 7, from the 2005 publication by Ito et al. [39]
would be expected at around or above 700 K (427°C), at which point only two and one data points,
respectively, were reported, making it difficult to judge a potential change in the response. No such change
could be seen in the heat capacity and thermal conductivity shown in the work by Ito et al. [39], which
could be due to large temperature increments of the measurements.
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Figure 12. Thermal conductivity of YHx as a function of temperature for various H/Y ratios calculated using

measured thermal diffusivity, specific heat capacity, and RT density according to Eq. (1). Dashed lines only serve as
guides for the eye.

3.2.4 Coefficient of thermal expansion

The changes in the CTE with the temperatures are shown in Figure 13. CTE continuously increased as a
function of temperature in all samples, and it eventually changed the slope past the transition temperature,
similar to the behavior seen with the other thermal properties. The higher hydrogen concentration in the
samples resulted in the lower CTE past the transition temperature. It is known that the transition from o-
phase yttrium to d-phase yttrium hydride leads to up to 6% volume expansion [40]. It is noted that more a-
phase yttrium is present in YH with a lower H/Y atomic ratio. Therefore, it is expected that dimensional
change in YHx with lower H content is more significant. The exception in this work was the YH; 93 sample,
which was a single-phase hydride. YH, 93 showed the lowest CTE values with the smoother change as a
function of temperature relative to the samples with lower H/Y ratio and in the absence of observable
transition. The linear thermal expansion coefficient of d-phase yttrium hydride was reported to range from
7.5%10 to 13x10°/K in the temperature regime of 100—-627°C [41], which is consistent with the results in
this work.
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The transition temperatures as a function of hydrogen content were determined from the results of heat
capacity, thermal diffusivity, and CTE, as displayed in Figure 14. The dependence was nonlinear and
inversely proportional to H/Y, but it showed an agreement between the values derived from the different
thermophysical properties. The extracted data points were fitted with the exponential decay function shown
in Figure 14 to help guide the eye.
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curves to guide the eye.

3.3 DISCUSSION

As shown in Section 3.2.1, the specific heat capacity data clearly indicate that a reversible second-order
endothermic phase transition occurred in the high-temperature regime, and the transition temperature was
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a function of the H/Y ratio in the investigated materials. To address the nature of the identified changes in
the material properties with temperature and hydrogen concentration, the nonstoichiometry in yttrium
hydride phase must be considered. As shown in Figure 15, hydrogen exhibits ample solubility in a-Y metal,
and some of this saturated metal phase remains in the samples of lower H/Y ratio studied in this work. Upon
increase of H/Y ratio, single J-YHy is formed, and further increase of the hydrogen content leads to a
formation of trihydride, which is beyond the H/Y values considered here. The two condensed phases, a-Y
and J-Y Hy exist in equilibrium as shown in the two-phase region of Figure 15, where the H/Y ratio in each
phase is fixed by the phase boundaries at any given temperature. Based on the phase diagram, the H
solubility in the J-YH,, which is in equilibrium with a-Y, decreases with increasing temperatures, while
the H solubility in a-Y increases. Upon heating of the current samples, the total H/Y ratio for the closed
system is fixed, but the H is released from J-YHy and transferred to a-Y, allowing transformation from a-
Y to -YHx. Figure 15 displays an overlap of the transition temperatures extracted from the current C, and
CTE experiments, including both heating and cooling cycles, with the calculated phase diagram of Y-H
binary system and reported experimental phase equilibrium data [24, 26, 42-49]. The experimentally
determined transition temperatures are higher than the predicted phase boundary, indicating that an
additional process might be involved in the changes of thermal properties.
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Figure 15. Y-H binary phase diagram summarizing the data available in the literature [24, 26, 42-49] and the data
from the present work.

Temperature (°C)

a-Y to J-YHy transformation cannot fully explain the observed A-type peak in the heat capacity curves since
the discussed phase transformation is a first-order transition, while the features seen in the Figure 10a
suggest a second-order transition in the investigated samples. By using the Gibbs energy functions reported
in Fu et al. [26], the enthalpy change for the same H/Y ratios as a function of temperature was calculated
as shown in Figure 16. A kink is observed in each curve, suggesting the transition from the (a-Y + 6-YHx)
two-phase region to the 6~YHx single-phase region. The transition temperature increased as H/Y ratio
decreased, which is consistent with the calculated phase diagram in Figure 15. The convex kink indicates
that the nature of the transition is exothermic, which is opposite to the endothermic transition observed in
heating cycle of the DSC experiments (Figures 10d). Therefore, the phase transformation from the o-Y to
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the &~YHx phase is not the main contributor to the A-type peak in the specific heat capacity plots shown in
Figure 10a.
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Figure 16. Enthalpy change for YHx as a function of temperature calculated based on Gibbs energy functions
reported in Fu et al. [26].

Alternatively, the reversible second-order phase transition in metal hydride could be induced by the
hydrogen order—disorder rearrangement. For example, the endothermic lambda-shape peaks in the heat
capacity curves of hafnium hydrides measured with the DSC were attributed to the 6’0 phase transition
correlated to the redistribution of hydrogen [50]. In the J-YH,, while it is expected to have a fluorite
structure—in which the yttrium atoms create a FCC and the hydrogen atoms occupy the tetrahedral (T)
positions [51]—multiple techniques (neutron diffraction, nuclear magnetic resonance, optical
spectroscopy) applied to the selected d-YH revealed a deviation from the purely tetrahedral structure due
to filling of octahedral (O) sites in FCC before all of the T-sites (energetically preferred) were occupied
[52-55]. The fraction of O-sites occupied in J-YHy is defined as the intrinsic disorder, and the experiments
using a variety of spectroscopic techniques have verified appreciable (~10%) intrinsic disorder at RT.
Although the correlation between the temperature and the fraction of hydrogen atoms in O-sites is still
unclear, as controversary conclusions were observed from a number of studies ([55, 56] and the references
therein), it is possible that the prevailing process of the second-order transition presented in Figure 9 arises
from the lattice disorder caused by the hydrogen occupation of O-sites at the expense of T-sites and the
consequential redistribution of hydrogen.

Given this information, it is evident that the thermal property measurement process simultaneously involves
the a-0 phase transition and the order—disorder transition. The latter continues following the completion of
the a-0 phase transition and it dominates the observed A-shape peaks in the specific heat capacity curves.
Therefore, the transition temperatures determined from the measurements of the thermal properties are
expected to be higher than those determined from the phase diagram, as was observed in Figure 15.
However, a robust conclusion cannot be obtained based on the comparison of these values due to the
experimental uncertainties. Performance of additional characterization, such as high-temperature neutron
scattering or high-temperature XRD, could elucidate the hydrogen occupancy in YHy as a function of
temperature and H/Y ratio; these tasks have been included in the work scope of the TCR program.
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4. MECHANICAL PROPERTIES OF YTTRIUM HYDRIDE

4.1 VICKERS HARDNESS

Vickers hardness measurement was carried out on the yttrium hydride disks (1mm in thickness, 10mm in
diameter, Section 3.1.1) using Buhler Tukon3100. The applied load and the dwell time for the indentation
are 200g and 15 s, respectively. 10 measurements were performed on each sample to obtain good statistics.
The values of the Vickers hardness obtained for YHx are shown in Fig. 17 as well as the available literature
data. The results showed that higher hydrogen concentration results in larger hardness within a relatively
narrow regime of 1.8~2.5 GPa. Setoyama’s hardness values [20] are higher than the presented values and
scattering within a large range of 3~4.5GPa. In addition, the hardness reported in Ref. [57] fell onto the
trajectory of our hardness data.
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Figure 17. Vickers hardness of yttrium hydride as a function of H/Y atomic ratio.
4.2 NANOINDENTATION

Nanoindentation mapping has been used in this work as a means to investigate the correlation of mechanical
properties, specifically Young’s modulus and hardness, with crystal orientation using combined EBSD,
modulus and hardness maps. YHx disks (6 mm in diameter andlmm in thickness) were tested. A G-200
Keysight Technologies nanoindenter was used for room temperature measurements and a KLA-Tencor
InSEM ® HT nanomechanical tester was used for ultra-fast mechanical properties mapping. The maps were
obtained by using a high-speed nanoindentation mechanical property mapping techniques called
“NanoBlitz 3D” capable of performing individual indent within a 1 second; thus, revealing high resolution
and absolute maps of Young’s modulus, hardness in a reasonable time of experiment. We performed 90x90
indents with the depth of 150 nm and 2.5 um distance between two consequent indents in two and half
hours. At this depth of indents, the Indentation Size Effect, which artificially induced by shallow indentation
can be discarded [58].
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The grid of indentation area was consequently identified by SEM imaging as seen in Fig. 18(a). The indent
spacing is kept short and was intentionally set shorter than that recommended by ASTM E2546-15 [59].
This was carefully chosen balance between the requirement of a high spatial resolution and being able to
measure stiffness with sufficient precision [60].
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Figure 18. (a) SEM image of indentation grid, (b) EBSD, (c) Young’s modulus map, and (d) hardness map of a
YH1.7 sample.

EBSD image was then obtained covering the indentation grid to reveal the correlation maps between the
mechanical properties to orientation and phases, Fig. 18(b). The Young’s modulus maps suggest the values
slightly depend on the orientation of the hydride. The largest modulus values of 160 GPa were measured
for the (111) orientation and the lowest, about 150 GPa, with the (001) orientation. The unidentified region
EBSD (dark region and lines) are likely metal hydrogen solid solution that are frequently decorated along
the grain boundaries showing lower modulus and hardness values. No detectable orientation dependence
of hardness was found.

The dependence of Young’s modulus and hardness on H/Y atomic ratio is shown in Fig. 19. The results
are in agreement with previous work reported in the literature [20]. The elastic modulus of yttrium hydride
in 0-YHo> is nearly constant with H/Y ratio while its hardness slightly increased with hydrogen content.
They both are substantially higher than yttrium metal (for pure metal ~65 and 0.9 GPa, respectively). The
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hardness varied in the range of 2.3~3.4GPa, comparable to the values determined from Vickers hardness
testing (1.8~2.5GPa.)
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5. RADIATION EFFECT STUDIES UNDERWAY

Twelve rabbit capsules containing 192 YHx disks (6 mm in diameter, 0.5mm in thickness) have been irradiated in the
high flux isotope reactor flux trap during cycle 487 (May 2020) and cycle 488 (June 2020). This irradiation test series
targets temperatures of 600°C and 900°C and three different doses, 0.1, 1 and 2 dpa, which correspond to
approximately 0.05, 0.5 and 1 irradiation cycle. The capsules contain disk specimens with a hydrogen concentration
of either YH1.72 or YH1s7. The disk specimens are 0.5 mm thick and have a diameter of 6 mm. The irradiation test
matrix is presented in Table 2. More information regarding the irradiation capsule design is available in the report of
ORNL/TM-2019/1310.

All YHx capsules have been shipped to hot cell for disassembly. TMs and specimens will be shipped to LAMDA for
PIE. PIE will focus on assessing the thermophysical and thermomechanical properties of YHx such as swelling,
density, thermal diffusivity, specific heat, Vickers hardness, flexural strength. Microstructure and metallography
(optical microscopy) analyses will also be performed. Density measurements will be performed using the helium
pycnometry technique. Finally, the average irradiation temperature of each capsule will be determined using the
dilatometry method on TM specimens in each rabbit. The PIE results are expected during the Fall 2020. The data
collected will be compared with those collected pre-irradiation to assess the YHx material behavior under irradiation.

Table 2. Yttrium hydride irradiation test matrix

Irradiation Dose .
Capsule ID Temperature (dpa) Material
YHXTO01 0.1
YHXTO02 600°C 1
YHXTO03 2 YHi7
YHXTO04 900°C 0.1
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YHXTO5 1

YHXT06 2

YHXTO7 0.1

YHXTOS 600°C 1

YHXT09 2

YHXT10 0.1 YHus
YHXTI1 900°C 1

YHXT12 2

6. SUMMARY

In this report, we summarized the R&D activities of yttrium hydride moderator of TCR in FY2020,
including the fabrication of bulk crack-free hydride, the thermomechanical properties and the ongoing
neutron irradiation campaign.

The challenges associated with fabricating large scale crack-free yttrium hydride were discussed as
well as their mitigation strategies. The ORNL hydriding system—which is fully programmable and
capable of continuous hydrogen partial pressure and flow control coordinated with precise
temperature control—is introduced herein. Successful and repeatable fabrication of crack-free
yttrium hydride in complex geometries and various dimensions at any desired H/Y ratio is
demonstrated. Hydrogen content in as-fabricated hydride was determined by the weight change, a
method that is considered reliable and which is attributed to the use of ultra—high-purity yttrium,
the absence of oxide phases, and the large weight gain.

Thermophysical properties of obtained materials were investigated as a function of temperature
and hydrogen concentration. Measured specific heat capacity, thermal diffusivity, and calculated
thermal conductivity all showed similar dependence at lower temperatures (<300°C), with the
values being slightly higher for the larger H/Y ratios, whereas thermal expansion had a negligible
composition dependence in the low temperature regime. The higher temperature data revealed a
change in the material’s response in relation to all investigated properties. The observed reversible
transitions had a second-order and endothermic nature, and the transition temperature was inversely
proportional to the hydrogen content. It was found that this transition cannot be rationalized by
considering only the phase transformation from the mixed state (a-Y + 6~YHy) to the pure 6~YHx
state. The order—disorder transition due to the relocation of hydrogen is deduced to contribute to
the observed second-order endothermic transition.

Vickers hardness exhibited an approximately linear dependence on the hydrogen concentration
(H/Y atomic ratio). Nanoindentation was performed to reveal the hydrogen concentration and grain
orientation dependence of elastic modulus and hardness. The results showed that the Young’s
modulus slightly depends on the orientation of the hydride. The largest modulus values of about
160 GPa were measured for the (111) orientation and the lowest, about 150 GPa, with the (001)
orientation. No obvious orientation dependence was found for hardness.
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