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ABSTRACT

The chemical interactions in Fe–HfH2 metal matrix composites (MMCs) are studied across multiple length scales to elucidate the decompo-
sition of the parent phases and corresponding reaction zone physics during direct current sintering. Fe–HfH2 composites were synthesized
with increasing as-mixed hydride contents of Fe–25% HfH2, Fe–40% HfH2, Fe–55% HfH2, and Fe–70% HfH2 (all in vol. %) to demonstrate
the ability to achieve sintered MMCs with target hydride contents. Samples were probed across multiple length scales through a multi-
modal workflow employing x-ray diffraction, scanning electron microscopy and segmentation analysis, and synchrotron techniques includ-
ing hard x-ray fluorescence mapping and nanoprobe x-ray absorption near-edge structure measurements. Under the selected sintering
temperature and pressure conditions, hydrogen evolution is seen to evolve through parallel paths: thermal decomposition from during the
transformation of HfH2 to HfHx<2 and through subsequent reaction with the Fe matrix leading to intermetallic phase formation.
Specifically, HfFe and HfFe2 intermetallic formation accelerates the release of hydrogen with a subsequent HfO2 phase forming at grain
boundaries. For this MMC, the consumption or loss of hydrogen can be considerable in compacts with initial hydride loading of 25%–40%
HfH2 approaching 83% hydrogen loss for the lower volume fraction composites. Increasing the volume fraction of HfH2 to 70% enhanced
the retained hydrogen content to 53% and attributed to the reduced interfacial area intrinsic to the increased HfH2 loading in this MMC.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0234481

I. INTRODUCTION

The rapid advancements in High Temperature
Superconductors (HTSs) are leading several commercial entities to
develop fusion power systems utilizing high-field HTS magnets.1–3

These HTS magnets facilitate the design of highly compact
tokamak reactors, which present several advantages, including
reduced plant costs, improved plasma control, and decreased elec-
tricity expenses.4 However, advanced shielding materials for these
systems must overcome several challenges, including high neutron
flux, extreme thermal conditions, and electromagnetic interference.
Present day tokamaks use combinations of high-atomic-number,
low-atomic-number, and neutron absorbing materials such as W,
H2O, and B.5 H2O is effectively ruled out in compact fusion power

designs due to its limited temperature stability and its high suscept-
ibility to neutron activation.6 Tungsten (W) and its alloys are being
recognized as promising candidates for plasma-facing materials in
fusion reactors owing to their high-temperature strength, superior
thermal conductivity, and minimal sputtering rates.7–10 Despite its
significant benefits, W exhibits notable disadvantages, including
vulnerability to surface damage induced by plasma, degradation
due to neutron irradiation, increased brittleness at ambient temper-
atures, and complex processing requirements.11–14 Boron and
boron-compounds contain attractive neutron absorbing properties
but suffer from instability under irradiation and burnout due to
n-α reactions,15 making them ineffective long-term shielding solu-
tions. Overcoming constraints in size, temperature, and material
durability necessitates a transformative design approach to enable
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effective neutron management within compact, high-stress
environments.

Recent interest in metal hydrides arises from their potential
use as moderators, or reflectors, in high-temperature nuclear reac-
tors. Some metal hydrides and alloys exhibit high-temperature
strength, stability, good hydrogen retention, and ease of fabrica-
tion.16 Metal hydrides can store hydrogen atoms like liquid water,
with the hydrogen nuclei effectively moderating fast neutrons and
reducing neutron flux. Therefore, the effectiveness of neutron
shielding is highly dependent on the hydrogen concentration.17,18

They also exhibit high thermal conductivity, electrical resistivity,
hardness, and, in some cases, beneficial mechanical properties.16

A critical issue involves hydrogen transport under temperature gra-
dients, which can cause neutronic instability due to thermal trans-
port and irradiation-enhanced diffusion. This can lead to
mechanical failure in the moderator, characterized by metal
hydride embrittlement and significant volumetric expansion.19 One
proposed solution involves the use of a radiation and structurally
stable matrix to entrain a metal hydride phase, capable of high-
performance neutron moderation and absorption. Essentially, these
composites combine the benefits of low activation, radiation stable
matrices with high neutron stopping performance of the entrained
hydride phase,20 in turn mitigating the risk associated with their
radiation instability.

The ideal metal matrix for composite radiation shields should
possess several key features, including ease of fabricability, relatively
low cost, low hydrogen isotope permeability at expected operating
temperatures, and good thermal conductivity. Additionally, moder-
ate to high ductility and strength are advantageous. Iron and nickel
are considered strong candidates for the radiation shield matrix
owing to their low hydrogen isotope permeability, favorable
fabrication characteristics, and excellent thermal conductivity.
Compared to nickel, iron has significantly lower hydrogen isotope
solubility, which is a critical factor for managing tritium inventory
in fusion facilities. Specifically, the solubility of hydrogen isotopes
in iron is approximately two orders of magnitude lower than in
nickel.21,22 Moreover, at 500 °C, iron (3 × 10−11 mol H2/m/s/Pa0.5)
exhibits about four times lower permeability to hydrogen isotopes
than nickel (12 × 10−11 mol H2/m/s/Pa0.5).23 Iron is also signifi-
cantly more cost-effective and has slightly better thermal conduc-
tivity. Thus, considering cost, hydrogen isotope permeation, and
hydrogen isotope solubility, iron emerges as a superior choice over
nickel. To that end, our primary goal in materials selection is to
identify a bulk material that is both structurally and neutronically
stable. Consequently, a key criterion for choosing the matrix and
entrained phase is that the resulting composite should adhere to
the rule of mixtures and be easy to fabricate. Also, it should be
capable of sintering to near-ideal density at relatively low tempera-
tures to prevent dissociation of the hydride phase during the sinter-
ing process.

We have previously demonstrated a method to fabricate com-
posites entrained with high volume fractions of ZrH2 and other
neutron moderating materials.24–27 While ZrH2 is excellent at
slowing neutrons down, this current work expands upon the previ-
ous neutron moderator concept seeking to incorporate highly
neutron absorbing metal hydrides within an irradiation-stable
matrix, creating simultaneously neutron moderating and absorbing

shield composites. A strong candidate moderating and absorbing
material, hafnium hydride (HfH2), having a moderate cross section
for thermal neutron capture of 113 b/atom (where b-barns are the
commonly accepted neutron cross section unit of 10−24 cm) and a
hydrogen number density near that of water, is chosen as entrain-
ment into our iron-based metal matrix composites (MMCs).
Future implementation of this composite hinges on understanding
the underlying Fe–Hf–H interactions with this initial work focusing
on the pristine microstructure.

Historically, the Hf–H system28 has been extensively studied
to determine its phases29–33 and physiochemical properties.34–37

The Hf–H phase diagram has several established phases. Hf metal
has two stable allotropes, α-Hf (P63/mmc, hcp) and β-Hf
(I4/mmm, fcc).38 With H insertion, α-Hf forms a tetragonal phase
(also known as a deformed cubic delta phase) in the range of
1.48 < x < 1.60 δ0-HfHx, 1.60 < x < 1.72 δ-HfHx, and finally a tetrag-
onal phase 1.82 < x < 2.02 ε-HfHx, with precise atomic ratios still
under debate.29–32,35 In 2023, Dottor defined a new phase, γ-HfHx

with a PtS phase structure, and solved the δ0-HfHx structure
31 uti-

lizing neutron diffraction. Typical transition metal hydrides (MH2)
exhibit CaF2 structures with the face-centered cubic (fcc) metal
atom sublattice and H atoms occupying tetrahedral lattice sites.
Group IVB transition metals also exhibit a face-centered tetragonal
(fct) metal sublattice, also viewed as a body center tetragonal (bct)
metal sublattice. Recent work has demonstrated that the structural
instability of the cubic phases arises from splitting of bands at the
Fermi level, driving the Jahn Teller effect, and has suggested Fermi
surface instability as a useful description.39 The electronic structure
of HfH1.56 was also studied with photoelectron spectroscopy and
synchrotron radiation in 1981.40 Despite this history, there are still
many research avenues open toward understanding the Hf–H
system. Furthermore, there is little research into HfH2 metal com-
posites suggested here and their elemental interactions. This work
seeks to elucidate the behaviors of Fe–HfH2 MMCs with varying
HfH2 compositions across multiple length scales.

II. MATERIALS AND METHODS

A. Materials fabrication

Sample specimens were prepared via direct current sintering
(DCS) as follows. Fe powder (Alfa Aesar, USA, 325 mesh, 98%
purity) was mixed with 25, 40, 55, or 70 vol. % HfH2 powder
(Stanford Advanced Materials, USA, 200 mesh, 99% purity) via
speed-mixing (FlackTek DAC-1100) at 800 rpm for 1 min. 20 g of
each powder charge was loaded into a 25 mm-diameter graphite
die inlayed with graphite foil and wrapped in carbon felt to reduce
thermal losses. A thermocouple (K-type) inserted into the graphite
die was utilized to monitor the temperature during sintering.
Samples were sintered using a SinterLand LABOX-3010KF DCS
system. Electrical contact was maintained during the displacement
of the graphite die assembly by placing the sample under a 50MPa
static uniaxial compressive pressure. Each sample was heated at a
rate of 100 °C/min and held at 1000 °C for 5 min prior to cooling
at ambient temperatures. Vacuum pressure was set at 10 Pa
throughout the sintering process to promote densification. After
sintering, each sample was sandblasted to remove the graphite foil
and potential contaminants. Prior to characterization, samples were
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mirror-polished to eliminate surface imperfections, roughness, and
scratches using a standard set of SiC abrasive sheets and diamond
suspension.

B. Materials characterization

Density was determined using the water displacement method
based on Archimedes’ principle.41 Relative density was determined
via normalizing by the rule-of-mixture density, which accounted
for the concentration of HfH2 in each composite. X-ray diffraction
patterns (XRD; Bruker D8 Advance) were collected to assess phase
content and degree of hydrogen retention post-sintering. After
phase identification, the lattice parameters, weight fractions, and
grain sizes for each phase were allowed to be refined. Each XRD
pattern was analyzed using Rietveld refinement42 with the TOPAS
software (Bruker) with instrument-based broadening parameters
fixed (fundamental parameters approach) and a four component
polynomial background function. The crystallographic data from
Dottor31 for the HfH2 (I4/mmm) and δ0-HfH1.44 (Ibam) phases
were included in refinements with atom positions and atomic dis-
placement parameters fixed. The Fe–Hf intermetallic phases HfFe2
(α-HfFe2 Fd–3m), HfFe2 (λ-P6_3/mmc), and HfO2 (P21/c) were
included with atomic positions and displacement parameters fixed
using values reported within the literature.43–45 A minimum of 21
and maximum of 28 parameters were refined for each XRD
pattern, depending on the number of phases, with minimal correla-
tions between the grain size and weight fractions. Slightly higher
correlations were observed between the lattice parameters for the
HfO2 phase and the background. The microstructure of each
sample was examined using scanning electron microscopy (SEM;
Tescan, Lyra 3) with an accelerating voltage of 10 kV in a backscat-
tered electron (BSE) mode. BSE images were analyzed using
Fiji image processing software46 and the trainable Weka
Segmentation47 plugin package to determine the % area of each
identifiable component. In short, this process involves hand selec-
tion of representative pixels and assigning each a “class” designa-
tion before running the available code to then classify the entire
image. This process is iterative and allows correction for mis-
assignment of pixel class through further selection and analysis.
Three SEM images for each specimen (from different regions) were
analyzed to determine mean areas and standard errors. The
Fe–25% HfH2 sample was further characterized at the Hard X-Ray
Nanoprobe (HXN) beamline at the NSLS-II at Brookhaven
National Laboratory (BNL). Two-dimensional scanning x-ray fluo-
rescence (XRF) and spectroscopy measurements were collected to
resolve the elemental48 and chemical structure around nanometer-
scale features of interest.49,50 A 10 × 10 × 0.1 μm3 sample lamella
was prepared via focused ion beam (FIB) lift-out techniques in a
FEI Helios Nanolab 600 dual-beam focused ion beam/scanning
electron microscope (FIB/SEM) located at the Center for
Functional Nanomaterials (CFNs) at BNL. A nominally 1 μm-thick
cross-sectional lamella was removed from the bulk sample, welded
to a copper Omniprobe lift-out grid, and subsequently thinned to
approximately 100 nm for analysis. Incident x rays with a wave-
length of 1.3051 Å and an energy of 9.5 keV were focused via
Fresnel zoneplate nanofocusing optics to a ∼30 × 30 nm2 spot size.
Two-dimensional XRF maps were collected employing scanning

dwell times of 50 ms. Two-dimensional XRF spectral maps were
processed and visualized in PyXRF51 and MIDAS.52 Nanoscale
x-ray absorption near-edge spectroscopy (nano-XANES) around
the Hf LIII-edge (9561 eV) were collected to quantify the atomic
structure of Hf atoms located within the XRF maps with 30 nm
spatial resolution. Two separate locations were probed with
nano-XANES. The graphical user interface JFEFF was utilized to
run FEFF9, an implementation of real-space multiple-scattering
theory, to calculate and model Hf based XANES data at the Hf
LIII-edge.

53 To date, there are no reported x-ray absorption near-
edge structure (XANES) measurements of any HfHx or Fe–Hf
phases. Of the Hf LIII-edge XANES data reported, the majority are
of oxides54–57 and silicates.58,59

III. RESULTS AND DISCUSSION

A. Sintering of Fe–HfH2 composites

Iron–hafnium hydride entrained MMCs were produced with
increasing volume percent of HfH2: Fe–25% HfH2, Fe–40% HfH2,
Fe–55% HfH2, and Fe–70% HfH2 via DCS. Figure 1 depicts the sin-
tering characteristics of a representative Fe–HfH2 powder. A posi-
tive displacement, i.e., in the direction of the applied compressive
force, is observed in Fig. 1(a). At temperatures below 370 °C,
samples undergo densification, concluding at 1000 °C, wherein the
displacement curve exhibited a consistent and gradual increase in
rate.

Measured vacuum pressure during the sintering cycle is
shown in Fig. 1(b). An initial surge in vacuum pressure occurred at
ca. 70 °C, consistent with the release of any remaining moisture or
adsorbed gases within either the sample or the chamber. Notably,
distinctive peaks in the vacuum pressure curve were evident at
approximately 390, 435, and 890 °C, signifying the release of
gaseous substances that alter the observed vacuum pressure.60

Recent work by Dottor and colleagues developed a Hf–H phase
diagram with in situ neutron diffraction indicates HfHx begins to
decompose and form H2 gas between 170 and 300 °C.31 Above this
temperature, HfHx phases are still present. Furthermore, above
800 °C, Hf metal forms and significant amounts of H2 are expected
to be lost. These values are supported in other thermal analyses of
the Hf–H system.61,62 Additionally, the small amount of iron
oxides present on the surface of the feedstock Fe powder release
additional O2 at 775 and 925 °C.63,64 The change in vacuum pres-
sure around 890 °C potentially marks the formation of the interme-
tallic compound Fe–Hf. These findings align with reports in the
scientific literature,65–67 which suggest that lower initial pressure
during DCS results in higher density. Mechanisms governing densi-
fication of the Fe–HfH2 MMCs are discussed below.

B. Microstructural analysis through SEM analysis

To understand the distribution of these phases within the
microstructure and confirm the phase concentrations determined
via XRD, SEM micrographs were collected for each sample in the
BSE mode (Fig. 2). Contrast variation in BSE images arise from dif-
ferences in Z (atomic number), and phase density with high-Z ele-
ments like Hf appear brighter while low-Z elements appear
darker.68 Similarly, denser phases appear lighter than their less
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dense counterparts. In these images, the lightest areas are Hf-rich,
containing HfHx and HfO2 phases, and the darkest areas are
Fe-rich. Medium gray areas are the intermetallic phases, α-HfFe2
and λ-HfFe2. The authors note that the extremely dark regions
viewable in the samples are from pullout areas arising from polish-
ing and are not to be considered.

BSE images were further analyzed to quantify each area/phase
present in the BSE images. Results from the SEM analysis (Table I)
are compared with XRD phase refinement results and independently
confirm the phase fraction percent determined by XRD. The Hf-rich
phase percent for 55% and 70% samples increasingly diverge from
that predicted by XRD due to these “pullout” zones. Qualitative
analysis of the micrographs clearly indicates a growing area of the
white, Hf-rich zones, consistent with the amount of HfHx phases
present. The light gray area, which consists of intermetallic phases,
frequently separates the light, Hf-rich hydride, and oxide zone from
the much darker, Fe-rich areas. Considering the starting materials,
HfH2 and Fe powder, the intermediate (in-between) intermetallic
zone clearly forms as the starting materials interact and the free Hf
and Fe atoms combine into intermetallic phases.

C. Phase determination with XRD

The behavior of the Fe–Hf–H interactions post-sintering was
probed with XRD (Fig. 3 and Table I). Phase identification revealed
each sample consists of body-centered cubic (BCC) Fe metal,
Fe–Hf intermetallic phases (α-HfFe2 and λ-HfFe2), HfO2, and mul-
tiple hafnium hydrides (HfH1.99 and δ0-HfH1.44). Subtle differences
in the weight fractions were determined when comparing between
the SEM and XRD analysis due to the different inherent sensitivi-
ties and limitations of the two methods. SEM is poor at separating
materials with similar Z-contrast (such as HfHx phases and inter-
metallic phases), while XRD phase quantification can be compli-
cated by overlapping diffraction peaks and weak scattering due to
low-Z elements. The weight fractions and uncertainties reported in
Table II for the Rietveld refinement are those directly from the
non-linear least squares fitting method. The true uncertainty for
the XRD weight fraction quantification is ∼1%–2%.69 Table II lists
the weight fractions determined from both the XRD and SEM anal-
ysis with the realistic weight uncertainties. It is interesting to note
that the quantification from the XRD and SEM for the 40% and
55% HfH2 samples agrees within uncertainty ranges, while the
extremes (25% and 70%) show discrepancies. These discrepancies
result from a variety of factors, namely, the different length scale
probed by each technique, and similar Z-contrast limiting isolation
of Hf-rich intermetallic and oxide phases. Furthermore, these
samples were prone to “pullout” during polishing leading to more
dark regions on the sample surface. These dark/black areas were
best resolved in the 25% sample and became increasingly difficult
to differentiate from the dark, Fe-rich areas in the 70% sample. The
differences in the weight fractions from XRD and SEM for the low
Fe-rich and Hf-rich are the source of this discrepancy.
Additionally, the thin nature of the HfO2 phase (as discussed in
Sec. III D) potentially hinders the correct incorporation into the
Hf-rich phase analysis.

Of note, the δ0-HfH1.44 phase was recognized as the recently
identified δ0-HfH1.44 structure determined by Dottor in 2023.31

FIG. 1. For a representative Fe–25% HfH2 sample, (a) the die displacement as
a function of the sintering temperature and (b) the measured vacuum pressure
during the sintering process, including sintering temperature. (c) The relative
density of specimens sintered with varying vol. % of HfH2, with an inset of a
fully sintered 25 mm-diameter compact.

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 137, 015105 (2025); doi: 10.1063/5.0234481 137, 015105-4

© Author(s) 2025

 17 January 2025 14:13:37

https://pubs.aip.org/aip/jap


Overall, sintering of HfH2 with Fe powder induces changes to the
hydride structure, forming additional phases which have been
extensively documented in phase diagrams28,70,71 and through XRD
studies.29,32,35 Unfortunately, few works have examined the Hf–H
system at temperatures >800 °C, with only a single work noting the
system is undefined at 1000 °C and 1 atm H2.

28 The concomitant
formation of lower ratio hydride phases along with HfO2 and
Hf–Fe intermetallic phases suggests that the sintering process results
in a net loss of detectable hydrogen phases. Dehydrogenation has
been noted before in TiH2 analogs, starting at the particle or
compact surface and progressing inward to the interior, creating a
hydrogen concentration gradient.72 A uniform distribution of
hydrogen (and hydride) concentration over the hafnium-sample
volume is impeded by low mobility of hydrogen in the hafnium
hydride and its weak solubility in the metal lattice.34 Low hydrogen
mobility in the Hf–H system has been attributed to vacancy sizing
effects necessitating H be first reduced to become mobile.29 Finally,
dissolved oxygen in the Hf lattice tends to decrease H solubility,73

FIG. 2. Representative scanning elec-
tron microscopy (SEM) micrographs
collected in the backscattered sec-
ondary electron (BSE) mode of (a)
Fe–25% HfH2, (b) Fe–40% HfH2, (c)
Fe–55% HfH2, and (d) Fe–70% HfH2.

TABLE I. Results of Weka Segmentation on SEM-BSE micrographs. Standard devi-
ations from the SEM analysis are given in brackets ().

Sample Phase
SEM %

(standard deviation) XRD

Fe–25% HfH2 Fe-rich 41.6 (1.2) 48.8 (2.0)
Intermetallic 53.3 (1.1) 46.2 (2.0)

Hf-rich 5.1 (1.0) 10.6 (2.0)
Fe–40% HfH2 Fe-rich 21.2 (1.5) 21.4 (2.0)

Intermetallic 69.5 (2.3) 68.0 (2.0)
Hf-rich 9.3 (0.5) 10.5 (2.0)

Fe–55% HfH2 Fe-rich 6.0 (0.9) 4.7 (2.0)
Intermetallic 68.7 (2.9) 63.4 (2.0)

Hf-rich 25.7 (1.4) 31.9 (2.0)
Fe–70% HfH2 Fe-rich 7.1 (1.5) 2.0 (2.0)

Intermetallic 46.9 (1.0) 41.3 (2.0)
Hf-rich 46.0 (1.3) 56.8 (2.0)
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FIG. 3. (a) XRD results of the Fe–n% HfH2 series where n = 25, 40, 55, and 70 and (b) XRD phase fraction vs sample composition.

TABLE II. Results of Rietveld refinement. Uncertainties from the non-linear least squares fitting method are given in parenthesis.

Sample Phase name Space group
a (Å) b (Å) c (Å) beta (°) Weight fraction

Value (error) Value (error) Value (error) Value (error) (%) (error)

Fe–25% HfH2 Fe Im–3m 2.868 86 (1) … … … 48.8(2)
α-HfFe2 Fd–3m 6.997 8 (3) … … … 5.6(3)
λ-HfFe2 P6_3/mmc 4.928 42 (8) … 8.024 1(2) … 40.6(2)
HfO2 P21/c 5.119 8 (5) 5.171 7(5) 5.297 4(5) 99.169(7) 6.4(1)
HfH1.44 Ibam 4.650 (1) 9.282(3) 4.627 2(9) 4.2(1)

Fe–40% HfH2 Fe Im–3m 2.869 18 (5) … … … 21.4(2)
α-HfFe2 Fd–3m 6.995 8 (4) … … … 14.7(3)
λ-HfFe2 P6_3/mmc 4.934 5 (1) … 8.031 6(3) … 53.3(2)
HfO2 P21/c 5.118 9 (6) 5.177 5(7) 5.293 3(6) 99.15(1) 6.3(1)
HfH1.44 Ibam 4.712 (2) 9.418(4) 4.610(2) 4.2(9)

Fe–55% HfH2 Fe Im–3m 2.869 6 (1) … … … 4.7(1)
α-HfFe2 Fd–3m 7.026 2 (3) … … … 24.9(3)
λ-HfFe2 P6_3/mmc 4.946 5 (3) … 8.055 3(8) … 38.5(3)
HfO2 P21/c 5.130 (1) 5.185(1) 5.282(1) 99.11(1) 4.1(1)
HfH1.9 I4/mmm 3.375 (8) 4.78(2) 4.4(2)
HfH1.44 Ibam 4.733 2 (4) 9.414 1(8) 4.646 8(2) 23.3(1)

Fe–70% HfH2 Fe Im–3m 2.868 8 (1) … … … 2.0(1)
α-HfFe2 Fd–3m 7.022 6 (4) … … … 26.5(3)
λ-HfFe2 P6_3/mmc 4.941 3 (8) … 8.027(1) … 14.8(3)
HfO2 P21/c 5.126 (1) 5.185(1) 5.285(1) 99.12(1) 4.7(1)
HfH1.9 I4/mmm 3.222 7 (4) … 4.830(1) … 5.4(5)
HfH1.44 Ibam 4.727 9 (1) 9.382 6(5) 4.691 4(2) … 46.7(4)
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further reducing mobility and increasing the likelihood H will
migrate in alternative paths.

A comparison of the XRD phase fraction vs sample composi-
tion is provided in Fig. 3(b). The HfO2 phase fraction remains
constant across all four samples, suggesting the HfO2 phase reaches
a stable equilibrium concentration despite the starting composition.
The authors note that some percentage of the HfO2 formation is
related to a surface phenomenon, with HfO2 forming upon expo-
sure to air. The δ0-HfH1.44 phase shares an inverse relationship
with the Fe metal phase fraction, suggesting that Hf readily reacts
with Fe, preferentially forming the intermetallic phases. Additional
free Hf and Fe atoms form intermetallic λ-HfFe2 and α-HfFe2
phases. Phase diagrams of the Hf–Fe system indicate HfFe2 phases
are stable at higher atomic percentages of available Hf, nominally
33%.74 While this availability is slightly out of range for the 25%
HfH2 sample, this behavior would be observable at a local level.
Interestingly, the λ-Hf2Fe phase is highest in the 25% HfH2 sample,
with its presence decreasing as the initial amount of HfH2

increases. At the same time, the α-HfFe2 shows a steady increase

before both intermetallic phases reach ∼20% phase fractions. There
is, thus, a clear interplay between the intermetallic phases, with the
Fe matrix incorporating additional Hf as more is readily available.

D. Hard x-ray nanoprobe

The 25% HfH2 sample was selected for HXN analysis due to
the low hydride content representing the extreme case scenario for
this sample series. Further characterization was necessary to deter-
mine the physio-chemical structure around nanometer-scale fea-
tures of interest observed through SEM-BSE mapping. 2D XRF
mapping was collected of the 25% HfH2 sample, as shown in
Fig. 4. Examination of the 2D XRF map collected of the
10 × 10 × 0.1 μm3 sample lamella reveals the presence of two dis-
tinct regions: an Fe-rich matrix with Hf-rich particles embedded.
Within the Hf-rich particles, there are smaller Fe-rich particulates.
These results are consistent with the SEM-BSE images in Fig. 2(a).
Within the XRF map of the 25% HfH2 lamellae, two locations, as
indicated by the colored boxes, were further analyzed using
nano-XANES around the Hf LIII-edge. Spectroscopic analysis was
performed on this imaging stack to resolve the local atomic struc-
ture of the different Hf environments with 30 nm spatial resolution.
Both Hf-rich particles exhibit a mottled appearance, with a sizable
portion of their bulk consisting of lower Hf concentrations.

Reference XANES spectra of relevant materials (HfH1.99,
HfO2, α-HfFe2, and λ-HfFe2) were generated and are shown in
Fig. 5. The Hf LIII-edge XANES of HfO2 agrees well with the litera-
ture,54,56,57,75 with a strong white line attributed to transition of a
2p electron to the 5d unoccupied state and a post-edge signal
arising from multiple-scattering events affected by Hf–O disorder.
To the best of the authors’ knowledge, there are no prior experi-
mental works of the HfHx or Hf–Fe intermetallic XANES

FIG. 4. X-ray fluorescence (XRF) maps collected of the Hf LIII-edge of a (a)
Fe–25% HfH2 lamellae. Colored boxes indicate two areas were further probed
with nano-XANES at (b) location 1 and (c) location 2.

FIG. 5. FEFF generated Hf LIII-edge x-ray absorption near-edge structure
(XANES) of relevant reference materials.
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structures. In the modeled spectra, the significant loss of white line
intensity from the λ-HfFe2 to the α-HfFe2 indicates a filling of 5d
orbitals. This behavior is also noted in the HfO2, HfH1.99, and
δ0-HfH1.44 phase samples, with the O having additional available
electrons to donate. Notably, the difference between the HfO2 and
HfH1.99 phases is <1 eV, making their structures difficult to resolve.

To probe phase differences across the Hf-rich particle, the
Fe-rich/Hf-deficient matrix, and the boundary between them,
regions of interest were selected at regular intervals in both location
1 and location 2 (Fig. 6). Fingerprinting analysis of the resultant

XANES spectra indicates the Hf-rich region consists of a mixture
of HfO2 and Hf–Fe intermetallic phases. This analysis was con-
firmed by fitting the white line peak with two pseudo-Voigt func-
tions (1:1 Lorentzian: Gaussian relationship) centered at 9563.0 eV
for HfO2 and 9566.6 for HfFe2. The similar peak centroid energies
of 9563.0 and 9563.7 eV between HfO2 and HfH1.99, respectively,
were a significant hurdle in resolving these structures. Given the
open-air environment and the nanometer-thickness of the sample
lamellae, it was concluded that HfO2 would dominate the signal
and, thus, a peak centroid of 9563.0 eV was selected to probe. The

FIG. 6. Analysis of nano-XANES collected of the Hf LIII-edge at (a) location 1 and (b) location 2. Specific positions were probed linearly across each location from A1 to
A6 for location 1 and B1 to B6 for location 2.
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authors note the presence of HfH1.99 detected via XRD is minor
(within the error of XRD phase quantification) (Fig. 3); and fur-
thermore, its presence was difficult to confirm with XANES.

Moving from inside the Hf-rich particle toward the edge,
there is a marked change in the white line intensity. Outside
the Hf-rich particle, the white line is so intense it is indistin-
guishable from the background noise found throughout the
sample. This is due to the low-negligible signal from Hf within
the Fe-rich matrix. Notably, the signal near the edge of a parti-
cle indicates a reasonable increase in white line intensity, partic-
ularly in location 1. This nano-XANES area was probed with
cluster analysis, available as a part of the MIDAS package.52

Analysis confirmed the line scan methodology and indicated
two predominant regions: the particle core and the particle edge
or “crust,” as shown in Figs. 7(a) and 7(b). Comparison of the
resultant XANES with the JFEFF-generated reference materials
in Fig. 7(c) confirms the Hf-rich particle core is a mixture of
HfO2/HfHx with Hf–Fe intermetallic phases. Interestingly, the
resulting cluster spectra for the edge have a distinct pre-edge
shoulder feature, indicating a distinct phase not found within
the particle. The energy of this feature most closely resembles
the HfO2 phase spectra.

Given the formation of Hf–Fe intermetallic phases, and the
low remaining HfHx phases post-sintering for the Fe–25% HfH2

composite, it is reasonable to conclude that the area probed by the
HXN experiments is the boundary between the Hf–Fe intermetallic
phase and the Fe-rich matrix phase [with additional confirmation
shown in the SEM-BSE and Fig. 2(a)]. The presence of the HfO2

between these areas is a striking discovery. During processing,
decomposition of the hydride phase is noted by its decreased pres-
ence from XRD patterns. Outside of the remaining hydride parti-
cles, H atoms unable to leave the structure become trapped along
grain boundaries between the growing intermetallic phase and the
consumed Fe and HfH2 particles. As such, during cooling, the Hf
at the surface recombines with any available O to form the HfO2

phase, potentially accelerated by free H.

In the Fe–n% HfH2 (n = 25, 40, 55, and 70) MMCs, the HfH2

undergoes limited decomposition during sintering, mitigated by
the short times (5 min) at high temperature (1000 °C), while
achieving full matrix density. Atomic hydrogen released from the
HfHx phases can potentially have a cleaning effect on the surface of
surrounding Fe particles, increasing surface activity,72 and promot-
ing interactions between the newly available Hf. The Fe and Hf will
readily interact at these temperatures to form intermetallic
phases.76 It is interesting to note that at the higher HfH2 loadings
(n = 40–70), there is significant remaining HfHx, presumably due
to the short times at the high processing temperature, sluggish
decomposition, and high surface areas of initial HfH2 particles.
This points to a potential pathway to engineer Fe-based composites
with more hydrogen retention through interface control (i.e., pre-
oxidizing HfH2 particles). The XANES and XRF results in Fig. 7
highlight that the HfO2 formation between the Fe and HfH2 parti-
cles could be utilized to enable the former. Alternatively, directly
incorporating larger format HfH2 inclusions within the Fe host
(wires or chopped fibers) where surface effects would be mini-
mized/negligible could be explored.

IV. CONCLUSIONS

Iron–hafnium hydride entrained metal matrix composites
were produced via sintering with varying HfH2 loading including
Fe–25% HfH2, Fe–40% HfH2, Fe–55% HfH2, and Fe–70% HfH2

(all in vol. %). This work focuses on the Fe–Hf–H interactions at
phase boundaries post-sintering across multiple length scales using
XRD, SEM, XRF, and nano-XANES. XRD revealed each sample
undergoes a varied degree of decomposition and reaches an equi-
librium state of HfH1.99 and HfO2, around 3.5 and 5% XRD phase
fraction, respectively. A unique hydride phase, δ0-HfH1.44, was
identified in each sample. Likewise, the pure Fe metal phase
decreases from initial concentration in each sample and decreases
to a markedly lower percentage in the 55% and 70% HfH2 samples.
This work demonstrates that HfH2 and Fe particles, under heat and

FIG. 7. Results of phase cluster analysis of nano-XANES of the Hf LIII-edge of the Fe–25% HfH2 sample taken at location 1. Composite XRF maps of the (a) particle and
(b) edge correlate with the XANES spectra in (c), where they are compared to the JFEFF-generated reference spectra.
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pressure during direct current sintering processing, form interme-
tallic phases, HfFe and HfFe2. However, while decomposition and
intermetallic formation are simultaneously occurring during pro-
cessing, a significant fraction of hydrogen is retained HfH1.44

within the sintered MMC. The retained hydrogen content is a func-
tion of the original HfH2 loading with a maximum value of 53%
for the initial Fe–70% HfH2 compact. Phase decomposition and
subsequent chemical interactions at the interfaces between the
entrained hydrides and metallic Fe matrix were mapped via
SEM-BSE, which reveals the intermetallic phases form between
Hf-rich and Fe-rich areas, and further confirmed by hard x-ray
nanoprobe XRF and nano-XANES signaling the formation of HfO2

at the boundary between the intermetallics and remaining Fe
matrix.
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