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Molybdenum and its alloys are of interest for applications with extreme thermomechanical requirements such as
nuclear energy systems, electronics, aerospace vehicles, and hypersonic vehicles. In the present study, pure
molybdenum and samples with added hafnium carbide (HfC) grain refiners were produced using field assisted
sintering technology (FAST). The molybdenum and HfC reacted with oxygen to produce MoO, and HfO2, and
increased HfC content from 1 wt% to 5 wt% decreased grain size while the microhardness correspondingly

increased. Room temperature three-point bending tests were conducted, and finite element modeling was used to
define HfC-dependent bilinear material models. The presence of oxygen most severely affected pure molybde-
num, which exhibited little strength and limited ductility, whereas for samples with added HfC, HfO, was
present, resulting in increased toughness hypothesized to be due to microcrack toughening. The samples with 1
wt% added HfC had the greatest energy absorption capability.

1. Introduction

Molybdenum has one of the highest melting points for any element,
at 2620 °C, making it appealing for extreme applications such as furnace
lining, nuclear power production, tooling for hot forming, and the
emerging field of hypersonic vehicles [1-3]. Although the latter is
associated with extreme temperatures, oxidizing environments, and
high stresses, auxiliary components are subject to less severe restrictions
but may have additional considerations such as high thermal or elec-
trical conductivity [4].

Molybdenum has limited ductility at room temperature, largely due
to grain boundary embrittlement by oxygen [5,6]. Molybdenum oxide
(MoO3y) preferential forms along grain boundaries and causes brittle
intergranular fracture. To mitigate grain boundary impurities, either the
starting material may be reduced or oxygen absorbing additives such as
zirconia, carbon, tungsten, rhenium, hafnium carbide, or carbon may
reduce MoO,, thereby increasing mechanical strength [1,7-9].

One method for increasing the ductility, high temperature strength,
fracture toughness, and creep resistance of metal matrices is through the
addition of dispersed oxide or carbide particles, referred to as oxide
dispersion-strengthened (ODS) and carbide dispersion-strengthened
(CDS) alloy systems, respectively [10-12]. The incoherent oxide and
carbide particles, often tailored for the lattice mismatch or strain energy
at the interface between the particles and the refractory metal matrix,
result in improved strength and toughness by increasing the overall
interfacial energy. This engineered interface acts as a barrier for dislo-
cation movement and thus improves strength. In addition, dispersion
strengthening results in superior thermal stability due to an increase in
recrystallization temperature that can be attributed to the pinning of
grain boundaries and dislocations. The hardness enhancements due to
grain boundary pinning are associated with the ability to maintain a
fine-grained microstructure and the Hall-Petch relationship. Various
oxides and carbides such as Y203, MoO3, HfO,, Lag03, CeOq, ZrO,, HfC,
TaC, TiC, ZrC, and B4C can be used depending on the alloy matrix crystal

* Corresponding author at: Department of Materials Science and Engineering, The Pennsylvania State University, University Park, PA 16802, United States.

E-mail address: beese@matse.psu.edu (A.M. Beese).

https://doi.org/10.1016/j.ijrmhm.2023.106317

Received 21 April 2023; Received in revised form 30 June 2023; Accepted 1 July 2023

Available online 4 July 2023
0263-4368/© 2023 Elsevier Ltd. All rights reserved.


mailto:beese@matse.psu.edu
www.sciencedirect.com/science/journal/02634368
https://www.elsevier.com/locate/IJRMHM
https://doi.org/10.1016/j.ijrmhm.2023.106317
https://doi.org/10.1016/j.ijrmhm.2023.106317
https://doi.org/10.1016/j.ijrmhm.2023.106317
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijrmhm.2023.106317&domain=pdf

E.T. Furton et al.

structure and properties of interest, with the volume fraction, homoge-
neity and particle size contributing to the mechanical properties of in-
terest [13-18].

In addition to improving mechanical properties through grain-
boundary engineering, a dispersion of hard particles can also increase
a material's toughness through microcrack toughening [17,19,20].
Microcrack toughening occurs when microscopic cracks initiate at
particle-matrix interfaces and are arrested as the crack is absorbed or
deflected before causing catastrophic failure. The microcracks accom-
modate expansion, relieving local tensile stresses. Once a critical stress is
reached where cracks initiate, the material's stiffness is reduced [19].
This mechanism, while superficially resembling strain hardening,
cannot be described by strain hardening constitutive equations.

Due to the high melting points of pure molybdenum and its alloys, it
is challenging to fabricate near net shape components with high density
and tailored microstructures. As such, powder processing methods are
preferred relative to forming or casting. Liquid sintering aids such as
nickel and copper have been used to increase density, but the formation
of brittle, low melting temperature intermetallic phases limits its
applicability [21]. Similarly, the use of sintering aids, while increasing
density and strength at room temperature, precludes application in high-
temperature environments.

Field-assisted sintering technology (FAST) is a processing method
capable of rapidly manufacturing complex near net shape geometries
[22,23]. FAST uses an electrically conductive die assembly, traditionally
graphite, that is biased with high current, low voltage pulsed DC
waveforms to provide field-assisting mechanisms that accelerate sin-
tering processes [24]. Joule heating allows for the avoidance of the long
ramp times and conduction-limited heat transfer rates associated with
traditional sintering techniques, and densification is further aided due to
additional localized heating in the vicinity of defects, yielding near-
theoretical densities with minimal grain growth. Pure molybdenum
has been densified to near theoretical densities through FAST, although
excessive sintering times and temperatures can lead to increased grain
size and reduced strength [25,26].

In this study, nominally pure molybdenum and three compositions
containing Moj x(HfC)x were fabricated and characterized by Archi-
medes density measurements, scanning electron microscope (SEM) im-
aging, and X-ray diffraction (XRD). Room-temperature three-point
bending tests were conducted to identify the impact of the added HfC on
the mechanical behavior of the materials. Through comparison to ex-
periments, corresponding finite element simulations were used to cali-
brate composition-dependent parameters for bilinear constitutive
models. Due to the presence of oxygen during sintering, increasing the
added HfC concentration increased the ratio of HfO; to MoO,, which
resulted in improved mechanical properties. Only the nominally pure
molybdenum did not meet the tensile strength requirement of 585 MPa
for pure molybdenum [27], and the samples containing 1% added HfC
reached the greatest strain energy density prior to fracture.

2. Material and methods
2.1. Powders

Pure molybdenum and three compositions of Mo; x(HfC), were
prepared, where x ranged between 1 wt% and 5 wt% as shown in

Table 1
Compositions of Mo; x(HfC), samples.
Sample Mo HfC # Samples
Wt% Mol% Wt% Mol%
Mo 100 100 0.0 0.0 2
Moy 99(HfC)g.01 99.0 99.5 1.0 0.5 2
Moy.97(HfC)o.03 97.0 98.5 3.0 1.5 2
Moy .95(HfC)o.05 95.0 97.4 5.0 2.6 3
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Table 1. The molybdenum powder (10.2 g/cm®) (Atlantic Equipment
Engineering, Inc., Upper Saddle River, NJ) had 99.8% purity and was
manufactured via hydrogen reduction with average particle size ranging
from 1 pm to 5 pm. The hafnium carbide powder (12.2 g/crn3) (Reade
Advanced Materials, Newton, MA) had a purity of 99% with average
particle diameters between 1 pm and 3 pm.

X-ray diffraction (Empyrean III, Malvern PANalytical, Malvern,
United Kingdom) was performed on the as-received powders to identify
impurities. CuKa radiation (1.5406 A) with a nickel filter, operating
voltage of 45 kV, and a current of 40 mA was used in a Bragg-Brentano
geometry with a 2 mm by 6 mm mask size. XRD scans on the mechanical
test samples (discussed in Section 2.4) used the same parameters as the
powders, except that the mask size was restricted to 0.3 mm by 0.4 mm
to ensure the beam scanned only the sample. Phase identification was
performed using JADE (International Centre for Diffraction Data,
Newtown Square, PA).

The molybdenum powder, in addition to the body centered cubic
(BCC) molybdenum phase, also contained MoO; in trace quantities
(Fig. 1a). The MoOg in the starting bulk powders can readily segregate to
grain boundaries during processing [28,29]. The as-received hafnium
carbide powder also contained trace amounts of monoclinic HfO5
(Fig. 1b).

The HfC powder was attrition milled with 2 mm yttrium stabilized
zirconia (YSZ) ball media in isopropyl alcohol (IPA) for 3 h to reduce the
particle size, then dried at atmosphere for 24 h at 100 °C to remove the
IPA prior to blending with the molybdenum. The molybdenum and
hafnium carbide powders were then blended in high density poly-
ethylene (HDPE) bottles for 4 h using 3/16" tungsten carbide (WC)
satellite media at a 4:1 ball-to-powder mass ratio. After the powders
were prepared using their respective milling techniques, XRD did not
identify any new phases or significant changes in oxide peak intensities.

2.2. FAST processing

Samples were manufactured with a 25-ton FAST system (FCT Sys-
teme GmbH, Frankenblick, Germany). The powders were pressed in a
graphite die with a diameter of 40 mm to produce a 5 mm tall sample
(Fig. 2). Prior to sintering, the die set was lined with graphite foil to
prevent damage or contamination to the mold and assist in sealing the
space between die components. The chamber was then evacuated to a
base pressure of approximately 500 Pa, which limited oxidation. Pre-
liminary pure molybdenum pucks were manufactured to determine
optimal FAST processing parameters to achieve nearly fully dense
samples without excessive grain growth. Subsequent samples, including
those with HfC grain refiners, were fabricated with 100 °C/min sintering
ramp rates from room temperature to the soak temperature, and an
applied uniaxial compressive stress of 70 MPa. The samples were held at
1750 °C for 20 min before vacuum cooling to room temperature. Prior to
subsequent characterization and mechanical testing, the sample surfaces
were mechanically ground to remove a brittle carbide layer, which
formed due to carbon diffusion from the graphite foil during processing
[25].

2.3. Characterization

The Archimedes method was used to measure density of the pucks,
with a digital scale (Explorer, OHAUS, Parsippany-Troy Hills, NJ). All
samples had densities between 97%-99% (Table 2). For microstructural
examination, samples were mounted in epoxy and polished to a mirror
finish using 1 pm polycrystalline diamond in the final step. Cross-
sections were imaged with scanning electron microscopy in back-
scattered electron mode; prior to mechanical testing, material was
etched with Murakami's reagent to increase phase contrast (Mira 3,
TESCAN, Brno, Czech Republic), and after fracture, the material was not
etched to identify crack networks near the fracture surfaces (Apreo S,
ThermoFisher Scientific, Waltham, MA).
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Fig. 1. X-ray diffraction of (a) molybdenum and (b) hafnium carbide powders. Each powder was shown to contain trace amounts of oxides.

)
11722777777

3.0 mm

Fig. 2. (a) Side-view and (b) top-view of pucks fabricated by FAST along with
mechanical test specimens. The puck was surrounded by a graphite foil,
pictured with a double crosshatch and with exaggerated thickness for clarity.
Mechanical test specimens were cut from the puck for 3-point bending (shaded
with a single crosshatch).

Table 2

Archimedes densities of samples produced by FAST, where the uncertainty is
reported as one standard deviation. The theoretical density was calculated by
the rule of mixtures using the compositions in Table 5.

Sample Density (%) Theoretical Density (g/cm3)
Mo 98.4 + 0.2% 10.05
Moo.99(HfC)o.01 98.8 + 0.1% 10.11
Moyg.o7(HfC)o.03 98.0 £ 0.1% 10.23
Mog.95(HfC)o.05 98.3 + 0.1% 10.22

The oxygen contents of the pucks were measured with the inert gas
fusion method (IMR Test Labs, Lansing, NY) and are presented in
Table 3. To identify the effect of oxygen content, equilibrium phases
were calculated using thermodynamic modeling with the CALPHAD
(CALculation of PHAse Diagrams) approach (Thermo-Calc 2016b,
Sweden) with a molybdenum-hafnium-carbon database appended to
the SGTE 5.0 database [30]. The former database considered the

Table 3

Measured and calculated starting oxygen content. The measured concentration
was obtained with the inert gas fusion method, and the starting concentration is
the amount of oxygen initially required in the system at 1750 °C to produce a
solid containing the measured oxygen concentration.

Sample Starting Concentration Measured Concentration
Mo 0.87% 0.87%
Mog.99(HfC)o.01 0.91% 0.80%
Moyg.o7(HfC)o.03 1.00% 0.67%
Mog,o5(HfC)o.05 0.95% 0.84%

solubility of carbon in molybdenum, while it was assumed that all
oxygen-containing compounds had zero solubility. Some of the initial
oxygen content formed gaseous products that were removed from the
system, while the remainder formed solid oxide phases in the samples,
and their oxygen content was measured with the inert gas fusion method
(Table 3). The starting oxygen content which results in the measured
oxygen content of solid material at 1750 °C was calculated and used in
subsequent analyses.

The ASTM E112 intercept procedure was used to identify grain size
[31]. Microhardness measurements were conducted with a Vickers
diamond indenter (LM110AT, Leco, St. Joseph, MI) in accordance with
ASTM C1327 [32]. For each composition, 15 indents were made, using
100 g-force with a dwell time of 10 s.

2.4. Mechanical testing

For three-point bending mechanical testing, three samples were cut
from each puck with a 5" diamond blade on a wafering saw, with di-
mensions of 5mm x 3 mm x 35 mm (Fig. 2). The samples were polished
with 1200 grit silicon carbide to remove cutting damage and ensure
fracture was not initiated by surface roughness, with the grinding par-
allel to the sample's longitudinal axis to reduce stress concentrations
[33]. The cross-sectional sample dimensions after grinding and polish-
ing are tabulated in Table 4.

Three-point bending was conducted using a universal load frame
(Criterion 43, MTS Systems, Eden Prairie, MN) with a crosshead
displacement rate of 0.005 mm/s, a distance between outer pins of 30
mm, and pin diameters of 2.0 mm. Displacement was measured using
digital image correlation (DIC), a non-contact method for measuring
surface deformation. The mechanical testing samples were painted with
a random black speckle pattern overlaid on a white basecoat. During
mechanical testing, images were captured at a frequency of 1 Hz with a
digital camera (GRAS-50S5M-C, Teledyne FLIR, Wilsonville, OR), and
the deflection of the sample's center relative to the outer pins was
calculated by tracking the deformation of the speckle pattern with DIC
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Table 4
Mean sample dimensions for mechanical testing. Samples labeled with an asterisk were excluded from further analysis due to large macroscopic defects.
Sample #1 Sample #2 Sample #3
Width Thickness Width Thickness Width Thickness
(mm) (mm) (mm) (mm) (mm) (mm)
Mo 2.04* 1.94* 3.16 1.87 2.29 2.12
Mog.99(HfC)o.01 4.45 2.38 4.24* 2.11* 4.29 2.35
Moy, 97(HfC)p.03 4.41* 3.01* 4.31 2.88 4.21 2.20
Moyg.95(HfC)o.05 4.35 2.28 4.34 2.42 4.35 2.49

software (VIC-2D, Correlated Solutions, Imro, SC).

The fracture surfaces were imaged with optical microscopy (VHX-
2000, Keyence, Osaka, Japan). Three samples, each of different
composition, were excluded from the mechanical test results because
their fracture surfaces contained large, macroscopic processing defects.
The total number of non-excluded samples are shown in Table 1.

To identify an appropriate constitutive relationship for the materials,
each mechanical test was simulated with three-dimensional finite
element simulations (Abaqus, Dassault Systemes, France). The simula-
tions' cross-sections were modeled after optical micrographs of the
fracture surfaces, and all elements were C3D8 full-integration bricks
with the smallest element length of 200 pm. Agreement between ex-
periments and simulations was not possible using a typical strain
hardening model, such as the Swift hardening law, except for pure
molybdenum. Instead, the nonlinear mechanical behavior was best
described by a bilinear constitutive equation:

Ee foro < op

Gz{ap(l—a)-&-aEEfor(_7>ap’ M

where & is the von Mises equivalent stress, £ is the total von Mises
equivalent strain, and E is the Young's modulus. It was assumed that E =
324 GPa for all compositions, and the Poisson ratio was 0.29 [34]. The
parameter o, is the stress at the onset of nonlinearity, or the stress at
which the linear stress-strain slope decreases as observed in materials
that develop microcracking during loading [35]. The parameter a is the
ratio of the secondary stress-strain slope to the initial modulus.
Force-displacement behavior from finite element simulations is

Experiments *=**==*=*** Finite Elements

400 r
300t
<
©
e
o) 200 i
L
100 —— Moy o (HC)y o,
" —— Moy, o, (HfC)q 5
Moy 65(HC)o 05
O 1 1 1 1
0 0.5 1 1.5 2 2.5

Displacement (mm)

Fig. 3. Representative force-displacement behavior for three-point bending.
The finite element simulations were terminated at the experimentally deter-
mined failure displacements.

compared to experimental force-displacement behavior in Fig. 3. In the
elastic region, large differences in the flexural modulus were caused by
differences in sample thickness (Table 4). The fact that a bilinear
constitutive relationship was required to capture the observed experi-
mental data suggests the hypothesis that the nonlinear behavior is due to
microcrack toughening rather than strain hardening.

3. Results and discussion
3.1. FAST processing

In the nominally pure molybdenum sample, in addition to BCC mo-
lybdenum, XRD identified MoOs, as shown in Fig. 4a; MoO,, particles are
labeled in the SEM micrograph in Fig. 5a. Thermodynamic modeling, as
shown in Fig. 6a, identified that all oxygen would form MoO,.
Furthermore, for a composition of pure molybdenum with 0.87 wt%
oxygen (Table 3), the isopleth in Fig. 6e shows that a processing tem-
perature of 1750 °C was insufficient to decompose the MoO,.

For samples with between 1% and 3% added HfC, two populations of
particles were visible in the SEM micrographs in Fig. 5b-c. Thermody-
namic simulation results in Fig. 6b-c indicated that the presence of ox-
ygen would deplete all the HfC and produce HfO5:

2Mo + O, + HfC—Mo,C + Hf O, @
During processing, at approximately 1070 °C, the Mo,C decomposes:

MoO; +2Mo,C—5Mo +2CO, and
MoO, + Mo,C—3Mo + CO, 3)

as shown in Fig. 6f-g. With both compositions, Mo,C was the limiting
reactant and only MoO; remained. At approximately 1830 °C, HfO,
undergoes a phase transformation, where during cooling the tetragonal
phase transforms to monoclinic phase, and the volume increases by
approximately 3% [36]. This allotropic transformation has been docu-
mented to cause microcrack toughening in other material systems [36].
Although the transformation temperature of 1830 °C exceeds the nom-
inal processing temperature of 1750 °C, in FAST the local temperature at
discontinuities, such as the particle-matrix interface, exceeds the far-
field temperature [23].

For samples with 5 wt% added HfC, an oxygen concentration of 0.95
wt% eliminates all HfC. The reaction in Eq. 3 consumes all MoO,,
leaving behind Mo,C, as shown in Fig. 6h. Peaks from both phases are
identified in XRD in Fig. 4d and the phases are identified in the micro-
graph in Fig. 5d.

As a summary, the equilibrium weight fractions of the various oxides
and carbides at a processing temperature of 1750 °C are shown in
Table 5. For all samples, all the initial HfC was depleted. Increasing the
amount of added HfC increased the ratio of HfO5 to MoOs.

The mean grain size decreased with increasing HfC concentration as
shown in Fig. 7. The Vickers hardness correspondingly increased in a
Hall-Petch manner [37,38], where HVj is the Vickers hardness for a
material without grain boundaries and d the mean grain size:

HV = HV, +k\d @

Assuming that grain size was the only factor that affected hardness,
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Fig. 5. SEM micrographs of (a) molybdenum sample, and (b) Mo 99(HfC) 01, (¢) M0g.97(HfC) 03, and (d) Mog ¢5(HfC)g os. Representative particles of MoO,, HfO,,

and Mo-C are labeled.
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Table 5

Thermodynamic calculations for weight fractions of oxide and carbide phases in
solid material at a temperature of 1750 °C and a pressure of 1 atm with oxygen
content as shown in Table 3.

Starting Composition MoO, HfO, Mo,C
(Wt%) (Wt%) (Wt%)
Mo 3.5% - —
Moo.99(HfC)o.01 2.5% 1.1% -
Moo.97(HfC)o.03 0.7% 3.3% -
Moo.95(HfC)o.05 - 5.5% 4.2%
300 T T " -

2200 %
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Fig. 7. Grain size as a function of increasing HfC faction, with Hall-Petch-like
behavior overlaid. The error bars represent one standard deviation.

the value of HV, was 211 HV, while the constant k was 92 HV pm?/2.
These values are greater than those reported for pure molybdenum
fabricated by powder metallurgy by Kim, who reported values of 159 HV
and 53 HV pm'/2, respectively, and the discrepancy is hypothesized to
be attributed to additional hardening by the oxides and carbides and
higher densities; Kim's density was between 90 and 93% [39].

3.2. Mechanical properties

In the bilinear constitutive models, the parameter o, is approxi-
mately constant regardless of added HfC, as shown in Fig. 8a, and all
mechanical testing samples began behaving nonlinearly at approxi-
mately the same stress of 430 MPa. In comparison, the secondary slope,
as shown in Fig. 8b, was nearly zero for the pure molybdenum and
increased continuously with increasing HfC.

For each sample, the calibrated constitutive behavior is shown in in
Fig. 8c, with curves terminating at the stress of the most highly stressed
element at that sample's failure displacement. The local stress of the pure
molybdenum samples does not exceed 500 MPa because of the embrit-
tling effect of MoO,, not meeting the strength requirement of 585 MPa
for pure molybdenum produced by powder metallurgy [27]. For samples
with added HfC, the stress at the outer fibers reached between 630 and
740 MPa. The failure strain was greatest for the Mog 99(HfC)¢ 01 samples,
and increased addition of HfC reduced the failure strain.

SEM micrographs near the fracture surface of nominally pure mo-
lybdenum showed cracking between MoO;, particles in Fig. 9a. These
cracks were not located on the fracture surface and therefore dissipated
energy without directly causing fracture. Additional microcracks may
have closed upon elastic unloading during fracture and might not be
visible. In Fig. 9b, cracking was observed in the samples with added HfC,
forming networks between particles. The cracks were more tortuous
than for the nominally pure molybdenum sample, and it is hypothesized
that the HfO, particles initiated microcracking during deformation or
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Fig. 8. Best-fit finite element simulation parameters, (a) o, and (b) a, as a function of added HfC. (c) The constitutive behavior of the compositions, in von Mises
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point on each sample at failure as a function of HfC.
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during fabrication due to the tetragonal to monoclinic transformation.
The presence of the preexisting microcracks around HfO, particles, or
the nucleation of these microcracks during loading, would deflect
cracking between MoOy particles during straining, thereby hindering
crack coalescence. With increasing HfC added, the ratio of HfO, to MoO4
grew and the ability to deflect — and thereby limit — crack growth
increased, explaining the increasing parameter o (Fig. 8b). For the
samples fabricated with 5% HfC, there was no MoO,, and the micro-
cracks caused by HfO, alone resulted in a secondary slope approxi-
mately 5% of the modulus.

The volumetric energy density of material with a constitutive
behavior described by bilinear stress-strain relationships is:

o; — 0, (1 —a)

2Ea ®)

Upilinear =
where oy is the failure stress. The energy absorption capability is shown
in Fig. 8d. For comparison, if no crack arresting mechanisms were
available and fracture occurred immediately at the material's nonline-
arity, the energy absorption would be 0.3 J/cm®, which is between 18
and 93 times smaller than the observed energy absorption capability.
The mechanism hypothesized to be microcracking increases the energy
absorption capability by more than an order of magnitude. Compared to
the nominally pure Mo, the addition of 1% HfC formed HfO,, reducing
grain boundary oxygen and limiting MoO,. Because the Mog 99(HfC)¢.01
samples contained sufficient HfO, particles to deflect crack growth but
the greatest amount of MoOj, particles for forming microcrack networks,
it had the greatest room temperature energy absorption capability,
while Moy 97(HfC) 03 and Moy 95(HfC)g o5 had fewer MoO; particles and
formed a less dense crack network, and failed at smaller strain energy
densities. Compared to the Mog 99(HfC)g 01 samples, the Mog 97(HfC)g 03
and Moy 95(HfC) o5 compositions had less grain boundary oxygen and
MoO,, but the mechanical strength did not improve, showing that only a
small amount of HfO, formation is required to limit the detrimental
effect of oxygen.

4. Conclusions

The effect of oxygen on ODS and CDS molybdenum with added HfC
was studied, and room-temperature mechanical behavior was linked to
microstructure. This study's primary conclusions are:

e FAST was used to produce near theoretical dense Mo; 4(HfC), sam-
ples without sintering aids, and HfC acted as a grain refiner, where
greater amounts of HfC corresponded to smaller grains and increased
microhardness.

The presence of oxygen caused samples with 1 wt% and 3 wt% added
HfC to form HfO; and MoOs,, while the samples with 5 wt% added
HfC formed HfO, and Mo,C.

e A bilinear material model was required to describe the measured
mechanical behavior, indicative of an active toughening mechanism
that was hypothesized to be microcracking. The addition of HfC had
negligible effect on the stress of non-proportionality but significantly
increased the slope after non-proportionality.

The local failure stress of molybdenum without added HfC was
limited by MoO; and did not exceed 500 MPa, while samples with
added HfC were between 630 and 740 MPa.

The composition of Mog g9(HfC)p01 resulted in the greatest strain
energy density prior to failure (20-30 J/cm®). The toughening
mechanism was hypothesized to be microcracks between MoOj
particles that were deflected by HfO particles.
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