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1. Introduction 

Tungsten carbide (WC) cermets are a vital material to varying fields, including 
cutting/mining tools, armor penetrators, and surgical equipment. This wide range 
of applications arises from several notable properties of these cemented carbides, 
specifically high hardness, toughness, and density.1,2 Conventional WC cermets 
contain a cobalt (Co) binder phase. While this binder matrix allows for 
commendable properties, Co is a critical and strategic material for the US Army 
while also anticipated to be a human carcinogen by the US Department of Health 
and Human Services’ National Toxicology Program.3,4 Further, Co is subjected to 
constant price fluctuations due to the uncertain economic and political situations in 
many cobalt-mining countries.5,6 These concerns led to a need to develop a binder 
that can achieve similarly advantageous properties without the hazardous and 
acquisition-related issues that result from using a Co binder. A potential 
replacement has been developed at the US Army Combat Capabilities Development 
Command Army Research Laboratory (CCDC ARL) that uses an oxide-dispersion-
strengthened (ODS) alloy of iron (Fe), nickel (Ni), and zirconium (Zr). Use of this 
Fe-Ni-Zr binder in the WC system has yielded positive results, achieving hardness 
values exceeding 15 GPa at 10 weight percent (wt.%) of binder alloy. However, 
this innovative WC-Fe-Ni-Zr system exhibited a toughness value that has not been 
able to meet the desired target value of 11 MPa-m1/2.2 As an extension of that 
project, in an effort to improve the toughness of this material system, samples with 
different powder modalities were created with an objective of increasing the 
toughness of the WC-Fe-Ni-Zr system to reach the target value with no significant 
drop-off in hardness. Toughness plays an important role in the performance of 
armor-penetrating bullet cores. When these projectiles impact targets at oblique 
angles, the cores experience bending stresses, resulting in the growth of any 
preexisting cracks or flaws. This growth leads to the penetrator shattering into 
numerous pieces, which drastically reduces the penetration performance of the 
bullet core. With an increased fracture toughness, the projectile should exhibit 
improved performance through a higher resistance to crack growth and eventual 
fracture due to the high bending stresses imposed during these oblique-impact 
events. Typical conventions for increasing toughness in WC cermets involve an 
increase in binder content, mean carbide grain size, or binder phase mean free path. 
However, several papers have shown these methods of increasing fracture 
toughness often come with a sacrifice in hardness.7–11 In this study, particle 
modality and morphology will be the mechanisms used to try to avoid this tradeoff 
and improve toughness while maintaining hardness. 
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Yang et al.9 examined the effect of bimodal structures to achieve simultaneous 
improvements in both hardness and toughness. This work involved using a binder 
composed of nano-sized WC and Co grains. This composite binder composed 12 
volume percent (vol.%) of the final body, with the remainder 88 vol.% being 
micron-sized WC grains. This experiment was able to achieve this simultaneous 
improvement by appealing to the benefits of both the nano- and micron-sized WC 
grains, respectively. The improvement in hardness, as compared to a material with 
similar binder and grain size, is attributed to the reduction in Co mean free path 
from approximately 300 nm to 36 nm caused by the bimodal structure. A mean free 
path of 36 nm is comparable to other nano-sized WC systems.9 The fracture 
toughness increase comes from a rise in the difficulty of crack propagation due to 
crack bridging, and the increase of the “zigzag morphology of the crack surface”,9 
which was largely due to the presence of micron-sized WC. The fracture toughness 
increased to a level comparable with micron-sized WC cermets. 

Montoya-Dávila et al.12 showed that through pressureless infiltration of silicon 
carbide (SiC) into composites of aluminum with SiC particles, multimodal 
distributions increase hardness and toughness in a positive logarithmic behavior 
from unimodal to trimodal distributions. The fracture toughness of these 
composites increased from 3 MPa-m1/2 to 5 MPa-m1/2, while Rockwell hardness 
increased from approximately 37 to 65 HR30T.12 The increase in hardness was 
attributed to the relative proximity of grains in the bimodal and trimodal samples 
compared to the unimodal samples. This reduction in the average distance between 
grains allowed for more particle-to-particle impingement, requiring larger stresses 
to be produced to increase plastic deformation (work/strain hardening).12 The 
increase in fracture toughness was theorized to be due to the “load transfer from the 
indented particles to the metallic matrix and then to other neighboring SiC particles 
through the ceramic/metal interfaces”.12 

In this study, we investigated the effect of microstructural alterations of tungsten 
carbide cermets on the indentation hardness and toughness values. The goal is to 
increase the toughness value above the benchmark value of 11 MPa-m1/2 without 
reducing the hardness below the 15 GPa benchmark value. Four different studies 
were conducted varying different parameters to achieve this goal: 

1) Increasing the number of distinct modes in the particle size distribution, 

2) Increasing the mean particle size of the microstructure, 

3) Substituting a “spherical” WC powder in place of faceted WC powder, and 

4) Adding a nano-sized WC powder into the microstructure. 
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2. Experimental Procedure 

2.1 Materials 

Four different WC powder particle sizes were used for this study, referred to as 
nano (N), ultra-fine (UF), fine (F), and coarse (C). The UF, F, and C powders were 
commercial powders obtained from Global Tungsten Products (GTP) in Towanda, 
Pennsylvania. The manufacturer’s nomenclature for the powders are SC04U, 
SC17S, and SC40S, respectively. The manufacturer-provided average particle size 
information for these three powders from a Fisher Sub-Sieve Sizer, as specified in 
ASTM B330,13 is presented in Table 1.  

Table 1 Manufacturer-provided particle size for different types of WC powder 

Powder name Particle size (µm) 

SC04U (Ultra-fine) 0.6 + 0.1 

SC17S (Fine) 1.2 ± 0.2 

SC40S (Coarse) 4.0 ± 0.3 

 

For comparison, in-house particle size analysis was performed on all powders 
(except the nano-size powder) using a laser diffraction particle size analyzer 
(Horiba LA-960, Horiba, Ltd., Kyoto, Japan). These results are presented in Fig. 1.  
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Fig. 1 Particle size analysis results using the laser diffraction technique for the three raw 
powders, as well as a “spherical” version of the UF powder from an alternative carburization 
process designed to produce less-faceted carbide 

A different carburization technique was used to generate a “spherical” UF WC 
powder that was predicted to produce increased toughness by reducing the stress 
intensity factors at the particle edges through round features, rather than sharp 
facets typically possessed by WC particles.14 However, scanning electron 
microscopy (SEM) examination showed that the new technique simply resulted in 
powder that was less angular than its faceted counterpart, but not truly spherical in 
morphology. SEM images of these two powders are presented in Fig. 2. 
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 a) Conventional UF powder b) Spherical UF powder 

Fig. 2 SEM images of the a) conventional (i.e., faceted) and b) spherical WC powders 

The laser diffraction results from Fig. 1 indicate that the mean particle size (MPS) 
for the particles is slightly larger than the data provided by the manufacturer. The 
UF was approximately 1 µm in nominal particle size for both the faceted and 
spherical varieties, while the F powder was closer to 2 µm in average particle size. 
The coarse variant was closer to approximately 10 µm for average grain size. These 
increases are largely attributed to the inability to break up the soft agglomerates 
while suspended in water for the laser diffraction analysis. The analysis of the UF 
and F powders indicates that they would not produce distinct modes in combination 
due to their largely overlapping PSDs (see Fig. 1); however, the original powder 
distributions were designed off of the manufacturer’s specified values (i.e., prior to 
particle size analysis), so the UF and F were treated as two separate modes going 
forward since they were originally specified to differ by a factor of two. 

The nano-size powder was a proprietary, experimental version from a different 
manufacturer than the other three powders. No particle size information was 
provided with this powder. Particle size and carbon content analyses were 
performed using X-ray powder diffraction and approximately 70 nm (i.e., 0.07 µm) 
with a carbon to tungsten ratio of 3:1, respectively. 

The aforementioned binder being used in this study was an ODS alloy composed 
of 88 atomic percent (at.%) iron, 8 at.% nickel, and 4 at.% zirconium. The ODS 
technique is leveraged to produce UF oxide particles, likely zirconium oxide (i.e., 
zirconia) in this case, dispersed in a solid-state solution of the other constituents 
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where the oxide particles can act as pins for dislocation movement and grain 
growth, resulting in a stronger material that can maintain its grain size during 
sintering without undergoing excessive grain growth at these elevated 
temperatures. 

All bodies were composed of 90 wt.% WC and 10 wt.% binder alloy, unless 
otherwise specified. This is important for comparing properties between dense 
parts, and also for not artificially altering resultant properties through binder alloy 
percentage adjustments. This composition is also similar to many commercial WC–
Co materials for comparisons outside of this study. 

2.2 Design of Distributions 

Using the manufacturer’s provided grain size information from Table 1, powder 
mixtures were designed in various ratios to produce compacts with specific 
distributions of particle size modes. These ratios are provided in Table 2. The ratios 
are loosely based on those used by Montoya-Dávila et al.12 for a similar study, but 
are adjusted to maintain an MPS of approximately 1 µm. This value is similar to 
many commercial materials and appeared to possess an appropriate balance of 
properties, allowing for hardness to be maintained due to the fine grain size while 
also allowing for addition of larger grains to promote toughness. Further, an MPS 
of 1 µm also fell within the entire distribution of the powder grain sizes to be used 
for this study, which would allow for grain size distribution tailoring both above 
and below the MPS. In Table 2, the first four ratios for bimodal and trimodal 
distribution are for a nominal MPS of 1 µm, while the final two ratios are for a 
nominal MPS of 2 µm. 
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Table 2 Ratio of WC powder compositions for 1- and 2-µm MPSs 

WC powder ratios 
(N:UF:F:C) by weight Calculated MPS (µm) 

Bimodal 

0:1:1:0 0.93 

0:1:3:0 1.1 

0:3:1:0 0.76 

0:4:0:1 1.3 

0:0:3:1 1.9 

0:1:0:1 2.3 

Trimodal 

0:3:2:1 1.4 

0:4:1:1 1.3 

0:4:2:1 1.3 

0:5:2:1 1.2 

0:1:1:1 1.9 

0:2:2:3 2.3 

 
For this investigation, the particle size distributions were manipulated and designed 
to result in the performance of four individual studies on the effect of modality and 
morphology on the processing and properties of these cemented carbides. These 
four studies are the following: 

1) Examine the effect of increasing the number of distinct particle size modes 
in the particle size distribution (i.e., increasing modality); 

2) Increase the distribution’s MPS from 1 to 2 µm; 

3) Determine the effect of faceted versus spherical carbide powder on the 
target properties of hardness and toughness; 

4) Substitute nano-sized WC powder into distributions at MPSs of 0.6, 1, and 
2 μm, respectively (Table 3). 
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Table 3 Ratios of WC powder at 0.6-, 1-, and 2-µm MPSs when the nano-sized powder was 
included in the distributions 

WC powder ratio 
(N:UF:F:C) by weight Calculated MPS (µm) 

7:0:2:1 0.6 

3:0:2:1 1 

1:0:2:2 2 

2.3 Powder Processing 

As previously mentioned, WC powder was combined with the binder alloy powder 
in a 9:1 wt.% ratio. This powder mixture was ball milled using nickel-bonded WC 
satellite milling media (4.8 mm diameter) at a media-to-powder mass ratio of 8:1 
for 72 h. This procedure was not intended to reduce particle size, but rather promote 
uniform binder distribution. The milling media was separated from the powder by 
passing the powder–media mixture through a sieve. Thirty grams of the retained 
powder was placed into a graphite die and cold pressed to 8000 lbf gage to form a 
green body (i.e., “puck”) roughly 25 mm in diameter by 6 mm thick. This puck was 
subsequently cold isostatically pressed (CIP) to 30 ksi to improve the green body 
density. The samples were then pressurelessly sintered in a tube furnace for 10 h at 
1450 °C under a gettered argon atmosphere. To create a finished product, the 
samples were hot isostatically pressed (HIP) to a temperature of 1350 °C at 15 ksi 
with a 3-h hold. The samples were sectioned and polished to a 0.25-µm finish 
following standard metallographic procedure to ensure a clean working surface, 
free of residual stresses, and suitable for imaging and indentation studies. 

2.4 Indentation Testing 

Knoop indentation hardness and Palmqvist toughness tests were performed on each 
sample following their respective standards, ASTM C132615 and ISO 28079.16 
Knoop hardness tests are one of several ways in which a material’s resistance to 
plastic deformation can be determined. The shape of the indenter is a two-fold 
symmetrical pyramid with a long horizontal diagonal that is approximately three 
times longer than the Vickers diagonal.15 The deformation caused by the indent 
leaves an impression in the material that is used to measure the material’s hardness. 
The indentation hardness value was found by performing a series of Knoop 
indentations (≥10) at 2 kgf, and subsequently measuring the long diagonal length 
and inserting this value, along with the load, into Eq. 1.15 
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𝐻𝐻𝐻𝐻 = 0.001429 ∗  
𝑃𝑃
𝑑𝑑2     , (1) 

where P is the load in Newtons and d is the length of the long diagonal in mm. 

Palmqvist fracture toughness is commonly referred to as the industry standard for 
measuring the toughness of cemented carbides. This is because the Palmqvist 
toughness method is a relatively simple procedure involving little sample 
preparation and a small sample/testing space.16 The Palmqvist toughness value was 
determined from Eq. 2 by first generating a high load (50 kgf) Vickers indent on 
the specimen. The Vickers hardness number (HV in N-mm3/2) was then calculated, 
and the sum of the four crack lengths (l in mm) emanating from the indent tips was 
recorded. These values, along with the corresponding indentation load (where P is 
in Newtons), were used to calculate the Palmqvist toughness. In Eq. 2, “A” is a 
constant with a unitless value of 0.0028.16 

𝑊𝑊𝐾𝐾 = 𝐴𝐴 ∗  √𝐻𝐻𝐻𝐻 ∗  �
𝑃𝑃
Σℓ

   . (2) 

A combination of optical microscopy and SEM was used to take corresponding 
measurements of the diagonal and crack lengths. 

3. Results and Discussion 

3.1 Study No. 1: Increase in Number of Particle Size Modes 

The numerical results of Study No. 1 are presented in Table 4. The use of 
multimodal powder resulted in sintered structures with an increase in toughness 
with a slight decrease in hardness, compared to the control sample processed with 
unimodal powder. When only comparing the average hardness values for the 
specimens made from bimodal and trimodal powders, the hardness of the bimodal 
specimens were higher than that of the trimodal specimens. However, the trimodal 
specimens resulted in a higher toughness than the bimodal sample, which is to be 
expected due to the increased presence of coarse grains acting as a toughening 
mechanism. Overall, the multimodal particle distributions led to an increased 
presence of large grains within the material, which increased the tortuosity of the 
crack path, causing the crack to consume more energy to propagate over a shorter 
distance. This resulted in an increase in toughness.  
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Table 4 Results of Study No. 1 investigating bi- and tri-modal particle distributions at a  
1-µm MPS 

Specimen 
distribution 

Density  
(% theoretical) 

Knoop hardness, 
HK2 (GPa) 

Palmqvist toughness 
(MPa-m1/2) 

Unimodal 97.4 15.5 ± 0.3 8.1 ± 0.6 

Bimodal 97.3 16.1 ± 0.5 9.2 ± 0.4 

Trimodal 97.3 15.3 ± 0.1 9.7 ± 0.1 

 
Images comparing a unimodal specimen and a trimodal specimen are in Fig. 3. In 
this figure, the crack of the unimodal specimen propagates in a relatively linear 
manner; however, the crack for the trimodal specimen is forced to weave around 
the large grains, prompting more energy to be consumed. There even appears to be 
slight crack branching, which is an additional energy consumption mechanism, 
resulting in further improvements in toughness. 

           
 a) Unimodal specimen crack b) Trimodal specimen crack 

Fig. 3 SEM images showing microstructures of a) unimodal and b) trimodal specimens 
showing the increase in difficulty of crack propagation 

3.2 Study No. 2: Increasing Mean Particle Size (MPS) 

Increasing the MPS in the distributions from 1 to 2 µm resulted in a significant 
increase in toughness for an insignificant decrease in hardness. The average values 
for the multimodal samples are presented in Table 5. 
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Table 5 Results of Study No. 2, which studied the effect of increasing the MPS for the 
multimodal distributions on hardness and toughness 

Specimen 
distribution 

Density 
(% theoretical) 

Knoop hardness, 
HK2 (GPa) 

Palmqvist toughness  
(MPa-m1/2) 

1-μm MPS 97.3 15.4 ± 0.5 9.4 ± 0.4 

2-μm MPS 96.5 15.1 ± 0.4 11.4 ± 1.1 

 
This increase in toughness is attributed to the increased presence of larger grains, 
which, as previously mentioned, increased the difficulty of crack propagation 
beyond that of the 1-µm specimens, while the presence of the smaller grains 
maintains the hardness of the material. The trimodal distributions with an MPS of 
2 µm achieved the best results throughout all of the studies. These samples 
exhibited an average hardness of 15.1 GPa and an average toughness of  
12.2 MPa-m1/2. Both of these values are above the benchmark target values for the 
material in this study, which was a great encouragement for future efforts in this 
area. 

3.3 Study No. 3: Faceted Versus Spherical Particle Morphology 

For the purely unimodal samples, the substitution of spherical powder for faceted 
powder resulted in samples with marginally higher toughness with an insignificant 
decrease in hardness compared to the faceted sample. Due to these promising 
results, specimens with multiple particle size modes were also produced with the 
spherical carbide powder. The substitution of the spherical powder into the 1-μm 
MPS distributions resulted in a significant increase in toughness with no measured 
drop in hardness. Measurements were taken on all samples both prior to and 
following the HIP procedure. When examining the toughness data from these 
measurements, it was noted that there was a large decrease in toughness following 
the HIP procedure among the faceted samples. However, specimens containing the 
spherical powder had a significantly smaller drop in toughness from pre-HIP to 
post-HIP. This behavior is attributed to a change in the particle packing of the 
materials.17 The spherical powder is likely moderately well packed in a random 
fashion prior to the HIP process, and therefore only undergoes a slight improvement 
in particle packing following the HIP pressure and temperature. Therefore, the HIP 
process is not able to significantly improve the powder packing, resulting in a minor 
reduction in toughness. However, the initially random packing of the faceted 
powder allows a greater increase in packing of the grains when under the 
temperature and pressure conditions of the HIP process. This increased packing 
results in smoother planes between particles where a crack will travel, resulting in 
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longer crack propagation and, hence, lower toughness. A data table showing the 
drop from pre-HIP samples to post-HIP can be seen in Table 6. 

Table 6 Toughness data for several multimodal samples before and after the HIP process 

Powder 
morphology Calculated MPS (µm) 

Toughness (MPa-m1/2) Reduction   
(%) Pre-HIP Post-HIP 

Faceted 
1 11.3 ± 1.5 9.3 ± 0.4 17.7 

2 13.6 ± 1.9 11.4 ± 1.1 16.2 

Spherical 
1 11.2 ± 0.5 10.6 ± 0.3 5.6 

2 11.6 ± 0.7 10.6 ± 0.3 8.6 

 
The trend of improving toughness when substituting spherical powder into the 
mixture was not observed in the distributions having an MPS of 2 µm. This was not 
the expected result. This may be because larger particles will not significantly 
change packing density both before and after the HIP procedure. While the addition 
of spherical powder did not achieve a higher toughness, both the spherical and 
faceted distributions have similar hardness values. The pre-HIP to post-HIP drop 
in toughness is slightly larger at 1 µm MPS than 2 µm; however, both distributions 
involving spherical powder experienced a much smaller drop than the faceted 
distributions. A summary of all the results for Study No. 3 are presented in Table 7. 

Table 7 Results of Study No. 3 investigating faceted vs. spherical WC powder morphology 
at unimodal 0.6-, multimodal 1-, and multimodal 2-µm MPS, respectively 

Powder 
morphology 

Specimen 
distribution 

Density 
(% theoretical) 

Knoop hardness, 
HK2 (GPa) 

Palmqvist toughness 
(MPa-m1/2) 

Faceted 

Unimodal 
0.6-µm MPS 

97.2 16.0 ± 0.3 8.6 ± 0.4 

Multimodal 
1-µm MPS 

97.3 15.4 ± 0.5 9.4 ± 0.4 

Multimodal 
2-µm MPS 

96.5 15.1 ± 0.4 11.4 ± 1.1 

Spherical 

Unimodal 
0.6-µm MPS 

98.2 16.1 ± 0.1 8.8 ± 0.1 

Multimodal 
1-µm MPS 

96.8 15.4 ± 0.3 10.6 ± 0.3 

Multimodal 
2-µm MPS 96.9 15.2 ± 0.1 10.6 ± 0.3 
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3.4 Study No. 4: Substitution of Nano-Sized WC Powder 

Use of the experimental nano-grained WC powder yielded unexpected results. The 
results were unexpected in the sense that there was no significant improvement in 
any property due to the inclusion of the nano-grain phase, as seen in Table 8. 

Table 8. Results of Study No. 4 investigating the effect of nano-powder substitution into the 
multimodal distributions at 0.6-, 1-, and 2-µm MPSs 

Calculated mean 
particle size (µm) 

Density 
(% theoretical) 

Knoop hardness, 
HK2 (GPa) 

Palmqvist toughness  
(MPa-m1/2) 

0.6 96.7 14.8 ± 0.4 10.5 ± 0.7 

1 97.5 15.7 ± 0.4 9.6 ± 0.3 

2 98.6 15.6 ± 0.2 9.2 ± 0.1 

 
These poor results occurred due to the presence of abnormally large grains from 
approximately 15–25 µm in diameter observed in the postprocessed samples. An 
image of the large grains, as well as the transgranular cracks propagating through 
these grains, can be seen in Fig. 4. These large grains were not apparent in analysis 
of the unprocessed nano-grained WC powder and were only present in the samples 
containing the nanoscale powder. Energy-dispersive X-ray spectroscopy scans of 
several of the large grains revealed a composition of roughly 3:1 carbon to tungsten, 
which is consistent with the composition of the raw powder, thus the material did 
not appear to change composition or phase. These large grains are attributed to 
excessive grain growth during processing due to an increased fraction of carbide–
carbide interfaces at the increased exposed surface area of the nano-grained carbide 
powder. In areas where there is no binder alloy to inhibit grain boundary diffusion 
(i.e., carbide–carbide interfaces), excessive grain growth is known to occur in 
cemented carbide materials.18–21 The observed contrast within the large grains was 
a further indicator of multiple fine grains being consumed into a single large 
particle. The existence of these large grains led to an increase in transgranular 
cracking, which resulted in a lower fracture toughness due to rapid crack growth 
and less crack branching as the energy gets dispersed over longer planar distance.22  



 

14 

   
 a) Large grains in nano-distributions b) Transgranular crack through large grain 

Fig. 4 SEM images of samples containing the nano-powder where the a) large grains and 
b) transgranular cracking can be observed 

Optimization of the nano-grained WC powder is anticipated to produce more 
promising results. This potential is attributed to the improvement in hardness based 
on the Hall-Petch relationship and the improvement of fracture toughness from 
either of two different mechanisms. The first method is based on the ratio of flaw 
to particle size in nano-grained powders. Intuitively, the use of nano-grained 
powder will result in flaws, such as pores, being significantly smaller, on the size 
of single nanometers. The second possible method is the increase in the number of 
interfaces between the WC grains and the Fe-Ni-Zr binder alloy, as compared to 
larger grains. The increase in number of interfaces between the grains and the 
binder would result in an increase in the crack path traveling along the 
binder/carbide interface (i.e., intergranular fracture) as opposed to propagating 
through the ceramic grain (i.e., transgranular fracture).22,23 Even if the fracture 
toughness of nano-grained powder is not improved compared to conventional 
micro-grained powder, it is predicted that the increase in hardness due to the 
presence of nano-scale powder would allow the MPS to be shifted to a higher value. 
This subsequently would increase the tortuosity of the crack path and thus, the 
fracture toughness of the material. 

4. Conclusions 

The goal of achieving a hardness of greater than 15 GPa and a toughness of at least 
11 MPa-m1/2 was accomplished through trimodal specimens with a calculated MPS 
of 2 µm using faceted WC powder. In general, the 2 µm-MPS, faceted carbide, 
multimodal samples achieved these target values. The benchmark properties were 

20 μm 10 μm 
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achieved through a tailored balance of the high hardness of UF and F powders and 
the increased toughness induced by the presence of coarse grains, increasing the 
difficulty of crack propagation. Future studies with optimized nano-scale WC 
powder incorporated into the multimodal distributions could allow more room to 
adjust other components of the distribution to increase the toughness of the 
material. 
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List of Symbols, Abbreviations, and Acronyms 

ARL Army Research Laboratory 

at.% atomic percent 

C coarse 

CCDC US Army Combat Capabilities Development Command  

CIP cold isostatically pressed 

Co cobalt  

F fine 

Fe iron 

GTP Global Tungsten Products 

HIP hot isostatically pressed 

MPS mean particle size 

N nano 

Ni nickel 

ODS oxide-dispersion-strengthened 

SEM scanning electron microscopy 

SiC silicon carbide 

UF ultra-fine 

vol.% volume percent 

wt.% weight percent 

WC tungsten carbide 

Zr zirconium 
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