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ABSTRACT OF THE THESIS
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Refractory metal borides have recently generated intense interest in materials chemistry. These
compounds have been shown to possess many advantageous properties, such as exceptionally
high hardness, electrical conductivity, and even superconductivity. Higher molybdenum borides
are discussed as compounds of interest in this category of materials. However, the complex
phase relationships in the molybdenum-boron system complicate the preparation of phase-pure
samples. MoB2 and Mo2B4 have both been successfully arc melted previously, while Mo1-xB3 has
been arc synthesized herein for the first time. Additionally, experimentation with ternary solid
solutions including niobium and vanadium in the Mo-B system showed formation of MoB2, Mo2B4,
and Mo1-xB3 at different metal-boron ratios than observed in binary systems. Solubility limits of
niobium and vanadium have been determined experimentally. This work enables future
exploration of the physical properties of molybdenum borides; advancement towards the rational
design of superhard materials; and finally the refinement of the Mo1-xB3 structure.
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1.1 Overview of Hardness
Hard materials have been explored for hundreds of years, but only recently have we been able to
consciously approach their manufacture in a conscientious manner through quantification and
precise design. Recent studies have focused on superhard materials, which display Vickers
hardness over 40 GPa as well as a slew of interesting associated physical properties.1,2
Superhard materials are notable for their range of applications, from gem stones, heat sinks,
radiation windows, speaker tweeters, mechanical bearings, surgical knives, container coatings,
super-abrasives, and coatings.3
Hardness can be described in a variety of ways – from the Mohs scale to the more popular
Knoop and Vickers tests. While the former is based on scratching, the latter two are based on
indentation and result in absolute hardness measurements. While indentation and its effects on
the material itself are fairly contentious subjects in superhard literature, for the purposes of
describing hardness in material application settings, these tests are indispensable. The physical
implications of hardness are the results of various forces at work in the material: crystal structure,
defects, electrostatic effects, and grain size.

1.1.1

How Hardness Works

With the amount of recent interest in superhard materials as attractive alternatives to current
industry standards, there has been a concurrent interest in both defining hardness and the
qualities of a material that lead to it. Analytical models have shown that the hardness is high when
there is high average bond strength; when there is a high density of bonds; when the average
number of valence electrons is high; and when strong directional bonds are present4. This can be
summarized by two properties are often positive predictors of hardness: strong incompressibility
and strong covalent networks formed within the solid. Incompressibility and hardness are often
conflated but are very distinct – for example, osmium is one of the most incompressible metals5,
1

while it is one of the least hard metals (4 GPa).6 However, when combined with a boride to form
a covalent network throughout the solid, OsB2 is a notable hard metal-boride composite7.
Indentation, the directional permanent deformation of a material, is currently the primary
method of measuring hardness. Its measurement indicates several physical phenomena that
occur within the material at the point of impact. Three physical conditions must be met for a
material to resist the volume compression that occurs from the pressure of the indenter: high bulk
modulus to support the volume decrease; high shear modulus so that the material deforms in the
direction of the indentation; and there must be a resistance to plastic deformation4. Directional
bonding,

present

in

covalent and partially
covalent ionic bonding,
increases elastic shear
moduli

–

which

predicts resistance to
nucleation and motion
of dislocations, or the
shear strength of a
material.

Bulk

and

Figure 1: Natural logarithm of the bulk modulus as a function of atomic
number. Borides that include metals with the highest bulk moduli are often
observed to be superhard. 1,2,4 (Reproduced from Ref. [8], copyright 2006
Elsevier)

shear moduli, previously mentioned, are calculated from elastic constants, which are also directly
dependent on directional bonding. Hardness can be seen as a figure indicative of various physical
phenomena occurring within a solid that accumulate to yield a desirable physical property.9
However, the complex physical phenomena that occur are not the sole predictors of hardness.
Strength and directionality of bonding are clearly essential to superhardness. Diamond is
perhaps the best example of this, with the shortest homonuclear bonds (1.54 Å, bonded equally
in all directions) and the highest hardness of any known substance. Boron-boron bonds are the
2

second shortest (1.71 Å), but with only three valence electrons are electron deficient. Utilizing
boron-boron bonds in the search for inexpensive, superhard materials is valuable - their inclusion
in superhard materials has vast precedent, as in cubic-boron nitride (cBN); boron carbide; and
boron oxide and their solid solutions.10 By utilizing metals that are highly incompressible and
bonds that are strongly covalent, it is possible to rationally design materials with a high likelihood
of high hardness and even superhardness if optimized.

1.1.2

Hardness Testing

Another area of interest that has arisen in recent years is the current state of hardness testing
itself. Hardness testing is a nebulous and unstandardized process; since hardness is not an
inherent property of a material, the environment and manner in which it is tested can have massive
implications in its reporting. Hardness has no quantitative value outside of the parameters that
are set by the testing environment while measuring absolute hardness.11 At room temperature,
copper can scratch magnesium oxide, while at high temperature, cBN can scratch diamond12– a
prime example of how much environment and context affects hardness. It is therefore necessary,
as with most use-oriented materials exploration, that application is an essential factor in designing
a superhard material. The absence of a unilateral standard for testing becomes an issue when
values are reported without noting their conditions – comparison of data becomes imprecise.
There are currently two major types of hardness testing: macrohardness and
microhardness. The former refers to testing with applied loads greater than 1 kg and is often used
for the testing of industrial tools. Microhardness testing is for applied loads of 1 kg and below. 1
kg is equivalent to approximately 9.81 N. Although most superhard materials are orientated
towards future industrial implementation, macrohardness testing is rarely performed in papers.
Vickers hardness testing is the most commonly used and versatile method of testing
hardness. Required calculations are independent of the size of the indenter, all materials can be
3

tested with the indenter, and the scale range is vast. Controversy about the indentation size
effect13 does not negate the usefulness of Vickers hardness results as good data; the deleterious
effects are rather insignificant when a proper range of loads is used and when the data are being
used as a comparative diagnostic with parallel parameters used both within papers and within the
literature.
Hardness can be found by relating the length of the diagonal of the impression14:
Hv = P/A = αP/d2

[1]

where P is the applied load in Newtons (N), A is the pyramidal contact area of the indentation in
microns cubed, d is the mean length of the diagonal of the impression in microns, and α = 1.8544
for Vickers indentation.1

1.1.3

Previous Work on Superhard Materials

Classic examples of superhard materials are diamond (60-150 GPa) and cBN (45-80 GPa).15
Diamond is a classic source of interest – its additional optical, electronic, and thermal properties
demonstrate the range of other physical properties that often arise as a result of the configurations
that make materials superhard. In industry, these properties make diamond extremely useful.
However, it has drawbacks: it reacts with iron to create brittle ferrous carbides that cause the tool
to shatter and is very expensive. Synthesizing artificial diamonds is possible, but controlling their
quality can be quite difficult and the process is high-pressure high-temperature.12 Cubic-boron
nitride is half as hard as diamond, but can be used to machine steel so is more widely applicable.
However, it is not naturally occurring and requires expensive, exotic high-pressure hightemperature systems for synthesis. The most practically viable single-phase materials currently
being explored are carbon based; compounds formed by the light elements B, C, N, O, and Si;
and transition-metal borides, which have the most facile methods of synthesis.
4

Interest in man-made, synthetic superhard materials was reignited in 1985 with the
proposal that β-C3N4, could be more incompressible than diamond16; and boosted a decade later
when β-C3N4 was proposed to be an even more superhard material than diamond via theoretical
calculations.3 However, after years of attempted synthesis, no bulk sample has been made that
confirms the hardness predictions. Compounds formed exclusively by the light elements (C,N, O,
B, Si) are often superhard, but similar to diamond, cBN, and other carbon modifications2, require
expensive high temperature-high pressure conditions for synthesis. This precludes a low-cost
approach needed for new superhard materials. Nanomaterials, utilizing the Hall-Petch effect, are
also of current interest as potential superhard materials and must be mentioned2. However, they
are in their infancy as far as being practically applied and scaled.2
This highlights the need for the integration of practicality with the interest of fundamental
science: many compounds have been proposed and studied from a theoretical standpoint but
without experimental means with which to study them are essentially unverifiable and impractical.
Finding viable superhard alternatives to expensive, currently existing materials requires scalable,
less exotic syntheses to produce new superhard phases that combine high hardness, chemical
inertness, and low-cost synthesis to yield practical benefits.9

1.2

Overview of Transition Metal Borides

Transition metal borides are an especially attractive category of superhard materials because
they exhibit two of the properties that are essential for superhardness: transition metal atoms are
high valency and resist being compressed while p-block light elements form short covalent bonds
that contribute to high bulk moduli.
Previous work with transition metals and light elements, such as RuO2, WC, and Co6W 6C,
despite meeting compositional requirements, did not yield superhard compounds.9 The ionic
5

character of the Ru-O bond and the metallic nature of the W-W and Co-W bonds precluded them
from having the directional bonding essential for superhardness. This led to the suggestion of
borides as an attractive alternative to achieve the necessary covalent bonding. The materials are
easily synthesized by arc melting. As an ambient pressure process, this adds an extra benefit by
lowering cost of synthesis.

1.2.1 Preceding Work on Transition Metal Borides in the Kaner Group
The Kaner group has led the field in exploring these borides as superhard materials – with the
introduction of OsB2, RuB2, and ReB2, it was successfully demonstrated that transition metalborides are an emerging class of superhard materials within the transition metal-light element
class. These materials are attractive because of their high heats of formation, which means that
unlike, most notably, cBN or other classes of superhard materials, they could be formed with low
pressure solid state methods of synthesis. Application oriented materials must also have chemical
stability, thermal stability, oxidative resistance, high fracture toughness, and high hardness to be
viable – which the transition metal borides that the Kaner group has synthesized display.
Recently, work has been focused on WB4. While tungsten is not as incompressible as
other 5d metal groups,15 the shortest B-B distances between puckered B-layers are exhibited only
in WB4 (in contrast to other TM-B compounds). In this structure, B-B distances between atoms in
the same plane and atoms in neighboring planes are very similar – 1.716 and 1.737 Å.17 WB4 has
been shown to be superhard (43.3 GPa under a load of 0.49 N)1, primed for industrial applications
because of its straightforward synthesis, and because it is conducting, can be cut with electrical
discharge machining (EDM) quite easily.1It can also be further hardened by the addition of ternary
transition metals through solution hardening.

6

(a)

(b)

Figure 2: The computational projections of the structure of WB4 by Rosenberg and Lundstrőm (a)
and of the newly proposed structure of the highest tungsten boride (b), as predicted by Lech.18
Reproduced from Ref. 18. Copyright 2015 PNAS.

1.3 Interest in Molybdenum-Boride Systems
In a recently published paper, Dr. Lech (previously of the Kaner lab) showed that the decades
old, universally accepted structure of WB4 was in fact incorrect.18 The most cited structure of WB4
was produced by Romans and Krug in 1965 – and has been in constant use since then.
Antiquated analytical and computational technology posed limitations towards describing an
extremely complex structure. Despite this, a structure that was at odds with experimental and
theoretical probing has been in use for almost fifty years. Bearing that in mind, examining the
literature concerning transition metal-borides led to the beginning of the project to be discussed
in this thesis. In 1973, Rosenberg and Lundstrőm used Mo1-xB3 as a proxy for WB4 (to minimize
the scattering power mismatch between metal atoms and boron) in order to better understand the
metal and boron vacancies and voids throughout the structure.17,18 However, their structure has
been at odds with experimental results for decades.

7

The impetus to study Mo1-xB3 has been a parallel project to the one conducted by Dr. Lech;
by examining its structure, parallels to WB4 could be found – as well as a structure that conclusively
synthesizes experimental and theoretical results. The current study is focused with this trajectory
by focusing on binary molybdenum boride compounds as well as ternary molybdenum-vanadiumboride and molybdenum-niobium-boride compounds.

8
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2. Molybdenum-Boride Binary Systems
2.1 Introduction
As mentioned, Rosenberg and Lundstrőm attempted to produce a definitive structure of WB4 by
refining the presumably isomorphous molybdenum phase, Mo1-xB3.1 However, as the canonical
WB4structure has been shown to be incorrect, a re-examination of the assumptions about the Mo1xB3

structure must be considered as well. Mo1-xB3 is not exempt to the controversy surrounding

higher transition metal-borides: there are tens of patterns for higher molybdenum borides listed in
the Inorganic Crystal Structure Database (ICSD) and Joint Committee on Powder Diffraction
Standards (JCPDS) databases, all with
competing ratios of molybdenum to boron,
ranging from 1:3 to 1:4. There is only one
high-quality pattern listed for Mo0.91B3 from
1996, based on a minor phase in a
majority “Mo2B5-y” sample, while there is a
multitude of blank- or low-quality cards
maintained.2 The amount of the Mo1-xB3
phase in the quoted structure was very
small so all of the parameters in the
sample were fixed to the values obtained
from refinement of the other samples. The
lack of clarity surrounding the currently
accepted model of Mo1-xB3 along with the
advancement of computational methods
since 1996 led to the impetus to begin
studying Mo1-xB3 using arc melting.

Figure 3: Crystal structures of Mo borides predicted by
Zhang et al.3 The large spheres represent
molybdenum and the small ones boron. (a) RSA type
MoB2 (b) PSA-type Mo2B4 (c) RSC-type MoB3 (d) PSBtype MoB4 . Reprinted with permission from Ref [3].
Copyright 2015 American Chemical Society.
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Molybdenum borides have four categorical compositions: Mo2B, MoB, Mo2B5, and MoB4.
However, the crystal structures of these have been repudiated at various points with a number of
conflicting reports.4,5,6,7,8 MoB2 has two canonical structures: a hexagonal AlB2-type structure4 and
a later proposed rhombohedral structure.5 Mo2B4 has been reported to be rhombohedral, but the
reported structure is thermodynamically unstable.6 MoB4 was thought to have the antiquated
hexagonal WB4 type structure – the rejection of the latter9 sheds doubt upon having the same
structure for the molybdenum-boride counterpart. Hence, via recent computational studies, it has
been proposed that there are multiple types of what is called Mo1-xB3 – a rhombohedral MoB3 and
a novel hexagonal MoB4
structure

were

proposed.

However, due to the fact that
first-principle

theoretical

studies are often at odds with
experimental results3, it has
become necessary to confirm
structure
synthesizing
Figure 4: Computational analysis of the formation enthalpy versus
composition curves for stoichiometric molybdenum –borides with
bcc-Mo and α-B as reference states. Through this analysis, it was
confirmed that making the proposed MoB3 and MoB4 structures is
possible – but has not yet been done.3 Reprinted with permission
from Ref [3]. Copyright 2015 American Chemical Society.

through
and

studying

higher molybdenum borides.
The aim of this part of
the study was to make phase
pure Mo1-xB3 – a difficult feat

to confirm by standard methods considering that many of the structures in the literature are now
in question.3 While the structures proposed may be different than the true structures for various
molybdenum-borides, they serve well in that they can help diagnose phase purity. A systematic
variation of the stoichiometry of molybdenum and boron led to finding phase pure MoB2, Mo2B4,
12

and Mo1-xB3 as compared to the literature. However, further studies are necessary to elucidate
the more subtle nuances of these compounds – as was the case for WB4.9. The broader strokes
of each pattern are acceptable, but assigning voids, partial vacancies, and the direction and
position of light elements is necessary to find the true structures of the borides mentioned. Further
work by single crystal x-ray diffraction, neutron diffraction, and Rietveld refinement would be
necessary to do so.

13

2.2 Results and Discussion
2.2.1 X-Ray Diffraction Analysis

Figure 5: The reference pattern for MoB2 (reference code 00-006-0682). MoB2 is a hexagonal crystal system
in a P6/m m m space group. (h k l) plane coordinates are listed about their respective peaks.10

14

Figure 6: The reference pattern for Mo2B4 (ref. code 03-065-4029). Mo2B4 is a rhombohedral crystal
system with space group R-3m. (h k l) plane coordinates are listed about their respective peaks.11

15

Figure 7: The reference pattern for Mo4B15 (ref. code 01-072-0878). Mo4B15 is the name of the reference
pattern used for this analysis, but for consistency (and correctness) will be referred to as Mo1-xB3 hereon. It
is a hexagonal crystal system with space group P63/mmc. (h k l) plane coordinates are listed about their
respective peaks.1,12

16

Figure 8: The three XRD patterns above are the reference patterns to which each sample was compared –
MoB2, Mo2B4, and Mo1-xB3. There are some clear differences between the patterns but due to the similarity
of many of the MoB2 peaks with the latter two reference patterns’, it can be difficult to differentiate the
phase. Instead, it is often most useful to focus on which peaks are absent to determine which Mo-B phase
is most abundant. The use of PANalytical HighScore Pro is essential to peak identification and
quantification.
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Figure 9: Samples with Mo:B ratios ranging from 1:1.6 to 1:2.0. As the molybdenum content decreases,
new phases emerge. MoB1.6 is a mixture of MoB2 and Mo2B4. Then, the Mo2B4 content decreases (see the
disappearance of peaks at 45 and 53 degrees two theta). Then, as the boron content increases again,
Mo2B4 content increases, as can be seen in MoB1.9. MoB2.0 shows a greater emergence of Mo2B4, at more
equal amounts to MoB2.
Figure 10: As the boron ratio increases, new phases can be seen. At MoB2.25, the sample is phase pure
Mo2B4. Samples in between MoB1.85 and MoB2.25 are mixtures of MoB2 and Mo2B4. Then, as boron content
increases again, the emergence of a higher boride can be seen by the presence of new peaks at 23, 43,
and 47 degrees two theta and the emergence of a shoulder at 34 degrees two theta.
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Figure 11: Here, there is initially a relatively equivalent amount of Mo2B4 and Mo1-xB3. The wide peaks then
begin to differentiate as the boron content increases, showing a rise in the relative abundance of Mo1-xB3.
Figure 12: Observing the emergence of a peak at 23 degrees two theta, the differentiation of a shoulder at
35 degrees, and separation of peaks adjacent to 45 degrees, it is clear that Mo1-xB3 is increasing in content
as the boron content increases.
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Figure 13: As the boron content approaches 80 at%, the samples similiarities to Mo1-xB3 increase. The
appropriate ratio to yield phase pure Mo1-xB3 is between 3.9 and 4.0 (Fig. 22). Changing peaks at 23, 28,
34, and in the 55-60 degree two theta region indicate differences in phase identity.
Figure 14: As the boron content increases beyong 80%, phase impurity increases. The evolution of peaks
between 25 and 30 degrees and around 60 degrees two theta indicates the increased presence of MoB2
and Mo2B4 phases.
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Figure 15: The increasing differentiation of peaks at 28 degrees two theta; the increased shoulder at 47
degrees; the peaks emerging between 55 and 63 degrees and 65 and 73 degrees two theta indicate the
increased presence of MoB2 and Mo2B4.
Figure 16: As the boron content increases, the phases are composed mostly of MoB2 and Mo1-xB3 with
decreasing amounts of Mo2B4.
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Figure 17: The diffraction patterns show increased amounts of Mo1-xB3 with decreasing amounts of MoB2.
Figure 18: As boron content increases, a mixture of phases is present with the reemergence of peaks
characteristic to Mo2B4 and the decrease of peaks indicative of Mo1-xB3.
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Figure 19: The more distinct emergence of phases between 15 and 24 degrees two theta show an increased
amount of the lower borides while the peaks at 43 and 47 degrees two theta indicates that
Mo1-xB3 is still present
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2.2.2 Analysis of Phase Pure Samples
By exploring a broad range of stoichiometries, phase pure samples were able to be isolated:

Figure 20: Phase pure MoB2. The actual composition of the sample was MoB1.85. As shown by the
compilation of XRD results above, variation of the boron content by as little as 1% (i.e. between MoB1.8,
MoB1.85, and MoB1.9 – Fig. 9) can yield massive phase impurities. The red pattern is the reference pattern
for MoB2, included to allow facile comparison between the experimental and literature results.
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Figure 21: Phase pure Mo2B4. The actual composition of the sample was MoB2.25. The red pattern is the
reference pattern for Mo2B4.
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Figure 22: Phase Pure Mo1-xB3. The actual composition of the sample was MoB4.0. The red pattern is the
reference pattern for Mo1-xB3. It should be noted that the reference pattern is purely computational,
contributing to differences between the experimental and theoretical results.
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2.2.2.1 Elemental Analysis
Because the main aim of this project was to synthesize Mo1-xB3 (arc melting being a novel mode
of synthesis for the phase), analytical procedures were focused upon the phase pure sample
MoB4.0.
The purpose of SEM was to establish homogeneity throughout the sample. Using the same
MoB4.0 sample in the SEM microscope, EDS was performed to examine elemental composition.

A

B

C

D

Figure 23: SEM results show normally distributed grains of a homogeneous distribution of MoB4.0. (A) SEM
image of an optically finished ingot of MoB4.0 composition, magnified 350 times. (B) SEM image of the same
sample, magnified 700x. (C) SEM image of the same sample, magnified 1400x. (D) SEM image of the same
sample, magnified 7000x.
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Figure 24: (A) EDS composite of Mo and B elemental analysis. (B) SEI image of the area of the sample
examined. Its shakiness may have been cause by the high probe acceleration necessary to detect boron.
This shakiness can be seen throughout the samples, but is the most obvious here. (C) EDS map of boron.
This image clearly shows the uniform distribution of boron throughout the Mo-B grains, while the higher
intensity areas surrounding the grain is the excess crystalline boron that is present throughout all of the
samples. (D) EDS map of molybdenum. Again, the distribution is even throughout the grains, which were
selected because they appeared to be an accurate sampling of morphology present throughout the sample.
This, along with XRD results, indicates elemental and phase purity. Contrast and brightness were linearly
increased to make viewing easier.

28

Figure 25: For comparison, a backscattered electron compositional map of a phase-impure sample is
included. MoB6 was shown by XRD to include both Mo1-xB3 and MoB2. The presence of two phases can be
seen in the smaller grains. In the highlighted region, the presence of lighter gray and darker gray regions
shows the presence of two phases. In comparison to Figure 24, this sample is not homogeneous – EDS
was not necessary to show that there was inhomogeneous elemental distribution throughout the grains
because it can be clearly seen in the compositional viewing mode.
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2.2.2.2 Physical Properties Testing
A preliminary study of hardness was conducted to survey the relative hardness of phase pure
MoB4.0, an impure analogue, and WB4. The hardnesses were estimated using one point for each
force level by the indenting module – so the results are not statistically sound but can be used as
impetus for further study of the hardnesses using more statistical means once equipment
becomes available.

Figure 26: This figure compares the hardness of WB413, phase pure Mo1-xB3 (MoB4.0), and an impure
Mo1-xB3 sample (MoB4.05). The hardness of WB4 is much greater (ranging from approximately 27-43 GPa)
and decreases as load increases. The hardness of MoB4 is less (ranging from approximately 22-29 GPa),
also decreasing as load increases. The hardness of MoB4.05 is, on average, less than MoB4.0, and ranges
from approximately 22-32 GPa as load increases.

The hardness data quoted above can be seen as a rough estimate of the hardness of each
compound; general trends of the experimental data for MoB4.0 and MoB4.05 should be taken into
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account instead of individual data points. The average hardness of MoB4.0 was 24.383 GPa and
23.741 GPa for MoB4.05. The average hardness of the phase pure Mo1-xB3 sample is greater than
for the mixed phase counterpart (MoB4.05).

Figure 27: Thermal stability of the purest Mo1-xB3 sample as measured by thermal gravimetric analysis.
These data show that the Mo1-xB3 sample is thermally stable up to approximately 368 °C in air. The weight
gain above this temperature can be attributed to the oxidation of Mo1-xB3.

For comparison, WB4 is stable in air up to approximately 400° C. Weight gain around that point is
due to oxidation.13
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2.3 Conclusions
Phase pure samples of MoB2, Mo2B4, and Mo1-xB3 samples were successfully made and analyzed
by XRD to confirm their phase purity. MoB4.0 was studied through SEM and EDS to positively
confirm elemental identity and through indentation and TGA to qualify its physical properties. The
hardness values reported (as estimates) for MoB4.0 indicate that the sample is on the same regime
as the value predicted by computational study.3
Further work is needed to analyze hardness of the samples is necessary to characterize their bulk
moduli, shear moduli, and structure. While literature has various reports of the structures of MoB2,
Mo2B4, and Mo1-xB3, they are often conflicting and vary as much as by predicting totally different
geometry (i.e. rhombohedral versus hexagonal) for the same phase. Hence, future study of the
synthesized phase pure molybdenum borides through neutron diffraction and single crystal x-ray
diffraction would be useful to confirm or deny currently accepted structures.
Additionally, by studying the amount of excess boron (through longer scan time EDS) and
correlating that to hardness, the effect of the crystalline boron seen in the SEM images could be
quantified. Doing this analysis and applying findings to analysis of current transition metal-boride
superhard materials could be useful in making their synthesis more efficient.
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3.1 Ternary Solutions of Molybdenum Boride and vanadium or niobium
Methods beyond changing the stoichiometry of binary compositions to achieve or increase
hardness can be employed. There are a few notable hardening processes: the Hall-Petch method,
work hardening, solid solution strengthening, dispersion hardening, precipitation hardening, strain
hardening and martensitic transformation. The Hall-Petch method, proposed in 1951, utilizes the
fact that smaller grains can halt dislocation motions, creating stronger dislocation barriers along
grain boundaries.1 Work hardening strains a material past its yield point to generate new
dislocations, hindering dislocation movement again. Martensitic transformation is applicable only
to steel. The important processes from a chemical synthetic approach are solid solution-,
dispersion-, precipitation-, and strain-hardening.
Previous work on transition metal borides carried out in this lab have shown the benefits
of the inclusion of a second transition metal. For example, adding rhenium at different
concentrations increased the hardness of the bulk material as a means of utilizing dispersion
hardening. 2 The inclusion of a second metal may also contribute to extrinsic hardening through
other dislocation-pinning mechanisms such as solid solution hardening, strain hardening, and the
Hall-Petch grain boundary strengthening effect discussed above.3 Solid solution hardening by
design may be one of the more efficient ways to increase hardness.4
The initial step to exploring extrinsic hardness methods is to study solubility of the secondary
transition metal within the parent structure. As a preliminary step to explore enhancements of the
hardness of the molybdenum borides, such a study was conducted using niobium and vanadium
at various concentrations. These elements were examined because they have atomic radii both
larger (Nb=1.46 Å) and smaller (V=1.34 Å) than molybdenum (1.39 Å; note B=0.78 Å). On that
basis, the solubility of a second transition metal is explored herein. Further study through the
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testing of hardness and various other bulk moduli could help elucidate the exact mechanism
through which they interact with and strengthen (or weaken) the parent phase.

3.2 Results and Discussion
3.2.1 X-Ray Diffraction Analysis

Figure 28: While there are comparable vanadium and niobium diborides (ref. codes 00-038-1463 and 00035-0742 respectively) to MoB2, the patterns are distinct enough to be differentiable with enough close
analysis. The following XRD patterns (Fig. 30-35) are presented in low resolution but have been thoroughly
examined for small amounts of NbB2,VB2, and any other feasible minority phases.

Here, the amounts of molybdenum and a secondary transition metal are inversely varied (Mo=1x, metal=x). The XRD results show that MoB2, Mo2B4, and Mo1-xB3 are present while MoB is
absent. As the amount of molybdenum and niobium content is varied, the boron content remains
the same. The XRD results show that the samples evolve from MoB2 to Mo1-xB3. Each diffraction
pattern was thoroughly examined for the possibility of NbB2. The patterns shown in Fig. 28 are
distinct enough that the presence of NbB2 can be conclusively disavowed.
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Figure 29: As the amount of molybdenum increases, the phases change. The evolution of peaks at 24, 28,
and 47 degrees two theta show an increase in Mo1-xB3. The first sample most closely resembles MoB2, and
as the molybdenum content increases, niobium and molybdenum phases begin to differentaite.
Figure 30: The appearance of more distinct peaks at 43 and 47 degrees two theta indicates that Mo1-xB3 is
preferentially formed as molybdenum content increases.
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Figure 31: As the molybdenum content is increased more incrementally through the 0.94-0.9775 range, the
Mo1-xB3 phase becomes more distinct and the samples are more phase pure solid solutions.

Next, further experimentation in ternary solid solutions was conducted with vanadium inclusions
were explored. The trends outlined below (Fig. 32-35) show that even slight variations in
molybdenum-vanadium content (Fig. 32,33) or boron content (Fig. 34,35) produce vastly different
phases. As the vanadium content is increased and while holding the boron content constant, the
Mo1-xB3 phase emerges, a phenomenon distinct from the results seen in the binary system (see
section 2.2.1). For the previously discussed experiments, the only way to obtain different
molybdenum-boride phases is to vary the boron content. Here, however, differences in vanadium
yield huge change.
Furthermore, the opposing trends seen when boron is varied while molybdenum-vanadium
content is held constant could provide interesting results that, if further studied, could elucidate
the method in which vanadium substitutes itself into the host structure.
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Figure 32: Decreasing the vanadium content while maintaining the boride content shows a clear evolution
of different phases. The first sample resembles MoB2 while the later one indicates the presence of both
Mo2B4 and MoB2– the wider peaks in at 34, 46, and 66 indicate the presence of two phases. Although it
may appear that VB2 peaks begin to show up, EDS data (Fig. 36) confirms that the distribution of vanadium
is homogeneously spread out through the sample, leading to the conclusion that the peaks are instead the
result of shifts due to substitution rather than peaks due to the presence of the aforementioned phase.
Figure 33: Again, the lower molybdenum content sample resembles MoB2. The emergence of peaks at
28, 35, 38, 42, 46, 47, 49, and in the 65-72 region indicate that the Mo2B4 phase presence increases as
the molybdenum content advances and the vanadium content decreases.
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Figure 34: Here, molybdenum and vanadium contents remain the same (95 at% and 5at% on a metals
basis) while the boron content is varied. The lower boron content resembles a solution of Mo2B4 and MoB2;
the Mo2B4 content increases in Mo0.95V0.05B2.5, after which Mo1-xB3 becomes more prominent.
Figure 35: Here, molybdenum and vanadium contents also remain the same (92% at% and 8 at% on a
metals basis) while the boron content increases. The opposite trend to the samples in the previous occurs:
as boron content increases, the phase identification shifts from MoB2 to Mo2B4. Notably, this appearance
is at a much lower metal: boron ratio than occurs in binary molybdenum boride compounds. Further analysis
– theoretical and analytical – would need to be conducted to articulate the cause for this trend.
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3.2.2 Elemental Analysis

Figure 36: The brightness of these EDS results has been increased linearly for clearer viewing. The sample
examined was of composition Mo0.67V0.33B2.25 and was identified as MoB2 with the possibility of VB2 also
being present. (A) The SEI result of the sample area that was scanned. Large cracks and lines can be
attributed to surface defects, perhaps due to polishing or due to the arc melting process of the ingot. (B)
Boron content – boron clusters are seen in red. The relative lack of boron can be attributed to the difficulty
of detecting boron while also detecting elements with higher K-α wavelengths such as molybdenum and
vanadium; XRD confirms that the boron is there, however. (C) Molybdenum content is homogenous
throughout the sample. The appearance of waves can be attributed to the shakiness of the probe. (D) The
vanadium content is also homogeneous throughout the sample, showing that there is not an isolation of
VB2, which XRD results may allude to. Instead, there is a solid solution of molybdenum and vanadium that
contributes to the MoB2 initially made through XRD analysis.

40

3.2.3 Solubility
Solubility of secondary metal atoms in ternary solutions can be determined by the presence of
single phases or by distinct phases separate from the parent phase identified – for example, the
presence of VB2 or NbB2 would indicate that vanadium or niobium is insoluble.
Although several of the XRD phases above could point to the presence of VB2, the EDS map (Fig.
36) indicates that the samples made have homogeneously distributed vanadium and
molybdenum. The sample chosen, Mo0.67V0.33B2.25, can be used as a model for the other samples
but to be absolutely sure that the same behavior of ternary inclusion was universal for the samples
made, further EDS would be necessary. This would also have to be done for molybdenum niobium
boride samples to exclude the possibility that there were separate phases concurrently presenting
in the samples instead of including niobium in the molybdenum-boride lattice.
3.2.3.1 Mo-Nb-B
Phase evolution of molybdenum boride phases is evident through XRD (Fig. 29-31). Interestingly,
maintaining the same boron content that would normally yield Mo1-xB3 (80 at% boron) yields
different molybdenum boride phases. From Mo0.3Nb0.7B4-Mo0.8Nb0.2B4, the primary phase
identification is MoB2. For binary samples with the same metals:boron ratio, the majority phase is
Mo1-xB3. Once the parent phase shifts to Mo1-xB3, the parent phase begins to allow the inclusion
of niobium again until the maximum of 12.5 metal% niobium. Above that, niobium is insolvent
again. In sum, niobium is solvent in the parent structure of MoB2 up to 50 metal% and in Mo1-xB3
until 12.5 metal%.
3.2.3.2 Mo-V-B
Again, different phases are clearly identifiable as the amounts of vanadium, molybdenum, and
boron change (Figure 32-35). When boron is held constant at the metal: boron ratio of 1:2.25,
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vanadium is soluble for all of the samples made (8-67% vanadium) – the upper limit of which was
examined through EDS. Preliminary XRD show the possibility of a VB2 phase evolution; EDS and
longer scan times eliminated this possibility.
The most interesting phenomena is the evolution of phases at different ratios than they would with
just the binary equivalent. When vanadium was at 8 metal%, Mo2B4 was the only phase present
at a metal: boron ratio up to 1:1.85; in the binary system, this ratio leads to MoB2. For metal: boron
content, MoB2 was the primary phase from metal: boron 1:1.95-1:2.15, where normally Mo2B4 is
dominant. And at the metal: boron ratio 1:2.25, Mo2B4 is the primary phase present where
normally Mo2B4 would be, with very little Mo1-xB3 present until relatively much greater amounts of
boron.
A similar trend is identifiable with a smaller amount of vanadium: from metal: boron 1:2.25, Mo2B4
and MoB2 are the main phases. From 1:2.5-1:2.75, Mo1-xB3 is the main phase present. And at
metal: boron 1:3, the reintroduction of MoB2 is seen.
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3.3 Conclusions
The inclusion of secondary transition metals in a molybdenum boride parent structure was
studied. Ranges of solubility were found for vanadium and niobium; these amounts differed as
the molybdenum boride parent structure varied. Once the parent phases shifted to Mo1-xB3,
niobium was soluble until approximately 12.5% on a metals basis.
Vanadium was soluble in molybdenum boride from 8-67% vanadium on a metals basis when
boron was held constant at a metals: boron ratio of 1:2.25. When the boron ratio was held constant
at 1:2, the solubility limit was also 67%. When boron content was varied and vanadium held at
5% and at 8% on a metals basis, vanadium was soluble the entire time.
A perhaps more interesting result than the solubility was found by studying these ternary
solutions: the evolution of phases of molybdenum boride at different ratios than seen in binary
molybdenum-boride solutions. For example, Mo1-xB3 and Mo2B4 began to present at lower
amounts of boron content while MoB2 began to present at higher amounts of boron content in the
molybdenum-vanadium-boron series than when vanadium is absent. Meanwhile, the inclusion of
niobium preferentially produces MoB2, even at levels that would normally preferentially produce
Mo1-xB3.
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4. Experimental
High purity powders of molybdenum (99.9% purity, Strem Chemicals, USA), niobium (99.8%
purity, Strem Chemicals), vanadium (99.5% purity, Strem Chemicals) and amorphous boron
(99+% purity, Strem Chemicals, USA) were used to systematically study the effect of
compositional variations on phase production. The powders at each desired set of compositions
of molybdenum boride, molybdenum niobium boride, and molybdenum vanadium boride were
weighed then mixed together thoroughly. Each powder mixture was pressed into a ~0.5-1 g
cylindrical pellet using a hydraulic Carver press under an applied load of approximately 1 metric
ton. The pellets were then arc melted under high purity argon at ambient pressure. This was done
by applying a DC current of ~130 amps for a range of times, varying from approximately one to
five minutes (based on the ease of making the powder pellet molten under the arc).
The ingots were then ground with a hardened steel mortar and pestle set into a very fine powder,
filtered through a 45 micron sieve (Dual Manufacturing Company). Due to the presence of iron in
the samples, they were treated by acid-washing until it was reduced to marginal levels.
To check the phase purity of the samples, x-ray diffraction was used. This was done on the
crushed powders using the X’Pert Pro powder X-ray diffraction system (PANalytical) and the
Bruker D8 Discover series provided by the UCLA Molecular Instrumentation center. Using a Cu
K-alpha X-ray beam (λ=1.5418 Å), XRD patterns were collected from the powder samples using
parameters that evolved as knowledge of the instrumentation increased. The patterns were then
compared to reference patterns available in the JCPDS database to determine the identity of
present phases.
Further testing was done on samples that were the most phase-pure. The ingots of these samples
were cut in half using a sectioning saw (South Bay Technology Inc). One half of the ingot was
crushed to determine its phase purity through XRD (as above) and to perform thermogravimetric
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analysis (TGA). To determine the thermal stability of the desired sample, a Pyris Diamond
thermogravimetric instrument was used. Powder samples were heated from room temperature
(25 °C) to 360 °C at a rate of 20 °C /min. this temperature was held for 5 minutes. Then, the
sample was heated from 360 °C to 1000 C at 2.5 °C /min (approximately 256 minutes). 1000 °C
was held for five minutes. The temperature was then allowed to cool back down at 10 °C /min.
The other half was mounted in epoxy. The epoxy mounted sample was then polished with a tripod
polisher (South Bay Technology), advancing from lower grit polishing papers of 120 grit to 800
grit followed by diamond abrasive films containing diamond particles from 30 to 0.5 microns to
achieve an optically flat surface for elemental analysis and hardness testing.
To examine elemental purity, energy-dispersive X-ray spectroscopy (known as EDAX or EDS)
was performed using a scanning electron microscope (JEOL JSM 6700 F). Hardness testing was
conducting using a MicroMet 2103 microhardness tester with a pyramid diamond indenter tip. The
samples were indenting using five different applied loads: 0.49 (low load), 0.98, 1.96, 2.94, and
4.90 N (high load) and 15 second dwell time. Normally, the dimensions of the indentations would
be used to determine hardness but due to the unavailability of usable optical microscopes,
readings were done using the user interface on the Micromet 2103.

4.1 Acid Washing
Acid washing was done to remove iron impurities. 4-5 drops hydrochloric acid (36.5-38.0%
concentration, J.T. Baker) were added to a solution of the ground sample powder and methanol,
then was set on a stir plate to stir for approximately one hour. The vial was then put in a LabConCo
Centrivap Concentrator for 5 minutes. The supernatant was removed.
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The acid wash process was repeated two-three times depending on the amount of iron in the
sample (visible in the color of the supernatant – intensity of green in the liquid indicates that iron
is still present).
Then, 5-6 methanol washes were performed. Finally, as much methanol supernatant as possible
was removed and the sample was placed in a VWR vacuum oven at 75 °C under vacuum (30
InHg) for 30-60 minutes.
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5. Further Study
There are directions which could make the research here more robust, and paint a fuller picture
of the trends that are going on as binary and ternary solution compositions change.
5.1 Binary Systems
Smaller increments of change in the amount of boron would help show the exact points at which
the systems begin to include different phases. Longer scan times of XRD would also be helpful
to show minute amounts of each contaminate phase so that the optimal composition could be
found.
Neutron diffraction to show the structure of each of the phases purified would close gaps of
knowledge present both in this study and in the literature – as Dr. Lech noted, the structures of
the borides are tensely controversial.1 The multitude of computational studies published are no
substitution for the integrity of experimental data, especially given how many of the former are
reliant upon antiquated models of systems or make egregious assumptions that do not reflect the
reality of the system at hand. The absence of experimental XRD patterns indexed in the JCPDS
is a huge error – indexing and refining phase pure Mo1-xB3 would be an enormous discovery and
could be done with enough time and effort orientated towards the samples made in this study.
Furthermore, as this material is part of a study concerned with the overall subject of
superhardness, it is essential that samples of various phase compositions – perhaps
intermediaries between phase pure samples in addition to the phase pure samples shown (Fig.
20-22) – are tested for hardness. This could show how the phases interact and trends that show
hardness increasing or decreasing could also show how to optimize other similar superhard
systems. Although two samples in the study were briefly surveyed for hardness (samples MoB4.0
and MoB4.05 -- Fig. 26) the indentations were not examined via optical microscopy. A rigorous
inquiry would involve taking the average of at least 15 indentations at each load, examining them
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via optical microscopy, and then taking the average for each load and reporting that. The load
range would be from 0.49 – 4.9 N. In ideal circumstances, both nano- and micro-indentation would
be performed.
5.2 Ternary systems
For each system, examining the effect of changing the amount of molybdenum and vanadium or
niobium while keeping boron constant would provide valuable information about phase formation
(in smaller increments than the ones reported herein). Changing boron while keeping the
molybdenum and second transition metal ratios the same would also be helpful to see what
phases form. The initial results showing the Mo1-xB3 could be formed at lower ratios of boron
could lead to a system in which there is a minimum of excess crystalline boron. These findings
could be extended to other TM-B systems, primarily WB4 which is superhard but could be even
more so without the excess boron that is always present when it is arc melted.
Longer scan elemental analysis through EDS would help determine if the samples (and potential
samples to be made) were the result of two binary solutions mixing (i.e. VB2 and NbB2) – since
finding that out via XRD is very difficult due to the phases’ almost identical peak patterns.
Hardness testing of various samples to track trends in hardness related to secondary metal
inclusion would provide a lot of interesting data towards the mechanism of hardness in these
ternary systems as well as allude to how the secondary metal is included (or not) in the parent
lattice.
For a more robust study of the Mo-TM-B system, conducting a study including an element with a
greater valency than molybdenum would help shed light on the electronic effects of the molecular
composition on the overall lattice structure formed and by subsequent hardness and
corresponding mechanisms.
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