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Abstract: The hardness of materials is a complicated physical quantity, and the hardness models
that are widely used do not function well for transition metal light element (TMLE) compounds.
The overestimation of actual hardness is a common phenomenon in hardness models. In this work,
high-quality Mn3N, bulk samples were synthesized under high temperature and high pressure
(HTHP) to investigate this issue. The hardness of Mn3zN, was found to be 9.9 GPa, which was
higher than the hardness predicted using Guo’s model of 7.01 GPa. Through the combination of
the first-principle simulations and experimental analysis, it was found that the metal bonds, which
are generally considered helpless to the hardness of crystals, are of importance when evaluating the
hardness of TMLE compounds. Metal bonds were found to improve the hardness in TMLEs without
strong covalent bonds. This work provides new considerations for the design and synthesis of high-
hardness TMLE materials, which can be used to form wear-resistant coatings over the surfaces of
typical alloy materials such as stainless steels. Moreover, our findings provide a basis for establishing
a more comprehensive theoretical model of hardness in TMLEs, which will provide further insight to
improve the hardness values of various alloys.

Keywords: hardness; Mn3Ny; electronic structure; high temperature and high pressure synthesis

1. Introduction

Hardness is a well-known concept for which several models have been proposed [1-4],
but the internal physics of this property are not well understood. This limited understand-
ing of hardness considerably hinders the design and knowledge of superhard materials.
Since the idea of combining high-bulk-elastic-modulus transition metals and high-shear-
modulus light elements was proposed [5-7], many transition metal light element (TMLE)
compounds have been synthesized and measured [2,8-11]. For TMLEs such as ReB [12-14],
WC [15], and TiN [16], most of their measured hardness values deviate from the theoreti-
cally predicted values. Therefore, widely used hardness models might not fully describe
all the important physical factors in these systems.

For the application of typical alloys limited by their hardness and chemical stability of
the surface, novel wear-resistant and rust-resistant coating materials are required [17,18].
Transition metal nitrides have been extensively studied owing to their excellent physical
and chemical properties [19]. In 2019, we found that the interactions between metal atoms
might benefit the hardness of transition metal nitrides (TMNs) and TMLEs in our study
on WN and CrN [20]. Compared with the outer valence electrons of Cr and W, both the
semi-filled d orbital and fully filled s orbital electron clouds of Mn would better improve
the interactions between metal atoms. Although the latest results show that Mn3N; is
mechanically unstable [21], the hardness of Mn3N; could not be obtained from the elastic
model of bulk materials [13], which are good candidates for investigating hardness. Based
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on the hardness results obtained from experiments, the existing hardness theories could
be improved.

Many TMNs have been synthesized using methods such as film deposition [22],
magnetron sputtering [23], and hermetic sintering [24], and acceptable results have been
achieved via investigation of the obtained samples. However, the precise measurement
of hardness has not yet been achieved because of the absence of high-quality synthesized
bulk samples. The high temperature and high pressure (HTHP) technique is an effective
synthesis approach to prepare high-quality bulk samples, especially TMNSs. The triple
covalent bond of N-N is one of the strongest chemical bonds, and it is difficult to synthesize
TMNs until a mature high-pressure metathesis reaction has been achieved [20,25,26]. Mean-
while, the application of high pressure is effective in preventing nitrogen from escaping the
experimental system. Further, HTHP synthesis is an effective approach to prepare fine bulk
TMN samples [27,28]. After obtaining high-quality bulk samples, the precisely measured
hardness of Mn3N; could be easily obtained.

In this study, we investigate the preparation and simulation of MnzN, samples, discuss
the experimental and simulated results, and then provide our conclusions concerning the
hardness evaluation of this material.

2. Experiment and Simulation Details

We prepared our samples with Mn and NaN3 powders (both 99.95% pure) at a molar
ratio slightly lower than 3:2. NaN3 was in excess in the raw material to ensure a sufficient
N, atmosphere. During the grinding process, it should be noted that NaN3 exhibits a
certain explosiveness under severe vibrations, and intense impacts should be avoided. The
mixture was pressed into cylinders before being sealed in h-BN capsules, and the cylinders
were assembled and subjected to HTHP with a cubic China-type SPD6 x 600T apparatus.
The sample was compressed under 5 GPa, heated to 1800 °C, and held under this thermal
condition for 30 min. Then, the heating current was stopped, and the pressure was released
to ambient conditions over approximately 9 min.

Mn + NaNj; — Mn3N, + Na )

The elemental substance Na very easily reacts with water and oxygen in air to generate
sodium ions. To obtain samples with less impurities and better density, the primary samples
were ground to powder and washed with water to eliminate ionic Na impurities. The
centrifuged and dried powder was then subjected to second sintering with China-type
SPD6 x 600T, where the powder was held at 5 GPa and 700 °C for 20 min.

The samples were characterized by X-ray diffraction (XRD) for phase identification on
a Rigaku SmartLab SED/teX Ultra250 X-ray diffractometer (CuK; radiation, A = 1.5404 A)
in the 26 range of 10° to 90° with a step size of 0.01°, and the X-ray photoelectron spectrum
(XPS) measurements were conducted after it was cleaned by Ar+ sputtering within 180 s.
The surface morphology of the sample was obtained by scanning electron microscopy
(SEM) and energy-dispersive spectrometry (EDS). HV-1000 ZDT microhardness equipment
was used to test the hardness of the sample after the second sintering.

Here, structural relaxation and property calculations were performed within a den-
sity functional theory (DFT) framework and the projector-augmented wave (PAW) [29],
as implemented in the Vienna ab initio simulation package (VASP) [30]. Perdew—Burke—
Ernzerhof (PBE) [31] generalized gradient approximation was used to process the exchange—
correlation potential. We set an energy cutoff of 600 eV for plane-wave basis and gamma-
centered k mesh spacing as 27t x 0.03 A~! in the calculations. The forces between the atoms
were converged within 0.01 eV /A in the relaxation. Mn 4s, 3d, and 3p electrons as well
as N 2p and 2s electrons were explicitly calculated and not included in the pseudopoten-
tial. Crystal Orbital Hamilton Population (COHP) [32] and Crystal Orbital Bond Index
(COBI) [33] were calculated using the LOBSTER package.
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3. Results and Discussion

The powder XRD and Rietveld fitting [34] of our samples are shown in Figure 1.
Comparing the sample with the standard crystal card, the XRD spectrum of the sample fits
that of Mn3Nj. The samples are crystalline and single-phase, and the confidence factors
wRp and Rp are less than 3%. The structure of the sample was studied from two directions
to investigate the connections between the internal parts of the lattice. As is evident from
the structure shown in Figure 1, six Mn atoms are connected around each N atom, and
N atoms are connected around each Mn atom. The chemical formula of the crystal is
Mn3N,, and the space group of the crystal is [4/mmm, a = 2.9769(1) A, b=29769(1) A, and
¢ = 12.2646(5) A. More information concerning these crystals is given in Table 1.
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Figure 1. Powder (R3C4) XRD test pattern of crystal. x is the test value of the experiment, the red
line is the calculated fitting value, and the blue line is the difference between the two.

Table 1. Experimental data and crystal details obtained from Rietveld refinement.

Identification Code Mn3N,
Space group 14/mmm
a=29769 A,
. . . o c=12.2646 A,
Unit cell dimensions (A) a/b=1
b/c=0.2427
Volume (A%) 108.69

The SEM evaluation of the morphology of the samples showed that our samples are
compact and of sufficient quality for the hardness test, as shown in Figure 2. Here, (a,b)
relate to the morphology of the samples synthesized during the first preparation, while
(c,d) relate to the morphology of the samples sintered for a second time. Evidently, after
the initial synthesis, the sample showed porosity and incompact characteristics, which
may be due to the outgassing of NaNj3 during the initial reaction. In addition, after the
initial synthesis of the sample, the crystallization degree of the sample was poor, and the
crystallization was not obvious. After the secondary sintering treatment, the compactness
of the sample was significantly improved, and no obvious pores were visible on the micro
scale, which demonstrated that the samples met the standard for hardness measurements.
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In addition, the density achieved after secondary sintering was approximately 20% higher
than the primary synthesized samples. After secondary sintering, the density of the samples
reached approximately 97%, which may improve the accuracy of the hardness test results.

[EE]

I Others

&~

- Others

Figure 2. (a—d) show the low- and high-magnification SEM images of Mn3N, bulk materials.
(a,b) are the samples after primary synthesis, and (c,d) are the samples after secondary sintering.
(b) is the magnification area of the yellow box in (a); (d) is the magnification area of the blue box in (c).
(e) Element distribution diagram and element content diagram of yellow box of initial synthesis by
EDS; (f) element distribution diagram and element content diagram of blue box of initial synthesis
by EDS.

Meanwhile, the EDS analysis of the elemental distribution in the samples after sec-
ondary sintering indicated that the Mn and N atoms were more evenly distributed. Other
elements were obviously reduced after secondary sintering. Considering the error range of
the EDS analysis instrument, we believe that Na is no longer present in the samples after
secondary sintering. However, a significant increase in O content was observed between
the initial synthesis and secondary sintering samples. This increase in O content may be
due to the grinding and washing of samples during secondary sintering.

To determine whether the sample was oxidized to form Mn-O, the XPS profiles were
obtained, as shown in Figure 3. The N-1s spectrum and Mn-2p spectrum of MnzN, are
plotted in Figure 3a,b, respectively. The fitted intensity demonstrates that the two peaks
in the N-1s spectrum are located at binding energies of 397.18 and 397.28 eV. These two
binding energies with a small difference reflect the binding state of N with Mn atoms at
different positions in Mn3Nj. The binding energies of 652.23 and 640.43 eV on the 2p orbital
of metal Mn represent the split energy levels of Mn 2p'/? and Mn 2p>/2, respectively. The
binding energies of 638.73 and 652.43 eV show the change in the valence states of the Mn
atoms, which clarifies the mechanism of electron transference. Therefore, the electrons of
the Mn atoms correspond to different states when forming different bonds. The XPS results
show that the Mn-N bond is the main bond and state in MnzN,, and no O bonds are found,
which indicates that this sample is antioxidative.

The Vickers hardness of the secondary sintered sample was evaluated, as shown in
Figure 4. The applied load was increased from 0.49 N to 9.8 N. As the load increased, a
downward trend was observed in the hardness. The trend slowed when the applied load
reached 2.94 N and began to converge. As the external load was further increased, the
hardness value slightly decreased but showed a generally moderate trend. Therefore, we
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believe that the intrinsic hardness of the sample was recorded under a 9.8 N load, and the
hardness value is 9.9 GPa.
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Figure 3. XPS spectra of the MngN, sample. (a) N 1s spectrum with a binding energy of 392.0-408.0 eV;
(b) Mn 2p spectrum with a binding energy of 636.48-659.48 eV.

The widely accepted hardness models by Gao et al. [2] and Guo et al. [3] are based on
the assumption of the detailed analysis of chemical bonds. Guo further extended Gao’s
model by considering that the ionic bond in the crystal plays a major role in its hardness;
therefore, we chose Guo’s model to analyze the hardness of the sample. The following
semi-empirical formula [3] was used:

Ho(GPa) = 1051N,2/3d 25~ 1191/i-3223> )

where N, is the density of valence electrons in a single cell, N, = %, e is the total number
of valence electrons in a single cell, d is the distance between Mn and N in this system, f; is
the Phillips ionicity chemical bond, f;, is a defined factor of metal, f,, = %, and Dr is
the number of electrons on the Fermi surface according to our total density of states (TDOS)
calculation; that is, Dr = 24.885. Then, a hardness Hv =~ 7.01 GPa was obtained.
However, the measured Vickers hardness of Mn3Nj is 9.9 GPa, which is approximately
40% higher than the predicted value. There exists a noticeable underestimation guided by
Guo’s model. Thus, the electronic structures of Mn3zN; were investigated. Figure 5 provides
the density of states (DOS) of the crystal. The TDOS at the Fermi level (Ef) indicated that
Mn3N, was a metal. Below the Fermi level, the TDOS for Mn3N, peaks were in two energy
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regions. The first energy region, which was between —20 and —15 eV, was mainly induced
by the s orbital bonding of N atoms with the d and p orbitals of Mn atoms. The second
energy region, which was from —10 to 0 eV, was mainly due to the p orbital bonding of N
atoms with the d orbitals of Mn. The contributions of the p orbitals of the Mn atoms were
negligible. The s orbital of Mn was also ineffective for bonding. The major interaction in
Mn;3N; was mainly the orbital hybridization of Mn and N atoms. At the Fermi level, the
TDOS of Mn3N; mainly comprised the d orbital electrons of Mn, and the electrons of N did
not significantly contribute. Therefore, the 4 orbital electrons of the Mn atoms play a major
role in this system, and the interaction of Mn—-Mn contributes to the TDOS in Mn3Nj.

Applied load (N)

Figure 4. Vickers hardness for Mn3N,, with the applied load ranging from 0.49 N (low load) to 9.8 N
(high load). Typical optical images of the indentation are shown in the inset.

Figure 6 shows a 2D plane of the crystal calculated via electronic localization func-
tion (ELF) and intercepted along different crystal plane directions. A strong interaction
occurred between the N atoms and the nearby Mn atoms, and the electrons that induced
this interaction were mainly concentrated around the N atoms, which indicates electron
localization. Almost no electrons were localized between N-N in the crystal, which indi-
cates the occurrence of no interactions between N-N and no N-N covalent bonding in the
sample. Additionally, electron localization between Mn-Mn was not ignored. In Figure 6,
there is a certain probability of occurrence for electrons between Mn atoms. An evident
conductive path forms between the Mn atoms, indicating a strong interaction between
these atoms. Additionally, there may be strong Coulombic interactions along this path. It
is well known that Coulombic interactions are very strong and may strongly contribute
to deformation resistance. According to these findings and the DOS analysis results, the
Mn3N; metal mainly originates from the d orbitals of the Mn atoms, while the conductive
path in the sample was also the route of sample formation.
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Figure 5. Total and partial density of states for Mn3Ny. (a) The s and p orbitals, and TDOS of N atoms.
(b) The s, p, and d orbitals, and TDOS of Mn atoms. (c) The TDOS of Mn atoms, the total TDOS, and
the TDOS of N atoms.
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Figure 6. Electronic localization function for MnzNy. (a) Cutting along the (110) crystal plane with
cyan and (b) cutting along the (001) crystal plane with caramel. Purple balls are Mn atoms, white ball
are N atoms.

The COHP results used to investigate the bond strength of each specific bond in
the crystal are shown in Figure 7, and the -ICOHP results are shown in Table 2. Owing
to the different distances of Mn atoms among the different positions in the crystal, the
interaction between the first neighboring atoms was stronger than that between the other
atoms. Therefore, we only considered the nearest and next-nearest Mn atoms, and the
nearest neighbor atoms between N-N were also considered.
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Figure 7. COHPs for Mn3N,. The negative and positive COHP values denote bonding and antibond-
ing interactions, respectively. (a) shows the COHPs for Mn—Mn nearest and next nearest; (b) is the
COHP for Mn—N nearest; (c) is the COHP for N—N nearest.

Table 2. -ICOHP of bonds in Mn3Nj.

Mn-Mn Nearest

Mn-N Mn-Mn Next-Nearest N-N
. 0.7319
—ICOHP (eV /pair) 3.0303 0.5650 0.0975

The strength of the N-N bond in the crystal was near zero because the value of -ICOHP
was only 0.097 eV/pair. The weak bonding of the N-N bond was mainly explained by
the extremely long distance between these atoms such that the corresponding effect was
difficult to achieve. Meanwhile, the DOS and ELF results showed that there was nearly no
N-N covalent bond in the crystal, and the N-N covalent bonds could therefore be ignored
in the subsequent analysis. The strongest bonds in the crystal were the ionic bonds between
the Mn-N atoms, and the value of -ICOHP was 3.03 eV /pair. The bonding between Mn-N
was extensive even at deep energy levels less than —15.0 eV, and almost no anti-bonding
state was found below the Fermi surface, thereby indicating that the bonding between
Mn-N was strong and the ionic bond of Mn—-N played a crucial role in the crystal structure.
The bonding between Mn-Mn in the crystal could also not be ignored. The -ICOHP values
of Mn atoms at different positions and distances differed, but the approximate range was
between 0.5 and 0.8 eV /pair. Moreover, most of the atoms were bonded below the Fermi
level, which was conducive to the interactions between the Mn atoms. In the region of
—10.0 to 0.0 eV, the bonding state between the Mn—-Mn atoms was significant. Considering
these results, we can provide a clear hypothesis regarding the bonding in the crystal. The
Mn-N ionic bond plays a major role in the crystal hardness. Similar to metal crystals,
electrons exist between Mn atoms, and the bonding state is strong. Moreover, no covalent
N-N bonds are present in the crystal.

Different values between the theoretical hardness obtained using Guo’s semi-empirical
formula and the actual hardness obtained by Hv testing will likely be observed for numer-
ous TMLEs. For Mn3N», attention should be paid to the metal bonds originally considered
helpless to the hardness of TMLEs when evaluating the hardness of these materials, as
indicated by the results of the above investigations [2,3,35]. First-principle calculations
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showed that the interactions between the Mn atoms in the Mn3N; sample play an important
role in the large DOS. Therefore, when an external shear force is applied, the common
electrons in this crystal may slip. At this time, the electrons between the Mn—-Mn metal
atoms exhibit covalent bond-like properties, which strengthen the bonding between the
atoms, and consequently improve the hardness and resistance to the external shear stress.
Therefore, the interaction between the metal atoms is similar to that between atoms in pure
metal crystals. The evaluated material would undergo permanent deformation because
of the interactions between the metal atoms. The hardness of pure metals is often low
at approximately 1-2 GPa because the lack of strong ionic or covalent bonds in a metal
limits the slipping region of electrons, which also leads to limited hardness improvement
resulting from metal bonds in metal crystals.

4. Conclusions

Mn3Nj; gives us a perspective to understand the difference between the predictions by
the hardness models and the tested results. Here, we synthesized high-quality, single-phase
bulk Mn3N, samples using HTHP synthesis, and the measured Vickers hardness was
9.9 GPa. By comparing the predicted value of hardness model with the experimental value,
we found that the actual hardness of the sample was higher than the theoretical prediction.
We investigated the electronic structures of Mn3N, using first-principle simulations and
found that the d orbital electrons in Mn-Mn form a path for the current and can effectively
improve the hardness of this crystal. Therefore, the commonly observed electron slippage
between TM-TM enhances the hardness of the crystals owing to its covalent bonding-like
properties, on the premise that ionic bonds act as a “skeleton” in the crystals of TMLEs. The
underestimated impact of the TM-TM bonds on the hardness and methods for optimizing
these bonds by introducing LE atoms may assist in the design of modern alloy materials
with enhanced hardness values.
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