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Abstract

Niobium carbide (NbC) reinforced metal matrix composite (MMC) coatings have been widely
applied for surface strengthening, and the precipitation of granular primary NbC may be a
feasible way to improve the wear resistance of coating. In this work, MgAI204 was selected
to promote the precipitation of granular primary NbC, and a combination of experimental
observations and first-principles modelling were carried out to investigate it. The calculation
results show that, misfit between MgAI204 and NbC is 8.7%, which indicates that the
MgAI204 nucleating effecting on NbC is structurally potent. In order to eliminate the
interference combination between different elements, the MgAI204 (1 1 1)/NbC (1 1 1)
interface overlaps were selected, and four different element matches are designed: O(Mg)Nb,
Al(Mg)Nb, Al(Mg)C and Mg(O)C. From the interfacial adhesion work and interfacial energy,
the stability order of the four models can be found: O(Mg)Nb > Al(Mg)C > Al(Mg) Nb >
Mg(O)C. Moreover, mixture bonding of metal bonds, ionic bonds and covalent bonds are
formed at the interface of O(Mg)Nb, AI(Mg)Nb, Al(Mg)C and Mg(O)C. From the
experimental results, core-shell primary NbC carbides can be observed in M-1 (0.5 wt% AlMg
alloy powder) coating and the core of carbide is identified to be MgAI204. Besides, the wear
loss of M-1 coating is decreased, compared to M-0 coating.

1. Introduction

Niobium carbide (NbC) reinforced Fe-based composite coatings have been widely applied for
surface strengthening of iron-based materials due to their high hardness, excellent wear
resistance and price advantage [1,2]. It is generally believed that the main factors affecting the
wear resistance of carbide-reinforced composite coatings are the hardness, size, distribution
and morphology of carbides [3,4]. In order to meet the ever-increasing demand for harsh
working conditions, it is necessary to find some ideas to further improve the wear resistance of
the coating. Among these factors, morphology of carbide is an interesting but noteworthy
factor. The niobium carbide can precipitate in form of granular primary and flaky eutectic ones
based on the precipitation order of NbC and Fe matrix. For wear-resistant coatings, granular
carbides are superior to other shapes of carbides [5,6]. Therefore, it is a feasible way to promote
the precipitation of granular niobium carbide to improve the wear resistance of the coating.
Magnesium aluminum spinel (MgAI204) has been widely used as substrates for the growth of
thin films because of its structural, chemical stability and low thermal expansion coefficient
[7-9]. Parker et al. [10] added MgAIl204 as a nucleation core into acicular ferritic steel to
promote the precipitation of TiN, thereby controlling the heat affected zone during the welding



process. They found that MgAI204 can be used as the nucleation core of TiN, and they have
the same crystal orientation. NbC has the same MC type crystal structure as TiN. Therefore, if
it has a good interfacial bonding properties between NbC and MgAIl204, the MgAI204 could
be used tentatively as the nucleation core of NbC to promote the precipitation of granular
primary NbC. In order to understand the nuclei effect MgAI204 on NbC carbide, the interfacial
properties of NbC/MgAI204 interface should be investigated. However, it is difficult to
research NbC/MgAI204 interface by experiment. First principles calculation is an effective
method to study the interface of materials. Li et al. [11] studied the surface relaxation, surface
energies, surface grand potentials and electronic properties of different terminations of
MgAI204 (1 1 1) surfaces and found that, Mg(Al)-termination is the most stable in O- and Al-
rich environments. Lv et al. [12] investigated the nature of fluorine adsorption on pure and N
doped MgAI204 surface and found that nitrogen doped MgAI204 is a promising candidate for
fluorine removal. Yang et al. [13] researched the electronic property and bonding configuration
of NbC (1 1 1)/NbN (1 1 1) interface and indicated that interface termination structure plays
an important role on influencing the interfacial stability.

In this work, the mechanical parameters (elastic modulus, bulk modulus and shear modulus) of
MgAI204 and NbC, and the misfit between MgAI204 and NbC were studied. The interfacial
atomic structure, interfacial work of adhesion, interfacial energy and charge distribution of
NbC (1 1 1)/MgAI204 (1 1 1) interfaces were calculated. Meanwhile, the microstructure of
core-shell carbide in coatings were investigated. Subsequently, the hardness and wear
resistance of the coatings were analyzed.

2. Experimental methods and computational details
2.1. Experimental methods

The Fe matrix NbC composites coatings were prepared by gas metal arc welding (GMAW)
hardfacing technology. The flux-cored wires were deposited on Q235 low-carbon steel plates.
The core of flux-cored wire was made of graphite, ferrochromium, ferrovanadium,
ferromanganese, ferrosilicon and ferroniobium powder, and it was covered by low carbon steel
strip of HO8A. The details of flux-cored wire manufacturing and hardfacing process were based
on our previous work [14]. The compositions of the coatings with and without AIMg (50%Al
and 50% Mg) powder are listed in Table 1. The phase identification of the coatings were carried
out on a Rigaku D/Max-2500/PC X-ray diffraction (XRD) with CuKa operating at 40 kV. The
hardfacing specimens were etched with 4% nitric acid alcohol. The microstructure
characterization of coatings was performed with a HITACHI S-4800 scanning electron
microscope (FE-SEM) and a JEM-2100 transmission electron microscopy (TEM) equipped
with an energy-dispersive spectroscopy (EDS).

Wear resistance test was evaluated by abrasive belt type wear testing machine in dry friction
and SiC of 40 mesh was used as the abrasive material. The specimen size, loading force and
wear velocity were 20mmx10mmx15 mm, 100 g and 1.8%x104 mm/min, respectively. The wear
loss values were obtained by the averages of six measurements. The hardness was measured
using a HR-105A Rockwell hardness tester and the value was obtained by the averages of ten
measurements.



2.2. Computational details

First-principles calculations based on density functional theory (DFT) with ultrasoft
pseudopotentials were employed to evaluate some mechanical properties of NbC and
MgAI204, and bond structures of NbC (1 1 1)/MgAI204 (1 1 1) interface. The calculations
were performed by using Cambridge Sequential Total Energy Package (CASTEP) [15]. The
exchange-correlation energy was evaluated by generalized gradient approximation (GGA) with
Perdew-Burke-Ernzerhof (PBE) functional [16]. The mechanical parameters of NbC and
MgAI204 were calculated through the Voigt-Reuss-Hill (VRH) approximation method [17].
On the basis of convergence tests, plane—wave cutoff energy was set at 540 eV and Brillouin
zone sampling was set at 16x16x16 Monkhorst-Pack mesh for bulk calculation and 8x8x1
Monkhorst-Pack mesh for interface calculation. In order to eliminate the long interactions from
periodic boundary condition calculation, a 12 A vacuum space along the c-axis was used during
interface calculation. For the convergence tolerances, the energy, the maximum force and
maximum displacement were set as 1x10—5 eV/atom, 0.01 eV/A and 1x10-3 A, respectively.

3. Bulk and interface properties
3.1. Bulk properties of MgAI204 and NbC

The structures of MgAI204 and NbC are shown in Fig. 1. The MgAIl204 crystal is a cubic
spinel one with space group Fd-3m, No. 227 [18]. In the crystal structure, O atoms are arranged
in a cubic packing, within the unit cell; Mg atoms partly occupy tetrahedral interstices between
O atoms, and the smaller Al atoms are partly sited in octahedral interstices. Some previous
investigations [19] indicate that, carbon poor niobium carbide may form at elevated
temperature. And our previous work [20] shows that, the chemical stoichiometry of niobium
carbide in the coating is very close to NbC. Therefore, NbC was used as niobium carbide model
to do calculation. The NbC crystal belongs to group Fm-3m, No. 225 [21]. Before the interface
calculations, the bulk models of MgAI204 and NbC were calculated and the results were
compared with other experimental and calculated values to examine the reliability of the model
[11,18,22-25]. The bulk (B) and shear (G) modulus can be obtained directly from elastic
constant calculation based on VRH approximation. The poisson's ratio (v) and elastic modulus
(E) could be get from B and G by the following equations:

E =9BG/(3B + G) (1)

v = (3B — 2G)/2(3B + G) (2)

The calculated results are shown in Table 2. The calculated lattice parameters of NbC and
MgAI204 are 4.469 A and 8.192 A, respectively.

Lattice mismatch is a very important parameter for the investigation of heterogeneous
nucleation system [26]. The lattice mismatch between them was estimated by the equation:

d=2x (Ea.x'm: - Cf.x{egu;.m)f(iﬁﬁ:ua: + ':1’.#{}';»1!30_1) (3)

where « is the lattice parameter of NbC or MgAI204.
After calculation from Eqg. (3), the lattice mismatch between NbC and MgAI204 is 8.7%. The
AlMg alloy power will be oxidized into MgAI204 or a mixture of MgO and Al203 during



welding process [9,27,28]. The formation energy of MgAI204 from MgO and Al203 can be
obtained by follows:

E_r’r}r — hulk _ phulk Ebu.!k
MgAbhOg — —MgAlaOy Me0 Al 03 (4)

The formation energy of MgAI204 is —0.21 eV, which proves that MgAI204 is more stable
than MgO and Al203 mixture. Therefore, MgAI204 can be obtained from oxidation of
AlMg alloy powder.

3.2. Interface model and adhesion work between NbC and MgAI204

The lattice mismatch of NbC and MgAI204 is 8.7%, which is less than 12%. It indicates that
the MgAI204 nucleating agent effecting on NbC is structurally potent [26]. Therefore, the
atomic bonding between MgAI204 and NbC interfaces need to be studied to learn the
combination between them. In order to eliminate the interference combination between
different elements, the MgAIl204 (1 1 1)/NbC (1 1 1) interface overlaps were selected, and six
different element matches are designed: Mg-Nb, Mg-C, Al-Nb, Al-C, O-Nb and O-C. There
are eight different surface terminations in MgAI204 (1 1 1) surface, and the order of their
surface energy is as follows [11]: Mg(O) < Al (Mg) < O(Mg) < O (Al) < O2(Al) < Mg(Al) <
02(Mg) < AI(O). The surface energy of Mg(O), Al(Mg) and O(Mg) terminate surfaces is the
lowest among Mg, Al and O terminate ones, which indicates that they are more stable and
difficult to cohere with other compounds. Therefore, the most stable Mg (O), Al(Mg) and
O(Mg) termination surfaces were selected to combine with NbC (1 1 1) surfaces. The numbers
of Nb and C termination layers are 13 [13] and the Mg(O), Al(Mg) and O(Mg) termination
layers are 11, 13 and 17 [11]. During the calculation, it is found that the geometric
optimizations of the O(Mg)C and Mg(O)Nb models do not converge, so only the O(Mg)Nb,
Al(Mg)Nb, Al(Mg)C and Mg(O)C models were calculated further. The interface calculation
models are shown in Fig. 2.

During the calculation, the interface distance dO (A) of four models before relaxation were set
based on the atomic distances of NbO, NbAI, AIC and MgC compounds, respectively. The
interface distance after full relaxation is defined as d1(A). The adhesion work can reflect the
binding strength of the material interfaces. The interface adhesion work (Wad) equation is
shown as follows [29,30]:

Waa = (Ewgmgm + Ennc — E.'yfg,-z.'goi.-'.n.'ne:)f.—'-'l (5)

where EMgAI204and ENDbC denote the total energies of MgAI204 and NbC relaxed,
EMgAI204/NbC denotes the total energy of the interface system; A is the interface area. The
interfacial energy (yint) can be get from the following equation [31,32]:

Yint = OMgAL0g T Onpe — H'{[:!

(6)

where eMgAI204 and oNbC are the surface energy of MgAI204 and NbC relaxed [11,13];
Wad is the adhesion work of MgAI204 (1 1 1)/NbC (1 1 1) interfaces.

The calculation results of the interfaces are shown in Table 3. It can be seen that the Wad of
O(Mg)Nb, Al(Mg)Nb, and AI(Mg)C are positive, which indicates that separating the interface
into two free surfaces is energy needed. And that of O(Mg)Nb is the largest, which indicates
that the interface is the most stable. It is noteworthy that theWad of Mg(O)C interface is a
negative, which means that the Mg(O)C interface is unstable. From the Wad, the stability order



of four models is as following: O(Mg)Nb > Al(Mg)C > AI(Mg)Nb > Mg(O)C. The yint can
also reflect the stability of interface. The lower the yint is, the more stable the interface structure
is. From the yint, the stability order of the four models can be found: O(Mg)Nb > Al(Mg)C >
Al(Mg)Nb > Mg(O)C. d0 and d1 are also shown in Table 3. It can be seen that the interface
distance of four models are substantially the same with the atom distance of NbO, NbAI, AIC
and MgC compounds.

3.3. Bonding structures of interfaces

The combination of interfaces are closely related to its bonding structures. The partial
electronic density of states (PDOS) of the interfaces are shown in Fig. 3. It can be seen clearly
that the N(EF) of all the interface models are larger than O, which indicates that the four
interfaces present the metallic characteristic. Besides, the orbits overlapped can be seen at the
O-Nb, Al-Nb, Al-C and Mg-C interfaces, which illustrates the formation of covalent bonds by
the orbits hybridization.

To further clarify the spatial distribution of electrons and the relative electron transfer of four
interfaces, the charge densities and charge density differences of the interface system were
calculated. The charge density can be available directly and the charge density difference
ApMgAI204/NbC can be get as follows [33,34]:

APygan0y/NbC = Prom — Prganos — Pabe

(7)

where, pTotal is the total charge density of the MgAI204/NbC interface systems;
pMgAI204and pNbC are the charge densities for the MgAI204 and NbC relaxed isolated slabs,
respectively. The plots of charge densities and charge density differences along plane (110 ),
which pass through the interface atoms, are shown in Fig. 4. From Fig. 4(a), the directional
spatial distribution of electrons can be seen at the interfaces, which indicates the formation of
covalent bonds. The calculated bond populations are listed in Table 4. From it, the bond
populations of O(Mg)Nb, Al(Mg)C and AI(Mg)Nb interfaces are positive, which means the
formation of strong covalent bonds.

However, that of Mg(O)C interface is negative, which means the formation of unstable
antibond. They are consistent with the adhesion work and interfacial energy results. From Fig.
4(b), charge depleted and acquired region can be observed clearly at the interfaces, which
presents the ionic properties of the interfaces. The detail of charge transfer can be analyzed by
the atoms charges of the interface models listed in Table 5. Compared to MgAI204 or NbC
layers, the charges of atoms at the interface are changed, which indicates the charges transfer
between O-Nb, Al-Nb, Al-C and Mg-C interface atoms. In general, mixture bonding of metal
bonds, ionic bonds and covalent bonds are formed at the interface of O(Mg)Nb, Al(Mg)NDb,
Al(Mg)C and Mg(O)C modes. Although the actual interface situation is much more complex,
the O-Nb, Al-Nb, Al-C and Mg-C atom connection may play an active role in the combination
of MgAI204 and NbC.

4. Morphology of carbides and wear resistance of coatings
4.1. Core shell carbide in coatings

Fig. 5is the XRD diffraction pattern of M-0 and M-1 coatings. It can be seen that the diffraction
peaks of the two coatings are basically the same, which are composed of MC type carbide, o



phase and y phase. None of MgAI204 diffraction peaks can be observed. The microstructures
of two coatings are shown in Fig. 6. It can be seen that the NbC carbides in M-0 coating are
mainly precipitated in form of eutectic carbide. In the M-1 coating, except for eutectic carbide,
primary NbC carbides can also be observed. Besides, core-shell structure can be found in some
primary NbC carbides. To identify the core of carbides, its TEM morphology, selected area
electron diffraction (SAED) pattern and EDS element analysis were obtained, which are shown
in Fig. 7(a) and (b). From Fig. 7(a), the core shell structure is also observed. As can be seen in
Fig. 7(b) the core area is of face centered cubic structure with a zone axis [1 1 2], and the lattice
parameter is about 8.17 A, which is matched well with the other experimental lattice parameter
of MgAI204 (8.09 A) [35]. The EDS analysis results are listed in Table 6. The core area are
mainly composed of Mg, Al and O elements, and very little Fe element can be found. The
atomic ratios of Mg, Al and O are very close to 1:2:4. Therefore, the core of the core-shell
carbide is considered as MgAI204.

4.2. Hardness and wear resistance of coatings

The hardness and wear loss of the M-0 and M-1 coatings are shown in Fig. 8. The hardness of
M-1coating is slightly higher than that of M-0 coating. However, the wear loss of M-1 is 0.53
g/N cm2, significantly lower than that of M-0 coating, which indicates that promoting the
precipitation of primary carbide is an effective method to improve wear resistance of coatings.
To achieve a better understand of the wear loss results, the worn surfaces morphologies of two
coatings are shown in Fig. 9. From Fig. 9(a), very deep furrows appear in the M-0 coating. The
high strain energy and negative interfacial energy of NbC and Fe interface model has been
reported [25], which may indicate that the combination between NbC and Fe matrix is not so
good. So, during the wear process, eutectic carbide will loosen or even slide on the Fe matrix,
and this may be the source of the deep furrows. From Fig. 9(b), broken primary NbC carbides
can be observed in M-1 coating, and the broken carbides are considered as reinforcements to
block the abrasion paths [3,36,37], which is beneficial to decrease the wear loss of the coating.

5. Conclusion

(1) The mismatch between MgAI204 and NbC is 8.7%, which is less than 12%. It indicates
that MgAI204 nucleating agent effecting on NbC is structurally potent.

(2) From the interfacial adhesion work and interfacial energy, the stability order of the four
models can be gotten: O(Mg)Nb > Al (Mg)C > Al(Mg)Nb > Mg(O)C. There are mixture
bonding structures of O-Nb, Al-Nb, Al-C and Mg-C between MgAI204 and NbC.

(3) Core shell primary NbC carbides can be observed in M-1 coating and the core of carbide is
considered to be MgAI204 based on identification.

(4) The wear loss of M-1 coating is 0.53 g/N cm2, which is less than that of M-0 coating. It
means that the wear resistance of M-1 coating is improved.
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Table 1
Compositions of coatings (wt.%).

No. C Nb Cr Mn S v Mg-Al Fe
M-0 1.15 4.48 5.43 1.20 1.35 0.51 - Bal.
M-1 1.10 4.45 5.32 1.31 1.29 0.47 0.50 Bal.

Table 2
Calculated results of lattice constant, elastic modulus, bulk modulus, shear

modulus and passion ratio.

Phase Lattice Elastic Bulk Shear Passion ratio
constants maodulus modulus modulus
a[ﬁ.] E (GPa) B (GPa) G (GPa) v

NbC 4.469 509 316 205 0.23
4.468 [20], 486 [22] 318 [23] 198 [22] 0.22 [22]
4.47 [21]

MgAl.0, 8192 249 175 99 0.26
8.195 [11], 173 [11]

8.155 [18]

Table 3
Adhesion work (J/m?), interface energy (J/m?) and interface distance (A).
Interface O(MgINb AlMgINDb Al(Mg)C Mg(O)C
W,q (J/m?) 3.28 0.81 163 ~0.28
Viext [mezj 4.31 5.01 4.32 617
dy (A) 1.98 2.69 1.96 2,28
dg [;EL] 210 (N 2.89 (Nbal) 1.93 (AlC) 2,21 (MgC)
Table 4
Calculated Mulliken overlap population (MOP): Bond population.
Interface O(Mg)Nb Al(Mg)Nb AlMg)C Mg(0)C
(O-Nb) (Al-Nb) (ALC) (Mg-C)

Bond populations 0.99 0.62 0.76 —-0.58




Table 5

Calculated Mulliken overlap population (MOP): Atom charges (e).

Layer O(Mg)Nb Al(Mg)Nb Al(Mg)C Mg(0)C
Atom Charges Atom Charges Atom Charges Atom Charges
MgAl0, O =110 Mg 1.55 Mg 1.55 Al 1.50
layer Al 1.43 8] -110 O -1.10 Mg 1.56
0 =109 O =110 O =109 O -1.11
0 -1.07 Al 1.42 Al 1.43 o —-1.10
Mg 1.55 0 -114 O -1.13 Al 1.48
Al 1.37 0 =107 O =107 O -1.07
Mg 172 Mg 15 Mg 155 O ~0.90
Interface O —-0.89 Al 1.01 Al 1.45 Mg 1.67
Nb 0.35 Wb -014 C -087 C -0.75
NbC layer C =069 C =070 Nb 0.70 Nb 0.73
Nb 0.79 Wb 0.79 C =071 C =071
C -0.72 C -073 Nb 074 Nb 0.72
Nb 0.73 Wb 0.73 C -071 C -0.71
C -0.72 C -071 Nb 072 Nb 0.72
Nb 0.73 Nb 0.71 C -071 C -0.72
C =072 C -071 Nb 0.70 Nb 0.71
Nb 0.72 Nb 0.71 C -071 C -0.71
Table 6
EDS analysis results of core area.
Chemical element Weight percentage ATOM percentage
0 4213 54.66
Mg 16.71 14.27
Al 39.68 30.52
Fe 1.48 0.55




© Mg atom
© Alatom
@ Oatom
© Nb atom
© Catom

Fig. 1. Crystal structures of (a) MgAl,04 and (b) NbC.
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Fig. 3. PDOS of the interface madels: (a) O{Mg)Nb, (b) AI(MgIND, (c) AME)C, (d) Mg(0)XC
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Fig. 4. Charge density and charge density difference of merfaer models: (a) Charge density and (b) charge density difference.




@ 1-1Fe

g f «-a-Fe
= M-1
=
o=
[
“ . <
S—
gz
Z
W M-0
C—
= ,
O L ARRS CSRRY
3 40 S 6 70

2-theta (degree)

Fig. 5. XRD results of two coatings.
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Fig. 6. Morpholgies of the coatings. (a) M-0 and (b) M1
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Fig. 9. Wom swrfaces morphology of the two matings (a) MO and (b) M1,






