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Abstract: The oxidation process of ZrC is very important as it affects its initial excellent mechanical and physical
properties. ZrCis a ultra-high temperature ceramic, but forms low refractory oxides at lower temperatures of 500-
600°C. To develop core/shell materials by coating the ZrC surface with another material that forms protective
layers on ZrC and prevents it from oxidation (such as SiC), there is the need to study and characterize the oxidized
layer surrounding ZrC particles. XPS, ToF-SIMS, TEM-ED and EDX analyses were used to study the covering oxidized
layer, and polycrystalline ZrO,(mainly cubic phase) was identified. Some traces of the tetragonal phase are ob-
served to be present as shells around the ZrC particles with a thickness of about 4 nm on the average. Periodic
DFT was subsequently used to characterize the interface formed between ZrC(100) and c¢-ZrO,(001) phases. A
strong interface was noticed mainly with charge transfer from Zr (c-ZrO, side) at the interface to O and C (ZrC side)
atoms at the interface. The interfacial properties are local to only the first and second layers of ZrO,, and not on
the third and fourth layers of ZrO,, as Bader charge analysis revealed substantial charge transfer at the interface
region with no charge redistribution in the second ZrO; layer and subsequent bulk layers. The main physical quan-
tity, ideal work of adhesion (W.4), used to characterize the interface, remains quite constant for all ZrO; layers,
and converges at three layers of ZrO,. The interfacial bonds formed are observed to be stronger than the free

surfaces in the corresponding ZrC and ¢-ZrO; used to generate the interface.
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1. Introduction

One important Transition Metal Carbide (TMC) known for its excellent physico-chemical and structural properties
is zirconium carbide (ZrC). Being an Ultra High Temperature Ceramic (UHTC) with an extremely high melting point
of 3430 °C, it is used in applications involving harsh conditions such as coatings of the inside walls of nuclear plants,
hard materials like cutting tools and in the aerospace industries as nozzle flaps. [1,2]

Despite its excellent mechanical and physical properties, its use in extreme corrosive and oxidizing environments
is limited. Indeed, ZrC forms low refractory oxides at temperatures of around 500-600 °C. [6]

To understand this phenomenon, several studies have been carried out on the different oxidation processes on
the ZrC model surfaces. ZrC belongs to the Fm3m space group. It is a face centered cubic crystal and crystallizes in
an NaCl crystal structure type. [3] It has three distinguishable low index surfaces with stabilities in the order of
(100) > (111) > (110). [4,5] A considerable amount of research has been carried out on the oxidation of ZrC(111)
surface, both experimental and theoretical. [7-10] All these studies have shown very strong interactions of oxygen
with ZrC(111) surface. Oxygen is found to adsorb dissociatively as atomic oxygen and sits at three-fold hollow fcc
sites between three surface Zr atoms. This adsorption process is found to be accompanied by extremely high
reaction energies.

In an experimental study on the oxidation of ZrC single crystals, they were oxidized isothermally at temperatures
of 600-1500 °C in a mixed atmosphere of O, also with O, partial pressures of 0.02-2 kPa for 1-20 hours. Preferred
orientation of tetragonal or monoclinic ZrO, were occasionally observed on ZrC surfaces. [11] The authors further
analyzed XRD patterns on the crystal oxidized at 600 °C for one hour with a pressure of oxygen Po; = 2 kPa. It
showed the presence of cubic ZrO, together with the substrate ZrC. Subsequent XRD analysis indicated a preferred
(110) or (200) orientation of t-ZrO, or a preferred (200) or (220) orientation of m-ZrO,, for the oxidation of the
(200) or (220) planes of a ZrC crystal, respectively. In another work, a crystallographic relationship such as the
(200) and (220) planes of ZrC being parallel to the (200) and (220) ¢-ZrO, was established at the ZrC/ZrO; interface.
[12]

Even though there is not much work neither experimental and theoretical, describing the oxidation process on
the ZrC (110) surface, in a recent paper, a complete discussion on the oxygen adsorption process and mechanism
of oxidation was provided. [13] The (110) surface was observed to adsorb oxygen dissociatively and led to a sub-
sequent formation of a layer of ZrO, on the surface, with the release of CO; into the gas phase. This work comple-
ments the other oxidation studies performed on the ZrC(100) and (111) surfaces. [4, 7-10, 14-18]

Several studies have also been reported on the adsorption and oxidation of ZrC(100) surfaces. Different accounts
on a variety of oxidation processes were reported for the ZrC(100) surface. [14-18] Theoretical studies have shown
dissociative adsorption of oxygen into atomic species sitting at mmc sites (between two surface Zr atoms and one
carbon atom). [16,18,19] In some of these reports, not only did the mode of oxygen adsorption alone studied, but

also the mechanism for subsequent exchange of adsorbed O atoms and surface C atoms with final removal of CO.



[16,17,19] In another report, the oxidation of ZrC(100) surface led to the formation of a ZrO-like layer in the form
of ZrOx (1 < x < 2). [15] Details of the electronic structure of this oxidized layer (ZrO-like layer) were also reported
in another paper. [20] In a separate work, oxidation of the ZrC(100) surface led to the formation of c-ZrO, (200)
on the ZrC facets. [12]

In light of the above stated observations on the formation of ZrO, on the ZrC surfaces, it was necessary to study
the structure, stability and energetics of the ZrC(100)/c-ZrO, interface. Indeed, the control of the surface chemistry
of ZrC would lead to a better understanding of the reactivity of it, to enable the functionalization with organic
molecules and more particularly SiC preceramic precursors (e.g. polycarbosilanes). It will lead to hybrid materials
with high performance properties (i.e. better resistance to oxidation). [4,13,18] To answer this need, this paper is
organized as follows: section 2 describes experimental conditions and setup for analyzing the ZrC particles and the
theories, methods and procedures used in this study. In section 3.1, the results of the experiments will be dis-
cussed, while section 3.2 will concentrate on the results from molecular dynamics simulation of ZrO, growth on
the ZrC(100) surface. Section 3.3 to 3.5 will focus on the bulk, surface, interfacial strength, thermodynamic and
electronic properties at the interface. Eventually, section 4 will provide summary and conclusions on the current

work.

2. Experimental

2.1 XPS, ToF-SIMS and TEM-ED Experimental Analysis

A combination of XPS, ToF-SIMS and TEM-ED experiments were performed on the ZrC nanocrystallites to deter-
mine the nature and content of the oxidized layer. All the analysis were performed on the technological of the
Chevreul Institute in Lille.

The XPS analyses were performed using a Kratos Analytical AXIS UltraP‘P

spectrometer. A monochromatic alumin-
ium source (Al Ka = 1486.6 eV) was used for excitation. The analyzer was operated in constant pass energy of 40
eV using an analysis area of approximately 700 um x 300 um. Charge compensation was applied to compensate
for the charging effect occurring during the analysis. The ZrO; phase O 1s (530.0 eV) binding energy (BE) was used
as internal reference. Quantification and simulation of the experimental photopeaks were carried out using Cas-
aXPS software. Quantification considered a non-linear Shirley background subtraction. [21]

ToF-SIMS analyses were performed on a TOF.SIMS® instrument (IONTOF GmbH, Miinster, Germany) equipped with
a 25keV bismuth primary ion source. Charging effect due to the primary ion beam was compensated with pulsed
low energy electrons (20 eV). Static acquisitions were performed in both polarity with Bis* primary ions. Prior to
analysis, the powder was tableted to obtain a better mass resolution and secondary ion yield. Negative and posi-
tive ToF-SIMS spectra were compared with a reference of ZrO,. Dual beam mode was used for depth profiling. For

dynamic SIMS Cs* (0.5kV and 1kV) were used for sputtering in the non-interlaced mode to obtain better depth

resolution on the ZrC to characterize the thin ZrO, surface layer.



An FEI Tecnai G2 microscope, operating at 200 kV was used for the TEM-ED experiments performed on the ZrC particles

to obtain the crystalline nature. A dry powder deposition on Cu grid with carbon film was used.

2.2 Calculation Scheme and Structural Models
2.2.1 General Interface Computational Details

All parameters used for the interface calculations are based on optimized parameters for the ZrC substrate.

We performed all theoretical calculations with the Vienna ab initio Simulation Package (VASP) [22] which is based
on Mermin’s finite temperature DFT. [23] For the Zr, O, H and C atoms, the electronic configurations used are
[Kr]4d?5s2, [He]2s22p?, 1st and [He]2s22p?, respectively. The Projected Augmented Wavefunction (PAW) pseudo-
potentials [24] were used for representing the core electrons and the core part of the valence electrons wavefunc-
tions. For the exchange correlation functional, the generalized gradient approximation (GGA) parameterized by
Perdew, Burke and Ernzerhof (PBE) [25] was used and the Methfessel-Paxton, [26] smearing scheme was utilized
by setting the gamma parameter to 0.1 eV. An optimized energy cut-off of 500 eV was used for the plane wave
basis set in describing the valence electrons while the integration of the Brillouin zone was performed with a
standard Monkhorst-Pack [27] special grid of 9 x 9 x 9 k-points for the bulk and 9 x 9 x 1 k-points for surface and
interface calculations. The self-consistent field (SCF) procedure for resolution of the Kohn-Sham equations was

assumed to be converged when energy changes of 1 x 10 eV between two successive iterations are reached.

2.2.2 Finite Temperature Molecular Dynamics
We performed finite temperature molecular dynamics to confirm the ZrO, phase formed on ZrC surfaces as evi-
denced by XPS, TOF-SIMS and TEM-ED experiments. A (2 x 2) supercell was used for all MD simulations. This sim-
ulation was started with a thick layer of ZrC (100) surface slab while enough Zr and O atoms were deposited on
the exposed ZrC surface to form about two layers of ZrO,. Within the micro canonical ensemble, the ions were
initially kept at T = 100 K and the velocities scaled upwards at different steps until a final temperature of 1000 K
was reached. This temperature was selected to allow for the possibility of forming of the m-ZrO, phase which is
stable at low temperatures below 1450 K. A time step of 1 fs was used. The resulting equilibrium structure was

then quenched from 1000 K to 500 K and the final resulting structure was optimized with the previous parameters.

2.2.3 Bulk Phases of ZrC and ZrO,
To facilitate discussions of the electronic and mechanical properties of the interfacial structure model used, a brief

discussion of the major characteristics of bulk electronic structure of ZrC and ZrO, is provided.



Cubic ZrC belongs to the Fm3m space group, crystallizes in an fcc structure, and has two special atomic positions
for Zr and C at (0 0 0) and (0.5 0.5 0.5) respectively as shown in figure 1. It has an experimental lattice parameter
of 4.696 A. [28] Details on calculation of optimized bulk parameters are found elsewhere. [18] In optimizing the
geometrical structure, the positions of all ions were relaxed until the forces beeing smaller than 1 x 102 eV/A. The
lattice parameter for the ZrC bulk was optimized by fitting the energy versus volume curve with the Murnaghan’s
equation of state as detailed in our previous work. [28] Thus the optimized lattice parameter was calculated as
4.736 A and the difference with the experimental one is lower than 1%, typical of GGA functional calculations.

[18] All ZrC and ZrO, bulk calculations involved cells with 4 formula units (Figure 1).

[001]

=

(100]

Figure 1. Bulk structures of ZrC(A), c-ZrO,(B), t-ZrO,(C) and m-ZrO(D). Yellow(Zr), light blue(C) and red(0O)

The ¢-ZrO; has a Fm3m crystal structure. Starting from the experimental crystallographic positions, the volume
of the cell was decreased and increased by about 20% and the resulting total energy calculated. The pairwise
calculated values of volume and energy were fitted using the Murnaghan’s equation of state.

The tetragonal ZrO; (t-ZrO,) has the tetragonal symmetry P4, /nmc and only differs from the cubic phase in the
small alternating distortion of the O atom columns along the 4, axes in the [001] direction. Compared to the c-
Zr0O,, there is also a small elongation of the c lattice parameter along the [001] direction. Since optimizing the c-
ZrO, structure along the c axis results in a distortion of the O atoms in the perpendicular direction, and subse-
qguently yielding a tetragonal structure, lattice parameters for t-ZrO, were calculated as well. Optimization of the

5



lattice parameter was started from the experimental cell with a = 3.596 A and ¢ = 5.187 A [29] and the energy
versus volume data fitted with the Murnaghan’s equation of state.

The monoclinic ZrO,, m-ZrO, belongs to the space group P21/c. This phase is also defined by another parameter,
the angle B with an experimental value of 99.23°. Starting from experimental lattice parameters determined by
Yashima et.al, [30] energies were calculated at different volumes and fitted the data with the Murnaghan’s equa-

tion of state.

2.2.4 Construction of Interface Model
In developing an interface from two different bulk phases, a step-by-step approach is taken. An initial determina-
tion of the stacking direction at the interface needs to be selected, and from this identified interface plane, the
two different bulk phases should have a proper commensurability factor. [31] The two bulk phases are then
cleaved to reveal the selected surfaces for the interfacial structure. These surfaces will have different terminations
of different atomic layers. The two surfaces are then brought together in contact with each other to form the

interfacial structure which is then fully relaxed to obtain the final optimized configuration at the interface.

2.2.4.1 Surface structures and commensurate phases
The different low index surfaces of ZrC have been extensively studied. The (100) surface is found to be the most
stable, being stoichiometric and non-polar. [4,5,18] With its lattice parameter of 4.736 A, this surface has an ex-
posed surface area of 22.468 A2. The ZrC(100) bulk phase is used as the substrate onto which the ZrO; is grown.
Different studies have been made on the stability of the different surfaces of c-ZrO,. [32,33] The ¢-ZrO, (111)
surface is the most stable followed by the (110) and then the (100) surface for both relaxed and unrelaxed surfaces.
In this work, the surface energies for 1 layer up to 6-layers of ZrC were calculated. The surface energies were
obtained with the expression Eg,r = (1/2A) [ Egjqp — NEpyir | where Esiap is the total energy of the surface
slab, Epui is the energy per formula unit of ZrC or ZrO; in the corresponding bulk, A is the surface area and n is the
number of formula units in the surface slab.
Surface energies were also calculated for the (001) terminations of c-ZrO,, t-ZrO, and m-ZrO,. The surface energies
were obtained for different layers of ZrO, starting from 1 layer up to 6 layers of ZrO,. Indeed, these surface energies
are needed to calculate the interface tension defined in section 2.4.3.
The ¢-Zr0, (001) surface can have different sequence of layering at the terminated surface. As can be seen in figure
1, it can be considered terminating as Zr|OO|Zr|00|Zr|0O..... and, in this case, half of the oxygen atoms are
located behind the front oxygen atoms on the same plane. The termination can be flipped to get another one.
Another termination that can be builtis the O|Zr|00|Zr|00|Zr|O.... termination. With this configuration, oxygen

layers terminate both exposed surfaces. Thus three different surface terminations can be used for building an



interface with the ZrC(100) surface. A Zr-terminated, O-terminated or OO-terminated surface of c-ZrO, (001) can
be used for the interface structure.

A problem that arises in interfacial studies was the fact of making two different phases commensurate with each
other. This interface coherence requirement is due to the periodic boundary conditions used in the calculations at
the interface and to the periodic nature of the crystal. Thus, a unit cell for the interface structure must be selected.
One geometrical principal measure used in ensuring this commensurability is the surface mismatch parameter Y.
[34] With this measure, a surface unit cell of c-ZrO, with an area S; is coherently forced onto a substrate ZrC (100)

surface with a surface unit cell of area S; (Figure 2). The mismatch parameter is then calculated as:

2812
S+ 8,7

Y=1- wweneq. (1)

ZrC c-Zr0, Interface

Figure 2. Scheme of the interface between a substrate unit cell of c-ZrO, with a ZrC(100) surface, leading to the overlapping

area

S12 is the overlapping area between the two commensurate surfaces (Figure 1). This misfit parameter does not
measure an area mismatch but rather an average length scale misfit between the two unit cells. [35] Table 1 shows
the calculated mismatch parameters for the different c-ZrO, surfaces on ZrC(100) surface using a ZrC lattice pa-
rameter of 4.736 A and a ¢-ZrO; lattice parameter of 5.143 A. It is obvious that the lattice mismatch for all ¢-ZrO,
surfaces on the ZrC(100) surface is less than 40%. Thus from this table, it suddenly becomes apparent that the
ZrC(100)| | c-Zr0O,(001) interface combination with a misfit parameter Y of 8.2% is the best choice. This interface
unit cell that is defined by the substrate ZrC(100) phase is cubic, small, with a surface of 4.736 A x 4.736 A, and

can be easily managed.

Table 1. Surface mismatch parameter Y calculated for different combinations of ZrC and ¢-ZrO, surface

ZrC c-ZrO; Overlap area(S1.2)/A? Misfit (Y)
(100) (001) 22.434 0.082
(100) (110) 22.434 0.250




(100) (112) 22.400 0.279

This mismatch parameter which is a geometrical measure cannot be used alone in building the interface structure.
Other models and factors need to be considered. Two different methods for ensuring commensurability of two
different phases can be found in the literature. In the first approach, sufficiently large unit cells of both phases are
used. Thus, the basic unit cells of each of the two different phases are increased in size in a subsequent manner
until the two phases are commensurate with each other. This approach leads to interfacial structures with very
small mismatch parameters and still some incoherent areas at the interface. [36] The interface models formed in
this approach are however too huge and not suitable for ab initio methods.

In the second approach that is used in many interfaces’ calculation studies, [37-42] a single unit cell is used at the
interface plane, and it is generally termed as the (1 x 1) model. One phase is considered as the substrate, and its
lattice parameters are used. The lattice parameters of the other phase are scaled until a perfect matching of the
two lattice phases is obtained. This method is suitable for interface models with very little mismatch parameters,

and we decided to adopt this approach for the current study.

2.2.4.2 Interface Model Geometry

A slab geometry model was used to study the interfacial structure and its properties. The ZrC phase was selected
as the substrate with a thickness of 10.945 A, which corresponds to 9 layers of ZrC. The selected substrate thick-
ness was considered enough to form the required interfaces and mimic the electronic structure with ionic relaxa-
tions in the bulk ceramic. [33] The ¢-ZrO; units were then pinned onto the ZrC (100) exposed surface, layer by
layer. Coherent interfaces were thus ensured by straining the ¢c-ZrO, (001) units to match the dimensions of the
ZrC(100) surface. The bulk parameter and surface area of the ZrC (100) unit cell defines the interface structure
model unit cell. In doing so, the ¢-ZrO, (001) unit cell lattice parameter is shrunk by about 8.6% relative to the
equilibrium lattice of 5.143 A. In fixing the orientation of the geometries of the two lattices at the interface, the
remaining degrees of freedom in the final interface geometry after optimization is the perpendicular direction to
the interface as well as the chemical composition of the interface. [43] Up to 5 layers of the ¢c-ZrO, (001) units were
built on the ZrC(100) surface.

Figure 3 shows side views of the different interface models used. Each c-ZrO; bilayer unit is approximately 3.5 A
thick. We ensured that all the models used are symmetric with respect to the center of the interface structure.
This is done to ensure no long-range dipole-dipole interaction between exposed surfaces of the interface slab.
Thus, each interface slab contains two identical interfaces. A vacuum of more than 13 A was applied between two
subsequent interface slabs to avoid any physical interactions between the slabs. Thus the interface slab configu-
ration has a sequence of ---c-ZrO»(001)||ZrC(100)]||c-ZrO,(001)|vacuum|c-ZrO,(001)||ZrC(100)]| |c-
Zr0(001) |vacuum| c-ZrO,(001) | | ZrC(100) | | c-ZrO»(001) | vacuum| c-ZrO,(001) ---



: Zr|00|2zr| 00| zr--2rC(40)

S3EResE

Figure 3. Interface structure models. Vertical dashed lines pass through bonds formed at the interface. Yellow(Zr), light

blue(C), red(O)

The ZrC(100) surface has a single layer terminating with the same number of Zr and C atoms. This surface is very
compact and hence the interface chemical composition is defined by the terminating layer of the c-ZrO,(001)
phase. Along the [001] direction of bulk c¢-ZrO,, three different terminations, Zr|00|Zr|00|Zr|OO-,
0|Zr|00|Zr|00|Zr|0-,00|Zr|00|Zr|00|Zr- and hence three different interface models can be built from these
as shown in figure 3. Moreover, in a previous study, [13] the oxidation of ZrC(100) surface led to the adsorption of
4 oxygen atoms on the surface, resulting in a full layer coverage. The synthesis of ZrC is mostly carried out in an
oxidizing environment. It is therefore necessary to build another model with an oxidized ZrC(100) surface. Thus
the fourth interface model consists of c-Zr0,(001) terminating on both sides with Zr atoms on an oxidized ZrC(100)

surface as shown in figure 3.

2.2.4.3 Interface Cohesion and Mechanics
An important parameter used in defining interface cohesion and stability is the interface tension yin, defined as
the reversible work needed to separate the interface into two free surfaces. [44] With this definition, both plastic
and diffusional degrees of freedom are assumed to be suppressed and hence negligible. From this definition, the

greater the yi: value, the higher the energy needed to separate the two surfaces at the interface.



According to Dupre equation, the interface tension can be defined in terms of the interface and free surface en-

ergies as: [45,46]

Yint = Ozrc + Oc—zro, — Ozrc||c=2r0,- -~ €4-(2)

0zrc and 0._zyo, are the relaxed surface energies of the ZrC and ¢-ZrO; surfaces respectively while 0z,¢|c—zro, i
the interface energy which is also defined as the adiabatic work of adhesion, Wes> 0. Thus the relative strength of
the interface versus the bulk bonds decides the preference for the interface formation or the open surfaces.*’ The

adiabatic work of adhesion is defined as:

tot tot tot
+ E - E
ZrC c—Z1r0: ZrC||c—ZrO0,
Wyq = 22A 2...eq.(3)

Where E£°L and Ectftzmz refer to the total energies of the full relaxed isolated ZrC and c-ZrO; slabs. The energy of
the ¢-ZrO: slabs is computed taking into account the stress to fit the ZrC crystal parameter . EZt%‘llc—ZrOZ is the
total energy of the fully relaxed interface slab and A is the interface area. The calculated W,q value is usually a
lower bound of values obtained by cleavage experiments due to dissipative processes in physically separating the
interface.* Characterization of the interfacial strength is unrelated to the bulk strain in the deposited ¢-ZrO; and

hence the Ectftzmz value used is the total energy of the strained c-ZrO; in order to commensurate with the ZrC

surface. Thus, the strain energy component is cancelled between Efftzmz and Eé%llc—ZrOz since the ¢c-ZrO; is in
the strained state. [47]

Another important parameter is the rigid work of adhesion, War;gid which provides maximum cancellation of the
strain energy from the interface energy obtained. [43] This can be achieved by ensuring the same strain state
exists in both the free surfaces and the interface. This quantity is very useful in comparing the stability of the
various interfaces with respect to cleaving from the two different phases. This quantity is the only measure which
holds information purely on the bonding at the interface irrespective of the free surfaces. [43] Warégid is calculated
by rigidly cleaving the relaxed interface structure to produce the free surfaces and not allowing the free surfaces
to fully relax.
The interface tension can be used to provide a measure of whether the interface formation or the formation of
the free individual surfaces are preferred. The sign and magnitude of yi,:in equation 2 also provides a measure for
whether the interface bonds are stronger than the internal bonds in each separate phase. [47] In this case, 0 < Yint
< 0zr¢c + Oc_zro, COrresponds to weakly coupled interface and yine < O to strongly coupled interfaces. The calcu-
lated values of 0z,¢ and g._z,(, are obtained from their respective relaxed equilibrium bulk phases (strain free
c-2r0,(001) surface).
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2.2.5 Interfacial Thermodynamic Stability
An assessment of the thermodynamic stabilities of the different interface models was carried out. In this manner,
the thermodynamic stability of the three different models of c-ZrO, on ZrC was assessed using the excess interface
grand potential, .(2:7/1{5 of an overlayerj on a substrate i, with respect to the ZrC and ¢-ZrO; bulks as reference instead

of the surface slabs without constraints. The excess interface grand potential was calculated as follows:

T
-Qllr/ljt = 2 [Q;{éb — NzrcQzrc — NZTOZ-QZTOZ] - -Q;%]; ..eq.(4)

.(2;%’; is the surface grand potential of the exposed ZrO; side of the interface slab which is in contact with the

external environment. Assuming no temperature and pressure contributions to the grand potentials, the remain-

ing bulk grand potentials can be defined as:

(o] _ gil
| ‘Qslab slab z Ny
w...q.(5)
l Ozrc = Eg;lcl Uzrc
Qzv0, = Eg%’; — Hzro,

N is the number of each chemical species in the slab and u is the corresponding chemical potential of that species.
E2YE and E}’%" are the total bulk energies of ZrC and ZrO,, respectively. When the systems are in thermodynamic
equilibrium, the chemical potentials of ZrC and ZrO; can be written as: pzrc = fzr + ¢ and pzro, = Uzr +

2up. Substituting these relations with equation 5 into equation 4 with further rearrangements, we obtain the

following equation:

L/L’t 2 [Eslz/éb - NCEE% NZrozEg%I; - HZr(NZr — N¢ — szz) - ﬂo(No - ZNZTOZ)]
Zro
- .(ZS;]% ......... eq.(6)

If we define a change in chemical potential related to the reference stable bulk Zr (Az, = Uz — Uz, with uz,. =

EZ¥™) and 0, gas (Aug = po — (EG°/2)) and substitute these in equation 6, we obtain the following equation:

_Q{'/f ]
Vzlr{g = ;lnt = wi{ft 2A A”Zr(NC + Nzro, — NZr) + A#O(ZNZrOZ - No] ..eq.(7)

Where the interface dependent term (Z) is defined as:

int
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o 1 o gas
Q)szt = ﬂ E;l/éb - NZrCEg‘icl‘k - NZrOZEg;l(l),Z( - Egglk(NZr - NC - NZrOZ) - _Z(NO - ZNZrOZ)

—Yzro) --€q.(8)
yzsfgf is the surface energy of the exposed ZrO; surface to vacuum. The interface grand potential is dependent on
the chemical potential of oxygen and zirconium. The upper limit of the chemical potentials is defined with respect

to the total energy of bulk Zr and molecular O, while the lower limit is with respect to the formation energy of

Zr0O,. The limits are defined in equations 9 and 10 as:

( Egas

Ao = po ——2—<0

4 : 9
5! e eenn2q.(9)

[ ot

{ Auzr = pzr —tzr <0 (10)
f f T
Apizy > 1/ 2 (EZrC + EZrOZ)

Egroz is the formation energy of ZrO,, calculated as -4.98 eV and E;TC is the formation energy of ZrC. Thus, the

chemical potential ranges are —5.78 eV < Auz,- < 0and —4.98 < Auy < 0. A plot of yl.i{g against Ay, andAu,
is obtained and the stabilities of the different interface models are analyzed. The references used to define these

limits are the optimized solids without any constraint or stress.
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3. Results and Discussion

3.1 XPS, ToF-SIMS and TEM-ED Experiments

The XPS analysis of ZrCo 950004, summarized in Table 2, reveals that the surface is contaminated by adventitious
carbon (C 1s Binding Energy, BE = 284.5 eV) and Zr oxide (Zr 3d BE = 182.3 eV).

Table 2. XPS characterization of ZrCp.9500.04

Binding
FWHM | Proportion Atomic con-
Element energy
(ev) (%) centration (%)
(eV)
Zr 3d5/2
178.8 11 57
(zrC)
253
Zr 3d5/2
182.3 1.3 43
(ZFOZ)
0 1s (ZrOy) 530.0 1.7 46
45.2
O1s 531.7 1.7 54
C 1s (zrC) 281.1 0.9 44
26.9
C1ls 284.5 1.6 56
S 2p (ele-
162.1 2.1 37
mental)
2.6
S 2p (sul-
168.9 2.1 64
fates)

It clearly evidences the presence of two different chemical environments for zirconium with the observation of
two doublets in the Zr 3d spectral region that are attributed to ZrC (Zr 3ds,; BE = 178.8 eV) [48,49] and ZrO, (Zr
3ds/; BE =182.3 eV) (Figures 4 and 5).
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Figure 4. Decomposition of Zr 3d XPS spectrum for ZrCo 9600.04 using line shapes defined from ZrO; and ZrC phases
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Figure 5. O 1s (a) and C 1s (b) XPS spectra for ZrCo.9600.04

The decomposition of Zr 3d spectrum is performed using line shapes derived from data [50] of bulk reference
materials of ZrO, and ZrC. On the one hand, the methodology consists in exposing ZrCo.9600.04 to oxygen at 500°C
for 1 hin a dedicated cell coupled to the XPS spectrometer then transferred into the XPS analysis chamber avoiding
contamination. The oxidative treatment leads to the complete oxidation of the material into ZrO, (atomic Zr/O
ratio of 0.5). On the other hand, the initial ZrCy.9600.04 material was pressed into a pellet to operate an Ar* depth
profile (2 keV, 3 mm x 3 mm). An extended (30 min) ion depth profile leads to the disappearance of the ZrO,
contribution in Zr 3d region and to the appearance of asymmetric Zr 3d and C 1s photopeaks, characteristic of the
metallic character of ZrC (atomic Zr/C ratio of 1.2). The atomic Zr/C ratio, calculated from the Zr 3d (ZrC) and C 1s
(ZrC) contributions, is equal to 1.1, in good agreement with the expected ratio in ZrC phase. Furthermore, the
atomic Zr/O ratio, calculated from the Zr 3d (ZrO,) and O 1s (ZrO) components, is of 0.6, close to the theoretical

Zr/0 ratio in ZrO; phase.
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In addition, the ZrO: layer thickness (dz,¢,) can be evaluated using a homogenous and continuous layer model

I
[51] of intensity attenuation in which the lzrdzro,) ratio is expressed as:
Izy3d (zrc
- erO
I 1—exp(—7——m32—
Izr3d (zroy) zr3d zroy) ( p( Azr3d (»2r0,) )
Izr3a (zZrc) - - erO
g exp(————2—
zr3a zrc) XP( Azr3d (»zrc)

where Iz 34 (zro,) and Izr 34 (zrc) are the intensities of the two respective components of the XPS Zr 3d signal of
ZrCo.9600.04, 17534 (zro,) and 1734 (zrc) are the intensities of the XPS Zr 3d signal of ZrO; and ZrC reference samples

(assuming a homogeneous material with infinite thickness), respectively, and Az, 34 (5zro,) and Azr 34 (»zrc) are
the inelastic mean free paths of the electrons calculated from the TPP2M formula. [52] Their values are of 2.2 nm.
Then the ZrO; layer thickness (dz,¢, ) is estimated to 3.2 nm.

In the static ToF-SIMS analysis, isotopic patterns detected at ZrC surface in positive mode match with ZrO, refer-
ence. During the dynamic SIMS depth profiling, an initial lower energy profiling showed ZrO, peaks when the
sputtering starts, but the intensities of the ZrO, and O peaks decrease with time. A similar pattern was observed
at high energy sputtering (1kV) as shown in figure 6. Moreover, even though the dynamic SIMS depth profile
experiment was conducted under vacuum, there was still a re-oxidation of the ZrC surface after some few minutes

into the spectrometer.
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Figure 6. ToF-SIMS depth profiling with low energy (A) Cs* : 0.5kV — 30 nA — rastered over an area of 500um x 500um and
high energy depth profiling (B) Cs*: 1kV — 60 nA —rasterd over an area of 300um

Even under vacuum (1x10® mbar) there was a quick re-oxidation of ZrC after Cs* etching (Figure 7). Thus, the ZrC
surfaces are highly reactive to oxygen as shown in several experimental and theoretical works [7-10,13,18]. Nev-
ertheless, an attempted estimation of the oxide layer thickness can be done on the high energy ToF SIMS depth
profile, in which the ZrO,/ ZrC interface is defined (Figure 6B). In these experimental conditions, the sputter yield
is assumed to be 1.38, allowing for a calculation of 7 nm for the oxide layer thickness, taking into account a density

of 4.29 at./cm?3.
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Figure 7. ToF-SIMS spectra in the m/z range (100-113). A) is a spectra acquired few seconds after a low energy depth

profiling and B) is a spectra acquired about 5 minutes after low energy depth profiling

The TEM-ED experiment revealed the presence of a phase different from the bulk ZrC at the particle surface. EDX
elemental analysis showed this phase to be zirconium oxide (Figure 8). This oxide layer thickness was estimated
to be around 5 nm. This value is in correlation with the calculations carried out by surface analysis, 3 and 7 nm, by

XPS and ToF SIMS depth profile, respectively.

&

EDX ;;llysis ‘ ' Jdﬂu,

Figure 8. TEM and EDX identification of Zirconium Oxide on ZrC particles
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According to high resolution imaging, orientations were clearly observed. This reflects that the oxide layer was
crystalline. Two different areas were observed to show different crystal orientations (Figure 9A). Rings were ob-
tained from the diffraction pattern obtained from the oxide layer and this confirmed the surface thin layer of oxide
to be polycrystalline. A dny indexation showed no possible correlation of the diffraction pattern with ZrC phase
(Figure 9B). According to the lattice parameters calculated, there was no presence of monoclinic ZrO; but predom-

inant amounts of cubic ZrO, and some traces of tetragonal ZrO,.

2 nm (A)

Crystalline
oxide

e o

Figure 9. ED pattern and dh indexation of Zirconium Oxide layer on ZrC particle surface

3.2 Finite Temperature MD

A brief discussion of the results obtained during the finite temperature MD simulations is provided here. At the
highest temperature of 1000 K, there was a haphazard formation of ZrO, on the ZrC surface. Different coordinated
O and Zr atoms were observed. Both four-fold and three-fold coordination types were detected for O atoms while
five-fold and six-fold coordination was observed for Zr atoms. At the interface, all Zr atoms from ZrO, sat directly
atop surface C atoms of ZrC, and O atoms from ZrO, formed mixed type of bonding at the interface. Some O atoms
bonded directly on top surface Zr atoms of ZrC while some O atoms formed a three-fold bond between two surface
Zr atoms and a C atom of ZrC, as previously observed in other calculations on the oxidation of ZrC(100) surface.
[18] The under coordinated O and Zr atoms at this stage were typical of m-ZrO,.

Upon quenching the structure at 500 K temperature, a more ordered structure was obtained. Eight-fold Zr and
four-fold O atoms were observed in the ZrO, structure formed, typical of t- and c¢- ZrO; as confirmed by the exper-

imental results above.

3.3 Bulk and surface properties of ZrC and ZrO,
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Details of the optimized lattice parameter, bulk modulus, and the pressure derivative of the bulk modulus for ZrC
bulk phases were provided elsewhere. [18] Here, we consider optimized parameters for all three phases of ZrO..
Thus, all characteristic bulk parameters needed to define all three ZrO, phases were well reproduced. Details on
the lattice and bulk parameters are found in supporting information S.1. A summary of the bulk lattice parameters
for ZrO, is provided in table S.1 (see supporting information).

The calculated surface energies for different layers of ZrC and all phases of ZrO, are summarized in table 3.

Table 3. Calculated surface energies eV/A? for different layers of ZrC (001), c-, t- and m-ZrO, (001) surfaces

Number of ZrC (001) c-2r0,(001) t-Zr0,(001) m-Zr0,(001)
Layers
unrelaxed relaxed unrelaxed relaxed unrelaxed relaxed unrelaxed re-
laxed
1 layer 0.135 0.135 0.229 0.144 0.231 0.205 0.257 0.069
2 layers 0.111 0.098 0.249 0.108 0.081 0.068 0.143 0.097
3 layers 0.108 0.098 0.252 0.109 0.205 0.175 0.149 0.090
4 layers 0.108 0.102 0.254 0.129 0.082 0.072 0.153 0.097
5 layers 0.107 0.100 0.255 0.130 0.203 0.193 0.158 0.102
6 layers 0.107 0.100 0.244 0.130 0.082 0.073 0.163 0.107

For ZrC (100) surface, the surface energy quickly converges from 2 layers upwards and computed surface energy
is in very good agreement with previous calculations. [4] A plot of the surface energies at different layers is shown
in figure 10. It is obvious from table 3 that the surface energy converges after 4 layers for both ¢-ZrO, (001) and
m-Zr0,(001) surfaces. The unrelaxed surface energy of 0.252 eV/ A%(not shown in table 3) is in very good agree-
ment with other values of 0.222 eV/ A2. [32] The surface energy of the relaxed structure is however 0.130 eV/ A2,
about half of the unrelaxed structure. It is worth mentioning however that stoichiometric surfaces were only used
with O terminations on both surfaces as this is found to be the predominantly exposed termination. [32] Relaxa-

tion in the c direction of the c-ZrO, surface resulted in distortion of the O atom positions along the c- axis.
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Figure 10. Calculated surface energies for different layers of ZrC (100) and c-, t-, m-ZrO, (001) surfaces

The unrelaxed surface energy of the monoclinic (001) is 0.150 eV/ A2and is in excellent agreement with the LDA
calculated value of 0.152% eV/ A? and the GGA value of 0.123°3eV/A2. Upon relaxation, the surface energy quickly
converges to a value of 0.100 eV/ A? after 4 layers. This is also in very good agreement with the LDA calculated
value of 0.1133 eV/ A2 and the GGA value of 0.084 eV/A2. [53]

An oscillating feature is observed for the surface energies for different layers of t-ZrO; as seen in figure 10. This
feature has been noticed by other groups in their calculation of surface energy for different t-ZrO, layers. [35] This
oscillating feature is a function of the odd/even nature of the number of layers used. Thus, even numbered layers
give very stable surfaces while odd numbered layers give high energy surfaces. This same feature was observed
by Christensen and Carter. [35] This effect may be related to the fact that odd-layered crystalline t-ZrO, (001)
surface slabs have a P4m2 symmetry while even-layered crystalline t-ZrO, (001) surface slabs have a Pmmn sym-
metry. [35] In another study, 4- layers and 12- layers of t-ZrO, (001) surface energies were calculated to be 0.069
eV/ A? and 0.070 eV/ A?respectively. [54] Thus the surface energy for these even-layered slabs is the same and
lower than our calculated values for the odd- layered slabs. However, our calculated surface energy for the 4-

layered slab is 0.072 eV/ A?and in excellent agreement with the value calculated by Eichler and Kresse. [54]

3.4 Structure and cohesion at the Interface

3.4.1 Rigid Work of Adhesion
In this section results will be given for the rigid work of adhesion to provide understanding of the stability and
mechanical behavior of the interface. As mentioned earlier, this work of adhesion is calculated by first obtaining
the fully relaxed interface structure, then separating the two phases forming the interface and calculating their
total energies without allowing them to relax. In this case, bulk properties of both ZrC and c-ZrO, are effectively
cancelled out and the result depends purely on the interfacial properties. Table 4 provides a summary for the

calculated rigid work of adhesion for the different interface models created. It is apparent from table 4 and figure
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11(inset) that the Zr|00|Zr|00|Zr| | oxidized-ZrC(100) interface has the strongest interaction at the interfacial
region indicating this model as more stable with respect to cleavage. The calculated rigid work of adhesion (0.81
eV/A?) values are almost twice the values obtained for the other three interface structures. There is a convergence

of the calculated values from 3 layers of ¢-ZrO; units.
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Figure 11. Calculated Work of Adhession (Waqn) of different number of c-ZrO, (001) layers on ZrC(100) surface

3.4.2 Relaxed Work of Adhesion
The work of adhesion was calculated for the fully relaxed system in which the separated ZrC and ¢-ZrO, slabs are
allowed to relax fully. In table 4, the relaxed work of adhesion calculated for the four different interface structures
are provided. It becomes immediately evident that the Zr|OO0|Zr|00|Zr| | oxidized-ZrC(100) model is the most
stable interface. Thus, the relaxed work of adhesion confirms the most stable interface model obtained by the
rigid work of adhesion. The relaxation process however results in a decrease of the work of adhesion as compared
to the rigid model. The average difference between the rigid and relaxed work of adhesion is 0.40 eV/A? for the
Zr|00|Zr|00|Zr| | oxidized-ZrC(100) system and this value is a result of interface slab relaxations. Thus after full
relaxation, the resulting stable interface model is still Zr|O0|Zr| 00| Zr| | oxidized-ZrC(100) and hence the relaxa-

tions do not affect the hierarchy of the works of separation.
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rigid relaxed

Table 4. The rigid work of adhesion W ;,~ and the relaxed work of adhesion Wgg;*¢® for different layers of ¢-ZrO, (001)
on ZrC (100). Interface model 1is Zr[00/Zr|00| | ZrC(100), model 2is O/Zr{00[Zr|0O| |ZrC(100), model 3 is
0/Zr|00|Zr||ZrC(100) and model 4 is Zr|00|Zr| 00| Zr| | oxidized ZrC(100)

c-ZrO; Model 1 Model 2 Model 3 Model 4

layers

Rigid Work of Adhesion (W;';ig,fd)/ eV.A2

1 0.170 0.103 0.149 0.822
2 0.286 0.160 0.196 0.827
3 0.583 0.073 0.206 0.816
4 0.581 0.081 0.209 0.803
5 0.586 0.070 0.211 0.809

Relaxed Work of Adhesion (WTekexed)/ ey A2

1 0.079 0.042 0.140 0.413
2 0.148 0.315 0.187 0.439
3 0.406 0.030 0.199 0.432
4 0.425 0.405 0.206 0.501
5 0.447 0.028 0.205 0.432

Figure 11 shows oscillation of the relaxed work of adhesion for the O|Zr|00|Zr|00|Zr|0O- model. Thus, even
numbered layers of the ¢c-Zr0,(001) in this model forms a stronger interface than odd numbered c-ZrO,(001) lay-
ers. It is worth noticing here that relaxation of the interface slab in the perpendicular direction to the interface
results in transformation of the ¢-Zr0,(001) phase into t-ZrO,(001). As explained in section 3.3, the resulting t-
Zr0,(001) phase is like the t-Zr0O,(001) surface slab which terminates with O layers on both sides, and we observed
this odd/even nature of the surface energies which is related to difference in symmetry of the odd/even slabs.

It is observed in table 4 that the W,y value is the same for all layers of c-Zr0,(001) added (for the stable interface
model). This pattern is however not the same for the other three interface models. Thus, there is no systematic
variation of the W,q with the number of ZrO, layers and hence the chemistry of the ZrC(100)| | c-ZrO»(001) inter-
face is local and defined by the ZrO; layer closest to the interface. In other words, long range interactions in ZrO,
does not significantly contribute to the interfacial strength. The thicker ZrO; layer produces almost the same elec-
trostatic image in ZrC as the thinner images and do not bond any stronger.

As defined in section 3.4.3, the interface tension can also be used to determine the strength of the bonds formed
at the interface compared to the corresponding bond strengths in the respective bulk phases. In this case, the
criteria are 0 < ¥int < 0z,¢ + Oc_zrp, Matching with weakly coupled interface and yin: < O with strongly coupled
interfaces. Using o, = 0.100 eV/A? and Oc—zro, = 0.129 eV/A? asymptotic values from table 3, with relaxed Wy
= 0.455 eV/A? for the most stable Zr|00|Zr|00|Zr| | oxidized-ZrC(100) interface model, the calculated interface

tension is yin = -0.226 eV/A% Using value of O¢_zro, = 0.072 eV/A? for even numbered layers and 0.175 eV/A? for
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odd numbered layers, we still obtain yi= -0.283 eV/A? and -0.180 eV/A? respectively. Thus, the negative sign of

the interface tension shows that the interface bonds are stronger than the internal bonds in each ceramic phase.

3.4.3 Structure and properties at the Interface
In this section, we describe the structure and properties at the interface of the most stable model,
Zr|00|Zr|00|Zr| | oxidized-ZrC(100). In figure 12, the relaxed stable structures of the interface formed with 1, 2,
3, 4 and 5 layers of ZrO, are shown. During the relaxation process, the interfacial area is defined by the ZrC(100)
substrate surface area and the pinned c-ZrO,(001) overlayer is allowed to relax perpendicular to the interface.
Figure 12 shows that, at all layers of ZrO, at the interface, there is the appearance of perpendicular relaxation of
the O atoms of ZrO,. Due to this oxygen displacement, the c-ZrO, phase is transformed into t-ZrO; one. It can be

noticed the energy of the two phases is similar (AE= 0.054 eV/ ZrO; unit in table S.1).

(A)
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[100] (o1 ‘L | b‘ i %
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Figure 12. Lowest energy interface structures for 1 layer (A), 2 layers (B), 3 layers (C), 4 layers (D) and 5 layers (E) ¢c-ZrO,(001)
for Zr| 00| Zr| 00| Zr| | oxidized-ZrC(100) interface model. Yellow(Zr), light blue(C) and red(O)

The lowest energy 3-layer ZrO, interface slab was used to provide detailed description of the properties at the
interface. During the relaxation process, the interface, the oxygen layer (4 atoms) is split into two. This splitting
leads to inward relaxation (towards the ZrC side) of one of the Zr atoms (c-ZrO;) and outward relaxation of the
other Zr atom (c-ZrO,). Even though the four O atoms forming the oxidized layer of the ZrC(100) surface are on
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the same plane, upon forming the interface, two half of the O atoms move upwards to form strong bonds with
the Zr atoms from c¢-ZrO,. These O atoms form direct bonds with Zr atoms (ZrC side) in addition to the interfacial
bonds formed. The same phenomenon in the opposite direction is maintained for the two O atoms (c-ZrO,), which
remains in their original planar positions. This explains the high work of adhesion calculated for this interface.
There are twelve O — Zr bonds at the interface. The bond distances between the Zr (c-ZrO,) atom closer to the
interface and the interface O atoms (ZrC side) are 2.027 A to 2.325 A. The distances between the Zr (c-ZrO,) atoms
far from the interface and the interface O (ZrC) atoms are from 2.016 A to 2.330 A. At the region close to the
interface (nearest first layer), there is the transformation of the c-ZrO, into t-ZrO, (101) with some three-fold and
four-fold O atoms. Within this t-ZrO, (101) region, the three-fold O atoms have d(o.z1)3 bond distances of 2.027 A,
2.051 A and 2.189 A while the four-fold O atoms have bond do.z1)4f of 2.161 A, 2.271 A, 2.232 A and 2.799 A.

After the first two layers of ZrO; at the interface, there is the transformation into t-ZrO,(001). This can easily be
seen by the tetragonal distortion observed in the last two oxygen layers away from the interface. Thus, two phases
of t-ZrO, are observed forming the interface: t-ZrO,(101) and t-ZrO,(001). The phase at the interface region is t-
Zr0,(101) and the phase at the exposed surface of the interface slab is t-ZrO,(001). These transformations are the
results of compensating for the strain imposed on c-ZrO; as it is pinned onto the ZrC surface. The observed ZrO,
phases corroborate the experimental results in the TEM-ED analysis. The dn indexation revealed intense peaks
for t-ZrO,(101) phase. The transformation into t-ZrO, is necessary to alleviate part of the strain imposed on the c-

ZrO; when forced into registry with the ZrC surface.

3.5 Thermodynamic Stability of Interface Models
Aside the use of the energetic parameters such as the work of adhesion and the interface tension to characterize
the interface, the significance of a thermodynamic analysis of stability of the different interface models considered

is nevertheless important. The predominant parameter used in assessing the interfacial stability is the interface

grand potential, o)

ine Which is the interface analogue of surface energy or surface grand potential for non-stoichi-
ometric surfaces. This parameter considers the bulk ZrC and ¢c-ZrO; as the reference states in forming the interface.
It is worth mentioning that the bulk c-ZrO, reference is in a strained state to accommodate the substrate ZrC
phase. Thus the a and b lattice parameters of c-ZrO; are strained to those of ZrC(100) and the c lattice is allowed

to relax in the z-direction of the bulk phase. The same strained c-ZrO; phase is used as the reference in calculating

the surface energy, yzsfg{ (equation 8) of the exposed facets in the interface slab.

According to equation 7, the interface grand potential yii,{g is calculated for different values of Auy and Ap, and
a plot from the data is shown in figure 13. In this plot, low values of Ay, correspond to oxygen poor environments
and high values of App match with oxygen rich environments with similar criteria for the Zr chemical potential.
According to the 2D plot in figure 13, two different interface models are stable at different combinations of Zr and

O chemical potentials. The Zr|00|Zr| 00| | ZrC(100) interface model is stable for a narrow region of the Zr and O
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chemical potential combinations (oxygen poor and zirconium rich environments). However, in a wide combination
of Zr and O chemical potentials, the Zr|O0|Zr| 00| Zr| | oxidized-ZrC(100) interface model is the most stable, con-
firming the stability criterion established by both the work of adhesion and the interface tension. This can be
explained by two factors. First in the Zr|00|Zr|00|Zr| | oxidized-ZrC(100) model, there are more oxygen atoms
at the interface than the other three models leading to the formation of more (12 Zr — O) bonds. In addition to
this factor, in the Zr|00|Zr|00|Zr| | oxidized-ZrC(100) model, the surface exposed to vacuum is Zr-terminated,
which is less stable than the O-terminated facets in ZrO,. This leads to subsequent subtraction of a higher surface

energy term in equation 8 than the other two models.

Figure 13. Stable interface models (lowest interface grand potential yZ{t) for different interface models as a function

of Aug and Aug,.

3.6 Electronic properties at the interface

3.6.1 Density of States
In this section, we describe the electronic features at the interface region, more specifically, the density of states
and charge analysis.
A description of the density of states (DOS) at the interface is first provided. A total spectrum was used, obtained
by projecting the electronic states onto all atoms in the interface and separate surfaces as well as atomic spectra
obtained by projecting the density of states onto individual atoms. Figure 14 shows the total DOS (TDOS) for the

interface structure with 3 layers of ZrO,.
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Figure 14. TDOS of interface model with 3 layers of ¢-Zr0,(001) including the TDOS for the free oxidized ZrC(100) and c-
Zr0,(001) slabs.

Included are the TDOS for the corresponding surface slabs for oxidized ZrC and ZrO, used in constructing the
interface model. Figure 14 shows that upon forming the interface, c-ZrO; fixed both in the valence band maximum
and in the conduction band minimum. The main interfacial features around -5 eV are mainly due to the ZrO, states
while those at -11 eV are due to the oxidized ZrC(100) states. In figure 15, the DOS are projected onto each atom
at the interface and the corresponding atom in the surface slab. This helps in understanding the shift in the bands

when the atoms form the interface structure.

— O oxidized-(ZrC) surface

near O oxidized (ZrC) Interfage
— 0 (c-Zro2) surface
— O far oxidized (ZrC) interfacq
0 (c-Zr02) interface
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Figure 15. PDOS of each atom at the interface and in the corresponding surface slab. Spectra at the upper part of each plot
are for atoms in the interface structure and those at the lower part are for the atoms in the corresponding surface slabs.

Atoms labelled as near are closer to the interface plane than atoms labelled as far.
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The O (oxidized ZrC) atom which sits closer to the ZrC side upon forming the interface, in an mmc site (three-fold
bonding between two metal(Zr) and one C atom) shifts to higher energies in the core states and lower energies in
the conduction band with the main interface features are at -11 eV and -22 eV (O s states are highly localized).
This same localized band is found for the C and Zr (all oxidized ZrC side) at the interface at the same energy and
shows the ionic nature of the C-O bond in the mmc configuration at the interface. In the conduction band, these
O atoms however contribute significantly to the lower end in forming covalent bonds with Zr atoms (c-ZrO, side).
The mmc O (oxidized ZrC) which is closer to the interface plane also shifts to higher energies with the main feature
at -18 eV and contributes to the upper part of the valence band as it also forms covalent bonds with Zr (c-ZrO,
side) at the interface. The localized conduction band in Zr (ZrO,) is broadened upon forming the interface while
the higher states at the Fermi level (highly unstable Zr-terminated c-ZrO; surface) are drastically reduced at the
interface, stabilizing these atoms further. However, the Zr-0 bond at the interface is highly covalent due to the
diffuse nature of the Zr (c-ZrO,) and O (oxidized ZrC) bands between -1 eV and -8 eV. To provide a good under-
standing of the evolution of the electronic structure of atoms moving from bulk to surface and then forming in-
terface, figure 16 aligns the Projected Density of States (PDOS) for the atoms parallel to the interface plane. It
shows the states for the atoms in both oxidized ZrC and c-ZrO; at the interface, in the bulk region of the slab and

at the exposed surface in the vacuum area.

Exposed Surface | Bulk ZrO, | Interface ZrO, | Interface ZrC | Bulk ZrC

S¢-

Zr o Zr o o Zr Zr o (o} Zr C Zr
- .EE— —

St-

Energy/ eV

0

| b ok
= — =

DOS (states/ion/eV)

Figure 16. PDOS of atoms at the interface, in the bulk and the exposed surface of the three layer interface slab
(Zr|00|Zr| 00| Zr| | oxidized-ZrC(100)). The states are aligned along the parallel plane to the interface with each region

marked on the top layer. The Fermi level is aligned at the energy zero position.

The low energy area of the ZrO, bulk is made of much localized O 2s electrons and Zr 4d electrons at ~ -20 eV.

However, the bulk ZrO, valence band is more covalent and made of O 2p and Zr 4d electrons and much more
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diffuse than the low energy ionic bands at -20 eV. The conduction band for this bulk region is mainly Zr 4d. Moving
to the exposed surface region, the valence band is highly diffuse, made of Zr 4d electrons and the conduction
band is shifted to lower energies with Zr 4d states occupying the Fermi level. The high level of states at the Fermi
level indicates a high reactivity of the exposed surface. The O 1s states at the lowest energy region are more diffuse
than the bulk state, and the electrons are delocalized. In forming the interface, the O (oxidized ZrC side) adsorbed
at the three-fold mmc site exhibits highly localized electrons shifted to higer energies at around -18 eV. The newly
formed states at the interface are derived from the O 2p and O 1s (oxidized ZrC side) electrons mixing with Zr 4d
(c-Zr0y). This band (-11 eV) is very narrow indicating highly localized electrons in some of the Zr-O bonds formed
at the interface. The Zr—0 valence electrons are highly delocalized while the bands due to the far O (penultimate
O atom to the interface on the ¢-ZrO; side) are less affected by the interface. At the ZrC end of the interface, the
valence band consisting of mixed Zr d, p and s states shifts to higher energies towards the conduction band. The
states arising from the mixing of the Zr (oxidized ZrC) and the far O (oxidized ZrC) at the interface are more diffuse
and the electrons are delocalized. This stabilizes further the interface formed. Then, the C (oxidized ZrC) 2p states

in the bulk become highly delocalized and shift to lower energies.

3.6.2. Charge Transfer Analysis

In this section, an analysis of charge transfer is provided during the formation of the interface. A somewhat intui-
tive idea of analyzing the charge transfer upon formation of the interface as described by Christensen and Carter®®
was used. Thus, the charge transfer values are arranged in a table in a form of spatial arrangement of the atoms
from the surface to the respective layers of the phases forming the interface.

First the analysis of the charge distribution at the interface for the different layers was provided, starting from one
to five layers of ZrO; in a spatial profile. Then, the charge redistribution in the three layer ZrO, interface slab
(Zr|00|Zr|00| Zr| | oxidized-ZrC(100)) from the interface to the bulk like ions, was analyzed.

According to table 5, there was a significant amount of charge transfer when the free surfaces came in contact to

form an interface.
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Table 5. Charge transfer analysis of Interfacial structure between oxidized ZrC(100) surface and different number of layers
of ¢-Zr0,(001) in the Zr|00|Zr| 00| Zr| | oxidized-ZrC(100) interface model. Values reported are net charges (elec-

trons/atom) obtained with respect to the charges on the atom in the corresponding surface slabs that form the interface.

lon type ZrO; layers on ZrC
1 2 3 4 5
ZrO; layer 6} -0.06 | -0.03 -0.03 -0.03 -0.06
at Inter- Zr -1.11 | -1.04 -1.05 -1.05 -1.08
face Zr | -1.11 | -1.07 -1.07 -1.09 -1.11

Interface Plane

Oxidized 0] 0.18 0.10 0.10 0.11 0.15
ZrC layer 0] 0.10 0.08 0.11 0.10 0.10
at Inter- Zr 0.02 0.01 0.02 0.01 0.02

face C 1.03 1.03 1.03 1.01 1.03

The cations close to the interface provided most of the charge transfers. Moving from one layer of ZrO, upwards,
there was essentially the same amount of charge transferred from Zr (c-ZrO,) atoms to the interface atoms. The
splitting of Zr atoms (c-ZrO,) into near and far groups (with respect to the interface plane) did not result in any
different in charge transferred by the two Zr groups. Nearly all the charge transferred from the interface cations
were received by C atoms (oxidized ZrC side) resulting in an image charge phenomenon. This further explained
why the interfacial strength was a local property confined to just the first and second ZrO, layers at the interface
and did not depend on the number of layers added. The O atoms (oxidized ZrC side) received the same amount of
charge from the c-ZrO, side corroborating the trend found using the mechanical property of the ideal work of

adhesion (W,g) in section 3.2.2.

4. Summary and Conclusions

The understanding of the structure and composition of ZrC-ZrO, interfaces is a key step to master the reactivity of
the surface to generate hybrid core-shell systems, and to protect ZrC from oxidation at high temperatures. Thus,
a combination of experiments, namely XPS, ToF-SIMS, TEM-ED and DFT calculations have been used to character-
ize and study the oxidation process on ZrC nano crystallites. According to the XPS analysis, two Zr 3ds/, peaks were
observed, and resolution showed the presence of two environments of Zr being ZrC and ZrO,. The use of their XPS
intensities showed ZrO; thickness on the ZrC surface to be 3.2 nm. ToF-SIMS analysis of the nano crystallites re-
vealed ZrO,- peaks and there was re-oxidation of the particles even with measurements under vacuum (1 x 108
mbar). Using TEM experiments a different phase as a shell around the ZrC particles was observed, and EDX anal-
yses showed this phase to be ZrO,. Further ED investigations estimated the oxide layer to be about 5 nm and two

different crystal orientations were observed showing the polycrystalline nature of the particles. The ED analysis
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revealed the presence of mainly cubic ZrO; with the presence of some tetragonal ZrO,, mainly the (101) phase.
Moreover, finite temperature molecular dynamics was used to grow ZrO, on the ZrC surface from Zr and O atoms
and the formation of an ordered phase of cubic ZrO, on the ZrC (100) surface was observed. Furthermore, DFT
was used to model the interface formed between ZrC and ZrO, phases and the preferred interface consisting of
ZrO; terminating with Zr atoms at the interface side on an oxidized ZrC (100) surface, was highlighted. The main
mechanical property used to characterize the interfacial strength was the ideal work of adhesion (W.q4). The cal-
culated W,q4 values showed that the interface strength remained quite constant, moving from one-layer ZrO, up

to three layers ZrO, from which it converged. Thus, the interfacial strength depended on only the first ZrO, layer

/J

and not on subsequent layers. Thermodynamic analysis using the interface grand potential, Qint

provided further
evidence of a most stable interface formed. Further analysis on the electronic structure, using DOS and Bader
charge analysis corroborated the local effect of the interface phenomenon. To conclude, these results constitute
new important insights in the structure and composition of ZrC, that will undoubtedly have fallouts in the field of

hybrid materials, and core-shell systems, obtained from non-oxide ceramics.
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