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The initial oxidation process of refractory alloy ceramics is closely related to their intrinsic properties such as
surface adsorption or diffusion of oxygen atoms. We devise a machine learning model that predicts the full
spectrum of adsorption energies for an oxygen atom on HfC; _,N, ceramic surfaces with quantum accuracy. With
this approach, we show that the chemical complexity of carbonitride makes HfC; _,N, ceramics exhibit multiple
types of adsorption sites with competing oxygen adsorption energies, leading to fewer preferable adsorption

sites. In particular, we find that heavily doped N can change the stable adsorption site from the 3-fold hollow
between metals and C atoms (MMC) to the top of Hf atoms (top-Hf), and the total number of preferable
adsorption sites is regulated by their competing energies. In this scenario, we predict HfC 76N 24 has superior
anti-oxidation performance, consistent with existing experimental measurements. Our findings can stimulate
new strategies to enhance the oxidation resistance of refractory alloy ceramics.

Refractory alloy ceramics (such as carbides and nitrides) have
recently attracted significant interest as promising candidates for ap-
plications in extreme environments that require both high oxidation
resistance and the ability to withstand significant thermal and me-
chanical stresses [1-4]. They are also used as thermal barrier coatings,
which can effectively protect superalloy or refractory alloy matrices [5].
Of these, HfC-based ceramics are one of the most promising candidates
because of their high melting points (almost 4000 °C), excellent me-
chanical properties and appropriate thermo-physical properties [6-8].
Nevertheless, the conventional HfC ceramics are often limited by poor
oxidation resistance. For example, HfC starts to oxidize at 380-400 °C,
and the oxidation weight gain is up 160 % at 600-700 °C [9]. At the
same time, the solid oxides of HfO, are not effective oxygen barriers
[10,11]. Therefore, enhancing oxidation tolerance is essential to enable
high temperature structural applications for HfC-based ceramics.

In general, oxidation resistance can be enhanced by densifying oxide
films upon doping. For example, the addition of Si in the HfC produced
liquid Si or SiO; at high temperature, which can fill the holes in oxide
films [12] and improve its protection to the matrix. However, the
melting points of Si or SiO5 are high, this method thus cannot take effects
to prevent the oxidation behavior of HfC at low temperatures [9]. In
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addition, oxidation resistance can also be improved by preventing the
diffusion of oxygen through structural defects such as cracks, holes and
grain boundaries etc [13-16]. For instance, the oxidation resistance of
dense single-crystalline HfC prepared by CVD is much better than the
porous one prepared by powder metallurgy [17], although they have the
same composition.

Recently, it was found that the partial substitution of N atoms at the
C sites can largely improve the oxidation tolerance, even at very high
temperatures. For example, Zhang et.al. [18] synthesized a series of
HfC,N,, solid solutions and evaluated their ablation resistance at 3273 K.
They suggested that HfCp76No24 exhibits only 10 % ablation loss
compared to conventional HfC ceramics. Other solid solutions of (Ta, Hf)
CN ceramics also show excellent oxidation resistance in the air [19].
Structure defects such as holes in HfCN and (Ta, Hf)CN ceramics are not
reduced [18]. The addition of N does not significantly densify the oxide
film upon oxidation, because N, which is the same as C, will eventually
form gas (NO/NOy). In other words, the addition of N may change its
intrinsic property to improve its oxidation resistance at the initial stage.
However, the underlying mechanism responsible for the improved
oxidation resistance is still not fully elucidated.

In the present study, we investigate the effect of chemical complexity
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Fig. 1. Flow-chart presentation of the machine learning procedure for predicting O-adsorption energies.

by comparing the initial oxidation behavior, which is closely related to
the surface adsorption and diffusion behavior, between binary HfC/HfN
and ternary HfC; _,N, ceramics. We find that the chemical complexity in
HfC; 4N, significantly reduces the total number of preferable adsorp-
tion sites and complicates diffusion pathway of oxygen atoms, thus
leading to good anti-oxidation performance. Our work not only provides
an atomistic understanding on the initial oxidation process for single-
phase concentrated solid-solution refractory alloy ceramics, but also
shows promising of designing new refractory alloy ceramics with good
oxidation resistance.

Here, the initial oxidation resistance is evaluated by DFT calculations
of oxygen adsorption and diffusion on ceramic surfaces. HfC, HfN, and
HfC; 4N, slabs with (001) surface were considered because it is very
stable [20,21] and exhibits a face-centered cubic face. The slabs were

—
(2]
~

created by a 5-layer 2 x 2 supercell with 15 A vacuum. The bottom three
layers are fixed, while the two outermost are completely allowed to relax
in the DFT calculations. Atomic oxygen can bind on different high
symmetry adsorption sites of the (100) surface. For each case, the po-
sition of the adsorbed oxygen atoms and the geometry of the atoms in
the two outermost surface layers were fully relaxed. Once the final ge-
ometries were obtained, the adsorption energy E,4s was calculated by
Eads = Etot - Eslab — Eo, Where Ey refers to the total energy of the system,
Egqap refers to the energy of the structure without O adsorption, and Eg
refers to the half of the total energy of an O, molecule.

DFT-based first-principles calculations [22,23] were carried out with
the Vienna Ab-initio Simulation Package (VASP) [24,25] implemented
using the generalized-gradient approximation (GGA) [26] and the pro-
jector augmented plane-wave (PAW) [27] method. Convergence tests
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adsorption sites on {100} surface of HfC and HfN.



D. Yan et al

—~
[
~
o
(=)
~

Computational Materials Science 220 (2023) 112037

Fig. 3. (a) Comparison between the calculated

—~-10.2 0.16

g @ Training data /

T -10.3F e Testing data @

> ' 4 012+

g -104+ 9

o =

= 105+ ©0.08

£ ©

S .10.6 - o

= w

> 0.04

o, L

5 10.7 o

1~ v

W 108 . . | . ) 0.00
-10.8 -10.7 -106 -10.5 -10.4 -10.3 -10.2 1.5

Energy from DFT (meV/atom)

-2.100

0.000 2.100

for the number of K points and the plane wave cut-off energies were
performed, leading to the present setting of a plane wave cutoff energy
of 500 eV, and the k-point mesh [28] of 7 x 7 x 3. These settings assure a
total energy convergence of 0.1 meV/atom.

To overcome the computational cost of DFT calculations for
HfC; 4N, ceramics, we created a data-driven model for predicting the O-
adsorption energies. In order to apply machine learning (ML) methods to
efficiently predict energies, we performed a large number of calculations
for O adsorption energies on (001) surfaces of HfC, HfN and HfC; _,N,
ceramics. We accumulated 3538 atomic configurations with oxygen
atoms binding on different high symmetry adsorption sites, as shown in
the top panel of Fig. 1. The features or descriptors for local chemical
properties are extracted via a set of exponential decayed cosine func-
tions and Gaussian smoothened radial distribution functions, and these
features have proved to efficiently capture local covalent bonding
[29-32]. The change of the bond length and bond angle can be described
by a set of exponential decayed cosine functions (two-body descriptors)
and Gaussian smoothened radial distribution functions (three-body de-
scriptors), respectively. Combining these with the structural features
yields a total number of features equal to 848 (see Fig. 1). The mapping
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and model-predicted adsorption energies. The red
points and blue points show the training and
- testing data, respectively. (b) Blue histogram
shows the RMSE distribution of the testing set in
500 models. The illustration shows the RMSE
0.04 distribution of the training set. (c)-(d) DFT
calculation and ML prediction of adsorption en-
ergy landscape on (001) surface of HfC ceramic.
(e)-(f) DFT calculation and ML prediction of
adsorption energy landscape on (001) surface of
HfN ceramic. (For interpretation of the references
to colour in this figure legend, the reader is
referred to the web version of this article.)
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of these features to the O-adsorption energies was achieved by applying
the kernel ridge regression model. Regularization applies a penalty to
large coefficients and therefore results in simpler models that are less
likely to be overfitting. The optimal model with the lowest cross vali-
dation error was further used to predict the adsorption energy values. To
improve reproducibility, all the DFT trajectories and corresponding
machine learning model are uploaded to the GitHub site https://github.
com/YOLOYDM/HfCN.

We start by studying the adsorption of atomic oxygen on the (001)
surface (Fig. 2a) because of its lowest surface energy (Fig. S4), which is
representative. As shown in Fig. 2b, several high-symmetry adsorption
sites such as the top Hf, C and N atoms (hereafter refer to as top-Hf, top-C
and top-N, respectively), the bridge site, the hollow site and the 3-fold
hollow between metals and C atoms (MMC), etc. (It should be noted
that oxygen atoms do not stably adsorb at the MMN position in HfN, but
move to the neighboring hollow position after relaxation (Fig. S5)) have
been explored at first, and the corresponding adsorption energies are
shown in Fig. 2c. We find that the adsorption of oxygen atoms on the
(001) surface of HfC ceramics is a largely exothermic process. The
adsorption energy E,gs of one O atom at top-Hf, top-C, bridge, hollow
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and MMC sites are —0.36 eV, —2.28 eV, —2.46 eV, —1.39 eV and —2.62
eV, respectively. This indicates that the MMC site is the most favorable
site. This is quite different from the case of HfN ceramics. On the (001)
surface of HfN, the oxygen adsorption at the bridge site is an endo-
thermic process (Eags = 2.01 eV) while other oxygen adsorption sites are
relatively stable or metastable with the adsorption energy E,4s ranging
from —0.49 eV to —3.67 eV. This agrees well with previous DFT calcu-
lations [21]. More importantly, the most stable adsorption site is the top-
Hf site, different from that of HfC, and the oxygen adsorption energy on
HfN is much larger for the preferred sites.

We also analyzed the diffusion behavior for both HfC and HfN ce-
ramics. The activation energies for oxygen diffusion within (001) sur-
faces are calculated by the nudged elastic band (NEB) method [33], as
shown in Fig. S1. The corresponding energy barriers are 1.32 eV/atom

Computational Materials Science 220 (2023) 112037

(~15300 K) and 0.44 eV/atom (~5100 K), respectively. The high bar-
rier suggests that the adsorption of atomic oxygen should dominate the
initial oxidation process for HfC and HfN ceramics with work temper-
ature lower than 3000 K. We believe it should be the same true for
HfC;_,N, ceramics. The random substitution of N or C atoms alters the
energy landscape of O-diffusion. Previous studies have pointed out that
the rough energy landscape is one of the dominant factors influencing
sluggish diffusion [34].

Fig. 3 compares the O-adsorption energy from the ML prediction and
DFT calculations. Fig. 3a shows the comparison of the ML model pre-
dicted E,qs and the DFT calculated E,qs for training and testing datasets,
respectively. Herein, the data for training (Nyaining) and testing (Ntesting)
are randomly selected with Niraining = 2830 and Niesting = 708. Diagonal
plots of energies show good fit between ML model and DFT calculation
results. To get a measure of the errors in the model, we did bootstrap
sampling 500 times of the full original data. The low mean values of root
mean square error (RMSE) of the training set and the testing set are 2.3
meV/atom and 1.5 meV/atom, respectively, indicating an acceptable
fitting error of the present ML model (see Fig. 3b). What’s more, we test
the O-adsorption energy landscape on (001) surface of both HfC and
HfN ceramics (see Fig. 3c-f). We also compare the results of DFT
calculated oxygen adsorption energy and ML prediction on the (210)
surface which has the second lowest surface energy in Fig. S6. The good
agreement between ML prediction and DFT calculations proved the
validity of our method on other surfaces. Further, we believe that this
method can also be generalized into other systems. The excellent
agreement between the DFT calculations and ML predictions further
confirms the good transferability of the present ML model to various
local chemical environments.

We next examined, the oxygen-adsorption behavior on HfC;_,N,
ceramic surfaces predicted by the ML to understand how various posi-
tions of the substitutional N atoms affect oxygen adsorption. Fig. 4a
shows a typical O-adsorption energy landscape for the HfCpsNos
ceramic with a 4 x 4 supercell, which includes 32 Hf atoms, 16C atoms
and 16N atoms within the free surface layer. As expected, the preferable
adsorption sites are strongly correlated with their local chemical envi-
ronment. Although the MMC sites are still the most favorable site, the
total number or density of preferable adsorption sites is sharply
decreased. This is quite different from the binary HfC and HfN ceramics,
both of which show O-adsorption sites with spatially uniform distribu-
tion (see Fig. 2c). More striking, some top-Hf sites become stable
adsorption sites with competitive oxygen adsorption energy in the re-
gions of high local N concentration. In other words, the concentrated
solid-solution of N atoms into HfN introduces multiple types of prefer-
able adsorption sites, and the favorable sites can be tailored by the
intrinsic fluctuation of N concentration.

We further investigated the correlation between O-adsorption energy
and local N concentration on HfC; N, ceramic surfaces. We analyzed
the local chemical environments around preferable adsorption sites, i.e.
the MMC and top-Hf, within a given cutoff of 5.5 A (the cutoff for the
prediction of E,gs in our ML model). As shown in Fig. 4b, the adsorption
energy on the top-Hf site, decreased linearly with the increment of its
nearest neighbor (NN) N numbers. Further neighbors show rather weak
influence on the E,45 on top-Hf (see supplementary Fig. S2). In contrast,
the O-adsorption energy of MMC sites shows weak dependence on their
local chemical environments, and the E,45; on MMC sites are in the range
of —2.45 eV to —2.81 eV (Fig. 4c). Thus, the two different dependencies
lead to the switching of stable O-adsorption sites with fluctuation in N
concentration, i.e., the favorable O-adsorption sites change from MMC
to top-Hf as the nearest neighbor N atoms exceed 3. This change can be
explained by their unique electronic structures. The calculated projected
density of states (PDOS) suggests that the O atom binding on top-Hf is
achieved by the hybridization of O (p) and Hf (d) in the range of —1.5 to
—2.5 eV, well below the Fermi level. The hybridization of O (p) and Hf
(d) on the other hand moves to lower energies with increase in nearest
neighbor N atoms (see supplementary Fig. S3).
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We also considered how the second oxygen atom behaves after the
first O-adsorption on HfC;_,N, ceramic surfaces. Fig. 5a and 5b
demonstrate the energy landscape of the second-oxygen atom adsorp-
tion on (00 1) surfaces of HfC and HfN, respectively. For both cases, the
second O-absorption can be strongly influenced only when the site is
within the nearest neighbors of existing O-absorption ones, suggesting a
weak effect of surface coverage for HfC; N, ceramics. In this scenario,
the oxygen-adsorption behavior on HfC; ,N, ceramic surfaces can be
easily estimated by counting preferable single-oxygen-atom adsorption
sites. The partial substitution of N atoms at the C sites leads to a
reduction of stable MMC adsorption sites. However, further increasing
the stoichiometric ratio of N for HfC; 4N, ceramics introduces more
stable top-Hf adsorption sites. Their competition determines the total
preferable adsorption sites. In other words, the adsorption of atomic
oxygen for HfC;_,N, ceramics is a function of their configurational
entropy, i.e., the mixing entropy for an ideal solution [35].

Fig. 5c shows the statistics of stable O-adsorption sites on (001)
surfaces of HfC;_,N,. As we increase the stoichiometric ratio of N, the
number of MMC sites decreases linearly (blue bars in Fig. 5c). In
contrast, the probability of top-Hf sites follows a binomial distribution of

> 323 ( : )x"-(l — x)>™". The possible top-Hf sites with different nearest

neighbor N atoms are shown by the green, purple and yellow bars in
Fig. 5¢. Combining the two types of O-adsorption sites together, we can
obtain the total number of preferable O-adsorption sites (the blue curve
in Fig. 5¢). The corresponding probability distribution function suggest
the best stoichiometric ratio of x = 0.2403 with minimum adsorption
sites on (001) surfaces of HfC; _,N, ceramics. This is further confirmed
by the curve of weighted average adsorption energy in Fig. 5d. It is
important to point out that our prediction is consistent with recent
experimental findings on the anti-oxidation measurement of HfC; N,
ceramics [18].

In summary, we have investigated the atomistic mechanism of the
initial oxidation in HfC;_,N, ceramics by quantum accurate machine
learning model using DFT data. We show that the effect of the chemical

complexity plays a critical role in the initial oxidation resistance, i.e., the
random distribution of N atoms can result in the switching of preferable
O-adsorption sites between MMC and top-Hf, giving rise to the reduction
of stable O-adsorption sites. Such an effect leads to superior anti-
oxidation performance of HfCy 76Np 24, consistent with existing experi-
mental observations. Recently high-entropy or complex concentrated
refractory alloy ceramics have emerged as a relatively new category of
materials. These provide a wider space and stage to test the present
findings experimentally. In addition, the combination of our findings
and preexisting methods, e.g. densifying the oxide films or improving
the quality of samples, may lead to better oxidation resistance.
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