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Abstract: The atomic structural features and the mechanical properties of amorphous silicoboron
carbonitride ceramics with 13 different compositions in the Si-BN—C phase diagram are investigated
employing ab-initio calculations. Both chemical bonds and local structures within the amorphous
network relate to the elemental composition. The distribution of nine types of chemical bonds is
composition-dependent, where the B—C, Si—-N, Si—C, and B-N bonds hold a large proportion for all
compositions. Si prefers to be tetrahedrally coordinated, while B and N prefer sp>-like trigonal
coordination. In the case of C, the tetrahedral coordination is predominant at relatively low C contents,
while the trigonal coordination is found to be the main feature with the increasing C content. Such
local structural characteristics greatly influence the mechanical properties of SIBCN ceramics. Among
the studied amorphous ceramics, SiB,C3;N, and SiB3;C,N; with low Si contents and moderate C and/or
BN contents have high elastic moduli, high tensile/shear strengths, and good debonding capability.
The increment of Si, C, and BN contents on this basis results in the decrease of mechanical properties.
The increasing Si content leads to the increment of Si-contained bonds that reduce the bond strength
of SiBCN ceramics, while the latter two cases are attributed to the raise of sp’-like trigonal
configuration of C and BN. These discoveries are expected to guide the composition-tailored
optimization of SiBCN ceramics.
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1 Introduction

Nitrides and carbides of silicon and boron own high
kinetic and thermodynamic stability as well as
thermomechanical durability originating from their
predominantly covalent bonding constituents. These
non-oxide ceramics have been proven to be the primary
choice for high-temperature applications including
propulsion systems and components in aerospace
vehicles [1,2]. Among them, the quaternary amorphous
SiBCN ceramics with low density, high hardness, good
wear resistance, high-temperature stability up to 2000 C,
and oxidation resistance up to 1600 ‘C emerge ahead
of the classical non-oxide ceramics, namely Si;N4 and
SiC [3-5]. The former is under the risk of decomposition
at about 1400 C in vacuum and 1775 C in 0.1 MPa
nitrogen, while the latter faces the high ablation rate
due to the serious active oxidation at temperatures
beyond 1500 ‘C [6]. Thus, continuous interest has led
to active and intensive efforts on engineering their
physical and chemical properties [7,8].

The quaternary SiBCN system provides composition
variety, which enables their property optimization in
various directions. For example, increasing the N
content in SiBCN ceramics results in an increase of the
electrical resistivity and the optical gap [9]. The
excellent electromagnetic wave absorption capability
can be obtained by adjusting the B content of SIBCN
ceramics [10]. The incorporation of early transition
metals into SiBCN ceramics leads to the enhancement
of segregation tendency [11]. Until now, as the
complicated nonequilibrium high-temperature reactions
during synthesizing processes lead to multiphase
compositions and microstructures [12-14], the
characterization of intrinsic structures and properties of
amorphous SiBCN materials is still challenging. It can
only be achieved on the basis of fundamental studies
related to the amorphous network structure of SiBCN.
More detailed researches are required for the reliable
prediction and understanding of the composition-
dependent performance of these amorphous materials.
However, this dependence is still not well understood
from an experimental point of view, partly due to a
lack of methodologies and facilities. Meanwhile, the
high cost and time consumption make it an impossible
mission to develop the design guidelines for the
quaternary composition designing guidelines from
independent experiments.

From a theoretical point of view, the most concerned

issue of SIBCN materials is to deduce the regularity of
the composition-dependent structure characteristics
and the concomitantly influenced properties. The
ab-initio calculations that provide reliable atomic scale
information in an efficient manner have been
demonstrated to be a powerful tool to investigate
amorphous materials, including amorphous carbon
[15], amorphous silicon [16], metallic glass [17], and
amorphous ternary and quaternary ceramics in the
Si-B-C-N system [18-20]. For the concerned
amorphous SiBCN ceramics, efforts have been made
to study the effect of the constituting elements (like
boron [21] or nitrogen [9,22]) and/or the ratio variation
of elements (like C/Si ratio [23] and B/(Si+B+C) ratio
[24]) on their structure and physical properties.
Although these works have provided some information,
there is still a lack in concluding the underlying
relationships among elemental compositions, bonding
types, and properties. This lack of understanding is due
to the limited knowledge on how the type of chemical
bonds and the individual atomic coordination are
influenced by the variation of the SIBCN composition.
A sequence of amorphous SiBCN ceramics with
different compositions are modeled and studied in this
work. In experiments, graphite, silicon, and boron
nitride are generally used as the raw materials to
fabricate SiBCN ceramics [4]. Correspondingly, a
pseudo-ternary phase diagram with these three compounds
as the corners is constructed. In this diagram, 13
compositions are selected by tuning their quaternary
elemental compositions, which is implemented to
avoid unrealistically atomic overlaps. Details of these
SiBCN ceramics are shown in Fig. 1 and Table 1. The

C 0.25 0.50 0.75
O si Us @c @~
Fig. 1 Pseudo-ternary composition diagram for SiBCN
ceramics.
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Table 1 Atomic compositions, atomic numbers in supercells, calculated densities, and average atomic displacements
during liquid mixing (Stage 1) and quenching (Stage 2) procedures for the studied compounds

Atomic number Calculated

Atomic composition Average atomic displacement (A)

Composition density (g/em’) s

in supercell B C N Stage 1 Stage 2
1 SiBCN 252 2.65 1/4 1/4 1/4 1/4 7.5£3.3 7.243.0
2 SiB,CN, 252 2.56 1/6 1/3 1/6 1/3 8.0+3.4 6.9+3.1
3 Si,BCN 270 2.63 2/5 1/5 1/5 1/5 9.1+4.4 8.4+3.6
4 SiBC,N 270 2.63 1/5 1/5 2/5 1/5 8.4+3.8 7.443.8
5 SiB4CN,4 270 2.55 1/10 2/5 1/10 2/5 8.1£3.6 7.0+£3.6
6 Si,BCN 252 2.67 4/7 1/7 1/7 1/7 9.0+4.1 8.3£3.6
7 SiBC,;N 252 2.57 1/7 1/7 4/7 1/7 7.8+£3.6 7.0£3.1
8 Si,BC;N 252 2.63 2/7 177 3/7 1/7 8.5+3.7 7.8£3.3
9 SiB,C;N, 288 2.63 1/8 1/4 3/8 1/4 7.6£3.2 7.0+£3.2
10 SiB;C,N; 270 2.53 1/9 1/3 2/9 1/3 8.3+£3.7 7.343.5
11 Si,B;CN; 270 2.57 2/9 1/3 1/9 1/3 8.8+4.2 7.543.5
12 Si;B,CN, 288 2.61 3/8 1/4 1/8 1/4 9.243.8 8.5£3.5
13 Si;BC,N 252 2.66 3/7 177 2/7 1/7 8.7+£3.5 8.1+£3.7

composition-dependent structural characteristics and
bonding preferences, together with their correlation to
thermodynamics and mechanical properties, are clarified.
This work explores the complex relationships among
compositions, the structural features, and the mechanical
properties, being expected to inspire the innovation
and advance in the study of SIBCN materials.

2 Methodology

2.1 Calculation details

The structure and energy calculations are implemented
using the Vienna Ab-initio Simulation Package (VASP)
based on density functional theory (DFT) [25]. The
projector-augmented wave (PAW) [26] and generalized-
gradient approximation (GGA-PBEsol) functional
[27] is employed as the exchange correlation functional.
The cut-off energy for the plane-wave basis is set to
400 eV. The Brillouin zone of amorphous structures is
sampled by a single k-point at gamma [28], and that of
crystalline models is chosen with appropriate meshes
of ~0.07 A™". The convergence criterion for structure
optimization is the force on each atom less than
1x 1072 eV/atom, and that for electronic minimization
is 1x10° eV/atom. Throughout the creation and
optimization of amorphous structures, the ab-initio
molecular dynamics (AIMD) simulations under the
canonical ensemble are employed. The time step is set
to 2 fs for integrating the equations of motion and
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controlling temperature via rescaling the velocity every
time step.

2.2 Modeling of amorphous SiBCN structures

To balance the number of containing atoms and the
computational costs, we generate three independent
supercell sizes for the studied 13 compositions in
accordance with their stoichiometric ratios. As listed in
Table 1, there are 288 atoms contained in the supercells
of compositions labeled 9 and 12, while there are
270 atoms for the compositions labeled 3, 4, 5, 10, and
11 and 252 atoms for the others. Their initial structures
are generated by randomly distributing Si, B, C, and N
atoms in the simulation boxes, in which the periodic
boundary conditions are imposed on the systems.
Meanwhile, their initial density is set to 2.52 g/em’
referring to the experimental bulk SiBCN materials
[29]. The amorphous structures of SiBCNs are created
via the melt-quench algorithm, followed with the
relaxation processes at a constant temperature. It is
performed in three stages: (1) liquid mixing—The
as-constructed simulation boxes are melted at 5000 K
for 20 ps to break the initial configurations. The melt
temperature of 5000 K ensures the formation of liquid
phase for all compositions in the efficient manner [30].
(2) Quenching—The liquid structures are then cooled
to 300 K in 20 ps. This quenching time is longer than
the values in Refs. [11,31]. Reference [20] also shows
that it is long enough since the energy change becomes
ignorable with further increasing the quenching time.
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(3) Atomic position and volume relaxation—The
geometry optimization starts after the quenching
procedure, and then runs for 6 ps. The final box
volumes are obtained by fitting the calculated energies
from 10 and/or more different volumes to the
Birch—Murnaghan equation of state. The structures
with final determined volumes are then optimized for
another 6 ps at 300 K to fully relax the atoms. The
validity of the algorithm settings and the reliability of
the as-constructed amorphous structure have been
discussed and established in Ref. [20]. For the energy
and the atomic position analysis, the data are averaged
over the final 500 snapshots taken from the dynamic
simulations in corresponding sections.

2.3 Mechanical property calculations

The second-order elastic constants together with the
bulk (B), shear (G), and Young’s moduli (F) are
important parameters, revealing the structural response
of a material to the external stress. For amorphous
structures, there are only two independent elastic
constants (c;; and cjp) as a result of their isotropic
characteristics [32]. They can be calculated based on
the stress—strain relationships through making a series
of distorted structures with constrained geometry
optimizations [33]. Here, three strain patterns and six
deformation amplitudes up to 0.01 for each strain
pattern are applied. For each studied composition, the
determination of stress follows the approach by
averaging the stresses of the 100 snapshots from the
stimulation process. Then, c¢;; and ¢y, are calculated
though averaging the three corresponding parameters
along different orientations (c;), which aims to
minimize the anisotropic influence originating from
the adopted limited size supercell.

‘= (1

Cp + C3 + O3
612 = f (2)

And c44 is evaluated by Eq. (3):
1~ G2
3
5 3)

The bulk and shear moduli are estimated within the
Voigt—Reuss—Hill approximation [34-36]. The Voigt
and Reuss approximations define their upper and lower

Caq4 =

bounds. In the Voigt approximation, the bulk ( By, ) and
shear ( Gy ) moduli are

987

BV _ (S3] + 2612 (4)
3

Gy = an —c125 + 3¢y 5)

In the Reuss approximation, the bulk (B ) and
shear ( Gy ) moduli are

1
a 381, + 651,

5
4(s11 = $12) +3844

(6)
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Gr

where s;; is the compliance tensor and is calculated as
the inverse of the stiffness matrix (S = Cfl). Hill [36]
suggests the average of Voigt and Reuss values as a
satisfactory approximation to the experimental moduli.
Accordingly, the B, G, and E are obtained by
Egs. (8)—(10):

By + B
B= —V; R )
Gy + G
G= % )
E= ;gBGG (10)
+

It is reported that the elastic properties show a
strong correlation with the composition of ceramics,
but are relatively insensitive to their configurations
[37]. Meanwhile, the influence of different initial
atomic distributions on the bulk moduli has been tested
by five samples of Si;BC;N. The deviation is small
and does not influence the conclusions obtained in this
work. To save the computational costs, one sample is
finally adopted for the mechanical property calculations.
The Vickers hardness (HV) of SiBCN materials is
estimated using the empirical relation as [38]:

HV = 2(k*G)*% -3 (11)
where £ is the Pugh’s ratio defined as £ = G/B.

3 Results and discussion

3.1 Models of SiBCN ceramics

The studied 13 different compositions locate in the
Si-BN-C quasi-ternary slice of the quaternary
Si-B—C-N diagram, as illustrated in Fig. 1. The total
atomic number (7) and the ratio of the four elements in
these materials are provided in Table 1. The models of
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four representative compositions are exhibited in Fig. 1.
Schematic views for other compositions are available
in Fig. S1 in the Electronic Supplementary Material
(ESM). The density values after the volume
optimization procedure are slightly higher than those
after the initial set, ranging from 2.53 to 2.67 g/cm’.
The randomization of the as-constructed 13 amorphous
structures is supported by two facts. The one is the
long atomic displacements during the melt-quench
procedure. The average atomic displacements exceed
7.5 A during the liquid mixing procedure and are over
6.9 A during the quenching procedure, as summarized
in Table 1. Namely, the structures have been rebuilt
after the melt-quench procedure under the aforementioned
calculation methodology. The other is the disorder
atomic distribution, which is recognized from their
radial distribution functions (RDFs), or g(r). As shown
in Fig. 2, the shapes of g(r) showing the typical
liquid-like features indicate the expected loss of
long-range order, uncovering the amorphous feature of
the as-constructed structures.

The RDF and partial distribution function (PDF)
analyses are effective methods on presenting the
characteristics of the modeled systems. The g(r) is
defined as

n_ dn(r)
4ty dr

where V is the volume of the box, dn(r) is the
number of atoms at a distance between » and r + dr.
The g(r) gives the probability of finding an atom in a
shell of thickness (dr) at a distance (7) from a reference
point. As shown in Fig. 2, the RDFs of all the studied
SiBCN ceramics have the first peak located between
1.5 and 223 A. The first minimum of the RDF
(FMRDF) is determined to be 2.23 A. The first peak of
some particular compositions consists of a relatively

g(r) = (12)

sharp main peak with a shoulder, such as SiB,CN,,
SiBC4N, and Si,B3;CN;. However, for the other
compositions including SiBC,N, SisBCN, Si;BC3N,
Si;BC;N, and Si;B,CN,, a splitting of the first peaks
occurs. Such difference is attributed to the local unit
variation, as discussed in Section 3.2.

The bonding analysis is based on the PDFs of
atomic pairs (Fig. S2 in the ESM), together with
considering the FMRDF and the bonds in typical crystal
materials. The PDF of two chemical species (ga4(r)) is
calculated by Eq. (13):
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Fig. 2 Radial distribution functions of the studied
amorphous SiBCN ceramics.

gop(r) = e Yap ) (13)

AV dr
where ¢, represents the concentration of o atomic
species. The functions g,4(r) refers to the probability
of finding an atom of type f at a distance r from the
reference o atom. The bond length cut-off (BLC) for
each atomic pair is determined from the first minimum
of corresponding PDFs. It should be noticed that the
first peak may overlap with the second peak for several
atom pairs (Si—Si, B-B, and Si-B), and thus their
BLCs are determined only from the compositions
without such overlapping. Seven types of chemical
bonds can be identified since their BLCs (Table 2) are
less than the FMRDF, including the Si—C bond, Si-N
bond, B-C bond, B-N bond, C-C bond, C-N bond,
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Table 2 Average bond lengths in amorphous SiBCN ceramics, cut off distances for each type of chemical bond, and the

corresponding bond lengths in typical crystal materials (Unit: A)
Bond type
Composition
Si-Si Si-B Si-C Si-N B-C B-N c-C C-N B-B
1 SiBCN 2.39 2.10 1.90 1.79 1.59 1.49 1.48 1.44 1.69
2 SiB,CN, 241 2.08 1.90 1.77 1.59 1.48 1.50 1.46 1.69
3 Si,BCN 2.38 2.11 1.91 1.79 1.58 1.47 1.53 1.45 1.76
4 SiBC,N 2.36 2.05 1.91 1.79 1.61 1.48 1.47 1.41 1.79
5 SiB,CN, — 2.12 1.91 1.79 1.61 1.49 1.54 1.42 1.89
6 Si,BCN 2.39 2.05 1.90 1.79 1.59 1.48 1.51 — 1.72
7 SiBCs;N 2.33 2.08 1.92 1.77 1.60 1.50 1.48 1.43 —
8 Si,BCsN 2.34 2.04 1.91 1.79 1.59 1.51 1.47 1.44 —
9 SiB,C;N, 2.38 2.08 1.92 1.78 1.62 1.48 1.47 1.40 1.78
10 SiB;C,N; 2.29 2.10 1.89 1.78 1.61 1.49 1.46 1.45 1.75
11 Si,B;CN; 243 2.10 1.90 1.78 1.60 1.49 1.52 1.46 1.74
12 Si;B,CN, 2.39 2.06 1.91 1.80 1.59 1.47 1.52 — 1.82
13 Si;BC,N 2.40 2.10 1.91 1.80 1.60 1.47 1.47 1.36 1.79
Cut-off distance 2.59 2.33 2.17 2.09 2.0 1.90 1.86 1.76 2.09
Corresponding bond 235 2.06" 190°  1.73;1.74°  1.66° 144 155;1.46°  133;1.46" 1.67-1.80'

length in crystal

Note: “in Si crystal, Ref. [42]; *in SiBg, Ref. [43]; “in B-SiC, Ref. [44]; din B-Si3Ny, Ref. [45]; ¢in B4C, Ref. [46];/in hexagonal-BN (h-BN), Ref. [47];
£1.55 in diamond and 1.46 in graphite, Ref. [48]; "in C5N,, Ref. [49]; and ‘in B crystal, Ref. [50].

and B-B bond. For the Si-B pair, its BLCs are a little
larger than the FMRDF, while its first peak mainly
locates below the FMRDEF. Only the atomic pairs with
the » being less than FMRDF can form bonds.
Meanwhile, the average bond lengths of the above
eight bonds are similar to the corresponding bond
lengths in crystal materials (Table 2). In the case of
Si-Si pair, its BLC is 2.59 A. Although this value is
larger than the FMRDF (Table 2), it is comparable to
the BLC (2.58 A) of Si-Si bonds in amorphous Si [39].
Meanwhile, the calculated average Si—Si bond lengths
based on this BLC are close to the Si—Si bond length in
crystal Si (2.35 A) and also close to that in amorphous
Si (2.36 A). Therefore, the Si—Si bond should form in
the studied ceramics. However, the case of N-N pair is
different. Its BLC (3.15 A) is larger than both the
FMRDF and the N-N bond (1.18 A) in N, [40],
indicating that the N-N bond does not form. Nine
types of bonds are identified finally, which are also
experimentally found at different stages of the
structural evolution and/or in different preparation
processes of SIBCN materials [3,4,7,41]. Six bonding
types (Si—C, Si-N, Si-B, B-C, B-N, and C—C bonds)
are shared in common for all compositions, while the
C-N bond, Si—Si bond, and B-B bond are absent in
several particular compositions, as listed in Table 2.

3.2 Chemical bonds and local structures of SiBCN
ceramics

It is of fundamental importance to illustrate the
bonding changes that reflect the systematic evolution
of structural characteristics and properties [32,51,52].
Figure 3 illustrates the bond statistics of the
as-constructed amorphous structures, in which the
percentage value beyond 3% are labeled. The identified
nine types of chemical bonds form the SiBCN systems
with different proportions, and the variation of bond
percentage tends to be composition-dependent.
Meanwhile, four bond types hold the large proportion
for all compositions (B-C, Si-N, Si-C, and B-N
bonds). For the compounds occupying the center area
of the quasi-ternary diagram (including SiBCN, SiB,CN,,
Si,BCN, and SiBC;N), the aforementioned four types of
bonds are statistically in relative equilibrium. When the
composition moves towards the outer area of the ternary
diagram, the content fluctuation of the constituting
elements leads to the growth of preferred chemical
bond ratios. The SiB4CNy4, SisBCN, and SiBC4N
are representative compositions for the BN-rich
portion, the Si-rich portion, and the C-rich portion
within the Si—-BN-C ternary diagram, respectively.
For the BN-rich SiB4CN,, the proportion of B-N bond
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1 SiBCN B.9%C8 23.8% 20.1% 15.6% 23.8% 6.6% Si—Si
3.9%

2 SiB,CN, [3.8%111.3% 21.5% 37.6% Si-B
7 Si—C

3 Si,BCN 19.5% 5.1% 22 6% 20.1% 12.5% 142% 3.9% ;

" Si—N

4 SiBC,N 23.3% 17.7% 19.9% 14.7% 17.3%,  3.5% B-C

5 SiB,CN, P25 11159% 12.2% 55.8% 3.1% B-N

6 Si,BCN 33.0% 13.4% 20.7% 19.0%  6.0% 5.4% C-C

7 SIBCyN 19.0% 9.6% 16.0% 10.6% 37.1% 5.6% C-N
2 B-B

8 Si,BC;N  |7.0% 29.2% 16.7%  5.7% 18.8%

9 SiB,C;N, 12.3% . 12.3% 19.3% 25.1% 19.5% 7.2%

10 SiB;CyN;| 1 9.0%  152% 18.3% 42.7% 7.9% 4.6%)

11 Si,B,CN;[4.7%9.0% | 103% 22 5% 9.9% 37.9% 3.2%

12 Si;B,CN, | 15.4% 11.5% 15.4% 24.1% 10.7% 20.0%

13 Si,BC,N 18.6% 6.8% 31.0% 16.8% 10.7% 7.0% 7.6%

3
3 G 1 1 1 1

Bond percentage

Fig.3 Bond distribution statistics for SiIBCN ceramics.

raises to 55.8%, which is 32.0% higher than that in
SiBCN and 18.2% higher than that in SiB,CNj,
manifesting that the boron and nitrogen atoms have the
natural tendency to form the B-N bond. Similarly, the
increased Si content brings the increment of
Si-contained bonds from 51.7% in SiBCN to 67.3% in
Si,BCN and 86.1% in Si4BCN, accompanying with the
reduced tendency of the residual three elements
forming bonds with each other. For the C-rich
compound SiBCyN, the C—C bond dominates with the
highest bond proportion of 37.1%, while the Si—C
bond and the B—C bond amount to 19.0% and 16.0%,
respectively. If compared with that of SiBCN, the
increased carbon content of SiBC4N results in the
increment percentage of C—C bond from 6.6% to
37.1%, while it descends the proportion of Si—Si/B-B
bond at the same time. It is reported that Si-contained
bonds are weaker than those formed among B, C, and
N, and thus the increment of its percentage may
decrease the stiffness of SIBCN ceramics [20]. In the
case of bonds among B, C, and N, although they are
relatively strong, their contents are closely related to
the percentage of easily distorted sp’-like trigonal
configurations. Therefore, the balance among the weak
sp>-like trigonal
configurations (i.e., bonds among B—C-N) through
tailoring composition is expected an effective way of
mechanical property optimization, as presented in
Section 3.4.

Si-contained bonds and soft
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The charge transfer of the constituent elements () in
SiBCN ceramics is associated with the electronegativity
and to some extent reflects the nature of the chemical
bond. Bader charge analysis is an intuitive way to
qualify the charge transitions and determine the
efficient valence electrons by introducing the zero-flux
surface, on which the charge density is identified as the
minimum perpendicular to the surface [53]. The
statistical analysis results of Bader charges are
illustrated into ternary contour mappings, as shown in
Fig. 4. For all studied SiBCN ceramics, the Si and B
atoms tend to be positively charged, while the C and N
atoms are negatively charged. The average charges for
Si and B atoms distribute in the range of +1.35¢—+2.61e
and +0.30e—+1.96e, respectively, whereas the distribution
region is from —2.29¢ to —0.56¢ for C atoms and from
—2.20e to —1.89¢ for N atoms. Namely, the Si atoms
and B atoms tend to act as the electron donators, while
the C atoms and N atoms prefer to be the electron
receivers. The Bader charges for the concerned atoms
are correlated with the type and concentration variation
of chemical bonds in SiBCN systems, and thus display
universal composition-dependent preferences in relatively
wide ranges.

The structural stability and mechanical properties of
materials are correlated with their local structural units.
The combination of complex chemical bonds produces
two types of polyhedral configurations in SiIBCN ceramics,
i.e., the sp’-type tetrahedral configuration and the sp’-like
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() Bader chargcg: _% (e) (b) Bader chargcﬁu(e)
240 2.40
210 2,10
1.80 1.80
.50 150
1.20 1.20
0.90 0.90
0.60 0.60
030 0.30
Bader charge C (e) Bader charge N (e)
-030 -0.30
-0.55 -0.55
-0.80 -0.80
-1.05 -1.05
-130 -1.30
-155 -1.55
-180 -1.80
-2.05 -2.05
230 230
C 0.25 0.50 0.75 Si C 0.25 0..50 u..75 Si
Fig. 4 Ternary contour mappings of Bader charge statistics for individual elements in amorphous SiBCN ceramics.
trigonal configuration [20]. The contribution of the percentage of C-centered trigonal coordination

componential element to the polyhedral configuration
changes with the undulation of stoichiometry. In
summary, the percentage of tetrahedral configuration
in the amorphous structure decreases from the
maximum value of 68.3% for SisBCN located at the
Si-rich corner to around 40% at the Si-poor edge
(SiB4CN4, SIBC4N, SiB2C3N2, and SIB3C2N3) The
sp>-like trigonal configuration fluctuates in perfect
opposition. In Fig. 5, the components of the above two
polyhedron types are separately illustrated according to
the central element. It is obvious that the silicon tends
to form tetrahedral configuration in all compositions,
and the ratio of Si-centered tetrahedra increases with
the Si concentration. However, the boron and nitrogen
scarcely form tetrahedra, and their proportions of the
tetrahedral configuration vary within a small range
regardless of the change of composition. A positive
correlation is also observed between the B-/N-centered
trigonal coordination polyhedra and BN content. The
polyhedron formation preference shows flexibility in
the case of carbon. The enhancement of carbon content
induces the obvious increment of sp*-like C-centered
trigonal coordination polyhedra. Correspondingly, the

polyhedra is higher than that of C-centered tetrahedra
under C-rich conditions, while they are comparable in
the residual composition area. Being differently, the
formation of C-centered tetrahedra configuration
competes with that of Si at the BN-rich corner, while
the preferred C-centered trigonal configuration is
negatively influenced by the B-/N-centered trigonal
coordination polyhedra at the Si-rich corner. Such
phenomenon is reasonable as these two units are the
predominant structures in classical carbon phases of
graphite and diamond.

The increment of the tetrahedral coordination
proportion also leads to the evolution of the first peaks
in RDFs, as revealed in Section 3.1. As the proportion
of tetrahedral configuration in the amorphous structure
rises from 35.2% in SiB3C,N3 to 68.3% in Si4BCN, the
shoulder peak that represents the number of bonds in
tetrahedral coordination grows up and finally becomes
the sub-peak. Moreover, the wideness of second peaks
is observed in all compositions, uncovering the large
distortion of the polyhedron networks. This phenomenon
originates from two facts. The first one is related to
heterogeneous local units, i.e., the spz—like trigonal and
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Fig. 5 Ternary contour mappings of composition-dependent (a, c, e) tetrahedral and (b, d, f) trigonal configuration statistics for

individual elements in amorphous SiBCN ceramics.

the tetrahedral units as mentioned above. The second is
the nesting of existing polyhedra in amorphous SiBCN
ceramics [54]. These uncovered local units of all
elements together with their concentration variation
enrich the SiBCN ceramic family in a wide composition
range. As the sp’-like trigonal configuration is
associated with turbostratic carbon and BN stacks in
SiBCN ceramics at high temperatures, these local
structure results may shed light on understanding the
high-temperature stability of SiBCN ceramics with
different atomic ratios. Furthermore, it also partially
contributes to the understanding of the mechanical
properties, as discussed in Section 3.4.
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3.3 Thermodynamics of SiBCN ceramics

The cohesive energy ( E, ) that expresses the potential
wall of the chemical bonding is often adopted to
predict the thermodynamic stability of materials. Here,
it is calculated by Eq. (14) [55,56]:

E. = E, —ng; fi; — N g — N he — N\ My (14)
where E is the total energy of each SIBCN compound,
4 1s the atomic chemical potential of i, and n; is the
number of atom 7 in the compound. The y; is obtained
by calculating the energy of one atom in the center of
box with the size of 10 A x 10 A x 10 A. The negative
calculated cohesive energy values, as summarized in
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Table 3, reveal that the formation of chemical bonds in
the related amorphous SiBCN ceramics is
thermodynamically driven. Meanwhile, their absolute
values are associated with the global bond strengths of
these compounds, and will also play an important role on
their mechanical properties.

The formation energy is a reference to identify
whether a reaction occurs easily or with difficulty.
Based on the elemental molar ratios of the considered
SiBCN compositions, the formation energy is
evaluated along two different reaction pathways. In the
first path, Si, graphite, and BN are considered to

provide silicon, carbon, and B/N elements, respectively.

Meanwhile, SiC and BN, as commercially available
binary ceramics, are adopted in the second route,
together with Si (for Si;BCN, SiyBCN, Si;B;CNj,
Si;BC)N, and Si3B,CN;) or graphite (for SiBC)N,
SIBC4N, SizBC3N, SiB2C3N2, and SI3B2CN2) in certain
compounds for satisfying their elemental molar ratios.
For SiC, Si, BN, and graphite, the atomic position and
volume are optimized using the same procedure, as
described in the third stage of the amorphous structure
construction procedure by the AIMD simulations.
Then, the AH; is calculated by Eq. (15):

AH =E,—Y mFE, (15)
i=1

where E; and m; are the energy and fraction of the
reactants, respectively. The calculated formation energies,

Table 3 Calculated cohesive energy and reaction
path that dependent formation energies (AHy). The
reactants include Si, SiC, graphite (C), and BN

together with the adopted reactants and compositions,
are collected and compared in Table 3. The highest
formation energy appears for SiBC4N (at the C-rich
corner in the ternary diagram), while the lowest value
occurs for SiyBCN (at the Si-rich corner in the ternary
diagram). Moreover, it is revealed that the
incorporation of SiC would significantly increase the
formation enthalpies of SiBCN ceramics. In other
words, the formation energies on taking Si, graphite,
and BN as the source of constituents are the proper
choice from the energetic point of view, which is
validated by the fact that these three compounds are
commonly used for the fabrication of SiBCN
amorphous ceramics based on mechanical alloying
processing routes [57,58].

3.4 Mechanical properties of SiBCN ceramics

The second-order elastic constants, together with the
bulk, shear, and Young’s moduli, are determined by
the bonding strength near the equilibrium volume,
representing the response of chemical bonds to the
externally applied load within the elastic deformation
limit. Table 4 summarizes the calculated second-order
elastic constants for all focused amorphous SiBCN
ceramics. It is seen that they tend to possess large
tensile deformation-related c¢;; but the small shear
distortion-related c;, and c44. The value of the former
(c11) is in the range from 174 to 277 GPa, while those
for the latter two parameters (¢, and c44) are in the
range of 60—103 and 56—89 GPa, respectively.

E, Reaction path Table 4 Summary for the calculated second-order
Composition (eV/ AH, AH, elastic constants (Unit: GPa)
atom) Reactant (eV/ Reactant (eV/ —

atom) atom) Composition [ C, Cyy
1 SiBCN  -7.69 Si+C+BN  0.49 SiC+BN 0.59 1 SiBCN 245 98 74
2 SiB,CN, -7.80 Si+C+2BN 0.51 SiC+2BN 0.58 2 SiB,CN, 230 73 78
3 Si,BCN  —7.09 2Si+C+BN 0.47  SiC+BN+Si 0.55 3 Si,BCN 180 68 56
4 SiBCN  -7.77 Sit2C+BN 059  SiC+BN+C 0.67 4 SiBC,N 222 60 81
5 SiBsCN; -7.77 Si+C+4BN  0.54 SiC+4BN 0.59 5 SiB4CN, 221 65 78
6 SiBCN —-6.38 4Si+C+BN 0.41 SiC+BN+3Si 0.47 6 Si,BCN 181 68 56
7  SiBC,N -7.82 Si+4C+BN 0.66 SiC+BN+3C 0.72 7 SiBCsN 238 86 76
8 Si,BC;N 738 2Si+3C+BN  0.54  2SiC+BN+C 0.66 8 Si,BC;N [20] 245 88 78
9 SiB,C;N, —7.78 Si+3C+2BN 0.63 SiC+2BN+2C  0.68 9 SiB,C3N, 271 99 89
10 SiB;C,N; —7.81 Si+2C+3BN 0.55  SiC+3BN+C 0.60 10 SiB;C,N; 260 103 78
11 Si,B;CN; -7.41 2Si+C+3BN  0.51  SiC+3BN+Si 0.56 11 S1,B3CN; 217 79 69
12 SizBoCN, —6.94 3Si+C+2BN  0.49 SiC+2BN+2Si  0.54 12 Si;B,CN, 174 63 56
13 Si;BC,N —6.85 3Si+2C+BN  0.51  2SiC+BN+Si 0.63 13 Si;BCN 198 64 67
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The predicted mechanical properties of different
SiBCN ceramics including the bulk, shear, Young’s
moduli, and HV are summarized in Table 5. It is
obvious that the mechanical properties strongly
correlate with the composition. The bulk moduli are in
the range between 100 and 158 GPa, the shear moduli
between 56 and 89 GPa, and the Young’s moduli
between 141 and 225 GPa. Experimentally, the
reported mechanical properties of SiBCN materials
distribute in a wide range for two reasons [57-59].
Firstly, no matter the SiBCN ceramics are fabricated
by the polymer precursor-derived ceramic processing
and/or the mechanical alloying inorganic processing
routes, the precise stoichiometric ratio of SiBCN
samples is very difficult to be precisely measured.
Secondly, fully dense single-phase SiBCN samples are
hardly to be obtained by conventional sintering routes
as a result of the strong covalent bonds with low
diffusion coefficients of the constituting elements even
at high temperatures. Therefore, the range of
mechanical properties is adopted for comparison here.
The experimental Young’s moduli of SIBCN materials
range between 91 and 291 GPa [57-59], which are
consistent with our calculated ones ranging from 141
to 225 GPa. Similar situation emerges when it turns to
the calculated HV, ranging from 7 to 14 GPa, being
comparable to the experimental values varying from
1.6 to 15.0 GPa [23,60]. Accordingly, our computed
results and the experimental reference data from recent
literatures are in good agreement.

Table 5 Summary for the calculated mechanical
properties, including bulk modulus (B), shear modulus
(G), Young’s modulus (E), Pugh’s ratio (k), and
Vickers Hardness (HV)

Composition B (GPa) G (GPa) E (GPa) k HV (GPa)
1 SiBCN 147 74 190 0.50 8
2 SiB,CN, 125 78 195 0.63 12
3 SiBCN 105 56 143 0.54 7
4  SiBC,N 114 81 196 0.71 14
5 SiBsCNy 117 78 191 0.67 13
6 Si;BCN 106 56 144 0.53 7
7  SiBCJN 137 76 192 0.55 10
8 Si,bBC;N[20] 140 78 197 0.56 10
9  SiB,GN, 158 89 225 0.56 11
10 SiB;CyN; 155 78 201 0.50 9
11 Si,BsCN; 125 69 175 0.55 9
12 SisB.CN, 100 56 141 0.56 8
13 Si;BGN 109 67 167 0.62 10
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As shown in Fig. 6, the mechanical properties of
SiBCN ceramics possess a general compositional
correlation. The high moduli within the studied
compositions locate in the region with low Si contents
together with fairly moderate C and/or BN contents
(like SiB,C;3;N,; and SiB3;C,Nj; at the center of the
C-BN edge). Meanwhile, the moduli decrease with the
increasing Si, C, and BN contents. Si-rich
compositions (like Si;BCN and Si;B,CN,) have low
moduli within the studied series of compositions, while
the C-rich (like SiBC4N) and BN-rich (like SiB4CNy)
compositions tend to have moderate values. Such
variations of mechanical properties should originate
not only from the composition-dependent type of

B(GPa)

.1“

(a) BN

139

C 025 050 0.75 Si

|
- 85

C 0.25 .50 0.75 Si

Fig. 6 Ternary contour mappings for calculated (a) bulk
moduli, (b) shear moduli, and (c) Young’s moduli of
as-constructed amorphous structures.
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chemical bonds, but also from the evolution of local
polyhedral units [61-63]. An increasing amount of Si
will result in the increment of Si-contained chemical
bonds, which are longer than the chemical bonds
formed among B, C, and N. The well participation of
Si-contained bonds elongates the average bond length
and reduces the bond strength of SiBCN ceramics,
which contributes to the decrement of the mechanical
properties. Moreover, such composition change will
also increase the percentage of Si-centered tetrahedra
as well as the proposition of the total tetrahedral
configuration. Since Si-contained bond lengths are
obviously different from those among B, C, and N, the
increment of Si-contained bonds would increase the
bond length deviations in tetrahedral configurations
[20]. These tetrahedra with high Si-contained bond
percentages have high deformation freedom, leading to
their relatively weak effect on mechanical properties.
These two combined phenomena account for the
minimum moduli observed at Si-rich area. In the cases
of high C- and/or BN-rich compositions, the effect of
C-centered and B-/N-centered sp’-like trigonal
configuration becomes important, while the chemical
bond strength may change less as a result of the similar
bond lengths among B, C, and N. So, the decrement of
moduli along C and/or BN content increasing
directions is moderate.

The stress—strain relation reflects the universal
feature of the mechanical properties of amorphous
solids [64]. Since the strength isotropy of the
amorphous SiBCN material has been clarified in Ref.
[20], tensile/shear strengths along three equivalent
directions are averaged for all of the studied
compounds in this work. For both tensile/shear
strength curves (Fig. S3 in the ESM), in the low strain
region, the stress increases with the increment of strain
and reaches the first peak when plastic deformation
emerges. Then, the tensile strength curves decrease
after the peak value, indicating elastic instability. In
the case of the shear strength curves, the stresses
fluctuate around the average value, in which the
ongoing failure and re-formation of the chemical bonds
occur [65]. Such plateau characteristic is ubiquitous for
various amorphous solids, which are attributed to the
variability of configurations [66,67]. In this region, the
load bearing on the atomic scale occurs, and the
response of weak bonds dominates the deformation
[68].

The tensile/shear strengths of the studied compositions

are taken as the first peak in the stress—strain curves,
and the corresponding average strength values of three
directions are collected in Table 6. The tensile strength
of the studied materials varies from 13.1+0.5 GPa
(Si4BCN) to 23.1+£0.5 GPa (SiB,C5N,), and the shear
strength varies from 3.8+0.2 GPa (Si4;BCN) to 8.1£0.2
GPa (SiB,C3Ny). It is noticed that the increase of the Si
content leads to a decrease in both tensile and shear
strengths, which is in good agreement with the
tendency of the composition-dependent moduli. The
high percentage of Si, resulting in the formation of
weak Si—Si bond and high contents of Si-centered
tetrahedra, which obstructs the configuration evolution
throughout the strain application, leads to low fracture
resistance. The increased contents of C and BN enrich
the configuration variety by introducing sp*like trigonal
bonded C, N, and B and increase the percentage of
strong bonds. The low tensile and shear strength values
of SiBCN materials comparing to those of the
corresponding binary covalent crystals (like SiC (101
GPa [69] or 88.17 GPa [70]) and SizN4 (57 GPa along
the [100] direction and 55 GPa for the [001] direction
[71])) arise from their high flaw sensitivity to strain
loading. Their low shear resistance supports the
application of SiBCN materials as the thermal shock
resistant ceramic matrix, e.g., for fiber-reinforced
composite materials. Moreover, the plateau, in which
the sustainability of this steady state region is
composition-dependent, may be desirable for micro-
structural devices under large strain loadings. The
discovered mechanical characteristics of amorphous
SiBCN materials are expected to inspire their further

Table 6 Tensile/shear strengths of SIBCN materials
Tensile <100> Shear {(010) [100]}

Composition

(GPa) (GPa)
1 SiBCN 212427 6.120.3
2 SiB,CN; 20.6+1.9 6.30.5
3 Si,BCN 16.843.1 4.4+0.6
4 SiBCN 21.942.2 7.0£0.2
5 SiB,CN, 20.742.5 6.7£0.8
6  Si,BCN 13.1£0.5 3.8£0.2
7 SiBCN 22.4+1.8 7.30.6
8 Si,BCN[20] 20.5+0.2 6.6£0.2
9 SiB,GN, 23.140.5 8.1£0.2
10 SiB:iCoN; 22.9+1.0 6.8+0.8
11 SiBsCN; 19.6+0.2 5.80.3
12 Si;B.CN, 14.740.9 4.9+0.3
13 SisBCN 14.0£0.5 41203
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development for wvarious structural and functional
applications.

Both the calculated and experimental results suggest
that SiBCN materials are suitable as the ceramic
matrix for composites [72,73]. In ceramic-matrix
composites, crack arrest or deflection at interfaces is
beneficial to their damage tolerance, which requires
interfaces that can be debonded. The interface region is
a crucial part for the crack arrest and damage tolerance.
The Cook and Gordon mechanism [74] has been
widely accepted to evaluate the crack deflection, in
which a semi-elliptical crack is placed in a material
subjected to uniaxial tension. The stress state at the
crack tip is revealed to be multiaxial, including the
stress component (o, ) that is parallel to the crack
plane (r-axis) and the stress component (o, ) that is
perpendicular to the crack plane. Zhang et al. [19] and
Pompidou and Lamon [75] developed the criteria for
crack deflection at interfaces based on the Cook and
Gordon mechanism. A crack initiating in Material 1
(matrix, Young’s modulus E) propagates towards the
uncracked Material 2 (E,, strength o35 ). The distance
from the crack tip to which is denoted / (ligament)
when debonding occurs. The failure of interface
occurs when two conditions are satisfied: (1) The
stress at distance / ahead of crack tip exceeds the
interface strength (o7), and (2) the stress is smaller
than the strength of Material 2 at distance > / so that
the failure of Material 2 does not occur. Based on
these conditions, the debonding criterion can be
described as

C max
S - (16)
o5 o™ (r>1)

and o™

. are the maximum of stress

respectively. The master

max
where o,,

components o,. and o

zz

max

curve (——

GZZ

=f [%j) is derived from the relationships
1

between the deflection criterion and Young’s moduli,
as presented in Fig. 7. Debonding occurs for the
appropriate values of constituent properties (E,/E; and
of / 05) lying in the domain under the master curve.
of /o5 appraises the debonding potential of the
interface, which can be predicted with a certain E,/E;
ratio. Moreover, once Ej, E,, and o5 are available,
of can be estimated. The upper limit of of for
debonding is defined as the interface debonding
strength (o7") . The higher the ", the higher
interface debonding capability.

In this work, the debonding potential of C¢/SiBCN
and SiC¢/SiBCN (the subscript f means fiber)
interfaces are predicted [76,77]. The Young’s moduli
of C¢ and SiCy refer to 349 and 280 GPa, respectively
[75], while their o are 2845 and 1500 MPa, respectively
[78]. When a particular fiber constituent is set, the
Ey/E, ratios of SiBCNs distribute within the region,
which are determined by the corresponding values of
SiB,CsN, (bottom limit) and Si;B,CN; (upper limit),
as shown in Fig. 7. It can be predicted that cracks in
the SiBCN matrix are more likely to deflect at the
interface for both C¢SiBCN and SiC¢#/SiBCN
composites, which are consistent with the observed
non-brittle fracture reported in Ref. [79]. The o
of C¢/SiBCNs interface (e.g., 2048 MPa for the
C¢/SiB,C3N, interface) larger than that of
SiC¢/SiBCNs interface (e.g., 885 MPa for the
SiC¢/SiB,C;3N; interface), as listed in Table S1 in the
ESM, indicating that the debonding is highly probable
at the C¢/SiBCN interface. Introduction of a compliant
interphase (like pyrolytic carbon (PyC)) is one of the
popular fiber surface treatments, which changes the
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Fig. 7 Prediction of the possibility for crack deflection in Cf/SiBCNs and SiC¢#/SiBCNs composites based on Cook and Gordon
model [75]. {, i, and m refer to fiber, interphase, and matrix, respectively.
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crack propagation in the composite at the same time.
Considering the case of C¢/PyCi/SiBCN (the subscript 1
means interphase), the debonding potential at the
C¢/PyC; interface is higher than that at the PyCy/SiBCN
interface, indicating that the former is the favorable
location for debonding (the Young’s moduli and

strength of PyC interface refer to 30 GPa and 151 MPa,

respectively [75]). For the studied SiBCN materials,
the rise of the Si content would decrease the Young’s
modulus, and therefore improve the debonding
capability of the C¢/SiBCN (or SiC¢/SiBCN) interface.
Moreover, the crack deflection is also related to the
thermal shock resistance of materials [80,81]. During
thermal cycling, the capability to resist crack
propagation caused by thermal shock is proportional to
the Young’s modulus. Therefore, the SIBCN compositions
in the region with low Si contents and fairly moderate
C and/or BN contents (like SiB,C3;N, and SiB;C,;Nj3)
have relatively high mechanical properties (including
elastic moduli and debonding potential), indicating an
improvement in thermal shock resistance, which
should be suitable for the applications requiring high
stiffness.

4 Conclusions

In this work, amorphous silicoboron carbonitride
ceramics with 13 different compositions are modelled,
and their thermodynamic stability, local structural
variations, bonding characteristics,
properties are studied. All these ceramics have negative
cohesive energies but positive formation energies,
revealing that amorphous SiBCN ceramics can form
and are energetically metastable. Meanwhile, Si,
graphite, and h-BN are found to be the proper reactants
as a result of the relatively low formation energies,
being consistent with the mechanical
synthesis of SIBCN compositions.

The Si and B atoms tend to show positively charged
in the studied materials, while both the C and N atoms
are negatively charged. Nine types of chemical bonds
are identified, and their content varies with the

and mechanical

alloying

composition of the constituting elements. Among them,

B-C, Si-N, Si—C, and B-N bonds hold the large
proportion for all compositions. The silicon tends to
form tetrahedral coordination, while the boron and
nitrogen prefer the sp>-like trigonal configuration. The
positive correlation is observed in the above

elemental-configuration relationships for all compositions.
However, carbon shows the flexible polyhedron formation
preference. The C-centered trigonal coordination
polyhedra are predominant under C-rich conditions,
while trigonal and tetrahedral configurations are
comparable for others. The composition dependence of
bond distribution could be summed in two aspects.
One is the increasing percentage of Si-contained bonds
accompanied with the increment of Si content. It
results in the raising bond length deviations and the
enhancement of distortion of the polyhedral units. The
other is the increasing amount of sp*-like trigonal
bonded C, N, and B introduced by the increase of C
and/or B/N contents. Such local units of each element
together with their concentration variation enrich the
Si—B-C-N ceramic family in a wide composition
range.

Composition-dependent mechanical properties are
predicted. All the parameters, including the elastic
constants, bulk, shear, and Young’s moduli, together
with tensile/shear strengths, are influenced by composition-
dependent chemical bonds and the evolution of local
polyhedral units. Mechanical properties are relatively
high in general for compositions located in the region
with low Si contents together with fairly moderate C
and/or BN contents, and decrease along with the
increasing amounts of Si, C, and BN contents. The
decreasing trend can be attributed to the following two
reasons: (1) Increasing the Si content results in the
increment of Si-contained chemical bonds, which
results in the bond length elongation and the bond
strength reduction, and (2) the effect of C-centered and
B-/N-centered trigonal coordination polyhedra become
important in high C- and/or BN-rich compositions.
Moreover, amorphous SiBCN materials show high
flaw sensitivity to strain loading, which results in
lower tensile and shear strength values than those of
the corresponding covalent crystalline counterparts.
The debonding potential prediction suggests that the
fiber/SiBCN interfaces in composites are prone to
crack deflection. These results support the application
of amorphous SiBCN ceramics as the thermal shock
resistant ceramic matrix suitable for the fabrication of
advanced composite materials. This work provides a
comprehensive analysis among the composition
dependence of the structural features and the
mechanical properties. The obtained results will allow
to guide the further advancement of SiBCN-based
ceramics and composites for structural and functional
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applications in harsh environments in particular in the
fields of energy and transportation materials.
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