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Stiftness and ductility can be achieved by reducing the grain size of ceramics to the nanometer scale. However,
the deformation mechanism of nanoceramics is still controversial due to technical limitations. In this paper, via
synchrotron radial x-ray diffraction technology combined with a diamond anvil cell, the deformation behavior
of nanosized titanium nitride (TiN) has been studied in sifu under high-pressure conditions up to 41.3 GPa.
Results show that the nano-TiN exhibits a much higher bulk modulus and yield strength than its bulk counterpart.
Nano-TiN starts to yield at around 17.3 GPa and the maximum yield strength is approximately 8.7 GPa at
41.3 GPa. The presence of 110 and 001 texture in nanosized TiN was confirmed under pressure, indicating a
strong activity of dislocation. This paper suggests that the reduction in grain size to the nanoscale improves both

the stiffness and ductility of TiN via a dislocation-mediated mechanism.
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I. INTRODUCTION

Ceramic materials have the advantages of high hardness,
wear resistance, corrosion resistance, etc., and are widely used
in daily life. The high atomic bonding strength and ordered
crystal structure lead to the excellent hardness and stiffness
of ceramics and enable them to resist scratches [1]. Ceramics
with high hardness tend to be more resistant to wear [2]. Their
high stiffness makes them less prone to elastic deformation
under stress. Additionally, the chemical stability and dense
structure of ceramics contribute to their resistance to corrosion
[3]. However, compared to metals, ceramics generally lack
ductility due to their inherent resistance to plastic deforma-
tion [4-7]. To solve this problem, previous researchers have
proposed solutions such as microstructure regulation, coat-
ing technology, and heat treatment [8—10]. Most importantly,
nanocrystals have contributed to the ductility of ceramics in
the past few decades [4,5,11,12]. Furthermore, nanoceramics
also show excellent performance in the fields of catalysis,
sensing, energy storage, and biomedical applications [13—-16].

Based on Cottrell’s classical concept, below a critical
grain size, the stress required to nucleate a crack is less
than the stress required to propagate the crack, and duc-
tility can be expected in nanoceramics [17]. However, the
main mechanism of ductility in nanoceramics is still un-
clear. Many researchers have proposed that brittle ceramics,
which lack sufficient dislocation activity, may exhibit better
ductility in the nanometer range due to greatly increased
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diffusivities. For example, observations of the deformation
process in CaF, and TiO, suggest that ductility originates
from the diffusional flow of atoms along the intergranular
interfaces [4,5,18]. In the meantime, some researchers have
suggested that the dislocation-mediated deformation is ef-
fective in nanoceramics. The observations of stiffness and
texture in nano-MgAl,O4 indicate that dislocations can make
nanoceramics both stiff and ductile [19]. Surface dislocation
nucleation in nano-MgO has also been investigated using a
multistep modeling approach [20]. Therefore, further inves-
tigation is still needed to deepen our understanding of the
deformation mechanism (both elastic and plastic deformation)
of nanoceramics and its differences from bulk ceramics.

In this paper, nano-TiN was used to study the deformation
of nanoceramics under extreme compression. TiN has a cubic
structure and remains stable over a wide pressure range, which
allows us to focus on pressure-induced deformation mecha-
nisms [21,22]. As a ceramic material with the advantages of
high melting point, high hardness, high wear resistance, and
high corrosion resistance [23-25], the mechanical properties
of micron-sized TiN have been extensively studied [22,26,27].
Wang et al. also explored the size-dependent high-pressure
behavior of nanocrystalline TiN and found that nano-TiN had
better compression resistance than micron-TiN [21]. How-
ever, the deformation behavior of nano-TiN is still unclear.
In order to explore the deformation behavior of nanoceramics
under high pressure, radial x-ray diffraction in a diamond
anvil cell (rDAC-XRD) was conducted on 15-nm TiN. Our
paper shows that nano-TiN has a larger bulk modulus and
higher yield strength compared to bulk TiN. Additionally,
the observation of 110 and 001 texture in nano-TiN suggests
a dislocation-mediated stiff and ductile behavior under high
pressure.

©2024 American Physical Society
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II. EXPERIMENT PROCEDURE

The high-pressure radial x-ray diffraction experiments
were conducted at the BL04 beamline of the ALBA syn-
chrotron in Spain. The experiments were performed at room
temperature. To generate the high-pressure conditions and
allow radial diffraction, a panoramic diamond anvil cell with
a large side opening was used. Boron epoxy inserted into a
Kapton ring was used as the x-ray transparent gasket. The
sample used in the experiment was nanoscale TiN powder
with an average particle size of approximately 15 nm. The
nano-TiN powder was loaded into a 50-um-diameter sample
hole. To monitor the applied pressure, a platinum foil with a
thickness of approximately 10 um was also loaded into the
sample hole as a pressure marker [28].

No pressure transmitting medium was used in the exper-
iments to achieve a uniaxial compression on the sample. A
monochromatic x-ray beam with a wavelength of 0.4246 A
was used in the experiments. The x-ray beam was focused
onto the sample with a size of 15 x 15 um?. Prior to the exper-
iment, instrument parameters such as the sample-to-detector
distance, beam center, and detector tilt were calibrated us-
ing a LaBg standard. Diffraction patterns were collected for
both platinum and TiN. For platinum, diffraction lines (111),
(200), and (220) were used to determine the pressure. For
TiN, diffraction lines of (111), (200), (220), (311), and (222)
were detected. Quantitative analysis of the diffraction data
was performed using the MAUD [29,30] (Materials Analysis
Using Diffraction) software. In the analysis of the experimen-
tal data, various information was extracted, including lattice
parameters, texture (lattice preferred orientation), grain size,
stress, and microstrain.

In a rDAC-XRD experiment, uniaxial stress is applied
to the sample along the axial loading direction, which is
the direction perpendicular to the culets of diamond anvils.
This direction experiences the maximum stress o3. Radial
directions are parallel to the culets of the diamond anvils,
experiencing the minimum stress o;. The difference between
the maximum and minimum stress is known as the differ-
ential stress, denoted as ¢. This differential stress represents
the stress experienced by the sample during the high-pressure
experiment and Eq. (1) can be written as [31]

t =03 —oO0]. ()

Based on the lattice strain theory [32,33], the measured
interplanar spacing d,(hkl) of a polycrystalline sample in
rDAC-XRD experiments is a function of the angle W between
the loading direction of the diamond anvil and the normal
direction of the diffraction plane:

dn(hkl) =d, (hkD)[1 + (1 — 3cos’ W)Q(hkD)],  (2)

where d,, (hkl) is the measured d spacing, d,(hkl) is the d
spacing under the hydrostatic pressure, and Q(hkl) represents
the corresponding lattice strain [31-33]. The relationship be-
tween the differential stress ¢ and Q(hkl) is given by Eq. (3)
[32,33]:

Q(hkl) =1/(6G), 3
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FIG. 1. X-ray diffraction patterns of the nano-TiN sample under
pressure up to 41.3 GPa at room temperature. (a) Integrated x-ray
diffraction patterns upon compression. Black stars indicate diffrac-
tion peaks from Pt. (b) Selected unrolled diffraction patterns. Green
arrows at the right side indicate the compression direction.

where G represents the shear modulus of the polycrystalline
material. The shear modulus G measures the material’s resis-
tance to shear deformation.

III. RESULTS AND DISCUSSIONS

The collected two-dimensional diffraction images were
processed by the software DIOPTAS [34] to obtain the inte-
grated diffraction patterns. During the measurement, 15-nm
TiN was compressed to 41.3 GPa at room temperature (Fig. 1).
No new diffraction lines were observed up to the highest
pressure, indicating no phase transition in this pressure range.
This is consistent with previous studies that nano-TiN and
micron-TiN are both stable up to &~ 45 GPa [21,22], suggest-
ing that the reduction of grain size to the nanoscale does not
cause any phase transitions within the investigated pressure
range.

Selected unrolled diffraction patterns are presented in
Fig. 1(b). The curvature of the diffraction lines can provide
insight into how lattice strain develops in response to applied
differential stress. At a pressure of 1.2 GPa, the diffraction
lines exhibit little to no curvature, indicating minimal lat-
tice strain and stress on the nano-TiN samples. As pressure
increases, all diffraction lines shift to a higher two-theta
angle. Curvature also starts to show and becomes more ob-
vious under higher pressure, indicating an increase of lattice
strain. The variation in intensity with azimuthal angle on each
diffraction line indicates the lattice preferred orientation or
texture of the crystal. With further compression, the texture
gradually becomes pronounced.

Diffraction images were imported to MAUD software to
get quantitative analysis by Rietveld refinement. Figures 2(a)
and 2(b) represent the lattice parameters and unit-cell volume
as a function of pressure for nano-TiN. The relationship be-
tween pressure and volume for nano-TiN was fitted using the
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FIG. 2. Refinement results of nano-TiN under high pressure: (a) lattice parameters, (b) variations of relative unit-cell volume compared
with micron-TiN [22], (c) lattice strain, and (d) the average t/G compared with micron-TiN [22]. Solid lines in (b) are equation of state fitting

results. The dotted lines in (c) are guides to the eyes.

Birch-Murnaghan equation of state. The fitting results yield
a bulk modulus Kj of 357 & 10 GPa, with a fixed K’¢ (the
pressure derivative of the bulk modulus) of 4. This value is
comparable to or slightly higher than the bulk modulus of
nano-TiN obtained under hydrostatic compression [21]. This
is due to the fact that the nonhydrostatic compression usu-
ally leads to an overestimation of bulk modulus, as observed
in other materials [35,36]. Previously, rDAC-XRD was con-
ducted on micron-TiN by Chen et al. [22], and its volume as
a function of pressure has also been plotted in Fig. 2(b). It is
found that nano-TiN has a higher bulk modulus than micron-
TiN (Ky = 282 + 9 GPa with K’y fixed at 4). In comparison
with the relevant nitrides, it was noted that the K of this
nano-TiN was also higher than that of c-BC,N and y-SizNy
[37,38].

By analyzing the slope of d,,(hkl) vs 1-3cos*W based on
Eq. (2), we can obtain the Q(hkl) for different diffraction
planes [Fig. 2(c)]. All Q(khkl) values increase rapidly dur-
ing the initial compression. Beyond 17.3 GPa, the Q(111),
0(220), and Q(311) continue to increase slowly, while Q(200)
is almost stable. Q(111) reaches the largest value of 0.008,
while Q(200) finally stabilizes at the smallest value with 0.004
at 41.3 GPa. It reveals that the maximum stress is suffered
on the (111) plane, and the minimum stress is undergone on
the (200) plane. The different behavior of these lattice strains

reveals significant anisotropy under pressure. After further
analysis, the average t/G of nano-TiN under high pressure
was calculated and compared with that of micron-TiN [22],
as shown in Fig. 2(d). The ¢/G values of both nano-TiN and
micron-TiN increase fast below &~ 17 GPa and then enter into
a plateau, indicating the beginning of yielding. At the highest
pressure, ¢/G values reach 0.035 and 0.027 for nano-TiN and
micron-TiN, respectively. The higher ¢/G of nano-TiN sug-
gests that reducing the grain size from microscale to nanoscale
effectively enhances the stiffness of TiN.

The elastic modulus of nano-TiN has also been obtained
and is plotted in Fig. 3(a). The high-pressure bulk modulus
(K) of nano-TiN was obtained using the Birch-Murnaghan
equation. We used the approximate K/G ratio of 1.926 & 0.37
for ceramics to calculate the shear modulus of TiN under
pressure [39]. This result gives a G value of 195.4 &+ 34 GPa
at ambient conditions, which is similar to both the theoretical
value of 190 GPa and the experimental bulk modulus of 189
GPa for nano-TiN [40,41]. Finally, Young’s modulus (E) can
be calculated using the formula £ = 9KG/(3K + G).

With the high-pressure shear modulus, the differential
stress of this nano-TiN under high pressure was calculated,
and the results are shown in Fig. 3(b). It is clear that 7 increases
rapidly below 17.3 GPa, and then it enters into a plateau
with a highest value of & 8.7 GPa. In the work of Chen
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FIG. 3. (a) The moduli values of the nano-TiN sample and (b) differential stress of this nano-TiN as a function of pressure.

et al., the differential stress ¢ of micron-TiN was calculated
to be 8.6 GPa at 45.4 GPa with a much lower K/G ratio of
1.37 [22]. By comparing previous theoretical calculations and
other experimental articles, it is more reasonable to calculate
the G value using a K/G of 1.926 [26,27,39]. The ¢ value of
micron-TiN at 45.4 GPa was recalculated to be ~ 6.1 GPa
using the K/G of 1.926, which is much lower than that of nano-
TiN. The maximum uniaxial stress supported by a material is
defined by the yield strength, and ¢ represents the lower end
of the material’s yield strength under pressure [42]. Therefore,
nano-TiN exhibits a higher yield strength, indicating superior
stiffness compared to micron-TiN.

As mentioned above, texture can be observed for nano-
TiN under high pressure. Throughout the analysis, the texture
information was obtained by imposing axial symmetry about
the compression direction and represented in the inverse pole
figure (IPF) (Fig. 4). Texture is shown with a maximum
at 110 in the IPF, indicating that the 110 plane is oriented
perpendicular to the compression direction. Another weaker
maximum appears at 001. The 110 texture and 001 texture
persist up to 41.3 GPa. This result indicates that dislocation-
mediated plastic deformation is active in the nano-TiN.
Density of dislocations in nano-TiN increases with pressure
and causes hardening which leads to an increase of the yield
stress.

The texture and slip systems in crystals with the NaCl crys-
tal structure under high pressure have been proposed by many

111

001 110

1.2 GPa

21.1 GPa

researchers. Via elasto-visco plastic self consistent modeling,
Lin et al. found that a dominant {100}(011) slip system in
MgO would cause a 110 texture together with a largest Q(200)
and a lowest Q(111), while a dominant {110}(1-10) slip in-
duced a 001 texture with a largest Q(111) and a lowest Q(200)
[43]. For (Mg,Co,Ni,Cu,Zn)O, a dominant {100}(011) slip
system was proposed at the initial compression, and then the
activity of slip system {110}(1-10) increases and finally be-
comes dominant under higher pressure. The activation of both
slip systems induces two maxima in the IPF (100 and 110)
[44]. Furthermore, a dominant {110}(1-10) slip system in
ferropericlase [(Mgo.g3, Fep.17)0] would cause a 001 texture
[45]. For nano-TiN, the largest Q(111) and the lowest Q(200)
in the high-pressure range suggest the large contribution of
the {110}(1-10) slip system. The {100}(011) slip system also
contributes, as evidenced by the presence of the 110 texture in
the IPFs.

IV. CONCLUSIONS

In summary, we systematically investigated the defor-
mation behavior of nano-TiN under high pressure via
rDAC-XRD technique. The results show that nano-TiN has a
larger bulk modulus and higher yield strength than micron-
TiN. It was also found that nano-TiN has 110 and 001
texture with the contribution of two potential slip systems
{110}(0-10) and {100}(011). These results demonstrate that

1

41.3 GPa

m.r.d.
1.16

1.11

1.02

0.94

0.86

FIG. 4. Texture evolution of nano-TiN under high pressure. Pole densities are measured in multiples of random distribution (m.r.d.).
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dislocation-mediated deformation mechanisms are operative
in stressed nano-TiN. Our study of nano-TiN provides evi-
dence that dislocations contribute to the stiffness and ductility
of nanoceramics. This knowledge contributes to a broader un-
derstanding of the mechanics of nanomaterials, guiding future
material design and applications in different fields.
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