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bstract

A high pressure diffraction study, from ambient to 50 GPa, has been carried out on nanocrystalline TiN/amorphous BN nanocomposite materials
repared by plasma chemical vapor deposition. The compressibilities of these materials were found not to be significantly different from TiN. A

arge amount of biaxial and isotropic strain was found to build up on pressurization which continued to exist after depressurization and annealing
ndicating a permanent deformation under high pressure. This permanent deformation is located in the grain boundaries and is reduced by the
resence of amorphous BN.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The hardness or resistance to deformation upon indentation,
f diamond is 70–100 GPa, the highest of any natural material.
his is due to the high strength of the carbon–carbon bond and

he three-dimensional support structure provided by its tetrahe-
ral bonding geometry. Because of their hardness and thermal
tability, diamond and diamond-coated tools can be used under
onditions where other materials will fail. However, diamond
as a number of practical limitations. It is costly and still rather
ifficult to deposit as thin coatings. It is impossible to use dia-
ond for the machining of steel and other carbide forming
etals because carbon alloys with these materials at high tem-

erature. For this reason there has been much effort to discover
ew “ultra-hard” coatings that would have hardness on the order
f diamond [1,2]. Considerable attention has been paid to thin

lms of transition metal nitrides, carbides and borides. Like dia-
ond, these materials have a strong network of bonds and are

hus inherently resistive to deformation.

∗ Corresponding author. Tel.: +1 510 495 2442.
E-mail address: smclark@lbl.gov (S.M. Clark).
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While thin films of transition metal nitrides, borides and
arbides have proven to be quite hard (hardness ≈ 20–30 GPa),
heir hardness can be greatly enhanced by preparing the films
n such a way as to precipitate nano-sized crystal of, for exam-
le, TiN. These nanocrystals are separated from one another,
nd joined together, by a “tissue” of Si3N4 or BN or other
on-metallic, covalent nitride of about one monolayer in thick-
ess [2–4]. Several micrometer thick films of nc-MnN/a-Si3N4,
Al1−xTix)N, nc-TiN/a-Si3N4/a- or nc-TiSi2, nc-TiN/a-BN and
c-TiN/a-BN/a-TiB2 (where M = Ti, W, V, nc = nanocrystalline,
= X-ray amorophous) nanocomposites have been shown to

each Vickers hardness of 40–100 GPa, comparable to that of
iamond [2–4]. In addition to high hardness, these materials
lso show a high elastic recovery (upon a strain of >10%),
igh resistance to crack formation, high tensile strength (of
0–40 GPa, approaching the ideal strength of flow-free materi-
ls) and high thermal stability up to≥1100 ◦C against coarsening
nd concomitant decrease of the hardness. These extraordinary
echanical properties can be reasonably well understood in
erms of conventional fracture physics of nearly flow-free mate-
ials scaled down to the size of 3–5 nm [5–8].

The understanding of the mechanism of plastic deforma-
ion, and thus the origin of high hardness in these materials

mailto:smclark@lbl.gov
dx.doi.org/10.1016/j.msea.2006.07.126
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equires more investigation. Because of the small size of the
rystals dislocation activity or crystal plasticity is absent in
hese materials. It was therefore suggested, that, by analogy with

etallic glasses, the plastic deformation occurs within the amor-
hous “liquid-like” tissue (Si3N4 or BN) by positional exchange
f atoms in a way similar to the models of Deng et al. [9].
nlike colloidal nanocrystals [10,11], the TiN nanocrystals in

he superhard nanocomposites are strongly coupled via this tis-
ue. Changes in one nanocrystallite will have an effect on those
round it.

In this study, we have measured the isotropic and bi-axial
train in nc-TiN/a-BN nanocomposites prepared by plasma
hemical vapor deposition (P-CVD) [4] in order to see if we
an separate these effects.

. Experimental

Samples were prepared by plasma chemical vapor deposi-
ion (P-CVD) [4] and magnetron sputtering [8] on plain steel
ubstrates under the conditions listed in Table 1. The magnetron
puttered TiN sample was used as a reference standard for com-
arison with the P-CVD nanocomposite samples. All samples
ere characterized using: X-ray diffraction and elemental anal-
sis and the hardness was measured using load-depth-sensing
ndentation. The compressive stress in the as deposited coat-
ngs was determined from the bending of the steel substrate and
hecked by the sin2 θ method. The crystallite size and random
train, which are also shown in Table 1, were determined by
eans of the Warren–Averbach analysis in the as deposited coat-

ngs and after their removal from the substrate. Bulk modulus
as measured using synchrotron X-ray diffraction to determine
nit cell volume as a function of hydrostatic pressure. High
ressure was generated in a diamond anvil cell (DAC), model
CME, Diacell Products Ltd. with diamonds of 300 �m culet.
askets of spring steel were pre-indented then drilled with a
50 �m hole. Flakes of the nanocomposite coatings of about
30 �m in size with thickness indicated in Table 1, previously

emoved from their substrates, were loaded in the gasket hole
long with a few chips of ruby that was used for in-situ pres-
ure calibration [12]. Ethylcyclohexane was used as a pressure
edium, which we have found to have hydrostaticity similar to

hat of a 4:1 methanol/ethanol mixture. A drop of ethylcyclo-
exane was placed in the gasket hole then the cell was sealed
nd pressurized. Upon sealing, the flakes of sample packed in
uch a way that their surfaces were parallel to the culet face of
he diamonds. In our geometry, this placed the surface normal
f the films parallel to the incoming X-ray beam. Large pressure
radients can exist in a diamond anvil cell especially after solid-
fication of the hydrostatic fluid. Ethylcyclohexane solidifies at
bout 10 GPa. Measurements from a number of ruby chips indi-
ated a pressure gradient across the cell of 2–3 GPa during the
ourse of our measurements.

In-situ X-ray diffraction was conducted at the Advanced

ight Source at the Lawrence Berkeley National Laboratory

Berkeley, CA), on bend-magnet beamline 7.3.3. Diffraction was
ollected in the angle-dispersive geometry (Fig. 1). Monochro-
atic X-rays were obtained from a two-bounce, channel-cut
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Table 2
The unit cell volume measured at a range of pressures for each of the four
samples

Pressure (GPa) Volume (Å3)

HF140502
0.5 76.041
2.5 75.905
4.5 75.563
9.8 74.867

12 74.510
14.7 74.172
17.8 73.626
23.8 72.994
25.8 72.573
31.4 71.773
35.6 71.140
40.8 70.724
45.5 70.313
50.8 69.955

0 76.785

HF220702
1.2 78.042
2.7 77.415
3.4 77.353
5.8 76.852
7.8 76.381
9.2 75.940

19.8 74.054
21.4 73.882
25.1 73.112
S.G. Prilliman et al. / Materials Scien

i(1 1 1) monochromator. The X-ray wavelength was calibrated
y conducting X-ray absorption measurements on copper and
ermanium foils, then set to 0.8266 Å. Two-dimensional diffrac-
ion patterns were collected using a Mar345 image plate (Mar
esearch, Evanston, IL). The sample to detector distance was
alibrated using LaB6 and Al2O3 diffraction standards. Overall
ystem accuracy was at least 0.01◦ in 2θ. Typical collection
imes were 20–30 min. Diffraction patterns were angle inte-
rated using Fit2D [13] and fit with Voigt peak shapes. Peaks
ere assigned to the rocksalt structure, the stable phase of TiN.

ndividual peak positions were converted to d-spacings using
he Bragg equation and then converted to lattice constants. Unit
ell volumes were calculated by simply taking the average of the
ube of the lattice constants (V = 〈(ah k l

0 )3〉). The resulting data
re listed in Table 2. After pressurization to 50 GPa the pressure
as quenched to ambient. The sample was found to adhere well

o the gasket after pressurization.
One annealing experiment was also conducted on sample

F140502 in order to determine the lower limit of the thermal
tability of the strain induced by the high pressure. Gasket and
ample were removed from the diamond anvil cell and placed in
tube oven under flowing argon at 700 ◦C for 2 h. A diffraction
attern was collected on the post-annealed sample using the
ame diffraction setup as we used for the other measurements.

. Results and discussion
.1. Compressibility

Fig. 2 shows the volume as a function of pressure for the three
amples given in Table 2 and for pure TiN coating. No phase

ig. 1. Geometry of X-ray diffraction collection. The diamond anvil cell is
laced with anvils perpendicular to the incident beam. Upon compression the
ample films line up with the anvil faces so that the surface normal is roughly
arallel to the incident beam. As such, the angle between the surface normal and
he diffracted beam, Ψ , is equal to the scattering angle, 2θ.

27.3 72.273
29 72.157
32.1 71.523
34.2 71.212
40 69.044
44 68.764
49 68.564

0.2 77.864

HF230702
3.5 77.117
5.2 76.763
7.8 76.421

11.2 75.837
14.1 75.372
17.2 74.865
20.1 74.865
20.1 74.440
23.2 73.944
26 73.705
35.8 72.053
40.9 71.202
46.1 70.748
51.2 70.107

0 77.192

Pro210302
0.1 76.620
1.1 76.380
2.2 76.212
4.5 75.785
6.3 75.284
9.2 74.765

12.6 74.167
13.8 74.016
16 73.481
18.5 73.066
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Table 2 (Continued )

Pressure (GPa) Volume (Å3)

22.9 72.643
25.5 72.180
28.9 71.733
32.3 71.041
36.6 71.254
40.2 70.436
4
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7 69.215

hese results are plotted in Fig. 2.

ransition was observed and all the samples retained their cubic
tructure. The compressibility of the nano-structured and the TiN
amples are very similar (Table 2 and Fig. 2). The nc-TiN/a-BN
anocomposite samples HF220702 and HF230702, that con-
ains the a-BN tissue, have a noticeably larger V0 than pure TiN
eposited by P-CVD (sample HF 140502) or by reactive sput-
ering (sample Pro 220202), but the two V(P) curves parallel one
nother very well up to about 20 GPa. Above 20 GPa, the com-
ressibility of HF220702 (nc-TiN/a-BN with a hardness of only
0 GPa due to a non-optimum BN tissue) seems to increase, but
hat of the other samples remains essentially the same as before.

The somewhat larger V0 found for the nc-TiN/a-BN
anocomposites is due most probably to the tensile stress that
s a result of incoherency strain, or lattice mismatch, between
he TiN and BN phases, the latter having a much smaller aver-
ge size of the atoms (B versus Ti) [4,8]. Interestingly, sample
F230702 which has the highest hardness of 42 GPa retains its

xcess volume of the TiN unit cell up to the highest pressures
sed here whereas V0 of sample HF220702, whose BN-tissue
s far from the optimum (H ≈ 30 GPa, see [4]), decreases to that
f TiN at pressures ≥25 GPa. At higher pressures, the scatter-

ng of the data increases. However, one should keep in mind
hat the unit cell volume is calculated from the averages of the
attice constants obtained from all five (h k l) Bragg reflections.

ig. 2. Volume as a function of pressure for three nanocomposite samples
eposited by plasma CVD and one sample of pure TiN prepared by reactive
puttering (Pro210302). The compressibility differences between the samples
annot account for the elevated hardness of these materials.
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ecause there is a wide dispersion in the values of ah k l
0 (partic-

larly at higher pressures, see below), the deviations in volume
t ≥25 GPa may be due in no small part to strain.

.2. Biaxial strain

.2.1. Experimental results
The value of the lattice constant was found to have a much

reater spread than the resolution of the system. The lattice con-
tants derived from each (h k l) reflection by using the Bragg
quation are presented in Fig. 3 for all four samples studied. The
ifference between the values is fairly large, in particular for the
c-TiN/a-BN nanocomposites (see Fig. 3b and c). This differ-
nce decreases for the TiN sample at smaller pressure (Fig. 3a
nd d). While this phenomenon has been observed before in TiN
lms at ambient pressure [14–16], differences of about 0.01 Å
re more typical. Only the least strained TiN samples HF140502
eposited by P-CVD (Fig. 3a) and Pro210302 deposited by reac-
ive sputtering (Fig. 3d) have, at the low pressure, such small
ifferences in the d(h k l) values. The nc-TiN/a-BN nanocom-
osites HF220702 and HF230702 with the highest hardness of
0.4 and 42.0 GPa, respectively, show both higher d(h k l) values
nd greater difference among different h k l even at zero pressure,
ossibly due to the above mentioned incoherency strain. Sample
F230702 with the highest hardness has the largest difference
f approximately 0.06 Å. The difference among the d(h k l) val-
es increases with increasing pressure for all samples studied
ere with the lattice parameter calculated from the (1 1 1) Bragg
eflection being largest.

This type of difference in lattice parameters calculated from
ifferent (h k l) reflections was reported for TiN thin films by
afaja et al. [16] and interpreted as the results of biaxial stress

n the plane of the film adhering to a substrate and zero stress
n normal direction in combination with anisotropy of the stiff-
ess (Young’s modulus) of the TiN lattice. Generally, the biaxial
train in thin films is analyzed by taking diffraction patterns at
ifferent values of Ψ , the angle between the diffracted X-ray
eam and the surface normal. This analysis of the strain is asso-
iated with a number of difficulties, and is not possible in our
eometry, because the angle Ψ is restricted to Ψ = 2θ. Neverthe-
ess, the analysis presented below gives a consistent picture.

.2.2. Fit to model
In order to better understand the origin of the differences in

he strain obtained from different (h k l), reflections as found in
he samples of the films studied here, which were removed from
he substrate prior to the HP XRD measurements, the data for the
east strained TiN coating deposited by P CVD (HF140502) were
tted using the model of Rafaja et al. [13]. This model assumes a
estricted relaxation of the lattice in the plane of the film parallel
o the substrate surface due to its adhesion and allowed expansion
n the direction normal to the surface. Furthermore, the model

akes into account that TiN is most easily deformable in the
1 1 1〉 direction (the values of elastic moduli are directionally
ependent in cubic crystals [14]). This then gives the magnitude
f the lateral strain and the strain free lattice constant.
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F for fo
n 702, a

F
c
t

a

ig. 3. Lattice constants derived from each h k l peak as a function of pressure
anocomposites coatings deposited by plasma CVD, (b) HF230702, (c) HF220

The results of the fits to the Rafaja’s model are presented in

igs. 4 and 5. Fig. 4 shows the difference between observed and
alculated values of the lattice constants as a function of 2θ for
wo pressures, 2.5 GPa (Fig. 4a) and 50.8 GPa (Fig. 4b). The

p

t

Fig. 4. Comparison of observed (full symbols) and calculated (open symbol
ur samples, (a) TiN deposited by plasma CVD HF140502, two nc-TiN/a-BN
nd (d) TiN deposited by reactive sputtering Pro210302.

greement is reasonably good and reproduces the trend of (h k l)

eaks.

Fig. 5a shows the values of lateral strain determined using
he model of Rafaja [16]. It can be seen that the strain increases

s) lattice constants for patterns taken at (a) 2.5 GPa and (b) 50.8 GPa.
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iment. The diffraction patterns of the post-pressurization and
the subsequently annealed samples are nearly identical in peak
width and intensity. The finding that the random strain in the
TiN crystallites of the pure TiN film persists the 2 h anneal-

Table 3
Results of Warren–Averbach analysis of line-broadening for samples before and
after pressurization

Sample Random strain,
pre-pressurization (%)

Random strain,
post-pressurization (%)

HF140502 3.4 7.7
Fig. 5. Results of model analysis. The lateral strain, �p (a) and t

arkedly between the lowest pressure of 0.1 GPa used and
he second one of 2.5 GPa. Above this pressure the strain
ncreases more or less monotonically up to the highest pressure
btained.

Fig. 5b shows the unit cell volume = 〈(astrainfree
0 )

3〉 as a func-
ion of pressure. Both the observed volumes and the volumes
orrected for strain are shown.

The finding that the model of Rafaja soundly fits the data
mplies that the model takes into account the major phenom-
na present in these systems, a strong radial strain due to the
adial pressure gradients within the diamond cell and its bi-
xial relaxation coupled with the deformation being largest in
he 〈1 1 1〉 direction. The large amount of dispersion between
attice constants from each h k l is indicative of the large role
layed by the easy deformation direction of the material in
he amount of bi-axial strain observed. The strain in the films
ncreases with pressure. This implies that the internal strain of
he material is converting the hydrostatic pressure in the cell into
irectional stress within the film as schematically illustrated in
ig. 6.

The compressive stress due to the radial pressure gradient cre-
tes a tensile strain in the perpendicular direction which causes
nisotropy similar to that observed by Rafaja et al. [16].

Tensile strain in the direction normal to the plane of the film
ffects the observed volume [17]. As can be seen in Fig. 5b,
he presence of the strain has the effect of making the materials
ess compressible. Rather than all of the PV work going into the
eduction of the volume, some is being redirected into producing
nisotropic strain in the film.

.3. Isotropic (random) strain

All samples showed increases in the width of the Bragg
eflections after quenching to ambient pressure. Table 3 shows

he results of an analysis using the Warren–Averbach method
18]. The results show that the random strain after pressurization
ncreases for all samples. However, the amount of this increase
ecreases with increasing hardness when the stable nanocom-

H
H
P

A

ro-strain lattice volumes (b) are shown as a function of pressure.

osite structure is formed as illustrated by Fig. 7. This is an
mportant finding that illustrates clearly the increase of the resis-
ance of the TiN containing coatings against deformation by
he formation of a stable nc-TiN/a-BN nanocomposite. The a-
N tissue evidently carries the largest part of the reversible,
lbeit non-linear elastic, deformation by flexing as suggested
y us recently [6]. Because this tissue is formed by the self-
rganization upon the spinodal phase segregation, it is almost
ree of build-in flaws and, therefore, the tensile strength of these
anocomposites of 10–40 GPa approaches the ideal strength
≈ (�SEY/a0)0.5 of strong materials (here �S is the surface

nergy, EY is the Young’s modulus and a0 is the equilibrium
nteratomic distance) [5–7].

Strain induced in TiN during the deposition e.g. by energetic
on bombardment has been reported in these systems earlier and
t can be relieved by annealing to 400–600 ◦C. Therefore, we
tudied the annealing behavior of the deformation in the TiN
oating deposited by plasma CVD which showed the largest
ncrease of strain after it has been subjected to high pressure
n the diamond cell. For this purpose, sample HF140502 was
ecovered in its gasket from the DAC after pressurization and
eated to 700 ◦C for 2 h. X-ray diffraction was then collected
n this annealed sample. Fig. 8 shows the results of this exper-
F220702 3.3 6.3
F230702 9.3 10.2
ro 2.9 6.5

ll samples demonstrate significant increases in strain post-pressurization.



S.G. Prilliman et al. / Materials Science and Engineering A 437 (2006) 379–387 385

Fig. 6. Schematic illustration of the plastic flow of the nanocomposites as result
o
c
c
r
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i
herent TiN/BN interface which is, in the as deposited films,
under tensile strain (see Fig. 12a in Ref. [20] and related dis-
cussion therein). Because the films were deposited under con-
ditions where immiscible, stoichiometric TiN and BN nitrides
f the radial pressure gradient (from the left to right in the figure) in the diamond
ell. The grain boundary sliding results in a permanent plastic deformation which
auses elastic deformation of the randomly oriented TiN nanocrystals thus giving
ise to the additional random strain.

ng to 700 ◦C indicates that some bonds were broken and oth-
rs formed, implying some type of plastic deformation. Plastic
eformation is unlikely to occur within the small TiN nanocrys-
als, because due to the lack of dislocation activity their strength
eaches the ideal shear strength of about 10% of the shear
odulus. Van Vliet et al. have recently shown that upon nanoin-

entation into soft metallic single crystals the first plastic events
ccurs within a critical volume of a linear dimension of about
everal 10 nm [19]. Therefore, in pure TiN films the increase
f the random strain of the TiN nanocrystals is most probably
ue to their elastic deformation associated with an irreversible
rain boundary sliding. Upon the formation of the nc-TiN/a-BN
anocomposite the strong BN (or Si3N4) interfacial monolayder

voids the grain boundary sliding and, consequently, the forma-
ion of strain within the TiN crystallites that should be of an
lastic nature. Because the nanocrystalls are randomly oriented
ithin the nanocomposites, the bi-axial deformation of the flakes

F
q
b
c
a

ig. 7. Difference in random strain after pressurization to 50 GPa vs. the hard-
ess of the coatings.

f the nanocomposites results in the random (isotropic) strain as
llustrated in Fig. 6.

.4. Reduction of the volume after decompression

Within the accuracy of the measurements, the volume after
ecompression returns to the original value for the TiN samples
ro210302 and HF140502 (see Table 2 and Fig. 2). However,
or the harder nc-TiN/a-BN samples HF220702 and HF230702,

small but unambiguous decrease of the zero pressure vol-
me of about 0.4 ± 0.2 and 0.8 ± 0.2 Å3, respectively, after the
ecompression can be seen. This can be due either to a diffusion
f boron, interstitially dissolved within the BN nanocrystals,
nto the grain boundaries, or to the densification of the inco-
ig. 8. X-ray diffraction of HF140502 samples, both post-pressurization and
uenched to ambient pressure. The diffraction pattern of the sample which has
een annealed for 2 h at 700 ◦C was shifted upwards for clarity. The lack of any
hange in the widths of the peaks implies that strain has not been relieved by
nnealing.
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Fig. 9. Dependence of the lattice dilatation (�a/a0) on the crystallite size of
nc-TiN/a-BN/a-TiB2, nc-Si [22] and nc-TiN/a-Si3N4 [2] coatings. The decrease
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f the dilatation for the ≤7 nm small TiN nanocrystals is due to the formation of
large fraction of a-TiB in coatings with a large fraction of boron of ≥10 at.%

see [20,21]).

re formed and the temperature was high enough to allow for a
ufficiently fast diffusion during the deposition which is needed
or the system to reach equilibrium [8,20], the possibility of the
ormation of interstitial boron and its diffusion from the TiN
anocrystals into the grain boundaries is ruled out, and the den-
ification of the grain boundaries is considered as the most likely
rocess.

Indeed, observing the locally pseudomorph structure of the
nterfacial monolayer of BN between the TiN nanocrystals with
relatively large excess free volume (see Fig. 12a in Ref. [20]),
here the maximum hardness is achieved (see Fig. 7 in [20]), it is

lear that the TiN nanocrystals are subject to a large tensile strain
ausing their dilatational elastic deformation as shown in Fig. 9
hich was taken from Ref. [21]. The decrease of the dilatation

or the ≤7 nm small TiN nanocrystals, which is seen in Fig. 9, is
ue to the formation of a large fraction of a-TiB2 which relaxes
he tensile strain caused by the BN (see [20,21]). The TiB2 phase
ppears in these nanocomposites only at a relatively high boron
ontent of about ≥10 at.% [20,21]. In the present paper we inves-
igated only materials with a relatively small amount of boron
f <6 at.%, where the fraction of the TiB2 phase is negligible
nd the tensile strain large (see Fig. 9, data for crystallite size
10 nm).
The lattice dilatation due to the tensile strain within the grain

oundaries is more pronounced for the TiN/BN system as com-
ared with the nc-Si [22] and nc-TiN/a-Si3N4 [2], and it persist
t much larger grain size. We refer to papers [2], [21] and [22] for
urther experimental details and discussion. Significant elastic
tiffening and increase resistance against plastic deformation of
he superhard nanocomposites due to pressure-enhanced elastic

oduli upon indentation was elaborated in our recent paper [23].
he densification of the grain boundaries of the nc-TiN/a-BN

anocomposites after the pressurization, as found in the present
aper, is likely to result in an additional increase of their stiffness.
his may be investigated, e.g. by careful indentation experiments

n the future.
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. Conclusions

We have shown that, as in the case of the nc-TiN/a-
i3N4 nanocomposites, the compressibility of the nc-TiN/a-BN
anocomposite materials is not significantly different from that
f pure TiN. This implies that the nanocomposite materials
erive their strength from their composite structure rather than
rom an alteration of the interatomic potential.

Under hydrostatic pressure increasing from 0 up to 50 GPa, a
arge amount of strain is formed in pure TiN and in the nc-TiN/a-
N nanocomposites. Both directional (biaxial) and isotropic

random) strain are present. After pressurization and quench-
ng to zero pressure, the random, isotropic strain persists. The
elative increase in random strain after pressurization is inversely
roportional to the hardness of the original thin film.

In pure TiN, where the residual post-pressurization strain
s largest and, therefore, could be measured more accurately,
his strain persists even after annealing to 700 ◦C for 2 h. This
ndicates that the TiN films undergo some kind of permanent
eformation at high pressure. Because crystal plasticity (plas-
ic deformation by the multiplication and movement of dislo-
ations) requires a minimum critical volume within which a
islocation multiplication source can operate (typically corre-
ponding to a linear size of the order of 10 nm (see [3,5,6,8,24]
nd references therein)), the permanent deformation observed
n the TiN films must be localized within the grain boundaries
grain boundary sliding). This deformation at the grain bound-
ries provides the stress field for elastic deformation of the TiN
anocrystals that is seen by XRD. This deformation is highly
esistant to thermal annealing because of the irreversible nature
f the grain boundary sliding.

Upon the formation of nc-TiN/a-BN superhard nanocompos-
tes that have a strong TiN/BN interface and are stable up to
950 ◦C, the a-BN tissue prevents the plastic deformation within

he grain boundaries. This is seen in the decrease of the differ-
nce in the random strain after and prior to the pressurization.
t will be interesting to perform similar studies on the nc-TiN/a-
i3N4 nanocomposites because the semi-coherent TiN/Si3N4

nterface has much smaller stress due to a smaller difference
etween the size of Ti and Si atoms [8].

Reduction of the zero-pressure volume is observed after the
ecompression for the nc-TiN/a-BN nanocomposites but not for
he TiN. This is explained by densification of the one monolayer
N interfacial layer under the high pressure.
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