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A novel nanosandwich-structured Ti—-B-N coating was prepared on a Ti-6Al-4V substrate using a double glow discharge plasma
technique. This coating consists of alternating Ti(N,B) nanocrystalline layers, containing nanoscale growth twins, and amorphous
TiB,-BN layers. Compared with a monolithic TiB, ¢ nanocrystalline coating, the new Ti-B-N coating exhibits a marked increase in
both damage resistance and hardness (i.e. ~55 GPa). The enhanced mechanical properties were found to stem from a combination

of nanostructuring and nanotwinning effects.

© 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Single-phase nitride and boride coatings are now
being used to protect a variety of structural engineering
materials from wear, corrosion and erosion. However,
premature failure of these coatings caused by their
relatively low hardness, fracture toughness and thermal
stability, which can expose the less strong substrate to
dangerous environments, is still an overriding concern
[1]. Driven by increasing requirements for industrial
applications, the development of advanced coatings with
desirable properties has focused on synthesizing multi-
elemental and multi-phase structures [2,3]. Among
them, superhard coatings, consisting of at least two
nanoscale phases with strong chemical segregation, have
received considerable attention, because they exhibit
superior properties and potential in rectifying the limita-
tions of single-phase hard coatings [4,5]. As one of the
most promising multiphase systems, Ti-B-N nanocom-
posite coatings are attractive candidates for use in
surface protection of metal components under severe
loads and in aggressive environments, due to their high
hardness, chemical inertness and good thermal stability
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at high temperatures [6,7]. Most of the recent studies in
this field have concentrated primarily on the effects of
chemical composition and post-deposition annealing
on the microstructural evolution and hardness of these
TiBN coatings [8-10]. Their extremely high hardness
was attributed to the small grain size limiting disloca-
tion-mediated deformation and the strong boundary
phase inhibiting interfacial sliding. However, with the
increasing hardness, low damage tolerance has become
a major issue that hinders the wide application of these
coatings. There is a lack of a design strategy that can
effectively tackle this problem while still maintaining
the high hardness of the coatings. In this work, a novel
nanosandwich-structured Ti-B-N coating containing
nanoscale growth twins was fabricated on a Ti-6Al-
4V substrate by a double glow discharge plasma tech-
nique. The roles of nanostructuring and growth twins
in governing the hardness and damage resistance of
the newly developed coating were examined and clarified
in comparison to a monolithic TiB, ¢ nanocrystalline
coating.

Ternary Ti-B-N and binary Ti-B coatings were
deposited onto polished Ti6Al4V substrates by using a
double cathode glow discharge apparatus equipped with
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a TizgB7g target. One cathode serves as the target, and is
composed of the desired sputtering material, and the
other is the substrate material, as described elsewhere
[11]. The base pressure in the chamber was
5 x 107* Pa, and the working pressure was 35 Pa during
depositions. Synthesis of the Ti-B-N coating was con-
ducted in a flowing Ar+ N, gas mixture, with an
Ar:Nj ratio of 20:1, while the single-phase TiB; ¢ coat-
ing was grown in Ar gas at a constant flow rate of
25 sccm. All of the coatings were deposited at a target
bias voltage of 800 V, a substrate bias voltage of 300 V
and a substrate temperature of 650 °C, with a parallel
distance between the source and the substrate of
10 mm and a deposition time of 2h. The crystallo-
graphic structure of the coatings was analyzed by
Bragg-Brentano X-ray diffraction (XRD; D8AD-
VANCE) with Cu K, radiation. Both the elemental
concentration and the phase composition of the coatings
were determined by X-ray photoelectron spectroscopy
(XPS) using a Kratos AXIS Ultra ESCA System with
an X-ray source of Al K,. The quantitative analysis of
XPS experimental data was carried out using Casa-
XPS-Version 2.3.14. After subtracting the background
signal, the spectra were fitted by both Gaussian and
mixed Gaussian/Lorentzian functions. The relative sen-
sitivity factors for each element were obtained from the
standard CasaXPS database. The atomic concentration
of each component was calculated based on the percent-
age area of the component provided by the CasaXPS
software. Prior to XPS analyses, the surface of the spec-
imens was sputtered by a 3 keV Ar" ion beam for 2 min
to remove surface contamination. The coating micro-
structure was characterized by scanning electron micros-
copy (Quanta 200, FEI Company) and field emission
transmission electron microscopy (Philips CM200,
Eindhoven, Netherlands). The hardness and elastic
modulus of the coatings were obtained using a nanoin-
dentation tester (Ultra-Micro Indentation System
2000) equipped with a Berkovich indenter [12,13]. Sub-
surface sectioning and imaging of indentation sites
created at 500 mN were carried out using a dual elec-
tron/focused ion beam system (Nova Nanolab 200,
FEI Company) [14,15].

According to the relative atomic concentration calcu-
lated from the Ti2p, Bls and Nl1s XPS peak areas, the
exact stoichiometries of both the ternary Ti-B-N and
binary Ti-B coatings were identified and can be ex-
pressed in the form TiB, >N 3 and TiB, o¢. On the basis
of the Ti-B-N phase diagram [3], the phase composition
of the TiB, ;N ; coating should lie within a three-phase
region containing TiB,, TiN and BN. As shown in Fig-
ure 1(a), the TiB, o¢ coating exhibits a single Bls peak at
187.8 eV, corresponding to TiB, [16]. This indicates that
only TiB, phase exists in the TiB, ¢ coating. The Bls
spectrum of the TiB,,N; 3 coating consists of two Bls
components, with Bls peak positions located at binding
energies of 187.8 and 190.5 eV, which correspond to
TiB, and BN, respectively [16]. Figure 1(b) shows the
XPS core—clectron level Ti2p spectra recorded from
the two coatings. The Ti2p spectrum for the TiB, g4
coating exhibits a single Ti2p;/, peak located at a bind-
ing energy of 455.5 eV, in good agreement with the val-
ues obtained for TiB, [17]. For the TiB,,N; 3 coating,
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Figure 1. XPS spectra of the (a) Bls, (b) Ti2p and (c) Nls core
electrons for the two coatings.

Ti2p peak can be resolved into two main components
at 455.5 and 456.7 eV, corresponding to TiB, and TiN,
respectively. From Figure 1(c), it is found that N1s peak
of the TiB,,Nj 3 coating can be deconvoluted into two
peaks located at 397.2 and 398.1 eV, which are attribut-
able to TiN and BN [18], respectively. By quantitative
evaluations of the XPS data, the phase fractions for
the TiB,,N; 3 coating are derived, i.e. 32.56% TiB,,
48.46% BN and 18.98% TiN, respectively [19]. They
are consistent with those predicted from the Ti-B-N
phase diagram. All the XRD peaks of the TiB, ¢ coat-
ing can be indexed as hexagonal TiB, (JCPDS No.75-
1045; see Fig. S1 in the Supplemental material). The
XRD pattern of TiB,,N; 3 coating, however, exhibits
three characteristic TiN peaks (JCPDS No.38-1420),
appearing at 20 angles of 36.5, 42.5 and 61.7°, which
can be assigned respectively to the (111), (200) and
(220) planes of face-centered cubic (fcc) B1-NaCl-struc-
tured TiN. In contrast to the XPS measurements, char-
acteristic diffraction peaks were not detected from either
TiB, or BN, suggesting that both phases exist in an
amorphous state. Moreover, the TiB,,N;3 coating
shows a preferred TiN (200) orientation. This phenom-
enon results presumably from the incorporation of B
into the TiN lattice [7]. It has been reported that the
addition of B can promote the transformation of the
preferred orientation of as-prepared TiN films from
(111) to (200) [20]. The two coatings have a thickness
of ~10 pm and exhibit a dense and homogeneous struc-
ture (see Fig. S2 in the Supplemental material). They are
tightly adhered to the Ti-6Al-4V substrate without
pores, cavities or microcracks visible at the interface
between the coating and the substrate.

As shown in Figure 2(a) and (b), the TiB, ¢¢ coating
has a polycrystalline structure composed of equiaxed
grains of different orientations. The grain size of the
crystallites is about 5-11 nm, with an average value of
about 8nm, calculated from crystallites evident in
dark-field images. Numerous lattice fringes can be ob-
served in the high-resolution transmission electron
microscopy (HRTEM) image for TiB, s coating
(Fig. 2(b)). The space of the lattice fringes marked as
A and B were calculated respectively as 2.63 and
2.04 A, which correspond to the spacing of the (100)
and (101) planes of TiB,. The excess B in the overstoi-
chiometric TiB, o6 coating is supposed to segregate to
the boundaries of TiB, grains, forming disordered
B-rich regions [21]. In comparison, the TiB, ;N 3 coat-
ing is characterized by a unique sandwich-like structure
(Fig. 2(c)), wherein vertically aligned, alternating thick
and thin layers are bonded closely to one another (see
the upper right inset in Fig. 2(c)). The thick layers with
a featureless contrast are made of an amorphous phase,
as indicated by a diffused halo shown in the selected area
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Figure 2. Typical plan-view bright-field TEM (a) and HRTEM (b)
images of the TiB, (6 coating; (c) low-magnification bright-field TEM
of the TiB,,N;; coating. The upper right inset in (c) shows the
interface between the amorphous and nanocrystalline regions. The
lower left inset in (c) shows the SAD pattern of the amorphous regions.
EDX analysis from both the amorphous TiB,~BN (d) and nanocrys-
talline Ti(N,B) regions (e). (f) HRTEM images and corresponding
selected area electron diffraction pattern (inset) of the nanocrystalline
regions; (g) an HRTEM image of TiB,,N, ; coating showing lamellar
nanotwins with a twin thickness of ~3.5 nm in nanocrystalline regions;
its FFT is inset.

diffraction (SAD) pattern (lower left inset in Fig. 2(c)).
The results of energy-dispersive spectroscopic analysis
indicate that the amorphous region contains Ti, N and
B elements (Fig. 2(d)), whereas the nanocrystalline re-
gion is enriched in Ti and N with small amounts of B
(Fig. 2(e)). By way of contrast, the thin layers are com-
posed of nanocrystallites with an average grain size of
~5nm in diameter, as shown in Figure 2(f). According
to JCPDS data for fcc TiN, the lattice fringes of
~246 A in grain A and of ~2.13A in grain B
(Fig. 2(f)) are believed to be those of {111} and
{200} planes of Ti(N,B). In addition, an intense (200)
ring in the SAD patterns indicates that the coating
exhibits a strong (200)-oriented texture, which is in
agreement with the XRD results. It is worth noting that
the amorphous/nanocrystalline sandwich architecture of
the TiB,,N; 3 coating is unique and quite distinct from
that of Ti-B-N nanocomposite coating reported by
other researchers [7,8], in which individual TiN grains
are strongly bonded to one another by a few atomic
layers of amorphous phase. Furthermore, HRTEM
observations reveal that a high density of nanosized
growth twins exist within the Ti(N,B) grains
(Fig. 2(g)). The corresponding fast Fourier transforma-
tion (FFT) pattern shows a streaking character, indica-
tive of the presence of a large strain in the TiN grains,
presumably induced by twin formation. Similar findings
have also been reported by Lu et al. [7]. The mechanism

that governs the formation of such an unusual nano-
sandwiched structure in the Ti-B-N film remains the
subject of an ongoing investigation and is briefly dis-
cussed in Section 4 of the Supplementary materials.

The nanoindentation tests (see Fig. S3 in the Supple-
mental material) show that the values of hardness and
elastic  modulus of the TiB,,N;3 coating
(H=55+0.7GPa, E=456 £ 3 GPa) are significantly
higher than those of the TiB,o coating
(H=434+04 GPa, E=397+ 7 GPa). Remarkably,
the hardness value of the TiB, ,N; 3 coating is compara-
ble to the highest hardness value (55 GPa) of the nano-
structured Ti-B—N coating consisting of equal fractions
of nc-TiN and a-TiB, phases prepared by sputter depo-
sition [22], and is greater than the hardness values for
the nanocomposite nc-TiN/a-(TiB,, BN) thin films syn-
thesized by other techniques [20,23]. Figure 3(a) and (b)
presents FIB cross-sectional images of indents in the two
coatings, created by a Berkovich diamond tip at
500 mN. Although no cracks are visible from the cor-
ners of the indents for the TiB, o coating, significant
sub-surface cracks can be observed (Fig. 3(a)). As also
shown in Figure 3(a), some cracks propagate from the
indent edges downward at an acute angle, while cracks
below the indentation extend in the direction perpendic-
ular to the sample surface at a greater depth. In contrast,
no sub-surface cracks are observed for the TiB,,Nj 3
coating under the same loading conditions (Fig. 3(b)),
meaning that the TiB,,N; 3 coating possesses a greater
resistance to crack formation. Moreover, it is notewor-
thy that circular shear bands appear at the indent
surfaces of the two coatings, but this is more evident
for the TiB, >N 3, as indicated by the arrows. This is a
common feature often found in metallic glasses and
nanostructured films using instrumented indentation
methods [24].

An intriguing question may be asked from the pres-
ent investigation: why does the nanosandwich-struc-
tured TiB,,N; 3 coating possess a unique combination
of higher hardness and damage tolerance as compared
to the monolithic TiB, s nanocrystalline coating? As
mentioned above, the TiB,,N; 3 microstructure consists
of vertically aligned, alternating amorphous and nano-
crystalline layers. This is distinctly different from the
microstructure of Ti-B-N nanocomposite films re-
ported by many researchers, which typically comprises
a few-nanometer-scale TiN crystallites embedded in an
amorphous phase, a prerequisite for reaching superh-
ardness [5]. For the monolithic TiB, o6 nanocrystalline
coating (grain size < 10 nm), because of the absence of
dislocation activity in such small crystallites, the defor-
mation mechanism is dominated by grain-boundary
shear, resembling shear banding in amorphous

Figure 3. Secondary electron FIB cross-sectional images of indents in
the TiB, o6 (a) and TiB, ;N 3 (b) coatings subjected to load of 500 mN
using a Berkovich diamond tip.
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materials [25,26]. Due to the lack of effective work hard-
ening to divert the shear flow, this nanocrystalline coat-
ing would undergo inhomogeneous plastic deformation
through the formation of highly localized shear bands,
which would consequently lead to premature cata-
strophic failure [27]. By contrast, the TiB, ;N 3 coating
exhibits a multiphase heterogeneous microstructure fea-
turing alternating nanocrystalline and amorphous layers.
Previous studies have shown that the blending of crystal-
line phase into a glassy matrix is an effective way to
simultaneously enhance strength and ductility [28]. Here,
the nanocrystalline layers may assume two distinct roles:
on the one hand, they provide geometrical confinement
against the propagation of shear bands in the amorphous
layers and, on the other hand, they promote the forma-
tion of multiple shear bands within themselves, corrobo-
rated by appearance of numerous shear bands seen in
Figure 3(b) [29,30]. Additionally, inside the nanocrystal-
line layers exists a high density of nanoscale growth twins
with a twin thickness of ~3.5 nm. Several studies have
indicated that, by decreasing the twin thickness in nano-
twinned metals, more space is created for the storage of
dislocations, giving rise to pronounced strain hardening
results [31,32]. For example, Lu et al. [32] found that,
when the twin thickness is less than 15 nm, the strain
hardening behavior of nanotwinned Cu is governed pre-
dominantly by dislocation—twin boundary interactions,
resulting in a substantial increase in tensile ductility. Re-
cently, Tian et al. [33] reported that, by decreasing the
twin thickness down to 3.8 nm, the hardness and tough-
ness of the nanotwinned c-BN increases significantly, due
to a quantum confinement effect and multiple parallel
laminated nanotwins being formed at the sub-grain level.
Therefore, in the present study, such a nanosandwich
structure, together with nanoscale growth twins, is capa-
ble of imparting the TiB,,N; ;3 coating with a striking
combination of high hardness and damage resistance.

In summary, a novel nanosandwich-structured
Ti—B-N coating was deposited on a Ti—-6Al-4V substrate
by a double glow discharge plasma technique. The newly
developed coating consists of vertically aligned, alternat-
ing nanocrystalline Ti(N,B) and amorphous TiB,-BN
layers. It exhibits extremely high hardness, due in part
to the nanotwinned substructure and a quantum confine-
ment effect. To render the coating highly damage toler-
ant, the nanocrystalline layers act as a physical barrier
that suppresses shear band propagation in the adjacent
layers while, at the same time, facilitating the formation
of controlled shear bands within themselves. In addition,
nanoscale growth twins in the nanocrystalline layers play
a part in enhancing the ductility of the Ti-B-N coating.
Consequently, the Ti-B-N coating exhibits a unique
combination of high hardness and damage tolerance in
comparison to the monolithic TiB, o nanocrystalline
coating. It is anticipated that the newly developed coat-
ing could be used for safety—critical applications where
catastrophic failure is not tolerated.
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