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TiB2 thin films are well known for their high hardness which makes them useful for wear-resistant
applications. Overstoichiometric TiB2 deposited at 300 °C by nonreactive sputtering has been
shown to exhibit superhardnesssHù40 GPad, while the hardness of their bulk stoichiometric
counterparts is,25 GPa. We show, using high-resolution transmission electron microscopy, that
overstoichiometric TiB2.4 layers have a complex self-organized columnar nanostructure. The
,20 nm wide columns, encapsulated in excess B and oriented along 0001, consist of a bundle of
,5 nm diameter TiB2 subcolumns separated by an ultrathin B-rich tissue phase. The nanocolumnar
structure, which is thermally stable to postannealing temperatures up to 700 °C, inhibits nucleation
and glide of dislocations during hardness indentation measurements, while the high cohesive
strength of the B-rich tissue phase prevents grain-boundary sliding. The combination of these effects
results in the observed superhardness of,60 GPa. © 2005 American Institute of Physics.
fDOI: 10.1063/1.1887824g

TiB2 thin films, and transition-metal nitrides and car-
bides containing TiB2, have been studied extensively due to
their high hardness and thermochemical stability.1–6 Their
properties are highly attractive for a wide range of applica-
tions in erosive, abrasive, corrosive, and/or high-temperature
environments.3 TiB2 crystallizes in the hexagonal C32 struc-
ture in which B is located in the interstices betweens0001d
close-packed Ti planes.1,7 Thus, B and Ti planes alternate
along the c axis.1,7 Reported lattice parameters area
=0.3038 nm andc=0.3220 nm.8–10 Due primarily to the
strong covalent bonding in the B network, TiB2 has a rela-
tively narrow single-phase field with a composition ranging
from 65.6 to 66.7 at. % B, a high melting points3225 °Cd,
and a high hardnesssH=25 GPad.7,10

Recently, TiB2 thin films deposited bynonreactivedc
sputtering from compound targets have been shown to have
much higher hardnesses, 48 to 77 GPa, which are not simply
due to correspondingly high residual stresses.1,4 However,
the mechanism giving rise to this superhardness effectsde-
fined in Ref. 11 asHù40 GPad is not understood. While it
has been speculated that the nanostructure and grain bound-
aries of the film may play an important role,1,4 these features
have not been investigated in detail. A review of the litera-
ture reveals that superhard TiB2 is only obtained in oversto-
ichiometric layers with a pronounced 0001 texture.1–4,6

Here, we use high-resolution transmission electron mi-
croscopysHRTEMd to show that superhard overstoichiomet-
ric TiB2 films have a columnar structure, with an average
feature size of,20 nm, and 0001 preferred orientation. The
columns are encapsulated in excess B and are themselves
composed of smaller stoichiometric TiB2 subcolumns with
an average diameter of,5 nm, separated by a thin B-rich
tissue phase of thickness 1–2 monolayerssML d. Due to the
small dimension across the TiB2 nanocolumns, nucleation
and glide of dislocations is inhibited during hardness inden-

tation measurements, while the high cohesive strength of the
thin B-rich tissue phase prevents grain-boundary sliding. To-
gether, these two effects explain the observed superhardness
of overstoichiometric TiB2 layers.

TiB2 films, 3 mm thick, are grown on austenitic stainless
steel and Sis001d substrates at 300 °C by magnetically unbal-
anced magnetron sputter deposition from a stoichiometric
TiB2 target s150 mm in diameterd in Ar s99.999% purityd
discharges. The Ar pressure and power density are 0.4 Pa
s3310−3 Torrd and 3.5 W cm−2, respectively, yielding a
deposition rateR of 0.56 nm s−1. The deposition system and
growth conditions are described in more detail in Ref. 2. The
incident metal fluxJTi is estimated based upon measurements
of the deposition rate, film compositionssee next paragraphd,
and film thickness and assuming bulk density. The ion flux
JAr+ and the ion energyEAr+ bombarding the growing film
are determined using Langmuir-probe measurements follow-
ing the procedures described in Ref. 12.EAr+ is maintained
constant at 30 eV in these experiments. As-deposited films
are annealed in a vacuum at temperaturesTa of 500, 600, and
700 °C at pressuresø10−3 Pas7.5310−6 Torrd for 1 h.

Film compositions are measured by wavelength disper-
sive electron probe microanalyses calibrated using a sto-
ichiometric TiB2 standard whose composition was deter-
mined by nuclear reaction analyses. B/Ti ratiosx in as-
deposited films were found to depend strongly on the
incident ion/metal flux ratiosJAr+/JTid during growth with
x=2.4, 3.0, and 3.2 forJAr+/JTi =0.4, 6, and 12, respectively.
The films exhibit no detectable impurities within the detec-
tion limit of approximately 0.1 at. %.

The biaxial compressive stresss, measured using the
cantilever beam method,5 in films grown on Sis001d ranges
from −0.03 GPa withx=2.4 to −1.82 GPa withx=3.0 to
−2.40 GPa withx=3.2. The thermal expansion coefficient of
overstoichiometric TiBx films is ,6.5310−6 K−1,5 giving
rise to differential thermal contraction stresses, upon cooling
from the growth temperature, of +0.90 GPa on Sis001d andadElectronic mail: paul.mayrhofer@unileoben.ac.at
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−3.10 GPa on the steel substrates. Combining the results of
the cantilever measurements with the thermal contraction
stresses, the intrinsic stresses during growth are estimated to
be −0.93 GPa withx=2.4,−2.72 GPa withx=3.0, and
−3.30 GPa withx=3.2. HardnessesH of the films on steel
substrates are obtained by computer-controlled measure-
ments using a Fischerscope H100C with a 50 mN load for
which the Vickers indentation depth isø10% of the film
thickness.H values for all of our overstoichiometric TiBx
films, irrespective ofx or s, remain constant at 60±3 GPa.

Here, we focus on films withx=2.4 which have low
macrostress as deposited. The nanostructures of these layers
in both the as-deposited and annealed states are determined
using Bragg–Brentano x-ray diffractionsXRDd with CuKa
radiation, transmission electron microscopysTEMd, and
electron energy-loss spectroscopysEELSd. There are no de-
tectable differences in nanostructure and texture between the
TiB2.4 films grown on steel and Sis001d.

The only XRD peaks obtained from as-deposited and
annealed TiB2.4 layers grown on steel substrates over the 2u
range 20°–90° are the 0001 at 27.54°fsee Fig. 1sadg and the
0002 at 56.94°. The 0001 peak position continuously shifts
from 27.54° slattice constantc=0.3239 nmd in the as-
deposited state to 27.71°sc=0.3219 nmd after annealing at
700 °C as indicated in Figs. 1sad and 1sbd. The lattice con-
stant in the f0001g direction for bulk TiB2 is
c0=0.3220 nm.9,10Thus, the TiB2.4 films exhibit compressive
macrostrain in the as-deposited statesc.c0d, changing to an
essentially unstrained condition after annealing at 700 °C
fsee Fig. 1sbdg. The full width at half maximum intensity
G0001 of the 0001 reflection remains constant at 0.28° ±0.01°
as a function of annealing temperature forTaø700 °CfFig.
1sbdg suggesting that there are no significant changes in ei-
ther the nanostructure or local lattice microstrain13 as a func-
tion of annealing.

Increased diffusivities during film annealing commonly
lead to defect annihilation and atomic rearrangement result-
ing in lower stresses.14,15 Since structural defects act as ob-
stacles for dislocation motion, a direct relationship between
defect density and hardness is expected.15 Thus, both diffrac-
tion peak widthsG and the hardness of stoichiometric binary
nitride and carbide layers typically decrease during

annealing.16,17 However, in the present experiments carried
out on overstoichiometric TiB2.4, we observe that while the
film lattice constantsand hence macrostressd decreases with
annealing temperatureTaø700 °C,G and H remain con-
stantfsee Fig. 1sbdg.

TEM investigations reveal no observable differences in
the nanostructure of as-deposited TiB2.4 layers and samples
which were annealed at 700 °C. This is consistent with the
XRD results showing thatG0001 remains constant withTa.
Figure 2 is a bright-field cross-sectional TEMsXTEMd im-
age with a corresponding selected area electron diffraction
sSAEDd pattern from a TiB2.4 layer annealed at 700 °C. The
film has a dense columnar structure with an average column
diameter of,20 nm and a smooth surface with an average
root-mean-square roughness essentially equal to that of the
polished substrate surface,,15 nm. SAED patterns obtained
as a function of film thickness show an 0001 texture near the
film/substrate interface with increased preferred orientation
near the film surface. The 20 nm diameter columns are com-
posed of bundles of subcolumns, with an average coherence
length of,5 nm, which extend along the film growth direc-
tion ssee inset in Fig. 2d throughout the entire coating thick-
ness. The feature spacing does not change with imaging dif-
fraction vector showing that the contrast is not due to Moiré
interference fringes. Rather, the modulation results from
atomic number and/or strain contrast caused by a lateral
compositional variation during film growth, similar to the
surface-initiated spinodal decomposition observed in
Ti0.5Al0.5N.18 This is verified by high-resolutionsHRd
XTEM, plan-view TEM, and scanning TEM investigations.

Figure 3 is a HR-XTEM image of a TiB2.4 sample after
annealing atTa=700 °C. TiB2 0001 lattice fringes are vis-
ible within ,5 nm wide nanocolumns separated by,0.5 nm
thick s1–2 MLd disordered regions, which we refer to as a
tissue phasesindicated by the white dashed lines in Fig. 3d.
The lattice fringe spacingc is consistent with stoichiometric
TiB2. The inset in Fig. 3 is a high-angle annular dark-field
sZ-contrastd cross-sectional image with alternating dark and

FIG. 1. sad XRD patterns from an as-deposited TiB2.4 film and samples
which have been annealed for 1 h at temperaturesTa. sbd HardnessH, lattice
constantc, and full width at half maximumG of the s0001d XRD reflection
as a function ofTa. For comparison, the lattice constantc of TiB2 is indi-
cated by an arrow.

FIG. 2. Bright-field XTEM image, with a corresponding SAED pattern ob-
tained near the upper portion, of a TiB2.4 layer after annealing at 700 °C.
The inset is a higher-resolution image showing the 0001-oriented,5 nm
wide subcolumnar nanostructure.
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bright stripes. Regions with a lower average atomic number
Z appear darker and are, therefore, B-rich compared to the
brighter TiB2 regions. As confirmed by plan-view HRTEM
investigationsssee Fig. 4d, the nanostructure is composed of
bundles of,5 nm diameter coherent subcolumns, separated
by a thins,0.5 nm, 1–2 MLd disordered B-rich tissue phase,
within ,20 nm wide 0001-oriented columns. Quantitative
analyses of EELS measurements obtained from plan-view
samples using a 1 nmspot size reveal that the subcolumns
are stoichiometric TiB2 in agreement with the fringe spacing,
whereas the disordered regions are highly B rich.

From the above results, we conclude that overstoichio-
metric TiB2.4 layers with excess B exhibit a complex self-
organized nanostructure. Columns with 0001 preferred orien-
tation and diameters of,20 nm are encapsulated in excess
B. The columns themselves are composed of bundles of co-
herent,5 nm diameter TiB2 subcolumns that are separated

by a disordered 1–2 ML thin B-rich tissue phase. TEM and
XRD investigations show that this nanostructure is thermally
stable to annealing temperatures up to at least 700 °C, while
indentation results show that the film hardness is also unaf-
fected by annealing.

The hardness of a material is determined by resistance to
bond distortion and dislocation formation and motion during
indentation. The primary dislocation glide planes in our
TiB2.4 layers areh0001j. However, due to the self-organized
nanocolumnar structure, these planes have an average length
of only 5 nm. Thus, dislocation formation is unlikely19 and
even if dislocations did nucleate during indentation, the ul-
trathin s1–2 MLd B-rich tissue phase would act to impede
their motion. Furthermore, the cohesive strength of boundary
regions, which usually have the lowest resistance to distor-
tion during indentation,20 is enhanced by the presence of the
excess B. Together, these two effects explain the observed
superhardness of overstoichiometric TiB2.4 layers. Our re-
sults are similar to the superhardness achieved with Ti–Si–N
nanocomposites21,22 in which small equiaxeds,5 nm in di-
ameterd TiN clusters are separated by a thins1–2 MLd amor-
phous Si3N4 boundary layer. A major difference, however, is
the anisotropy of our TiB2.4 layers which are superhard along
the growth direction.
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FIG. 3. Bright-field cross-sectional HRTEM image of a TiB2.4 layer after
annealing at 700 °C. The inset is a lower resolutionZ-contrast image.

FIG. 4. Bright-field plan-view 0001 HRTEM image of an as-deposited
TiB2.4 layer. The inset is a lower resolutionZ-contrast image.
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