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The borides of transition and rare-earth metals are considered
for application as wear- and corrosion-resistant, decorative or
thermionic coatings. After a review of physical vapor deposition
(PVD) techniques used for the deposition of these coatings,
a survey of investigations to apply these coatings is given. As
a result of the strong directionality of covalent boron–boron
bonds, boride coatings show an increasing tendency to amorph-
ous film growth with increasing B/Me atomic ratio and, for
rare-earth hexaborides, with decreasing metallic radius of the
rare-earth metal. Mechanical and optical properties are strongly
influenced by the crystallographic structure of the boride phase.
Because of their high hardness combined with good adhesion,
crystalline films based on the diborides of transition metals seem
to be promising candidates for wear resistant coatings on cutting
tools. Alloying of these films with nitrogen by reactive PVD
processes results in the formation of extremely fine-grained
multiphase hard coatings with excellent tribological and cor-
rosion behavior, thus offering new applications in the coating of
engineering components. Because of their distinct colorations,
some of the hexaborides of rare-earth elements may be used as
decorative coatings on consumer products like wristwatch cas-
ings or eyeglass frames. Another promising field is the develop-
ment of thermionic coatings based on rare-earth hexaborides,
which may offer the possibility of the production of inexpensive
and simple high emission filaments. ( 1997 Academic Press

1. INTRODUCTION

The use of hard materials based on nitrides and carbides
of transition metals to produce wear- and corrosion-resis-
tant coatings on, e.g., tools, engineering components, or
decorative items to increase the lifetime or to lend an at-
tractive surface finish is now well accepted (1—3). However,
although showing a promising combination of properties
which have attracted an increasing number of investigators,
the industrial application of boride-based thin films is very
limited (4—6). The interest in boride coatings arises from the
fact that the corresponding bulk phases show promising
properties such as high hardness and chemical stability
(7—9). The hexaborides of rare-earth elements are excellent
thermionic emitters. In addition, some hexaborides and
dodecaborides show interesting colorations ranging from
27
purple—red to blue shades (10). Films based on these borides
have been prepared by CVD (11—16), PACVD (17—19), and
various physical vapor deposition (PVD) methods (20—63).

In this paper, after a survey of PVD methods used for the
deposition of boride-based coatings, a review of studies is
given that investigates the suitability of different borides for
applications as wear- and corrosion-resistant, decorative
and thermionic coatings. The interdependence between de-
position conditions, microstructure, and properties of coat-
ings based on the diborides and dodecaborides of transition
metals and hexaborides of rare-earth metals is presented
and discussed.

2. PVD METHODS FOR THE DEPOSITION
OF BORIDE COATINGS

Because of difficulties arising from the application of
boron-containing gases, PVD methods employed to deposit
boride coatings are usually based on nonreactive tech-
niques. The application of triode sputtering (30, 32, 40),
dc (4, 5, 22, 33, 38, 44—61) and rf magnetron sputtering
(31, 34—43), electron-beam evaporation (20—27), and arc
evaporation (28, 29) for the deposition of boride coatings is
reported in the literature. Because of the low electrical and
thermal conductivity of boron (22) and because of the high
reactivity of certain rare-earth metals with oxygen (e.g.,
lanthanum and cerium), most PVD processes make use of
the corresponding boride as the vapor source instead of
separated metal and boron sources (62, 63). High-quality
boride targets (either as billets or rods for evaporation or as
plates for sputtering) are usually prepared powder-metallur-
gically, e.g., by means of sintering or hot pressing. Typical
values of the densities yielded are in the range of 70 to 85%
of the theoretical density (34, 58). Thus, in combination with
the high brittleness of boride compounds, the operation of
these vapor sources in PVD techniques requires the observ-
ance of certain measures to avoid thermal overloading. To
ensure a sufficient heat transfer from a sputtering target to
the coolant, the application of suitable bonding techniques
of the target onto the backing plate is necessary. Neverthe-
less, for sputtering and evaporation methods, the power
applied to the target has to be limited to moderate values to
9
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avoid cracking or source material explosion due to localized
overheating. In magnetron sputtering, the reported power
densities are between 2 and 10Wcm~2 (4,39—42,46,46—61).
The resulting deposition rates vary between 1.5 and
200 nmmin~1 for magnetron sputtering and electron-beam
evaporation, respectively (4, 25, 34, 39—41, 46—61). However,
values of up to 1800 nm min~1 are reported for arc evapor-
ation of LaB

6
(28). For comparison, typical growth rates for

TiN coatings deposited onto tools or decorative coatings
range from 20 to 250 nmmin~1 (2, 3).

The results discussed in this paper are from boride coat-
ings deposited by conventional and unbalanced dc magnet-
ron sputtering in the author’s department with thicknesses
between 2 and 5 lm. To date, there is no known industrial
utilization for PVD coatings based on borides. So the fol-
lowing review has to be restricted to results obtained on
a laboratory scale. However, from the process point of view,
up-scaling of these deposition methods to the industrial
scale seems to be possible.

3. STRUCTURE AND PROPERTIES
OF BORIDE COATINGS

Among the deposition parameters of PVD methods, the
kinetic energy of the condensing particles plays a crucial
role for the growth of boride coatings—affecting both
microstructure and properties. Thus the following section
concentrates mainly on the influence of the argon pressure
during deposition affecting the scattering processes of sput-
tered energetic particles (64). The targets and the deposition
parameters used in this work are summarized in Table 1.

3.1. Relationships between Deposition Conditions
and Microstructure

As a result of the strong directionality of the covalent
boron-boron bonds (7), coatings based on borides show
TABLE 1
Sputtering Parameters Used for the Targets Investigated

Sputtering Substrate
power density Total pressure Bias voltage temperature

Target (W cm~2) (Pa) (!V) (°C)

TiB
2
a 2.3 0.7 100 300

ZrB
2
b 2.8 1.1 200 300

LaB
6
b 4.8 3 100 200

CeB
6
b 4.8 3 100 200

SmB
6
b 4.8 3 100 200

YB
6
b 4.8 3 100 200

ZrB
12

b 2.8 1.1 200 200

a Unbalanced dc magnetron sputtering.
b Conventional dc magnetron sputtering.
a pronounced tendency to form extremely fine-grained to
amorphous structures if low-temperature PVD processes
are used (65). The actual microstructure of boride coatings
as revealed by scanning (SEM) or transmission electron
microscopy (TEM) has so far only been reported for a few
cases. Hence, it is not possible to draw a generic conclusion.
However, in evaporation as well as in sputtering, similar
results are obtained. Figure 1 shows SEM fracture cross
sections of coatings deposited using sputtering from TiB

2
,

LaB
6
, CeB

6
, and ZrB

12
targets, respectively. Deposition

conditions with moderate energetic contribution for film
growth seem to promote the formation of a dense, extremely
fine-columnar structure (see Figs. 1a and 1c). Typical grain
sizes for this structure type revealed from X-ray diffraction
(XRD) measurements on ZrB

2
- and LaB

6
-based films were

found to be below 40 nm for electron-beam evaporation (21)
and below 20 nm (21, 30, 48) for sputtering. In the com-
plementary growth region, i.e., extremely low or high ener-
getic contribution (e.g., high argon pressure, low substrate
temperature or high bias voltage, respectively) and due to
the addition of nitrogen using reactive PVD processes, the
structure of the coatings becomes extremely fine-grained to
amorphous (see Figs. 1b and 1d). Obviously, columnar film
growth requiring long-range diffusion processes is not pos-
sible at low substrate temperature (23, 25, 30), with the low
energies of condensing target atoms (at high argon pressures
(57—59)), during high energy ion bombardment (at high bias
voltages (57—59)) or due to the addition of foreign elements
(4, 5, 18, 19, 29, 35—39, 46, 47—49, 53, 58, 60, 61).

The dependence of the chemical composition of the coat-
ings on the argon pressure is plotted as a B/Me atomic ratio
(Me"metal titanium, zirconium, lanthanum, cerium, sa-
marium or yttrium, respectively) in Fig. 2. In general, in
nonreactive sputter processes, stoichiometric deviations of
the coating from the target composition are attributable to
interactions of the sputtered target atoms with the plasma
discharge in the transport phase and at the surface of the
growing film, assuming that diffusion processes in the target
are inhibited (66). Therefore, the main reasons for the ob-
served influence of the argon pressure on the chemical
composition of the coatings are collisions of sputtered ener-
getic particles with argon atoms. These collisions may be
characterized by both the collision cross sections p and the
energy transfer coefficients e. Special attention should there-
fore be paid to the particle radii determining the collision
cross sections and to the atomic masses determining the
energy transfer coefficients (67, 68). The energy transfer
coefficient

e"
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5
m

A3
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5
#m

A3
)2

, [1]

where m
5
and m

A3
are the atomic masses of the target and

argon atoms, gives the following values for collisions of the
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target atoms involved with argon: e
T*
"0.99, e

Z3
"0.85,

e
L!
"0.69, e

C%
"0.69, e

S.
"0.66, e

Y
"0.86, and e

B
"0.67.

Considering the low particle radius and thus low collision
cross section of boron atoms, we can assume boron atoms
to have a high mobility within the discharge at low pres-
sures thus comparatively easily arriving at the substrate.
This interpretation is suitable to explain the overstoichio-
metry of the coatings sputtered from all targets with the
exception of ZrB

12
(52) (compare Fig. 2).

With increasing argon pressure we have to distinguish in
more detail between the behavior of the sputtered particles
in the discharge. Taking into account momentum and en-
ergy conservation during elastic collisions, boron atoms
colliding with argon atoms at high process gas pressures are
expected to preferentially recoil with respect to their orig-
inal movement direction. This has been confirmed by
Monte Carlo simulations of the behavior of sputtered lan-
thanum and boron atoms (45), which show that with in-
creasing pressure an increasing number of boron atoms is
thermalized and thus has reduced deposition probabilities
(69). However, the effect of this mechanism is superposed by
the high particle radius and thus collision cross section of
titanium and zirconium atoms combined with the efficient
energy transfer to argon atoms expressed by e, resulting in
very low deposition probabilities for titanium and zirco-
nium atoms at high argon pressures. These considerations
explain the increase in the B/Zr atomic ratio with increasing
pressure for both the ZrB

2
and ZrB

12
targets. In contrast to

that, the rare-earth atoms are not so affected by scattering
because of their high atomic masses with respect to argon
and the resulting lower value for the energy transfer coeffic-
ient e. These interpretations are in good agreement with
other investigations concerning diboride (4, 13, 14) and lan-
thanum hexaboride coatings (41, 45).

The addition of nitrogen during the sputtering process
results in an increasing nitrogen concentration within the
coating at the expense of the boron content. More detailed
information can be found in Refs. (4, 5, 18, 19, 29, 35—39, 46,
47—49, 53, 58, 60, 61).

Typical XRD traces of coatings deposited onto molyb-
denum substrates are shown in Figs. 3 and 4. In the case of
nonreactive sputtering from TiB

2
or ZrB

2
targets, films

containing the hexagonal TiB
2

or ZrB
2

phases, respectively,
were deposited (Figs. 4a and 4b). Within the range of the
deposition parameters investigated, a pronounced (001) tex-
ture of the TiB

2
phase and a weak (001) texture to an almost

random orientation of the ZrB
2

phase determined from
texture coefficients (70) was observed. In diboride films with
low nitrogen concentrations the corresponding diboride
phase is still present (see Fig. 3c) (4, 5, 18, 19, 29, 35—39,
47—49, 53, 58). High nitrogen contents result in the forma-
tion of X-ray amorphous films, which may be regarded as
having a nanocrystalline multiphase structure consisting of
the corresponding diboride and nitride phases, as well as
hexagonal boron nitride (4, 5, 35—37). The same consider-
ations have been assumed for nitrogen-alloyed hexaboride
coatings (49, 58). Nonreactive deposition using ZrB

12
tar-

gets leads to the appearance of extremely broad features in
the XRD traces (Fig. 3d). While the formation of an (001)-
oriented ZrB

2
phase could unambiguously be detected, the

additional feature centered at 37° (full width at half max-
imum (FWHM) approximately 11°) may be identified as
originating from the rhombohedral boron phase or from
a tendency to order only in the sense that atoms are fairly
tightly packed together and show a statistical preference for
a particular interatomic distance within a boron or boron-
rich phase (52, 71, 72). No evidence of the formation of the
metastable ZrB

12
phase (73) was detected.

A rough interpretation of the tendency to form the corres-
ponding hexaboride phase during deposition may be given
by the consideration of the size of the rare-earth atom that is
appropriate to the metallic sites in the rigid boron skeleton
(7, 9). For hexaborides, the metallic radii for the rare-earth
atom may vary between 0.175 and 0.223 nm (10). Following
the different radii for lanthanum (0.1870 nm), cerium
(0.1825 nm), samarium (0.1802 nm), and yttrium (0.1776 nm),
a decreasing tendency to stabilize the crystalline hexaboride
phase in sputtered films is observed (Fig. 4). Despite the
broad composition range observed (compare Fig. 2), other
rare-earth boride phases could not be detected. For crystal-
line films, the preferred orientation of the hexaboride phase
is (100) (6, 21, 22, 26, 34, 41, 42, 50, 51, 55—59). With increas-
ing kinetic energy of the condensing target atoms, a change
in the texture from (100) to (110) and (111) is observed
(6, 41, 45, 55, 57—59), which is related to different contribu-
tions of the strain and surface energy of the films. Nakano et
al. (42) calculated the strain energy for different faces of the
LaB

6
lattice to increase in the order (111)((110)((100),

while the surface energy shows the opposite trend. As the
contribution of kinetic particles to film growth increases, the
contribution of the strain energy becomes dominant and,
consequently, the preferred (100) orientation vanishes.

For TiB
2
-based coatings the lattice parameter c of the

TiB
2

phase shows a weak decrease from 0.322 to 0.320 nm
with increasing argon pressure corresponding to distortions
of !0.23 to !0.85% with respect to the literature value of
TiB

2
(c"0.32295 nm (74)). The strong (001) texture pre-

vents the calculation of the a value. The lattice parameters
of the ZrB

2
phase vary without pronounced tendency in the

range of a"0.320 to 0.321 nm and c"0.345 to 0.346 nm.
These values correspond to lattice distortions in the a direc-
tion of #0.91/#1.30% and parallel to the c axis of !1.28/
!2.19% as compared with the bulk values of ZrB

2
(a"0.3168 nm and c"0.3530 nm (74)). For the hexaboride
phases in PVD coatings, lattice parameters determined by
XRD techniques between 0.416 and 0.422 nm for LaB

6
,

0.415 and 0.418 nm for CeB
6
, and 0.417 and 0.421 nm for

SmB
6

are found; this corresponds to distortions from the



FIG. 1. Cross-sectional SEM micrographs of boride coatings sputtered nonreactively from different targets (deposition parameters see Table 1).
(a) target: TiB

2
. (b) target: LaB

6
. (c) target: CeB

6
. (d) target: ZrB

12
.
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standard value of the bulk phases (LaB
6
, a"0.4153 nm;

CeB
6
, a"0.4141 nm; SmB

6
, a"0.4133 nm (74)) of #0.17

to #1.61%, #0.22 to #0.94%, and #0.89 to 1.86%. In
agreement with the considerations above, the highest values
for the lattice parameter were obtained for sputtering at low
process gas pressures (6, 41, 55, 57—59). These distortions are
on the one hand attributed to the effect of excess boron
(compare Fig. 2) which may be incorporated interstitially in
the boride lattice, or on the other hand to the incorporation
of argon atoms (75) or impurities originating from residual
gases during the deposition process.

3.2. Relationships between Microstructure and Properties

3.2.1. Film hardness and adhesion. The crystallographic
structure established by the rigid boron skeleton is expected



FIG. 1—Continued
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to determine the film hardness rather than the chemical
composition of most boride coatings (6, 57). Especially for
those coatings with distinct covalent binding character, i.e.,
hexaborides and dodecaborides, the adhesion to metallic
substrates seems to cause serious difficulties in the applica-
tion of these films (6, 21, 27, 28, 34, 50—52, 55—57). Due to the
similarities existing between the rare-earth hexaborides,
a more detailed interpretation of the interrelationships be-
tween the coating microstructure and the hardness is pos-
sible. For diboride films, however, a serious discussion is
prevented due to the hexagonal lattice formed with distinct
preferred orientation (compare Fig. 3) and the marked dif-
ferences between the bulk hardness values of TiB

2
(3480 HV

(76)) and ZrB
2

(2200 HV (76)).
In Fig. 5, Vickers microhardness values of boride coatings

with crystalline structure are plotted as a function of the
lattice distortion. The hardness of those coatings sputtered
from the ZrB

2
target shows a good agreement with the



FIG. 2. Dependence of the chemical composition of sputtered boride coatings on the argon pressure (deposition parameters see Table 1).
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corresponding bulk value. In contrast to that, TiB
2
-based

coatings with reported hardness values in the range of 3000
to 7000 HV (4, 5, 18, 19, 29, 35—39) are regarded as ultrahard
coatings. These high values are expected to be the result of
the dense, extremely fine-columnar structure (compare
Fig. 1a) and high compressive stresses (up to 4 GPa (4)). For
hexaboride coatings with lattice parameters close to the
literature value (and B/Me atomic ratios close to stoichio-
metry, see Fig. 2), hardnesses well below the bulk values
(LaB

6
, 2600 HV50; CeB

6
, 2550 HV50; SmB

6
, 2520 HV50;

YB
6
, 2550 HV50 (10)) are observed. These low hardness

values may be caused by deposition conditions with low
particle energies and low substrate temperatures promoting
the formation of low-strength grain boundaries due to in-
complete coalescence between growing crystals (77). In ex-
tremely fine-grained to fracture-amorphous structures the
well-known Hall—Petch relation valid for comparatively
large grain sizes may therefore be overlapped by the high
density of grain boundaries and voids (75). In addition,
internal stress can be relaxed at open-voided grain
boundaries. The low hardness values obtained are therefore
attributed to the observed extremely fine-grained to frac-
ture-amorphous structure with low-strength grain bound-
aries.

The maximum hardness values shown in Fig. 5 for lattice
distortions between #0.5 and #1.5% are attributed to the
formation of fine-columned films with strong grain bound-
aries. However, since stress relaxation is not possible, the
highest compressive stresses with values up to 2.7 GPa are
reported for this film type (42). Consequently, these high
stress levels impose strong requirements on the adhesion
strength of the films, which may not be satisfied in every
case (6, 21, 27, 28, 34, 50, 51, 55—57).

The highest distortion values corresponding to decreas-
ing hardness are observed in those coatings with increasing
amorphous character, i.e., coatings based on SmB

6
, YB

6
,

and ZrB
12

(compare Figs. 3 and 4, the hardness values of
coatings sputtered from YB

6
and ZrB

12
targets range be-

tween 1700 and 1800 HV0.01 (51) and 1400 and 2200
HV0.01 (49, 52, 58), respectively). This is due to the decreas-
ing grain size and the increasing role of grain boundary
material preventing the explanation of mechanical proper-
ties by dislocation theory. For these nanocrystalline or
amorphous films, an inverse Hall—Petch relationship has
been established under the assumption that the yield
strength and elastic constants of interfaces are lower than
those of crystalline material (5).

With increasing nitrogen concentration within the coat-
ings, a decreasing hardness is observed (4, 5, 29, 38, 47, 49,
57—59) corresponding to the increasing relative amount of
the softer nitride and the hexagonal boron nitride phase.
For these multiphase films with high nitrogen contents
hardness values in the range between 700 and 2000 HV0.01
have been observed (4, 5, 35—39, 47, 49, 57—59).



FIG. 3. X-ray diffraction spectra of sputtered boride coatings (substrate, molybdenum; deposition parameters see Table 1). (a) target: TiB
2

(copper Ka
radiation). (b) target: ZrB

2
(chromium Ka radiation). (c) target: ZrB

2
(chromium Ka radiation; film nitrogen content, 8 at.%). (d) target: ZrB

12
(chromium

Ka radiation).
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3.2.2. Tribological properties. Due to the formation of
multiphase films consisting of hard and soft lubricating
phases during reactive sputtering, nitrogen-containing
diboride-based coatings seem to be promising candidates
for tribological applications (5, 29, 39, 46, 77, 78). Figure 6
shows the wear coefficient of nitrogen-alloyed ZrB
2
-based

coatings determined by a block-on-cylinder test using
coated Ck45 substrates as blocks and uncoated Ck45 cylin-
ders in an oil-lubricated condition as a function of the
nitrogen content (78). In all cases the wear coefficient was



FIG. 4. X-ray diffraction spectra of sputtered rare-earth hexaboride coatings (substrate, molybdenum; chromium Ka radiation; deposition parameters
see Table 1). (a) target: LaB

6
. (b) target: CeB

6
. (c) target: SmB

6
. (d) target: YB

6
.
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significantly lowered by the coating with respect to un-
coated samples (k

7
"1329 lm4min~1). Despite the fact that

the film hardness is decreasing with increasing nitrogen
concentration (compare Section 3.2.1.), a marked decrease
of the wear coefficient was observed for low nitrogen con-
tents. This decrease is attributed to the transition in the film
structure from the fine-columnar ZrB

2
phase to the nano-

crystalline multiphase structure (46). For this structure type
friction coefficients against steel as low as 0.15 are reported
(29). Very high nitrogen concentrations lead to an increase



FIG. 5. Relationship between Vickers microhardness HV0.01 and lattice distortion of sputtered boride coatings (deposition parameters see Table 1).
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in the wear coefficient due to the increasing amount of
hexagonal boron nitride within the films.

3.2.3. Corrosion behavior. The high chemical stability
and the dense structure makes diboride coatings interesting
FIG. 6. Dependence of the wear coefficient of sputtered Zr—B—N co
candidates for applications in severe corrosive mediums
(29, 53, 54, 79). Potentiodynamic polarization measurements
of coated Ck35 substrates in 1 N sulfuric acid showed far
better electrochemical behavior of nitrogen alloyed ZrB

2
-

based coatings with respect to unalloyed coatings and
atings on the nitrogen content (deposition parameters see Table 1).



TABLE 2
CIE-L*a*b* Colourimetric Indexes of Various Sputtered

Boride Coatings

¸* a* b*

ZrB
1.49

N
0.68

50 3 !2
LaB

6
372 52 52 8 !62!12

CeB
6

442 46 32 4 !42!5
SmB

6
452 47 32 4 !22!3

YB
6

622 65 22 4 02!1
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uncoated samples by decreasing the active corrosion rate,
the critical current density, and the minimum passive cur-
rent (54). However, due to the formation of microscopic (i.e.,
pinholes) and macroscopic defects (i.e., craters and droplets)
in PVD coatings (54, 80, 81), the substrate surface is not
covered entirely without physical discontinuities. Using
electrochemical impedance spectroscopy measurements in
1 N sulfuric acid (82), for unalloyed and nitrogen-alloyed
ZrB

2
-based coatings (nitrogen-concentration, 22 at.%) por-

osities of 0.67 and 0.021%, respectively, were obtained (54).
This behavior is correlated with the fine-columnar structure
favoring voided grain boundaries in unalloyed films and
with the dense, fracture-amorphous structure of nitrogen-
alloyed coatings (compare Fig. 1). Similar results have been
obtained by Aromaa et al. (79) for TiB

2
-based coatings.

In contrast to the results described above, unalloyed
ZrB

2
-based coatings deposited to austentitic stainless steel

substrates showed a better corrosion resistance than nitro-
gen-containing coatings which failed due to decomposition
(53). By combination of the beneficial properties of both
coating types, i.e., high hardness and good inherent chem-
ical stability of ZrB

2
coatings and dense structure of nitro-

gen—alloyed films, in multilayers the number of defective
sites has been significantly reduced and thus a marked
improvement of the corrosion resistance of base substrate
metals is possible (83).
FIG. 7. Spectral reflectivity calculated from ellipsometric data (angle of
Table 1) and (b) the bulk materials LaB

6
, CeB

6
, SmB

6
, and YB

6

3.2.4. Optical properties. Table 2 summarizes the CIE-
¸*a*b* colorimetric indexes (84) for those boride coatings
(6, 47, 49, 50—53, 57—59) representing promising candidates
for decorative applications. For nitrogen-alloyed ZrB

2
-

based coatings, a dark gray coloration was observed. Cor-
responding to the formation of the ZrB

2
phase in films

sputtered from the ZrB
12

target, these coatings show a sil-
ver—gray surface. For hexaboride films, the visual impres-
sion of the corresponding bulk materials with more distinct
color components was not obtained. The most marked
color impression was obtained for LaB

6
-based coatings

corresponding to dark violet. Following the tendency to
form amorphous film structure (compare Fig. 4), a decrease
incidence, 75°) of (a) sputtered boride coatings (deposition parameters see
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in the color components a* and b* was observed. YB
6
-

based films exhibit a silver—gray appearance.
Colorations generated by interactions of bound and/or

free electrons with the incident light depend on the crystal
structure and the chemical composition of the material.
A more detailed understanding of the origins of colorations
in decorative coatings can be obtained by spectroscopic
ellipsometry (3, 85). Figure 7 shows the spectral reflectivity
calculated from ellipsometric data for boride coatings and
for the corresponding bulk hexaborides. Due to the highly
disordered microstructure of these coatings, their electronic
and, consequently, their optical properties differ from those
of the bulk values (21, 30, 86—89). Structural defects like
interstitials, vacancies, and impurities which are typical for
coatings grown by low-temperature PVD processes are
expected to affect the shape of the plasma oscillation edge in
rare-earth hexaborides (90). This has been confirmed by
Peschmann et al. (21), who calculated reduced electron
mean free paths and relaxation times due to increased
electron scattering for LaB

6
-based coatings. Nitrogen-

alloyed ZrB
2
-based coatings show an almost wavelength-

independent reflectivity of about 0.2.

3.2.5. Thermionic emission. Films based on rare-earth
hexaborides may be interesting candidates for thermionic
emitters (91). Figure 8 shows the emission current of coated
and uncoated tungsten cathodes as a function of the fila-
FIG. 8. Dependence of the emission current of uncoated and coated tu
Table 1).
ment temperature. As can be clearly seen, coated filaments
work at temperatures approximately 1000°C below the op-
erating temperature of an uncoated tungsten filament while
emitting nearly the same electron current. The work func-
tions at temperatures ranging from 900 to 1100°C were
calculated from Richardson plots to /

L!B6
"2.64 eV,

/
C%B6

"3.27 eV, /
S.B6

"3.11 eV, and /
YB6

"3.05 eV
(55, 56). These values are in good agreement with those
reported for bulk cathodes (91).

5. CONCLUSIONS

This paper has reviewed PVD techniques for the depos-
ition of coatings based on various borides and the interre-
lationships between deposition conditions, microstructure,
mechanical, and application-related properties. Although
no industrial applications of these coatings is known at
present, they are promising candidates for several applica-
tions:

(i) Because of their high hardness and good chemical
stability, coatings based on the diborides of the transition
metals may be applied for the protection of tools and
engineering components in conditions of extreme mechan-
ical wear and/or severe corrosion. Alloying of these coatings
with nitrogen improves their tribological properties signifi-
cantly.
ngsten filaments on the operating temperature (deposition parameters see
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(ii) Although the fascinating optical properties of the
corresponding bulk materials could not be realized com-
pletely due to different microstructure and thus electronic
properties, especially LaB

6
-based coatings provide an op-

portunity to expand the existing chromatic spectrum of
decorative hard coatings to violet tones. Nitrogen-alloyed
ZrB

2
-based films may be applied as anthracite-colored dec-

orative coatings with excellent corrosion resistance.
(iii) Rare-earth hexaboride coatings offer the possibility

of the production of low-cost electron emitters due to their
low values of the work function.
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Leoben for their help in film deposition and characterization. He also
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H. Störi, Surf. Coat. Technol. 74–75, 1020 (1995).

58. C. Mitterer, J. Komenda-Stallmaier, P. Losbichler, P. Schmölz, W. S.
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81. C. Mitterer, O. Heuzè, and V.-H. Derflinger, Surf. Coat. Technol. 89,
233 (1997).
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