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The study was aimed at the hardness determination of thin ZrB, films produced on pure titanium sub-
strate by pulsed laser deposition and electron beam deposition techniques. The former method allows
the deposition of dense crystalline films, being textured preferentially along the (1 1 0) direction, whereas
the electron beam deposition allows the production of compact X-ray amorphous films. The thickness of
the films was about 200 and 500 nm, respectively. Vickers hardness values obtained by microindentation
technique are close to those of bulk ZrB, ceramics. Pulsed laser deposited ZrB, films are harder ranging
from 21 to 27 GPa than the electron beam deposited films ranging from 19 to 23 GPa. An increase in the
substrate preheating temperature leads to a decrease in hardness value.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Refractory zirconium diboride (ZrB; ) possesses several excellent
properties which makes it a promising coating material for vari-
ous industrial applications, such as, for example, semiconductors
technology (as diffusion barriers on silicon) and nuclear technol-
ogy (boron-containing compounds used as neutron adsorbers) [1].
Among these properties, the following can be mentioned: high
melting point (about 3300K) [2], high bulk hardness (22 GPa) [3],
good corrosion resistance, low friction coefficient and low bulk
resistivity [4].

In the literature, ZrB, films deposited on several substrates, such
as Al,03, SiC, Si(111)[5];Si(001)[6]; steel, aluminium [7]; quartz,
zircaloy-4 [8,9], are reported. In this study, we examine zirconium
diboride films deposited on titanium substrates. Titanium is light
material, relatively soft (bulk hardness about 2 GPa) and exhibits
a low wear resistance. Therefore, a protective coating of the tita-
nium surface might improve its characteristics and performances.
In particular, a ZrB, coating could provide protection against oxida-
tion of titanium, enhance its hardness and its corrosion and wear
resistance.

Two methods were used in our study to produce ZrB, film on Ti
substrates, namely pulsed laser deposition (PLD) and electron beam
deposition (EBD). Each coating process has inherent advantages
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and disadvantages affecting the coating properties. For example
PLD, on one side, usually provides strong bonding between film
and substrate; on the other side, allows to deposit very thin films,
to control surface roughness, to ablate any material and to fabricate
coatings on any substrate material, e.g. metal, ceramic and plastic.
Unfortunately, PLD still remains expensive and, at present, is not
yet adopted for coating of the large surfaces, thus hampering its
application in industry. The EBD method is more versatile, although
preheating of substrate is needed to reach satisfactory adhesion
strength of the film to the substrate.

The present work is aimed at determining the Vickers hard-
ness of ZrB, films deposited by PLD and EBD on Ti substrates. To
further characterize the films, the Scanning Electron Microscopy
(SEM) coupled with a system for microanalysis (energy disper-
sive X-ray spectroscopy, EDXS), and X-ray diffraction (both in the
angular (AXRD) and in the energy dispersive (EDXD) modes) were
employed.

2. Experimental
2.1. Film deposition techniques

Targets for deposition were fabricated from a ZrB, powder (95% pure; Aldrich
Chemical Co.), hot pressed into pellets. The titanium substrates were sandblasted
prior to deposition by a 60-grid SiC abrasive, in order to increase their surface
roughness, R,, up to approximately 1.6 nm.

2.1.1. Pulsed laser deposition
The PLD apparatus for film deposition has been described in detail elsewhere
[10]. It consists of a vacuum chamber equipped with a rotating support for the target,
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quartz windows for the inlet of the laser beam and a substrate holder. The ablation
laser source was a frequency-doubled Nd:glass laser (527 nm emission wavelength,
250 fs pulse duration, E=2.3 m], 10 Hz repetition rate). The laser beam was inclined
at 45° with respect to the ZrB, target surface and in-axis with the Ti substrate, placed
at a distance of 2 cm from the target. The deposition time was 2 h and the films were
deposited at two different substrate preheating temperatures (Ts, =300 and 500 °C).
All the experiments were carried out in high vacuum (4 x 10-4 Pa).

2.12. Electron beam deposition

The ZrB, target to be evaporated was placed into a crucible made of titanium
diboride/boron nitride composite (GE Advanced Ceramics, UK). The crucible was
then inserted into a water-cooled electron beam gun (EVI-8, Ferrotec, Germany),
which is positioned into a stainless-steel chamber evacuated by a turbomolecular
pump supported by a rotative pump. The distance between the target and the sub-
strate was set at 25 cm. The accelerating voltage (in the range [-10, —3.05] kV), the
shape, pattern and position of the beam were controlled. The maximum operation
power was set at 5 kW. The gun has a magnetic lens system that allows a 270° deflec-
tion of the beam to prevent contamination of the ablated material with tungsten
vapours emitted by the cathode filament. Before and during the deposition process,
the substrates were heated under vacuum of 5 x 10-3 Pa in the chamber by a high-
power halogen lamp, their temperature being measured by a K-type thermocouple.
The deposition process was performed at an EB accelerating voltage —5 kV and at an
emission current of 130-200 mA. The cross section of the electron beam was circu-
lar and the electrons speed low, to ensure uniform consumption of the evaporating
material. Under these conditions, the deposition rate was 1-5As~!. The evapora-
tion process is quite problematic due to the severe spitting of the target. The coated
samples were cooled to room temperature in a nitrogen atmosphere before removal
from the chamber.

The thickness of the growing films, as well as the deposition rates, was real-time
monitored by a quartz microbalance. The microbalance is based on the acoustic
impedance of the deposited material, which is the product between the acoustic
velocity of sound in the material and the material density. For a given material, the
acoustic velocity of sound is given by the formula:

BM
ANV~ (1)

where BM is the bulk modulus of elasticity of the material and p is the density.
The microbalance controller needs to be calibrated by measuring the so-called “z
factor”, which is given by the ratio between the acoustic impedance of quartz and
the acoustic impedance of the deposited material. The thicknesses of the two ZrB,
films, deposited on the preheating Ti substrate (T, = 350 and 500 °C), were estimated
by the microbalance method and resulted to be about 0.5 pm.

2.2. Scanning electron microscopy (SEM) morphological analysis

Scanning electron microscopy (SEM) carried out with a LEO 1450 variable pres-
sure apparatus, with a tungsten emitter and resolution of 4 nm, was used to observe
in secondary electron mode the morphology of the ZrB, films. The SEM apparatus is
coupled with a system for microanalysis EDXS INCA 300. The atomic number con-
trast presented on the SEM images as grey colour hues can be observed thanks to
the ability of the Everhart Thornley detector to collect a part of the backscattered
electrons, because of the favourable geometry of sample and detector. This approach
has been adopted for the film thickness measurements, since it permits to precisely
distinguish the film boundary. To confirm the results of the atomic number contrast,
the EDXS analysis of the chemical nature of the observed phase has been carried out.
The thickness of both PL-deposited ZrB; films (Tsp =300 and 500 °C) was estimated
to be about 0.20 + 0.04 pm.

2.3. X-ray diffraction

2.3.1. Angular X-ray diffraction mode (AXRD)

Conventional angular X-ray diffraction measurements were performed by a
Philips X'Pert PRO diffractometer (Cu Ko; radiation, A =1.54056 A) equipped with
two gas filled proportional detectors, one for powders and the other for thin films.
The thin film detector is coupled with a graphite monochromator to enhance the
signal to noise ratio by removing the incoherent contributions from the scattered
beam.

2.3.2. Energy dispersive X-ray diffraction mode (EDXD)

The general principles of the energy dispersive X-ray diffraction method have
been described elsewhere [11]. EDXD measurements were performed to obtain
information about the crystalline structure, the texture and grain size only for two
(of the four reported) ZrB, film samples: the PL-deposited ZrB; films. In case of the
EB- deposited ZrB; films, regardless the Ts, (350 or 500°C), no crystalline signal
arising from the film was detected, despite rather long acquisition time (12 h).

A static data collection was carried out in the reflection geometry (-1 configu-
ration, ¥ being half the scattering angle), at an inclination angle of the sample with
respect to the primary beam corresponding to the maximum intensity of the X-rays
diffracted by the Ti substrate (top of the substrate rocking curve).

Indeed, in the energy dispersive mode, the whole diffraction pattern is collected
simultaneously at any value of the scattering parameter q=KE sin ) (where K is a
constant equal to 1.014 A= keV~! and E is the photon energy in keV) by making use
of a polychromatic primary beam. No mechanical movement is required during the
measurement because, in this case, the scan of the reciprocal space is performed
electronically by an energy sensitive solid state Ge detector (15-55 keV), while the
diffraction angle is kept unchanged.

To reduce the signal to noise ratio, the overall diffracted intensity was acquired
for 8 h.

The experimental conditions - maximum photon energy 55 keV, diffraction
angle ¥=6.3° - were chosen to obtain a diffraction pattern in the g-range (1.50,
5.50)A~!, which contains all the main Bragg reflections of the ZrB, powder and
corresponds to the d-range (1.14, 4.20) A.

2.4. Vickers hardness measurements

Hardness of the composite film/substrate system was measured by means of a
Leica VMHT apparatus (Leica GmbH, Germany) equipped with a standard Vickers
pyramidal indenter (square-based diamond pyramid of face angle 136°) according
to the procedure described in detail in our previous works [12,13]. The loading and
unloading speed was 5 x 10°ms~! and the time under the peak load was 15s.
Indentations were made with 5 loads ranging from 0.1 to 19.6N. To express the
hardness, H, of the film/substrate system as a function of its components, film (Hs)
and substrate (Hs), a Jonsson and Hogmark model based on an area law-of-mixture
approach was used [14], taking into account also the indentation size effect [15,16].
A reasonable expression for the H. in this case is

Hc = Hsyo

X Bs + 2Cf(gfo — Hso) @)

where c=0.5 for a brittle hard film on a more ductile substrate [14]; Hyy and Hyy
are the intrinsic hardness of substrate and film, respectively; ¢t is the film thick-
ness; D is the imprint diagonal, and Bs is the coefficient, which was determined in
a separate experiment on the hardness of the Ti substrate. To calculate the intrinsic
hardness of the film, special attention was paid to correctly choose the indenta-
tion depths, d, i.e. in the interval where the model is adequate. According to the
estimations, the d/t ratio must be in the range from 2 to approximately 20, provid-
ing substrate-dominated mixed region where the film is fractured conforming to the
plastically deforming substrate [17]. In this range of d/t, the results obtained by using
the Jonsson and Hogmark model has been demonstrated to coincide well with those
resulting from more complicated approaches (Korsunsky et al., Chicot-Lessage) [18].

3. Results and discussion

SEM micrographs of PL- and EB-deposited ZrB, films are shown
onFigs. 1and 2.Fig. 1(a) shows the PL-deposited ZrB; film on Ti sub-
strate (Tsp =300°C) at low magnification. The film surface appears
to be continuous and uniform, reproducing the substrate rough-
ness. At a higher magnification (Fig. 1(b)) a dense grain texture is
revealed. The grain size distribution appears to be bilobate, rather
than uniform or Gaussian. The grains can therefore be divided into
two groups: a group with approximately 40-50 nm grain diame-
ter and another one with a much larger grain size 200-250 nm. On
Fig. 1(c), the PL-deposited ZrB, film on Ti substrate (Tsp =500°C) is
shown at high magnification and a similar grain texture is observed.
Also in this case, two groups could be distinguished: a group of
30-50nm grain diameter and another one of 250-350 nm grain
diameter.

The surface of the EB-deposited ZrB, films is smooth and com-
pact. On Fig. 2(a), the ZrB, film surface (Tsp=350°C) is present
appearing as a not perfectly continuous layer. At higher temper-
ature (Tsp =500°C) (Fig. 2(b)) the surface morphology improves, so
that the SEM observations taken at higher magnification do not
reveal any discontinuity.

According to the SEM-EDXS data analysis, the Zr/B atomic ratio
in the films is close to the ZrB, stoichiometric ratio, being 1:2 for
PL-deposited films and 1:1.8 for EB ones. In the latter samples, the
presence of small amounts of oxygen was also detected.

As estimated by SEM cross-sectional observation, the thickness
of the PL-deposited films is 0.20 + 0.04 p.m, while the thickness of
the EB-deposited ones is 0.50 & 0.10 pm. This estimation fits well
the microbalance data.
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Fig. 1. SEM micrographs of PL-deposited ZrB, films on Ti substrate: (a and b)
Tsp =300°C and (c) Tsp =500°C.

Preliminary conventional AXRD measurements were performed
to characterize the ZrB, target prior to deposition, and its pattern
is presented in Fig. 3. All ZrB, crystalline peaks are visible, their
orientation and angular position being labelled in figure (JCPDS
database, ZrB; card 75-0964), proving the target has no privileged
orientation.

Afterwards, X-ray diffraction data were collected in the ED
mode to characterize both the EB-deposited and the PL-deposited
ZrB, films. The first proved to be X-ray amorphous with a small
crystalline admixture of ZrO. The presence of oxygen was also con-
firmed by the SEM-EDXS analysis.
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Fig. 2. SEM micrographs of EB-deposited ZrB; films on Ti substrate: (a) Tsp =350°C
and (b) Tsp =500°C.

The EDXD diffraction patterns of the PL-deposited ZrB, films are
shown in Fig. 4(a and b). As it can be seen, all the substrate reflec-
tions were detected and labelled according to the literature data (Ti
has hexagonal lattice, space group P63/mimc), and an intense (110)
direction growth (17% relative intensity according to the literature
powder diffraction data) was found for both the ZrB, films. Indeed,
despite the very long acquisition times and the capability of the
ED mode to reduce the noise to signal ratio significantly (since the
whole pattern is collected simultaneously), only minimal traces of
the (1 00) reflection signal could be found in the film deposited at
300°C.Suchreflection, associated to a 76% relative intensity accord-
ing to the literature powder diffraction data, is evidenced in Fig. 4(a)
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Fig. 3. AXRD pattern of the ZrB, target.
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Fig. 4. EDXD patterns of PL-deposited ZrB; film on Ti substrate: (a) Tsp =300°C and
(b) Tsp =500 °C. In the insets, the rocking curve of the ZrB; (1 1 0) reflection is shown.

5.}

by an arrow. Moreover, the most intense powder diffraction signal
(101) at g=2.90 A is missing.

In the film grown at 500 °C, no traces of other crystalline growth
directions were detected in as much as 8 h of acquisition time.

These considerations support the hypothesis of preferential
growth of the ZrB, film along the (110) direction for both sam-
ples. In order to confirm whether the (1 10) direction is truly the
preferential growth direction or if the films may be a polycrystal
characterized by a spread mosaic texture, a rocking curve (RC) anal-
ysis was performed. Indeed, the RC of a polycrystal represents the
statistical distribution of the crystallites orientation. In EDXD, it
can be obtained normalizing the intensity of a given Bragg peak,
collected as a function of an asymmetry parameter o = (9%; — y)/2,
(where ¥;, ¥, are the incident and reflection angles, respectively,
while the total scattering angle (; + ;) = 29 is kept unchanged), to
its maximum intensity observed along the o scan. Moreover, when
the RC measurements are performed, the EDXD mode is particularly
efficient, since all Bragg peaks present in the selected g-region are
collected simultaneously. This allows the calculation of the RC of
all the visible reflections, providing a richer statistical information
on the sample structure.

The PL-deposited ZrB, film samples where placed upon a rock-
ing cradle in the optical centre of the ED diffractometer and
the RC measurements were performed in the asymmetry range
(=2.5°<®<2.5°), wide enough to reveal whether the film can be
regarded as a polycrystal or as an assembly of powder-like inde-
pendent domains. The rocking steps were set at Aa=0.1°.

In the selected asymmetry range, no other ZrB, Bragg reflections
were detected besides the (1 10) one, confirming the hypothesis of

a privileged growth direction for the individual crystallites. The RC
data analysis was then executed for this reflection and the results
are shown in the insets of Fig. 4(a and b). The intensity distribu-
tion of the peak (deduced by its Gaussian fit) as a function of « is
flat, with steady random fluctuations only, thus suggesting that the
(110)-grown crystallites have random orientations with respect to
the substrate surface.

The crystallites average size was calculated by using the Laue
equations to obtain an expression for the EDXD mode, equivalent
to the Scherrer formula which is valid for the AXRD mode only:
(1/2)tqy =(n— 1) and (1/2)tqg, =(n+1)m; where t is the crystallites
average diameter; q; and g, are the interference function zeros
adjacent to the function maximum (gqq <q2); n is the order of the
interference function peaks (the parameter that labels the features
of the “sinc” interference function) [19].

Combining these two equations, the grain size t is obtained,
t=4m/(q2 —q1). In the Scherrer approximation (triangular shape
of the interference peak) t=2m/o k1), where o) is the stan-
dard deviation of the (hk!) peak intensity distribution due to the
crystallite finite size.

This expression of the finite size effect can be used to estimate
the average diameter of the crystallite from the overall standard
deviation of the Bragg peak. Indeed, such overall standard devia-
tiono? can be writtenas 0 = o7 + 07 ), Where o7 represents the
contribution to the peak broadening due to the instrumental reso-
lution (both angular and energy spreads), which can be measured
independently.

From this analysis, the average size of the (110) crystal-
lites resulted to be (40+5)nm for the PL-deposited ZrB, film
(Tsp=300°C)and (25 + 5) nm for that of (Tsp = 500 °C). These results
are in agreement with the SEM data discussed above. Indeed, for the
PL-deposited ZrB, film sample (Tsp =300°C), the minimum grain
size reported is 40-50 nm and for the PL-deposited ZrB, film sam-
ple(Tsp =500°C)is 30-50 nm. Such small grains dominate the peaks
shape, because the presence of some bigger crystallites (visible in
the SEM image) does not significantly balance the Bragg reflections
broadening induced by the finite size effect.

It should be noted that the EDXD and SEM results on the
grain size are consistent, although the former estimates the grains
size value averaged on the whole sample, while the latter is a
local measurement. The agreement confirms the uniformity and
homogeneity of the deposition, in the sense that the local val-
ues of the morphological parameters correspond to the general
values, as well as the reliability of the joint use of the tech-
niques.

In Fig. 5(a and b) the experimental plots composite hardness
(Hc) versus inverse imprint diagonal (1/D) for all four deposited
samples are presented. The plots were well approximated by a lin-
ear regression. Calculated intrinsic hardness values for ZrB, films
under study are given in Table 1. The bulk hardness of zirconium
diboride ceramics is 22 GPa according to [7] and ranges from 18 to
30 GPa according to [20]. As can be seen from Table 1, all hardness
values fall in a range close to that of bulk ceramics. For comparison,
the Vickers hardness of the ZrB, coating on the steel substrate was
reported to be 19.3+2.1 GPa [7].

Comparing the results obtained for PL- and EB-deposited ZrB,
film samples, one can see that, at the same substrate preheating
temperature, PL-deposited films are harder. This is likely due to
their dense grain nature. EB-deposited films are X-ray amorphous
and less hard. The substrate preheating temperature is another fac-
tor influencing the film hardness. A temperature increase to 500 °C
leads to a decrease in the hardness value of about 22% for PL-
deposited samples (from 27 to 21 GPa, respectively) and of about
17% for EB-deposited ones (from 23 to 19 GPa, respectively) (see
Table 1).
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Table 1
Hardness of ZrB, films on Ti substrate

Deposition method Substrate preheating temperature (°C) Film thickness (pm) Film hardness (Vickers, GPa)
PLD 300 0.2 27+4
PLD 500 0.2 21+3
EBD 350 0.5 23+3
EBD 500 0.5 19+3

In our previous studies, we observed a similar temperature
effect for TiC films on Ti substrate [12]. Also in that case, the higher
substrate preheating temperature resulted in a decrease in hard-
ness, due to the diffusion of carbon from the TiC film into the Ti
substrate. In the present case, it should however be noted that no
traces of TiB, peaks are present on the ZrB; film diffraction pat-
terns. Besides, no peaks related to intermediate phases, such as
either Zrg gTig2B, or TiggZrg,B, phases [21], were detected, and
no shift of ZrB, peaks was observed. These entire findings lead to
the opinion that there is no diffusion of boron from the film into
the substrate and, consequently, that no interaction between the
ZrB; film, once formed, and Ti substrate took place, since zirco-
nium diboride is extremely stable compound and the deposition
temperature is low. A decrease in hardness values with an increase
of the deposition temperature could likely be explained by a recov-
ery process leading to a change in a stress-state condition within

() 8
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Composite hardness, GPa
[4,]
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Fig. 5. Composite hardness of film/substrate system versus inverse imprint diag-

onal: (a) PL-deposited ZrB, films on Ti substrate; (b) EB-deposited ZrB, on Ti
substrate.

the composite film/substrate system that affects the response to
the indenter penetration process.

A last remark concerns a possible correlation between the hard-
ness of the film and its thickness. Although such correlation can
seem theoretically reasonable, the experimental results regarding
the films investigated allow to affirm that, even if present, it is
negligible within the 0.2-0.5 wm thickness range.

4. Conclusions

(1) Both the PLD and the EBD techniques allowed the deposition
of thin compact ZrB, films on titanium substrate. The for-
mer method enables the deposition of dense crystalline films,
grown along the (110) direction, whereas the electron beam
deposition allowed to produce compact amorphous films. The
thickness of films was about 200 and 500 nm, respectively.

(2) According to the EDXD rocking curve analysis, the PL-deposited
ZrB, films are characterized by a preferential (110) growth.
The average size of the (110) crystallites is (40 +£5) nm for the
PL deposited ZrB, films (Tsp=300°C) and (254 5) nm for the
PL deposited ZrB; films (Tsp =500°C). According to SEM anal-
ysis, the films surface contains also grains of much larger size
(200-250) nm and (250-350) nm, respectively, which is below
the detection limit of the EDXD technique.

(3) Vickers hardness of the films was determined from the mea-
sured composite hardness of the film-substrate system. The
hardness values fall in a range close to that of bulk ZrB, ceram-
ics. The results obtained for PL- and EB-deposited ZrB; films
evidence that, at the same temperature, PL-deposited films
are harder. An increase in substrate preheating temperature to
500°Cleads to a decrease in the hardness value of about 22% for
PL-deposited samples and of about 17% for EB-deposited ones.
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