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The influence of deposition temperature in the range of 100 °C to 400 °C on the microstructure and mechanical
properties of CrB, coatings by DC magnetron sputtering was studied. The coating texture changed from random
mixed orientation with (101) and (001) planes to the preferred (001) orientation when increasing the deposition
temperature. Moreover, the microstructure coating evolved from an underdense structure to a bulky columnar
structure (~50 nm), and finally to a dense nanoscale columnar structure (~7 nm). This structural densification
was mainly attributed to the enhanced atomic surface diffusion with increasing deposition temperature. It result-
ed in promotion of the (001) preferred orientation and greatly enhanced the mechanical properties. Specifically,
when the deposition temperature was 300 °C, the CrB, coatings exhibited the highest toughness while
superhardness (51 4 2 GPa) was achieved for coating grown at 400 °C.

© 2017 Published by Elsevier B.V.

1. Introduction

The structure of chromium diboride (CrB,) exhibits hexagonal sym-
metry with space group P6/mm, in which hexagonal layers of pure chro-
mium and pure boron atoms are alternately stacked along the c-axis [1].
CrB, coatings are considered as a strong candidate for wear resistant,
anti-corrosion, electrical contact solar and selective absorber applica-
tions due to their comprehensively superior properties, such as high
melting point (about 2200 °C), high hardness (for bulk about 11-
20 GPa), good chemical stability at elevated temperature [2,3], good cor-
rosion-resistant [4], excellent optical properties [5,6] and lower electri-
cal contact resistance [7].

Many efforts have been devoted so far to the effects of the deposition
parameters on the microstructure and properties of CrB, coatings, such
as negative bias voltage, duty factor of sputtering power and inductively
coupled plasma (ICP) assisted power [7-10]. These parameters general-
ly determine the kinetic bombardment energies of the ions arriving on
the substrate, the plasma density and the ionization of the sputtered
species, which thus affect the microstructure and properties of the de-
posited coating. Choi et al. [10] had reported that, by increasing the
ICP assisted power and the negative substrate bias, the preferred orien-
tation of the CrB; films was changed from (101) to (001), and the hard-
ness increased from 30 GPa to 54 GPa. In addition to these dynamic
parameters, the deposition temperature significantly influences the
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surface adatom surface mobility and thus affects the structure and prop-
erties of coatings [11,12]. However, even though this process parameter
is easy to control, no reports exist where its influence has been studied,
which includes the influence of deposition temperature on structural
evolution and properties of CrB; coating is yet to be addressed.

In the present work, CrB; coatings were synthesized by a DC magne-
tron sputtering system with various deposition temperatures. The com-
position and structural evolution of the CrB, coatings were
systematically studied. Moreover, the obtained superhard behavior of
CrB, coating is discussed in terms of the evolution of phase and
microstructure.

2. Experimental

CrB; coatings were synthesized on single-crystalline Si (100) and
cemented carbide (YG8, WC-8 wt% Co) substrates by a direct current
magnetron sputtering system using a compound target (392 mm
x 92 mm x 4 mm in size) bonded to a copper backing plate. A more de-
tailed description of the deposition system can be found elsewhere [13].
Prior to deposition, the substrates were ultrasonically cleaned in ace-
tone and methanol for 15 min, respectively, and mounted on a sample
holder positioned 8 cm from the target surface inside the vacuum cham-
ber. The base pressure of the chamber was kept below 3 x 10~ Pa. Sub-
sequently, the chamber was backfilled with argon to 0.28 Pa, and the
substrates were DC sputter cleaned at a bias of —600 V for 15 min to re-
move surface contaminations and gain good coating adhesion. During
deposition, all the parameters including sputtering power, argon
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Table 1

Process parameters for CrB, coatings deposition.
Parameters Value
Sputtering power (W) 183
Argon pressure (Pa) 0.28

Target to substrate distance (cm) 8

Deposition time (min) 180

Substrate bias voltage (V) —100

Deposition temperature (°C) 100, 200, 300, 400

pressure, target-to-substrate distance and deposition time were kept
constant, while the deposition temperature was changed. The detailed
deposition parameters are summarized in Table 1.

The crystal structures of the coatings deposited on cemented carbide
were characterized by X-ray diffractometry (XRD, Bruker D8 Advance
diffractometer, Germany), operating in 6-6 configurations and collecting
data over a 26-range from 20° to 80°. The chemical composition and
chemical state of the Cr and B in the coatings were determined by X-
ray photoelectron spectroscopy (XPS, Axis ultradld, Japan) using
monochromated Al X-ray source at pass energy 160 eV. Before mea-
surement, the sample surface was ion beam etched for 5 min using
2 keV Ar-ions to remove any contaminants. The graphite C 1 s position
at 284.6 eV was used as reference for the energy calibration. The micro-
structure of the coatings deposited on Si (100) wafer was further inves-
tigated by high-resolution transmission electron microscopy (TEM,
Tecnai F20, US), operated at 200 kV with a point-to-point resolution of
0.24 nm. The TEM samples for cross-sectional view were prepared by
grinding, dimpling, and ion-beam milling method. Hardness and
Young's modulus were evaluated using a load-controlled MTS
NANOG200 nanoindentation equipped with a Berkovich diamond in-
denter with a tip radius of approximately 150 nm. An optimum load
of 12 mN and the indentation depth of approximately 1/10 of the coat-
ing thickness were selected to avoid substrate effects and to obtain load
independent mechanical properties. For each type of sample, five in-
dents were made on the coatings to evaluate the average hardness
(H), Young's modulus (E) from load-displacement curves using the Ol-
iver and Pharr method [14]. Vickers indentation tests were performed
on a MVS-1000D1 Automatic digital micro hardness tester with the nor-
mal load of 2.94 N.

3. Results and discussion

In order to identify the chemical composition and chemical state of
the Cr and B in the coatings deposited at various temperatures, typical
high-resolution core-level XPS analyses were carried out, as shown in
Fig. 1. The XPS spectra were analyzed by Gaussian fitting, and the graph-
ite C 1s position at 284.6 eV was used as reference for the energy calibra-
tion. The Cr 2p spectrum (Fig. 1a) of all coatings presents one spin orbit
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doublets of Cr 2p1/2 and Cr 2p3/2 with respective binding energies of
574.4 and 583.6 eV, which correspond to CrB, [15]. The B 1s peak locat-
ed at 188.0 eV further supports the existence of CrB; [15]. The B/Cr
atomic ratio extracted from the XPS data was 2.06, 1.88, 1.90 and 1.94
as the deposition temperature change from 100 to 400 °C, which is
close to 2:1. The results show that no significant difference appears in
the chemical composition and chemical state of when the deposition
temperature is increased from 100 to 400 °C.

Generally, the deposition temperature had great influence on the
preferred crystallographic orientation of the coatings [16-18]. Fig. 2
shows the XRD patterns of CrB, coatings deposited on cemented carbide
at various deposition temperatures. The five peaks marked as WC orig-
inated from YG8 substrates. With increasing deposition temperature,
the peaks from the coating become more distinct. At the lowest deposi-
tion temperature of 100 °C, hexagonal CrB, diffraction peaks are just
rarely visible, implying a nanocrystalline structure. However, three
peaks appeared around 29.1°, 46.0° and 60.2°, respectively correspond-
ing to (001), (101) and (002) plane of hexagonal CrB, (PDF34-0369);
further increasing the temperature to 300 and 400 °C, the (101) plane
disappeared, (001) and (002) plane were enhanced, implying a (001)
preferred orientation in the coatings. The grain size calculated by the
Debye-Scherrer equation of CrB, coatings is 18, 27, 41 and 37 nm for
coatings deposited at 100, 200, 300 and 400 °C, respectively.

It has been empirically found that the densely packed basal planes
(001) of CrB, are low surface energy planes, while polycrystalline coat-
ings with a (101) texture display a relative low strain energy [10,19]. At
low deposition temperature, the adatom mobility on the surface of the
growing coating is low and the likelihood that they will rearrange to
low energy configurations is lower compared to situations with higher
mobility. It results in rather imperfect CrB, crystals. At high tempera-
tures, atoms gain more thermal energy and consequently vibrate more
strongly, migration on the surface is more likely and rearrangements
that promotes long range ordering with less defects is enhanced [16],
similar to what was reported for WB, [18]. Adatom surface diffusion
also influences the evolution of coating texture [20-24]. In the case of
low surface adatom mobility, adatoms diffuse shorter distances, which
increases the probability for formation of high-surface-energy planes.
This is consistent with our observations where low deposition temper-
ature resulted in a random distribution of the grains. High deposition
temperature results in high surface adatom mobility and longer diffu-
sion distances. In this case, the probability for the adatoms to arrange
in low energy configurations is higher and it promotes growth of planes
with the lowest surface energy [24]. In this study, the latter situation
prevails for the deposition temperatures 300 and 400 °C causing a
(001) texture [25].

Fig. 3 shows cross-sectional views of the morphology of CrB, coat-
ings deposited at different temperatures. The thickness of CrB, coatings
deposited at 100, 200, 300 and 400 °C were 0.9, 1.06, 1.27 and 1.19 pm,
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Fig. 1. XPS spectra of CrB; coatings with different deposition temperatures.
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Fig. 2. XRD patterns of CrB, coatings with different deposition temperatures.

respectively. The CrB, coatings deposited at 100 °C show a fine structure
with tendencies for columns in the growth direction (Fig. 3a). At 200,
300 and 400 °C, the coatings exhibit well-developed columnar micro-
structures, where the columns become more uniform and column
boundaries tend to become more narrow with increasing deposited
temperature. A contribution to such densification may be attributed to
a decreasing amount of voids in the boundaries at high temperature
and caused by the higher surface diffusion [26].

High-resolution TEM (HRTEM) and selected area electron diffraction
(SAED) were applied to identify the structural evolution with

deposition temperatures. Fig. 4 presents cross-sectional TEM micro-
graphs and corresponding SAED patterns of CrB, coatings deposited at
100 °C. The SAED pattern shows a broad and diffuse halo, which implies
an amorphous or nanocrystalline structure. The TEM images also show
the presence of many micro-pores. Using a deposition temperature of
200 °C results in a distinct columnar structure with a columar width of
~50 nm (Fig. 5¢). For this sample, the SAED pattern (Fig. 5b) contains
three nearly continuous rings corresponding to the (001), (101) and
(002) planes of the CrB, phase and the HRTEM data (Fig. 5d) clearly
show a nanocomposite structure consisting of elongated nanocrystal-
line grains embedded in an amorphous matrix. The lattice fringe dis-
tances in the regions marked as A and B are 1.973 A and 3.071 A,
which correspond to (101) and (001) planes of CrB,, respectively. A de-
position temperature of 300 and 400 °C leads to ~7 nm wide
nanocolumns, as shown in Figs. 6¢ and 7c. The corresponding SAED pat-
terns of 300 and 400 °C (Figs. 6b and 7b) show four discontinuous rings,
which were identified to be (001), (100), (101) and (002) planes of the
CrB, phase. While, the (100) and (101) peaks did not present in the XRD
results, this was probably due to the (100) and (101) peaks were too
weak compared with the (001) and (002) peaks. The HRTEM observa-
tion of 300 and 400 °C samples (Figs. 6d and 7d) show elongated nano-
crystalline grains in an amorphous matrix. The lattice fringes spacing of
the crystallization regions was about 3.0710 A, corresponding to the
(001) planes of CrB,.

Fig. 8 shows the hardness (H), elastic modulus (E) and H/E of the
CrB, coatings deposited on cemented carbide at various temperatures.
As the temperature increased from 100 °C to 400 °C, both of H and E dis-
play a monotonous increasing. Specifically, the coating with highest H
and E values of 51 4 2 GPa and 514 4 10 GPa, respectively, was obtain-
ed at 400 °C. Based on the structural analysis and crystallographic orien-
tation evolution, the superhard properties and high elastic modulus
could be attributed to the following factors: (1) At this high

Fig. 3. SEM cross-sectional of CrB; coatings with different deposition temperatures: (a) 100 °C, (b) 200 °C, (c) 300 °C and (d) 400 °C.
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Fig. 4. TEM Cross-sectional images of the CrB, coating deposited at 100 °C.

temperature, the adatom mobility was high enough to facilitate a ho-
mogenous growth of low energy surfaces in a nanocrystalline manner,
and suppress the formation of voids. The fine grain structure effectively
restricted formation and glide of dislocations [25]; (2) An elastic anisot-
ropy of the CrB, with high elastic stiffness and bonding strength in the

(001> direction compared to thatin ¢101) [1,9,10]. In summary,

Columnar

structure

50 nm
—

the densely packed nanocolumnar structure with a (001) preferred ori-
entation benefits this CrB, coatings superhard properties [27].

Fig. 8(b) shows the H/E ratio of the CrB, coatings deposited at
various temperatures, which represents fracture toughness. As the
deposition temperature increases from 100 °C to 300 °C, the H/E ratio
increases from 0.08 to 0.10. Musil et al. [28] has proposed that the coat-
ings exhibit enhanced resistance to cracking when the H/E ratio is
beyond 0.1. At 400 °C it decreases slightly by 1.3% as compared with
300 °C. Vickers indentations and corresponding crack patterns (Fig. 9)
show a similar trend. The coatings deposited at 100 °C and 200 °C exhib-
ited obvious circular cracks, implying a brittle failure and poor tough-
ness. However, no circular cracks were resolved for the coating
deposited at 300 °C, which suggests a relative higher toughness. For
the coating deposited at 400 °C, a small amount of circular cracks re-
formed along the indentation, indicating the decreased toughness.

The change in toughness is closely related to the coatings' micro-
structure, which in this case are crystalline nanoparticles embedded in
an amorphous matrix. The relative amount of amorphous matrix to
nanoparticles decreases with increasing deposition temperature. Since
energy dissipation during crack growth may occur more or less effi-
ciently depending on the fraction nanoparticles present. For example,
shear sliding of the amorphous phase can be suppressed in the presence
of nanoparticles resulting in a more brittle behavior and in the opposite
manner, nanocrack formation at the interface between the amorphous
matrix and nanoscale particles [29,30]. Thus, an optimum of the amount
of amorphous matrix is expected and in this case this is achieved for the
CrB, coatings grown at 300 °C [31].

4. Conclusions

We fabricated CrB, coatings by DC magnetron sputtering system
using a CrB, compound target at different deposition temperatures. It
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Fig. 5. TEM Cross-sectional images for the CrB, coating deposited at 200 °C, region A and B represent the crystalline domain with (101) and (001) plane of CrB,, respectively.
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Fig. 7. TEM Cross-sectional images of the CrB, coating deposited at 400 °C.
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Fig. 8. (a) The hardness (H) and elastic modulus (E) of the CrB; coatings deposited at various temperatures; (b) The H/E of the CrB, coatings deposited at various temperatures.

Fig. 9. Vickers indentation morphology of the CrB; coatings deposited at various temperatures: (a) 100 °C, (b) 200 °C, (c¢) 300 °C and (d) 400 °C.

was found that, as the temperature increased from 100 °C to 400 °C, the
crystalline texture from random (101) and (001) phase orientation to
the (001) preferred one. The morphology changed from glassy to fine
columnar due to the increased adatom mobility. The mechanical prop-
erties of the CrB, coatings were enhanced by this structure evolution
and the coatings deposited at 400 °C are superhard with a hardness of
51 4+ 2 GPa with fine (001) preferred orientation, which is extremely
high for coatings deposited by the traditional DC sputtering technique.
In particular, coatings grown at 300 °C exhibited the best toughness.
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