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(0 0 1) preferred orientation deposited by DC magnetron sputtering

Jiahao Weng *P, Xiao Zuo”, Linlin Liu®, Zhenyu Wang?", Peiling Ke ", Xicheng Wei?, Aiying Wang

2School of Materials Science and Engineering, Shanghai University, Shanghai 200444, China

Check for
updates

5

b,c,*

b Key Laboratory of Marine Materials and Related Technologies, Zhejiang Key Laboratory of Marine Materials and Protective Technologies, Ningbo Institute of Materials Technology

and Engineering, Chinese Academy of Sciences, Ningbo 315201, China

€ Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of Sciences, Beijing 100049, China

ARTICLE INFO ABSTRACT

Article history:

Received 5 November 2018

Received in revised form 14 December 2018
Accepted 2 January 2019

Available online 5 January 2019

Keywords:

CrB, coating
DCMS

Corrosion
Microstructure
(00 1) orientation

Superhard CrB; coatings with hardness around 45.7 + 1.6 GPa were deposited on cemented carbide sub-
strates via a direct current magnetron sputtering at the deposition temperature of 300 °C. The composi-
tion, microstructure and corrosion resistance of the deposited coatings were investigated. The results
revealed that the deposited CrB, coating had a preferred (00 1) orientation and dense nanocolumnar
structure. The great improvement in corrosion resistance of CrB, coated substrate was obviously
observed from potentiodynamic polarization and electrochemical impedance spectroscopy. The forma-
tion of Cr,0; was supposed to be the key factor for the obvious passivation phenomenon.
Consequently, the corrosion current density was reduced by 100-fold in combination with a higher polar-
ization resistance compared with the pristine substrate.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

With the development of marine economy and technology,
marine equipment especially the moving components and parts
are facing urgent corrosion problems. Hard coatings with good cor-
rosion resistance have attracted more and more attention.
Although traditional TiN/CrN coatings deposited by physical vapor
deposition have excellent mechanical properties, they exhibit poor
corrosion resistance due to the pinholes among the coarse colum-
nar structure [ 1]. Other anti-corrosion coatings like Cr/GLC are lack
of sufficient hardness, which limits their application under harsh
abrasive conditions [2]. Therefore, it is of great importance to
develop superhard coatings combining with outstanding corrosion
resistance. Compared with the traditional carbide and nitride coat-
ings, boride coatings have hexagonal alternately layered structure
with stronger covalent bonds which benefit it high melting point,
high hardness, good corrosion resistance and phase stability at
the elevated temperature [3,4]. Till now, many research works
have been concentrated on the hardness, wear and corrosion resis-
tance of CrB, coatings prepared by pulsed DC and RF magnetron
sputtering [5-7]. However, because of the low ionization degree,
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it is rather tough to obtain the superhard CrB, coatings by tradi-
tional DC magnetron sputtering (DCMS). In our previous work,
we have prepared superhard yet tough CrB, coating by DCMS at
300 °C [8]. In this work, we focused on the corrosion behavior of
CrB, coating and discussed the corrosion mechanism of CrB, coat-
ing in terms of phase, composition and microstructure.

2. Experimental

CrB, coatings were synthesized on single-crystalline Si (1 00)
wafers and cemented carbide (YG8, WC-8 wt% Co) substrates by
DCMS with a thickness of around 3 pum. The sputtering current
was controlled at 1.0 A. More detailed descriptions of deposition
method and process can be found in Ref. [8]. The crystallographic
structure of the coating deposited on YG8 was characterized by
X-ray diffraction (XRD, Bruker D8 Advance diffractometer, Ger-
many), with collecting angles ranging from 20° to 80° in conven-
tional 6-6 configurations. Following with a focused ion beam (FIB,
Auriga, Germany) process, the microstructure of the coating depos-
ited on Si (1 0 0) was studied by transmission electron microscope
(TEM, Tecnai F20, America). The mechanical properties including
hardness and elastic modulus were tested using the continuous
load-controlled nano-indentator (MTS NANO200). Electrochemical
measurements were carried out on an electrochemical workstation
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(Modulab, UK) in a 3.5 wt% NaCl solution. The electrochemical cell 3. Results and discussion
used a standard three-compartment cell which consisted of Ag/
AgCl as a reference electrode, Pt as a counter electrode and sample Fig. 1a shows the phase and microstructure of CrB, coating.
as a working electrode. The potentiodynamic current-potential Referring to the hexagonal CrB, PDF card (PDF34-0369), single
curves were recorded at a sweep rate of 1 mV/s. Electrochemical (001) preferential orientation (including (00 1) and (00 2)) CrB,
impedance spectroscopy (EIS) measurements were performed with  can be clearly discerned in Fig. 1a, where some weak WC peaks
a 10 mV amplitude signal under the open circuit potential, and the correspond to the YG8 substrate. (0 0 1) crystallographic plane is
applied frequency was ranged from 100 kHz to 0.01 Hz. SEM (FEI the closest-packed plane and has the lowest surface energy in
Quanta FEG 250, America) and XPS (Axis ultradld, Japan) were CrB, compared with other orientations, so that it needs a long dif-

applied to analyze the corrosion morphology and products after fusion distance to be formed [9]. High deposition temperature

polarization tests. causes an enhanced diffusion capacity of absorbed atoms which
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Fig. 1. Phase and microstructure of CrB, coating: (a) XRD pattern (b) low-magnification overview image (c) the corresponding SAED pattern (d) HRTEM image (e) the inverse

fast Fourier transform image of (d).
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gives rise to the formation of intense (0 0 1) texture. As shown in
Fig. 1b and Fig. 1c, the thickness is about 3.0 pm and the coating
exhibits uniform and dense nanocolumnar structure along the
growth direction. (00 1),(002),(101)and (10 0) planes are iden-
tified from the SAED pattern. (10 1) and (1 0 0) peaks don’t appear
in XRD pattern because the extent of crystallization of these orien-
tations is less than the minimum detection signal of XRD. Fig. 1d is
a typical HRTEM image showing a clear crystalline area, and Fig. 1e
is the inverse fast Fourier transform image. The lattice fringes spac-
ing is 3.0710 A which corresponds to the (0 0 1) plane of CrBs,.
The mechanical properties of CrB, coating are illustrated in
Fig. 2a and b. As shown in Fig. 2a, the average hardness of CrB,
coating is around 45.7 + 1.6 GPa, which achieves the standard of
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superhard coatings. Furthermore, we used the load-indentation
depth curves to further study the elastic and plastic deformation
of the coating in the indentation process. As depicted in Fig. 2b,
both loading and unloading curves are smooth, no pop-in phe-
nomenon is found in the curves, indicating a good compactness
of the coating.

The corrosion resistance characteristics of CrB, coating and
uncoated YG8 substrate are presented in the form of electrochem-
ical impedance spectroscopy and potentiodynamic polarization
curves. The EIS data is fitted using the equivalent circuit model
(R(QR)). The larger radius of semicircular arc in Nyquist plots
demonstrates the superior corrosion resistance of CrB, coating
(Fig. 2¢). The Bode plots in Fig. 2d also confirm the similar conclu-
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Fig. 2. Mechanical properties and corrosion resistance of CrB, coated and uncoated samples: (a) hardness and elastic modulus versus indentation depth curves (b) load-
indentation depth curves (c) Nyquist plots (d) Bode plots (e) potentiodynamic polarization curves (f) surface morphology after polarization tests (g) Cr 2p spectrum of
corroded coating (h) B 1s spectrum of corroded coating.
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Table 1

Corrosion potential (Ecor), corrosion current density (icorr) and impedance parameters calculated according to the polarization curves and fitting circuit model.
Sample Ecorr (V) icorr (A-cm™2) R (kQ-cm~2?) R, (kQ-cm™2)
YG 8 substrate -0.30 2.50 x 1077 13.43 419 x 10°
CrB, coating -0.21 2.06 x 107° 12.98 3.99 x 10°

CrB, (3 um)
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Fig. 3. Improvement of hardness and corrosion resistance in this work compared with (a) other hard coatings (b) CrB, coatings.

sion. The larger |Z| at low frequency as well as the phase angle near
—90° in a wider frequency region indicate the excellent protective
performance of CrB, coating to the substrate. The polarization
curve of CrB, coating in Fig. 2e appears an obviously wide and
stable passivation stage which is associated with a spontaneous
passivation process formed in the corrosive medium. Fig. 2f is
the surface morphology after polarization test. Numerous corro-
sion pits are found on the uncoated substrate which is owing to
the dissolution of Co, while no obvious holes are found after the
deposition of CrB, coating. The formation of Cr,O3; and H3BOs
obtained from XPS (Fig. 2g and h) could explain this phenomenon.
This is due to the chemical reaction of CrB, in the corrosive med-
ium [10].

2CrB; + 15H,0 = Cr,05 + 4H3BO; + 18H" + 18e~

Table 1 summarizes the results of electrochemical experiments,
where R; is the solution resistance and R, represents the polariza-
tion resistance. Nearly two orders of magnitude improvement in R,
is achieved by the addition of CrB, coatings. It can be seen appar-
ently that the corrosion current density (icorr) decreases about two
orders of magnitude compared with the bare substrates. All these
evidences have proved that the deposition of CrB, coating is able
to enhance the anticorrosion capacity of YG8 substrate greatly.
This outstanding performance can be explicated from three per-
spectives. Firstly, the dense nanocolumnar structure without
micro-crack effectively reduces the diffusion of the aggressive
medium. Furthermore, the growth of (0 0 1) textured CrB, coating
endows the films with a better corrosion resistance [9,11]. Thirdly,
the formation of Cr,05 passive film also makes the coating less
active. Compared with some recent work of other scholars [9,11-
16], we have made a great progress in the fabrication of a super-
hard yet superior corrosion resistance coating (Fig. 3a and b).

4. Conclusion

In this work, CrB, coatings were deposited on cemented carbide
(YG8) substrates through DCMS at 300 °C. The coating exhibited
not only superhard mechanical properties but also outstanding
corrosion resistance. These excellent performances were mainly
caused by the preferred (001) orientation and compact

nanocolumnar microstructure brought by the high deposition tem-
perature. The formation of Cr,05 passive film also made the coating
less active and explained the passivation phenomenon. This
approach presented a promising candidate for the surface modifi-
cation of cemented carbide to meet the requirements of marine
engineering equipment.
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