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Abstract. In this study, chromium nitride (CrN) hard coatings on stainless steel
substrates with chromium (Cr) interlayers incorporated between the coatings and the steel
substrates in order to improve adhesion of the coatings are investigated. Cr layers are
prepared using d.c magnetron sputtering, and then CrN coatings are prepared using reactive
d.c magnetron sputtering on these Cr layers. The effect of the Cr layer on the crystal structure
and corrosion resistance of the CrN coating through surface modification is determined. The
results show that regardless of whether the coatings include the Cr layers, face centered cubic
structure of CrN phase with the preferred orientation on (111) planes parallel to coating
surface remains and grain size of the CrN does not change. Nevertheless, the Cr layer induces
stronger the (111) peak, reduces the residual stress and increases corrosion resistance of the
CrN coatings. In addition, corrosion resistance of CrN coatings with the Cr layers deposited
at different substrate bias and deposition time is similar although (111) peak intensity and
residual stress of them change. The crystal structure and protection ability of the CrN/Cr
coatings are optimum for Cr layers deposited with substrate bias of -60V and deposition time
below 10min.

Keywords: Chromium nitride coatings, CrN/Cr coatings, CrN coatings, reactive d.c
magnetron sputtering.

1. INTRODUCTION

In recent years, the CrN coating has been identified as one of the most promising
protective layers on surfaces of tools and dies thanks to its excellent mechanical properties and
corrosion resistance. Nevertheless, the coatings deposited by physical vapor deposition
sometimes exhibit poor adhesion because of the high internal stress [1]. The residual stress is
generated in the coating due to the lattice mismatch between crystalline planes and the
mismatch of the thermal contraction between the coating and the substrate [2]. The residual
stress influences the mechanical properties of coated material. Besides, in aggressive
environments, the major corrosion problem of the coated material is the defects in the coating,
e.g. porosity, cracks, pinholes that are formed during the deposition process. These defects
may form direct paths between the substrate and the exposed environment [3]. The application
of a metallic intermediate layer between the substrate and coating helps to improve the
adhesion, reduce the residual stress, limit the effect of the defects and increase the corrosion
resistance of the substrate. Chen, Han, Chang et al [1-3, 6-7] have used a Cr interlayer to
increase the corrosion and tribological resistance of the CrN coating. Electroplating technique
is the conventional way of producing the Cr layers. However, the electroplating process
adversely impacts the environment. Thus, sputter deposition is considered as an appropriate
method to produce environmentally safe Cr layers.

The objective of this study is to investigate the effect of sputter-deposited Cr interlayers on
the crystal structure and corrosion resistance of CrN coatings. Two sets of specimens are
prepared: one has the Cr layer prepared by sputter deposition between the CrN film and the
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substrate, denoted CrN/Cr and the other has the CrN layer directly deposited on the substrate,
denoted CrN. The corrosion resistance of CrN/Cr is compared with that of CrN and bare steel
by electrochemical method.

2. EXPERIMENTAL

2.1 Coating deposition

AISI 304 stainless steel (18% Cr, 9.0% Ni, 2.6% C, 70.4% Fe) was used as substrate in
this study. The steel sheets of 1 mm of thicness were cut to an appropriate size of 20 mm x 30
mm. Prior to the deposition process, the steel substrates were ultrasonically cleaned in 3
chemical solutions: sodium hydroxide, chromic anhydride and aceton, and the substrate were
then cleaned by Ar plasma at a high substrate bias of 500V for 30 mins.

The deposition was carried out using a 99.98% pure Cr target. The sputtering gas is a
mixture of 99.999% pure Ar and 99.998% pure N, gases. The target-to-substrate distance was
held constantly at 45 mm. During each experiment, the Cr target was first pre-sputtered under
a 3 mtorr argon pressure at a deposition current of 1 A for 20 to 30 mins to remove any
possible oxide layer. Immediately following the pre-sputtering process, the Cr interlayers were
deposited by sputter deposition with different substrate bias and deposition time. Deposition
pressure and current of Cr layers were kept constantly at 3 mtorr and 0.5A, respectively. The
CrN coatings are then deposited by reactive d.c. magnetron sputtering for 60 mins. All CrN
coatings in this study are deposited under a total Ar + N, gas pressure of 7.5 mtorr (Ny/Ar =
3/2) with a substrate bias of -50 V and a deposition current of 1 A. These optimal deposition
conditions of the CrN coating were determined in our previous studies [4, 5]. The deposition
conditions and some of properties of the coatings are summarized in Table 1.

Table 1. Deposition conditions for coatings, grain size (D), residual stress (oy), and corrosion
potential (E.oy) of specimens obtained

Sample Substrate bias  Deposition time Preferred D Of Ecorr
[V] [min] orientation [nm] [GPa] [V]

Steel - - - - - 0.58
CrN -50 60 CrN(111) 33.38 -22.97 0.86
CrN/Cr -19 -50/-25 60/30 CrN(111) 32.05 -17.00 0.97
CrN/Cr -20 -50/-50 60/30 CrN(111) 33.76 -17.60 0.95
CrN/Cr -21 -50/-60 60/30 CrN(111) 35.94 -14.62 0.96
CrN/Cr -22 -50/-80 60/30 CrN(111) 33.63 -14.92 0.95
CrN/Cr-24 -50/-50 60/20 CrN(111) 36.34 -19.10 0.97
CrN/Cr-25 -50/-50 60/10 CrN(111) 35.35 -18.20 0.98
CrN/Cr-27 -50/-25 60/10 CrN(111) 32.85 -19.69 0.97
CrN/Cr-28 -50/-25 60/20 CrN(111) 34.37 -21.18 0.97

2.2 Coating characterization

The phase and structure of CrN coatings with and without Cr layers were analyzed by X-
ray diffraction (XRD) with CuK,, radiation (A = 0.154 nm). The specimens are investigated
using 6/20 diffraction mode ranging from 20° to 60°. The crystal structure of the coatings is
determined by comparing their angles and intensities of diffraction peaks with those reported
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from Joint Committee of Powder Diffraction Standards (JCPDS). Form XRD spectra, the
residual stresses (oy) of coatings were calculated using the Stoney’s equation:
E(d-d,)
o, =——— 1
! Sod (D

where v (0.28) is the Poisson’s ratio; £ (400 GPa for (111) CrN) was Young’s modulus; d,
(2.394 A’ for the (111) planes) is the stress free lattice spacing; d is the strained lattice spacing
of the coating.

The corrosion behavior of CrN coatings with and without Cr layers is investigated by
cyclic polarization (CP) method. This electrochemical technique is an accelerated method for
determining the characteristic corrosion potential E.... E. is evaluated by the cyclic
polarization curves (current-potential curves) over a small potential range from - 0.5 V/sce to 1
V/sce. Electrochemical measurements were carried out in a standard three-electrode cell with a
saturated calomel reference electrode (sce). AISI 304 stainless steel, CrN and CrN/Cr
specimens are immersed in an aerated 3.5 % NaCl solution for corrosion tests.

3. RESULTS AND DISCUSSION

3.1 Crystal structure and residual stress of coatings

As mentioned earlier, CrN exists in different phases so there is a limited range of nitrogen
concentration wherein stoichiometric phase of CrN with B1 structure (face centered cubic)
exists. Therefore it is essential to optimize the process parameters for the deposition of
stoichiometric cubic CrN phases. The optimal deposition conditions were determined in our
previous study [4, 5] and under these conditions, (111) preferred orientation cubic phase of
CrN was obtained (Fig. 1). After optimizing the deposition conditions for CrN coating, CrN/Cr
samples were prepared under different deposition conditions of Cr layers.
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Fig. 1. XRD patterns of steel, CrN and CrN/Cr specimens.

The XRD spectra of CrN coatings with and without a Cr interlayer (Fig. 1) are consistent
with the JCPDS database of CrN phase. Both cases have the same preferred orientation of CrN
(111). However, a Cr layer incorporated between the CrN coating and the substrate drastically
increases (111) peak intensity of the CrN coating.

The full width at half maximum (FWHM) of the diffraction peak represents the grain size
in Scherrer’s equation. The FWHMs of the (111) peaks for CrN and CrN/Cr specimens vary
slightly from 0.23° to 0.26° so that grain sizes of the CrN coatings in both cases are similar.
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The Cr interlayer does not affect the preferred orientation and grain size of the CrN coatings;
this fact is consistent with the authors’ previous studies on Cr interlayer deposited by
electroplating and MEVVA (metal vapor vacuum arc) [6,7].

The residual stresses of the CrN and CrN/Cr specimens are evaluated and compared.
Residual stresses often exist in deposition coatings and originate from two major sources: one
is the intrinsic stress that depends on deposition parameters such as ion bombardment energy,
and the other is the thermal stress caused by the different thermal expansion coefficients
between the coating and the substrate. Therefore, the residual stress is mainly the intrinsic
stress in this case. As shown in the Fig. 1, the (111) diffracted peaks of CrN coatings with Cr
layers shift towards higher angles, indicating the lower residual stress in the coatings. The
residual stresses are calculated experimentally using Eq. (1) for the (111) planes. The
calculating results are listed in Table 1. To our surprise, Cr interlayer drastically reduces the
residual stress in the CrN coating. The reduction of stress Ac can be defined as:

Ao = ‘(GC)'N/Cr - O-CrN)/ O] X100% )

where o and oc; are the corresponding residual stress with and without the Cr interlayer,
respectively.

The above results demonstrate that the role of the Cr interlayer is apparent: this layer
significantly reduces the residual stress of the CrN coating by up to 36.4%, but it does not
affect the preferred orientation and the grain size of the CrN coating.
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Fig. 2. XRD patterns of CrN/Cr-19 (V,, = -25V), CrN/Cr-20 (V,, = -50V),
CrN/Cr-21 (Vy = -60V), CrN/Cr-22 (V, =-80V)
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Fig. 3. Substrate bias effects on (111) CrN diffraction intensity of CrN/Cr specimens
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XRD spectra of the CrN coatings with Cr layers deposited for various substrate bias of -25,
-50, -60, and -80 V are compared in order to understand more distinctly the effects of Cr layers
on the crystal structure of CrN coatings. As shown in Fig. 2, the diffraction patterns of
specimens reveal the presence of CrN cubic phase, and the (111) preferred orientation for the
CrN coatings with the different Cr layers. However, when the substrate bias is increased from -
25 to -60 V, the intensity of (111) diffraction peaks significantly increases (Fig. 3) and position
of the peaks is slightly shifted to higher 206 values indicating a reduction in residual stress (Fig.
4). At higher substrate bias (V> -80 V), the intensity (111) peaks decrease. When the substrate
bias is below -60 V, energy and density of the impinging ions bombarded on growing Cr layer
increase, and a better crystallized Cr layer is then obtained, the structure of CrN coating grown
on this Cr layer is also better. But as the energy of the impinging ions increases more strongly
(V= -80 V), re-sputtering occurs and generation of defects in the Cr layer increases, thus
(111) peak intensity of the CrN coating grown on this Cr layer decreases. Furthermore,
reduction of residual stress of the CrN coatings can be explained by ion bombardment during
the coating growth. The Cr interlayers deposited under different substrate biases affect the
(111) peak intensity and the residual stress but do not affect the preferred orientation of the
coatings.
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Fig. 4. Residual stress of CrN coatings as a function of substrate bias
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Fig. 5. XRD patterns of CrN/Cr-27 (10min), CtN/Cr-28 (20min), CrN/Cr-19 (30min)
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Fig. 6. XRD patterns of CrN/Cr-25 (10min), CrN/Cr-24 (20min), CrN/Cr-20 (30min)

Also, similar phenomenons are observed with the variation of deposition time of Cr
interlayers. The XRD spectra of the CrN coatings with different deposition time of Cr layers
(10, 20 and 30 min) at substrate biases of -25V (Fig. 5) and -50V (Fig. 6) show that deposition
time of Cr layers does not vary the (111) preferred orientation of CrN coatings. The intensity
of this (111) peak is maximum when deposition time is 20 minutes in the case of V, = -25V,
and 10 minutes when V, = -50V. Thus there is a certain value of thickness of Cr layer that lead
to the formation of the best crystal structure of CrN coating. As mentioned above, this value of
Cr layer can be found at the deposition time of 20 minutes at V, = -25V and 10 min at V,, = -
50V. The energy and density of the impinging ions bombarded on the growing Cr layer
increase proportionally to the substrate bias. So the higher substrate bias is, the sooner the Cr
layers reach this ideal thickness. It may be concluded that the thickness of the Cr interlayer
also influences the crystal structure of the CrN coating.

3.2 Electrochemical behavior

The corrosion resistance of CrN/Cr is compared with that of CrN and bare steel. The
polarization curves of potential (relative to sce) vs. current density are shown in Fig. 7 and Fig.
8. Corrosion potentials of specimens are listed in Table 1.
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Fig. 7. Polarisation curves of steel and CrN/steel in 3.5%NaCl solution
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Fig. 8. Polarisation curves of CrN/Cr-19 (-25V), CrN/Cr- 20 (-50V), CrN/Cr-21 (-60V),
CrN/Cr- 22 (-80V)

The E. value of CrN (0.86V/sce) is significantly higher than that of bare steel
(0.58V/sce), indicating that the CrN coating deposited steel surface improves the corrosion
resistance. The E.,, of CrN specimen decreases more than that of CrN/Cr specimen (~
0.98V/sce), showing that CrN/Cr possesses a better capability of preventing the localized
galvanic attack between the coating and the substrate. The performance of the coated steels
against corrosion is strongly affected by defects of the coating [3]. The Cr layer promotes the
surface passivity of the steel substrate and isolates physically the structure defects of the CrN
coatings. It may be concluded from these observations that the Cr layer in CrN/Cr/steel
provides a beneficial effect on the corrosion resistance of the steel.

- 0.002

0.000

Fig. 8 shows polarization curves of CrN/Cr specimens with Cr interlayers deposited for
various substrate bias of -25, -50, -60, and -80 V. The polarization curves and E,, values of
specimens indicate that despite diffirent Cr interlayers, the corrosion resistance of all
CrN/Cr/steel specimens is similar. The Cr interlayer effectively reduces the corrosion, but this
corrosion resistance does not change when altering the Cr interlayer. Thus electrochemical
behavior of coated steel seems to be controled by the outer layer.

4. CONCLUSIONS

In this study, CrN coatings with and without the Cr interlayers are successfully synthesized
using d.c. magnetron sputtering (for Cr layers) and reactive d.c. magnetron sputtering (for CrN
layers). the CrN coatings have only CrN cubic phase with (111) preferred orientation in both
case without and with the different Cr interlayers. Although the Cr interlayer does not affect
the grain size of CrN, it significantly reduces the residual stress of the CrN coating by up to
36.4 % and increases the corrosion resistance of the CrN coating. When increasing the
substrate bias of the Cr interlayers from -25 V to -60 V, the crystal structures of the CrN
coatings are better, the residual stresses of the CrN coatings decrease but the corrosion
resistance does not change. The higher substrate bias of Cr interlayer is, the sooner Cr
interlayer reach the ideal thickness which induces the best crystal structure of CrN coating.
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ANH HUONG CUA LOP PEM Cr LEN CAU TRUC TINH THE VA PO
CHONG AN MON CUA MANG CrN PHU TREN DE INOX

_ Dinh Thj M{ng C’:?lm, Nguyép Thanh Phu’ong,,Nguyén Thé Qu)jén,
Nguyén Hiru Chi, Lé Khac Binh, Tran Tuan, Dwong Ai Phwong, Nguyén Chi Ling
Truong Pai hoc Khoa hoc Ty nhién, PHQG-HCM

Tom tit: Trong cac nghién citu trudc, ching toi da ché tao thanh cong mang CrN pht
truec tiép trén dé inox. Mang tao ra cé do cung cao va co ung dung cu thé trong thuc té. Tuy
nhién @6 bam dinh ciia mang trén dé inox can dwoc cdi thién. Trong bdo cdo ndy, ching téi
tién hanh tong hop mdng citng CrN trén d@é inox cé 16p dém Cr dé gia tang do bam dinh ciia
mang. Mang CrN va I6p dém Cr déu duwoc tao bang phwong phdp phiin xa magnetron va lop
Cr dwoc phii tai nhiéu diéu kién khdc nhau dé khao sat sy anh huong cia né lén cau tric vd
dé chong an mon ciia mang CrN. Két qua khdo sdt cho thay mang CrN phii tryc tlep trén dé
inox va phii trén I0p inox cé 16p dém Cr déu xudt hién mét pha duy nhat thudc cdu triic ldp
phuong tam mat voi dinh huong wu tién theo mat (111) song song voi bé mdt mang va kich
thude hat cia CrN trong hai truong hop khong thay doi. Tuy nhién, néu mang CrN phu trén
inox c6 l6p Cr ¢ gitia thi cwong do dinh phé (111) tang lén ding ké, vmg sudt nén ciia mang
CrN giam dén 36.4% va do chong an mon ciia mang tang. Hon nita, ¢é su thay déi cuong do
dinh (111) va vng sudt ciia mang CrN khi phii trén I6p Cr dwoc tao & cdc thé hiéu dich va thoi
gian khdc nhau, méc dii dg chong an mon cia cic mang CrN thi twong tir nhau. Khi 16p Cr
dwoc tao véi thoi gian dwdi 10 phiit va thé hiéu dich -60V thi mang CrN/Cr ¢6 cdu tric tinh
thé va kha ndng bao vé tot nhat.

Tir khéa: Mang cung CrN, mang CrN/Cr, phiun xg phan wng magnetron d.c.
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