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Abstract: The duplex CrON coatings were prepared on H13 tool steels by combination of plasma nitriding and arc ion plating. The ef-
fects of oxygen flow rate on microstructure and corrosion behavior of duplex CrON coating in the molten aluminum were investigat-
ed. Results show that the as-deposited coatings with oxygen flow rate of 0, 50, and 100 mL/min, namely CrON-0, CrON-50, and
CrON-100 coatings, mainly consist of B1-CrN phase. The major components of CrON coating change from nitride into oxide phase
with increasing the oxygen flow rate, and the Cr,O, crystalline phase is obviously observed in the as-deposited coatings with oxygen
flow rate of 200 mL/min, namely CrON-200 coating. Oxygen addition in nitride restrains the columnar growth of grains resulting in
the dense microstructure. The surface defects and roughness increase with the increase of oxygen content. The failure behavior of du-
plex CrON coatings is mainly corrosion pitting in molten aluminium. The CrON-50 coating reveals the best corrosion resistance due
to the dense columnar microstructure and high thermal stability. The dense Cr,O, layer in CrON-200 coating is also favourable for cor-

rosion protection against the molten aluminum.
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In the aluminum die casting process, the die tool is subject-
ed to severe operating conditions such as wear, corrosion, sol-
dering and thermal fatigue!". Surface modification of the die
tools, such as plasma nitriding and physical vapor deposition
(PVD), has been used to improve the die life™”. Die tools
treated by plasma nitriding with proper stress and hardness
gradients exhibit high wear and thermal fatigue resistance due
to the nitrogen diffusion. However, a great affinity between
Al and Fe causes soldering through chemical/metallurgical re-
action. PVD coatings as the effective diffusion barriers have
been introduced to resist the molten aluminium attack. Further
improvement can be achieved by the duplex treatment with a
plasma nitriding layer beneath the PVD hard coating, which
can be considered as the most appropriate treatment for die-
casting tools™*,

Cr-based nitride coatings are preferred in die tool applica-
tions due to their superior oxidation resistance and chemical
stability”. The Cr,0,/CrN bilayer coatings exhibit excellent
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thermal stability and good oxidation resistance than the single
CrN coatings do, and these coatings are suitable for the die
casting tools™. Because different gases are used during the de-
position of nitride adhesion layer and oxide working layer, the
application of oxide coating is more complicated, comparing
to the application of nitride coatings. In addition, the thermal
expansion coefficients are distinctly different between the ox-
ide coating and steel substrate, resulting in the poor adhesion.
The addition of the third element in the CrN coating has been
investigated in several studies™'”. Hsu et al''" reported the su-
perior abrasion resistance and adhesion properties of Cr-O-N
coating. Moreover, other researchers found that the CrN par-
tially transforms into a passive Cr,O; layer in the CrON coat-
ing, which improves the oxidation resistance at high tempera-
ture!"™", The oxynitride system has tunable properties with
various microstructures by varying O/N in the coatings. De-
tailed information on CrON ternary oxynitride coatings was
reported by the investigations!*'""l. However, there are few re-
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ports about the corrosion resistance of CrON coatings in mol-
ten aluminum.

This work aims to explore the duplex CrON coating deposi-
tion and investigate its corrosion resistance against the molten
A380 aluminum alloy. The pretreatment by plasma nitriding
was conducted to increase the mechanical support for the oxy-
nitride coatings under high cyclic thermal stresses. The arc ion
plating system was employed to deposit CrN/CrON coatings
on plasma nitrided AISI H13 tool steels. The CrN layer was
deposited as a base layer, followed by a CrON top layer with
different oxygen flow rates. The composition and microstruc-
ture were also reported.

1 Experiment

The CrN/CrON coatings were synthesized on plasma-treat-
ed AISI H13 tool steel substrates. The steel specimens were
polished to reach the value of roughness (S,) below 50 nm by
diamond paste and subsequently cleaned with acetone and al-
cohol. The plasma nitriding was performed in a nitriding fur-
nace. The gas mixture with V' :V,; =1:3 and a total pressure of

200 Pa were maintained at 510 °C for 8 h. An industrial arc
ion plating equipment with two Cr (purity of 99.99at%) tar-
gets installed symmetrically was utilized for coating deposi-
tion. Before the deposition, the base pressure of the chamber
was less than 1x107 Pa, and the substrates were heated at
450 °C. The specimens were cleaned through Ar" sputtering
for 30 min at a substrate bias voltage of =300 V. The CrN base
layer was deposited for 1 h in pure N, environment at a con-
stant pressure of 3.5 Pa. The arc currents of Cr targets and the
substrate bias were fixed at 120 A and - 80 V, respectively.
During the deposition of CrON top layer, oxygen gas was in-
troduced into the chamber by varying the oxygen flow rate
from 0 mL/min to 200 mL/min. The deposition time of CrON
top layer was 1 h. The coatings treated by different oxygen
flow rates of 0, 50, 100, and 200 mL/min were referred as
CrON-0, CrON-50, CrON-100, and CrON-200, respectively.
The total thickness of all coatings was around 5.3 pum.

The chemical composition and bonding position in the coat-
ing were characterized by X-ray photoelectron spectra (XPS).
The phase structure of the coatings was analyzed using X-ray
diffraction (XRD). A Raman spectrometer was used to charac-
terize the bonding structure of the coating. The cross-sectional
microstructure of the coating was analyzed by transmission
electron microscope (TEM). TEM sample was prepared by a
focused ion beam (FIB) system. The surface and cross-section-
al morphologies were analyzed by a scanning electron micro-
scope (SEM) and the surface roughness of all specimens was
obtained by a KLA-Tencor P7 step profiler.

The thermal stability of the coatings was investigated after
annealing at 700 °C. The coated specimens were simultaneous-
ly heated under an ambient air environment in a resistive fur-
nace at 700 °C for 2 h. The temperature increased with the
rate of 5 °C/min, holding at the target temperature for 2 h and
subsequently cooling down to room temperature during the an-
neal process. The surface and cross-sectional morphologies of

heat-treated specimens were observed by SEM.

The corrosion resistance of the CrON coating was evaluat-
ed through the static immersion test. The duplex coated AISI
H13 steel pin specimens (@12 mmx100 mm) were used for
the immersion test. Each experiment was carried out with
A380 aluminum alloy of 1 kg in an alumina crucible at 700+
3 °C. The experiment was performed for 1, 3, 5, and 7 h for
each coating. After each immersion test, the residual solidified
aluminium was removed by 10wt% NaOH solution and used to
identify the damaged areas. The specimens were examined us-
ing an optical microscope (OM) and SEM. The corrosion pits ar-
ea was measured by the percentage of areas covered with corro-
sion pits. The total observed area was 40 mmx20mm. The mass
loss rate was evaluated after the immersion test by Eq.(1):

Mass loss rate=(W,-W)/W,x100% )
where W, is the initial mass and 77 is the mass after immersion
test.

2 Results and Discussion

2.1 Composition and morphology

The chemical composition of as-deposited CrON coatings
with various oxygen flow rates in the deposition environment
is presented in Table 1. The concentration of oxygen increases
from 3.7at% to 52.4at% with increasing the oxygen flow rate
from 0 mL/min to 200 mL/min, whereas the N concentration
decreases from 44.3at% to 4.5at%. The Cr concentration also
decreases, which can be related to the stronger affinity of oxy-
gen with Cr than that of nitrogen with Cr'"”. The detection of a
small amount of oxygen in the CrON-0 coating shows that the
oxygen exists obviously in PVD coatings. It is possibly de-
rived from the residual oxygen inside the deposition chamber
and detection environment, as well as the thin oxide layer
formed by exposure in the air.

The surface morphologies of as-deposited coatings and
EDS spectra of the particles are presented in Fig.1. The parti-
cles and craters are observed on all coating surfaces, which
are the typical characteristics of arc ion plating technique. And
the particles mainly consist of metallic Cr ejected from the arc
target, as the EDS spectrum shown in Fig.la and 1d. The parti-
cle density on the coating surface reduces slightly with in-
creasing the oxygen flow rate to 100 mL/min. It can be attrib-
uted to the target poisoning effect due to the formation of a
thin layer of chromium oxide with higher melting point
(above 2400 °C)"Y. The further increase of oxygen flow rate
during coating deposition increases the number of particles, as

Table 1 Composition and roughness of CrON coatings

Elemental
) O, flow rate/ . Surface rough-
Coating . composition/at%
mL-min”! ness, S,/um
Cr O

CrON-0 0 520 3.7 443 0.187
CrON-50 50 484 181 345 0.216
CrON-100 100 459 405 13.6 0.277
CrON-200 200 431 524 45 0.356
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shown in Fig. 1d. A relatively higher concentration of oxygen
can cause severe poisoning of Cr target and thereby reduce the
electrical conductivity of the targets. The unstable arc spot on the
target surface generates more droplets and increases the amount
of macroparticles on the coating surface™.

The surface roughness (S,) of as-deposited coatings is sum-
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Surface morphologies of different as-deposited CrON coatings: (a) CrON-0, (b) CrON-50, (¢) CrON-100, and (d) CrON-200

marized in Table 1. It can be seen that the surface roughness
of the CrON coating increases with increasing the oxygen
flow rate, which can be related to the increase of defects, such
as particles or craters on the surface of coating. The cross-sec-
tional morphologies of as-deposited coatings is presented in
Fig.2. It can be seen that the microstructure of the coatings

Fig.2 SEM images of cross-sectional morphologies of different as-deposited CrON coatings: (a) CrON-0, (b) CrON-50, (c) CrON-100,

and (d) CrON-200



1526

Ahmad Farooq et al. / Rare Metal Materials and Engineering, 2021, 50(5):1523-1530

changes from a coarse columnar into a dense columnar with
increasing the oxygen flow rate. It is clear that the grain size
decreases with the increase of oxygen content of the coating,
resulting in the microstructure change from the columnar into
dense, and then featureless!'>'.

2.2 Microstructure analysis

The bonding status of CrON coatings is characterized
through the binding energies by XPS spectra (Fig. 3). The
peaks associated with Cr, O, N, and C elements are identified.
All the spectra of CrON coatings are calibrated with C 1s peak
at 284.8 eV, Fig.3 shows the Cr 2p spectra of different as-
deposited CrON coatings. It consists of two strong peaks relat-
ed to Cr 2p,, and Cr 2p,,,. The multiple split characteristics are
considered for the detection of Cr (III) ionic state in Cr 2p
spectra®!. The fitting of Cr 2p,, confirms the characteristic
peak of Cr-metal (573.5 eV) and Cr-N (574.4 ¢V)?" and multi-
ple splitting peaks of Cr-O bonds (575.7, 576.7, 577, and
578.9 V)l As the oxygen content increases, the Cr-N bond-
ing fraction reduces from 60% to 12 %, whereas the Cr-O
bonding fraction increases from 32% to 88%. The metallic Cr
detected in the first sub-peak can be related to the existence of
macroparticles on the coating surface!”. The shift of binding
energy towards the higher value confirms the increase of ox-
ides with increasing the oxygen flow rate.

The XRD patterns of as-deposited CrON coatings with vari-
ous oxygen flow rates are shown in Fig. 4. The diffraction
peaks observed in CrON-O, CrON-50, and CrON-100 coat-
ings can be related to the CrN phase. The additional peaks ob-
served in CrON-200 coating are related to the Cr,O, phase. It
is important to mention that the diffraction peaks of CrN
phase are also observed in CrON-200 coating. It is attributed
to the nitride phase from the CrN base layer. In the case of

CrON coatings deposited with low oxygen flow rates, no ox-
ide phase is found in XRD analysis, although the high oxygen
content (18.1at%) is detected in XPS analysis. The low-inten-
sity band (260=33.5°) observed in CrON-100 coating maybe is
attributed to the nano-crystalline Cr,0O, with an amorphous
phase fraction.

With the addition of oxygen in CrN coating, the intensity
and width of CrN (200) diffraction peak increase and subse-
quently decrease. Castaldi et al'” reported the growth of (200)
diffraction planes with increasing the oxygen content is attrib-
uted to the enhanced polarizability due to higher electronega-
tivity of oxygen, which probably stabilizes the lower energy
planes. Meanwhile, the further reduction can be related to the
decrease of B1 phase and the growth of h-Cr,0, oxide phase
with higher oxygen content. Moreover, the reduction of CrN
(200) diffraction peak intensity cannot be excluded due to the
amorphization regardless of random orientation and more de-
fective crystal structure. The slight shift of all diffraction pat-
terns towards a lower angle is obvious in Cr-based coatings
due to the variation in stress situations and solid solution
phase formation~,

The Raman spectra of as-deposited CrON coatings mainly
consist of four bands, as shown in Fig.5. The lower intensity
bands at 302, 338, and 615 cm™' are attributed to the normal
Eg phonon modes, whereas the high-intensity band in the
range of 535~555 cm™ originates from Alg mode®”. The low-
er intensity Eg band centered near 302, 338, and 615 cm™ is
common in both CrN and Cr,0O, structures”’**, The Alg char-
acteristics band at 535 cm™ in CrON-0 coating can be related
to CrN structure™. A positive shift can be observed in this
band with increasing the oxygen content. The Alg band at 555
cm™ in CrON-200 coating can be related to the Cr,0, bonding
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Fig.3 XPS spectra of Cr 2p of different as-deposited CrON coatings: (a) CrON-0, (b) CrON-50, (¢c) CrON-100, and (d) CrON-200
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Fig.5 Raman spectra of different as-deposited CrON coatings

structure®, Similarly, the Raman spectra of CrON-50 and
CrON-100 coatings show bands overlapping of CrN (535
cm™) and Cr,0, (555 cm™) peaks, which confirms the pres-
ence of oxide bonding fraction. The additional wide band cen-
tered at 707 cm™ in CrON-100 coating can be related to local
site defects in CrN structure induced by oxygen. A similar vi-
bration structure in Cr,0; Raman spectra with a small fraction
of impurities was observed by other researchers™..

The microstructure is further characterized through TEM.
Fig. 6 shows the high resolution transmission electron micro-
scope (HRTEM) images and selected area electron diffraction
(SAED) patterns of CrON-50 coating and CrN layer. There is
an obvious transition from columnar to dense structure in
Fig. 6a. A columnar structure with vertical growth extends
through the thickness of the CrN base layers. While the colum-
nar size and width reduce in the CrON layer, as shown in
Fig.6a and 6b. The columnar grains in the CrN base layer ex-
tend through the entire layer, while the oxygen in CrON top
layer hinders the columnar growth. The average width of co-
lumnar grains reduces from 374 nm to 113 nm in CrON top
layer, which is consistent with the results in other studies!>"!,
The HRTEM/invert fast Fourier transformation (IFFT) images
and SAED patterns obtained from CrN and CrON top layer
are shown in Fig.6¢ and 6d, respectively. The grain size reduc-
es with the introduction of oxygen. Fig. 6e and 6f show that
the distinct spots in the SAED patterns of CrN layer are al-
tered to the ring spots in the SAED patterns of CrON layer, re-
flecting the reduction of crystallinity in CrON coating with the
introduction of oxygen. The SAED patterns from both layers
also agree with the B1-NaCl CrN structure.

* (200)

- (220y

-(111)"

~(11D-
~(200)

Fig.6. TEM images of CrN-50 coating (a) and CrON-50 layer (b); HRTEM/IFFT images of CrN (c¢) and CrON-50 (d) layers; SAED patterns of

CrN (e) and CrON-50 (f) layers
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2.3 Thermal stability

The thermal stability of the CrON coatings is evaluated af-
ter annealing at 700 °C for 2 h in an ambient atmosphere. The
surface and cross-sectional morphologies after heat treatment
are shown in Fig.7. It can be seen that the CrON-100 coating
has full oxidation with the obvious oxide layer from Fig.7c
and 7g. And some oxide meshes are observed on the surface
of CrON-0 and CrON-100 coatings from Fig.7a and 7c. The
CrON-200 coating exhibits the best protection against the oxi-
dation attack, as shown in Fig.7d and 7h, which can be related
to the dense Cr,0, phase structure. The oxidation resistance of
CrON/CrN bilayer coating at elevated temperature is better
than that of the monolayer CrN coating®”. The Cr,0O, top layer
is ideal for oxidation protection!*'¥,

2.4 Corrosion behavior in molten aluminum

Fig.8 shows the images of duplex CrON coated AISI H13
steels after immersion in molten A380 aluminum alloy at
700 °C for 5 and 7 h. It can be seen that the surface of the coat-
ed steels is covered with corrosion pits after the immersion
test. The CrON-50 and CrON-200 coatings exhibit fewer cor-
rosion pits than other coatings do. It is also important to men-
tion that all the specimens exhibit a similar corrosion behavior
after immersion for 1, 3, 5 and 7 h. Localized corrosion pits
appear on the surface of all pins, while there are no cracks ob-
served in the CrON coatings.

The damage to the coated pins is evaluated by corrosion
pits area and mass loss rate, as shown in Fig.9. The CrON-50
and CrON-200 coated specimens exhibit the relatively lower
corrosion pits area (<1.5%) and mass loss rate (<0.15%). The

mass loss rate of the coated samples is probably attributed to
two reasons®': (1) the aluminum diffusion to the matrix, re-
sulting in the formation of Fe-Al-Si intermetallic phases be-
tween the molten aluminum and matrix; (2) the escape of Fe
element from the matrix and the formation of Fe-Al-Si com-
pounds at the interface during the immersion test process.

For CrON-50 coating, the dense columnar microstructure of
oxynitride top layer provides an effective barrier than the ni-
tride base layer does. Meanwhile, the lower surface defects at
elevated temperature are favorable for corrosion resistance™.
The CrON-200 coating exhibits a passive oxide top layer with
dense Cr,0, structure, which is contributed to the enhanced
oxidation resistance at 700 °C. Previous studies also reported
that Cr,0, is favorable to develop the corrosion resistance of

steell'*!!

1. However, the pitting corrosion is caused by the sur-
face defects and metallic macroparticles. The CrON-0 and
CrON-100 coatings exhibit larger corrosion pits area and mass
loss rate after the immersion test. The CrON-0 nitride coating
with poor thermal stability and wider columnar grain structure
fails to provide sufficient resistance against the localized
corrosion. Similarly, the CrON-100 coating with a porous ox-
ide layer at high temperature also causes severe corrosion
damages.

It is known that nitride coatings are not subjected to direct
corrosion during the contact with molten aluminumP’. After a
short time (less than 3 h) of immersion corrosion, few corro-
sion pits can be seen on the coating surface, indicating that
CrON coatings can inhibit the formation of Fe-Al-Si com-
pounds®. However, the corrosion resistance decreases after
the long time immersion test. It can be mainly related to the

Fig.7 Surface (a~d) and cross-sectional (e~h) morphologies of different CrON coatings after annealing at 700 °C for 2 h: (a, ¢) CrON-0,

(b, f) CrON-50, (c, g) CrON-100, and (d, h) CrON-200
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Fig.8 Macrographs of duplex CrON coated AISI H13 steels after
immersion in molten aluminum at 700 °C for 5 h and 7 h:
(a;, a,) CrON-0, (b;, b,) CrON-50, (c,, ¢,) CrON-100, and
(d,, d,) CrON-200
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Fig.9 Corrosion pits area (a) and average mass loss rate (b) of differ-
ent duplex CrON coatings on tool steels after immersion for
1,3,5,and 7h

defects of the coatings. The growth defects, such as pinholes
and macroparticles, provide initial diffusion path of aluminum
alloy. The melt diffuses through the defects and forms Fe-Al-
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Fig.10 SEM images of cross-sectional morphologies of duplex

CrON-50 coating after immersion for 7 h

Table 2 EDS analysis results of corrosion areas in Fig.10b

Elemental composition/wt%

Al Fe Si Cr O

Corrosion area

A-corrosion debris 69.3 17.9 7.8 1.2 3.1
B-alloy matrix 96.3 - 3.7 - -
C-intermetallic 66.3  20.8 9.8 3.1 -

D-dense compound layer  59.4  28.6  10.0 2.0 -
E-alloy diffusion zone 540 405 34 2.1 -

Si intermetallic compounds, which further deteriorates the
coating layer from the substrate. In addition, the coarse colum-
nar structure and loose oxide layer accelerate the diffusion of
aluminum and iron elements at elevated temperature.

Fig. 10 presents the cross-sectional morphologies of local-
ized corrosion on CrON-50 coated steel specimen after immer-
sion for 7 h. The corrosion pit is clearly observed beneath the
CrON coating in Fig. 10a, indicating that the corrosion medi-
um of melt is penetrated into the nitrided steel substrate. The
severe corrosion attack is shown in Fig. 10b. The EDS analy-
ses of the corrosion zone is concluded in Table 2. The A, B, C,
D, and E areas in Fig.10b represent the corrosion debris, alloy
matrix, intermetallic layer, dense compound layer, and alloy
diffusion zone, respectively. Nazari et al® reported the corro-
sion phenomena between the molten aluminum alloy and tool
steel. The complex reaction layers are suggested as the inter-
metallic layer (AljFe,Si), dense compound layer (Al;FeSi) and
alloy diffusion zone (Al,,Fe;Si). The composition of these
phases is similar to the EDS results in Table 2.

3 Conclusions

1) The microstructure and corrosion behavior of the duplex
CrON coatings are strongly influenced by oxygen content.

2) The columnar growth of nitride phase is restrained by the
oxygen addition, and the structural evolution of CrON coat-
ings from nitride to oxide phase is observed with increasing
the oxygen flow rate.

3) The CrON coatings with oxygen flow rate of 50 and 200
mL/min reveal excellent corrosion resistance against the mol-
ten aluminum, which is attributed to the dense microstructure
and high thermal stability.
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B OFE: RS TBR I TR 477 A HI3 SRR T ] % 1 CrON R, H U XT CrON R &4 R 45 # KT iaius i itk
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