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In this study, Cr3C,/10%NiCr layer was deposited on the AISI 2205 duplex stainless steel by the HYOF
technique. Microstructural, tribological and corrosion behaviors of the coated and uncoated samples were
investigated. The characterization studies were carried out by scanning electron microscopy, energy dis-
persive spectroscopy and optical microscopy. Moreover, dry sliding wear tests, corrosion tests and hardness
measurements were performed to reveal the influence of Cr;C,-10%NiCr on the properties of AISI 2205
duplex stainless steel. Microstructural analysis revealed that proper bonding was achieved at the substrate-
coating interface. On the other hand, it was observed that the coating structure consisted of chromium
carbides and nickel-chromium binders. According to the corrosion test results, it was observed that the
coating protected its structure and delayed the corrosion damage of the AISI 2205 alloy. The wear rate of
the AISI 2205 alloy was reduced from 73.32 & 5.28 x 1075 mm*(Nmm)™' to 6.97 + 0.61 x 10™°
mm>(Nmm) ! with Cr;C,-10%NiCr coating, as a result of the wear tests. In conclusion, test results showed
that the Cr;C,-NiCr layer improved the corrosion and wear behavior of the AISI 2205 duplex stainless

steel.
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1. Introduction

Duplex stainless steel (DSS) is a type of stainless steel that
consists of almost equal amounts of austenite and ferrite.
Austenite offers general corrosion resistance and ductility,
while ferrite provides mechanical strength and pitting resistance
(Ref 1-6). DSSs are widely used in various industries such as
desalination, shipbuilding, chemical storage, and petrochemical
industries owing to their enhanced corrosion behavior and
mechanical properties (Ref 7-10).

DSSs are generally used in chloride-enriched and acidic
environments. Especially in the presence of chloride ions, the
DSSs become sensitive to pitting corrosion (Ref 11-13).
Accordingly, one of the most critical properties of DSSs is
pitting corrosion resistance. Ferrite and austenite phase balance,
elemental composition of phases, and presence of secondary
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phases are the main parameters for providing desired pitting
corrosion resistance in DSSs (Ref 14-16). However, wear
damages also occur in the DSSs, owing to the existence of solid
particles in oil and gas production. Therefore, in addition to
high corrosion resistance, DSSs are also required to have higher
wear resistance in related applications (Ref 17).

Researchers have focused on improving the wear behavior
of the DSSs by microstructural changes in studies related to the
tribological properties of the DSSs. Correspondingly, these
changes can be emphasized as varying the ferrite-austenite ratio
by solution treatment, precipitation of the sigma phase and
spinodal decomposition (Ref 18-20). As a result of microstruc-
tural transformations, the wear behavior of the DSSs can be
improved, but these changes deteriorate the corrosion resistance
of the structure (Ref 21-23). For this reason, the wear behavior
of the DSSs should be improved by processes that do not cause
any loss of corrosion resistance.

Surface treatment of DSSs is of interest because microstruc-
tural transformations are insufficient to improve wear resistance
without impairing corrosion resistance. Surface treatments are
used to provide higher tribological properties and corrosion
behavior for the DSSs. Various surface engineering techniques
have been applied to provide resistance to wear damage and
corrosion environment. Subbiah et al. (Ref 24) emphasized that
the erosion-corrosion behavior of the DSSs could be improved
by the nitro-carburizing process. Calabokis et al. (Ref 25)
studied the corrosion performance of the plasma nitrided DSSs,
and it was stated that nitriding treatment produced significant
corrosion performance improvement compared to untreated
DSS. Neto et al. (Ref 26) showed that not only the corrosion
resistance but also the wear behavior of duplex stainless steels
was improved by the plasma nitriding process. Also, thermal
spray technologies are used to fabricate coating to increase the
wear and corrosion resistance of the steels (Ref 27-30).
Manjunath Patel et al. (Ref 31) investigated the plasma spray
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coating of Mo-Ni-Cr on DSS, and it was proved that wear loss
was reduced in Mo-Ni-Cr coated DSS. On the other hand,
Cr;C,-NiCr coatings applied using thermal spray processes
were used to enhance the properties of the alloys (Ref 32-34).
Significant corrosion resistance and wear behavior improve-
ments have been achieved in various steel types coated with
Cr;C,-NiCr by thermal spray processes (Ref 35-39). The
properties of the Cr;C,-NiCr coated stainless steels have also
been investigated. It was observed that the wear behavior and
corrosion resistance of the AISI 316 and AISI 304 austenitic
stainless steels were significantly improved by Cr;C,-NiCr
coatings (Ref 40, 41). Manjunatha et al. (Ref 42) showed that
Cr;C,-NiCr coatings increased the corrosion resistance of the
AIST 316 stainless steel as well as oxidation resistance.
Moreover, it was observed that NiCr metallic binder reduced
the erosion rate of the structure. Otherwise, Hajare and Gogte
(Ref 43) proved that the hot wear properties of the AISI 304
could be increased with the Cr;C,-based coatings. In addition,
the use of high-velocity oxy-fuel spraying (HVOF), which is
one of the thermal spray processes, reduces the thermal effect
on the base material and provides high-quality coatings on
stainless steel alloys (Ref 44-46).

However, studies on the coating of duplex stainless steels by
thermal spray processes are very limited in the literature.
Therefore, the present work has focused on the tribological
behavior and corrosion resistance of the Cr;C,-10%NiCr
coating on the AISI 2205 DSS. The HVOF process was used
to fabricate the coating on the AISI 2205 DSS. The wear and
corrosion behavior of the samples were characterized by dry
sliding wear tests and electrochemical techniques, respectively.

2. Material and Methods

2.1 Materials

A cylindrical sample of AISI 2205 duplex stainless steel
with dimensions of 20 mm in diameter and 20 mm in height
was used as the substrate material. The AISI 2205 alloy was
provided from Valbruna Turkiye. Also, Table 1 presents the
chemical composition of the alloy.

Cr;C,-NiCr powder (Amperit 593) produced by Hdoganas
AB; Sweden was used in the HVOF process. The content of the
NiCr in powder was 10 wt.%. The chemical composition of the
initial coating powder was given in Table 2.

In addition, the particle size distribution of the particles was
investigated by the laser diffraction method with Mastersizer
(Malvern Hydro 2000MU) and the average particle size of the
coating powder was determined as 11.22 + 4.50 um. Also, the
size distribution of particles is given in Fig. 1.

Before the coating process, XRD analyses were performed
on AISI 2205 DSS and raw Cr;C,-10%NiCr powder to
determine the phase properties. Moreover, XRD analysis was

performed on the HVOF-processed alloy to reveal the
microstructure properties of the coating layer and substrate.
The analysis was performed between 30° and 90° 20 range by
Rigaku Miniflex 600 at a scanning rate of 1° min~'. The PDXL
program was used to classify detected patterns via Joint
Committee on Powder Diffraction Standards (JCPDS) database.
On the other hand, a phase balance of the AISI 2205 DSS was
determined by Rietveld analysis of XRD results.

2.2 HVOF Thermal Spraying Process

The coatings were deposited on specimens with a DJ2600
HVOF spray gun (Oerlikon Metco, Switzerland). During the
spraying process, hydrogen, oxygen, nitrogen, and air were
used as a fuel, an oxidizing gas, a carrier gas and a shroud,
respectively. Specimens were fixed to a turntable, and one face
of the specimens was coated by using summarized parameters
given in Table 3. Before the coating process, one pass of pre-
heating was applied to the specimens with HVOF flame
without powder-feed up to 65 °C. All movements of the spray
gun and turntable were controlled and monitored by a six-axis
robot (IRB 2600, ABB, Switzerland).

2.3 Microstructure Characterization of Coating

The microstructural properties of a coating were determined
by scanning electron microscopy (SEM-Hitachi SU3500)
examinations. The SEM analyses were performed from the
cross section and top surface of the Cr;C,-NiCr layer. Energy
dispersive spectroscopy (EDS, Oxford instrument) mapping
analyses were carried out to determine elemental distribution in
the coating. Moreover, the porosity content of the coating was
investigated by image analyses on SEM micrographs.

2.4 Hardness

Hardness values of the coating and substrate were investi-
gated by Vickers hardness tests (Shimadzu G21D) by a 30 g
test load. The hardness of the AISI 2205 DSS was determined
before and after the HVOF process. The hardness distribution
of the coating was investigated and compatible with Singh and
Kaur (Ref 47). The hardness distribution was determined by
measurements at 30 pum intervals from the surface to the
substrate at the cross section. An average of at least 10 indents
was given as a hardness value.

Table 2 Chemical composition of the initial powder
(wt.%)

C Fe Ni Cr

12.11 1.87 5.17 Bal.

Table 1 Chemical composition of the AISI 2205 DSS alloy (wt.%)

Cr Ni Mo Mn Si C

22.700 5.090 3.190 1.460 0.500 0.019
Cu W P S N Fe
0.500 0.047 0.030 0.001 0.156 Bal.
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Fig. 1 Size distribution of the Cr;C,-10%NiCr powder

Table 3 The process parameters used in HVOF spray deposition

Fuel gas (H,)flow rate, Oxygenflow rate,  Shroud (air)flow rate, Carrier gas (N,)flow rate, Feed rate, Stand-off
1 min~! 1 min~"! 1 min~! 1 min~"! g min~" distance(SoD),mm
550 100 300 18 35 250
2.5 Corrosion Load
Electrochemical corrosion behavior was investigated with a Al,03 ball

triple electrode system by Ivium Compactstat. The electrode
system included a test sample, Ag/AgCl solution and platinum.
Working and counter electrode surface area ratio was settled to
1:4. Moreover, the reference electrode potential value was
identified as 0.065 mV. Electrochemical impedance spec-
troscopy (EIS) and potentiodynamic polarization (PDP) tests
were carried out to reveal the electrochemical corrosion
behavior of the samples.

The 3.5 wt.% NaCl solution was used in PDP tests to
simulate the seawater environment. The chloride concentration
of the corrosion environment significantly affects the corrosion
behavior of stainless steel (Ref 48). Accordingly, PDP tests
were carried out in 3.5 wt.% NaCl concentration to determine
the influence of Cr;C,-10%NiCr coating on the polarization
behavior of the AISI 2205 DSS. The test samples were
prepared according to ASTM G5-94. Before PDP experiments,
the samples were held in the 3.5 wt.% NaCl solution for 30
minutes, followed by open circuit potential (OCP) tests
performed for 30 minutes. Subsequently, the PDP tests were
performed with 0.5 mV s~' scan rate ranging from — 0.25 to
1.5 V against the OCP. Moreover, corrosion current density
(icorr), corrosion potential (E..,), and corrosion rate were
calculated from the PDP test results.

The EIS tests were performed in a 3.5 wt.% NaCl solution.
Before EIS experiments, a similar procedure was applied to
samples as PP tests. The EIS tests were applied at the OCP over
a frequency range of 0.1-10 kHz with an AC current of 10 mA.
Nyquist and Bode plots were acquired by IviumSoft software.

In addition, immersion corrosion tests were applied to the
HVOF Cr;C,-10%NiCr coated and uncoated samples to fully
reveal the influence of the HVOF spray coating on the
corrosion behavior of the AISI 2205 DSS. The immersion
tests were carried out as described in ASTM G48 Method A.
The coated and uncoated AISI 2205 alloys were kept in a
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Fig. 2 The schematic illustration of the dry sliding wear test set up

standard solution (FeClz-6 wt.%) for 72 hours. After the
immersion tests, corrosion products were removed by dipping
into acetone following rinsing with distilled water. The alloys
were also weighed before and after the immersion test to
determine the corrosion loss. After the PP and immersion
corrosion tests, optical microscopy and SEM examinations
were carried out to determine the corrosion damage.

2.6 Wear

The wear behavior of the samples was studied at room
temperature in dry sliding conditions by a ball-on-disk
tribometer using the 6 mm diameter Al,O3 counterface. The
wear test setup is given in Fig. 2. The tests were repeated 3
times for each sample. Before wear tests, samples were
polished, and the arithmetic roughness was settled as approx-
imately 1 um for each surface. Moreover, the parameters were
determined as 200 m sliding distance, 0.1 ms~' sliding
velocity, and 5 N and 20 N test loads.

Volume loss (V) was calculated via Eq 1, according to
ASTM G99-17;

V =27R [rzsinfl(d/zr) — (d/a)(4* — a?)" 2} (Eq 1)



The “d” is the wear track width, “7” is the ball radius, and
“R” is the wear track radius. The image analyses were
performed to identify the “R” and “d” values. Also, the wear
rate values were determined by using Eq 2;

WR = V/LP (Eq 2)

In Eq 2, “P” is the applied load, and “L” is the sliding
distance. In addition, the coefficient of friction (CoF) was
measured by the tribometer.

Moreover, the worn surface of the coated and uncoated
alloys was analyzed by SEM. Also, wear scars of the coated
and uncoated AISI 2205 alloys were examined by the Sofar 3D
profilometer, and the depth and width values of the wear scars
were determined.

3. Results and Discussion

3.1 XRD Analyses

The XRD analyses can be seen in Fig. 3. The typical peaks
of the body-centered cubic ferrite (reference no: 01-085-1410)
and face-centered cubic austenite (reference no: 98-005-1420)
phases were obtained for the AISI 2205 DSS alloy. Moreover,
the presence of any secondary phase was not observed. The
coating powder included the characteristic peaks of the Cr;C,
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Fig. 3 XRD analyses of the substrate, powder and HVOF-
processed alloy

(reference no: 01-071-2287) and nickel-chromium solid solu-
tion (reference no: 01-087-0712). In the powder structure, only
two expected phases were detected. However, the HVOF-
processed alloy consisted of the Cr;C, (reference no: 01-071-
2287), CryC; (reference no: 98-005-0450) and nickel-chro-
mium (reference no: 01-087-0712) with the typical peaks of the
ferrite (reference no: 01-085-1410) and austenite (reference no:
98-005-1420) phases. Thermal inputs during the application of
the HVOF provided the formation of desired transformation
conditions in the deposited layer. Thus, the process caused the
formation of Cr,C; carbides in the coated layer together with
the Cr;C, main carbide structure (Ref 49).

3.2 Microstructure Analysis of the Substrate and Powder

In order to determine the initial phase structure of the AISI
2205 substrate, the Rietveld analysis was performed by using
XRD results (Ref 50). According to analysis, AISI 2205 DSS
consisted of 49.8% body-centered o (ferrite) and 50.2% face-
centered 7y (austenite) phases.

The microstructure of the substrate taken by optical
microscopy is given in Fig. 4(a). The microstructure of the
AISI 2205 was compatible with the XRD analysis. The «
(ferrite) and y (austenite) phases were seen as dark and light,
respectively. Moreover, as mentioned earlier in the XRD
results, no sigma phase precipitation was observed.

As a result of XRD analyses and microstructure examina-
tions, it was observed that the AIST 2205 DSS alloy consists of
the desired ferrite-austenite phase ratio and does not contain
any secondary phases. It was determined that the alloy had
suitable properties for the coating process with these
microstructural features.

The SEM analysis was performed on the raw Cr;C,-NiCr
powder to investigate the morphology of the particles. The
SEM micrograph of the raw Cr;C,-NiCr powder is given in
Fig. 4(b). It was determined that the initial powder has an
angular structure. In addition, the particle size was determined
in x and y coordinates by ImageJ software. The particle size
measurements were carried out from 10 different areas, and the
average particle size was determined as 12.42 + 5.81 um. The
average particle size value obtained from the SEM micrograph
was compatible with the average particle size value obtained by
Mastersizer analysis.

3.3 Microstructure and Hardness of the Coating

The SEM surface images of the Cr,C;-NiCr are given in
Fig. 4(c). According to the surface image, it was seen that the
coating was successfully formed. In addition, splats (indicated
by white arrows), which typically occur in thermal spray
processes, were observed in the surface image (Ref 51). On the
other hand, two different regions as bright and dark were
observed on the coated surface. Dark and bright regions
represented the carbide-rich phase and NiCr metallic phase,
respectively (Ref 41).

The mapping analysis performed on the cross section of the
Cr3C,-NiCr coated AISI 2205 DSS was given in Fig. 5. The
coating material consisted of chromium carbides and nickel-
chromium metallic binder (Ref 52). Accordingly, a structure
with homogenous chromium distribution was observed due to
the chromium-based coating material. In the regions, where
nickel-chromium metallic binder structure was present in the
coating, a nickel-rich elemental distribution was obtained. In
addition, oxidation of the chromium occurred in the coating
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structure due to the HVOF process (Ref 53). Therefore, a
homogeneous and dense oxygen distribution was also deter-
mined in the mapping analysis.

The microstructure of the CrzC,-NiCr coated AISI 2205
DSS can be seen in Fig. 6. The coating structure was deposited
on the AISI 2205 DSS substrate with the help of an HVOF gun
and a multi-pass process (Fig. 6a). The multi-pass HVOF
process led the formation of uniform coating structure, as seen
in Fig. 5 and 6(a). Moreover, the characteristic layered, and
spat-like structure was obtained due to the deposition and re-
solidification of molten or semi-molten droplets (Ref 52).

Cracks are formed in the thick coatings due to thermal
effects and internal stress. The corrosion environment can
easily pass the coating layer owing to existence of cracks and
the corrosion resistance of the structure reduces. Contrary, thin
coatings cannot protect the substrate in aggressive environ-
ments (Ref 38). In addition, heterogeneous coating structure
and existence of the defects like porosity reduce the protec-
tiveness of the coating layer (Ref 54). Thus, it is critical to
obtain a homogenous coating layer in appropriate thickness for
providing desired properties. The average coating thickness
was determined as 245 £ 5 um in our study. It was reported
that the standardized cermet coating thickness was approxi-
mately 300 um and increasing coating thickness leads to the
depletion of the coating and formation of large cracks (Ref 38,
55). Accordingly, it was determined that the appropriate coating
thickness was obtained to provide the desired structure and
properties. At an average distance of 45.1 &= 5 um from the
surface of the coating, a denser pore formation was observed
compared to the overall structure of the coating (Fig. 6d-zone
3). In the HVOF process, the molten material shrinks upon
cooling and the shrinkage is compensated by newly melted
particles (Ref 37). However, the porosity content was increased
in the top layer due to the lack of feeding effect.

Journal of Materials Engineering and Performance

The cross section of the coating consisted of carbides (A),
nickel-chromium metallic structure (B), Cr,O3 oxide (C), pores
(D) and cracks (E), as seen in Fig. 6(b), (c) and (d). The Cr,0;
was observed in low amounts, and the formation of these
oxides was related to the oxidation of in-flight particles
between the passes (Ref 51). The coating process was applied
by multi-pass deposition. The heat input during the deposition
of a layer caused a thermal effect on the previous layers.
Because of the thermal inputs, a slower cooling rate was
obtained in the initial deposited layers (Fig. 6b-zone 1, c-zone
2) and the angular raw powder transformed to the spherical
structure. Contrary, in the upper layer of the coating, a higher
cooling rate was obtained due to the absence of inter-pass
thermal effects. Therefore, a higher cooling rate was obtained in
the deposited layer and increasing cooling rate values caused
the formation of defects like cracks and porosity in a higher
manner (Ref 55). Moreover, porosity formation was observed
in the upper layer of the coating as seen in Fig. 6d-zone 3. It
was considered that porosity was formed by the removal of
carbides during the microstructural preparation owing to
weaker particle bonding in the upper layer. On the other hand,
the Cr;C, carbides were partially decomposed to Cr;C;
carbides during the HVOF process (Ref 51). The carbide size
was increased, and the carbide shape was transformed from
spherical to angular with the transition from the bottom layer to
the top layer (Fig. 6-zone 1 to zone 3). The starting powder
contained large and angular-shaped carbides. The multi-pass
deposition process led to transformation of the carbide structure
in the previous layer and the carbides became spherical and
smaller in size. However, the carbide structure of the starting
powder was preserved in the top layer due to the lack of a re-
melting effect.

The hardness distribution of the Cr;C,-NiCr layer was given
in Fig. 7. The hardness of the AISI 2205 alloy was determined
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Fig. 5 EDS mapping of the Cr;C,-NiCr coated AISI 2205 DSS

as 275 £ 5 HV after the HVOF process. The hardness of the
as-received AISI 2205 alloy was measured as 271 + 4 HV, and
it was observed that there was no obvious change in the
hardness of the substrate before and after the HVOF process. It
can be deduced from the hardness investigations that the HVOF
process did not influence the microstructure of the substrate.
Moreover, the hardness of the coating was measured at 655 HV
and 683 HV values at the top layers. The hardness increased
toward the bottom layers, and the value increased up to 972
HV. Also, the presence of coarser angular carbides caused a
decrease in hardness values. Contrarily, the spherical and fine-
grained carbide structures improved the hardness values at the
bottom layers.

100pum :

Fe Kal

3.4 Corrosion

The obtained OCP values prior to PDP tests can be seen in
Fig. 8(a). In the Cr;C,-NiCr coated AISI 2205 DSS sample, the
initial potential was determined as 0.016 V, and the measure-
ment ended with a value of 0.055 V. During the OCP
measurement, the potential value increased slightly at the
beginning and then reached a stable condition. When the open
circuit potential measurement of AISI 2205 DSS alloy was
examined, it was observed that the initial value was — 0.237 V.
The potential value increased during the test, and the measure-
ment ended at — 0.112 V. An increasing potential value during
OCP measurement indicated that a protective film was formed
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on the surface, and the corrosion resistance of the sample
increased over time (Ref 56). An increasing trend of the OCP
for AISI 2205 DSS alloy could be attributed to the formation of
a protective oxide-based layer (Ref 57).

The Tafel curves and the test results can be seen in Fig. 8(b)
and Table 4, respectively. AISI 2205 DSS sample and Cr;C,-
NiCr coated AISI 2205 DSS showed a similar polarization
characteristic. Also, the corrosion rate, corrosion current
density (icor), and corrosion potential (E.,.), values were
determined by exploration of the polarization curves. The
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potential (E,,) determined as — 0.1482 V for AISI 2205 alloy
was shifted to a more noble value and measured as — 0.0738 V
by applying the Cr3;C,-NiCr coating to the alloy. On the other
hand, the corrosion current density increased from 6.64 x 10~*
Acm % to 59.55 x 10® A cm 2 with the existence of the
coating. This change in corrosion current density was also
reflected in the corrosion rate values, and the values of the
coated sample increased from 0.0007113 to 0.006376
mmeyear . As it is well known, E,, indicates the potential
for corrosion initiation, while i, indicates the rate of
dissolution during the corrosion of the structure (Ref 58). The
Cr;C,-NiCr coating increased the E,, value and caused
corrosion to initiate at higher potential values, but once
corrosion started, it caused much faster dissolution Kinetics
compared to uncoated AISI 2205 DSS alloy. The Cr;C,-NiCr
layer provided a retarding effect on the formation of corrosion
in 3.5 wt.% NaCl environment. However, the structure of the
deposited layer consisting mainly of Cr3;C, and Cr,C; carbides
caused the increase in dissolution kinetics with the arising of
corrosion, resulting in an increased corrosion rate compared to
the uncoated sample.

Figure 9 shows the SEM micrographs of the corrosion
surface taken after PDP tests. Corrosion damages on the surface
of coated and uncoated samples were shown with white circles
and white arrows, respectively. It was seen that the corrosion
damage on the surface of the coated sample occurred on the
whole surface with the homogenous dissolution of the Cr;C,-
NiCr layer (Fig. 9a). However, in the uncoated AISI 2205 alloy,
it was observed that corrosion damage occurred with the
formation of localized pits (Fig. 9b). DSSs have a protective
chromium oxide layer on the surface, and it improves corrosion
resistance in the aggressive environments (Ref 59). However,
corrosion damage occurs locally on the DSS surface by pit
formations in chloride-containing environments (Ref 60).



Compatibly, pits were observed on the corroded surface of the
uncoated sample. On the other hand, coated AISI 2205 DSS
alloy tended to dissolve along the whole surface. Although the
Cr3C,-NiCr layer slightly increased the corrosion rate of AISI
2205, the corrosion mechanism changed from heterogeneous
dissolution in the form of pitting to homogeneous dissolution.
Thus, dissolution occurred over the entire surface.

In order to reveal the influence of Cr;C,-NiCr coating on the
corrosion behavior of AISI 2205 DSS clearly, immersion
corrosion tests in FeCls solution were applied to coated and
uncoated samples. Also, the microstructure analyses were
performed after the immersion corrosion tests, and the micro-
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Fig. 8 Potentiodynamic polarization test results. (a) OCP curves,
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Table 4 Potentiodynamic polarization test results

graphs were given in Fig. 10. Before and after the tests, the
coated and uncoated alloys were weighed, and the weight loss
values were determined. As a result of the immersion corrosion
test, the weight loss values of AISI 2205 DSS and Cr;C,-NiCr
coated AISI 2205 DSS samples were determined as
10.89 mg cm 2 and 43.69 mg cm 2, respectively. The weight
loss values were compatible with the corrosion rate values
obtained with the PDP tests. In addition, pits occurred on the
corrosion surface of the uncoated sample (Fig. 10b), whereas a
homogeneous dissolution was observed in the coated sample
(Fig. 10a). Although higher dissolution tendency and corrosion
rate were determined in the coated sample, it was observed that
the coating layer maintained its structure on the substrate after
the immersion test. Accordingly, it was observed that although
the coating layer had a higher corrosion rate compared to AISI
2205 DSS, it protected the substrate during the immersion test.

ALUTEAM 15.0kV 6.7mm M-x500 BSE-COMP 100p

A

T

b)

ALUTEAM 10.0kV 7.3mm M-x500 BSE-COMP 1OO|.1mI

Fig. 9 SEM images of the corrosion surface after potentiodynamic
polarization tests. (a) Crz;C,-NiCr/AISI 2205 DSS, (b) AISI 2205
DSS.

2

Sample E.ornV lcornA €M™ Corrosion rate, mm year_1
AISI 2205 — 0.1482 6.64 x 1078 0.0007113
AISI 2205/Cr3C,-NiCr — 0.0738 59.55 x 1078 0.0063760
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Fig. 10 The microstructure of the samples after immersion
corrosion tests. (a) Cross section of the Cr;C,-NiCr/AISI 2205 DSS,
(b) Surface of the AISI 2205 DSS

For AISI 2205 DSS alloy, where corrosion damage occurs
by pit formation, the corrosion reactions can be expressed as
follows (Ref 61):

The 2205 DSS dissolved to produce Fe** and Cr** ions
during the pitting corrosion (Eq 3 and 4).

Fe — Fe’t +2e~ (Eq 3)

Cr — Cr’" +3e” (Eq 4)

Hydrolysis reactions occurred with the presence of Fe** and
Cr*" ions (Eq 5 and 6).

Fe’" + H,O — FeOH" + H" (Eq 5)

Cr** + H,0 — CrOH*" 4 H*" (Eq 6)

The dissolution of the bulk metal became dominant with the
occurrence of the metastable pitting. Therefore, the possibility
of the formation of a chloride-containing salt film was included
in the model (Eq 7 and 8).

Fe’* + ClI” — FeCl™ (Eq 7)

Journal of Materials Engineering and Performance

Fe’* +2C1~ — FeCl, (Eq 8)

On the other hand, corrosion damage of the Cr;C,-NiCr
coated AISI 2205 DSS occurred by the homogenous dissolu-
tion of the corrosion surface. Accordingly, the corrosion
occurred by separate dissolution reactions of chromium and
nickel. The reactions can be expressed as Eq 9 and 10 (Ref 62).

Ni 4+ H,0 — NiO + 2H" + 2¢~ (Eq 9)

Cr’* + H,0 — CrOH*" + H" (Eq 10)

Thus, despite the high corrosion rate of the coating, the AISI
2205 was protected, and corrosion damage did not occur on the
substrate. Considering the presence of corrosion damage with
pit formation in the uncoated sample, the Cr3C,-NiCr coating
had a positive effect on the corrosion behavior of AISI 2205
DSS alloy in chloride ions environment.

Figure 11(a) and (b) depicts the Nyquist and Bode plots after
the EIS tests performed in 3.5 wt.% NaCl solution. The Nyquist
plots had a randel-like feature (Fig. 11a). The coated sample
showed a nearly linear characteristic that could be attributed to
the double-layered surface. Despite that, the impedance value
of the AISI 2205 DSS alloy was decreased. The decrease in the
impedance value could be related to pitting corrosion, as
determined by potentiodynamic polarization and immersion
corrosion tests. The phase angle Bode plots of the samples were
given in Fig. 11(b). The peak angle for AISI 2205 DSS alloy
shifted to lower frequency values compared to Cr;C,-NiCr
coated AISI 2205 alloy. As mentioned earlier, coated sample
corroded by the homogenous dissolution of the surface, and this
led to the formation of more corrosion products. Therefore, the
peak angle was reached at higher frequency values in the coated
sample (Ref 40).

The equivalent electrical circuits used to fit the impedance
data for AISI 2205 and AIST 2205/Cr;C,-NiCr were given in
Flg 11(0) and (d)» respeCtiveIY' AlSO, Rsolutions Rsubstratea Rcoating’
CPEgypstrate and CPEqa4ing represented the solution resistance,
substrate resistance, coating resistance, capacitance of the
substrate and capacitance of the coating, respectively. The EIS
results obtained from the fitted curves were summarized in
Table 5. The measured capacitance was often not ideal, and Q is
determined as the constant phase element (Ref 63). The Ryoution
was obtained at similar values since the tests were carried out in
the 3.5% NaCl solution. The Ratine Was found as 2.899 x 10°%,
and it was very high compared to Ryouion, indicating the
corrosion resistance of the Cr3C,-NiCr layer in the 3.5% NaCl
solution. The QOcoacing Was determined lower than the Ogupsirate-
It can be related to higher thickness of the Cr;C,-NiCr layer,
compared to protective chromium oxide layer on the AISI 2205
alloy. On the other hand, Qgupsrate Value of the coated AISI2205
was lower than Qgupsiae Value of the uncoated AISI 2205. It
indicated that the solution/substrate interaction was decreased
with the presence of the Cr;C,-NiCr layer. In addition,
increases in Rgypsuae Value was compatible with these findings,
indicating the increases in corrosion resistance of the AISI 2205
surface. It can be stated from EIS test results that Cr;C,-NiCr
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Table 5 EIS results of the samples

Sample Rsolutionsg2 sz Rcoalting’!2 cmz Rsubstratesg cmz CPEcuatings Yﬂa(g_l cm_z Sa)n CPEsubstratea YOa(Q_l cm_z sa)n

AISI 2205 6.544 2451 x 10° 6.992 x 107*

AISI 2205/Cr3C,-NiCr 6.619 2.899 x 10° 3.783 x 10° 1.017 x 10~ 1.509 x 10~

coating has positive effect on the corrosion behavior of the Especially, the surface of the sample worn at SN consisted of a

AISI 2205 DSS. fine wear debris and the series of parallel grooves (Fig. 12a),
which shows that aggressive abrasive wear is dominant.

3.5 Wear Moreover, the formation of ridges and coarse debris with

increasing test load shifted the wear mechanism toward less
abrasion (Fig. 12c¢).

On the other hand, the worn surface of the CrzC,-NiCr
coated AISI 2205 DSS worn at 5 N consisted of cracks

Figure 12 shows the micrographs of the worn surface of
samples. The worn surface of the AISI 2205 including the
grooves and debris represents the abrasive wear mechanism.

Journal of Materials Engineering and Performance
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(d) Cr3C,-NiCr/AISI 2205 at 20N test load

(Fig. 12b). Also, oxides were also detected on the wear surface.
An unstable interaction of the Cr3C,-NiCr coating and Al,O3
counterface caused the formation of cracks due to an impact
effect of the test load (Ref 64). Increasing test load enhanced
the coating and counterface interaction, and carbide pull outs
were observed. Formation of carbide pull outs with the
increasing test load increased the wear damage, as seen in
Fig. 12(d).

Figure 13 shows the 2D and 3D profile analyses of the
samples. According to 2D profile analyses, wear depth of the
AIST 2205 DSS at 5 N and 20 N test loads was determined as
35.35 um and 62.61 um, respectively. Moreover, wear depth of
the Cr3C,-NiCr coated AISI 2205 DSS at 5 N and 20 N test
loads was determined as 4.43 um and 8.22 um, respectively. It
was seen that the wear scar depth was significantly reduced in
the coated samples compared to AISI 2205 DSS. The coating
consisting of hard Cr;C, structures significantly reduced the
wear depth of 2205 alloy. However, it was determined that
increasing test load significantly affected the wear depth, and it
shifted the wear depth of coated and uncoated samples to
approximately twice the value. In 3D profile analyses, a deep
wear scar formation was observed in uncoated samples at both
test loads. In addition, increasing test load induced a significant
increase in the width of the wear track. It was deduced that a
shallow wear track is formed in the coated samples, compared
to the uncoated sample.

The coefficient of friction (CoF) values of the worn samples
can be seen in Fig. 14(a). The CoF values of the alloys were
recorded between 0.35 and 0.65. The CoF values of the
samples worn at 5 N showed heavy fluctuations. This
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phenomenon can be attributed the stick-slip effect between
the workpiece and counterface (Ref 65). The multi-phase
structure of the substrate and coating caused the stick-slip effect
at lower load. The severe interaction between the workpiece
and counterface reduced the stick-slip effect with increasing test
load, and the CoF reached steady-state condition after a certain
sliding distance. In other respect, the CoF values of the coated
samples were reduced compared to AISI 2205 DSS. The hard
Cr;C, particles in the coating improved wear behavior and the
CoF values were decreased. Moreover, the coating included
oxide structures that reduced the CoF by providing the lubricant
effects (Ref 66).

The wear rate values were given in Fig. 14(b). The wear rate
results were compatible with the results of the analyses given
previously. In AISI 2205 DSS alloy, the wear rate doubled with
the test load value increasing from 5 to 20 N. The wear rate was
significantly increased in Cr;C,-NiCr coated AISI 2205 DSS
alloy. The presence of carbides on the surface increased the
wear resistance, and the oxides reduced the wear damage by
acting as a lubricant. As a result, the dry sliding wear test
results showed that the wear behavior of AISI 2205 DSS alloy
was improved with Cr3C,-NiCr coating, and the wear losses
were significantly reduced.

4, Conclusion

The corrosion and wear behaviors of the Cr;C,-NiCr
coating on AISI 2205 DSS were investigated in this study.
The coating was deposited on the AISI 2205 DSS alloy by
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HVOF technique. The results of the study can be summarized
as follows:

The Cr3C,-NiCr coating was successfully coated on AISI
2205 DSS alloy using HVOF technique. As a result of
microstructure investigations, it was observed that a proper
bonding structure was obtained at the interface. In the upper
layer of the coating, an angular particle morphology was
obtained, and the angular structure transformed to spherical
particle morphology toward the bottom layer of the coating.

As a result of electrochemical corrosion tests, a higher
corrosion rate was obtained in the sample with Cr;C,-10%NiCr
coating. Moreover, a higher weight loss value was obtained in
the coated sample after immersion corrosion tests. However,
the microstructure analyses showed that the pits were formed
on the surface of the uncoated sample. The coating protected
the substrate material by preserving the structure of the Cr;C,-
10%NiCr on the sample surface.

Journal of Materials Engineering and Performance
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It was determined that Cr;C,-10%NiCr coating significantly
increased the wear properties of AISI 2205 DSS alloy. In the
wear test with 20 N test load, the wear rate of AISI 2205 DSS

alloy was reduced from 73.32 +£528 x 10°° to
6.97 + 0.61 x 107> mm® Nmm)~' with Cr;C,-10%NiCr
coating.
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