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Corrosion behavior of HVOF Inconel 625 coating

in the simulated marine environment
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Abstract High velocity oxygen fuel (HVOF) spraying process is commonly used to produce superalloy coatings. Inconel 625 coating was
prepared on Q235B low carbon steel by HVOF. A series of experiments were conducted to examine the surface and corrosion resistance
properties of Inconel 625 HVOF coating. In this paper, potentiodynamic polarization tests and electrochemical impedance spectroscopy
(EIS) tests were carried out to evaluate the corrosion resistance of Inconel 625 coating under simulated marine environment. The experiment-
al results showed that Inconel 625 coating revealed low porosity and desired coating thickness. Shift in the corrosion potential (£,,,) to-
wards the noble direction combined with much low corrosion current density (i ) indicating a significant improvement of HVOF Inconel

625 coating compared with the substrate.
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Inconel 625 nickel based alloy has high strength, and

0 Introduction excellent anti-fatigue, anti-creep and anti-corrosion per-

formance. It is one of the advanced materials widely used in

. . _ Y .
Seawater is one of the most aggressive and complex extreme environments'® . Therefore, Inconel 625 is con-

corrosion media. The presence of Cl , temperature change, sidered to use in some coastal and offshore facilities as a
erosion and biofouling in marine environment cause rapid . . . . .
) o ) barrier for strong corrosion, and strong erosion. It is obvi-
and severe corrosion. Corrosion is a big threat to the safety . .
. . . ously unrealistic to change the materials completely. Also,
of in coastal and offshore facilities, and also increases eco-

nomic cost!' > Low carbon steel exhibits excellent mech-
anical properties, flexible and desired cost performance[3 -
Therefore, it’s always selected for manufacturing compon-
ents in marine industry. However, considering the corro-
sion problem of materials, an alternative material or a sur-
face modification method are required for material protec-

tion in marine environment.

Inconel 625 nickel based alloy as a high-temperature alloy
is extremely expensive. If nickel based alloy was used as a
whole, the cost of facilities would be far beyond the manu-
facturer’s acceptable range[lo " Therefore, using HVOF
spraying technique to produce Inconel 625 coating as a pro-
tective layer is the alternative solutions. HVOF is the pro-

cess in which powder is fed into the supersonic flame flow
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of a thermal spraying heat source to achieve the heating and
acceleration of powder particles and the deposition of coat-
ings. Because of the extremely high speed of the flame
flow, spray particles can be accelerated to ultrasonic speed
and be heated to molten or semi molten state. Thereby
HVOF can obtain a high-quality coating with high bonding
strength and densitym]. The characteristics of supersonic
flame spraying include high bonding strength of the coating,
low porosity, no through-hole, no deformation of the work-
piece and so on. And it can customize the performance of
the coating by modifying process parameters to meet the
specific needs of different use scenarios’ . Yang et all™
used HVOF technique to prepare NiCr-Cr;C, and Inconel
625 coatings, and conducted high-temperature erosion and
molten salt corrosion tests, verifying the feasibility of their
application in waste incineration waste heat boilers.

In order to demonstrate the feasibility and effectiveness
of HVOF in preventing corrosion in marine environments,
this paper describes a recent investigation of the corrosion
resistance properties of Inconel 625 alloy (by HVOF) ap-
plied on the Q235B low carbon steel substrate in a chlorine-

containing environment (3.5 wt. % aqueous NaCl at room

Table 1 Chemical compositions of Q235B steel (wt.%)

temperature).

1 Experimental

1.1  Sample preparation

Q235B steel was selected as the substrate for this re-
search. The composition of Q235B was listed in Table 1,
with a size of 50 mm x 6 mm. Before spraying, 240, 500,
1 000, 1200 mesh SiC sandpapers was used to grind the
surface of the substrate to remove the surface oxide layer.
And the grinded surface was cleaned with acetone to re-
move surface oil stains, and dried in air. The aerosol spher-
ical Inconel 625 powder was applied as the spraying
powder, with a particle size range of 15—45 pm. The main
chemical compositions were shown in Table 2. The HVOF
spraying equipment was XY-8000M HVOF (Shanghai
Xinye Meike New Material Technology Co., Ltd., Shang-
hai, China). The spraying process parameters were listed in
Table 3, and the final coating thickness was set to be about
500 pm. Subsequently, HVOF Inconel 625 coating was
used as the research object, and Q235B substrate was set as
the reference sample.

C Si Mn P S Fe
0.090 0.22 0.40 0.012 0.009 8 Balance
Table 2 Chemical compositions of Inconel 625 powder (wt.%)
Cr Mo Fe Al Ti Si Nb Ni
21.50 7.41 3.02 0.001 0.006 1.34 3.95 Balance

Table 3 Process Parameters of HVOF

Fuel flow rate/(L-hfl) 0O, flow rate/(m3~h") powder feed rate/(g~min71) Carrier gas flow rate/(L-minfl) Spray distance/mm Chamber pressure/MPa

25 66 45-50

0.75 350 6.88

1.2 Electrochemical testing

Potentiodynamic tests and electrochemical impedance
spectroscopy (EIS) tests were performed at room temperat-
ure to study the corrosion behavior of the coating. The plate
corrosion cell F029 (Tianjin Aida Hengsheng Technology
Development Co., Ltd., Tianjin, China) was used to guaran-
tee samples’ exposure areas of 1 cm’. The test solution was
3.5% sodium chloride solution to simulate the presence of
Cl in seawater. The test was adopted in a standard three-

electrode system by an electrochemical workstation of Inter-

face 1010E (Gamry, USA). The sample was the working
electrode, saturated calomel electrode worked as reference
electrode, and platinum mesh electrode was auxiliary elec-
trode. Before the potentiodynamic tests and EIS tests, the
open circuit potential (OCP) tests were conducted for 1 hour
to get a stable state. The initial potential and the termina-
tion potential were set to —0.5 V and 0.5 V (relative to
OCP), respectively. The scanning speed was 0.166 7 mV/s.
When the corrosion potential remained stable, EIS tests

were performed at a frequency of 100 kHz to 10 MHz by
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0.01 V amplitude. Each value was obtained as the mean
value of five measurements in a logarithmic sweep of fre-
quencies. Impedance fitting was performed using Gamry
Echem Analyst software.

1.3 Surface characterization

Scanning electron microscopy (EVO-18, Zeiss, Ger-
many) was utilized to analyze the microstructure and sur-
face morphology of the coating and its cross section. The
porosity of the coating was calculated by image recognition
method. Energy dispersive spectroscopy (EDS) analysis
was performed to analyze the chemical compositions of the
coating. In addition, X-ray diffractometer (D8 Advance,
Bruker, Germany) with Cu-Ka radiation was used to con-
duct X-ray diffraction (XRD). The scanning step distance
was 0.04°, and the exposure time was 0.1 s/step.

2 Results and discussion

2.1  Structure of the coating

Fig. 1 presented SEM images of the surface and cross-
section of HVOF Inconel 625 coating at different magnific-
ations. Some unmolten and semi molten particles presented
on the surface of the coating. Because the alloy powder was
heated to the molten or semi molten state during spraying
and this type of spraying powder, where molten liquid
droplets and solid particles coexisted, solidified and accu-
mulated after colliding with the substrate!”. The interface
between the coating and the substrate was clear and well
bonded, and no obvious voids and defects could be ob-
served at interface. The coating was dense, without obvious
cracks and defects. And there were a few voids. The coat-
ing thickness was uniform, with an average value of
520.41 um in accordance with expectations. The porosity of
the coating was about 0.21%, and the extremely low poros-
ity was due to the extremely high kinetic energy during the
deposition process leading to severe plastic deformation of
molten particles (2141

Table 4 showed the EDS analysis of the coating surface.
The results demonstrated that the chemical composition of
the coating was consistent with that of Inconel 625 powder
as expected. Besides, a small amount of oxygen was detec-
ted. Due to the oxidation of the powder during the spraying
process, oxygen in the air was introduced into the coating,
leading to a slight decrease in the proportion of alloy ele-
ments.

Fig. 2 represented the X-ray diffraction pattern (XRD)
of HVOF Inconel 625 coating. The diffraction pattern
proved that the Inconel 625 coating mainly presented Ni-Cr

(a)

Semi-molten particles

Unmolten particles

HVOF coating

Substrate

Fig. 1 SEM images of HVOF Inconel 625 coating before
corrosion (a) Surface (100 x), (b) Surface (500x%) (c¢) Cross
section (100%) (d) Cross section(500 x)

phase with fcc structure(y). The diffraction peak with the
highest intensity at 260 = 41.69° rationed to the (1 1 1) crys-
tal plane. And peaks at around 2 theta = 50.75° and 73.76°
corresponded to the (2 0 0) and the (2 2 0) crystal plane, re-
spectively. As expressed earlier by Oladijo et al."” and Chen

1'[12]

et a , there was no oxide diffraction peak, which was

consistent with previous EDS results.
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Table 4 Surface EDS results of HVOF Inconel 625 coating before corrosion (wt.%)

(0] Si Cr Fe Ni Nb Mo

4.54 1.09 20.81 2.46 61.89 2.48 6.72
350 nificantly improved. The i, of the coating was 2.27 x
300 ¥ arn « NiGr 10° A/em’. Based on Faraday’s law and ASTM G102-
. 950 ' 23" the i.or Was converted to a self corrosion rate of ab-
E 200 out 0.026 3 mm/year. The i, of the substrate was 2.46 x
‘E 150 | | 10° AJem’, corresponding to a self corrosion rate of approx-

=
2 100} ‘ 200 imately 0.285 mm/year after conversion. Compared with the
50 F I| I( ) *(220) corrosion rate of the substrate, the corrosion rate of the coat-
1] A \ : - : ing is one tenth that of the substrate. It indicated that HVOF
10 20 30 40 50 60 70 80 90

Diffraction angle 26/(°)

Fig. 2 XRD pattern of HVOF Inconel 625 coating

2.2 Electrochemical corrosion properties

The potentiodynamic polarization curve of HVOF In-
conel 625 coating in 3.5% NaCl solution was shown in
Fig. 3. The corrosion potential (E,,,) and corrosion current
(icorr) Were listed in Table 5. The E,,, of the Inconel 625
coating was —272.0 mV and that of the Q235B substrate
was —562.1 mV. The overall corrosion potential of the In-
conel 625 coating displayed a notably positive trend.
Its propensity to induce surface corrosion was relatively
mild. And the corrosion resistance of the substrate was sig-
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Fig. 3 Potentiodynamic plots of HVOF Inconel 625 coat-
ing and reference samples

Table 5 Corrosion properties of HVOF Inconel 625 coat-
ing and reference samples

Sample  Eqop/mV icorn/(10 °A-cm™)  Corrosion rate/(mm-year ')

HVOF
REF

—272.0 2.27 0.026 3

—562.1 24.6 0.285

Inconel 625 coating had excellent and stable corrosion res-
istance to CI'"'Y. And the instability phenomenon observed
in anodic region may be attributed by the microstructure of
the coating, which comprised pores, cracks, splat boundar-
ies, and regions with varying compositions[m].

The Nyquist plots and the corresponding Bode plots of
Inconel 625 coating in 3.5% NaCl solution were shown in
Fig. 4. The Nyquist plot displayed the impedance data by
the complex variables and separated into the real Z,.,, and
the imaginary Z;,, parts, expressed in Q-cm’. The EIS spec-
tra of Inconel 625 coating exhibited a partially semicircle
within Nyquist plot. The large semicircle of the capacitive
arc always associated with the high polarization resistance.
And the Bode plot displayed the frequency dependence of
the absolute magnitudes of the impedance modulus, Z,.4,
and the phase angle. Meanwhile, it displayed two time con-
stant from Bode plot. In order to further analyze the corro-
sion process of Inconel 625 coating, an equivalent circuit
was proposed to fit the EIS data shown in Fig. 5, and the
EIS results for Inconel 625 coating were summarized in
Table 6. R, represented the electrolyte resistance. R, was the
resistance from the ionic conduction paths across the coat-
ing, and constant phase element-coating (CPE-c) represen-
ted the capacitance of the coatings. The parallel R, -(CPE-c)
group simulated the high-frequency semicircle, indicative of
the open pores within the Inconel 625 coating being infilt-
rated by the electrolyte in anodic systems. CPE was a dis-
turbed element used in place of a capacitor to compensate
for non-homogeneity in the system, which was character-
ized by two parameters (¥ and n). Y represented admittance
constant(dielectric behavior or capacity) while n showed
empirical exponent of CPE. Resistance R, was the charge
transfer resistance, and constant phase element-double-lay-
er (CPE-d) represented the capacitance of the double
layerm]. The parallel R-(CPE-d) group simulated the low-
frequency semicircle, related to the electrolyte-electrode in-
terface reaction. This reflected the anodic dissolution of the
substrate'”!. It has established that higher values of R, and
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Fig. 4 Inconel 625 coating in 3.5% NaCl solution (a) Nyq-
uist plot (b) Bode plot (c) Phase angle

—[CPE

Fig. 5 Equivalent circuit model used for Inconel 625 coat-
ing

Table 6 EIS results of Inconel 625 coating after fitting with
equivalent circuit

Y. 10*69*1. 2 Q7 n
Ry R/ R/ A cm 87 "

(Qem?) (Qem®) (10Qem”) CPEc  CPE-d CPE-c CPE-d

20.98 3.322 222.9 14.29 78.92 1.000 0.656

lower values of CPE-c indicated improved corrosion protec-
tion capabilities of the coatings. Additionally, the lower
CPE-c values correlated with reduced porosity of the coat-
ing, which was consistent with the conclusions from the
previous chapter[w].

3 Conclusions

(1) The Inconel 625 coating with dense microstructure
and low porosity was obtained by HVOF, and the coating
bonded well to the substrate without cracks.

(2) Based on potentiodynamic polarization tests, the cor-
rosion rate of the coating under the condition of 3.5% NaCl
solution at room temperature was 0.026 3 mm/year, which
was one tenth of that of the substrate. It illustrated that
HVOF Inconel 625 layer presented high resistance for the
presence of CI .

(3) EIS spectra demonstrated that the Inconel 625 coat-
ing presented excellent corrosion protection ability and low
porosity.
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