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Abstract: To investigate the corrosion behavior of WC-Co
composite coating, plasma transferred arc (PTA) welding
was applied to prepare WC-Co coating on hull steel EH40
for achieving good metallurgical bonding. The phases of
coatings were mainly composed of WC particles, solid
solution y-Co, FesNi,, SiO, and Mo,C. After electroche-
mical test, it can be concluded that Co-based coating
with 45% WC content has better corrosion resistance in
low temperature marine environment for obtaining denser
oxide film. Through X-ray photo electron spectroscopy
(XPS) analysis, the main corrosion products of immersion
were Co(OH), and Co30,. These corrosion products aggre-
gate to form a stable corrosion product film, which plays
some protective role for the coating. Hard particle WC is
also partially oxidized to WOs. The pitting hole of 60% WC
is the most serious. Pitting corrosion is easy to occur at the
interface defects.

Keywords: EH40 steel, low-temperature corrosion, plasma
transferred arc, WC—Co composite coatings

1 Introduction

Since the 21st century, oil and gas resources and biolo-
gical resources have drawn more and more attention by
scientists and energy industries. According to the survey
and statistics [1], the energy in the Arctic Circle accounts
for 22% of the total unproved energy in the world. First of
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all, it is necessary to solve the problem that hull steel can
adapt to extremely low-temperature seawater corrosion
and the stress damage of ice to the ship plate in Arctic
region. Polar icebreakers have two ice breaking methods.
One is continuous ice breaking, and the other is impact
ice breaking. In either case, there are fatigue corrosion
and electrochemical corrosion problems in the ice breaking
collision area of the bow steel of polar icebreakers [2,3]. DH
and EH grades of high-strength steel for ships have excel-
lent low-temperature toughness and strength and good
welding performance [4].

Corrosion situation of hull steel without protective
measures in marine environments is severe. Shen et al.
[5] studied EH40 steel that was corroded in simulated
marine low-temperature environment. Porous corrosion
products like Fe(Cl,O,) and Fes0, were formed on the
surface of the steel, which could not protect the steel
surface better and the corrosion morphology of the sur-
face was mostly pitting corrosion. The corrosion resis-
tance of EH40 in cold sea water was poor. Tribocorrosion
on EH47 high-strength ship hull steel in 3.5 wt% NaCl
solution also indicated that the corrosion product film
of steel has no obvious protective effect in NaCl solution.
At the same time, the interaction of the micro-voids and
pits between wear and corrosion accelerates the corro-
sion of steel surface [6].

In order to protect the surface of steel, the protection
method of Co based with hard particle tungsten carbide
(WC)-reinforced composite coating has been applied
maturely. The high solubility of WC in a cobalt matrix at
high temperatures with excellent wetting properties are
relatively superior as compared to the Ni and Fe binders.
Wei et al. [7,8] studied the corrosion on WC—Co—(Ni)—(Cr)
alloy. It was found that in neutral solution, WC-Co and
WC-Co—(Cr) were mainly corroded by the dissolution of
Co, and the corrosion products were mainly composed
of Co(OH),. The dense oxide film can block the corrosion
of surface pitting corrosion. Scendo and Szczerba [9] stu-
died the effect of heat treatment on the corrosion of low
carbon steel coated with WC-Co-Al,05 cermet composites,
the Al,O; content has a significant effect on the increase
in the chemical corrosion resistance of the base steel.
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Wang et al. [10] prepared WC/Co coating by HOVF, but due
to the decarburization of WC during spraying, extra phase
formation is detrimental to the performance of the WC—-Co
coating. Liu et al. [11] researched erosion-corrosion of
HVOF WC-Co coating in 3.5 wt% NaCl solution, and found
that due to the combined effect of corrosion and erosion,
the edge of WC particles surrounded by Co binding phase
generated microcracks.

Plasma transferred arc (PTA) surfacing technology uses
high-energy density plasma arc as heat source. This tech-
nique is widely utilized in surface engineering for its high-
power characteristics. During the melting process of PTA, a
strong metallurgical bond was formed between the coating
and the substrate. The columnar dendrites and interden-
dritic precipitates were shown in the metallographic struc-
ture [12,13]. Hard phases with different components are
formed in the coating. The hardness and wear resistance
of the coating were significantly improved by PTA surface
modification. The main reasons for the significant improve-
ment in the wear and corrosion properties are the newly
formed hard carbide phase and the microstructure defects
eliminated by the PTA surface modification.

The research works listed above all focused on the
corrosion situation of WC—Co coating in 3.5 wt% NaCl
solution at atmospheric temperature/high temperature.
Generally, WC-Co coating has good corrosion resistance
in atmospheric temperature/high temperature environ-
ment. However, only few studies have been done on
coating corrosion tests at low temperature. In this work,
the corrosion situation of WC—Co coating in simulated
low temperature of —40°C seawater environment was stu-
died. Effects of corrosion situation on the low-tempera-
ture corrosion behavior were studied in order to help to
improve materials used for low-temperature protection of
EH40 steel for icebreakers.

2 Materials and methods

2.1 Experimental materials

The high-strength low-temperature hull steel EH40 was
used as the substrate material with dimensions of
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100 mm x 100 mm and a thickness of 30 mm. The che-
mical compositions of the samples are given in Table 1.
Cobalt-based alloy powder (Hogands, Shanghai, China),
with an average diameter of 124 pm, melting point of
1,300-1,495°C and specific particle size distribution as
shown in Figure 1, was used in this experiment. Its com-
positions are shown in Table 2. The powders mixed with O,
30, 45 and 60% mass of spheroidized WC are labeled as
Co, Co + 30% WC, Co + 45% WC and Co + 60% WC,
respectively.

2.2 Preparation of the PTA composite
coatings

In order to prevent blocking of the powder feeding pipe
and increase liquidity, the tested powders of Co + 30%
WC, Co + 45% WC and Co + 60% WC are mixed in a ball
mill at 100 rpm for 1 h. In this experiment, PTA composite
coatings were cladded with PTA-PHE plasma welding
machine (Saint-Cobain, France), with PTA parameters
set to 130 A and 30V, with feed rate of 10 gmin~* and
working speed of 50 mm-min~". The central gas pressure
was 0.3 MPa, ion gas (Ar) flow was 0.4 m>h™! and the
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Figure 1: Particle size distribution of Co powder.

Table 1: Chemical compositions of the high strength hull steel EH40 (wt%)

Elements P S C Cr Si

Mn Mo " Ni Cu Fe

Content 0.010 0.0015 0.16 0.20

0.15

0.90 0.08 0.10 0.40 0.35 Bal.
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Table 2: Chemical compositions of Co-based alloy powder (wt%)

Elements Mo w Ni Fe Cr Si C Co

Content 6 2.5 10 3.5 28 1 0.1 Bal.

vibration extent was 20 mm. After the PTA process, the
samples were cut into two sizes 10 mm x 10 mm x 4 mm
and 5mm x 5mm x 4 mm by wire cutting technology.
PTA processing schematic representation is shown in
Figure 2.

2.3 Microstructural characterization and
phase composition

The coating surface condition after PTA process was ana-
lyzed using scanning electronic microscopy (SEM, JSM-
7500F), X-ray diffraction (XRD; PANalytical X, Pert Pro X) and
energy dispersive spectrometry (EDS; JEOL JSM7500F). The
side of the coating contains 2 mm x 10 mm composite coating
and 2mm x 10 mm steel substrate. The coating surface of
10 mm x 10 mm was ground on SiC paper to 2,000 grit and
polished to a mirror surface with 1.5 um Al,O3 The speci-
mens were etched using the solutions of hydrochloric acid
and nitric acid with volume ratio of 3:1 for about 5 min to
observe the morphology after etching. The phase composi-
tion of the composite coatings was identified by XRD with
Cu-Ka radiation source (40 kV, 10 mA, scanning range of
26 from 10° to 90°).

Tungsten
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C) Plasma Al
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Coating $
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Figure 2: PTA processing schematic representation.
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2.4 Low temperature immersion test and
XPS analysis

Simulating the cold Arctic marine environment, the Co,
Co +30% WC, Co + 45% WC and Co + 60% WC samples of
size 5 mm x 5 mm x 4 mm were, respectively, immersed in
3.5wt% NaCl solution and 0.5 mol-L™! HCl at —40°C for
240 h. The 3D non-contact white light interferometer
(German BRUKER UMT TriboLab, Germany) was used to
observe the surface morphology after low temperature immer-
sion. Then, XPS test was performed by ESCALAB 250Xi sur-
face analyzer (Thermo Fisher Scientific Company) to analyze
the corrosion products after immersion with monochrome Al
target (1486.6 eV).

2.5 Electrochemical corrosion test

The electrochemical tests conclude the polarization curves
and electrochemical impedance spectra (EIS) were done
using Electrochemical workstations (CHI600E Series
Electrochemical Analyzer/Workstation, Shanghai Chenhua
Instrument Co., Ltd). The electrochemical corrosion tests
were performed in 3.5 wt% NaCl solution after immersed
at —40°C for 240 h. A three-electrode cell was used with
the samples of size 10 mm x 10 mm x 4 mm were used as
working electrode (WE), a standard saturated calomel elec-
trode (SCE) served as the reference electrode and a platinum
tablet was as an auxiliary electrode. The working principle
is shown in Figure 3.

Before the potentiodynamic polarization test, the
samples were immersed in open circuit potential for 60
minutes to ensure steady-state conditions. The corrosion
current (icor;) and corrosion potential (E..) had a scan
rate of 2mV-s™! and the scanning range was —-1.0V to
1.5V. The frequency range of 107* to 10°Hz and the
loading voltage with a voltage amplitude of 10 mV were
used to conduct the EIS. ZSimpWin software to analyze
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Figure 3: Schematic diagram of the electrochemical experiment.



194 — Qizheng Cao et al.

impedance curve was installed in a computer interfaced
with Chi660e software to collect the EIS data.

3 Results and discussion

3.1 Microstructure and phase analysis

X-ray diffraction patterns for pure Co coating and WC-rein-
forced Co-based coating samples are shown in Figure 4(a)
and (b). In the XRD pattern of pure Co coating sample,
y-Co and FeNi were the major phases, with MoNi, and
Cr,Fe,C dispersed in the y-(Ni, Fe) matrix. Chao et al.
[14] also found that after laser cladding with nickel base
alloy powder, dendrite (Cr, Fe) carbides are distributed
in y-(Ni, Fe) matrix. The alloy phase FesNi, show that
the transitioned Ni deposition layer forms a good metal-
lurgical bonding with the substrate, which can improve
the bonding strength between the coating and the sub-
strate to a certain extent and prevent the coating from
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Figure 4: XRD spectra of PTA coatings. (a) Co coating; (b) Co + WC
coating.
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spalling. While the phase of WC-reinforced Co-based
coating samples have additional phases such as hard
phase like WC, W,C and bonding phase Mo,C.

However, FesNi, phase hardly exists in Co + 45% WC
and Co + 60% WC samples. W,C exists in Co + 60% WC
samples. In terms of thermodynamics, W,C is considered
to be a meta-stable phase. According to the equilibrium
binary WC phase, WC phase decomposes into W,C and C
below 1,255°C [15]. It has been reported that thermal con-
ductivity increases with decrease in the Co content and
increase in the WC grain size [16]. Co + 60% WC sample
contains the least specific gravity of Co. Because of the
higher thermal conductivity, the W,C phase appears
in Co + 60% WC, the FesNi, phase is not easy to form
in Co + 60% WC, and it is easier to form more Mo,C phases.

Observation of the upper section of Co-based over-
lays with 60% WC are shown in the Figure 5(a) and (b).
According to the results of XRD analysis (Figure 4(b)) of
the composite coating and with reference to the results of
SEM and EDS analyses, which are shown in Figure 5(c)
and (d), the primary reinforcement phases containing a
high concentration of W element and a sort of Si element,
with the XRD reference, can be identified as W,C, WC and
Si0,. Gray black area as shown in Figure 5(b) is the inter-
dendritic eutectic and dendrite structures region. The
result of EDS analysis indicated that the eutectic phases
contained large amounts of Cr and Co, and small amount
of Mo, as shown in Table 3, considering the XRD result,
the component could be Mo,C. The dendrite structures
mainly contain y-Co(fcc) [17]. The SEM micrograph of
typical cross-sections of the composite coatings is shown
in Figure 6.

After PTA welding, the SEM micrograph of typical
cross-sections of the composite coatings is shown in
Figure 6. From Figure 7(a) and (b), and according to
XRD results, the dendrite is the Cr,Fe;,C carbide and
FeNi, while the y-Co matrix is connected to the eutectic
layer [18].

It has been known that the corrosion resistance
can be effectively improved by adding WC particles and
forming metal matrix ceramic particles-reinforced com-
posite coating by powder metallurgy [19-21]. By com-
paring the Co-based coatings with different contents of
WC, Figure 7(c) and (d) shows the strengthening phase
and the surrounding layered eutectic are connected with
the y-Co, the eutectic layer is structurally equivalent to a
layer of transition structure. The microscopic interface
structure displayed by this transition structure makes
the strengthening phase and the matrix more tightly com-
bined, and the ability to resist wear and corrosion is
enhanced. In Figure 7(c), (e) and (g), there are some small
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Figure 5: Microstructure of the Co + 60% WC PTA coating. (a) Spherical WC; (b) Co-based coating; (c) EDS spectrum of region A marked in
(a); (d) EDS spectrum of region B marked in (b).

Table 3: Chemical compositions of the marked regions of Co + 60%  voids on the surface of the spherical WC [22]. With the

WC sample (%) increase in the WC content, the defects such as small

holes in the coating tend to increase. The main reason
Region C ~ Si Mo Cr Fe Co Ni W is that the melting point of WC in PTA process is as high
A 2.99 533 — 036 0.42 — 0.28 90.62 as 2,870°C, the melting rate of WC particles is low at high
B 2.61 3.34 3.68 18.19 11.07 3539 7.32 18.40 temperature, and most of the WC particles remain
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Figure 6: Microstructure of typical cross-sections of the composite coatings. (a) Co; (b) Co + 45% WC.
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Figure 7: Microstructure of the Co-based PTA coating. (a and b) Co; (c and d) Co + 15% WC; (e and f) Co + 45% WC; (g and h) Co + 60% WC.

spherical. With the increase in the WC content, liquid Co-
based alloy cannot quickly wet the whole WC surface and
fill all its pores. Therefore, with the increase in the WC
content, the number of small pores and other defects in
the coating increases [23].

It is shown by the Figure 7(d), (f) and (h) that there
are different degrees of pitting corrosion on the coating
surface. Compared with 45% WC, 60% WC has more pit-
ting holes on the surface, and 30% WC contains less hard
alloy phases, so 45% WC has better corrosion resistance.
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3.2 Potentiodynamic polarization results

The potentiodynamic polarization curves of the Co-based
coating and several coatings with different content of
Co-WC coatings are presented in Figure 8. As a whole,
the anode curve remains similar, and the cathode curve
moves obviously with the addition of spherical WC,
this change could be due to the different extent of the
cathodic reaction. The cathodic activity mainly occurs
in the WC particles and forms a galvanic couple between
the WC and Co phases, which affects the corrosion of the
WC-Co coating [24]. However, the cathodic activity could
be different due to the different amounts of WC in the
coating. It can also be found that the corrosion current
density of Co-based coating is greater than WC-reinforced
Co-based coating in anode polarization region from 0.25
to 1V. The cobalt binder has a lower corrosion potential
compared to the WC phase, so the cobalt binder has pre-
ferential solubility, while the WC phase is protected from
the cathode [25]. Therefore, the composite material has
higher corrosion stability by adding WC particles [26].
Both Co + 45% WC and Co + 60% WC showed very
small spontaneous passivation interval in the test after

Ig i/(A/cm?)
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Figure 8: Potentiodynamic polarization curves of Co-WC coatings
and pure Co coating in 3.5 wt% NaCl solution.

Corrosion behavior of WC-Co coating by PTA on EH40 steel in low-temperature

— 197

cryogenic treatment. There is a passivation film formed
by metal on the coating surface. CI~ will form soluble com-
pounds with cations in the passivation film, destroying the
self repairment and dissolution of the passivation film,
resulting in the gradual disappearance and further corro-
sion of the passivation film, and the deepening of small hole
corrosion will deepen the corrosion pits, which may be due
to the high solubility of chloride ions and stronger corrosion
ability in cryogenic environment. When the potential is
larger than 0.76 V, the anodic current density of Co + 30%
WC increases sharply, indicating that the passive film cov-
ering the composite alloy surface experiences the transpas-
sive dissolution [27,28].

It can be seen from Figure 8 that in the anode region,
the three groups of WC-reinforced Co-based coatings show
obvious activation passivation transition characteristics in
3.5 wt% NaCl solution, and all show a wide passivation
range, which shows their good corrosion resistance in
sea water. The self-corrosion potential E..,,, self-corrosion
current density i., and polarization resistance Rp were
obtained by fitting the potentiodynamic polarization curve
with the software of electrochemical workstation. The
values of the cathode Tafel slope . and the anode Tafel
slope B, are obtained by the method of extrapolating
the slope of the Tafel curve. The fitting data are shown
in Table 4. It can be seen that the E..,, of Co + 45% WC
was higher than other WC-Co composite coatings, that
means adding 45% WC particles have better chemical sta-
bility and lower corrosion tendency in all the test samples.

The i.o values of WC-Co coatings can be used to
evaluate the corrosion rates. Comparing the four sam-
ples, the i, values have a two-fold trend increase
(looking from the top to the bottom of the Table 4). The
Co + 45% WC coating has the lowest i, value, from the
perspective of the dynamic characteristic of the corrosion
process, it can be seen that it has the best corrosion
resistance. The polarization resistance (R}) is related to
the corrosion product films resistance (R;) and charge
transfer resistance (R [29]. From the point of view of
the value change trend, the change trend of R, is inver-
sely proportional to i.,, value and the value of the
coating with WC reinforced is obviously larger than that

Table 4: Corrosion parameters fitting results according to the potentiodynamic polarization curves in 3.5 wt% NaCl solution

Samples Ecorr (V) icorr (PA-cM™2) R, (kQ) B (mV-dec™) Bc (mV-dec™)
Co + 45% WC -0.256 0.9503 40.065 4.645 6.775
Co + 60% WC -0.300 2.541 19.402 3.242 5.576
Co +30% WC -0.474 4.34 11.352 3.500 5.325
Co -0.605 8.834 5.716 3.999 4.611
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of the Co-based coating. Samples of 30% WC, 60% WC 3.3 Electrochemical impedance
and 45% WC have a two-fold increase basically. In short, spectroscopy analysis
it can be concluded that Co + 45% WC coatings possessed

the best corrosion resistance among the four test samples  Figure 9 shows the (a) Nyquist plots, (b) Bode impedance

in NaCl solution after cryogenic treatment. plots and (c) Bode angle plots test results of four groups
a
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Figure 9: Impedance spectra of Co-WC coatings and Co coating in 3.5 wt% NaCl solution. (a) Nyquist plots; (b) Bode impedance plots and
(c) Bode angle plots.
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of samples after low temperature immersion at —40°C for
240 h in 3.5 wt% NaCl solution. As shown in Figure 9(a),
the Nyquist plots of tests composite coating shows two
capacitive reactance arcs. In pure Co coating, a semi-circle
with capacitive reactance characteristic arc is observed in
the high-frequency zone, which represents the reaction of
the corrosion product layer, and the low-frequency capa-
citive reactance arc representing the electrode process of
the metal layer appears in the low-frequency region, the
high-frequency constant can show whether there is an
oxide film on the surface of the coating [30,31].

While the samples of WC-Co coatings show analo-
gous impedance characteristics, the samples have similar
corrosion processes. In the high-frequency region, it is
shown as a capacitive reactance arc, and in the low-fre-
quency region, it is the low-frequency Warburg impedance
representing the diffusion process. The radii of the capaci-
tive loops arc at low frequencies reflect the corrosion resis-
tance of the coatings. It can be seen that the radius of the
capacitive arc increases gradually with the addition of WC
content and then when the content is 60%, the radius of the
capacitive reactance arc is reduced to the minimum.

The corresponding Bode plots are displayed in
Figure 9(b) and (c). In the high frequency zone, the
phase angles of the four samples are close to 0°, and
the solution impedance is very small at the beginning of
the reaction. In the medium frequency zone, the phase angle
of Co + 45% WC and Co + 30% WC reaches the maximum
Omax, and compared with Nyquist plots, it can also be seen
that it shows obvious capacitive reactance characteristics. The
broad peak of the phase angle implied that there was more
than one time constant. While in low frequency of 0.01 Hz, the
values of |Z] are 4,200 Q-cm® (Co), 4,800 Q-cm? (Co + 30%
WC), 12,000 Q-cm? (Co + 45% WC), 2,000 Q-cm? (Co + 60%
WC), respectively. It can be seen that Co + 45% WC forms a
better passive film under low temperature corrosion.

Figure 10 presents the equivalent circuit of pure Co
coating and WC-Co coatings. In the circuit, Rs is the

(a)
Qa1
Rs
Rr
Ret
3.5wt.% NaCl solution coating ~ EH40 steel substrate
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resistance of the corrosion solution, Qg represents the
reaction interface electric double layer capacitance. Q¢
and Ry represent the capacitance and resistance of the
corrosion products. R is the charge transfer resistance.
W represents the corrosion resistance formed by solution
diffusion through corrosion product layer. In order to
show the whole process of electrode reaction and the
condition of electrode surface, ZSimpWin software is
used to simulate and compare the fitting impedance
data of the selected equivalent circuit models models
(R(Q(R (QR)))) and (R(Q(RW(QR)))), as shown in Table 5.
It was reported that in 3.5wt% NaCl solution, with the
decrease in the values of Y,(Qf) and increase in the values
of n(Qy), the porosity of the passive film would decrease, a
denser oxide film can be obtained [32]. By comparing the
data in Table 5, it can be found that the values of Y,(Qy) of
samples Co + 45% WC and Co + 30% WC are smaller than
the other two, which means the samples of Co + 45% WC
and Co + 30% WC formed relatively dense oxide film.
However, the passivation region is not seen in the Co +
30% WC polarization curve, which may be because the
passivation film is dissolved due to the reaction of Cl".
The charge transfer resistance (R can reflect the electro-
chemical corrosion rate of the coating. The higher the
value of R., the better the corrosion resistance it has.
Through the fitting data, it can be concluded that Co +
45% WC has the highest value compared with the other
three coatings, so it is concluded that Co + 45% WC has the
best corrosion resistance in cryogenic environment.

3.4 XPS analysis of low temperature
immersion

XPS analysis of Co-WC coatings was obtained after immer-

sion at —40°C for 240 h. Figure 11(a) and (b) shows the XPS
full spectrum of Co + 45% WC in 3.5wt% NaCl and

(b)

Rs

3.5wt.% NaCl solution  coating EHA40 steel substrate

Figure 10: Equivalent circuit used for fitting impedance in 3.5 wt% NaCl solution: (a) Co coating; (b) WC-Co coatings.
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Table 5: Fitting parameters obtained by ZSimpWin from the EIS data
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for test samples

Samples R, (Q-cm?) Q Rs (Q-cm?) w Qu Ree (Q-cm?)
Yo (@ cm2sn)  n¢ Yo(Q Lecm 2sn)  ng

Co 7.032 4.228 x 1074 0.492  4.34 - 9.277 x 107> 0.85  5.011 x 103

Co +30% WC  8.459 1.290 x 107* 1 45.22 3.401x 1073 8.279 x 10~ 0.66  3.918 x 10°

Co + 45% WC  12.05 1.419 x 107* 0.838  7.439 x 10>  7.043x107* 2174 x 1072 0.79  7.690 x 10°

Co + 60% WC  9.281 6.428 x 107* 0.739  2.37 x 103 8.416 x10™*  7.545 x 1072 1 2.192 x 103

0.5mol-L™! HCl solution at —40°C. It is found that the corro-
sion products on the surface of the sample mainly contain
Ni, O, C, Cr, W and other elements, among which Ni and Cr
are from Ni based alloy, C and W are from WC additive
phase, and O is from corrosion products. The results show
that the corrosion products are mainly Ni, Cr, W and O
elements. Through the combination of the XPS full spec-
trum results with the narrow spectrum of test elements, the
low temperature corrosion products of composite coatings
could be clearly observed.

The composition of corrosion products is determined
by the comprehensive strength of their XPS peaks.
Figure 12(a) and (b) shows the O 1s spectrum at high reso-
lution after low temperature immersion in two different
solutions. It can be seen from the spectrum that the O 1s
spectrum of both the samples is decomposed into two
peaks with different binding energies, with peak values
near 531.9 and 532.6, respectively. Combining with the
existing literature [33], we can infer that the peak OLatt
near 531.9 represents the surface lattice oxygen, such
as 0%". The peak near 532.6 represents the surface chemi-
sorption of oxygen OH". Therefore, the metal element M

(M = Cr, Co and W) in the coating mostly exists in the form
of M-OH and M.O in the corrosion products. With the
increase in bhinding energy (BE), it is observed that the
ratio of [0%7]/[0] increases and the ratio of [OH]/[O] gra-
dually decreases, indicating that the concentration of OH™
outside the corrosion product is higher than that inside.
The W4f high-resolution narrow spectrum of the cor-
rosion products of two different solutions was fitted by
peak value, and the peak values were around 32.06-35.6
and 34.23-37.5, respectively. These two peaks are repre-
senting the W4f 5/2 peaks of WO* from WC and W6 from
WOs. Referring to the related literature [34-36], based on
the peak of W4f and O 1s, the corrosion product was
determined as WO5; and WC (Figure 12(c) and (d)). Picas
et al. [37] studied the corrosion behavior of WC-Co-Cr
coatings using HVOF in 25°C hydrochloric acid solution,
and found corrosion products such as WO5; and CoO/
Cos0,. Compared with Figure 7(e), it can be seen through
SEM that a large number of spherical WC particles exist,
the results indicate that oxidation can hardly take place
on the WC phase on the test surface at extreme cold
conditions. While the W,C peaks are not found in the
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Figure 11: XPS full spectrum of sample surface after immersing in: (a) 3.5 wt% NaCl solution; (b) 0.5 mol-L™* HCI solution.



DE GRUYTER

Corrosion behavior of WC-Co coating by PTA on EH40 steel in low-temperature

2500
e Experiment
(a) = Fitting line
2000 4 fe==== Background
e O
,\. jp— OH"
= 4
S; 1500
N
= 1000
S
=
—
500
0
T T T T T
545 540 535 530 525
Binding energy /(eV)
2500
=== Experiment
(C) = Fitting line
2000 == Background|
. WC 4f 5/2
e WO, 4f 5/2
~
=. 1500
<
~
=~
.‘E‘ 1000
7]
=
D
=
500
0 -
T T T T
45 40 35 30 25 20
Binding energy/(eV)

— 201

6000
== Experiment
(b) === Fitting line
5000 === Background|
e 0%
- (e OH"~
=. 4000
«
z
= 3000
g
~—
=
= 2000
1000
T T T T T
545 540 535 530 525
Binding energy/(eV)
= Experiment
2000 1 (d) = Fitting line
p=== Background
= WO, 41,
—~ 1500 - [ WC 4,
=
]
¢
>
71000
7]
=
Y
~—
=
= 5001
0

40 35 30 25
Binding energy/(eV)

Figure 12: XPS spectra of the surface of Co + 45% WC sample after low temperature immersion. (a) O 1s in 3.5 wt% NaCl solution; (b) O 1s in
0.5 mol-L™ HCl solution; (c) W4f in 3.5 wt% NaCl solution; (d) W4f in 0.5 mol-L™ HCl solution.
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Figure 12(c) and (d), which is consistent with the previous
XRD test results.

Figure 13(a) and (b) shows the XPS results of Co-based
composite coating after immersed in 3.5wt% NaCl and
0.5mol-L™! HCl solution at —40°C for 240 h, respectively.
There are mainly three peaks, the BE of them is nearly 781,
788 and 795 eV, respectively. The former two peaks are

946.50 &
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representing the Co 2ps/, and Co 2p,, peaks of Co®* form
Co(OH),. The peak at 795 eV represents the Co 2ps/, peak of
Cobalt oxide (Co?*/Co®") form Cos;0,. By combining the
peaks of Co 2p and O 1s, the typical corrosion products
are determined as Co(OH), and Co30,. It is reported that
the corrosion process of Co-based cemented carbide is the
reaction of dissolving cobalt on the anode into Co** and

6.22159 um

N 64.288um
1262.00 um

4.52785 um

AN -16.4478 um
62.00 um

3.53872 um

N\ -20.0245um
1262.00 um

Figure 14: White light morphology after low temperature immersion corrosion. (a and b) Co coating in 3.5 wt% NaCl solution; (c and d) Co +
45% WC coating in 3.5 wt% NaCl solution; (e and f) Co + 60% WC coating in 3.5 wt% NaCl solution.
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the reaction of the cathode being the oxidation reaction of
H,0 and 0% to OH", which also confirms that there is a
large amount of OH™ in the outer layer. In addition,
because the solubility of oxygen in water at -40°C is higher
than that of ordinary room temperature, the oxidation-
reduction reaction proceeds more strongly, the intensity
of 2p3/2 peaks is higher (Figure 11(a)), and more corrosion
product Co(OH), is produced. Since the Co layer on the
anode will react with H,0 to form CoO [38], and then con-
tinue to oxidize to form Cos0,, a large amount of H" ions
and electrons will be generated during the reaction. How-
ever, there are more H* ions in 0.5mol-L™! HCl solution.
According to the chemical equilibrium reaction, more
number of H" ions will delay the formation of Cos0,.
Therefore, in 3.5 wt% NaCl solution, the peak intensity of
Co 2p3/2 is higher, and more Cos0, corrosion products are
generated than that in 0.5 mol-L™ HCl solution [25].

3.5 3D surface topography of low
temperature immersion corrosion

Through the white light diffraction experiment, we can
see the 3D corrosion morphology of the composite coating
after being immersed in an acidic solution at —-40°C for
240 h, which demonstrates the variations in size and depth
of the pits clearly [39]. By contrasting the optical profile
results of the sample surface after corrosion. Therefore,
the corrosion surface characteristics of WC-Co coating
can be evaluated by observing and measuring the depth
and density of the corrosion pits or corrosion surfaces.
More pitting corrosion and deeper pits result in poor cor-
rosion performance.

Figure 14(a) and (b) shows the optical profilometry
(OP) results of the corroded surface of Co-based coating.
The corrosion morphology of the sample is relatively uni-
form corrosion. Due to the existence of a large amount of
Cl” within a small radius and strong penetration ability, it
is easy to be adsorbed near the uneven boundary and
impurities. The surface is mainly locally dissolved and
pitted to form micropores [40]. The interval of the con-
cave part is between 0 and 2 pm, and the surface is very
rough.

The cobalt based coating with spherical WC, as shown
in Figure 14(c—f), we can see a large number of pitting pits.
This morphology is consistent with the previous potentio-
dynamic polarization curve results in Figure 8. The addi-
tion of different amounts of WC particles will make the
degree of corrosion and the depth of the corrosion pits
different. This is because the coefficient of thermal expansion
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of the hard particles (WC/W-C) are much different from that
of the metal substrate, and the longitudinal and transverse
thermal expansions of the coating. The different coeffi-
cients produce different thermal expansion and contrac-
tion, resulting in residual stress caused by nonuniform
solidification. Pitting corrosion is easy to occur at the
interface defects [41]. As shown in images, we can see
a large number of pitting pits. The pitting holes of Co +
60% WC (average 10—12 pm) are significantly larger and
deeper than those in Co + 30% WC, while the pitting
depth of Co + 45% WC is about 8-10 pm. Therefore,
through the analysis of surface morphology, it is con-
cluded that Co + 45% WC has good corrosion resistance
in low temperature environment.

4 Conclusion

Co-based alloy coatings with different amounts of WC

were prepared on the surface of EH40 steel by PTA surfa-

cing technology. The constituent phase, microstructure,
corrosion resistance and corrosion products were ana-
lyzed. The following conclusions can be drawn:

(1) By observing the micro morphology of the PTA sam-
ples after etching, in addition to WC particles, solid
solution y-Co and FeNi were the major phases of the
microscopic phase, Mo,C, MoNi, and Cr,Fe,,C dis-
persed in the y-(Ni, Fe) matrix. Because of the higher
thermal reaction, for Co + 60% WC samples con-
taining more WC particles, WC is easier to decompose
into W,C and C.

(2) Co + 45% WC and Co + 60% WC showed small spon-
taneous passivation interval in the polarization test
after cryogenic treatment. A passivation film was
formed by the metal on the coating surface. With
the addition of WC, the coefficient of thermal expan-
sion of the hard particles (WC/W,C) is different from
that of the Co coating. More WC leads to uneven soli-
dification and residual stress. Pitting corrosion is
easy to occur at the interface defects. Through experi-
ment results, Co + 45% WC sample was determined to
have a better corrosion resistance.

(3) The main corrosion products of cryogenic immersion
were Co(OH), and Cos0,4, these corrosion products
aggregate to form a stable corrosion product film, which
plays some protective role for the coating. Hard parti-
cles WC are also partially oxidized to WOs. The solubility
of oxygen in water is higher at -40°C, the oxidation-
reduction reaction proceeds more strongly, the corrosion
product Co(OH), has more.
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