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Abstract: The Hastelloy C22 coatings on Q235 steel substrate were produced by high power diode laser cladding technique. Their
corrosion behaviors in static and cavitation hydrochloric, sulfuric and nitric acid solutions were investigated. The electrochemical
results show that corrosion resistance of coatings in static acid solutions is higher than that in cavitation ones. In each case, coating
corrosion resistance in descending order is in nitric, sulfuric and hydrochloric acid solutions. Obvious erosion—corrosion morphology
and serious intercrystalline corrosion of coating are noticed in cavitation hydrochloric acid solution. This is mainly ascribed to the
aggressive ions in hydrochloric acid solution and mechanical effect from cavitation bubbles collapse. While coating after corrosion
test in cavitation nitric acid solution shows nearly unchanged surface morphology. The results indicate that the associated action of
cavitation and property of acid solution determines the corrosion development of coating. Hastelloy C22 coating exhibits better
corrosion resistance in oxidizing acid solution for the stable formation of dense oxide film on the surface.

Key words: Hastelloy C22 coating; laser cladding; acid solution; cavitation corrosion; electrochemical impedance spectroscopy

1 Introduction

Hastelloy C22 exhibits more excellent anticorrosion
property than most NiCrMo alloys, e.g. Hastelloy C276,
C-4, Inconel 625, to pitting, crevice and stress corrosion.
It is widely used in the chemical industry for the perfect
corrosion resistance to chlorine, hot pollution solution,
strong acid and alkali, organic solvents [1,2]. However,
high cost of Hastelloy C22 sheet limits its large-scale
applications. In recent decade, Hastelloy coatings have
been rapidly developed by techniques of vacuum arc
melting, casting, plasma spraying and laser cladding
[3-5]. Among these, laser cladding is widely used to
produce metallurgically well-bonded coating due to the
advantages of high power, small heat-affected-zone
(HAZ) and minimal distortion of the substrate [6—9].
HAEMERS et al [10] produced Hastelloy-C276 coating
with a thickness of 3 mm by laser cladding technique.
VIGNOLO et al [11] reported a synthesis of Hastelloy
thin film by XeCl pulsed laser ablation. Then ZOCCO et
al [3] found that the corrosion behavior of Hastelloy

coating by XeCl pulsed laser ablation approximated to
the bulk one. Thus, the previous researches have
provided necessary methods to prepare Hastelloy C22
coating.

Various corrosion environments have been created
to investigate the corrosion behavior of Hastelloy sheet.
BELLANGER and RAMEAU [12] and TAKEUCHI
et al [13] reported the corrosion behavior of Hastelloy
C22 steel and C-276 in strong acid solution, respectively.
HODGES et al [14] did research on the possibility of pit
nucleation on Hastelloy C22 plate in LiCl solution. The
electrochemical impedance spectroscopy of Hastelloy
G-30 in continuous flowing seawater was obtained by
AI-MUHANNA and HABIB [15]. ZOCCO et al [3] and
VIGNOLO et al [11] mainly obtained corrosion behavior
of corresponding Hastelloy coating in mixture solution of
various salts with CO,. In addition, cavitation damage
including shock wave and micro-jet to the material
surface owing to the repeated nucleation, growth and
violent collapse of bubbles in the liquid, was also widely
found in the chemical industry [16,17], e.g. the
impeller of chemical pump. Cavitation can enhance
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electrochemical reaction and produce far more damage
than static environment [18]. However, the corrosion
behaviors of Hastelloy C22 coating on Q235 steel
produced by high power diode laser cladding technique
in various static and cavitation acid solutions were
seldom investigated.

This work investigated the effects of cavitation and
acid solution type on corrosion behavior of Hastelloy
C22 coating prepared by high power diode laser cladding
technique. The coatings were corroded in static and
cavitation hydrochloric, sulfuric and nitric acid solutions,
and the corresponding corrosion mechanisms were
revealed in detail.

2 Experimental

2.1 Materials and laser cladding process

The chemical compositions of Hastelloy C22
powders and Q235 steel substrate are listed in Table 1.
The preparation parameters of coating can be found in
recent publication [19]. In this study, the coating by laser
scanning speed of 6 mm/s was used. The as-prepared
coating/substrate bulk was cut into dimensions of 10
mmx10 mmx4 mm. The top surface of samples were
grinded with 2000 mesh abrasive papers and then
polished with corundum powders of 3—5 pm, finally
ultrasonically cleaned in distilled water followed by
ethanol and acetone. The samples for electrochemical
corrosion tests were covered with silica gel except an
exposure a coating area of 10 mmx=10 mm.

Table 1 Chemical compositions of Hastelloy C22 powders and
Q235 steel

Mass fraction/%

Sample
Ct Mo Fe W Ni Si Mn S P C
Powders 21.00 13.00 5.00 5.00 Bal.
Q235 Bal. 0.37 0.8 0.04 0.04 0.16
steel
2.2 Methods

The hydrochloric (HA), sulfuric (SA) and nitric
(NA) acid solutions with molar concentrations of 2
mol/L, 1 mol/L and 2 mol/L, respectively, were used in
the corrosion tests, in which the same hydrogen ion
concentration of 2 mol/L was kept. Electrochemical
measurements in acid solutions with (called cavitation
solution) and without (called static solution) ultrasonic
excitation were carried out on an electrochemical
workstation (CHI760, China) at 25 °C. Each test was
repeated at least three times to obtain reliable results. The
open circuit potential (OCP) was tested for 2 h in both
conditions. The electrochemical impedance spectroscopy
(EIS) in the static solution was measured every 30 min
for 1.5 h in the frequency range from 100 kHz to 10 mHz,

and voltage amplitude of +£5 mV. Then the
potentiodynamic polarization curves were measured at
the scanning speed of 1 mV/s from —0.5 to 1.5 V. The
conventional three-electrode cell was used, with an
Ag/AgCl/saturated KCl electrode as the reference
electrode, a platinum electrode as the counter electrode
and the coating sample as the working electrode.

The cavitation environment was created by an
ultrasonic cleaner with an ultrasonic generator of
frequency 40 kHz and output power of 100 W. The
corrosion morphology of coating surface was observed
by scanning electron microscopy (SEM, S-4800
HITACHI).

3 Results

3.1 Electrochemical corrosion measurements
3.1.1 Open circuit potential (OCP)

The variation of OCP with time for coatings in
static and cavitation acid solutions is shown in Fig. 1.
The smooth and unstable OCP curves are remarked in
static and cavitation acid solutions, respectively. In the
former case, OCP of coatings changes from positive to
negative in the order of NA, SA and HA solutions. In
static HA solution, the OCP decreases slowly as
immersing time lasts. While in static SA solution, it
increases at the beginning, and then decreases a little
after 5 min until the end. Unlike two cases above, the
continuously increasing OCP is found in static NA
solution. However, the OCP exhibits different variation
tendency with time in cavitation solution. In cavitation
SA and NA solutions, the OCP is a little higher than that
in static cases at the beginning, then is similar and lower
at the end, respectively. As for cavitation HA solution,
the OCP of coating keeps decreasing in the case in static
solution but with lower value. In addition, the OCP curve
in cavitation NA solution shows a drift at the potential of
about 0.76 V.
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Fig. 1 OCP vs time of coatings in static and cavitation acid

solutions
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3.1.2 Polarization curves

The polarization curves of coatings tested at stable
open circuit potential in static and cavitation acid
solutions are shown in Fig. 2. In static solutions, both
active and passive regions are noticed in the anodic
polarization curve of coating in HA solution. Firstly, the
corrosion current is enhanced by the increasing electrode
potential. Then as the electrode potential reaches the
passive potential of around —0.06 V, the corrosion current
declines in the passive region from 0.2 to 0.9 V. As the
electrode potential continues to increase, the
transpassivation region is found and the corrosion current
is improved dramatically. Unlike the case in HA solution,
the polarization curves in the other two static solutions
display the stable passive state as electrode potentials
increase, and exhibit lower passive current density.
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Fig. 2 Polarization curves of coatings in static and cavitation
acid solutions

While the coatings in cavitation solutions show less
positive corrosion potentials than those in static case.
Meanwhile, the variation in corrosion current density is
different in three acid solutions. The disappeared passive
region and enhanced corrosion current density of coating
are found in HA solution, but the lower corrosion current
densities are observed in SA and NA solutions.

3.1.3 Electrochemical impedance spectroscopy (EIS)

The Nyquist plots of coatings in static solutions
were obtained and demonstrated in Fig. 3, which reveal
the electrochemical corrosion process. In Fig. 3(a), the
nearly closed capacitive loop in the very beginning when
the coating is immersed in HA solution shows the quick
decline of impedance. Then the single capacitive loop
develops into two loops at high and low frequency
ranges, respectively, which is related with the electric
double layer and broken oxide film on the coating
surface. However, the completely different Nyquist plots
are obtained in SA and NA solutions, as shown in Figs. 3
(b) and (c). In SA solution, the oxide film on the coating
surface cannot be easily destroyed by sulfate radical,
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Fig. 3 Nyquist plots of coatings in static HA (a), SA (b) and NA
(c) solutions

which limits the corrosion development to a certain
degree. Therefore, the single capacitive loop expands
gradually with time. While coating in NA solution shows
larger radius of capacitive loop than that in SA solution,
which reveals higher impedance and better surface state
with oxide film. In addition, unfortunately, in the
cavitation solutions, the coating surface state is so much
disturbed by cavitation bubbles that smooth Nyquist plot
curves cannot be obtained. However, according to the
polarization curves in static and cavitation cases, it is
reasonable to assume that the tendency of EIS results in
cavitation solutions will be similar to those in static ones,
but with lower radius of capacitive loops, meaning lower
impedance.
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3.2 Corrosion morphology

Surface morphologies of coatings before and after
static corrosion tests in three acid solutions are shown in
Figs. 4(a)—(d). The original coating surface is uniform
and clean. For coating after corrosion test in HA solution,
the clear microstructures of different regions signify the
happening of apparent intergranular corrosion. While the
coating surfaces are a little rough and white in SA and
NA acid solutions, which is related with the oxidization
of coating surface.

The surface morphologies in cavitation solution are
shown in Figs. 4(e)—(g). In HA solution, the coating

corrosion is enhanced by cavitation bubbles with shock
wave and micro-jet. As for coatings in SA and NA
solutions, the surface morphologies seem a little cleaner
than those in static cases, which can be observed more
clearly in Fig. 5. Meanwhile, a small quantity of
erosion-corrosion sites are found on coating surface in
SA solution, as marked with white circle, but without
obvious intergranular corrosion.

The details of coating morphologies in static and
cavitation solutions are shown in Fig. 5. The loosened
corrosion products and slightly intercrystalline corrosion
are observed on coating surface in static HA solution,

Fig. 4 Surface morphologies of coatings

before (a) and after corrosion tests in
static (b)—(d) and cavitation (e)—(g)
corrosion tests: (a) Original coating
surface; (b), (¢) In HA solution; (c), (f)
In SA solution; (d), (g) In NA solution
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Fig. 5 Local morphologies after static ((a)—(c)) and cavitation ((d)—(f)) corrosion tests in three acid solutions: (a), (d) In HA solution;

(b), (e) In SA solution; (c), (f) In NA solution

which reveals moderate corrosion of coating without
erosion, as shown in Fig. 5(a). On the contrary, in
corresponding  cavitation case, the features of
erosion—corrosion and intercrystalline corrosion are
found, e.g. numerous shallow erosion sites at cellular
solidification and crevices between cellular and eutectic
solidifications, as shown in Fig. 5 (d). In addition, as
mentioned above, coating surfaces in the other two
cavitation solutions seem a little cleaner than those in
static cases, but the erosion—corrosion sites can be
observed in cavitation SA solution, revealing the damage
of oxide film in some extent by cavitation bubbles
collapse, as shown in Figs. 5(b) and (e). While, the
similar damage on coating surface in cavitation NA
solution is not found, which implies the minor effect of
cavitation bubbles on coating corrosion (Figs. 5 (c¢) and
(f)). The features of coating local morphologies in static
are consistent with the

and cavitation solutions

electrochemical results in section 3.1.
4 Discussion

4.1 Effect of acid on corrosion resistance of coating
The OCP variation tendency of coatings from
positive to negative in order of NA, SA and HA solutions
can be explained according to the property of the acid, as
shown in Fig. 1. Dilute HA and SA solutions used here
display no oxidability, while dilute NA solution indeed
exhibits oxidability. Thus coating in NA solution has a
continuously increasing OCP curve with immersing time,
which owes to continuously formed dense oxide film on
the coating surface by oxidability. However, coatings

show decreased OCP curve in HA solution and firstly
increased and then decreased OCP curve in SA solution,
to explain which, the anion must be considered. In HA
solution, the chloride ion is a typical simple anion with
smaller radius of 181 pm [20]. It can easily penetrate into
the oxide film on the coating surface, and then destroy
the oxide film and enhance the electrochemical reaction.
While as for SA solution, two steps of corrosion should
be taken into account: first, sulfate radical is a
complicated anion with bigger radius, and thus cannot
penetrate into the formed oxide film initially; second,
when the immersing time reaches a critical value, the
film is finally destroyed and the electrochemical reaction
occurs inevitably. In addition, the stable OCP curves
imply the tendency of thermodynamics. The more the
positive OCP curve is, the more difficult the corrosion
happening is, such as the coating in NA solution [21].
But in terms of corrosion rate after corrosion happens,
the corrosion current density would be the determinant
factor according to Faraday’s law [22].

4.2 Effect of cavitation on corrosion resistance of

coating

In cavitation solution, the bubbles collapse will act
on coating in two ways. First, it promotes the formation
of dense oxide film and shifts OCP by increasing mass
transfer of oxygen [18,23]. Second, it can activate and
destroy the oxide film to decrease OCP ascribed to high
temperature and force from cavitation bubbles collapse.
If the oxide film can form on coating surface in an acid
solution without aggressive ions, the OCP curve will be
determined by competition between above two ways,
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namely for OCP curves in NA and SA solution, the first
effect of cavitation is dominant in the beginning, but the
second effect is dominant in turn after a period of time,
as shown in Fig. 1. As for acid solution with aggressive
ions, such as chloride ions in HA solution, the OCP will
be aggravated mainly by the second effect without
continuing to form oxide film. Furthermore, a drift at the
potential about 0.76 V of the OCP curves in cavitation
NA solution is found. This is also mainly ascribed to two
aspects. First, the surface state of coating is unstable by
cavitation with various effects, as mentioned above,
leading to fluctuant OCP curves. Then, once the effect of
“activateing and destroying the oxide film” by cavitation
gets the upper hand at some time, the exposed fresh area
will be under competition between forming and
destroying oxide film from cavitation again, and the
former is dominant with fresh area due to oxidation of
NA solution. Thus it leads to the drift in the OCP curve
of coating in cavitation NA solution.

In addition, the corrosion potential variations of
coatings in static and cavitation solutions exhibit similar
tendency, as shown in Fig. 2, but the lower cathodic and
NA and SA
solutions than those in static cases are not consistent with

anodic current densities in cavitation
some works [24, 25] that reported the enhanced current
density by cavitation. In the process of the electrode
reaction, the diffusion rate of corresponding ions to the
coating surface is greatly accelerated by cavitation, thus
diffusion process in the solution is not the
rate-controlling step. As stated above, the oxide films
exist on coating surface in NA and SA solutions, which
would prevent harmful ions involved in the reaction from
permeating into coating surface. This would be main
rate-controlling step and result in lower cathodic and
anodic current density in cavitation SA and NA solutions.

1615

On the contrary, for coating in cavitation HA solution,
the electrode reaction is not limited by oxide film, thus
has higher current density enhanced by cavitation.

4.3 Analysis of electrochemical
spectroscopy (EIS) in static solution
In consideration of the typical Nyquist plots, special

impedance

corrosion morphologies of the coatings, as well as the
properties of acid solutions [26], the equivalent circuits
are proposed, as shown in Fig. 6, where R is solution
resistance; R, and Q. are resistance and capacitance of
the passive oxide film, respectively; R, is the charge
transfer resistance; Cy is the capacitance of the electric
double layer; Z, is the Warburg resistance.

The impedance expressions of equivalent circuits in
Fig. 6 are expressed by [27]

ZH/S/N:RS+R0x/[1+Y0(jw)nRox] (1)
ZH:RS+GwclectRox+Rct+R0x)/ [ Y O(iw)n(iwclectRox+

jw Clect+Rcl+R0x+ 1 )] (2)
ZS/N:RS+(R0X+ZW)/[ 1 +Y0(jw)n(R0x+Zw)] (3)

where Zysn is the total impedance of coatings at the
beginning of corrosion tests in three acid solutions; Zy
and Zgyn are the total impedance of coatings in HA
solution and in the other two acid solutions after 30 min,
respectively; w is the frequency; Y, is the admittance; n
is the dispersion coefficient.

In the beginning, coatings in three solutions have
the same equivalent circuit shown in Fig. 6(a), which
reveals the excellent protection of oxide film formed on
the coating surface in the air with a high impedance
resistance, a capacitance of low captance and a
dispersion coefficient close to 1 [28]. As immersing time
lasts, the different features of Nyquist plots are found
between HA and the other two acid solutions, as shown

R, R,
Broked
oxide layer
‘.R“;'.S. :.‘ y _'_:QI" "."‘.“.".-_.:IQy.
Oxide layer — ... J s e Z"g £ X RO
Coating
Substrate |
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Fig. 6 Equivalent circuits of coatings at different conditions: (a) Beginning of corrosion tests; (b) In HA solution; (c) In SA or NA

solution after 30 min
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Table 2 Impedance parameters in HA, SA and NA solutions
Acid solution Parameter 0 30 min 60 min 90 min
RJ(Q-cm?) 1.565 1.572 2342 2.423
Roy/(Q-cm?) 756.9 718 0.8206 0.6449
HA Yo/(Q " em 25" 1.19x107* 1.7x107* 2.24x107 2.12x107
n(0<n<1) 0.9092 0.8997 0.6546 0.7005
Cyg/(F-cm™?) 4466 61.7 58.9
R/(Q-cm?) 184.2 882.4 850.9
RJ/(Q-cm?) 2.771 2326 2.677 2.587
R (Q-cm?) 6987 2.23x10* 3.33x10* 4.78x10*
SA Yo/(Q ' em 2s") 1.51x107* 1.03x107* 9.32x107° 9.37x107°
n(0<n<1) 0.885 0.9197 0.9187 0.9164
Z/(Q-em®s %) 2.69x107 3.36x107 2.25%107
RJ(Q-cm?) 2.856 2272 2.639 2.553
Ro/(Q cm?) 1.18x10* 4.00x10* 5.74x10* 7.13x10*
NA Yo/(Q ' em 2s") 1.13x107* 8.52x107° 8.01x107° 7.66x107
n(0<n<1) 0.9029 0.9259 0.9272 0.9284
Z/(Q-em®s ") 3.00x107 1.77x107* 1.44x107

in Fig. 3. In the former case, the equivalent circuit in Fig.
6(b) is used. It means that chloride ions can reach coating
surface to produce corrosion and further intercrystalline
crevices. Here, the electric double layer should be
considered between oxide film and coating surface. In
Table 2, corresponding parameter R, decreases with
immersing time in HA solution, which means the
increased damage of passive oxide film. While the
variations of Cy and R, are related with absorbed
corrosion products. In the case of SA and NA solutions,
the same equivalent circuit is shown in Fig. 6(c). It can
be seen that the denser oxide film plays a key role in the
coating corrosion resistance. The corrosion process turns
to be controlled by the film resistance and thickness of
diffusion layer. The increased R, in SA and NA
solutions in Table 2 indicate more densely protective
oxide films on the coating surfaces. Meanwhile, coating
in NA solution has better corrosion resistance than that in
SA solution. The decreased Z, in these two acid
solutions implies the decreased diffusion layer [29],
which is beneficial to reduce the corrosion because the
diffusion of ions involved in the electrochemical reaction
is minimized to the coating surface.

4.4 Corrosion morphology analysis

The corrosion morphologies of coatings clearly
reflect the effects of acid solution and cavitation.
Aggressive chloride ions in HA solution can penetrate
into the oxide film to destroy preferentially the regions
between primary and eutectic solidifications, and finally

form soluble chloride to aggravate oxide film
degradation [30]. This process is aggravated by
cavitation with clearer crevices and erosion morphology
by removing the corrosion products and revealing the
fresh area to enhance the electrochemical reaction. In
addition, coating in cavitation SA solution shows a small
quantity of erosion—corrosion sites rather than in static
case, revealing the damage of cavitation. However, the
damage is not found on coating surfaces in both static
and cavitation NA solutions, showing the protection of
oxide film and also implying the important role of acid
oxidation in both solutions.

5 Conclusions

1) The cavitation corrosion is more serious than
static corrosion, which is manifested by the less positive
corrosion potentials. This remarkable difference is
ascribed to the combined mechanical and
electrochemical effects on the corrosion behavior from
the collapse of numerous cavitation bubbles. However, if
the acid solution doesn’t contain aggressive ions, such as
nitric and sulfuric acid solutions, the impact of bubble
collapse is not as strong as to completely destroy the
oxide film, thus the cavitation effect is much reduced.

2) The chloride ions in hydrochloric acid solution
are so aggressive that they can penetrate into the oxide
film and result in serious corrosion. In this case, the
corrosion process is also aggravated by the cavitation.

Therefore, the associated action of cavitation and
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aggressive ions promotes the corrosion development.
Overall, Hastelloy C22 coating is more resistant to
corrosion in oxidizing acid solution for the stable
formation of dense oxide film on the surface.
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HLIBBRIRE ® C22 REEFRSH
= BRI TRIT A

I, aa!, xFk?
1o dbneRee T2k, MRREES TR, mitER Y MBS E S,
N A SHEARTR G, RS E R AR E K E SR, ksl 100871;
2. HEdb R AN ROIRASKLIN S B S IR, Jbat 102206

OB PSR ESAREOEIE Q235 tNEE ERIEI KE4 C22 IR, WIIREEHASL IR, il

AR P I AT Ay o FEAGSA SRR IR AR AR W LUAE S AR b AT SR I U el e A
PAERIRERR AR N, U2 R PPk RE Hh it 2 55 RO A TR« DRI M SRRV W IR 2 AE A SRR T B

TR SR T S TR ko X S SRRV MR P AR ARG MR B T AR AL N B D 2 E A G AR, A
A BRI VR R 2 R T LT . SRR, AR RV I T I AL [m) 4 F v e I S S Tl I R g
TR Y B8 B AL, 1A TCA 4 C22 YR E A0 AV FR VA VI h 2R 3L HE BE A R I 0 8 ek e

EHIR: WRICAES C22 1R WOLKE; MG SR k2 #BEbt
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