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Abstract: In this work, Ni-Cr-Mo cladding layers with different Si contents were prepared on Q235
steel using laser-cladding technology, and their corrosion characteristics were investigated in NaCl-
KCl-Na2SO4-K2SO4 mixed salt at 550 ◦C. The corrosion resistance of each cladding layer was tested
by weight loss method, and the phase compositions and microstructures of the cladding layers and
corrosion products were determined by X-ray diffraction (XRD) and scanning electron microscopy
(SEM). The results show that Si contributed to the formation of a dense chromium oxide film on the
surface, and the addition of Si can significantly improve the corrosion resistance of the cladding layer
at high temperature. At 550 ◦C, the corrosion rate of the cladding layer with 5 wt.% Si was only
38.2% of that of the cladding layer without Si. After 168 h of high-temperature corrosion, no Cr-rich
oxide scale was found in the outermost layer of the Ni-Cr-Mo cladding layer without Si. When Si
content was 3 wt.% and 5 wt.%, the Cr-rich oxide scale of the cladding layer was denser than that of
the coating with 1 wt.% Si content.

Keywords: high-temperature corrosion; laser cladding; Si content; Ni-Cr-Mo

1. Introduction

With the production of more and more urban household garbage, garbage incineration
is often adopted as a means of avoiding pollution problems [1,2]. Garbage-incineration
power generation can facilitate the recycling and utilization of garbage classification re-
sources and can also achieve the purpose of environmental protection. Unfortunately,
waste composition is very complicated, with high organic content and harmful substances,
such as Cl, S and alkali metals. These components can generate chemicals, such as HCl,
SO2, H2S, chlorine salts (NaCl, KCl) and sulfates (such as Na2SO4, K2SO4), after high-
temperature incineration. Thus, waste-incineration power generation boilers suffer from
chloride-type high-temperature corrosion and sulfide-type high-temperature corrosion [3,4].
High-temperature corrosion limits the promotion and development of waste-incineration
technology [5]. In a waste-incineration power generation boiler affected by high temper-
ature and combustion-waste smoke corrosion due to the harsh service conditions and
complex environment, the heating surface tubes (water wall tube, superheater tube, reheat
tube, economizer tube) will be subjected to high-temperature oxidation, vulcanization and
chlorine corrosion, which can easily cause tube explosion accident and threaten the safe
operation of the generator set. Therefore, it is of great practical significance to solve the
high-temperature corrosion problem of waste-incineration boilers.

Due to their excellent corrosion resistance and mechanical properties, the application
and performance improvement of nickel-based alloys has been a popular research topic.
For example, the Ni-Cr-Mo alloy is among a number of advanced nickel-based, corrosion-
resistant alloys that are widely used, owing to its good corrosion resistance in most harsh
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corrosive environments, such as wet oxygen, sulfuric acid, strong oxidized salt and other
media [6–8]. A feasible method is to prepare the Ni-based coating on the surface of the boiler
tube for high-temperature corrosion protection. Laser-cladding technology can produce
a nickel-based alloy cladding layer on the surface of the steel substrate with almost no
porosity and good metallurgical bonding with the substrate, effectively avoiding t coating
off and coating pores provide channels for corrosive media, resulting in substrate corrosion.
Ni-Cr-Mo alloys have been widely studied as cladding materials due to their excellent
corrosion resistance. Liu et al. [9] studied the thermal corrosion behavior of an Inconel
625 superalloy laser-cladding layer in a molten salt of Na2SO4-MgSO4 mixture at 900 ◦C.
Li et al. [10] successfully prepared a Ni-Cr-Mo cladding layer on the TP347H stainless
steel surface of a biomass boiler superheater tube using laser-cladding technology, and
tested it by simulating the corrosion environment of the superheater surface of a biomass
combustion device. It was found that the prepared cladding layer had excellent corrosion
resistance. Liu et al. [11] compared the corrosion resistance of TP347H stainless steel,
C22 alloy and a C22 alloy cladding layer prepared by laser cladding in molten chloride
at 450–750 ◦C, and found that the corrosion resistance of the C22 alloy cladding layer
was about twice that of the C22 alloy and ten times that of the TP347H. Liu et al. [12]
simulated the severe high-temperature corrosion environment of a pulverized coal boiler in
a low-NOx combustion environment. The experimental results showed that the corrosion
resistance of the prepared C22 laser-cladding layer was not only significantly better than
that of 20 g steel, but also higher than that of a commercial C22 alloy of similar composition.

In this work, Ni-Cr-Mo corrosion-resistant cladding layers with different Si contents (Si
contents of 0 wt.%, 1 wt.%, 3 wt.% and 5 wt.%, respectively) were prepared on a Q235 steel
surface by laser-cladding technology. Q235 steel is a common carbon structural steel with
good plastic weldability and machinability. Being cheap and easy to produce, Q235 steel
was very suitable for the substrate material. The phase composition and microstructure
of the cladding layer were characterized, and the effect of Si on a Ni-Cr-Mo corrosion
resistant alloy in a high-temperature environment with synergistic corrosion by S and Cl
was investigated, which provided a theoretical basis for solving the corrosion problems of
high-temperature molten salt in the boilers of waste-incineration power plants, and for the
development of high-temperature corrosion-resistant materials.

2. Materials and Methods
2.1. Materials

The Ni-Cr-Mo laser-cladding layers with different Si contents were prepared on Q235
steel. The chemical composition of Q235 steel is shown in Table 1. Si powder was added into
the Ni-Cr-Mo alloy powder provided by Beijing New Zhulian New Material Technology
Co., LTD (Beijing, China)., and the mixed powders with mass fractions of Si of 0 wt.%,
1 wt.%, 3 wt.% and 5 wt.% were prepared by constant stirring for 10 h. It is worth noting
that in order to avoid the influence of Cr and Mo content changes on the high-temperature
corrosion resistance of the sample, in the process of preparing the mixed powder, Cr and
Mo powders were added to keep the content of Cr and Mo fixed. The four mixed powders
were named S0, S1, S3 and S5 in accordance with the respective Si contents (Si contents
were 0 wt.%, 1 wt.%, 3 wt.% and 5 wt.% respectively), in order to facilitate the subsequent
high-temperature molten chloride corrosion test, microstructure analysis and corrosion
product analysis. The chemical compositions of mixed the powders are shown in Table 2.

Table 1. The chemical compositions of Q235 steel in wt.%.

Substrate
Element Content (wt.%)

Fe C Cr Mn Si

Q235 Bal 0.10–0.22 ≤0.25 0.40–0.60 0.12–0.30



Materials 2022, 15, 3152 3 of 12

Table 2. The chemical compositions of mixed powders in wt.%.

Samples
Element Content (wt.%)

Ni Cr Mo Si

S0 Bal 24 13 0
S1 Bal 24 13 1
S3 Bal 24 13 3
S5 Bal 24 13 5

2.2. Laser-Cladding Process and Preparation of Samples

The Ni-Cr-Mo cladding layers with different Si contents were prepared by laser-
cladding technology. The working parameters were as follows: laser power, 2400 W; scan
speed, 9 mm/s; single clad thickness, 700 µm. Argon was used to protect the molten
pool during laser cladding. On the basis of single-channel cladding, a cladding layer
with a thickness of about 4 mm was prepared by multi-channel lap bonding and multiple
cladding. Then, the cladding layers with four components were processed to a size of
20 mm × 10 mm × 2 mm by wire cutting (the middle and upper parts of the cladding layer
were selected as sampling locations to eliminate the diluting effect of matrix elements on
the cladding layer). The cladding layer samples cut for the high-temperature corrosion
test were polished by 400#, 600# and 800# waterproof sandpaper, successively, on the
metallographic grinding machine until the surface of the cladding layer samples were
smooth. The polished samples were ultrasonically cleaned in anhydrous ethanol solution
for 10 min with ultrasonic cleaning instruments, and were then ultrasonically cleaned in
acetone solution for 10 min to thoroughly remove the oil and impurities on the surface
of the samples. After that, the samples were blown dry with a hair dryer and put into a
drying dish for later use.

2.3. High-Temperature Corrosion Experiment

The incineration environment of a waste power plant is extremely complex, and there
is no relatively fixed standard for corrosive media. In this work, the mixed molten salt
corrosion reagent consisting of NaCl, KCl, Na2SO4 and K2SO4 was proportioned according
to the mass fraction of 1:1:1:1, and the high-temperature corrosion experiment was carried
out at 550 ◦C to simulate the high-temperature corrosion environment in the garbage
generator set. Because the corrosion products were peeled off easily during the experiment,
this experiment chose to measure the weight-loss-per-unit area of samples after corrosion
to characterize the corrosion resistance of different samples. The calculation formula is
as follows:

m =
m0 −m1

S
(1)

where m0 is the initial mass (g) of the experimental sample, m1 is the remaining sample
mass (g) after completing the corrosion test and removing the corrosion products on the
sample surface, and S is the surface area (m2) of the experimental sample in contact with
the corrosive environment.

During the high-temperature corrosion test, the bottom of the small corundum crucible
boat was first covered with corrosion reagents to a thickness of about 3 mm, then the sample
was placed in the crucible boat, and the remaining space of the crucible boat was filled
with corrosion reagent, ensuring that all 6 surfaces of the sample were covered by corrosion
reagent. The small crucible boat was then placed in the large corundum crucible boat to
facilitate the sample from the resistance furnace. The corrosion cycle was set to 24 h, a
total of 7 cycles (168 h). The samples were used in a non-cyclic way; that is, a total of eight
samples were placed in the tubular furnace at the beginning, and one sample was removed
for acid pickling and weighing every 24 h during the corrosion process. The eighth sample
was continuously corroded for 168 h. After being take out, it was not subjected to pickling
and was weighed for subsequent XRD and SEM analysis of the corrosion mechanism. The
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above corrosion tests were repeated 3 times to obtain more accurate corrosion weight-
loss data. The quality of the samples was measured with an electronic balance (accuracy:
±0.01 mg). The pickling processes were as follows: after complete cooling, the sample was
removed from the corrosion reagent and the corrosion products were ultrasonically cleaned
from the surface using deionized water, accelerating the stripping of corrosion products
and corrosion reagents from the surface. The sample was subsequently pickled in 25 wt.%
hydrochloric acid (concentration: 8.082 mol/L) at 80 ◦C to remove any corrosion products
that had not been stripped [13].

2.4. Characterization Method

A scanning electron microscope (SEM) was used to observe the surface morphology of
the laser-cladding layer (using aqua regia erosion) and the surface-corrosion products and
sectional morphology of the cladding layer after corrosion. The composition of the corrosion
products was measured by X-ray energy dispersive spectroscopy (EDS, Bruker, Billerica,
MA, USA). The cross section of the sample was sealed with resin, ground, polished, and
observed in a backscattering pattern. The phases of the corrosion products were analyzed
by X-ray diffractometer (XRD). The schematic of the experimental part of this work is
displayed in Figure 1.
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Figure 1. The schematic of the high-temperature corrosion experiment.

3. Results and Discussion
3.1. Microstructure of the Cladding Layer

The XRD diffraction patterns of the four samples with different Si contents are shown
in Figure 2. The main phases of the four cladding layers were γ-Ni solid solution, and
the peak position of the cladding layer was slightly smaller than that of pure γ-Ni. The
reason for the above phenomenon is that the solidification speed of molten pool was rapid
during laser cladding, and most solute atoms, such as Cr, Mo and Si, were bound in the
face-centered cubic lattice of γ-Ni. According to the Bragg equation (2dsinθ = nλ), the
crystal plane spacing of the cladding layer was relatively large, which was mainly due to
lattice distortion caused by the solution-strengthening effect.



Materials 2022, 15, 3152 5 of 12Materials 2022, 15, x FOR PEER REVIEW 5 of 12 
 

 

  

  
Figure 2. XRD patterns of the four cladding layers with different Si contents: (a) S0; (b) S1; (c) S3; (d) 
S5. 

Figure 3 clearly reveals the microstructure morphologies of the cladding layers with 
four different Si contents. It can be seen from the figure that the four cladding layers were 
mainly composed of two phases, namely the gray–black phase and the grid-like gray–
white phase. At the same time, there were a few black inclusions and holes in the tissue. 
However, only peaks of the γ-Ni solid solution can be observed in the XRD diagram (Fig-
ure 1). EDS analysis was performed on the two phase components of each cladding layer 
sample, and the results are shown in Table 3. The element contents between the two 
phases are similar, and the difference mainly focuses on Mo, Si and Ni. The gray–white 
phase contains more Mo and Si, but less Ni. It can be inferred that both are produced by 
solid solution of Cr, Mo and Si into the γ-Ni matrix. The above phenomenon occurred 
because laser cladding is a process of rapid heating and cooling with high heat transfer 
and solidification rates, which prevents the full diffusion of Cr, Mo, Si and other elements, 
resulting in interdendrite segregation. However, the atomic radii of Mo and Si are larger 
than that of Cr, so the solid solution of them into γ-Ni requires more energy, resulting in 
greater lattice distortion. A large amount of Mo and Si could not be solidly dissolved into 
the lattice of γ-Ni, resulting in enrichment in the gray–white phase between dendrites. 
Along with the Si content increase, the differences in Ni, Mo and Si contents in the two 
phases were more significant. In addition, the microstructure of the four samples was sim-
ilar (grid microstructure), but there were some differences. The size of the gray–white 
phase between dendrites is largest in the sample without Si (S0). With the increase in Si 
content, the grid-like gray–white phase size decreased gradually. 

Figure 2. XRD patterns of the four cladding layers with different Si contents: (a) S0; (b) S1; (c) S3;
(d) S5.

Figure 3 clearly reveals the microstructure morphologies of the cladding layers with
four different Si contents. It can be seen from the figure that the four cladding layers were
mainly composed of two phases, namely the gray–black phase and the grid-like gray–white
phase. At the same time, there were a few black inclusions and holes in the tissue. However,
only peaks of the γ-Ni solid solution can be observed in the XRD diagram (Figure 1). EDS
analysis was performed on the two phase components of each cladding layer sample, and
the results are shown in Table 3. The element contents between the two phases are similar,
and the difference mainly focuses on Mo, Si and Ni. The gray–white phase contains more
Mo and Si, but less Ni. It can be inferred that both are produced by solid solution of Cr,
Mo and Si into the γ-Ni matrix. The above phenomenon occurred because laser cladding
is a process of rapid heating and cooling with high heat transfer and solidification rates,
which prevents the full diffusion of Cr, Mo, Si and other elements, resulting in interdendrite
segregation. However, the atomic radii of Mo and Si are larger than that of Cr, so the solid
solution of them into γ-Ni requires more energy, resulting in greater lattice distortion. A
large amount of Mo and Si could not be solidly dissolved into the lattice of γ-Ni, resulting
in enrichment in the gray–white phase between dendrites. Along with the Si content
increase, the differences in Ni, Mo and Si contents in the two phases were more significant.
In addition, the microstructure of the four samples was similar (grid microstructure), but
there were some differences. The size of the gray–white phase between dendrites is largest
in the sample without Si (S0). With the increase in Si content, the grid-like gray–white
phase size decreased gradually.



Materials 2022, 15, 3152 6 of 12
Materials 2022, 15, x FOR PEER REVIEW 6 of 12 
 

 

 

Figure 3. Microstructures of cladding layers with different Si contents: (a) S0; (b) S1; (c) S3; (d) S5. 

Table 3. Chemical composition (wt.%) of two phases in four cladding layers with different Si contents. 

Sample Number and Location 
Element Content (wt.%) 

Ni Cr Mo Si 

S0 
gray–black phase 61.38 24.44 14.18 00.00 
gray–white phase 59.72 23.98 16.30 00.00 

S1 gray–black phase 61.68 23.36 13.61 01.35 
gray–white phase 56.61 23.78 17.85 01.76 

S3 gray–black phase 61.09 23.61 13.37 01.93 
gray–white phase 56.70 22.48 17.47 03.35 

S5 gray–black phase 61.54 23.29 12.42 02.75 
gray–white phase 49.35 20.64 23.78 06.22 

3.2. High-Temperature Corrosion Kinetics 
Figure 4a shows the weight loss curves of the four cladding layers with different Si 

contents (S0, S1, S3 and S5) corroded for 168 h in the mixed salt corrosion reagent at 550 
°C. It can be seen that the weight loss difference of the four cladding layers was not obvi-
ous at the initial stage of corrosion (within 48 h), while the four cladding layers showed 
maximum weight loss after 168 h. The maximum weight loss of S0 was 78.82 mg/cm2, that 
of S1 was 44.91 mg/cm2, that of S3 was 37.15 mg/cm2 and that of S5 was 30.11 mg/cm2. 
With the increase in Si content, the corrosion rate of the cladding layer tended to decrease. 
The corrosion resistance of S5 cladding with 5 wt.% Si was the best, with corrosion loss 
weight of only 38.2% of that of the cladding without Si. In addition, according to the actual 
weight loss curves, weight loss data of the four cladding layers can be fitted to predict the 
corrosion weight loss trend (the formulas obtained by fitting are shown in Table 4). The 
weight loss rate can be obtained by substituting the corrosion time into the derivative 
function. In the last period (168 h), the change rate of corrosion weight loss of the four 
cladding layers (unit: mg·cm−2·h−1) from high to low was S0 (0.68) >S1 (0.34) >S3 (0.29) >S5 
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Table 3. Chemical composition (wt.%) of two phases in four cladding layers with different Si contents.

Sample Number and Location
Element Content (wt.%)

Ni Cr Mo Si

S0
gray–black phase 61.38 24.44 14.18 00.00
gray–white phase 59.72 23.98 16.30 00.00

S1
gray–black phase 61.68 23.36 13.61 01.35
gray–white phase 56.61 23.78 17.85 01.76

S3
gray–black phase 61.09 23.61 13.37 01.93
gray–white phase 56.70 22.48 17.47 03.35

S5
gray–black phase 61.54 23.29 12.42 02.75
gray–white phase 49.35 20.64 23.78 06.22

3.2. High-Temperature Corrosion Kinetics

Figure 4a shows the weight loss curves of the four cladding layers with different Si
contents (S0, S1, S3 and S5) corroded for 168 h in the mixed salt corrosion reagent at 550 ◦C.
It can be seen that the weight loss difference of the four cladding layers was not obvious at
the initial stage of corrosion (within 48 h), while the four cladding layers showed maximum
weight loss after 168 h. The maximum weight loss of S0 was 78.82 mg/cm2, that of S1
was 44.91 mg/cm2, that of S3 was 37.15 mg/cm2 and that of S5 was 30.11 mg/cm2. With
the increase in Si content, the corrosion rate of the cladding layer tended to decrease. The
corrosion resistance of S5 cladding with 5 wt.% Si was the best, with corrosion loss weight
of only 38.2% of that of the cladding without Si. In addition, according to the actual weight
loss curves, weight loss data of the four cladding layers can be fitted to predict the corrosion
weight loss trend (the formulas obtained by fitting are shown in Table 4). The weight loss
rate can be obtained by substituting the corrosion time into the derivative function. In the
last period (168 h), the change rate of corrosion weight loss of the four cladding layers
(unit: mg·cm−2·h−1) from high to low was S0 (0.68) > S1 (0.34) > S3 (0.29) > S5 (0.20), and
that of S0 was 3.4 times that of S5. Combined with the weight loss curves, it can be seen
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that the corrosion weight loss rate of the three cladding layers with Si added was stable in
the late corrosion stage, while that of the cladding layer without Si increased significantly.
This indicates that with the progress of corrosion, the oxidation layer on the surface of
S0 could no longer hinder the interaction between O, S, Cl and the surface metal, thus
accelerating the occurrence of corrosion. Figure 4b shows the macroscopic morphology of
the four samples after 168 h of corrosion at 550 ◦C. At 550 ◦C, green corrosion products
(Cr-rich corrosion products, which are discussed below) were found on cladding samples
of all four Si contents.
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Figure 4. (a) The weight loss curves of the four cladding layers corroded for 168 h in the mixed salt
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Table 4. High-temperature kinetic curve-fitting curve parameters.

Sample Equation Anastomosis
Degree

Derived
Function

The Rate of
Corrosion Change

(168 h)

S0 y = 0.027x1.558 0.94909 y = 0.042x0.558 0.68 mg·cm−2·h−1

S1 y = 0.067x1.279 0.97504 y = 0.085x0.279 0.34 mg·cm−2·h−1

S3 y = 0.033x1.372 0.98796 y = 0.045x0.372 0.29 mg·cm−2·h−1

S5 y = 0.082x1.152 0.99618 y = 0.945x0.152 0.20 mg·cm−2·h−1

3.3. High-Temperature Corrosion Products

Figure 5 shows the XRD patterns of the corrosion products of the four cladding layers
after corrosion at 550 ◦C for 168 h. It can be seen that Cr2O3 formed on the surface of
all the four cladding layers at 550 ◦C. The oxygen in the air was adsorbed on the surface
of the sample by diffusion, resulting inmetal oxide layers. The oxidation sequences of
different elements in the Ni-Cr-Mo alloy vary, depending on the Gibbs free energy at the
experimental temperature. In general, the Gibbs free energy of Cr2O3 formation is the
lowest, followed by that of MoO2 and NiO. At 550 ◦C, only partial melting occurred in
the corrosive medium (mixed salt), and chemical corrosion was still the main corrosion
mechanism. O2 in the airfreely reacted with the cladding layer through the unmelted
corrosive medium. The chemical reaction equation is as follows:

xM(s) + (y/2)O2(g)→MxOy(s) (2)
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4HCl(g) + O2(g)→2Cl2(g) + 2H2O(g) (6) 

where R is the reaction of Cl through the oxide layer on the surface and the cladding layer 
at high temperature to generate chloride. As confirmed by Abels et al. [14], this part of 
chloride (G) reacts with O2 again to generate corresponding oxide and Cl2. According to 
the reaction (6), Cl2 is the main corrosive medium in the short period of corrosion in the 
HCl-O2 atmosphere, rather than HCl. Therefore, the mechanism of Cl−- and Cl−-containing 
gases corroding the alloy is as follows [15–17]: 

M(s) + Cl2(g)→MCl2(s) (7) 

M(s) + 2HCl(g)→MCl(s) + H2(g) (8) 

MCl(s)→MCl(g) (9) 

xMCl2(g) + (y/2)O2(g)→MxOy(s) + xCl2(g) (10) 

Therefore, a large number of metal oxides (NiO, Cr2O3, etc.) were detected in the 
outer corrosion product layer. Meanwhile, with the increase in the content of Si, SiO2 was 
also detected in cladding-layer surface-corrosion products. SiO2 can also form a dense ox-
ide film that effectively protects the alloy cladding layer during high-temperature corro-
sion. NiCr2O4 and CrMoO3 were also detected on the surface of some samples. Due to the 
higher elemental diffusion energy at higher temperatures, some Ni atoms replace the po-
sitions of Cr and Mo in the oxide layers. In other words, Cr2O3 and MoO2 underwent high-
temperature melt, which caused the weight loss in the samples. 
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In addition, the cladding layer could also react with sulfates in the corrosive medium,
as follows:

xM(s) + ySO4
2−(g,l)→MxOy(s) + ySO2 + yO2− (3)

M is metal element (Ni, Cr, Mo and other metal elements), will generate NiO, Cr2O3,
MoO2 and other oxides, which are attached to the surface of the cladding layer to prevent
the continuation of corrosion. In addition, due to the presence of alkali metal chloride in
the corrosion medium, the following reactions occur in the corrosion process:

RCl(s)→RCl(g) (4)

RCl(s,g) + H2O(g)→ROH(s,g) + HCl(g) (5)

4HCl(g) + O2(g)→2Cl2(g) + 2H2O(g) (6)

where R is the reaction of Cl through the oxide layer on the surface and the cladding layer
at high temperature to generate chloride. As confirmed by Abels et al. [14], this part of
chloride (G) reacts with O2 again to generate corresponding oxide and Cl2. According to the
reaction (6), Cl2 is the main corrosive medium in the short period of corrosion in the HCl-O2
atmosphere, rather than HCl. Therefore, the mechanism of Cl−- and Cl−-containing gases
corroding the alloy is as follows [15–17]:

M(s) + Cl2(g)→MCl2(s) (7)
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M(s) + 2HCl(g)→MCl(s) + H2(g) (8)

MCl(s)→MCl(g) (9)

xMCl2(g) + (y/2)O2(g)→MxOy(s) + xCl2(g) (10)

Therefore, a large number of metal oxides (NiO, Cr2O3, etc.) were detected in the outer
corrosion product layer. Meanwhile, with the increase in the content of Si, SiO2 was also
detected in cladding-layer surface-corrosion products. SiO2 can also form a dense oxide
film that effectively protects the alloy cladding layer during high-temperature corrosion.
NiCr2O4 and CrMoO3 were also detected on the surface of some samples. Due to the
higher elemental diffusion energy at higher temperatures, some Ni atoms replace the
positions of Cr and Mo in the oxide layers. In other words, Cr2O3 and MoO2 underwent
high-temperature melt, which caused the weight loss in the samples.

Figure 6 shows the surface-corrosion product morphology of the four cladding layers
with different Si contents after continuous corrosion at 550 ◦C for 168 h. The surface of
the four samples all have different degrees of corrosion pits. The inside and outside of the
corrosion pits of the four samples were analyzed respectively. The EDS analysis results of
the area around the corrosion pit of S0 and S1 indicate that the Ni and O contents of outer
pits were high; however, the Cr content increased significantly inside the pits and was much
higher than the Ni content. O content was very high, while the S content was noticeably
lower than that outside of the pit. In addition, the corrosion products with obvious layer
structures could be observed by analyzing the magnified morphology of the sample surface.
The corrosion products in the pits and the upper-layer corrosion products outside of the pits
contained both Cr and O, of which the content was much higher than other elements. The
dense Cr2O3 film is beneficial to prevent the diffusion of O and corrosion reagents into the
substrate, delaying the occurrence of corrosion. It can be deduced that when the Si content
was too low, owing to the melting and volatilization of some Cr/Mo-rich oxides in the
outermost corrosion products, the surface products could not block the action of corrosive
gases and corrosive ions, and the internal alloy materials were constantly suffering from
corrosion. However, Nickel oxide is more difficult to volatilize or decompose, because
it possesses high stability compared to Cr and Mo compounds. Therefore, corrosion
products that were poor in Cr and Mo and rich in Ni formed on the samples surface. With
the increases in added silicon, the Si content in the Cr-rich oxides of the S3 and S5 also
increased. The corrosion resistance of the superalloys is mainly due to the protective oxide
film generated on their surfaces during high-temperature oxidation. The continuous oxide
layer effectively prevents the intrusion of corrosive media, such as O, S and Cl, consequently
resisting high-temperature oxidation and high-temperature thermal corrosion. It has been
confirmed that the addition of Si to the alloy can promote the generation of dense Cr2O3 on
the alloy surface, thus improving corrosion resistance [18].
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To further explore the corrosion of Ni-Cr-Mo cladding layers with different Si contents,
the cross-sectional morphologies of the four samples were observed after corrosion at 550 ◦C
for 168 h (Figure 7). The morphologies of the outermost-layer corrosion products of the four
samples were different. The outermost corrosion products on the surfaces without Si were
loose and porous, while after Si was added, the outermost corrosion products on the sample
surfaces changed and formed a denser film mainly composed of O and Cr. Moreover, the
Cr-rich oxide scale on the surfaces of the samples with 3% and 5% Si was denser than on
that with 1% Si. In some studies [19,20], electrochemical methods have been used to confirm
that in molten salt environments, different states of Cr-rich oxide scale produce different
degrees of protection, which is also the reason why the corrosion resistance of the cladding
layer with Si addition was better than that without Si addition in this work. However, the
higher carrier density of Cr-rich oxide layers in more intensely corrosive environments was
also demonstrated by electrochemical measurements (the higher the carrier density, the
more point defects, the more micropores, the rougher the surface, the weaker the protection
effect of the corrosion layer). Combined with the morphology characteristics of the outer
Cr-rich oxide layers of the four cladding layers in Figure 7, this can better explain why the
corrosion resistance of S3 and S5 was better than that of S1. In addition, except for Si, the
contents of other elements (Ni, Mo, etc.) at this position decreased significantly; that is, Si
is also present in Cr-rich oxide positions. The addition of Si to Ni-based alloys contributes
to the formation of chromium oxides at high temperature, which has been confirmed in
previous reports [18,21]. The Cr-dissipative zone was observed in the cross-sections of
the four cladding layers, revealing that Cr in the cladding layer near the corrosion layer
is used to form chromium oxide film on the surface, and the width of the Cr-dissipative
zone reduced noticeably after the addition of Si. However, it is noteworthy that the Cr-
rich oxide scale is not observed in the sectional distribution diagram of the elements in
the S0 sample without Si, which may have resulted from the destruction of the Cr-rich
oxide scale generated previously, and the high-temperature corrosion resistance of the
cladding layer that mainly comes from the rapid formation of a Cr2O3 oxide film to hinder
the continuation of the reaction. The selective oxidation of the surface occurred firstly in
high-temperature thermal corrosion, and the Cr-rich oxide scale was destroyed. O, S and Cl
diffused into the cladding layer due to the destruction of the Cr-rich oxide scale, resulting
in severely accelerated corrosion. When the surface oxide scale was mainly composed of
NiO, oxidation corrosion was aggravated as the acid melting and fusing reaction of NiO
and Na2SO4 occurred, so that the weight loss of the Ni-Cr-Mo cladding layer without Si
in thermal corrosion was much greater than that of the Ni-Cr-Mo cladding layer with Si
added, and increased significantly at later stages.
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Figure 7. The cross-sectional morphology and EDS element distribution of cladding layer after high
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4. Conclusions

The main phases of the four Ni-Cr-Mo cladding layers with different Si contents were
γ-Ni solid solutions comprising a primary crystal phase and an interdendritic eutectic
phase. Si was mainly distributed in the interdendritic eutectic phase. The eutectic phase
size decreased with the increase in Si content.

Si is improved the corrosion resistance of the cladding layers at high temperature. In
NaCl-KCl-Na2SO4-K2SO4 mixed salt medium at 550 ◦C, the corrosion resistance of the
cladding layers was improved with increase in Si content (Si content was between 0 and
5 wt.%). The corrosion weight loss of the Ni-Cr-Mo cladding layer with Si added was
significantly less than that of the cladding layer without Si.

Si contributed to the formation of a dense oxide film of chromium on the on the surface
of cladding layer. From the cross-section of the corrosion sample, the Cr-rich oxide layer
does not appear in the outermost measurement of the Ni-Cr-Mo cladding layer without
Si, but is very obvious on the surface of the cladding layer with Si. Moreover, the Cr-rich
oxide scales on the cladding layers with 3 wt.% and 5 wt.% Si were denser than that on the
cladding layer with 1 wt.% Si.

Author Contributions: Conceptualization, S.C. and Z.L.; methodology, S.C.; software, Y.S.; investiga-
tion and validation, S.C.; sample preparation and formal analysis, S.C. and Y.S.; writing–review and
editing, S.C. and S.L.; supervision, Z.L.; project administration, Z.L.; funding acquisition, Z.L. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2022, 15, 3152 12 of 12

References
1. Chen, H.; Li, J.; Li, T.; Xu, G.; Jin, X.; Wang, M.; Liu, T. Performance assessment of a novel medical-waste-to-energy design based

on plasma gasification and integrated with a municipal solid waste incineration plant. Energy 2022, 245, 123156. [CrossRef]
2. Joseph, A.M.; Snellings, R.; Nielsen, P.; Matthys, S.; De Belie, N. Pre-treatment and utilisation of municipal solid waste incineration

bottom ashes towards a circular economy. Constr. Build. Mater. 2020, 260, 14.
3. Ma, W.C.; Wenga, T.; Frandsen, F.J.; Yan, B.B.; Chen, G.Y. The fate of chlorine during MSW incineration: Vaporization, transforma-

tion, deposition, corrosion and remedies. Prog. Energy Combust. Sci. 2020, 76, 39. [CrossRef]
4. Otsuka, N. Chemistry and melting characteristics of fireside deposits taken from boiler tubes in waste incinerators. Corros. Sci.

2011, 53, 2269–2276. [CrossRef]
5. Mudgal, D.; Ahuja, L.; Bhatia, D.; Singh, S.; Prakash, S. High temperature corrosion behaviour of superalloys under actual waste

incinerator environment. Eng. Fail. Anal. 2016, 63, 160–171. [CrossRef]
6. Qiu, Z.J.; Wu, B.T.; Wang, Z.Y.; Wexler, D.; Carpenter, K.; Zhu, H.L.; Muransky, O.; Zhang, J.R.; Li, H.J. Effects of post heat

treatment on the microstructure and mechanical properties of wire arc additively manufactured Hastelloy C276 alloy. Mater.
Charact. 2021, 177, 12. [CrossRef]

7. Zhu, H.; Muránsky, O.; Wei, T.; Davis, J.; Budzakoska-Testone, E.; Huang, H.; Drew, M. The effect of applied stress on the
high-temperature creep behaviour and microstructure of NiMoCr Hastelloy-N® alloy. Materialia 2021, 16, 101069. [CrossRef]

8. Banoth, S.; Palleda, T.N.; Saito, T.; Murakami, H.; Kakehi, K. Effects of yttrium and silicon contents in Hastelloy-X built by
selective laser melting process. J. Alloys Compd. 2022, 896, 18. [CrossRef]

9. Liu, H.F.; Tan, C.K.I.; Meng, T.L.; Teo, S.L.; Liu, J.Y.; Cao, J.; Wei, Y.F.; Tan, D.C.C.; Lee, C.J.J.; Suwardi, A.; et al. Hot corrosion and
internal spallation of laser-cladded Inconel 625 superalloy coatings in molten sulfate salts. Corros. Sci. 2021, 193, 10. [CrossRef]

10. Li, X.Z.; Liu, Z.D.; Li, H.C.; Wang, Y.T.; Li, B. Investigations on the behavior of laser cladding Ni-Cr-Mo alloy coating on TP347H
stainless steel tube in HCl rich environment. Surf. Coat. Technol. 2013, 232, 627–639. [CrossRef]

11. Liu, S.N.; Liu, Z.D.; Wang, Y.T.; Tang, J. A comparative study on the high temperature corrosion of TP347H stainless steel, C22
alloy and laser-cladding C22 coating in molten chloride salts. Corros. Sci. 2014, 83, 396–408. [CrossRef]

12. Liu, Z.D.; Liu, C.C.; Gao, Y.; Zheng, C. High Temperature Corrosion Behaviors of 20G Steel, Hastelloy C22 Alloy and C22 Laser
Coating under Reducing Atmosphere with H2S. Coatings 2020, 10, 617. [CrossRef]

13. Gines, M.J.L.; Benitez, G.J.; Perez, T.; Merli, E.; Firpo, M.A.; EgliI, W. Study of the picklability of 1.8 mm hot-rolled steel strip in
hydrochloric acid. Lat. Am. Appl. Res. 2002, 32, 281–288.

14. Abels, J.-M.; Strehblow, H.-H. A surface analytical approach to the high temperature chlorination behaviour of Inconel 600 at
700 ◦C. Corros. Sci. 1997, 39, 115–132. [CrossRef]

15. Viklund, P.; Hjörnhede, A.; Henderson, P.; Stålenheim, A.; Pettersson, R. Corrosion of superheater materials in a waste-to-energy
plant. Fuel Process. Technol. 2013, 105, 106–112. [CrossRef]

16. Liu, B.; Wei, X.L.; Wang, W.L.; Lu, J.F.; Ding, J. Corrosion behavior of Ni-based alloys in molten NaCl-CaCl2-MgCl2 eutectic salt
for concentrating solar power. Sol. Energy Mater. Sol. Cells 2017, 170, 77–86. [CrossRef]

17. Skrifvars, B.J.; Westen-Karlsson, M.; Hupa, M.; Salmenoja, K. Corrosion of super-heater steel materials under alkali salt deposits.
Part 2: SEM analyses of different steel materials. Corros. Sci. 2010, 52, 1011–1019. [CrossRef]

18. Wang, S.; Wu, Y.; Ni, C.S.; Niu, Y. The effect of Si additions on the high temperature oxidation of a ternary Ni-10Cr-4Al alloy in
1 atm O2 at 1100 ◦C. Corros. Sci. 2009, 51, 511–517. [CrossRef]

19. Wang, J.H.; Li, D.G.; Shao, T.M. Electrochemical study on the hot corrosion behavior of Ni16Cr13Co4Mo alloy in molten NaCl-KCl
and NaCl-KCl-Na2SO4. Corros. Sci. 2022, 200, 110247. [CrossRef]

20. Zahrani, E.M.; Alfantazi, A.M. High temperature corrosion and electrochemical behavior of INCONEL 625 weld overlay in
PbSO4-Pb3O4-PbCl2-Cdo-ZnO molten salt medium. Corros. Sci. 2014, 85, 60–76. [CrossRef]

21. Yun, D.W.; Seo, S.M.; Jeong, H.W.; Yoo, Y.S. The effects of the minor alloying elements Al, Si and Mn on the cyclic oxidation of
Ni-Cr-W-Mo alloys. Corros. Sci. 2014, 83, 176–188. [CrossRef]

http://doi.org/10.1016/j.energy.2022.123156
http://doi.org/10.1016/j.pecs.2019.100789
http://doi.org/10.1016/j.corsci.2011.03.009
http://doi.org/10.1016/j.engfailanal.2016.02.016
http://doi.org/10.1016/j.matchar.2021.111158
http://doi.org/10.1016/j.mtla.2021.101069
http://doi.org/10.1016/j.jallcom.2021.163050
http://doi.org/10.1016/j.corsci.2021.109869
http://doi.org/10.1016/j.surfcoat.2013.06.048
http://doi.org/10.1016/j.corsci.2014.03.012
http://doi.org/10.3390/coatings10070617
http://doi.org/10.1016/S0010-938X(96)00112-6
http://doi.org/10.1016/j.fuproc.2011.06.017
http://doi.org/10.1016/j.solmat.2017.05.050
http://doi.org/10.1016/j.corsci.2009.11.026
http://doi.org/10.1016/j.corsci.2008.10.023
http://doi.org/10.1016/j.corsci.2022.110247
http://doi.org/10.1016/j.corsci.2014.03.034
http://doi.org/10.1016/j.corsci.2014.02.015

	Introduction 
	Materials and Methods 
	Materials 
	Laser-Cladding Process and Preparation of Samples 
	High-Temperature Corrosion Experiment 
	Characterization Method 

	Results and Discussion 
	Microstructure of the Cladding Layer 
	High-Temperature Corrosion Kinetics 
	High-Temperature Corrosion Products 

	Conclusions 
	References

