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Abstract
A multiple gas tungsten arc welding was performed on the fabrication of the Fe–Cr–Ni-based weld metal. Microstructures 
and hot corrosion behaviors of the non-equilibrium weld metals with different Nb contents in 75 wt%Na2SO4–25 wt%NaCl 
molten salt at 700 °C have been investigated. A bilayer oxide film composed of an inner  Cr2O3 layer and an outer  Fe2O3 
layer formed on the surface of the weld metals. The mass gain rate and the thickness of the surface oxide film were enlarged 
with Nb addition, which could be attributed to the rapid inward diffusion of O through the cracks resulting from the Nb-
oxide. Oxidation and sulfidation occur in the matrix, resulting in a large internal oxidation zone (IOZ) in the weld metal. 
Nb seemly promoted the sulfidation reaction due to a short-circuit diffusion of S through the interface of the Nb(C, N) 
and matrix and made the internal corrosion products to be distributed along the interdendritic zone of the weld metal. An 
apparent Cr-dealloyed layer appears in the IOZ of the weld metal. Dealloying was the detrimental form of hot corrosion of 
Fe–Cr–Ni-based weld metal exposed to molten salts containing chloride salts. Alloying with 0.8 wt% of Nb further acceler-
ated the dealloying and resulted in a profound attack.

Keywords Fe–Cr–Ni weld metal · GTAW  · Hot corrosion · Nb · Oxide scale · Diffusion

1 Introduction

Welding technology is generally an important process in the 
fabrication of key components in the fields of nuclear power 
plants or thermal power plants, like stream generation tubes 
and superheaters [1, 2]. Austenitic heat-resistant steel weld-
ing material has been widely applied to the above fields due 
to its comprehensive mechanical properties, excellent oxi-
dation resistance and low price [3]. Generally, weld metals 
will face considerable challenges in elevated temperature 
harsh environments as same as the base materials. Due to 

coarse solidification microstructure and welding defects, 
weld metals usually have poor high-temperature perfor-
mances in actual service and are considered weak points for 
the components. The properties of the weld joints are just 
regarded as the key point to directly determine the service 
life of the components. Numerous outstanding jobs have 
been performed to study the relationship between the micro-
structures and properties of weld metals, and then provide 
many methods to improve the high-temperature performance 
of the weld metals [4, 5]. Microalloying, welding process 
parameters and heat treatments are common useful methods 
to control the microstructure and properties of weld metals 
[6-8].

Niobium is an important microalloying element to 
improve the mechanical properties of metals and alloys [9, 
10]. The strength of alloys would be enhanced by solid solu-
tion strengthening and precipitation strengthening resulting 
from the element Nb. However, alloys could be damaged 
at elevated temperatures by a process called hot corrosion 
[11]. In most high-temperature environments, the thin oxide 
film formed on the surface of Fe- and Ni-based alloys pro-
tects them from corrosion. However, the oxide layer breaks 
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down and alloys undergo selective dissolution (dealloying) 
of reactive elements (e.g. Fe, Cr, Mn) in high-temperature 
molten salt environments [12]. Generally, hot corrosion is 
not expected in pure molten salts but it is the fact that chlo-
ride salts contain moisture, which is hard to be completely 
removed, and upon melting residual moisture content reacts 
with chloride ions and forms highly soluble HCl that is 
highly corrosive. Morphology of dealloyed layer later upon 
dealloying of Cr and Fe from Ni-based alloys exposed to 
molten halide salts depends on the atom fraction of Ni in 
the alloy and the operating temperature, involves the forma-
tion of Ni enriched layer with subsurface void and/or porous 
structure rich in Ni associated with perforating nature of 
dealloyed layer and molten salts [13-15]. Therefore, the hot 
corrosion resistance of structural materials including weld 
materials in the molten salt environment is as important as 
the mechanical properties, affecting the service life of the 
components directly. A stable and dense surface oxide film 
is the key to affecting the hot corrosion resistance of alloys. 
It is reported that chlorides and sulfates are the two main 
salts that lead to the hot corrosion failure of alloys [16, 17]. 
Oxygen-containing molten salts do not promote dealloy-
ing. However, dealloying occurs in molten chloride salts. 
Therefore, many works have focused on the hot corrosion 
behaviors of heat-resistant alloys in molten chlorides and/
or sulfates at elevated temperatures and the failures of the 
surface oxide film have been investigated.

Nowadays, the role of niobium in the hot corrosion 
behavior of alloys in molten salts has been reported. Zhou 
et al. [18] investigated the hot corrosion behaviors of two 
Ni-based superalloys with and without minor Nb under 
molten  Na2SO4 at 900 °C. They indicated that minor Nb 
could accelerate the formation of chromia scale and inhibit 
the internal oxidation/nitridation, leading to a lower scaling 
rate. Xu et al. [19] added 1 wt% Nb to Ni–Cr alloy and found 
that Nb improved Cr activity and NbC particles precipitating 
along grain boundaries suppress the outward diffusion of Fe 
and Ni. Nb has a beneficial effect on the oxidation resistance 
of Ni–Cr alloy. However, Dai et al. [20] added Nb into TiAl 
coating and reported that adding too much Nb to the coat-
ing deteriorated the hot corrosion resistance of the coating. 
Jia et al. [21] also reported that the formation of the Laves 
phase was promoted by Nb addition, which increased the 
oxidation parabolic rate constant. The difference in previ-
ous research results could be attributed to the Nb content 
and the Nb-forming precipitates, like carbides, Laves phase, 

and G phase. The corrosion resistance and thermal stability 
of those precipitates are different, which will result in com-
plex element diffusion behaviors and dealloying in alloys at 
elevated temperatures [22].

Due to the unique welding heat input, weld metals are 
non-equilibrium solidification microstructures [23]. The dis-
tribution of composition and second particles has a signifi-
cant difference with base materials. Nb is a negative segre-
gation element. Wu et al. [24] investigated the solidification 
of the Ni–Fe-based weld metal and reported that Nb tends 
to segregate to interdendritic regions during the solidifica-
tion process. Nb-forming precipitates generally form along 
the columnar dendrite and were distributed in a chain. The 
unique distribution of Nb elements and precipitates may 
result in the special hot corrosion behavior of weld metals. 
Therefore, the influence of Nb on the hot corrosion behav-
iors of weld metals needs to be given more attention.

In the present research, element Nb was added to the 
Fe–Cr–Ni-based austenitic heat-resistant steel weld metal 
and its effect on the microstructure and hot corrosion behav-
iors of the weld metals was investigated. OM and SEM 
were performed to observe the microstructure and surface 
corrosion morphologies of weld metals with different Nb 
addition. The composition distribution and structures of 
hot corrosion products were analyzed by EDS and XRD, 
respectively.

2  Materials and Preparations

2.1  Materials and Welding

A 310  s austenitic heat-resistant steel and two welding 
wires with different Nb contents, labeled as 0Nb and 0.8Nb, 
were prepared as base material and filler metals, respec-
tively. The chemical compositions of the above experi-
mental materials are given in Table 1. The base material 
is 300 mm × 100 mm × 16 mm in dimension and the diam-
eter of the welding wires is about Φ1.2 mm. A multiple gas 
tungsten arc welding (GTAW) was then employed in the 
butt welding experiment and the corresponding schematic 
diagram of the butt joint is shown in Fig. 1. The angle of 
the butting groove in the present research is about 60°. The 
specific welding parameters are given in Table 2. After weld-
ing, all weld metals were detected by an X-ray inspection to 
discover whether there were any welding defects existing 

Table 1  Chemical composition 
of the base material and welding 
wires (wt%)

C Cr Ni Si Mn N Nb Fe

310S 0.055 25.10 19.71 0.49 0.97 – – Bal.
0Nb 0.084 25.89 20.90 0.51 1.65 0.10 – Bal.
0.8Nb 0.092 26.14 21.02 0.48 1.70 0.098 0.78 Bal.
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in the interior of the weldments. The experimental samples 
should be cut from the part without any welding defects to 
ensure the reliability of the hot corrosion test.

2.2  Hot Corrosion Test

The hot corrosion test samples with a dimension of 
10 mm × 10 mm × 4 mm were cut with a wire electrical dis-
charge machining (WEDM) from the core of weld metals 
and away from the interface of weld metal and base material, 
which would avoid the influence of the chemical composi-
tion dilution on the hot corrosion behavior of weld metal, as 
shown in Fig. 1. The specimens were then ground with 150, 
240, 400, 800, 1200 and 2000 grid sandpapers and cleaned 
ultrasonically in alcohol prior to hot corrosion tests. A dry-
ing oven was performed to keep specimens at 50 °C for 10 h 
after cleaning, which helps to achieve accurate weights of 
the original weld metals without the influence of residual 
alcohol. Laboratory-grade  Na2SO4 and NaCl, purchased 
from China National Pharmaceutical Group Co., Ltd., were 
dissolved in deionized water at a weight ratio of 3:1 to pre-
pare a saturated solution. The coupons were heated on a hot 
plate to approximately 200 °C while simultaneously apply-
ing the salt mixture to the surface by spraying the saturated 
solution with a spray gun. The test coupons were weighed 
regularly to ensure that the proper quantity of mixed salt was 
deposited on surfaces during the salt application. Approxi-
mately 5.0 ± 0.2 mg/cm2 of the salt mixture was controlled 

to be deposited on each specimen. Samples were then kept 
at 700 °C for 5 h, 10 h, 20 h, 30 h, 50 h, 70 h and 100 h in 
ambient air in a muffle furnace for the hot corrosion test. 
To get rid of the influence of the spallation of surface oxide 
scales on the weight gain measurement during hot corro-
sion test or cooling, samples would be put into corundum 
crucibles sealed with a cover. Three parallel specimens were 
prepared for each duration to ensure the reliability of the 
experiments. The weight gain changes of the specimens were 
measured by an analytical balance with an accuracy of 0. 
01 mg in each duration.

2.3  Microstructure Characterization

Samples were prepared with a traditional mechanical grind-
ing and polishing process and then etched at 10 V in a 10% 
oxalic acid reagent for microstructure observation. The 
microstructures of the as-welded alloys with different Nb 
addition as well as the surface morphologies of the oxide 
scales on hot corrosion test samples were observed by a 
Merlin Compact field emission SEM. The samples were 
cleaned after hot molten salt corrosion experiments and the 
crystallographic structures of the surface oxide scales of the 
investigated weld metals at various hot corrosion durations 
were characterized by a Bruker D2 Phaser XRD with Cu 
Kα radiation at 30 kV in the 2θ range of 10–90° with the 
scanning step of 2°/min. Hot corroded samples were cut into 
two parts from the middle with WEDM. The cross-section of 
the oxide scales of one part was mounted with epoxy resin 
and also prepared with a traditional grinding and polishing 
process for microstructure observation. The element distri-
butions in weld metals as well as the compositions of the 
precipitates in the matrix were analyzed by an EDS equipped 
on an SEM.

3  Results and Discussions

3.1  Microstructures of Fe–Cr–Ni‑Based Weld Metals 
with Different Nb Contents

Microstructures of the weld metals with different Nb con-
tents observed by OM and SEM are given in Fig. 2. The 
large columnar dendrites indicated a typical as-welded metal 
microstructure. With the Nb addition, the secondary den-
drite arm space is enlarged, as shown in Fig. 2(a1,  b1). Due 
to the high Cr content, there are amounts of Cr-carbides 

Fig. 1  Schematic diagram of the weld joint and the sampling location 
of the hot corrosion specimens

Table 2  Welding parameters Current
(A)

Voltage
(V)

Wire feed speed
(mm/min)

Travel speed
(mm/min)

Gas flow rate
(L/min)

shielding gas Interpass
temperature(°C)

180 12 1100 110 15 99.999% Ar < 150
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precipitating along the grain boundaries in the 0Nb weld 
metal. However, no secondary particles could be found in 
the core of dendrites or interdendritic regions. Elemental Nb 
has a strong affinity with elemental C and could promote the 
formation of NbC carbide at high temperatures [25]. With 
0.8 wt% Nb addition, Nb(C, N) would precipitate in the weld 
metal, as shown in Fig. 2(b2). Due to the high cooling rate, 
the diffusion of elements is generally insufficient and ele-
ment segregation is a common phenomenon in weld metals 
during the welding process [26]. Typically, Nb is a negative 
segregation element and it just tends to segregate in the liq-
uid during the solidification. Thus the interdendritic zones 
will be rich in Nb and the core of dendrites will be poor in 
Nb. Second particles Nb(C, N) just are distributed in a chain 
in the interdendritic zone.

3.2  Effect of Nb on the Hot Corrosion Behaviors 
of the Fe–Cr–Ni‑Based Weld Metal

Figure 3 gives the mass changes of weld metals with or with-
out Nb after being exposed to 700 °C in the  Na2SO4–NaCl 
molten salts. The result shows that the weight gains of 
weld metals with different Nb contents follow a para-
bolic law, indicating a diffusion control process at high 
temperatures. The corresponding parabolic rate constants 
[27], which reflect the hot corrosion rate of alloy, are cal-
culated based on polt curves in Fig. 3. The values of the 
parabolic rate constants for 0Nb and 0.8Nb weld metals are 
1.35 ×  10–9  g2*cm−4/s and 2.76 ×  10–9  g2*cm−4/s, respec-
tively. It is obvious that the weld metal with the elemental 
Nb addition exhibits a higher weight gain at each time in 
comparison to the Nb-free weld metal. That is, elemental Nb 

accelerates the hot corrosion of Fe–Cr–Ni-based heat-resist-
ance steel weld metal and is harmful to the high-temperature 
performances of weld metals.

Many hot corrosion products could be generated on 
the surface of weld metals at elevated temperatures with 
75 wt%Na2SO4–25 wt%NaCl mixed molten salts. Figure 4 
gives the XRD patterns of the weld metals containing dif-
ferent Nb contents after hot corrosion at 700 °C for 100 h. 
According to the results of the XRD patterns, the surface 
corrosion products for 0Nb and 0.8Nb weld metals have no 
apparent differences and are mainly composed of  Cr2O3, 
 Fe2O3 and Fe +  2Cr2O4. Fe +  2Cr2O4 is generally a mix-
ture structure consisting of  Cr2O3 and  Fe2O3, which has 
been reported in previous literature [28]. Depending on the 

Fig. 2  OM and SEM images 
for microstructures of the Fe–
Cr–Ni-based weld metals with 
different Nb contents: (a1, a2) 
0Nb, (b1, b2)0.8Nb

Fig. 3  Mass change vs. hot corrosion time for weld metals with dif-
ferent Nb contents after being exposed to 700  °C in the 75  wt% 
 Na2SO4–25 wt%NaCl mixed molten salts
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diffraction peak relative intensity, it is seemly that the corro-
sion products on the 0.8Nb weld metal are more than those 
on the 0Nb weld metal. That is, oxygen could diffuse easily 
into the matrix to form more oxides when the element Nb is 
added to weld metal.

Figure 5 gives surface morphologies of the oxide scales 
formed on the weld metals with different Nb contents after 

being exposed to  Na2SO4–NaCl salts mixture at 700 °C for 
100 h. It is easy to note that heavy spallation occurred in 
both two investigated weld metals, which may be caused 
by the oxides generation stress or the thermal stress. Based 
on the morphologies of the spallation zone, the fact that 
the oxide films formed on the surface of the weld metals 
have a multilayer structure is easy to find. The inner oxide 
layer is relatively flat and dense. However, the outer oxide 
layer is uneven and loose, as shown in Fig. 5(a1,  a2,  b1,  b2). 
Meanwhile, there are amounts of oxide nodules appearing 
on the outer oxide layer. The phenomenon can be attributed 
to the different diffusion rates of the element on the surface 
of the weld metal during the hot corrosion process, which 
was also reported by other researchers [29]. With Nb addi-
tion, the size of oxide nodules becomes large, indicating 
that Nb promotes the chemical reaction on the surface of 
weld metals due to enlarged element segregation. The EDS 
results indicated that the inner oxide layer is rich in element 
Cr and the outer oxide layer is rich in element Fe. Combined 
with the analysis result by XRD in Fig. 4, it is easy to infer 
that the inner oxide and the outer oxide may be  Cr2O3 and 
 Fe2O3, respectively.

Figure 6 shows cross-section morphologies of the oxide 
scales on the Fe–Cr–Ni-based weld metals with different 
Nb contents, which were exposed to  Na2SO4–NaCl mixed 
molten salts at 700 °C up to 100 h. A bilayer oxide scale 
composited of the inner layer of  Cr2O3 and the outer layer 
of  Fe2O3 appeared on the surfaces of the weld metals, which 

Fig.4  XRD patterns of the weld metals with different Nb contents 
after being exposed to molten  Na2SO4–NaCl salt mixture at 700 °C 
for 100 h

Fig. 5  Surface morphologies of the oxide films on the weld metals 
with different Nb contents after being exposed to molten  Na2SO4–
NaCl salt mixture at 700  °C for 100  h: (a, a1, a2) 0Nb, (b, b1, b2) 

0.8Nb; (a1, a2) were magnification images for the part labeled as 
a1 and a2 in the image a, respectively; (b1, b2) were magnification 
images for the part labeled as b1 and b2 in the image b, respectively
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was consistent with the results of the surface morphologies 
observation in Fig. 5. The average thicknesses of the bilayer 
oxide scales for the Nb-free and Nb-bearing weld metal are 
about 35 μm and 78 μm, respectively. Further, the oxide 
film is not dense and can not hinder inward and outward 
diffusions of anions and cations. Pores and crackings are 
easy to be observed in the bilayer oxide film of the Nb-
bearing weld metal after being hot corroded in the molten 
salts for 100 h, as shown in Fig. 6b. In addition, a large 
internal oxidation zone (IOZ) appears under surface oxide 
scales, showing an apparent dealloyed layer. The dealloyed 
region is associated with the penetration of molten salts to 
the metal lattice where corrosion in the form of dealloying 
has proceeded in the bulk solid. The dealloying phenomenon 
is further discussed in the subsequent section. The width of 
the IOZ in the weld metal 0Nb and 0.8Nb is 101 μm and 
160 μm, respectively. Nb addition correspondingly enlarged 
the width of the IOZ of the Fe–Cr–Ni-based weld metal. 
Noteworthy, the morphologies of the IOZ present signifi-
cant differences in the two weld metals, indicating that the 
ions' diffusion behaviors in the matrix could be affected by 
the element Nb. The distribution of the oxide in the 0Nb 
weld metal is relatively uniform from the oxide scale/metal 
interface to the core of the matrix. Although some internal 
oxides in the IOZ of the 0.8Nb weld metal are distributed 
evenly as same as that in the 0Nb weld metal, large oxides 
distributing in stripes were also found clearly, as shown in 
Fig. 6b. Based on the observation of the microstructure of 
the as-welded metal, it is easy to deduce that the large oxides 
just formed along the interdendritic zone. Further, the large 

oxide in stripes just occupied the original Nb-carbide in the 
interdendritic zone and then grow into the matrix, as shown 
in Fig. 7. The phenomenon seemly indicated that the Nb-
carbide promoted the short-circuit diffusion of the oxygen at 
high temperature, which accounts for the fact that the width 
of the IOZ become larger with Nb addition.

EDS scanning was performed on the 0Nb and 0.8Nb weld 
metals after hot corrosion in the molten salts for 100 h and 
the corresponding results are given in Fig. 8. An apparent 
Cr depletion zone appears under the bilayer oxide film. As 

Fig. 6  SEM observation for 
cross-section morphologies of 
the surface oxide scales on the 
weld metals containing different 
Nb contents after being exposed 
to molten  Na2SO4–NaCl salt 
mixture at 700 °C for 100 h: a 
0Nb, b 0.8Nb

Fig. 7  The relationship between internal oxides and Nb-carbide in the 
Nb-bearing weld metal after being exposed to molten  Na2SO4–NaCl 
salt mixture at 700 °C for 100 h
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discussed in the Introduction, dealloying is one detrimental 
mode of corrosion in molten chloride salts where reactive 
elements selectively dissolve out of alloys. Similarly, our 
study also confirmed that dealloying of Cr and enrichment 
of Ni occur for weld metals exposed to molten salts con-
taining 25 wt%NaCl as seen in Fig. 8, which highlights the 
detrimental effect of Cl salts. The width of the Cr deple-
tion zone for Nb-free and Nb-bearing weld metal is about 
74 μm and 130 μm, respectively. The depth of attack and 
associated Cr-depleted layer further increased for Fe–Cr–Ni 
weld metal containing minor content of Nb, which suggests 
the detrimental effect of Nb for the molten salt system. At 
high temperatures, Cr in the matrix would outward diffuse to 
react with the oxygen at the molten salt/weld metal interface 
and then promotes the protective  Cr2O3 oxide scale form 
on the surface of weld metal. The surface oxide cluster is 
not protective and molten salt containing remnant impuri-
ties such as oxygen and moisture penetrate into bulk weld 
metal as dealloying proceeds, where oxygen and moisture 
further oxidized Cr from underlying sites that subsequently 
dissolve away and corrosion proceeds. Due to the selective 
dissolution of Cr and the lack of sufficient replenishment 
of internal element Cr, Cr depletion would occur under the 
surface of weld metals.

Figure 9 gives the element mapping distribution of IOZ 
for the weld metals with different Nb additions after expo-
sure to 700 °C for 100 h. The results indicate that the inter-
nal products are Cr-oxide  (Cr2O3) and Si-oxide  (SiO2). 
In present Fe–Cr–Ni-based weld metal, Si content (about 
0.5 wt%) is much lower than Cr content (about 26 wt%). 
Although Si has a higher affinity for O at high tempera-
tures than Cr based on the Ellingham diagram, Cr-oxides 
are still the main internal oxidation products, as shown in 
Fig. 9a. Moreover, S is distributed at the interface of the 
IOZ and matrix and is not nearly found elsewhere. That 
is, sulfidation occurs at the front of the IOZ in the present 
weld metal during the hot corrosion process. Compared 
to Nb-free weld metal, the Nb-bearing weld metal seemly 
suffer severer sulfidation, as shown in Fig. 9b. It is worth 
noting that the distribution of elements S, Nb and Ni is 
partially consistent. According to the microstructures of 
Nb-bearing weld metal, Nb(C, N) is the primary phase 
and is distributed along the interdendritic zone in the weld 
metal. Nb(C, N) particles may provide a fast-channel dif-
fusion for element S.

Based on the above results, A brief and clear schematic 
diagram for the hot corrosion mechanism of the weld met-
als with diffident Nb contents in  Na2SO4–NaCl molten salt 
was given in Fig. 10. The hot corrosion mechanism of the 
Fe–Cr–Ni-based weld metal in  Na2SO4–NaCl molten salt 
at 700 °C and the role of element Nb could be discussed as 
follows:

Cr2O3 forms on the Fe–Cr–Ni-based weld metal at ele-
vated temperatures due to the preferential combination of 
Cr and O in the molten salt/metal interface [30]. Previous 
research has reported that the Cr content for maintaining 
continuous dense  Cr2O3 oxide film on the surface of alloys 
is at least 12 wt% [31]. The high Cr content(about 26 wt%) 
of investigated weld metal is enough to promote the forma-
tion of the continuous  Cr2O3 oxide layer (Fig. 5). Elemental 
Fe diffuses through the dense  Cr2O3 layer and reacts with 
oxygen to form  Fe2O3 above the surface of  Cr2O3. Hence, 
a bilayer oxide scale composed of the inner chromia layer 
and the outer  Fe2O3 layer appears on the surface of the 
weld metals. Noteworthy, chemical segregation is a com-
mon phenomenon in the weld metal, the content of Cr, Fe 
and Ni in the core of dendrites and the interdendritic zone 
is different, which results in a difference in the outward 
diffusion of ions. Hence, oxide nodules appeared on the 
surfaces of the oxide layer (Fig. 5). Generally, the bilayer 
oxide scale could hinder the repaid inward diffusion of O 
and protect the weld metals from continuous oxidation at 
high temperatures. However, the oxide scale will break down 
for a molten salt mixture that contains chloride salts. The 
75 wt%Na2SO4–25 wt%NaCl mixed salt remains in a liquid 
state at the investigated temperature of 700 °C according to 
the hypothetical phase diagram of the NaCl/Na2SO4 system 

Fig. 8  EDS line scan for the internal oxidation zone, oxide scales, 
and dealloyed layer formed on the weld metals with and without Nb 
after molten salt corrosion experiment at 700 °C for 100 h
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[32]. The following reactions could occur in the interface of 
the melton salts and oxide film [33].

(1)NaSO
4
→ Na

2
O + SO

2
+ 1∕2O

2

(2)Cr
2
O

3
+ Na

2
O → Na

2
CrO

4

(3)Fe
2
O

3
+ 4NaCl + 5∕2O

2
→ 2Na

2
FeO

4
+ 2Cl

2

Fig. 9  EDS mapping for IOZ of 
a 0Nb and b 0.8Nb weld metals 
after being exposed to molten 
 Na2SO4–NaCl salt mixture at 
700 °C for 100 h

Fig. 10  schematic diagram for the hot corrosion mechanism of the weld metal with diffident Nb contents in 75 wt%Na2SO4–25 wt%NaCl molten 
salt at 700 °C
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Na2FeO4 and  Na2CrO4 are volatile substances and will 
diffuse into the air. Amounts of pores appear in the oxide 
layer (Fig. 6). Then O,  Cl2 and  SO2 diffuse through the 
damaged bilayer oxide scale into the matrix of weld metals. 
According to the Ellingham diagram [34], Si-oxide and Cr-
oxide have a low oxygen partial pressure. Si and Cr could 
react with oxygen to form oxides under surface oxide film. 
Considering the unique microstructures of investigated weld 
metal, the interdendritic zone, which could be acted as a 
subgrain boundary, may provide a diffusion pass for ions 
at high temperatures [35]. O could diffuse into the matrix 
along the interdendritic zones or grain boundaries. Hence, 
a large IOZ appears under the oxide film. With the diffusion 
of element S, the concentration gradient of S is formed in 
the IOZ of the weld metal in the molten salt environment. 
Once the oxygen partial pressure in a certain area of the weld 
metal matrix is lower than a critical value, the sulfide will 
be generated there. The following reactions could occur in 
the matrix [36].

Equation (5) explains the distribution coincidence of ele-
ments S and Ni in Fig. 9b. It is worth noting that sulfide is 
just found in the interface of IOZ and matrix (Fig. 9), which 
could be attributed to the fact that sulfide can be oxidized to 
oxide according to Eq. (6) when oxygen partial pressure is 
again up to a critical value. In a word, oxidation and sulfida-
tion occur in the matrix due to the inward diffusion of O and 
S when Fe–Cr–Ni-based weld metal was exposed to 700 °C 
in  Na2SO4–NaCl molten salts. Non-equilibrium weld metal 
suffers severe hot corrosion.

With Nb addition to the weld metal, Nb could combine with 
O to form  Nb2O5 under the  Cr2O3 layer due to its lower oxy-
gen partial pressure [37]. The Pilling-Bedworth ratio (PBR) is 
generally used to evaluate the growth stress of oxides [38]. The 
PBR for  Nb2O5 is about 2.67, indicating that a large compres-
sive stress would be induced in the surface oxide film [21]. As 
shown in Figs. 6b and 10, cracks are formed in the oxide layer 
of the Nb-bearing weld metal.  O2 in the air will diffuse into the 
matrix rapidly through the cracks and amounts of Cr and Fe 
will be consumed to form (Cr, Fe)-oxide. A thick bilayer oxide 
scale then formed on the surface of the Nb-bearing weld metal 
(Fig. 6). Further, Nb promotes the Nb(C, N) primary phase 
to precipitate along the interdendritic zone according to the 
microstructure observation (Fig. 3). Nb(C, N) particles distrib-
uting in chains may provide a diffusion pass for O and S. Oxi-
dation and sulfidation occur preferentially near the Nb(C, N) 
particles and promote the formation of large oxides or sulfides, 

(4)Cr
2
O

3
+ 4NaCl + 5∕2O

2
→ 2Na

2
CrO

4
+ 2Cl

2

(5)2S + 3Ni → Ni
3
S
2

(6)Ni
3
S
2
+ 7∕2O

2
→ 3NiO + 2SO

2

as shown in Fig. 7. Of course, Nb(C, N) close to surface is easy 
to be oxidized to the Nb oxide. Hence, no Nb(C, N) particles 
could be observed close to the surface oxide layer.

4  Conclusions

In the present work, the effect of Nb on the microstructure and 
hot corrosion behavior of the Fe–Cr–Ni-based weld metal in 
the 75 wt%Na2SO4–25 wt%NaCl molten salt at 700 °C was 
investigated. The following conclusions based on the results 
and discussions could be drawn:

1. Nb prevents the Cr-carbide from precipitating at grain 
boundaries and promotes the formation of Nb(C, N) dis-
tributing along the interdendritic zone in the Fe–Cr–Ni-
based weld metal.

2. A bilayer oxide scales composed of an inner  Cr2O3 
layer and an outer  Fe2O3 layer formed on the surface 
of the Fe–Cr–Ni-based weld metal after being exposed 
to 700 °C in the  Na2SO4–NaCl molten salt for 100 h. 
With Nb addition, the thickness of the bilayer oxide 
film becomes larger. Nb has an adverse effect on the hot 
corrosion resistance of the investigated weld metal in 
molten salt.

3. Oxidation and sulfidation occur in the matrix of the 
austenitic weld metal due to the inward diffusion of O 
and S. Element Nb seemly promote the occurrence of 
the sulfidation reaction, which could be attributed to 
the short-circuit diffusion of S through the interface of 
Nb(C, N) and matrix.

4. An apparent Cr-dealloyed layer appears in the IOZ of the 
Fe–Cr–Ni-based weld metal. Alloying with 0.8 wt% of 
Nb further accelerated the dealloying and resulted in a 
profound attack.
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