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Hot corrosion behavior of the spray-formed nickel-based superalloy
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An investigation of low temperature hot corrosion is carried out on a spray-formed nickel-based superalloy FGH100
pre-coated with Na2SO4-NaCl at 700 ◦C for 100 h. Mass gain measurement, x-ray diffraction, scanning electron mi-
croscopy, and energy dispersive x-ray spectroscopy are used to study the corrosion behavior. Results reveal that corrosion
behavior follows a sequence, that is, first rapidly proceeding, then gradually slowing down, and finally forming an outer
layer composed of different types of oxides and an inner layer mainly comprised of sulfides. In-depth analysis reveals that
the hot corrosion of FGH100 is a combined effect of oxidation-sulfidation and transfer of oxides.
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1. Introduction
Generally, nickel-based superalloy possesses a good me-

chanical strength and an oxidation resistance, which makes
it a candidate of structural material for high-temperature
applications.[1] Nickel-based superalloy components such as
heat engine and heat exchanger are very often exposed to ag-
gressive environments, which are likely to contain oxygen and
other reactants such as sulfide, chloride and sodium salt, and
mechanical stresses simultaneously.[2–5] It has been shown
that a condensation layer of alkali metal salt which is generally
considered to be a mixture of the salts of Na2SO4 and NaCl is
often observed on the surface of the superalloy. The existence
of such a condensation layer on the superalloy surface could
accelerate the oxidation which can considerably damage the
service of high-temperature components,[6] which is known
as hot corrosion. Studies[7–12] have shown that the interaction
between creep or fatigue and hot corrosion could determine
the service life of a superalloy at high temperature.

As is well known, nickel-based superalloys are classified
into wrought, cast and powder metallurgy (PM) alloys accord-
ing to the manufacturing routes.[13] For cast and wrought su-
peralloys, especially directionally solidified superalloys, the
hot corrosion behavior has been widely studied.[14–18] Some
research of the coatings for resistance to hot corrosion of cast
superalloys has already made much progress.[19–24] PM su-
peralloys are used in key components for turbine parts of ad-
vanced aero-engines. The PM process has solved the problems
of severe segregation, non-uniform microstructure, coarse
grains and poor hot working property for the high alloying
degree in wrought and cast superalloy.[25,26] Spray forming,
also known as spray atomization and deposition, is a solidifi-

cation processing technology, which was recognized as a spe-
cial powder metallurgy process (a new type of molding process
based on the powder metallurgy).[27–29] Spray-formed super-
alloy has a similar microstructure to the conventional PM su-
peralloy, and it has some advantages of fine-scale microstruc-
ture, lower levels of oxygen and short procedure.[30–32] Explo-
rations for performances of the spray-formed materials are in
progress.[33,34]

In the present study, isothermal hot corrosion tests at ser-
vice temperature are conducted to obtain the corrosion kinet-
ics of spray-formed superalloy FGH100. Typically, FGH100
possesses 50%–60% γ ′ precipitates and the precipitates are
mainly composed of a moderate amount of the primary γ ′

phase with a mean size of approximately 0.4 mm–1.2 mm,
a relatively higher amount of the secondary γ ′ phase with a
mean size of approximately 0.2 mm–0.4 mm, and a marginal
amount of the fine tertiary γ ′ phase with a mean size of ap-
proximately 30 nm–70 nm. Carbides and carbonitrides are
uniformly distributed at grain boundaries. The microstructural
development of the corrosion scale and its phase constitutions
of oxidation layers are examined. Specimens of the superal-
loy FGH100 of determined size are pre-coated with Na2SO4-
NaCl and tested at 700 ◦C at atmosphere in a furnace. The
evolutions of the corrosion scale and subscale microstructure
are studied by using electronic balance, scanning electron mi-
croscopy (SEM), energy dispersive spectroscopy (EDS) and
x-ray diffraction (XRD).

2. Experimental procedure
FGH100 superalloy was prepared by vacuum induction

melting and vacuum arc melting methods. Spray forming ex-
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periment was performed at University of Bremen on SK-II in
Germany (using nitrogen as atomizing gas and then hot iso-
static pressed (HIPed) at 1140 ◦C and 150 MPa for 3 h. Sam-

ples in this testing were taken from the steady-state regions of
the ingot. The chemical compositions (mass percent, wt%) of
the spray-formed FGH100 superalloy are listed in Table 1.

Table 1. Chemical compositions of FGH100 superalloy (in unit wt%).

Ni Co Cr W Mo Al Ti Nb Ta Zr C B

Bal. 21.75 12.77 4.12 2.95 3.60 3.54 1.51 1.52 0.03 0.023 0.022

Hot corrosion samples each with a size of about 10 mm

(in length) ×10 mm (in width) ×3 mm (in thickness) were

first ground by SiC abrasive paper (1000 grid), then ultrasoni-

cally cleaned in acetone and ethanol and dried at 100 ◦C. The

25 wt%NaCl + 75 wt%Na2SO4 saturated aqueous solution was

sprayed on each surface of different specimens and dried on

heated metal plates. The quantity of salt compounds coated

on the alloy samples was about 4.0±0.5 mg/cm2. They were

subjected to isothermal hot corrosion in a furnace at a temper-

ature of about 700±1 ◦C for 1 h, 3 h, 5 h, 10 h, 20 h, 50 h, and

100 h respectively, with a supplement of salt per 10 h. Then

samples were air cooled to room temperature and washed in

boiling deionized water for 30 min to dissolve the remaining

salt. After being dried at 80 ◦C for 1 h, the mass of specimens

was measured. Three specimens were used to obtain the aver-

aged mass change. One kind of corrosion kinetics at 700 ◦C

was determined through the relationship between mass change

per unit area and corrosion time. The other one is the relation-

ship between thickness increase and corrosion time. SEM and

EDS were employed to investigate the morphologies of cross-

section and surface. Phase constitutions of corrosion layers

were detected by XRD.

3. Results
3.1. Corrosion kinetics and characterization

Figure 1 shows the isothermal corrosion kinetic curves of

samples at 700 ◦C in NaCl–Na2SO4 salts. Figure 1(a) displays

the mass change per unit area of specimen with time. It is clear

that mass increases rapidly within the first 5 h, then gradually

slows down as time goes by. After 100-h exposure, the mass of

samples increases up to 12.8 mg/cm2. Data are calculated by

oxidation experience formula of Wagner:[6,13] M∆n = Kt, the

mass gain of spray-formed FGH100 superalloy in the isother-

mal corrosion process, where ∆M is the mass gain per unit

area, t is the exposure time, n is the corrosion exponent, and K

is the corrosion rate constant. specifically, in our case it is in

the following form:

∆M1.744 = 1.122t. (1)

R-square reaches 0.979, which indicates that there is a certain
relationship between the mass increase per unit area and cor-
rosion time. However, the kinetic curve of mass change may
not reflect hot corrosion resistance, since the spalling of corro-
sion products is inevitable in the whole process. In this case,
mean thickness data of corrosion layers are collected. Varia-
tions of the thickness of the outer layer (the oxides growing
on the surface) and inner layer (the affected part of the sub-
strate), and the variation of the total corrosion scale with time
are presented in Fig. 1(b). The data plotted are the averaged
(equally spaced) measurements of the inner and outer layers,
and overall scale thickness for each test condition. It is this
combination of them that could help us achieve the overall sit-
uation. The outer layer is slightly thicker than the inner layer
in general. The growth of the layer exhibited approximates
the kinetic of mass change that there is a steep gradient at the
initial stage, and the growth slows down later.
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Fig. 1. Plots of (a) mass change and (b) thickness of the corrosion layer for
spray-formed FGH100 tested at 700 ◦C in air versus exposure time.

128103-2



Chin. Phys. B Vol. 25, No. 12 (2016) 128103

3.2. Phase constitution and surface morphology of corro-
sion layer

Figure 2 shows the XRD patterns of the surface corro-
sion products on the surfaces of the specimens after the cor-
rosion tests at 700 ◦C for 1 h, 10 h, and 100 h, respectively.
The initial corrosion products formed on the surface of the
specimens are NiO and tiny CoO. After hot corrosion of 10h,
CoAl2O4, NiAl2O4, and NiCr2O4 with spinel structure are de-
tected. When testing for 100 h, the XRD data are the same as
those for 10 h. XRD results are in good agreement with the
corrosion kinetics in Fig. 1. However, little amount of sulfide
is found.

Figure 3 shows the surface morphologies of spray-formed
superalloy FGH100 after hot corrosion and EDS analysis re-
sults of the corrosion products. Oxide particles are observed
to have a variety of shapes, including clusters, granulars and
rods, as shown in Figs. 3(a), 3(c), and 3(e). These surface cor-
rosion products contain a large amount of Cr, Co, Ni, O, and
a small amount of Ti and Al. It can be seen that none of these

surface layers have a compact and uniform structure. Some
cracks are observed on the surface of the outer layer.
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Fig. 2. (color online) XRD patterns of the surface corrosion products of
spray-formed FGH100, tested at 700 ◦C for 1 h and 10 h, 100 h.
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Fig. 3. (color online) Microstructures and EDS analyses of the surface corrosion products of spray-formed FGH100 tested for 100 h: ((a), (c), and (e)) the
surface appearance of corroded samples; ((b), (d), and (f)) EDS result of the corrosion products in panels (a), (c), and (e) respectively.

3.3. Cross-sectional morphologies

The cross-sectional morphology can not only describe the structure and thickness of corrosion layer but also reveal the
severity and mechanism of hot corrosion attack. Figure 4(a) shows a secondary electron cross-sectional image of the sample
after hot corrosion for 100 h. As can be seen, two distinct layers on the substrate are observed (identified as outer and inner

128103-3



Chin. Phys. B Vol. 25, No. 12 (2016) 128103

layers). An extraordinary feature of the cross-section morphology is that the natural marker between the two layers is flat and
sharp, especially for longer time corrosion. Furthermore, there exists an obvious crack between the outer and inner corrosion
layer. It should be detected that the closer to the free surface, the looser the structure of the outer layer tends to be, and some tiny
cracks cross the outer corrosion layer, while in the inner corrosion layer some micropores appear instead of the micro cracks.
The nearly spherical γ ′ precipitate is still partially visible in the inner corrosion layer. The presence of the residual γ ′ phase that
has been corroded expressly indicates a slower corrosion rate for these particles than the γ matrix. The composition contrast of
the cross-section can be examined by backscattered electron imaging in the SEM as shown in Fig. 4(b), so that the thickness of
the inner corrosion could be more precise.

(a) (b)
outer layer outer layerinner layer substrate

inner layer substrate

2 mm 10 mm

Fig. 4. Cross-sectional morphologies of spray-formed FGH100 tested for 100 h: (a) secondary electron imaging and (b) backscattered
electron imaging.

Fig. 5. (color online) Cross-sectional SEM images of spray-formed FGH100
tested for 100 h and the corresponding EDS maps for Ni, Co, Cr, Al, Ti, W,
O, and S.

In order to evaluate element distribution, element maps
are analyzed by SEM and EDS as shown in Fig. 5. The results
of EDS mapping suggest that the outer layer has a component
gradient. The part next to the free surface mainly consists of
Ni- and Co-based oxides, and the major elements of the inner
part are these elements with high oxidation activity such as Cr,
Al, and Ti. Also, there is a wide transition zone, in which are
formed the NiCr2O4, CoAl2O4, NiAl2O4 with spinel structure
and NiTiO3 with perovskite structure. In the inner layer, there
is a lack of oxides and S is concentrated. The Ni and Co are
more effective than Cr, Al, and Ti to react with S.

From the above results, it is verified that the hot corrosion
behavior of spray-formed superalloy FGH100 is controlled by
the element diffusion. In this paper, further analysis and dis-
cussion are conducted to obtain the concrete mechanism.

4. Discussion
There are two temperature-dependent regimes of hot cor-

rosion as observed by peaks in corrosion rate curve, which
are more aggressive than air exposure alone. The two cor-
rosion rate peaks occur at 900 ◦C–1000 ◦C and 600 ◦C–
750 ◦C. The high-temperature hot corrosion which proceeds
at 900 ◦C–1000 ◦C is associated with the melting point of
Na2SO4 (Tm = 884 ◦C). This study focuses on the low-
temperature hot corrosion (at 600 ◦C∼750 ◦C), in which
molten Na2SO4 + NaCl eutectic (630 ◦C) forms that acts
to lower the liquidus temperature. Because of the molten
Na2SO4 + NaCl eutectic temperature (630 ◦C), the corrosion
behavior appears in the liquid phase.[35] Based on the experi-
mental results and theories,[13,36–38] the hot corrosion mech-
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anism of the spray-formed superalloy FGH100 is gradually
clear.
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Fig. 6. (color online) Gibbs free energies for (a) oxidation and (b) sulfu-
ration of alloying elements in a temperature range from 0 ◦C to 1000 ◦C.

The participation levels of alloying elements in hot cor-
rosion are different, which depends on the content of a certain
element and the free energy of oxidation or sulfuration.[39] The
standard Gibbs free energies for oxidation and sulfuration are
shown in Fig. 6, which are calculated by HSC Chemistry Soft-
ware. The free energies of formation for Ni, Co, Cr Al, and
Ti oxides are more negative than those of their corresponding
sulfides.

In the beginning of the reaction with the molten salt, the
nickel- and Co-rich γ-matrix appeared to be the first phase dis-
solved:

4M+SO2−
4 = MS+3MO+O2−. (2)

It is a general and common reaction. With the generations
of MS and MO, the activity of O2− near the reaction interface
increases, so that the chemical reaction below occurs:

MO+O2− = MO2−
2 . (3)

The resulting products can diffuse to the free surface of
molten salt and decompose for the lower activity of O2− there.
The decomposition products MO form a loose oxidation layer
without any protectiveness. The MS will be left in the in-
terface. Because Cr is also a major element in γ-matrix, the

formation of Cr2O3 is the next only to NiO and CoO. What
is more, the Cr2O3 has the priority to combine with the O2−

through the following reaction

Cr2O3 +O2−+3/2O2 = 2CrO2−
4 . (4)

The reaction consumes amounts of O2−, which will not
only inhibit the dissolutions of NiO and CoO but also accel-
erate the decomposition of NiO2−

2 and CoO2−
2 near the free

surface. After that, the Cr taking part in the reaction would
exist in the form of radical ions due to its high stability until
it reaches saturation point in the liquid phase. For this rea-
son, there will be sufficient time to form a Cr2O3 layer with
continuous structure, which is the key to further preventing
the layer from being corroded. The precipitation of Cr2O3, of
course, has a tendency to be close to the outside surface for
the gradient of O2− activity. Although the relatively stable γ ′

precipitates are secondary, it will suffer partial or incomplete
dissolving, bringing Al and Ti into this corrosion process. As
with the NiO and CoO, the oxides of Al and Ti would be de-
posited in the vicinity of the free surface after dissolving in
superalloy-melt interface as a result of the role of the gradient.
However, the oxide films of Al and Ti are also non-compact
and non-protective. The constant consumption of SO2−

4 in the
process of corrosion suggests that the progress should stop if
the supplement were little.

Although Na2SO4 is dominant, it is proven beyond doubt
that the addition of even small amounts of NaCl in Na2SO4 is
much more harmful than only either NaCl or Na2SO4.[40] The
oxidation layers containing Cr2O3 and TiO2 are sensitive to
Cl− attack, leaving behind a porous structure. What is more,
NaCl contamination can easily induce extensive spalling.[39]

According to the negative Gibbs free energies from 0 ◦C
to 1000 ◦C shown in Fig. 7, the spinels and perovskites are
formed from NiO, CoO, Cr2O3, Al2O3, and TiO2 sponta-
neously, thus providing theoretical bases for understanding the
occurrences of these composite oxides. It is a process of self-
diffusion and mutual-diffusion.
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Fig. 7. (color online) Gibbs free energies for combination reactions of
these simple metal oxides from 0 ◦C to 1000 ◦C.

128103-5



Chin. Phys. B Vol. 25, No. 12 (2016) 128103

In the course of its development, the gradient of O2−

activity is an extremely critical factor, which gives rise to
the “uphill” diffusion, interactive permeation among compo-
nents and the formation of protective or non- protective oxide
layers.[15]

Atomic diffusion could conduce to variation of vacancy
concentration, so that the appearance of a porous structure in
the inner corrosion layers is because of the on-going vacancy
clustering and growing with the increase of oxidation time.
The crack between the outer and inner layers is left for the
dissolving of sodium salt nearest to the inner layer.

As a summary of the above analysis, it is proposed that
corrosion behavior of the spray-formed FGH100 could be di-
vided into two parts: oxidation-sulfuration and transfer of ox-
ides. The former is the foundation of the latter, and the lat-
ter determines the difference between hot corrosion and con-
ventional oxidation. A close connection exists between the
two. Ultimately, the oxidation-sulfuration process, as well
as the concurrent evolution of the diffusion structure of the
corrosion scale in low-temperature hot corrosion examined
in this study, may be better appreciated in the framework of
multi-component hot corrosion phenomenology on the basis
of corrosion kinetics and compositional distributions for vari-
ous components.

5. Conclusions
During hot corrosion, the sample mass and layer depth

increase with time going by at service temperature. The
outer compositions of hot-corroded superalloy FGH100 sur-
face are composed of NiO, CoAl2O4, NiAl2O4, and NiCr2O4,
while the inner compositions are mainly sulfides and the
residual substrate. Hot corrosion of spray-formed superalloy
FGH100 is confirmed to be a combination effect of oxidation-
sulfidation and transfer of oxides.
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[12] Chateau E and Rémy L 2010 Mater. Sci. Eng. A 527 1655
[13] Guo J T 2008 Mater Science and Engineering for Superalloy (Beijing:

Science Press)
[14] Han F F, Chang J X, Li H, Lou L H and Zhang J 2015 J. Alloy Compd.

619 102
[15] Lortrakul P, Trice R W, Trumble K P and Dayananda M A 2014 Corros.

Sci. 80 408
[16] Liu E, Zheng Z, Guan X, Tong J, Ning L and Yu Y I 2010 J. Mater. Sci.

Technol. 26 895
[17] Liu G M, Yu F, Tian J H and Ma J H 2008 Mater. Sci. Eng. A 496 40
[18] Cho S, Hur J, Seo C, Yoon J and Park S 2009 J. Alloy Compd. 468 263
[19] Liu Z, Zhao X and Zhou C 2014 Corros. Sci. 92 148
[20] Fan Q X, Jiang S M, Yu H J, Gong J and Sun C 2014 Appl. Surf. Sci.

311 214
[21] Bai C, Luo Y and Koo C 2004 Surf. Coat. Tech. 183 74
[22] Zheng D, Zhu S and Wang F 2006 Surf. Coat. Tech. 200 5931
[23] Ma J, Jiang S M, Gong J and Sun C 2012 Corros. Sci. 58 251
[24] Shirvani K, Saremi M, Nishikata A and Tsuru T 2003 Corros. Sci. 45

1011
[25] Zhang Y W and Shangguan Y H 2004 Powder Metall. Ind. pp. 30–43
[26] Pollock T M and Tin S 2006 J. Propul. Power. 22 361
[27] Zhang J S, Xiong B Q and Cui H 2008 Spray forming rapid solidifica-

tion technology: principles and applications (Beijing: Science Press)
[28] Huang P Y, Jin Z P and Chen Z H 2010 Basic theory and new technol-

ogy of powder metallurgy (Beijing: Science Press)
[29] Lavernia E J and Grant N J 1988 Mater. Sci. Eng. A 98 381
[30] Grant P S 1995 Prog. Mater. Sci. 4 497
[31] Yang Y and Hannula S 2008 Mater. Sci. Eng. A 477 63
[32] Zhang Y, Ge C C, Sheng W P and Qiu C J 2012 Acta Phys. Sin. 61 355

(in Chinese)
[33] Guo B, Sun C S, Zhang S C and Ge C C 2013 Rare Metals. 32 347
[34] Xu Y, Shu Q S, Zhang Y and Ge C C 2012 Mater. Sci. Technol. 20 41
[35] Li T F 2003 High Temperature Oxidation and Hot Corrosion of Metals

(Beijing: Chemical Industry Press)
[36] Zhu R Z, He Y D and Qi H B 1995 High Temperature Corrosion and

High Temperature Corrosion Resistant Materials (Shanghai: Shanghai
Scientific and Technical Publication)

[37] Li M S 2001 High Temperature Corrosion of Metals (Beijing: Metal-
lurgical Industry Press)

[38] Rapp R A 2002 Corros. Sci. 44 209
[39] Bourhis Y and John C S 1975 Oxid. Met. 9 507
[40] Kameswari S 1986 Oxid. Met. 26 33

128103-6

http://dx.doi.org/10.1016/j.corsci.2011.02.022
http://dx.doi.org/10.1016/j.corsci.2011.02.022
http://dx.doi.org/10.1023/A:1010391319073
http://www.ams.org.cn/CN/abstract/abstract8504.shtml
http://www.ams.org.cn/CN/abstract/abstract8504.shtml
http://dx.doi.org/10.1016/S0167-577X(96)00109-7
http://dx.doi.org/10.1016/j.matdes.2010.11.067
http://dx.doi.org/10.1016/j.ijfatigue.2014.08.011
http://dx.doi.org/10.1016/j.ijfatigue.2013.02.006
http://dx.doi.org/10.1016/j.ijfatigue.2013.02.006
http://dx.doi.org/10.1016/0025-5416(87)90085-1
http://dx.doi.org/10.1016/j.msea.2014.11.016
http://dx.doi.org/10.1016/j.msea.2014.11.016
http://dx.doi.org/10.1016/j.matchar.2012.11.008
http://dx.doi.org/10.1016/j.msea.2009.10.054
http://dx.doi.org/10.1016/j.jallcom.2014.08.259
http://dx.doi.org/10.1016/j.jallcom.2014.08.259
http://dx.doi.org/10.1016/j.corsci.2013.11.048
http://dx.doi.org/10.1016/j.corsci.2013.11.048
http://dx.doi.org/10.1016/S1005-0302(10)60143-0
http://dx.doi.org/10.1016/S1005-0302(10)60143-0
http://dx.doi.org/10.1016/j.msea.2008.04.046
http://dx.doi.org/10.1016/j.jallcom.2007.12.094
http://dx.doi.org/10.1016/j.apsusc.2014.05.043
http://dx.doi.org/10.1016/j.apsusc.2014.05.043
http://dx.doi.org/10.1016/j.surfcoat.2003.10.011
http://dx.doi.org/10.1016/j.surfcoat.2005.09.004
http://dx.doi.org/10.1016/j.corsci.2012.01.034
http://dx.doi.org/10.1016/S0010-938X(02)00127-0
http://dx.doi.org/10.1016/S0010-938X(02)00127-0
http://dx.doi.org/10.2514/1.18239
http://dx.doi.org/10.1016/0025-5416(88)90191-7
http://dx.doi.org/10.1016/j.msea.2007.09.080
http://dx.doi.org/10.1007/s12598-013-0106-1
http://dx.doi.org/10.1016/S0010-938X(01)00057-9
http://dx.doi.org/10.1007/BF00603857
http://dx.doi.org/10.1007/BF00664272

	1. Introduction
	2. Experimental procedure
	3. Results
	3.1. Corrosion kinetics and characterization
	3.2. Phase constitution and surface morphology of corrosion layer
	3.3. Cross-sectional morphologies

	4. Discussion
	5. Conclusions
	References

