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Abstract: Oxidation and hot corrosion behaviors at 900 °C of Nb—Si based ultrahigh temperature alloys were
investigated. Both oxidation and hot corrosion kinetics curves of the alloy involve an initial parabolic stage and a later
rapid linear stage. In the initial oxidation stage (1—50 h), a thin and continuous scale is formed on the alloy surface,
while severe pest degradation phenomenon is observed in the linear oxidation stage. Compared with oxidation of the
alloy in static air, a linear hot corrosion stage happens earlier and catastrophic scale disintegration occurs after hot
corrosion for 20—100 h, demonstrating that molten salts (Na,SO, and NaCl) could significantly accelerate the oxidation
process of the alloy. STEM results indicate that the corroded scale consists mainly of TiO,, Nb,Os, TiNb,O;, amorphous

silicate and NaNbOs.
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1 Introduction

The need for high performance structural
materials in aerospace and industrial components
operating at high temperatures has led to a surge in
the development of refractory metal silicide based
intermetallics, multiphase alloys and composites.
Nb—-Si based alloys are prospective candidates for
high-temperature structural applications due to their
low densities (6.6—7.2 g/cm’), high melting points
(over 1750°C) and excellent high temperature
strength and creep performance [1,2]. In recent
years, multi-alloying of Nb—Si based alloys has
been developed to achieve an excellent balance
among high temperature strength, room temperature
fracture toughness and oxidation resistance [3,4].
The microstructure of these alloys consists of
niobium solid solution (Nbss) and brittle
intermetallics phases such as «a, f, y(Nb,X)sSis,
(Nb,X);Si and (Cr,X),Nb Laves phases (“X”
represents Ti, Hf, Al, etc). To date, multi-component

Nb—Si based ultrahigh temperature alloys display
compressive strengths as high as 550 MPa at
1200 °C, 450 MPa at 1300 °C and 200 MPa at
1500 °C [5]. Room temperature fracture toughness
(Kqg) of these alloys has been reported over
20 MPa-m"? through composition optimization and
directional solidification [6,7]. In consequence,
Nb—Si based ultrahigh temperature alloys are
promising candidates for future turbine-engine
applications due to possessing favorable mechanical
properties at high and room temperature.

Numerous essential engineering systems (e.g.
aircraft engines and industrial gas turbines)
operating at high temperatures involve contact of
metallic materials or components with combustion
product gases or other oxidizing gases. These
metallic materials or components suffer from a salt
deposit-induced (e.g. Na,SO4, NaCl and NaVOs;)
accelerated oxidation, i.e. hot corrosion [8,9].
Among these salts, Na,SO, is the main salt in
high-temperature hot corrosion process, which is
resulted from the salt ingested into the engine and

Corresponding author: Xi-ping GUO; Tel/Fax: +86-29-88494873; E-mail: xpguo@nwpu.edu.cn

DOI: 10.1016/S1003-6326(20)65488-7

1003-6326/© 2021 The Nonferrous Metals Society of China. Published by Elsevier B.V. & Science Press



208 Jia-hua HE, et al/Trans. Nonferrous Met. Soc. China 31(2021) 207-221

sulfur from the combustion of fuel. Chloride
contaminants are difficult to remove from the fuel
source and it may be present in the environment,
especially in the marine environment [10]. Until
now, many investigations have been focused on hot
corrosion behavior of Ti—Al based alloys, Co-based
alloys, Ni-based superalloys and their protective
coatings [11-13]. Nevertheless, hot corrosion
mechanism induced by Na,SO, and NaCl molten
salts of Nb—Si based ultrahigh temperature alloys
has not been studied extensively [14]. In addition,
oxidation mechanism of Nb—Si based alloys at
intermediate temperature (900 °C) has not been
understood clearly and whether “pest” phenomenon
would occur deserves to be studied deeply [15,16].
Therefore, the motivation for this work is to
investigate the hot corrosion and intermediate
temperature oxidation behaviors of Nb—Si based
alloys. Furthermore, the hot corrosion mechanism is
discussed as well.

2 Experimental

The Nb—Si based ultrahigh temperature alloy
ingot (Nb—22Ti—15Si—5Cr-3Al-2.5Hf (at.%)) was
fabricated through high frequency induction
melting. In order to obtain an equilibrium
microstructure, the as-cast alloy ingot was annealed
at 1450 °C for 50 h in a high vacuum heat-treatment
furnace. After heat-treatment, the ingot was cut into
small cubes with the dimension of 7 mm x 7 mm X
7 mm by electro-discharge machining. All sides of
the specimens were ground to 1200 grit SiC papers,
then cleaned in an ultrasonic acetone bath and
finally dried.

The oxidation and hot corrosion tests at 900 °C
for the alloy were carried out in a muffle furnace.
Before tests, all alumina crucibles were heated to
900 °C until no mass change was observed.
Corrosion medium was the saturated aqueous
solution of a mixture of Na,SO, + NaCl (with a
mass ratio of 3:1). Prior to the hot corrosion test,
the specimen was preheated at 250 °C on a hot plate
and then all the surfaces were coated with the
mixed salts. Average salt supply is about 3 mg/cm’.
The specimen with mixed salts was placed into the
alumina crucible and then was heated to 900 °C in a
muffle furnace. In order to ensure adding the
similar amount of salts, the specimens were taken

out from the furnace after exposing a certain time,
recoated by the salt and then taken to next cycle
(the furnace time in one cycle is 10 h). The testing
time was set as 1, 5, 10, 20, 50, 70 and 100 h. The
detailed experiment process is also presented in our
previous work [17].

The phase constituents of oxidized and hot
corroded specimens were identified using X-ray
diffraction analysis (XRD, Panalytical X’Pert PRO).
A scanning electron microscope (SEM, TESCAN
MIRA 3) equipped with an energy dispersive
spectroscopy (EDS) was used to characterize the
microstructure of the oxidized and hot corroded
specimens. An electron probe micro-analyzer
(EPMA-1720, SHIMADZU) with a wavelength
dispersive spectrometer (WDS) was used to
determine the composition and microstructure of
the oxidation and corrosion products. A scanning/
transmission electron microscope (STEM, Talos
F200 X) equipped with a high-angle annular dark
field (HAADF) detector and super X-EDS system
was employed to identify constituent phases of
corrosion products.

3 Result and discussion

3.1 Microstructure of bare alloy

Figure 1 displays the heat-treated micro-
structure of Nb—Si based ultrahigh temperature
alloy. Table 1 gives the chemical compositions of
the main phases. It can be seen that small and
broken (Nb,X)sSi; (X represents Ti, Cr, Hf, etc)
blocks including o and y phases are uniformly
distributed in the Nbss matrix. EDS results
reveal that the solid solubility of Hf, Ti and Al in y
phase is relatively high, while Cr element is mainly
dissolved in Nbss.

Fig. 1 Heat-treated microstructure of Nb—Si based alloys



Jia-hua HE, et al/Trans. Nonferrous Met. Soc. China 31(2021) 207-221 209

Table 1 Chemical compositions of heat-treated Nb—Si
based alloys analyzed by EDS

Composition/at.%
Ti Si Cr Al Hf
Nbss 650 221 13 66 38 12
a(Nb,X)sSi; 50.7 13,6 330 03 04 20
y(Nb,X)sSi; 39.6 188 354 0.6 23 33

Phase

3.2 Oxidation and hot corrosion kinetics curves
Oxidation and hot corrosion tests of Nb—Si
based alloys were carried out at 900 °C. The
corresponding kinetics curves and partial macro-
graphic morphologies are presented in Fig. 2. At
900 °C, the oxidation process of the alloy could be
divided into two main stages: an initial parabolic
stage (0—50 h) followed by a rapid linear oxidation
stage (over 50 h). The later linear oxidation kinetics
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Fig. 2 Oxidation and hot corrosion kinetics curves at
900 °C of Nb—Si based alloys and their partial macro-
graphic morphologies: (a) Comparisons of oxidation and
hot corrosion kinetics curves; (b) Linear fitting curves
for mass gain per unit area versus square root of time for
oxidation and hot corrosion

indicates that the scale could not provide an
effective barrier for oxygen ingress towards the
alloy being exposed in the static air. Particularly,
pest-like oxidation products (powdered and cracked
scale) are observed on the alloy surface after 100 h
exposure in air and the final mass gain is
approximately 38 mg/cm’. Nevertheless, not only a
linear corrosion stage happens earlier (over 20 h),
but also a drastic increase of mass gain (97 mg/cm?)
and severely catastrophic scale disintegration occur
after hot corrosion for 100 h, demonstrating that the
molten salts (Na,SO,4 and NaCl) could significantly
accelerate the oxidation process of Nb—Si based
alloys. Figure 2(b) shows the fitting curves at the
parabolic stages of oxidation and hot corrosion
processes of Nb—Si based alloys. It can be seen that
the parabolic hot corrosion rate constant is two
orders of magnitude higher than the parabolic
oxidation rate constant.

3.3 Oxidation products

The oxidized products of Nb—Si based alloys
are analyzed by X-ray diffractometer (Fig. 3). XRD
patterns show that all the scales are composed of
TiO, (JCPDS 76-0325, tetragonal) and Nb,Os
(JCPDS 72-1297, monoclinic). Compared to those
with the substrate alloy, the diffraction peaks from
Nbss are weakened substantially and TiO,, Nb,Os
peaks are observed after 10 h of exposure in air,
which is mainly responsible for the preferential
oxidation of Nbss. Moreover, the diffraction peak
intensity of the oxidation products (TiO, and Nb,Os)
becomes stronger as the exposure time prolongs.
Figures 4(a, b) show the surface morphologies
of Nb—Si based alloys after oxidation for 10 h. The

B — Nbss
A—TiO,

0—a(Nb,X);Si;
o — »(Nb, X)5Si,
0 — Nb,Os

20 3b 4I0 5IO 6I0 7I0 8I0 90
200(°)
Fig. 3 XRD patterns conducted on surface of Nb—Si
based alloys after oxidation at 900 °C
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Microcracks

Fig. 4 Surface morphologies of Nb—Si based alloys after
oxidation at 900 °C for 10 h (a, b) and 100 h (¢)

specimen surface exhibits similar morphology
characteristics to the substrate alloy, and SE image
indicates that significant volume expansion occurs
in the original Nbss, and then brings microcracks at
the original Nbss/silicide interfaces. After oxidation
for 100 h (Fig. 4(c)), the scale shows the tendency
of severe scale cracking and disintegrating like
“pesting”.

Figure 5 represents the cross-sectional micro-
structures of Nb—Si based alloys after oxidation
at 900 °C. A very thin (~2.7 pm), dense and
continuous scale comprising light-gray phase and
dark-gray phase is formed after oxidation for 10 h.
The light-gray phase with some transverse
microcracks consists of Nb (~17.51 at.%) and Ti
(~6.50 at.%) mixed oxides. The dark-gray phase is
identified as Si-rich oxide (~9.82 at.% Si), which is

Microcracks

Substrate

Oxide from silicide
Ogxide from Nbss

Fig. 5 Cross-sectional BSE images of Nb—Si based
alloys after oxidation at 900 °C for 10 h (a), 50 h (b) and
100 h (c, ¢y, €2, C3)
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evolved from silicide. With subsequent increase in
oxidation time (50 h), the oxide layer gradually
thickens and some holes are observed in the Si-rich
oxide, as shown in Fig. 5(b). Nevertheless, a loose,
fragmentized and powdery scale with a thickness of
about 650 pm is formed after exposure of 100 h in
air (Fig. 5(c)), indicating that the alloy has
experienced a unstable oxidation stage. Meanwhile,
many horizontal cracks as well as holes are
observed in the scale in the later linear oxidation
stage. Figure 5(c;) shows the BSE image of
oxidized alloy at scale/substrate interface.
Preferential oxidation of Nbss and partial oxidation
of silicide blocks are found, suggesting that the
oxidation process of the alloy is mainly controlled
by inward diffusion of oxygen ions and oxygen
intruding into silicide is much more difficult [16].
In addition, a separate layer marked as internal
oxidation zone (I0Z) is observed between scale and
substrate, as shown in Figs. 5(a, b, c;). Oxygen
intruding into Nbss leads to the formation of this
layer, which is featured by dark-gray Nbss matrix
(~26.12 at.% O) and cracked silicide blocks. After
oxidation at 900 °C for 10 h, numerous cracks are
observed in the silicide of I0Z and propagate
parallel to scale/substrate interface. The width of
these cracks increases gradually and microcrack
initiation occurs at the silicide/Nbss interface after
oxidation for 50 h (Fig. 5(b)). After oxidation for
100 h, these cracks cross silicide blocks and then
extend into Nbss matrix along the Nbss/silicide
interface, eventually resulting in penetrative
cracking of 10Z (Fig. 5(cy)). Table 2 presents the
chemical compositions of marked sites in Fig. 5(c;).
WDS analysis results show that oxygen content in
Nbss matrix (I0Z) is about 28.50 at.%, much higher
than that in silicide blocks (~4.79 at.%). Moreover,
massive needle-like oxides (TiO,, Al,O; and Cr,03),
marked by a white arrow in Fig. 5(c;), are also
found in the Nbss matrix. Formation of these fine

Table 2 Chemical compositions of marked sites in
Fig. 5(c,), determined by WDS analysis

- Composition/at.%
Position
Ti Si Cr Al Hf O
1 42.16 18.74 036 6.19 3.17 0.88 28.50
2 30.60 24.15 32.63 0.65 2.66 4.52 4.79
3 53.78 2393 0.40 820 3.74 1.12 8.83
4 29.14 25.62 33.67 0.63 2.53 4.67 3.74

oxides and oxygen dissolving into Nbss matrix
could lead to volume expansion of Nbss, then
induce initiation and propagation of cracks in
silicides, and eventually accelerate the oxidation
process of the alloy.

3.4 Hot corrosion products

Figure 6 presents the XRD patterns of hot
corrosion products formed on Nb—Si based alloys.
It is shown that the hot corrosion products for 1 h
are mainly composed of Nb,Os, TiO, and
monoclinic NaNbO; (JCPDS 74-2441). In addition,
some diffraction peaks from complex products of
TiNb,O; (JCPDS 39-1407), Na,NbsO;; (JCPDS
44-0060) and Na,NbgO,; (JCPDS 13-0329) are also
detected on the XRD patterns of the hot corrosion
products for 20—100h. No XRD peaks from
Si-containing products are found, possibly due to
the formation of amorphous silicate [17,18].
Figure 7 shows the surface morphologies of Nb—Si
based alloys after hot corrosion for 1 and 20 h. The
loose scale is characterized by some dark nubbles
distributing on the gray matrix, as shown in
Figs. 7(a, a;). The EDS results reveal that the dark
phase is TiO, with a composition of 3.8Nb—
19.2Ti-0.6Si—2.4Cr—6.2A1-0.4H{-0.1S-0.2C1-
3.0Na—64.10 (at.%), while the light gray matrix
could be recognized as (Nb,Ti)-oxide, which
has a composition of 13.2Nb—4.5Ti—1.7Si—4.0Cr—
3.8A1-0.9Hf-0.1S-0.1C1-3.0Na—68.70 (at.%).
Some small dark-gray (Na,Nb)-oxide particles are
also found in the scale. With prolonging exposure
time to 20 h, not only the dark TiO, nubbles coarsen

A—Nb,0;
0 — Na,Nb;O,,
2 0—Na,Nb,0,,
. Lh

A A 1 —TiO,
N 0—NaNbO;
DA — TiNb,0;

Fig. 6 XRD patterns of scale formed on Nb—Si based
alloys after hot corrosion at 900 °C (* means that the
peeling scale was ground into powders and then
characterized by X-ray diffraction analysis)
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Fig. 7 Surface morphologies of Nb—Si based alloys after hot

but also the amount of (Na,Nb)-oxide particles
increases. Besides, amorphous silicate is also
observed underneath NaNbOj particles, as inserted
in the lower left corner of Fig. 7(b;). Moreover,
cracking (Fig. 7(b)) and spallation
(Fig. 2(a)) of scale occur after exposure in the
molten salts.

Figure 8 represents the cross-sectional BSE
images of Nb—Si based alloys after hot corrosion
for 1 and 20 h. The corroded specimen is primarily
composed of a loose, fragmentary scale and an
internal oxidation zone. Combined with XRD
patterns (Fig. 6) and WDS results (Table 3), it can
be determined that all the loose and fractured scales
mainly consist of Nb,Os, TiNb,O;, TiO,, silicate
and (Na,Nb)-oxide. However, Nb,Os and TiNb,O,
cannot be easily distinguished by BSE and WDS
analyses, due to their similar composition and
contrast. At the lower part of the scales, some
sporadic bright silicide patches are found in the
dark-gray silicate blocks, demonstrating that
silicide is harder to be corroded than Nbss. Figure 9
shows the XRD pattern and SEM images of the
residual scale formed on Nb—Si based alloys after
hot corrosion for 50 h. The XRD pattern of residual
scale shows many strong Na,Nb4O;; and Na,NbgO,;
peaks in contrast with that of 20 h. Besides, the

serious

g% ;03 :.‘ ' 7
corrosion for 1 h (a, a;) and 20 h (b, by)

%y 6

surface of residual scale appears to be much flatter
upon exposure of 50 h. Dark-gray TiO, patches,
numerous bright (Na,Nb)-oxide coacervates and
light-gray silicate blocks co-exist on the surface
(Fig. 9(c)). WDS analysis reveals that these bright
coacervates have a composition with higher Nb
content (18.52Nb—2.39Ti—0.14Si—1.28Cr—0.82Al-
0.28H{-0.20S—-0.08C1-10.51Na—65.880, at.%) and
the molar ratio of Nb to Na roughly approaches
1.8:1. Hence, it can be inferred that the bright phase
is a sodium-niobate mixture of NaNbO;, Na,Nb,Oy;
and/or Na,NbgO,;. With prolonging exposure time
to 100 h, scale exfoliation occurs and then the
substrate exhibits partly exposed, as shown in
Figs.2 and 10(b). The residual scale primarily
consists of light-gray (Nb,Ti)-oxide, dark-gray
lath-like silicate as well as some residual silicide
patches (Figs. 10(c, d)). It is worth mentioning that
beneath the broken scale there also exists an
internal oxidation zone, which is characterized by
dark-gray Nbss matrix and cracked silicide blocks
(Figs. 8, 9 and 10).

Figure 11 shows elemental mapping of internal
oxidation zone of Nb—Si based alloys after hot
corrosion for 20 h (EPMA). Na mainly exists in the
form of sodium-niobate in the scale, while a small
quantity of sulfur and chlorine is detected in the
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(Nb,Ti)-oxide
/
/
Fig. 8 Cross-sectional BSE images of Nb—Si based alloys after hot corrosion for 1 h (a, a;) and 20 h (b, by, b,)
Table 3 Chemical compositions of marked sites in Fig. 8, determined by WDS analysis
Corrosion Composition/at.%
: Phase
time/h Nb Ti Si Cr Al Hf 0 S Cl Na

(Nb,Ti)-oxide  22.42 4.75 0.13 1.81 1.28 044  66.10 0.02 0.05 2.95
(Na,Nb)-oxide 13.78 391 0.16 1.12 0.82 045 6641 0.08 0.06 13.21
Silicate 9.10 3.67 13.61 0.14 0.76 1.17  66.62 0.04 0.01 4.88
TiO, 0.10  30.67 0.03 0.54 1.04 0.02 6574 0.02 0.01 1.37
(Nb,Ti)-oxide 24.31  3.64 0.20 1.91 1.10 0.30 6630 0.03 0.08 2.13
20 (Na,Nb)-oxide 16.12  4.05 0.21 1.01 0.89 021 6627 0.12 0.04 11.08
Silicate 9.83 3.88 1454 0.13 0.79 1.30 6540 0.02 0.06  4.05
TiO, 021 31.12 0.10 0.85 1.12 0.03  65.02 0.02 0.03 1.50

internal oxidation zone. Moreover, TiO, can be
observed in the microcracks in the silicide blocks,
which may be responsible for the latter rapid

spallation of scale. In order to accurately obtain
constituent phases of corrosion scale, the scale
formed on Nb—Si based alloys after hot corrosion
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7 2 —TiNG,0,
(a) A — Nb205
= —TiO,
a— NaNbO3
® — NaZNb8021
© —Na,Nb,O,
(=]

(@) : 4—Nb,0,

® — Nbss

© — »(Nb,X);Si;
& — TiNb,0;
-— Ti02

O — a(Nb,X)5Si;

" Residual coating »

3 % . TP

Fig. 10 XRD pattern and SEM BSE images of residual scale formed on Nb—Si based alloys after hot corrosion for 100 h:
(a) XRD pattern; (b, c) Surface morphology; (d) Cross-sectional morphology

for 20 h was further analyzed by scanning/trans- Fig. 12. The dark phase marked as A is recognized
mission electron microscope (STEM) and selected as amorphous silicate by SAED pattern and
area electron diffraction (SAED), as presented in EDS mapping. The SAED pattern of Point B also
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Fig. 11 Elemental mapping of internal oxidation zone of Nb—Si based alloys after hot corrosion for 20 h, determined by

EPMA analysis

indicates that NaNbQO; exists in the scale. Some
small TiO, particles presented in Fig. 12(a;) (Point
C) can be confirmed by EDS mapping and SAED
data. Furthermore, monoclinic TiNb,O; and Nb,Os
phases labeled as D and E in Fig. 12(a,) are also
detected in the scale.

3.5 Discussion
3.5.1 Intermediate temperature oxidation

The thermogravimetry results (Fig. 2) illustrate
that the mass gain of Nb—Si based alloys in air
follows a parabolic kinetics during the first 50 h and
then changes to linear one, suggesting that the
oxidation process at 900 °C is firstly controlled by
diffusion and eventually unstable process occurs. At
intermediate temperature, the scale growth mainly
depends on grain boundary diffusion, rather than

volume diffusion owing to the higher diffusion
coefficient on grain boundaries and presence of lots
of grain boundaries [19]. In fact, the early stage of
oxidation is controlled by the process involving
adsorption,  dissociation, chemisorption, and
ionization of oxygen, instead of ion transportation
through oxide layers. The detailed process on the
alloy surface could be described by [9]

0,(g)—0,(ad)—20(ad)—20 (chem)+2h —
207 (latt)+4h" (1)

where h’ means hole.
Nevertheless, these processes are rarely
observed due to their short and rapid reactions.
Once the oxidation of the alloys reaches the
stage where ion diffusion is rate controlling, a
parabolic kinetics law is found to hold for a period
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Fig. 12 STEM images of scale formed on Nb—Si based alloys after hot corrosion for 20 h: (a;, a;) High-angle annular
dark-field images (HADDF); (b) STEM-EDS mapping; (c) SAED patterns (A—Silicate, B—NaNbO;, C—TiO,,
D_TiNb207, and E_NbQOS)
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whose duration relies on some factors such as
constituent phases of alloys, scale integrality and
oxidation temperature. Nb—Si based alloys
primarily contain oxygen-sensitive Nbss and brittle
silicide. Many oxygen ions could diffuse into the
matrix where it saturates in Nbss and reacts with the
metals. Besides, some fine oxides (TiO,, ALOs;,
Cr,0;3, etc) generate in the Nbss matrix (Fig. 5(c3)),
which will not only increase the number of grain
boundary but also induce a volume expansion,
eventually leading to the generation of cracks in the
silicides of internal oxidation zone (Figs. 5(a, b, ¢,)).
MATHIEU et al [16] reported that approximately
15% volume expansion of Nbss occurs at 815 °C in
air, promoting crack initiation, propagation and
ruptures within silicides finally [16]. These cracks,
which provide more sites for rapid oxygen ingress,
growth of voluminous oxides and stress risers, are
responsible for the latter linear rapid and
catastrophic oxidation process, i.e., pest oxidation.

Scale integrality is another significant factor
that determines the oxidation resistance of alloys.
Thus, internal stress generation and relief in the
scale, if stress-induced cracking or spallation may
occur, should be considered during oxidation
process. As is well known, the internal stress could
be divided into growth stress, which develops
during the isothermal oxidation process, and
thermal stress arising from differential thermal
expansion between substrate and scale [9]. The
growth stress is closely related to the PBR
(Pilling—Bedworth ratio) of oxides as well as new
oxides formed within the scale. The PBRs of TiO,
(1.78) and Nb,Os (2.68) [9,19] are far greater than
one, indicating that large compressive stress occurs
in the scale during the growth of these oxides, then
inducing scale cracking (Figs. 4 and 5), even partial
spallation. Besides, since inward migration of
oxygen along oxide grain boundaries is dominant at
intermediate temperature, new oxides formed
within the scale could also lead to compressive
stress in the scale. For the thermal stress, the
difference in thermal expansion coefficient (CTE)
of the alloy and oxides is more important. The
CTEs of related oxides and Nb—Si based alloys are
respectively as follows: TiO, (8.2x107° K™ [20],
Nb,Os ((1.07-2.24)x10°K™") [21] and Nb-Si
based alloys (10.45x10°K™) [22]. The stress
induced by thermal expansion mismatch could be
evaluated in the following equation [23]:

o=E,/(1-v,)-AaAT (2)

where E, and v, are the elastic modulus and Possion
ratio of the oxide scale, respectively; Ao represents
the difference between the CTEs of the scale and
substrate; AT represents the temperature variation.
Therefore, large compressive stress will develop in
the scale during cooling due to the thermal
expansion mismatch between oxide (Nb,Os) and
substrate alloy. Once these stresses release, severe
scale cracking, even pulverization will occur, as
shown in Figs. 2, 4 and 5.

Besides, at intermediate
numerous oxygen ions ingress
boundaries could result in grain-boundary
hardening, and then induce the Ilater pest
degradation. WESTBROOK and WOOD [24] have
proposed a pest degradation model, based on
grain-boundary hardening measurement. According
to this model, at some intermediate temperature,
oxygen diffuses rapidly through the alloy along
grain-boundary paths. At the initial stage, oxygen is
confined at the grain-boundaries, and then
embrittles them. At the later rapid oxidation stage,
lots of fine oxides formed at the grain-boundaries,
promote internal stresses arising and fragment the
alloy along the grain-boundaries, eventually
inducing the scale pulverization.

Based on the macrographic morphologies,
microstructural observation and above discussion,
the later linear oxidation stage (i.e. pest oxidation)
of the alloy is related with volume expansion of
Nbss, large internal stress generation as well as
numerous oxides formed at grain-boundaries.

3.5.2 Hot corrosion

The intrinsic form of hot corrosion is an
accelerated oxidation, which occurs when the air is
contaminated with impurities (such as Na;SO,,
K,SO,4, NaCl and KCI). In this work, Na,SO, and
NaCl molten salts are selected as corrosive medium
to investigate the hot corrosion behavior of Nb—Si
based alloys. Since the melting point of the mixture
of Na,SO,4 and NaCl is lowered to about 620 °C,
the salt mixture would be in a molten state at
900 °C [8]. During the hot corrosion process, the
molten salts are adherent on the surface of Nb—Si
based alloys. Meanwhile, some specific reactions
occur firstly at the molten salt/metal interface as
follows [12—14]:

Na,80,—Na,0+S0; 3)

temperature,
along grain-
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Na,S04—Na,0+S0,+1/20, )
Na,S0,—Na,0+S+3/20, (5)
2NaCl+S0,+0,—Na,S0,4+Cl, (6)
2NaCl+S05+1/20,—Na;S0,+Cl, (7)

Once the surface of the alloy has been partially
or completely wetted by the molten salts, conditions
for serious corrosion may develop. As is well
known, the hot corrosion process of virtually all
susceptible alloys involves two stages: an initial
stage during which the corrosion rate is slow, and
similar to that in the absence of the contamination,
and a propagation stage in which rapid, even
catastrophic, corrosion occurs [9,25]. According to
the hot corrosion kinetics curves, macrographic
morphologies and microstructural observation of
the corroded alloy (Figs. 2, 7, 8, 9 and 10), it can be
seen that the hot corrosion process could be divided
into two stages: an initial parabolic stage and a
propagation  linear stage, as summarized
diagrammatically in Fig. 13(a). Step t0 gives the
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stable microstructure of the alloy before hot
corrosion, mainly consisting of Nbss matrix and
silicide blocks (the morphology difference between
a(Nb,X)sSi; and p(Nb,X)sSiz is negligible during
the hot corrosion process). At the initial stage,
elements (Nb, Ti, Si, Cr, Al, etc) in the alloy are
oxidized by oxygen from the salts and gas
environment. Consequently, the reaction products
that are formed beneath the salts on the alloy
surface exhibit characteristics similar to those in the
absence of the salts [9]. For example, an internal
oxidation zone which is featured by cracked silicide
and saturated (oxygen) Nbss matrix is formed in the
corroded alloy and oxidized alloy (Figs. 5(a), 8(a)
and Step t1). Due to the evaporation of SOs, SO,,
Cl, and O, via Reactions (3)—(7), the surplus Na,O
offers an alkaline environment at the salts/scale
interface. Subsequently, the main formed oxides
(Nb,Os, TiO,, etc) are dissolved into the salts via
the Reactions (8) and (9). When it comes to the
reactions between Si-containing oxides and Na,O,

ClZ, Sox(g)
b 0)
i Molten sillt)s b MSX ziglil o T0:
N & i |
Scale mt_/" _,ﬁ'(—} 5
Pores/. _'t \
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_—
(©) 0,(2) @ 0,8 | cl,So
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Fig. 13 Schematic illustration of hot corrosion process of Nb—Si based alloys at 900 °C
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the corrosion products could be amorphous silicate
via Reaction (10) [26]:

Nb,05+Na,0—2NaNbO; (8)
TiO»+Na,O—Na,TiO; )
mSi0,+Na,0—Na,0 mSiO, (10)
2Nb,05+Na,0—Na,Nb,O; (11)
4Nb,05+Na,0—Na,NbsO,, (12)

Moreover, Na,Nb;O;; and Na,NbgO,; are also
found in the corroded scale for long time, especially
in the scale of 50 h (Figs. 6 and 9). This means that
sodium salts gradually intrude into the lower part of
scale and react with numerous new Nb,Os products
during the later rapid corrosion stage ( Step t2), via
Reactions (11) and (12).

In addition, the corrosive media like Cl,, SO,
and SO;, even the molten salts, may permeate into
the alloy along some cracks or pores. Considering
that the oxygen attack continuously occurs during
the whole hot corrosion process, an oxychlorination
reaction could occur via Reactions (13) and (14)
(M=Nb, Ti, Cr, etc) [14,27]:

xM+y/20,+zNaCl—-Na.M,0,+z/2Cl, (13)
xMO+y/20,+zNaCl—=Na.M,O,,,+z/2Cl, (14)
Moreover,  sulphidation  reactions  are

unavoidable because of the close relationship
between sulphidation and basic fluxing in the
hot corrosion process [9]. At high temperatures
(> 850 °C) and in lower SO; or SO, pressures, basic
fluxing occurs due to sulphur removal from the
Na,SO; into the alloy. Consequently, since the alloy
suffers hot corrosion attack via basic fluxing, the
hot corrosion process may gradually change to
sulphidation as a result of the fairly high number of
sulphur intruding into the alloy [9]. More than
detrimental effects of sulphur, chlorine can
significantly accelerate the damage of protective
oxides due to the self-maintenance of chlorination
reactions [28,29]. Thus, these sulphidation and
chlorination reactions could be expressed by the
Reactions (15) and (16). And the relevant standard
Gibbs free energy changes (AG®) as a function of
temperature (per mol O,, Cl, or S,) are presented in
Fig. 14. From 600 to 1000 °C, the standard Gibbs
free energy changes of forming sulfides and
chlorides are negative and lower than those of
corresponding oxides, indicating that these oxides
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Fig. 14 Standard Gibbs free energy changes (AG®) of
main oxides, sulfides and chlorides as function of
temperature (per mol O, (a), Cl, (b) or S, (c))

are thermodynamically more stable than sulfides
and chlorides. GRABKE et al [30] have designed a
flow apparatus combined with a thermobalance to
perform in-situ corrosion and found the existence of
FeCl, (g) at the oxide/metal interface during hot
corrosion process of steels. As a consequence, these
as-formed volatile sulfides and chlorides [31], with
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low boiling points (NbCls (254 °C), TiCly
(135.9 °C), AICI; (178 °C) and SiCly (57.6 °C)) and
high vapor pressures, volatilize outward, or react
with O, or O ions at the region with higher partial
oxygen pressure to form non-protective oxides, and
release Cl, and S,, SO; or SO, via Reactions
(17)—(20). Once these processes develop, the scale
could be easily destroyed with large amounts of
cracks, voids and holes, leaving more paths for
rapid infiltration of corrosive media. Meanwhile,
these as-generated Cl, and S;, SO3; or SO, would
further destroy the scale and accelerate the
oxidation of the alloy, eventually leading to the
formation of a broken and peeling scale (Step t3).

M+x/2S,(g)—MS, (15)
M+y/2Cly(g)—>MCl, (16)
2MS,+0,—2MO+xS, (17)
MS,+(x+1/2)0,—~MO+xSO, (18)
MS,+(3x+1)/20,—~MO+xS0; (19)
2MCl,+0,—2MO+yCl, (20)

Also, the self-maintenance of sulphidation and
chlorination reactions could be further explained by
the criterion for a self-maintaining fluxing hot
corrosion process [32]:

ds,
[ o )H >0 1)

where S, is the oxide solubility and L is the distance
from the salt/oxide interface in the molten salt. The
criterion indicates that the oxide will dissolve at the
salt/scale interface (L=0) and reprecipitate away
from the gas/salt interface (where the solubility is
lower and oxygen partial pressure is higher) as
non-protective oxides.

4 Conclusions

(1) Thermogravimetry results indicate that
both oxidation and hot corrosion processes at
900 °C of Nb—Si based ultrahigh temperature alloys
could be divided into two main stages: an initial
parabolic stage and a rapid linear stage.

(2) At 900 °C in static air, a very thin, dense
and continuous scale is formed on the alloy for
1-50 h, while a powder-like and loose scale with a
thickness of approximately 650 pm is observed
after oxidation for 100 h.

(3) The corroded scale is mainly composed of

TiO,, Nb,Os, TiNb,O,;, amorphous silicate and
NaNbO;. Compared with oxidation of the alloy, a
linear corrosion stage occurs earlier (over 20 h) and
severely catastrophic scale disintegration occurs
after hot corrosion for 20—100 h, indicating that the
molten salts (Na,SO,+ NaCl) could severely
undermine Nb—Si based alloys.
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