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Oxidation behavior of Hastelloy C-2000 superalloy at 800 °C and 1000 °C
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Abstract: The oxidation behavior of Hastelloy C-2000 alloy was investigated in air at 800 °C and 1000 °C for 100 h, respectively.
Oxidation kinetics and oxide scales morphologies were examined by mass gain measurement, scanning electron microscopy (SEM),
X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). The oxidation behavior of the alloy approximately follows a
parabolic rate law. Moreover, annealing twins defect structure in matrix deteriorates the oxidation resistance of alloy due to the
improvement of diffusion rates for alloying elements and oxygen atoms. At 800 °C, the microstructure is primarily composed of NiO
and Cr; 3Fe( 706 and the initial annealing twins structure is visible and Mo-rich phases are emerged to approach boundary of oxide
scales. At 1000 °C, however, the morphology microstructure of oxide scales consists of oxide particle with fine Cr oxides and large

Ni oxides by inlaying each other, whilst Mo-rich phases hardly appear closing to the interface of oxide scales.
Key words: oxidation behavior; Hastelloy C-2000 alloy; parabolic rate law; annealing twins; Mo-rich phase

1 Introduction

It is well known that Ni-Cr—Mo alloys exhibit
excellent corrosion resistance under extreme exposure
conditions [1—4]. Therefore, an important application of
Ni—Cr—Mo alloy is used for the preparation of high
temperature flue gas filter with intense gas corrosion,
high temperature and large diffusion rate of oxygen.
With increasing complexity and rising temperature of
the media atmosphere, it is a great challenge for alloys to
maintain its excellent properties such as the
high-temperature corrosion resistant in oxidizing and
reducing medium, as well as high temperature oxidation.

A relatively new Hastelloy C-2000 alloy is a very
promising candidate material as high temperature flue
gas filter due to the outstanding performance in
extremely corrosive environments (reducing and
oxidizing acids) [5—7]. Currently, the corrosion
properties of the alloy in different media have been
studied extensively [8—11]; however, the corrosive effect
of oxygen (i.e., high-temperature oxidation) on alloy is
often overlooked. Oxide film formed on the surface of
the matrix will cause the consumption of different
alloying elements, which will affect or even deteriorate

corrosion resistance of alloys. XIN and WANG [12]
found that evaporation rate of Mo oxides is very fast
above 725 °C, causing consumption of Mo element in
matrix. ZHANG et al [8] attributed excellent corrosion
resistance of the C-2000 alloy to high contents of Mo
element which can inhibit proliferation and spread of
Insoluble corrosion products (the oxide
MoQO;, the polymeric species Mo,0,,% and M080264_)
were accumulated within the corroded regions of
creviced C-2000 alloy, especially within corroded grain
boundaries [13]. Obviously, corrosion resistance of alloy
will be deteriorated when the Mo element is continually
consumed during high-temperature oxidation. We know
that the grain boundaries can accelerate the oxidation
rate of alloys due to their high density of defects.
Although density of defects in annealing twins is lower
than that of grain boundaries, it is taken for granted that
twins can also provide an effective passage for diffusion
of atomic when a large amount of twins appear in matrix
[14—16]. Isothermal oxidation behavior of the Hastelloy
C-2000 alloy is not fully understood due to the limited
studies.

The purpose of this study is to investigate oxidation
behavior of the Hastelloy C-2000 alloy at high
temperatures. Moreover, the effect of annealing twins

corrosion.
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and alloying elements on oxidation behavior of the
Hastelloy C-2000 alloy was discussed as well.

2 Experimental

An isothermal oxidation investigation was carried
out on Hastelloy C-2000 alloy supplied by Haynes
International Company. Table 1 and Fig. 1 display the
nominal chemical composition and the typical
microstructure of the alloy, respectively. A large number
of annealing twins are detected in the matrix (see Fig. 1).

Table 1 Chemical composition of Hastelloy C-2000 alloy
(mass fraction, %)

Al C Co Cr Cu Fe
0.24 0.002 0.08 22.81 1.48 0.87
Mn Mo P S Si Ni

0.22 15.22 0.007 0.003

Fig. 1 Typical microstructure of Hastelloy C-2000 alloy in as-

received condition

Square coupon-type samples (10 mmx 10 mm),
with a thickness of 2 mm, were cut from the as-received
sheet of the C-2000 alloy. The samples were polished
with SiC polishing paper using successive grades up to
2000#, and then the samples were rinsed well with
distilled water and then ultrasonically cleaned in ethanol
before being hot air dried. After drying, the samples were
stored in plastic bags. A micro-balance with a precision
of 0.01 mg was used to measure mass change. Each
alumina crucible was prepared at the scheduled test
temperature for approximately 20 h until its mass
remained at constant before the specimen was placed
into it. The oxidation experiments were performed in a
muffle furnace in air at 800 °C and 1000 °C for 20, 40,
60, 80 and 100 h, respectively. The mass gain change
was calculated with the following equation:

nm; —n,

AM = v (1)

where AM is the mass gain per unit area; m; is the
instantaneous measured mass; m, is the original mass of

the specimen; A, is the original surface area of the
specimen; ¢ is oxidation time.

The samples were characterized by scanning
electron microscopy (SEM) coupled with energy
dispersive spectroscopy (EDS) analysis. In order to
evaluate the surface morphology, cross-sectional
microstructure, chemical composition and phase
precipitation, X-ray photoelectron spectroscopy (XPS)
and X-ray diffraction (XRD) were used in testing
analysis.

3 Results and discussion

3.1 Isothermal oxidation kinetics

Figure 2 shows a parabolic rate law plot of the mass
gain against the oxidation time. The mass gain increases
with increasing oxidation temperature from 800 °C to
1000 °C. The oxidation rate and mass gain are very fast
during the initial 20 h stage, which is so-called early
formation stage of oxide scales. However, the mass gain
rate is slow after 60 h, namely, formation stage of oxide
scales has been transformed into growth stage of oxide
scales. Compared with that at 800 °C, at 1000 °C, the
formation rates of different oxides are all improved due
to the high activity of alloying elements such as Ni, Mn,
Fe and Cr, which are the primary contributor to the rapid
increase in mass gain during the initial stage at 1000 °C.
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Fig. 2 Oxidation kinetic curves of C-2000 alloy oxidized in air

at 800 °C and 1000 °C for 100 h

3.2 Morphology of surface oxide scales

SEM images of the surface oxide scales developed
on Hastelloy C-2000 specimens after being oxidized at
800 °C and 1000 °C for 100 h are displayed in Fig. 3. At
800 °C, the surface oxide scale of Hastelloy C-2000
presents uniform granular structures (see Fig. 3(c)). In
addition, initial annealing twins structure of surface is
still visible (see Fig. 3(a)). At 1000 °C, however, the
morphology changes to the mixture of both fine granular
and large granular shape (see Fig. 3(f)). The paliform
characteristic appears on the whole surface oxide scales
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along grain boundaries (see Fig. 3(e)) due to the
fast-diffusion paths at high temperature oxidation.
YANG et al [17] reported that twins structures in alloy
are generally considered preferential diffusion paths for
hydrogen. Although the disorder of atoms in twins is
smaller than that of grain boundaries, the contribution of
abundant annealing twins in matrix to diffusion of
alloying elements is not neglected. A higher oxidation
rate at grain boundaries and twins leads to the rapid
formation of oxide scales. As a result, initial annealing
twins are difficult for observing after oxidation at
1000 °C.

Owing to Hastelloy C-2000 alloy is face-centered
cubic lattice structure with low stacking fault energy,
annealing twins are easily formed after being
mill-annealed. Lamellar twin is formed at trigeminal
grain boundary by stacking fault nucleation resulting
from the existence of stacking faults, which results in the
decrease of both interfacial energy and the mean free

path of dislocation [18,19]. PENG et al [20] indicated
that growth of oxide scales is controlled by external
diffusion of interstitial cation. The growth rate of oxide
scales is much higher in annealing twins than that in
other areas due to the high density of interstitial cation.

Surface oxide scales developed on Hastelloy
C-2000 specimens emerge different colours and some
bump structures (see Fig. 3(a)) after isothermal
oxidation. Oxide scales on both annealing twins and
non-annealing twins are relatively uniform resulting
from a balanced growth stress and the spalling trend
from alloy substrate is prevented. Table 2 shows that
oxide scales are primarily composed of Cr and Ni oxides
oxidized at 800 °C and 1000 °C. Meanwhile, a small
quantity of Mn and Fe elements are observed at 1000 °C,
indicating that Mn and Fe oxides are formed on the
surface of specimens at higher oxidation temperatures.
Content of Mo elements in oxide scales at 800 °C is
higher than that of 1000 °C.

Fig. 3 SEM images of C-2000 specimen surface after oxidation at different temperatures in air for 100 h: (a)—(c) 800 °C;

(d)~(f) 1000 °C
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Table 2 EDS analysis results on points shown in Fig. 3

Point in Mass fraction/%

Fig3 O C Mn Ni Mo Fe C Al
1 29.72 20.69 — 31.10 12.07 — 590 0.51
2 3590 25.03 — 2990 346 — 571 -—
3 3842 2331 — 3247 - - 580 -
4 36.63 27.84 — 2559 389 — 605 -
5 41.32 46.51 141 498 -  1.05 472 -
6 2883 2166 — 3395 9.68 — 526 0.63
7  37.81 39.69 734 1403 - 113 - -
8 28.81 540 146 6434 - - - -
9 2901 5.05 136 6442 0.17 - - -
10  29.71 4.69 1.11 5690 038 - 721 -

3.3 X-ray diffraction analysis

Figure 4 shows the XRD patterns of several samples
of Hastelloy C-2000 oxidized at testing temperatures. At
800 °C, the XRD patterns reveal that NiO and
Cr;3Fey ;04 are strongly detected as major oxide scales
with a little amount of Fe,O5; and Cr,NiO,. At 1000 °C,
XRD peaks of Cr;;Fe ;06 and Fe,O; strongly increase
and XRD peaks of (Cuy,Nigg)O are also detected (see
Fig. 4(a)). The intensive peak of Fe,O; indicates that a
thin layer of Fe,Oj; is formed. In addition, no XRD peaks
corresponding to Mo oxides are detected. This seems to
suggest that Mo oxides containing protective oxide
scales are not formed due to the large volatility of Mo
element at high oxidation temperatures. It seems to that
the alloy matrix does not obviously change after
oxidation at 800 °C and 1000 °C, as shown in Fig. 4(b).

3.4 Cross-sectional structures

Both the cross-section SEM image and elemental
distribution of oxide scales structures formed on
Hastelloy C-2000 specimens are shown in Fig. 5.
Continuous oxide scales with 1.3 pm in thickness
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oxidized at 800 °C are presented in Fig. 5(a). At 1000 °C,
thickness of oxide scales is up to around 8 pm and
inward oxide pegs also grow into the alloy matrix, which
can improve the bonding force between oxide scales and
alloy matrix [21—-23]. It is well known that the thicker
the oxide scales are, the larger the residual growth stress
in oxide scales is. A litter amount of oxide scales spall
after isothermal oxidation at 1000 °C for 100 h,
indicating that the weakened effect of scales growth
stress on bonding force of oxide scales is much larger
than the enhanced effect of oxide pegs on bonding force
of oxide scales.

It is also interesting to note that cross-section of
oxide scales with partially spalling presents a bending.
LIKHANSKII et al [24] investigated the structure
between oxide scale and substrate interface. They
discovered that a waving structure is a precursor of
oxidation  kinetics  transformation.  Since  the
transformation of oxidation kinetics is delayed, the
compression of oxide scales will be decreased, resulting
in an additional energy in alloy matrix with the bending
and elastic deformation (the deformation is limited to
interface). Isothermal oxidation is equivalent to
long-range aging heat treatment for alloy matrix at high
temperatures [25]. In this situation, there are some
different variations for alloy matrix after oxidation at
different temperatures. The aggregation of second phases
in alloy matrix close to interface of oxide scales is
observed after oxidation at 800 °C (see Fig. 5(a)).
Nevertheless, it is different at 1000 °C (see Fig. 5(b))
when there are hardly any second phase close to interface
of oxide scales. There is no significant distribution
difference among other elements except for Mo element
in the cross-sectional elemental distribution of oxide
scales (see Figs. 5(c) and (d)). At 800 °C, the appearance
of two small prominent peaks of Mo elements in distance
of 8 and 15 pum (see Fig. 5(c)) indicates that enrichment
of Mo element occurs. In addition, enrichment of Mo
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Fig. 4 XRD patterns of oxide scales (a) and alloy matrix (b) after oxidation
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Fig. 5 Cross-section SEM images (a, b) and elemental concentration profiles (c, d) of samples after oxidation at 800 °C (a, c) and

1000 °C (b, d)

element not only appears at the critical cross-section of
oxide scales, but also appears away from the cross-
section (i.e. the core of the cross-section) at 800 °C.
Hence, further research is necessary to be carried out on
the enrichment phenomenon of Mo element in Hastelloy
C-2000 superalloy. The EDS line scan shows that content
of Mo element increases and that of Cr and Ni decreases
in the area of second phases, respectively. Compared
with spectrum 2, the content of Mo element is 45.88% in
spectrum 1 by EDS in Fig. 6, which is consistent with
that of the EDS line scan. XRD peaks of MoNiy are
detected in alloy matrix after oxidation (see Fig. 4(b)).

Precipitation of Mo-rich phases occurs in alloy
matrix after oxidation due to the fact that Cr and Fe
oxides are formed on alloy surface at 800 °C, which can
provide a protection to the matrix and decrease
evaporating of Mo oxides. Therefore, a concentration
gradient of Mo is established in alloy matrix when
external diffusion of Mo element is inhibited. As a result,
the driving force for enrichment of Mo element increases.
Furthermore, the concentration of Mo at grain boundary
during oxidation processes reached a minimum because
the grain boundary provides a fast diffusion path of
different elements. Finally, Mo element begins to
transport from matrix into both areas of grain boundaries
and vacancy defects, thus making enrichment of Mo
element appears in above regions.

Fig. 6 Elemental concentration profile across alloy matrix after
oxidation at 800 °C

TEM bright-field images and EDS patterns of
samples after oxidation at 800 °C and 1000 °C are given
in Fig. 7. Chemical compositions of the second phases
(mass fraction, %) are 28.66 Ni, 19.60 Cr and 51.74 Mo
(see Fig. 7(b)), which are consistent with the results of
Fig. 6. It is determined that Mo-rich phases are
MosNi;C-type carbides with a diamond cubic structure in
terms of both chemical component and SAED (see
Figs. 7(a) and (b)). MC-type carbides (chemical formula
is A3B3;C, where A and B are Ni and Mo eclements,
respectively) are easily formed in high Mo-containing
nickel-based alloys during aging heat treatment [26].
Mo-rich phases with MsC-type structure are not found
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Fig. 7 TEM images (a, ¢) and EDS pattern (b) of sample after
oxidation at different temperatures: (a), (b) 800 °C; (c) 1000 °C

after oxidation at 1000 °C, but a large number of
dislocations appear in the matrix (see Fig. 7(c)). On one

hand, solution of M¢C-type carbides occurred at 1000 °C.

On the other hand, abundant dislocations in alloy matrix
benefit diffusion of elements. As a result, the diffusion
rate of Mo element increases from inward to outward.
Therefore, it is difficult to form the Mo-rich phases after
oxidation at 1000 °C due to the loss of Mo element.

3.5 XPS spectra of samples oxidized at 800 °C and
1000 °C

In order to make further insight to nature of oxide

scales, XPS spectra of the samples oxidized at 800 °C

and 1000 °C are given in Fig. 8. It can be seen that there
are O, Ni, Mo, Mn, Cr and C elements for oxide scales.
Moreover, the valence state of Ni, Mo and Cr element is
approximately the same at 800 °C and 1000 °C. So, the
types of oxide scales formed from above elements are the
same. However, there is an obvious difference in XPS
peaks corresponding to Mn element at testing oxidation
temperatures. Compared with that at 800 °C, two extra
peaks of Mn at both 652.78 eV and 647.28 eV at 1000 °C
indicated that Mn elements with different valence states
are oxidized in oxide scales. ALHATAB et al [27] found
that favored oxidation in the order of relevant elements is
Ni>Cr>Fe>Mn. With increasing oxidation temperature, a
small number of Mn elements start to form some Mn
oxides with different valence states.

Formation rate of oxide scales is fast in early stage
of oxidation. Hence, in a short period of time, overall
surface of alloy is covered by an integrated protection
oxide scales so that rapid evaporation of Mo oxides is
suppressed. As a result, a small amount of Mo oxides
remain in inner of protection oxide scales when
evaporation of Mo is delayed. Finally, a small number of
residual Mo oxides are less than detection range of XRD.
The high evaporation rate of Mo oxides above 725 °C in
pure Mo alloy was pointed out by XIN and WANG [12],
at this moment, the gas diffusion becomes a rate-
determining step of oxidation and oxidation is
catastrophic. However, a phenomenon of catastrophic
oxidation does not occur for C-2000 alloy at testing
temperatures due to high contents of Ni and Cr and a
certain amount of Mn and Al in the matrix. It is
confirmed by the XPS and XRD testing results that a
protective oxide scales would be formed on the alloy
surface by interaction between elements after oxidation.
Therefore, C-2000 alloy presents an outstanding
oxidation resistance at testing temperatures although it is
an alloy with high content of Mo.

4 Conclusions

1) Oxidation kinetics of the Hastelloy C-2000 alloy
follows a parabolic rate law. At 800 °C and 1000 °C,
Cr;3Feq7;0¢ and Fe,O; oxides formed on surface of
matrix have a good oxidation resistance for C-2000 alloy.
However, oxidation resistance of the alloy is deteriorated
by annealing twins defect structure in matrix due to the
higher diffusion rate of both alloying elements and
oxygen atom in defect areas.

2) There is a significant difference for morphology
features of oxide scales after oxidation, namely the
morphology features change from uniform granular
structure at 800 °C to particle structure with fine Cr
oxides and large Ni oxides by inlaying each other at
1000 °C.
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Fig. 8 XPS survey spectra of samples at different temperatures: (a)—(f) 800 °C; (g)—(1) 1000 °C
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Mo-rich phases with Mo;Ni;C-type

stoichiometric ratio are emerged close to boundary of
oxide scales after isothermal oxidation at 800 °C. At

1000 °C, however, Mo-rich phases hardly appear close to

interface of oxide scales, which is attributed to both
solution of M¢C-type carbides at high temperature and
acceleration effect of abundant dislocations on diffusion

of Mo element.
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