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Microstructural Characteristics of High-Temperature
Oxidation in Nickel-Base Superalloy

F.A. Khalid, N. Hussain, and K.A. Shahid

High-temperature oxidation behavior of a nickel-base superalloy is examined using optical and scanning
electron microscopical techniques. The morphology of the oxide layers developed is examined, and EDX
microanalysis reveals diffusion of the elements across the oxide-metal interface. Evidence of internal oxi-
dation is presented, and the role of structural defects is considered. The morphology of the oxide-metal
interface formed in the specimens exposed in steam and air is examined to elucidate the mechanism of

high-temperature oxidation.
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1. Introduction

SUPERALLOYS are used for aerospace and nuclear applica-
tions where they can withstand high-temperature and severe
oxidizing conditions. The response to high-temperature oxida-
tion in nickel-base superalloy has been examined at different
exposures in both air and steam. The alloy investigated in this
study is suitable for use as tubing for reactors and other appli-
cations (Ref 1-2), and high-temperature oxidation resistance is
important to achieve longer life of components.

A number of investigations on the oxidation behavior and
morphology of scale formation have been documented recently
(Ref 3). Various stages of oxidation in nicke! alloys have been
reported (Ref 4).

Previous work (Ref 5) proposed a hypothesis for the forma-
tion of voids and vacancies during formation of the oxide scale.
The role of stresses developed during oxidation has been de-
scribed previously (Ref 6).

In this investigation, the oxidation behavior of a nickel-base
superalloy exposed to various temperatures and times in steam
and air is studied. The morphology of the oxide scale formed in
the specimens at different exposures and the diffusion of ele-
ments across the oxide-metal interface are examined. The na-
ture of internal oxidation and interfacial structure is also
described.

2. Experimental Procedure

The nominal composition of the alloy studied is given in Ta-
ble 1. The alloy, known as Hastelloy C-4 (Cabot Corporation,
Tuscola, IL), was received in the form of sheets, and the solu-
tion-treated specimens were cut, washed, degreased, and elec-
trochemically polished at room temperature. Gravimetric
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oxidation data were generated and are described elsewhere
(Ref7). Metallographic specimens were examined in an optical
and a Philips XL 30 scanning electron microscope (Philips
Electronics Co., Mahwah, NJ) operated at 20 to 30 kV. Mi-
croanalysis was performed using EDX (energy dispersive x-
ray) analysis.

3. Results and Discussion

3.1 Microstructure and Morphology of Oxidation

Figures 1(a) and (b) show the oxide layers formed in the
specimens after exposure at 1200 °C for 6 h in steam and air,
respectively. The oxide layer appeared to be compact and
protective and had almost uniform thickness along the sur-
face of the specimen exposed in steam, as compared to the
cracking and spallation found in the specimen exposed in
air. Figure 2 shows the external oxide layer, internal oxida-
tion, and void formation in both metal and oxide regions in
the vicinity of the oxide-metal interface. The reasons for the
formation of voids and vacancies have been suggested in a
previous work (Ref 5). Figure 3 reveals microstructural fea-
tures after etching the specimen. Clearly, internal oxidation
has formed along the grain boundaries. The round voids can
also be found at the grain and twin boundaries. Internal oxi-
dation and formation of voids can be attributed to more rapid
diffusion along the grain and twin boundaries.

3.2 Oxide-Metal Interface

Figure 4 shows the interface between oxide and metal in the
specimen exposed to high temperature in steam. The interface
is highly irregular, and branching of arms perpendicular to the
external oxide layer can be observed. The morphology of this
branching appeared to be similar to a dendritic structure. Figure
5 shows another example of dendritic structure observed in the
specimen exposed at 1200 °C for 400 h in steam. However, a
more uniform interface between the oxide layer and the metal

Table1 Chemical composition of alloy

Elements, wt %
Alloy C Si Mn Cr Mo Ni Ti Fe Co S P

C-4 0.003 0.02 0.13 15.65 15.31 68.02 0.24 0.53 0.10 0.003 0.001
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< Internal oxidation

Fig. 2 Optical micrograph showing oxide layer, internal oxida-
tion, and voids in the specimen exposed in steam (unetched)

Fig. 4 Optical micrograph showing oxide-metal interface struc-
ture (Nomanski interference contrast)

matrix is generally observed in the specimens exposed in air
(for example, see Fig. 1b).

3.3 Microanalysis of Oxidation

Microanalysis of the matrix and oxide layer in the speci-
mens is presented in Table 2. Trends are consistent with the
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Fig. 3 Optical micrograph showing matrix structure, internal
oxidation, and voids formation along the grain and twin bounda-
ries in the specimen exposed in steam (etched)

oxidation kinetics reported elsewhere (Ref 7). The oxide layer
can be seen to contain large amounts of Mn and Cr, indicating
formation of CryO; and complex spinels as described pre-
viously (Ref 5-7). Figure 6 shows an example of x-ray mapping
across the oxide-metal interface that reveals a variation in the
concentration of the elements during oxidation. Figure 7 shows
certain concentration profiles of elements across different re-
gions of metal and oxide where the variation in distribution of
the elements in the matrix, voids, and internal and external ox-
ide regions is evident. The amount of Cr and Mn increased in
the external oxide layer, as compared to internal oxidation, and
voids formed during oxidation. However, Ni and Mo concen-
tration decreased in the internal and external oxide layers.

4. Conclusions

High-temperature oxidation behavior was studied in a
nickel-base superalloy. The external oxide layer was dense and
had a uniform thickness for the specimen exposed in steam, as
compared to the cracking of the oxide and spallation observed
in the specimen exposed in air. Evidence of voids in both the
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Fig. 5 SEM backscattered micrograph showing dendritic inter-
face between oxide and metal
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Fig. 7 SEM linescan image and concentration profiles across
voids (round), internal oxidation, and external oxide layer

matrix and the oxide layer was found. The network of internal

oxidation was found along the grain and twin boundaries. The
interface structure between oxide and metal revealed predomi-
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Fig. 6 X-ray mapping across the oxide-metal interface

Table2 EDX microanalysis (fine spot) of matrix and
external oxide layer

Exposure Cr Ni Mn Ti Mo Fe Co

Matrix

1565 68.02 013 024 1531 053 010
Ocxide layer (specimens exposed in steam)
1200°C/6h 96.60 070 044 052 340
1000°C/6h 81.80 13.00 160 1.0 1.50 0.70
Oxide layer (specimens exposed in air)
1200°C/6h 3470 280 034 115 520 0.16
1000°C/6h 23.00 61.00 142 073 7.00 025

nantly a dendritic growth morphology in the specimens ex-
posed in steam as compared to the specimen exposed in air. Mi-
croanalysis showed a gradual increase in the concentration of
Cr and Mn across the voids and internal and external oxide lay-
ers, whereas the amount of Ni and Mo decreased during oxida-
tion. This effect was found to be enhanced in the case of the
specimens exposed in steam as compared to the specimens ex-
posed in air.
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