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a b s t r a c t

The isothermal oxidation behaviors for the as-deposited and heat-treated Ni–11.5Cr–4.5Co–0.5Al sheet
by EB-PVD were investigated. The annealed of sheet was carried out at 800 ◦C for 16 h in 5 × 10−3 Pa.
The oxidation exposures were conducted on electrical resistance furnace in 1 atm of laboratory air at
800 ◦C up to 120 h. The mass gain during subsequent oxidation was measured using a microbalance with
a resolution of 10−5 g. Surfaces and cross-sections of the oxidized specimens were studied by scanning
eywords:
ickel-based superalloy
lectron beam physical vapor deposition
xidation

electron microscopy (SEM). Phase identification of the oxide scale was performed by glancing angle X-ray
diffraction (GAXRD) and Energy Dispersive Analysis of X-rays (EDAX). The results show the heat-treated
sheet with identical composition exhibited much more stable oxidation behavior than the as-deposited
sheet. At 800 ◦C after 96 h isothermal exposure, the oxide scales of as-deposited sheet consisted mainly
of an external NiO layer, a middle NiO and NiCr2O4 mixed layer and internal rich-Cr2O3 contained cobalt

eat-t
oxide layer. But those of h

. Introduction

The superior performance of superalloys was well known for
heir applications at high temperature and under severe envi-
onmental conditions. For an oxidation resistant superalloy, it is
ecessary and important to have good resistance to oxidation at
igh temperatures. The oxidation resistance of these alloys depends
n the selective oxidation of reactive elements forming stable and
lowly growing protective oxides such as Al2O3, Cr2O3 and SiO2 [1].

The influence of alloy grain size on the oxidation behavior of
hese materials was important. It has been reported, this parameter
ffected importantly the oxidation resistance of several materials
uch as Ni-based superalloys or PM2000 alloys [2–6], especially
or micro- or nano-crystalline alloy, at which grain boundaries
ould act as rapid diffusion pathways for the different reacting
lements. Generally, oxide scales formed on high Cr alloys were
ulti-layered and the kinetics was strongly influenced by the alloy

rain boundaries. Wang et al. [2], Yang and Wang [3] and Lou et

l. [4] have performed extensive research on the oxidation behav-
or of sputtered Ni-base nanocoatings (grain size below 100 nm)

ith a composition identical to that of the underlying substrate
lloys, indicating that the nanocoatings altered oxidation behavior

∗ Corresponding author. Tel.: +86 451 86418834.
E-mail address: limingwei71@163.com (L. Mingwei).
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reated sheet exhibits NiO and Cr2O3 mixed layer with <1 �m thickness.
© 2009 Elsevier B.V. All rights reserved.

and possessed much better oxidation resistance than the uncoated
alloys.

The microcrystal superalloy sheets could be fabricated by elec-
tron beam physical vapor deposition (EB-PVD) method because
the technique can provide deposition rate up to 100 nm/s. And
the materials produced by EB-PVD technique are dense with con-
trolled compositions and microstructures [7,8]. In the present
study, a comparison of the isothermal oxidation behavior of as-
deposited and heat-treated (at 800 ◦C for 16 h) microcrystalline
Ni–11.5Cr–4.5Co–0.5Al superalloy sheet by electron beam physical
vapor deposition (EB-PVD) at 800 ◦C in air was investigated.

2. Experimental

The materials used in this study are Ni–11.5Cr–4.5Co–0.5Al (wt%) superalloy
sheets (0.3 mm in thickness) that have been produced by the electron beam physical
vapor deposition technique (EB-PVD). And heat-treated samples annealed at 800 ◦C
in 5 × 10−3 Pa for 16 h. And the average grain size of the as-deposited strip was
about 500 nm. Therefore, it can be named as microcrystalline alloy. Fig. 1 shows the
TEM Micrograph of as-deposited (Fig. 1a) and SEM Micrograph (Fig. 1b) heat-treated
Ni–11.5Cr–4.5Co–0.5Al superalloy sheet by EB-PVD.

Rectangular coupons of 20 mm × 20 mm were cut by linear cutting machine. The
surface was polished through 600 grit silicon carbide grinding paper. A hole of 1 mm
in diameter was drilled on the samples for oxidation test. The specimens were hung

within the reaction chamber of an electrical resistance furnace by a thin platinum
wire. The oxidation exposures were conducted on electrical resistance furnace in
1 atm of laboratory air at 800 ◦C up to 120 h. The specimen was introduced directly
into the hot-zone. After exposure, samples were left to cool down out of the furnace
and, then, weighed. The weight gains per exposed area (g/mm2) were measured on
a microbalance with a resolution of 10−5 g.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:limingwei71@163.com
dx.doi.org/10.1016/j.jallcom.2009.08.142
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Fig. 1. TEM Micrograph of as-deposited (a) and SEM Micrograph

After oxidation, the specimens were examined by both scanning electron
icroscopy (SEM) equipped with an energy dispersive X-ray microanalysis (EDX)

ystem and cross-section metallography. Phase identification of the oxide scales was
erformed by glancing angle X-ray diffraction (GXRD). Cross-sections were prepared
y conventional metallographic techniques, without alumina grinding media.

. Results

.1. Oxidation kinetics

Fig. 2 shows the results of isothermal oxidation tests for the as-
eposited and heat-treated Ni–11.5Cr–4.5Co–0.5Al sheet by elec-
ron beam physical vapor deposition (EB-PVD). The isothermal oxi-
ation tests were conducted at 800 ◦C in air. While the as-deposited
i–11.5Cr–4.5Co–0.5Al sheet showed a rapid increase of mass gain,

he heat-treated sheet with identical composition exhibited much
ore stable oxidation behavior than the as-deposited sheet.
.2. Surface morphology

Fig. 3 shows SEM images of surface oxides of the as-deposited
nd after heat-treated Ni–11.5Cr–4.5Co–0.5Al sheet after isother-
al oxidation at 800 ◦C for 2 h.

ig. 2. The mass gain vs. time plots for the as-deposited and heat-treated micro-
rystalline Ni–11.5Cr–4.5Co–0.5Al superalloy sheet at 800 ◦C up to 120 h.
treated (b) Ni–11.5Cr–4.5Co–0.5Al superalloy sheet by EB-PVD.

Fig. 4 shows SEM images of surface oxides of the as-
deposited and after heat-treated Ni–11.5Cr–4.5Co–0.5Al sheet
after isothermal oxidation at 800 ◦C for 48 h. Nonprotec-
tive Ni-oxides were dominantly observed in the as-deposited
Ni–11.5Cr–4.5Co–0.5Al sheet, which exhibited poor oxidation
behavior, whereas Cr2O3 oxide resulting in improved oxidation
resistance was observed together with Ni-oxides in the heat-
treaded Ni–11.5Cr–4.5Co–0.5Al sheet. In fact, the Cr2O3 and NiO
mixed oxide was dominant layer through whole surface of the
heat-treaded Ni–11.5Cr–4.5Co–0.5Al sheet, and, in Fig. 3b, the
fraction of Ni-oxides was not so high. Therefore, the dominant
Cr2O3 formation in the heat-treaded Ni–11.5Cr–4.5Co–0.5Al sheet
gave rise to very low oxidation rate in Fig. 2. The phase identi-
fication in Fig. 7 for the surface oxides shows good agreement
with the oxide morphologies displayed in Fig. 3. Cr2O3 oxide
resulting in improved oxidation resistance was observed together
with Ni-oxides in the heat-treaded Ni–11.5Cr–4.5Co–0.5Al sheet.
In fact, the Cr2O3 and NiO mixed oxide was dominant layer
through whole surface of the heat-treaded Ni–11.5Cr–4.5Co–0.5Al
sheet, and, in Fig. 3b, the fraction of Ni-oxides was not so high.
Therefore, the dominant Cr2O3 formation in the heat-treaded
Ni–11.5Cr–4.5Co–0.5Al sheet gave rise to very low oxidation rate
in Fig. 2. The phase identification in Fig. 7 for the surface oxides
shows good agreement with the oxide morphologies displayed in
Fig. 3.

3.3. Cross-sectional views

Figs. 5 and 6 shows representative images of the surface scales
obtained by SEM. In general, the scales of as-deposited sheet were
<3 �m thick and that of heat-treated sheet were <1 �m thick at
800 ◦C. And scales were adherent to the alloy. Both states resulted
in scales having fairly rough surfaces.

From Fig. 5, the oxide scale formed on the as-deposited
Ni–11.5Cr–4.5Co–0.5Al superalloy at 800 ◦C after 96 h isothermal
exposure presented an irregular scale/alloy interface with rel-
atively uniform thicknesses. After 96 h oxidation at 800 ◦C, the
oxide of the as-deposited Ni–11.5Cr–4.5Co–0.5Al superalloy had
a triple-layered microstructure. And exhibits an external NiO layer,
a middle NiO and NiCr2O4 mixed layer and internal rich-Cr2O3

contained cobalt oxide layer.

From Fig. 6, the oxide scale formed on the heat-treated
Ni–11.5Cr–4.5Co–0.5Al superalloy at 800 ◦C after 96 h isothermal
exposure presented a smooth interface with relatively uniform
thicknesses.
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Fig. 3. SEM micrographs (a and b) and compositional analysis (c and d) of the surface morphology of as-deposited (a and c) and heat-treated (b and d) Ni–11.5Cr–4.5Co–0.5Al
alloy after isothermal exposure in air at 900 ◦C for 2 h.

Fig. 4. SEM micrographs (a and b) and compositional analysis (c and d) of the surface morphology of as-deposited (a and c) and heat-treated (b and d) Ni–11.5Cr–4.5Co–0.5Al
alloy after isothermal exposure in air at 900 ◦C for 48 h.
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Fig. 5. (a) Cross-sectional of the scale and (b) line scanning of the as-deposited Ni–11.5Cr–4.5Co–0.5Al superalloy exposured at 800 ◦C for 96 h.
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Fig. 6. (a) Cross-sectional SEM and (b) line scanning of

.4. X-ray diffraction measurements

Fig. 7 shows the GAXRD diffraction spectra of the oxide scales

n as-deposited and heat-treated superalloy at 900 ◦C after 96 h
sothermal exposure.

The peaks of as-deposited superalloy were found from NiO, the
nderlying Ni matrix, NiCr2O4 with a minor amount of Cr2O3. But

ig. 7. XRD analysis of as-deposited and heat-treated Ni–11.5Cr–4.5Co–0.5Al super-
lloy sheet by EB-PVD exposured at 800 ◦C for 96 h in air.
treated Ni–11.5Cr–4.5Co–0.5Al alloy at 800 ◦C for 96 h.

the peaks of heat-treated superalloy with a high intensity of the
matrix were found, together with small peaks from Cr2O3, NiO and
CrO2.

4. Discussion

Chromia and alumina scales, which grow by grain-boundary
diffusion, are the most important protective scales for high-
temperature alloys [9]. In Ni-rich Ni–11.5Cr–4.5Co–0.5Al alloys,
the selective oxidation of Cr should be promoted for Cr2O3 for-
mation instead of Ni-oxides during exposure at high temperature.
Kofstad, in his review [10] of the extensive data available for
chromium oxidation, demonstrated that the Cr2O3 scale grows
by counter-current diffusion of metal and oxygen along grain
boundaries. And grain-boundary diffusion is much faster than
lattice diffusion for both chromium and oxygen. Grain-boundary
diffusion is often more important than lattice diffusion at low tem-
peratures. A principal reason for this is the lower activation energy
of the boundary process, corresponding to the more disordered
structures in the boundaries. A second reason is the usually finer
grain size and hence more numerous boundaries encountered at
lower temperatures [11].

Moreover, rapid diffusion paths such as grain boundaries can
significantly enhance the selective oxidation of Cr, which is nec-

essary to form a protective scale on the entire surface, in order
to prevent oxidation of the base material, e.g. Ni. Therefore, small
grain size plays an important role in the formation of Cr2O3 oxides.
The oxide grains were much smaller on both as-deposited and
heat-treated microcrystalline Ni–11.5Cr–4.5Co–0.5Al superalloy
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[11] D.J. Young, High Temperature Oxidation and Corrosion of Metals, Elsevier, Lon-
don, 2008.
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hereby higher density of grain-boundary acted as the routes of
he short circuit diffusion could be existed in the oxide scale than
hat on coarse crystalline alloy.

But, the as-deposited Ni–11.5Cr–4.5Co–0.5Al superalloy sheet
as produced by EB-PVD, the structure is nonequilibrium with

xcess vacancies which were frozen in during low energy deposi-
ion [12]. Nickel diffusion along grain boundaries and dislocations,
hich had approximately the same oxygen pressure dependence

s that for lattice diffusion, takes place by the vacancy mechanism
13]. So, Ni can diffuse rapidly to surfaces, too. It can be confirmed
rom Fig. 4 that shows the results of elements distribution in scale.
bviously, it is disadvantageous for the formation of a protective
r2O3 scale. In other words, the high diffusivity of the base materi-
ls elements of as-deposited sheet along substrate grain boundaries
nd other defects causes the more instable oxidation behavior than
hat of heat-treated sheet, which may significantly contribute to the
lements transport toward the substrate/oxide interface in mate-
ials with small grain size and other defects such as voids. Namely,
hose elements diffuse too rapidly in as-deposited sheet substrate,
hich significantly reduced the selective oxidation of Cr. The more

table oxidation behavior of heat-treated Ni–11.5Cr–4.5Co–0.5Al
heet relative to that of as-deposited sheet can be explained by
quilibrium microcrystalline structure effect.

Rapid diffusion paths such as grain boundaries can significantly
elp the selective oxidation of Cr, Al and consequent Cr2O3, Al2O3

ormation, but the precise information about the elements flux
esulting from the substrate grain boundaries and other defects
ould be necessary in order to enhance the selective oxidation.
. Conclusions

The heat-treated sheet with identical composition exhibited
uch more stable oxidation behavior than the as-deposited sheet.

[

[

Compounds 488 (2009) L30–L34

The oxide scales of as-deposited sheet consisted mainly of an exter-
nal NiO layer, a middle NiO and NiCr2O4 mixed layer and internal
rich-Cr2O3 contained cobalt oxide layer. The scale of heat-treated
sheet exhibits an external NiO and Cr2O3 mixed layer, a middle NiO
layer and internal NiO and Cr2O3 mixed layer.

A slowly growing Cr2O3 oxide was observed on specimens with
small grain size and equilibrium microcrystalline structure due to
the high density of grain boundaries leading to fast outward Cr
transport along the substrate grain boundaries.

Specimens with nonequilibrium microcrystalline structure
form NiO growing outward and a mixed Cr, Co and Al oxide grow-
ing inward due to the high diffusivity of substrate elements, which
significantly reduced the selective oxidation of Cr.
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