
DOI: 10.1007/s11085-005-5705-2
Oxidation of Metals, Vol. 64, Nos. 1/2, August 2005 (© 2005)

High-Temperature Oxidation of an Aluminized NiCr
Alloy formed by a Magnetron-Sputtered Al Diffusion
Coating
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Aluminium diffusion coatings were obtained on Ni–20Cr substrate by
sputtering an aluminium film, followed by a two stage diffusion treat-
ment in an argon inert gas atmosphere (first stage at 600◦C, second at
900 or 1100◦C). Aluminides obtained at 900◦C and 1100◦C are close to
those obtained by pack cementation process with high aluminium activity.
These diffusion coatings are able to develop alumina scales during isother-
mal oxidation at high temperatures, whereas the untreated substrate had a
chromia-forming behaviour. The weight gain recorded at 1100◦C on coated
sample is then smaller than the one of uncoated NiCr at 950◦C. Presence
of chromium was detected in the diffusion coating and Cr-rich precipitates
were observed at the diffusion coating/substrate interface. After oxidation at
900◦C and 1100◦C, only α-Al2O3 was revealed by XRD. An intermediate
scale with a “whiskered” morphology could however be observed after 48 hr
oxidation at 900◦C. After 100 hr of oxidation at 1100◦C, the NixAly diffu-
sion phases were no longer detectable and the upper part of the oxide scale
spalled away during cooling. Large cavities appeared at the initial location
of the diffusion coating/substrate interface.
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INTRODUCTION

The high temperature oxidation behaviour of NiCr alloys has been
extensively studied1−4 and they are used for many industrial applica-
tions because of their high oxidation resistance and good mechanical
properties at temperatures below 950◦C. Above this temperature, the
reaction between the external chromia scale and oxygen can form gas-
eous chromium oxides (CrO3, . . . ) that points out the insufficient oxi-
dation resistance of chromia-forming alloys at such temperatures. Vari-
ous studies have been carried out on the effect of the addition of alu-
minium to M-Cr (M = Fe, Ni, Co) alloys as a third element to pro-
mote formation of protective Al2O3 scales thus improving the high tem-
perature oxidation resistance.4−8 The pursuit in increasing the operating
temperature (>1000◦C), especially for aero-engines, led to the develop-
ment of MCrAlY superalloys (with M = Fe, Ni, Co),8,9 which present
high strength resistance. The amount of Al has to be sufficient to form
and maintain an alumina protective scale during oxidation (%Al > 8–10
wt.% for M-Al and %Al >3–4 wt.% for M–20%Cr). In order to insure
sufficient Al contents, protection of alloys is usually reinforced by nickel
aluminide diffusion coatings.9−12 These coatings are an effective way to
increase the oxidation resistance by formation of a protective slow-grow-
ing alumina scale.13−16 Aluminide diffusion coatings are widely obtained
by pack cementation or by CVD and the mechanisms of coating forma-
tion, depending on parameters such as Al activity, temperature or time,
are well documented.17−22 Some works have demonstrated that physical
vapour deposition (PVD) techniques can also be used to obtain alumi-
nide coatings.23−25 Recently, He et al.25directly applied Ni-Al coatings of
determined composition by different PVD techniques, while Chu et al.26

increased Al contents at the outer surface of TiAl alloys by depositing an
Al film by sputtering, followed by a heat treatment. Various mechanisms
of diffusion of the different elements from coating and substrate have been
proven to govern the aluminide phase growth and coating microstruc-
ture.27−28

In this study, thin aluminium films were first deposited on Ni-20Cr
alloy by magnetron sputtering and this deposited aluminium was then
incorporated into the substrate by an appropriate heat treatment. Inter-
diffusion phenomena, taking place during the heat treatment step and
leading to the formation of aluminide coatings, were investigated. Coated
and uncoated specimens were finally subjected to isothermal oxidation at
900◦C, 950◦C or 1100◦C, in synthetic air at the atmospheric pressure, and
their oxidation behaviours were compared.
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EXPERIMENTAL PROCEDURES

Material

Specimens were cut from a NiCr alloy rod (Ni–20Cr–1.5Si (wt.%))
with approximately 12 mm in diameter and 1.5 mm in thickness. Samples
were abraded from 600 grit SiC to 1 µm diamond paste and then ultra-
sonically cleaned in ethanol before further use.

Deposition Conditions

Aluminium was deposited as thin films on all the surfaces of the NiCr
substrates by DC cathodic magnetron sputtering technique. The employed
sputtering conditions are summarised in Table I.

Thermal Treatment

After aluminium deposition, an interdiffusion thermal treatment was
performed in a microbalance (SETARAM TGA92) under an Ar inert gas
atmosphere. The chosen treatment consisted in a progressive heating up to
600◦C, at 10◦C/min, for a dwelling time of 1 hr, followed by a similar ramp
to oxidation test temperature, where it was maintained for 15 min. Some
specimens were cooled down to room temperature (10◦C/min) after each
stage in order to determine phase evolution.

High Temperature Oxidation Conditions

For coated samples, isothermal oxidation tests were performed under
synthetic air atmosphere (80 vol.%N2–20 vol.%O2), after a complete

Table I. Main Sputtering Deposition Conditions

Substrate Ni-20Cr–1.5Si (wt.%)
Ni-22Cr–3Si (at.%)

Target Al (99.9%)
Distance between target and substrate 70 mm
Pre-sputtering time 15 min
Working pressure 0.5 Pa
DC power 2.5 kW
Ar flow rate 80 sccm
Deposition rate 20 µm/hr
Bias −50 V
Deposition time 8 – 10 min
Coating thickness around 3 µm
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diffusion heat treatment, as previously described (but without a cooling
step), during 48 hr and 90 hr at 900◦C or 1100◦C. The raw substrates
were heated at 10◦C/min to the oxidation temperature under an Ar inert
gas atmosphere, then oxidised under reconstituted air at 900◦C or 950◦C,
temperatures low enough to avoid the volatilisation of Cr2O3 which can
occur above the latter temperature. Weight changes due to oxidation were
recorded by thermogravimetry.

Analytical Characterisation

A Brüker AXS X-Ray diffractometer, using Cu Kα radiation
(λ= 0.15406 nm), was used (at 5◦ fixed angle) to identify the phases formed
by the interdiffusion treatment and after oxidation at 900◦C. An Inel G300
X-Ray diffractometer, equipped with a curved detector, was used at a graz-
ing angle of 5◦ to characterise both the as-deposited Al film and the phases
formed after oxidation at 1100◦C, using Co Kα radiation (λ= 0.1789 nm).
The as-deposited film morphology was characterised by atomic force micros-
copy (AFM CP-R Scanning probe microscope from Veeco Instruments) in
contact mode. The surface morphologies and cross sectional microstruc-
tures of samples were observed by scanning electron microscopy (SEM -
Jeol JSM 541 LV). The samples observed in cross-section were previously
coated by electro-deposited nickel to protect the external surface during
metallographic preparation. Energy dispersive X-ray spectrometry (EDS)
was employed to determine the semi-quantitative compositional profiles
(corrected by a Jeol ZAF program) across the coating. The lines of anal-
ysis were carried out diagonally across the coating and the oxide products
and were further projected on one axis perpendicular to the surface.

RESULTS

As Deposited Aluminium Coating

The thickness of deposited aluminium films is around 3 µm. The
films are found to be well crystallised, with a face centred cubic struc-
ture (JCPDS 89-2837, a = 0.4059 nm) according to XRD. Figure 1 consists
of an AFM image showing the morphology of the as sputtered Al film.
Deposit is constituted of nanosized nodules with small superficial cavities.

Diffusion Treatment

According to the aluminium-nickel phase diagram (Fig. 2), several
intermetallic phases can be formed from an Al–Ni diffusion couple.
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Fig. 1. AFM image of as sputtered Al film on Ni-20Cr–1.5Si
(wt.%).

Among these, three present extended composition ranges (δ-Ni2Al3, β-
NiAl and γ ′-Ni3Al) and one has a very narrow composition range
(NiAl3). In order to promote intermetallic phase formation on Ni–20Cr
substrate, a thermal treatment was conducted on deposited samples. The
first stage was carried out at 600◦C to promote Al diffusion into sub-
strate, thus avoiding melting of the pure Al-deposited layers that occurs at
approximately 660◦C.29

XRD analysis of coated sample treated 1 hr at 600◦C under an inert
Ar gas atmosphere (Fig. 3a) indicates that hexagonal δ-Ni2Al3 (JCPDS
65-3454) is the predominant phase although the substrate contribution is
still detected. The corresponding SEM back-scattered electron image (BEI)
of the polished section is presented on Fig. 4a. The diffusion zone has a
uniform thickness (5 µm) without cracks or voids. The EDS composition
profile (Fig. 4b) points out the presence of oxygen at the external interface.
Oxide scale (0.5 µm) formation probably occurred at the gas/sample inter-
face during heat treatment, in agreement with the corresponding recorded
mass gain. The concentration profile shows that the Al content is com-
prised between 55 and 70 at.%, which is consistent with phase diagram
presented in Fig. 2 (NiAl3 + Ni2Al3, Ni2Al3 and Ni2Al3 + NiAl (Al rich)).
Moreover, chromium is always detected in the diffusion zone. The atomic
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Fig. 2. Aluminium–nickel phase diagram [29].

ratio Cr/(Ni + Al) is around 0.1, which indicates that the Cr content is
greater in the substrate (around 0.3) than in the diffusion coating.

X-Ray Diffraction patterns for samples after the second heat treat-
ment stage, at 900◦C and 1100◦C, are presented on Figs. 3b and 3c,
respectively. For samples treated at 900◦C, the diffusion zone is principally
constituted of β-NiAl with traces of δ-Ni2Al3 and γ ′Ni3Al whereas, in
the case of samples treated at 1100◦C, it is mainly composed of β-NiAl
and γ ′-Ni3Al and δ-Ni2Al3 is no more detected. The Ni20Cr substrate
is still observed after treatment at 900◦C but not after the treatment at
1100◦C. Some small peaks can also be attributed to Al2O3 traces. An
external oxide scale, partially detached from the surface, is observed on
both samples treated at 900◦C and 1100◦C (Figs. 5a and 6a). For the
sample treated at 900◦C, the diffusion zone under the oxide is constituted
of an uniform (5 µm) layer of Ni–Al. The Al concentration in this layer
is around 43 at.% and slightly decreases between 5 and 7 µm from the
surface. The atomic ratio Cr/(Ni + Al) is comparable with the one cal-
culated after the first stage of the heat treatment. An elongated precipi-
tate zone rich in Cr (3µm) can also be observed under the outer zone.
The Al concentration drastically decreases in this latter region and the
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Fig. 3. XRD diffraction (Kα(Cu), θ =5◦) patterns of Ni-20Cr–1.5Si (wt.%)
with sputtered Al film (3 µm) after first step at 600◦C (a), after second
step at 900◦C (b), after second step at 1100◦C (c).

Fig. 4. Cross-section BSE image (a) of Ni-20Cr–1.5Si (wt.%) with 3 µm Al deposit after
first step of heat treatment at 600◦C, (b) corresponding EDS concentration profile.

composition of the substrate is found beyond it. The diffusion zone of
sample treated at 1100◦C is wider than the one on the sample treated at
900◦C (7 µm instead of 5 µm). Two zones with different intensity contrasts
are observed. EDS analysis (Fig. 6b) indicates that the Al content in the
darkest zone is about 35 at.% and decreases to 20 at.% in the brighter
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Fig. 5. Cross-section BSE image (a) of Ni-20Cr–1.5Si (wt.%) with 3 µm Al deposit after
second step of heat treatment at 900◦C, (b) corresponding EDS concentration profile.

Fig. 6. Cross-section BSE image (a) of Ni-20Cr–1.5Si (wt.%) with 3 µm Al deposit after
second step of heat treatment at 1100◦C, (b) corresponding EDS concentration profile.

zone. A Cr-rich precipitate zone with a few small cavities can also be
observed under the diffusion zone and the concentration ratio indicates
that Cr content is around 7 at.%.

Oxidation

The isothermal oxidation kinetic curves for uncoated samples, oxi-
dised at 900◦C and 950◦C, and coated samples, oxidised at 900◦C and
1100◦C, are presented in Fig. 7. At 900◦C, the mass gains for coated and
uncoated samples are comparable after 90 hr of oxidation. The oxidation
kinetic curves of raw substrate and coated sample oxidised at 900◦C are
well fitted by a complete law including a linear term and a parabolic one:

t = cnst + 1
kl
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Fig. 7. Weight gain curves of Ni-20Cr–1.5Si (wt.%) oxidised at
900 and 950◦C and of coated sample oxidised at 900 and 1100◦C.

with t corresponding to the oxidation time, �M to the weight gain due to
the oxidation, S to the sample surface area, and kl and kp to the linear
and the parabolic oxidation constant respectively. The parabolic oxida-
tion constants kp obtained from this expression for uncoated and coated
samples oxidised at 900◦C are presented in Table II. For the uncoated sub-
strate oxidised at 950◦C, the parabolic constant obtained from a complete
law is kp = 1.1 × 10−13 g2 cm−4 s−1. At 1100◦C, the oxidation follows a
parabolic law and kp is 1.3 × 10−13 g2 cm−4 s−1 as indicated in Table II.
At 1100◦C, the mass gain of the coated sample is slightly higher than the
one obtained on substrate after 90 hr oxidation at 900◦C, but lower than
the one observed on the substrate oxidised at 950◦C. Moreover, it can be
noticed that within the 20 first hours the mass gain of coated sample oxi-
dised at 1100◦C is similar to that of coated sample oxidised at 900◦C. The
scale formed on substrate oxidised at 900◦C (Figs. 8a and 9a) is mainly
composed of chromia (Cr2O3, JCPDS 82-1484). After 48 hr of oxidation,
traces of NiCr2O4 can be observed. For the coated sample oxidised 48 hr
at 900◦C (Fig. 8b), XRD shows that the diffusion coating composition
(Fig. 5) has evolved towards a γ ′-Ni3Al. The oxide scale is only formed
by α-Al2O3 (JCPDS 10-0173). No trace of θ -Al2O3 was found. After 90 hr
of oxidation, α-Al2O3 is always present but the Ni–Al phases are no more
detected. This indicates that all the Al introduced has been consumed by
oxidation and diffusion in the metallic matrix. After 90 hr oxidation at
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Table II. Parabolic Constant (kp) of Uncoated and Coated Samples Oxidised in 1 atm. Dry
Air Compared with kp Obtained by Other Authors

kp(g2 cm−4 s−1) This work An et al. [15] Rybicki et al. [32]

samples uncoated Coated β-NiAl coating NiAl+Zr alloys

Oxidation time 90 hr 90 hr 100 hr 100 hr
Temperature 900◦C 7.2×10−14 ∗ 8.1×10−14 ∗ 9.0×10−13∗ 6.3×10−13

1100◦C / 1.3×10−13 1.7×10−12 3.7×10−13

∗kp obtained from a complete law.

Fig. 8. X-ray diffraction patterns (Kα(Cu), θ–2θ ) of substrate
(a) and coated sample (b) oxidised at 900◦C during 48 hr.

1100◦C, the oxide scale grown on the coated sample is mainly composed
of α-Al2O3 (Fig. 9b). At the intermediate 48 hr oxidation time, γ ′-Ni3Al
and some traces of mixed (Ni,Al)O oxides were also identified.

Figure 10 shows the typical surface morphologies observed on the
Al-coated samples. After 48 hr, respectively at 900 and 1100◦C (Fig. 10a,
c), the morphology observed after the heat treatment is preserved and
some cracks are initiated. After 90 hr at 900◦C (Fig. 10b), spallation result-
ing from the growth and thermal stresses locally occurred. Spalled zones
reveal the presence of an intermediate layer, formed of Al-rich whiskers.
EDS analysis indicate that the underlayer is composed of oxide grains
rich in chromium. No whiskers could be observed on samples oxidised at
1100◦C. Nevertheless, the surfaces are rough and strongly spalled (Fig. 10d).
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Fig. 9. X-ray diffraction patterns (Kα(Co), θ =5◦) of substrate (a)
and coated sample (b) oxidised respectively at 900◦C and 1100◦C
during 90 hr.

For the coated sample, after 48 hr oxidation at 900◦C and 1100◦C,
the oxide scale thicknesses are around 3µm (Figs. 11 and 12), in agree-
ment with the recorded weight gains (Fig. 7). Oxide scales appear con-
stituted of a compact layer at the substrate/oxide interface, surmounted
by a less dense layer. After oxidation, the Cr-rich precipitates mor-
phology (Figs. 11 and 12) has changed compared to the one observed
after the heat treatment (Figs. 5 and 6), and the chromium precipi-
tate zone is wider. Figures 11b and 12b indicate that the Al diffusion
(outer zone) thickness is around 7–8µm and that Al content is around
18 at.% after 48 hr oxidation at 900◦C and at 1100◦C. The Al content
decreases under the precipitate zone as was also observed after the heat
treatment.

For a longer oxidation time (90 hr), EDS analysis (Fig. 13b) reveal
only a few percent of Al in the overall analysed zone. The cross section
observation (Fig. 13a) of the sample oxidised at 900◦C shows the for-
mation of large voids in the internal Al-depleted zone of the diffusion
coating and some rod-shaped particles rich in Al. It can also be noticed
that the Cr concentration comes back to the original Cr content of the
substrate.



54 Brossard, Balmain, Sanchette, and Bonnet

Fig. 10. Surface morphology of coated sample oxidised 48 hr (a), 90 hr (b) at 900◦C and
48 hr (c), 90 hr (d) at 1100◦C.

Fig. 11. Cross-section BSE image (a) of Ni-20Cr–1.5Si (wt.%) with 3 µm Al deposit after
48 hr oxidation at 900◦C, (b) corresponding EDS concentration profile.
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DISCUSSION

Heat Treatment

Formation and growth of intermetallic compounds is governed by diffu-
sion across the growing product phase(s) (“diffusion controlled”) and by reac-
tion(s) occurring at the interface (“reaction controlled”).27 In the case of thick
films, diffusion finally determines the overall coating growth kinetics.27,30 The
diffusion treatment applied on Al/NiCr alloy diffusion couple (Section Diffu-
sion Treatment) promoted the formation of δ-Ni2Al3 (D513 structure19) dur-
ing the first stage at 600◦C, while other phases grew in the second stage. The
diffusion coating obtained after the second stage at 900◦C is a mixture of β-
NiAl (B2 structure18) with a minor proportion of γ ′-Ni3Al (L12 structure25)

and δ-Ni2Al3 residual traces while, after treatment at 1100◦C, the coating
is mainly composed of β-NiAl with an underlying γ ′-Ni3Al layer (biphased

Fig. 12. Cross-section BSE image (a) of Ni-20Cr–1.5Si (wt.%) with 3 µm Al deposit after
48 hr oxidation at 1100◦C, (b) corresponding EDS concentration profile.

Fig. 13. Cross-section micrograph (SEI) of Ni-20Cr–1.5Si (wt.%) with 3 µm Al deposit
after 90 hr oxidation at 900◦C.



56 Brossard, Balmain, Sanchette, and Bonnet

structure). This diffusion coating composition is close to that of the inward
grown coating (two-stage process) obtained by the pack cementation process
with high aluminium activity.9,12,20

The predominant δ-Ni2Al3 brittle phase found after the heat treatment at
600◦C (Fig. 3a) is close to the one formed during the first-stage of high alu-
minium activity coatings, by inward diffusion of Al in a pure Ni, as described
by Chien et al.18 These authors found, after a first stage of aluminisation at
850◦C, a major δ-Ni2Al3layer separated from substrate by Al-rich β-NiAl,
Ni-rich β-NiAl, γ ′-Ni3Al and γ -Ni(Al) in an interfacial zone. Janssen et al.30

also observed NiAl3 and δ-Ni2Al3 layers formation on Ni–Al sandwich couple
annealed at 610◦C and show that only aluminium atoms take an important part
in the diffusion process during the formation of the NiAl3 and δ-Ni2Al3 phase
at temperatures around 600◦C. More recently, Huang et al.19 studied, by SEM,
TEM and EPMA techniques, the microstructure of coating obtained after the
first stage of pack cementation aluminizing, of a Ni–Cr alloy, at 750◦C. The
coating consisted of successive layers which were from substrate to coating: a
γ -polygonised zone, an interfacial layer γ /γ ′ +α-Cr, β/δ/δ+ Cr5Al8. The δ-
Ni2Al3 phase + Cr5Al8 precipitates constituted most of the coating matrix but
a high compositional gradient was present near the substrate/coating interface.
In the present work, the chromium content analysed by EDS is greater in the
substrate than in the coating. This chromium can be involved in a solid solu-
tion—such as Ni2(Cr,Al)3 or (Ni,Cr)2Al3)—or present as precipitates (α-Cr or
Cr5Al31,32

8 ) too small to be observed by SEM. The other part of Cr is probably
expelled out of the δ-Ni2Al3matrix.18 The Al concentration gradient observed
in the area close to the diffusion coating/substrate interface may indicate the
existence of intermediate Ni–Al phases as the ones previously described.18

Further annealing treatments at higher temperatures (900, 1100◦C)
transformed the brittle δ-Ni2Al3 phase principally into γ ′ and β-NiAl for both
temperatures (Fig. 3b,c). Nevertheless, after the second treatment at 900◦C, γ ′-
phase was minor and some residual δ-Ni2Al3 traces were detected. After the
second stage of aluminising process on pure Ni at 1050◦C for 5 h,18 Chien et al.
obtained a fine γ ′ layer at the substrate/coating interface surmounted by a Ni-
rich β-NiAl and then a β-NiAl layer. Phase transformation and growth may
occur by both inward Al and outward Ni diffusion and finally by dominant
Ni diffusion through the coating.22,30 The Cr-rich zone (Fig. 6a,b) with low Al
content was formed during the second-stage of the treatment and Cr content
in the diffusion zone decrease in the same time, probably diluted in the thick-
ening coating. The morphology of Cr precipitates changed with temperature
suggesting that Cr nuclei have coalesced. The formation of these precipitates
can be related to the slow diffusing rate of Cr and the decrease of this element
solubility in such Ni–Al system.12,18,28 Tian et al.32 found a maximum solid
solubility of Cr in β-NiAl around 8 at.% at 1563 K with a decrease of this
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value with decreasing the temperature. At room temperature the solubility of
chromium is around 4 at.%.31

The phases formed after each stage of the applied heat treatment
under Ar gas atmosphere can be summarised in the following sequences:

Al+γ -Ni(Cr)
600◦C/1 h−−−−−−−−−−→ δ-Ni2(Al,Cr)3 +γ -Ni(Cr) followed by

900◦C/15 min−−−−−−−−−−→β-Ni(Al,Cr)+ ε(γ ′-Ni3(Al,Cr)+ δ-Ni2(Al,Cr)3)

+Crrichprecipitate +γ -Ni(Cr)

or by

1100/15 min−−−−−−−−−−→β-Ni(Al,Cr)+γ ′-Ni3(Al,Cr)+Crrichprecipitates+γ-Ni(Cr,Al)

where γ -Ni(Cr) corresponds to the solid solution of Ni–20wt.%Cr and ε

symbol to the traces of intermetallics phases detected during experiments.
The Nix(Al,Cr)y notation has been chosen to indicate the presence of Cr
in solid solution, as mentioned before.

Alumina was not included in this sequence despite the unwanted
oxidation which occurred during this heat treatment.

High Temperature Oxidation

Ni-20%Cr is well known to form three possible oxide phases (NiO,
NiCr2O4 and Cr2O3)

2−4 but XRD analysis of oxidised uncoated sam-
ple (Figs. 8a and 9a) did not permit to identify nickel oxide and only
small traces of NiCr2O4 were detected. This can probably be attributed
to the silicon content (1.5wt.%) in the alloy, in agreement with Ahmad
and Fox1 who demonstrated the formation of a thin amorphous silica
layer at the scale/alloy interface, below a chromia scale. This silica layer
strongly decreases the O2 partial pressure at the metal oxide interface, so
that nickel cannot be oxidised during the initial oxidation stage. In the
present study, the mass gain observed at 900◦C is three times smaller in
comparison with Calvarin et al. results,2 obtained after 96 hr of oxidation
of Ni–20%Cr alloy without silicon. This is probably related to the absence
of NiO formation during the initial stage of oxidation.

Heat treatment applied on coated samples produces rich-aluminide
diffusion coatings, at 900◦C, with an overall coating composition around
40 wt.% and two-phase β-NiAl +γ ′-Ni3Al microstructure, at 1100◦C, with
an Al content comprised between 33 at.% and 13 at.% and a Cr con-
tent around 10%. The γ ′-Ni3Al is likely to form NiO, and NiAl2O4, or
a metastable γ -Al2O3 layer above an α-Al2O3 healing layer during the
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fast-growth transient stage of oxidation depending on the γ ′-phase type
(alloys33−35 or diffusion coating16) and on the oxidation temperature. The
case of β-NiAl (alloys or diffusion) coating is different due to their higher
Al contents. The transient stage of oxidation on β-NiAl results in the for-
mation of metastable phases, such as θ -Al2O3, which growth rates are
comparable to those encountered in the case of the transient scales on γ ′-
Ni3Al as the growth is controlled by outward diffusion of Al ions.14,34

The metastable Al2O3 phases are transformed, after an incubation time,
into thermodynamically stable α-Al2O3. Different authors indicate that
this transformation, thermally activated,14,36 is accompanied by changes
in oxidation kinetics7,35 and scale morphologies.7,8 Ribicky and Smialek36

showed in their study on isothermal oxidation of β-NiAl+Zr that at low
temperatures (<1000◦C) and high temperatures (>1000◦C) weight gain
curves follow parabolic kinetics corresponding to the growth of θ -Al2O3
and α-Al2O3, respectively. At intermediate temperature (around 1000◦C),
they observed change in growth rate after a few hours of oxidation, cor-
responding to the transition from fast-growth (θ -Al2O3) to slow-growth
alumina phase (α-Al2O3).

In the present study, the kinetic curves have been analysed with a
complete law at 900◦C and with a parabolic one at 1100◦C. For both
oxidation temperatures, only α-Al2O3 (JCPDS 10-0173) was detected by
XRD (Figs. 8b and 9b) after 48 hr and 90 hr of oxidation. No trace
of θ -Al2O3 phase was detected by XRD. However the whiskered mor-
phology of the intermediate oxide scale observed on sample oxidised at
900◦C (Fig. 10b) is in agreement with the morphology described for θ -
Al2O3 growth7 resulting from the fast outward-Al diffusion mechanism.
The significant weight gain recorded during the initial oxidation time on
coated samples oxidised at 900◦C may also indicate the formation of a
fast-growing θ -Al2O3 at this temperature. In the case of α-Al2O3, it is
generally admitted that both oxygen and cation diffusion contribute to
the growth with an important role played by inward oxygen diffusion
through scale grain boundaries.7,37,38 According to Ribicky and Smialek36

observations, the whiskers topography changed into flat plates with radial
cracks and, eventually, into a network of ridges, growing through differ-
ent diffusion mechanisms occurring simultaneously. The transition of the
metastable alumina layer formed on β-NiAl during the initial stage of oxi-
dation influences the final ridge-type morphology of the α-Al2O3, as it
is proposed by Hindam et al.36 Pint et al.39 consider that this morphol-
ogy is due to the formation of fine grains (intrinsic structure) by out-
ward diffusion of Al along Al2O3 scale grain boundaries and of large
grains (extrinsic) ridge morphology resulting from the cracking during
the phase transformation. Consequently, the scale morphology is different
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and the ridge-type network does not exist when the phase transforma-
tion is inhibited. The presence of chromium in the alumina-forming phases
influences the initial stage of oxidation, particularly by promoting the θ -
Al2O3 →α-Al2O3 transformation.13,34,35 Cr2O3 nuclei could form a mixed
oxide (Cr,Al)2O3, with the metastable alumina, which can act as nucle-
ation site for the hexagonal α-Al2O3.38,31 Brumm and Grabke40 indicate
that transformation of θ -Al2O3 into α-Al2O3 is very slow at 900◦C: traces
of α-Al2O3 were observed on β-NiAl after 60 hr of oxidation while the
transformation occurred after only 10 hr on NiAl–Cr alloys. Therefore, the
observation of chromium rich grains (Fig. 10b) and small increase of Cr
content analysed at the oxide scale/interface (Figs. 11b and 12b) would
corroborate this assumption. Table II shows that the oxidation parabolic
constants obtained on sample oxidised at 900◦C and 1100◦C are consis-
tent with the ones encountered in the literature.15,37,40

After 100 hr of oxidation, the upper part of the scale is partially
spalled and no voids are observed at the remaining scale/metal interface
(Fig. 13). Numerous mechanisms have been proposed to describe voids
formation at the oxide scale interface7,32 but Liu et al.35,41 mention that
fast θ → α-Al2O3 transformation prevents the formation of interfacial
voids, well known to play a major role in the scale spallation. In addition,
large cavities are observed at the Al depleted zone/NiCr substrate interface
resulting from the evolution of the diffusion coating composition during
oxidation process. The Al contained into the diffusion coating was con-
sumed by oxide scale formation and by further diffusion and dilution into
the alloy.42 Then, Cr solubility in the Al-depleted zone tended to increase
and cavities were formed as a result of the Cr-rich precipitate dissolution.

Evolution of the diffusion coating phases and oxide scale formed dur-
ing the oxidation process at both temperatures can then be summarised in
the following sequences:

0.2 atm O2/48 h−−−−−−−−−−→α-Al2O3 +γ ′-Ni3(Al,Cr)+Crrichprecipitate+γ -Ni(Cr,Al)
0.2 atm O2/90 h−−−−−−−−−−→α-Al2O3 + large cavities+γ -Ni(Cr,Al)

where γ -Ni(Cr,Al) corresponds to the NiCr solid solution with small addi-
tion of Al.

CONCLUSION

In this study, NiCr alloy samples have been coated with 3 µm Al films
by magnetron sputtering. Diffusion aluminide coatings were then formed
through a two-stage heat treatment under inert gas atmosphere, the first
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one at 600◦C and the second at 900 or 1100◦C. Aluminides obtained at
900◦C and 1100◦C are close to those obtained by pack cementation pro-
cess with high aluminium activity. At both temperatures, the phase formed
after the whole heat treatment was mainly composed of β-NiAl and
γ ′-Ni3Al, containing Cr. More, a Cr-rich precipitates zone was observed at
the diffusion coating/substrate interface. After 48 hr of oxidation at both
temperatures, only α′Al2O3 and γ ′-Ni3Al could be detected. An inter-
mediate scale, with a whiskered morphology, was observed after oxida-
tion at 900◦C. After 90 hr of oxidation, the upper part of the oxide scale
spalled during cooling and the NixAly phases formed during heat treat-
ment totally disappeared. Large cavities, attributed to dissolution of Cr in
the Al depleted matrix, were observed at the initial location of the Cr-rich
precipitates. The beneficial effect of the aluminide diffusion coating on
high-temperature behaviour of NiCr was pointed out in the case of coated
sample oxidation at 1100◦C. The weight gain recorded at this temperature
is actually smaller than the one for the uncoated NiCr at 950◦C.
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11. F. J. Pérez, F. Pedraza, M. P. Hierro, J. Balmain, and G. Bonnet, Surface Coatings Tech-
nology 153, 49 (2002).

12. J. Angenete and K. Stiller, Surface Coatings Technology 150, 107 (2002).
13. J. A. Smialek, Metallurgical Transactions A9, 309 (1978).
14. R. Bianco, R. A. Rapp, and J. Smialek, Journal of the Electrochemical Society 140, 1191

(1993).
15. T. F. An, H. R. Guan, X. F. Sun, and Z. Q. Hu, Oxidation of Metals 54, 301(2000).
16. D. F. Susan and A. R. Marder, Oxidation of Metals 57, 159 (2002).
17. L. Levin, A. Ginzburg, L. Klinger, T. Werber, A. Katsman, and P. Schaaf, Surface Coat-

ings Technology 106, 209 (1998).
18. A. Chien, G. Gan, and P. Shen, Materials Science and Engineering A272, 207 (1999).
19. H. L. Huang, Y. Z. Chen, and D. Gan, Materials Science and Engineering A328, 238

(2002).
20. A. Chien, G. Gan, and P. Shen, Materials Science and Engineering A206, 215 (1996).
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