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Development of AI203 scale during oxidation of 
a wrought nickel-base alloy 
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Oxidation exposures consisting of 1 min to 1000 h at 950-1150~ in still air were used to 
study the development of surface scale on an Ni-1 6Cr-4.5AI-4Fe-0.04C-0.01Y alloy. Growth 
kinetics of the oxide scale were studied thermogravimetrically. Scanning electron microscopy 
and thin-foil analytical electron microscopy combined with energy dispersive X-ray 
spectroscopy as well as X-ray diffraction were used to characterize the morphology, structure 
and composition of oxide scale. After a primary stage of rapid kinetics, oxide growth followed 
a parabolic rate law with an activation energy of about 400 kJ mo1-1 During primary 
oxidation, the alloy developed an inner layer of Ni(AI, Or)204 spinel and the outer scale 
contained discrete particles of NiO and Or203. When steady-state conditions were established, 
the inner spinel was replaced by a yttrium-modified layer of 0~-AI203. Under steady-state 
conditions, oxide growth appeared to be controlled at least partially by outward diffusion of 
aluminium as indicated by the effect of exposure time on its concentration in the outer scale. 
Near the oxide-metal interface, yttrium was found to segregate to grain boundaries of r 
Experimental results suggested that yttrium maintained a fine-grained structure of 0~-AI203 of 
improved elevated temperature mechanical strength. 

1. I n t r o d u c t i o n  
Many of the wrought nickel-, iron- and cobalt-base 
high-temperature alloys are environmentally pro- 
tected by Cr203-base scale [1]. Protection by Cr20 3 
at temperatures above about 1000~ however, is 
limited by its tendency to transform into volatile CrO 3 
[2]. Accordingly, those alloys are not suitable for 
applications requiring extended exposure at temper- 
atures in excess of 1000 ~ In contrast, A120 3 is more 
protective at those temperatures because of its higher 
thermodynamic stability and slow growth rate [3]. 
However, the relatively high aluminium concentration 
needed to establish a continuous protective layer of 
A120 3 resulting in poor fabricability, weldability and 
low-temperature ductility, limits the use of A120 3- 
forming alloys to coatings and castings [4]. Such 
problems have been overcome to a great extent in the 
newly developed wrought, nickel-base Haynes* alloy 
214 [5, 6]. Its nominal chemical composition is given 
in Table I. Above 1000~ alloy 214 derives its 
oxidation resistance from a thin tenacious layer of 
yttrium-modified A120 3 I-7]. It was the objective of 
this investigation to study the development of AI/O 3 
scale on alloy 214 during exposure in air at temper- 
atures in the range 980-1150 ~ 

2. Experimental procedure 
An alloy sheet of commercial grade was investigated. 
Its chemical composition is given in Table I. Speci- 

* Haynes is a registered trademark of Haynes International Co. 
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T A B  L E I Chemical composition of alloy 214 (wt %) 

Nominal  Investigated 

Ni Bal. Bal. 
Cr 16 16.12 
AI 4.5 4.37 
Fe 4 2.65 
Y 0.01 0.009 
C 0.04 0.032 
S < 0.002 

mens (25.4 m x 25.4 mm x 1.0 mm) were annealed in 
quartz capsules under an argon atmosphere (~  10 .4 
torr; 1 torr = 133.322 pa) at 1095 ~ as recommended 
by the manufacturer, and then water quenched. Sub- 
sequently, the specimens were ground to 120 grit finish 
and then ultrasonically cleaned in acetone. They were 
then exposed for 1 min to 1000h at 980-1150~ in 
still air using a resistance-heated furnace. A thermo- 
gravimetric unit was used to study the growth kinetics 
of the oxide scale. Scanning electron microscopy 
(SEM) and energy dispersive X-ray spectroscopy 
(EDXS) with a conventional beryllium-window de- 
tector were used to characterize the morphology and 
composition of surface scale. Structural analysis of the 
surface scale on oxidized specimens was carried out 
using X-ray diffraction (XRD). To examine oxidised 
specimens on the finer scale of transmission and scan- 
ning transmission electron microscopy (TEM/ 
STEM) modes of an analytical electron microscope 
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(AEM), sheet specimens initially l mm thick were 
reduced to about 0.5 mm and then annealed as de- 
scribed above. Disc-shaped specimens, 3 mm diame- 
ter, were machined from the annealed specimens, 
ground to about 0.3 mm thick, metallographically 
polished, and then isothermally oxidized in air as 
described above. Oxidized specimens were polished on 
one side to prepare thin foils near the oxide metal 
interface [8] in a solution consisting of 30% nitric acid 
in methanol at about - 20 ~ until perforation occur- 
red. Oxide films left behind were thinned in an ion- 
beam mill at 5 kV. All specimens were examined in an 
AEM operating at 200 kV and equipped with an ultra- 
thin window X-ray detector. 

3. Resul ts  and  d iscuss ion  
3.1. Kinet ics of ox ida t ion  
Overall oxidation of the alloy was found to follow 
parabolic kinetics. For  example, Fig. 1 illustrates the 
specific weight gain as a function of exposure time at 
1150 ~ Following an initial stage of primary oxida- 
tion, steady-state conditions were reached after about 
1 h exposure or less. It is observed that the linear 
scaling rate was about 8.5 x 10 - 6  mgcm -2 h-1. Also, 
there was no evidence for breakaway oxidation and 
the adherence of the scale was maintained after 1000 h 
exposure at 1150~ A similar result was reported 
under cyclic conditions [9]. From weight change 
measurements, the activation energy of the oxidation 
reaction was calculated to be about 400 kJmo1-1, 
which is considerably smaller than the activation en- 
ergy of aluminium lattice diffusion in A120 a 
( ~ 500 kJ mol - 1 [10] ). 

As illustrated later, steady-state scale growth ap- 
peared to be controlled by diffusional transport in a 
layer of yttrium-modified A1203. Most evidence 
points to the growth of A120 3 scale being dominated 
by grain-boundary diffusion of oxygen [11-13]. Also, 
rare-earth elements such as yttrium may decelerate the 
kinetics of aluminium lattice diffusion [14-17]. How- 
ever, it is also possible that both aluminium and 
oxygen diffusion contribute to scale growth [18]. 
Thus, the observed activation energy may reflect the 
contribution of both aluminium and oxygen diffusion 
to scale growth as further discussed later. 

3.2. Primary ox ida t ion  
Secondary electron SEM images illustrating the devel- 
opment of surface scale on the same region of the alloy 
during primary oxidation at 1150~ are shown in 
Fig. 2. Initially, the surface contained an aggregate of 
fine particles and an underlying scale. With continued 
exposure, the particles tended to agglomerate and 
increase in size. Fig. 3 illustrates an exam,ple of ana- 
lysing the structure and composition of surface scale 
formed during primary oxidation. As can 
be seen, the scale consisted of an aggregate of NiO 
and ~-Cr203, and an underlying spinel of the type 
Ni(A1, Cr)20 4. At this stage, very few particles of 
A120 3 could be detected at the surface. Near the 
oxide-metal interface and parallel to the plane of 
oxidation, the scale consisted predominantly of Ni(A1, 
C r ) 2 0  4 a s  illustrated in Fig. 4. Arcing of the diffraction 
rings in Fig. 4a suggested the presence of fibrous 
texture [19]. These observations appeared to be con- 
sistent with a generalized mechanism proposed to 
explain the oxidation behaviour of Ni-Cr-A1 alloys 
[20, 21]. However, the spinel near the oxide-metal 
interface contained a greater concentration of alumi- 
nium (Fig. 4c) in comparison with the outer spinel 
(Fig. 3e). Possibly, this behaviour could be due to the 
relatively slow diffusivity of aluminium in the scale. 

3.3. S t e a d y - s t a t e  ox ida t i on  
Under steady-state conditions, a larger proportion of 
cr 3 particles were detected in the surface scale. 
Generally, however, these particles contained small 
concentrations of nickel, chromium and iron as illus- 
trated in Fig. 5. Oxide growth appeared to be gover- 
ned by lattice diffusion as was evident from its 
relatively flat faces [22]. With continued exposure 
within the steady-state stage, the extent of surface 
coverage by A1203 increased and NiO became en- 
riched in chromium as demonstrated in Fig.6. Simul- 
taneously, Cr20 3 almost completely disappeared, 
possibly by transforming into volatile CrO3 and by 
incorporation of chromium in NiO and the spinel. 
During this stage, the scale near the oxide-metal 
interface was found to consist predominantly ofAl203 
as illustrated in the bright-field TEM image and the 
corresponding selected-area diffraction (SAD) pattern 
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Figure 1 Effect of exposure time at 1150 ~ on the specific weight gain. 
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Figure 2 Secondary electron SEM images illustrating the evolution 
of surface scale on the same region during primary oxidation at 
1150~ Time: (a) 1 rain, (b) 5 min, (c) 15rain, (d) 1 h. 

of Fig. 7a and b, respectively. It should be noted that 
characteristic reflections of 0c-Al203 such as (10 T 4), 
(1120) and (1123) were absent in the selected-area 
diffraction (SAD) pattern of Fig. 7b suggesting the 
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Figure 3 Analysis of the structure and composition of surface scale 
formed during primary oxidation (15min exposure at 1150~ 
(a) Secondary electron SEM image illustrating the scale morpho- 
logy. (b) Corresponding XRD pattern. (c) X-ray spectrum derived 
from Region 1 in (a). (d) X-ray spectrum derived from Region 2 in 
(a). (e) X-ray spectrum derived from Region 3 in (a). 

presence of fibrous texture [19]. As shown in the 
X-ray spectrum of Fig. 7c, the oxide contained small 
amounts of chromium, nickel and yttrium. Con- 
siderable segregation of yttrium to grain boundaries of 
AI203 was observed as illustrated in the concentration 
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Figure 4 Analysis of the structure and composition of scale formed near the oxide metal interface parallel to the plane of oxidation (15 min 
exposure at 1150 ~ (a) Selected-area diffraction pattern indexed in terms of the NiAI204 structure (cubic). (b) Corresponding dark-field 
TEM image formed with the encircled (1 1 1) reflection in (a). (c) X-ray spectrum derived in the STEM mode using a 20 nm probe diameter 
(point analysis). 
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Figure 5 An example illustrating the presence of AIzO 3 in the surface scale during Steady-state oxidation (24h exposure at 1150~ 
(a) Secondary electron SEM image illustrating particles of A1203. (b) X-ray spectrum derived from the particle marked ( x ) in (a). 
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Figure 6 Secondary electron SEM images and corresponding X-ray mapping images of nickel, chromium and aluminium illustrating the 
effect of exposure time during steady-state oxidation on elemental distribution at the surface. (a) 100 h exposure at 1150 ~ (b) 1000 h 
exposure at 1150~ 
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Figure 7 Analysis of the structure and composition of scale formed near the oxide-metal interface parallel to the plane of oxidation during 
steady-state oxidation (1000 h exposure at 1150 ~ (a) Bright-field TEM image. (b) Corresponding SAD pattern. (c) X-ray spectrum derived 
in the STEM mode using a 20 nm probe diameter. (d) Corresponding profile of yttrium across a grain boundary of AI203 (derived bY point 
analysis in the STEM mode using a 2 nm probe diameter). 

profile of Fig. 7d. Another  distinctive feature of the 

A120 3 scale near  the ox ide-meta l  interface was that  its 
grain size remained virtually unchanged  with expos- 

ure time as shown in the dark-field T E M  images of 

Fig. 8, which could be related to y t t r ium segregation 

to grain boundaries .  F r o m  these images, the grain size 
was est imated to be in the range 0.05-0.02 pro. 

Al though the beneficial effect of y t t r ium on the 

protective na ture  of A1203 is well recognized, a num-  
ber of mechanisms,  sometimes opposing, were sugges- 

Figure 8 Dark-field TEM images formed with (0112) reflection of AI203 to illustrate the effect of exposure time during steady-state 
oxidation on grain size near the oxide-metal interface. (a) 100 h exposure at 1150 ~ (b) 1000 h exposure at I 150 ~ 
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Figure 9 Schematic illustration of the development of A120 3 scale. 

ted to explain the yttrium effect [13, 18, 23-26]. 
However, the above results indicated that in the case 
of alloy 214, the beneficial effect of yttrium could be 
related to its segregation to grain boundaries of 
Al20 3. Among the beneficial effects of this segregation 
are maintaining a fine-grained structure with im- 
proved mechanical strength at elevated temperatures 
[12, 18, 23], and filling voids or pores along grain 
boundaries which improves its cohesion [27, 28]. 
Because grain boundaries act as effective sources of 
vacancies required for lattice diffusion [29], segre- 
gation of yttrium to grain boundaries would be ex- 
pected to reduce the rate of vacancy generation which 
could decelerate the kinetics of aluminium diffusion 
and, in turn, the rate of scale growth. 

3.3. Development of surface scale 
Based upon the results presented earlier, the develop- 
ment of A1203 scale on alloy 214 could be envisioned 
as follows. 

During the stage of primary oxidation (Fig. 1), 
oxides of nickel, chromium and aluminium were 
formed on the alloy surface in proportions determined 
by their concentration in the alloy [30] as schemati- 
cally illustrated in Fig. 9a. However, as expected, NiO 
overgrew the slower growing Cr203 and A1203 and 
the three oxides combined to form a spinel of the type 
Ni(A1, Cr)zO 4 as shown in Fig. 9b and c. Owing to the 
greater concentrations of nickel and chromium, some 
NiO and Cr203 remained on the surface (Fig. 9c). 
Because the oxygen activity established by these oxi- 
des was not sufficient to oxidize aluminium into 
A1203, oxygen diffused into the alloy and oxidized 
aluminium into A1203 [21, 22] as shown in Fig. 9b 
and c. 

With continued exposure, a continuous layer of 
yttrium-modified A1203 in contact with the alloy was 
formed as observed and further growth of other oxides 
was blocked (Fig. 9d). At this stage, steady-state 
conditions were established and further oxide growth 
became controlled by diffusional transport in A1203. 
Subsequently, the extent of surface coverage by A1203 

(e) 
(a) (c) Primary oxidation (d, e) steady-state oxidation. 

increased (Fig. 9e), which could be due to outward 
diffusion of aluminium. However, this could not ex- 
clude the possibility of inward diffusion of oxygen to 
oxidize aluminium at the spinel-Al203 interface [31]. 
Yttrium appeared to promote the formation of a thin 
tenacious layer of A120 3 with improved mechanical 
strength. 

4. C o n c l u s i o n  
During exposure for up to 1000h at 950 1150~ in 
still air, the oxidation kinetics of alloy 214 followed a 
parabolic rate law after an initial stage of primary 
oxidation. Initially, the alloy developed an inner layer 
of Ni(A1, Cr)20 4 spinel and the outer scale consisted 
of a mixture of NiO and Cr203. With continued 
exposure, steady-state conditions were established 
and the inner spinel was replaced by a yttrium-modi- 
fied layer of ~-A120 3. At this stage, oxide growth 
appeared to be controlled at least partially by outward 
diffusion of aluminium with an activation energy of 
about 400 kJ mol 1. Yttrium exhibited a preferential 
tendency for segregation to grain boundaries of 
~-A120 3, which could maintain a fine-grained struc- 
ture with improved mechanical strength at elevated 
temperatures. 
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