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Influence of the phase compositions on the 
transient-stage high-temperature oxidation 
behaviour of an NiCoCrAIY coating material 

S. SACRI 5, U. WIENSTROTH,  H.-G.  FELLER, L. K. T H O M A S  
Institut for Metallforschung der TU Berlin, Berlin, Germany 

The oxidation behaviour of a commercial NiCoCrAIY coating material (H. C. Starck Inc.; 
Amperit 41 0) was investigated in the temperature range. 850-1 200 ~ The measurements were 
made in air under isothermal and cyclic conditions. The oxidation process was quantified by 
thermogravimetry. The oxide compositions were characterized by energy-dispersive X-ray 
analysis (EDX), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and 
secondary-ion mass spectroscopy (SIMS). The corresponding oxide morphologies were 
studied by scanning electron microscopy (SEM). This study was focused on the oxide growth 
of a NiCoCrAIY alloy at temperatures between 850 and 1200~ up to oxidation periods of 
25 h. Complementary information obtained from various surface-sensitive techniques are 
summarized in a simplified scheme of the oxide growth. The oxidation behaviour in the stated 
temperature range is explained by the different chromium and aluminium contents of the 
phases. Yttrium becomes effective at temperatures above 1 000 ~ The good protective 
properties of the NiCoCrAIY at temperatures above 1 000~ and the fairly poor protection 
below 950~ are interpreted in terms of alumina formation and chromia formation as rate- 
determining factors. 

1. Introduction 
One of the fundamental problems in materials engin- 
eering is to find materials with outstanding properties 
with respect to the specific application. However, it is 
not always possible to satisfy these requirements with 
a single material; a combination of several materials 
promises to combine the individual positive properties 
within one component. A typical example of great 
industrial interest is given by the high-temperature 
alloys used in gas turbines. The turbine blades, for 
example, have to withstand both mechanical and 
chemical loadings. Therefore, the blade is (usually) 
made of an Ni-base superalloy with outstanding prop- 
erties with regard to creep, low cycle fatigue (LCF), 
etc. Unfortunately, these alloys do not resist the chem- 
ical attack resulting from oxidizing atmospheres at 
high temperatures. In order to use these alloys, their 
surfaces have to be protected by coating materials. 

The development of coating materials is concen- 
trated on alloys that form protective alumina or 
chromia scales. At temperatures above 1000~ the 
protective properties of alumina-forming coatings are 
generally considered to be better than those of 
chromia formers [1]. This observation can be ex- 
plained by the fact that chromia begins to decompose 
above 1000~ forming the volatile CrO3. At about 
850~ the chromia-forming alloys are found to be 
more protective [21. Especially in corrosive environ- 
ments, the superior properties are well known [3, 4]. 
Depending on the specific application, the coating 

0022-2461 �9 1993 Chapman & Hall 

materials are designed for use either above 1000 ~ or 
below 900~ It seems difficult to cover the entire 
temperature range with only one alloy. 

Minor additions of rare-earth elements such as 
yttrium or cerium have been found to improve the 
protective properties of both alumina- and chromia- 
forming alloys [5, 61. Although that positive effect of 
the rare-earth elements has been known for more than 
50 years, the mechanisms involved are the subject of 
several investigations [7, 8]. 

Due to advanced spraying technologies, the deve- 
lopment of new overlay coatings became possible [9] ; 
the present research is concentrated on the optimiza- 
tion of MCrA1Y (M = Co or Ni) alloys [6, 10]. In 
general, the composition of the oxides on MCrA1Y 
alloys is complicated and depends on several para- 
meters such as the temperature, oxidation time, micro- 
structure and surface roughness. This list may easily 
be extended by several other parameters. 

2. Experimental 
Samples were prepared from commercial NiCoCrA1Y 
alloy (H. C. Starck; Amperit 410) with the nominal 
composition shown in Table I. The alloy was supplied 
as sprayed powder which is fabricated for low-pres- 
sure plasma spraying processes. Each powder particle 
contained the given composition. From the powder 
(average grain size approximately 90 gm) compact 
ingots were melted in an electron-beam furnace and 
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TAB LE I Nominal composition of Amperit 410 

Ni Co Cr Al Y 

wt% 47.1 23.0 17.0 12.5 0.45 
at% 40.3 19.6 16.5 23.3 0.26 

subsequently cut into thin discs (diameter 25 mm) in 
order to achieve a large surface/volume ratio. EDX of 
the composition of the samples resulted in good 
agreement with the nominal composition. The slices 
were ground with waterproof SiC paper up to a mesh 
size of 1000 and subsvquently ultrasonically cleaned. 

Thermogravimetric measurements took place in a 
conventional chamber furnace in air. The oxidation 
periods ranged from 25 to 1000 h. The weight gain was 
determined after the samples were cooled. The cyclic 
oxidation experiments were carried out with cycle 
periods of 1 h. After every hour the samples were 
cooled on a water-cooled copper plate. It took 
< 2 rain for the samples to reach room temperature. 
The total number of cycles was about 100. 

The data for the thermogravimetric experiments 
were obtained by averaging the weight gain over 
several samples. The data given in Figs 2 and 11 
represent mean values and the scatter of the data was 
usually < 0.02 mg cm-2. 

The oxide morphology and oxide composition were 
determined by SEM (Jeol 6400) with integrated EDX 
(Link Analytical QX200). The compounds of the oxi- 
des were identified by XRD. The diffractometer 
(Philips) was assisted by a computer-based American 
Society for Testing and Materials (ASTM) database. 
The compositions of the surface layers of the oxides 
were analysed by XPS (Leybold) and SIMS (Atomica). 

3. Results and discussion 
3.1. Microstructure of the alloy 
The microstructure of the NiCoCrA1Y showed a den- 
dritic solidification (Fig. 1) and three phases with the 
compositions given in Table II. The lighter matrix was 
identified by XRD as Ni 7-phase whereas the dark, 
dendritic phase consisted of [3-NiA1. 

Yttrium was concentrated in a third phase in 
amounts up to 15 at %. The volume fraction of this 
phase was 1-2%, the dimension was approximately 
10 ~tm and was localized at the grain boundaries. 
From the literature it is known that yttrium is bound 
as intermetallic M~Y or M3Y (M = Ni or Co) [1 I]. 
However, our measurements clearly suggested the 
formation of intermetallic yttride MsY. 

3.2. Isothermal oxidation 
Generally, oxidation processes are quantified by ther- 
mogravimetry. The weight gain due to isothermal 
oxidation is presented as a function of the oxidation 
time in Fig. 2. Curves are shown for samples oxidized 
at 850, 1000 and l l00~ for 100 h and 1200~ for 
25 h. For the temperatures 850, 1000 and 1100 ~ the 
weight gain increased to values of between 0.5 and 0.8 

1844 

Figure 1 Phase distribution of Amperit 410. 
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Figure 2 Isothermal oxidation at (a) 850, (b) 1000, (c) 1100 and 
(d) 1200'~C. 

T A B L E  II Phase compositions (in at %) 

Phase Ni Co Cr AI Y 

Ni 3,-phase 35.8 28.4 26.4 9.4 
(NiAI) [3-phase 43.9 18.1 11.1 26.9 
(NiCo)sY 52.1 16.1 6.5 I 1.1 14.2 

mg cm -2 after 25 h. At 1200 ~ the oxidation process 
was much faster. For oxidation times < 20h the 
NiCoCrA1Y alloy oxidized at 1000 ~ more quickly 
than at 1100 ~ This point is addressed in the follow- 
ing discussion. 

The measured curves are interpreted in terms of the 
parabolic rate constant kp. This constant is defined by 
the equation (Am~A) 2 = kpt ,  where Am/A denotes the 
weight gain per unit surface area and t is the oxidation 
period. 

It must be mentioned that the relationship between 
weight gain and oxidation time is not exactly para- 
bolic, so the calculated constants should be called 
"pseudo-parabolic". Despite this restriction, the calcu- 
lation of kp is instructive in comparing the oxidation 
rates of different alloys. 

The calculated values of kp are shown in Fig. 3 as an 
Arrhenius plot as a function of the oxidation temper- 
ature, together with data given by Lillerud and 
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Figure 3 Arrhenius plot of kp versus oxidation temperature. 
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Figure 4 EDX spectrum of a sample oxidized for 25 h at 850 ~ 
(at %) Co 0.4, Cr 0.6, A1 38.8 and O 59.8. 

Kofstadt [12] and Hindam and Whittle [13]. The 
Arrhenius plot shows three regions of interest. 

3.2. 1. Range h T < 1000 ~ 
In the temperature range from 700~ to approxim- 
ately 1000 ~ a linear relationship between log kp and 
1/T exists. The results of Lillerud and Kofstadt [12] 
suggest chromia formation. However, EDX analysis 
identified the oxides that were oxidized for 25 h as 
alumina with small amounts of chromia, nickel and 
cobalt oxide (Fig. 4); yttrium was not found. 

XPS analysis of the outer layer of the oxide sugges- 
ted the formation of pure alumina; chromia, cobalt or 
nickel oxide not being found. In addition, no yttrium 
or yttrium compounds were formed (Fig. 5a d). It is 
conspicuous that the XPS spectra of the oxides are 
shifted to high binding energies compared with the 
literature values [14]. This phenomenon is explained 
by the formation of a thin alumina scale with a low 
electrical conductivity. This leads to a charging of the 
sample and therefore shifted electron energies were 
measured. 

SIMS measurements confirmed both the EDX and 
XPS results. Due to an insulating oxide film (alumina), 
the detection of the secondary ions was not possible 
for the first 250 nm of the oxide (Fig. 6). At greater 
depths an analysis of the oxide composition became 
possible. In the surface region decrease in the concen- 
tration of the elements Cr, Ni (Co) and Y was found. 

Since the information depth of XPS reaclles only 
roughly 2 nm, the outer alumina scale was confirmed 
by SIMS. In contrast, the information depth of EDX 
analysis reaches several ~tm, and therefore the other 
elements (Cr, Ni and Co) were detected. 

The investigations at 850 ~ were supplemented by 
XRD measurements of samples that were oxidized for 
1000 h. Under these conditions the formation of both 
alumina and chromia was observed. The alumina 
scale was disconnected by chromia crystallites which 
were randomly distributed (Fig. 7a and b). The growth 
of these crystallites was very regular and the surfaces 
smooth. 

The results obtained at 850 ~ can be summarized 
and interpreted on the basis of a simplified model. The 

unoxidized alloy consists of ?-Ni and I3-(NiA1) phases 
which are separated by an MsY phase (Fig. 8, to). The 
first stage of the oxide growth is assumed to be 
governed by alumina formation (tl). This view is 
supported by the very low value of AG for the forma- 
tion of alumina. The formation of that alumina scale 
leads to a decrease in the aluminium content in the 
alloy beneath the oxide. If the decrease in the alumi- 
nium content in the ?-Ni phase reaches a critical value, 
the content of aluminium is no longer sufficient to 
form a protective alumina scale and internal oxidation 
of chromium begins. Since yttrium is bound in a stable 
intermetallic phase, it does not influence the oxide 
growth. While the alumina formation on the [3-(NiA1) 
phase continues, mechanical stresses between the in- 
ternal oxides and oxide scales at the surface on the ?- 
Ni phase lead to cracks in the brittle outer alumina 
scale (t2). These cracks cause an outwards growth of 
chromia (t3). A lateral growth of chromia on the 
surface may be possible. 

According to this model the oxidation rate is deter- 
mined by the formation of chromia. This reasoning is 
supported by the values of the parabolic rate constant 
kp which are typical for chromia-forming alloys 
(Fig. 3). 

3.2.2. Range I1: 1000~ < T < 1100 ~ 
This temperature range cannot be described by a 
single oxidation mechanism. Both chromia and alu- 
mina formation are superimposed. With increasing 
temperature the dissolution of the intermetallic MsY 
phase proceeds and therefore causes alumina forma- 
tion (see also range III, below). 

This view is supported by the Arrhenius plot, which 
shows rate constants kp almost independent of the 
oxidation temperature (Fig. 3). Since this behaviour 
cannot be understood as a single thermally activated 
process, an interpretation by a transition seems reas- 
onable. Further experimental evidence is given by 
EDX, XPS and SIMS analysis. With increasing tem- 
perature the concentration of aluminium (bound as 
alumina) on the surface decreases continuously (XPS, 
Fig. 5) and the amount of alumina in the oxide in- 
creases (EDX). However, the observed changes in the 
oxide composition are only minor. 
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Figure 5 XPS spectra of samples oxidized for 25 h for the elements (a) O, (b) AI, (c) Cr and (d) Y. 
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Figure 6 SIMS depth profile of a sample oxidized for 25 h at 850 ~ 

The transition can be characterized best by the 
changes in the oxide morphology. At 1000~ the oxide 
consists of sharp needles, the structure being loose 
(Fig. 9a). With increasing temperature the sharp need- 
les disappear and the oxide becomes more compact 
(Fig. 9b and c) [15]. 

3.2.3. Range II1: T >_ 1 100 ~ 
The positive yttrium effect does not become com- 
pletely effective until the oxidation temperature ex- 
ceeds 1100 ~ The values of kp are in accordance with 
data for chromia [12] and alumina [13]. At 1100~ 
the oxide scale consists mainly of alumina (by EDX), 
the amount of chromia, cobalt and nickel oxide is 
reduced compared with oxides formed at 850 ~ The 
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Figure 7 Oxide morphology of a sample oxidized at 850~ for 
1000 h. 

phases A1203, Y203 and Y3AI5012 (YAG) were iden- 
tified by XRD. Contrary to the results obtained at 
lower temperatures, several oxides (alumina, chromia, 
cobalt and nickel oxide) were detected in the outer 



subscale by XPS (Fig. 5). SIMS analysis confirmed 
considerable amounts of yttrium and aluminium in 
the oxide scale. 

The kinetics of the oxide growth can be illustrated 
by simple model. Since the MsY phase dissolves at 
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"7 
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tl> t O 

t2> t 1 

t 3 > t 2 

~ AI205 

Figure 8 Model of the oxidation mechanism at 850 ~C. 

temperatures higher than 1000 ~ C, the selective oxida- 
tion of Cr(Co,Ni) is improved [16]. Therefore, 7-Ni 
phase forms in addition to A120 a major amounts of 
Cr203, NiO and CoO, whereas the 13-(NiA1) phase 
forms solely alumina (Fig. 10, tl). Due to the different 
growth mechanisms of alumina (inwards) and chromia 
(outwards) [11, further growth of the outer chromia 
scale is suppressed by a separating alumina scale (t=). 
While the growth of the alumina scale (together with 
yttria) continues, chromia decomposes and evaporates 
as CrO 3. The remaining oxides of cobalt and nickel 
transform to (Co, Ni) A120 4. The reaction of YzO 3 
and A120 3 to YAG leads to precipitations of YAG at 
the boundary of the oxide and alloy (t3). This reason- 
ing suggests the growth of alumina as the rate-deter- 
mining factor. 

At about 1200 ~ a spalling of the oxide is observed 
if the sample is cooled to room temperature. The 
spalled oxide consists of YAG and A1203, no YzO 3 
being found. The adherence of the oxide seems to be 
guaranteed as long as yttrium is bound as Y203. The 
adherence is reduced if the solid-state reaction of 
Y203 to YAG is completed. This idea is supported by 
the literature, which reports the positive effect of YzO 3 
with regard to scale adherence due to "pegging" 
[7, 17]. 

3.3. Cyclic oxidation 
At temperatures of 1000 and l l00~ the oxidation 
rates obtained under cyclic conditions were compar- 
able with the results for the isothermal experiments 
(Fig. 11); no differences were found up to 300 cycles 
(300 h) at 1000 ~ or 100 cycles (100 h) at 1100 ~ This 
proves the outstanding thermal shock resistance of the 
alloy. 

At 1200 ~ the coating material broke down. Due to 
spalling of the oxide, a loss of weight was observed. 
The spalled oxide had the same composition (AlaO3 
and YAG) as the oxides investigated after isothermal 
oxidation. 

4. Conclusions 

1. At temperatures below 1000 ~ the oxidation rate 
was determined by chromia formation. Yttrium was 

Figure 9 Oxide morphology of samples oxidized for 25 h at 
(a) 1000~ (b) 1050~ and (c) 1100 'C, 
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Figure 11 Cyclic oxidation at (a) 1000 and (b) ll00~ 

bound as intermetallic MsY and did not influence the 
oxidation process. 

2. The temperature range between 1000 and 1100 ~ 
was characterized by the beginning of dissolution of 
the intermetallic M5Y phases. A transition from 
chromia- to alumina-determined oxide growth was 
observed. This fact explained the parabolic rate con- 
stants kp which were independent of the oxidation 
temperature. In this temperature range the oxide mor- 
phology changed significantly from a loose to a com- 
pact structure. 

3. Above 1100 ~ the yttrium became entirely effect- 
ive. The oxidation rate was determined by the growth 
of alumina. Since all Y 2 0 3  changed to YAG, the 
spalling of the oxide occurred at temperatures above 
1200 ~ 

4. Cyclic oxidation measurements prove the NiCo- 
CrA1Y coating material to be resistant to thermal 
shock. For temperatures of 1000 and l l00~ no 
differences between isothermal and cyclic oxidation 
were found with respect to their oxidation rates. 
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