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Abstract

The oxidation behaviour of two commercial FeCrAl alloys, Kanthal A1 and Kanthal AF (containing alloying additions of

yttrium), has been investigated during isothermal exposures in air at 1173 K. Mass gains were measured by thermogravimetry

and identification of the oxidation products determined by in situ high temperature X-ray diffraction. The morphology of

the oxide layer surfaces was studied by SEM, the elemental distribution inside the scales being carried out by EDXS analysis.

The study revealed that yttrium markedly influences the composition and growth rate of the oxide scale during the steady-

state stage of oxidation. The lower oxidation rate resulting from the presence of the reactive element reflects the influence

of yttrium in suppressing the formation of transition alumina and promoting the earlier formation of a protective a-Al2O3

scale.

# 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Alumina forming alloys present interesting antic-

orrosion properties under high temperature oxidizing

environments. Their high aluminium content allows

the formation of a protective a-alumina scale. How-

ever, this oxide scale can be susceptible to spallation

under thermal cycling. Many investigations have

shown that the addition of reactive element (such as

yttrium or cerium) to FeCrAl alloys improves their

corrosion resistance at high temperature. Though the

influence of yttrium on the oxidation of FeCrAl has

been studied extensively [1–8], the mechanisms of this

reactive element effect are still a matter of discussion.

The growth and development of protective Al2O3

scales during oxidation at temperatures from 1073

to 1273 K is complicated by the presence of transition

aluminas (g-Al2O3, d-Al2O3, y-Al2O3) which trans-

form into the stable a-alumina. Many studies have

reported that the influence of yttrium on the oxidation

behaviour of an alumina forming alloy is related to its

effect on the alumina phase transformation [9–13].

The modes of introduction of the reactive element

include alloying additions of the reactive element or

its oxide, ion implantation of the element and super-

ficial application of the reactive element oxide as a

thin coating (sol–gel, electrophoresis, MOCVD meth-

ods). The present work deals with the influence of

yttrium alloying additions on the oxidation of alumina
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forming alloys at 1173 K. Thus, the oxidation beha-

viour of two commercial FeCrAl alloys, Kanthal A1

and Kanthal AF (containing alloying additions of

yttrium), is investigated, with emphasis placed on

kinetics related to the scale structure evolution at high

temperature.

2. Experimental methods

The chemical compositions (obtained by glow dis-

charge optical spectroscopy) of the two FeCrAl alloys

(produced by melting) are reported in Table 1. One

millimeter thick specimens of rectangular shape with a

total area of about 4 cm2 were abraded with SiC paper

up to 800 grade and ultrasonically cleaned in ethanol

prior to oxidation. Oxidation kinetics were followed

at 1173 K, in laboratory air, during 120 h, using a

Setaram TGDTA 92-1600 thermobalance. In situ scale

structure evolution was analysed in a high temperature

Anton PAAR HTK 1200 chamber with an integrated

sample spinner in a Philips X’pert MPD diffract-

ometer. The X-ray diffraction (XRD) goniometer is

equipped with a curved Cu monochromator to isolate

the diffracted Cu Ka wavelength from all other wave-

lengths such as iron fluorescence radiation. In situ

XRD analyses were performed using Cu Ka1

(0.15406 nm) radiation. Series of X-ray diffracto-

grams were recorded every hour during the 30 h

oxidation test. The most representative in situ XRD

spectra will only be presented in our study. Diffraction

peaks will be considered as significant if their relative

intensity is greater than 10% of the intensity reported

on their corresponding Joint Committee on Powder

Diffraction Standards (JCPDS) file. The oxide

scale surface and cross-section morphologies were

observed by scanning electron microscopy (SEM)

coupled with energy dispersive X-ray spectrometry

(EDXS). The EDXS point analyses were performed

with an electron probe focused to a 1 mm spot. For

cross-section analyses, the specimens were mounted

in resin before polishing (with 1 mm diamond suspen-

sion) in order to preserve the integrity of the brittle

oxide scales on the FeCrAl substrates. An evaporated

carbon coating of about 10 nm thickness was also

deposited on these samples to improve conducting

properties.

3. Results

3.1. Oxidation kinetics

Fig. 1 presents the oxidation curves Dm=S ¼ f ðt1=2Þ
of Kanthal A1 and Kanthal AF. It can be observed that

the mass gain after 120 h oxidation is clearly higher

for the yttrium-free specimen than for the yttrium-

containing one. These mass gains are, respectively,

0.26 and 0.12 mg cm�2, for the Kanthal A1 and

Kanthal AF specimens. In both cases, the kinetic

curves exhibit an initial transient stage during the first

hours, followed by a parabolic rate law. The two alloys

show similar mass gains up to 6 h oxidation. On the

contrary, after longer oxidation times, the oxidation

rate of Kanthal A1 was significantly higher than that

exhibited by Kanthal AF. The parabolic rate constants,

kp, are, respectively, 1:3 � 10�7 mg2 cm�4 s�1 for

Kanthal A1 and 1:4 � 10�8 mg2 cm�4 s�1 for Kanthal

AF. The kinetic results indicate that the yttrium-free

and the yttrium-containing specimens are predomi-

nantly controlled by a diffusional process, though an

interfacial process occurs during the first hours of

the experiment. They also reveal that yttrium addition

as alloying element in Kanthal AF does not have

significant influence on the growth rate of the oxide

scale during the early transient stage, whereas it

shows a beneficial effect when the parabolic regime

is established.

Table 1

Composition of Kanthal A1 and Kanthal AF (wt.%)

Elements Alloys

Kanthal A1 Kanthal AF

Fe 71.3 71.4

Cr 22.2 22.8

Al 5.66 5.23

Si 0.26 0.21

Mn 0.13 0.17

Zr 0.083 0.054

C 0.022 0.036

Ti 0.016 0.071

Y <0.005 0.028

Ce <0.005 <0.010

Mg <0.005 <0.005

S <0.005 <0.005

Hf <0.005 <0.001
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3.2. In situ high temperature XRD

3.2.1. Oxidation of Kanthal A1

In situ high temperature XRD patterns obtained on

Kanthal A1 specimen are given in Fig. 2. The rela-

tively high intensity of the characteristic diffraction

peaks of the FeCrAl alloy during the whole experi-

ment suggests that the sample is slowly oxidized. The

diffractograms clearly show that a-Al2O3 (JCPDS 46-

1212) is formed during the first hours. The typical

diffraction peaks of a-Al2O3 are detected after 2 h and

their intensity increases continuously up to 30 h. The

presence of transition aluminas, d-Al2O3 (JCPDS 46-

1131) and y-Al2O3 (JCPDS 35-0121), is also detected

after 7 h oxidation. The high intensity of the peak near

2y ¼ 37:7� leads to the assumption that this peak does

not contain only the a-Al2O3 (1 1 0) peak. It probably

corresponds to the overlapping of the d-Al2O3 (0 2 5)

(JCPDS file relative intensity: 43%), d-Al2O3 (1 2 3)

(JCPDS file relative intensity: 38%), d-Al2O3 (1 0 9)

(JCPDS file relative intensity: 34%) and the a-Al2O3

(1 1 0) (JCPDS file relative intensity: 21%) diffraction

peaks. All the experimental peaks which allow iden-

tification of y-Al2O3 correspond to the overlapping of

y-Al2O3 and d-Al2O3 diffraction peaks. Among them,

the peak located near 2y ¼ 32:8� exhibits the greatest

intensity. It can be attributed to the overlapping of the

y-Al2O3 ð2 0 �2Þ (JCPDS file relative intensity: 100%),

y-Al2O3 (2 0 0) (JCPDS file relative intensity: 100%),

d-Al2O3 (0 2 2) (JCPDS file relative intensity: 71%)

diffraction peaks. This peak intensity increases signi-

ficantly from 18 to 30 h oxidation, whereas the inten-

sity of the d-Al2O3 (2 2 0) peak located at 2y ¼ 45:6�

remains roughly constant during the same period. This

relative evolution of the transition alumina character-

istic diffraction peaks underlines the more pronounced

evidence of the y-Al2O3 presence during the last 10 h

oxidation.

3.2.2. Oxidation of Kanthal AF

As observed in the case of Kanthal A1, the dif-

fractograms in Fig. 3 show that the yttrium-containing

sample is slowly oxidized. This figure clearly indi-

cates that the growth of a-alumina starts from the

beginning of the test, at least after the first diffracto-

gram at 1 h exposure. The diffraction peaks of a-

Al2O3 are clearly detected all along the 30 h oxidation

test. It is interesting to note the absence of transition

aluminas, which were coexisting with a-Al2O3 in the

oxide scale formed on Kanthal A1. Yttrium seems

to suppress the formation of transition alumina and

favours early a-Al2O3 formation and growth. However,

the in situ XRD analysis has not allowed the identifica-

tion of any yttrium or yttrium–aluminium oxides.

Fig. 1. Mass-gain versus square root of time for Kanthal A1 and Kanthal AF at 1173 K in air.
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Fig. 2. Selected in situ XRD patterns performed on Kanthal A1 at 1173 K in air (0–30 h).

Fig. 3. Selected in situ XRD patterns performed on Kanthal AF at 1173 K in air (0–30 h).



Nevertheless, we cannot reliably conclude the absence

of the reactive element in the oxide scale since its

concentration can be below the detection limit of

XRD. Other authors also reported that X-ray diffrac-

tograms of Kanthal AF oxidized at high temperature

only revealed alumina and the metal substrate [14],

whereas other studies noted for a similar FeCrAl alloy,

the presence of spare precipitates containing small

amounts of zirconium, titanium and yttrium in an a-

Al2O3 layer [15].

3.3. Oxide scale morphology

The scale surface morphology is strongly affected

by the scale composition. On the one hand, Fig. 4a

shows the blade-like whiskers morphology of the outer

surface of the oxide scale developed on the yttrium-

free alloy. This typical morphology appears to be

indicative of y-Al2O3 formation [11,16,17]. On the

other hand, Fig. 4b reveals that small equiaxed oxide

grains (with diameter ranging from 1 to 2 mm) entirely

cover the surface of the yttrium-containing alloy. This

microstructure is typical of a-Al2O3 [13,18]. These

SEM observations are consistent with XRD patterns

and confirm that fast oxide growth is related to the

presence of transition aluminas and the low kinetic

rate corresponds to a-alumina.

3.4. SEM cross-sections and EDXS analyses

The SEM cross-sections of the oxidized specimens

reveals that the oxide layer formed on the yttrium-

free alloy (Fig. 5a) is thicker than the one developed

on the yttrium-containing alloy (Fig. 5b). The thick-

ness of the oxide layer formed on the yttrium-free

alloy is about 2 mm, which can be compared to the

Fig. 4. Surface scale morphology (SEM secondary electron images) of Kanthal A1 (a), Kanthal AF (b), and oxidized in air at 1173 K.

Fig. 5. SEM backscattered electron cross-section images of the oxide scales formed on Kanthal A1 (a), Kanthal AF (b), in air at 1173 K.
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approximately 1 mm thick oxide scale of the yttrium-

containing alloy. These SEM observations can be

related to the kinetic results, i.e. to the higher mass

gains obtained after 120 h oxidation for the yttrium-

free specimen than for the yttrium-containing alloy.

The EDXS analyses of the oxide scales formed on

Kanthal A1 and Kanthal AF (Figs. 6 and 7) show that

mainly aluminium and oxygen are detected. In the

inner part, low intensity peaks of chromium and iron

are detected, which is consistent with a contribution

of the metal to the X-ray emission within the spotted

region. Within the detection limit of EDXS

(0.5 at.%), yttrium was not detected in the oxide scale

formed on Kanthal AF. This corroborates the XRD

results and suggests that yttrium compounds, if exist

are present in very low amounts.

Fig. 6. EDXS spectra of the oxide scale formed on Kanthal A1: metal–oxide interface (a), intermediate part of the scale (b), and oxide–gas

interface (c).
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4. Discussion

The steady-state stage of oxidation corresponds, for

both alloys, to an oxidation process limited by diffu-

sion through the growing oxide scale. The mass gain

curves clearly show a marked influence of yttrium on

the scale growth rate during this oxidation stage. The

addition of the reactive element leads to a reduction of

the parabolic rate constant by a factor of 10. Further-

more, the in situ XRD analysis revealed that transition

alumina is not detected in the oxide scale developed on

the yttrium-doped alloy. These structural analyses

correlated with kinetic studies suggest that the effect

of the reactive element, by hampering the formation of

transition aluminas or by leading to an acceleration of

the phase transformation of transition aluminas into

stable alumina, promotes the formation of a protective

a-Al2O3 scale. This influence of the reactive element

on the rate of transformation of metastable alumina

into a-alumina at temperatures below 1273 K is still a

Fig. 7. EDXS spectra of the oxide scale formed on Kanthal AF: metal–oxide interface (a), intermediate part of the scale (b), and oxide–gas

interface (c).
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matter of discussion. Some authors have reported that

yttrium addition delays the phase transformation

[11,19], whereas other investigations led to opposite

conclusions, i.e. an acceleration of the rate of trans-

formation [20,21]. A possible explanation of these

various existing controversies is proposed by Jedlinski

[22]. This author suggests that the influence of the

reactive element can be accounted for in terms of

several mechanisms, which lead to an acceleration or a

retardation of the phase transformation. The relative

contribution of each of these mechanisms depends on

the amount and form of the reactive element [22]. Our

results support the assumption that the involved

mechanisms favour the formation of a-Al2O3. This

leads to a reduced mass gain since transition aluminas

are less protective and faster growing than a-alumina

[12,23–25]. Other authors have also reported that

yttrium as alloy element promotes the formation of

stable a-Al2O3 [22,26]. They proposed that micro-

structural effects, involving additional sites for hetero-

geneous nucleation of the oxide as well as hampering

the grain growth of unstable aluminas, may apply to

the effect of small amounts of yttrium addition in the

alloy. Earlier nucleation of the oxide layer results in

accelerated evolution of the scale, and consequently,

in earlier formation of the stable alumina [22]. Some

authors have reported that the presence of titanium in

alumina forming alloys could play a role in the phase

transformation of transition alumina to a-alumina

[11–13]. Small additions of this element to the alloy

would cause an acceleration of the phase transforma-

tion resulting in an early formation of stable a-Al2O3.

Since our study results are in agreement with the

above assumption (Kanthal AF alloy contains the

greatest amount of Ti and does not reveal the presence

of transition alumina in the oxide scale), a possible

effect of Ti on the phase transformation of alumina

cannot be neglected.

It is well established that the growth mechanism of

a-alumina involves both inward oxygen diffusion and

outward cation diffusion via short-circuit paths such

as grain boundaries [27]. Some authors proposed that

yttrium modifies the transport properties along the

grain boundaries in a-alumina scales [28,29]. These

studies suggest that the lower parabolic rate constant

observed with addition of yttrium is related to the

reduction of the aluminium outward transport through

the oxide scale. It has been also reported that reactive

elements have an important influence on the morphol-

ogy of the scale. Several works have indicated that

these elements can modify the grain size in the oxide

scale. In many cases, it is mentioned that yttrium

induces a decrease of the grain size of the alumina

scale [18,30,31]. This indicates a change in the oxide

growth process, which can affect the oxide growth rate

and the mechanical properties (spallation resistance)

of the oxide scale. Recently, the ‘‘dynamic segregation

model’’ [32] established that the reactive element

particles are not stagnant dopants in the grain bound-

aries but diffuse outward during scale growth, thus

suggesting that the effect of the reactive element on

the growth mechanism and on the scale microstructure

is attenuated as the temperature increases. In the

present study, the above theory of physical blocking

of cation diffusion may rather play a minor role in the

reactive element effect since the presence of yttrium in

the oxide scale is probably very limited.

5. Conclusion

For both alloys, kinetic results clearly show that

the oxide scale predominantly grows by a diffusional

process (parabolic law) occurring after an initial tran-

sient stage of about 8 h. The lower oxidation rate

registered during the parabolic stage of oxidation is

the most significant effect resulting from the presence

of alloying yttrium in Kanthal AF. The in situ XRD

study revealed that this modification in oxidation

kinetics can be related to a major structural change

in the oxide scale composition, consisting in the

absence of transition alumina in the oxide layer

formed on the yttrium-containing alloy. This phenom-

enon, which has been established as part of the reactive

element effect on the oxidation of alumina forming

alloys, directly reflects the influence of yttrium in

promoting the nucleation and growth of a-alumina.

As a consequence, the formation of a protective oxide

scale occurs earlier on the yttrium-containing alloy

than on the yttrium-free one.
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