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Abstract The effect of Ti, Zr and Hf minor additions on

the alumina scale formation on a high-purity, FeCrAlY

model alloy has been studied. Thermogravimetry at 1,200–

1,300 �C in Ar–20%O2 and two-stage oxidation using
18O-tracer were combined with characterisation by electron

microscopy and sputtered neutral mass spectroscopy. After

oxidation, the incorporation of Hf and Zr into the scale was

far more substantial than that of Ti. This is explained by the

higher thermodynamic stability of the Zr- and Hf-based

oxides because the incorporation occurred to a large extent

via an internal oxidation process. The scale growth kinetics

is accelerated by incorporation of zirconia precipitates that

provide short-circuit paths for oxygen diffusion, reduce the

scale grain size and cause formation of porosity. In con-

trast, the incorporation of Hf-containing oxides has no such

accelerative effect on the scale growth kinetics.

Introduction

FeCrAl alloys are materials used in many high-temperature

applications where a high oxidation resistance is required.

The alloys are commonly used as construction materials for

heating elements, hot zone furnace furniture and more

recently in car catalysts and industrial gas heaters. The

oxidation resistance is provided by formation of an alumina

surface scale, which protects the alloy from rapid envi-

ronmental degradation. The protective properties of the

alumina scale, in particular scale adherence during cyclic

oxidation, are improved by the minor additions (less than

1 mass%) of reactive elements (RE), such as Y, La, Ce, Zr,

Hf either in metallic form or as oxide dispersions (ODS) [1,

2]. This positive RE effect is attributed to gettering alloy

sulphur impurity [3, 4], thus preventing deleterious sulphur

segregation to the alumina/alloy interface and to the sup-

pression of outward cationic transport through the alumina

scale [5, 6], thus reducing vacancy injection into the oxide/

metal interface. Recent microstructural studies [7] indicate

that the extent of the cationic transport suppression differs

between different REs and depends on their exact contents

and combinations. The minor alloy chemistry has been

recognised as a crucial factor, which significantly affects

the oxidation limited lifetime of the FeCrAl materials, i.e.

the time to critical Al depletion for the scale formation

followed by the catastrophic breakaway oxidation. Large

lifetime differences were reported for alloys of virtually the

same major composition, however, with variations of RE

and/or impurity contents [8, 9].

Commercial FeCrAl alloys frequently contain several

reactive elements [10, 11]. Most of the advanced FeCrAl

materials are alloyed with group IIIa elements, Y (less

commonly La or Ce) along with group IVa elements (Ti,

Zr, Hf). While the group III elements are added to improve

the oxidation resistance as discussed above, the primary

reason for adding group IVa elements is to facilitate the

manufacturing of wrought alloy products, such as ultra thin

foils for car catalyst substrates. Ti, Zr and Hf have been

found to decrease the DBTT temperature and to prevent the

formation of Cr carbides at the alloy grain boundaries,

which lead to embrittlement problems during hot rolling
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[12]. The carbon gettering by group IVa additions is also

essential from the viewpoint of long-term stability of the

alumina scale as pointed out in recent studies on model

alloys [13]. It was found that in a model FeCrAlY alloy

with a typical carbon impurity level for commercial

materials (&500 mass ppm), formation of brittle chro-

mium carbides at the oxide/metal interface occurs, which

promotes alumina scale spallation and premature break-

away failure during cyclic oxidation.

Until now, only limited literature data had been avail-

able on the mechanisms behind the effects of IVa element

additions on the oxidation behaviour of group IIIa-doped

FeCrAl alloys. Similar to the additions of group IIIa ele-

ments, RE additions of the group IVa elements have been

observed as segregants and/or oxide precipitates at the

grain boundaries of the alumina scale as well as at the

alumina/alloy interface [6, 11]. In spite of the fact that

many commercial alloys contain combined IIIa + IVa RE-

additions, these materials are often susceptible to signifi-

cant batch-to-batch variations in the RE and impurity

contents [9]. This makes it rather difficult to attribute a

specific observed effect on the oxidation properties to a

particular element. To overcome this problem in the pres-

ent work a number of high-purity Y-containing model

FeCrAl alloys with Ti, Zr and Hf additions were procured.

Short-term isothermal oxidation tests were performed at

1,200 and 1,300 �C in a thermobalance and in selected

cases using oxygen isotopes as oxidising medium. All

exposures were followed by detailed characterisation of the

formed oxide scales with respect to the microstructures and

chemical compositions.

Experimental

The nominal base composition (mass%) of the studied

model alloys was Fe–20Cr–5Al–0.05Y (Alloy Y). To this

base composition 0.02%Ti (Alloy Y + Ti), 0.03%Zr

(Alloy Y + Zr) and 0.03%Hf (Alloy Y + Hf), respec-

tively, were alloyed. The alloys were melted in a cold

crucible under Ar. Sheets of 1 mm thickness produced

from the ingots by hot rolling were annealed at 1,000 �C in

Ar for 1 h and then water-quenched. The chemical analyses

data measured on the wrought sheets are summarised in

Table 1.

Specimens of 20 9 10 9 1 mm in size were ground to

1,200 grit surface finish and ultrasonically degreased in

ethanol prior to the oxidation exposures. Thermogravi-

metric (TG) analyses were performed up to 100 h in

Ar–20%O2 at 1,200–1,300 �C in a SETARAM� thermo-

balance. The oxidised specimens were subsequently

examined by scanning electron microscopy (SEM), cou-

pled with energy-dispersive X-ray analysis (EDX) and

X-ray diffraction analysis (XRD). From selected specimens

cross-sections of the oxide scales were prepared using the

focused ion beam (FIB) technique and analysed using

transmission electron microscopy (TEM). The TEM ima-

ges were acquired in the scanning transmission electron

microscopy (STEM) mode using a high angle annular dark-

field (HAADF) detector. For determination of the scale

growth mechanisms, two-stage oxidation experiments in

oxygen isotopes were performed at 1,200 �C. The speci-

mens were exposed for 4 h in Ar–20%O2 (normal oxygen),

then the gas was switched in situ to 18O enriched

Ar–20%O2 for 16 h. For the latter oxidation stage the
18O-enrichment was 20% of the total oxygen content. After

this two-stage oxidation the specimens were depth-profiled

by plasma-induced sputtered neutral mass spectrometry

(plasma-SNMS). From the measured elemental intensity

profiles, atomic concentration profiles were calculated

using the procedure described elsewhere [5]. The oxygen

isotope concentrations were calculated using the 18O-

enrichment factor, which would prevail, if the 18O content

during the second stage would have been 100%.

Results

Figures 1–4 show the SNMS depth profiles of the alloy

specimens after 20 h two-stage isothermal oxidation at

1,200 �C in Ar–20%O2 with oxygen tracers. For all four

materials 18O-isotope profiles exhibit an enrichment at the

very scale/gas interface, whereas in the middle of the scale

its concentration drops below 10 at.%. The major part of
18O is enriched at the scale/metal interface. Therefore, the

SNMS profiles indicate [14, 15] that for all studied alloys

Table 1 Chemical compositionsa of the studied alloys (mass%)

Alloy Y Y + Ti Y + Zr Y + Hf

Fe Base Base Base Base

Cr 19.90 19.70 19.70 19.40

Al 5.00 4.91 4.86 5.00

Y 0.051 0.048 0.049 0.045

Ti 0.0015 0.022 0.0012 0.001

Hf \0.005 \0.005 \0.005 0.031

Zr \0.001 \0.001 0.029 \0.001

Si 0.002 0.001 0.0018 0.0015

P 0.0086 0.0078 0.0078 0.0097

C 0.0092 0.0090 0.0090 0.0115

S \0.001 \0.001 \0.001 0.0005

O \0.001 \0.001 \0.001 0.0004

N \0.001 \0.001 \0.001 0.0006

a Analysed by inductive coupled plasma mass spectrometry, ICP-MS;

except C, S, O (infrared absorption spectroscopy) and N (thermal

conductivity analysis)
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the predominant oxide growth mechanism is short-circuit

oxygen diffusion, apparently via oxide grain boundaries

similar to the literature observations for FeCrAl ODS

alloys [5]. The reason for the minor 18O-peak at the gas/

oxide interface observed on all studied materials is prob-

ably isotope exchange, an effect more pronounced in the

outer part of the scale with a high GB density as proposed

in [5] or a minor outward RE transport through the scale

[6].

In Alloys Y and Y + Ti the measured Y profiles exhibit

two characteristic kinks: a steep one near the gas/oxide

interface and a flatter one at the oxide/metal interface

extending into the metal (Figs. 1b and 2b, respectively). In

contrast, in Alloys Y + Zr (Fig. 3b) and Y + Hf (Fig. 4b)

hardly any Y enrichment in the oxide scale can be

observed, whereas substantial enrichment of Zr and Hf,

respectively, prevails. In Alloy Y + Ti the Y profile is

similar to that in Alloy Y. With respect to Ti, notable

enrichment can only be found at the scale/gas interface,

while no Ti incorporation into the inner part of the scale

can be observed (Fig. 2b).

Figure 5a shows thermogravimetric data of the studied

materials during isothermal oxidation at 1,200 �C in

Ar–20%O2. It can be seen that at 1,200 �C the Zr-containing

alloy exhibits substantially higher mass changes than the

other materials. Figure 5b shows the instantaneous ‘‘appar-

ent’’ parabolic constant, K 0pðtÞ calculated from the mass

change data in Fig. 5a according to the procedure described

in Ref. [16], i.e. K 0pðtÞ ¼ ðdDm=dt1=2Þ2. This method was

used to compare the instantaneous oxidation rates of the

studied materials and to determine whether at longer times

the kinetics start to approach a parabolic behaviour. It can be

seen from Fig. 5b that for Alloys Y, Y + Ti and Y + Hf the

K 0pðtÞ values decrease with increasing exposure time. Due to

the fact that the protective alumina scale is established very

fast on this material, the decrease in K 0pðtÞ indicates sub-

parabolic scale growth reported previously for Y-containing

FeCrAl-alloys by several authors [17, 18]. The K 0pðtÞ curves

for alloy Y + Zr exhibit, however, a different behaviour:

after an initial decrease K 0pðtÞ remains virtually constant at a

value, which is a factor of 5 higher than that of the other

alloys.

Contrary to the results at 1,200 �C, the isothermal mass

changes measured at 1,300 �C of Alloys Y and Y + Zr are

comparable, and they are somewhat higher than those of

Alloys Y + Ti and Y + Hf (Fig. 6a). At 1,300 �C a

monotonic decrease in the K 0pðtÞ values with time is

observed for Alloys Y, Y + Ti and Y+Hf (Fig. 6b),
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Fig. 1 SNMS-depth profiles of Alloy Y after two-stage oxidation at

1,200 �C in Ar–20%O2. 1st stage: 4 h in 16O2; 2nd stage 16h in 18O2-

enriched gas: (a) linear scale of concentration (b) logarithmic scale of

concentration showing minor alloying additions
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Fig. 2 SNMS-depth profiles of Alloy Y + Ti after two-stage oxida-

tion at 1,200 �C in Ar–20%O2. 1st stage: 4 h in 16O2; 2nd stage 16h in
18O2-enriched gas: (a) linear scale of concentration (b) logarithmic

scale of concentration showing minor alloying additions
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suggesting sub-parabolic oxidation kinetics. It should be

noted that at the end of the tests the absolute K 0pðtÞ values

for the latter two alloys were by a factor of two smaller

than those for Alloy Y. For Alloy Y + Zr the K 0pðtÞ curve

deviates initially from the sub-parabolic behaviour show-

ing a ‘‘kink’’ with a maximum at around 30 h of exposure

time (Fig. 6b). After longer times the common tendency of

K 0pðtÞ to decrease with time also occurs for Alloy Y + Zr.

The SEM cross-sections in Fig. 7 and XRD patterns in

Fig. 8 of the oxide scales formed on the specimens after

the TG-tests at 1,200 �C are presented. The alumina scales

formed on Alloys Y and Y + Ti (Fig. 7a and b) are

uniform in thickness with some Y/Al-mixed oxide inclu-

sions and pegs. The XRD data in Fig. 8 indicate that these

mixed oxides are mainly garnets (Y3Al5O12); however, a

smaller fraction of perovskites (YAlO3) was also found.

On Alloy Y + Hf the alumina scale has a similar mor-

phology as on Alloys Y and Y + Ti, however, the light

oxide precipitates are present within the scale (Fig. 7d),

which could be identified by XRD as hafnia (HfO2) and

Y/Hf-mixed oxide (Y2Hf2O7) (Fig. 8). Alloy Y + Zr

shows a different type of oxide morphology (Fig. 7c): a

convoluted scale/metal interface indicative of a locally
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Fig. 3 SNMS-depth profiles of Alloy Y + Zr after two-stage oxida-

tion at 1,200 �C in Ar–20%O2. 1st stage: 4 h in 16O2; 2nd stage 16h in
18O2-enriched gas: (a) linear scale of concentration (b) logarithmic

scale of concentration showing minor alloying additions
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Fig. 4 SNMS-depth profiles of Alloy Y + Hf after two-stage

oxidation at 1,200 �C in Ar–20%O2. 1st stage: 4 h in 16O2; 2nd

stage 16h in 18O2-enriched gas: (a) linear scale of concentration (b)
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enhanced inward scale growth and a number of elongated

light oxide particles aligned parallel to the oxide growth

direction are present, which were identified as tetragonal

zirconia (Fig. 8).

The oxide scale microstructures on the studied alloys

after oxidation at 1,200 �C were analysed by TEM (Fig. 9).

It is clear that the scales on Alloys Y, Y + Ti and Y + Hf

exhibit a columnar grain morphology. In contrast, the scale

on Alloy Y + Zr is obviously thicker and the alumina

microstructure in the inner part of the scale deviates from

the columnar morphology found for the other alloys.

After oxidation for 100 h in Ar–20%O2 at 1,300 �C

Alloys Y and Y + Ti show an alumina scale morphology

and composition very similar compared to that after oxi-

dation at 1,200 �C (compare Figs. 10 and 7). In contrast, in

Alloy Y + Hf the amount of Hf-rich inclusions within the

scale and in the sub-scale regions is much larger after

oxidation at 1,300 �C than at 1,200 �C. In Alloy Y + Zr

the morphology of the zirconia inclusions as well as their

distribution within the scale changed substantially upon

increasing the temperature from 1,200 to 1,300 �C (com-

pare Figs. 7 and 10). After oxidation at 1,300 �C the

zirconia inclusions are larger in size and more equiaxed in

morphology than at 1,200 �C and they are present only in

the outer part of the scale.
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Discussion

RE incorporation into the scale in Alloys Y and Y + Ti

SNMS depth profiles of the samples after two-stage oxida-

tion using 16O and 18O isotopes indicate that for Alloys Y

and Y + Ti the predominant scale growth mechanism is

inward short-circuit (grain boundary) diffusion of oxygen.

Similar observations were made in earlier studies for other

RE-doped FeCrAl materials such as ODS alloys [5]. The

shape of the Y profiles in the alumina scales on Alloys Y and

Y + Ti can be explained in terms of yttrium reaction with

oxygen at different stages of the oxidation process. The Y

enrichment at the very oxide surface likely originates from

the initial stages of high-temperature exposure due to pref-

erential Y oxidation in accordance with the high

thermodynamic stability of Y-containing oxides. Because of

preferential, rapid oxidation in the initial stages the Y is

depleted in the near-surface regions and its concentration

below the surface-enrichment zone drops. At this stage an

alumina-based scale develops and yttrium is oxidised

internally as indicated by the Y ‘‘kink’’ in the SNMS profile,

which extends into the alloy beneath the oxide/metal inter-

face. SEM/EDX data indicate that Y in the oxide scale and in

the sub-scale zone is mainly present as Y-Al-Garnet (YAG)

precipitates predominantly at the alloy grain boundaries.

Comparison of the SEM images with SNMS profiles leads to

the conclusion that Y is mainly incorporated into the

inwardly growing alumina scale as YAG particles.

Contrary to Y, only minor Ti incorporation into the

alumina scale and no internal oxidation of Ti could be

observed by SNMS. This observation is in agreement with

the thermodynamic stability data, which reveal that at unit

metal activities Ti oxide is slightly less stable than alumina.

As a consequence, at sufficiently high Al activities, Ti

is not expected to be oxidised internally underneath the

alumina scale.

The sub-parabolic oxidation rate measured in the TG

experiments for Alloys Y and Y + Ti at 1,200 and

1,300 �C is apparently related to the columnar micro-

structure and growth mechanism (grain boundary oxygen

diffusion) of the alumina scale. The latter features are

typical for alumina scales on Y or Y2O3 doped FeCrAl

alloys and the correlation between the scale growth

mechanism, kinetics and microstructure was illustrated

previously [17, 18]. Recently a more accurate description

of the grain size has been used to predict cubic scale

growth rate at longer oxidation times [19]. A higher oxi-

dation rate of Alloy Y than that of Alloy Y + Ti might be

related to the fact that larger amounts of YAG precipitates

prevailed in the scale on the former material. Therefore, in

the former case a larger density of short-circuit paths for

oxygen diffusion could be expected. The exact reason for

the effect of Ti on Y distribution in the scale is presently

not known and is a subject of an ongoing research.

RE incorporation into the alumina scales on Alloys

Y + Zr and Y + Hf

The alumina scales on Alloys Y + Zr and Y + Hf grow by

a similar mechanism as those on the two other alloys, i.e.

short-circuit diffusion of oxygen. However, an interesting

Fig. 9 STEM-HAADF dark-

field images of FIB scale cross-

sections after isothermal

oxidation for 20 h at 1,200 �C in

Ar–20%O2
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feature of the SNMS-depth profile on both alloys is that Y

incorporation was suppressed and substantial Zr (Hf

respectively) incorporation into the oxide scale occurred.

This is in agreement with the SEM/EDX studies of Alloy

Y + Zr (Y + Hf), whereby no YAG precipitates were

found in the alumina scales and sub-scale regions. It is

noteworthy that the shapes of the SNMS-depth profiles for

Zr and Hf in Alloys Y + Zr and Y + Hf, respectively, are

very similar to those for Y in Alloys Y and Y + Ti. This

indicates that the mechanism of Zr (Hf) incorporation into

the alumina scale is similar to that of Y, i.e. preferential

oxidation at the alloy surface in the early oxidation stages

followed by internal oxidation with subsequent incorpora-

tion of the internal oxides into the inwardly growing

alumina scale. The latter mechanism might also explain the

minor ‘‘kink’’ in the 16O-profile at the scale/metal interface

on Alloy Y + Zr, which is probably due to strong internal

oxidation of Zr in the earlier stages of oxidation.

The suppression of Y incorporation into the scale on the

Y + Zr and Y + Hf co-doped alloys can be explained in

terms of a higher Zr and Hf mobility in the alloy compared

to that of Y. This is indicated by binary alloy phase dia-

grams, which claim a significantly higher Zr and Hf

solubility in high-temperature BCC-Fe (d-ferrite) com-

pared to that of Y [20–22]. As a consequence of fast Zr

(Hf) transport, mainly zirconia (hafnia respectively) inter-

nal precipitates are formed in the sub-scale alloy regions.

By the oxide precipitation, Zr and Hf getter the oxygen

dissolved into the alloy from the oxide/alloy interface and

substantially reduce internal oxidation of Y. This idea is

supported by detailed analysis of the SNMS profiles. They

indicate that the Y incorporation is suppressed to a larger

extent in the Zr-containing alloy, which forms a more

extensive internal oxide precipitation than in the Hf-con-

taining alloy (Figs. 1–4). The reason for the less

pronounced internal oxidation of Hf might be, e.g. the

lower Hf content (in at.%) and/or slower Hf mobility in the

alloy matrix, compared to those of Zr.

Effect of Zr on the alumina scale microstructure

and growth rate

The extensive incorporation of the zirconia precipitates

into the alumina scale results in an enhanced oxidation rate

of Alloy Y + Zr compared to that of the other studied

materials at 1,200 �C (Fig. 5). First, the zirconia inclusions

incorporated into the alumina scale are themselves short-

circuit diffusion paths due to the fast oxygen ion transport

in zirconia [23]. Second, it is apparent from the SEM

images in Fig. 7 that the scale on Alloy Y + Zr exhibits

significant porosity, which provides additional short-circuit

paths for inward oxygen transport via molecular gas dif-

fusion. The exact mechanism for the formation of porosity

requires further investigations. Pint [24] proposed that the

pores observed within the scale can originally form at the

scale–metal interface between the oxide grain boundaries.

Incorporation of the interfacial pores into the scale then

occurs [24] by joining the oxide protrusions growing at the

nearest grain boundaries. Based on the above results it is

unlikely that this mechanism can be operative in the

materials studied in the present work. As found in tracer

studies, the scale on Alloy Y + Zr grows almost

Alloy Y(a)

Al2O3Y3Al5O12

Mounting

Al2O3Y3Al5O12

Mounting

Alloy Y+Ti(b)

Al2O3Al2O3

Alloy Y+Zr(c)

Al2O3

= ZrO2

Al2O3

= ZrO2

Alloy Y+Hf 10 µm(d)

Y2Hf2O7
HfO2

Al2O3

Y2Hf2O7
HfO2

Al2O3

Fig. 10 SEM cross-sections of the specimens after isothermal

oxidation for 96 h at 1,300 �C in Ar–20%O2 for: (a) Alloy Y, (b)

Alloy Y + Ti, (c) Alloy Y + Zr, (d) Alloy Y + Hf
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exclusively inwardly. The pores are, therefore, unlikely to

form at the scale-metal interface by vacancy condensation.

This is in agreement with the SEM and TEM studies, which

do not indicate porosity formation at the scale/metal

interface. The porosity is mainly observed in the outer part

of the scale on Alloy Y + Zr and associated with the zir-

conia precipitates. Hence, the mechanism for porosity

formation might be related to the phase transformations of

the zirconia particles caused, e.g. by increase in the oxygen

partial pressure [25] in the outer scale regions. Finally, the

incorporation of the zirconia particles results in perturba-

tion of the ‘‘ideal’’, columnar grain structure typical [6, 17,

18] for scales formed on FeCrAlY alloys. This is indicated

by the TEM image in Fig. 9c, where formation of new

grains can be observed in the inner part of the scale on

Alloy Y + Zr. Consequently the grain boundary density is

higher in the scale on this material compared to the other

materials studied. This effect of Zr on the scale micro-

structure at 1,200 �C is even more apparent at longer

exposure times [26], whereby the actual mechanism could

be, e.g. grain boundary pinning of the alumina grains by

zirconia precipitates, thus preventing grain growth and/or

provide nucleation sites for new alumina grains at the

scale–metal interface. The higher grain boundary density

may be a factor, which in addition to the presence of zir-

conia inclusions and porosity is responsible for the rapid

scale growth on Alloy Y + Zr at 1,200 �C.

Different to the 1,200 �C results the mass change of

Alloy Y + Zr after 100 h at 1,300 �C is comparable to that

of Alloy Y. The zirconia particles can only be found in the

outer part of the alumina scale. They possess a different

(equiaxed) morphology and are larger in size than at

1,200 �C. The morphological and size variations between

the zirconia particles formed at 1,200 and 1,300 �C can be

explained in terms of a temperature dependence of the

internal oxidation process. The results are in excellent

agreement with the observations of Megusar and Meier

[27], who studied internal oxidation of Ti in Co–Ti alloys.

These authors found that the size and the morphology of

the internal precipitates are determined by the competition

between the nucleation and growth of internal oxides,

which is directly related to the velocity of the internal

oxidation front. Fast oxygen penetration as well as high

oxide stability promote nucleation of the internal oxide

particles and consequently a finer precipitate size. Elon-

gated internal oxide precipitates occur, when the rate of

oxygen penetration is approximately equal to the rate of

solute diffusion in the alloy, as it is apparently the case for

Alloy Y + Zr at 1,200 �C. With increasing temperature,

the alloy diffusion is accelerated to a larger extent than the

oxygen penetration resulting in a suppressed nucleation

and preferential growth of the internal oxide particles, as

can be observed in Alloy Y + Zr at 1,300 �C.

The absence of zirconia particles in the inner part of the

alumina scale on Alloy Y + Zr at 1,300 �C is an indication

of the Zr depletion from the alloy, as described previously

[26]. The Zr depletion from the alloy leads to a change of

the oxide microstructure in the inner part of the scale,

where a columnar grain structure is found similar to that on

the Zr-free Alloys Y and Y + Ti. Consequently the

‘‘apparent’’ instantaneous parabolic rate K 0pðtÞ of Alloy

Y + Zr decreases with increasing the exposure time, and

after 50 h at 1,300 �C its absolute value starts to be lower

than that at 1,200 �C. The effect of Zr depletion on the

oxidation rate has been verified in TG experiments on

specimens with different thickness corresponding to dif-

ferent Zr reservoirs as shown in Ref. [26]. In Fig. 11, the

values of ‘‘apparent’’ instantaneous parabolic rate constant,

K 0pðtÞ calculated from the TG data in Fig. 6 for 1 mm thick

sample and those from Ref. [26] for the 0.3 mm thick

sample are plotted as a function of scale thickness super-

imposed over the respective SEM cross-sections. It is

obvious that the instantaneous scale growth rate drops as

soon as the Zr incorporation into the scale diminishes due

to Zr depletion in the alloy. This occurs earlier (i.e. at a

smaller oxide thickness) for the thinner specimen with a

smaller Zr reservoir. Figure 12 illustrates schematically the
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Fig. 11 SEM cross-section of Alloy Y + Zr after 96 h isothermal

oxidation at 1,300 �C in Ar–20%O2 superimposed with the plot of

‘‘apparent’’ instantaneous parabolic rate constant derived from the

mass change data in Fig. 6 for specimen thickness of 1.0 mm (a) and

from Ref. [26] for specimen thickness 0.3 mm (b)
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mechanism of the Zr incorporation into the alumina scale

and its depletion from the alloy matrix as well as their

respective effects on the scale microstructure.

Effect of Hf on the alumina scale microstructure

and growth rate

Qualitatively similar to Alloy Y + Zr in Alloy Y + Hf,

incorporation of Hf into the scale prevailed and that of Y

was suppressed. At both test temperatures no Y–Al-mixed

oxides were found within the scale or in the sub-scale

zones of Alloy Y + Hf by EDX and XRD analyses. Rather

at 1,200 �C Hf was present in the alumina scale in the form

of occasional elongated hafnia and Y/Hf-mixed oxide

particles, the latter being associated with the alloy grain

boundaries. In contrast, at 1,300 �C the hafnia particles

were found to be finer and more homogeneously distributed

in the scale as well as in the sub-scale regions. This vari-

ation in the morphology and distribution of the hafnia

particles with temperature is in agreement with the con-

siderations of internal oxidation principles [27] as

discussed above for Alloy Y + Zr. At 1,200 �C, the Hf

diffusion in the bulk alloy is apparently slow, and thus its

transport from the bulk alloy towards the sub-scale regions

occurs more readily via short-circuit paths (alloy grain

boundaries). This assumption explains why at 1,200 �C

hafnia precipitates are found mainly at the alloy grain

boundaries. In contrast at 1,300 �C the Hf diffusion in bulk

is accelerated, thus allowing formation of small homoge-

neously distributed hafnia precipitates. An interesting

observation regarding the Hf incorporation is, however,

that in spite of the significant amount of the hafnia pre-

cipitates within the alumina scale at 1,300 �C no increase

in the scale growth rate was observed for Alloy Y + Hf as

was the case of Alloy Y + Zr. One of the possible expla-

nations to this effect could be that the oxygen transport in

hafnia is slower than that in zirconia [23]. However, the

growth rate of the alumina scale on Alloy Y + Hf is even

smaller than that of Alloys Y and Y + Ti, i.e. the materials

forming nearly single-phase alumina scales with only

minor amounts of RE oxide inclusions. Similar observa-

tions were made by other authors on reduction of the

alumina scale growth rate by addition of Hf to FeCrAlY

alloys [8, 10] and NiPtAl [28]. An additional effect might,

therefore, be responsible for the exceptionally low growth

rates of the alumina scales on Alloy Y + Hf, e.g. a more

effective co-doping of the alumina grain boundaries by

Y and Hf compared to the single Y doping as suggested

in [8].

The effect of IVa elements in commercial FeCrAlY

alloys

The presented results with the high-purity model FeCrAlY

alloys demonstrate which modifications to the scale growth

mechanism and rate would be generally expected if minor

amounts of group IVa elements are added to the alloy.

However, this might not in all cases be directly extrapo-

lated to commercial FeCrAl alloys. Because of higher

contents of impurities, such as carbon and nitrogen in

commercial FeCrAl alloys, the IVa elements could be to a

large extent tied up in various carbide and/or nitride

Fig. 12 Schematic illustrating

the mechanism of Zr

incorporation into the alumina

scale during isothermal

oxidation for a specimen of

finite thickness
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phases. On one hand, this can result in a slower incorpo-

ration of the IVa elements into the alumina scale as internal

oxides. It was shown recently by Nychka and Clarke [7]

that the mere presence of the REs as a single or combined

addition in the alloy does not necessarily lead to effective

doping of the alumina scales, which might exhibit a sig-

nificant portion of outward growth as commonly observed

in RE-free materials. On the other hand, if formed in the

sub-surface alloy regions, the carbide and nitride precipi-

tates can become incorporated into the scale as described

recently in Ref. [9]. Upon incorporation into the scale these

precipitates may be transformed into oxide phases after

longer times resulting in local scale cracking and porosity

formation [9] accelerating the scale growth.

Finally it should be emphasised that the observed effects

of the IVa element additions on the scale microstructure

and growth kinetics are related to their reservoirs rather

than concentrations. In typical applications of commercial

FeCrAl alloys with RE contents of typically 0.02–

0.05 mass%, such as car catalyst carriers or fibre mats for

clean gas burners (component thickness of 20–50 lm), the

reservoirs of Zr and Hf are very small. Consequently, they

are expected to be depleted quite rapidly during oxidation

having only a minor effect on the scale microstructure and

growth rate at longer exposure times.

Conclusions

The effects of group IVa elements to FeCrAl, Y-containing

alloys on the alumina scale formation have been studied.

Due to their high oxygen affinity and mobility in the alloy

matrix Zr and Hf were found to become enriched at the

surface in the initial stages of oxidation, thus suppressing

Y-oxide formation at the surface. At longer exposure times

the incorporation of Zr and Hf into the alumina scale

occurs in the form of internal oxide precipitates. The pre-

cipitate morphology and the distribution are determined by

competition of their nucleation and growth, therefore being

dependent on the Zr (Hf) reservoirs and mobility in the

alloy as well as oxidation temperature.

Upon incorporation into the scale, the ZrO2 precipitates

decrease the alumina grain size and provide short-circuit

diffusion paths for oxygen by themselves as well as

through the associated porosity, resulting in increased

alumina scale growth rate. At longer exposure times a Zr

depletion from the alloy occurs, after which the micro-

structure of the alumina scale starts to exhibit large

columnar grains, similar to those observed on the FeC-

rAlY-alloy without Zr.

The mechanism of Hf incorporation into the scale is

similar to that of Zr; however, the Hf internal oxidation and

incorporation into the scale occurred at a slower rate. This

might be related to the lower Hf content in the studied

material and/or to a slower Hf mobility in FeCrAl-alloy

matrix than those of Zr. The incorporation of hafnia par-

ticles into the alumina scale did not result in a higher scale

growth rate. Moreover, the scale growth rate on the Y and

Hf co-doped alloy was even smaller than that on the

Hf-free, Y-doped alloy.

Under the studied conditions only minor Ti incorpora-

tion into the alumina scale occurred and consequently no

significant effect of this element on the scale microstruc-

ture was observed. It is most likely related to a lower

thermodynamic stability of titanium oxides compared to

that of alumina under the prevailing Ti and Al activities in

the alloy, so that Ti incorporation via an internal oxidation

process is not possible.
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