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Abstract B2 FeAl intermetallic compounds modified with
reactive elements (REs) including Sc and Y were fabri-
cated by vacuum arc-melting, and the isothermal oxidation
behavior of the RE-doped alloys at 1373 K was investi-
gated. Both Sc and Y single-doping significantly decrease
the alumina film growth rate of the alloys. The alumina
film growth rate of Sc + Y co-doped alloy even further
reduces compared to that of the Sc and Y single-doped
alloys. The synergistic effect produced by Sc + Y co-
doping on the growth behavior of alumina was discussed. It
could be anticipated that the combined additions of Sc and
Y which have matched chemical properties might decrease
the alumina film growth rate more effectively and provide
FeAl alloys with enhanced oxidation resistance.

Keywords Ferritic aluminides; Reactive elements; Co-
doping; Isothermal oxidation; Segregation

1 Introduction

Ferritic aluminides have been widely studied and com-
mercially utilized in extensive industrial fields as structural
materials at temperatures up to 1073 K over the last few
decades [1-4]. Among these intermetallics, B2 FeAl has
received increasing attention mainly attributed to its low
density with respect to steels or Ni-based alloys, relatively
low cost and ability to form a dense and continuous alu-
mina film at temperatures above 1173 K, and it has been
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recognized to be perfectly competent for oxidation-resis-
tant coatings in industrial applications such as electric
power generation and aero-engine manufacturing [5-10].
However, the film generated on FeAl alloy spalls readily
during high-temperature cyclic oxidation, which is proba-
bly due to the accumulation of growth stress and thermal
stress and the weak adhesion of the film to the alloy sub-
strate [11, 12].

To solve this problem, different rare earths including Hf,
Zr, Y, La and Ce were employed as potent modifiers. Long-
term cyclic oxidation testing results showed that the addi-
tions of REs with moderate doping level (0.05 at%—
0.10 at%) not only improved the adhesion of the alumina
film to the alloy substrate but also decreased the growth
rate of the film [13, 14]. Efforts have also been made to
clarify this beneficial reactive element effect (REE) on the
oxidation resistance of such alumina-forming alloys, and a
list of proposed mechanisms related to the improvement in
alumina film adhesion includes: (1) preventing the growth
of film/alloy interfacial voids and intensifying the interface
by weakening the “sulfur effect” [14—17], (2) releasing the
strain energy and eliminating the rumpling of the film by
promoting the strain tolerance of the film caused by the
growth of columnar oxide grains [13, 18], (3) anchoring the
scale by “oxide pegs” formed at the film/alloy interface
[12, 19] and (4) strengthening the film/alloy interfacial
adhesion by participating in bonding across the interface
[20, 21]. For the decrease in alumina film growth rate, a
dynamic segregation theory was proposed which has been
partially confirmed by using high-resolution electron
microscopy (HREM) and Auger electron microscopy
(AEM) [22-25]. It suggests that a continuous flux of RE
ions diffusing from the alloy substrate to the film—alloy
interface and then segregating on alumina grain boundaries
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to modify the alumina growth mechanism is essential to
implement the decreasing effect.

Apart from above merits, a growing number of studies
also confirmed that RE single-doping only produced a lim-
ited improving effect on the oxidation resistance of alumina-
formers [26, 27]. According to previous reports, over-doping
of REs was easily achieved which resulted in severe internal
oxidation of alumina-forming alloys due to their low solid
solubility and higher oxygen affinity than Al. However, too
low doping content had no obvious effect on improving the
oxidation performance of the alloys. Recently, simultaneous
doping of two REs has been considered to resolve this con-
tradiction. It is reported by Pint et al. [26] that Hf and Y co-
doping further decreased the alumina film growth rate of the
FeCrAl alloys with lower total amount compared to Hf and Y
single-doping. An interesting work by Lan et al. [28]
revealed that more effective reduction in alumina film
growth rate was obtained by combined additions of Dy and Pt
in (Co, Ni)-based alloys. Moreover, combinations of Hf and
Zras well as Y and La are already doped in B2 NiAl alloys to
realize enhanced oxidation resistance [29]. This RE co-
doping strategy optimized the oxidation performance of
alumina-forming alloys and allowed the total amount of RE
additions to be minimized, thereby weakening internal oxi-
dation. In spite of these persuasive findings, the essence of
synergistic effect between two REs is not yet clarified and
intensive research on the oxidation behavior of RE co-doped
FeAl alloys is rarely conducted.

In the present work, Sc/Y-doped B2 FeAl alloys were
produced by vacuum arc-melting. The isothermal oxidation
test at 1373 K was performed, and a comparative research
was carried out to investigate the roles of Sc and Y in
affecting the growth behavior of alumina and to establish
fundamental understanding of the synergistic effect between
two REs on the oxidation performance of alumina-formers.

2 Experimental

Sc/Y-doped B2 FeAl alloys were used as testing alloys.
The nominal doping level of each RE was ascertained
according to the literature values [12, 17-20, 23-31]. Since
RE atoms preferentially occupy Al lattice sites when
squeezing into the FeAl lattice [32], the chemical compo-
sitions of testing alloys were designed as Fe—40Al (blank
alloy), Fe-39.9A1-0.1Sc, Fe-39.9A1-0.1Y and Fe-39.9A1-
0.05Sc—-0.05Y (all in at%). Elemental metal bulks includ-
ing Fe (purity 99.99 wt%), Al (purity 99.99 wt%), Sc
(purity 99.9 wt%) and Y (purity 99.5 wt%) were employed
as starting materials. A WK-2-type arc-melting furnace
was utilized for alloy preparation. Low-density Al bulks
were placed in the bottom of the melting crucible, and
other high-density bulks were placed in the top. All the
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alloy ingots were melted five times with the melting current
of 1200 A to guarantee sufficient alloying and subsequently
annealed at 1473 K for 24 h in argon atmosphere. Chem-
ical composition analysis of the as-annealed alloys was
carried out by an inductively coupled plasma atomic
emission spectrometer (ICP-AES, Plasma2000, China), and
results are listed in Table 1. Specimens for isothermal
oxidation testing were cut into 20 mm x 10 mm x 2 mm,
ground to an 800-grit SiC finish and ultrasonically cleaned
in alcohol and acetone, respectively.

Isothermal oxidation test was conducted in a thermal
gravimetric analyzer (TGA, Thermax 700, Thermo Cahn)
equipped with a gas flow system to allow reaction gas
flowing into the chamber automatically, and the gas flow was
kept at 30 ml-min~'. Each specimen was hung in a pre-an-
nealed alumina crucible by Pt wire to capture oxide spalls
and immersed in dry, flowing O, at 1373 K for 50 h. Weight
gain was automatically measured by an electronic balance
with the precision of 1 x 107> g. The final mass gain for
each alloy was determined based on an average value of three
specimens’ weight gains and corrected for the evaporation of
Pt wire. To achieve morphology characterization of the
oxides, specimens were put in a tube-type air furnace at
1373 K for desired oxidation time and taken out of the fur-
nace after cooling to ambient temperature.

The microstructures of the alloys and the oxide films were
characterized by a field emission scanning electron micro-
scopy (FESEM, S4800, Hitachi) equipped with energy-dis-
persive spectroscopy (EDS). The chemical compositions of
phases in the alloys and the films were determined by an
electron probe micro-analyzer (EPMA, JXA-8100, JEOL).
For the observation of cross-sectional morphologies, speci-
mens after desired oxidation time were embedded in epoxy,
ground to 3000-grit SiC finish and finely polished.

3 Results and discussion

3.1 Microstructure of as-annealed alloys

Before isothermal oxidation testing, the microstructure of
the as-annealed Sc/Y-doped FeAl alloys was characterized

Table 1 Chemical compositions of as-annealed FeAl alloys deter-
mined by ICP-AES (at%)

Specimens Fe Al Sc Y
FeAl Bal. 39.64 - -
FeAl-Sc Bal. 39.23 0.10 -
FeAl-Y Bal. 39.72 - 0.09
FeAl-Sc-Y Bal. 38.26 0.05 0.05
@ Springer
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and the corresponding cross-sectional morphologies are
shown in Fig. 1. Several bright precipitates are discovered
along grain boundaries or within grain interiors in all the
alloy substrates. EPMA detection reveals that these pre-
cipitates should be Sc/Y-rich phases (Table 2). Besides, all
the precipitates exist in the co-doped alloy containing both
Sc and Y rather than only one kind of them. This demon-
strates that Sc and Y ions simultaneously precipitate into
one phase during alloy preparation.

Owing to the solid solubility limit in FeAl lattice,
excessive Sc and Y ions are inclined to precipitate
accompanied with Fe or Al or both in the melting and
casting process. As neighboring elements in the same
family, Sc and Y have the same outermost electron con-
figuration and stable valence state which allows them to
substitute for each other when forming intermetallic com-
pounds. In other words, Sc and Y ions combine with each
other to form an integral ionic cluster and the precipitated
intermetallics can be described as Fe,Al,(Sc,Y),. In terms
of the above analysis, it can be inferred that Sc and Y ions
first co-segregate on grain boundaries or within grain
interiors according to their site preference and then co-
precipitate into one phase during preparation of the co-
doped alloy.

3.2 Growth kinetics of alumina films

Based on the classic works associated with the oxidation
behavior of alumina-forming alloys [7, 10, 12, 17-20,
22-31, 33-35], the alumina film growth rate namely oxi-
dation kinetics can be satisfactorily evaluated from the
mass gain data which are recorded by weighting both of
specimen and oxide spalls. Figure 2a shows the mass gain
curves of the Sc/Y-doped FeAl alloys during 50-h
isothermal oxidation at 1373 K. The Wagner theory sug-
gests that the oxidation kinetics at high temperature is
ordinarily controlled by the diffusion process of elements
involved in oxidation reaction and generally follows a
parabolic law:

Table 2 Chemical compositions of precipitates in as-annealed Sc/Y-
doped FeAl alloys determined by EPMA in Fig. 1 (at%)

Regions Fe Al Sc Y

A 41.63 40.85 17.52 -

B 32.48 51.13 - 16.39

C 36.74 45.31 9.68 8.27

D 30.46 52.75 7.95 8.84
2

Aw™ = kyt (1)

where Aw represents the mass gain per unit area, k, rep-
resents the parabolic rate constant and ¢ represents the
oxidation time. According to Eq. (1), the curve of the
square of mass gain versus oxidation time for each alloy
was drawn, and the results are given in Fig. 2b. For the
blank alloy, the highest mass gain and largest parabolic rate
constant are obtained which were 1.72 mg-cm™2 and
2.44 x 1075 mg®cm ™~ *s™! after 50-h thermal exposure.
Meanwhile, the Sc and Y single-doped alloys yield lower
mass gains of 0.98 and 0.82 mg-cm™2 and smaller para-
bolic rate constants of 7.57 x 107 and 5.09 x 107
mg”.cm*s7!, respectively. As compared to this, the mass
gain further decreases (0.62 mg-cm™2) and the corre-
sponding parabolic rate constant is 2.54 x 107°
mg*cm~*s™! in the co-doped alloy. From the above
results, it is clear that both Sc and Y single-doping sig-
nificantly decrease the alumina film growth rate of FeAl
alloys, and it is exciting that Sc + Y co-doping even fur-
ther reduces the growth kinetics of the alumina film.

3.3 Growth mechanism of alumina films

Despite that the phenomenon of oxidation rate reduction
caused by RE doping has been observed in a series of
alumina-forming alloys such as FeAl, Fe;Al and NiAl, the
related mechanism is still in debate. Recently, a dynamic
segregation theory was proposed by Pint et al. [23, 25].
They argued that the beneficial reactive element effect

Fig. 1 FESEM-BSE images of polished cross-sections of as-annealed FeAl alloys: a FeAl-0.1 at%Sc, b FeAl-0.1 at%Y and ¢ FeAl-

0.05 at%Sc-0.05 at%Y
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Fig. 2 a Mass gains (specimen + spall) and b their square for FeAl alloys during 50-h isothermal oxidation at 1373 K

(REE) on alumina film growth rate is essentially attributed
to an outward transport behavior of RE ions under oxygen
potential gradient during thermal exposure. It suggests that
RE ions first migrate to the film-alloy interface rather than
staying in the alloy substrate and then diffuse to the film—
gas interface along alumina grain boundaries which are the
predominant pathways for ion diffusion as grain boundary
diffusion rate is much higher than crystal diffusion rate in
alumina bulks at 1573 K or below [33]. Since Al ions
diffuse along the same pathways to accomplish oxidation
reaction, the slow diffusion of large RE ions seriously
physically blocks the rapid diffusion of small Al ions and
the inward diffusion of oxygen dominates the alumina
growth mechanism instead. As anions normally display a
lower diffusion rate than cations, decreased alumina film
growth rate is achieved. Hence, the modification of alu-
mina growth mechanism by a blocking effect should be
mainly responsible for the decrease in alumina film growth
rate.

The microstructure of the alumina film grown on each
alloy was carefully examined, aiming to intuitively inves-
tigate the blocking effect produced by the outward migra-
tion of RE ions. Figure 3 shows the secondary electron
(SE) plan-view images of the oxide films after 5-h
isothermal oxidation at 1373 K. It is obvious that coarse
ridge appears in the film on the blank alloy (Fig. 3a) which
belongs to a typical structure of growing Al,O; attributed
to a growth mechanism dominated by the outward grain
boundary diffusion of Al ions [36]. In contrast to this, fine
close-compacted oxide grains are formed on all areas of the
co-doped alloy surface (Fig. 3d), reflecting that Al outward
diffusion is completely suppressed by co-doping Sc and Y.
For the single-doped alloys, most of the alloy surfaces are
also covered with granular oxides. However, the ridge
structure is still found in the films, especially the Sc-doped
alloy (Fig. 3b, c). This indicates that Sc and Y additions
only inhibit the outward diffusion of partial Al ions and the
cation transport still makes contribution to oxide film
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growth. Based on the above analysis, there is no doubt that
the additions of Sc and Y do block the outward diffusion of
Al ions which directly induce the modification of oxide
morphology. Besides, it should be noted that no Sc/Y-rich
oxides or Sc/Y-containing phases are observed on all the
doped alloys. However, Sc and Y ions are still believed to
first migrate to the alloy surface beneath the film in the
initial oxidation period, but there might be no enough time
for them to reach the outer surface of the film along oxide
grain boundaries.

In this case, the back-scattered electron (BSE) cross-
sectional images of the oxide films after prolonged oxida-
tion time were investigated, and results are shown in Fig. 4.
For the blank alloy, a rumpled film with the thickness
of ~ 10 pum is loosely bonded to the alloy substrate which
results from the accumulation of growth stress during
oxidation (Fig. 4a). Several white dispersions exist in the
films on all the doped alloys except for FeAl-Y, on which
some cluster-like phases occupy most areas of the films and
one oxide peg is formed around them at the film—alloy
interface which is considered as an enhancer for oxide film
adhesion (Fig. 4b—d) [12, 19, 37]. EPMA detection implies
that these particle-like and cluster-like phases should be Sc/
Y-rich oxides (Table 3). These inspiring results manifest
that a considerable quantity of Sc and Y ions diffuses from
the film—alloy interface and segregate on oxide grain
boundaries, significantly prohibiting the outward diffusion
of Al ions. Since the inward diffusion of oxygen occurs
simultaneously, an ion encounter takes place and Sc and Y
ions are inevitably oxidized.

Figure 5 shows BSE plan-view image of the oxide film
on the co-doped alloy after 50-h isothermal oxidation at
1373 K, representing the typical morphology of RE-doped
Al,Oj3. Granular oxide grains with a similar size (~ 1 pm)
are intimately distributed on the entire alloy surface. Fur-
thermore, numerous white particles distinguish from alu-
minum oxide grains dispersed in the film (labeled by red
arrow). EPMA results listed in Table 3 reveal that these
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Fig. 3 FESEM-SE plan-view images of oxide films formed on FeAl alloys after 5-h isothermal oxidation at 1373 K: a blank FeAl, b FeAl-

0.1 at%Sc, ¢ FeAl-0.1 at%Y and d FeAl-0.05 at%Sc-0.05 at%Y

particles are enriched in both Sc and Y. Here, it should be
noted that Sc and Y are simultaneously detected in regions
C (Fig. 4d) and D (Fig. 5), which might be relevant to the
co-segregation behavior of Sc and Y ions as mentioned in
Sect. 3.1. Combined with the above observations, it is
illustrated that Sc and Y ions act as an integral ionic cluster
and simultaneously diffuse from the alloy and segregate on
oxide grain boundaries and finally accumulate at the oxide
film surface with oxidation time extending. And the
nucleation of oxides enriched in both Sc and Y sponta-
neously occurs once their concentration level at the outer
surface of the film reaches a critical value.

3.4 Synergistic effect between Sc and Y

In the above sections, a detailed oxidation kinetics com-
parison was conducted, showing that the Sc and Y single-
doped FeAl alloys exhibit different characteristics in alu-
mina film growth rate and the Sc + Y co-doped FeAl alloy
acquires lower alumina film growth rate. Furthermore, a
systematic oxide morphology characterization was per-
formed, indicating that Sc and Y ions actually diffuse
toward the oxide film surface from the alloy substrate,
producing a blocking effect on the growth behavior of
alumina as physical barriers. And the difference in

@ Springer

blocking effect strength directly leads to distinct alumina
film growth rate. Here, the total mass gain for each doped
alloy after 50-h isothermal oxidation at 1373 K is repre-
sented with RE ion radius. On the basis of dynamic seg-
regation theory, RE ions with larger radius must physically
inhibit Al outward diffusion more effectively because lar-
ger ions occupy more areas of the diffusion pathways and
diffuse at a lower rate. As expected, the results given in
Fig. 6 reflect consistent tendency. In the present work, Y
ions have larger radius, and the oxide film growth rate of
the corresponding alloy is lower than that of the Sc-doped
alloy. However, the Sc + Y co-doped alloy exhibits the
lowest oxide film growth rate surprisingly, which is
inconsistent with the prediction of the theory. This seeming
contradiction suggests that a synergistic effect must exist
between Sc and Y ions on the oxidation resistance of FeAl
alloys which cannot be simply explained by the existing
theory.

Actually, physical obstruction is only one aspect of the
blocking effect, and chemical interaction inevitably exists
between RE and Al ions. This interaction is considered to
modify the electronic structure and enhance the diffusion
activation energy of Al ions, thus further prohibiting Al
outward diffusion. A concept of action radius can be
adopted to more appropriately reflect the strength of

Rare Met. (2018) 37(8):690-698
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Fig. 4 FESEM-BSE images of polished cross-sections of oxide films formed on FeAl alloys after 50-h isothermal oxidation at 1373 K: a blank
FeAl, b FeAl-0.1 at%Sc, ¢ FeAl-0.1 at%Y and d FeAl-0.05 at%Sc-0.05 at%Y

Table 3 Chemical compositions of dispersed particles in oxide films
after 50-h isothermal oxidation at 1373 K determined by EPMA (at%)

Regions Fe Al (0] Sc Y

A in Fig. 4b 1.18 23.41 61.52 13.89 -

B in Fig. 4c 7.02 26.63 53.87 - 12.48
C in Fig. 4d 3.20 22.25 62.56 5.61 6.38
D in Fig. 5 - 23.31 65.53 527 5.89

Fig. 5 FESEM-BSE plan-view image of oxide film formed on FeAl-
0.05 at%Sc-0.05 at%Y alloy after 50-h isothermal oxidation at
1373 K
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Fig. 6 Total mass gains (specimen + spalls) for Sc/Y-doped FeAl
alloys plotted versus dopant ion radii after 50-h isothermal oxidation
at 1373 K

blocking effect including physical obstruction and chemi-
cal interaction, and similar definition has also been pro-
posed elsewhere [31]. As mentioned above, the Sc + Y
ionic cluster diffuses outwardly along the cation diffusion
pathways with oxidation time increasing and potently
suppresses Al outward transport by physical obstruction
and chemical interaction. Based on the present work, it is
believed that the Sc 4+ Y ionic cluster has stronger
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Fig. 7 FESEM-SE fracture images of oxide films formed on FeAl alloys after 50-h isothermal oxidation at 1373 K: a blank FeAl, b FeAl-

0.1 at%Sc, ¢ FeAl-0.1 at%Y and d FeAl-0.05 at%Sc-0.05 at%Y

chemical interaction with Al ion and larger action radius
than two individual Sc or Y ions. Thus, the synergistic
effect takes place between Sc and Y ions, which further
reduces the alumina film growth rate.

Apart from the influence of RE ion radius on the
strength of blocking effect, the quantity of RE ions seg-
regating on the diffusion pathways of Al ions is also of
importance. It is suggested that larger quantities of RE ions
occupy more areas of the diffusion pathways, thus
inhibiting Al outward diffusion more effectively. Figure 7
shows SE fracture images of the oxide films after 50-h
isothermal oxidation at 1373 K. A thick film composed of
equiaxed grains is observed on the blank alloy attributed to
a simultaneous diffusion of Al and oxygen (Fig. 7a) [36].
In contrast to this, a double-layered film consisting of outer
equiaxed grains and inner columnar grains is acquired on
all the doped alloys due to a combination of inward growth
mechanism and preferred growth direction induced by the
grain boundary segregation of RE ions (Fig. 7b—d) [38]. In
addition, the oxide films on all the doped alloys show
similar grain size (~ 1.27 um). Previous studies reported
that grain refinement was achieved by RE ionic segregation
on oxide grain boundaries due to a synergistic action of

@ Springer

increase in heterogenous nucleation ratio and solute drag
effect [23, 39, 40]. Therefore, the existence of columnar
grains with similar size suggests that all the doped alloys
exhibit a similar quantity of RE ionic segregation on oxide
grain boundaries. Since different doped alloys display a
similar RE ionic segregation level on the diffusion path-
ways of Al ions, the action ion radius becomes the first
important factor influencing the strength of blocking effect.

Figure 8 shows a schematic illustration of how RE co-
doping influences the growth behavior of alumina during
isothermal oxidation, in which black arrows stand for the
direction of cation diffusion from the alloy substrates to the
oxide film surfaces, gray areas stand for alumina grain
boundaries and spheres with different radii and colors stand
for various cations during outward diffusion. For the sin-
gle-doped FeAl alloys, Sc and Y ions occupy a consider-
able part of the diffusion pathways and show a lower
diffusion rate, and consequently, the quantity and diffusion
rate of Al ions both reduce. Experimental observations
suggest that the blocking effect of RE ions on Al outward
diffusion is composed of physical obstruction and chemical
interaction, and this dual-effect phenomenon can be char-
acterized by an action radius of a RE ion. In the illustration,
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Fig. 8 A schematic illustration of how RE doping influences growth
behavior of alumina on FeAl alloy during isothermal oxidation

this action radius is depicted as a dashed circle around each
RE ion. It is obvious that the action radius is larger than
actual radius for each RE ion due to its additional chemical
interaction with Al ions. For the co-doped FeAl alloys, it is
conceivable that Sc and Y ions interact with each other to
form an integral ionic cluster, which has a larger action
radius than two individual Sc or Y ions. Therefore, a
synergistic effect arises between Sc and Y ions.

4 Conclusion

The microstructure and isothermal oxidation behavior of
Sc/Y-doped B2 FeAl alloys at 1373 K were investigated.
Cross-sectional morphologies show that Sc and Y are
inclined to co-precipitate into one intermetallic phase
during alloy melting and casting. Mass gain results indicate
that Sc and Y single-doping effectively decrease the alu-
mina film growth rate of the FeAl alloys by 43% and 52%.
The Sc + Y co-doping even leads to the lowest growth rate
of alumina film among the modified FeAl alloys (64% in
decrease extent). It is proposed that Sc and Y ions perform
as an integral ionic cluster which interacts with Al ions
more intensely compared to two individual Sc or Y ions.
Thus, a synergistic effect was produced, which further
decreases the growth rate of alumina film on FeAl alloys.
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