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ABSTRACT 

Isothermal oxidation of doped and undoped FeAl 
specimens was performed at 1000, 1100 and 1200°C in 
ambient atmosphere for 50 hours. Slip deformation 
occurred on the substrate of undoped FeAl at 1100 and 
1200°C. Pits on the specimen surface produced by 
etching were used to determine the orientation of the 
FeAl grains. The creep strain and stress of the FeAl 
substrate were evaluated based on creep kinetics. The 
sources of creep stresses during oxidation and the 
orientation of the plastically deformed grains were 
analysed. The relationship of slip system, creep stress 
and grain orientation of the undoped FeAl was 
established. The effects of reactive elements on the 
properties of creep and scale spallation were also 
discussed. 

KEYWORDS: A. iron aluminides (based on FeAl), B. 
oxidation, creep, F. electron microscopy (scanning). 

1. INTRODUCTION 

FeAl and Fe3Al are iron aluminides that possess 
good oxidation and sulphidation resistance /1 /. They are 
also cheaper and lighter than stainless steels or nickel 
alloys. Their room temperature ductility and high 
temperature strength have been significantly improved 
by alloying /2,3/. To gain a better understanding of 
these promising materials, we have recently conducted a 
systematic study on the high temperature oxidation and 

sulphidation behaviours of Fe-Al, including isothermal 
and cyclic oxidation kinetics, scale structure and 
spallation tendency, and the reactive elements effects 
(REE) /4,5,6/. 

Creep is an important mechanical property of metals 
at high temperatures. It also influences the oxidation 
properties of metals. During high temperature exposure, 
creep of the substrate metal can release the stresses in 
the oxide scale, reducing the scale spallation tendency 
/7/. The present paper studies the creep behaviour of 
FeAl during isothermal oxidation at 1000 - 1200°C, and 
its effects on the scale spallation property. Etched-pits 
and tilt SEM methods were used to determine the 
orientation of grains, and to study the relations of slip 
deformation and grain orientation /8/. 

2. EXPERIMENTAL PROCEDURES 

The chemical compositions of the test alloys are 
listed in Table 1. The main impurities in these alloys are 
Si, Mn, and Ni, which are below the level of 0.1%. Cast 
FeAl was annealed at 1100°C for 24 hours for 
homogenisation. The average grain sizes of the alloys 
with and without reactive elements were -300 μηι and 
-800 μηι, respectively. Specimens were cut from the 
ingots to the size of 10x1 Ox 1mm3, ground with SiC 
papers, polished with 3μιη diamond paste. 

Isothermal oxidation experiments were performed at 
1000-1200°C in ambient atmosphere for 50 hours. The 
oxidised specimens were also electroplated with a thin 
Ni layer and set in epoxy resin to observe the cross 
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Table 1 
Chemical compositions of the alloys (at.%) 

Specimens Al Zr Y Fe 

Fe-37AI 36.4 - - balance 

Fe-37A1-0.1Y 37.7 - 0.10 balance 

Fe-37Al-0.1Y-0.2Zr 36.8 0.18 0.06 balance 

Fe-37Al-0.3Zr 36.4 0.25 - balance 

Fe-37Al-0.8Zr 35.3 0.81 - balance 

section micrograph. Characterisation of the oxidised 
specimens was performed using a scanning electron 
microscope (SEM). 

The outside scales on the undoped FeAl specimens 
spalled away after isothermal oxidation for 50 hours. 
The oxidised specimens, after scale spallation, were 
etched in order to determine the crystallographic 
orientations of the FeAl grains. Specimen etching was 
conducted at room temperature for 5 min in a Hg2Cl 
methanol solution. After etching, the pits on the 
specimens were observed with SEM. The crystallo-
graphic orientations of the pit walls were determined by 
tilting the specimens in the SEM. 

3. EXPERIMENTAL RESULTS 

Scale spallation took place on the undoped FeAl 
specimens during isothermal oxidation. Slip deforma-
tion was observed on the substrate surface after 
oxidation at 1100 and 1200°C for 50 hours. Slip bands 
can be observed in some grains of FeAl substrate, 
Fig. 1(a). A fine oxide grain layer could be seen on both 
the original substrate surface (marked A) and the newly 
exposed surface due to slip (marked B), indicating that 
the growth stresses in the scale caused plastic 
deformation. Pit-like voids formed during oxidation can 
be seen beneath the thin oxide layer, Fig. 1(b). However, 
FeAl oxidised at 1000°C for 50h did not show slip 
deformation under SEM. 

Unlike the undoped FeAl, oxide scales were still on 
the surface of the doped FeAl specimens after oxidation. 
In order to find if there is slip deformation on the doped 
specimens, the cross sections of the oxidised specimens 

(b) 

Fig. 1: SEM surface morphology of the specimens 
after oxidation at 1100°C for 50h, showing: (a) 
slip deformation in some FeAl grains of 
undoped FeAl and (b) the pit-like voids 
beneath the thin oxide layer on undoped FeAl 
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were observed under SEM. Fig.2(a) shows the cross 
section of the scales formed on the doped FeAl 
specimens after oxidation at 1100°C for 50 hours, 
exhibiting scale "pegs" formed in the scale/substrate 
interface. The scale/substrate interface is flat, indicating 
that no slip deformation took place in the substrate. 
Meanwhile, undoped FeAl specimens were cyclically 
oxidised for 50 cycles of lh oxidation at 1100°C and 
20min cooling at room temperature. The oxide scale 
cracked after oxidation. Slip deformation could be seen 
on the substrate from cross section view in Fig.2(b). 

After the spallation of the outside scales on the 
undoped FeAl specimens following oxidation at 1100°C 
for 50 hours, the specimens were etched in the Hg2Cl-
methanol solution. The etched pits on the deformed 
FeAl grains showed a 4-fold symmetrical pyramid 
shape, Fig.3(a). The deformation lines can also be seen 
(running from the bottom-left to the top right). An FeAl 
grain without slip deformation was located next to a 
deformed grain, Fig.3(b). The etched pits show 2-fold 
symmetrical holes instead of the 4-fold pyramid-shape, 
Fig.3(a). Some of the inner oxides could still be seen on 

Substrate 

ScalepUis^! 

Ni coating layer 

(a) 

(b) 
Fig. 2: Cross sections of the oxide scales on: (a) 

FeAl-0.3Zr after oxidation at 1100°C for 50h, 
showing no slip deformation and (b) undoped 
FeAl after 50 cycles of oxidation at 1100°C, 
showing the evidence of slip deformation 

10 Mm • * i S M J T t ' 

(b) 
Fig. 3: Etched pits on (a) a deformed FeAl grain and 

(b) an undeformed FeAl grain 

the specimen surface. Fig.4 shows the images of a 
pyramid-shape pit during tilting processes. The sample 
was continuously tilted from -5 to 50 degrees until the 
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Fig. 4: Tilt SEM experiment for measuring the angle between two adjacent pit walls, the sample was tilted for: (a) -5°, 
(b) 15°, (c) 30°, and (d) 50° 

adjacent two pit walls appeared to be an angled line. 
This measurement shows that the angle between two 
adjacent pit walls is 120°, Fig.4(d). 

4 DISCUSSION 

4.1 Creep of the Undoped FeAl 

4.1.1 Creep Kinetics 
It is believed that the activation energy of creep in 

FeAl is approximately equal to the activation energy of 
self-diffusion in pure iron. The rate controlling 
mechanism was found to be the dislocation climb, as 
was observed for pure metals /9,10/. Theoretically, 

ordered alloys have relatively high creep activation 
energies and low secondary creep rates. However, FeAl 
has poorer creep resistance than other intermetallics. 
The reason is that FeAl have a b.c.c. structure with a 
high concentration of constitutional defects and thermal 
vacancies. Therefore, pure iron creep data was used to 
analyse the substrate deformation of undoped FeAl. 

Fig. 5 is the deformation mechanism map of pure 
iron /11/, showing 3 zones in the plastic deformation 
areas: general plastic deformation, power law creep and 
diffusion flow, depending on the creep stress and 
temperature. The deformation in the present experiment 
was in the high temperature area, and slip deformation 
was observed, Fig. 1(a). Therefore the creep of the 
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Fig. 5: The deformation mechanism map for pure iron 
with a grain size of 0.1 mm 

undoped FeAl under high temperature oxidation belongs 
to the power law creep, consisting of dislocation slip 
and climb processes. It is believed that at high 
temperatures, dislocations can climb as well as slip to 
reach a higher degree of freedom. If a moving 
dislocation is held up by discrete obstacles, a small 
climb may release it, allowing it to slip to the next set of 
obstacles. The slip steps are responsible for almost all 
strain, although the average velocity is determined by 
the climb steps /11/. This mechanism is called "climb-
controlled creep". This type of creep can be sub-divided 
into high temperature creep (H.T. creep), in which 
lattice diffusion is dominant; and low temperature creep 
(L.T. creep), in which the core diffusion is dominant. 
The power law creep is expressed in equation (1). 

έ = A χ e RT χ ση (1) 

Fig. 6: Deformation of FeAl substrate after oxidation 
at 1100°C for 50h 

the ratio of the newly exposed areas to the area before 
deformation. Creep deformation of a grain after scale 
spallation is shown in Fig.6 for the undoped FeAl 
oxidised at 1100°C for 50 hours. The initial surface 
areas are marked A and the newly exposed areas due to 
slip deformation are marked B. The ratio of Β to A is 
estimated as -35%, could be considered as the creep 
strain of a grain during oxidation. The number of grains 
with slip deformation is - 1 0 % of the total grains. 
Therefore, the creep deformation for a specimen during 
oxidation is about 3.5%. The creep rate (strain/time) 
was therefore calculated as 0.035/(50x3600) = 1.9xl0"7. 
If T/Tm is more than 0.7, the creep is in the category of 
high temperature creep (T„, = melting point). For 
Fe-37A1, Tm = ~1500°C. At 1100°C T/T„, = -0.8, lattice 
diffusion activation energy (Q = 251 kJ/mole) could be 
used in the calculations. The creep stress on the 
substrate was then calculated to be 25 kN/m2 using 
equation (1). This is much smaller than the reported 
residual stresses of 90,000 kN/m2 in Ni oxide for Ni 
oxidised at 1000°C for 96 hours /12/. One of the reasons 
is probably that the evaluated creep stress at high 
temperature does not include the thermal stresses. 

where £ is the creep rate, Λ is a constant, η is the stress 
exponent, Q is the activation energy. For α-Fe and δ-Fe 
/ l l / , A = 7.0xl013, exponent η = 6.9, the activation 
energy of lattice diffusion 0 = 251 kJ/mol, and for core 
diffusion Q = 174 kJ/mol/11/. 

The strain in a grain could be roughly evaluated with 

4.1.2 Stresses for Creating Creep 
It is believed that the stresses for creating creep 

came from not only the formation of oxide scales during 
oxidation but also the formation of pit-like voids at the 
scale-metal interface. When new oxides formed inside 
the oxide scale on the undoped FeAl due to the diffusion 
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of Al and Ο from both sides 151, large growth stresses 
were produced in the scales, resulting in buckled scales 
Ι\2>1. Moreover, pit-like voids in an Fe Al grain with the 
same orientation, Fig. 1(b), were observed. Due to the 
different atomic densities per unit area at the 
scale/substrate interface for FeAl grains with different 
orientations, stresses were generated between FeAl 
grains at high temperature. Furthermore, no pit-voids 
were observed on the substrate of undoped FeAl after 
oxidation at 1000°C for 50h; the specimens also did not 
show any slip deformation /14/. This fact implies that 
the stresses due to the formation of the pit-like voids 
may have been the main source for the slip deformation 
in the substrate of the undoped FeAl. 

4.1.3 Crystal Orientation of FeAl Grains 
The etched pits on the deformed FeAl grains showed a 
pyramid-shape, Fig.3(a). The angle between the 
adjacent walls of the pits was measured to be 120° 
(Fig.4(d)), characteristic of the {111} plane of cubic 
lattice, Fig.7. When the {111} plane is parallel to the 
paper surface, a 3-fold symmetry axis, <111>, is 
perpendicular to the paper surface. FeAl has a cubic 
lattice as shown in Fig. 8. The 4-fold pyramid pit can 
be determined as follows. Four 3-fold symmetry axes of 
[1 1 1], [-1 1 1], [-1 -1 1], and [1 -1 1] are the crystallo-
graphic directions between the 4 walls of the pit based 
on the reference co-ordination system (X, Y, and Z). 

The adjacent walls of the pit are (0 -1 1) and (1 0 -1 ) , 
with the angle between them is 120° /15/. Therefore, the 
apparently deformed grains (with the pyramid-shape 
pits on them) have the {100} planes parallel to the 
sample surface. The main slip bands were parallel to the 
two edges of the pits, i.e. <100> directions, as shown in 
Fig.3(a). 

4.1.4 Relationship of Slip System, Creep Stresses and 
Grain Orientation 

When temperature increases, the slip direction of 
FeAl changes from {011}/<111> to {011}/<100> /16/. 
However, recent research showed that the <100> 
dislocations are the result of decomposition of <111> 

Fig. 7: Symmetric elements present in a cube. • 
3-fold symmetry directions 

Ζ V, 
[oio] [tu] ' Pit Base Normal 

[OOI] 

Fig. 8: Schematic drawing of a pit in the front face of a cube 
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dislocations during post-deformation cooling /17/, so 
{011}/<111> slip systems were used in present 
calculation. Plastic deformation occurs when the 
resolved shear stress τRSs reaches the yield strength of a 
single crystal. 

Assuming py = px = p, the equation (5) becomes 

τ rss cos^cos/1 
A 

(2) 

where Ρ is the applied load, A is the cross section area 
perpendicular to the load, and φ is the angle between the 
load and the normal to the slip plane, and λ is the angle 
between the load axis and the slip direction. For the slip 
system with the most favoured orientation, cos^ χ cosÄ 
is a maximum of 0.5. 

When a compressive in-plane growth stress is 
applied on the scale, a tensile stress with same value is 
generated in the substrate to balance the forces across a 
specimen. Assuming the scale parallel to the paper 
surface, for a plastically deformed grain with (0 0 1) 
plane parallel to the paper surface, a tensile stress Ρ was 
applied on the substrate, as shown in Fig.9: 

Ρ =P*a„ + pyb„ (3) 

where an and b„ are the unit vectors of the unit cell of 
lattice. 

The angle between two vectors in a cube can be 
calculated by: 

cosa = 
hu +kv + lw 

f h 

Therefore, 

co?fcosl= 

2 + k2 +l2 

hpt+kpy 

•yju2 + v2 >2 , ,,,2 
(4) 

UPt+VPy 
(5) 

Fig. 9: Schematic drawing to show the stress in the 
metal substrate 

COŜ COS/1. = 
h+k u + ν 

y]h2 +k2 +12 -a/2 λ/μ2 + v 2 + w 2 • 4l 
(6) 

There are 12 slip systems in the {110}/<111> 
system. They are (1 1 0)/[l -1 1], (1 1 0)/[-l 1 1], (1 0 
l)/[-l 1 1], (1 0 1)/[1 1-1], (0 1 1)/[1 -1 1], (0 1 1 )/[l 1 
-1] , (-1 1 0)/[l 1 -1] , (-1 1 0)/[l 1 1], (1 0 -1)/[1 -1 1], 
(1 0 -1)/[1 1 1], (0 1 - l) /[- l 1 1], and (0 1 -1)/[1 1 1]. 
Slip deformation will easily occur in the favoured slip 
systems with ΰοβφχΰοβλ values close to 0.5. Using 
equation (3) and the slip systems {110}<111>, 

cos^cos/i = 0 or 0.41 

The possible values for cos<|> χ cosX in equation (6) 
have a maximum value of 0.41 in some slip systems, 
which is close to the most favoured orientation of cos<(> 
χ cosX = 0.5. Therefore, the slip systems with cos(|> χ 
cosX of 0.41 produce slip deformation. It can be derived 
that the growth stress on FeAl is close to the in-plane 
stress from the present calculation. The actual stress 
may be more complex than the in-plane growth stress. 
The scale formed on the undoped FeAl during oxidation 
often has bucking feature /13/. With scale bucking, both 
normal and shear stresses occur at the crack tips /18/. 

As shown in Fig.6, large oxide grains acted as the 
obstacles to resist the slip process, so the dislocations 
could climb over the obstacles and into other slip 
planes. When cross slip occurred, slip offsets formed a 
wavy pattern. 

4.2 Plastic Deformation on doped FeAl 

As shown in Fig.2(a), no slip deformation was 
observed on the substrate of doped FeAl during 
oxidation, implying that the creep mechanism of the 
doped FeAl substrate is different from the undoped 
FeAl. When oxides grew by the anion diffusion on the 
doped FeAl specimens, new oxides formed at the 
scale/metal interface 151, also generating growth 
stresses. However, it is much smaller than that when the 
new oxide forms in the scale. Moreover, no pit-like 
voids were found on the doped FeAl specimens during 
oxidation at high temperature, resulting in much smaller 
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growth stresses. Due to the small growth stresses on the 
scales of the doped FeAl, creep on the substrate would 
fall in the area of the mechanism of diffusion flow 
according to the deformation map (Fig.5). Therefore, 
creep was probably dominated by the stress-directed 
vacancy flow. The vacancies may flow through the 
grains (Nabarro-Herring creep) or along the grain 
boundaries (Coble creep). The present oxidation tests 
were conducted at temperatures over 0.4Tm of FeAl, so 
Nabarro-Herring creep should dominate the process. It 
has been reported that the tensile stress sharply dropped 
from scale/substrate interface to base metal /19/. 
Vacancies flew from the high tensile stress areas to the 
low tensile stress areas. This means that metallic atoms 
diffused from the base alloy to the interface. The growth 
stresses were able to release this way during oxidation. 

On the other hand, slip deformation was not 
observed at the scale/substrate interface of the doped 
FeAl, implying that the doped FeAl alloys may have a 
high creep strength. It was reported that the high 
temperature tensile strength and creep strength in all 

iron aluminides were improved by dopings of Si, Ta, 
Ce, Ti, Mo, Zr, Hf, or Nb. Strengthening has been 
explained in terms of precipitation effects (pinning of 
grain boundaries and dislocations) because these 
elements have low solubility in iron aluminides and 
readily form intermetallic precipitates /20,21/. 

4.3 Relation of Substrate Creep and Scale 
Spallation 

Creep of the substrate metal influences the scale 
spallation tendency. Doping affects the creep properties 
of FeAl, therefore influencing the scale spallation 
resistance. Deformation of the undoped FeAl through 
dislocation slip and climb processes during oxidation 
due to the large growth stresses and low creep strength 
are illustrated in Fig. 10(a). When a compressive stress 
was applied to the scale, a tensile stress was generated 
in the substrate to balance it. The tensile stress caused 
the slip deformation on the substrate. Cracks formed by 
pilling up the dislocations at the scale/substrate 

Slip deformation Vacancies flow 

σ 

ϊ + ϊ 

^ σ stress \ σ 

(a) 

Scale Substrate 

Fig. 10: Illustration of the creep process on the alloys during oxidation: (a) undoped FeAl, showing slip deformation 
speeding the scale spallation, and (b) doped FeAl, showing vacancies flow improving the scale spallation 
resistance 
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interface. Due to the weak interface strength of the 
undoped FeAl, the slip deformation on the substrate 
increases the scale failure. 

For the doped FeAl, however, no slip deformation 
was observed on the substrate. The creep of the doped 
FeAl substrate belongs to the diffusion flow creep due 
to the low growth stress and high creep strength, as 
illustrated in Fig. 10(b). The tensile stresses on the 
substrate at the interface caused vacancy diffusion from 
the interface to the base metal. This would release the 
growth stress at the scale/substrate interface, improving 
the spallation resistance. 

5. CONCLUSIONS 

1. Slip deformation occurs in some grains of the 
undoped FeAl specimens during oxidation at 1100 
and 1200°C for 50 hours. Dislocations pill up at the 
scale/substrate interface, speeding up scale failure. 
For the doped FeAl, diffusion flow creep occurs on 
the substrate, releasing the growth stress and 
improving the scale spallation resistance. 

2. Etched pits were used to study the crystallographic 
orientation of the FeAl grains. The faces of the 
etched pit walls were determined to be {110} 
planes of the FeAl cell. 

3. The grains of FeAl with apparent slip deformation 
have a {001} lattice plane on the sample surface. 
The main slip bands are parallel to the <100> 
directions. The growth stresses were produced by 
the growth of oxide and formation of the pit-like 
voids during oxidation, causing slip deformation of 
the undoped FeAl. 
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