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Transition metal aluminides in their coating form are currently being explored in terms of resistance to
oxidation and mechanical behavior. This interest in transition metal aluminides is mainly due to the fact
that their high Al content makes them attractive for high-temperature applications. This is also a reason
to study their resistance to wear; they may be suitable for use in applications that produce a lot of wear in
aggressive environments, thus replacing established coating materials. In this study, the microstructure,
microhardness, and wear and oxidation performance of FeAl and NbAl; coatings produced by high-
velocity oxy-fuel spraying are evaluated with two main aims: (i) to compare these two coating systems—a
commonly studied aluminide (FeAl) and, NbAl;, an aluminide whose deposition by thermal spraying has
not been attempted to date—and (ii) to analyze the relationship between their microstructure, compo-
sition and properties, and so clarify their wear and oxidation mechanisms. In the present study, the higher
hardness of niobium aluminide coatings did not correlate with a higher wear resistance and, finally,
although pesting phenomena (disintegration in oxidizing environments) were already known of in bulk
niobium aluminides, here their behavior in the coating form is examined. It was shown that such
accelerated oxidation was inevitable with respect to the better resistance of FeAl, but further

improvements are foreseen by addition of alloying elements in that alloy.

Keywords friction and wear, corrosion of HVOF coatings,

high temperature oxidation, wear and corrosion

1. Introduction

In recent decades, the challenge of using transition
metal aluminides for structural applications has been
approached in many different ways. These aluminides are
called advanced materials due to their possible use in
high-temperature applications with light-weight benefits
and reasonably good strengths (Ref 1). Important advan-
tages, such as high melting points, high strength-to-weight
ratios and excellent resistance to hostile environments,
mean that attention has been focused on nickel-, iron-, and
titanium-based aluminides (Ref 2-4). The main short-
coming of these materials, however, is their poor ductility,
which is improved either by changing the processing
routes (Ref 5-8) or by the addition of ternary elements
(Ref 2, 9-14). This lack of toughness is one of the reasons
why they are good candidates for use as coatings. More-
over, regarding their high aluminum levels, it would not be
possible to manufacture structural components with good
load-carrying capabilities; therefore, they can be used as
oxidation resistant coatings allowing the use of a substrate
material with improved mechanical properties.
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Current research into these compounds in bulk form is
mainly focused on their brittleness and high-temperature
behavior; moreover, few wear-related studies have been
undertaken until that moment. In the early 1970s, a vari-
ety of aluminide and silicide coatings were applied to steel
substrates to protect them from oxidation. Aluminides
were the first choices for low-temperature environments
or short thermal cycles. In the literature, however, only
structural properties are reported and few characteriza-
tion results for the hardness and wear performance of
thermally sprayed coatings are given.

Materials for high-temperature applications can
broadly be divided into two categories: those used to re-
place Ni-based superalloys, with significant reductions in
density (this is where Fe-, Ni-, and Ti-aluminides might be
included) and a second category of materials whose high-
temperature characteristics are more useful than those of
superalloys (>1100 °C). It is as part of this second cate-
gory that NbAl; has recently been studied. In the present
study, the results obtained for iron aluminide coatings
(microstructure, hardness, wear, and oxidation resistance)
are reviewed and these are compared with those for a
niobium aluminide coating. The Fe-Al system is fairly well
understood and Fe;Al and FeAl based alloys are proposed
for commercial use. Commercially available Grade 3
Fed40Al powder was selected for this study because it has
nearly 50% Al content and a nanocrystalline structure.
Within the Nb-Al system, there are crystalline structures
that are much more complex than that of FeAl, which is of
the CsCl-type. This leads to higher melting points and,
thus, more affordable temperature efficiencies (Ref 15).
However, catastrophic oxidation behavior is exhibited by
the compound with the highest Al content (NbAl;) as a
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result of the phenomenon known as “pesting.” This has
been of great concern since the early studies of niobium
alloys appeared as a result of developments in the aircraft
engine industry. Specifically, much of the development
was within the context of the growing space program. In
the late 1960s and mid-1970s, research into high-strength
niobium alloys was increased. The most promising mix-
tures were those with alloying elements such as Hf, W, or
Ta (Ref 16). However, Hebda already reported in his re-
view (Ref 16) that there was little optimism as to the
practical use of niobium alloys for long-life turbojet en-
gines, because of the unreliability of their coating and the
inaccessibility of internal components for frequent
inspection to detect coating disintegration. Ways around
this problem have been searched for by some authors and,
despite being still at the preliminary stage, some success
has been reported by recent studies into nanocrystalliza-
tion (Ref 17). This is why there is still interest in a coating
with improved life and higher temperature resistance, but
no strong demand for higher-temperature niobium alloys.

These are, therefore, two very different aluminides;
thus, the main purpose of the present study is twofold:
optimize thermal spray conditions for production of
HVOF FeAl and NbAl; coatings and, correlate their
microstructures with their mechanical and oxidation
properties. Among the several thermal spray methods,
HVOF was employed as a way of reducing the oxidation
of the powder particles during their time within the flame
and of producing dense coatings with the highest possible
amount of intermetallic phase.

2. Experimental Procedure

FeAl and NbAl; feedstock powders were supplied by
CEA-DTEN (Grenoble) and ABSCO Ltd., respectively.
The former is Grade 3 (atomized and ball-milled) with a
nominal composition of Fe-40Al-0.05 Zr (at.%) with
50 ppm B and 1 wt.% Y,0O5, while the latter is the alloy
obtained by mechanical alloying. Their particle size dis-
tribution was studied by means of a laser diffraction par-
ticle size analyzer BECKMAN COULTER LS and their
flowability was measured according to the ASTM B-213-
30 standard. These powders were sprayed onto low-alloy
carbon steel specimens.

A Diamond Jet Hybrid (DJH2700) from SULZER
METCO was used to produce the coatings, with the
thermal spray parameters reported in Table 1. NbAl;
powder was preheated before spraying to improve its flow

Table 1 Thermal spraying parameters

FeAl NbAl;
Oxygen flow rate, L/min 180-190 250-260
Propylene flow rate, L/min 80-90 70-80
Carrier gas, L/min 300-310 370-380
Oxygen/fuel ratio 2.8 4.2
Feeding rate, g/min 20 15
Spraying distance, mm 250 240
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through the nozzle. The powders and the as-sprayed
coatings were examined by scanning electron microscopy
(JEOL 5510) operated at 20 kV with a coupled EDS
system. The XRD analyses were performed in a Bragg-
Brentano 6/20 Siemens D-500 diffractometer with a
graphite monochromator using Cu Ko radiation.

For the Vickers micro-indentation tests, Matsuzawa
MXT-o equipment with a normal load of 200 gf was used.
At least 10 measurements were performed on each sample
and the mean value calculated.

Wear resistance was evaluated by a ball-on-disk test
(ASTM G99-03) and a rubber-wheel test (ASTM G65-00)
for the sliding friction and abrasive effects, respectively. In
the former test, the sliding counterpart was a @11 mm
WC-Co ball that was slid over the polished sample with a
circular track of 16 mm up to a distance of 1000 m and
with an applied normal load of 5 N. The rotating rubber
wheel was moved at a constant 139 rpm on the specimen,
while silica particles were allowed to flow under the
influence of gravity between the two surfaces. A normal
load of 50 N was applied and the mass loss was measured
for 30 min. The friction wear rate (mm> N~' m™') was
calculated from the volume loss obtained by means of
white light interferometry (SWLI) using a surface analysis
microscope (Zygo New View 100); the abrasive wear rate
was calculated from the mass loss per test time.

Finally, oxidation behavior was assessed in two ways.
First, the oxidation kinetics were tested through thermo-
gravimetric measurements carried out for small pieces of
debonded coatings, under continuous air flow in TA
Instruments SDT 2960 DSC-TGA equipment with a
heating rate of 10 °C/min. The isothermal tests were car-
ried out for 72 h at 500 and 900 °C to explore behavior at
moderate and high temperatures. Second, to examine the
performance of as-sprayed deposits (coated specimens),
these were placed in a furnace under oxidizing conditions
and left for 72 h at the same temperatures (500 and
900 °C). Furthermore, as it was already known that oxi-
dation damage is caused by pesting, a set of samples was
tested for 1 h under oxidizing and low-oxidizing condi-
tions (with Ar flux) in order to clarify what happens at
early stages of oxidation.

3. Results and Discussion

3.1 Feedstock Powder Characterization

Figure 1 shows the morphology, particle size distribu-
tion, and x-ray scan of Fe40Al powder; it has an angular
shape (Fig. 1a) as a result of the milling process. As has
already been discussed in other studies in which such a
powder has been used, the milling step serves two pur-
poses. First, intense plastic deformation induces nano-
crystallization within the structure, as can be seen from the
broad x-ray peaks (Fig. 1c) and second, the addition of
yttria was intended to reinforce the grain boundaries.
Figure 1(b) shows the homogeneous particle size distri-
bution, with dgg below 30 pm; this suggested the particles
would be suitable for spraying because of their flowability.
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Fig. 1 (a) Morphology, (b) particle size distribution, and (c) x-ray scan of the Fe40at.% Al powder

Figure 2(a-c) shows the morphology, particle size
distribution, and x-ray scan of the niobium aluminide
powder, respectively. An initial examination at low mag-
nification showed that there was a wide range of particle
sizes. Some are as large as 50 pm in diameter, but there
are also very small particles that tend to agglomerate.
According to the particle size plot, a very broad distribu-
tion was found for the NbAIl; powder. As could be
expected from this, the powder showed no fluidity at all,
which would lead to many difficulties for spraying. The
x-ray trace shows that it is predominantly formed of the
NDbAI; phase, with a trace of Nb,Al.

3.2 Coating Microstructures

The characteristics of the Fe40Al coating have been
discussed in detail elsewhere (Ref 18). It can be seen from
Fig. 3(a) that it consists of a homogeneous and quite dense
coating with good adherence and intersplat cohesion. At
high magnification, the microstructure features a light and
dark gray pattern associated with the intermetallic phase
and oxidation (Fig. 3b). Oxide phases are mainly
encountered at the splat boundaries as a result of particle
oxidation during in-flight time; some light contrasts also
indicate that these areas are depleted in Al (Fe-rich
zones). The x-ray scan shows an intermetallic phase as
well as the spinel FeAl,O, oxide (Fig. 3c). While the
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initial powder showed only the characteristic lines of a B2
lattice (h+ k +[=even), indicating that it had a disordered
structure, the spraying process leads to the appearance of
superlattice lines (h+k+/=o0dd) (Ref 19). Since the pro-
cess of milling the initial pre-alloy (atomized) powder
disordered the crystal lattice, the ordering effect associ-
ated with the appearance of superlattice lines after
spraying could be ascribed to the high temperatures,
which made the rearrangement of the atoms possible to
some extent. However, Al depletion, as well as the partial
melting of particle cores, prevents the formation of an
ordered B2 structure.

Although the NbAIl; powder was heated prior to
spraying, the nozzle was often blocked, making it diffi-
cult for a uniform coating to be produced. However,
a 92 + 5 um-thick deposit was achieved (Fig. 4a).
Figure 4(b) shows its microstructure with characteristic
lamellas (fully melted particles), surrounded by open
porosity; the dark and light gray areas correspond to
oxidized and Nb-rich zones, according to EDS micro-
analysis. The XRD indicates the presence of NbAlz;, NbO,
NbO,, and Al,O3 (Fig. 4c). For both the iron and niobium
aluminides, propylene was used as fuel; however, the
considerably lower oxygen/fuel ratio for the iron alumi-
nide coating left much more fuel unused, which served to
cool the particles during the spraying process. These
conditions also helped to minimize the oxide content.
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Fig. 2 (a) Morphology, (b) particle size distribution, and (c) x-ray scan of the NbAl; powder

S00.00 T 7 T T T 7 T 7 T
L]
® FeAl
+ FeAl204
% Fe
W
Cps
L] J
.,
*
2.00 ! et SN
(c) {S5.000 2-theta scale 185 .000>

Fig. 3 (a) General view and (b) magnification of the as-sprayed cross section Fe40Al coating, and (c) x-ray spectrum
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Fig. 4 (a) General view and (b) magnification of the as-sprayed cross section NbAl; coating, and (c) x-ray spectrum

Table 2 Coating features

Table 3 Abrasive wear rates

% Oxidation % Porosity

Abrasive wear rate, mm>/N m

FeAl 134 £2.6
NbAl; 132+ 1.9

1.8 £ 0.1
32+09

37 x 107°
12 x 107*

Fe40Al
NbAl;

Table 2 includes a description of the main features of the
sprayed coatings such as oxidation and porosity. In a
previous study, different conditions were tested, leading to
the conclusion that these were close to optimum (Ref 18).
The NbAl; alloy, with a higher melting point (1680 com-
pared to 1250 °C for FeAl), required a change in the
spraying parameters to a higher oxygen/fuel ratio for good
efficiency. With a ratio of up to ~4.2, the propylene has a
negligible cooling effect on the particles and high oxygen
flux leads to considerable oxidation.

3.3 Mechanical Properties: Hardness, Friction,
and Abrasive Behavior

Greater hardness for the niobium aluminide coatings
was revealed by the Vickers indentation test, with an
HV,p of 666 £+ 28, whereas the iron aluminide sample
had a value of 434 £ 48. The hardness is affected by all
the phases included in the indentation print, which means
that the 434 HV,( is the mean hardness for the Fe Al and
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FeAl,O4 phases, whereas the 666 HV, is the mean for
NbAl;, NbO, and NbO,.

Previous thermally sprayed FeAl coatings obtained by
other authors reached maximum hardnesses of 520 HV,
because of the lower porosity and oxidation produced by
spraying at the highest particle velocities (Ref 20, 21).
Although the comparison of two different techniques may
not be fully justified, as a reference, a recent study
reported the formation of a niobium aluminide overlay
using a plasma transferred arc welding process (PTA).
This welding process produces dense coatings with a high
influence of dilution, that is, the participation of the sub-
strate in the coating alters its chemical composition
(Ref 22). Analysis of different intermetallic Ni-Al, Fe-Al,
and Nb-Al mixtures revealed greater hardness for the
niobium aluminide coating produced from the richer Al
(40 wt.%) powder, which had an HV of over 620. It also
exhibited the highest abrasive resistance, as abrasive
damage is normally dependent on material hardness
(Ref 23). However, Table 3 shows that despite being
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Table 4 Friction wear rates

Wear rate, mm*/Nm

Fed0Al 59 x 107°
NbAl; 3.6 x 1074

harder, the niobium aluminide coating had the lowest
abrasive resistance. One possible explanation for this is
that so much oxidation at the interlamella boundaries
produced an embrittlement effect which could favor crack
nucleation and the detachment of particles rather than
plastic deformation. The ball-on-disc tests showed that the
iron aluminide coating possessed a higher friction coeffi-
cient (Fig. 5), but lower wear rate (Table 4). This could be
explained by assuming that the embrittlement effect
associated with intersplat oxidation explained above,
facilitates the delamination mechanism by which the
material is removed. The examination of the wear tracks
shows that iron aluminide debris is formed of plate-like
shapes corresponding to oxidized areas (Fig. 6a), whereas
the niobium aluminide coating shows scratch wear scars
with some fractured regions (Fig. 6b). Thus, Fe Al shows a
mainly adhesive mechanism, but instead of forming a
transfer layer on the ball, the wear debris is removed to
the edges of the wear track. In contrast, the morphology of
the niobium aluminide wear track seems to have resulted
from an abrasive mechanism, which is possible if wear
debris remains between the two surfaces, producing a
third-body abrasion effect. The influence of these removed
particles however, normally causes a rise in friction coef-
ficient and wear rate. In this case, the wear rate is com-
paratively higher for the niobium aluminide than for the
iron aluminide coating, but the friction coefficient is lower;
thus, it is difficult here to ensure that such behavior is
mostly influenced by the material chemical composition or
the structure of the coating.

3.4 Oxidation Performance

Figure 7 shows the heat flow and mass gain-tempera-
ture dependence for the as-sprayed coatings during the

Journal of Thermal Spray Technology

Fig. 6 Debris morphologies on the wear track of (a) iron- and
(b) niobium aluminide coatings
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Fig. 7 Heat flow and mass gain-temperature dependence for the
continuous oxidation of the as-sprayed coatings

oxidation test in a DTA-TGA equipment. While the
weight of the iron aluminide coating increases continu-
ously as a result of oxidation, without any change in the
heat flow curve, the niobium aluminide coating gains
considerable weight at the same time as there is a change
in the heat flow curve. The two overlapping peaks, with
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Fig. 9 Comparison of the mass change of the iron- and niobium
aluminide specimens during isothermal oxidation test at 500 °C
for 72 h: (a) linear and (b) logarithmic scale

peak temperatures of approximately 595 and 710 °C,
correspond to severe oxidation processes; the final product
is a white powder-like material. As the enlargement in
Fig. 8 shows, the curve of the as-sprayed Fed40Al is an
approximately linear function, while NbAl; shows more
complex behavior: there is an initial linear stage from 400
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to 500 °C followed by an almost exponential function,
suggesting that different oxidation mechanisms are at
work above and below 500 °C.

As a result of such observations, temperatures of 500
and 900 °C were chosen for the isothermal oxidation
measurements, in order to study the kinetics of the med-
ium- and high-temperature oxidation processes separately.
The results of these measurements are shown in Fig. 9 and
10. Fairly logarithmic-like behavior can clearly be seen at
500 °C for the niobium aluminide coating (Fig. 9). The
logarithmic-scale plot shows that the main oxidation at
500 °C starts after only about 20 min and that after
approximately 30 min the rate of oxidation accelerates.
This acceleration continues until about 3,000 min, when
near saturation level is reached. At 900 °C (Fig. 10), the
iron aluminide coating shows a logarithmic oxidation rate
that increases its weight asymptotically up to approxi-
mately 3% during the first 360 min (6 h), after which time
its weight remains almost constant. In contrast, the as-
sprayed NbAl; attains a 40 wt.% increase in the first hour.
With the logarithmic scale, one can see that both layers
start to oxidize after about 20 min, but the NbAl;
increases sharply from 20 to 50 min, beyond which time it
stabilizes. This time range corresponds to the heating step
ramp at the interval from 400 to 900 °C, where it was
already observed that it suffered from pesting (Ref 24, 25).

Both iron and nickel aluminides have very different
oxidation mechanisms from those of refractory metal
compounds such as MoSi, or NbAl;. In Ni- and Fe-based
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compounds with high Al content, the formation of oxides
that are thermodynamically less stable but which grow
more rapidly is prevented by a protective alumina layer.
Nevertheless, it should be borne in mind for Nb- and
Ti-based systems that: (1) the base metal oxides (NbO,
and TiO,) are of comparable stability to alumina and have
much higher growth rates than do NiO or FeO, making the
formation of a homogeneous Al,Os layer difficult; and (2)
whenever the activity of Al is reduced, the stability of the
oxide scale is diminished considerably. In particular, NbAl;
and MoSi, (Ref 26) show linear Nb and Mo oxidation
kinetics, and thus tend to lead to the removal of any pro-
tective oxide nuclei. In addition, NbAl; and MoSi,, unlike
TiAl;, exist in a narrow composition range, so that a lower
stoichiometric phase is formed beneath the oxide in the
Al- or Si-depleted zone, and this influences the subsequent
stability and adherence of the protective oxide.

A previous study of FeAl coatings examined the oxi-
dation properties of iron aluminide coatings at 900, 1000,
and 1100 °C (Ref 27). Oxidation at 900 °C featured the
formation of a layered oxide scale consisting of a thin
alumina layer and the formation of transient oxides on the
top; e.g., FeAl,O4 and Fe,0;. This behavior is normally
observed when Al concentration is low and the alumina is
formed as the internal oxide precipitates: thus it offers no
protection and allows the formation of rapidly growing
iron oxide. However, as the oxide scale was fairly dense,
oxidation resistance was reasonably high. Such an inter-
pretation of the oxidation mechanism within the coating is
based on the assumption that the powder becomes
Al-depleted as the coating builds up and that internal
coating defects act as additional paths for ion diffusion.
The only problems then reported for the iron aluminide
coating in terms of its oxidation resistance at 900 °C
depend on the oxide scale adherence. The degree of
spallation will therefore determine the oxidation rate.
Above 1000 °C, however, although the formation of a
compact adherent o-alumina scale is reported for bulk
materials, intrinsic Al depletion within the as-sprayed
coating becomes critical and the presence of voids at the
coating-oxide scale interface, as well as the mismatch of
expansion coefficients, are the sources of poor adherence
and the trigger for rapid oxidation.

The oxidation of the niobium aluminide-coated speci-
men at 500 °C yielded a light gray powder-like material,
similar to that observed after the TGA experiment, thus
indicating that oxidation had already begun. When the
temperature was increased to 900 °C, the coating trans-
formed into a thick white brittle layer, showing that
NbAIQ,, critical for pesting, had formed. This was con-
firmed by XRD (Fig. 11a). It is worth noting the formation
of Nb,Os with a Pilling-Bethworth relationship of 2.68,
which makes it a nonprotective oxide. Then, when the
scale was smashed, iron oxides were also detected
(Fig. 11b), indicating that the steel substrate had oxidized
beneath the coating; this might be due to the mismatch of
thermal expansion coefficients. The top surface included a
powder Nb-based morphology (Fig. 12a and c) as well as
the formation of some porous iron niobium oxide nodules
and needle-like oxides typical of NbO, (Fig. 12b and d)
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oxide scale of the niobium aluminide coating after oxidation for
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(Ref 28). These iron niobium oxides, not observed at
500 °C, might be formed by outward Fe diffusion. Finally,
the difference in the expansion coefficients induced the
detachment of the oxide scale.

When the Nb-Al coated sample was tested for 1 h in
the same oxidizing atmosphere at 900 °C, the scale was
thinner and completely white, also with a powder-like
morphology and with no signs of iron niobium oxides (as
there had been in the oxidation at 500 °C). By contrast,
the experiment with a continuous argon flux did not even
show that the coating turned white: it still conserved its
dark gray color. It does not mean, however, that the
material has not been oxidized since the x-ray (Fig. 13)
showed the beginning of the oxidation process marked by
the presence of NbAIO, and Fe ,Nb,Oy. This indicates
that the remaining atmospheric oxygen content, though
small, had already caused slight oxidation.

The formation of NbAlO, (Fig. 14a) is a critical step
which occurs even more readily in the oxidation of the
coating than a niobium aluminide bulk material, because
the coating is not solely composed of the NbAl; “line
compound.” As a consequence, Nb-Al binary compounds
with lower stoichiometry such as Nb,Al, appear in the
subsurface, and these tend to produce cracking as can be
observed in Fig. 14(b). This causes further oxygen pene-
tration that in turn oxidizes the lower aluminide rapidly
(Ref 29, 30). At the same time as this happens, there is an
outward diffusion of Fe that combines with niobium to
form mixed oxides and an inward penetration of oxygen
that results in corrosion of the steel substrate.
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Fig. 12 (a, b) Oxide morphologies on the top surface of the oxidized niobium aluminide coating for 72 h at 900 °C in an air atmosphere
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Fig. 13 XRD spectrum of the niobium aluminide coating after
oxidation under low oxygen pressure conditions for 1 h at 900 °C

4. Conclusions

Both iron and niobium aluminide coating have been
obtained by HVOF after optimization of the spraying
parameters in the attempt to achieve the lowest oxidation
content as possible.

544—Volume 18(4) December 2009

Due to the feedstock powder characteristics, HVOF
spraying leads to significantly different coating micro-
structures; therefore, it is difficult to compare how they
will behave in similar conditions since the evaluation
cannot be just done in terms of chemical composition but
also coating features.

In view of the previous results, the iron aluminide
coating performs better than the NbAl;. Whether in the
wear or the oxidation tests, niobium aluminide suffers
more damage and fails earlier:

— The explanation for the poorer abrasion wear proper-
ties may be related to the structure of the coating itself,
rather than to the material composition, as the material
possesses much greater hardness, which is usually
related to increased wear resistance. The main mecha-
nism, by which further damage is caused in the niobium
coatings, is thought to be a brittle effect that leads to
interlamellar cracking and easy decohesion. On the
other hand, the explanation for the sliding wear per-
formance seems not to be clear.

— Finally, the oxidation analysis reveals that despite the

high melting point of NbA1lj, it suffers from pesting
(intergranular disintegration) at moderate temperatures.
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Fig. 14 (a, b) Oxide morphologies on the top surface of the
niobium aluminide coating after oxidation under Ar flow at
900 °Cfor 1 h

This is favored by the high level of oxidation and coating
defects that facilitate oxygen diffusion inwards and
Al-depletion in the as-sprayed coating itself.
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