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ABSTRACT

The directional spectral emissivity of a Ti-48Al-2Nb—2Cr alloy (in at.%), 4822 alloy, and a Ti-43.5A1-4Nb-1Mo-
0.1B alloy (in at.%),TNM alloy, used in the aeronautical industry, are measured between 150 and 850 °C. The
differences in the emissivity values between both alloys at the lowest temperatures, indicates that the f, phase,
only present in TNM, exhibit higher emissivity values. By numerical integration of the measured data, the total
directional and hemispherical emissivity have been calculated. At 850 °C the total hemispherical emissivity in
vacuum are nearly identical with 0.274 + 0.006 for the 4822 alloy and 0.273 + 0.007 for the TNM alloy. The
lower emissivity change with temperature measured in TNM alloys is related with the deconvolution of p, phase
by diffusion processes. Afterwards, near-normal spectral emissivity measurements are performed in both alloys
during isothermal oxidation treatments at 750 °C and 850 °C for 120 h. The emissivity data reveal that the TNM
alloy exhibits higher oxidation resistance especially at 750 °C. In parallel, microstructural characterization has
been performed before the measurements, after the directional emissivity measurements prior to oxidation and
after isothermal oxidations. The formed oxide scale is composed of four layers that coincide with those reported
in the literature: an outer layer of TiO; contiguous with a layer of Al,O3, followed by a TiO2/Al;03 mixed layer
and finally a thin layer of Nb-rich nitride. This mixed layer governs the interferential part of the alloys’ emissivity
spectra, which, in combination with the background, determines the overall radiative behavior of the alloys

under service conditions.

1. Introduction

Aeronautical Ni-base superalloys currently dominate the field of
turbine blades in jet engines, due to their ability to withstand highly
demanding mechanical and thermal loads. Their development began in
the 1940’s [1] and they are still used in the hottest part of the engine,
where temperatures can exceed 1000 °C, due to their exceptional me-
chanical resistance at high temperatures, resistance to creep and resis-
tance to corrosion [1,2]. However, the importance of improving the
environmental compatibility, safety and the economic performance of
transport systems has triggered the replacement of heavy Ni alloys (>8
g/cm?) by lightweight intermetallic y-TiAl-based alloys with only half
the specific weight (3.9-4.2 g/cm®) and interesting high-temperature
properties up to 750 °C [3-5]. Among the different y-TiAl alloys two
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main compositions were successfully developed and implemented in the
aeronautical sector. The 4822 alloy (Ti-48Al-2Nb-2Cr (in at.%)), which
is already present in the low-pressure turbines of General Electric’s
GEnX engine since 2011, and the TNM alloy (Ti-43.5A1-4Nb-1Mo-0.1B
(in at.%)), which was developed more recently and introduced in Pratt &
Whitney’s Geared Turbofan engine in 2014 [3,6]. The 4822 alloy so-
lidifies peripatetically and mainly consists of the two phases y-TiAl and
ap-TizAl with a small amount of ordered B,-TiAl phase [7], whereas the
TNM alloy solidifies completely via the disordered p phase and is
composed of three phases y + az + P, at room temperature [5]. All three
phases, tetragonal y-TiAl, hexagonal ay-TizAl and body-centered cubic
Bo-TiAl are atomically ordered phases, showing L1y, D019 and B2 crystal
structures, respectively. In the case of the B, phase, the ordering occurs
at 1175-1205 °C temperature range [8], while at higher temperatures
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this phase is stable in its disordered form, i.e. f phase, thus, exhibiting
better ductility and improving the hot-workability of the material. These
two alloys have a limited service temperature of 700-750 °C, due to
their insufficient oxidation resistance and their lack of creep strength at
higher temperatures [3,7,9]. In order to increase their service temper-
ature and high-temperature creep strength, as well as to achieve a more
extensive industrial exploitation of these alloys, oxidation resistance at
elevated temperature has to be improved. Therefore, significant efforts
are being made to understand the microstructure and its evolution
during oxidation processes, as well as its effect on mechanical properties
[9-13]. Accordingly, the identification and quantification of heat
transfer parameters, in order to characterize thermal loadings and heat
loss of such alloys, are mandatory. To that end, the measurement of
emissivity, which is defined as the ratio between the radiation emitted
by a given body and the radiation of a blackbody at the same temper-
ature [14], is crucial. The emissivity is a property that governs the heat
exchange of a material with its surrounding at high temperature via
thermal radiation. Specifically, infrared emissivity measurements at the
service temperature of alloys are essential to assess, for example, their
self-cooling capacity [15], with the high-emitting materials being the
most capable of such feature. Furthermore, the emissivity is strongly
dependent on microstructure, roughness of the surface, emission angle,
as well as temperature. In this vein, emissivity measurements allow the
observation of surface processes, such as oxidation [16-18], and events
that occur on the entire material and which are reflected on the surface.
The knowledge of this single parameter is very important in
high-temperature environments such as airplane turbines, not only for
determining the temperature distribution inside the turbine, but also for
the evaluation of microstructural changes taking place in the blades
during employment. Additionally, given the growing interest in additive
manufacturing processes and their use for the synthesis of aeronautical
alloys [19-21], it is necessary to characterize precisely the spectral
emissivity to be able to remotely measure the temperature in situ during
the process, and, thus, optimize the synthesis through an accurate
temperature control [20]. Moreover, during such a processing, where
materials experience a complex thermal history involving directional
heat extraction during repeated melting and rapid solidification, emis-
sivity is essential to simulate the temperature fields and gradients of the
parts upon production.

According to the best knowledge of the authors, no research work
containing the emissivity data for the 4822 alloy and the TNM alloy has
been published. In this work, the emissivity properties of these two
engineering y-TiAl-based alloys use in aerospace applications are pre-
sented. Both directional and hemispherical emissivity dependences on
the radiation wavelength (2-22 pm) and sample temperature
(150-850 °C) have been studied under vacuum. Furthermore,
isothermal oxidation processes in air at 750 °C and 850 °C of both alloys
have been studied via normal emissivity measurement, amended by a
complete microstructural characterization.

2. Material and methods
2.1. TiAl alloys

In the current study, two engineering y-TiAl based alloys were
employed. The 4822 alloy was manufactured via additive
manufacturing by means of electron beam melting (EBM), whereas the
TNM alloy was produced by means of ingot metallurgy via vacuum arc
remelting and centrifugal casting in permanent molds as described in

Table 1

Composition of the investigated 4822 and TNM alloy in at.%.
Alloy Ti Al Nb Cr Mo B
4822 bal. 48.13 1.89 2.02 - -
TNM bal. 42.83 4.05 - 1.02 0.11

3171

Journal of Materials Research and Technology 27 (2023) 3170-3179

[22]. The actual compositions in atomic percentage are presented in
Table 1. In each alloy, the total amount of interstitial elements (O + N)
was below 1200 wt. ppm. The chemical composition was measured via
X-ray fluorescence spectroscopy (XRF) for Ti, Al, Nb, Cr, and Mo, and
carrier gas hot extraction (CGHE) for O and N. For B inductively coupled
plasma-optical emission spectroscopy (ICP-OES) was used.

2.2. Emissivity

The emissivity measurements of the samples were carried out by
means of the highly accurate self-made emissometer of the University of
the Basque Country (UPV/EHU), a device capable of measuring direc-
tional spectral emissivity values with high accuracy at high tempera-
tures in vacuum under controlled atmosphere [23]. The emissometer
consists of a Fourier-transform infrared spectrometer (FTIR), a vacuum
sample chamber, a reference blackbody (Isotech Pegasus R®) and an
optical entrance box that allows switching between the blackbody
source and the sample chamber by rotating a plane mirror. A detailed
description of the equipment and the measurement and calibration
methods employed in this paper was previously published [23].

The samples remained under controlled atmosphere during the
whole measurement and a resistance heater was used as the heat source.
The temperature of the sample was measured by two K type thermo-
couples spot-welded onto the surface of the material, separated 10 mm
from each other and away from the measuring spot that corresponds to a
3.5 mm diameter spot centered at the sample.

In the first set of emissivity measurements the samples remained
under vacuum (4-10~% mbar at room temperature (RT)) and a small
zirconium sample (33 mm?) was attached on top of each sample to play
as oxygen getter inside the chamber to minimize potential oxidation.
Under these conditions, directional spectral emissivity measurements
were performed on both the 4822 and TNM alloy in the 150-850 °C
temperature range every 100 °C, obtaining 8 directional measurements
(between 10 and 80° every 10° from the normal direction) for each
temperature. The total directional emissivity was calculated using the
following equation:

[ €(2,0,9,T) Ly (2, T)dA

Jo” Lup(4,T)dA M

er(0,T)=

where 0 is the polar angle, ¢ is the azimuthal angle, Ly, is the radiance of
a blackbody as given by Planck’s law, and &7 stands for the total direc-
tional emissivity (total normal, in the special case of 6 = 0).

Total hemispherical emissivities ey were calculated by interpolating
the total directional values between 0 and 90° and integrating for the
entire solid angle:

en(T) (2)

2

= / er(0,T)sin 2 6dO
0

The azimuthal angle ¢ is assumed to bear no influence [23]. In order
to propagate the uncertainties of these quantities, a Monte Carlo
random-number sampling procedure has been used, where the inputs in
the integral calculations are modelled as probability distributions based
on their statistical properties [24]. Furthermore, an extrapolation pro-
cedure to introduce unbiased estimations of the amount of radiation
outside the measured spectral range was applied, based on the
well-known spectrally monotonic emissivities of metals. The contribu-
tion of these off-range integrations in Eq. (1) remained a small part of the
total weight for all temperatures under study [23].

In the second set of emissivity measurements samples from both al-
loys were isothermally oxidized in the emissometer under laboratory air
at 750 and 850 °C for 120 h and the emissivity at 10° (near-normal
emissivity) was continuously measured to observe its evolution.
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2.3. Microstructural characterization

Microstructural characterization techniques were employed to un-
derstand the microscopic changes responsible for the evolution of the
thermal radiative properties of these alloys. Scanning electron micro-
scopy (SEM) was used to characterize both samples before and after the
spectral emissivity measurements under vacuum and also after the in situ
oxidation study in air performed in the emissometer. For this purpose,
Jeol JSM 6400/7000F electron microscopes equipped with Oxford In-
struments LINK ISIS EDX spectrometers were employed. Cross-sections
of the samples were mechanically polished with diamond paste of par-
ticle size down to 1 pm and completed with colloidal silica suspension of
0.05-pum particle size. In the case of oxidized samples, on the one hand,
the surface appearance was investigated and, on the other hand; cross-
sections of the oxide scales were analyzed. For analyzing the cross-
sections, the samples were encapsulated in epoxy resin and then me-
chanically polished using the mechanical polishing described above,
after which a thin layer of carbon was deposited to guarantee the
necessary electrical conductivity.

In the case of oxidized samples, an X-ray diffraction (XRD) study has
been carried out to identify the different phases present in the oxide
scale. For this objective, an XPert-Pro diffractometer using Cu K, radi-
ation in Bragg-Brentano geometry with an angular step size of 0.02° was
employed. Complementary X-ray photoelectron spectroscopy (XPS)
depth profiles measurements were performed in a SPECS SYSTEM
equipped with a Phoibos 150 1D-DLD analyzer and a monochromatic Al
K, source. The thickness was determined using a TapOs reference with
Ar T sputtering. The ion energies applied were 3000 and 5000 eV,
respectively.

3. Results and discussion
3.1. Initial microstructure

Before measuring the spectral emissivity a microstructural charac-
terization was conducted for both alloys. As it can be seen in Fig. 1, both
alloys present a duplex microstructure that consists in the initial con-
dition primarily of ay/y lamellar colonies and single-phase v, ap and f,
grains situated at the colony boundaries. The main difference between
the alloys is the amount of B, phase, which appears in negligible quan-
tities in the 4822 alloy. In fact, this 4822 alloy is often considered as a
two-phase y + ag alloy [7]. Contrarily, the TNM alloy contains
approximately 15 % of 8, phase (as determined by image analysis of
Fig. 1b), which can be found mainly between but also within the indi-
vidual ap/y colonies.

In addition, the roughness of the polished samples was studied pre-
vious to the emissivity measurements using a Mitutoyo® SJ-201 surface
roughness tester. These measurements are necessary to be able to
compare emissivity data in a reliable way, as the emissivity varies with

(a) 4822
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the roughness of the studied sample. The surface parameters are shown
in Table 2, where R is the average roughness, R the root-mean-square
roughness, R, the average maximum height, and Rgp, stands for the mean
spacing between profile elements. Both alloys present similar values,
with the exception of the mean spacing, where the TNM sample presents
a lower value.

3.2. Emissivity measurements under vacuum

Normal spectral emissivity data for the 4822 and TNM alloy are
shown in Fig. 2. In both cases the low-temperature measurements are
noisier at short wavelengths due to the lower signal/noise ratio at those
wavelengths. The uncertainties of these measurements are not presented
here due to accumulation of data in a small area. The 4822 alloy shows
the typical metallic behavior, which presents a relatively low emissivity
that monotonically decreases with wavelength and increases with tem-
perature [14]. The TNM alloy, unlike the 4822 alloy, shows very little
temperature dependence.

In addition, even though the samples were measured in high-
vacuum, the stronger increase in emissivity at short wavelengths at
750 and 850 °C with respect to the rest of the curves suggests the pos-
sibility of a slight oxidation at high temperatures on the surface of both
samples. The initial stage of an oxidation process in a metal translates
into the increase of the emissivity at shorter wavelengths [16]. This
potential issue in both samples will be addressed in the next section.

Fig. 3 depicts a normal spectral emissivity comparison between
different aeronautical alloys in the 150-267 °C range. Among the alloys
analyzed in this study, data from Ni-base alloys [25-28] and Ti-6Al-4V
[29] are presented. Although there is data dispersion even between Ni-
and Ti-base alloys, all alloys have the same qualitative behavior, i.e. the
low emissivity values monotonically decrease with wavelength increase.
Besides, both of the alloys studied in the current work, despite having
distinct values, have almost the same dependence on the wavelength, a
feature they do not share with other presented data. Analogously, both
Inconel alloys share an almost exact behavior.

Angle-dependent measurements between 10 and 80° were per-
formed at each temperature. Fig. 4 shows the directional emissivity for
both alloys at the lowest and highest temperatures in the investigated
range, where the shades show the estimated standard uncertainties. As
can be clearly observed for both alloys, lower-temperature measure-
ments have much higher uncertainties, mainly due to the lower acquired

Table 2

Roughness parameters of the sample surface (in pm).
Alloy R, Rq R, Rsm
4822 0.07 0.09 0.58 948
TNM 0.09 0.12 0.74 318

v/
10 pm

Fig. 1. Scanning electron microscope images taken in back-scattered electron (BSE) mode of the 4822 (a) and TNM (b) alloy obtained with an electron acceleration

voltage of 10 kV.
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Fig. 2. Temperature-dependent normal spectral emissivity measurements for (a) 4822 and (b) TNM samples conducted between 150 and 850 °C.
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Fig. 3. Comparison between the temperature-dependent normal spectral
emissivity measurements for the 4822 alloy and the TNM alloy at 150 °C (blue
and orange curve, respectively) and various aeronautical alloys [25-29].

signal and the more significant influence of the low-temperature
blackbody and surrounding temperatures (see details regarding the
uncertainties budget in Ref. [23]). These directional measurements
show the usual metallic behavior in both alloys [14]. The emissivity is
almost constant from 10 to 40°, and then increases up until it reaches a
maximum between 70 and 80°. The position of the maxima will depend
on the complex refractive index and the relation between its real (n) and
imaginary (k) parts. As the refractive index exhibits a different behavior
at higher temperatures in the two alloys, different emissivity values are
observed. Besides, at high temperatures and short wavelengths (1 < 4
pm), a different behavior is seen, especially for the TNM alloy. The
emissivity, after staying constant for smaller angles, decreases at higher
ones, a behavior often observed in ceramic materials that is consistent
with the appearance of a thin semi-transparent oxide layer.

This metallic behavior evolution can also be seen in the total direc-
tional emissivities depicted in Fig. 5. Both samples show a metallic
behavior at both depicted temperatures, with the emissivity showing the
maximum value at high angles. Nevertheless, the 4822 total maximum
value shifts from 80 to 70° from the lowest to the highest investigated
temperature. Additionally, the emissivity increase between 40 and 80°
in the TNM sample is clearly diminished. Values at 0° are considered to
be equal to the 10° measurement and at 90° are equal to zero as the
electromagnetic equations predict. The complete integration process is
explained in detail in Ref. [23].

The calculated total hemispherical emissivity values are shown in
Fig. 6. Both alloys present an increase with temperature, due to the
combination of the increase of the spectral emissivity with temperature
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and the integral weight shift towards shorter wavelengths, where the
emissivity values are higher. Once again, a slightly steeper increase at
higher temperatures that can be attributed to a slight oxidation
appearing from 650 °C onwards.

After measuring the directional emissivity under vacuum (4 - 10™*
mbar) at different temperatures up to 850 °C, the surface microstructure
of both alloys has been studied, which is shown in Fig. 7. Both alloys
formed a very thin oxide layer composed of sub-micrometer-sized oxide
particles, which is consistent with the emissivity measurements. In the
case of the 4822 alloy, the oxide particles are uniformly distributed
throughout the surface (Fig. 7a). These oxide particles are needle-shaped
or long rod with facets (Fig. 7a), where the maximum length is around
100 nm. In the case of the TNM alloy, the arrangement of the oxide
particles is not uniform and two types of morphologies could be differ-
entiated: there is a larger region with oxide particles similar to those
found in the 4822 alloy, but of a slightly smaller size (Fig. 7b), and
another regions composed of significantly smaller globular-shaped oxide
particles (Fig. 7c). These characteristics indicate that the TNM sample
has oxidized less than the 4822 one, which is consistent with the fact
that the evolution of the total hemispherical emissivity and its corre-
sponding directional emissivity as a function of temperature is lower in
the TNM alloy.

XPS spectra were acquired at different depths of the thin oxide layers
of both alloys to study the chemical composition and their thicknesses.
In Fig. 8 spectra for Ti (a) and Al (b) spectra corresponding to the most
superficial area of the oxide layer (initial state or surface) and to the area
just below the oxide layer (final state or bulk) are presented. The
outermost layers show significant peaks of oxidized Ti, particularly in
the 4822 sample. Interestingly, these Ti peaks in the outermost layers
are notably smaller than those observed in the bulk, suggesting a lower
proportion of Ti in the oxide compared to the bulk (TiAl). These findings
are in line with the presence of TiO rutile particles at the surface. In
addition, as depth increases both samples showed XPS signals corre-
sponding to a mix of oxidized and metallic Ti and Al (not reproduced
here). Subsequent sputtering led to reaching deeper areas, where only
metallic Ti and Al were detected which depicts the bulk material and the
end of the oxide layer. The thickness of the oxide scale of the 4822 and
TNM samples have been estimated to be 226 nm and 147 nm, respec-
tively. In the innermost sections of the 4822 sample scale, Nb was
detected, whereas Nb and also Mo signals were found in the TNM
sample. It was observed that these elements were not present in the most
superficial layer of the scale. The oxide thicknesses obtained via XPS are
in good agreement with the size of the oxide particles observed by mi-
croscopy (Fig. 7 a-b) and it is evident that in the case of 4822 the oxide
layer is larger than in TNM. In any case, it worth mentioning that the
areas analyzed during the XPS-depth profiling, used for the thickness
determination, are significantly larger than those investigated by SEM
and these results should only be considered qualitatively consistent.
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Error bars correspond to expanded uncertainties (k = 2).

Furthermore, beneath the oxides particles observed in the top views
shown in Fig. 7 a-b, additional oxide particles may also be present,
which would contribute to the thickness determined by XPS depth
profiling, but cannot be considered in the estimation done from the SEM
images.

Apart from oxidation, if we compare the microstructure of the TNM
cross-section with the starting one shown in Fig. 1, a change of the
microstructure can be observed in the BSE images of the corresponding
cross-section (Fig. 7d). This evolution of the microstructure is notable in
the B, phase, the brighter phase in the corresponding BSE image, where
needle-shaped precipitates formed, giving rise to a basket-weave struc-
ture that has been previously reported [9,12]. According to Sallot et al.
[12], these precipitates arise due to the decomposition of the B, phase
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into y phase and, in particular, into as phase. In the present work, the
oxidation has taken place under a vacuum of 4-10~* mbar and no
variation has been observed in the y or ay grains, as occurred in the
oxidation works carried out in air at high temperatures [9,12,13]. An
observable evolution of the microstructure in the f, phase and not in the
ag phase occurs because there is a greater solubility of O in the ay phase,
as stated in [10], which produces a stabilization of the oy phase
compared to the f, phase by O. Due to this a-stabilizing effect, there is no
reason for the already present o phase to transform while the O content
in the material remains below its solubility limit. The observed micro-
structure change in TNM alloy only occurs in the subsurface down to
1.75 pm and not in the bulk where the microstructure remains stable. In
the case of the 4822 alloy, such microstructural evolution of the f, phase
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has not been observed. This is in agreement with the work carried out by
Sallot et al. [12] where a pronounced change of the f, phase was
observed for the TNM alloy, but not for the 4822 alloy. In order to
analyze this different behavior, it is interesting to mention that three
thermally activated relaxation processes related with short-range
diffusion processes have been identified and reported for the TiAl al-
loys via internal friction measurements between 690 °C and 800 °C [30,
31]: a reorientation of the elastic dipole composed of two atoms of
aluminum and one vacancy of titanium (Al-Vy~Al) provided by Ti
diffusion in ay phase, an Al-Vr; exchange by Al diffusion in y phase [31]
and Mo-Mo elastic dipole reorientation provided by Mo diffusion
through Vr; and Vp) vacancies occurring within the B, phase [30].
Therefore, it is evident that Mo plays a fundamental role in the diffusion

Journal of Materials Research and Technology 27 (2023) 3170-3179

processes that occur in the f, phase. Hence, it is reasonable to interpret
the evolution of the microstructure of the p, phase in the sub-surface
region in terms of the diffusion of Mo and O. In the case of the 4822
alloy, the presence of p, phase is significantly lower than in TNM alloy
(Fig. 1) and there is no Mo in the nominal composition, what conse-
quently leads to no decomposition of that phase. An additional reason
for the absence of any decomposition of the f, phase in the 4822 alloy
might be attributed to the fact that there are no f, “channels” from the
surface into the material present like in the TNM alloy, due to the low
overall B, content in the 4822 alloy. As the O diffusion can be expected
to be lower in the other phases, there may not be enough O inward
diffusion in order to transform even the B, grains, which are situated
only a few microns below the surface.

It is important to remark that the values of the emissivity and its
evolution also depend on the microstructure, rather than simply on the
surface roughness as is often assumed. Indeed, a previous study per-
formed on alloys with the HAIRL emissometer, had demonstrated that
the presence of secondary phases and other diffusion processes in alloys
have measurable consequences on the emissivity [15]. Therefore, as
both alloys studied in the present work had the same initial surface
conditions (same surface polishing), it is reasonable to consider that the
differences in emissivity measurements (Figs. 4-6) at low temperature
between both alloys correspond mainly to their different p, phase
amount. Hence, as the TNM alloy presents greater emissivity values at
low temperatures, for which no microstructural evolution is expected, it
may be concluded that the f, phase provides a higher emissivity value
than its homologous phases. By comparison, the variation in emissivity
with temperature is more pronounced for the 4822 alloy primarily due
to an oxidation process that results in slightly larger oxide particles than
in the TNM alloy. In addition, in the case of TNM, apart from the slight
oxidation that increases the emissivity, the evolution of the micro-
structure of the B, phase at high temperatures must be taken into ac-
count, which gives rise to p, = a + y transformation and reduces the
proportion of p, phase and, hence, the emissivity. These two processes,

Basket-weave
structure

: 1 pm

Fig. 7. Secondary electron (SE) images of the oxide particles in the 4822 alloy at different magnifications (a), and in TNM alloy in two different regions (b) and (c)
after directional emissivity measurements under vacuum (4 - 10~* mbar) at different temperatures up to 850 °C; (d) cross-section BSE images of the TNM surface after

the emissivity measurements.
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Fig. 8. XPS characterization of the 4822 and TNM samples after emissivity meas
initial and final states, respectively, after sputtering for both alloys.

the oxidation and the destabilization of the f, phase, have an opposite
effect on the emissivity, which could explain lower evolution of the
emissivity with temperature in the case of the TNM alloy.

3.3. Emissivity measurements during oxidation

After measuring the directional spectral emissivity, samples from
both alloys were oxidized in laboratory air at 750 and 850 °C for 120 h
and the near-normal emissivity was continuously measured to observe
its evolution as they oxidize. Fig. 9 shows the spectral emissivity mea-
surements at 10° (near-normal emissivity). Absorption peaks from water
(around 2.7 and 5-8 pm) and CO; (around 4.2 pm) are present due to
open-air measurements. The oxide layer growth leads to several changes
in the emissivity spectra. At the initial stages, an uptick in the emissivity
at shorter wavelengths is normally seen. After that, as it can clearly be

T T
76 !

Binding energy (eV)

3 70

urements under vacuum up to 850 °C. XPS spectra of the Ti (a) and Al (b) in the

seen in the 850 °C measurements, maxima and minima start to appear.
When the oxide layer is semi-transparent, light interference occurs,
creating maxima and minima in the emission spectrum [16]. As the layer
thickness increases, these extremes shift towards longer wavelengths
and higher order ones start to appear. At the later stages of the oxidation
process, the oxide layer starts to become opaque for certain wavelengths
up to the point where the observed emissivity approaches that of the
pure oxide and the substrate does not longer contribute to the optical
properties of the sample in the studied spectral range. The data shown in
Fig. 9 indicate that the 4822 alloy oxidizes more quickly than the TNM
alloy, especially at 750 °C. In both samples, interferential maxima and
minima appear at higher temperatures, whereas at lower temperatures
they can only be clearly seen in the 4822 alloy. This fact indicates that
the TNM alloy, during the heat treatment in air at 750 °C, undergoes a
less pronounced oxidation and that the thin oxide layer generated in
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Fig. 9. Near-normal emissivity measurements of both the 4822 and TNM alloy at 750 and 850 °C during an oxidation process of 5 days (120 h).
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these early stages does not produce interferential maxima and minima.
Thus, according to the emissivity measurements, the TNM exhibit higher
oxidation resistance especially at 750 °C. Besides, for both alloys the
appearance of a non-interferential maximum around 11 pm at high
temperatures can be related to the so-called Christiansen point of the
rutile TiO (with Christiansen wavelengths around 11.1 and 11.6 pm for
parallel and perpendicular polarizations respectively) and/or alumina
(with a Christiansen wavelength around 10.2 pm) [32,33].

The surface of both alloys after the thermal treatments in air for 120
h has been analyzed for both temperatures, as shown in Fig. 10. The top
view of the 4822 alloy after the oxidation at 750 °C (Fig. 10a) and EDX
analysis reveal two kinds of oxide particles: oxide particles with flat
facets and a higher Ti content that correspond to TiO5 rutile oxide, and
globular-shaped Al,O3 alumina particles with higher Al content. In the
TNM sample oxidized at the same temperature (Fig. 10b), the pattern is
not as clear since the oxide particles are significantly smaller and the
morphology is not as pronounced. In the case of the top view of the 4822
alloy oxidized at 850 °C (Fig. 10c), the rutile oxides cover practically the
entire surface, whereas in the TNM alloy (Fig. 10d), two types of oxides
are observed, rutile in the outermost positions and alumina in innermost
ones. For both temperatures, the oxide particles are smaller for the TNM
alloy, which is consistent with the lower degree of oxidation suggested
by the emissivity measurements. The cross-sections of the surface after
oxidation confirm that the oxide scales formed at 750 °C and at 850 °C
are thinner for the TNM alloy (Fig. 10f and h) when compared to the
4822 alloy (Fig. 10e and g). At 750 °C, the oxide scale thickness of the
TNM alloy is ~0.8 pm, whereas the one of the 4822 alloy is ~5 pm. At
850 °C the oxide scale thicknesses in the two alloys are ~7 pm and ~10
pm, respectively. These results confirm the better oxidation resistance of
TNM alloys. The BSE images of the cross-sections, Fig. 10 e-h, illustrate
that the oxide scales are composed of four different layers for both alloys
at both temperatures, which is in good agreement with previous work in
literature [9,10,13]. Complementarily, EDX element map analysis for
the 4822 and TNM alloy after oxidation at 850 °C are presented in
Fig. 11. This analysis suggests that the outermost layer is a Ti-rich layer
composed of rutile oxide, the second one is an alumina layer, the third
one is a mixture of alumina and rutile and the last one is a Nb-rich nitride
layer.

Furthermore, EDX analysis reveals that the concentration of the
heaviest atoms, Nb in the case of 4822 and Nb and Mo in the case of
TNM, is almost negligible in the first oxide layer and low in the second
layer. In this second layer, these heavy atoms are located at the bottom,
close to the third layer. This fact, together with the high porosity of these
two layers and the distinct morphology of the rutile particles in the first
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layer and the alumina particles in the second layer (Fig. 10 a-d), suggests
that the growth of these two layers occurred outwards. On the contrary,
the third and the fourth layer, with a lower concentration of O and a
greater presence of heavy elements, grew inwards. The third layer is
generally considered to be a mixture of alumina and rutile oxides [9,10,
13], which is consistent with the electron microscopy images and the
compositional analysis performed. However, it is important to note that
the amount of Al is significantly lower than that of Ti in this region,
which suggests that rutile is the main oxide in this mixture. The maxima
and minima in the emissivity measurements during the oxidation at the
higher temperature arise from the interference of the emitted radiation
coming from two parallel interfaces. However, the first and second
outermost layers generated by outgrowth are very rough, as shown in
Fig. 10 a-d, and should not be capable of generating interference pat-
terns. The third layer, which grows inwards, is the one with the most
suitable morphology and thickness for the production of interference
maxima and minima, since the fourth layer is too thin to be able to
generate interferences in the wavelength range studied. Thus, it is
consider that this mixed TiO5/Al;03 layer governs the interferential part
of the alloys’ emissivity spectra. This contribution in combination with
the background, which is produced by all oxide layers, will determine
the radiative heat transfer of the alloys in oxidizing service conditions.
Further studies are required to separate the individual contributions of
each layer. Regarding the surface composition, it is worth mentioning
that nitridation plays an important role in the oxidation behavior of
y-TiAl alloys [34,35], in the current work the detected amount of N is
very low, almost negligible, compared with the other elements. These N
atoms are located in the outermost Ti rich oxide layer and in the
innermost Nb rich nitride one and it is unlikely that they can have an
influence on the emissivity.

In addition, the cross-section of the TNM alloy after oxidation at
750 °C (Fig. 10f), shows microstructural evolution of the sub-surface
region due to the decomposition of the f, phase into oy phase that
forms the basket weave structure. In the former B, phase of the TNM
alloy oxidized at 850 °C (Fig. 10h), a coarsening of needle-shaped oy
phase with respect to the sample oxidized at 750 °C is detected. These
results are in good agreement with previous works as reported in Refs.
[9,10].

XRD patterns were also acquired to investigate the structure of the
oxide layers. These results confirm the presence of rutile and alumina for
the samples oxidized at 850 °C during 120 h, as shown in Fig. 12. In the
case of the 4822 sample (Fig. 12a), the relative intensities of the peaks
associated with the y-TiAl phase are smaller than in the case of the TNM
sample (Fig. 12b), as could have been expected since the thickness of the
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Fig. 10. SEM images taken in SE mode of the top views of the surface of the 4822 and TNM alloy after oxidation in air for 120 h at 750 °C (a and b) and at 850 °C (c
and d), and cross-sectional SEM/BSE images to the oxide layer of the samples oxidized at 750 °C (e and f) and 850 °C (g and h).
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(a) 4822-850 °C Air

(b) TNM-850 °C Air

—
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Fig. 11. Cross-sectional SEM images taken in BSE mode of the oxide layers and their corresponding EDX element map for the 4822 (a) and TNM (b) alloys after

oxidation in air during 120 h at 850 °C.
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Fig. 12. X-ray patterns for 4822 (a) and TNM (b) samples oxidized in air at 850 °C for 120 h (see text).

oxide layer is greater for the 4822 alloy. The intensity corresponding to
the different peaks of the rutile is significantly larger than the intensity
associated with the alumina ones, indicating that there is a greater
amount of rutile, which was also observed in the cross-section of the
samples (Fig. 10g and h).

4. Conclusions

Both directional and hemispherical emissivity data have been ob-
tained under vacuum for the 4822 and TNM alloy in the 150-850 °C
temperature range. The differences in the emissivity values between
both alloys at the lowest temperatures, for which the observed micro-
structures are expected to be thermally stable, suggests that the f, phase,
present in TNM and almost negligible in the 4822 alloy, exhibit higher
emissivity values. There is a smaller change of the normal and hemi-
spherical emissivity with temperature in the TNM alloy when compared
to the 4822 alloy.
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At 850 °C the total hemispherical emissivity in vacuum are nearly
identical with 0.274 + 0.006 for the 4822 alloy and 0.273 + 0.007 for
the TNM alloy. Thin oxide layers of a few hundreds of nanometers are
formed during the emissivity measurement up to 850 °C on both alloys.
In the case of the TNM alloy, decomposition of the f, phase into the ay
phase in the subsurface region has been detected. This evolution of the
Bo phase and the lower final oxidation are consistent with the less pro-
nounced change of the emissivity with temperature of the TNM alloy
when compared to the 4822 alloy.

Isothermal oxidation processes in air at 750 °C and 850 °C of both
alloys have been characterized via normal emissivity measurements.
The maximum emissivity for both alloys is very close to the Christiansen
points of rutile and alumina. Besides, the obtained oxidation
morphology and composition agrees with four distinguishable layers: an
outer layer of TiO, contiguous with a layer of Al,O3, followed by a mixed
layer composed of TiO5 and AlyO3 and finally a thin layer of Nb-rich
nitride. The present morphological and compositional study of the
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different oxide layers suggests that the third layer, which consists of a
mixture of rutile and alumina, is responsible for the observed interfer-
ential minima and maxima in the normal emissivity signal and plays a
fundamental role in the values of emissivity and, therefore, on the heat
transfer at high temperatures.
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