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Abstract

Due to the low Al activity within technical titanium aluminides and the similar thermody-
namic stabilities of Al- and Ti-oxide these alloys always form a mixed oxide scale at elevated
temperatures consisting of TiO,, ALO; and also nitrides if the exposure takes place in air.
This mixed scale does not provide any oxidation protection especially under thermocyclic
load or in water vapor containing environments. Thus accelerated oxidation occurs.
Alloying of additional elements such as Nb improves the oxidation behavior if the additions
stay within a certain concentration range but such additions cannot suppress non-protective
mixed scale formation. Coatings are another way to protect these materials but several
obstacles and new degradation mechanisms exist such as delamination e.g. due to CTE
mismatch or development of brittle intermetallic phases due to interdiffusion. Therefore,
other suitable protective measures have to be undertaken to make sure a protective oxide
scale will develop. The so called halogen effect is a very promising way to change the
oxidation mechanism from mixed scale formation to alumina formation. After optimized
halogen treatment the alumina layer is very protective up to several thousand hours even
under thermocyclic load and in atmospheres containing water vapor or SO,.
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1. Introduction

Intermetallics possess very interesting properties due to their unique ordered crystal structure,
which differs from those of the constituting elements. Bonding includes metallic and covalent
portions so that they combine metallic and ceramic properties such as high strength and
decent corrosion resistance but on the other hand usually low ductility at room temperature
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(RT). Some of these materials are promising candidates to replace conventional heavy nickel-
based alloys in several high-temperature (HT) applications. In particular, alloys based on
titanium and aluminum, so-called titanium aluminides, consisting predominantly of the
v-TiAl phase have a high service potential (Figure 1). Their density is only about 4 g/cm?,
which is about half that of conventional Ni-based superalloys. The specific strength of this new
class of materials is even higher than that of Ni alloys [1]. Technical TiAl alloys have an Al
content of about 40-50 at.% and consist of at least two phases, i.e., y-TiAl and a,-TizAl Recent
developments have led to alloys with an Al content below 45 at.% and additions of {3-stabiliz-
ing elements such as Nb or Mo, which solidify via the 3-phase to have three phases a5, v, and
o present at service temperature [2]. All in all the average composition of such technical TiAl
alloys can be written as Ti (42-48), Al (2-8), Nb (0.5-3), other metals such as Cr or Mo (0.1-1),
and nonmetals as B, C, and Si (0.1-0.5) [3].

Still, there are some drawbacks to the widespread distribution of titanium aluminides, i.e., low
room temperature ductility [4] and low oxidation resistance at temperatures above ca. 750°C
[5], which are major topics in research all over the world. Alloying of additional elements can
improve the oxidation resistance [6] but is usually not sufficient to lift the application temper-
ature far above the current range of application up to 750°C.

Due to the similar thermodynamic stabilities of Al and Ti oxide and an Al activity too low to
form Al Os;, these alloys always develop a mixed oxide scale at elevated temperatures in
oxidizing environments [7]. The scale consists of TiO,, Al,O3, and also nitrides if the exposure
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Figure 1. Comparison of the specific yield strength of engineering materials, which are used in automotive engines and in
aeroengines. The figure shows that advanced titanium aluminide alloys are capable to bear higher application tempera-
tures and loads than Ti alloys. It is evident that TiAl alloys have an advantage over Ti-based materials [1].
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takes place in air [8]. TiO, grows very fast at temperatures above 600°C so that the mixed
scales can get very thick within rather short exposure times. The mixed scale does not provide
oxidation protection especially under thermal cyclic load. Due to the different coefficient of
thermal expansion (CTE) of the substrate and the oxides, stresses arise which can lead to
spallation of the scale if a certain stress level is reached [9]. This can happen especially during
cooling down from service temperature. Thus, accelerated oxidation will occur. Alloying of
additional elements such as Nb improves the oxidation behavior if the additions stay within a
certain concentration range, but all these additions cannot suppress the mixed scale formation
[6]. Coatings are another way to protect these materials, but several obstacles and new degra-
dation mechanisms exist such as delamination, e.g., due to CTE mismatch or development of
brittle intermetallic phases due to interdiffusion [5]. Therefore, other suitable protective mea-
sures have to be undertaken to make sure a protective oxide scale will develop. The so-called
halogen effect is a very promising way to change the oxidation mechanism from mixed scale
formation to alumina formation. After optimized halogen treatment, the alumina layer is very
protective up to several thousand hours even under thermolcyclic load and in atmospheres
containing water vapor or SO, [10].

2. Mechanism

Due to alumina formation by the halogen effect, the oxidation kinetics of halogenated speci-
mens is reduced compared to that of untreated TiAl. In Figure 2 the mass change data derived
from thermogravimetric analysis, i.e., mass change measuring during isothermal oxidation,
are shown. The mass change curve of the fluorinated sample reveals the beneficial fluorine
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Figure 2. Thermogravimetric results of an untreated TiAl sample and a beamline fluorine-implanted TiAl sample during
isothermal oxidation at 900°C in air.
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effect. This positive result was achieved by applying the accurate amount of fluorine to the
surface of the material [11]. In this case an optimized beamline implantation of fluorine was
applied (F-BLI?). This resulted in a rather low mass gain of less than 1 mg/cm? after 1000 h of
oxidation at 900°C in air, while the final mass gain of the untreated specimen is almost four
times higher, ca. 4 mg/cm?, after a much shorter period of time (100 h).

The beneficial effect of fluorine on the oxide scale formation is shown in Figure 3. Only one
side of the specimen was beamline implanted with fluorine prior to oxidation at 900°C in air,
while the other side was not treated. It can be seen that the implanted side (Figure 3a)
developed a thin oxide layer (1-2 pum) rich in alumina, while on the non-implanted side
(Figure 3b), a thicker mixed scale (>20 um) of AL,O; + TiO, and nitrides was formed. The
mixed scale consists of an outer layer of coarse rutile crystals, followed by a darker alumina-
rich zone and a yellowish mixed oxide zone with nitrides. The Ni plating was applied prior to
metallographic preparation to protect the oxide scales during preparation of the metallo-
graphic cross sections.

Alumina formation is promoted by optimized additions of the halogens fluorine, chlorine,
bromine, and iodine to the surface of TiAl alloys. However, large amounts of halogens in
the surface zone are very detrimental. They induce accelerated high-temperature corrosion
[12, 13]. On the other hand, if the amounts of halogens are too low, there is no impact on the
oxidation behavior of TiAl alloys, i.e., mixed scale formation.

This so-called halogen effect was first reported in [14-16]. Several models have been proposed
in the literature to explain the positive effect of the halogens. One model is based on doping of
titanium oxide by negatively charged halogen ions. By this negative charge, the rate of oxygen
diffusion and hence TiO, growth is reduced [14]. A second model claims aluminum enrich-
ment in the subsurface zone of the alloy due to formation of gaseous titanium halides and their
evaporation which reduces the Ti content. This leads to an increased Al activity at the alloy/
scale interface, which promotes the Al,O; scale growth [15]. Contrarily, experimental results
by Donchev et al. [17] have clearly shown that these two proposed models can be neglected to
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Figure 3. Cross-sectional LOM images showing the effect of beamline implantation of fluorine on one side (a) compared
to the untreated side (b) after oxidation of a TiAl sample at 900°C for 100 h in air.
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describe the halogen effect. Their third model is based on the transport of aluminum via
selective formation of gaseous Al halides. They diffuse outward from the substrate to the inner
region of the naturally grown oxide scale where they are then oxidized to Al,O; due to the
steep increasing oxygen partial pressure. After an incubation period, the amount of Al,O3
formed in the inner region reaches a sufficient volume fraction to result in a pronounced
reduction in the scale-growing kinetics [18]. In [17] the underlying thermodynamic mecha-
nisms were mostly described for a chlorine beamline implantation. In a similar approach, the
following data and equations are described for fluorine, which has shown to be more effective
than chlorine during thermocyclic exposure [18]. Since AlF is the predominant carrier molecule
for the aluminum transport, the reactions leading to Al,O; formation can be signified as
follows:

Al(s,TiAl) +F — AIF(g>AG900°C = —3.63 x 105 ]/mol (1)

4 AlF(g) +30, =2 A12O3(s,oxide scale) + 2 Fo A Gogpee = —1.19 x 106 ]/mol (2)

where Al is from the TiAl alloy and fluorine from different fluorine treatments (see below).
Fluorine is released by Eq. (2) so that it can react again with Al from the substrate according to
Eq. (1). The enthalpies of formation for both reactions are negative. Thus, they tend to react to
the proposed products.

The minimum aluminum flux required via gaseous Al fluorides to sustain the growth of Al,O3
is determined by its growth kinetics, which follows the parabolic rate equation:

Mo = (kpt)? 3)

where k;, is the parabolic rate constant (g%/cm®s), Aw is the mass gain (g), and t is time (s). The
flux of aluminum in the growing Al,Oj5 scale, ]}, is connected with the mass gain, i.e.,

. dAw
JA It 4)

and in the case of Al,O; growth, it is found that

kp\ 2 mol Al
") ©)

]ox:l P AL
AL 48\t cm? - s

The k, for ALOj; scale growth at 900°C equals 5 x 10~ '* g?/cm* s [19]. Therefore, the flux ]} =
2 x 10~ mol/cm? s after 60 s of oxidation. This value represents the minimum amount of
aluminum which is necessary to maintain parabolic Al,O3 scale growth after this time. The
flux, Ja;, of the gaseous Al fluorides within the nano—/micro-channels and cracks can be
derived from the Hertz-Langmuir equation (kinetic theory of gases [20]). In the case of an
aluminum mono-fluoride AlF, the equation is as follows

P AIF mol Al

=Ja =443 —
Jar =Jai (Mo T)! -

(6)

77



78

Intermetallic Compounds - Formation and Applications

where P is the partial pressure of AIF in bar, Mr is the molecular weight of AIF (45.98 g/mol),
and T is the absolute temperature (K). For AIF at 900°C (1173 K), Eq. 6 can be transformed to.

mol Al
cm? - s

Jar = 0.191P A )

Therefore, by equalizing the two fluxes given by Egs. (5) and (6), the minimum pressure Pir
needed to sustain parabolic Al,Oj scale growth at 900°C and 60 s of oxidation can be calcu-

lated:

Ja =Ja ®)
2x1077 = 0.191Pxicy 9)
min — 1 x 107 bar (10)

There is a clear time and temperature dependency of P'ﬂf:‘, decreasing with increasing time

and/or decreasing temperature. The variation of PTitwithin the relevant calculated tempera-
ture range 700-1100°C for an oxidation time of 60 s is shown in Table 1. Obviously, the real
partial pressure of the reacting halide has to be greater than the minimum predicted by the
above-derived method. This has to be the case during the early stages of the oxidation process.
Furthermore, it has to be taken into account that not all aluminum halide species will contrib-

ute to the positive effect.

According to thermodynamic equilibrium calculations, AlF is the most volatile species of the
gaseous metallic fluorides within a certain F, pressure range. Consequently, Egs. (1) and (2) are
the principal reactions of concern from the standpoint of the beneficial fluorine effect. This also
shows that at least two AIF molecules are required to react with each other to form AL,Oj.
Therefore, adsorption and nucleation on a surface are favored, because a direct reaction by gas
collision is not likely.

With these assumptions kept in mind, thermodynamic calculations are useful to determine the
min

minimum partial pressure of fluorine, gi“, necessary in reaction (1) to obtain P}r. The results
from those calculations are presented in Table 1.

T/ °C kp(Al,03)/g*/cm?s PRinbar PR /bar

700 1x10°%° 43 x 10710 8.6 x 10°1°
800 5x107 3.0x 1077 6.0 x 1077
900 5x107" 1.0 x 1078 5.0 x 1077
1000 1x107"2 1.6 x 1078 32x1078
1100 8 x 10712 45x1078 9.0x 1078

The k(ALLOs) values were obtained from the literature [19].

Table 1. Calculated minimum partial pressures of gaseous AIF and resulting pressures of F, which are necessary to
sustain parabolic Al,O3 growth after 60 s of oxidation.
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As indicated by Eq. (1), it is required that fluorine is somehow present in the surface zone to
react with the aluminum from the alloy to form gaseous Al fluorides. The implanted or
“alloyed” fluorine has to develop a certain activity or partial pressure. Since the thermody-
namic data for the fluorine activity in solid solution is not available, data for the F, partial
pressure which can be calculated are taken into account for the following discussion. The
partial pressure of elemental fluorine, Pp,, can be derived from the following equation:

-AG
Pp, — al exp (ﬁ) a1

where AG is the Gibbs free enthalpy for the formation of F, and ag is the chemical activity of F
in the TiAl substrate. Unfortunately, no data exist for both of these parameters. In addition it
has to be kept in mind that the system is not closed. During high-temperature exposure,
fluorine can be released by outward diffusion of gaseous species without reacting with Al
before a closed alumina scale can block this [18]. Hence, the Py, at the alloy/scale interface can
only be approximated to be within a certain range. However, it will be shown that meaningful
results can be obtained by making such an approximation.

Also, an upper limiting Pg, value for the beneficial fluorine effect (PE,™) has to be approxi-
mated. This approximation is based on the competition of Al and Ti oxide formation. As
discussed earlier, the formation and subsequent growth of the Al,Os-rich scale requires the
adsorption of the aluminum fluoride species onto the surfaces of pores and micro-cracks
within the oxide. The extent of aluminum adsorption would be expected to increase with an
increase in the summed partial pressure of the reactive Al fluoride species, ) Paipy, up to the
point where the rate of aluminum supply is sufficient to sustain parabolic Al,O; growth
kinetics, i.e.,, when Y Pajp, = PZA,pxmin. Beyond this point the rate of Al,O; growth would be
solid-state diffusion controlled and therefore independent of Pajrc. The extent of titanium
adsorption and subsequent TiO, growth would be equally expected to increase with increas-
ing partial pressure of the volatile Ti halide species, } Prix,- However, the rate of TiO, growth
is significantly greater than that of Al,O; [21]. Therefore, if it is assumed that the probability
for oxidation is the same for all chemisorbed species and that non-protective inner-scale
formation occurs when the rate of TiO, growth exceeds that of Al,Os;; then, it can be
approximated that the beneficial fluorine effect can only occur if }Prip, < }Px Alﬂ_mi“ (stoichi-
ometry and molar volume of the oxides are being neglected in this approximation since no
significant changes in the results would occur). As will be shown in the following, this
essentially equates to PE™ being set by Prips = min When Py, > PR, the predominance of
aluminum oxidation is not possible, and the formation of a non-protective TiO,-Al,O3 or
TiO,-rich scale occurs instead.

Pg;i“ and PE™ can be obtained from thermodynamic calculations. The main aim of the thermo-
dynamic calculations is to quantify the Px, “corridor” (and by this the level of the necessary
halogen reservoir) in which the beneficial halogen effect can operate. The potential reactions
considered in these calculations are given in the following for fluorine. The calculations were
conducted using the thermodynamic software packages ChemSage and FactSage [22].
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Apart from the formation and oxidation of AlF ) given by reactions (1) and (2), the following
reactions must also be considered because their enthalpy is negative:

Algial + F2 — AlFy), AG = —6.64 x 10° (12)
Alfmial + 1.5 F, — AlF3), AG = —1.14 x 10° (13)
Tirrial + 0.5 F, — TiF g, AG = —1.92 x 10° (14)
Tirrial + Fa — TiFa(); AG = —6.57 x 10° (15)
Tifrial + 1.5 F2 — TiFs); AG = —1.11 x 10° (16)
Tirria + 2 Fa — TiFyq); AG = —1.41 x 10° 17)

2 TiF(g) +2 Oy — 2 TiOys) + F2; AG = —1.09 x 10° (18)
TiFy(g) + 02 — TiOy() + F2; AG = —7.93 x 10* (19)

Unlike other halogens [19], the enthalpies of the oxidation of the fluorides with a high oxygen
state of the cation are positive for both metals Al and Ti:

4 AlF3) 43 Oy — 2 ALOs(g) + 6 Fo AG = +1.94 x 10° (20)
4 AlFyg) +3 Oy — 2 ALOs(g) +4 Fo; AG = +3.66 x 10* (1)
TiFsg) + O, — TiOy) + 1.5 F; AG = +3.76 x 10° (22)
TiFy(g) + Oz — TiOy) + 2 Fp) AG = +6.79 x 10° (23)

From the enthalpies of the reactions (10), (18), and (19), it can be concluded that only AIF leads
to the fluorine effect, i.e., there is no thermodynamic driving force for the oxidation of the
stable molecules AlF, or AlF;. As a consequence of this, all the thermodynamic calculations for

Xliany and Pyy% are based on the assumption that ALO; growth is sustained only via AIF
transport. The maximum pressure Py,™ is reached if the titanium fluorides start to get relevant,
i.e., Prir, equals PTIn  In Figure 4 the pressures of the gaseous fluorides at 900°C are presented.
It can be clearly seen that AlF g is the predominant species.

In the envisaged temperature range above 700°C where oxidation protection of TiAl compo-
nents is needed, a positive fluorine effect is established (Figure 5). The corridor for the
so-called fluorine effect widens with increasing temperature and spans several orders of
magnitude of the fluorine pressure. The values for ng“ rise steadily with increasing tempera-
ture, while for Pp™ a type of plateau is reached at about 1000°C. The values of PE™ at 900 and

1100°C are slightly lower than the one at 1000°C. The limits for the other halogens are similar
(see Appendix Figures Al, A2, A3).
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Figure 4. Calculated partial pressures of the gaseous metal fluorides versus elemental fluorine partial pressure at 900°C.
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Figure 5. Py, limits of the fluorine effect.

Furthermore, evaporation of stable titanium fluorides during heating up has to be considered
(s. Table 2) because the higher-valence titanium fluorides are very stable and do not show
much tendency to form titanium oxide (see reactions (20) and (21)). This leads to a fluorine loss
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Temperature/°C p(TiF,)/bar
100 510 x 107°
200 3.08 x 1072
300 1.70 x 107°
400 8.40 x 10°°
500 6.36 x 107°
600 1.20 x 1071°

Table 2. Calculated partial pressures of TiFy, during heating up.

which has to be overcome by an “over-doping.” On the other hand, this can have a certain
buffering effect if too much fluorine is applied locally.

The calculations and consideration confirm the positive fluorine effect if the oxidation temper-
ature is sufficiently high, the heating-up period is kept short, and if an overdose of fluorine
(but not so high to induce corrosion) is applied in order to account for fluorine losses during
heating to oxidation temperature.

3. Fluorination

The positive results of the optimized F-BLI* shown in Figure 1 were achieved during isother-
mal exposure at 900°C in air. For the technical use of TiAl components, protection under
thermocyclic conditions for much longer exposure times is an obligatory requirement. Addi-
tionally, different fluorination techniques had to be developed because beamline implantation
can only be used for laboratory-scale samples with flat surfaces and not for technical compo-
nents with complex structures, e.g., turbo charger rotors. Therefore, several attempts have
been undertaken to apply a fluorine treatment which is independent of any sample geometry.
First, a liquid-phase treatment by dipping in aqueous HF . was utilized [23]. The concentra-
tion of the acid, the temperature, and the dipping time had to be adjusted. The concentration is
very relevant because the etching of the metallic surface must be limited. After optimization
the best results were achieved by the following set of parameters, dipping in 0.1 mol% HF ,q
for 2 h at room temperature (RT) which can be seen in Figure 6.

A second liquid-phase treatment was performed by spraying halogen-containing polymers
uniformly over the whole surface of different TiAl samples at RT and simple drying in air
afterward. Depending on the polymer and it's amount used, a mass loss is observed after the
beginning of oxidation which levels off to alumina kinetics during further exposure (Figure 7).
This mass loss is caused by the decomposition of the polymer and evaporation of the organic
residues. The released fluorine reacts with the metal surface, thus activating the fluorine effect.
Samples of the technical second-generation alloy y-MET (Ti-46.5A1-4(Cr, Nb, Ta, B)) were
exposed thermocyclically at 900°C in air. The samples were placed in the hot furnace, kept at
temperature for 24 h, removed from the hot furnace, cooled to RT within about 15 min,
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Figure 6. SEM/BSE image of a TiAl specimen treated with 0.1 mol% HF for 2 h at RT and oxidized for 100 h at 900°C in
air.
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Figure 7. Mass change data of three TiAl specimens exposed thermocyclically at 900°C in air. One sample is untreated,
and the two other samples are liquid-phase F-treated.

weighed, and put back into the hot furnace after 1 hour, thus resulting a 25 h cycle test. The
untreated sample reveals a mass gain which is interrupted several times by minor mass losses
due to spallation of parts of the oxide scale. Spallation can occur if the stresses caused by the
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CTE mismatch between ceramic oxide and metallic substrate exceed a certain level. The final
mass gain after 50 days of exposure (= 1200 h) is about 8 mg/cm?. The mass change behavior of
the two treated specimens is characterized by a mass loss during the first day of exposure due
to evaporation of the organic residues of the polymer. Depending on the polymer, this mass
loss can vary between 1 and almost 40 mg/cm®. After this mass loss, a very slow-growing scale
and absolutely no spallation of any parts of the scale were observed. The mass gain during the
49 remaining days of exposure was less than 2 mg/cm? for both F-polymer-treated samples.

Besides the described liquid-phase treatments, fluorination via the gas-phase directly at elevated
temperatures has also been proven to be successful. The first attempt has been made by the
decomposition of solid fluorine-containing polymers. TiAl samples were placed in a hot furnace
together with small amounts of a solid fluorine-containing polymer. During the initial hours of
exposure, the polymer decomposes and fluorine is released. The fluorine reacts with the speci-
men to allow the fluorine effect to operate. The whole process is performed under laboratory air.
No protective gas is needed. In Figure 8 results of the same thermocyclic 25 h cycle test are
presented. The F-treated sample showed a pronounced mass gain during the first day due to
uptake of fluorine and oxygen, but during the second day, the mass gain rate has dropped, and
the total mass gain during the next 49 days of exposure stayed below 1 mg/cm?.

Beamline ion implantation (BLI?) cannot provide total protection for technical TiAl compounds.
Therefore, a different implantation technique has to be used. The plasma immersion ion implan-
tation (PI°) allows implantation of specimens with more complex geometries [24]. During this
treatment the samples are placed in a vacuum chamber and a negative charge is applied. The
fluorine-containing gas is led into the chamber and the plasma is ignited. Due to the high voltage,
the fluorine cations are accelerated to the surface of the specimen so that this is implanted

—@— 1o halogen
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N W A O N @ O

Mass change [mg/cm?]
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o

Time at temperature [Days]

Figure 8. Mass change data of two TiAl specimens exposed thermocyclically at 900°C in air. One sample is untreated and
the second is gas-phase F-treated.
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Figure 9. Mass change data of an untreated and four F-PI’-treated TiAl specimens exposed thermocyclically at 900°C in
air.

completely. Elemental F; gas or other fluorine-containing gases such as CH,F, can be used. After
optimization of this technique, thermocyclic long-term oxidation protection of TiAl samples for
4800 h at 900°C in air was achieved (Figure 9). Only the sample named PI>-d showed slow-
growing alumina kinetics over the whole period of exposure (200 days = 4800 h), while the three
other F-PI° implanted specimens revealed at better behavior than the untreated sample, but
further optimization was needed. Their mass gains are higher than the one of the sample PI>-d,
and some mass losses due to partial spallation of the oxide scale can be seen even leading to a
final negative mass change value of the sample PI’-c after 150 days of exposure. It can be said
that the process was finally optimized to result in stable oxidation protection of TiAl specimens.

An evaluation of the mass changes of several samples after each day during thermocyclic
exposure can be seen in Figure 10. The differences of the masses of the specimens treated with
fluorine by different techniques are almost zero from day 2 of exposure to the end, while the
untreated sample reveals a much larger scatter. During the first days of exposure, the differ-
ence gets smaller. The observable mass losses were caused by spallation. The higher mass
gains directly afterward were due to formation of a new mixed oxide scale at the spalled areas.
Even during the last days of exposure, the variation of the mass of the untreated sample is
always higher than the ones of the F-treated specimens.

3.1. Long-term protection

The 24 h cycle test was prolonged for 1 year, i.e., 365 days (= 8760 h), to investigate the long-
term stability of the fluorine effect. In Figure 11 the mass change data of the exposed samples
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Figure 10. Mass change between each day of an untreated and three different F-treated TiAl specimens exposed
thermocyclically at 900°C in air for 50 days.
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Figure 11. Mass change data of an untreated and four different F-treated specimens exposed thermocyclically at 900°C in
air.

are depicted. The F-BLI* implanted sample had a negative mass change at the end of the test.
This was caused by spallation of parts of the oxide at areas of the specimen where a mixed
scale has formed. This sample was not protected at the edges due the limitation of the BLI*
process so that ordinary mixed scale formation took place at these spots. During the fast
cooling to RT, parts of this mixed scale spalled off. The other three F-treated specimens did
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not show any tendency to spallation. The mass gain was slow and steady. The reasons for the
mass loss of the sprayed specimen and the mass gain of the gas-phase-treated specimen after
the first day are described above. The PI° also provides total coverage. The F-treated samples
do not show any weakness in the protective fluorine effect. This effect is expected to the last
much longer. Post-experimental investigations illustrate the nature of the scales formed during
exposure. The appearance of the specimens reflects their mass change data. The untreated
sample is covered with a yellowish scale which has partly spalled (Figure 12a). The edges of
the F-BLI? sample are covered with a yellow/brown mixed scale, while the faces are gray,
which indicates the protective alumina layer (Figure 12b). The faces were implanted, but the
edges could not be treated due to the limits of the beam process. The PI° process on the other
hand is also capable of implanting the edges; hence, the sample appears totally gray
(Figure 12c). The sprayed sample looks white (Figure 12d). This is caused by the residues of
the spray which were oxidized above the protective alumina layer. This will be subsequently
shown in detail in the metallographic cross sections.

The metallographic cross sections reveal the nature of the oxide scales. The light optical
microscope (LOM) images show the differences of the scales formed during oxidation on the
surfaces of the exposed samples. The mixed scale on the untreated sample after 50 days of
exposure is roughly 100 um thick and exhibits a lot of cracks (Figure 13a). The mixed scale
consists of an outer rutile layer, followed by an alumina layer and a mixed oxide nitride scale

Figure 12. Optical appearance of the exposed TiAl samples after thermocyclic oxidation at 900°C in air: (a) untreated
sample after 50 days, (b) F-BLI?, () F-PI®, and (d) F-sprayed all three after 365 days.
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above the substrate. The LOM images of the treated specimens indicate the thin layers where
the fluorine effect had functioned (Figure 13b-d).Accelerated oxidation occurred at the
unimplanted edges of the F-BLI* sample (Figure 14a, b). The metallic cross section is reduced
due to spallation and renewed oxidation (Figure 14 a). The transition of the thick mixed scale
to the areas with the thin alumina layer can be seen. Here, the fluorine effect via the BLIZ is still
working. The mixed scale is undulated and roughly 50-100 um thick (Figure 14b).

Scanning electron microscopic investigations coupled with energy dispersive X-ray spectros-
copy (SEM/EDX) provide a better grasp of the microstructure and composition of the scales.
The images of the F-treated specimens look similar; hence, only one sample is presented here.
The F-spayed sample is covered with a thin protective alumina layer on all faces (Figure 15a).
This layer is approximately 2-3 um thick (Figure 15b). Underneath this layer some fluorine
was detected locally in some spots at the metal/oxide interface (Figure 16a). This was proven
by EDX (Figure 16b). The scale is very thin (1-2 um), thus Ni from the Ni plating and Ti, Cr,
and Nb from the substrate were detected next to Al, O, and F from the scale.

Electron probe microanalysis (EPMA) provides the elemental distributions within the scales.
Fluorine was found at two spots underneath the thin alumina layer (Figure 17a). The oxide
layer consists predominantly of Al and O (Figure 17b, c) with some titanium oxide on the outer
surface (Figure 17d), which was formed during the incubation period. The metallic subsurface

At T — -
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TiAl substrate

TiAl substrate

Ni-platin
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e L e T
k4 ™
AlLO,
TiAl substrate Al;03
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Figure 13. LOM images of the exposed TiAl samples after thermocyclic oxidation at 900°C in air: (a) untreated sample
after 50 days, (b) F-BLI?, (c) F-PI°, and (d) F-sprayed all three after 365 days.
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Figure 14. LOM images of the exposed F-BLI* sample after thermocyclic oxidation at 900°C for 365 days in air: (a) over-
view and (b) detailed image of the mixed scale.

Figure 15. SEM images of the F-sprayed sample after thermocyclic oxidation at 900°C for 365 days in air: (a) overview of
an edge and (b) detailed image of the thin alumina layer.

Element Wt % At %

O K 15.52 31.04
FK 17.83 23 .88

RIK 29.81 28.11
NbL 1.16 0D.32
TiK 28.74 15.27
CrK 1.89 0.92
NiK 1.07 0.46

Total 100.00 100.00
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Figure 16. SEM/BSE image (a) and EDX spectrum (b) of the F-BLI? sample after thermocyclic oxidation at 900°C for
365 days in air.
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F — 10 um o — 10 um

Figure 17. EPMA elemental distribution images of F (a), O (b), Al (c), and Ti (d) of the F-PP® sample after thermocyclic
oxidation at 900°C for 365 days in air.

zone is depleted in Al due to alumina formation via the fluorine effect. This can be seen in the
elemental distributions (Figure 17¢,d), while it is hard to see this feature in the corresponding
SEM/BSE image (Figure 18). The additional elements such as Nb or Cr are enriched in pre-
cipitates also in the subsurface zone. Those can be correlated to the bright spots in Figure 18.
The fluorine spots underneath the alumina layer can be seen in this figure, too.

3.2. TiAl components

Turbocharger rotors as examples for technical TiAl components have been tested as well. The
components were used in the as-received state. Fluorination was performed by spraying. The
samples were exposed at 1050°C for up to 1200 h in laboratory air. In every 100 h the samples
were taken out of the hot furnace cooled to RT outside the furnace, images were made, and

Ni-plating

AceV SpotMagn Det WD Exp }——— 5um
200 kv 38 5000x BSE 108 37 F398_609

Figure 18. Corresponding SEM/BSE image of the F-PI° sample after thermocyclic oxidation at 900°C for 365 days in air.
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Figure 19. Macroscopic images of an untreated turbocharger rotor before (a), after 100 h (b), and 1200 h (c) of oxidation at
1050°C in laboratory air.

after 1 hour, the samples were put back in the hot furnace. The untreated specimens show
severe spallation of the oxide scale (Figures 19, 20b—c). This happened during each cooling
down very shortly after removing from the furnace, while the sample was still hot. The load-
bearing cross section of the blades is reduced due to this attack. Exposure at 1050°C can even
lead to the total destruction of the component only by oxidation itself if the material is more
sensitive to oxidation, i.e., due to changes in the chemical composition (Figure 20a—c). In
contrast the fluorine treatment protected the rotors for the whole period of exposure. The
treated samples only change color. The shown sample appears yellowish after 100 h and only
became a bit darker (Figure 21a—c). No sign of any spallation is visible.

Figure 20. Macroscopic images of the second untreated TiAl rotor with a different chemical composition before (a), after
100 h (b), and totally destroyed after 1200 h (c) of oxidation at 1050°C in laboratory air.

Figure 21. Macroscopic images of an F-treated turbocharger rotor after spraying (a), after 100 h (b), and 1200 h (c) of
oxidation at 1050°C in laboratory air.

91



92

Intermetallic Compounds - Formation and Applications

4. Conclusions

The results show the remarkable effect of several optimized fluorine treatments by improving
the oxidation resistance of TiAl alloys. The oxidation mechanism of the TiAl alloys is changed
from non-protective mixed scale formation to alumina formation via the halogen effect if a
defined amount of halogen is applied at the surface. Fluorine is the best doping element. Its
effect lasts as long as 1 year under thermocyclic conditions without any signs of weakness, e.g.,
spallation. If only oxidation is taken into account, the temperature capability of TiAl alloys can
be raised up to at least 1050°C. The fluorine content has to reach a certain minimum level to
obtain the effect to operate, but an upper level must not be exceeded. Otherwise, negative
fluorine corrosion occurs which would lead to accelerated oxidation. After optimized fluorine
treatment, i.e., PI°; liquid-phase treatment, e.g., by spraying; or a gas-phase treatment, total
coverage of the surface can be achieved. With such a treatment, the use of TiAl components at
elevated temperatures could be possible with all the advantages of this lightweight material
regarding the efficiency of, e.g., jet engines or automotive engines.
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