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Highlights

e The RS technique was used in the preparation of TiAl based alloys.

e The effect of Cr, Mn and Mo alloying elements on the cyclic hot corrosion behaviors
of TiAl based intermetallics is investigated.

e Crand Mn are found to be beneficial to the corrosion resistance.

e Mo addition was detrimental for hot corrosion resistance of the TiAl based
intermetallics due to the alloy-induced acidic fluxing.

¢ NaCl-containing salt mixture caused severe degradation in the samples due to the self-

sustaining reaction mechanism.

Abstract

The cyclic hot corrosion behaviors of TiAl based intermetallics were studied in two different
molten salts consisting of % wt. Na2SO4-25NaCl and Na2S04-25K2S04 at 800 and 900°C for
180h, respectively. The aim of the study is to elucidate the effect of alloying elements on hot
corrosion phenomena in the corrosive molten salt mixture. Corrosion kinetics revealed the
Mo-added samples exhibit poor corrosion resistance in both corrosive salt mixture. It has been
found that the NaCl-containing salt mixture clearly influence the extent of degradation due to

the self-sustaining reaction mechanism.
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1. Introduction

Components of gas turbine engines (like turbine blades, disks, stator blades, guide vanes and
rotors) used in aerospace, marine and industrial applications must be able to withstand many
harsh conditions, including cyclic stresses in oxidizing and/or corrosive environments during
operation at elevated temperatures [1-3]. Extensive studies have carried out on the reduction
of NOx emission gases and low fuel consumption to provide higher efficiency of gas turbine
engines. This can be achieved in two ways: the first one is increasing the combustion
temperature and pressure in the gas turbine, and the second one is applying developments in
cooling systems. However, higher service temperatures expose components to high-
temperature corrosion and thus considerably decrease their service life [4]. The y-TiAl based
intermetallic compounds have drawn attention materials for high-temperature applications due
to a combination of superior features such as high melting point, lower density, adequate high
specific strength and elastic modulus as well as good oxidation and corrosion resistance [5-9].
The efforts to develop titanium aluminides have led the use of these aluminides as low-
pressure turbine (LPT) blades in GEnx ™ 1B (Boeing 787) and the GEnx ™ 2B (Boeing 747-
8) engines [10,11]. Furthermore, y-TiAl based intermetallics are lighter than nickel-based
superalloys and offer the opportunity of weight-saving up to 50% for the hot sections of the
gas turbine, resulting in engine weight reduction, performance enhancement and reduction of

the centrifugal force applied to the turbine disk [11-13].

During the combustion of a gas turbine engine, the hot section components can expose to an
aggressive form of corrosion related to the presence of condensing various salts (e.g.,
Na2S04, Kz2S04, NaCl, V20s) on the external surface of components or oxide scales. This
type of corrosion, causing the degradation of materials, is called hot corrosion [1,4,6,14]. The
deposition of fused salts results from infiltrated air and residual fuels in gas turbine engines
[15]. The high concentrations of sulfur (wt.% 4), sodium (wt.% 0.01) and vanadium (0.05
wt.%) are the results of low-quality fuel. These impurities and the chlorine from ingested air
react with the oxygen surrounding the hot-section region (combustion chambers and turbine
blades) and form mostly volatile oxides such as SOz, SOs, NaOH, NaO, Na:0O, VO(OH)s,
V205 and V204. The mentioned compounds condense at the temperatures range from 500 to
900°C to form molten salt deposits [16].



There are various processing techniques to produce TiAl alloys, such as vacuum arc melting
[17,18], hot isostatic pressing [19] and hot press sintering [20]. However, the manufacturing
costs are high due to the several problems in casting processes, as an example, considerable
effort has been devoted to minimizing the composition segregation and texture during
solidification [21]. Besides, the TiAl alloys have a low castability, large solidification
shrinkage rate and high chemical reactivity, resulting in misrun defects on the surface,
porosity and crack [22]. The above considerations have restricted the applications of these
alloys in the industrial area. Therefore, scientists and engineers are faced with the fact of
finding alternative processes to conventional methods to produce TiAl based alloys. It was
reported that the coarse lamellar structures and segregation faced by the casting alloys could
be prevented by using the powder metallurgy route with rapid solidification [23]. The
resistance sintering (RS) technique has been attracted attention as a new powder metallurgy
approach for producing intermetallics, ceramics and composites materials. The RS process is
regarded as an ever-growing and effective producing technology. The most significant
property of the RS is that the powder or green compact are heated by the Joule effect and thus,
the materials can be synthesized uniformly and rapidly. As a result, materials with high dense

and fine microstructure can be achieved in very short processing time [6,24,25].

TiAl alloys inevitably suffer severe hot corrosion in the actual environment. That is to say, it
is important to investigate the corrosion resistance of TiAl in the molten salt environments.
However, very little amount of research has been focused on the hot corrosion behavior of
TiAl and reported in the literature. In view of this, the present study was undertaken. Thus,
the aim of this study is to investigate cyclic hot corrosion behavior of TiAl based
intermetallics produced by RS technique in two different molten salts consisting of wt.%
Na2S04-25K2S04 and Na2SO4-25NaCl.

2. Experimental procedure
2.1. Sample preparation

Titanium aluminides used in this study have the nominal composition of (at.%) Ti-48Al, Ti-
48Al-2Cr, Ti-48Al-2Mn, Ti-48Al-2Cr-2Mo and Ti48Al-2Mn-2Mo were prepared by RS
technique. The elemental materials used in the present study were titanium (purity 99.5 %, 40
um), aluminum (purity 99.5 %, 7-15 pm), chromium (purity 99.2 %, 10 um), molybdenum
(purity 99.55 %, 3-7um) and manganese (purity 99.6 %, 10 um).



All elemental powders were provided by Alfa Aesar company. Prior to the RS process, the
powders were weighed according to the nominal compositions and then blended into a
mechanical mixer for 4 hours to obtain a homogenous powder mixture. The mechanical mixer
parameters are as follows; ball-to-powder weight ratio (BPR) was 8:1 and the rotation speed
was 210 r/min. The mixed powders of 5 g were inserted into a steel die with an inner diameter
of 20 mm. A uniaxial mechanical load of 100 MPa for 1 min. was applied to compact the
mixed powders in the die. Afterwards, the compacted powders placed between two counter-
sliding punches were synthesized at 4800 amperes and 60 MPa for 35 minutes by RS in air.
The electric current applied simultaneously with a uniaxial mechanical load was maintained at
the set value throughout RS process. After the sintering, the sintered sample in the die was got
using a uniaxial load and then air-cooled to ambient temperature. Finally, the sintered sample
with dimensions of @ 20 mm x 5 mm was obtained. The sintering current profile and pressure

conditions of RS process are shown in Fig. 1.
Figure 1
2.2. Hot corrosion test

Before the hot corrosion test, the original surface area of each samples were identified using
the Solidworks and then weighed by an electronic scales with an accuracy of 102 mg. In this
study, wt.% Na2S04-25K2SO0s and Na2SO4-25NaCl salt mixtures were used to simulate
conditions similar to the actual environment as it is a eutectic composition, having melting
points about 825 and 630°C, respectively. These conditions in combination with cyclic
heating would provide that the salt melts and occurs a severe corrosion medium for
interaction with the alloy. The samples were immersed completely in an alumina crucible
with the same amount of mixed salts during the whole corrosion process. A separate alumina
crucible was used for each sample during the hot corrosion test. These crucibles prior to
carrying out of the experiment were heated at 950°C for 1 h so as to remove moisture from
the crucibles. The hot corrosion testing was carried out in an electric resistance furnace at 800
and 900°C (depends on the salt composition) for 180 h and 15 cycles. A cycle involves
heating the samples to the test temperature and holding them in the furnace for 12 h. At the
end of the cycle, the samples were removed from the furnace and then air cooled in room
temperature. After being cooled, they were washed in distilled water at 100°C for 10 min to
remove residual salts on the surfaces and then dried by using air flow. Afterwards, the
samples were again weighed to evaluate the corrosion kinetic. To ensure the accuracy of the

experiment, each sample was weighed four times at one cycle and the results were averaged



to obtain the effective weight change values. The deviation of each measurement was found to
be within 8% error range. For the next cycle, the samples were re-buried in the crucibles
consisting the same amount of salt and composition. This procedure was reapplied for each

HC cycle.
2.3. Characterization

In order to perform the SEM studies, the sintered samples were gradually grounded by SiC
papers up to 1200 and subsequently polished using 1 um diamond particles. The samples were
etched by a Kroll reagent: 3 vol. % HF, 5 vol. % HNOs, 92 vol. % distilled water.

X-ray diffraction analysis (Rigaku, D/MAX-B/2200/PC) was employed to identify the phase
constitution of the samples and corrosion products using diffractometer with Cu Ka radiation
and operated at 20 kV. The XRD data scanning angle 26 range from 20° to 90° with a step
size of 0.02°. The initial microstructures of the samples, the surface morphology and the
cross-sectional microstructure of the corroded samples were observed by a scanning electron
microscopy (SEM, JEOL JSM-6060, LV). Chemical compositions of the present phases were
examined by energy-dispersive spectroscopy (EDS, IXRF 5000). The relative densities of the
samples were calculated by Archimedes’ principle, based on the immersion technique in
distilled water. The microhardness of the samples was determined using Vickers diamond
indenter. For each samples, 4 measurements were conducted using the application of a load

of 200 g for dwell time of 10 secs. and measurements were averaged.
3. Results
3.1. Characterization of the RSed intermetallics

Titanium and aluminium may react during the sintering in the following manner [26]:
Ti + 3Al = TiAl3 (2)
4TI+ TiAlz = 2TiAl + TizAl (3)

In the first stage, Al and Ti react to form TiAls which is an intermediate phase, under the
melting point of Al (~600°C). It was reported that the free energy of TiAls is the lowest in
comparison to TisAl and TiAl phases in all temperatures. It is thus expected that the first
product to be developed will be TiAls phase during sintering. Besides, since the diffusion rate
of Al in TiAls phase is higher compared to other phases, it is more stable at low temperatures
[26]. Additionally, melting of aluminum during sintering leads to an increase in its diffusion



rate [27]. In the second stage (Eq. 3), TiAl and TisAl phases are formed by the interaction of

TisAl and Ti (remaining) at high temperatures.

The generation of TiAl and TisAl phases in accordance with the Egs. (2 and 3) was supported
by XRD patterns (Fig. 2). This indicates that the electric current applied during the RS
promotes the phase formation process in the Ti-Al system. The TiAls which is an intermediate
phase was not found in the XRD patterns, showing that the applied electric current and
sintering time were adequate. Tamburini et al. [28] studied the effect of the current on the
growth kinetics of the product phase in the Mo-Si system and found that a remarkable

promotion in the rate of growth during applying the electric current.

Figure 2

According to XRD results (Fig. 2), the intermetallics consisted of a2-TisAl and y-TiAl phases.
For many years, the researchers have focused on TiAl alloys with two-phase (y-TiAl/az-
TisAl). The reason is that the two mentioned phases alloy exhibit desirable mechanical
features [8]. Figure 2 shows that phase components of intermetallics were not changed by the
added alloying elements. The SEM images of the RSed samples are presented in Fig. 3. The

EDS analysis results (at.%) of spots shown in Fig. 3 are presented in Table 1.

Figure 3

Figure 3 shows that the microstructures of Ti-48Al, Ti-48Al-2Cr and Ti-48Al-2Mn samples
were composed of two different phase areas as gray tone and dark-gray tone. It was observed
that a bright phase in addition to TiAl and TisAl phases in the Mo-added samples. When
considering the results of EDS analysis in Table 1, the gray phase (spots 1,3,7,8,12) was
found to be an a2-TisAl phase, the dark-gray phase (spots 2,4,6,9,11) was found to be a y-TiAl
phase and the bright phase (spots 5 and 10) was found to be Mo-rich y-TiAl phase.

Table 1

The densities of the samples calculated according to the Archimedes’ principle and presented
in Table 2. Since the chemical composition changes the density of alloy, the densities of y-
TiAl and a2-TisAl are between 3.7-3.9 and 4.1-4.7 g/cm?®, respectively [29]. As can be seen in
Fig. 3, the samples were made up of y-TiAl and a2-TisAl phases. It is thus expected that the
experimental densities were also to be in the range of the density values of the mentioned two
phases. It can be noticed that the relative densities of Mo-free samples were higher in

comparison to other samples. One of the main reasons for the use of RS is to avoid grain



growth in the final microstructure of alloys because rapid heating is an effective way of

improving densification while simultaneously suppressing grain growth.

In a study done by Xu et al. [30], the alternating current-assisted sintering (ACS) and
conventional pressureless sintering (PS) methods were used to prepare Al2Os ceramics. The
authors showed that the density of the ACSed sample was 3.81 g/cm? at 1400°C for dwelling
time of 5 min, while the density of the PSed sample was 3.77 g/cm? at 1500°C for dwelling
time of 1 h. In addition, the flexural strength of the ACSed sample was more than 50% higher
than that of the PSed sample. They proposed that the mechanical pressure and high heating
rate applied in the ACS method play a crucial role in decreasing the sintering temperature and

enhancing the densification process.

Table 2

When the powder metallurgy technique is used to prepare TiAl alloys, the Kirkendall effect
occurs during sintering since there is a great difference between the Al and Ti diffusion rate.
When the sintering pressure is not used during process, surface cracking and swelling may
take place in the alloy as a result of the generation of Kirkendall pores [31]. However, it was
not observed that the surface cracking or swelling due to the fact that in the used method in
this study sintering pressure and electric current are applied simultaneously. Table 3 showed
the microhardness values of the samples. It can be seen that Cr, Mn and Mo alloying elements
give rise to a small increase in the hardness. These obtained results are consistent with those
reported by other authors [32,33].

Table 3

3.2. Hot corrosion behavior

Hot corrosion kinetics of the samples in the different molten salt mixture are presented in Fig.
4. The weight change per unit area was calculated by dividing the weight difference of the
samples weighed before and after corrosion (m2-mz) with the surface area of the sample. The
hot corrosion kinetics of the samples were determined by the following equation:

_ (mp-my)
AW = — (4)

where AW presents the weight change per unit area (mg/cm?), m1 presents the initial weight
(mg), m2 present the weight after each cycle (mg), and A presents the total surface area of the

sample (cm?).



In case of wt. % Na2S0s-25K2SO4 molten salt medium, weight gain were observed in all
samples at the first 12 hours of the corrosion process. Especially, after the first cycle, a large
weight gain (21 mg/cm?) was recorded in the Ti-48Al. It suggests that the corrosion process is
controlled by the formation of corrosion products at this stage. Subsequently, the weight
losses of studied samples increase with increasing the exposure time, indicating that the
corrosion products are volatile or spall off. The Ti-48Al-2Mn and Ti-48Al-2Mn-2Mo samples
experienced similar corrosion behavior resulting in the weight change of 2.4 and 2.7 mg/cm?
until 48 h, respectively. After 48 h of exposure, Ti-48Al-2Mn-2Mo showed weight loss until
84th hours and then slightly gains weight, while Ti-48Al-2Mn showed positive weight
changes until 144th hours followed by weight loss until the end of the corrosion experiment.
After 108 h of exposure, Ti-48Al-2Cr and Ti-48Al-2Cr-2Mo samples have nearly similar
corrosion Kinetics and their final weight changes were about -6.3 and -13.5 mg/cm?,

respectively.
Figure 4

As far as the wt. % Na2SO4-25NaCl salt mixture is concerned, the highest weight losses
occurred in the samples when NaCl was introduced into the medium. Thus, the weight change
rate of Ti-48Al was -10.5 mg/cm? in the medium without NaCl, while its weight change rate
was -33.4 mg/cm? in the medium with NaCl. This means that sodium chloride is much more
corrosive than potassium sulfate. The weight changes of the Ti-48Al, Ti-48Al-2Cr and Ti-
48Al-2Mn samples increased slowly at first and then gradually decreased at the end of the hot
corrosion process. As for the Ti-48Al-2Cr-2Mo and Ti-48Al-2Mn-2Mo, the samples
consistently showed weight loss up to 180 hours without an evident initiation stage. The Mo-
added samples behaved similarly in terms of corrosion resistance, but Ti-48Al-2Cr-2Mo lost
more weight during the later stage, indicating that the Mn was a more beneficial ternary
element compared to Cr. After 180 h of exposure, overall weight changes of the Ti-48Al-
2Mn-2Mo and Ti-48Al-2Cr-2Mo were about -43 and -54 mg/cm?, respectively. It is important
to mention that Mo-added samples experienced more weight loss compared to the other
samples in both molten salt mixture. The specific reasons for the weight loss in Mo-added
samples will be explained in the discussion section. In a word, by considering the obtained
data in Fig. 4, the hot corrosion resistance of RS-processed Ti-48Al based intermetallics in
both molten salt mixtures decreases in this order: Ti-48Al-2Mn>Ti-48Al-2Cr>Ti-48AI>Ti-
48Al-2Mn-2Mo>Ti-48Al-2Cr-2Mo.

3.3. Phase composition of hot corrosion products



X-ray diffraction (XRD) analyses were performed to identify the corrosion products formed
on the samples after hot corrosion for 180 hours. The surface XRD analysis results of the hot
corroded samples are shown in Figure 5. It is considered that the phase composition of
corrosion products formed on the surface was affected by temperature and salt chemistry. For
the samples in the mixture of wt. % NaSO4-25K2S04 molten salt, the identified corrosion
products were TiO2, Al203 and NazTisOr after hot corrosion at 900°C for 180 h (Fig. 5a). It
can be clearly discerned that the weak diffraction signals corresponding the TiAl and TisAl
phases were also found in the XRD analyes. It is considered that the mentioned matrix phases

detected due to the exfoliation of the corrosion products.
Figure 5

When the samples were exposed to the mixture of wt. % Na2SOs-25NaCl molten salt at
800°C for 180 h, as can be seen from Fig. 5b, the corrosion products were Naz2TigOz1g,
NasTisO12, TiO, TiO2 and Al20s. Besides, diffraction peaks with lower intensity from NaCl
phase were also observed in the XRD analysis results, showing that a minor amount of
residual existed on the corrosion scale. According to the obtained XRD results, it can be said
that the presence of sodium-titanium oxides can be occurred by the reactions between TiO:

and molten salts. This is consistent with the results reported by Lin et al. [14].
3.4. SEM/EDS analysis of hot corroded samples
3.4.1. Characterization of surface microstructure

The SEM images displaying the surface morphologies of the samples after corrosion in wt. %
Na2S0:-25K2S04 molten salts at 900°C for 180 hours are presented in Fig. 6. Table 4 is the
corresponding chemical composition of the surface analyzed by EDS. It was observed in
Figure 6 that spallation occurred on the scales of the tested samples. The corrosion scale of
the Ti-48Al was porous and also a big crack was observed on the edge of the scale. A higher
magnification of SEM image of the internal surface showed that the scale consisted of a flat
area with dark tones and gray crystals (spots 1 and 2 in Fig. 6). Chemical analysis by EDS
indicated that the flat area has composition corresponding to the alumina-rich and the crystals
consisted of titanium oxides. The titanium oxide grains formed on the surface have a
polyhedral structure. SEM images of the Ti-48Al-2Cr sample show the spherical shaped
craters covered with sharp-edged and round-shaped crystals in some places. The enlarged
SEM image of the scale on the surface reveals that the scale was made up of a dark grey

region (area 3 in Fig. 6) and a light grey region (spot 4 in Fig. 6). The obtained XRD and EDS



analysis results indicated that the compositions of dark grey and light grey regions
corresponded to Al203 and TiO2 phases, respectively. The scale formed on the hot corroded
Ti-48Al-2Mn sample spalled off, as shown in Fig. 6. EDS analysis revealed that the internal
and external surfaces have almost similar chemical compositions. However, the higher
concentration of sodium was found in the external surface compared with the internal surface,
as shown in Table 4. By considering the combination of the XRD and EDS analyses, the scale
consisted of TiO2, Al20s and NazTisO7 phases. The enlarged SEM images of the internal
surface showed titanium oxide grains with a typical pillar-like structure. As far as samples
with Mo addition are concerned, the similar surface morphology was observed in both
samples. Bumpy surfaces and deep pits are clearly visible in the scales SEM image of the
spalled area in the Ti-48Al-2Mn-2Mo sample shows that the oxides of TiO2, Al203 and

NazTisO7 phases are discontinuous.

The Ti-48Al-2Cr-2Mo sample covered with smaller round shaped oxide crystals (area 9 in
Fig. 6) as compared to the Ti-48Al-2Mn-2Mo sample. EDS analysis shows that the dark
region (area 9 in Fig. 6) has a higher content of Na, while the bright region (area 10 in Fig. 6)
has a higher content of Al. It is important to note that the molybdenum could hardly be found
due to the fact that MoOs could be volatilized above 700°C [34], as presented in Table 4. It
can be inferred that the pores caused by volatile MoOs may play a significant role in the
inward diffusion of the molten salt. Therefore, the Mo-added samples undergo severe

degradation in the presence of molten salts.

Figure 6

Table 4

Fig. 7 illustrates the surface morphology of the studied samples after hot corrosion in the wt.
% Na2S04-25NaCl molten salt at 800°C for 180 h and Table 5 corresponds to the EDS
analysis results. Surface morphologies of the samples were rather different from those of the
samples in K2SOs-containing salt mixture. The Ti-48Al sample had a porous scale and many
small pits were found on the surface (Fig. 7). XRD and EDS results (Figure 5b and Table 5)
showed that the scale formed on the surface was composed of titanium oxides, Na-Ti oxides
and alumina. The surface is covered with corrosion products, which seem mud-like at a higher
magnification, with elevated contents of sodium. SEM surface image of the Ti-48Al-2Cr
sample shows that the scale was peeled off from the surface (Fig. 7). It is worth noting that
the large amounts of corrosion products are stacked in layers, resulting in a bumpy surface

morphology. The detailed SEM image of area 4 displays that the surface is mostly covered by



equiaxed oxide grains with polyhedron-shape. According to the EDS analyses, the equiaxed
oxide grains have a composition of 28.3Ti-3.9AI-0.1Cr-64.80-2.4Na-0.2CI-0.3S (at.%). and
Fig. 5b reveals that they are TiO2 phase. SEM image in Fig. 7 shows that the fine rod-like
shaped crystals covered with a relatively smooth layer are found on the Ti-48AIl-2Mn sample.
At the same time, some cracks were observed on the surface. The EDS analyses indicate that
the scale mainly contains Ti, O, Na, Cl and a minor amount of Al. It can be seen that the
severe spallation of corrosion products formed on the Ti-48Al-2Mn-2Mo sample occurred
after exposure to the wt. % Na2SO4-25NaCl deposits for 180 h at 800°C. The enlarged SEM
image of the spalled area in Fig. 7 showed that the surface of the sample was porous and
rough and there were also several pits. As for the Ti-48Al-2Cr-2Mo sample, the presence of
large cracks was observed on the scale of the sample. Internal surface (area 10 in Fig. 7) has a
relatively smooth surface, while the external surface (area 11 in Fig. 7) has an undulating
morphology. It can be considered that excessive weight loss in Mo-added samples (Fig. 4b) is
a sign of the spallation of corrosion products and the formation of cracks.

Figure 7

Figure 7 Continued
Table 5

3.4.2. Cross-sectional analysis

Together with weight change measurement, detection of corrosion products and observation
of surface morphology, the examination of corrosion degradation rate was also performed by
cross-sectional analysis. The cross-section SEM images of the TiAl based samples after hot
corrosion in the mixture of Na2SO4 and K2SO4 melts for 180 h at 900°C can be seen in Fig. 8.
By considering the results of EDS analysis in Table 6, titanium, aluminum, oxygen and a
minor amount of sodium are the main components of the corrosion products. The cross-
sectional microstructures of the samples show that the corrosion scales are mainly composed
of light gray and a mixture of light gray and dark gray. The composition of external layers
(spots 1, 4, 7, 10 and 13 in Fig. 8) corresponded to titanium-rich oxides. Beneath this layer,
the Ti and Al rich oxide layers (areas 2, 6, 8, 11 and 14 in Fig. 8) happen alternately. EDS
analysis reveals that these oxides are TiO2, Al203 and NazTisOv, which is consistent with the
XRD analyses in Fig. 5a. Figure 8 shows that the scales formed on the samples were porous

and loosely adherent to the substrates. In addition, many pits and micro cracks were found in



the scales of all samples. However, it was observed that a crack parallel to the surface in the
scale of Ti-48Al. It is important to highlight that oxygen and molten salt mixture can diffuse
to the substrate due to the fact that the samples have a porous structure. Presence of oxygen
(spots 3, 9, 12 and 15 in Fig. 8) is an indication of internal oxidation occurred in the substrate
and along the grain boundaries. The hot corrosion attack through the grain boundaries are
more than the interior of the grains, indicating that the grain boundaries are more susceptible.
It can be clearly noticed that the Ti-48Al sample undergoes more severe internal oxidation
compared to other samples. At the location close to the substrate (spot 5 in Fig. 8), there was a
bright phase consisting of an aluminum-depleted area. According to Ti-Al binary phase
diagram, the composition of mentioned area corresponds to an az-TisAl phase (at.% Al 22-
39). The TisAl phase is confirmed by XRD analysis in Fig. 5a.

Figure 8

Table 6

The cross-section SEM images of the TiAl based samples after hot corrosion in the mixture of
Na2SO4 and NaCl melts for 180 h at 800°C are shown in Fig. 9. It is worth noting that the
cross-sectional microstructures of the samples are different from the ones in the case of
K2S0s-containing deposit. As can be seen from Fig. 9, large cracks were observed on the
scale of all samples regardless of alloy composition. In particular, the corrosion scales formed
on the Ti-48Al-2Cr, Ti-48Al-2Mn and Ti-48Al-2Mn-2Mo samples tend to part off the
substrate. It is considered that the cyclic test plays a key role to generate cracks due to the
rapid-changing temperature during the cycle. From the EDS analysis listed in Table 7, the
external layer (Spot 1 in Fig. 9) of the scale formed on the Ti-48Al is found to be TiO2 phase.
Interestingly, this TiO2 layer featured a uniform structure such as a coating layer. However,
many cracks parallel to the surface are found beneath this layer. Spots 4, 9, 15 and 20 indicate
the presence of major amount of oxygen, titanium and sodium along with small amount of
aluminium and chlorine thereby suggesting the possibility of formation of sodium-titanium
oxides. XRD analysis results in Fig. 5a revealed that these corrosion products are composed
of NazTigsO19 and Na4TisO12. The chemical composition of the spots 5, 10, 16 and 21 which
lie on the beneath of the outer layer corresponded to titanium-rich oxides. By considering the
EDS analysis (Table 7) in combination with XRD results (Fig. 5a), it is reasonable to infer
that it is TiO2 phase. A bright phase (spot 12 in Fig. 9) with a relatively higher amount of
sodium and chlorine could be seen in the scale. Spots 6, 13, 17 and 22 show the presence of

major amount of oxygen and aluminium along with minor amount of titanium, sodium and



chlorine. The obtained EDS results indicate the formation of alumina, which is consistent with

the XRD analysis in Fig. 5a.

Figure 9

Spots 7 and 18 which lie on the crack show the presence of an elevated amount of oxygen
(at.% 50.4 and 42.9, respectively), while the spots 8 and 19 which lie on the beneath the crack
show the presence of a smaller amount of oxygen (at.% 4.4 and 10.6, respectively). This

indicates that the crack prevents further diffusion of oxygen into the substrate.

Table 7

4. Discussion

In conventional powder sintering, the sample is usually heated by a furnace. In order to obtain
a uniform temperature distribution and microstructural homogeneity, slow heating rates and
long sintering cycles (several hours, even days) are mostly required [35]. In contrast, since an
intense electric current flows directly through the compact during RS process, the heat is
produced within the sample and as a result, very rapid heating rates achieve. Regarding the
main drawbacks of the RS process, they include the difficulty of achieving a uniform heat
distribution inside the compact during operation and the absence of sufficient theoretical
knowledge of the existence of various mechanisms [36]. However, much of the discussion on
electric current assisted manufacturing methods has focused on the enhancement in the
densification of materials. As an example of the effect of current in densification,
Densification experiments by means of spark plasma sintering (SPS) and hot pressing (HP)
have been performed to make a comparison of the densification kinetics of TiAl. Experiments

revealed that the SPS and HP kinetics exhibit no significant differences [37].

It is possible to compare the microstructure of alloys produced by RS with that produced by
other sintering techniques. For example, one method similar to RS can be SPS. Lagos and
Agote [38] sintered Ti-48Al-2Cr-2Nb alloy by using SPS, and it was observed that the
microstructure obtained by RS (Fig. 3) and by SPS are similar. However, the RS technology,
whose cost is lower than spark plasma sintering (SPS), is a viable alternative for producing
TiAl based intermetallics. In another example, Ti-36Al (wt.%) alloy was sintered using the
hot pressing method for two hours at 1300°C and it was reported that the microstructure of the
alloy consists of TiAl phase [39]. Accordingly, the sintering time of the RS process was 35
min (in this study) and for HP was 120 min. The saving of processing time mainly relates to a

shortening of the dwell from 120 to 35 min.



Sodium sulfate and sodium chloride are the main components of salt deposits used to
determine the hot corrosion rates of materials. The results obtained the used scenario in this
study show that the chemical composition of salt deposits has a significant influence on the
hot corrosion resistance of investigated samples. This observation also is in good agreement
with the one reported by other authors for varied compositions of TiAl [17-19]. Godlewska et
al. [40] studied the corrosion behavior of (at.%) Ti-46Al-8Ta alloy contaminated with NaCl,
Na2SO04 and Na2SO4-NaCl deposits at 700 and 800°C, they found the salt deposits have a
detrimental effect on the corrosion behavior of the alloy. In order to demonstrate the extent of
degradation of samples in the salt mixtures, macrophotos of the samples were taken after hot
corrosion tests (Figs. 10 and 11). It is important to note that the NaCl-containing salt mixture
significantly accelerates the degradation of the samples. It is reasonable to conclude that the
composition of the salt is a significant parameter when considering material damage during
hot corrosion. According to many authors, the NaCl behaves much greater corrosive in hot
corrosion tests in comparison with Na2zSO4 and K2SOs substances [19,40-43]. When the
weight changes in samples exposed to both corrosive medium were compared, the NaCl-
containing medium caused the most weight loss (Fig. 4a,b) and severe scale spallation (Figs.
10 and 11). This means that the scales formed in the samples cannot protect the matrix and the
matrix is exposed to further corrosion attacks. When considering the cross-sectional images of
the samples (Figs. 8 and 9), it is important to note that the corrosion scales formed on all
samples in the mixture of wt. % Na2SO4-25NaCl salt are quite thicker than in the experiment
with the mixture of wt. % Na2S0s-25K2SO4 salt. For example, the thickness of the scale on
Ti-48Al sample in a mixture of wt. % NazS04-25NaCl salt was about 634 um, whereas in a
mixture of wt. % Na2S04-25K2S0s salt, the scale on the sample was about 125 pum thick. It
follows from the comparison of the obtained results (visual inspection, weight change curves,
examination of cross-sectional and surface morphologies of samples) that NaCl was the
substance which increased brittleness, weight loss, cracks formation and spallation of
corrosion product. As mentioned in the examination of the cross-sectional microstructure, the

scales on the corroded samples were cracked in the direction parallel to the interface.
Figure 10
Figure 11

The cause for the crack formation can be ascribed to the stress generated from the fast growth
of scale. During hot corrosion, a molten salt film covers the sample and complex stresses can

be formed in the film such as the thermal stress and growth stress. The presence of cracks



provided evidence that the internal stresses are bigger than the strength of the scale.

Therefore, the corrosion attack proceeds rapidly with the increase in exposure time [44].

When the corrosion behavior of the samples is evaluated in terms of alloy composition, as can
be seen in Fig. 10, in Na:SO4-K2SO4 molten salt, the silver metallic color of the Ti-48Al
sample turns into the surface which was composed of green, white and dark gray. The
corrosion products were severely spalled when the sample was touched for cleaning, which
showed their brittleness and poor adherence to the substrate. After 180 h of hot corrosion at
900°C, the corrosion scales on Ti-48Al-2Cr and Ti-48Al-2Mn samples were relatively dense
with dark yellow and brown, respectively. This means that the type of corrosion products
could change. It is worth noting that both mentioned samples exhibited better corrosion
resistance compared with the Ti-48Al. Therefore, Cr and Mn alloying elements have a
beneficial effect on hot corrosion properties of samples. This evidence is in good agreement
with the one reported by Leyens et al. [45] who investigated corrosion behavior of NiAl
added with various elements in Na2SOs salt at 950°C and observed that only Cr (at.% 2)
improved hot corrosion resistance. These authors attributed the role of chromium to
maintaining salt basicity in a range where Al203 solubility is minimal. In the case of Mo-
added samples corroded in Na2SO4-K2SO4 molten salt, deep pits can be seen on the surface of
samples (Fig. 11). Such pits caused a significant weight loss in the samples, as shown in Fig.
4a. A noteworthy fact is that the corrosion mechanism is more complex in the Mo-added

samples.

Alloys containing refractory components such as W, Mo and V may be subjected to severe
acidity dissolution reactions because the oxides of these elements react with molten sulphate
and by reducing the oxide ion activity of the melt, the conditions for acidic dissolution of the
corrosion products are provided [46]. This type of hot corrosion is called alloy-induced acidic
fluxing, and [4,47], unlike basic dissolution, it is a self-sustaining process [29]. Therefore,
only one application of salt layer may cause complete degradation of the sample. Acidic
conditions in the Na2SO4 molten salt may be formed by the incorporation of MoOs and thus

Al203 and TiO2 undergo alloy-induced acidic fluxing shown in the following reaction:
Al203 + 3M00s (in Naz2S04) = 2A1* + 3MoO;’ (5)

TiO2 + 2M0Os (in NazS0s) = Ti%* + 2MoO} (6)



Furthermore, by reacting with MoOs, Na>SOas, the O ion activity of the liquid solution is
reduced and the basic dissolution mechanism is prevented [4]. The reaction can be expressed

by the following equation,

MoOs3 + Na2S0s = NazMoOs + SOsz(g) (7)

Because of the active gradient, the MoOi', Ti* and APP* ions diffuse through the molten salt

to the molten/gas interface. The MoOﬁ' ion can evaporate as the form of corresponding oxides
because of high vapor pressure, thus can liberate oxygen ions. The increasing oxygen ions
will cause high oxygen activity at the molten/gas interface [46]. Thus, a negative solubility
gradient is established between the oxide/molten interface and the molten/gas interface. The
TiO2 and Al20s3 corrosion products re-precipitate to the melt/gas interface have porous and
non-protective features. It should be noted that this type of acidic dissolution is self-sustaining
because MoOs can be produced continuously at the alloy/molten interface and evaporate at
the molten/gas interface [4]. The attack initiates on local sites with Mo-rich on the substrate
(spots 5 and 10 in Fig. 3) because the activity of MoOs in the molten sulfate is higher in these
regions. The deep pits, seen in the macro photos of Mo-added samples (Fig. 10) are the
evidence of alloy-induced acidic fluxing. This form of attack takes place till Mo component of
the alloy is completely consumed. Moreover, it can be considered that greater weight loss
exhibited by the Mo-added samples due to the alloy-induced acidic fluxing (Fig. 4a). Goebel
et al. [48] studied the hot corrosion properties of Mo, W and V added-NiAl and NiAICr alloys
in Naz2SOs4 salt at 1000°C and observed that all their alloys were subjected to severe corrosion
attack. Besides, the mentioned alloying elements were detected to be accumulated at the

substrate/scale interface and these regions pioneered the initiation of corrosion attack.

On the other hand, the melting point of Na2MoO4 formed as a result of Eqg. 7 is 687°C and
thus plays a significant role in the melting temperature of that molten salt. A lower
temperature for the hot corrosion process indicates that the temperature range for the attack is
carried to lower temperatures. However, faster degradation of Mo-added samples not only
attributed to the formation of Na2MoOs, but also contributed to the degradation of the MoOs3
with a melting point of 795°C.

It is considered that the activities of SOs and Na2O are related through the Na2SO4

dissociation equilibrium. This reaction is shown below in Eq. 8 [4,6,40,41].

Na2S0s = Na20 + SO3 or NazSO4 = Na2O + SO2 + %2 O2 (8)



As can be seen in the Na-S-O phase stability diagram (Fig. 12), the composition of Na2SOa4
changes due to the dissociation [29]. The composition of Na2SO4 at a certain temperature is
determined by the Poz and by either ay,,o or Psos. Since the formation and consumption of
O?% can change the composition of the salt, it may become more acidic (higher SOs activity)

or more basic (higher Na20 activity).
Figure 12

The activity of either SOs or Na20 plays a significant role in the dissolution of oxides formed
on surface. As the activity of Naz2O (ay,,0) is higher at high temperatures reacts with (Naz0)

TiO2 and Al20s as following equations:
3TiO2 + Na20 = NazTizO7 9
Al203 + Na20 = 2NaAlO2 (10)

The thermodynamic calculations show that the equations (9) and (10) can be occurred due to
their Gibbs free energies (AG®) are negative (Table 8). NazTisO7 phase is found in EDS
analysis results (Fig. 5a) and this indicates that the equation (9) realized. However, since
NaAlO: is water soluble [42], the sample may have been removed during the cleaning
process. In addition, the S, released by the SOs = Sz + 302 reaction, diffuses to the substrate
by reacting with the components of the alloy to form the sulfides through cracks and pores on
the surfaces of the samples (Figs. 6 and 7). However, aluminium or titanium sulphides were
not found in the XRD patterns. It was reported that sulphide compounds are usually unstable
in air. Therefore, when they are subjected to oxidation, they form the corresponding oxides
and release sulphur simultaneously via Eq. (11) [41]. Released S diffuses again inward to

substrate to expose the samples to sulfidation.
2MSx + yO2 = 2MOy + 2XS (12)

As a result of basic dissolution of an oxide, a complex anion can be formed, or as a result of
its acidic dissolution, it can correspond into anions and cations. The acid-base mechanism for
Al203 and TiOz2 is given as [6]:

Al03 + 02 = 2A10% (basic dissolution) (12)
Al203 = 2AI3+ + 30% (acidic dissolution) (13)

Ti4+ + 202" = TiO%" (basic dissolution) (14)



TiO2 = Ti¢" + 207 (acidic dissolution) (15)

As a result of the equations 12 and 14, the oxygen ion activity in the salt is reduced and this
causes a driving force for the acidic dissolution to occur. Since the negative solubility gradient
is established in the molten salt, generated ions will diffuse from the interface of oxide/molten
salt to the interface of molten salt/gas where solubility is lower, and the ions will precipitate
out of solution. The precipitated oxides are loose or porous and will give no protection against

corrosion.

Many studies are in agreement that sodium chloride can interact with oxygen to destabilize
several oxides (such as Al20s, Cr20s3, Ta20s, Nb20s) [40,41,47,49]. The following reactions

can be given for sodium aluminate and sodium titanate :

4NaCl) + 2Al203) + O2(g) = 4NaAIO2k) + 2Clz(g) (16)
2NaCl(g) + 9TiO2(k) + ¥2 O2(g) = Naz2TigO19(k) + Clz(g) a7)
4NaCl(g) + 5TiO2k) + O2(g) = NasaTisO12() + 2Cl2(g) (18)

The above thermodynamic predictions are consistent with XRD analysis results (Fig. 5b). The
released Cl2 from the above reactions (Egs. 16-18) can diffuse by pores, cracks as well as
grain boundaries into the substrate and react with alloying elements to generate volatile
chlorides such as TiCls and AlCls [40,42,50] :

1/2Ti + Clzg) = 1/2TiCla) (19)
2/3Al + Clzg) = 2/3AICl3() (20)

The AG values for almost all reactions listed in Table 8 are negative, which indicates that they
might be taken place on the basis of thermodynamics. By considering the thermodynamic
calculations, the most probable in Table 8 chloride species is AICIs due to the most negative
AG value. These formed chloride species are volatile and may diffuse towards the outer
surface with high oxygen potential and, as thermodynamically lesser stable than the

corresponding oxides, they may oxidize in the following manner :
TiClag) + Oz(g) = TiO2 + 2Cl2(g) (21)
4/3AICl3(g) + Oz(g) = 2/3AI203 + 2Cl2(g) (22)

The Cl2 is generated again resulting from the above reactions (Eqgs. 21 and 22) and may again
react with alloy components as in Eqgs. 19 and 20. Thus the above process will occur

cyclically and chloride will continue to be active in the chlorination/oxidation of the samples.



For the experimental conditions applied in this study, Cl2 can be recognized to play an active
role in accelerating the degradation process of the sample. This proposition can be confirmed
in considering that the more degradation of the samples in the presence of NaCl-containing
medium (Figs. 7, 9 and 11). Besides, the presence of this mechanism is experimentally further
evidenced by the detection of chlorides at the substrate/corrosion scale interface (spots 2, 3, 7,
11, 12, 18, 19 and 24 in Fig. 9). It is important to highlight that the melting points of TiCls,
AICls and MoCls are -25°C, 193°C and 317°C, respectively. Moreover, as can be seen in Fig.
13, these chlorides have high vapor pressures. Therefore, the volatilization of these chlorides
can provide a channel for the diffusion of ions species and molten salts, and also makes
corrosion scale porous. As the corrosion proceeds, it generates the cracks between substrate
and scale (Fig. 9). Many studies have reported that [41,42,51,52] the main reason for
spallation and cracking of the scale is the formation of gaseous species, which is also
confirmed by the findings of this study.

It should be noted that the composition of salt mixture (wt. % Na2SO4-25NaCl ) used in this
study close to the eutectic composition (wt. % 69.1 NaCl at 628°C) in the NaCl-Na2SOa4

system [29]. This may be another reason why samples experience more severe attacks.

Table 8
Figure 13

It has been reported that a direct comparison of the hot corrosion behavior of the alloys cannot
be made due to different experimental conditions [42]. However, when comparing the hot
corrosion behavior of TiAl alloys in this study with TiAl alloys in another study, the
differences that should occur should be attributed not only to the corrosion test procedure, but
also to other factors such as the manufacturing process and alloy composition. For example,
Zhang et al. [50] investigated the corrosion behavior of a high Nb-containing TiAl alloy (at.%
Ti-45Al-8.5Nb-0.2W-0.2B-0.02Y) in wt.% Na2S0z-25 NaCl salt mixture for 50 h at 800°C.
After hot corrosion for 50 h, they found that the weight change of TiAl alloy was - 7.50
mg/cm?. In this study, the weight changes of the alloys (Ti-48Al, Ti-48Al-2Cr, Ti-48Al-2Mn,
Ti-48Al-2Mn-2Mo and Ti-48Al-2Cr-2Mo) exposed to the same corrosion medium at 900°C
were 0.2, -5.1, 13.5, -10.9 and -25.8, respectively. The main reason for this difference in the
corrosion resistance of alloys can be attributed to alloy composition and exposure
temperature, but we also think that the production method used is an important factor. It can
be seen from Table 2 that the alloys produced by RS have a porosity of 1.26 to 3.30%. These

porosities in alloys play an important role in the inward movement of diffusion species



involved in the corrosion process. Moreover, the pores can be caused localized corrosion as
they have high free energy, and as a result, a large material loss occurs. The electric current
flowing through the powders during RS enhances the sintering kinetics and it decreases the
sintering time and temperature compared to the conventional methods. However, since a
paper investigating the hot corrosion behavior of TiAl produced with conventional sintering
methods cannot be found in the open literature, the effect of the applied electric current on the
corrosion behavior could not be emphasized. Obviously, to clarify the corrosion mechanism
of electric field/current-assisted sintering, a comparative study on RS and other techniques

(such as pressureless sintering, hot pressing) is necessary.

As a final note, it has been reported [42] that the TiAl alloys have poor corrosion resistance in
corrosive molten salts (Na2SOs4 or NaCl). Based on our knowledge, the hot corrosion
behaviors of materials can be affected by the testing procedures. In laboratory studies, several
testing methods can be preferred to estimate corrosion kinetics of samples, such as spraying of
salt solutions, immersion in molten salt and deposition from vapour phase. As stated in the
experimental section of this study, the samples were immersed in the molten salt mixture.
The salt amount used in this study is quite larger than that of deposited on aero gas turbine
while in service conditions (about 0.27 ug/cm? h) [42]. Thus, it can be expected that the

samples experienced severe degradation after 180 h of exposure.
5. Conclusions

In this study, resistance sintering (RS) technology was effectively applied for production of
TiAl based intermetallics added Cr, Mn and Mo alloying elements and the influence of these
additions on the hot corrosion behavior of alloys in the molten salt environment consisting of
% wt. Na2S04-25K2S04 and Na2S04-25NaCl was explored. The following main conclusions
can be drawn from this study:

1. TiAl based intermetallics prepared by RS consisted of y-TiAl and az-TisAl phases.

2. The weight losses of Mo-added samples are more than those of Mo-free samples in both
corrosive salt medium due to the alloy-induced acidic dissolve. However, the corrosion
bahavior of samples not only affected on the Mo additions but also on NaCl-containing

corrosive medium.



3. The corrosion resistance of Ti-48Al-2Cr and Ti-48Al-2Mn was better compared to other
samples. It can be said that Cr and Mn additions improved the hot corrosion resistance of

investigated samples in this study.

4. The salt compositions used in this study allowed to demonstrate the effect of the samples
on the hot corrosion behavior. In the case of Na2SO4-25NaCl salt mixture, the scales formed
on samples were cracked in the direction parallel to the surface. The formed scales on
corroded samples were thicker, more porous and loose. In addition, severe spallation of

corrosion products has occurred.

5. During the hot corrosion process, NaCl played a crucial role in initiating the severe

corrosion attacks due to the chlorination/oxidation cyclic reactions.
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Figure List

Fig. 1. Schematic diagram of the resistance sintering apparatus and process conditions used in this study
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Fig. 2. XRD patterns of TiAl based intermetallics prepared by RS

Fig. 3. SEM images of the microstructures of the prepared intermetallics. Insets show higher magnification of the

marked area.

Fig. 4. Plots of weight change vs. time for hot corroded samples a) in wt. % Na,SO4-25K,SO4 melts at 900°C for
180 h  Db) in wt. % Na;SO4-25NaCl melts at 800°C for 180 h.

Fig. 5. XRD patterns of the hot corroded samples after hot corrosion for 180 h, a) in wt. % Na;SO4-25K,SO.
melts at 900°C and b) in wt. % Na,SO4-25NaCl melts at 800°C.
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Fig. 6. SEM images of samples surface after corrosion in wt. % Na>SO4-25K,S04 molten salts at 900°C for 180
h. Insets show higher magnification of the marked area. EDS analysis in marked spots (see Table 4).

Fig. 7. SEM images of samples surface after corrosion in wt. % Na,SO.-25NaCl molten salts at 800°C for 180 h.
Insets show higher magnification of the marked area. EDS analysis in marked spots (see Table 5).

Fig. 7. Continued.

Fig. 8. Cross-section SEM images of samples after corrosion in wt. % Na,SO4-25K;SO4 molten salts at 900°C
for 180 h. EDS analysis in marked spots (see Table 6).

Fig. 9. Cross-section SEM images of samples after corrosion in wt. % Na,SOs-25NaCl molten salts at 800°C for
180 h. EDS analysis in marked spots (see Table 7).



Fig. 10. Macrophotos of the samples after corrosion in wt. % Na;SO4-25K,SO4 molten salt at 900°C for 180 h.
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Fig. 11. Macrophotos of the samples after corrosion in wt. % Na,SO4-25NaCl molten salt at 800°C for 180 h.

Fig. 12. A thermodynamic stability diagram for the Na-O-S system at constant temperature [29].

Fig. 13. Vapor pressures of possible chloride species formed by the reaction of NaCl with the studied samples in
air, and vapor pressure for NaCl at 600-800°C (determined using HSC chemistry 6.0).
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Spot Ti Al Cr Mn Mo
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Table 2

Specimens Experimental Theoretical_density Relative density (%)
density (g cm-3) (gcm®)

Ti-48Al 3.82 3.88 98.45

Ti-48Al-2Cr 3.90 3.95 98.73

Ti-48Al-2Cr-2Mo 411 4.25 96.70

Ti-48Al-2Mn 3.92 3.97 98.74

Ti-48Al-2Mn-2Mo 4.13 4.26 96.94




Table 3

Specimens Microhardness (HV)
Ti-48Al 344
Ti-48Al-2Cr 352
Ti-48Al-2Cr-2Mo 385
Ti-48Al-2Mn 347
Ti-48Al-2Mn-2Mo 377




Spot Ti Al Cr Mn Mo 0] Na K
1 4.6 34.8 - - - 58.9 1.6 0.1
2 27.3 7.4 - - - 63.3 1.8 0.2
3 2.2 40.9 0.9 - - 52.4 29 0.7
4 37.2 0.3 0.3 - - 61.7 0.4 0.1
5 30.9 0.6 - 0.1 - 56.7 10.8 0.9
6 13.6 23.6 - 0.1 - 57.8 4.6 0.3
7 12.8 11.6 - 0.1 0.1 67.4 7.6 0.4
8 36.7 28.8 - 0.6 0.1 32.2 1.4 0.2
9 27.3 5.4 0.4 - 0.2 52.5 13.9 0.3
10 20.7 15.9 0.2 - 0.1 53.6 75 1.9




Table 5

Spot Ti Al Cr Mn Mo o] Na Cl S
1 324 2.8 - - - 58.9 2.1 2 1.8
2 13.3 14.6 - - - 49.1 19.9 2.5 0.6
3 23.8 1.3 - - - 54.6 17.4 0.9 1.7
4 28.3 3.9 0.1 - - 64.8 2.4 0.2 0.3
5 32.7 5.2 0.1 - - 43.8 16.9 0.1 0.2
6 26.2 0.2 - 0.1 - 48.3 16.4 8,5 0.3
7 27.7 5.5 - 0.1 - 56.3 8.9 0.6 0.9
8 25.6 6.7 - 0.1 0.1 59.5 2.5 3.3 2.2
9 19.6 8.9 - 0.1 0.4 56.4 9.9 2.8 1.9
10 16.7 7.9 0.2 - 0.2 53.2 17.8 3.4 0.6
11 25.8 3.7 0.1 - 0.1 60.2 3.4 3.8 2.9




Table 6

Spot Ti Al Cr Mn Mo 0] Na K
1 32.6 2.8 - - - 57.8 6.9 0.2
2 19.2 23.7 - - - 51.4 2.6 3.1
3 25.2 4.7 - - - 58.4 114 0.3
4 32.3 0.8 0.1 - - 66.2 0.5 0.1
5 60.1 30.3 0.9 - - 7.2 1.4 0.1
6 17.8 15.3 0.4 - - 61.7 3.9 0.4
7 29.3 1.7 - 0.1 - 60.1 7.8 0.4
8 18.3 15.2 - 0.2 - 60.7 4.3 0.8
9 13.1 26.4 - 1.1 - 49.3 0.3 -
10 32.2 0.4 - 0.1 0.1 66.9 0.3 -
11 18.9 21.3 - 0.1 0.2 59 0.3 0.2
12 37.1 25.2 - 1.5 3.8 32.1 0.2 0.1
13 29.5 1.6 0.1 - 0.2 62.3 6.1 0.2
14 14.6 22.6 0.4 - 0.1 59.8 25 -
15 22.3 34.8 0.8 - 0.6 41.3 0.2 -




Spot Ti Al Cr Mn Mo 0] Na Cl
1 34.1 0.4 - - - 61.7 2.1 1.7
2 25.8 135 - - - 37.3 5.6 17.8
3 30.1 19.4 - - - 24.7 15.6 10.2
4 30.1 3.7 0.2 - - 52.8 9.9 3.3
5 27.9 3.2 0.8 - - 62.8 3.1 2.2
6 3.8 40.6 0.4 - - 52.7 1.6 0.9
7 25.9 15.8 2.3 - - 50.4 0.9 4.7
8 55.6 38.7 11 - - 4.4 0.2 -

9 25.3 1.6 - 0.1 - 61.8 10.1 1.3
10 32.1 29 - 0.5 - 61.4 2.7 0.4
11 21.3 1.3 - 0.6 - 54.2 14.8 7.8
12 0.4 1.9 - - - 5.2 40.8 51.7
13 2.6 44.9 - 0.1 - 49.6 2.7 0.1
14 58.8 11.9 - 0.8 - 26.4 0.6 15
15 25.7 1.7 - 0.2 - 57.7 13.1 1.6
16 32.3 21 - 0.3 0.1 64.3 0.3 0.6
17 35 46.5 - 0.1 0.2 495 0.1 0.1
18 33.3 19.4 - 2.2 1.2 39.9 0.4 3.6
19 51.6 33.1 - 2.4 0.6 9.6 0.2 25
20 39.2 1.3 0.1 - 0.1 51.5 7.4 0.4
21 31.8 3.1 0.3 - 0.1 62.4 2.3 0.1
22 4.1 40.7 0.4 - 0.2 52.3 1.9 0.4
23 30.8 3.2 0.6 - 0.1 62 2.1 1.2
24 49.5 1.2 0.2 - 0.1 29.8 11.4 7.8




Table 8

Reactions AGs5 AG%%o AGP00
Ti+0y) = TiO2 -899 -750 -732
4/3A1+024=2/3A1,04 -1055 -891 -869
2/3M0+0,=2/3M003 -445 -317 -304
413Cr + Oy = 2/3Cr,03 -702 -569 -552
Na,SO4) = NazOg+SOs(g) 523 403 390
2503)= 210 +302() 822 564 531
3TiO; + Na0 = Na,TizO7 -233 -225 -222
Al;O3 + Na;O = 2NaAlO; -180 -171 -166
Ti + Clyg) = TiClag) -466 -344 -329
2/3Ti + Clyg = 2/3TiClsg) -436 -327 -314
1/2Ti + Clyg = 1/2TiClag) -363 -316 -310
2/3Al + Clyg = 2/3AIClsg -380 -352 -348
1/2M0 + Clyg) = 1/2M0Clag, -177 -139 -134
TiClyg) + Ogg) = TiOz+ Clyg -424 -406 -403
TiClagg) + Oa() = TiOz+ 2Cly() -163 -118 -112
413AICl3g) + O = 2/3A1,05 + 2Clyg) -295 -186 -173




Table List

Table 1. Chemical compositions (at. %) of spots shown in Fig. 3
Table 2. Densities of samples prepared by RS

Table 3. Microhardness values of the samples

Table 4. Chemical compositions (at. %) of spots shown in Fig. 6

Table 5. Chemical compositions (at. %) of spots shown in Fig. 7

Table 6. Chemical compositions (at. %) of spots shown in Fig. 8

Table 7. Chemical compositions (at. %) of spots shown in Fig. 9

Tablo 8. The values of Gibbs free energy for possible reactions (for 1 mol of O; or Cly) (kJ/mol) (calculated by
HSC Chemistry 6.0)



