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Abstract: In this work, the corrosion behavior of y-TiAl alloy produced by electron beam
melting (EBM) process in 3.5% NaCl solution was reported. The study has been performed
using potentiodynamic polarization resistance and electrochemical impedance spectroscopy
techniques and complemented by scanning electron microscopy investigations. All measurements
were carried out after different periods of alloy exposure in the chloride solutions and at
different temperatures. The results showed that the EBM produced y-TiAl alloy has excellent
corrosion resistance confirmed by the high values of polarization resistance and the low
values of corrosion current and corrosion rate. With increase in immersion time, the
corrosion potential moved to a higher positive value with a decrease in corrosion current and
corrosion rate, which suggests an improvement in corrosion resistance. On the other hand,
the increase of temperature was found to significantly increase the corrosion of the processed
y-TiAl alloy.



Metals 2015, 5 2290

Keywords: titanium aluminides; corrosion; electron beam melting; polarization; EIS

1. Introduction

Presently, there has been an increasing demand in the development of intermetallic alloys due to the
stringent requirements of using high strength and low weight alloys in the automobile and modern
aircraft industries. Gamma titanium aluminides (y-TiAl) are intermetallic alloys, proposed to be used in
advanced aircraft turbines [1-3]. y-TiAl has better high temperature properties and higher specific
strength than the conventional superalloys used in turbine fabrication. In addition, the use of y-TiAl is
preferred in aero-turbine industry because of its other several features. They possess light weight and
offer superior creep, oxidation, and burn resistance than other titanium alloys. These alloys also have
enhanced strength at elevated temperatures. The incorporation of several alloying elements like Al, Nb,
Mo, Cr etc. enhance the mechanical properties as well as corrosion resistance properties for titanium
based alloys due to the formation of protective oxide layers [4,5]. For that it goes without saying that
y-TiAl should also have a good resistance to the harsh corrosive environment inside the turbine.

y-TiAl alloys having intermetallic properties demonstrate limited plasticity. Manufacturing highly
complex geometries from such a material is a quite challenging exercise. Reports are available on
processing these alloys through hot forging [6], machining [7], and powder metallurgy [8] routes. It can
be deduced from these reports that, these technologies require multiple pre- and post-processing steps.
Added to this is the very high cost. A slightly better route is casting. Nevertheless, casting has its own
problems such as poor fluidity, easy cracking at stress concentrated portions [9].

Considering the limitations of conventional manufacturing routes, a need exists to look for other
options. Recently, electron beam melting (EBM) was shown to produce parts having high strength from
y-TIAl [1]. Yet, it is not well known, how EBM processing would affect properties such as corrosion
resistance of the actual y-TiAl material. Due to the major application in military aircraft, exposure of
these materials to marine environment leads major corrosion problem due to chloride ions presents.
To date, there is little data available on the corrosion resistance properties of TiAl alloys.
Delgado et al. [10] reported the corrosion behavior of y-TiAl in Ringer’s solution. It has been found that
v-TiAl has very good corrosion resistance similar to Ti-6Al-4V. Gurappa [11] has investigated the
degradation of Ti-24Al-15Nb alloys under different environmental conditions and reported that a
protective oxide layer is formed on its surface in marine and industrial environments.

The present study aims at investigating the corrosion resistance of y-TiAl alloy that was processed
using EBM technique after different exposure periods of time, namely, 0, 1, 4, and 24 h in stagnant
aerated 3.5% NaCl solutions. It is known that 3.5% NaCl solution provides a simulated marine
environment, which is the most corrosive medium for these alloys. The work was carried out at room
temperature using potentiodynamic polarization and electrochemical impedance spectroscopy (EIS)
measurements, in addition to the use of laser diffraction and scanning electron microscopy in the
characterization of the y-TiAl alloy.
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2. Experimental Procedure
2.1. Production of Ti Aluminide Alloy

y-TiAl powder with nominal composition of Ti-48Al-2Cr-2Nb (at. %) supplied by Arcam AB
(Mdndal, Sweden) was used as feedstock material. The powder particles were found to be in the range
45-180 m with a mean of around 110 pm. This was measured by the laser diffraction technique as
depicted in Figure 1. Moreover, the morphology of the powder particle was more or less spherical with
smaller satellite particles adhering to the bigger ones, as can be seen from the SEM image of Figure 2.
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Figure 1. Powder particle size distribution measured by laser diffraction technique.
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Figure 2. Scanning electron microscopy image of the powder particles before consolidation.

EBM experiments were done on A2 model supplied by ARCAM AB. More details about EBM
process setup can be found elsewhere [1]. The specimen dimensions were 25 x 25 %< 13 mm height.
A 10 mm thick square (100 <100 mm) stainless steel plate was chosen as the substrate upon which the
parts would be built. All the parts after being saved in STL format in Magics (Version 17; Materialise
NV, Leuven, Belgium), were then transferred to Build Assembler software (Version 3; Arcam AB,
Mdndal, Sweden). This particular software converts the STL geometry into thin slices and writes the
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output as machine specific ABF file. The ABF file instructs the machine control on how to proceed with
the actual part production.

After the build was completed, the parts were enveloped by the surrounding powder. Because the
preheating step envelops the entire area of the substrate plate, the powder around each sample gets
slightly sintered. To remove this powder, the build was taken to powder recovery system and blasted
with compressed air. To make the blasting more effective, loose powder from the same feedstock was
fed along with the air stream.

In EBM the layer thickness was set to 90 microns. Beam current was 25 mA and voltage was set to
60 kV. The beam scan speed was 2400 mm/s. The base plate was heated up to 1050 <C before the first
layer of powder was spread on it. Thereafter, the nominal build temperature was set to 1100 <C.
The EBM controller maintained the vacuum to about 2 <102 mBar, while the building was continued.
The build was surrounded by small amount of helium (He). lonization of He gave stability of the electron
beam and at the same time held down the powder particles thus avoided powder clouding. Powder
clouding known as “smoke” can result when electron charge builds up too fast on the surface of the
powder particles in the bed. Figure 3 shows SEM image of a surface of the EBM produced y-TiAl alloy.
The corrosion studies were carried out on this same surface. SEM investigations did not reveal any pores
of substantial size, suggesting that the consolidation of the powder has been fair enough in the EBM
process. The microstructure consisted of laths of y and o2 phases. The microstructure was uniform
throughout without any clear demarcation of melt tracks. This implies that the adjacent electron beam
scans overlapped at an optimum distance and that the subsequent powder layers have fused well.

SEI

Figure 3. Microstructure of the surface of the fabricated y-TiAl alloy.
2.2. Chemicals, Materials, and Electrochemical Cell

The electrochemical experiments were performed in a 3.5% NaCl solution with conventional
three-electrode cell system in which Ag/AgCl acted as a reference electrode (RE), the platinum foil as
a counter electrode (CE) and the produced Ti-Aluminide alloy as the working electrode (WE).
The preparation of WE involved a series of steps wherein; a blind hole of about 0.5 mm in depth and
diameter was drilled on one surface of the alloy. A long copper wire with similar diameter was placed
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in the drilled hole and later soldered to form a rigid joint. The entire assembly was then mounted in an
epoxy resin and allowed to cure for 24 h at room temperature. After curing, the other surface was
polished using sandpaper of various grit sizes ranging from 180 grit to 1000 grit. The surface was later
fine polished using colloidal silica solution to produce a scratch free mirror surface.

2.3. Potentiodynamic Polarization and Electrochemical Impedance (EIS)

The electrochemical experiments were performed using Autolab system manufactured by Metrohm
(PGSTAT20, Amsterdam, The Netherlands). The open circuit potential (versus Ag/AgCl) was carefully
observed after immersing the working electrode in the test solution until the potential stabilized within
#1 mV. Once the potential stability was established, an EIS test was initiated and recorded. The scanning
frequency was selected in the range of 100 kHz to 100 MHz, along with an ac wave of 45 mV peak-to-peak
overlaid on a dc bias potential. An equivalent circuit of Nyquist plots was deduced by fit and simulation
method. The potentiodynamic polarization curves were obtained by scanning the potential in the forward
direction from —0.8 to 0.0 V against Ag/AgCl at a scan rate of 1.67 mV/s. For each experimental
condition, three measurements were performed to ensure the reliability and reproducibility of the data.

2.4. Surface Characterization

Scanning electron microscope (SEM) and energy dispersive X-ray (EDX) analyzer both from JEOL
(Tokyo, Japan) were employed. The SEM images and the corresponding EDX profile analyses were
obtained before and after immersing the alloy in the test chloride solution.

3. Results and Discussion
3.1. Potentiodynamic Polarization Measurements

The corrosion behavior after different periods of exposure in an aerated 3.5% NaCl solution using
potentiodynamic polarization measurement of the y-TiAl alloy, which was produced by electron beam
melting (EBM) process, was reported. Figure 4 shows the potentiodynamic polarization curves obtained
for the y-TiAl alloy after (1) 0.0 h; (2) 1.0 h; (3) 4.0 h; and (4) 24 h immersion in 3.5% NaCl solution at
room temperature. The corrosion parameters obtained from the polarization curves were calculated and
recorded in Table 1. The values of cathodic Tafel (Bc) and anodic Tafel (Ba) slopes, corrosion potential
(Ecorr), corrosion current density (jcorr) and polarization resistance (Rp) that are listed in Table 1 were
obtained as previously reported in our earlier studies [12—14].

Table 1. Potentiodynamic polarization parameters obtained for y-TiAl alloy in 3.5% NaCl
solutions at room temperature.

. Parameter
Exposure Period/h - = ; _
Ba/mV dec™ Bc/mV dec™ Eco/mV  jcord PA €m™2 Rp/kQ €m?
0 65.66 72.81 —497 0.157 255.9
1 62.21 74.95 —538 0.102 339.7
4 60.83 70.75 —591 0.076 368.3
24 65.02 74.34 —595 0.074 440.8
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Figure 4. Potentiodynamic polarization curves of y-TiAl alloy after (1) 0.0 h; (2) 1.0 h;
(3) 4.0 hand (4) 24 h immersion in 3.5% NaCl solution at room temperature.

It is clearly seen from Figure 4 that the current decreases in the cathodic side reaching the value of
Jcorr, Which is the minimum value of current recorded by the alloy before the current increases again in
the anodic branch under the effect of the increase in the applied potential and the aggressiveness
influence of chloride ions. It is also seen that the alloy immersed for 0.0 h (curve 1) showed the highest
cathodic current, jcor and the less negative value of Ecor. Increasing the immersion time to 1.0 h (curve 2)
decreased the values of cathodic and anodic current and jcorr as well as shifted the value of Ecorr towards
the more negative direction. Further increases of immersion time to 4.0 h and 24 h decreases the
corrosion of the alloy through decreasing its corrosion parameters. This is because the increase of
immersion time decreases the uniform attack of y-TiAl alloy in the chloride solution. This was further
confirmed by the parameters that are depicted in Table 1, where the increase of immersion time shifted
Ecorr to the more negative value and decreased the value of jcorr as well as increased the corrosion
resistance values, Rp. The high Rp values correspond to the working electrode opposing any attempt to
modify its equilibrium state, resulting in a low rate of titanium ion release and oxide growth. This implies
that this alloy has very good corrosion resistance. This behavior was clearly noted for y-TiAl in Ringer’s
solution and is in agreement with the results found with potentiodynamic polarization [10].

In order to report the effect of raising temperature on the corrosion of y-TiAl alloy in the chloride test
solution, 3.5% NaCl, potentiodynamic polarization measurements were also carried out. The polarization
curves obtained for y-TiAl alloy in 3.5% NaCl solution at (1) 30 <TC; (2) 40 <TC; (3) 50 <C; and (4) 60 T,
respectively are displayed in Figure 5. The values of the corrosion parameters, namely e, Pa, Ecor, jcorr,
and Rp obtained from the curves shown in Figure 5 are listed in Table 2. The increase of temperature
was found to increase the corrosion of the alloy via increasing the cathodic currents, anodic currents and
jcorr, While decreased the values of Rp and shifted Ecorr to the less negative direction. The corrosion
parameters shown in Table 2 proved also that the increase of temperature significantly increases the
corrosion of the alloy in the chloride test solution. This is because the increase of temperature increases
the activation of the surface of the alloy, which reflects on its fast dissolution and thus the increase of its
corrosion [15,16].
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Figure 5. Potentiodynamic polarization behavior for y-TiAl alloy in 3.5% NaCl solution at
(1) 30 C; (2) 40 <C; (3) 50 T; and (4) 60 T, respectively.

Table 2. Potentiodynamic polarization parameters obtained for y-TiAl alloy in 3.5% NaCl
solutions after different temperatures.

Parameter
Temperature/<C - - - -
Ba/mV dec™ B/mV dec™? Ecor/mV jcorr/ PA €m™? Rp/kQ €m?
20 65.66 72.81 —497 0.10 255.9
30 66.91 74.74 —438 0.25 166.7
40 60.78 74.09 —356 0.35 105.8
50 61.33 70.82 -330 0.44 70.88
60 64.37 73.85 —322 0.73 50.93

3.2. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) method has been normally used to study the corrosion
behavior and passivation phenomena for different metals and alloys in a variety of corrosive
environments [17-22]. The corrosion behavior of the y-TiAl alloy samples were carried out in freely
aerated stagnant solution of 3.5% NacCl after various immersion periods of time at room temperature and
the Nyquist plots obtained at the open-circuit potential are shown in Figure 6. Similar plots were also
obtained for the alloy at different temperatures of 20, 30, 40, 50, and 60 <C and spectra are shown in
Figure 7. The Nyquist plots shown in Figures 6 and 7 were analyzed by fitting the experimental results
to an equivalent circuit model shown in Figure 8.

50

L L L L
0.0 2.5 5.0 7.5 10.0 12.5
z'/ Q.cm2

Figure 6. Nyquist plots for y-TiAl alloy after (1) 0.0 h; (2) 1.0 h; (3) 4.0 h; and (4) 24 h
immersion in 3.5% NacCl solution at room temperature.
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Figure 7. Nyquist plots for y-TiAl alloy in 3.5% NaCl solution at (1) 30 <C; (2) 40 <C;
(3) 50 <C; and (4) 60 T, respectively.

Figure 8. Equivalent circuit model that fits the EIS experimental data.

The elements of the circuit shown in Figure 8 are; the solution resistance (Rs), the constant phase
elements (Q) with their n value close to 1.0 refers to a double layer capacitance at the electrode/solution
interface (Car), the polarization resistance (Rp1) that can also be defined as the charge transfer resistance
at the electrode/solution interface, the double layer capacitance (Cai), and another polarization resistance
(Rp2) that refers to the resistance of the interface between the corrosion products and the solution.
The values of these parameters were determined at room temperature after different immersion periods
of time and listed in Table 3. While, the values of the impedance parameters for the y-TiAl alloy, which
were obtained at different temperatures are depicted in Table 4. Among these parameters, Rp1 and Rp2
are the factors that determine the corrosion resistance of alloys. This is because the values of Rp1 and Rp2
are inversely proportional to jcorr, and hence, high values of Rp correspond to low corrosion rates.

Table 3. EIS parameters obtained for y-TiAl alloy in 3.5% NaCl solutions at room temperature.

Exposure Period/h  Rs/Q-cm? _Q Rp1/Q-cm? CallF €m™ Rp2/Q €m?
Yo/F €m™
0 9.22 0.3251 0.73 4.83 0.2992 15.82
1 9.83 0.2978 0.86 6.44 0.2814 21.13
4 9.99 0.2641 0.84 14.2 0.2656 25.35

24 10.03 0.2489 0.89 19.7 0.2115 37.57
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Table 4. EIS parameters obtained for y-TiAl alloy in 3.5% NaCl solutions after different temperatures.

Temperature/<C Rs/Q €m? ? Rp/Q €m? CalF €m™ Rpo/Q €m?
Yol/F €m™
20 9.22 0.325 0.73 4.83 0.2992 15.82
30 8.99 0.338 0.83 4.36 0.3199 12.13
40 8.42 0.345 0.85 3.50 0.3537 9.38
50 8.35 0.383 0.87 2.99 0.3735 7.59
60 8.12 0.394 0.89 2.06 0.4849 5.94

The shapes of Nyquist plots shown in Figure 6 are similar at each exposure period with one depressed
semicircle indicating that the corrosion mechanism of the alloy is similar for all regions. It is observed
that the diameter of the semicircle remarkably increased with the increase in immersion time, which
indicates that the corrosion resistance of the alloy increases with time. The values of Rp listed in Table 3
also increases with the increase of exposure period of time and reveal that the corrosion of the alloy
decreases with increasing immersion time. It is also seen that the diameter of the arc, giving the
charge-transfer resistance of corrosion reaction, exceeds 100 Qcm?. This high Rp value is most probably
due to the formation of a stable oxide layer on the y-TiAl alloy and that has an excellent corrosion
resistance in the 3.5 wt. % NaCl solution. It is worth mentioning also that there is a difference between
the values of Rp1 obtained here than those obtained by polarization (Table 1) and this is because
polarization is an activation technique, while EIS data are taken at free potential. Moreover, the decrease
of the value of the film capacitance (Cai) with increasing immersion time is resulted in turn by the stability
of the passive oxide layer formed on the titanium aluminide alloy. Lower values of Ca, especially at long
immersion periods of time (Table 3) are corresponding to a slow growth of the oxide film, indicating
long-term stability of the passive layer [23,24]. Thus the results from EIS measurements are in good
agreement with the obtained polarization data for the y-TiAl alloy after its immersion for different
periods of time in 3.5% NaCl solution.

It is clearly seen from Figure 7 for the y-TiAl alloy at different temperatures that there is only distorted
semicircle at all temperatures, whose diameter gets smaller with increasing the temperature. This indicates
that the corrosion of the alloy increases with increasing temperature. This was also confirmed by the
values of the EIS parameters shown in Table 4. Where the values of Rp1 and Rp2 decreased significantly
with temperature and proves that the increase of temperature increases the corrosion for the alloy in the
chloride test solution. The value of the constant phase elements (CPEs, Q) with their n values among
0.73 and 0.89 at all temperatures indicate that the CPE represents a double layer capacitor (Car). This means
that the dissolution of the alloy surface is limited by the mass transport, which increases with increasing
the solution temperature as was indicated by the increase of Cai value with increasing the temperature.
The increased corrosion with temperature can be explained on the basis that the increase of temperature
decreases the opportunity for the oxide film formation and thus decreases the corrosion resistance of the
surface of y-TiAl alloy.

The Bode (a) impedance of the interface and (b) the phase angle plots for y-TiAl alloy after (1) 0.0 h;
(2) 1.0 h; (3) 4.0 h; and (4) 24 h immersion in 3.5% NaCl solution at room temperature are shown in
Figure 9. It is seen from Figure 9a that the impedance of the interface (|Z|) for the alloy shows lower
values, especially at high frequency, increases with decreasing frequency, and the highest values of |Z|
are recorded at the lowest frequency values. Increasing the immersion time is obvious to increase the
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values of |Z|, which indicates that the increase of immersion time increases the corrosion resistance of
the alloy in the chloride solution. This was further confirmed by plotting the change of the degree of
phase angle (@) with frequency as shown in Figure 9b. It is noted from Figure 9b that the increase of
immersion time of the alloy before measurements increases the maximum degree of ® and that in turn
confirms the increase of the passivation of the surface of the aluminum alloy with the increase of time
of exposure. However, there is a general trend of the impedance modulus that increases with increasing
time of immersion and decreases with increasing temperature, as was also provided by the
potentiodynamic results. The EIS data thus confirm the results obtained from the polarization
measurements that the increase of immersion time decreases the corrosion of the investigated alloy and
that the increase of temperature increases its corrosion.
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Figure 9. Bode (a) impedance of the interface and (b) the phase angle plots for y-TiAl alloy
after (1) 0.0 h; (2) 1.0 h; (3) 4.0 h; and (4) 24 h immersion in 3.5% NaCl solution at
room temperature.

3.3. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX) Analyses

SEM and EDX investigations were carried out on the surface of the y-TiAl alloy before and after its
immersion in the chloride test solution, 3.5% NacCl, in order to report the effect of the chloride solution
on the surface of the alloy and to quantify the alloying elements of the alloy before and after corrosion.
Figure 10 shows the SEM micrograph and EDX profile analysis for the y-TiAl alloy before its immersion
in 3.5% NaCl solution. The SEM image shows that the surface is clear and homogenous. The EDX
corresponding to the SEM image depicted in Figure 10 indicates that the atomic percents for the elements
found on the surface of the y-TiAl alloy were as follows: 46.08% Al, 49.63% Ti, 2.35% Nb, and
1.94% Cr.
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Figure 10. SEM micrograph and EDX profile analysis for the y-TiAl alloy before its
immersion in 3.5% NacCl solution.

The SEM and EDX profile analysis taken after immersing the y-TiAl alloy for an hour in the chloride
solution at room temperature followed by scanning the potential in the forward direction from —0.08 to
0.0 V (Ag/AgCl) are shown in Figure 11. The surface of the alloy is shown to be affected by the severity
attack of the chloride ions present in the solution and also the increase of the applied potential towards
the positive direction. Here, the SEM image (Figure 11) indicates that the surface is different from the
surface shown in Figure 10 from the sample before immersion. Several shallow pits have resulted from
immersing the y-TiAl alloy in 3.5% NaCl solution and from sweeping the potential. The EDX
corresponding to the SEM image depicted in Figure 10 indicates that the atomic percents for the elements
found on the surface of the y-TiAl alloy were as following 40.18% Al, 46.69% Ti, 2.25% Nb, 1.65% Cr,
and 9.22% O. It is obviously noted from this EDX data that the percent of Al decreased compared to its
percent before immersion. This means the corrosion of the alloy might have resulted from the dissolution
of Al under the chloride ions attack and the increase of the applied anodic potential. Also, the presence
of oxygen is most probably resulting from the formation of aluminum oxide layer on the surface of the
alloy, which in turn leads to decreasing the corrosion of the y-TiAl alloy in 3.5% NaCl solution.
The atomic percent for Nb and Cr were almost unchanged before and after immersion, which confirms
also that Al is responsible for the corrosion and protection of the alloy.

I 100pm KSU
5.0kV SEI LM WD 10.0mm

Figure 11. SEM micrograph and EDX profile analysis for the y-TiAl alloy after its
immersion 1 h in 3.5% NaCl solution followed by sweeping the potential from —0.8 VV t0 0.0 V
vs. Ag/AgCl.



Metals 2015, 5 2300

4. Conclusions

y-TiAl alloy was produced from metallic powders and processed using electron beam melting (EBM)
technique. The corrosion behavior of the produced y-TiAl alloy was investigated at different
temperatures and after different exposure periods of time in 3.5% NaCl solutions. The corrosion tests
were carried out using potentiodynamic polarization and EIS techniques. The surface of y-TiAl alloy
was investigated before and after exposure to the chloride solution by using SEM and EDX analyses.
The results show that the EBM produced y-TiAl alloy has excellent corrosion resistance confirmed by
the high values of polarization resistance and corrosion potential and low values of corrosion current and
corrosion rate. It has been found that the increase in immersion time increases the corrosion resistance
of the alloy via decreasing the anodic, cathodic, and corrosion currents and corrosion rate, as well as
shifts the corrosion potential towards the positive values. On the other hand, the increase of solution
temperature from 20 to 60 <T as was indicated by the increase of corrosion parameters is measured by
polarization and impedance techniques. SEM/EDX investigations confirmed that the formation of an
oxide film on the surface of the alloy is responsible for the corrosion protection of the y-TiAl alloy, while
its corrosion results from the dissolution of aluminum; furthermore, the percentages of Nb and Cr stay
almost unchanged before and after the corrosion of the alloy.
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