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Ti-48Al-2Nb-2Cr (TiAl4822) intermetallic material is an excellent lightweight and high-temperature 

alloy used in the aerospace industry. Electrochemical machining (ECM) is one of the most significant 

processing technologies for the manufacturing of TiAl intermetallics. A comprehensive understanding 

of the electrochemical dissolution behavior of TiAl4822 alloys is critical for the optimization of 

electrolyte composition and processing parameters. This study investigates the electrochemical 

dissolution behavior of TiAl4822 to improve machining efficiency and surface quality obtained by 

ECM. Polarization and current efficiency curves of TiAl4822 in NaNO3 and NaCl electrolytes at 

different temperatures and concentrations were analyzed. To compare electrochemical dissolution 

behavior in two electrolytes, we performed single-factor experiments by varying one of the following 

parameters in a single experiment: applied voltage, duty ratio, frequency, electrode feed rate, and 

electrolyte temperature. The experimental results show that TiAl4822 has a higher material removal 

rate in NaCl and a higher surface quality in NaNO3.  
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1. INTRODUCTION 

Excellent physical properties, such as low density and resistance to oxidation and corrosion at 

high temperatures, favor the application of the TiAl4822 intermetallic alloy in high-demanding areas 

like in aerospace industry [1, 2]. However, high hardness at room temperature makes TiAl4822 

extremely difficult to cut and shape for specific purpose by traditional machining [3, 4]. Based on a 

controlled electrochemical anodic reaction, non-traditional ECM technology offers high efficiency and 

surface integrity, and the absence of tool wear, regardless of the material hardness and ductility [5- 7]. 

ECM is also cost-effective in comparison with traditional cutting technology, such as turning, grinding, 
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and high-speed milling [8, 9]. General Electric (GE) chose the ECM as a precision machining 

technology to process TiAl4822 turbine blades in GEnx aero engines [10], and the ECM became the 

central processing technology for TiAl4822 intermetallics.  

The improvement of the machining quality of TiAl intermetallics in the ECM technology was 

extensively studied. Memarbashi investigated the passivation behavior of γ-TiAl in different oxidizing 

and non-oxidizing acidic solutions [11]. Klocke studied the influence of current density on DC 

electrochemical machinability of γ-TiAl-based alloys [12], and compared electrochemical 

machinability of electron beam-melted and cast gamma titanium aluminide TNB-V5 [13]. Liu assessed 

the effect of ECM process parameters of γ-TiAl by orthogonal experiments [14]. Clifton determined 

optimal and reproducible ECM parameters of γ-TiAl in perchlorate and chloride electrolytes [15]. 

Souza studied the effect of Ti amount on electrochemical behavior [16], while He evaluated the 

machining accuracy of γ-TiAl alloys in pulsed wire ECM [17]. Delgado-Alvarado discussed the 

corrosion behavior of TiAl4822 in Ringer’s solution and found that corrosion resistance of TiAl4822 

can be improved by surface oxidation at 500 °C [18]. Finally, Wang assessed the electrochemical 

dissolution behavior of a TiAl 45XD alloy in NaCl and NaNO3 solutions and proposed qualitative 

models to describe the electrochemical dissolution behavior [19]. Wang also studied the difference of 

dissolution behaviors of extruded and cast Ti-48Al-2Cr-2Nb alloys in NaNO3 solution [20]. 

Previous research focused on machinability and optimization of the ECM parameters of TiAl 

intermetallics. However, a systematic study of TiAl4822 electrochemical dissolution characteristics 

during the ECM process is rather scarce. Understanding the electrochemical dissolution behavior of 

TiAl4822 alloys is critical for the selection of the appropriate electrolyte composition and processing 

parameters. To comprehend the characteristics of the TiAl4822 ECM process, the electrochemical 

dissolution behavior of the TiAl4822 alloy in NaNO3 and NaCl electrolytes was investigated. The 

polarization and current efficiency curves measurements, as well as single-factor experiments with 

parameters of applied voltage, duty ratio, frequency, electrode feed rate, and electrolyte temperature 

were performed. 

 

2. EXPERIMENTAL 

 

2.1. Material 

To avoid compositional fluctuations that might affect the results of the test, we used the same 

TiAl4822 rod to prepare all specimens. The composition of the TiAl4822 alloy is given in Table 1. 

 

Table 1. The composition of the TiAl4822 alloy. 

 

Element Ti Al Nb Cr 

Percent/wt.% 65.5 26.3 4.3 3.9 
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2.2. Polarization studies 

The determination of polarization behavior is commonly used to study electrochemical 

dissolution; herein, the polarization behavior was tested in an electrochemical workstation CHI660D, 

and every sample was cut in a 10 mm × 10 mm × 10 mm cube, and the exposed surface was polished 

to a mirror finish.  

The experiment was performed in a three-electrode glass cell; a standard calomel electrode 

(SCE), and a standard platinum sheet were used as reference and counter electrode, respectively [21]. 

The anodic polarization curves were recorded with a potential scanning rate of 10mV/s [22]. 

 

2.3. Current efficiency 

Current efficiency is an essential characteristic of dissolution behavior. It indicates a volume of 

removed material at a different current density per unit time and unit area [23]. Accurate measurement 

of the current efficiency has a great significance for the analysis of material dissolution, machining 

accuracy improvement, and optimal cathode design [24, 25]. To study the dissolution efficiency of 

TiAl4822, we measured the current efficiency of TiAl4822 in NaNO3 and NaCl electrolytes. The 

measurement device is shown in Fig. 1. The cathode is a metal block with a flat end, and the anode 

workpiece is a rectangular bar with a 16 mm × 16 mm section. During the measurement, the cathode 

remains fixed while the workpiece is continuously fed to the cathode at a constant speed. A constant 

voltage is applied between the electrodes, and the electrolyte is pumped into the inter-electrode gap. 

Over time, the dissolution rate of the workpiece and the cathode feeding rate reach equilibrium. In this 

state, the current does not change anymore. 

Inlet

Outlet

Feeding

Anode 

Cathode

Fixture

Electrolyte path

 

Figure 1. The device for the measurement of current efficiency curves. 

 

By measuring stable current density, i, at different feeding rates, current efficiency, η, can be 

obtained by the equation below [26]: 

av i=                                                                          (1) 

i

v
ηω a=                                                                         (2) 

where ɷ is the theoretical value of the volume electrochemical equivalent, and va is the 

corrosion rate of the workpiece, which is equal to the feeding rate of the cathode in the equilibrium 

state. Since a direct measurement of ɷ is not straightforward, the parameter ηω is used to describe 
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current efficiency. By measuring current at different feeding rates, the complete current efficiency 

curve can be obtained. 

 

2.4. Single-factor experiments 

To better understand the ECM process of TiAl4822, single-factor experiments were performed 

using the experimental facility showed in Fig. 2 and the selected workpiece. The fixture was made of 

epoxy resin, while the cathode was of stainless steel. The specimens were TiAl4822 blocks with a 

cross-section of 15 mm × 10 mm. The workpiece was fixed in the fixture while the cathode tool was 

fed toward the workpiece. From the inlet, the electrolyte flows through the inter-electrode gap and 

releases the experimental facility through the outlet on the other side. The cathode was connected to 

the negative pole and the workpiece to the positive pole of the power supply. Under the 

electrochemical reaction, the electrolyte gradually dissolves the workpiece with the continuous feeding 

of the cathode. 

(V) (A)

Feeding Cathode

AnodeFixture

Outlet

Inlet

Power supply

Electrolyte cell  

Figure 2. The experimental facility for the single-factor experiments. 

 

The single-factor experiments were performed in 10 wt.% NaCl and 20 wt.% NaNO3 by 

varying several parameters: applied voltage, electrode feed rate, electrolyte temperature, duty ratio, and 

frequency. During the single-factor experiments, starting values of voltage, electrode feed rate, 

frequency, electrolyte temperature, duty ratio, inlet pressure, and outlet pressure were set as 30 V, 1 

mm/min, 1 kHz, 30°C, 50%, 0.8 MPa, and 0.1 MPa, respectively. The levels and values of the 

parameters studied in the single-factor experiments are listed in Table 2. 

 

Table 2. The experimental parameters and levels. 

 

Symbol Parameter 
Level 

1 2 3 4 

1 Applied voltage (V) 20 25 30 35 

2 Electrode feed rate (mm/min) 0.5 1.0 1.5 2.0 

3 Electrolyte temperature (°C) 20 25 30 35 

4 Duty ratio (%) 25 50 75 100 

5 Frequency (kHz) 0.25 0.50 0.75 1.00 
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3. RESULTS AND DISCUSSION 

 

3.1. Polarization curves 

The anodic polarization curves of TiAl4822 were measured in NaCl and NaNO3 at different 

temperatures and concentrations, Figs. 3 and 4, respectively. It can be seen that the polarization curves 

in both electrolytes reach the self-corrosion potential of the anode and subsequently enter a stable 

passivation region with an increase of the potential. Afterward, the voltage reaches the potential of 

pitting corrosion, Epit, when the passivation film breaks and pitting appears [27-29]. Finally, the current 

increases linearly with the voltage, and the anode material continuously dissolves in the electrolyte. 

As Figs. 3 and 4 show, the value of Epit is about 0.5 V in NaCl and 2 V in NaNO3, indicating that 

the corrosion resistivity of TiAl4822 in NaNO3 is higher than in NaCl. This implies that chloride ions 

are more aggressive toward the passivation film than nitrate ions. As the temperature increases from 20 

to 40°C, Epit decreases about 0.2 V in both electrolytes, which is connected with the rise of chemical 

activity at elevated temperatures. The results also show that the concentration of electrolyte has no 

significant effect on the Epit value of TiAl4822. 

 

  

  
 

Figure 3. The polarization curves of TiAl4822 in (a) 5wt.%, (b) 10wt.%, (c) 15wt.%, and (d) 20wt.% 

NaNO3. 
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Figure 4. The polarization curves of TiAl4822 in (a) 5wt.%, (b) 10wt.%, (c) 15wt.%, and (d) 20wt.% 

NaCl. 
 

3.2. The current efficiency measurements 

 

Figure 5. ηω-i curves of TiAl4822 in different electrolytes. 

 

The ηω-i curves of TiAl4822 in NaCl and NaNO3 electrolytes are shown in Fig. 5. In NaCl, the 

value of ηω slightly increases with the current density, while it is almost constant in NaNO3. A 

possible explanation for this difference might be that valence of the element has decreased at high 

current density in NaCl [20]. The average value of current efficiency in NaCl is higher than that in 

NaNO3, which reflects a more substantial corrosive effect of chloride than nitrate ions, and it is 

consistent with conclusion reported by Haisch [30]. The current efficiency curves indicate that ECM of 
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TiAl4822 in the NaCl solution has a higher processing efficiency than in NaNO3 at the same 

processing conditions. 

 

3.3. Single-factor experiments 

Electrolyte conductivity is an important parameter that affects dissolution behavior [31]. Fig. 6 

shows the evolution of conductivity with temperature of NaCl and NaNO3 electrolytes at different 

concentrations. The conductivity of both electrolytes increases linearly with temperature. Higher 

concentration yields higher conductivity and lower ohmic resistance of both electrolytes. The 

concentration effect on conductivity was more significant for the NaCl than for the NaNO3 electrolyte. 

This can be related to the small relative molecular mass of NaCl. To compare the electrochemical 

dissolution behaviors of TiAl4822 in NaCl and NaNO3, 10 wt.% NaCl and 20 wt.% NaNO3 solutions 

were selected since they have similar conductivity. 

 

  

Figure 6. The conductivity of (a) NaNO3 and (b) NaCl at different concentrations. 

 

The single-factor experiments were successfully performed without short-circuiting. To study 

the dissolution characteristics of TiAl4822 in two electrolytes, the surface roughness (SR) of the 

workpiece and the machining gap (MG) in the equilibrium state were investigated. The size of MG 

was obtained by tool set, and the value of SR was obtained by measuring with a Perthometer M1 

(Mahr) roughmeter. 

In ECM, the selection of correct electrical parameters may help to improve the machining 

quality and obtain suitable MG [32]. Fig. 7 shows the relationship between MG and electrical 

parameters. It can be seen that MG increases with the processing voltage and duty ratio at constant 

values of other parameters. The voltage increase from 20 to 35 V induces the increase of the MG value 

from 0.24 to 0.502 mm in NaNO3 and from 0.102 to 0.358 mm in NaCl. The change of the duty ratio 

from 25 to 100% increases the MG from 0.084 to 0.619 mm in NaNO3 and from 0.11 to 0.657 mm in 

NaCl. However, the effect of frequency on MG is negligible. This can be understood in the sense of 

the average voltage, which is affected by both the applied voltage and the duty ratio but not by the 

frequency. 

The electrical parameters also affect the surface quality of the workpiece. Fig. 8 shows the 

influence of electrical parameters on SR in NaCl and NaNO3. The rise of the applied voltage from 20 
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to 35 V slightly improves the surface quality of TiAl4822 in both electrolytes, where SR decreases by 

0.058 μm in NaNO3 and 0.094 μm in NaCl. SR of TiAl4822 exhibits an opposite trend in two 

electrolytes with the frequency: the surface quality of the workpiece improves in NaNO3 while it 

descends in NaCl as the frequency rises. A lower duty ratio, Fig. 8(c), enhances the surface quality of 

TiAl4822 at voltage and frequency of 30 V and 1000 Hz, respectively. However, SR increases rapidly 

from 0.301 to 0.703 μm if the duty ratio reduces from 50 to 25%. The effect may be caused by the 

change of MG, which decreases from 0.376 to 0.084 mm for the same variation of the duty ratio, being 

inappropriate for the removal of electrolytic products, which yields a poor surface quality in ECM 

[33]. 

 

 

Figure 7. The influence of electrical parameters on MG in NaCl and NaNO3. 

 

 

Figure 8. The influence of electrical parameters on SR in NaCl and NaNO3. 

 

The influence of the electrode feed rate and electrolyte temperature on MG and SR of TiAl4822 

is also evaluated. With the increase of the electrode feed rate from 0.5 to 2 mm/min, MG decreases 

from 0.837 to 0.088 mm in NaNO3 and from 0.625 to 0.087 mm in NaCl, being inversely proportional 

in both cases, Fig. 9(a). The temperature does not significantly influence MG, Fig. 9(b), and the value 

of MG maintained at about 0.3 mm in both electrolytes. 

The changes of SR with the electrode feed rate and electrolyte temperature in NaCl and NaNO3 

electrolytes are shown in Fig. 10. As Fig. 10(a) shows, SR reduces with the electrode feed rate in NaCl 

since the higher electrode feed rate yields smaller MG, and thus, higher machining current and better 

surface quality [34]. When the electrode feed rate reaches 2 mm/min, SR decreases to 0.713 μm. In 

NaNO3, SR decreases by 0.028 μm if the electrode feed rate increases from 0.5 to 1.0 mm/min. 
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However, as the feed rate increases from 1.0 to 1.5 mm/min, SR rapidly increases from 0.301 to 0.610 

μm and then continuously grows further. The reason for this may be a higher density of NaNO3 

solution and its poor flow performance in the case of small MG. Above 1.5 mm/min, MG is less than 

0.164mm and SR is over 0.5 μm. In both electrolytes, the surface quality of TiAl4822 can be improved 

by increasing electrolyte temperature, and the effect is stronger in NaCl than in NaNO3, Fig. 10(b). 

 

 

 

Figure 9. The influence of the electrode feed rate and electrolyte temperature on MG in NaCl and 

NaNO3. 

 
 

Figure 10. The influence of the electrode feed rate and electrolyte temperature on SR in NaCl and 

NaNO3. 

 

 

Conclusively, TiAl4822 exhibits higher surface quality in NaNO3 than in NaCl under the same 

processing conditions. For achieving a higher surface quality of TiAl4822, the selected machining 

parameters should ensure that MG is not lower than 0.3 mm. 

Cross-sections of specimens obtained at different electrode feed rates are shown in Figs. 11 

and. 12. It can be observed that no inter-crystalline corrosion occurs during the ECM process in both 

NaCl and NaNO3 electrolytes. 
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a

 
Figure 11. The cross-sectional analysis of TiAl4822 in NaCl at different electrode feed rates (a. 0.5, b. 

1.0, c. 1.5, and d. 2.0 mm/min). 

 

 

 

 

Figure 12. The cross-sectional analysis of the TiAl4822 in NaNO3 at different electrode feed rates (a. 

0.5, b. 1.0, c. 1.5, and d. 2.0 mm/min). 

 

 

Figure 13. The EDX analysis of the TiAl4822 cross-section in NaCl. 

a b

c d
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Figure 14. The EDX analysis of the TiAl4822 cross-section in NaNO3. 

 

 

Furthermore, the EDX analysis was used to investigate whether elements of the TiAl4822 rim 

zone are affected by electrolytes during ECM. As shown in Figs. 13 and 14, the points in the central 

part of the workpiece and near the processing area were selected. The results indicate that the 

elemental composition of the TiAl4822 rim zone is consistent with that of the matrix, which implies 

that the anodic oxidation reaction does not form a tightly bound film on the surface of TiAl4822 after 

ECM process. 

 

4. CONCLUSIONS 

 

In this study, the electrochemical dissolution behavior of TiAl4822 in different electrolytes was 

investigated. The results can be summarized as follows: 

1. The polarization curves show that the temperature rise decreases corrosion resistance in both 

NaNO3 and NaCl electrolytes. Besides, TiAl4822 has a higher Epit values in NaNO3 than in NaCl at the 

same temperature. 

2. In both NaCl and NaNO3 electrolytes, current efficiency changes little with current density. 

The higher current efficiency in NaCl than in NaNO3 at the same conditions indicates the faster 

material removal rate in NaCl. 

3. The single-factor experiments were conducted both in NaCl and NaNO3, and the influence of 

various parameters on SR and MG of the TiAl4822 ECM process was analyzed. The results show that 

the higher surface quality is obtained in NaNO3 than in NaCl under the same conditions. The decrease 

of the applied voltage, duty ratio, and the increase of the electrode feed rate, small MG can be 

obtained. However, MG should be kept at least as high as 0.3 mm; otherwise, too small MG will yield 

an impaired removal of electrolytic products and reduce the surface quality of the workpiece.  

4. The EDX analysis proved that ECM does not affect the material composition of the 

TiAl4822 rim zone and that inter-granular corrosion does not occur. 
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