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Abstract

Electrochemical machining (ECM) has great advantages for the manufacture of difficult-to-cut y-TiAl alloys considering
its many inherent advantages over traditional cutting techniques. In this study, the ECM characteristics of a new forged
Ti-48AI-2Cr-2Nb (TiAl 4822) intermetallic with o and y phases were investigated in NaNOj solution. The polarization
characteristics of the sample were studied by potentiodynamic and potentiostatic polarization tests. The results show that the
alloy has typical active, passive, and transpassive regions, and the compactness and corrosion resistance of passive film are
getting better and better with the increase of test time at passive potential. The XPS test revealed that the main components
of the passive film are titanium dioxide and aluminum oxide. Furthermore, the alloy exhibits high material removal rates that
remain almost constant in the range of current density less than 50 A/cm?. Moreover, the dissolution mechanism of TiAl 4822
alloy was also revealed through the dissolution morphology, elemental composition, surface roughness, and intergranular
corrosion at different current densities. The sample shows a loose lamellar dissolution morphology and is very rough at low
current density. The sample exhibits a very flat surface at high current density, but many micro-bulges with high content
of Cr element on the dissolved surface. Finally, several forged TiAl 4822 alloy blades were successfully fabricated with an
average surface roughness of Ra 0.55 pm. It proves that ECM can obtain high surface quality and high material removal rate
of forged TiAl 4822 alloy for complex structural components in aero-engines.

Keywords Electrochemical machining - Ti-48 Al-2Cr-2Nb - Electrochemical dissolution characteristic - Polarization
behavior - Blade

1 Introduction

To meet the increasingly high-performance requirements of
aero-engines, such as lighter weight, less nitride emissions
and noise, new materials are urgently needed. Gamma
titanium aluminum (y-TiAl) alloy can meet these chal-
lenges due to its many advantages, such as low density,
high specific strength, and superior mechanical proper-
ties. Among the above advantages, the most noteworthy
is that the density of y-TiAl alloy is only about 4.0 g/cm?,
which is half lighter than nickel-based superalloy and has
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become the frontrunner to replace nickel-based superalloy
components in aero-engines [1, 2]. However, y-TiAl alloys
also exhibit some disadvantages, including low thermal
conductivity and low room temperature ductility. It is not
easy to process y-TiAl alloy into complex structure parts
(such as blades) by traditional cutting methods (such as
milling, grinding, or turning), which often cause micro-
cracks, lamellae deformation, working hardening layer, or
even fracture defects [3—6]. Some untraditional processing
methods are also used to process such alloys. For electrical
discharge machining and laser machining, recasting layers,
micro-cracks, or residual stresses are usually formed on
the surface of samples, which have serious adverse effects
on the serve life of parts [7, 8]. Electron beam melting and
addictive manufacturing usually result in very rough sur-
face and poor profile accuracy [9, 10]. ECM is a very eco-
nomical and promising manufacturing method for y-TiAl
alloy, which can overcome the above shortcomings.
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ECM is a non-contact cold processing method, which
mainly removes metal materials according to electrochemi-
cal anodic dissolution principle and is controlled by Fara-
day’s law. ECM has many advantages such as no loss of
tool electrode, no residual stress and recasting layer, high
machining efficiency, good surface quality, and processing
difficult-to-cut materials independent of their physical prop-
erties [11-13]. After many years of development, ECM has
been considered as one of the indispensable manufactur-
ing methods for the key parts of aero-engine [14]. It has
successfully manufactured titanium alloy and nickel-based
superalloy blade or blisk [15-18], stainless steel and nickel-
based superalloy casing [19, 20], large size TiAl 45XD alloy
blade [21], etc.

The outstanding mechanical properties of y-TiAl inter-
metallic and the inherent advantages of ECM technology
attracted many scholars to carry out scientific research on
the ECM of y-TiAl intermetallic, and has made considerable
progress. Liu et al. conducted a series of ECM experiments
for cuboid Ti-46A1-4Nb-2(Cr, Ta) (at.%) intermetallic speci-
mens with an area size of 15x 10 mm? and surface rough-
ness of the workpiece up to Ra 1 pm using optimized param-
eters [22]. Weinmann et al. reported the ECM properties of
Ti90A16V4 and Ti60A140 alloys in different solutions using
a series of electrochemical testing techniques. The results
show that titanium content has a certain inhibitory effect
on electrochemical dissolution of the sample [23]. Clifton
et al. reported that processed y-TiAl alloy (Ti-45A1-2Mn-
2Nb (at.%) 0.8 vol.% TiB,) specimens usually have high
surface integrity without significant structural defects for
the ECM process, but the surface hardness of the specimens
is 46% lower than that of the turning process [24]. Klocke
and Wang proved that y-TiAl alloy in NaNOj; solution has
better surface quality compared to NaCl solution [25, 26].
Wang et al. studied the passive properties of two typical
v-TiAl intermetallic compounds and found that the surface
passive film structure mainly consists of a dense inner film
and a loose outer film [27]. The above research results have
great guiding significance for the content of this paper. Gen-
erally speaking, different kinds of materials or materials
formed by different process methods usually have different
ECM characteristics [28]. Forged Ti-48 Al-2Cr-2Nb alloy
is a promising second-generation intermetallic compound.
However, there are few reports on ECM of forged TiAl 4822
intermetallic.

In this paper, the ECM characteristics of forged TiAl
4822 alloy in NaNOj; solution were studied, and the cor-
responding blades were successfully manufactured. First,
the phase composition and microstructure of forged TiAl
4822 alloy were observed by X-ray diffractometer (XRD)
and metallographic microscope. Second, the electrochemical
polarization behavior of forged TiAl 4822 alloy was revealed
by potentiostatic and potentiodynamic polarization. At the
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same time, the composition of the passive film formed on
the surface of the sample at passive potential (1 V) was also
determined by X-ray photoelectron spectroscopy (XPS)
technology, which will show that the main components of
the passive film are titanium dioxide and aluminum oxide.
Third, the material removal rate of forged TiAl 4822 alloy
at 1-50 A/cm? was measured by weighing method. Moreo-
ver, the dissolved morphology, surface roughness, elemen-
tal composition, and intergranular corrosion of forged TiAl
4822 alloy at various current densities were analyzed by field
emission scanning electron microscopy (FESEM), surface
roughness instrument, energy dispersive X-ray spectroscopy
(EDS), and metallographic microscope. The electrochemical
dissolution schematic models of forged TiAl 4822 alloy were
also established. Finally, the ECM experiments of forged
TiAl 4822 alloy blade were carried out. The specific ECM
fixture and tool electrode were designed for the blade. At the
same time, the machining phenomenon and surface rough-
ness of forged TiAl 4822 alloy blades after machining were
described.

2 Experimental processes
2.1 Sample preparation

Forged TiAl 4822 alloy was used as an anode material for
electrochemical tests and ECM experiments, and its main
elements were obtained using EDS (X-flash 5010; Bruker,
Germany), as shown in Fig. 1. It can be seen that the alloy
contains a large amount of Ti and Al elements. Moreover,
the addition of Nb can increase its oxidation resistance
and creep resistance, as well as high temperature strength.
A small amount of Cr can improve its ductility [1]. The
sample’s size for electrochemical testing and dissolution
morphology analysis is 10x 10x 10 mm?, and its surface
was grinded by wet sandpaper with different mesh numbers
before the test.

Elem Wt% At%

TiK Balance Balance

AIK 32.64 47.31
NbL 5.37 2.26
CrK 2.75 2.07

Fig.1 EDS of forged TiAl 4822 alloy
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2.2 Anode polarization behavior

Polarization behavior is a very important part in the analysis
of anodic electrochemical dissolution characteristics. In this
study, the polarization behavior of forged TiAl 4822 alloy
was mainly tested by electrochemical workstation (Zennium
E; Zahner Instruments Inc., Germany) and electrolytic
cell. The schematic diagram of the test system is shown in
Fig. 2. The test system is mainly composed of electrochemi-
cal workstation, electrolytic cell, thermostatic water cycle
equipment, and computer, which belongs to a three-electrode
test system. The workpiece is a forged TiAl 4822 alloy and
only the surface (1 cm?) parallel to the platinum electrode
was not covered with insulation. The saturated calomel elec-
trode was used as the reference electrode and the platinum
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Fig.2 Schematic diagram of polarization behavior measuring device

electrode with higher purity was used as the counter elec-
trode. For the electrolytic cell, it mainly consists of two lay-
ers. The inner layer is mainly NaNOj solution, and the outer
layer is mainly circulating water.

The surface passive film was measured by XPS (AXIS
Supra; Kratos, Japan) technique after potentiostatic polari-
zation to determine its composition. A monochromatic Al
Ka radiation source was used with a measurement area of
300 % 700 pm?>. The high-resolution spectra of several main
elements in forged TiAl 4822 alloy matrix were detected,
and the C 1 s peak at 284.8 eV was used to calibrate binding
energy values.

2.3 ECM experiments

The material removal rate, dissolution morphology, surface
roughness, and intergranular corrosion of samples are also
very important research contents in the analysis of electro-
chemical dissolution properties. In order to carry out a series
of subsequent ECM experiments, a set of ECM equipment
system was designed (see Fig. 3), which mainly includes
machine tool, electrolyte circulating filtration device, and
specific fixture. The ECM equipment mainly consists of a
vertical axis and two horizontal axes, which can realize the
vertical and horizontal direction of movement. The move-
ment of all motion axes is precisely regulated by numerical
control system. In this study, it is necessary to mention that
the vertical axis is mainly used for material removal rate
testing and dissolution experiments under different current
densities, while the two horizontal axes are mainly used for
ECM experiments of aero-engine blades. The function of
electrolyte circulation filtration system is mainly to trans-
port a continuous flow of NaNO; solution for processing

Fig.3 Schematic diagram of
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and to filter the dirty NaNOj; solution to ensure the stability
of processing.

The dissolved morphology, elemental composition, sur-
face roughness, and intergranular corrosion of the samples
were analyzed by FESEM (S4800; Hitachi, Japan), EDS,
surface roughness instrument (Perthometer M300C; Mahr
GmbHs, Germany), and metallographic microscope (Zeiss
Axioplan 2 Imaging and Axiophot 2 microscope) after ECM
experiments. In addition, the surface quality and morphol-
ogy of forged TiAl 4822 alloy blade were measured and
observed.

3 Results and discussion
3.1 Material analysis

ECM mainly removes metal materials in the form of ionic
state. The electrochemical dissolution properties and the
surface quality of components are greatly influenced by the
microstructure of workpiece [25, 26, 28]. Therefore, the
phase composition and microstructure morphology of forged
TiAl 4822 alloy matrix were first detected and observed in
this study to better analyze some phenomena in ECM, as
shown in Fig. 4. It can be seen from the XRD patterns in
Fig. 4a that the forged TiAl 4822 alloy mainly contains

y-TiAl and a,-Ti;Al phases. Figure 4b exhibits the metallo-
graphic morphology of forged TiAl 4822 alloy, which shows
a typical duplex structure. Careful observation shows that
the forged TiAl 4822 alloy primarily consists of many fine
v-TiAl grains and coarse lamellar colonies arranged alter-
natively with y-TiAl and a,-Ti;Al phases. Furthermore, it
can also be seen that there are obvious differences in the
orientation of the lamellae in many lamellar colonies, result-
ing in dissimilar microscopic morphology due to different
perspectives.

3.2 Polarization behavior
3.2.1 Potentiodynamic polarization

The polarization curves of sample in four concentrations of
NaNO; solution (0.1%, 1%, 10%, and 20%) were obtained
to explore the effect of electrolyte concentration on the elec-
trochemical polarization behavior of forged TiAl 4822 alloy
(see Fig. 5a). In the test, the scanning rate is 10 mV/s, and
the voltage is measured from—2 V to+4 V. Figure 5a shows
that in the transpassive region of the polarization curve, the
current density is very small when the electrolyte concen-
tration is 0.1% or 1%. In particular, for 0.1% NaNOj; solu-
tion, the current density is only 0.0106 A/cm? at the end of
the scan. There is only a little corrosion, indicating that the
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dissolution rate of forged TiAl 4822 alloy is very low in
the low concentration of NaNOj; solution. As the electrolyte
concentration increases to 10%, the current density of the
polarization curve increases obviously. When the electro-
lyte concentration is 20%, the polarization curve becomes
very steep and the current density increases further. This
is because the higher the concentration of electrolyte, the
higher the conductivity and the faster the exchange rate of
reactive ions [26]. This means that forged TiAl 4822 alloy
has a faster reactive ion exchange rate in 20% NaNOj; solu-
tion compared to other concentrations. In addition, a careful
observation of the transition zone between passive region
and transpassive region in Fig. 5a shows that forged TiAl
4822 alloy exhibits the lowest breakdown potential in 20%
NaNOj; solution. Based on the above test results, 20%NaNO,
solution was selected to carry out a series of subsequent
experiments in this study, considering its higher material
removal and lower breakdown potential. Figure 5b shows
the polarization curve of forged TiAl 4822 alloy with semi-
logarithm, which exhibits typical active—passive—transpas-
sive transition behavior. Interestingly, the current density
is small and remains about constant in the passive region,
indicating the presence of a passive film. The current density
increases rapidly when the machining enters the transpassive
region. This is mainly due to the increasing scanning voltage
forcing the passive film to crack and be removed, resulting
in electrochemical dissolution of the forged TiAl 4822 alloy.

Figure 6a shows the cyclic voltammetry (CV) curve
of forged TiAl 4822 alloy, which is a positive hysteresis
loop throughout the scanning process. In the forward scan
(=2 V— +4 V), the curve almost increased linearly with
the increase of the scanning voltage in the transpassive
region, which shows Ohmic behavior and that the resistance
of the NaNOj solution is dominant [29]. In the reverse scan
(+4 V— —2 V), the current density of the alloy decreases
gradually with the decrease of scanning voltage. When the
reverse scanning voltage is reduced to 1.64 V, the sample
enters passive state again, and its current density is almost
zero. Interestingly, the current density in reverse scanning
process is always higher than that in forward scanning

process under similar scanning voltage, which indicates that
the surface state of forged TiAl 4822 alloy has changed,
that is, it may be subject to uneven corrosion [27, 30]. The
polarization morphology of the sample after CV was also
observed (see Fig. 6b). There is clearly some localized cor-
rosion occurring on the sample surface, which also verifies
the above analysis of CV curve.

3.2.2 Potentiostatic polarization

It can be seen from the above analysis that there will be a
passive film at passive potential for forged TiAl 4822 alloy.
To further understand the formation process and composi-
tion of passive film, potentiostatic polarization test and XPS
analysis were carried out. Figure 7 shows the potentiostatic
curve of TiAl 4822 alloy at passive potential (1 V) for 1 h.
The curve decreases rapidly at the initial stage and then
slightly as the test time increases due to the gradual growth
of the passive film at passive potential. Figure 7b shows the
double-logarithmic plot of current density—time of forged
TiAl 4822 alloy. The current density in the figure can be
expressed in time as

j — 10—(b+klogl) (1)

where j is the current density; b and k are constants; ¢ is the
time of the test. In particular, k is the slope of the curve in
Fig. 7b. The larger the absolute value of k, the denser and
more corrosion resistant the passive film [31].

It can be observed from Fig. 7b that the curve becomes
steeper and steeper with the increase of test time, indicat-
ing that the passive film becomes more and more dense and
corrosion resistant during the growth process. A careful
observation of the curve in the figure shows that it mainly
consists of three stages and can be fitted with three straight
lines with different slopes. At the initial stage, the curve is
very gentle, with a slope of about—0.13 for the fitting line.
This is mainly related to the loose passive film in the ini-
tial phase. In the intermediate stage, the slope of the fitting
line is about — 0.48, and the compactness of the passive film
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is further enhanced. In the final stage, the curve becomes
very steep, with a slope of about— 1.13 for the fitting line.
This means that the passive film is very dense and corrosion
resistant.

After potentiostatic polarization, the composition of pas-
sive film of forged TiAl 4822 alloy was solved by XPS tech-
nology. The high-resolution spectrogram mainly detects the
main elements Ti and Al in the matrix material based on the
EDS results in Fig. 1, as well as O elements in the passive
film. The test data were processed and fitted by commercial
software CasaXPS.

Figure 8a shows that the XPS spectra of Ti 2p mainly
consists of four components, and the binding energies are
458.32 and 464.04 eV, 453.12 and 459.53 eV correspond-
ing to TiO, 2p3/2 and TiO, 2p1/2, metal Ti 2p3/2 and Ti
2p1/2 spin—orbit doublets, respectively. Figure 8b shows that
the XPS spectrum of Al 2p can be fitted by two compo-
nents at the binding energies of 71.51 and 73.91 eV, which
correspond to Al,O5 2p and metal Al 2p, respectively. The
peaks of metals titanium and aluminum were also detected
in the passive film. This may be because the passive film is
porous. The above analysis results show that the passive film
primarily consists of TiO, and Al,O5, which are oxides of
metal elements Ti and Al. Meanwhile, the XPS spectrum of
O 1 s in the passive film was also analyzed. It can be found

Log(T/s)

that it is mainly composed of two peaks, corresponding to
TiO, and Al,O; at the position of 529.82 and 531.56 €V,
respectively. It is further confirmed that the passive film is
primarily consist of TiO, and Al,0;. The good corrosion
resistance of forged TiAl 4822 alloy is closely related to
Al,Oj in the passive film.

3.3 Material removal rate

In this study, the weighting method was used to determine
the material removal rates of forged TiAl 4822 alloy under
various current densities [26]. The experiment was repeated
twice to ensure the accuracy of the test. Figure 9 shows the
relationship between material removal rate (@) and current
density (j) for forged TiAl 4822 alloy. It is clear from the
figure that forged TiAl 4822 alloy dissolves at low current
density and exhibits a higher material removal rate com-
pared to other high current densities. And then, the material
removal rate of the alloy hardly changes within the current
density range tested. Figure 9 also shows that the results
of the two experiments are almost identical, indicating a
very good repeatability. In general, forged TiAl 4822 alloy
exhibits a very high nw compared to normal titanium alloy
and nickel-based superalloy in NaNO; (or NaCl) solution
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Fig. 8 High-resolution XPS spectra of Ti, Al, and O elements for passive film on the surface of forged TiAl 4822 alloy
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[5, 28]. It also reflects that the high efficiency machining of
forged TiAl 4822 alloy can be realized by ECM.

3.4 Dissolution experiments at various current
densities

Electrochemical dissolution experiments under various
current densities were conducted to further understand the
ECM characteristics and anode dissolution mechanism of
forged TiAl 4822 alloy. The surface dissolution morphology,
processing quality, elemental composition, and intergranu-
lar corrosion for the samples were measured in detail after
dissolution experiment. The size of the sample used in the
experiment is 10 10x 10 mm?>, and the inlet pressure of the
electrolyte is about 0.1 MPa.

4 Dissolution morphology analysis

The dissolved morphologies of forged TiAl 4822 alloy at
1, 5, 20, and 50 A/cm? are shown in Fig. 10. In processing,
the sample’s surface passes similar amounts of electricity
(Q=1r). It can be seen from these figures that the forged
TiAl 4822 alloy exhibits different dissolved morphologies
under different current densities. In Fig. 10a, the forged TiAl
4822 alloy has serious non-uniform electrochemical dissolu-
tion and coarse lamellar colonies were exposed, showing a
very loose lamellar dissolution morphology. In addition, it is
worth mentioning that these loose lamellae may flake off in a
non-ECM due to uneven dissolution and the scouring effects
of the high-speed flowing electrolyte. This appears to be the
reason why forged TiAl 4822 alloy exhibits slightly higher
nw values at 1, 2, or 3 A/cm?. At 5 A/cm?, forged TiAl 4822

alloy still presents a loose and uneven lamellar dissolu-
tion morphology, but the exposed lamellar size decreases
slightly. At 20 A/cm?, the dissolved surface of forged TiAl
4822 alloy is greatly improved, and the loose lamellar sub-
stances almost disappear. It is worth noting that there are
many micro-protrusions and exposed lamellar colonies for
forged TiAl 4822 alloy. At 50 A/cm?, the machined surface
becomes very flat. However, there are still many micro-
bulges and exposed lamellar colonies. A closer inspection
reveals that the height of these micro-bulges and the exposed
lamellar colonies is significantly reduced. This is mainly
related to the more uniform dissolution of the material at 50
A/cm?. Moreover, it also reflects that the electrochemical
removal rates of y and a phases in the lamellar colony are
different based on the exposed lamellar colony.

In order to further reveal the micro-bulges on the dis-
solved surface of forged TiAl 4822 alloy, the chemical com-
position and EDS mapping of raised and non-raised areas in
Fig. 10d were obtained. Figure 11 shows that there is no dif-
ference in the element content between the labeled area “a”
and the base material of forged TiAl 4822, while the raised
area contains higher content of Cr element. By analyzing
the standard electrode potential of the main metal elements
in forged TiAl 4822 alloy (see Table 1), one possible reason
is that Cr element has a relatively high standard electrode
potential, which is more difficult to dissolve in ECM. Klocke
et al. also reported that Cr element has an adverse effect on
the material removal rate of y -TiAl alloy due to its affinity in
passive or oxide layers formation [5]. Figure 12 shows EDS
mapping of main metal elements and C and O elements in
Fig. 10. From these figures, it can be seen more clearly that
the distribution of Cr element in the raised region on the dis-
solved surface is lighter to other regions, indicating that the
content of Cr element in the raised region is relatively high.
It is further proved that Cr content is high in the micro-bulge
under high current density.

5 Surface roughness analysis

The surface quality of the sample was also measured at
four current densities. In order to make the results more
accurate and reliable, the ECM experiments under dif-
ferent current densities were repeated twice. Moreover,
six measuring lines were uniformly selected from the
machined surface for surface roughness measurement.
Figure 13a shows the schematic diagram of measure-
ment line selection. The relationship between average
surface roughness and current density of forged TiAl
4822 alloy is shown in Fig. 13b. It can be seen that the
two experimental measurements almost coincide, indicat-
ing good repeatability. In general, the surface roughness
value of forged TiAl 4822 alloy decreases significantly
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Fig. 10 Surface morphologies
of forged TiAl 4822 at different
current densities: a 1 A/cm? for
1000 s, b 5 A/cm? for 200 s, ¢
20 A/cm? for 50 s, and d 50 A/
cm? for 20 s
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|1, rsopeyeseverrmoy rorv i

Fig. 11 EDS of forged TiAl Full scale counts: 535
4822 marked area in Fig. 10d:
(a) area “a” and area “b”

00“”’ <V 7 8mm x20

Table 1 Standard electrode potential of main elements in specimens

Anodic chemical reaction Standard electrode
potential (V)

Al— AP+ 3¢ —1.66
Ti—Ti** +2e -1.63
Nb— Nb>* + 3e -1.1

Cr—Crt+3e —0.74
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with the increases of current density. Figure 13b reveals
that the Ra value of the sample exceeds 7 when the cur-
rent density is very low (1 or 5 A/cm?), suggesting that
the machining quality is bad. This is mainly due to the
uneven dissolution of materials at 1 or 5 A/cm?, result-
ing in the existence of many loose lamellar substances
for forged TiAl 4822 according to SEM results. At 20 A/
cm?, the surface quality is greatly improved. This can be
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interpreted as the removal of loose lamellar substances
(see Fig. 10c). At 50 A/cm?, the Ra value of forged TiAl
4822 alloy is approximately 1.1 pm. This indicates that
ECM really has the potential to achieve good machining
quality for forged TiAl 4822 alloy.

6 Intergranular corrosion analysis

Intergranular corrosion will have a great adverse effect
on the service life of parts (such as blades). In order to
improve the service life of parts and avoid serious acci-
dents, it is necessary to ensure that there are no inter-
granular corrosion defects on the surface of specimens.
Therefore, the intergranular corrosion of forged TiAl
4822 alloy was observed and analyzed in this section.
Figure 14a and b show the cross-sections of forged TiAl
4822 alloy at 5 and 50 A/cm? after ECM, respectively.
These two images and their local magnified images show
that there is no intergranular corrosion defect, which is
mainly because the alloy is made by forging process and
its grains are refined and grain boundaries are improved.
Moreover, localized corrosion is observed in Fig. 14a,
showing an uneven dissolved morphology. It can also be
observed from Fig. 14b and its enlarged image that the
machined surface of the sample is very flat, but there are
some micro-bulges.

7 Dissolution model building

According to the previous studies, the dissolution models of
forged TiAl 4822 alloy in NaNOj solution were established to
better understand the electrochemical dissolution mechanism
of the alloy. Based on the polarization behavior test results,
the passive film will form for forged TiAl 4822 alloy at pas-
sive potential, which has a certain hindering effect on material
dissolution. The passive film is primarily contains titanium
dioxide and aluminum oxide according to the XPS measure-
ment in Fig. 8. As shown in Fig. 15a, the matrix of the alloy
contains many coarse lamellar colonies and refined y grains
based on the XRD pattern and metallographic morphology
in Fig. 4. At low current density, the lamellae in the matrix
are obvious and the surface is uneven due to non-uniform dis-
solution, resulting in poor surface quality of the sample (see
Fig. 10a and b). In addition, these loose wafers may flake off
in a non-ECM manner, resulting in a slightly higher nw at
low current density, according to the results in Figs. 9 and 10.
Figure 15b is the dissolution model at high current density. At
high current density, the loose wafers are almost completely
removed, but there are many micro-bulges (see Fig. 10c and
d). The content of Cr in these micro-raised areas is high due to
its high standard electrode potential according to the results in
Fig. 11, Fig. 12, and Table 1. Importantly, forged TiAl 4822
alloy leaves a smooth dissolution surface at high current den-
sity due to more uniform dissolution.

Fig. 14 Cross-sections of forged TiAl 4822 alloy at different current densities: a 5 A/cm? and b 50 A/cm.?
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Fig. 15 Dissolution models of
forged TiAl 4822 alloy at low
and high current densities: a
low current density and b high
current density
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8 ECM of aero-engine blades

The forged TiAl 4822 alloy’s most promising application
field is blade parts in aero-engine. The above basic stud-
ies prove that ECM can achieve high surface integrity of
forged TiAl 4822 alloy at high current density. In this sec-
tion, therefore, ECM experiments for forged TiAl 4822
alloy blades were carried out based on the machine tool
equipment system (see Fig. 3). The machining current,
machining quality, and microstructure for the manufac-
tured blades were also analyzed in detail.

8.1 ECM experiments of forged TiAl 4822 blades

Figure 16a and b are the 3D model of the self-designed ECM
fixture and the physical picture of the machining area in the
machine tool, respectively. The main part of the fixture and
the positioning reference of the workpiece are made of insu-
lated fiberglass and rigid stainless steel, respectively. The
machining area is located in a closed space in the fixture
and has a pre-designed flow channel. The main purpose is to
ensure a stable flow of high-pressure electrolyte and fill the
entire processing area. Figure 17a and b are the 3D model
of standard blade and tool cathodes, respectively. The total

|

Piezometer

Electrochemical machining of blade

Convex
4 cathode Fixtlre
Workpiece

Cathode
Electrolyte
outlet

Clectrolyte
outlet

processing area of blade concave and blade convex surface
is about 17.25 cm?. The blank of the blade is a cuboid with
a size of 49.8 x 30 x 10 mm?. In the ECM of blade, the blank
of forged TiAl 4822 blade and the cathode tool were con-
nected to the positive and negative terminals of the pulse
power supply through copper wire, respectively. The high-
speed electrolyte flows rapidly through a pre-designed flow
channel in the fixture to remove bubbles, Joule heat, and
electrolytic sludge. At the same time, the concave cathode
and the convex cathode move to the blank of the blade in
the opposite direction with the same feed rate. As the cath-
ode tools continue to move, the blank gradually dissolves

Fig. 17 3D model of standard blade and picture of tool cathodes
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Table 2 Experimental parameters

Parameters Values

Cathode material Stainless steel

Cathode feeding rate v, (mm/min) 0.8
Electrolyte concentration 20% NaNO;
Voltage U (V) 22

Pulse frequency (Hz) 100

Pulse duty (%) 50

Inlet pressure P, (MPa) 0.6

Outlet pressure P, (MPa) 0.1
Electrolyte temperature T (°C) 3005
Initial machining gap &, (mm) 0.5

330 —e— Blade 1
—A— Blade 2

500 F-- w—Blade3 | .
—&— Blade 4

N
[y
(e}
T
i

I

(=3

(=}
!

w

D

(=]
!

Average machined current / A
=
(=]
T

[\
W
(=]
T
i

Machined start
L 1

200 —1i . i :
0 1 2 3 4 5

Cathode feed distance / mm

Fig. 18 The relationship between the average machining current of
the blades and the cathode feed distance

and eventually forms a shape similar to that of a standard
blade. After several pre-experiments, the selected machining
parameters for ECM of blades are shown in Table 2.

Fig. 19 Machined blades
through ECM: a blade concave (2)
and b blade convex

8.2 Result analysis

Figure 18 shows the relationship between the machining cur-
rent and the tool electrode feed distance during machining. The
curve in the figure can be divided into three stages based on the
change of average machining current. The first stage is that the
machining current increases rapidly, which is mainly related to
the blank gradually dissolving from cuboid shape into standard
blade shape. And then, the machining current hardly changes,
which is mainly attributed to the forming of the blade and
the processing into the equilibrium state. At this stage, the
peak current density of the blade is about 63 A/cm?. In the
final stage, the average machining current decreased slightly,
which is mainly because the blade leading/trailing edge areas
were dissolved, making the machining area decrease slightly.
Moreover, the change of the average machining current during
process is very smooth without any sudden change. This means
that the machining process for the blade is very stable; there is
no short circuit phenomenon. It is also obvious that the average
current curves of the four blades almost coincide, which means
that the machining has very good repeatability.

Figure 19 shows the four blades of forged TiAl 4822 alloy
processed by ECM. It can be seen that whether the blade con-
cave or the blade convex, the surface of the blade is very smooth
and there is no flow mark and short-circuit burn defects. As
shown in Fig. 20, the average surface roughness for the four
blades are very similar, about Ra 0.55 pm. The ripple diagram
of the surface roughness for the blade is shown in Fig. 21. This
further verifies that the experiment has good repeatability. It
is interesting that the surface quality of the processed blades
is better than that of the basic test samples mentioned above.
The main reason is that the processed blades have higher cur-
rent density and electrolyte pressure, which makes the disso-
lution of materials more uniform. In addition, the dissolved
morphologies of blade concave and blade convex were also
photographed through FESEM. Figure 22 shows that the

(b)
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machined morphology is indeed quite smooth, and the height
and number of micro-bulges on the dissolved surface are sig-
nificantly reduced. It also shows that the forged TiAl 4822 alloy

Fig.21 Ripple diagram of the (a)
surface roughness: a concave
and b convex

Sum t

Concave 2.5mm

Fig.22 The dissolved morphol-
ogies of blade: a blade concave
and b blade convex

o o

Regulus 1 11.1mm

! i VAL ,".‘ My K
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can obtain better surface quality by ECM under higher current
density and electrolyte pressure.

These results show that current density has an important
effect on surface quality of forged TiAl 4822 workpiece. In
order to obtain better surface quality, parameters such as cath-
ode feeding rate or machining voltage or duty ratio can be
increased within a certain range, and the optimal parameter
combination can be optimized to achieve higher current density.

9 Conclusions

In this paper, the polarization characteristics, material removal
rate, material removal mechanism at different current densities,
and blade manufacturing of forged TiAl 4822 alloy were studied.
It is proved that ECM is a potential processing method for forged
TiAl 4822 alloy, which can obtain high processing efficiency,
high machining quality, and no intergranular corrosion defects
of complex structural components. Here are the conclusions:

1. The potentiodynamic polarization test show that forged
TiAl 4822 alloy has obvious active, passive, and
transpassive regions. There are some localized corro-

Ra=0.588um (b) Sum Ra=0.522um

o\ g

Convex < 2.5mm

et T
2mm x1.00k SE(UL) 50.0pm
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sion in the polarization morphology of sample after CV.
The results of potentiostatic polarization test show that
the formation process of passive film on forged TiAl
4822 alloy surface can be divided into three stages at
passive potential, and the compactness and corrosion
resistance of passive film become better and better with
the increase of testing time. The passive film primarily
consists of titanium dioxide and aluminum oxide accord-
ing to XPS measurement results.

2. Forged TiAl 4822 alloy dissolves at low current density
and exhibits a higher material removal rate compared to
other high current densities. Also, the material removal
rate of the alloy hardly changes under other high current
densities.

3. The lamellae are all exposed at low current density,
showing a loose lamellar dissolution morphology due
to non-uniform dissolution. The dissolved surface of
forged TiAl 4822 alloy is very flat due to more uni-
form dissolution at high current density. However,
many micro-bulges were formed on the dissolved sur-
face. EDS results show that the content of Cr element
in these micro-raised areas is higher due to its high
standard electrode potential. Moreover, corresponding
electrochemical dissolution models were established to
characterize the electrochemical dissolution behavior of
forged TiAl 4822 alloy.

4. Finally, the forged TiAl 4822 alloy blades were fabri-
cated successfully by ECM. The results show that the
average surface roughness of the processed blades is
about Ra 0.55 pm, and it has good repeatability.
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