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Abstract: We focus on the electrochemical dissolution characteristics of new titanium alloys such as near-q titanium
alloy Ti60, o+ titanium alloy TC4 and B titanium alloy Ti40 which are often used for aerospace industry. The ex-
periments are carried out by electrochemical machining tool, and the surface morphology of the specimens is ob-
served by the scanning electron microscope (SEM) and three-dimensional video microscope (DVM). The appropri-
ate electrolyte is selected and the relationships between surface roughness and current density are achieved. The re-
sults show that the single-phase titanium alloy Ti40 has a better surface roughness after ECM compared with the
ot titanium alloy TC4 and the near-o titanium alloy Ti60. The best surface roughness is Ra 0. 28 pm when the
current density is 75 A/ecm®. Furthermore, the surface roughness of the near-q titanium alloy Ti60 is the most sen-
sitive with the current density because of the different electrochemical equivalents of substitutional elements and
larger grains than TC4. Finally, the suitable current density for each titanium alloy is achieved.
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0 Introduction

Titanium alloys are widely used in the aero-
nautical industry because of their high strength,
good corrosion resistance, excellent fatigue per-
formance, and excellent strength-to-weight rati-

OU—:&J .

The density of titanium is relatively low,
and half that of steel. Its strength is not high,
but after the addition of aluminum, vanadium,
molybdenum, or other substitutional elements,
titanium alloys attain high strengths that are as
high as that of steel**). According to the organi-
zational characteristics of titanium alloy by annea-
ling, titanium alloy can be divided into three clas-
ses: o titanium alloy, B titanium alloy and o+
titanium alloy. For example, Ti60(Ti-5. 6 Al-2Zr-
4. 8Sn-1Mo-0. 35Si-0. 7Nd) is a new near-o high-

temperature alloy and can be used for disks and
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blades of aircraft engines at about 600 “CI™. Ti40
(Ti-25V-15Cr-0. 2Si) is a new J titanium alloy.
Ti40 possesses good burn resistance and mechani-
cal properties and has a wide range of possible ap-
plications, e. g. in the aerospace industry*!, TC4
(Ti-6Al-4V) is a o+ titanium alloy and the most
commonly used titanium alloy in the industry.
Electrochemical machining (ECM) is a non-
traditional machining process, based on the prin-
ciple of electrochemical dissolution of an anode in

L9107 The process is carried out in

an electrolyte
an electrolytic cell, with the tool as the cathode
and the workpiece as the anode, with controlled
anodic electrochemical dissolution taking place
when a voltage is applied between the workpiece
and the tool''™. ECM is one of the most poten-
tially useful non-traditional machining processes

because of its ability to machine complex and in-
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tricate shapes in high-strength and heat-resistant
materialst™,

Some results in ECM of titanium alloys have
been obtained. In India, Dhobe and his colleagues
studied the surfaces of medical devices produced
using ECM. The surface roughness Ra of an ox-
ide-layered machined surface obtained was in the
range 3. 09—3. 66 pm"*'J. American investiga-
tors also conducted some research on ECM of
medical devices''™. TC4 has been studied in Chi-
na, and the results show that a machining surface
roughness Ra of 0. 413 um can be obtained with
the use of an additional anode made of platinum in
an electrolyte of 10 wt% NaCl+ ethylenedia mi-
netetraacetic acid(EDTA) +4 wt% Na,S, 04 at a

209 In Germany,

current density of 50 A/cm
Klocke and his colleagues also conducted experi-
mental investigations into ECM of modern titani-
um alloys for aero-engine components™”. In the
former Soviet Union, Shulepov and his colleagues
investigated ECM of titanium alloy using a sec-
tional cathode under conditions in which the cur-
rent is applied intermittently!.

Titanium alloys differ not only in composi-
tion, but also in microstructure. At present, in
investigations of ECM of titanium alloys, the
ECM parameters are obtained from a large num-
ber of orthogonal or uniform experiments but not
from the elements and phases of the material.
The current density has a significant effect on
surface roughness. Traditionally, for stainless
steel, the higher the current density is, within a
certain interval, the better the surface roughness

2] However, for titanium alloys, this rule

is
cannot always be applied. Meanwhile, the resear-
ches of the new titanium alloy Ti60 and Ti40 in
ECM are less before.

In the paper, the experiment of the three dif-
ferent types of titanium alloy ( Ti60, Ti40 and
TC4) will be carried out. An appropriate electro-
lyte is selected, and a suitable current density is
chosen for each alloy. By comparing different ele-

ments, type of phases and size of phases, the test

results are further analyzed.

1 Experimental Preparation

1.1 Experimental equipment

The ECM system used in the experiments is
shown schematically in Fig. 1. It consists of a
number of precision-machined components: a fil-
ter press to remove byproducts, a heat exchanger
to control the electrolyte temperature during
ECM, and a fine filter to remove small-sized im-
purities during processing, together with auxilia-
ry equipment to measure and control the flow
rate. The electrolyte is pumped with the centrifu-
gal pump 2 from the electrolyte tank and fed to
the processing area. The throttle 1 mainly con-
trols the flow rate in the processing area, with
the remaining electrolyte returning to the electro-
lyte tank through the liquid return pipe. The flow
meter and inlet pressure gauge measure the flow
rate at the entrance to the processing area. To re-
duce flow field defects in the ECM area, back
pressure is applied at the outlet region. The back
pressure is controlled by throttle 2, and the outlet
pressure gauge shows the value of the outlet pres-
sure. The high-current electrical power supply is

controlled by a programmable logic controller.

Inlet pressure
gage
ol
Throttle 1
Pulse
power Centrifugal
supply Outlet pump 2
pressure Fine
Filter Throttle 2 filter
press Heat
& | * I exchangers
Gas Electrolyte
source e
M | Centrifugal
Airpump Heater pump 1

Fig.1 Schematic diagram of ECM system

1.2 Steady flow field system for ECM

To obtain a good machined surface, a steady
flow field system for ECM is developed independ-
ently of the present work. The main components
of this system are a jig cover, a jig base, a cath-

ode tool, an anode connecting rod, and a blank.
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The jig cover, which has a slit at the bottom, is
fixed to the jig base, which also has a slit, by lo-
cating pins and screws. The electrolyte flows
from the slit at high speed. The diameter of the
workpiece, which is held inside a specially de-
signed hollow cylindrical anode connecting rod, is
20 mm.

To achieve a constant flow field without
sharp corners (which can lead to the formation of
cavities) , the cathode tool is held stationary while
the anode connecting rod moves toward the cath-
ode at a pre-set speed. A schematic diagram of
the flow field is shown in Fig. 2. The steady flow
field system used for ECM in the present experi-

ments is shown in Fig. 3.

Fig. 2 Schematic diagram of flow field for anode feed-

ing

Cathode
tool
\ \ Anode
\ connecting
\ rod
Jig
base Anode blank (220
Electrolyte titanium)

outlet

(a) Schematic diagram of system

(b) Photograph of system

Fig. 3 Diagram and photograph of steady flow field
system for ECM

1.3 Experimental materials

Ti60 is a near-o high-temperature alloy, and
is applied in the blisk of the aero enginel™. Fur-
thermore, the a-phase stabilizer element (Al) is
more concentrated in the « phase, and the g-phase
stabilizer elements (Mo, Si)are more concentrat-
ed in the transformed B structure, while the neu-
tral elements (Zr, Sn) are both easily dissolved in
the two structures. The metallograph of Ti60 is
shown in Fig. 4(a). The spherical part is primary
« phase, and the strip structure with black border
is transformed B structure which have secondary «
phase and intergranular § phase.

TC4 is a o1 titanium alloy and is one of the
most commonly used. The « phase and 8 phase
are evenly distributed in the alloy. Furthermore,
the o-phase stabilizer element (Al) is more con-
centrated in the o phase, while the g-phase stabi-
lizer element (V) is more concentrated in the B
phase. The metallograph of TC4 is shown in
Fig. 4(b). The spherical part is primary « phase,
and the strip structure is g phase.

Ti40 is a new excellent burn resistant titani-
um alloy, and is often used in the case which is
one of the core components of the aero engine™ .
The main causes of the excellent high thermal
stability are: belonging to B titanium alloy and
suitable elements evenly distributed in the pure 8
phase. And the metallograph of Ti40 is shown in
Fig. 4(o).

(c) Tid0

Fig. 4 Metallic phases of titanium alloys
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1.4 Selection of processing parameters and elec-

trolyte

Before the relationship between current den-
sity and surface roughness is determined, the
main ECM parameters and the components of the
electrolyte should be selected. Because there are
many common features in ECM for titanium al-
loys, Ti40 has be chosen for mainly parameters
selected.
1.4.1

First, the voltage needed for ECM of titani-

Selection of parameters

um alloys is relatively large. Because titanium is a
very strongly passive metal, it is easy to form a
passivation film, which will lead to an increase in
the decomposition voltage during the process.
Second, when a DC power supply is used, the
ECM products of titanium alloys mostly form an
insoluble floc that is easily adhered to the anode,
leading to dissolution in different ways at the sur-
face or the substrate of the anode. However,
when a pulsed power supply is used, there is suf-
ficient time for undissolved floc to be removed in
the electrolyte at low potential. Also, corrosion
of the titanium surface by the electrolyte is con-
trolled, reducing other chemical reactions, so it is
possible to obtain good surface roughness. Fig. 5
shows Ti40 surfaces processed with the main pa-
rameters shown in Tables 1,2.

Table 1 Parameters of ECM with pulsed power supply

Electrolyte  Voltage/ Frequency/ Duty Temperature/ Feed rate
concentration \Y% kHz cycle T (mmemin~")
12% NaCl 30 1 0.5 40 1

electrolyte and gradually accumulates on the an-
ode surface. The electrolyte of the upper oxide
film is more sufficiency than that of the lower ox-
ide film, and the charge distribution also differs
between the upper and lower of the oxide film.
As a result, a variety of corrosion products are
produced. The composition of the oxide film is
shown in Table 3, from which it can be seen that
it contains not only a large amount of oxygen, but
also some titanium and vanadium. For Ti40, the
yellow oxide film is V,O, or Ti,O,, all of which
have low electrical conductivities. A short circuit
can easily occur during the process. Therefore,

pulse power is a better choice than DC power.

(a) Surface of Ti40 after ECM
using pulse power

(b) Surface of Ti40 after ECM
using DC power

Fig. 5 Surfaces of Ti40 after ECM using pulse power

and DC power

Table 3 Composition of oxide film of Ti40 after ECM using

DC power
Composition Atomic number Atom/ %

(0] 8 61.61
Ti 22 24.56
\ 23 7.49
Cr 24 2.15
Cl 17 2.73
Na 11 1.46

Total 100. 00

Table 2 Parameters of ECM with DC power supply

Electrolyte Voltage/ Temperature/ Feed rate/
concentration \Y T (mm * min~ ")
12% NaCl 30 40 1

As can be seen from Fig. 5, ECM with pulse
power produces a better surface than ECM with
DC power. The surface roughness Ra in Fig. 5(a)
is about 0. 35 pm. and the surface in Fig. 5(b) is
covered with a layer of yellow oxide film. The
main reason is that when DC power is used, the

product is not taken away immediately by the

1.4.2 Selection of electrolyte

The passivation film which has poor electri-
cal conductivity is very dense and firmly adhered
to the surface of the anode. Titanium and its al-
loys are difficult to dissolve because of the passi-
vation film. But the passivation can be activated
when the electrolyte contains certain anions, es-
pecially halide ions. In order of activation ability,
these anions are Brm > ClI- > 1" > ClO; >
NO; >SS0}

anions that do not contain oxygen are generally

Therefore, electrolytes based on
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used for ECM of titanium alloys. Thus, the hal-
ide salts sodium chloride and sodium bromide are
used in preference to the oxo-anion salts sodium
chlorate and sodium nitrate, because a titanium
oxide film is rarely generated in these electro-
lytes.

As shown in Fig. 6, when Ti40 is machined
using a sodium nitrate electrolyte with the main
parameters shown in Table 4, the surface rough-
ness Ra in Fig. 6 (a) is about 0. 32 pm and the
surface using sodium nitrate electrolyte is covered
with a layer of black oxide film in Fig. 6(b). In
addition, the surface roughness in Fig. 6 (b) is
greater than the range of the instrument which
range is up to 10 pm. Therefore, a sodium nitrate
electrolyte is not suitable for ECM of titanium al-
loys, and, in practice, sodium chloride is general-
ly used.

Table 4 Parameters of ECM with NaNQO; /NaCl electrolyte

Electrolyte  Voltage/ Frequency/ Duty Temperature/ Feed rate
concentration \Y kHz cycle T (mmemin~ ")
20% NaNO; /NaCl -~ 40 1 0.5 40 1

(a) Surface of Ti40 after ECM (b) Surface of Ti40 after ECM

using sodium chloride using sodium nitrate electrolyte

Fig. 6 Surfaces of Ti40 after ECM using sodium chlo-

ride and sodium nitrate electrolyte

2 Experiments and Results

Experiments are performed to determine the
relationship between current density and rough-
ness and to reveal the surface morphology. The
parameters shown in Table 1 are used, except
that when analyzing the effect of current density
on roughness, the feed rate is varied. The reason
is that, for the same material and electrolyte, the
product of current efficiency 5 and electrochemical
equivalent @ (ecm®/(A ¢ min)) is basically the

same, so the corrosion rate in the normal direc-

tion, v, (mm/min), has a linear relationship with
the current density i(A/cm?)

v, = i [@D)]
2.1 Experiments investigating relationship be-

tween current density and surface roughness

First, to obtain the relationship between the
current density and the surface roughness of tita-
nium alloys subjected to ECM, a large number of
experiments are carried out. Figs. 7—9 show the
variation of surface roughness with current densi-
ty. The machining parameters are as in Table 1
except for the feed rate, which varied from
0.5 mm/min to 1. 5 mm/min. Additionally, each
experimental result is tested three times to in-
crease the reliability of the tests. Acquisition sys-
tem based on virtual instrument for current signal
is established, and the values of the current are
obtained from current hall sensor. When the ma-
chining goes to balance, the accurate current den-
sity can be obtained by the actual current and the

processing area

where i(A/cm?) is the current density, I(A) the
actual current, and B(cm?®) the processing area.

Fig. 7 shows that in the sodium chloride elec-
trolyte system, the surface roughness of Ti60 is
relatively good at low current density. However,
when the current density is more than 80 A/cm?,
the roughness increases considerably. Therefore,
a relatively low current density should be used for
ECM of Ti60. From Fig. 8, it can be seen that
the surface roughness of TC4 is about 0. 30 pm at
low current densities, and it increases slightly
with current density increasing. Therefore, high
current densities can be employed for ECM of
TC4. Fig. 9 shows that the surface roughness of
Ti40 is about 0. 3 pm at low current densities and
decreases slightly as the current density increa-
ses, until dropping rather more sharply to a mini-
mum of 0.28 ym at 75 A/cm”, before increasing
again (but not to very large values). Therefore,
high current densities can also be applied for ECM
of Ti40.
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Fig. 7 Effect of current density on Ti60 surface rough-
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Fig. 8 Effect of current density on TC4 surface rough-
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Fig. 9 Effect of current density on Ti40 surface rough-

ness

2.2 Surface morphology

To determine the surface morphology, ECM
experiments are carried out for the three different
titanium alloys at the same feed rate. The machi-
ning parameters are shown in Table 1. The sur-
face morphology is observed by a scanning elec-
tron microscope (SEM; Hitachi, S3400N, Ja-
pan). Fig. 10 shows SEM bright images of the al-
loys.

(b) TC4

(a) Ti60

(c) Tid0

Fig. 10 SEM images showing surface morphology of

titanium alloys subjected to ECM

From Figs. 10(a,b), it can be observed that
a material metallographic morphology appears on
the surfaces of Ti60 and TC4 after machining. In
contrast to the general metallographic morpholo-
gy, the o phase appears as concave, while the §
phase and transformed § structure emerge as con-
vex after ECM. It is clear that the pits in Ti60 are
deeper. From Fig. 10(c), it can be seen that there
are no grain boundaries on the surface of Ti40,
which is relatively smooth.

To compare the depths of the concavities on
the surfaces of the different titanium alloys after
ECM, their three-dimensional surface topography
is examined, and the three alloys are each pro-
cessed at two different current densities.

Fig. 11 shows the three-dimensional surface
topography of the three titanium alloys after
ECM, observed by a three-dimensional video mi-
croscope (Leica DVM5000, Germany), with the
machined surface roughness being measured by a
surface roughness tester with 0. 01 pm accuracy
(Perthometer Mahrl, Germany). The machining
parameters are shown in Table 1 except that the
feed rate is varied.

From Fig. 11, it can be obtained that the sur-
face roughness of Ti60 after ECM is significantly
worse than that of Ti40 and TC4. For Ti60, the
surface roughness is 1. 239 pm at a current densi-
ty of 40 A/cm”, and it is 1. 843 pm at 80 A/cm”’.
It is confirmed that the higher the current density
is, the lower the amount of « phase is. Fig. 12
shows the concavities in the Ti60 surface more
clearly.

For TC4, at a current density of 40 A/cm?,
the surface roughness is 0. 317 pm, and at 80 A/
cm®, it is 0. 388 um. For Ti40, at 40 A/cm?*, the



616 Transactions of Nanjing University of Aeronautics and Astronautics Vol. 33

=40 A / cm*(Ra=1.239 pm) i=80 A / cm’(Ra=1.843 pm)

(a) Ti60

=40 A/ cm*(Ra=0.317 pm) i=80 A / cm’(Ra=0.388 pm)
(b) TC4

i=40 A / cm’(Ra=0.331 pm) i=80 A / cm’(Ra=0.347 pm)
(c) Ti40
Fig. 11 Surfaces topography of titanium alloys at dif-

ferent current densities

Fig. 12 Surface morphology of Ti60 after ECM

surface roughness is 0. 331 ym, and at 80 A/cm’,
it is 0. 347 pm. It can thus be seen that the sur-
face roughness of TC4 and Ti40 increases slightly

with increasing current density.

3 Analysis

Based on the above experimental results, the
characteristics of the surface morphology of Ti60,
Ti40, and TC4 after ECM can be analyzed. At
the same time, the relationship between the sur-
face roughness and the current density can be fur-
ther analyzed in terms of the phases and composi-
tion of the materials.

The microstructure morphology of Ti60 after
ECM is shown in Fig. 10(a). The transformed §
structures are convex and the o phases concave.
The corrosion rates of the two structures are dif-
ferent, which can be considered to result from the
different electrochemical equivalents in the two
phases. The possible causes of these different
electrochemical equivalents may be as follows:
the o-phase stabilizer element (Al) is more con-
centrated in the o phase, while the g-phase stabi-
lizer elements (Mo, Si) are more concentrated in
the transformed B structures. The rare-earth ele-
ment Nd, which is often present between the two
structures but generally not within them, plays
the role of fine-grain strengthening by reducing
the activation energy of the grains and preventing
grain growth. Therefore, it generally does not af-
fect the electrochemical equivalents of the two
structures. Neutral elements (Sn, Zr) have good
solubility in both structures.

Different substitutional elements are rich in
the two different structures and have different
electrochemical equivalents, resulting in different
corrosion rates of the two phases. Electrochemi-
cal equivalent @ can be determined by the relative
atomic mass A, valence n, density p(g/cm’) and
Faraday constant F (1 608.3 A * min/mol)

_ A
“ nopk

In ECM of Ti60, the surface roughness in-

3
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creases with the current density as shown in
Fig. 7. The electrochemical equivalents of the
substitutional elements present in Ti60 are shown
in Table 5. As can be seen from Eq. (1), the val-
ues of gw of adjacent phases differ. The differ-
ences in rates between the phases will be enlarged
with the current density increasing, which results

in a worse roughness.

Table 5  Electrochemical equivalents of substitutional ele-
ments in Ti60
w/
Type Element

(em?® « (A« min) 1)

a-phase stabilizer
element

Al 0.002 1(3+)

Sn 0.005 0(2+);0.002 5(4+)
Neutral elements

Zr 0.002 2(4+)
- Mo 0.001 0(6-+)
B-phase stabilizer Si 0.001 9 (semiconductor)
elements
Nd

In TC4, the electrochemical equivalent of Al
is 0. 002 1 ecm’/(A + min) in the a phase, and
those of the different oxidation states of V are
0.0026 (2+), 0.001 7 (3+), 0.001 3 (4-+),
and 0. 001 0 (5+) cm®/(A « min) in the B phase,
as shown in Table 6. On the other hand, in Ti60,
the electrochemical equivalent of Mo is 0.001 0
(6+) cm’/(A « min) in the B phase and that of
Al is 0. 002 1 cm®/CA ¢« min) in the o phase.
Based on these data, the differences in the elec-
trochemical equivalents of substitutional elements
in Ti60 are more evident than in TC4. Further-
more, as noted in Table 5, Si is a semiconductor,
and is difficult to corrode by ECM. Thus, Ti60
differs from TC4 not only in the electrochemical
equivalents of substitutional elements in the dif-
ferent phases, but also in the presence of Si,
which is resistant to ECM. Meanwhile, the grain
of TC4 is smaller than that of Ti60. Under the
same processing area, the elements in TC4 are
more uniform than those in Ti60. Thus, differ-
ence of the elements’ electrochemical equivalent
in TC4 is relatively less than that in Ti60. There-
fore, TC4 has a better surface roughness than
Ti60 after ECM.

Table 6  Electrochemical equivalents of substitutional ele-
ments in TC4
Type Element w/

(ecm® *« (A ¢ min) ™)

a-phase stabilizer Al 0.002 1 (34)
element

0.002 6 (2+); 0.001 7
\% (3+); 0.001 3 (4+);

0.0010 (54>

B-phase stabilizer
element

It can be seen from Fig. 9 and Fig. 10(c) that
in the sodium chloride electrolyte system, the
surface roughness of Ti40 is good and that as the
current density increases, the roughness increases
only slightly. The reason is that the electrochem-
ical equivalents of the substitutional elements in
the adjacent phases are approximately equal. Ti40
is a wholly B-phase titanium alloy. Because Cr
and V are evenly distributed in the grains, there
is no difference between phases. The electro-
chemical equivalent does not differ between the
phases, as shown in Table 7, so the corrosion is
more even, and a good surface roughness is ob-
tained. Therefore, we can choose a relatively

high current density for processing Ti40.

Table 7  Electrochemical equivalents of substitutional ele-
ments in Ti40
w/
Type Element (em® ¢ (A min) ')
. 0.001 5 (3+)3; 0.000 8
Cr
B-phase stabilizer (6+)
clements 0.002 6 (2+); 0.001 7
’ \Y% (3+); 0.001 3 (4+);
0.001 0 (5-+)

4 Conclusions

We focus on the investigation of dissolution
characteristics in new titanium alloys for the aero-
space industry. By analyzing the composition and
microstructure of different alloys, an appropriate
range of current density can be proposed for a
good surface roughness. With this approach, the
following conclusions can be obtained:

(1) The experimental results show that,
compared with TC4 and Ti60, ECM of Ti40 gives
better results in terms of surface roughness. For
Ti60, Ra is in the range of 0. 910—2. 418 pm at

current densities ranging from 40 A/cm’ to
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100 A/em?; for TC4, Ra is about 0. 309—
0.411 pm at 40100 A/cm”; and for Ti40, Ra is
about 0. 30 pm at 40100 A/cm’ (and as low as
0.28 pm at 75 A/cm?®).

(2) Comparing two-phase(or two-structure)
and single-phase titanium alloy, it can be seen
that it is easier to obtain a good surface roughness
after ECM of the latter. In the case of the o+f ti-
tanium alloy and near-q titanium alloy, because of
the different substitutional elements in the differ-
ent phases, the electrochemical equivalent vol-
umes also differ between phases. Therefore, at
the same ECM current density, the surface
roughness of the o+ B titanium alloy and near-«
titanium alloy is worse than that of the single-

phase alloy.
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