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Abstract

The mechanical properties of polycrystalline materials are significantly affected by
their microstructures, such as the grain size, phase composition and texture. In this
paper, Ti6Al4V alloys with equiaxed grain structure, bimodal structure and
martensitic structure are obtained by electropulsing treatment (EPT). The
microstructural evolution is primarily caused by the coupling function of thermal and
athermal effects of EPT. A theoretical model was built to analyze the temperature
evolution induced by the thermal effect of EPT from the perspectives of energy gain,
heat transfer and thermal radiation. Ultraprecision diamond turning was then
conducted to investigate the effects of microstructures on the machinability of
Ti6Al4V alloys. The results show that material swelling and spring-back vary with
microstructures due to the various strength and ductility, which significantly affects
the turning surface profiles. The alloy with fully martensitic structure shows a best
surface roughness of approximately 9 nm after diamond turning, and the cutting and
thrust forces are also lower than the alloys with equiaxed and bimodal structures. The
paper also qualitatively analyzes the cutting and thrust force evolution of the alloys
with various microstructures.

Keywords: Ti6Al4V alloys; Electropulsing treatment (EPT); Microstructures;

Ultraprecision diamond turning; Cutting and thrust forces.



1. Introduction

High-strength and light weight metal materials, such as magnesium (Mg) alloys,
beryllium (Be) alloys and titanium (Ti) alloys, have been widely developed to meet
the rising demands for manufacturing of key components used in high performance
applications [1-3]. Among them, titanium alloys have been attracting a great deal of
attention for several decades due to their superior biocompatibility and excellent
mechanical properties, including high strength, great corrosion resistance and
exceptional fracture toughness, especially for the two phase Ti6Al4V alloy. The
mechanical properties of the Ti6Al4V alloy are directly affected by its microstructures
which can be altered through proper heat treatment followed by different cooling rates.
Fully slender martensitic o lamellas could be achieved after annealing in single 3
phase followed by high cooling rates (above 410 °C/s) or water quenching, while
thick lamellar structures would be obtained if the cooling at low rates in furnace [4, 5].
With a moderate cooling rate, in the air for example, the microstructure is composed
of primary a phase and some acicular phase in the B matrix [6]. The yield strength,
cycle fatigue and fracture toughness of titanium alloy with fully slender o lamellas are
superior to those with coarse lamellar structure. The bimodal structure consisting of
primary a phase and o/f lamellas usually gives rise to high ductile features compared
with the fully lamellar structure and equiaxial crystal structure possessing moderate
strength and ductility [7].

In comparison to the traditional furnace annealing process, the electropulsing

treatment (EPT) is a more efficient and time saving technique in altering material



microstructures and facilitating phase transformation. In 1970s, Troitskii et al. [8]
proposed that the reduction of flow stress and the increase of elongation of metals are
due to the dislocation movement under electron wind condition. Actually, electrical
pulses have two kinds of effects on changing microstructure of metal materials:
thermal effect and athermal effect. Zhang et al. [9] investigated the effect of thermal
energy induced by electropulsing on the microstructure evolution of four kinds of
materials, and the authors also theoretically calculated the instantaneous temperature
change and discussed that the possible mechanisms for nano-structure transition may
be attributed to the rapid heating and cooling rates, thermal stress and thermodynamic
energy barrier. To et al. [10, 11] studied the athermal effects of electropulsing on
phase transformations of Zn-Al alloy from the views of Gibbs free energy and
electropulsing kinetics. The authors found that phase transformations can be
effectively accelerated by the current density, which is mainly due to electron wind
force that influences the fluxes of dislocations and vacancies. In the study conducted
by Tang et al. [12], the coupling thermal and athermal effects of EPT for several
seconds contribute to an accelerating dissolution rate for B phase in an aged
Mg-9Al-1Zn alloy, which is considered to be induced by the decreasing phase
nucleation thermodynamic barrier and the improvement of atomic diffusion. The
microstructure evolution of the Ti6Al4V alloy after EPT was also investigated in
recent years, and the strength and ductility of this material were found to vary with
EPT parameters [13-15].

The Ti6Al4V alloy is known as one of difficult-to-cut materials due to the poor



thermal conductivity, low modulus of elasticity and serious chemical reaction [16, 17].
A wide variety of studies have been conducted to address the machining problems of
Ti6Al4V alloys by adopting suitable liquid cooling systems aiming at facilitating heat
dissipation at cutting zones [18-20], but those researches were conducted from the
perspective of improving external conditions instead of altering the alloy intrinsic
nature. As the inherent properties of metals and alloys are greatly affected by the
microstructures, the machinability of the Ti6Al4V alloy in ultraprecision diamond
turning should be closely correlated to its microstructures, such as phase composition,
phase and grain sizes. Nouari and Makich [21] found that the tool wear could be
affected by microstructure evolution during machining Ti6Al4V and Ti-555 alloys.
Armendia et al [22] also studied the tool wear and cutting forces of Ti6Al4V alloy
with various microstructures in traditional turning processes. Besides, the effects of
microstructures on cutting force and built-up edge (BUE) have also been investigated
during milling of Ti6Al4V alloys [23, 24]. Though some studies have been conducted
on investigating the influences of various microstructures on the cutting force, tool
wear and BUE of Ti6Al4V alloys in conventional machining, little research has been
carried out on investigating the machinability of the Ti6Al4V alloy with different
microstructures from the perspectives of material spring-back and swelling in
ultraprecision diamond turning. Therefore, the purpose of this study is to explore the
machinability of Ti6Al4V alloys with three typical microstructures produced by high
efficient of EPT. In addition, the temperature evolution caused by the thermal effect of

EPT is theoretically and experimentally analyzed, and the cutting force variation in



ultraprecision machining is discussed.
2. Experimental procedures

The Ti6Al4V (Ti-5.900A1-4.032V-0.075Fe-0.018C-0.030N-0.120-0.001H) alloy
with a diameter of 3 mm was used for EPT and ultraprecision machining. The EPT
was conducted on a commercial electropulsing device (THDM-III) that has been
stated in our previous study [25]. A sketch of EPT sample fixture setup with real-time
temperature measurement method is shown in Fig. 1. Voltages, frequencies and
corresponding effective current densities of EPT are tabulated in Table 1. After EPT
for 2 minutes, all samples were immediately cooled in the water. Then, the alloys
were mechanically cut into samples with a dimension of ®3 mm x 6 mm for the
following metallographic observation, compressive test and ultraprecision machining.
The essential steps of metallographic sample preparation include thermal mounting,
mechanical grinding, electrical polishing in a mixed solution of HClO4: CH3;COOH

(1:16) and chemical etching (HF: HNOs: H,O=1:3:5).
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Fig. 1 Schematics of (a) sample fixture of EPT, (b) sample treatment during EPT and

(c) real-time temperature measurement by a digital thermocouple with record function
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Table 1 EPT parameters and corresponding measured peak temperature

Sample No. Voltage (V) Frequency (Hz) Je (A/m®)  Peak temperature (°C)

1 - - - -

2 30 300 5.60x107 529
3 40 300 7.92x107 802
4 60 300 1.24x108 1270

The ultraprecision diamond turning was conducted on a 4-axis ultra-precision
machine Moore Nanotech 350FG. A fresh diamond tool with a nose radius of 1.0002
mm, rake angle of 0° and front clearance angle of 12.5° was utilized for turning.
Rough machining was carried out firstly to flatten the surface, and then finish
diamond turning was executed at a spindle speed of 1000 rpm, cutting depth of 3 ym
and feed rate of 4 mm/min. A force sensor (Kistler 9256C1) was mounted under the
fresh cutting tool to measure the cutting and thrust forces. All the turning experiments
were repeated three times. The phase transformation was estimated by a differential
scanning calorimetry (DSC, STA 449 F3 Jupiter thermal analyzer) with temperature
ranging from 25 °C to 1200 °C at a heating rate of 5 °C/min under an air atmosphere.
The phase composition was identified by a high resolution X-ray diffractometer
(HRXRD) with a scanning rate of 3 °/min. The electronic morphologies were
obtained by a scanning electron microscope (SEM, Tescan VEGA3). A Nexview
three-dimension (3D) optical surface profiler (Zygo) and an atomic force microscope
(AFM, Park's XE-70) were used to obtain the surface topographies and tool mark
profiles. The Vickers hardness was measured by a Mitutoyo testing machine under a
load of 0.2 kg, and the Young’s moduli were measured by a Nano Indenter G200. The
oxygen contents of the alloys were detected by the LECO combustion analyzer

ONH&36.



3. Results and discussion
3.1 Material characteristics

Fig. 2 shows the differential scanning calorimetry (DSC) curve of the virgin
Ti6Al4V alloy. Three endothermic peaks representing phase transformation from a to
B phase are obviously observed in the curve, corresponding to temperatures of about
705°C, 920°C and 1085°C, respectively. The first low temperature peak stands for the
onset of decomposition of a phase, and the high temperature (above 920 °C ) peaks
represent the phase transformation of primary a phase to f phase [26]. Hence, a phase
starts to transform to B phase at temperature around 705°C, and the transformation
prevails at above 920 °C. The endothermic peak at temperature of about 1085°C is

supposedly due to the rapid grains growth of the § phase [27].
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Fig. 2 DSC curve of the virgin Ti6Al4V alloy
Fig. 3 shows the electronic morphologies of Ti6Al4V samples under different
EPT parameters. The virgin Ti6Al4V alloy is composed of a phase within  matrix.
The average B particles after 30 V, 300 Hz followed by water quench increase from

about 0.5 um to 1.5um, and the volume fraction of B phase also shows an increment in



comparison to the virgin Ti6Al4V alloy, as illustrated in Fig. 3 (b). As the specimen
temperature after EPT of 40 V and 300 Hz can reach as high as 802 °C that is higher
than the first phase transformation temperature of 705 °C, a large amount of short
secondary o lamellas are observed to nucleate within B grains after water quench,
forming o/p lamellas. This results in the final microstructure mainly consisting of
primary equiaxed o grains and o/f lamellas, as shown in Fig. 3 (c). For EPT of 60V
and 300 Hz, substantial lamellar o martensite is formed in B grains after quenching,
but the length of the majority of a lamellas is quite longer than that of 40 V and 300
Hz. In addition, the distribution of a lamellas shows orthotropic feature, which results
from the lamellar nucleation process from single 3 phase. The a is constituted of long
martensitic platelets with an acicular morphology [4], and the growth of o would not
stop until they met other a platelets of different variant of the Burgers orientation
relationship (BOR) in the same 3 grain [28].

The X-ray diffraction (XRD) patterns of Ti6Al4V alloy with different
microstructures are given in Fig. 4. At electropulsing voltages of 0 V and 30 V, B
phase with body centered cubic crystal structure can be detected by the XRD, but with
further increasing of voltages, the peak of B phase eventually disappears, which
indicates that the volume fraction of B phase reduces at voltages above 40 V.
According to the SEM morphologies given in Fig. 3 (a) and (b), and by using ASTM
E1245 criteria, the volume fraction of 3 phase is calculated to be 10 + 3 % and 20+ 3 %
of the total volume for virgin and EPT (30 V, 300 Hz) treated samples, respectively.

The low volume fraction contributes to the weak XRD peak of the  phase. Even 3



grains shown in Fig. 3 (c) are not fully occupied by the secondary a lamellas after
water quench, the B phase cannot be identified by the XRD due to the quite low
content. For water quench from about 1270 °C (EPT of 60V, 300 Hz), the prevalence
microstructure is detected to be o martensites. Jovanovic et al. [6] pointed out that the
volume fraction of B phase accounts for merely 1.3 % of the total volume for

quenching Ti6Al4V alloy from high temperatures.

Fig. 3 SEM morphologies of (a) virgin and EPT treated samples after (b) 30 V, 300 Hz,

(c) 40 V, 300 Hz and (d) 60 V, 300 Hz
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Fig. 4 XRD patterns of Ti6Al4V alloys under different EPT conditions

The Vickers microhardness variation of Ti6Al4V alloys with four types of
microstructures is illustrated in Fig. 5. The average microhardness of the virgin alloy
is about 315 HV, and it slightly decreases to about 290 HV after EPT of 30 V and 300
Hz. As electropulsing voltage further increases to 40 V, the average microhardness
reversely increases by 40 HV compared with the virgin samples. Interestingly, the
hardness curve of Ti alloys after 60 V, 300 Hz shows a symmetrical character along
the diameter. The mean value of hardness within a diameter of about 1 mm is
comparable with that of after EPT of 40 V, but it rapidly increases with elongation of
diameter, reaching a highest value of about 460 HV at the outermost of the cylinder

workpiece.
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Fig. 5 Vickers microhardness variation of Ti6Al4V alloys

The gradient distribution of hardness of alloy after EPT of 60 V and 300 Hz
mainly results from the different oxygen contents and cooling rates between the
outside and center of the sample. As the alloy treatments were conducted in
unprotected atmosphere, oxygen contamination of surface layer could occur during
EPT process. The oxygen contents of the outside workpiece with a thickness of about
0.2 mm and the centre bulk region with a diameter of about 1.3 mm are about
0.180 + 0.01 wt % and 0.125 + 0.01 wt %, respectively. Hence, the high oxygen
content in the outside region of titanium alloy could induce a high hardness, which
has also been proposed by Bermingham et al. [29] in additive manufacturing of
Ti6Al4V alloys. Besides, the size and thickness of the martensite could become larger
with reduction of cooling rates according to references [30, 31], the size and thickness
of the martensite could become larger with reduction of cooling rates. A similar result
was also found in the EPT treated alloys, as shown in Fig. 6 (a) and (b). In outside of
EPT treated alloy, the martensitic thickness is much smaller than that of the inside
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martensite, and the density of martensite is higher than the inside ones due to a
relative large cooling rate. As the small thickness and large density of martensite give
rise to more phase boundaries, the deformation resistance of the outside should be
larger than the inside, contributing to the symmetrical hardness distribution along the

diameter.

Fig. 6 SEM Morphologies of Vickers hardness indentation imprints and martensitic
microstructures of Ti6Al4V alloy at radius of (a) 1.36 mm and (b) 0.72 mm
3.2 Cutting surface morphologies

Fig. 7 presents the SEM and 3D Zygo morphologies of different Ti6Al4V alloys
after ultraprecision diamond turning under the same cutting condition. As illustrated
in Fig. 7 (a) and (c), the turning profiles of samples without treatment and treated by
EPT of 40 V show no obvious distinction, both having irregular distribution of tool
marks. It is worth noting that many bulges (black arrows) are observed in the EPT
treated alloys, while few are found in the virgin alloy. This phenomenon can also be
verified by the 3D morphologies given in Fig. 7 (g) where abundant intermittent
bulges are distributed uniformly in the turning surface, so the area surface roughness

Sa of the EPT treated alloy (23 nm) is slightly higher than that of without treatment
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(20 nm). For EPT of 30 V and 60 V, homogeneous diamond turning tool marks can be
achieved on the surface after ultraprecision machining. However, the S, of the latter
sample can reach about 9 nm, which is much smaller than the former with S, of 52 nm,

as presented in Fig. 7 (f) and (h).

i

Fig. 7 Tool marks of SEM morphologies for samples of (a) without EPT and EPT of
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(a) 30V, (b) 40 V and (d) 60 V; (e)-(g) are corresponding 3-D topographies.
The cross-section profiles of turning surfaces measured by Zygo are shown in

Fig. 8. It can be seen that the peak to valley (PV) values of all specimen are much

f2

81?7)’ which is attributed to the combined

higher than the theoretical values (R; =
effect of material swelling and spring-back. Material side swelling could introduce
slightly wider turning marks than the ideal width, while deep swelling could lead to
much deeper marks than the ideal mark height and it is more significant than the side
swelling [32]. The coupling effects of side and deep swelling could result in a large
surface roughness. On the contrary, the spring-back or recovery of materials could
reduce the surface roughness by reducing the depth of tool marks.

As presented in Fig. 8 (a) and (c), the waviness and PV value of the virgin
sample vary with positions, and a similar variation is presented on Ti alloy with EPT
of 40 V, which means that the occurrence of material swelling or spring-back is not
homogeneous in the two sets of alloys. For workpiece after EPT of 30 V and 60 V, the
waviness is relatively even and the fluctuation is not obvious, as shown in Fig. 8 (b)
and (d). The average distances of di and dz of tool marks are respectively about 4.102
pm and 4.039 um that are higher than the setting value of 4 um. Hence, material side
swelling occurs in both samples, but the former one is rather remarkable. This is
because the soft workpiece could result in a high plastic side flow [33]. In addition,
the coupling function of material deep swelling and recovery of the former sample is
significant, giving rise to an extremely high PV value (about 150 nm), as shown in

Fig. 8 (b). In comparison, the PV value of workpiece after treatment of 60 V is about

15



31 nm, approximately one-third of alloys with treatment of 30 V, as shown in Fig. 8
(d). Notably, a portion of valley outlines do not fully keep an arc shape and some
valleys even show flat features. The formation of irregular shapes is not considered to
be caused by the diamond tool wear which might also introduce a flat valley profile,
because there are still some valleys remaining as an arc shape. The low PV values and
irregular valley outlines demonstrate that deep swelling is non-significant or the

spring-back is obvious for the workpiece with EPT of 60 V.
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Fig. 8 Cross-section surface profiles of different Ti6Al4V alloys after ultraprecision
diamond turning

In order to investigate the effect of material spring-back on the surface turning
profiles, straight-line cutting was conducted on the samples with different
microstructures. As the cutting grooves show a similar morphology, the alloy after
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EPT of 30 V was chosen as an example to analyze the material recovery, as shown in
Fig. 9. The material swelling behaviour could be always observed in the turning
process, but it was not detected during straight-line cutting without feed rate. Both the
groove line curve and AFM morphologies shown in Fig. 9 (b) - (d) verify that the
material side flow not occurs during grooves forming. Hence, material recovery could

be directly reflected from the groove profiles.

In Fig. 9 (b), the ratio 9 = % X 100% is used to estimate the degree of
material spring-back, where Ad is the difference between the ideal surface and real
cutting surface and d. is the cutting depth. The values of the ratio are calculated to be
about 5.927 %, 5.946 %, 5.523 %, and 5.706 % for virgin alloy and alloys with EPT
of 30V, 40 V and 60 V respectively. The material recoveries of these alloys could also
be reflected from their elastic moduli, as shown in Fig. 9 (e). The small elastic
modulus of the alloy with EPT of 30 V means a relative large material recovery,
which is in agreement with the material recovery during groove cutting. Consequently,

the large PV value of the workpiece after EPT of 30 V indicates that the material deep

swelling is more significant in comparison to other samples.
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the alloy after EPT of 30 V; (e) Young's moduli of the alloys with various

microstructures.
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3.3 Cutting force variation of Ti6Al4V alloys

Fig. 10 shows the variation of main cutting forces and thrust forces of Ti6Al4V
alloy with various microstructures. It is clearly seen that cutting and thrust forces
show a simultaneous downward trend with the increasing of electropulsing voltage.
Especially for EPT of 60 V and 300 Hz, the main cutting force reduces from about
0.65 N to 0.39 N, achieving a force reduction of about 40 %. The dropping amount of
thrust forces for EPT of 40V and 60 V is nearly equal to each other, which means that
the emergence of lamellar a platelets and decrement of § phase could contribute to the
force reduction. Even when the volume fraction of the B phase increases after EPT of
30 V, the cutting forces also drop due to the coarsening of grains. According to the
traditional Hall-Petch relationship, the yield stress for plastic deformation would be
reduced with the increasing of the average grain size.

Furthermore, the magnitude of force vibration of the alloy after EPT of 30 V is
more significant than those with other microstructures, which corresponds to the high
PV value shown in Fig. 8 (b). This indicates that the high material side and deep
swelling could increase the cutting force fluctuation. For the alloy after EPT of 60 V,
periodical sharp tails (black arrows) of cutting and thrust forces are discovered in each
of turning cycle, which is supposedly caused by the influence of martensitic

orientations of the Ti6Al4V alloy [25].
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Ti6Al4V alloy with various voltages

4. Discussion

4.1 EPT effects on microstructure evolution of Ti6Al4V alloys
4.1.1 Thermal effects

In comparison to traditional furnace heat treatment, numerous investigations
concluded that the EPT could introduce thermal and athermal effects to alter material
microstructures when high density of electropulsing passes through metals or alloys
[10, 12, 13, 34]. The coupling thermal and athermal effects have potential function to
activate the motion of atoms, dislocations and defects, which contributes to the
evolution of microstructure of the metals [35].

For the thermal effect, free electrons could be migrated when a voltage (potential

difference) is conducted on conductive metals and alloys, and some electrons can
20



collide with atoms located at crystal lattices, which leads to kinetic energy loss of the
collided electrons. The lost energy will be scattered in the form of heat. When the
instantaneous electrical pulse is sufficiently high, the scattered energy will accumulate
rapidly, leading to a very high temperature. The temperature rise can be theoretically

expressed as [9]:

t 0T com T CpAslD

(1)
where T; is the Kelvin temperature at time ¢, T, is room temperature (298.15 K), Cp
is the specific heat, Ay, / and D are the cross-sectional area, length (40 mm) and
density of the treated alloys, respectively. The net energy ), AQ retained in the alloy
during EPT can be obtained by:
XAQ=0Q;—Q:—0Qr—Qc 2)
where Q; is the energy obtained from joule thermal effect when electropulsing
passes through samples, Q, and Q, are energy loss induced by heat transfer and
thermal radiation, respectively. Q. is the energy transforming from heated workpiece
to the two copper electrodes. The obtained energy Q; is given by [36]:

Q) = o Ue(MAN? L2 dt = ] (T)?Asp(Dlte ft

3)

where J,(T) and p(7) are respectively effective current density and electrical
resistivity at temperature 7, t, is the electropulsing duration of each pulse, and f
denotes the electropulsing frequency. The energy loss Q; due to the heat transfer
between samples and air is calculated by [37]:
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Q¢ = aS(T; — To)t
“
where S is total surface area of samples, and a denotes the heat transfer coefticient ,
which is estimated as follows [38]:
@ =" (5)
where 7 is the radius of samples, k is the thermal conductivity, and N,, is the Nusselt
number that could be evaluated by the following equation in a cylinder [39]:
N, = CRa} (6)
where C and n are variables that are determined by the Rayleigh number (Rap), and
the expression for Rap 1is [40]:
Rap = 4“C’B;#TZPT
(7
where g is the acceleration of gravity, AT is temperature difference between
workpiece and air, v is the kinematic viscosity, Pr is the Prandtl number, and S’ is
the coefficient of thermal expansion. The energy radiation to air @, can be estimated
from the well-known Stefan-Boltzmann Law [41]:
Q, = oTASt
®)
where ¢ is called the Stefan-Boltzmann constant (6=5.67x10% W-m2-K*). The
transferred energy Q. from workpiece to the two copper electrodes could be given
by [40]:

Q: = ZacAs(Tt - To)t

22



€))
where @, is the interface heat transfer coefficient between workpiece and copper
electrodes, and the average value is about 2x10° W/ m* K for copper in solid contact
condition [40]. The effective current density, electrical resistivity and density of
Ti6Al4V alloys are assumed to be independent of temperature; therefore, the final
equation to estimate the temperature evolution during the EPT process is formulated

as follows:

Je2Aspltoft—aS(Te—Tot—oTESt  Jelpteft  2a(Te—To)t+20TFt  2ac(Te—To)t

Ty —To = = - - (10)
CpAslD CpD CprD CplD

For any conductive metals or alloys under electropulsing treatment, the temperature at

a certain time can be evaluated from equation (10). Table 2 lists the relative

parameters of Ti6Al4V alloy. The parameters tabulated in Table 3 are based on

different temperatures induced by various EPT voltages, which are used to calculate

the heat transfer coefficient between workpiece and air.

Table 2 Parameters of Ti6Al4V alloy from relevant references

Parameters Values Ref.
p(Q2-m) 1.78x10°¢ [42]
C,(J/kg °C) 5.46x10? [43]
D(kg/m?) 4.42x10°3 [43]

Table 3 Parameters for calculation of the heat transfer coefficient

Parameters ov 30V 40V 60V Ref.

k(W/mK)  2.63x107 5.73x10%  7.10x107 0.10 [44]
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B'(1/K) 3.41x107 1.29x103 9.72x10™* 7.9x10* [40]
v(m¥s)  1.59x105  849x10°  142x10%  2.40x10%  [44]

Pr 0.707 0.709 0.728 0.685 [44]

Fig. 11 compares the temperature evolution of theoretically calculated data from
equation (10) and measured data from the digital thermocouple. At the beginning, the
calculated temperature is slightly higher than that of measured values, but the gap
clearly narrows after EPT for 15 s, which means that the calculated data of alloys
under various EPT conditions is in accordance with the corresponding measurement
data at relatively high temperatures. Furthermore, the temperature rising rates are
diverse for different EPT parameters. Increase in voltages tends to elevate the
temperature rising rate and the terminal temperature. For the sample with EPT of 60 V
and 300 Hz, the rising rate is about 110-133.4 °C/s at the temperature-rise period.
After that, the rising rate gradually falls over time, and finally a dynamic thermal
equilibrium is achieved at high temperature in which condition the generated energy
from electropulsing is equal to the energy loss induced by heat transfer and thermal

radiation.
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Fig. 11 Simulated and measured temperature evolution

4.1.2 Athermal effects

The athermal effect is another important factor to facilitate the microstructure
evolution and phase transformation of metals or alloys, and it is functioned by a so
called "electron wind" generated from the electropulsing. The mechanism of
microstructure evolution is closely associated with the generation and migration of
dislocation in the lattice and grain or sub-grain boundaries. In conventional heat
treatment of Ti6Al4V alloys, ageing for several hours or even days is usually needed
to guarantee microstructure changes and phase transformation. However,
microstructures and phases of titanium alloys could be altered within a few minutes
with the assistance of high current density. The generated electron wind has the
potential to accelerate the motion of dislocations, and the motivated dislocations could
even reach an ultrasonic speed, so the transferred energy from electropulsing to atoms
is extremely effective in comparison with the traditional heat treatment. The atomic
diffusion flux j, is due to the athermal effect and can be expressed as follows [10]:

. D; . * -
Ja = xT (Kew{2jm + NiReZi]m)
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(11)

where D; and N; are the diffusion coefficient and density of atom i, respectively; k
is the Bolzmann constant, 7 is the absolute temperature, K,,, stands for the electron
wind force coefficient, £2 is the atom volume, R is the specific resistivity, eZ;
denotes the effective charges of inter-crystalline atoms and j,, is the electropulsing
peak current density. The first term on the right hand side (RHS) of equation (5)
denotes the dislocation and vacancy fluxes resulted from the effect of electron wind
force. The second term on the RHS represents vacancies from atom self-diffusion
during EPT process. With the increasing of electropulsing voltages from 30 V to 60 V,
the corresponding peak current density j, passing through Ti6Al4V alloys will also
be increased. Hence, both the dislocation and vacancy fluxes and their motions are
improved by raising EPT voltages, giving rise to an enhancement of athermal effects.
In addition, the thermodynamic barrier for phase transformation from o to B of
titanium alloys may be reduced by the athermal effect [12, 45].

The athermal effect is activated simultaneously with the thermal effect, and the
coupling function of the two effects is likely to be the most acceptable mechanism for
explaining the microstructure evolution after EPT, because both of them have the
ability to promote the motion of atoms, dislocations and defects.

4.2 Qualitative analysis of cutting and thrust forces

The flow stress of Ti6Al4V alloys is closely correlated with the microstructure in
ultraprecision diamond turning, which can be directly reflected from the
microhardness and variations in the cutting force. For the workpiece with EPT of 30 V,
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the corresponding microhardness and cutting and thrust force both have a minor
decrease due to the grain growth, and this is in agreement with the Hall-Petch
relationship. However, with further increasing of EPT voltages, the variation of
microhardness and cutting and thrust forces shows an opposite changing trend, which
conflicts with the common knowledge that the forces should be elevated with the
increase of hardness. Generally, factors that affect the forces can be briefly
summarized as machine tools (tool category, tool geometry and tool wear), cutting
conditions, surroundings and material properties. The machine tool, cutting
parameters and environment conditions are all same during turning of the Ti6Al4V
alloys in this study, so variations in the force should be mainly induced by the
material factors, mainly including material microstructures, material swelling and
adhesion of tool-chip interface. A model based on Fig. 12 is built up to estimate the
variation of the main cutting force F. and thrust force F;, as follows:

F, = Fycosp + Fr,

(12-1)

Fy = Epsing + Fs + Frq

(12-2)

where FY; 1s a friction force between the tool and cutting chips, Fz is a tool-workpiece
frictional force, which is assumed to be same at the same depth of cut. Fis a force
caused by the material spring-back, ¢ is the shear angle that could be estimated by the
chip thickness ratio [46]:

to _  sing

(13)

te " cos (p—a)
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where ) and f. are cutting depth and measured chip thickness after turning,
respectively. The tool rake angle a is equal to zero in this study. The force F, in
equation (12) refers to the stress required to overcome the material inner stresses in
the shear band, including critical resolve shear stress (CRSS), barrier stresses
resulting from grain or phase boundaries and dislocations, and dislocation drag stress
under high strain rate. Hence, the stress 7,, in the deformation zone can be expressed
by [47]:

' Vb .
T =Tc+Tg+Tqg+74 =71+ ag\/l% + a,ub\/pg + a4é (14)

where 7. is the CRSS for plastic deformation, 74, 74 and T, are stresses induced
by the grain or phase boundaries and dislocations, respectively; a4, @, and a4 are
constants, u is the shear modulus depending on temperature, b is the Burgers vector, d
is the average grain size, p, is the dislocation density and ¢ is the strain rate.

The volume fraction of B phase with bcc crystal structure increases after EPT of
30 V. As the slip system of bcc structure is higher than that of hcp structural o phase,
increase in § phase content results in a relatively small CRSS. Furthermore, the stress
to overcome material deformation is also reduced because grains are coarsened after
EPT. Hence, the required stress 7,, to overcome plastic flow should be decreased
after EPT of 30 V. In addition, the chip thickness of the alloy after EPT of 30 V is
slightly smaller than that without EPT, as shown in Fig. 13 (a) and (b). As the depth of
cut is the same, the relative small chip thickness indicates that the shear angle of the
EPT treated alloy is slightly larger than that of the virgin alloy according to equation
(13). Consequently, the required applied force should decrease after EPT of 30 V.
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Fig. 12 Schematic diagram of the thrust force in ultraprecision machining

Fig. 13 Cutting chip morphologies of alloys after EPT of (a) 0 V, (b) 30 V, (¢) 40 V
and (d) 60 V

For samples with EPT of 40 V and 60 V, as the microstructures are completely
different from these of virgin and EPT 30 V treated ones, the deformation mechanism
should not be same. After EPT of 60 V, a colonies consisting of martensitic a prevail
in the Ti6Al14V alloy and rare B phase can be observed from both SEM morphologies

and XRD patterns. The presence of martensitic a lamellas could lead to poor ductility
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[7, 48]. Materials with inferior ductility are prone to generating a smaller built-up
edge (BUE) and a minor material side flow during cutting [33], so the workpiece with
lamellar structure possesses slightly wide tool marks after turning.

The yield stress required to plastic deformation of the alloy with lamellar
microstructure is larger than that of the alloy with bimodal structures [7, 48]; hence,
the required force Fy, to overcome plastic flow is higher for ETP of 60 V. However,
the cutting force after EPT of 60 V is lower than the force after EPT of 40V, which
indicates that the shear angle of the former sample with lamellar martensites should
be higher than the sample with bimodal structure during diamond turning process.
The thinner chip thickness observed in Fig. 13 (d) accurately verifies that the alloy
with lamellar structure possesses a large shear angle in turning.

As for the variation of the thrust force after EPT of 40 V and 60V, the increasing
of shear angle after EPT of 60V contributes to the increase in component stress in the
thrust force direction. In addition, the force F§ in equation (6-2) of the workpiece after
EPT of 60 V is also higher than that of EPT of 40V due to the slightly large material
spring-back. However, the first two terms of RHS of equation (6-2) could not
contribute to the thrust force rising, but instead the force slightly declines from 0.97 N
to 0.94 N. Therefore, the last term representing the tool-chip friction force in equation
(12-2) 1s supposed to be much smaller for workpiece with lamellar martensites, and
the reduction amount should be higher than the increased forces caused by
deformation and material spring-back.

5. Conclusion
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Ti6Al4V alloys with equiaxial, bimodal and martensitic microstructures were
obtained by electropulsing treatment at voltages of 30 V, 40V and 60 V, respectively.
Then, ultraprecision machining was executed to investigate the machinability of these
alloys. The results of this study can be summarized as follows:

(1) The microstructure evolution is primarily attributed to the combined function
of thermal and athermal effects. The model based on energy gain, heat transfer and
thermal radiation could precisely estimate the temperature evolution induced by the
thermal effect of EPT. The dislocation and vacancy motion could be accelerated by
the athermal effect of EPT, and the effect enhances with the increasing of EPT
voltages.

(2) The machinability of Ti6Al4V varies with microstructures. For alloys with
coarsened equiaxed grains after EPT of 30 V, the area surface roughness and PV value
reach as high as about 52 nm and 150 nm, respectively; while the alloy with fully
lamellar martensites possesses the lowest surface roughness (9 nm) and PV value (31
nm) after diamond turning. The various turning surface profiles are mainly due to the
different swelling and recovery of the Ti6Al4V alloys.

(3) The qualitative cutting and thrust force analyses of the Ti6Al4V alloy after
EPT with different voltages demonstrate that the force reduction after EPT of 30 V is
due to the grain growth. For workpiece with lamellar structure achieved by EPT of 60
V, the friction force between tool and chips is much smaller in comparison to the
alloys with bimodal microstructure.
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