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Abstract
This research studied the surface homogenization and morphology of a Ti-6Al-4Valloy using the longitudinal-torsional coupled
ultrasonic vibration-assisted milling (UVAM) of a ball-end cutter, in which a method of continuous processing between the flat
surface and the freeform surface connection was proposed. The cutting experiments compared the UVAM method with the
conventional milling (CM) process by setting three parameters: the cutting speed, feeding rate, and depth of cut. The finished
surface roughness, the in situ cutting force, and the topography of the surface are characterized in this paper. The surface
roughness that resulted from UVAM ball-end milling was much better than the surface roughness of CM at high cutting speeds.
In particular, there was a steep decrease of the average roughness rate from 0.668 μm at 4000 rpm to 0.161 μm at 5000 rpm.
Moreover, the mean cutting force in ball-end milling using UVAM decreased by 20–40% compared to the CM process. The
homogenization of the surface roughness also improved from 59.4 to 15.1% in the UVAMmethod compared to the CMmethod
when the transverse-longitudinal ratio was taken into consideration. The cutting experiments have not only powerfully demon-
strated the validity of the UVAM method but have also shown the beneficial effect that the UVAM process brings.

Keywords Ultrasonic vibration-assisted milling (UVAM) . Homogenization . Ball-end milling . Surface morphology . In situ
cutting force

1 Introduction

Recently, because it is one of the tough materials [1, 2], Ti-6Al-
4V (α-β titanium alloy) has been widely applied in aeronautics
and astronautics, defense, medical apparatuses, energy, and oth-
er fields due to its high-strength superior mechanical and

chemical properties (high hardness, high rigidity, excellent
wear, and corrosion resistance). However, Ti-6Al-4V generates
a large amount of cutting heat in the conventional cutting pro-
cesses [3, 4]. For instance, the tool wear [5] was severe for
conventional milling. UVAM (a kind of longitudinal-torsional
ultrasonic vibration-assisted milling in which the torsional vi-
bration is a by-product of the longitudinal vibration caused by
the spiral groove on the milling cutter) became an effective
method when ultrasonic vibration assistance [6] was applied
for CM. Numerous research studies have focused on ultrasonic
vibration-assisted turning [7, 8], drilling [9, 10], and grinding
[11, 12], but few studies have focused on UVAM. UVAM not
only has the advantages of a high-frequency response and a
reduction of the cutting force, but it also plays a significant role
in reducing the roughness of the machining surface, reducing
the temperature in the cutting region, improving the processing
efficiency and extending the service life of the tool.

Ball-end milling [13] is necessary for conducting fine mill-
ing for the last step of complex surfaces, including flat
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surfaces and freeform surfaces. In an ordinary three-axis mill-
ing machine, ball-end milling can process only incline and
freeform surfaces rather than flat surfaces. The reason for this
is that the cutting speed is almost zero in the center of the ball-
end milling cutter, which has an adverse effect on the surface
quality. Surface roughness has improved significantly with the
use of UVAM in planar precision milling, with no tilting the of
ball-end mill needed. Recently, there has been much study of
ball-end milling, including the establishment of the ball-end
milling process with a straight tool paths model [14], devel-
oping a new numerical model to define the surface morphol-
ogy [15], and inventing a feasible method to predict the sur-
face roughness [16]. However, for the ball-end milling of the
CM applications in the above references, UVAM was rarely
seen. Additionally, in 2012, Ramos et al. stated that the inho-
mogeneous distribution of built-up edges would lead to an
increase of surface roughness [17]. Three years later, Huo
et al. [18] used the Raman spectrum of silicon to measure
the absolute values of the intensity from different scans vary-
ing due to the non-uniformity of a surface. In 2018, Sun et al.
developed a method to quantitatively evaluate micro-milled
surface non-uniformity [19]. In the same year, Sun et al. fur-
ther pointed out that changes with the tool rotation in-
evitably cause the non-uniformity of the surface quality
in micro-milling [5]. Although researchers have known
that milling can cause surface non-uniformities, there
has been little research mentioning that longitudinal-
torsional coupled UVAM can improve Ti-6Al-4V alloy sur-
face homogenization.

While researching longitudinal-torsional (L-T) coupled ul-
trasonic vibration milling, Amini et al. recently investigated
the performance of L-T vibration during ultrasonic-assisted
drilling of Al 7075 [20]. In a similar process, Paktinat et al.
designed a longitudinal-torsional ultrasonic-assisted drilling
(L-T UAD) AISI 1045, and they compared the effects of con-
ventional drilling, longitudinal ultrasonic drilling, and L-T
UAD [21]. In addition to applying the L-T coupled ultrasonic
technique on metal material as a typical progression for non-
metallic material, in 2015, Asami et al. developed a newmeth-
od that used an abrasive slurry and ultrasonic composite vi-
bration to produce L-T vibrations for the processing of soda-
lime glass [20]. Three years later, Wang et al. proposed a new
type of L-T coupled vibration to further improve the process-
ing performance of rotary ultrasonic machining for quartz
glass [22]. In another year, Xiang et al. further developed the
L-T vibration-assisted cutting process for honeycomb core
composite material [23]. In addition to drilling and grinding,
L-T coupled vibrations also have important applications in
milling. For the last 2 years, Wu et al. have conducted ultra-
sonic vibration milling experiments that show that the L-T
ultrasonic vibration transducer plays a big role in the cutting
process. Compared to CM, UVAM vibration milling greatly
reduces cutting forces [24]. Niu et al. further superimposed the

L-T ultrasonic vibration on the milling of Ti-6Al-4V alloy
[25]. However, although L-T coupled ultrasonic vibration
has many advantages, a decrease in the torsional stiffness
can also have a negative effect on processing.

Suárez et al. illustrated the positive effect of UVAM with
the important effects of the ultrasonic vibration-assisted mill-
ing of Ni-Alloy 718 [26]. For the same situation, the experi-
mental results of the average cutting force were decreased
using UVAM in the recent research of Zarchi et al. [27].
Later, a vibration of the cutting tool was reported that could
lead to a high reduction of the cutting forces [28]. In addition,
Tao et al. proposed a kinematic model for defining the forma-
tion mechanism of the surface texture in the feed-direction
UVAM process [29]. Moreover, the surface residual stress
and the hidden integrity effects of UVAM were also studied
in [30, 31]. However, almost none of the research paid atten-
tion to the overlapping machining area with a ball-end cutting
miller in the UVAM process.

As discussed above, UVAM has some advancements and
limitations, and little research work has been done on the
homogenization of surface of ball-end milling with UVAM.
Hence, this study reports on the changing process of the ball-
end milling surface roughness value determined by the
UVAM and CM processes in an overlapping area. In this area,
some of the cutting surface integrity values for the ball-end are
compared for CM and UVAM. In Section 2, an experimental
procedure is designed in which the materials, setup, character-
izations, and cutting method are introduced and analyzed.
Then, in Section 3, the cutting experiments are carried out,
the cutting forces are further analyzed, and the roughness
and topography of the finished surfaces are discussed.
Finally, the conclusions regarding the UVAM method in the
machining process are given.

2 Experimental procedure

2.1 Materials

The workpiece was made of a Ti-6Al-4Valloy. The workpiece
had the dimensions of 80 × 34 × 10 mm3, and it was cut by
wire electrical discharge machining. The operation area of the
machine was set to 60 × 34 mm2, which allowed the simulta-
neous performance of eight different slot experiments using a
ball-end milling cutter with the same tool coating. There were
generally two flues on the ball-end milling cutter: (i) The
residuals on the workpiece surface and (ii) the oxide layer
on the workpiece surface. Therefore, the workpiece was first
cleaned by an ultrasonic cleaner immersed in alcohol and then
it was dried in the air before measurement to remove the
residuals adhered to the surface, thus avoiding chemical inter-
action with the oxygen in the air. The material properties of Ti-
6Al-4V are listed in Table 1. To machine the overlapping
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machining area surface point-by-point under the ultrasonic
process, the value of Δp was set to 100 μm.

2.2 Experimental setup

Figure 1 illustrates a schematic system of the ball-end
milling experiments. The system was composed of three
main parts: a numerical control milling sub-system, an
ultrasonic vibration sub-system, and a cutting force data
acquisition sub-system.

A milling sub-system (Haas, VF-1, USA) was used to con-
duct all of the experiments in both the UVAM and CM pro-
cesses, for which the numerical control (NC) milling machine
system had a three-axis milling configuration. The X-axis, Y-
axis, and Z-axis, as well as the rotation of the spindle axis of

the Z-axis could be controlled by the NC program and the
cutting experiments were conducted in a no-coolant condition.
The ultrasonic vibration sub-system was composed of a trans-
ducer cutting force data acquisition sub-systemwas composed
of a Kistler dynamometer and a VibRunner acquisition sys-
tem. Because the UVAM system had a variable depth of cut,
the cutting speed Vc was also a variable parameter; this calcu-
lation is detailed in the Supporting Information. For this mill-
ing system, the cutting parameters were set as shown in
Table 2.

2.3 Characterizations

The surfaces were machined by the UVAM and CM
processes and further characterized by many instru-
ments. First, the surface roughness value was measured
by a surface profilometer (Mahr, MarSurf LD 120,
Germany). Then the cutting force was in situ measured
with a newly established measurement system in which
a calibrated Dynamometer (9256CQ01, Kistler Inc.,
Switzerland) was used to measure the cutting force
and the digital signal was collected by VibRunner (m+
p international, Germany) data acquisition card. The
morphology features of the cutt ing chips were
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Fig. 1 The scheme of UVAM and CM experimental system: part 1 is the a numerical control milling sub-system; part 2 is the ultrasonic vibration sub-
system; and part 3 is the cutting force data acquisition sub-system

Table 1 Material
properties of Ti-6Al-4V Property Unit Value

Density kg/m3 4510

Hardness (Rockwell) HRC 36

Elastic modulus GPa 113.8

Tensile strength MPa 950

Melting temperature °C 1660

Int J Adv Manuf Technol (2019) 104:301–313 303



characterized using a scanning electron microscope
(SEM) (ZEISS, EVO 20, Germany). The surface mor-
phology was captured by a digital microscope with an
ultradepth of field digital microscope (ZEISS, Smartzoom5,
Germany). The residual height detail was captured by a
laser scanning confocal microscope (ZEISS, LSM700,
Germany).

2.4 Cutting methods

To analyze the cause of the surface homogenization, the cut-
ting zone and the principle of the ball-end milling performed
by the UVAM and CM processes are described in Figs. 2 and
3, respectively, where two directions are taken into consider-
ation in the machining process.

In the longitudinal direction, along with the feed rate direc-
tion of the milling cutter, the surface roughness and topogra-
phy mainly depended on the tool diameter and the feeding
rate. hL (defined in the Supporting Information) represents
the cutting residual height of the surface. In the transverse
direction, as shown in Fig. 3a, Δp and R represent the key
factors influencing the roughness and topography of the trans-
verse surface. The overlapping area of the tool paths was an
important parameter. The diameter of the milling cutter was
10 mm and Δp was 100 μm. Thus, almost the entire surface
was machined by overlapping milling. hT represents the resid-
ual height of the surface along the longitudinal direction. In
this paper, the homogenization of the machined surface in two
directions contains the surface roughness and the topography
measurements. According to the geometric relationship seen
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Fig. 2 The cutting principle of ball-endmilling. a The transverse residual height display (in X direction). b The longitudinal residual height display (in Y
direction). c The longitudinal residual height display in detail. d The transverse residual height display in detail

Table 2 Major experimental conditions

Parameter Unit Value

Vibration frequency ( f ) kHz About 25

Vibration amplitude (A) μm 5.6

Spindle speed (n) rpm 3000, 4000, 5000, 6000

Max cutting speed (Vc) m/min 94.2, 125.6, 157, 188.4

Feed rate (Vf = fz × Z × n) mm/min 100, 200, 300, 400

Depth of cut (ap) μm 20, 40, 60, 80

Diameter of tool (d) mm 10

Feed per tooth (fz) mm/rev ▪th 0.017, 0.025, 0.03, 0.033

Path interval (Δp) μm 100

Coolant / None
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in the Fig. 2, H integrates hL and hT together in the following
formula. H is the residual height:

H ¼ R−
1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4R2−α2
p

;α ¼ f z H ¼ hLð Þ
Δp H ¼ hTð Þ

�

ð1Þ

where fz is the feed per tooth,Δp is the path interval, and R the
radius of the ball-end. Therefore, the values of fz and Δp are
the important parameters in the calculation of the surface re-
sidual height.

It was found that the assisted feed-direction ultrasonic vi-
bration could drive a separate-type milling that was different
from conventional operation with the use of a reasonable
parameter-matching condition. The maximum valid radius of
the cutting tool was calculated, and the difference in the cut-
ting process between the UVAM and CM processes is shown
in the Supporting Information. In addition, in the ultrasonic
vibration-assisted process, a high-frequency instantaneous ac-
celeration would form on the endpoint of the ball-end miller,
lowering the large vibration residual stress existing inside the
material. There were two cases in the ball-end milling process
related to the finished surface: roughness and topography.

Case I: The peak value of the residual height (the values of
hL and hT) was calculated in the Supporting Information for
the surface machined by both the CM and UVAM processes.
In this case, the ultrasonic ultrahigh-speed milling process was
the same as the grinding process, as illustrated by the top
figure in Fig. 3b.

Case II: The peak of the residual height (the values of hL
and hT) on the surface was treated as an entity that could be
plastically deformed to some extent, so we had reasons to
believe that the ultrasonic effect enhanced the stiffness of the
cutter. Because the velocity in the center of the milling cutter
was zero (the rotation radii were zero), the center point of the

ball-end milling cutter did not participate in the cutting mo-
tion. This motion is also illustrated with the bottom figure in
Fig. 3b. Moreover, the rigid cutter end would squeeze the
surface in the same way as a high-frequency hammering ac-
tion under UVAM, and the peak of the residual height would
be squeezed into the valley between two peaks on the surface
of the microarea.

3 Results and discussion

3.1 Finished surface roughness

In total, the surface roughness measurements of 256 groups
were carried out along both the longitudinal and transverse
directions with and without ultrasonic assistance. The surface
machined by UVAM had an almost overlapping area accord-
ing to the small value path intervalΔp and the tens of microns
cutting depth. Figure 4 shows the comparison of the surface
roughness for the ball-end milling of Ti-6Al-4V with the
UVAM and CM processes along the longitudinal and trans-
verse directions. The solid curves in the figure denote the Ra
of the UVAMprocess, the red curve with the circles represents
the Ra of the transverse direction, and the green curve with
squares represents the Ra of the longitudinal direction. It
should be noted that in the UVAM process, the Ra value
was 0.668 μm at 3000–4000 rpm. Conversely, the Ra value
decreased to 0.161 μm at 5000–6000 rpm. As seen in Fig. 4,
the Ra value of the UVAM process at 5000–6000 rpm was
obviously lower than the CM value of the same parameter.
However, this phenomenon did not reappear at the spindle
speed range of 3000–4000 rpm. In the UVAM process, the
machined surface was uniform and the transverse Ra was less
than the longitudinal Ra under almost all of the parameters.
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Fig. 3 Cutting principle. a Ball-end milling cutting principle of UVAM. b The two models of UVAM secondary processing: case I: ultra-speed
machining; case II: material plastic deformation
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When spindle speed exceeded 5000 rpm, the Ra became
smaller and more stable. It is worth noting that the surface
roughness changed significantly in the UVAM process, from
4000 to 5000 rpm. Additionally, the roughness of the surface
of the slots in the transverse direction had the same trend in the
longitudinal direction.

Unlike the UVAM process, in the CM process, the surface
had a relatively large deformation leading to inhomogeneous
surface topography. The dashed curves denote the Ra in CM
process, and the red circles represent the transverse direction,
green squares representing longitudinal direction. Therefore, it
can be concluded that the transverse Ra value was significant-
ly higher than that of the longitudinal Ra value for almost all
of the parameters.

According to an analysis of a large amount of the surface
roughness data, UVAM process could increase the finished
surface roughness for speeds under 4000 rpm (including
4000 rpm), while at speeds above 5000 rpm (including

5000 rpm), the UVAM process could decrease the finished
surface roughness according to the spindle speed single tooth
frequency of above 83.3 Hz, more matching the ultrasonic
frequency (approximately 25 kHz). There were some causes
for these surface roughness experimental results. With a
higher spindle speed, the material removal mode with torsion-
al vibration could change from shearing to squeezing. This
result accords with the findings of the research of the reference
[32], where the research results tended to reveal that the ultra-
sonic machining could enhance the surface roughness.
However, the results of different researchers tended to reveal
ultrasonic machining could reduce the surface roughness or at
least not increase the surface roughness. With a spindle speed
below 4000 rpm, Wang et al. [33] presented results that
showed the ultrasonic vibration was not always producing a
positive effect; sometimes, it was even producing a worse
effect than the CM process at a certain frequency. When vi-
bration was higher than 5000 rpm, the chips and cutting heat

n=4000rpm, UVAM

Ra 0.547 µm；Rz 2.53 µm(b)

(a)

(c)

n=5000rpm, UVAM

Ra 0.187 µm；Rz 1.026 µm

Fig. 4 Finished surface roughness comparison between UVAM and CM.
a The whole surface roughness value of 256 groups contains longitudinal
and transverse directions. The solid curves are roughness of UVAM
process, and the dashed curves are roughness of CM process. The X-
axis direction denotes the spindle speed with 4 intervals from 3000 to
6000 rpm. Every spindle speed contains 4 feeding rate, and every feed

rate contains 4 depth of cut. This figure has further explanation in the
Supporting Information. b The single parameter of surface roughness
value in n = 4000 rpm, Vf = 300 mm/min, ap = 60 μm. c The single
parameter of surface roughness value in n = 5000 rpm, Vf = 300 mm/
min, ap = 60 μm
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could be easily reduced or completely eliminated, resulting in
a more uniform surface with UVAM.

Figure 5 displays the surface roughness homogenization
analysis of the UVAM and CM processes. It should be noted
that when the ratio between the absolute value of the Ra minus
the longitudinal Ra and longitudinal Ra was taken into ac-
count, the homogenization of the surface roughness signifi-
cantly decreased in the UVAM process compared to the
CM process. The difference of the homogenization of
the UVAM, denoted with pink, was much lower than
the CM difference, denoted in the green bar chart. It
was found that the homogenization analysis of the
roughness ratio in UVAM was 15.1%, while it was
59.4% in the CM process. Additionally, the average
value curve fluctuation shown in the pink bar chart for
the UVAM process was much smaller than the fluctua-
tion for CM, shown in the green bar chart. After many
surface roughness measurements, with the spindle speed
increasing in UVAM, the surface quality had a signifi-
cant improvement. The surface roughness experiments
had limitations. It should be noted that this study conducted
roughness measurements in only two orthogonal directions
without considering the arbitrary directions.

According to this trend shown in the bar chart of Fig. 5, the
UVAM process played a significant role in the uniformity of
the surface. This was because UVAM was an intermit-
tent milling process, and the time of the material shear
deformation caused by the rotation of the tool occupied
only a small section of entire cutting time. The larger
the surface deformation was, the more uniform the sur-
face was. Another reason for this was that the introduc-
tion of ultrasonic vibrations to the cutting region added
a residual height hL and reduced the residual height hT value.
The UVAMprocess decreased the height of both the hL and hT
via 25,000 plastic deformations per second.

3.2 Cutting force measurement

The integrated cutting force at high frequency was measured
in situ during the cutting process by a calibrated dynamome-
ter. We combined the Kistler 6-component dynamometer
9256CQ01 and VibRunner acquisition card to obtain the data
of the cutting force. This systemwas used to collect the cutting
force data for both the UVAM and CM processes. The UVAM
process worked at a frequency of approximate 25 kHz. To
collect abundant data in a short time, the VibRunner data
acquisition system was utilized. The cutting force mainly
consisted of the three parts of the chip deformation force,
friction force, and ultrasonic impact force for ball-end milling
with an ultrasonic vibration-assisted process. Under the same
cutting parameters, the cutting force of UVAM is smaller than
the CM force, and the peak force mainly depended on the
matching of three parameters: the spindle speed, feeding rate,
and cutting depth. The data acquisition time of the cutting
force was set to 20 s. Then the cutting force data were obtained
from the steady cutting state in the process.

Figure 6 clearly illustrates the difference in the cutting
forces for the UVAM and CM processes. Compared to the
CM process, the average cutting force of the UVAM process
was obviously lower in all three force directions. The direc-
tions of the three forces FX, FY, and FZ were consistent with
the coordinates of X, Y, and Z in Fig. 3. As shown in Fig. 6a,
d, g, the fluctuation range of the UVAM cutting force (the red
curves) was obviously smaller than that of the range for the
CMprocess (the black curves). The average value of FX in the
UVAM process decreased by about 48.14% compared to the
value for the CM process, as shown in Fig. 6a. Meanwhile, it
is shown in Fig. 6d that the average value of FY was also
reduced by about 21.04%. Further, it can be noted from Fig.
6g that the average value of FZ decreased by a large scale of
about 35.76%. A cutting force fragment was selected for 12 s,

Fig. 5 Homogenization analysis of finished surface roughness: the Y-axis
denotes homogenization value. The value is the ratio between absolute
value of transverse Ra minus longitudinal Ra and longitudinal Ra. The X-
axis denotes the 64 parameters including 4 spindle speed from 3000 to
6000 rpm, and every spindle speed contains 4 feeding rate from Vf =

100 mm/min to Vf = 400 mm/min with 4 intervals, and every feed rate
cover 4 depth of cut 20μm, 40μm, 60μm, and 80μm. The average value
of the homogenization in green bar is 59.4% in CM process; meanwhile,
the average value of the homogenization in pink bar is 15.1% in UVAM
process
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and the enlarged views of the data are displayed in Fig. 6b,
e, h, where the cutting force peak-valley values are clearly
compared between the two cutting methods. In the far-right
column shown in Fig. 6, on the second level amplification
view at the time of 12 s, it can be seen in detail that the
ultrasonic vibration curve was different from the conventional
curves, especially in those shown in Fig. 6f, i. The reason for
this important observation was that the ultrasonic vibration
component also had a positive effect on the cutting force
reduction.

For this reason, the experimental result for cutting
force decreased in UVAM. In the state of high-frequency sep-
aration in the UVAM process, the tool-workpiece net contact
time was very short. A cutting force curve similar to a pulse
was produced by the periodically intermittent separation of the
tool and the microchip. Moreover, the UVAM process

significantly released the cutting temperature of the cutting
area via opening the dead zones and the effect of the thermal
stress was reduced, further reducing the entire cutting force.
Furthermore, another reason for the cutting force reduction
was the fact that the torsional vibration would decrease the
blade wedge angle of the tool in a short time [23].

Figure 7 shows the average cutting force at 5000 rpm with
different feeding rates and cutting depths. The upper half of
Fig. 7 shows the average cutting force with variable cutting
depths. The lower part of Fig. 7 shows that the mean cutting
force varied with the feed rate. It can be clearly seen that under
the same parameters, almost all of the average cutting forces
of UVAM were lower than the average cutting forces of CM.
In Fig. 7a–d, the average cutting force is positively correlated
to the cutting depth. The average cutting force value was a
minimum at 20 μm and a maximum at 80 μm. There was an

Fig. 6 The cutting force measurements of the UVAM and CM processes,
where n = 5000 rpm, Vf = 100 mm/min, ap = 20 μm. In these figures, the
left, middle, and right columns are the displays of 17 s, 0.03 s, and
0.005 s, respectively, and the top, middle, and bottom rows stand for
the cutting forces at X-axis (FX), Y-axis (FY), and Z-axis (FZ). a The
cutting force along X-axis in 17 s. b The cutting force along X-axis in

0.03 s. c The cutting force along X-axis in 0.005 s. d The cutting force
along Y-axis in 17 s. e The cutting force along Y-axis in 0.03 s. f The
cutting force along Y-axis in 0.005 s. g The cutting force along Z-axis in
17 s. h The cutting force along Z-axis in 0.03 s. i The cutting force along
Z-axis in 0.005 s
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abnormal situation for the feeding rate at 400 mm/min and the
cutting depth at 40 μm. For the three directions, the Y-axis
subjected to the smallest cutting force. For the Z-axis, along
with the vibration direction, the material resistance cutting
force was the largest in this direction. The maximum cutting
force was 7.306 N, which appeared at Vf = 400 mm/min and
ap = 80 μm in the CM process, as shown in Fig. 7d. However,
in the UVAMprocess, the maximum average force occurred at
Vf = 100 mm/min and ap = 80 μm. As displayed in the figure,
the cutting depth was a main factor affecting the cutting force
value. In ultrasonic assistance machining, frequency matching
is very important, and there is a best-matching relationship
between the ultrasonic frequency, spindle rotation frequency,
and feeding rate frequency. In Fig. 7e–h, the average
cutting force is negatively correlated to the feeding rate,
which is especially clear in Fig. 7f, g. As shown in Fig.
7f, g, h, the cutting force of the CM process increased
rapidly at 400 mm/min, and the cutting force in all three
directions decreased significantly with the assistance of ultra-
sonic vibrations.

For the observation of average cutting force comparison
between the UVAM and CM processes, the cutting miller
oscillation was helpful for the material removal process.
Moreover, there was a lower machining force in the UVAM
process that created a shearing effect between the milling cut-
ter and the finished surface when compared to the CM pro-
cess. Furthermore, for the UVAM processing, the materials
shear deformation caused by cutting was reduced, and the
cutting force naturally decreased again.

Using an analysis of the homogenization of the cutting
force in Table 3, the average value of the cutting force for
the X- and Y-axes was calculated. The value was the ratio
between absolute value of the transverse cutting force minus
the longitudinal cutting force and the longitudinal cutting
force. For the homogenization in UVAM, the transverse-
longitudinal ratio was 40.45%. The transverse-longitudinal
ratio in the CM process was 45.01%, which was larger than
the value for the UVAM process. The above analysis demon-
strates that the homogenization was not very significant for
conducting the cutting force measurements.

Fig. 7 The average value of cutting force both in UVAM and CM processes at 5000 rpm. a–d The certain feed rate (Vf) with varying cutting depth from
20 to 80 μm. e–h Certain cutting depth (ap) with varying feed rate from 100 to 400 mm/min
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3.3 Chip analysis

As the most profound proof of the cutting force, Fig. 8 illus-
trates the SEM micrographs of some cutting chips that were
fabricated with the cutting parameters of n = 5000 rpm, Vf =
300 mm/min and the varying cutting depths ap of 20–80 μm,
for both the UVAM and CM processes. Figure 8a, e, i, m
shows that the chips from the backside view in the CM pro-
cess were more continuous than the chips in the UVAM pro-
cess, which had a big deformation. It was difficult to break
into the smaller chips, and it was difficult to distinguish the
edges between chips. For the cutting chips, a fibrosis phenom-
enon was found in the inner circular surface where the trans-
formation bands had obviously organizational refinement. An
adiabatic shearing slip and plastic fracture dimples were found
in the deformation zone. In particular, in the view of Fig. 8e,

the cutting chip indicates not only the big deformation in the
milling force but also the occurrence of some squeeze phe-
nomenon in the surface materials at the same time as the larger
cutting force. Consequently, this was another proof of the
cutting deformation between the workpiece and the endpoint
of the ball-end miller.

Figure 8a, e, i, m shows SEM graphs of cutting chips ma-
chined by the CM process in the red rectangle, and Fig. 8c, g,
k, o shows the SEM graphs of chips machined by the UVAM
process in the orange rectangle. As shown in Fig. 8, the chip
size was more uniform for UVAM process than it was for the
CM process, while the CM process generally induced a larger
deformation and received a greater cutting force than the
UVAM process. With the comparisons of the chip morphol-
ogies, the chip surface in the UVAM process appeared more
uniform in accordance with the views of Fig. 8c, g, k, o.
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Fig. 8 The chips SEMmicrographs both in UVAM and CMprocesses: a,
e, i,m The CMprocess with varying cutting depth from 20 to 80μm. b, f,
j, n The enlarged view of CM process. c, g, k, o The UVAM process with

varying cutting depth from 20 to 80 μm. d, h, l, p The enlarged view of
UVAM process. Cutting constant parameters: n = 5000 rpm and Vf =
300 mm/min

Table 3 The homogenization of
cutting force at 5000 rpm Average value of cutting force at 5000 rpm FX (N) FY (N) FZ (N) FX − FY (N) |FX − FY|/FX%

UVAM 2.225 1.325 3.458 0.9 40.45

CM 3.077 1.692 4.891 1.385 45.01
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It can be seen from Fig. 8 that the chip in the left red
rectangle was in a large deformation state. Additionally, the
whole chip fragment was severely deformed, and the fragment
edge was staggered, which was caused by the strongly cutting
shear stresses. The chips in the orange rectangle on the right
side were lightly deformed. The surface texture of the chips

was more uniform, and the edge of the chips was smoother.
The curvature of the whole chip fragment was small, and there
were obviously fracture gaps between the adjacent chips that
reflected the cutting process in a stable state. As the cutting
depth ap increased, the size of the chip did not change signif-
icantly in the CM process. However, in the UVAM process,

(a) (b)

100µm
n =5000rpm

Vf=200mm/min
ap=20μm

n =5000rpm
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ap=20μm

100µm

CM UVAMFig. 9 The micrograph of slot-
bottom surface by Smartzoom5 in
detail. a The surface machined by
CM process. b The surface
machined by UVAM process.
Cutting parameters: n =
5000 rpm, Vf = 200 mm/min,
ap = 20 μm
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Fig. 10 The micrograph of topography of the bottom of slots by LSM700. a CM in n = 4000 rpm. b UVAM in n = 4000 rpm. c CM in n = 5000 rpm. d
UVAM in n = 5000 rpm. Cutting constant parameters: Vf = 400 mm/min, ap = 20 μm
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with the increase of the cutting depth, the curvature of the
entire chip became larger, and the gap between the chip units
was enlarged, cracking further into an independent chip unit.
However, the dimension of each chip did not obviously
change.

The uniform chip morphology implied that the uniform
machining surfaces and the strongly surface-deformed chip
morphology also resulted in an uneven surface formation.
This can be explained by the fact that the cutting tool oscilla-
tion added air to the gap between the tool and the chips. The
whole chip fragment was severely deformed, and the fragment
edge was staggered, which was caused by the strongly cutting
shear stresses. Therefore, the temperature reduction was gen-
erated during the vibration of the tool in UVAM processing.
Another cause was the torsional vibro-impact mechanism
changes to the natural formation of the deformed chip, which
caused the chip to tend to break [20]. Furthermore, the vibra-
tion amplitude affected the gap between the tool and the work-
piece material, resulting in better chip-breaking conditions.

3.4 The surface topography analysis

As shown in Fig. 9, to observe the real appearance of the
surface of the workpiece, the optical micrographs of the slot-
bottom surface machined by the CM and UVAM processes
were taken with Smartzoom5, and the parameters were set as
n = 5000 rpm, Vf = 200 mm/min, ap = 20 μm. There was a
significant difference between these two manufacturing
methods. In comparison, the micrograph of the slot-bottom
surface with the vibration marks machined by the UVAM
process was taken, as shown in Fig. 9.

In Fig. 9a, the surface cutting trace of the workpiece was
very chaotic and messy when using the CM process, where a
strong deformation occurred. This was another proof of plastic
deformation in center point of ball-end mill in Section 2.4,
implying a non-uniform friction, a high cutting force, and a
rapid tool wear. While in Fig. 9b, the cutting mark is
very regular and presenting a more uniform surface. It
could be noted that the function of the ultrasonic assis-
tance has increased the rigidity of the tool and reduced
the cutting force. Furthermore, the UVAM process could re-
duce the surface inhomogeneous deformation on the surface
of the workpiece.

To study 3D topographies of the slot-bottom surfaces ma-
chined by the above two methods, the micrographs were ob-
tained by a confocal laser scanning microscope, LSM700, as
shown in Fig. 10. There were four different machining
methods at spindle speeds of 4000 rpm and 5000 rpm, with
and without ultrasonic assistance. With a cutting depth of
20 μm, the trace of the cutting tool left on the surface was
not uniform. The roughness at 4000 rpm without ultrasonic
assistance is shown in Fig. 10a. However, with the same pa-
rameters as the CM method, the topography of the surface

under the UVAM method also had a uniform defect that was
similar to rows of seedlings on the surface deformed by the
cutting interval residual height, as shown in Fig. 10b. In addi-
tion, the topography at 5000 rpm was not uniform and the
roughness at 5000 rpm was lower than the roughness at
4000 rpm, as depicted in Fig. 10c. In comparison with
Fig. 10a–c, the topography with ultrasonic vibration depicted
in Fig. 10d was more homogeneous and the roughness was the
lowest among the four images. Moreover, the surface homog-
enization effect in Fig. 10d was the most significant among all
of the parameters.

4 Conclusions

This paper presents the homogenization and surface morphol-
ogy of Ti-6Al-4V alloy machined by longitudinal-torsional
coupled ultrasonic vibration ball-end milling, which produces
regular surface textures. The conclusions of this study are as
follows.

First, it is not necessary to tilt the spindle axis or exchange
the tool at the whole precision milling junction of the flat
surface and the freeform surface. Second, the UVAM process
can increase the finished surface roughness under 5000 rpm,
while above 5000 rpm, the UVAM process can decrease the
finished surface roughness. Third, the cutting force was in situ
measured during cutting by UVAM, and this force decreased
by 20–40% compared to the CM process. Additionally, during
the surface homogeneity study, it was found from the homog-
enization analysis that the roughness ratio in the UVAM pro-
cess was 15.1%, while it was 59.4% in the CM process.
Furthermore, the homogenization analysis determined that
the cutting force ratio decreased from 45.01 to 40.45% with
ultrasonic assistance.
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