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Abstract

The Ti6Al4V parts produced by the existing selective laser melting (SLM) are mainly confronted with poor surface
finish and inevitable interior defects, which substantially deteriorates the mechanical properties and performances of
the parts. In this regard, ultrasonically-assisted machining (UAM) technique is commonly introduced to improve the
machining quality due to its merits in increasing tool life and reducing cutting force. However, most of the previous
studies focus on the performance of UAM with ultrasonic vibrations applied in the tangential and feed directions,
whereas few of them on the impact of ultrasonic vibration along the vertical direction. In this study, the effects of
feed rate on surface integrity in ultrasonically-assisted vertical milling (UAVM) of the Ti6Al4V alloy manufactured by
SLM were systemically investigated compared with the conventional machining (CM) method. The results revealed
that the milling forces in UAVM showed a lower amplitude than that in CM due to the intermittent cutting style. The
surface roughness values of the parts produced by UAVM were generally greater than that by CM owing to the extra
sinusoidal vibration textures induced by the milling cutter. Moreover, the extra vertical ultrasonic vibration in UAVYM
was beneficial to suppressing machining chatter. As feed rate increased, surface microhardness and thickness of the
plastic deformation zone in CM raised due to more intensive plastic deformation, while these two material properties
in UAVM were reduced owing to the mitigated impact effect by the high-frequency vibration of the milling cutter.
Therefore, the improved surface microhardness and reduced thickness of the subsurface deformation layer in UAVM
were ascribed to the vertical high-frequency impact of the milling cutter in UAVM. In general, the results of this study

provided an in-depth understanding in UAVM of Ti6Al4V parts manufactured by SLM.
Keywords: Ultrasonically-assisted vertical milling, Surface integrity, Ti6Al4V, Selective laser melting

1 Introduction

Titanium alloy Ti6Al4V has been widely applied to avia-
tion, aerospace, chemical, and biomedical industries
due to its superior mechanical properties and chemical
inertness [1]. However, Ti6Al4V, as a typical difficult-
to-machine material, has rather poor machinability due
to its high chemical reactivity, low elasticity modulus,
and inferior thermal conductivity, which substantially
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impedes its practical applications [2]. In order to circum-
vent these problems, selective laser melting (SLM) has
been developed [3]. After an extensive study on SLM,
Ngo et al. [4] summarized that SLM possessed many
advantages for efficiently building parts with freedom
of design, mass customization, waste minimization, fast
prototyping, as well as high geometric and material com-
plexities [4—6]. Unfortunately, because SLM is still at the
unmatured stage, the parts produced by the current SLM
are always confronted with relatively poor surface finish,
inevitable interior defects, low dimensional and geomet-
ric accuracies, which directly lead to inferior mechanical
properties and poor service performances [4]. Among
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these drawbacks of SLM, the surface quality of a criti-
cal structural part substantially influences the service
performances of the part, especially under conditions
of high temperature, complex stress loads, and other
extreme environments. In this regard, the parts built by
SLM still need to be machined to eliminate the surface
unevenness for better mechanical properties and service
performances.

Although Ti6Al4V alloy components can be processed
using conventional machining (CM) methods, they are
always confronted with numerous problems such as
large cutting forces, inferior machining quality and accu-
racy, rough machined surface, and severe tool wear [7].
To overcome the problems pertinent to the CM meth-
ods, the ultrasonically-assisted machining (UAM) tech-
nique, as one of the non-conventional cutting methods,
was developed and has been extensively applied. Nor-
mally, UAM is carried out with an additional excita-
tion frequency at an amplitude larger than 2 um and an
ultrasonic range over 16 kHz exerted to a workpiece or
cutting tool in one or two directions [8-11]. To be spe-
cific, ultrasonic vibration can be applied along a linear
direction (mostly in the feed or tangential direction) in
the one-directional UAM. Moreover, ultrasonic vibration
can also be applied simultaneously in both the tangential
and feed directions in the two-directional UAM, which
thus forms a circular or elliptical trajectory [11]. In this
way, extremely rapid movements along the specific direc-
tions are applied between the interface of the workpiece
and cutting tool, thus greatly facilitating material removal
and improving cutting performance.

In order to improve the machinability of difficult-
to-machine materials, extensive studies have been
conducted to study the performance of UAM. In the
horizontal vibration-assisted micro-milling of TC4 and
6061T6 alloys, Xu et al. [12] reported that ultrasonic
vibration effectively reduced milling force and improved
machining accuracy. Sui et al. [13] proposed a novel
high-speed ultrasonic vibration cutting method (HUVC)
for titanium alloys and revealed that an average cutting
force of HUVC was decreased by 20%-50%. Through
experimental data analysis and finite element simulation,
Cakir et al. [14] claimed that the main advantage of the
ultrasonic-assisted turning method was the reduction
in the average cutting force. Besides, other merits apart
from the reduced cutting force and improved machining
accuracy in UAM were also reported, such as in UAM
of Inconel 718 alloy, better surface finish and improved
tool life were verified by Nath et al. [15]; Singh et al. [6]
attained high surface quality in the ultrasonically-assisted
drilling of different Ti alloys. In addition, analogous
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findings in force reduction were uncovered as well by
Zhang et al. [16] when studying the effects of rotary
ultrasonic elliptical end milling on surface integrity of
Ti6Al4V. Moreover, Liu et al. [17] investigated the mech-
anisms of the rotary ultrasonic elliptical machining on
surface integrity of Ti6Al4V and found that surface integ-
rity was improved due to the compressive residual stress,
work hardening, and plastic deformation in the machined
workpiece surface. In general, after reviewing a variety of
research on UAM, it is concluded that the UAM meth-
ods demonstrate substantially improved machinability
over CM in machining of difficult-to-machine materi-
als, such as increased tool life, reduced cutting force,
and improved surface integrity [18]. The significantly
improved machinability of UAM over CM mainly results
from the reduction of the uncut chip thickness and
intermittent contact between the workpiece and cutting
tool, which extensively works for both brittle and ductile
materials.

Regardless of the vast knowledge on UAM, the
research focus of most previous studies lies in the perfor-
mance of UAM with ultrasonic vibrations applied along
the tangential and feed directions, few of them along
the vertical direction. Hence, it is critical to investigat-
ing the surface integrity of an SLM-built part subjected
to ultrasonically-assisted vertical milling (UAVM). Based
on the background mentioned above, this study aims to
investigate the mechanism of surface and subsurface for-
mation in UAVM of Ti6Al4V alloy produced by SLM. In
this study, feed rate was taken as the varied parameter,
and the impact of feed rate on surface integrity in UAVM
of SLM-produced Ti6Al4V alloy was comprehensively
investigated, which included the characterizations and
intensive analyses of the milling forces, surface topogra-
phy and roughness, subsurface alterations, as well as sur-
face microhardness. In addition, the relationship between
feed rate and surface integrity was also expounded in this
study. In general, this study provided an in-depth under-
standing of surface integrity in UAVM of Ti6Al4V alloy
manufactured by SLM.

2 Experimental Procedures
2.1 Workpiece Preparation
As shown in Figure 1, Ti6Al4V alloy workpieces with
dimensions of 38 mm x 3 mm X 12 mm were built from
the commercial Ti6Al4V alloy powders by the zigzag
scanning strategy on an SLM machine (Dimetal-100,
Laseradd Tech of China).

The process parameters for SLM are displayed in
Table 1. The homogeneous spherical Ti6Al4V alloy
powders have an average size of Dv50=16.72 pm. The
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Figure 1 Characteristics of the Ti6Al4V alloy powders and workpiece preparation by SLM: a powder size distribution, b powder morphology, ¢

Table 1 Parameters of SLM for building the Ti6Al4V alloy

workpieces
Laser power Layer Scanning Hatching Scanning
(W) thickness speed spacing strategy
(mm) (mm/s) (um)
190 0.03 1000 67 Zigzag with
67° rota-
tion

Table 2 Element content of the Ti6AI4V alloy powders

Element Al Vv Fe (o] Ti

wt.% 6.44 4.09 0.23 0.12 Balance

average element content of the Ti6Al4V alloy powders
is listed in Table 2. After SLM, a wire-electric discharge
machining (wire-EDM) machine was used to remove
the manufactured Ti6Al4V alloy workpieces from the
substrate. To eliminate the residual stresses induced
by the rapid solidification in SLM and obtain good
mechanical properties, all workpieces were heated
up to 955 °C and held for 2 h, and then with furnace
cooling. After the heat treatment, the workpieces were
evaluated to possess Young’s modulus of 119 GPa and a
maximum elongation of 4.5% by tensile tests. In addi-
tion, all workpieces were ground and polished to the
mirror surface for subsequent investigations. The den-
sity of the SLM-built Ti6Al4V alloy was measured using
a densimeter (Sartorius, Germany), then the relative



Guo et al. Chin. J. Mech. Eng. (2021) 34:67

Page 4 of 14

(b)

Vise

Power

Workpiece &2+ Flood cooling
S —

» Vertical vibration
» Frequency: 26.2 kHz
* Amplitude: 4 pm
* Depth of cut: 0.3 mm

End mill
\

Nozzle

| L
~i 7

Dynamometer

|_ Kistler 9257B —| Y N

transmission set

the CM and UAVM, d the cutting edges of the end mill

¢ Mill Diameter: ® 4 mm
* Speed: 1,200 rpm
¢ Number of flutes: 4

Figure 2 Experimental setup for the CM and UAVM: a picture of the UAVM setup, b schematic of the milling process, c the surfaces machined by

density was calculated to be 99.1% by comparing it with
the mass density of the as-forged Ti6Al4V alloy.

2.2 Machining Setup and Procedures

In this study, a self-built 3-axis CNC machining center
equipped with UAVM capabilities was adopted for the
CM and UAVM. As illustrated in Figure 2(a), the machin-
ing system built by Dong et al. [19] mainly consists of a
spindle, an ultrasonic tool holder, and an end mill. In this
machining system, the ultrasonic tool holder mounted on
the front of the spindle is driven by an ultrasonic actua-
tor inside the tool holder, while the ultrasonic vibration
mode is controlled by an external ultrasonic generator
which is connected to the ultrasonic vibration milling
set by a power transmission set. In this way, the milling
experiments both with and without vertical ultrasonic
assistance can be realized by simply switching on or off
the ultrasonic generator.

A schematic of the milling experiments is shown in
Figure 2(b). To facilitate UAVM, an end mill with a larger
diameter than the thickness of the workpiece should be
employed to reduce the friction from the side edges.
In this regard, cemented carbide shoulder end mills

Table 3 Parameters of the end mill

Manufacturer Misumi, Japan
Type XCP-CR-EM4R6-R0.3
Material Cemented carbide
Coating TiSiN

Corner radius (mm) 03

Number of cutting edges 4

Blade diameter (mm) 4

Helix angle (°) 40
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(Misumi, Japan) with TiSiN coating as demonstrated in
Figure 2(d) were employed for both CM and UAVM of
the SLM-built Ti6Al4V alloy. The parameters of the end
mill are illustrated in Table 3. Each cemented carbide end
mill has 4 flutes, a corner radius of 0.3 mm, a blade diam-
eter of 4 mm, and a helix angle of 40°. The typical surfaces
machined by the CM and UAVM using the end mill are
displayed in Figure 2(c). As the performance of the end
milling tests required external equipment, a piezoelectric
dynamometer (Kistler 9257B) was employed to collect
the signal data of milling forces. The sampling frequency
of the force signal was set as 20 kHz in the process due to
the limited capacity of the dynamometer.

In calibrating the ultrasonic tool holder, the UAVM and
CM were tuned in advance according to the parameters
listed in Table 4, where only the feed rate was changed
to investigate its influence on the corresponding machin-
ing behaviors. As limited by the configuration of the
CNC machining center, the ultrasonic vibration with a
frequency of 26.2 kHz and an amplitude of 4.0 um were
only implemented in the tool axial direction which was
perpendicular to the machined surface as well as the feed
direction, as shown in Figure 2(b). As the width of the
workpiece was 3 mm whilst the end mill diameter was
4 mm, it meant that the radial depth of cut was 100%.
Before conducting the UAVM and CM, several milling
passes were necessary on each workpiece face to plane
the surface, then the UAVM and CM were performed
with a distance of 10 mm successively in one milling pass
to ensure the uniformity of milling conditions, as shown
in Figure 2(c). In the meanwhile, an oil-based cutting
solution was employed in the milling area with a pressure
of 6 bars to reduce friction and thus moderate tempera-
ture rise.

In addition, for achieving a high reliability of experi-
mental results, triple replicated experiments for each set
of parameters were conducted to obtain the average val-
ues. For surface and subsurface microstructure observa-
tions, representative figures were adopted to compare the
differences under different machining parameters.

Table 4 Parameters for the UAVYM and CM
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2.3 Characterization Methods for the Machined
Workpieces

After end milling, a series of material characterization
methods were adopted to study the variation of milling
forces and surface integrity of the milled workpieces.
The surface topography was captured by using a confo-
cal laser scanning microscope (CLSM, VK-X1000, Key-
ence, Japan), in which the surface roughness values were
directly measured. To determine the microstructure, the
finished workpieces were immersed in an etchant with a
volume ratio of HF:HNO3:H,0 =2:5:100 for 10 s, then
their microstructures were investigated using a combi-
nation of a scanning electron microscope (SEM, Tescan
Mira 3, Czech Republic) and the CLSM.

The phase constitution of the workpieces was identified
using an X-ray diffractometer (XRD, Smartlab, Rigaku,
Japan) at a step size of 0.05° and a scanning speed of 10°/
min. As shown in Figure 3, the phase constitution of
the workpiece material (SLM-built Ti6Al4V alloy) was
determined, where the typical biphasic microstructure
was identified with acicular o phase precipitated from
the matrix p phase. Surface microhardness (HV) tests
were performed under a load of 0.3 kgf for a dwell time
of 10 s by using a microhardness tester. In addition, for
achieving high reliability of measurement results, triple
replicated measurements were taken to obtain the aver-
age values. Therefore, the final results were presented as
arithmetic means with standard deviations.

3 Experimental Results

3.1 Analysis of Dynamic Milling Forces

In this study, the machining parameters and methods
were performed according to Table 4. Figure 4 dem-
onstrates the milling forces at a spindle rotation speed
of n=1200 r/min within the time-domain in two pro-
cessing methods. Figure 4 presents that all milling forces
in three directions take on an ascending trend with the
feed rate although some errors exist in the measurement,
whilst F, has the lowest value compared with F, and F). In
addition, it is noteworthy that in all the cases, the milling
forces in the CM generally demonstrate a larger ampli-
tude than in the UAVM.

No. Spindle rotation speed (r/min) Feedrate Depth of cut (mm) Milling distance (mm) Amplitude of UAVM (um) Lubrication method

(mm/
min)

1 1200 36 0.3
2 48
3 60
4 72

4 (UAVM)/0 (CM) Flood cooling
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In the process of UAVM, the sampling frequency
(20 kHz) of the dynamometer was lower than the
vibration frequency (26.2 kHz), which indicated that
a sampling period of the dynamometer did not cover
a vibration period of the end mill. Therefore, subtle
variations in the milling force in UAVM could not be
clearly revealed using this dynamometer. In this regard,
in order to monitor and study the vibration character-
istics of the end mill in the UAVM, a high-resolution
laser displacement sensor was adopted accordingly,
which had a sampling frequency of 392 kHz (sampling
period 2.55 us) far greater than the designed ultra-
sonic frequency of 26.2 kHz. The ultrasonic vibration
signal of the end mill in time-domain was recorded as
shown in Figure 5(a), the corresponding spectrum of
the ultrasonic vibration signals was also analyzed by
the fast Fourier transform (FFT) method, as illustrated
in Figure 5(b). It is revealed that the vibration signals
fluctuate in a range between — 3.9 um to 3.6 pm, while
the actual resonant frequency of the workpiece in the
UAVM is determined to be 26.1 kHz. In addition, since

40 { (a)
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140 180 220 260 300
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5 o150 2 % 35 40
Frequency (kHz)
Figure 5 Ultrasonic vibration signal of the end milling process: a
ultrasonic vibration signal of the end mill in time-domain, b the
corresponding spectrum of ultrasonic vibration signal processed by
FFT
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Figure 6 Surface topography of the workpieces machined under different conditions (FR means feed rate)

the fluctuation of the vibration signal peaks reflects
the overall machining conditions, such as the state of
machine vibration, cutting tool runout, and workpiece
clamping condition, it is generally used to characterize
the vibration instability in machining. The experiment
revealed that the frequency spectra demonstrated a low
level of vibration noises, which reflected relatively high
stability in the CM and UAVM.

3.2 Surface Topography and Roughness

A comparison between CM and UAVM on the typically
machined surface topography is shown in Figure 6, in
which the applied ultrasonic vibration amplitude is 4 um
in UAVM. As shown in Figure 6(e), (f), (g) and (h), sub-
stantial tool feed trajectories with ridged textures clearly
appear on the machined surfaces of CM with the uniform
spacing of ridges along the feed direction. The distance
between the two feed trajectories is equal to feed per
tooth (f;). Besides the ridged textures due to the feeding

of the cutting edges, the relatively fine sinusoidal vibra-
tion textures appear between the feed trajectories on the
machined surfaces of UAVM, as shown in Figure 6(m),
(n), (o) and (p). In addition, it is worth noticing that Fig-
ure 6(c) shows slight chatter marks along the cutter edge
trajectory, while distinct chatter marks appear on the
machined surface when the feed rate is equal to 72 mm/
min in CM as shown in Figure 6(d).

To further analyze the characteristics of the machined
surfaces, line profiles of the surfaces were extracted using
the CLSM. Figure 7(a) and (b) display the line-scanning
profiles of surface morphology under different machining
conditions, and it is revealed that the line-scanning pro-
files of UAVM surfaces appear greater fluctuations than
those generated by CM. For quantitatively characteriz-
ing the surface roughness of the machined workpieces,
the corresponding area roughness (Sa and Sz) and profile
roughness (Ra and Rz) along the feed direction are col-
lectively shown in Figure 7(c), (d), (e) and (f). It can be
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Figure 7 Surface profiles and surface roughness: a and b are the line-scanning profiles of surfaces machined under different conditions after CM
and UAVM, respectively, c and d are the corresponding area roughness (Sa and Sz), e and f are the corresponding profile roughness (Ra and Rz)(FR
means feed rate)

observed that the roughness values of CM and UAVM  CM, which is consistent with the line-scanning profiles
surfaces remain almost stable with feed rate. However, displayed in Figure 7(a) and (b).

it can be found that the roughness values of the surfaces

produced by UAVM are generally greater than those by
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3.3 Microstructure in Machined Surface

The cross-sectional views of the subsurface microstruc-
tures of the workpieces machined by CM and UAVM
under different feed rates are shown in Figure 8(a). From
the subsurface microstructures in both CM and UAVM,
it can be observed that machining defects, such as cracks,
tears, and laps, are absent from all the workpieces tested
under the milling conditions. Besides, it can be noticed in
Figure 8(b) that all the workpieces machined with differ-
ent parameters feature with an obvious plastic deforma-
tion zone above the undeformed bulk material zone.

The corresponding thickness of the plastic deformation
layer is determined in the SEM, and the results are shown
in Figure 8(c). In CM, it is revealed that the thickness of
the deformation zone is almost doubled from 3.3 pm to
6.3 um as the feed rate increases from 36 mm/min to
72 mm/min. In contrast, the thickness variation of the
deformation zone in UAVM presents an absolutely differ-
ent tendency with an increase in feed rate. As shown in

320
22 cm

250 B UAVM
—
>
T 2401
w
5]
S 2004
=l | 1s26mv
= Before milling
2 160
2
=

120

36 48 60 72
Feed rate (mm/min)
Figure 9 Microhardness of the workpiece surfaces machined under
various conditions

Figure 8(a) and (c), the thickness of the deformation zone
in UAVM takes on a descending trend, reducing from
4.7 um to 2.7 um as feed rate increases from 36 mm/min
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to 72 mm/min, whereas the plastic deformation zone in
the surface machined by UAVM is thicker than that in
CM when feed rate is equal to 36 mm/min.

3.4 Surface Microhardness

Microhardness variations in the workpiece surfaces sub-
jected to different machining conditions are shown in
Figure 9. The microhardness of SLM-built Ti6Al4V alloy
material before machining is tested to be 182.6 HV. As
the feed rate increases, the microhardness values of
CM surfaces take on an ascending trend, which gradu-
ally increases from 189.7 HV to 216.3 HV as feed rate
increases from 36 mm/min to 72 mm/min. By contrast,
at an increased the feed rate the microhardness of the
UAVM surfaces demonstrates a decreasing trend, which
gradually decreases from 259.1 HV to 226.0 HV when the
feed rate increases from 36 mm/min to 72 mm/min. In
addition, it should be noticed that the surfaces produced
by UAVM generally show greater microhardness values
compared to those produced by CM.

4 Discussion

4.1 Effect of Feed Rate on Milling Forces

In UAVM, the high-frequency vibration of the mill-
ing cutter in the vertical direction can be taken as the
forced simple harmonic vibration in the Z-axis, while
the constant rotating movement of the cutting edge can
be regarded as uniform linear motion along the Y-axis
within a relatively short time and distance. As a result,
in UAVM, the relative motions of the cutting edge to the
workpiece in the Z- and Y-axes are respectively expressed
as follows:

z(t) = asin (ant), (1)

y(t) = vt, (2)

where a and f are the vibration amplitude and vibration
frequency of the cutting edge in the Z-axis, respectively.
v is the instant linear speed of the cutting edge in the
Y-axis. The relative motion speed of the cutting edge to
the workpiece is expressed as follows:

v, = 27mfa cos (Znﬁ), 3)

Vy =, (4)

In such a manner, the actual motion of the cutting edge
in the Y-Z plane is a combined motion of the simple har-
monic vibration and uniform linear motion in two per-
pendicular directions, which demonstrates a sinusoidal
cutting locus.

In UAVM, it is commonly believed that lower milling
forces over CM are obtained mainly due to the reduced

Page 10 of 14

tool-workpiece friction induced by the vibration of the
milling cutter [20]. In this study, F,, F), and F, in both
UAVM and CM increased with feed rate. It is worth not-
ing that the milling forces for UAVM in three directions,
Le, F,, F, and F,, all showed lower amplitudes than those
in CM, which could be explained from two perspectives.
On one hand, milling forces were substantially influenced
by the sinusoidal cutting motion of the cutting edges in
UAVM. When the cutting edges vibrated in the vertical
direction in UAVM, the end face of the milling cutter
intermittently contacted with the workpiece in the high-
frequency vibration mode, which could be divided into
the cutting stage and the separation stage. Moreover, the
dynamic uncut chip thickness in the UAVM method was
significantly more complex than the nominal chip thick-
ness in the CM method, which was caused by the com-
plex tool motion trajectories and the separation-stage
cutting in UAVM. In consequence, the resultant mill-
ing forces were reduced due to the intermittent contact
between the end mill and workpiece. On the other hand,
the separation space produced between the milling cutter
and the workpiece in UAVM could enhance the lubrica-
tion with reduced friction, which further facilitated the
reduction in milling forces [21]. In addition, for UAVM,
the continuous change of relative velocity, relative accel-
eration and reversed frictional force between a milling
cutter and workpiece promoted material removal as well
[22].

4.2 Effect of Feed Rate on Surface Topography
and Roughness

Surface topography substantially affected the bulk prop-
erties and service life of material and was hence char-
acterized by surface texture and surface roughness in
this study. For CM, it could be found that the tool feed
trajectories with uniform spacing of ridges along the
feed direction had a spacing distance equal to feed. The
width of the adjacent ridges increased with the feed rate,
which was considered as the principal factor influenc-
ing the machined surface topography in CM. In con-
trast, because the feed direction was perpendicular to the
vibration direction of the end mill in UAVM, the surface
texture of the UAVM workpiece was a combined result
of the uniform feed trajectories in the feed direction and
the sinusoidal texture in the end plane of the cutting tool
because of the vertical ultrasonic vibration in UAVM.
Moreover, the extension direction of the sinusoidal tex-
ture was along the tangential direction of the end mill. As
for the distance between the adjacent ridges in the fine
sinusoidal vibration textures along the feed direction, it
could be determined by the rotational speed and ultra-
sonic vibration frequency of the milling cutter, which
however were set as constant values in this study. Thus,



Guo et al. Chin. J. Mech. Eng. (2021) 34:67

the distance between the adjacent ridges along the feed
direction was found identical on the machined surfaces.
In terms of the fine vibration textures existing between
the feed trajectories, their occurrence was attributed to
the periodic contact and separation between the end mill
and workpiece, which therefore manifested the vital evi-
dence of intermittent machining in UAVM.

In addition, apart from the cutter edge trajectories
on the machined surfaces, additional chatter marks
appeared along the tangential direction of the end mill,
which was caused by the regeneration of waviness of the
workpiece surface due to overlapping cuts in CM [23,
24]. As a result of the self-excited vibration, the chatter
marks were identified when the feed rate increased from
60 to 72 mm/min in CM, which indicated that regenera-
tive chatter was induced due to the increased feed rate. In
consequence, the pronounced chatter marks introduced
extra unevenness to the machined surfaces as revealed
by the increased surface roughness values. In contrast,
the surfaces produced by UAVM were covered with the
ridged textures and fine sinusoidal vibration textures
between feed trajectories rather than chatter marks,
which suggested that the vertical ultrasonic vibration was
beneficial to suppress the cutter chatter in UAVM.

Surface roughness greatly affects the surface accuracy
and quality of a machined workpiece, hence, it was highly
essential to consider the surface roughness for assess-
ing the machined surface integrity of the workpiece. In
UAVM, an intersection usually formed between two
adjacent cutter trajectories due to the cutter feed, while
the surface roughness was just determined by the resid-
ual height of the intersections. In this study, the steady
roughness values indicated that the variation of feed rate
from 36 mm/min to 72 mm/min does not cause signifi-
cant fluctuation on the height of the trajectories in CM
and UAVM although the corresponding machined sur-
faces exhibited varied cutting trajectories and textures.
However, the deteriorated surface quality with higher
surface roughness values was indeed revealed in UAVM
compared to CM. Similar results were also reported by
Sudrez et al. [25] that the surface of Ni-alloy 718 pro-
duced by rotary ultrasonic elliptical machining demon-
strated Ra roughness value of 25.63% higher than that
machined by CM. In general, the increased Ra roughness
values were ascribed to an extra high-frequency vertical
vibration introduced to the end mill by UAVM in addi-
tion to the horizontal cutting movement in CM, which
suggested that another additional material removal mode
in the vertical direction was imposed by UAVM. Moreo-
ver, Zhang et al. [16] also observed larger surface rough-
ness in rotary ultrasonic elliptical end milling (REUM) of
Ti6Al4V compared with CM, which was ascribed to the
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uniform microtextures mapped on the finished surface of
REUM rather than the mechanical surface defect in CM.

In this study, the fine sinusoidal vibration textures
between the tool feed trajectories were evidence of the
high-frequency material removal mode introduced by
UAVM. In this regard, compared with CM, the increased
surface roughness values in UAVM were consequences
of the extra sinusoidal vibration textures induced by the
high-frequency vibration of the end mill.

4.3 Effect of Feed Rate on Subsurface Microstructure

The subsurface microstructure of the workpieces sub-
jected to CM and UAVM consisted of two zones: plastic
deformation zone and bulk material zone, as similar to
that revealed by Zhang et al. in the rotary ultrasonic ellip-
tical end milling of Ti6Al4V alloy [16]. The plastic defor-
mation zone closely located below the machined surface
was commonly characterized by rotated grains and
deflected grain boundaries along the cutting direction,
which generally resulted from intensive plastic deforma-
tion induced during the milling process [26]. In contrast,
the bulk material zone located beneath the plastic defor-
mation zone remained undisturbed as it was far away
from the intensive plastic deformation zone. In this study,
the cross-sectional views of the subsurface microstruc-
tures machined by CM and UAVM under different feed
rates showed no obvious thermally-affected microstruc-
tures, such as recasting and white layers, which indicated
that the temperature rise in the milling zone should be
not higher enough to melt the Ti6Al4V alloy, thus induc-
ing no phase transformations under the various milling
conditions.

In terms of the subsurface plastic deformation zone of
workpieces machined with CM and UAVM, it displayed
the opposite trends with an increasing feed rate. In CM,
the increased thickness of the subsurface deformation
zone was caused by more intensive plastic deformation
induced by the increased feed rate; while the descending
thickness of the deformation layer in UAVM indicated
that the subsurface plastic deformation was significantly
enhanced at a relatively low feed rate, and was however
mitigated with an increased feed rate. The thickness vari-
ation of the subsurface deformation layer in UAVM can
be interpreted in this way: as feed rate increases, the con-
tact time between the end mill and the machining surface
in the unit area decreases, which thus undermines the
high-frequency impact effect of the ultrasonic vibration
on the surface [27]. In this regard, the thickness of the
subsurface deformation zone of the UAVM workpieces
gradually decreases as a result. In addition, Sun et al. [28]
also reported analogous results with an increasing feed
rate in end milling of Ti6Al4V alloy.



Guo et al. Chin. J. Mech. Eng. (2021) 34:67

It was generally recognized that a mitigated plas-
tic deformation zone in machining signified improved
machining quality. In this study, the thickness of the plas-
tic deformation zone on the surfaces machined by CM
and UAVM took on two opposite trends with feed rate,
and the surface machined by UAVM displayed a thinner
subsurface plastic deformation layer than by CM. Thus, it
was concluded that an increased feed rate was beneficial
to reducing the thickness of the subsurface plastic defor-
mation layer, thus enhancing the machining quality of
SLM alloy by using UAVM.

4.4 Effect of Feed Rate on Surface Microhardness

The mechanical properties and service life of a machined
part were substantially influenced by the work-hardening
effect that resulted from a combination of the uneven
stress fields in the machined surfaces. In order to evalu-
ate the effect of surface hardening on the machined
surfaces, surface microhardness was usually taken as a
crucial indicator. In this study, the surface produced by
UAVM generally showed greater microhardness values
than by CM due to high-frequency impact of the end mill
similar to the findings revealed in the rotary ultrasonic
elliptical end milling of Ti6Al4V alloy [16].

As for the effect of cutting heat induced by the end
mill, it should be positively correlated with the degree of
plastic deformation, which meant that the thicker plas-
tic deformation zone below the milling surface was cor-
related with server thermal effect. Following this line
of reasoning, the workpiece induced with the thicker
plastic deformation zone should present lower surface
microhardness due to the thermal softening effect, thus
representing a negative correlation between them. How,
as revealed in Figures 8 and 9, plastic deformation zone
thickness and surface microhardness were positively cor-
related, indicating that thermal impact was insignificant
in the process of UAVM and CM in this study. Moreo-
ver, as shown in Figure 8, the cross-sectional views of the
subsurface microstructures machined by CM and UAVM
under different feed rates showed no obvious thermally-
affected microstructures as well, which further verified
the unimportant effect of cutting heat in this study.

In terms of the causes of enhanced surface microhard-
ness in UAVM, the high-frequency vibration of the mill-
ing cutter introduced a great impact to the cutting zone
similar to the effect of shot peening which was a surface
modification process commonly adopted to improve
the surface hardness and residual compressive stress
by shooting micro media onto a workpiece surface at a
high speed [29, 30]. The enhanced surface hardness in
shot peening was mainly attributed to the severe plastic
deformation in a surface [31]. Similarly, it was concluded
that the improved surface microhardness in UAVM was
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ascribed to the intensive plastic deformation resulting
from the high-frequency impact effect of the end mill in
UAVM.

Under normal conditions, the microhardness varia-
tion and thickness variation of a plastic deformation layer
shared a similar trend with an increased feed rate, there-
fore, the hardened surface should be closely associated
with the degree of the subsurface plastic deformation in
machining [17]. In this study, it was not difficult to find
that feed rate had a marked impact on the surface micro-
hardness of the Ti6Al4V alloy. However, the underlying
mechanism between them varied in CM and UAVM. As
for CM, the increased surface microhardness value was
mainly attributed to the strain hardening resulted from
intensive plastic deformation as feed rate increased;
while in terms of UAVM, the significant reduction in sur-
face microhardness was directly caused by the decreased
contact time between the end mill and the machining
surface in a unit area with an increased feed rate. In spite
of different mechanisms regarding the origin of surface
microhardness in CM and UAVM with an increasing
feed rate, the thickness variation of the subsurface plastic
deformation layer and the corresponding surface micro-
hardness shared the same trend with an increase in feed
rate. Therefore, it was concluded that the thickness of the
subsurface plastic deformation layer and the correspond-
ing surface microhardness were positively correlated
regardless of the machining methods of CM or UAVM
whatsoever.

5 Conclusions

In this study, comparative experiments of CM and UAVM
were performed on the effects of feed rate on surface
integrity of the SLM-built Ti6Al4V alloy. Comprehensive
characterization of the machined surfaces and intensive
analysis of the milling forces were reported. Based on the
experimental results and discussion, the following con-
clusions are drawn:

1. Milling forces took on an ascending trend with feed
rate for both CM and UAVM, while the milling forces
in UAVM generally demonstrated a lower amplitude
than that in CM due to the decreased friction caused
by intermittent contact between the milling cutter
and the workpiece.

2. The increased roughness values of the surface pro-
duced by UAVM were attained due to the fine sinu-
soidal vibration textures along the tangential direc-
tion of the end mill. In addition, the extra vertical
ultrasonic vibration in UAVM was beneficial to sup-
pressing chatter vibrations.

3. The thickness of the deformation zone in CM took
on an ascending trend due to more intensive plastic
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deformation induced by the increased feed rate, while
the thickness of the deformation zone in UAVM was
reduced due to the mitigated high-frequency impact
effect of UAVM with the decreased contact time
between the end mill and the machining surface in
the unit area.

4. The improved surface microhardness and thickness
of the subsurface deformation layer in UAVM were
ascribed to the vertical high-frequency impact effect
of the milling cutter in UAVM. The microhardness
variation and the corresponding thickness variation
of the plastic deformation layer were positively cor-
related with an increase in feed rate for both CM and
UAVM.

As a result, this study revealed that the introduc-
tion of ultrasonic vibration into the conventional mill-
ing facilitated material removal and machining quality
with reduced milling forces and lower subsurface plas-
tic deformation zone for SLM-built Ti6Al4V, which
also promoted the understanding of underlying mecha-
nisms. For practical applications of UAVM of SLM-pro-
duced Ti6Al4V, this study suggests that the ultrasonic
vibration should be performed with higher amplitude
compared with that for brittle materials because the
large plasticity of Ti6Al4V will accommodate the high-
frequency vibration, thus weakening the beneficial
effects of UAVM.

In addition, due to the microstructure and property dif-
ferences of Ti6Al4V produced by SLM and the conven-
tional methods, the performance of UAVM on Ti6Al4V
produced by various methods needs to be compared
and explored in future works. Moreover, tool wear of the
milling cutter should also be taken into account to com-
prehensively evaluate the effects of UAVM compared
with CM.
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