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Abstract
This research report deals with an experimental and analytical study of the ultrasonic elliptical vibration cutting (UEVC) process
on medium steel alloy (AISI 1045) for sustainable machining of round-shaped (R-shaped) microgrooves via relatively low-speed
machining (0.5–2.5 m/min). The need for microgroove patterns on planar surfaces in the tribology field has increased signifi-
cantly owing to superior lubrication performance in decreasing the coefficient of friction. Analyzing the surface roughness,
microgroove morphology, cutting force, and chip formation during microgrooving are the main objectives of this experimental
study. The experimental results showed that the UEVC process evidently produces lower surface roughness, lower cutting forces,
better groove shape morphology, thinner chip thickness, and higher flow shear angle when compared to the conventional cutting
process. A new approach in methods to analyze surface roughness and cutting force in UEVC microgrooving has also been
developed and validated with the experimental results. Finally, these experimental studies indicate the achievement of sustainable
machining of the R-shaped microgroove pattern using the UEVC process.
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1 Introduction

The demand for microgroove patterns has grown significantly
in the tribology field, especially for controlling the friction
coefficient and wear during the wet sliding contact condition
[1]. In the field of tribology, the advanced geometric shapes
for tribology surfaces are generally on the micrometer scale,
such as grooves and dimples, which have been proven theo-
retically or experimentally to improve the lubrication perfor-
mance [2]. The hydrodynamic pressure effect was considered

as the reason for the friction reduction phenomenon [3]. Thin
lubricant films are produced during sliding contact because
the microgrooves behave as lubricant reservoirs that supply
the lubricants into two sliding contact surfaces [4].
Consequently, owing to the hydrodynamic pressure effect,
the planar surface with the microgrooves significantly in-
creases the load carrying capacity of the lubrication fluid film
[5]. Because of this tribological property, the aim of the cur-
rent research is to investigate the sustainable machining of
microgrooves using the UEVC process.

Owing to the tribological benefits of the microgroove pat-
terns, the real application of the microgrooves is recently to
improve the tribological performance of cutting tools during
machining. The use of the microgrooves for anti-adhesion
purposes on the rake face of the cutting tool has increased
significantly in academia [6]. The microgrooves pattern pro-
vides a lubricant fluid on the tool chip contact zone, which is
difficult to access by the lubricant fluid; consequently, the
contact length between the rake face and chip reduces signif-
icantly [7]. The microgroove pattern on the rake face gives the
possibility of sustainability in dry cutting operation [8].
Moreover, the benefits of the microgroove pattern on the rake
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face surface include capturing the wear debris, reducing the
crater and flank wear of the tool, reducing cutting forces, and
reducing the machining temperature [7]. The cutting forces
reduce when the microgroove direction on the rake face of
the cutting tool is perpendicular to the relative cutting speed,
whereas the cutting forces remain similar or slightly larger
when the microgroove direction is parallel to the cutting speed
[9]. Owing to the effect of the microgroove pattern, the friction
coefficient on the rake face during dry cutting assessments is
smaller than that of non-nano/microgrooved cutting tools
[10]. The microgrooved cutting tool significantly reduces the
rake face temperature by approximately 103 °C as compared
with an untextured cutting tool [11].

In 1994, Shamoto and Moriwaki [12] introduced the ellip-
tical vibration cutting (EVC) process. Since then, the EVC
process become a popular process in academia because it
has excellent material removal characteristics, including the
following:

– Decreasing cutting energy [13]
– Achieving mirror surface on ferrous material [14]
– Suppressing the burrs [15]
– Avoiding a premature tool breakage [16]
– Improving the tool wear rate [17]
– Cutting possibility to hard or brittle material [18]

Shamoto and Moriwaki [16] induced the EVC process for
cutting of hard steel alloy (39 HRC) using a diamond tool. A
lower cutting energy than the conventional cutting (CC) pro-
cess was evidently obtained by the EVC process. Zhang et al.
[19] experimentally explored the ultrasonic elliptical vibration
cutting (UEVC) on Stavax (49 HRC) workpiece using a poly-
crystalline diamond (PCD) tool. They concluded that the us-
age of the PCD tool in the UEVC process is suitable for
fabrication of die and mold parts from the hard steel alloy
[19]. Furthermore, the PCD tool wear did not appear signifi-
cantly when using the UEVC process with low rotational
spindle speeds of 15 and 30 rpm. Suzuki et al. [20] reported
that the UEVC process significantly increases the critical
depth of cutting brittle material such as sintered tungsten car-
bide (WC). Ma et al. [15] reported that the smallest of stress
both pushing and bending the deformation zone on the work-
piece edge could be realized by inducing the UEVC process,
resulting in the elimination of the burrs after cutting. The EVC
process reduces the damage of the diamond cutting tool after
cutting distance at 2800 m when cutting of hardened die steel
(JIS: SUS420J2), as reported by Shamoto and Moriwaki [16].
Nath et al. [17] suggested that the PCD tool is suitable to cut a
hard and brittle material such as sintered WC when the EVC
process was utilized. With increasing speed ratio of the EVC
process, the cutting loads on the cutting edge increase and the
tool wear growth increases; therefore, the surface finish dete-
riorates due to rapid tool wear [18].

Because the UEVC process is very popular, recent ad-
vanced research in UEVC between 2015 and 2017 has devel-
oped widely into specific cases, such as cutting force model-
ing [21], composite cutting [22], hard brittle cutting [23], mir-
ror surface finishing [14], mechanical polishing [24], trans-
ducer development [25], suppression of frictional chatter
[26], finite element modeling [27], sculpturing surface [28],
micro/nanomachining [29], surface gratings [30],
microdimple fabrication [31], and surface texturing [32].
Cutting force is an important machining output that correlates
directly to the quality of the product such as surface integrity.
Efficient cutting by means of low cutting energy is generally
obtained using the UEVC process because of the effect of the
elliptical trajectory of the tool; therefore, lower chip thickness
and larger shear angle are obtained (Kim and Loh [13, 33]).
The UEVC process significantly decreases the subsurface
fracture of carbon fiber reinforced plastic (CFRP) because of
a low localized stress in the interaction region between the tool
tip and fiber [34]. The UEVC process realizes the ductile
mode cutting in brittle materials, such as sintered WC, in
which the machinability of brittle materials correlates with
the grain size and binder phase [35]. Saito et al. [14] investi-
gated the correlation between the amount of diamond wear
and the composition elements of the alloy steels during mirror
surface machining using the UEVC process. Their result
showed that the alloy elements of tungsten and vanadium in
the workpiece matrices caused rapid wear of the diamond tool
because of the thermochemical interaction phenomenon [14].
The UEVC process has been adopted for mechanical
polishing, in which high numerical aperture can be obtained
with a ten-point mean surface roughness (Rz) up to 8 nm [36].
It has also been proven experimentally and theoretically that
the chatter occurring in ordinary cutting can be suppressed
significantly using the UEVC process [37], because the cut-
ting energy of the UEVC process clearly approaches zero, and
the magnitude of workpiece displacement in time domain is
relatively small with the UEVC process [37]. Kurniawan et al.
[32] reported that the surface roughness of micro-dimple pat-
tern by applying the two-frequency elliptical vibration textur-
ing process is lower than that using the conventional texturing
in the low vibration frequency range. Based on the recent
literatures above, the UEVC process is a promising cutting
process. However, a significant number of studies related to
microgrooving in medium alloy steel have been rarely report-
ed, mostly in low-strength materials such as aluminum, cop-
per, and brass [13, 33]. An experimental study associated with
microgrooving induced by the UEVC process is reported in
this paper.

Investigations of advanced microgrooving induced by the
UEVC process have gained much attention in academia.
Recent advanced microgrooving induced by the UEVC pro-
cess shows that the majority of grooves were V-shaped, in
which sharp cutting edge and V-shaped diamond tools were
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used [38]. The UEVC process significantly suppresses the
burrs at the exit and side region of the microgrooving and
decreases the cutting energy, although the surface roughness
inside the microgrooves was distorted owing to the effect of
overlapped elliptical locus of the tool (Kim and Loh [13, 33]).
During the microgrooving process, the UEVC process pro-
duces a smaller curvature radius and thickness of chip forma-
tion because of the effect of increasing of the shear angle and
decreasing of the friction force between the chip and the tool
[39]. The vibration frequency of the elliptical locus (fm) and
the cutting speed (Vf) are two main factors to determine the
quality of the microgrooves. By applying a high cutting speed
ratio(Vf/fm), the vibration marks on the microgrooves were
clearly observed. Otherwise, a low cutting speed ratio (Vf/fm)
decreases the surface roughness of the microgrooves and the
vibration marks become difficult to observe with the naked
eye [40]. A larger shear angle than that of ordinary cutting in
the primary cutting zone appears as a factor in decreasing the
cutting force in the UEVC process during microgrooving
(Kim and Loh [13, 33]). The cutting forces during
microgrooving in the UEVC process can be predicted by cal-
culating the cross-sectional cutting area in the cutting direction
to obtain the removed chip volumes per vibration cycle [41].
The microgroove geometry is essentially overlapped
microdimple array at low cutting speed ratio (Vf/fm) by the
elliptical vibration texturing (EVT) process [42]. Based on
the literature mentioned above, this study aims to experimen-
tally investigate the feasibility of the UEVC process during R-
shaped microgrooving.

In the UEVC process, an analytical method to predict
the cutting forces in the UEVC process has been present-
ed recently. The amount of the workpiece material that
has been removed and the specific cutting pressure are
associated directly with the value of the cutting forces in
the UEVC process [41]. Ma et al. [43] determined the
thrust cutting force in the UEVC process by applying a
Fourier series. The state of the thrust cutting force was
assumed to be in the normal (positive) or reversed
(negative) direction as a rectangular cycle in the intermit-
tent cutting state. The Fourier series was adopted to ana-
lyze the state of the thrust cutting force in the UEVC. It
was hypothesized that the reversed thrust cutting force
leads to reducing the average cutting force and the chip
thickness and helps the chip to flow out [43]. Shamoto et
al. [44] proposed to calculate the resultant cutting force in
3D-EVC by calculating the time instants at critical tool
positions. An orthogonal cutting force analysis has been
conducted by Zhang et al., in which the transient cut
thickness is calculated [45]. Meanwhile, Bai et al. [21]
proposed a nonequidistant shear zone model to predict
the shear angle, tool-chip friction angle, and shear angle
to predict the cutting force in the EVC; thus, the experi-
ments are not necessary to conduct. Jieqiong et al. [46]

proposed an analytical calculation to predict the cutting
force components in the oblique EVC process. Their ap-
proach is based on calculation of the transient cut thick-
ness and the transient shear angle. The transient shear
angle is determined by using the maximum shear stress
principle [46].

Although much effort has been expended in the EVC
process, the research in the EVC process has not finished
yet. This research report deals with the experimental and
analytical study of the UEVC process on medium steel
alloy (AISI 1045) for sustainable machining of round-
shaped (R-shaped) microgrooves in relatively low-speed
machining (0.5–2.5 m/min). The objective of this research
is to extend the information in the UEVC process to es-
tablish the microgrooves pattern. The main objective of
this paper is to introduce a new analytical method of sur-
face roughness and cutting force which is based on data
regression analysis.

2 Profiles of microgrooves

There are numerous profiles of microgroove patterns based on
the geometry of the cutting tool. The various profiles of mi-
crogrooves as shown in Fig. 1 can be divided into four kinds
of shapes: V-shaped, saw tooth, rectangular, and R-shaped
grooves. In the case of V-shaped grooves, it can be further
divided into three types: type I (Fig. 1a), type II (Fig. 1b),
and type III (Fig. 1c). In general, the V-shaped microgrooves
of type I (Fig. 1a) are symmetric V-shaped grooves and im-
plemented for diffraction gratings [47]. The V-shaped micro-
grooves of type II (Fig. 1b) are symmetric V-shaped grooves
with an equal distance/gap for each groove, and their func-
tionality is usually for tribological purposes, such as friction
reduction, anti-adhesion, and capturing the wear debris [47].
The V-shaped microgrooves of type III (Fig. 1c) have trape-
zoid shape, and their functionality is for the microchannels of
micro/nanofluidic [48]. Figure 1d shows a saw tooth-shaped
microgroove, which has nonsymmetrical V-shaped grooves.
This saw tooth-shaped grooves are used widely in Fresnel lens
applications [49]. Figure 1e shows R-shaped microgrooves,
which are usually implemented for a lenticular lens mold
[50]. The wire-electrical discharge machining plus electrolytic
polishing is capable to manufacture precisely the lenticular
pattern mold; however, its slow machining rate (30–10 μm/
s) is a major disadvantage of this process [51]. In the case of
rectangular microgroove (Fig. 1f), the rectangular-shaped mi-
crogrooves need a special rectangular cutting tool to manufac-
ture that kind of shape. The suitable method to fabricate the
rectangular shaped microgroove is by using the electrical dis-
charge machining [52]. The rectangular shape is easily made
by using micromilling method; nevertheless, because
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significant burrs appears during microgrooving/slotting pro-
cess, the micromilling process must be optimized [53].

In the case of R-shapedmicrogroove, there are two kinds of
microgrooving. Figure 2 shows the round-shaped tool tip cut
along the cutting speed direction with the gap between two

neighbored grooves is greater than zero (Fig. 2a) and for equal
to zero (Fig. 2b). Because the cutting tool edge has a round
shape, the shape of the microgroove replicates the shape of the
cutting tool. The microgrooves pattern with Lb is greater than
zero as main objective in this paper. The R-shaped

Fig. 2 Two types of R-shaped
microgrooving. aLb > 0. b Lb = 0

Fig. 1 General variations of
microgroove shape. a V-shape
type I. b V-shape type II. c V-
shape type III. d Saw tooth-shape.
e R-shape. f Rectangular (Sawada
et al. 2000)

2034 Int J Adv Manuf Technol (2018) 98:2031–2055



microgrooves of width (db) as shown in Fig. 2 can be deter-
mined as follows:

– If the gap between two neighbored grooves (Lb) > 0

db ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2− R−DOCð Þ2

q
ð1Þ

– If the gap between two neighbored grooves (Lb) = 0

db ¼ F≈2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2− R−

F2

8R

� �2
s

ð2Þ

3 EVC principle

Figure 3 illustrates the cutting tool vibrating sequentially
in two dimensions in the Cartesian coordinate (y-z) plane.
The y-axis is for cutting direction, and the z-axis is for
depth of cut (DOC) direction. The neutral axis represents
when the cutting tool does not vibrate; in other words, the
CC process takes place. In general, the cutting tool vi-
brates sequentially in two directions by the piezo actua-
tors to establish an elliptical locus [54]. The elliptical
locus overlaps in each period when the maximum cutting
tool vibration speed is higher than the nominal cutting
speed in the y-direction (2πfma > VF). (2πfma > VF) is the
requirement for intermittent cutting in the EVC process.
The cusp of the machined surface is formed when the
elliptical locus overlaps in each period. The cutting tool
begins to cut at point A (see Fig. 3) and establishes the
cusp of machined surface at point A. In the EVC process,
DOC changes periodically in each period, namely the
transient thickness of cut (TOCt) [45]. At point B, the
maximum TOCt occurs, which means the load on the rake
face of the cutting tool is maximum. The cutting tool

begins to climb at point C and the shear angle value re-
mains inconstant namely transient shear angle [45] when
the slope angle θ(t) is larger than the shear angle during
the CC process. The friction reversal effect occurs when
the cutting tool reaches from point C to point D. The
cutting tool disengages the deformed chip at point D
and the EVC process finishes during one period. The fric-
tion reversal effect is considered by many scientists as
causing the decreased cutting forces [45].

Assuming the cutting tool vibrates sequentially in the y-
and z-directions, the relative motion of the cutting tool with
respect to the stationary workpiece can be expressed as fol-
lows:

y tð Þ ¼ a∙cos 2π f m∙tð Þ þ a−V F ∙t ð3Þ
z tð Þ ¼ b∙cos 2π f m∙t þ ϕð Þ þ b ð4Þ

The y-axis and z-axis amplitude is expressed by a and b,
respectively. fm is the ultrasonic vibration frequency, VF is the
relative cutting speed in the y-direction, ɸ is the phase shift
which was set at constant 90° in this study, and t is the time.

The cutting tool velocity relative to the workpiece can be
derived as the time-derivative of the cutting tool position, in
the y-axis and z-axis directions:

Vy tð Þ ¼ dy tð Þ
dt

¼ −2π f m∙a∙sin 2π f m∙tð Þ−V F ð5Þ

Vz tð Þ ¼ dz tð Þ
dt

¼ −2π f m∙b∙sin 2π f m∙t þ ϕð Þ ð6Þ

where Vy(t) and Vz(t) are the cutting tool velocity in the y- and
z-directions, respectively. The transient velocity vector and the
magnitude velocity are described in Eqs. 7 and 8, respectively:

Vt
!

tð Þ ¼ Vy tð Þ j
* þVz tð Þ k! ð7Þ

Vt tð Þj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vy tð Þ2 þ Vz tð Þ2

q
ð8Þ

Fig. 3 Illustration of the EVC
process
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The slope angle of the elliptical path θ(t) is defined relative
to the y-axis, and it can be described as follows:

θ tð Þ ¼ tan−1
Vz tð Þ
Vy tð Þ

� �
¼ tan−1

−2π f m∙b∙sin 2π f m∙t þ ϕð Þ
−2π f m∙a∙sin 2π f m∙tð Þ−V F

� �
ð9Þ

3.1 Surface roughness model

In this study, the surface roughness that is generated by
the EVC process is modeled and consists of two compo-
nents. The first component is theoretical roughness in
which the cutting edge radius is considered [32, 55], and
the second component is a residual error, which is
modeled using a regression analysis. Equation 10 de-
scribes the surface roughness model used to predict the
generated surface roughness by the EVC process. Re_th is
the theoretical surface roughness, and Rres is the residual
error surface roughness.

Revc ¼ Re th þ Rres ð10Þ

The theoretical surface roughness is modeled by con-
sidering the kinematic of the cutting tool and the effect of
the cutting edge radius which was proposed by Zhang et
al. [55]. Figure 4 shows the illustration of the machined
surface in the EVC process by considering the effect of
the cutting edge radius. A typical machined surface with
vibration marks observed by atomic force microscope and
scanning electron microscopy is shown in Fig. 7a when a
small cutting edge radius such as a single crystal diamond
tool was utilized. The cutting edge was assumed that has a
circular shape and the cutting edge radius is Re. The point
CL represents the cutter location and the point CC repre-
sents the cutter contact, in which the effect of the cutting
edge radius is not considered. The point CC’ is new cutter
contact location at which the effect of cutting edge radius
is considered [32].

Point CC’ is located at the red colored surface profile, as
shown in Fig. 4. The coordinate of point CC’ can be deter-
mined as follows [32, 55]:

ye tð Þ ¼ a∙cos 2π f m∙tð Þ þ a−V F ∙t−Re∙sinθ tð Þ ð11Þ
ze tð Þ ¼ b⋅cos 2π f m⋅t þ ϕð Þ þ bþ Re⋅ 1−cosθ tð Þð Þ ð12Þ

where θ(t) is the slope angle of the elliptical path, and sinθ(t)
and cosθ(t) are determined using the following equations [55]:

sinθ tð Þ ¼ Vz tð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vy tð Þ2 þ Vz tð Þ2

q ð13Þ

cosθ tð Þ ¼ −Vy tð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vy tð Þ2 þ Vz tð Þ2

q ð14Þ

where Vy(t) and Vz(t) are the cutting tool velocity in the y- and
z-directions, as obtained from Eqs. 5 and 6, respectively.
Figure 5 shows that the θ(t) is measured from the horizontal
line with respect to the velocity vector Vt(t).

To determine the theoretical surface roughness Re_th, the
new cusp point Cp’(ye,ze) must be found using the Newton–
Raphson numerical method. Point Cp’(ye,ze) is indicated by a
blue dot (Fig. 5). Re_th is determined from point Cp’(ye,ze) to
the zero reference (ze(t) = 0), as shown in Fig. 4. Thus, Re_th

equals ze(tA) or ze(tA’) at certain time tA and tA’, where tA is a
time when the cutting tool leaves the profile, and tA’ is a time
when the cutting tool comes in the profile in one period (see
Fig. 5); thus, the theoretical surface roughness Re_th is de-
scribed as follows [55]:

Re th ¼ ze tAð Þ ¼ b∙cos 2π f m∙tA þ ϕð Þ þ bþ Re∙ 1−cosθ tAð Þð Þ ð15Þ
or,

Re th ¼ ze tA
0

� �
¼ b∙cos 2π f m∙tA

0 þ ϕ
� �

þ bþ Re∙ 1−cosθ tA
0

� �� �
ð16Þ

The horizontal distance between the y-axis coordinates of
the two cusp pointsCp’(ye(tA),ze(tA)) and Cp’(ye(tA’),ze(tA’)) is

Fig. 4 Illustration of the machined surface in the EVC process adopted from Zhang et al. (Zhang et al. 2013)
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equal zero, and the vertical distance in the z-axis coordinate
between two cusp points is also equal zero; thus, the following
equation can be used to determined tA and tA’ by using the
Newton–Raphson method [32]:

ye tAð Þ−ye tA
0

� �
¼ 0

ze tAð Þ−ze tA
0

� �
¼ 0

8<
: ð17Þ

Figure 6a shows the effect of the cutting edge radius
that is varied from 0 to 3 μm, and the cusp of the surface
profile reduces when the Re increases from 0 to 3 μm.
Figure 6b shows the relationship between Re_th and Re

in various nominal cutting speeds VF: with increasing
Re, Re_th decreases significantly. In addition, the nominal
cutting speed also influences the theoretical surface
roughness. It can be understood that with increasing nom-
inal cutting speeds, Re_th increases.

The residual surface roughness Rres is added in the
EVC roughness model. Because the theoretical surface
roughness Re_th is not sufficient to predict the roughness,
especially at low speed ratio [32]. There is a large differ-
ence between Re_th and the arithmetic measured value Ra.
The second-order regression analysis was adopted to de-
velop the model of Rres. The Rres value is obtained using
Eq. 18, and the general model of regression analysis of
Rres is presented in Eq. 19 as a function of the cutting
speed VF and the depth of cut DOC.

Rres ¼ Ra−Re th ð18Þ
Rres ¼ C0 þ C1∙V F þ C2∙DOC þ C11∙V F

2

þ C22∙DOC2 þ C12∙V F ∙DOC ð19Þ

where Co represents a constant coefficient, C1 and C2

represent linear constant coefficients, C11 and C22 repre-
sent quadratic constant coefficients, and C12 represents an

Fig. 5 Enlarged view to determine point CC’

Fig. 6 a Simulation of surface profiles along the y-axis direction considering tool edge radius at VF = 500 mm/min. b Re_th versus the cutting edge radius
Re in various cutting speeds
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interaction constant coefficient. By using Eq. 19, the
roughness error can be compensated, in which the effect
of DOC and cutting speed are considered in this

microgrooving case. Based on Eq. 18, the residual surface
roughness can be found and the predicted model of the
Rres can be described empirically in Eq. 20, where VF is in

(Atomic Force Microscope)

Machined Surface

(SEM Image)

a

b

Fig. 7 Illustration of
microgrooving in the EVC
process. a Transient thickness of
cut TOCt(t). b Area of cut Acut(t)
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meters per minute and DOC is in micrometers. The flow-
chart diagram of the surface roughness model is shown in
the Fig. 9a.

Rres ¼ 60:2−24:7∙V F þ 4:21∙DOC−2:26∙V F
2

−0:0338∙DOC2−0:364∙V F ∙DOC

ð20Þ

3.2 Cutting force model

In this study, the cutting force model of the EVC process is
inspired from Zhang’s work [45]. Fundamentally, the cutting
force can be determined based on how much workpiece ma-
terial is removed during cutting. In the EVC case, the thick-
ness of cut (TOC) is varied during engaging the workpiece, as
illustrated in the red area in Fig. 7a. The red area illustrates that
the workpiece material will be removed in one cycle period of
cutting. According to the Merchant’s analytical model in the
orthogonal cutting [56], the principle cutting force FCP and
thrust cutting force FCT can be expressed as follows:

FCP tð Þ ¼ τ s∙cos β−αð Þ
sinφ∙cos φþ β−αð Þ

� �
∙Acut tð Þ ð21Þ

FCT tð Þ ¼ τ s∙sin β−αð Þ
sinφ∙cos φþ β−αð Þ

� �
∙Acut tð Þ ð22Þ

where τs is shear stress on the shear plane, β is friction
angle, α is rake angle, ϕ is shear angle, Acut(t) is transient
cutting area on the rake face that is a segment of a circle
as shown in Fig. 7b.

In this study, τs andϕ are assumed to be constant. Thus, the
cutting force coefficient for principle Kfp and thrust Kft can be
introduced for simplicity in Eqs. 23 and 24, respectively [57].
The cutting force coefficient can be found by conducting an
experiment on the EVC process. The cutting force coefficient
is related to the material properties, tool geometry, and ma-
chining condition.

Kfp ¼ τ s∙cos β−αð Þ
sinφ∙cos φþ β−αð Þ ð23Þ

Kft ¼ τ s∙sin β−αð Þ
sinφ∙cos φþ β−αð Þ ð24Þ

Thus, Eq. 21 and Eq. 22 become

FCP tð Þ ¼ Kfp∙Acut tð Þ ð25Þ
FCT tð Þ ¼ Kft∙Acut tð Þ ð26Þ

The transient cutting area Acut(t) is defined by Eq. 27 [31].

Acut tð Þ ¼ R2∙cos−1
R−TOCt tð Þ

R

� �	 


− R−TOCt tð Þð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2∙R∙TOCt tð Þ−TOCt tð Þ2

q	 

ð27Þ

where TOCt(t) is transient TOC during cutting in the red area as
illustrated in Fig. 7a, and R is tool nose radius which is illus-
trated in Fig. 7b. TOCt(t) can be defined based on the geomet-
rical relationships as shown in Fig. 7a. TOCt(t) at different
locations from point A to point D can be defined as follows:

TOCt tð Þ ¼
0

ze tPð Þ−ze tð Þ
ap−ze tð Þ

8<
:

t < tA ; t≥ tD
tA≤ t < tT
tT ≤ t < tD

ð28Þ

where tA, tT, tB, t, and tD are time when the cutting tool passes
points A, T, B, CC’, and D, respectively. Table 1 defines the
times of each point.

Fig. 8 Transient TOC during one duty cycle of single cutting with
different nominal cutting speed VF 1000 mm/min, VF 1500 mm/min,
and VF 2000 mm/min

Table 1 Definition of the time in
the EVC t Transient time at the cutter contact point CC’ lied from point A to D

tP Transient time in previous cycle at between point A and point P, point P is the
end of cutting in previous cycle.

tA Time in beginning of cut at point A (at cusp point CP’)

tT Time when similar ye-coordinate with point P

tB Time when the cutting tool passes the bottom point B

tD Time when the cutting tool disengages the workpiece at point D (end of cutting)
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Flow chart surface roughness model

Flow chart of cu�ng force model

a

b

Fig. 9 Flowchart of surface
roughness and cutting force
model in the UEVC
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The time at the end of cutting tD can be found by numeri-
cally solving Eq. 29, because the relative speed of the cutting
tool in the normal direction to the rake face goes to zero at tD.

Vye tDð Þ ¼ −a∙2π f m∙sin 2π f m∙tDð Þ−V F−Re∙
d
dt

sinθ tDð Þ ¼ 0 ð29Þ

After finding tD, tP at point P can be easily found:

tP ¼ tD−
1

f m
ð30Þ

To determine the transient time tP the for which the cutter lays
from point A and P, a numerical approach is used to solve Eq. 31
[45]. In this study, the rake angle is equal as zero, tan (α) = 0.

ye tð Þ−ye tPð Þ
ze tð Þ−ze tPð Þ ¼ tan αð Þ 0 < t−tPð Þ < 1

f m
ð31Þ

Meanwhile, to find the time of beginning of cut tA, the
relationship in Eq. 17 can be used and a numerical method
is applied.

ye tAð Þ−ye tA
0

� �
¼ 0

ze tAð Þ−ze tA
0

� �
¼ 0

ð32Þ

tTcan be found by finding the relationship between points P
and T. Because tP at point P has been found by Eq. 30, tT can
be found numerically by the following relationship.

ye tTð Þ−ye tPð Þ ¼ 0 tA≤ tT ≤ tD ð33Þ

The cutting force varies during a single cutting period of
time tcut = tD − tA; thus, the transient cutting force is calculated
as an effective cutting force by taking the root mean square
(rms) value [58], where n is the number of data used in the
numerical calculation from time tA to tD.

FCPrms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

tcut
∫tDtA FCP tð Þ½ �2dt

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n
∑i¼n

i¼1 FCP tið Þ½ �2
r

1≤ i≤n ð34Þ

FCTrms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

tcut
∫tDtA FCT tð Þ½ �2dt

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N
∑i¼n

i¼1 FCT tið Þ½ �2
r

1≤ i≤n ð35Þ

Figure 8 shows the transient TOC during each duty cycle of
cutting. The simulated transient TOC increases gradually and
reaches a maximum at a certain point and then decreases until
the cutting tool disengages the cutting zone. fm = 24,000 kHz,
ϕ = 90°, a = 0.4 μm, b = 0.6 μm, Re = 3 μm, and DOC =
10 μm were used in the simulated transient TOC, as shown
in Fig. 8. As we can see, with increasing nominal cutting
speed VF, the transient TOC increases owing to the effect of
the elliptical trajectory, and thus, more material is cut. The
flowchart diagram of the cutting force model is shown in the
Fig. 9b.

4 Experimental setup

4.1 Microstructure of workpiece material

The workpiece material is a square block of the medium steel
alloy AISI 1045 that has dimensions of length 20 mm, width
20 mm, and depth 20 mm. The medium steel alloy of AISI
1045 has been manufactured broadly in mechanical compo-
nents such as gears, shafts, axles, crankshafts, pins, rods, bolts,
pinions, forgings, bulldozer edges, machine parts, and so on
[59]. AISI 1045 is considered as having good machinability,
especially in turning or milling operations. In this study, AISI
1045 was produced typically from the factory with the nor-
malized processes. In general, AISI 1045 has chemical com-
positions as shown in Table 2. Table 3 presents the mechanical
properties of the AISI 1045 carbon steel.

In order to investigate the microstructure of the AISI 1045
surface, the metallography analysis has been evaluated
through both optical microscopy and scanning electron mi-
croscopy (SEM). In order to reveal the microstructure of
AISI 1045 surface before machining, the AISI 1045 surface
was polished to a finemirror finish and then chemically etched
with 3% nital. After etching, the samples were evaluated.
Figure 10a shows the optical microscopy of microstructure
of AISI 1045 before and after 3% chemical nital etching.
Before etching or after mirror polishing, the surface of AISI
1045 reveals many voids/holes (approximately 5–10 μm).
The voids are indicated by the black color in Fig. 10a. The

Table 2 Typical chemical
compositions of AISI 1045
(wt.%) (Gao et al. 2016; Ma et al.
2016)

Material C Mn Si Cr Ni Al Fe

AISI 1045 0.42–0.50 0.5–0.80 0.17–0.37 ≤ 0.25 ≤ 0.25 ≤ 0.2 Balanced

Table 3 Mechanical properties of
the AISI 1045 carbon steel (Ma et
al. 2016)

Material Density Tensile strength, σu Elastic modulus Elongation percentage Hardness

AISI 1045 7870 kg/m3 917 MPa 210 GPa 15% 275 HV0.5
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voids might be formed owing to imperfection in manufactur-
ing process of the AISI 1045. After etching, the optical mi-
croscopy images reveal the microstructure of the AISI 1045
that consist of the ferrite (α) phase (white color in the image)
and the pearlite phase (darker color in the image), called the
ferrite–pearlite formation, as shown in Fig. 10a. In the case of
SEM images Fig. 10b, the ferrite (α) phase is shown by the
darker color, whereas the pearlite phase is shown by the
brighter color. The symbols in the images are F for the ferrite
(α) phase and P for the pearlite phase. The ferrite (α) matrix
uniformly surrounds the pearlite matrix boundaries. In this
case, the AISI 1045 microstructure consists of approximately
70% pearlite and 30% ferrite matrixes. The ferrite (α) phase is
a common component in steels and has a body-centered cubic
(BCC) structure formed of iron, and in some cases, the ferrite
(α) matrix tends to be more brittle and forms inclusions if
manganese and silicon are involved in the ferrite (α) solution
[60]. The ferrite (α) is considered as a stable matrix. The pure

pearlite matrix consists of iron carbide (Fe3C = C )/cementite
and the ferrite (α) matrix. The formation of thin or thick fer-
rite–pearlite is generally formed by a slow cooling treatment
of the steels [59]. Meanwhile, a rapid/fast cooling treatment of
the steels create a martensite phase, which is an extremely

hard and brittle structure with poor machinability [60], al-
though the martensite phase does not appear in this micro-
structure analysis. The pearlite phase is divided to two types:
the coarse pearlite (Pc) and the fine pearlite (Pf), as shown in
Fig. 10b. The coarse pearlite (Pc) has a coarser spacing of the
platelets, and it is a relatively soft structure with good machin-
ability [60], whereas the fine pearlite (Pf) has a finer spacing
of the platelets and it typically has higher hardness and
strength than the coarse pearlite (Pc) [60].

Op�cal Microscopy

Scanning Electron Microscope (SEM)

F : Ferrite (α) phase
P : Pearlite phase
Pf : Fine Pearlite phase
Pc : Coarse Pearlite phase

Before 3% nital A�er 3% nital

Voids

P

F

F
P P

P

P Voids

P

F

P

F Pf

Pc

Pc
Pf

FVoids
F

a

b

Fig. 10 Microstructure of AISI
1045. a Optical microscopy. b
Scanning electron microscope
(SEM)

Table 4 EVC microgrooving parameters

EVC parameters Value (unit)

Cutting speed, VF 500–2500 mm/min

DOC 15–25 μm

Cross feed distance, F 300 μm

Vibration frequency, fm 24 kHz

Phase shift, ɸ 90o

Minor amplitude, a 0.4 μm

Major amplitude, b 0.6 μm

Tool edge radius, Re 3 μm
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4.2 Experimental procedure

The microgroove pattern was successfully manufactured on
the AISI 1045 surface with the cutting parameters in Table 4.
The cutting speeds were varied between 500 and 2500 mm/
min. The DOC was varied from 15 to 25 μm. The cross-feed
distance between two grooves was maintained as constant at

300 μm. The ultrasonic frequency was 24 kHz with a constant
phase shift of 90°. In order to reduce the flatness error due to
clamping the workpiece on the jig, a facing process using an
end-mill tool (DIA 10 mm) was carried out first with the feed
rate of 10 mm/min and the rotational spindle speed of
10,000 rpm. Then, the microgrooving processes were carried
out. The workpiece material (20 × 20 × 20mm3) is AISI 1045,

a

b

Fig. 12 Comparison 3D microgrooves surface profile between a CC and b UEVC method at VF 1000 mm/min, DOC 20 μm, fm 24 kHz, and ɸ 90°

Fig. 11 The EVC experimental
setup of microgrooving
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which is considered to have a good machinability and high
strength properties, although cracks were found in some loca-
tions of the machined surface, the reasons for which are
discussed in the Section 5. The cubic boron nitride (CBN)
CCGW 060202 insert was used, which was manufactured
by TaeguTec. In order to generate an ultrasonic elliptical mo-
tion of the tool tip, an ultrasonic elliptical motion transducer
(UEMT) was used, the detail design of the which was present-
ed previously [61]. The design of the UEMT device was in-
spired by Guo’s design [54].

Figure 11 shows the illustration of the microgrooving
experimental setup. The microgrooving process was car-
ried out in a three-axis milling machine. As shown in
Fig. 11, the spindle was removed and replaced with the
UEMT device, which was attached on the bracket. The
bracket and the workpiece holder (jig) were made from
acrylic to avoid the potential difference between the high-
voltage piezo actuator amplifier and the dynamometer
while measuring the cutting forces. The piezo actuator
was vibrated sequentially by the high voltage amplifier
with a maximum voltage capability 400 Vp-p. A fixed
voltage of 300 Vp-p was utilized during the microgrooving
experiments. A data acquisition system (National
Instruments) was used to record the dynamometer signal
with a sampling frequency of 40 kHz. To evaluate the
surface roughness of the machined microgrooves, a 3D
optical surface profiler (Nano System NV-2000) was used
in which the white light scanning interferometry principle

was employed. The surface morphology was also ob-
served by SEM.

5 Experimental results and discussions

5.1 Microgrooves morphology

The microgroove pattern morphology was observed by vary-
ing the nominal cutting speeds along the y-axis direction from
500 to 2500 mm/min, and the nominal DOC was also varied
from 15 to 25 μm, as shown in the microgrooving parameters
in Table 4. Figure 12 shows a comparison of the 3D micro-
groove surface profile between the CC and UEVC method at
VF 1000 mm/min, DOC 20 μm, fm 24 kHz, and ɸ 90°. It can
be seen that the microgroove pattern using the UEVC process
is evidently better than that of the CC process. Shaw [60]
mentioned that a good surface morphology is very difficult
to obtain in steel cutting when the relative cutting speeds are
very low, i.e., lower than approximately 120,000 mm/min.
The poor microgroove morphology in the CC process is
typically obtained in low cutting speeds (VF ≤ 2500 mm/
min) in these experimental studies. In contrast, the micro-
groove morphology in the UEVC process is typically bet-
ter because as the cutting process becomes intermittent, at
low cutting energy, the cutting speed relatively increases
by applying the elliptical vibration [12].

CC process, VF = 1,000 mm/min, DOC = 25 μm

UEVC, VF = 1,000 mm/min, DOC = 20 μm, fm = 24 kHz, and φ = 90°

a

b

Fig. 13 SEM images between a
the CC process and b the UEVC
process
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The microgrooves profile along the x-direction in the
CC case does not have a curvature of the rounded tool nose
shape owing to a high cutting resistance, as shown in

Fig. 12a. In addition, the side-burr remains high, at approx-
imately 10.14 μm. The side-burr usually occurs owing to
the plastic side effect, as hypothesized by Liu et al. [62].

UEVC process, DOC = 15 μm CC process, DOC = 15 μm

UEVC process, DOC = 20 μm CC process, DOC = 20 μm

UEVC process, DOC = 25 μm CC process, DOC = 25 μm

a b

c d

e f

Fig. 14 Surface roughness of microgrooves along cutting speed direction with variation of nominal cutting speeds. UEVC process a DOC = 15 μm, c
DOC = 20 μm, and e DOC= 25 μm. CC process b DOC= 15 μm, d DOC= 20 μm, and f DOC= 25 μm
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The work material is under high pressure by the tool edge
and then the material flows to the side of the cutting edge
creating the side-burr [62]. Meanwhile, the microgroove
profile in the UEVC process has an excellent curvature of
the rounded tool nose shape, as shown in Fig. 12b. One of
the benefits in the UEVC process is that the side burr can
be suppressed significantly [39], although the side-burr
was not removed completely and still remains at approxi-
mately 2.37 μm (Fig. 12b) owing to the effect of the cut-
ting edge radius of the CBN tool (Re ≥ 3 μm). The sup-
pressed side-burr effect occurs because the average push-
ing stress and the average bending stress in the deforma-
tion zone on the side edge of burr formation is smaller than
that in the CC process [15]. This experimental result indi-
cates that the side-burr is suppressed during R-shape
microgrooving by the UEVC process. Similar results of
side-burr suppression were obtained by Kim et al. [40]
during micro-V grooving using the UEVC process. A

reduction in the cutting energy as well as average pushing
stress is the one reason that the side-burr can be reduced
significantly.

Figure 13 shows the SEM results of the R-shaped micro-
groove morphology. It can be seen that the CC process at
relatively low speeds produces the subsurface fractures in
which the surface layers are piled up owing to high cutting
resistance, although smooth surfaces are obtained in some
regions of the surfaces, as shown in Fig. 13a. In contrast, the
UEVC process produces an excellent microgroove morphol-
ogy and smooth surface roughness. The vibration marks are
left after machining, and it is clearly observed at a high mag-
nification of 8000× (Fig. 13b).

5.2 Surface roughness

The surface roughness after microgrooving using both the CC
and UEVC processes was evaluated by varying the nominal

Table 5 Comparison between experimental and model surface roughness

No. VF [m/
min]

DOC
[μm]

fm
[kHz]

φ
[°]

Ra [nm]
(exp)

Re_th [nm]
(theo)

Rres [nm]
(Ra − Re_th)

Rres [nm]
(model)

Revc [nm]
Re_th + Rres(mod)

Error
[%]

1. 0.5 15 24 90 106.134 4.5 101.634 100.1 104.6 1.445

2. 0.5 20 24 90 120.503 4.5 116.003 114.325 118.825 1.392

3. 0.5 25 24 90 135.093 4.5 130.593 126.86 131.36 2.763

4. 1.0 15 24 90 98.135 17.6 80.535 83.325 100.925 2.843

5. 1.0 20 24 90 106.811 17.6 89.211 96.64 114.24 6.955

6. 1.0 25 24 90 120.373 17.6 102.773 108.265 125.865 4.562

7. 1.5 15 24 90 106.445 38.6 67.845 65.42 104.02 2.278

8. 1.5 20 24 90 118.521 38.6 79.921 77.825 116.425 1.768

9. 1.5 25 24 90 128.538 38.6 89.938 88.54 127.14 1.087

10. 2.0 15 24 90 114.387 66.8 47.587 46.385 113.185 1.051

11. 2.0 20 24 90 129.143 66.8 62.343 57.88 124.68 3.456

12. 2.0 25 24 90 136.841 66.8 70.041 67.685 134.485 1.722

13. 2.5 15 24 90 125.409 101.4 24.009 26.22 127.62 1.763

14. 2.5 20 24 90 137.51 101.4 36.11 36.805 138.205 0.505

15. 2.5 25 24 90 145.16 101.4 43.786 45.7 147.1 1.334

exp experimental, theo theoretical, res residual, mod model (corresponding to Eq.18)

Table 6 ANOVA results of Rres
model corresponding to Eq. 20 Source DF Contribution Seq SS Adj SS Adj MS F value P value

Rres model 5 98.74% 12,627.9 12,627.9 2525.59 141.61 0.000

VF 1 88.06% 11,261.7 90.3 90.26 5.06 0.051

DOC 1 10.43% 1333.9 22.4 22.43 1.26 0.291

VF * VF 1 0.10% 13.4 13.4 13.35 0.75 0.409

DOC * DOC 1 0.02% 2.4 2.4 2.39 0.13 0.723

VF * DOC 1 0.13% 16.6 16.6 16.56 0.93 0.360

Residual error 9 1.26% 160.5 160.5 17.83

Total 14 100% 12,788.4
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cutting speeds (VF) and increasing the nominal depth of cut
(DOC). Figure 14 shows a surface roughness comparison be-
tween the CC and UEVC processes. Both arithmetic mean
(Ra) and the root mean square (Rq) of the surface roughness
are evaluated, as shown in Fig. 14. Rq is always larger than Ra.
The surface roughness in the CC process is evidently higher
than that in the UEVC process, as shown in Fig. 14. The
surface roughness of microgrooves in the CC process de-
creases with the increase in the nominal cutting speeds from
500 to 2500 mm/min. In general, the surface roughness de-
creases with increasing cutting speeds [60]. Further, the sur-
face roughness of microgrooves in the UEVC process in-
creases with increasing nominal cutting speed from 1000 to
2500 mm/min. It can be understood that with increasing nom-
inal cutting speed, the elliptical vibration trajectory becomes
less overlapped with itself resulting in the increased height of
the vibration marks (cusps) [55]. However, the surface rough-
ness becomes high at a low nominal cutting speed of 500 mm/
min, which might be due to the effect of elliptical vibration
when the elliptical locus overlaps with itself in a small cutting
speed ratio [32].

The surface roughness has a stronger tendency to in-
crease when the nominal DOC increases in the case of
CC, whereas the surface roughness increases slightly in
the case of the UEVC process, as shown in Fig. 14. It can

be understood that with increasing nominal DOC, the re-
moved area becomes large leading to an increase the cut-
ting energy as well as the friction load on the rake face;
thus, the tool wear mechanism might occur [63] and the
rougher surface was obtained for both the CC and UEVC
process. Another reason for this could be that with in-
creasing DOC, the stress on the machined surface will
increase, resulting in an increase in the number of subsur-
face fractures or surface cracks at relatively low cutting
speeds in the CC process.

Table 5 summarizes the comparison results between the
simulated roughness Revc and the experimental roughness
Ra, in which the errors are calculated using Eq. 36, where
Ra, Rq, Re_th, and Revc are plotted in Fig. 14. As shown in
Fig. 14, in the UEVC case (a), (c), and (e), the theoretical
surface roughness Re_th decreases sharply when the nom-
inal cutting speeds decreases and it fails to accurately
predict the experimental surface roughness value; thus,
the residual error surface roughness Rres must be added.
As we can see in Fig. 14, Revc is able to accurately predict
the experimental surface roughness Ra with the error is
summarized in Table 5. Table 6 shows the ANOVA results
of the residual error roughness Rres, in which the greatest
contribution factor is influenced by the nominal cutting
speed VF at approximately 88.06% and the DOC is

Fig. 15 EDS analysis of microcracks due to the brittle cutting effect in the UEVC process under VF 1500 mm/min, DOC 25 μm, fm 24 kHz, and φ 90°

Table 7 Validation of surface roughness model

No. VF [m/
min]

DOC
[μm]

fm
[kHz]

φ
[°]

Ra [nm]
(exp)

Re_th [nm]
(theo)

Rres [nm]
(Ra − Re_th)

Rres [nm]
(model)

Revc [nm] Re_th + Rres
(model)

Error
[%]

1 0.5 10 24 90 90.971 4.5 86.471 84.185 88.685 2.513

2 1 10 24 90 80.991 17.6 63.391 68.32 85.92 6.086

3 1.5 10 24 90 94.147 38.6 55.547 51.325 89.925 4.484
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approximately 10.43%. Table 7 shows the validation for
the cutting parameters which are different to the cutting
parameters which were used in the regression model. The
validation confirms that the error is less than 10%.

Error %ð Þ ¼ Ra−Revc

Ra

����
����� 100% ð36Þ

The microcracks sometimes occur in random locations
when the nominal DOC increases during microgrooving
using the UEVC process. Microcracks in the UEVC pro-
cess usually occur under deeper nominal DOC of 25 μm
owing to the brittle cutting effect. However, the critical
nominal DOC was not investigated in this research when
the microcracks starts to generate. In previous contribu-
tion by Zhang et al. [35], the microcracks develop when
the nominal DOC was increased gradually in the UEVC
process. The microcracks occur due to the nature of the
AISI 1045 in brittle grain ferrite phase. Because of the
nature of the brittle grain, the brittle grains are not tough
enough against tensile stress; thus, a massive brittle grains
is pulled out from the workpiece when the tool moves the
pulling-up motion along the DOC direction [35].

Figures 15 and 16 show the energy-dispersive X-ray
analysis to find the atomic composition along boundary
of microcrack area. As we can see, there are Si and Mn
atoms in the microcrack boundary. These results indicates
the presence of Si and Mn in the ferrite (α) grain phase;
thus, Si and Mn atoms tend to cause the ferrite (α) grain
phase to become more brittle (decreasing the strain to
rupture) [60]. The microcrack is unavoidable for large
nominal DOC when machining brittle materials using
the UEVC process. Nath et al. [64] investigated the crit-
ical speed ratio in the UEVC study, and the ductile ma-
chining could be obtained by keeping the TOCt value is
smaller than the critical DOC.

5.3 Cutting force

It has been understood that the amount of cutting forces are
associated directly with how much the material has been cut.
Figure 17b, d, f shows the comparison of cutting forces be-
tween the UEVC and CC process for differentDOC and nom-
inal cutting speedsVF. The cutting forces in the UEVC process
are evidently lower than those in the CC process [43]. The
cutting forces typically increase when the DOC increases and
the cutting forces slightly increase when the nominal cutting
speed VF increases. The reduction in the cutting forces in the
UEVC process is due to the intermittent nature of the UEVC
process. In addition, another reason that was suggested was
the effect of the friction reversal in the opposite direction to the
normal direction while pulling up the deformed chip in ellip-
tical motion and causing the reduced cutting forces [12]. In the
other words, the frictional force on the rake face is reversed
[12]. Another reason for the reduction in the cutting forces
is the effect of increased shear angle during the UEVC
process [33]. Because the shear angle increases, the cut-
ting forces significantly decrease. However, the reason for
the increased shear angle phenomena in the UEVC still
remains scientifically unknown. Zhang et al. [45] pro-
posed the transient shear angle theory during the UEVC
process; however, based on experimental results by Kim
et al. [33], the shear angle seems to have a constant value
above approximately 30°.

Figure 17a, c, e shows comparison cutting forces in the
UEVC process between experimental and predicted cut-
ting forces. The Fcp cutting force represents the value of
the principle cutting force in nominal cutting speed VF or
y-axis direction. The Fct cutting force represents the value
of the thrust cutting force in the normal direction or z-axis
direction. As we can see in Fig. 17, the predicted cutting
forces in the UEVC are similar with the experimental
data. As shown in Fig. 17, the percentage error of the

Fig. 16 EDS analysis of microcracks due to the brittle cutting effect in the UEVC process under VF 2000 mm/min, DOC 25 μm, fm 24 kHz, and φ 90°
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cutting forces between experimental and simulation is cal-
culated using Eq. 37.

Error %ð Þ ¼ Fexperiment−Fpredicted

Fexperiment

����
����� 100% ð37Þ

where the predicted cutting forces both the principle and
thrust are described using Eqs. 34 and 35, respectively.

In order to find the predicted cutting forces, the specif-
ic cutting force constant of principle Kfp and thrust Kft can
be found by dividing cutting force Fcp and Fct experimen-
tal with Acut_rms.

UEVC process, VF = 500 mm/min CC process, VF = 500 mm/min

UEVC process, VF = 1,000 mm/min CC process, VF = 1,000 mm/min

UEVC process, VF = 1,500 mm/min CC process, VF = 1,500 mm/min

a b

c d

e f

Fig. 17 Cutting force comparison between the UEVC and CC microgrooving process with various cutting speeds
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VF = 500 mm/min

VF = 1,000 mm/min

VF = 1,500 mm/min

a

b

c

Fig. 18 Cutting force coefficient
constant in the UEVC process
with different Acut_rms at a VF =
500 mm/min, b VF = 1000 mm/
min, and c VF = 1500 mm/min,
fm = 24 kHz, and φ = 90°
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Kfp ¼ FCP experimentalð Þ
Acut rms

N=μm2
�  ð38Þ

Kft ¼ FCT experimentalð Þ
Acut rms

N=μm2
�  ð39Þ

where Acut_rms (Eq. 41) is the cutting area on the rake face
when the root mean square of transient thickness of cut
TOCt_rms is considered, where n is number of data used during
the numerical calculation from time tA to tD.

TOCt rms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n
∑i¼n

i¼1 TOCt tið Þ½ �2
r

1≤ i≤n ð40Þ

Acut rms ¼ R2∙cos−1
R−TOCt rms

R

� �	 


− R−TOCt rmsð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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The value of Kfp and Kft is related directly to the machining
parameters. As shown in Fig. 18, the cutting force coefficients
are determined by curve fitting in linear way as a function of

Table 8 Validation of cutting force model

No VF [m/
min]

DOC
[μm]

fm
[kHz]

φ
[°]

Acut_rms

[μm2]
Kfp [N/
μm2]

Kft [N/
μm2]

FCPrms
[N]

FCTrms

[N]
FCP(exp)
[N]

FCT(exp)
[N]

Error (%)
[FCP]

Error (%)
[FCT]

1 0.5 10 24 90 542.92 0.002383 0.001829 1.534 1.177 1.977 0.935 22.43 25.88

2 1 10 24 90 570.63 0.002858 0.001958 1.927 1.319 2.274 1.059 15.28 24.60

3 1.5 10 24 90 590.80 0.003046 0.002286 2.119 1.590 2.532 1.249 16.31 27.27

CC, VF = 1,000 mm/min; DOC = 25 μm UEVC, VF = 1,000 mm/min; DOC = 25 μm

CC, VF = 1,500 mm/min; DOC = 25 μm UEVC, VF = 1,500 mm/min; DOC = 25 μm

a b

c d

Fig. 19 Shear angle and chip thickness between the CC and the UEVC process in AISI 1045
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Acut_rms. The cutting force model is validated as shown in
Table 8, where the cutting parameters are different to the cutting
parameters which were used in the regression model. The vali-
dation confirms that the error between the predicted cutting force
(rms) and the experimental cutting force is lower than 30%.

5.4 Chip formation

In this section, the chip formation both using CC and UEVC
process are compared after conducting the microgrooving ex-
periments. The shear angle, chip thickness, and chip curvature

radius were investigated for both methods. The shear angle and
chip thickness are presented in Fig. 19, which shows the SEM
images for both methods with different nominal cutting speeds
with constant DOC of 25 μm. The UEVC process evidently
produces a higher shear angle value with a thinner chip thick-
ness than that in the CC process and it becomes one of the
reasons that the cutting forces decrease. Because the shear angle
increases in the UEVC process, the chip thickness reduces ac-
cordingly [33]. In case of nominal cutting speedVF = 1000mm/
min in UEVC, a lower shear angle of approximately 28.917°
was obtained, whereas for a higher nominal cutting speed of

CC, VF = 1,000 mm/min; DOC = 25 μm UEVC, VF = 1,000 mm/min; DOC = 25 μm

CC, VF = 1,500 mm/min; DOC = 25 μm UEVC, VF = 1,500 mm/min; DOC = 25 μm

a b

c d

Fig. 20 Curvature radius of the
chip formation between the CC
and the UEVC processes in AISI
1045

Fig. 21 Continuous, thin, and
spiral chip formation and
vibration marks produced on the
rake–chip contact surface in
UEVC microgrooving with VF =
1000 mm/min; DOC= 15 μm,
fm = 24 kHz, and φ = 90°
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1500 mm/min in UEVC, a higher shear angle of approximately
34.92° was obtained. In the case of nominal cutting speed VF =
1000 and 1500 mm/min in CC, the shear angle is approximate-
ly 15.80° and 20.91°, respectively. These experimental results
indicate that by increasing the nominal cutting speeds, the shear
angle value increases. The reasons for this effect of increased
shear angle in the UEVC process remains unknown. However,
scientists argued that this was due to the effect of the friction
reversal in the elliptical vibration nature [12, 33]. These high
shear angle values in the UEVC process provides a sustainable
steel cutting in the microgrooving process in relatively low
nominal cutting speeds.

Both the CC and UEVC processes produce continuous
chips. However, in case of UEVC, spiral, thin, and continuous
chips are produced. A comparison of the curvature radius be-
tween the CC and UEVC processes is shown in Fig. 20. The
curvature radius of chip formation in the UEVC is evidently
smaller than that in the CC process. These experimental results
are similar to those of Kim et al. [39], where the chip curvature
in the UEVC is relatively small. In case of the CC process, a
relatively large shear deformation with large cutting resistance
occurs on the shear stress plane, in which the continuous chips
with large curvature radius as well as large chip thickness and
low shear angle are generated. However, in the UEVC process,
a relatively low shear deformation and low cutting resistance
on the shear stress plane owing to intermittent behavior estab-
lishes the continuous chips with large shear angle, small cur-
vature radius, and relatively thin chip thickness. Figure 21
shows the continuous, spiral, thin, and small curvature radius
with a vibration marks that were observed clearly on the chip–
rake contact surface using the UEVC process.

6 Conclusions

An experimental and analytical study using the CC and
UEVC processes in microgrooving have been carried out,
and the conclusions are summarized as follows:

& It is experimentally proved that the UEVC process during
microgrooving has better performances such as reduced
surface roughness, decreased cutting force, reduced side-
burr, better microgroove profile, and better chip formation
compared to the CC method. These results indicate the
achievement of sustainable machining during
microgrooving manufacturing.

& The theoretical surface roughness in the UEVC process
fails to accurately predict, and thus the residual error
should be added in the model to predict accurately. The
surface roughness in the UEVC process increases gradu-
ally when the nominal cutting speeds increase; however,
the surface roughness in the CC process decreases gradu-
ally when the nominal cutting speeds increase.

& The brittle fracture occurs even in the UEVC process if the
nominal DOC increases beyond approximately 25 μm.
Microcracks occur owing to the nature of the AISI 1045
in the brittle ferrite phase.

& The UEVC process generates low cutting forces during
microgrooving. In addition, a cutting force model for the
UEVC process has been proposed and validated in this
research. By obtaining the value of the cutting coefficient
for both principle Kfp and thrustKft, the cutting force mod-
el can accurately predict by calculating transient TOC as
well as the transient cutting area.

& The UEVC process produces a chip formation that typi-
cally has a continuous, spiral shape, large shear angle, thin
chip thickness, and small curvature radius. This indicates a
relatively low shear deformation and low cutting resis-
tance on the shear stress plane owing to intermittent cut-
ting behavior in the UEVC process.
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