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Abstract Understanding the chip formation is one of most
important issues in controlling the grinding wheel perfor-
mance or the work surface finish in grinding process. This
article discusses the effects of the ultrasonic vibration and
peripheral speed of grinding wheel on the chip size and ge-
ometry in ultrasonic assisted grinding (UAG) of Inconel 718
with an electroplated cBN grinding wheel. Firstly, scanning
electron microscopic (SEM) observations were performed on
the chips formed at different vibration amplitudes and wheel
peripheral speeds. The obtained 3D SEM images were used to
determine the length and cross-section area of chips. Then, the
geometries of chips were observed with SEM. The obtained
results demonstrated that (1) chip size and geometry were
distinctly affected by the ultrasonic vibration of grinding
wheel but hardly by the wheel peripheral speed, e.g., the
cross-section area of chips became smaller by 64.3 % and
the length decreased by 36.3 %, respectively, once the ultra-
sonic vibration with an amplitude of Ap-p=9.4 μm has been
imposed to the grinding wheel; (2) the UAG is potentially
avoiding the formation of shear chips and prefers the flow
chips, especially at larger amplitude; (3) little changes were
found on the chip geometry as the wheel peripheral speed

increased in UAG; (4) the change in the chip size and geom-
etry caused by the ultrasonic vibration was supposed to be
owing to the ultrasonic lubrication and the vibration in the
rake angle of grain cutting edge.

Keywords Ultrasonic assisted grinding . Inconel 718 . Chip
geometry . Ultrasonic lubrication . Rake angle

1 Introduction

Inconel 718 is excellent at its mechanical properties such as
good tensile, fatigue, creep, and rupture strength; this results
in its use in a wide range of applications [1–3]. It is reported
that nickel-based alloys account for over half of the materials
used in the turbine industry, and aero engines utilize a large
quantity of Inconel 718 material [4]. In the turbine compo-
nents manufacturing, although the near net-shape methods
such as castings, isothermal forging, and 3D-printing have
been introduced in recent years, removing materials through
machining operations is still the main method for achieving
the desired accuracy and surface finish of the final parts [5].
Today, most aerospace engines, turbine discs, and blades
made of Inconel 718 are conventionally machined by turning,
cutting, and milling [6–8]. Compared with most materials,
machining Inconel 718 is usually associated with high ma-
chining costs and low productivity, which make it be identi-
fied as “difficult-to-machine materials” [9, 10]. Furthermore,
it is hard for these conventional machining processes to attain
a fine surface finish and accurate dimensions [11].

Grinding, a special machining process with thousands of
irregular cutting edges interacting with the workpiece simul-
taneously at a high speed, has been widely used in order to get
good surface quality and high dimensional accuracy of work-
pieces. During grinding, each of the abrasive grains removes a
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tiny amount of material from the workpiece. This removal
mode contributes to improving the work surface finish and
the form/dimension accuracy even for difficult-to-machine
materials such as titanium [12]. Unfortunately, the grinding
of Inconel 718 usually results in the excessive tool wear and
thus the shortened tool working life, the decreased material
removal rate (MRR) and the poor surface quality [13] because
of the severe friction between the abrasive crystals and the
workpiece which generates a considerable amount of heat
and further make tool-workpiece interact condition be worse.

Against these problems, several techniques have been de-
veloped to decrease the friction and improve the grindability
[14–16], e.g., vibration-assisted grinding, enhanced cooling
techniques, and development of grinding wheels with higher
performance. Among them, as a promising grinding tech-
nique, ultrasonic assisted grinding (UAG) has attracted great
attention for decades for the sake of smaller grinding force,
higher material removal rate, better surface quality, longer
grinding wheel working life, and lower grinding heat genera-
tion due to a fundamental alteration in process kinematics
[17]. However, most of researches on UAG have ever focused
mainly on the hard-brittle materials such as crystal silicon and
ceramics [18] and few researchers but D. Bhaduri et al. [19,
20] implemented their studies on UAG of nickel-based alloys.
According to D. Bhaduri et al., UAG yields lower grinding
forces, but a rougher work surface compared to conventional
grinding (CG).

Meanwhile, the majority of published works on UAG can
be broadly divided into two subcategories in terms of that the
vibration affects either the grinding wheel performance or the
work-surface finish [21]. The ability to control the grinding
wheel performance or the work surface finish depends on our
understanding of the chip formation. The chips formed during
grinding are relatively small, and their sizes vary due to the
randomly oriented cutting edges on the grinding wheel [22].
Under this condition, the chip formation mechanism causes a
substantial increase of grinding forces. In addition, according
to Liu et al. [23], analysis of chip morphology is a simple way
to decide whether the grinding process is thermally out of
control or not.

As literature reviewed above, the chip formation pro-
cess is a subject widely studied. However, the chip for-
mation behavior in UAG is still unclear, and no research
has focused on the relation between the chip morphology
and the ultrasonic vibration in particular involving Inconel
718. In this paper, aiming at the complete understanding
of the chip formation in the UAG of Inconel 718, an
experimental setup of performing ultrasonic-assisted sur-
face grinding with cBN grinding wheel was established
firstly, then the effects of the vibration amplitude and
the wheel peripheral speed on the size and geometry of
chips formed were systematically investigated by observ-
ing the geometries of the chips formed at different

conditions and measuring their 3D dimensions using a
SEM with 3D measurement function. The effect of the
ultrasonic vibration on the chip size, chip geometry, and
grinding forces is experimentally investigated. Finally, the
formation mechanism of the chips with different sizes and
geometries is discussed from the view points of the ultra-
sonic lubrication and the ultrasonic impact of grains on
the chips.

2 Processing principle and experimental details

2.1 Processing principle

The processing principle of UAG is schematically illustrated
in Fig. 1; a grinding wheel with a diameter of ds attached on an
ultrasonic spindle is ultrasonically vibrating at a frequency of f
and a peak-to-peak amplitude of Ap-p along its own axis (x-
axis) and is rotated clockwise at a peripheral speed of Vc

around its own axis. A plate-shaped workpiece is located be-
low the wheel. Once a depth of cut Δ is given between the
wheel and the workpiece, and the workpiece is fed rightward
in y-direction at a feed rate of Vw, an UAG operation is per-
formed. In this process, thus, a complicated relative motion of
the abrasive grain on the work surface is generated owing to
the combination of three kinds of local motion: rotation
around wheel axis, work feed in y-direction, and vibration
along wheel axis.

2.2 Experimental setup

Based on the above described processing principle, an
experimental setup was constructed by installing a com-
mercially available ultrasonic spindle (URT40 by Takesho
Co., Ltd) onto an existing NC grinder (GRIND-X
IGM15EX by Okamoto Machine Tool Works Co., Ltd.)
via a 3-components piezoelectric dynamometer (9256A
by Kistler Co., Ltd.) as displayed in Fig. 2. The dyna-
mometer was located under the ultrasonic spindle and
used for detecting grinding forces. An electroplated cBN
grinding wheel was screwed on the left end face of the
ultrasonic spindle, of which the abrasive grain mesh num-
ber was 140# and the diameter was 8 mm. A plate-shaped
specimen of Inconel 718 with dimensions of 48×36×
3 mm was used as the workpiece. In experiments, the
Inconel 718 specimen was fixed on a work-holder under
which a z-stage is located for determining the wheel depth
of cut Δ.

2.3 Experimental conditions and procedure

As the purpose of this work is predominantly to investi-
gate the effect of the wheel ultrasonic vibration on the
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chip formation in UAG of Inconel 718, a model common-
ly used for discussing the material removal mechanism in
CG of metal materials is employed to consider the chip
formation behavior in this work as shown in Fig. 3. In this
model, several assumptions and simplifications have been
made as below.

& The cBN grains are rigid cone of the same size.
& Workpiece material is rigid plastic.
& The cBN grains located on the wheel working surface

have the same height, and all of them take part in cutting
during UAG.

& The volume of material removed by a grain in UAG is
approximately equal to the intersection volume between
the grain and the workpiece.

The grinding wheel is applied to the work material at a
given wheel speed, a work feed rate, and a wheel depth of
cut (Fig. 3a) to perform a up-cut grinding operation. As a
cutting edge, the cone-like abrasive grain Awith a half vertical
angle θ (Fig. 3b) cuts into the work material and subsequently
leads to the formation of a chip with the maximum

undeformed thickness of tm and length of lc; both the thickness
and length can be expressed as:

tm≈2δ
Vw

V c

ffiffiffiffiffi
Δ
ds

s
ð1Þ

lc≈
ffiffiffiffiffiffiffiffiffi
Δds

p
ð2Þ

respectively, where δ is the successive cutting-point spacing
[24, 25].

Generally speaking, a smaller value of tm results in a
lower cutting force and a better heat dissipation, indicat-
ing that the undeformed chip thickness tm is an important
index in grinding process. By contrast, the undeformed
chip length lc is dominantly related to the wheel wear
[26]. Hence, in this paper, the effect of tm was taken into
discussion whereas the lc was kept constant. According to
Eqs. (1) and (2), there are several ways to change the
value of tm, e.g., the adjustment of wheel peripheral speed
Vc, wheel depth of cut Δ, work feed rate Vw, and wheel
diameter ds, but the wheel depth of cut Δ and the wheel
diameter ds affect the lc too. Therefore, the wheel depth of
cut Δ and the wheel diameter ds were kept constant in this
work. Among the rest of the grinding parameters, i.e., Vc

and Vw, the Vc is in inverse proportion to tm, meaning the
tm is more sensitive to the wheel peripheral speed Vc

compared with Vw. Typically, cBN abrasives require a
speed of over 50 m/min for grinding Inconel 718 [27].
Thus, the wheel depth of cut Δ, the work feed rate Vw,

Grinding wheel 

Ultrasonic spindle

Vc

Workpiece 

Vw

x z 

y 

f, Ap-p

Fig. 1 Schematic illustration of processing principle of UAG
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Fig. 2 The main portion of the experimental setup

(a) Macro grinding behavior 

(b) Micro chip formation by a single abrasive grain
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Fig. 3 Chip formationmodel in grinding. aMacro grinding behavior and
b micro chip formation by a single abrasive grain
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and the wheel vibration frequency f were set at Δ=
78.4 μm, Vw=15 mm/min, and f=40 kHz, while the wheel
peripheral speed Vc and the wheel vibration amplitude Ap-

p were varied in the ranges of Vc=100.5–138.2 m/min and
Ap-p=0–9.4 μm, respectively, as exhibited in Table 1. In
addition, dry grinding operations were performed without
coolant supplying. Three output variables of chip size,
chip geometry, and grinding force were measured and
observed.

An electron scanning microscope (SEM) with 3D
measurement/observation functions (ERA-8900 by
ELIONIX Co., Ltd.) was employed to measure the 3D
chip size and observe the chip geometry. As an example,
a part of chips typically formed at Ap-p=9.4 μm and Vc=
100.5 m/min were observed, and their 3D sizes were
measured with the SEM. Figure 4a, b shows the obtained
2D and 3D SEM images of the chips, and Fig. 4c ex-
hibits the 3D image of a single grain #1 (Fig. 4b) and its
3D size of a = 25 μm, b = 16 μm, and c = 8 μm,
respectively.

However, it is difficult to answer the question only from
the SEM image that which one of dimensions a, b, c stands
for the length or width or thickness of the chip. In surface
grinding, the undeformed chip length is in general larger
than its width and thickness considerably, and consequent-
ly, one of the three dimensions a, b, c which is maximum
could be identified as the actual length of the chip formed.
This fact could be confirmed if the thickness and length of
the undeformed chip have been obtained by substituting
the process parameters of Vw, Vc, Δ, ds, and δ in Eqs. (1)
and (2), respectively. Among these parameters, Vw, Vc, Δ,
and ds are the already known ones under the given grinding
conditions (Table 1), however, the successive cutting point
spacing δ is unknown. Therefore, for determining the δ, the
distances δi (i=1,2,…, N) between the two neighbored
grains along the grinding direction on the working surface
of employed wheel were measured as shown in Fig. 5a, and
100 measurements, i.e., N=100, are as shown in Fig. 5b. It

can be seen in Fig. 5b that although the value of δi varied in
the range of 20–180 μm, more than half of them were in
the range of 60–70 μm, and hence, the average value can
be obtained as δ=65.52 μm.

Subsequently, substituting the currently obtained value
of δ and the required process parameters tabulated in
Table 1 into Eqs. (1) and (2) yielded the undeformed chip
thickness of tm=1.38 μm and its length of lc=800 μm.
Then, the maximum width bm of the undeformed chip
can be determined by Eq. (4) in the case of assuming
the abrasive grains on the wheel working surface are
cone-shaped with a half vertical angle of θ, and the cross
section of the undeformed chip is the same as that of the
grain owing to the replication principle as shown in
Fig. 6.

bm ¼ 2tmtanθ ð4Þ

In order to check if the assumption is true, the abrasive
grains on the working surface of the wheel employed
were observed by 3D SEM. Figure 7a, b shows the 3D
SEM images of an arbitrary area of 1.5×1.5 mm on the
wheel working surface and a typical grain A, respectively.
It was found that most of the grains exhibited cone-
shaped and the vertical angles of the grain A in yz- and
xz-plane were 123 and 112°, respectively. Further, around
100 grains were randomly selected for measuring their
vertical angles 2θ, and eventually, the percentage distribu-
tion was obtained as shown in Fig. 7c. It can be seen that
although the values of 2θ either in xz-plane or in yz-plane
varied in the range of 110–170°, over 60 % of them were
140–150°, resulting in the mean values of 2θ in xz- and
yz-plane were 146 and 145°, respectively. Thus, the mean
value of 2θ=146° in xz-plane was used for calculating bm
using Eq. (4). Eventually, in the experimental conditions
in the current work, the undeformed chip width of bm=
3.27 μm was obtained.

The above-mentioned results demonstrated that the un-
deformed chip length is considerably larger than its width
and thickness, implying that the dimension of a (Fig. 4c)
can be identified as the actual length of the chip formed.
However, it is still hard to distinguish which one of b and
c stands for the width and the thickness because there is a
little difference between the thickness tm and the width bm
according to aforementioned calculation results of tm=
1.38 μm and bm=3.27 μm. Fortunately, in grinding pro-
cess, the dominant grinding characteristics (e.g., force and
temperature) can generally be characterized with the chip
cross-section area rather than its width or thickness.
Therefore, the cross-section area was calculated using
the measured dimensions of b and c and the vertical angle
of 2θ whereas the chip length was obtained directly by
measuring the largest dimension of a; in practice, the

Table 1 Experimental conditions

Workpiece Inconel 718, L48×W36×T3 mm

Grinding wheel Electroplated cBN#140, ϕ8×L8 mm (FSK 140)

Ultrasonic
vibration

Frequency f=40 kHz

Amplitude AP-P=9.4, 7.7, 5.8, 4.1, 2.2, 0 μm

Process
parameters

Workpiece feed rate Vw=15 mm/min

Wheel peripheral speed Vc=100.5, 113.0, 125.6,
138.2 m/min

Grinding width b=3 mm

Grinding wheel depth of cut Δ=80 μm

Coolant Without (dry grinding)
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SEM images of chips were filtered, extracted, and
binarized by using the commercial available Image-Pro
Plus software to calculate the length and cross-section
area of the chips.

3 Experimental results

3.1 Chip size

Figure 8a, b shows the 3D SEM images of chips formed in
UAG (AP-P=9.4 μm) and CG at Vc=138.2 m/min, respective-
ly. The majority of chips in UAG seem smaller than those in
CG. Subsequently, 50 chips formed in each test were properly
collected, and their 3D SEM images were obtained to achieve
their sizes (lengths and cross-section areas). As a result, the
chip length and its cross-section area at different vibration
amplitudes for various wheel peripheral speeds were obtained
as shown in Fig. 8c, d, respectively, where the error bars indi-
cate the size variations of 50 chips in the corresponding test
with the same grinding conditions. It is evident in Fig. 8c that

(a) 

(b) 

(c) a=25 m, b=16 m, c=8  m

Fig. 4 Typical chips obtained: a 2D SEM images; b 3D SEM images; c
3D SEM image of a single chip

Grinding direction 

1

2

3
4

A B

E F

C D

G H

0.5mm 

(a) 

(b) 

Fig. 5 The measurement of average grain distance in grinding direction:
a 2D SEM image of grains; b measured grain distance percentage
distribution
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both the mean length and the mean cross-section area of 50
chips were decreased monotonously with the increasing vibra-
tion amplitude. It is further worthy to note that the cross-
section area of chips became smaller by 64.3 %, and the mean
length decreased by 36.3 %, respectively, once the ultrasonic
vibration with an amplitude ofAp-p=9.4 μmhas been imposed
to the grinding wheel. Shifting the attention to the effect of the
wheel peripheral speed (Fig. 8d) revealed that the cross-
section area either in UAG or in CG decreased slightly with
the increasing peripheral speed; however, the effect of the
speed on the chip length either in UAG or in CG was not
obvious. In a word, the chip size is distinctly affected by the
ultrasonication but little effect of wheel peripheral speed was
observed. Given that in grinding the normal force acting on
the grain cutting edge rake face is increased with the increas-
ing contact area between the chip and the cutting edge [28],
and the grain cutting force is proportional to the chip cross-
section area [25], these experimental observations on chip size
imply that the grinding force would be reduced as the ultra-
sonic vibration amplitude increases.

3.2 Chip geometry

As revealed by Pei-Lum Tso [29], in conventional grinding of
Inconel 718, the formed chips can be in general classified into
six types, i.e., flow, shear, rip, knife, slice, and melt. In the
present work involving the same workpiece, although all the
six types of chips were also observed, the great majority of
them were the shear, knife, and flow types either in UAG or in
CG as typically shown in Fig. 9. Shifting the attention to the
number percentages of each type under different grinding con-
ditions, it can be found from Fig. 10 that the majority of chips

(a) 

(b) 

Fig. 6 Schematic drawing of the undeformed chip dimensions by a
single abrasive grain in grinding

(a) 

(b) 

(c) 

Fig. 7 The measurement of grain half vertical angle: a 3D SEM
observation of grains; b cross-section of a typical grain A; c percentage
vs. vertical angle
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in CG were shear type, whereas most of them in UAG were
flow type especially at larger vibration amplitude (Ap-p≥
4.1 μm). This indicates that the UAG of Inconel 718 is poten-
tially avoiding the formation of shear chips and prefers the
flow chips especially at larger amplitude.

As for the effect of the wheel peripheral speed Vc, it can be
found from Fig. 11 that in CG at the beginning as the Vc

increased from 100.5 to 113m/min, the percentage of the flow
chip rapidly rose from 4 to 63 %, and little change can be
found on the percentage of knife chip, while that of the shear
chips dropped considerably from 86 to 30 %, and then as the
Vc continued to increase, significant variations cannot be ob-
served on the percentages of all the three types of chips. How-
ever, in UAG, little changes can be found on the percentages
of all the three types of chips as the Vc increased from 100.5 to
138.2 m/min. These facts revealed that in CG of Inconel 718,
the wheel peripheral speed would affect the chip formation
significantly, whereas in UAG the chip formation is hardly
affected by the wheel peripheral speed. The reason for these
differences will be discussed in next section.

4 Discussion

4.1 Chips size

As afore-revealed in Section 3.1, the great majority of chips
formed in UAG were smaller than those in CG. In order to
find the reason why the ultrasonication resulted in the forma-
tion of smaller chips, the cutting traces of a single grain with
and without ultrasonication in the grinding zone and the for-
mation behavior of a chip by the grain are considered as illus-
trated in Fig. 12a, b, respectively.

In CGwithout ultrasonication (Fig. 12a), the grain’s cutting
trace is a 2D curved line in the yz-plane and the undeformed
chip length is supposed to be equal to the length of the cutting
trace, whereas in UAG, the cutting trace is a 3D curved line
that looks like a spatial sinusoidal curve, and its length would
be longer than that in CG, indicating that the undeformed chip
length in UAG would be longer than that in CG. One of the
present authors presented in his earlier work [30] on the UAG
of SUS440C steel that the materials removed by a single abra-
sive grain with ultrasonication equals that without
ultrasonication and thus the longer cutting trace results in the
smaller cross-section area of chip. This would be one of the
reasons why the cross-section area of chips in UAG is smaller
than that in CG. Meanwhile, the ultrasonic vibration benefits
the reduction of the friction coefficient between the grain and
the chip and the ground work-surface for the sake of the so-
called ultrasonic lubrication [31]; the larger the vibration am-
plitude is, the smaller the friction coefficient becomes, leading
to the increase in shear angle and eventually decrease the chip
thickness. This might be one of the reasons why the chip
cross-section area decreased with the increasing ultrasonic
vibration amplitude.

Figure 12b illustrates the instantaneous chip formation be-
havior at a moment in UAG. Although the ultrasonic vibration
is purposely imposed on the grinding wheel along the wheel

(a) 

(b) 

(c) 

(d) 

Fig. 8 Effects of ultrasonic vibration amplitude and wheel peripheral
speed on chip size: a 3D SEM images of chips in UAG at Ap-p=
9.4 μm, b 3D SEM images of chips in CG, c chip lengths and cross-
section area vs. vibration amplitude, dChip lengths and cross-section area
vs. wheel peripheral speed
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axis (x-direction), usually it also occurs in the wheel radial
direction owing to the LR transferring effect [32]. In the current
work, for confirming this issue, the radial and axial ultrasonic
vibration of the wheel was measured using a laser Doppler
vibrometer (LV-1610 by Onosokki), and the obtained results
indicated that the actual vibration amplitude in the radial direc-
tion (Ar) was about 0.4 μm whereas about 9.4 μm in the axial
direction. Therefore, even the amplitude in the radial direction
was much smaller than that in the axial direction, the impact
effect of the ultrasonically vibrating grain takes place in the
radial direction and the chip breakage is promoted, resulting
in the formation of shorter chips compared with that in CG
without the impact effect. This might be one of the reasons
why the chips length in UAG was smaller than that in CG.

4.2 General mechanism of chip formation

The generally acceptedmechanism of chip formation in grind-
ing is that of extrusion-like action [25] as shown in Fig. 13a.
Between points A and C, grain and workpiece are just in
contact without cutting action. At the very first stage of the
interaction between grain and workpiece, plastic deformation
occurs, the temperature rises, and normal stress exceeds the
yield stress. The workmaterial is abruptly sheared as it crosses
the primary shear zone along the shear plane A–D that is
determined by the shear angles φ. When the shear angle φ is
small, the material in the front of grain is predominantly de-
formed and piled up due to shearing action, which is more
relevant to high compressive stress, leading to the formation
of a shear chip (Fig. 13b). The material piled up in the front of
grain partially flows under the cutting edge, resulting in the
generation of many cutting marks on the chip surface, which
was frequently observed in the CG of Inconel 718 [33]. This
kind of chips will bring a large specific grinding force, in-
crease the grinding temperature, and cause serious grain wear.

The formation mechanism of flow chip is similar with that
of shear chip, but the shear angle φ is larger compared with
that in shear chip formation (Fig. 13c). When the shear angle
is large, the flow chip formed with a narrow primary shear
zone. In this case, there is low residual stress, and practically
all of the energy consumed ends up in the chips instead of
workpiece. In addition, the material is removed with a low
strain and the contact condition turns into sliding. This phe-
nomenon can be observed by scanning the chip grinding sur-
face (Fig. 9c, f), which is smoother than shear chip (Fig. 9a, d).

The knife chip is formed frequently with fracture micro
defects in work material (Fig. 13d). This kind of chips was

20μm

Shear chip (a)

Ap-p=0μm

Knife chip(b)

Ap-p=0μm

Flow chip(c)

Ap-p=0μm

20μm

Shear chip 

Ap-p=7.7μm

(d)

10μm

Knife chip 

Ap-p=7.7μm

(e)

10μm

Ap-p=7.7μm

Flow chip(f)

10μm 10μm

Fig. 9 Type of chips at Δ=80 μm
and Vc=138.2 m/min: a shear
chip in CG; b knife chip in CG; c
flow chip in CG; d shear chip in
UAG; e knife chip in UAG; f flow
chip in UAG

Fig. 10 Effect of vibration amplitude on chip type
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actually found to occur when a relatively large depth of cut
was applied [34]. This phenomenon brings a serious compres-
sive force and ends up the occurrence of high compressive
stress in the primary deformation zone, eventually inducing
compressive residual stresses in the machined surfaces [35].

Due to the high compressive residual stress, the subsequently
passing grain leads to fracture micro defects below the surface.
This is the reason why the knife chip was formed with crack,
as shown in Fig. 9b, e.

Fig. 11 Effect of wheel
peripheral speed on chip type

(a) 

(b) 

f, Ar

Vw

Chip formed

Vc

Fig. 12 a Grain cutting traces and b impact effect of grain on chip in
UAG

(a) Extrusion-like behavior in chip formation in grinding 

(b) Shear chip formation 

(c) Flow chip formation 

(d) Fracture mechanism in knife chip formation 

Fig. 13 Shear and fracture of chip in single grain. a Extrusion-like
behavior in chip formation in grinding, b shear chip formation, c flow
chip formation, d fracture mechanism in knife chip formation
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4.3 Effect of ultrasonic vibration on chip geometry

Armarego and Brown [36] concluded that the shear angle φ is
independent of both the grain width of cut and the chip thick-
ness and can be determined by Eq. (5).

tan φþ βð Þ ¼ cotα ð5Þ
where β is the friction angle and determined by the friction
coefficient μg between the rake face of cutting edge and the
chip through the relationship of tanβ=μg and α is the rake
angle of cutting edge. In CG, the angle α is usually the same
with the half vertical angle θ of the grain; hence, it can be
figured out from Eq. (5) that as long as the grinding is per-
formed with a given grinding wheel at a given wheel depth of
cut, the α will be a given constant, consequently the φ would
increases as the β decreases. Elena Teidelt [31] pointed out
that the ultrasonic vibration benefits the reduction of the fric-
tion coefficient μg; the larger the vibration amplitude is, the
smaller the friction coefficient becomes, implying that larger
vibration amplitude leads to a larger shear angle φ according
to Eq. (5). This is considered to be one of reasons why the
formation of flow chips was promoted by the ultrasonication
of wheel, in particular, at larger amplitude.

For convenience, the 3D spatial cutting trace is redrawn on
a 2D lcox plane, which is fixed on the workpiece as in Fig. 14.
A sinusoidal cutting trace is generated on the work surface due
to the grain vibration velocity Vx in the wheel axis (x-direc-
tion) and the grinding speed Vl along the contact arc where the
Vl and the Vx can be expressed as:

V l tð Þ ¼ V c þ Vw ð6Þ

V x tð Þ ¼ π f Ap‐pcos 2π f tð Þ ð7Þ

It can be figured out from Eqs. (6) and (7) that the direction
of the real grain cutting speed V varies in a sinusoidal pattern
and quantitatively is indicated by the engagement angle γ
determined by Eq. (8):

γ ¼ tan−1 V x

.
V l

� �
ð8Þ

Under the experimental conditions in the current work, the
max value of Vx was similar with the value of Vl, resulting in
the γ will oscillated in the range of −27 (−γmax) to 27 (+γmax).
It is also inferred from Eqs. (6)–(8) that the engagement angle
increases as the vibration amplitude increases. Thus, the chip
hardly forms in same plastic deformation during a vibration
cycle. Hence, the ultrasonic vibration eliminates the accumu-
lation of chip compressive stress and makes the flow chip
form easily. Meanwhile, flow chip formation leads to a
low compressive residual stresses of chip, which make
the formed chip break easily under the impact from the
vibrating grain in plane zl.

4.4 Grinding forces and specific grinding energy

As afore-discussed, with the assistance of ultrasonication,
the shear angle φ is increased and the formation of flow
chips is promoted. For confirming this issue, it is perfect
to directly measure the shear angle; however, this is an
extremely difficult task in fact. Therefore, given the
grinding force is the function of the shear angle [37],
the effect of the ultrasonic vibration on the grinding
force is considered as below in order to indirectly mea-
sure the shear angle in the absence and presence of
ultrasonication.

As shown in Fig. 14, the direction of the tangential
grinding force fgt acting on the grain cutting edge along
the real grain cutting speed V is determined with the en-
gagement angle γ and thus oscillates between −γmax and +
γmax during one cycle of vibration during grinding. Thus,
the instantaneous tangential grinding force ft(t) at time t
along the wheel-workpiece contact arc l can be expressed
as:

f t tð Þ ¼ f gtcosγ ð9Þ

Following the oscillation of γ, the ft(t) varies periodically,
and its time-averaged value over one cycle with the period of
T, ft, is obtained by:

f t ¼
1

T

Z T

0
f t tð Þdt ¼

1

T

Z T

0
f gtcosγdt ð10Þ

By substituting Eqs. (1)–(8) into Eq. (10), and letting the
number of the active grain cutting edges in the grinding zone

Fig. 14 Cutting trace in grinding zone and grinding forces on the grain in
UAG
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be Ng, the total time-averaged tangential grinding force Ft can
be calculated by Eq. (11)

F t ¼ Ng

T

Z T

0
f gt

V c þ Vwffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4π2 f 2Ap‐pcos2 2π fð Þ þ V c þ Vwð Þ2

q dt

ð11Þ

Equation (11) indicates that the grinding force in UAG (i.e.,
Ap-p>0) would be smaller than that in CG (i.e.,Ap-p=0), and in
particular, the force Ft would be decreased as the ultrasonic
vibration amplitude Ap-p increases but linearly increases with
the increase in the wheel peripheral speed of Vc.

To confirm this issue, grinding forces were measured under
various values ofAp-p and Vc. In practice, the Ft approximately
equals the component of grinding force in y-direction (see
Fig. 1) Fy, and hence, the Fy was experimentally obtained.
Also, the component Fz in z-direction was measured for com-
parison. Figure 15a, b shows the obtained effects of the Ap-p

and the Vc on the two components of grinding force. Evident-
ly, either the Fy or the Fz monotonously decreased as the Ap-p

increased (Fig. 15a), and almost linearly decreased with the
increasing Vc (Fig. 15b). It should be noticed, for example,
that at Vc=138.2 m/min, once the ultrasonic vibration at Ap-p=
9.4 μm has been applied, the values of Fy and Fz were
dropped by 51.9 and 38.6 %, respectively, compared with that
without ultrasonication (Ap-p=0 μm). These results agreed
well with those predicted by Eq. (11) qualitatively as well as
the implication made previously in Section 3.1. In addition,
considered that the normal grinding force Fz is directly related
to the occurrence of fracture micro defects on the chip by
which the knife chip is characterized, the great reduction of
the Fz owing to the ultrasonication might be one of the reasons
why the number percentage of the knife chips in UAG was
lower than that in CG (see Figs. 10 and 11). Also, the grinding
force ratio of Fz/Fy was obtained as exhibited in the same
Fig. 15, showing that the ratio increased with the increasing
ultrasonic vibration amplitude Ap-p (Fig. 15a), whereas little
effect of the wheel peripheral speed Vc can be observed on the
ratio (Fig. 15b) either in CG or in UAG. As revealed by Dong
Kun Zhang [38], the larger grinding force ratio indicates that
the grinding process mainly involves the friction ploughing
and the deformation of chip is small. The obtained results
shown in Fig. 15a accordingly demonstrated that the ultrason-
ic vibration indeed contributed to the occurrence of the friction
ploughing and the reduction in chip deformation. This would
in turn result in the reduction in grinding energy consumption;
in other word, in the case of the same specific grinding energy
consumption, a greater material removal rate, i.e., a higher
grinding efficiency, would be achieved at a larger vibration
amplitude.

Furthermore, the specific grinding energy in UAG was
compared with that in CG. As the specific grinding energy is

defined as the energy per unit volume of material removed
[25], in CG without ultrasonication, the specific grinding en-
ergy u can be expressed by following equation:

u ¼ FyV c

.
1000bΔVw ð12Þ

where Fy (N) is the tangential grinding force, Vc (m/min) is the
wheel grinding speed, b (mm) is the grinding width, Δ (mm)
is the wheel depth of cut, and VW (m/min) is the workpiece
feed rate. On the other hand, the specific grinding energy in
UAG would be:

u ¼ FyV c þ FxV x

� �.
1000bΔVw ð13Þ

where Fx (N) is the grinding force in x-direction due to the
wheel ultrasonic vibration and Vx (m/min) is the wheel ultra-
sonic vibration speed determined by Eq. (7); both of them are
varied periodically at the frequency of f during grinding.

In the current work, the values of Vc, b, Δ, and Vw have
been already known as exhibited in Table 1 and that of Fy is

(a) 

(b) 

Fig. 15 Effects of a vibration amplitude and bwheel peripheral speed on
grinding forces and grinding force ratio
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also the already known one as shown in Fig. 15. Then the Fx

was actually measured with the same dynamometer used for
Fy and Fz, and the value of Vx was calculated by substituting
the f and Ap-p given in Table 1 into Eq. (7). Table 2 exhibits the
results typically obtained at Vc=138.2 m/min for various
values of Ap-p. It can be seen that in a vibration cycle of wheel,
the FxVx varied from 0 to the respective peek values for dif-
ferent Ap-p while the FyVc decreased as the Ap-p increased.

Subsequently, substituting the data shown in Table 2 and
the values of b, Δ, and Vw shown in Table 1 into Eq. (13)
yielded the relationship between the u and the Ap-p as shown in
Fig. 16. It can be seen from this figure that although the spe-
cific grinding energy u varied between uL and uH at the given
Ap-p for the sake of the ultrasonic vibration, the u intended to
decrease as the Ap-p increases, confirming that the
ultrasonication benefits the reduction in the specific grinding
energy significantly.

5 Conclusions

The chip formation in UAG of Inconel 718 using electroplated
cBN grinding wheel was investigated in terms of chips size,
chip geometry, and grinding forces for different ultrasonic
vibration amplitudes and wheel peripheral speeds. The obtain-
ed results can be summarized as the followings:

(1) The chip size, i.e., cross-section area and length, is dis-
tinctly affected by the ultrasonication but little effect of
wheel peripheral speed is observed;

(2) The UAG is potentially avoiding the formation of shear
chips and prefers the flow chips especially at larger
amplitude;

(3) In CGwithout ultrasonication the wheel peripheral speed
would affect the chip formation significantly, whereas in
UAG the chip formation is hardly affected by the speed.

(4) In UAG at the ultrasonic vibration amplitude of Ap-p=
9.4 μm, the normal and tangential grinding forces were
smaller by 42.5 and 40 %, respectively, compared to
those in CG, when the wheel peripheral speed was
138.2 m/min.

(5) The specific grinding energy u in UAG is smaller than
that in CG and intended to decrease as the Ap-p increases,
demonstrating that the ultrasonication benefits the reduc-
tion in the specific grinding energy.
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