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Abstract Carbon fiber reinforced polymers (CFRP) have got
paramount importance in aircraft, aerospace, and other fields
due to their attractive properties of high specific strength/stiff-
ness, high corrosion resistance, and low thermal expansion.
These materials have also the properties of inhomogeneity,
heterogeneity, anisotropy, and low heat dissipation which gen-
erate the issues of excessive cutting forces and machining
damages (delamination, fiber pull out, matrix burning, etc.).
The cutting forces are required to be modeled for their control/
minimization. In this research, a generalized cutting force
model has been developed for rotary ultrasonic face milling
of CFRP composites. The experimental machining was car-
ried out on CFRP-T700 material. The cutting forces found
decreased significantly with the increase of spindle speed
while the same found increased with the increase of feed rate
and cutting depth. The variation less than 10% has been found
between experimental and simulated values (from the model)
of cutting forces. However, the higher variation has also ob-
served in the few groups of experiments due to the properties
of inhomogeneity, heterogeneity, anisotropy, and low heat dis-
sipation of such materials. The expression for the contact area

of the abrasive core tools has been improved and an overlap-
ping cutting allowance has been incorporated the first time.
The developed cutting force model has been validated and
found robust. So, the generalized cutting force model devel-
oped in this paper can be applied to control/minimize the
cutting forces for rotary ultrasonic face milling of CFRP com-
posite materials and optimization of the process.

Keywords Rotary ultrasonic facemilling . Carbon fiber
reinforced polymers . CFRP-T700 . Cutting force . Brittle
fracture . Machining parameters

1 Introduction and literature review

Carbon fiber reinforced polymer composites have beenwidely
used in aerospace, automobile, sports, and high-performance
supporting equipment, owing to their attractive properties of
high specific strength, high specific stiffness, high corrosion
resistance, low weight, and low thermal expansion [1, 2].
Particularly, in the aircraft industry, the application of such
materials has reached up to 50% by weight (Air bus A-380
of 45%, A350XWB 22%, and Dreamliner 787 by 50% by
weight). CFRP is the primary structural material for aircraft
and used for panels, stringers/frames of the fuselage to achieve
strength/fatigue, and fuel economy by reducing weight [3].
There is an ample need of accurate and damage free machin-
ing of such materials as per aerospace standard requirements.
However, the issues in machining like excessive cutting
forces, higher surface roughness, and damages like delamina-
tion, fiber pull-out, fraying, and matrix burning are encoun-
tered mainly due to their properties of inhomogeneity, anisot-
ropy, heterogeneity, and low heat dissipation [1, 2]. Also, the
cutting phenomenon is complex and required to investigate
for accurate machining of such materials. The excessive
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cutting forces are required to be controlled/minimized through
modeling in order to achieve batter surface finish with reduced
damages of the machined components. Even these materials
are tried to design/manufacture near-to-net shapes, however,
some machining processes including drilling and milling are
unavoidable. The face milling is also one of the main process-
es required for precise and accurate dimensions for the com-
ponents of such materials.

In the last two decades, various machining technologies for
brittle materials were developed like cutting, grinding, dril-
ling, and milling [4–7]. However, the machining of newly
developed materials was found difficult through conventional
methods [8]. In addition, some nontraditional machining pro-
cesses have also developed such as abrasive water jet machin-
ing, electrolytic grinding, electric discharge machining, ultra-
sonic vibration assisted machining, and rotary ultrasonic ma-
chining (RUM) which are applied successfully for machining
of brittle materials [9–15].

Rotary ultrasonic machining is a nontraditional machining
process which combines the material removal mechanism of
diamond grinding and ultrasonic machining. Since its birth in
the 1960s, this process has applied in machining of brittle
materials like glass, engineering ceramics, silicon, and ceram-
ic matrix composites. In RUM process, a metal-bonded dia-
mond abrasive core tool is ultrasonically vibrated in an axial
direction and feeds towards the workpiece at constant feed
rate. The motion of the diamond abrasives is the combination
of the rotational motion of the spindle, ultrasonic vibration,
and feed of the diamond tool. Themachining process becomes
milling as the feed direction of the tool becomes perpendicular
to the direction of ultrasonic vibration and it becomes drilling
as the feed direction of the tool becomes parallel to the direc-
tion of ultrasonic vibration [16, 17].

The existing literature has revealed that RUM has many
advantages over traditional machining, such as lower cutting
forces, smaller chipping size, less surface/subsurface damage,
and less tool wear [18, 19]. The cutting force is the main
characteristic of the machining process and directly affects
tool wear, cutting temperature, residual stresses, and surface
integrity. The experimental and theoretical research investiga-
tions for RUM are available in reasonable numbers. However,
the few are related to the modeling of RUM, namely material
removal rate, tool wear, and rotary ultrasonic drilling. The
rotary ultrasonic face machining was applied the first time
and the cutting forces found reduced near to zero after a cer-
tain period of time [20]. Further, the conical diamond core tool
was applied for rotary ultrasonic face machining and found
that cutting depth and feed rate have a significant effect on
MRR [21]. The theoretical model for the rotary ultrasonic face
milling was developed with the assumption of spherical dia-
mond grit [22]. Yuan et al. proposed a cutting force model for
rotary ultrasonic machining of C/SiC composites in ductile
mode [23]. The rotary ultrasonic face milling of K9 optical

material was carried out with cylindrical diamond core tool,
and a mathematical cutting force model was developed [24].
The rotary ultrasonic face milling with conical core tool was
carried out, and a cutting force prediction model for ceramic
materials was developed [25].

From the literature review, many experimental and theoret-
ical research reports have been found for RUM, but the few of
these are related to modeling of cutting forces, material re-
moval rate, and tool wear. Also, the developed cutting force
models are mainly related to the rotary ultrasonic drilling pro-
cess. However, hardly few research reports have been found
for rotary ultrasonic face milling (RUFM) of ceramics and
other composite materials. The cutting phenomenon for
RUFM is still required to be investigated. Also, the research
of rotary ultrasonic face milling for CFRP materials has not
reported yet. So, keeping in view the rapid increase of wide
range applications and the attractive properties, there is an
essential need of modeling the cutting forces and related in-
vestigations of RUFM for such materials. The excessive cut-
ting forces have adverse effects on properties of composite
materials and are required to be modeled for controlling these
up to acceptable limits.

In this paper, the mechanistic-based model is developed to
predict the cutting forces for RUFM of CFRP composites
based on brittle fracture material removal mechanism. The
developed model is generalized and is applicable for cylindri-
cal as well as a conical diamond abrasive core tool for the first
time. The proportionality parameters (K1 and K2) are obtained
through designed experiments, calculations, and experimental
RUFM of CFRP material with cylindrical and conical abra-
sive core tools. The developed cutting force model is validated
through pilot experiments. The relationship of machining pa-
rameters with cutting force is also investigated. Conclusions
are drawn in the final section.

2 Development of cutting force model

In this research, rotary ultrasonic facemilling has been applied
as the combination of ultrasonic vibration process, grinding
and milling process, particularly when the ultrasonic vibration
direction is perpendicular to the feed direction. The material
removal mechanism is based on indentation fracture theory.
The cutting process is like a hammer with high frequency
mainly effect on the surface of the material discontinuously.

2.1 Establishment of cutting force model

The cutting force model has developed by considering single
abrasive grit and then applied summation for all the active
abrasive grits. When a diamond abrasive grit penetrates into
the surface of the workpiece material, there is a plastic defor-
mation. With the increase of penetration depth, the median
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cracks and the lateral cracks grow/generate as shown in Fig. 1.
The extended lateral cracks then induce and peeling off the
workpiece material. Themaximum penetration depth has been
used as an intermediate parameter to establish the relation-
ships between machining and other parameters with cutting
forces for model development.

The assumptions used to simplify the model development
are as follows:

1. The diamond abrasive grits/particles are rigid regular
octahedron.

2. All the diamond abrasive grits are in the same size.
3. The material removal mode is a rigid brittle fracture.

The following geometric relationship can be obtained from
Fig. 1:

w ¼ d
2tanβ

ð1Þ

where w is the penetration depth, d is the penetration width,
and β is the half angle of an abrasive grit, (β = 45°). According
to the definition of Vickers-hardness, the formula can be ob-
tained as follows:

Hv ¼ 0:102� F
0
n

Sarea
¼ 0:102� 2F

0
nSinβ

d2
ð2Þ

whereHv is the Vickers hardness of workpiece material, F′n is
the axial cutting force of a single diamond abrasive grit on the
surface of workpiece material, and Sarea is the surface area of
resulting indentation on workpiece material.

By solving Eq. (1) and Eq. (2) simultaneously, the follow-
ing relation can be obtained:

w ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:051⋅

cos2β
sinβ

⋅
F

0
n

Hv

s
ð3Þ

The volume of single diamond grit (v) can be expressed as
follows:

V ¼
ffiffiffi
2

p

3
Sa3 ð4Þ

where Sa is the side length of diamond abrasive grit as shown
in Fig. 2.

The diamond abrasive concentration is the mass of abrasive
per unit volume within working layer. Concentration is gen-
erally defined as follows: per cubic centimeter volume of abra-
sive grains containing 4.4 karats (1 karat diamond is equal to
0.2 g) is defined as 100. Each increasing or decreasing of 1.1
karats of abrasive, then the concentration, is increased or

decreased by 25%, respectively. According to this definition,
the total number of active diamond abrasive grains involved in
cutting, Nα, can be expressed as follows:

Nα ¼ 0:88� 10−3ffiffiffi
2

p .
3

� �
Sa3⋅ρ

⋅
Cα

100

0
@

1
A

2

.
3

⋅A0 ¼ C1⋅
Cα

2
3

Sa2
⋅A0 ð5Þ

where ρ is the density of diamond (3.52 × 10−3 g/mm3), Cα is
the diamond abrasive concentration, C1 is the constant num-
ber, C1 = 3 × 10−2, and A0 is the area of the cutting tool in
contact with the workpiece material (involved in cutting).

2.2 Two cases of face milling

Since the cutting force model is required to be generalized and
applicable for the two kinds of tools like cylindrical and con-
ical diamond abrasive core tools, the contact area, A0, will be
different for both kinds of tools and two cases can be found as
shown in Fig. 3.

The cutting force Fn (the axial cutting force due to a single
diamond grit) and F (the axial cutting force caused by all the
active diamond abrasives on the end face of the core tool and
measured by dynamometer through experiments) have differ-
ent angles in case of cylindrical core tool and conical core tool
as shown in Fig. 4.

Fig. 1 Crack generation and deformation zone in material

Fig. 2 Octahedron shaped diamond abrasive grit
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2.2.1 Face milling with cylindrical abrasive core tool

Figure 3 shows the relationship of the contact area of the face
(with workpiece material) and the geometry of both types of
abrasive core tools. The contact area, A0, for cylindrical core
tool can be calculated by Eq. (6):

A0 ¼ π R2
2−R1

2
� �þ R2 ap−2ab

� �
−ap:ab

� � ð6Þ

where R1 and R2 are the inner and outer radii of the diamond
core tool, respectively; ap is the cutting depth; aw is the cutting
width (aw = R2 for cylindrical core tool); and ab (in mm) is the
overlapping cutting allowance which is the distance of overlap
with the machined surface by previous cutting pass of the tool
(the distance which is required to leave uncut for smooth cut-
ting surface and to reduce/finish scallop height). Practically, it
is required to be considered for accurate face milling. Also, for
cylindrical core tool (Fig. 4), the angle between F and Fn is
zero (i.e, θ = 0°).

2.2.2 Face milling with conical shaped core tool

The contact area, A0, for conical core tool can be calculated by
Eq. (7).

A0 ¼ πR2
1 þ

π
2

2R1 þ apcotθ−ab
� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2p 1þ cot2θð Þ þ ab ab−2apcotθ
� �qh i

ð7Þ

Also, for cylindrical core tool (Fig. 4), the angle between F
and Fn is as under:

0° < θ < 90°.
From Fig. 5, the relation between Z and f can be obtained as

follows:

Z ¼ Asin 2πftð Þ ð8Þ

where Z is the trajectory of the diamond abrasive grain, A is
the amplitude, f is the frequency, and t is the time, respectively.

According to Eq. (8) and Fig. 5, the effective contact time
Δt can be expressed as follows:

Δt ¼ 1

πf
π
2
−arcsin 1−

w
A

� �h i
ð9Þ

On the basis of energy conservation theorem, the following
relation can be found:

I ¼ ∫
cycle

Fm⋅dt≈Fm⋅Δt ð10Þ

Also

I ¼ Fn

f
ð11Þ

Fig. 3 Face milling with
cylindrical and conical abrasive
core tool

Fig. 4 Relationship of Fn and F for cylindrical and conical core tool
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where I is the impulse, Δt is the effective contact time
during which an abrasive grain penetrates into the work-
piece, Fm is the axial impact force between core tool and
workpiece material, Fn is the axial cutting force, and cycle
means a vibration cycle of the diamond abrasive grit.
From Eq. (10) and Eq. (11), the following relation can
be found:

Fn ¼ Δt⋅ f ⋅Fm ð12Þ

The cutting force Fm can also be expressed as follows:

Fm ¼ Nα⋅F
0
n ð13Þ

Substituting Eq. (9) and Eq. (13) into Eq.(12), then:

Fn ¼ Nα

π

π

2
−arcsin 1−

w
A

� �h i
:F

0
n ð14Þ

From the geometrical relation shown in Fig. 4:

Fn ¼ Fcosθ ð15Þ

Then, Eq. (14) can be written as under:

Fn ¼ Nα

πcosθ
π
2
−arcsin 1−

w
A

� �h i
:F

0
n ð16Þ

By solving both Eq. (16) and Eq. (3), the relationship be-
tween maximum penetration depth and cutting force can be
obtained as follows:

w ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:051⋅

cos2β
sinβ

⋅
1

Hv
⋅

π⋅Fcosθ

Nα⋅
π
2
−arcsin 1−

w
A

� �h i
vuut ð17Þ

According to the indentation theory and research by
Marshall and Lawn [26, 27], the length of lateral crack Cl

and the depth/height of lateral crack Ch can be expressed as
follows:

Cl ¼ C2⋅
1

tanβ

	 
5=12

⋅
E3=4

HvKIC 1−υ2ð Þ1=2
 !1=2

⋅Fn
5=8 ð18Þ

Ch ¼ C2⋅
1

tanβ

	 
1=3

⋅
E1=2

Hv
⋅Fn

1=2 ð19Þ

where E is the elastic modulus and ν is the Poisson’s ratio of
the workpiece material, C2 is the dimensionless constant num-
ber; C2 = 0.226.

The material removal volume as the abrasive grit penetrates
into the workpiece has been illustrated in Fig. 6. The penetra-
tion depth increases from 0 to w first and then decreases to 0
within periodΔt and the side length atCh is 2Cl. Accordingly,
the theoretical material removal volume V0 during one pene-
tration period is nearly equal to the volume of the pentahedron
ABCDE and can be expressed as follows [28]:

Ls ¼ 2πSR
60

⋅Δt ð20Þ

V0 ¼ 2VABCD ¼ 1

3
Cl⋅Ch⋅Ls ð21Þ

where Ls is the length when an abrasive grit of end face of tool
moves within one period, Δt R is the distance from the abra-
sive grit to the center of core tools, and S is the spindle speed.
The actual material removal volume (V) within one penetra-
tion period is nearly equal to the volume of theoretical material
removal volume (V0). It is assumed that V and V0 are in linear
proportion and can be found as under:

V ¼ kV0 ¼ 1

3
k⋅Cl⋅Ch⋅

2πSR
60

⋅Δt ð22Þ

where k is the constant and that can be obtained mechanisti-
cally from cutting force experiments. If MRRa is the material
removal rate of single abrasive grit and V is the material re-
moval volume caused by single abrasive grit in one vibration,
then MRRa can be expressed as follows:

MRRa ¼ f ⋅V ¼ k:π
90

⋅Cl⋅Ch⋅S⋅R⋅
π
2
−arcsin 1−

w
A

� �h i
ð23Þ

Fig. 5 Relation of effective contact time (Δt) and maximum penetration
depth (w)

Fig. 6 Illustration for material removal volume calculation
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The material removal rate, MRRT, is the total material re-
moved by all the effective abrasive grits during one period and
can be expressed as follows:

MRRT ¼ Nα⋅MRRa ¼ Nα⋅ f ⋅V

¼ k:π
90

⋅Nα⋅Cl⋅Ch⋅S⋅R⋅
π
2
−arcsin 1−

w
A

� �h i
ð24Þ

For simplification, the average radius R1þR2
2

� �
has incorpo-

rated instead of R and the contact time Δt (Eq. (9)) can be
simplified as follows:

Δt ¼ w
πAf

ð25Þ

Eq. (25) has been obtained by using the following simpli-
fication:

w
A
≈

π
2
−arcsin 1−

w
A

� �h i
ð26Þ

Eq. (24) can also be written as follows:

MRRT ¼ Nα⋅MRRa

¼ Nα⋅ f ⋅V≈
k:π
90

⋅Nα⋅Cl⋅Ch⋅S⋅
R1 þ R2

2
⋅
w
A

ð27Þ

Eq. (17) can be simplified as follows:

w ¼ 0:051:π:cos2β:Fcosθ:A
sinβ:Hv:Nα

	 
1=3

ð28Þ

By solving Eq. (27) and Eq. (28) with applying Fm ¼ Nα

⋅F 0
n (where F ≈ Fm), the following relation has been obtained:

MRRT ¼ k: 0:051ð Þ1=3:π1=3:C2
2:S: R1 þ R2ð Þ:cos2=3β:F35=24:cos35=24θ:E7=8:C2=3

1 :C4=9
α :A2=3

0

180:A2=3:sin1=3β:Hv
11=6: tanβð Þ3=4:KIC

1=2: 1−v2ð Þ1=4:S4=3a

ð29Þ

The total material removal rate can also be expressed as
follows follows:

MRRT ¼ f r:A0 ð30Þ

where fr is the feed rate (mm/min) of the abrasive core tool. By
solving Eq. (29) and Eq. (30), then relationship of axial cutting
force and parameters has been obtained as follows:

F ¼ K
cosθ

:
C3:tan26β:KIC

12:Hv
44: 1−v2ð Þ6: f :A16:S32a : f r

24:A8
0

cos8β: R2 þ R1ð Þ24:E21:S24:C32=3
α

2
664

3
775
1=35

ð31Þ

where C3 is the dimensionless constant number and has value
as follows:

C3 ¼ 180ð Þ24
0:051ð Þ8:C1

16:C2
48:π8

" #
ð32Þ

Eq. (31) is the desired generalized cutting force prediction
model for the axial cutting force, and contact area A0 can be
found from Eq. (6) and Eq. (7) for the cylindrical and the
conical abrasive core tool, respectively.

3 Experimental setup and conditions

The schematic and the actual experimental setup have been
shown in Fig. 7 and Fig. 8, respectively. The setup is com-
posed of three parts: ultrasonic vibration system, CNC vertical
machining center, and diamond core tool. The ultrasonic

vibration system has an ultrasonic spindle and an ultrasonic
generator. The CNC vertical machining center (Model: VMC
0850B, Shenyang, China) has fitted with ultrasonic vibration
device/attachment (developed by Tianjin University, China)
having the ultrasonic spindle. The cutting force has been mea-
sured with the dynamometer (9257B, Kistler, Switzerland).
The main specifications of the machine tool have been men-
tioned in Table 1. The workpiece material used for experi-
ments is CFRP-T700 having dimensions 96 × 40 × 5 mm
and mechanical properties as shown in Table 2. The specifi-
cations of the cylindrical and the conical diamond core tool
have been mentioned in Table 3. The average grit size 385 μm
has been taken here [29]. Also, the value of the amplitude is
kept on the higher side (10 μm) and ultrasonic frequency on
the lower side (16,000 Hz) for batter results in the case of
CFRP material as observed by random experiments. The ex-
perimental design has been shown in Table 4.

3.1 Experimental design

On the basis of previous studies and random experi-
ments, the machining parameters like spindle speed, cut-
ting depth, and feed rate have been found significant for
cutting forces and have been applied as variables in this
research. The experiments have been designed by single
factor experiment array with 3 factors. The level of each
factor is selected by the theoretical calculations, previ-
ous experiments, and keeping in view the higher values
of MRR for industrial applications.
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4 Experimental results and discussion

The experiments were conducted corresponding to each group
of machining parameters. The machining process has been
divided into three stages, i.e., enter, stable, and exit as shown
in Fig. 9. The cutting force value is the mean value of maxi-
mum values during one period in a stable stage that has been
obtained through measurement in graphical form with
Dynoware software. The graphical cutting force data then
transformed to numerical data through MATLAB software.
The axial cutting force data obtained for experiments with
the cylindrical core tool has been shown in column 5 of
Table 5 and for experiments with the conical core tool has
been recorded in column 5 of Table 6, corresponding to each
set of their parameters.

4.1 Obtaining of proportionality parameters, K1 and K2

It has been found that the simulation values of axial cutting
force are closest to measurement values when ∑(F(m) −K' ∗
F(s))

2 (where K = K1 for cylindrical core tool and K = K2 for

conical core tool) got the minimum value. For this purpose, it
is required to differentiate it with respect to K, putting the
values for each experiment, sum up the values for all experi-
ments, and then the value ofK is obtained. It is the relationship
of the workpiece material and properties (geometry, material,
etc.) of cutting tool and is not relevant to machining parame-
ters. The value of K1 and K2 has been found 0.036 and 0.029,
respectively. The cutting force data obtained by applying the
cutting force model for cylindrical and conical abrasive core
tools have been recorded in Table 5 (column 6) and Table 6
(column6), respectively.

The experimental and simulated data (from the model) of
cutting force were then plotted as shown in Fig. 10 and
Fig. 11. From the analysis, the simulated values of axial cut-
ting force have been found a close match (nearly equal) with
the measured values of cutting forces for cylindrical and con-
ical core tools. Numerically, the measured and simulated
values of cutting force have small variation (less than 10%)
for cylindrical and conical core tool experiments. However,
higher variation (from this value) has been found in Exp. 12
(19.81%) for cylindrical core tool and Exp. 4 (16.42%), Exp. 5
(20.15%), and Exp. 10 (10.73%) for conical core tool. Such
variations are mainly due to heterogeneity and anisotropy of
CFRP composites. Also, these variations can rise due to un-
even material properties and dislocations of fibers. The value
of instantaneous cutting force may change more than three
times because when machining different cutting area, the

Fig. 7 Schematic diagram of
experimental setup

Fig. 8 Actual setup for experiments

Table 1 Properties of machine tool

Nomenclature Specification

Spindle speed (with ultrasonic device) 0–6000 rpm

Ultrasonic amplitude 10 μm

Ultrasonic frequency 16,000 Hz

Int J Adv Manuf Technol (2017) 93:2655–2666 2661



average cutting force may change. Other factors contributing
to this behavior are their inhomogeneous, and varying thermal
behavior. So, the error up to limited level was recorded in
some cases. These are expected and required to be accepted
due to nature of the material.

The developed cutting force model is applicable for cylin-
drical as well as conical abrasive core tools by applying the
relevant swept/contact area, A0. Zhang [24] developed the
cutting force model for cylindrical core tool whereas Yuan
and Zhang [23, 25] have proposed the axial cutting force
model for conical core tools. The contact area calculations
have improved and the overlapping cutting allowance, ab,
has incorporated to find the results of cutting force model near
to practical machining situations in this paper.

The maximum values of feed rate and cutting depth
(fr = 180 mm/min and ap = 0.8 mm) have been applied to
develop the cutting force model whereas the values applied
by Zhang [24] are lower at the significant level (fr = 12 mm/
min and ap = 0.08 mm). The higher values of machining
parameters are significant to increase the MRR as MRR = fr.
ap.ae. The cutting force has been found decreased with the
increase of spindle speed. The cutting force has been found
increased with the increase of feed rate and cutting depth. The
same has been also reported by Yuan and Zhang [25].

The generalized model has been developed the first time in
this paper and found robust for the both types (cylindrical and
conical) of core tools. Also, no research has been reported till
yet for rotary ultrasonic face milling of CFRP, especially for
CFRP-T700 composites. However, the cutting force models

have developed for RUFM of K9 optical glass and C/Sic
materials [24, 25].

4.2 Validation of cutting force model

The additional experiments were carried out to find that the
variation/error is random or due to some issues in the cutting
force model. The related data has been reported in Table 7 and
Table 8 and has been plotted as shown in Fig. 12 and Fig. 13.
The experiments have designed on the basis of full factorial
design with 2-level of parameters (S, fr, and ap) for cylindrical
and conical core tools usingMinitab 16 software. From graph-
ical plots, it has been found that the most of the data points are
closely matched for measured and simulated values of cutting
force for both types of the tools. The variation more than 10%
has been found in two experiments (Exp. 1 as 23.20% and
Exp. 5 as 16.90%) for cylindrical core tool whereas two ex-
periments (Exp. 2 as 13.88% and Exp. 7 as 20.47%). These
variations show the similar behavior of higher variation for
CFRP composites and supported the findings that higher var-
iations in cutting forces may sometimes occur due to inhomo-
geneity, heterogeneity, anisotropy, and some other factors as
mentioned in discussion.

Table 3 Properties of diamond abrasive core tool

Nomenclature Specification

Tool type Cylindrical Conical

Abrasive Diamond Diamond

Bond type Metal-bond Metal-bond

Mesh size 40/45 40/45

Concentration (Cα) 100 100

Outer radius (R2) 6.25 mm 13 mm

Inner radius (R1) 4.75 mm 4.75 mm

Angle (θ) 0° 15°

Table 2 Mechanical properties of workpiece material

Nomenclature Specification

Density (ρ) 1.8 g/cm3

Poisson’s ratio (ν) 0.30

Elastic modulus (E) 53GPa

Fracture toughness (KIC) 11.5 MPa.m1/2

Vickers hardness (Hv) 0.6GPa

Table 4 Experimental design

Group Experiments Spindle speed, S
(rpm)

Feed rate, fr
(mm/min)

Cutting
depth, ap
(mm)

1 1–6 2000, 2500,
3000, 3500,
4000, 4500

60 0.5

2 7–11 3000 60, 90, 120,
150, 180

0.5

3 12–15 3000 60 0.5, 0.6, 0.7,
0.8

Fig. 9 Cutting force measurements (Exp. No. 3 of Table 5 with
S = 3000 rpm, fr = 60 mm/min, ap = 0.5 mm, cylindrical core tool)
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5 Conclusions

From the presented research work, the conclusions that have
been drawn are as follows:

1. The generalized cutting force prediction model has
been developed for RUFM of CFRP-T700 compos-
ites with cylindrical and conical abrasive core tools.

The measured and the simulated values of cutting
forces found closely matched. However, the varia-
tion higher than10% has been also observed in the
few groups of experiments. This variation is due to
the inhomogeneity, heterogeneity, anisotropy, and
some other properties of such materials. So, the de-
veloped cutting force model is accurate/robust and
can be applied for finding cutting forces.

Table 5 Measured and simulated axial cutting force data for cylindrical core tool

Exp. No S (rev/min) fr (mm/min) ap (mm) Measured axial force
(F(m)) (newton)

Simulated axial force
(F(s) without K1) (newton)

Simulated axial force
(F′(s) with K1) (newton) Error

F
0
sð Þ−F mð Þ

� �
F mð Þ

� 100%

1 2000 60 0.5 16.921 453.232 16.316 −3.57
2 2500 60 0.5 14.980 388.927 14.001 −6.53
3 3000 60 0.5 13.104 343.220 12.355 −5.71
4 3500 60 0.5 10.677 308.792 11.116 +4.11

5 4000 60 0.5 9.892 281.773 10.143 +2.53

6 4500 60 0.5 9.215 259.911 9.356 +1.53

7 3000 60 0.5 12.404 343.220 12.355 −0.39
8 3000 90 0.5 15.845 453.232 16.316 +2.97

9 3000 120 0.5 20.842 552.069 19.874 −4.64
10 3000 150 0.5 22.080 643.348 23.160 +4.89

11 3000 180 0.5 25.918 729.024 26.244 +1.25

12 3000 60 0.5 10.312 343.220 12.355 +19.81

13 3000 60 0.6 12.312 345.688 12.444 −2.97
14 3000 60 0.7 13.309 348.098 12.531 −5.84
15 3000 60 0.8 13.875 350.454 12.616 −9.07

Table 6 Measured and simulated axial cutting force data for conical core tool

Exp. No S (rev/min) fr (mm/min) ap (mm) Measured axial force
(F(m)) (newton)

Simulated axial force
(F(s) without K1) (newton)

Simulated axial force
(F′(s) with K1) (newton) Error

F
0
sð Þ−F mð Þ

� �
F mð Þ

� 100%

1 2000 60 0.5 11.481 375.422 10.887 −5.17
2 2500 60 0.5 9.750 322.157 9.340 −4.18
3 3000 60 0.5 9.012 284.297 8.244 −8.52
4 3500 60 0.5 8.875 255.779 7.417 −16.42
5 4000 60 0.5 5.439 233.399 6.768 +20.15

6 4500 60 0.5 5.724 215.290 6.243 +9.06

7 3000 60 0.5 8.125 284.297 8.244 −2.03
8 3000 90 0.5 10.070 375.422 10.887 +8.11

9 3000 120 0.5 12.617 457.291 13.261 +5.10

10 3000 150 0.5 13.956 532.899 15.454 +10.73

11 3000 180 0.5 16.060 603.866 17.512 +9.04

12 3000 60 0.5 8.097 284.297 8.244 +1.81

13 3000 60 0.6 8.623 289.917 8.407 −2.50
14 3000 60 0.7 9.140 295.472 8.568 −6.25
15 3000 60 0.8 9.758 300.960 8.727 −3.65
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2. The developed cutting force model is the generalized
model which is applicable to diamond abrasive core tools
having the range of angle, θ, as follows: 0° ≤ θ < 90°

(Fig. 4).

3. The model is applicable for cylindrical and conical core
tools using the relevant contact area, A0. The improved
formulae for A0 have been proposed and the overlapping
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Fig. 10 Relationship of cutting force and machining parameters for
cylindrical core tool

2000 2500 3000 3500 4000 4500
4

6

8

10

12

14

6.243
6.760

5.7245.439

7.417
8.244

9.340

10.887

8.875
9.012

9.750

11.481

(fr = 60mm/min, ap = 0.5mm)

F(measured)

 F(simulated)

Spindle speed(rpm)

(a)

60 90 120 150 180
6

9

12

15

18

16.060
17.512

15.454

13.261

10.887

8.244

13.956
12.617

10.070

8.125

(S = 3000rpm, ap = 0.5mm)

F(measured)
 F(simulated)

Feed rate(mm/min)

(b)

0.4 0.5 0.6 0.7 0.8 0.9
7.5

8.0

8.5

9.0

9.5

10.0

10.5

8.244

8.623

9.140

9.758

8.727

8.568
8.407

8.097

(S = 3000rpm, fr = 60mm/min)

F(measured)
 F(simulated)

Cutting depth(mm)

(c)

A
xi

al
 c

u
tt

in
g

 f
o

rc
e(

n
ew

to
n

)
A

xi
al

 c
u

tt
in

g
 f

o
rc

e(
n

ew
to

n
)

A
xi

al
 c

u
tt

in
g

 f
o

rc
e(

n
ew

to
n

)

Fig. 11 Relationship of cutting force and machining parameters for
conical core tool
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cutting allowance, ab, has been incorporated for accurate
machining.

4. The significantly higher values of machining parameters
have been applied (fr = 200 mm/min ap = 1.2 mm,
S = 5000 rpm) for the first time for higher MRR and

practical machining conditions. The cutting force has
been found decreased with the increase of spindle speed;
however, it has been found increased with the increase of
feed rate and cutting depth.

Table 7 Measured and simulated axial cutting force data for cylindrical core tool

Exp. No S (rev/min) fr (mm/min) ap (mm) Measured axial force
(F(m)) (newton)

Simulated axial force
(F(s) without K1) (newton)

Simulated axial force
(F′(s) with K1) (newton) Error

F
0
sð Þ−F mð Þ

� �
F mð Þ

� 100%

1 5000 100 1.2 10.500 359.377 12.937 +23.20

2 3500 100 0.6 15.188 441.472 15.892 +4.63

3 5000 200 1.2 22.015 578.057 20.810 −5.47
4 5000 200 0.6 19.887 556.039 20.017 +0.65

5 3500 100 1.2 14.133 458.953 16.522 +16.90

6 3500 200 0.6 24.875 710.107 25.560 +2.75

7 3500 200 1.2 27.213 738.226 26.576 −2.34
8 5000 100 0.6 12.960 345.688 12.444 −4.00

Table 8 Measured and simulated axial cutting force data for conical core tool

Exp. No S (rev/min) fr (mm/min) ap (mm) Measured axial force
(F(m)) (newton)

Simulated axial force
(F(s) without K1) (newton)

Simulated axial force
(F′(s) with K1) (newton) Error

F
0
sð Þ−F mð Þ

� �
F mð Þ

� 100%

1 5000 100 1.2 10.062 322.200 9.343 −7.14
2 3500 100 0.6 9.428 370.248 10.737 +13.88

3 5000 200 1.2 16.013 518.258 15.029 −6.14
4 5000 200 0.6 12.573 466.331 13.523 +7.55

5 3500 100 1.2 12.697 411.476 11.932 −6.02
6 3500 200 0.6 16.680 595.543 17.270 +3.53

7 3500 200 1.2 24.134 661.858 19.193 −20.47
8 5000 100 0.6 8.241 289.917 8.407 +2.01
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Fig. 12 Cutting force for experiments with cylindrical core tool
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Fig. 13 Cutting force for experiments with conical core tool

Int J Adv Manuf Technol (2017) 93:2655–2666 2665



The developed generalized cutting force model in this pa-
per can be applied for prediction/minimizing of cutting forces,
the increase of product quality, and optimizing the process for
rotary ultrasonic face milling of CFRP composites in the
industry.
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