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ABSTRACT

ARTICLE INFO

Ceramic matrix composites have immense applications in the aerospace, air-
craft, and automobile industries. Belonging to this class, carbon-fiber rein-
forced ceramic matrix composites (C/SiC) are used for critical applications due
to their superior properties. However, these materials have also stringent
properties of heterogeneity, anisotropy, and varying thermal properties that
affect machining quality and process efficiency. So, developing a cutting force
prediction model and analyzing machining parameters is an essential need for
the accurate machining of such materials. In this study, a mechanistic-based
feed direction cutting force prediction model for rotary ultrasonic profile mill-
ing of C/SiC composites is developed and validated experimentally. The exper-
imental and simulation results closely match each other. The mean error and
standard deviation were recorded as 1.358 % and 6.003, respectively. The par-
ametric sensitivity analysis showed that cutting force decreased with increased
cutting speed, whereas it increased with increased feed rate and cutting depth.
The proposed cutting force model for rotary ultrasonic profile milling of C/SiC
composites is robust and can be applied to predict cutting forces and optimize
the machining process parameters at the industry level.
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1. Introduction

Ceramic matrix composites have gained growing attention in aerospace, automobile, and high-
tech industries. Carbon fiber-reinforced ceramic matrix composites (C/SiC) exhibit attractive
properties, which makes them an ideal candidate for diverse applications. For example, C/SiCs
have a stable coefficient of friction, excellent wear resistance, high-run-in performance, and ex-
ceptional thermal stability at high temperatures [1, 2]. The typical usage of such materials in-
cludes developing brake discs (used in F16 Fighter, Porsche GT2, and French TGV NG) and manu-
facture of critical structural parts (e.g., nose cone, guide vane, and wings) for new generation aer-
ospace vehicles and hyper-sonic vehicles [3]. These materials are also applied for developing nose
cones and nozzles of rocket engines due to their better temperature resistance and lightweight
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properties [4, 5]. However, due to high brittleness, anisotropy, and heterogeneity, the desired
quality and efficiency of machined parts of such materials are challenging issues. High mechani-
cal/ thermal loads and severe/ rapid tool wear were investigated [6]. So, machining difficult-to-
cut materials with desired quality/ process efficiency was rigorous [7]. For efficient machining,
cutting forces must be controlled within acceptable technical limits, as cutting force is the main
index of the machining process [8, 9]. Due to excessive cutting forces, machining-induced defects,
geometric/dimensional errors, and rapidly wear-off cutting tools were investigated [10]. Even
though these materials developed near-to-net shapes, some machining processes are necessarily
required to achieve final dimensions and surfaces [11]. With conventional machining processes
like turning, drilling, milling, and grinding, issues related to quality and machining-induced de-
fects are found in the machining of composite materials. Later, machining was found to improve
with the invention of non-traditional machining processes such as electric discharge machining
[38], ultrasonic machining, water jet machining, ultrasonic machining [39], vibration-assisted ma-
chining, rotary ultrasonic machining [31], electrolytic machining, chemical machining [12-14].
These machining technologies have shown better results for Ceramic matrix composites (CMC),
Metal matrix composites (MMC), and Polymer matrix composites (PMC).

Rotary ultrasonic machining (RUM) was applied to drill glass material in 1966 [15]. Pei et al.
[16] investigated rotary ultrasonic machining for milling of ceramics investigated. The hybrid ma-
chining process combines the material removal mechanism of diamond grinding process and ul-
trasonic machining. During this, a diamond abrasive core tool is ultrasonically vibrated in a nor-
mal direction with simultaneous spindle rotations. Prabhakar, 1992 worked on abrasive grit trav-
els along its sinusoidal trajectory, causing hammering, abrasion, and extracting of workpiece ma-
terial. The material removal occurs due to brittle fracture and the material flow plastically [16].
RUM is considered a rotary ultrasonic milling process if the abrasive core tool's feed direction is
perpendicular to ultrasonic vibration's direction. However, when ultrasonic vibrations are ap-
plied in parallel to feed direction of abrasive core tool, the process is categorized as rotary ultra-
sonic drilling.

The published studies have shown that RUM demonstrates better machining for hard and brit-
tle composite and ceramics. The cutting force is significantly reduced with RUM for ceramic matrix
composites [16-18]. The improved surface integrity was investigated at the hole exit surface due
to alteration of fiber fracture mechanism in rotary ultrasonic drilling of C/SiC composites [19].
Wang et al. [20] investigated that reduction in tearing size occurred by 30 % at hole exit with
compound drill in rotary ultrasonic drilling of ceramic composite materials. The increase in duc-
tile percentage was also investigated with increased spindle speed, while it decreased with in-
creased vibration amplitude [21]. Hocheng at al. [22] analyzed improved machinability for rotary
ultrasonic drilling of C/SiC composites. Li at al. [23] focused on advantages of RUM, considering
cutting forces, material removal rate, and surface quality for CMC composites. Jiao at al. [24] stud-
ied the spindle speed and feed rate impact on cutting force. Bertsche at al. [25] found a significant
decrease in cutting forces and tool wear for rotary ultrasonic slot milling of ceramic matrix com-
posites. Ding at al. found a reduction in normal grinding force by 9-12 % and tangential grinding
force by 9.7-19.4 %. The surface/sub-surface breakage decreased with ultrasonic grinding due to
reduced grinding and ground surface roughness by 12 % compared to conventional grinding [26].
Yuan at al. [27] investigated the transition of ductile to brittle mode at a 4 um depth of cut for
rotary ultrasonic face milling of C/SiC composites.

In published literature, cutting force prediction models have been proposed to control cutting
forces within acceptable limits. For instance, Yuan at al. [28] proposed a cutting force model for
rotary ultrasonic face milling based on ductile mode for C/SiC composites. The cutting force mod-
els for rotary ultrasonic face milling of ceramics matrix composites (C/SiC) were established [29,
30]. Bertsche at al. [31] developed an analytical ultrasonic slot milling model of ceramic matrix
composites.

The published studies have also reported the parametric sensitivity analysis and development
of cutting force models for RUM of CMCs, like drilling, face, side, and slot milling. Other composite
materials like glass (K9, BK7), PMC, and MMC have also been investigated for such machining pro-
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cesses. However, rotary ultrasonic machining for profile/ contour milling has rarely been re-
ported for composite materials. Profile milling is widely used in machining of composite materials.
Keeping in view the challenges related to machining of C/SiC composites, there is an immense
need for parametric investigation and development of a cutting force model for rotary ultrasonic
profile milling of C/SiC composites to predict and control machining cutting forces to achieve bet-
ter quality.

Novelty of the research

To the authors’ knowledge, no study has been reported for rotary ultrasonic profile milling of
composite materials for parametric analysis or cutting force model. The cutting force prediction
model for rotary ultrasonic profile milling is reported in this research work. The presented re-
search work is novel and provides new directions for machining composite materials.

This study develops a mechanistic-based model to predict feed direction cutting forces for ro-
tary ultrasonic profile milling of Ceramic matrix composites-C/SiC. The model is developed by
considering indentation fracture theory, brittle fracture, material removal mechanism, penetra-
tion trajectory, energy conservation theorem, and mathematical rules. The mathematical relation-
ship of feed-cutting forces with parameters related to the machining process, workpiece material,
and tool has been established. The cutting force prediction model is validated through data from
experimental rotary ultrasonic profile milling of C/SiC composites.

The relationships between cutting force and machining parameters are investigated. This pa-
per is organized into five sections. After the introduction, a mechanistic-based feed direction cut-
ting force prediction model is developed in section 2. Section 3 explains experimental rotary ul-
trasonic profile milling for C/SiC composites. The results and discussion are covered in section 4.
Finally, conclusions are presented in section 5.

2. Cutting force prediction model

This study applies rotary ultrasonic profile milling (RUPM) as the combination of ultrasonic vi-
bration, grinding, and milling process, particularly with ultrasonic vibration perpendicular to the
feed direction. During machining, the diamond abrasive core tool vibrates with ultrasonic fre-
quency following a sinusoidal vibration path. The abrasive core tool’s abrasive grits perform ham-
mering, abrasion, and extraction (in sequence) in machining process. The material removal mech-
anism is based on indentation fracture theory. The rotary ultrasonic profile milling and trajectory
of an abrasive grit are shown in Figs. 1(a), 1(b), respectively. The parameters and variables used
in this study are given in Table 1. The following assumptions are made for the development of
feed direction cutting force model: (a) diamond abrasive grits are rigid regular octahedron, (b) all
diamond abrasive grits are of the same size, (c) material removal mode is a rigid brittle fracture.

Fid

Ratation
Tragectory of abrasive Trajectory of abrasive
Abrasive core grit in RUM qgrit in traditional milling
lacl ¥ %

Ultrasonic vibration

Py

Abrasive partion

Abrasive grit

{a) Warkpizce (b}

Fig. 1 Rotary ultrasonic profile milling process
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Table 1 Parameters and variables applied in research work

Symbol/Abbreviation Nomenclature

RUM Rotary ultrasonic machining

RUPM Rotary ultrasonic profile milling

CMC Ceramic matrix composites

PMC Polymer matrix composites

MMC Metal matrix composites

MRR Material removal rate of single abrasive grit, m3/s

C/SiC Carbon fiber-reinforced silicon matrix composites

4 Half angle of a diamond abrasive grit, 45°

Sa The side length of a diamond abrasive grit, mm

w Penetration depth of a diamond abrasive grit, mm

d Penetration width of a diamond abrasive grit, mm

S Spindle speed, rpm

ap Cutting depth, mm

fr Feed rate, mm/min

A Ultrasonic vibration amplitude, 1x10-5 m

f Ultrasonic vibration frequency, 20000 Hz

VA Trajectory of a diamond abrasive grit, mm

At Adequate contact time of penetration of grit in workpiece material, s
Ao Area of the spherical abrasive core tool involved in cutting, mm
A The radius of the spherical cap of the abrasive core tool, mm

h Height of spherical cap of abrasive core tool, mm

R The spherical radius of the abrasive core tool, mm

Ca Abrasive concentration, mm

N« Number of active abrasive grits

Ci Length of lateral crack, mm

Ch Height of lateral crack, mm

de Depth/ height of abrasive grit, mm

Ic Abrasive grit length per vibration cycle, mm

Isec Chord length of segment/sector of abrasive grits (involved in cutting), mm
t Adequate cutting time, s

K Proportionality parameter for cutting force model

Fn Cutting force of an abrasive grit on workpiece material, N

Fr Radius cutting force by single grit, N

Ft Tangential cutting force by single grit, N

Fr Feed cutting force by single grit, N

Frm) Cutting force measured from experiments, N

Frry) Cutting force simulated from model without K, N

F's) Cutting force simulated from model with K, N

Vr Material removal volume by abrasive grit in one rotation cycle, m3
V' Material removal volume by a side face of active abrasive grit in one cycle, m3
Va Actual material volume in one rotation cycle, m3

0 The angle between force F and cutting force Fy, (°)

v Poisson’s ratio

Hy Vickers-hardness of the workpiece material, GPa

E Elastic modulus, GPa

Kic Fracture toughness, MPa-m1/2

p The density of workpiece material, g/cm3

Cy,Cy, Cs Dimensionless constants

2.1 Feed-cutting force model

The feed direction cutting force prediction model is developed by considering the single abrasive
grit of the core tool. The summation of all active abrasive grits is considered in cutting process.
When a diamond abrasive grit penetrates the surface of workpiece, the material undergoes plastic
deformation. With increased penetration depth, medianand lateral cracks grow, as shown in Fig.2.
The extended lateral cracks then induce and peel off the workpiece material. The median cracks
are related to degradation of strength of workpiece material, while lateral cracks are involved in
material removal in the machining process of composite materials. For developing the cutting
force model, maximum penetration depth has used as an intermediate parameter to establish re-
lationships between machining and related parameters with cutting force.
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Fig. 2 Crack generation and deformation zone in material
From Fig. 2, the relationship can be established as follows:
d
w =
2tanf

where w is penetration depth, d is penetration width, and £ is half-angle of abrasive grit (5 = 45°).
The volume of single diamond abrasive grit, v can be expressed as follows:

v= gSS (2)

where S, is the side length of diamond abrasive grit, as shown in Fig. 3(a).

(1)

Semi Sphere

Spherical
cap

Diamond abrasive grit Spherical geometry of tool

(a) (b)
Fig. 3 Octahedron-shaped abrasive grit and related geometry

Diamond abrasive concentration in the working layer can be defined as the quantity of abrasives
per unit volume. The concentration is the volume per cubic centimeter of abrasive grains contain-
ing 4.4 karats. An increase or decrease of 1.1 karats of the abrasives increases or decreases con-
centration by 25 %. According to this definition, the total number of active diamond abra-
sives/grits involved in cutting. N, can be expressed as follows:

N _<0.88 x 1073 C, )2/3,4 . C§/3A )

where p is the density of diamond (3.52x10-3 g/mm3), C, is the diamond abrasive concentration,
Cy is a constant number, C; = 3x10-2 and A, is the area of abrasive tool in contact with the work-
piece material (involved in cutting) at maximum cutting depth of the abrasive core tool. Since the
spherical abrasive core tool is used in this study, the area of spherical cap of abrasive core tool is
involved in cutting operation. The surface area of a closed spherical cap can be expressed as fol-
lows:

Ay = m(a? + h?) (4)
where A, is the surface area of a closed spherical cap, a is the base radius circular sector, h is the
height of the spherical cap, and R is the spherical radius of the abrasive core tool, as shown in Fig.
3(b). h shows the spherical sector’s height from the base of spherical abrasive core tool. The radius
of the circular sector is expressed as follows:
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a=.h(2R—-h) (5)
From Egs. 4 and 5, the effective surface area of the spherical core tool can be established as fol-
lows:

Ag=2mhR (6)
Since the height of spherical cap of the tool is the height of spherical core tool involved in cutting
process is the cutting depth a, (i.e, h = a,), the effective surface area of spherical core tool in-
volved in machining can be expressed as follows:

Ag=2ma,R 7
From Fig. 4, the relation between Z and f can be obtained as follows:
Z = Asin(2nft) (8)

where Z represents the grain’s trajectory, 4 and f are the magnitude and frequency, respectively,
and t is the time.

Z-axis

B

Z =sin(27x ft)

$-

AT

Workpiece material

Fig. 4 Relation of adequate contact time (4t) and maximum penetration depth (w)

During the machining, the cutting force in the feed direction is more than the axial direction; the
feed direction cutting forces must be within acceptable limits. Developing a feed-cutting force
model is essential for the prediction/ control of cutting forces for desired quality and reducing
machining defects. The radial cutting force (F.) and tangential force (F;) for single diamond grit
on the surface of abrasive core tool are shown in Fig. 5.

Abrasive portion of tool

. \ \
Feed direction
_>

Workpiece
material

/‘( 03?&
Rotation'ofcore  f Fr
tool

Fig. 5 Illustration of feed cutting force

The adequate cutting time in one rotation cycle is half of the cycle time, and can be expressed as
follows:

. 160 30
257 )
For cutting force in the feed direction, the active abrasive grits is expressed as follows:
0.88 x 1073 ¢, \*°
N, = < a ) l.d, (10)
(\/E /3) $3p 100

where [, is the length of abrasive grit that travels in one vibration cycle, and d,. is the depth/height
of abrasive grit (from the bottom of the spherical abrasive core tool).
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_ 2/3 2/3
0.88x1073 (g, ) _ c.c?

Eqg. 10 can be simplified by applying the factor (m 100 52

0.88x1073 1
where G, = (%6557 1)
Eqg. 10 can be expressed as follows:
c.c?3
a = - (; led, (1D
Sa

The factor [ d. can be found by integrating (for side abrasive grits) from 0 to h for spherical abra-
sive core tool:

c2P\1/ (t
N, = (cl 7);( [ Var=mn dh) (12)

(. CP\1[nR? 1 /2 74 g h
N,=1|C, s2 E 4 —E (R — h)/R? — (R — h)? + R“arctan m [13)

1/ cX*\[nR? h
=_ a - - 2 — (R — h)? + R?arctan | ————
Ve 4<Cl Sa ) 7 | BTmVEL ( R”— (R - h)z) (14)

oo = _ [ (R = R =R =17 + Rarct i
sec = ( ) (R —h)? + R*arctan Y (15)
1 c3
Ny ==-C 21 16
a 4 1 552¢ sec [ )

Also, the feed direction cutting force can be expressed as follows:
Fy =fFr sinfd N, (17)

where 8 is the angle between the feed cutting and radial cutting forces.

s
2
Ff=2f E.sinfd N, (18)
0
By solving Eq. 18, the following relation can be obtained:
2F
Fr = 4r N, (19)

where F,. is the radial cutting force by a single abrasive grit on the face of a spherical abrasive core
tool, and F,, is the impact force exerted by a single abrasive grit (E. = F,). Eq. 19 can be expressed

as follows:
E

n
Fy == No (20)

The material volume removed by an abrasive grit in one rotation cycle, ¥, can be found as follows:
h
f V@R —h)h dh] (21)
0

By considering the number of active abrasive grits on the spherical face, the material removal
volume by spherical face of active abrasive grits in one rotation cycle ¥}’ can be expressed as fol-
lows:

V,«ZZClChn
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V=26 con| L - R ® =7 + Rarct " 22
r=2GGm|— 5 arctan \/m (22)
The material removed by an abrasive grit in one rotation cycle is expressed as follows:
1

h=2CCum 5 Lyoc (23)
Ve =€y Cp lgec (24)

The material removed by the side face of active abrasive grits in one rotation is given by:
v/ =N,V. (25)
V' =Ny m C; Cp Lsec (26)

The actual material removal in one rotation cycle is calculated by:
60
Va=27TRh?fr (27)

The relationship between V,’ and V, is given by:

V=K'V, (28)
where K’ is a constant and can be found mechanistically from cutting force experiments. By put-
ting values of I}." and V, from Eq. 26 and Eq. 27, the following relation is obtained:

2m R h 60 f,

S
According to the indentation theory proposed by Marshall and Lawn [32, 33], the lateral crack
length C; and the depth C;, can be expressed as follows:

Na Cl Ch s lsec = K’ (29)

c C( : )5/12 e 1/2F5/8 30

17 "2 \tanp H,K;c(1 —v2)1/2 n (30)
1 1/3E1/2 )

Ch=C ( ) —FM? 31

h “\tan g H, " (31)

where E is elastic modulus, v is the Poisson’s ratio of the workpiece material, and C, is a dimen-
sionless constant number, C, =0.226 [32, 33].

Using the values of €; and Cj, in Eq. 30 and replacing Eq. 31 with Eq. 29, the following relation
is obtained:

(120)8/9 R8/9 H;l/3 (1- v2)2/9 Kfc/g h8/9 frs/g(tan ,8)2/9
$8/9 C216/9 E7/9 lfe/g NB/°

a

Fy = (K")®° (32)

Putting the value of F, from Eq. 32, Eq. 20 can be expressed as follows:

(120)8/9 R8/9 H3/3(1 _ v2)2/9 KI4C/9 h8/9 fr8/9 (tanﬁ)z/g N{;/9
16/9 8/9
2 58/9 C, E7/° leoe

Fr = (K")®/° (33)

By putting the value of N, from Eq. 16, Eq. 33 can be expressed as follows:

4/3 4/9 8/9 1/9 ~2/27
(120)%/° R%9 Hy* (1 — v2)2/0 Kptl® 18/° £2° (tan B)/° €17° C2/% Iee
2 §8/9 (;216/9 E7/9 lf{,? 52/9

Fr = (K"®/° (34)

4/3 4/9 8/9 2/27
g g CRY P v K h £ an )0 ¢/ 35)
= 7/9
S8/9 F7/9 1 53/9

where C3 is a constant and K is the proportionality parameter.
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120)%/° ¢, */°
Cs = (2)62—16/; C1=3x102 (= 0.226 [32, 33]
Eq. 35 is the desired feed direction cutting force prediction model for rotary ultrasonic profile

milling.

3. Experimental procedure

Experiments were conducted with different machining parameters to obtain the proportionality
parameter K for validating feed direction cutting force model.

3.1 Experimental setup and conditions

The experimental rotary ultrasonic profile machining of C/SiC composite materials was con-
ducted by using the experimental setup, as shown in Fig. 6. This setup comprises three parts, in-
cluding the ultrasonic vibration system, CNC vertical machining center, and diamond abrasive
spherical core tool. The ultrasonic vibration system contains an ultrasonic spindle and ultrasonic
generator. The ultrasonic generator produces an ultrasonic frequency signal and provides to ul-
trasonic vibration spindle by producing ultrasonic vibrations with a specified amplitude. The ul-
trasonic vibration device containing an ultrasonic vibration spindle was fitted with a CNC vertical
machining center (VMC 0850B, Shenyang, China). The cutting force was measured with a dyna-
mometer (9257B, Kistler). The main specifications of the machine tool are given in Table 2. The
mechanical properties of the workpiece material of C/SiC composites are in Table 3. The diamond
abrasive spherical core tool parameters are mentioned in Table 4. The average grit size of 213 um
is calculated from supper abrasives (mesh size of 60/80 abrasive grits). The amplitude is kept on
the higher side (10 pm), and ultrasonic frequency of 20000 Hz for optimum results (obtained
through random experiments). The concave profile was selected for experimental machining with
appropriate parameters. These are given in Table 5.

Ultrasonic
Generator
Frequency measurement—"

Machine

Control
Panel

Spindle
Ultrasonic
\}b‘_ P . > wibration
ibration Signal to irection
spindle

spindle

herical
y ore tool
Fixture :

*

S C/siC

Machine - Material

bed %,

————— ot

N~
Diamond
Abrasive core

.
Dynamometer
B

Cutting force
graph

i
Dyanometer

Charge amplifier Computer with Dynoware
Data acquisition board software ( signal analog)

Amplitude

Laser doppler vibrometer measurement

Fig. 6 Schematic along with actual setup for experiments
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Table 2 Properties of the machine tool

Nomenclature Specification
Spindle speed (with ultrasonic device) 0-6000 rpm
Ultrasonic amplitude (A4) 10 pm
Ultrasonic frequency (f) 20000 Hz
Power consumption (Pw) 99 %

Table 3 Mechanical properties of C/SiC material

Nomenclature Specification
Density (p) 2.0 g/cm3
Porosity (P) 17-20 %
Tensile strength (ot) > 40 MPa
Surface shear strength (oc) =10 MPa
Compression Strength(oy) 590 MPa
Elastic modulus (E) 67.7 GPa
Fracture toughness (K;¢) 17.9 MPa-m1/2
Vickers-hardness (H,,) 9.7GPa

Table 4 Properties of the abrasive core tool

Nomenclature Specification
Tool type Spherical
Abrasive Diamond
Bond type Metal-bond
Mesh size 60/80
Concentration (C,) 100
Spherical radius (R) 8.25 mm

3.2 Experimental design

This study used important machining parameters, such as spindle speed, cutting depth, and feed
rate based on various experimental observations for estimating effective cutting force. The exper-
iments are designed in a single-factor experiment array with 3 factors. The level of each factor/pa-
rameter is selected by theoretical calculations, considering higher material removal rates and ran-
dom experiments. The experimental design is given in Table 5.

Table 5 Experimental Design

Group Experiments Spindle speed S (rpm) Feed rate fr (mm/min) Cutting depth ap (mm)
1 1-7 1500, 2000, 2500, 3000, 100 1.0
3500,4000,4500
2 7-12 3000 50,75,100, 125, 150, 175 1.0
3 13-19 3000 60 0.7,0.8,0.9,1.0,1.1,1.2

4. Experimental results and discussion
4.1 Measured cutting force

The experimental machining was conducted by selecting machining parameters corresponding to
each group in the experimental design. The machining process is divided into three stages, i.e.,
enter, stable, and exit, corresponding to cutting force data (in graphical form), as shown in Fig. 7.
Since profile machining is conducted in this study, the cutting force demonstrated peak values at
maximum cutting depth. Therefore, the interval is considered for finding peak values of cutting
force (as shown in Fig. 7). The cutting force value is the mean value of maximum values during the
interval for peak value form obtained through graphical measurement with Dynoware software.
The graphical cutting force data was transformed into numerical data through programming code
developed in MATLAB software. The cutting force values obtained from experimental machining
are shown in Table 6, corresponding to each group of parameters.

Advances in Production Engineering & Management 18(3) 2023 297



Amin, Rathore, Ahmed, Saleem, Li, Israr

Fx [N]
Fy [N]

Fz [N]

Time[s]

60

Cycle No:1

-100-

Fig. 7 Cutting force measurements (S = 2500 rpm, fr = 100 mm/min, a, = 1.0 mm)

4.2 The proportionality parameters

The simulated values of feed cutting force obtained through the cutting force prediction model
are close to the measured cutting force when the factor gives the minimum value. The linear least
square method was applied to find the value of K by partially differentiating the factor concerning
K as follows:

2 2(Fyamy = K Fy()) (=Ffs)) = 0 (36)

By selecting the experimental and simulated feed cutting forces for each experiment group, the
value of K was obtained as 34.842. This value gives the relationship between K and machining
parameters. The simulated cutting force obtained with the feed cutting force model is given in
Table 6.

Table 6 Measured and simulated feed force data

]i;(p. S F, _ ap ?/Iegsfured ?imdu;ated Simu;ated feed 9% Variation
o. rpm mm/min eed force eed force orce '
rpm) - {mm/min) - (mm) From  Frowithoutk  Figwithk O 1004,
f(s) F
(N) (N) (N) rom

1 1500 100 1.0 52.811 1.3498 53.998 +2.240
2 2000 100 1.0 50.720 1.3400 50.172 -1.080
3 2500 100 1.0 48.773 1.3324 46.423 -4.811
4 3000 100 1.0 45.615 1.3263 46.2109 +1.306
5 3500 100 1.0 42.165 1.3011 45.3329 +7.513
6 4000 100 1.0 38.508 1.2166 42.3887 +10.077
7 4500 100 1.0 43.140 1.3127 45.7370 +6.019
8 3000 50 1.0 36.426 1.1320 39.4411 +8.277
9 3000 75 1.0 45.263 1.2419 43.2702 -4.402
10 3000 100 1.0 47.263 1.3263 46.2109 -2.226
11 3000 125 1.0 48.816 1.3957 48.6289 -0.383
12 3000 150 1.0 52.763 1.4551 50.6985 -3.912
13 3000 175 1.0 59.763 1.5073 52.5173 -12.124
14 3000 100 0.7 41.127 1.3143 45.7928 +11.344
15 3000 100 0.8 42.323 1.3187 45.9461 +8.560
16 3000 100 0.9 45.754 1.3227 46.0855 +0.724
17 3000 100 1.0 46.023 1.3263 46.2109 -0.408
18 3000 100 1.1 46.599 1.3296 46.3259 -0.586
19 3000 100 1.2 50.431 1.4426 50.2630 -0.333
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4.3 Analysis of measured and simulated cutting forces

The feed direction cutting forces obtained through experiments and simulated from the cutting
force model are shown in Fig. 8. From the graph, simulated values of cutting forces closely match
with measured cutting forces in most model parameter groups. However, higher variations are
found only in three experimental groups (Exp. No. 6, 13, and 14).

The measured and simulated feed-cutting forces corroborate with experimental parameters.
However, some higher variations (more than 10 %) are found for cutting forces in Exp. 6 (10.077
%), Exp. 13 (12.124 %), and Exp. 14 (11.344 %) (Table 6). The histogram error plots are shown
in Fig. 9. The mean error is 1.358, with a standard deviation of 6.003. These variations predict the
heterogenic and anisotropic properties of C/SiC composites. Also, considering the micro-perspec-
tive, SiC matrix is reinforced with a multilayer of carbon fibers, which causes uneven properties
in feed and cutting depth directions. The proportion of SiC and carbon fibers differ in cutting area
during RUPM, including the recorded variations between simulated and measured cutting forces.
The generation of high temperatures causes cutting force variations.
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Fig. 8 Comparison of measured and simulated Fig. 9 Histogram plot of error vs. number of experiments

cutting force
4.4 Comparison with published studies

Several studies have been reported on developing axial cutting force models for face, side, and slot
milling of rotary ultrasonic machining of C/SiC composites. However, research work for the feed
direction cutting force model has rarely been reported. Xiao at al. (2014) proposed a model for
establishing cutting force during rotary ultrasonic slot milling of dental zirconia ceramics. They
validated the cutting force model with max S = 6000 rpm, f; = 50 mm/min, and a, = 0.19 mm.
However, the feed rate and cutting depth are significantly lower when considering material re-
moval rates for practical applications. Li at al. [36] and Zhang at al. [37] proposed cutting force
models for rotary ultrasonic face milling of C/SiC composites. The cutting force dynamic model
has been proposed for rotary ultrasonic side milling of C/SiC composites.

4.5 Analysis of machining parameters

A feed rate of f;= 175 mm/min and cutting depth of a, = 1.2 mm is applied to develop a cutting
force model. However, in published studies, such as Zhang at al. [29] and Xiao at al. [35] applied
lower feed rate and cutting depth (f- =12 mm/min, a, = 0.08 mm, and f- = 50 mm/min, a, = 0.190
mm, respectively). This study used higher machining parameters to increase MRR and process
efficiency for industrial applications. The feed-cutting forces found decreased with increased spin-
dle speed. In contrast, the feed cutting forces found increased with the increase of feed rate and
cutting depth. The relationship of feed cutting force with other machining parameters is shown in
Fig. 10.
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Fig. 10 Relationship of feed cutting force and machining parameters

5. Conclusion

In this study, rotary ultrasonic profile milling was conducted for machining C/SiC composites. The
main contributions and conclusions of this research include:

300

The cutting force prediction model is developed for RUPM of C/SiC composites and vali-
dated through experimental machining. The measured and simulated cutting forces closely
match with each other. The mean error and standard deviation are 1.358 and 6.003, respec-
tively. Variations of more than 10 % were recorded only for three groups of parameters due
to material’s heterogeneity and anisotropy. The developed feed cutting force prediction
model is found robust and can be applied for prediction/control of cutting forces.

The feed-cutting force prediction model for rotary ultrasonic profile milling of C/SiC com-
posites is novel because no such study has been reported yet in published literature. This
research work set new dimensions for the machining of composite materials.

The higher machining parameters are applied (fr= 175 mm/min, a, = 1.2 mm, S = 4500
rpm) to achieve significantly higher material removal rates and practical machining condi-
tions. The cutting force found decreased with the increase of spindle speed. However, the
cutting force was increased with an increase in feed rate and cutting depth.

The developed cutting force prediction model can be applied for predicting cutting forces in
the feed direction, improving machined components' quality, and optimizing the machining
process for rotary ultrasonic profile milling of C/SiC composites at the industry level.
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