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Abstract

SiCp/Al composites are widely used in many important engineering applications due to
their excellent material properties. High-volume fraction SiCp/Al composites are recog-
nised as a typical difficult-to-machining material with significant brittleness, and negative
rake angles are more suitable for cutting brittle materials. Ultrasonic elliptical vibration
cutting (UEVC) has proven to be a specialised machining method that can improve the
machinability of difficult-to-machining materials. Elucidating the influence of the negative
rake angle on the dynamic properties of composites during UEVC is therefore particularly
important. In this paper, the direction of the combined cutting force is considered sepa-
rately for negative rake angle tools, as well as UEVC’s unique transient cutting thickness,
variable cutting angle, transient shear angle and characteristic of friction reversal, a UEVC
cutting force model based on negative tool rake angle has been developed. And the devia-
tion of the main cutting force between the experimental value and the theoretical value is
less than 15% by systematic turning experiments, which verifies the accuracy of the model.
Finally, the influence of different machining parameters on the cutting force is determined
using the established model. The results show its effect on the cutting force is more signifi-
cant when the cutting speed is less than 200 mm/s, other things being equal. In addition,
the cutting force tends to decrease significantly as the depth of cut from 5 pm to 20 pm
increases. However, the cutting force fluctuated less when the feed was increased. This
work provides the benchmark for negative rake angle cutting of SiCp/Al.

Keywords SiCp/Al Composites - Ultrasonic Elliptical Vibration Cutting (UEVC) -
Negative Rake Angle - Cutting Force Model

Nomenclature

f Ultrasonic vibration frequency
V. Cutting speed

t Cutting time

Vic Poisson’s ratio of particles
TOC, Transient cutting thickness

a, Cutting thickness
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Actual cutting rake Angle

Mark the rake corner of the tool
Instantaneous shear velocity

Radius of particle

Shear Angle in static friction zone

Poisson’s ratio of the tool

Friction Angle

Resultant cutting force

Shear force

Crack propagation width

Friction between chip and rake face

Positive pressure from chips

Three-body rolling friction

The yield strength of the tool

Elastic modulus of particles

Volume fraction of SiC particles

Percentage of particles

Critical penetration depth

The normal force of a particle

The instantaneous speed of chips relative to the tool
The instantaneous relative speed of the tool to the workpiece
The contact area between the front tool face and a particle
Normal force of chips on the front cutter face
The number of particles in knife-chip contact
The desticking force of individual particles
The breaking force of individual particles
Contact Angle between tool and particle
Normal force generated by SiC particles
Cutting speed direction ultrasonic amplitude
Cutting force Component in the direction of cutting speed
Tri-body rolling knife-chip friction coefficient
The proportion of SiC particles desticking
Critical debonding stress

Shear plane area

Shear flow stress

Yield strength

Hardening modulus

Strain sensitivity coefficient

Thermal softening coefficient

Hardening factor

Shear plane temperature

Room temperature

Equivalent stress

Dimensionless strain rate

Material reference strain rate

Strain rate

Feed quantity

Shear Angle

Principal deflection Angle
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%

Equivalent contact Angle
. Radius of the tip
Fy_pg.  Two-body sliding friction

E, . The elastic modulus of the tool

Og Tensile strength

a Initial crack length at interface

X Slip line Angle

P,/k  Hydrostatic pressure

1174 Top corner of the holdup area

l Length of retention zone

Pre Shear Angle in conventional dynamic friction zone
T, The melting temperature of the material

A Contact area between substrate and front cutter face

P Inverse shear Angle of dynamic friction zone

. Average shear stress of knife-chip contact

o(r) The transient direction Angle of the tool

Fpr The breaking force and desticking force are

6 Angle between combined force direction and cutting direction

Hp The proportion of SiC particle fracture

A, Ultrasonic amplitude in the direction of cutting depth

F, The component of the cutting force perpendicular to the cutting speed

1 Introduction

Silicon carbide particle-reinforced aluminium matrix composites (SiCp/Al) are important
engineering materials consisting of an aluminium metal matrix and a volume fraction of
silicon carbide particles as reinforcing phase [1, 2]. Because of its high strength, low den-
sity, high temperature resistance, corrosion resistance, and plastic processability, aluminum
matrix composites (AMCs) are widely employed in industries like aircraft, automotive
parts, and precision optical equipment [3, 4]. However, the low synergistic deformation
capacity between the soft metal matrix and the hard ceramic particle makes the material
removal process of SiCp/Al extremely difficult. Optimizing the machining process requires
the cutting force model, particularly for challenging-to-machine materials as SiCp/Al com-
posites with medium to high volume fractions. Establishing cutting force models is difficult
due to the low machining efficiency and accuracy caused by the unique material properties
of the SiC particles and the aluminum matrix [5-7].

The cutting forces of SiCp/Al composites have been modeled and researched by aca-
demics in recent decades [8]. Pramanik et al. [9] established a machining model for AMCs
based on the shear plane analysis, slip line field theory and Griffith theory and analysed
that the cutting force consists of cutting, ploughing and particle breaking forces, however,
the friction of SiC particles between the tool and the chips was not analysed. By applying
the theory of oblique cutting, Dabade et al. [10] have created a model for predicting cutting
forces in composites. They also investigated the friction workpiece-tool-chip interfaces,
considering two-body sliding and three-body rolling friction induced by SiC particles.
However, they did not account for the ploughing forces of the matrix. In order to anticipate
cutting forces, Sikder et al. [11] improved the cutting force model by utilizing the John-
son—Cook (J-C) model. The model computes the tool-chip friction and ploughing force
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while accounting for temperature, high strain rate, and high strain produced during machin-
ing. For metal matrix composites, Ghandehariun et al. [12] suggested a novel cutting force
model. The model determines cutting force for various system components, while consid-
ering plastic deformation of the matrix, friction at different interfaces, debonding and frac-
ture of the particles. Wang et al. [13] developed a cutting force model that considers the
geometrical and mechanical properties of the tool and workpiece, including the effect of
SiC reinforced particles. The model predicts the cutting force as three components: F,, F,
F,. Based on the randomness of SiCp/Al composite particle properties and the dynamic
fluctuation features of the heat source, Yin et al. [14] created a new cutting force model for
metal-matrix composites. The model is a dynamic cutting force model for orthogonal cut-
ting of SiCp/Al. The cutting force models of SiCp/Al composites through traditional cut-
ting () have been extensively studied up to this point, offering a theoretical foundation for
the models. As technology progresses, more appropriate machining techniques for SiCp/Al
composite cutting have also been investigated.

In comparison to TC, ultrasonic elliptical vibration cutting (UEVC) can effectively
reduce average cutting force, the high frequency vibration generated by the ultrasonic
waves acts on the tool, decreaseing the frictional resistance during the cutting process by
generating tiny vibrations between the tool and the workpiece [15-18]. For TC, there exists
a critical cutting speed that, when surpassed, results in a notable rise in the cutting force.
However, the instantaneous speed may exceed this crucial limit due to the intermittent sep-
aration feature of UEVC, resulting in crystal slips and dislocations within the material. This
process renders the material more susceptible to fracture or ductile fracture along grain
boundaries, while concomitantly enhancing its machinability, thereby reducing the cutting
forces [19, 20]. In recent years, there has been significant research and exploration into the
cutting force model for UEVC cutting of SiCp/Al composites. Based on the three-phase
friction theory, Li et al. [21] created a cutting force prediction model for UEVC cutting
of SiCp/Al composites. The friction components were calculated at three different points:
tool-matrix contact, tool-particle contact, and tool-chip contact. The cutting transient thick-
ness and transient shear angle effects were taken into account in the work conducted by Lin
et al. [22], which suggested an analytical force model for the cutting force components of
inclined UEVC. The transient cutting force of inclined UEVC is somewhat more than that
of orthogonal UEVC, but it is more advantageous for chip flow, according to the results.

The literature review shows that the effect of tool geometry (negative rake angle) has
not been considered in previous cutting force models for UEVC cutting of SiCp/Al com-
posites. In contrast, for SiCp/Al, the tool rake angle is particularly important for the selec-
tion of cutting parameters [23]. A tool with a positive rake angle exerts tensile stress on
the uncut material, and the shearability of the material greatly reduces the frictional resist-
ance between tool and chip by suppressing the sticky chip phenomenon [24]. Conversely,
a negative rake tool exerts compressive stresses on the uncut material and inhibits crack
formation and propagation, effectively promoting material removal by plastic flow rather
than brittle fracture, and is therefore commonly used in the cutting process of hard and
brittle materials [25].

It is noted that, at present, there is no literature report on the cutting force model for
UVEC dynamic cutting of SiCp/Al with negative rake angle. This study develops a cut-
ting-force model to aid in the optimisation of UVEC cutting of SiCp/Al composites with
negative rake angle.

There are five sections in this study. After this introduction, Section 2 goes on UEVC’s
motion characteristics. In Section 3, the methodology employed for the cutting force model is
outlined. In Section 4 outlines the experimental apparatus, validates the precision of the model
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through one-factor experiments, and clarifies how cutting parameters affect the cutting force
estimation. Section 5 has conclusions.

2 UEVC Motion Characteristics
2.1 Principle of Elliptical Vibration Cutting

UEVC utilises piezoelectric ceramics to apply excitation to amplitude transformer. As a result,
there is a high frequency vibration of the tool along the depth of cut and speed directions.
Each vibration cycle’s motion trajectory can be made to resemble a circle or an ellipse by
varying the phase difference. The cutting speed is matched with the purpose of continuous
material removal [26]. The X and Y directions are used to set the cutting speed and depth,
respectively. In this paper, the amplitudes in the direction of feed rate and depth of cut are 3
and 1, respectively. The process of UEVC is depicted in Fig. 1.
The tool’s trajectory in relation to the workpiece [27]:

(1

X(t) = A, cosLzft + p)—v.t
Y(t) = Aycos(Zﬂft)

TOC(1)

Workpiece

Fig. 1 Schematic diagram of UEVC process
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where, the variables used in this study are A,, A}., f,v. t. A represents the direction of the

cutting speed’s ultrasonic amplitude, while A, represents the ultrasonic amplitude in the

direction of depth of cut. The variable f represents the ultrasonic vibration frequency, v,

represents the cutting speed, ¢ represents the cutting time, ¢ represents the phase difference.
Tool speed relative to workpiece is expressed as:

v () = —2xfA, sin(2zft) — v,

vy (1) = =2xfA, sin(2zft) 2

The tool’s transient direction angle is defined as the tangent direction of its trajectory:

IR ANY
0(t) = tan <Vx(t)> 3)

2.2 Transient Cutting Thickness and Variable Cutting Angle

During the UEVC process, the cutting thickness in each cycle undergoes constant change.
As depicted in Fig. 1, the last cutting cycle ends at time ¢#,, followed by the beginning of the
next cycle. At this point, the tool has not yet made contact with the workpiece. At time t,,
After the tool touches the workpiece, it begins cutting. At time #;, when the tool’s tip hits
the cutting path’s lowest point, resulting in the largest variable depth of cut. From z, to s,
the maximum thickness of the cut is reached and the transient cutting velocity is inverted
with respect to the tool speed, resulting in knife-chip friction. At this point, the chip is
removed. From 75 to f,, the cutting cycle is completed and the knife-chip separation occurs
until moving to the starting point of the next cycle. For a specific position #; in the cutting
process, the transient cutting thickness at this point is defined as the perpendicular distance
between two points. And 7, indicates the position of the chip contact edge in the previous
cutting cycle. Therefore, the transient cutting thickness is obtained as TOC,.

0 1 <1t > 1y
TOC, = Y(t,) — Y(tr) L<tsty “4)
a, = [Y(tp) = Y(5)] 1, <1<t

The transient cutting thickness TOC, of UEVC is less than the cutting thickness a, of
TC.

During the UEVC process, the cutting angle changes continuously with time [28],
including the tool rake and tool clearance angles. This can be expressed in one cutting
cycle as:

4 t 2xfA, cos 2xft <t "
Y )arc an —2xfA_ sin2zft+v, | 2 = <h
n= s 7/’Af = ?f ®)
7fA, cos 2rft
Y — )arctan m t3 <t S t6

Equation (5) shows that in an UEVC cycle, where y represents the actual cutting rake
angle and y, is the tool marked rake angle, the tool rake angle is at its maximum when the
tool just touches the workpiece. When the cut deepens to its greatest depth, the theoretical
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rake angle and the actual rake angle become equal. When the tool leaves the workpiece, the
tool rake angle is at its minimum.

2.3 Transient Shear Angle and Characteristic of Friction Reversal

During each cycle of UEVC, the shear angle undergoes instantaneous changes. To better
understand the process of shear angle variation, the UEVC cycle is divided into cutting and
separation phases. The cutting phase can be further divided into three zones based on the
state of friction: regular dynamic friction zone, static friction zone, and counter-rotating
friction zone. The kinetic friction zone begins at time ¢,, when the shear angle is consistent
with regular cutting using the same parameters. The static friction zone occurs when there
is no relative motion in the tool-chip contact zone. The counter-rotational friction zone
starts at time f5, when the tool-chip friction stops and reverses, ending at the chip separa-
tion point., #, It is important to note that ¢, does not refer to the moment when the tool has
completed half a cycle, but rather to the moment when the tool’s velocity relative to the
workpiece is zero in the cutting direction.

The velocity relationship in the UEVC process can be stated as follows, according to the
velocity analysis of the orthogonal cutting process:

Ve =V + vy (6)

where, v, represents the instantaneous shear speed, v, represents the tool’s and the work-
piece’s immediate relative speeds, and v, represents the instantaneous speed of the chip
relative to the tool.

Figure 2 displays the velocity diagrams for the UEVC and TC processes, with the fixed
shear directions of the shear velocity represented by the dashed lines OS and OS’. In the
TC stage, shown in Fig. 2a, the magnitudes and directions of v, v,,0 v, remain constant,
while the shear angle ¢ is also constant. For the UEVC stage, as shown in Fig. 2b, the tool
has just made contact with the workpiece and is now in the conventional dynamic friction
zone. The instantaneous relative velocity angle between the tool and the workpiece is 0,
and the instantaneous shear angle is represented by the dotted line OS. Therefore, at this
point, ¢, is considered the shear angle. Upon entering the static friction zone, as depicted
in Fig. 2c, the chip velocity (v,,) relative to the tool becomes zero. The instantaneous shear
velocity (v,) is in the same direction as the instantaneous relative velocity (v,) between the
tool and the workpiece. At this point, the shear angle (¢,) varies with the change of the
instantaneous direction angle (6). During the counter-rotating friction phase, as illustrated
in Fig. 2d, the direction of the tool-chip friction is reversed, causing a reversal in the direc-
tion of the instantaneous velocity v, of the chip relative to the tool. At this point, the shear
velocity is in the direction of the dashed line OS’, and the shear angle is denoted as @,,.

The force diagram of the UEVC process based on the Merchant shear deformation
theory is shown in Fig. 3 [7]. Figure 3a shows the conventional dynamic friction zone.
The total cutting force is labelled as F, while F, and F represent the normal force act-
ing on the rake face and the friction between the chip and the rake face, respectively.
Shear force in the shear plane and the positive pressure exerted by the chip are labelled
as F and F,, respectively. The force in the direction of the cutting speed and the force
perpendicular to the cutting speed of the cutting force are labelled as F, and F,, respec-
tively. The tool rake angle is y, the friction angle is g, and the shear angle is ¢, . In
the reverse friction zone, as shown in Fig. 3b, the shear force is ¢,;,. According to the
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(@)

Va= 0

A (®)

(D

Fig.2 Velocity diagram of TC and UEVC processes: a TC process; b UEVC process regular kinetic fric-
tion zone; ¢ UEVC process static friction zone; d UEVC process counter rotational friction zone

mechanics of materials, the angle between the direction of the combined force F and the
shear force F; is 45° [7]. It can be inferred from the geometric relationship in Fig. 3 that:

-B-v

+p-v

Pre =

(N
(pkr =

A~y AN

The change in shear angle from the regular dynamic friction zone to the counter-
rotating friction zone is:

Py — Pre = 2P (8)

In the UEVC force analysis study, Wei et al. [29] and Zhang et al. [30] both con-
cluded that the shear angle changed, with Wei et al. reporting a change of f and Zhang
et al. reporting a change of 2. These findings are consistent with the conclusions
reached in this thesis. The difference in results can be attributed to the varying shear
angle changes resulting from positive and negative rake angles, as well as the different
directions of the combined forces due to the positive and negative angular rake angles.

The instantaneous shear angles in the three transition zones during the UEVC pro-
cess are as follows, in combination with the above analysis:
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Fig.3 Force diagram of the UEVC process: a Conventional friction zone; b Reverse friction zone

Pre 0(12) < 9(1) < Pre
0, =40y @ <0y < @ )
P P < 0y < b

3 Cutting Force Model

The geometric relationship between cutting forces in SiCp/Al composites is examined in
this section. SiC particle impact on the cutting forces and the time-varying characteristics of
UEVC are considered. The cutting forces are divided into chip formation force, friction force,
ploughing force and particle fracture force for separate analysis. To facilitate the analysis, the
following assumptions are made: The tool’s rounded cutting edge radius is not considered.
The SiCp/Al composite particles are assumed to be spherical with the same radius, R. In the
second deformation zone, each SiC particle in the contact region between the rake face and
the bottom of the chip shares the normal load equally. The cutting process does not take into
account the effect of tool wear. The tool’s total cutting force, F', can be divided into three
cutting component forces: the main cutting force, F,, in the cutting speed direction; the draft
resistance, F 3 in the depth of cut direction; and the feed resistance, I, in the feed direction.
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3.1 Chip Formation Force

If the shear force F, is uniformly distributed on the shear plane, the following can be
obtained:

Fy =7 (10)

where, A, represents the shear plane area, and 7, represents the shear strength of the SiCp/
Al composite. The shear flow stress can be calculated using the Johnson—Cook model:

1 ¢
7= —(A+Be"[1 + Cln@)] [1 - ()"
NG [ I ] (1n

where, A, B, C, m, n represent the yield strength, hardening modulus, strain sensitivity fac-
tor, thermal softening coefficient and hardening factor of the material, the values of which
are given in Table 1, and the homogenising temperature 7* can be expressed as:

T* = T - Tmnm
=\7 T (12)

melt — + room

where, T represents the temperature of the shear plane, 7,,,, represents the room tempera-
ture, and 7,,;, represents the melting temperature of the material.
where, € represents the equivalent stress and £* represents the dimensionless strain

rate, which can be expressed as:

cosy
E=—mm m—m @
sin @ cos(p — 4)

L £

E = —
€0

13)

where, £, is the reference strain rate of the material, typically taken to be 1 s~! and ¢ is the
strain rate, it can be calculated using the following formula:

. 2.59v.esing

€ (14)

a4,

A &

S _fj“eedsinqos (15)

The parameters for the cutting process are defined as follows: a, represents the cut-

ting thickness, f., represents the cutting width (the feed during cutting), and ¢ repre-

sents the shear angle. In the UEVC process, g, is replaced by TOC,, ¢ is replaced by ¢,,
and y is replaced by 7,.

Table 1 Rheological stress
constants for the A16061

Johnson-Cook model [31] AI6061 240 200 0.005 2 02

Material A(MPa) B(MPa) C m n
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Figure 3 shows the conventional friction stage as Fig. 3a and the reverse friction stage as
Fig. 3b. The angular relationship in the shear deformation process of the metal can be used to
obtain *F” and its two components.

TOC/f,, . .
41‘# (Conventional friction stage)
F=1J sing cos(%+ﬂ+y,) (16)

#,10C,, -
——tkd___ (Reversed friction stage)
sin ¢, cos(p,—f+y,)

17, TOC,f;,.q cOS(f+7,) . ..
~__ked 2270 (Conventional friction stage)
Fl = J sin ¢, cos(p,+f+y,)

P

7,70C fry0q cOS(f—7,) 4 (17

Reversed friction stage
sin @, cos(@,—f+v,) ( ge)

C 3

s TOC fieeq SIN(B+Y,) . .
M (Conventional friction stage)
Fl =4 sin ¢, cos(@,+f+y,)

t

TOC fy4q Sin(f— .. g 18
510C e S0P 1,) (Reversed friction stage) (18)

sin ¢, cos(¢,—f+7,)

J

which in turn F tl can be decomposed into components in the Y and Z directions: F tl) F tlz.

1 _pl
F oy = F, cosk,
o plg (19)
. = F, sink,
where, the main deflection angle k, can be represented by the equivalent contact angle

[32]. The straight cutting edge replaces the round and straight part of the cutting edge:

. r1g(x,/2) +J§feed/2
t +cotk, [ a, >,

a

P
KY =1 1 20
g 1 2rea, - az) 2 + freeal 2 (20)

cot™ a, <r,
a, p

where, r, is the radius of the tip circle.

3.2 Tool-chip Contact Friction

SiCp/Al composites are materials reinforced with SiC particles and an Al matrix. Therefore,
friction in these composites can be divided into tool-particle friction and tool-matrix friction.
The total friction force, F, f,is:

Ff = Ff—sic + Ff—al (21)
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3.2.1 Tool-particle Friction

The friction between the tool and the particles consists of two types: two-body sliding friction
and three-body rolling friction. Figure 4 illustrates that two-body sliding friction occurs when
particles adhere firmly to the bottom surface of the chip, creating a bulge with the rake face.
On the other hand, three-body sliding friction occurs when particles generate a loose relative
rolling friction force with the rake face. The friction between the tool and the particles is influ-
enced by both types of friction:

Fr_sic = Fr_ogie + Fr_sc (22)

where, F I
friction.

represents two-body sliding friction and F_;;. represents three-body rolling

2sic

1) Two-body sliding friction force

Two-body sliding friction is similar to two-body abrasive wear and can be expressed as
[33]:

Ff—ZSic = NpAsicsamolq (23)

where, o, is the yield strength of the tool, and N, is the number of particles in tool-chip
contact, which can be expressed by the volume fraction V,, of SiC particles:

O SiC particles responsible for two-body abrasion

O SiC particles responsible for three-body rolling

Fig.4 Schematic diagram of tool-chip friction
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N = Vp];'eedap

» R (24)

The percentage of particles that create friction with the substrate in the tool-chip fric-
tion zone is represented by g:

g = 0.185 x (2R)"28% (25)

According to Fig. 5, 6, represents the critical depth of penetration of SiC particles
when they undergo complete plastic deformation at the front cutter face. Additionally,
6, denotes the contact angle between the tool and the particles, R represents the radius
of the particles, and A, is the contact area between the front cutter face of the tool and
a particle:

Rr = .
Ase= [@(zep) - sm(29p)] (26)
97\2 2 [Esic(l = Vi) + Ejp(1 = vgic)?
bo-i(%)
P 4 (Gt(ml) [ Et(ml + ESiC (27)
1)
PO
HP = arccos(1 — ?) (28)

where, E,,; is the modulus of elasticity of the tool, E; is the modulus of elasticity of the

particles, v,,,, is the Poisson’s ratio of the tool and vg; is the Poisson’s ratio of the particles.

2) The three-body rolling friction force

Rake face

SiC particle

Fig.5 Diagram of two-body sliding contact parameters
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When cutting SiCp/Al, the SiC particles apply a normal force on the front face of the
tool:

Fy =FyNpq (29)
where, F}, is the normal force acting on one particle:
F}TI = 2'97[R6m()l§p0 (30)

The friction coefficient for the three-body rolling tool-chip interaction can be calculated
using the following equation:

HE5\L L GD
This can be obtained from the geometrical relations in Fig. 5:

L= /R~ R-5,) (32)

Get the three-body rolling friction:

Fy_sg. = uFy (33)

3.2.2 Tool-matrix Friction Tool-material Plough Deformation Force

When cutting SiCp/Al composites, the friction between the tool’s front face and the sub-
strate is comparable to the friction experienced when cutting homogeneous materials [34].
This can be expressed using the following equation:

Ff—al = TcAal (34)

where, the average shear stress of the knife-chip contact is represented by 7, and is cal-
culated as 7, = 0.280p, where g is the tensile strength of the material. To determine the
contact area A, between the substrate and the rake face, subtract the contact area of the
particles with the rake face from the total contact area:

Ay =A=Agc (35)
Obtain this from Fig. 5:
T
Asic = 7N, L% (36)

The total friction during cutting SiCp/Al composites is divided into two directions:
along the cutting speed and perpendicular to it, as determined by the above analysis:

F? =F,siny

f

{ ; 37)
F = F;cosy

F tz can be divided into components in the Y and Z directions:
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F2=F2COSKr
{’y ; (38)

2 _ 2
F, =F,sink,

3.3 Tool-workpiece Ploughing Deformation Force

When cutting SiCp/Al composites, the SiC particles develop corresponding fracture and
debonding forces, while the Al matrix is subjected to ploughing by the tool.

3.3.1 Substrate Ploughing Force

The ploughing force resulting from the homogeneous plastic material of the Al matrix can be
calculated using the slip line field model. While the slip line field model developed by LEE
et al. [35] is widely used for tools with positive angles, it may not be applicable in all cases. To
address this, we have used the slip line field model established by Fang et al. [36] for negative
forward angles. The tangential and radial directions are then calculated separately:

{ F, = 7,ToCf(1 + 2y + tany) + 7If
(39)

F.= TSToCKf[(l +2y)tany — 1] + Tslf[l +2y+7— 21//]

where, the slip line angle () is expressed by the hydrostatic pressure P,/ k, typically rang-
ing from 1.0 to 6.0:

P,/k)—1
_ P/ w0)
2
where, the stagnation zone’s top angle y is:

T
w=,+b-rn-x (41)

where, the stagnation zone’s length (/) is:

sin| 4)+ f) — sin(y +

. (/%) + ) wtr) ToC, “@

COS Y COS ¥,

The tool’s ploughing force on the Al substrate was divided into two directions: one along
the cutting speed and the other perpendicular to it:

F2 = F,sinZ + 20— F,cos(Z + Py
’ ; <20 i 43 (43)
F}=Foeos(7 + =)= Fsin(7 + =)
F 2 can be divided into components in the Y and Z directions:
ng = F’ cos k,
{ Fi = F? sin k., (44)
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3.3.2 Particle Breaking Force and Debonding Force

The fracture energy of a single particle is used to compute the fracture force of SiC
particles:

R K2 aw(l — vgc)?
U, = / — L A (45)
b= 2R

In a similar way, the debonding force of individual particles is:

2R g K2aw(l — vgie)?
U, =/ T sic)
1

2R (46)

where, a represents the initial crack length of the interface, assumed to be 1 pm, 2R rep-
resents complete fracture, and 2zR represents complete debonding. w represents the crack
extension width of the SiC particles, assumed to be R.The fracture toughness of SiC parti-
cles, denoted as K}, is 3 MPa/m'. The critical debonding stress, denoted as K, is given
by the following equation:
1/2
P 2W, [(1+ vy In(1/ V)

47
r 5-1 coth(ns) @7

Pramanik et al. [37] found that SiC particles in SiCp/Al composites are positioned on,
above, or below the cutting path. If the particles are bound to fracture or debond during
cutting, there is a 1/3 probability of this occurring. Therefore, the number of tool-induced
particle debonding and fracture, N, can be calculated as:

Vifa,

nR?

Npr = 1 * (48)
3
Therefore, the fracture and debonding forces generated by the tool squeezing the parti-
cles are:

Fpr = fa,Npr(HpUp + HpUp) 49)

The proportion of fractured SiC particles (H},)) and debonded SiC particles (H;) should
add up to one [38].

The SiC particles encounter very little force in the direction of the cut depth during
the cutting process., but feel considerable force in the feed direction and cutting speed
directions:

{ Fpp* = Fppcosé 50)

4 _ .
Fpr, = Fprsiné

where, S represents the angle between the direction of the combined force and the cutting
direction:

r.(1 +siny,)

siné =
2R+,

D
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4 Experiments and Discussions
4.1 Experimental Parameter Setting

Through cutting experiments, the cutting force model’s dependability is confirmed in
this part. The studies were carried out using a highly precise machine tool, as shown
in Fig. 6a. A round bar of SiCp/Al composite with a 45% volume fraction (diameter
of 12.7 mm and an average particle size of 15 pm) was clamped onto the machine tool
for the experiments. The cutting tool is a PCD tool (CCGT09T304) with good wear
resistance. The cutter had rake angles of -10°, -20°, -30°, and -40°, a clearance angle
of 7°, and a tip arc radius of 0.4 mm. An ultrasonic vibration device was installed on a
force gauge to achieve the UEVC, as depicted in Fig. 6b. The cutting force was meas-
ured using 3-axis dynamometer (Kistler 9109AA), as shown in Fig. 6c, for the purpose
of data collection and measurement. To minimize the impact of machining parameters
on force measurement, we conducted five cutting experiments using the same cut-
ting parameters and calculated the average value. We used a one-factor experimental
method, and Table 2 provides a list of the experimental parameters.

Fig.6 Experimental setup for cutting SiCp/Al composites by UEVC: a Ultra-precision machine tool; b
UEVC schematic; ¢ force measurement system
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Table 2 Experimental parameters

of SiCp/Al composites Parameters Values
Feed rate (mm/r) 0.01
Cutting speed (mm/s) 200
Depth of cut (pm) 10
Rake angle (°) -10, -20, -30, -40
Amplitude x/y (pm) 3/1
Volume fraction of particles (%) 45
Frequency (kHz) 33.417

4.2 Model Validation

This paper validates the accuracy of the model by verifying the main cutting force, which
accounts for the largest percentage of the total cutting force. Figures 7, 8, 9, and 10 depict
the main cutting force plots of five cutting force experiments with tool rake angles of -10°,
-20°, -30°, and -40°, respectively, along with the average and predicted values. Figures 7,
8, 9, and 10 show that the cutting force fluctuates significantly in experiments with the
same tool rake angle. The reasons for this phenomenon are investigated below: 1. The par-
ticle distribution is random, resulting in varying force sizes in each experiment. 2. External
factors such as human operation and environmental effects also have an impact. 3. The tool
may wear out during the experiment. According to Fig. 11, the primary cutting force rises
as the negative rake angle increases. This is because the negative angle increases, causing
the ploughing effect to also increase.

Table 3 presents the deviation of each set of experimental data from the predicted val-
ues. As shown in Table 3, the difference between the main cutting forces calculated from
the cutting force model and the experimentally measured main cutting forces is less than
15%. The maximum deviation of the main cutting force for a tool rake angle of -10° is

e
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B
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Cutting force Fx (N)
E =3
Cutting force Fx(N)
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I Each set of data
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Fig.7 Cutting force diagrams for tool rake angle -10° (a-e): cutting force diagrams for 5 experiments; f:
average and predicted values
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Fig.8 Cutting force diagrams for tool rake angle -20° (a-e): cutting force diagrams for 5 experiments; f:
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Fig.9 Cutting force diagrams for tool rake angle -30° (a-e): cutting force diagrams for 5 experiments; f:
average and predicted values

14.23% and the minimum is 0.2%, indicating that the cutting force model’s prediction is
within an acceptable range.

Figure 11 shows the cutting force comparison between TC and UEVC for the parame-
ters in Table 2. It can be seen that UEVC can effectively reduce the cutting force compared
to TC. This is due to the intermittent cutting characteristic of the tool under UEVC which
reduces the cutting force per unit time and the ultrasonic softening effect which reduces the
cutting force when the tool cuts particles. According to Eq. (16), Eq. (37) and Eq. (50), an
increase in the negative angle of the tool leading edge leads to an increase in the chip for-
mation force, friction force and particle breakage force. The main cutting force of UEVC
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Fig. 10 Cutting force diagrams for tool rake angle -40° (a-e): cutting force diagrams for 5 experiments; f:
average and predicted values
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Fig. 11 Comparison of the trend of average main cutting force of 4 groups of experiments with different
tool rake angles for UEVC and TC
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Table 3 Comparison between the experimental and predicted values of the main cutting force

No -10° Error (%) -20° Error (%) -30° Error (%) -40° Error (%)
1 14.23 6.09 6.53 10.5

2 11.05 2.41 2.45 10.04

3 447 4.58 0.3 3.62

4 0.2 9.39 11.7 9.28

5 9.98 5.65 12.2 10.73

Avg 8.27 5.66 6.94 8.91

showed a moderate increase in the negative angle range of -10° to -20° and -20° to -30°,
with an average increase of less than 0.3 N. However, when the negative angle was further
increased to -30° to -40°, the main cutting force suddenly increased by nearly 0.6 N. The
main cutting force of UEVC increased to -40° with an increase in negative angle of -30° to
-40°. Excessive negative angles can lead to a significant increase in cutting forces, which
can have a negative impact on machining stability and tool life. Therefore, the size of the
tool’s rake angle must be balanced to ensure optimum cutting efficiency and machining
quality.

4.3 Evaluating the Impact of Cutting Parameters on the Cutting Force Model

In order to assess how cutting parameters affect the cutting force, the cutting force model
is computed in this part. The three factors taken into account are feed, depth of cut, and
cutting speed. The cutting force is lowest when using the -10° rake angle tool, as seen in
Fig. 11. Therefore, the tool rake angle is chosen to be -10°.

4.3.1 Effect of Cutting Speed on Cutting Forces

This section examines the effect of cutting speed on cutting force. The cutting speed is
varied at 100 mm/s,200 mm/s, 300 mm/s, and 400 mm/s. The feed is set to 0.01 mm/r, the
depth of cut is set to 10um, and the cutting tool rake angle is -10°. Figure 12 shows the
variation curve of cutting force at different cutting speeds.

Figure 12 illustrates that when cutting speed goes from 100 mm/s to 200 mm/s, cut-
ting force increases more than it does when cutting speed increases from 200 mm/s to
400 mm/s, which is similar to the conclusion reached by Zhou et al. [39]. Equation (16)
and Eq. (39) can be used to evaluate this phenomenon: the chip formation force and sub-
strate plowing force are directly impacted by the shear force, which rises with cutting
speed. From a material perspective, SiCp/Al is a two-phase material. The Al matrix is
softer and when subjected to stress during the cutting process, it flows plastically. However,
it is hindered by the reinforcing-phase particles, resulting in the accumulation of disloca-
tions and the formation of clusters. During this process, particles are subjected to stresses
that can cause them to shear, fall off, or damage the substrate material. As cutting speed
increases, dislocation accumulation becomes more severe, resulting in a corresponding
increase in cutting force. However, at a certain cutting speed, the strain rate applied to the
substrate becomes too large, resulting in the direct destruction of the substrate material.
This weakens the particle enhancement, and as a result, the increase in cutting force is not
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Fig. 12 Cutting force diagram at different cutting speeds

significant [40]. From an experimental perspective, increasing the cutting speed leads to a
greater impact of the tool on the workpiece during the chip formation process in the UEVC.
This results in a shorter intermittent time in the UEVC, which in turn increases the cutting
force. However, at higher cutting speeds, the temperature in the cutting zone increases,
causing the Al matrix in the SiCp/Al composites to soften. This results in a reduced impact
of the tool on the workpiece, which in turn makes the increase in cutting force less pro-
nounced. Simultaneously, due to the increased cutting speed, the SiCp/Al composite mate-
rial produces shorter chip lengths, resulting in a quick separation from the workpiece [41].
This reduces the friction between the tool and the chip, leading to a decrease in cutting
force. Consequently, a higher cutting speed can be considered in the parameter selection to
enhance machining efficiency.

4.3.2 Effect of Depth of Cut on Cutting Forces

This section examines the effect of varying depth of cut on cutting force. The values of
Sum, 10um, 15um and 20um are tested while keeping the feed constant at 0.01 mm/r and
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Fig. 13 Cutting force diagram at different depths of cut

the cutting speed at 200 mm/s. The cutting tool rake angle is set to -10° and substituted into
the cutting force model. The resulting change curve of cutting force is presented in Fig. 13.

Figure 13 exhibits how the cutting force rises as the depth of the cut. This increasing
trend is similar to the findings of Liu et al. [42]. This can be explained by several factors.
Firstly, the 10undeformed cutting thickness increases with the depth of cut, as shown in
Eq. (4), resulting in a larger chip formation force. Furthermore, as per Eq. (24), when
cutting SiCp/Al composites, more SiC particles come into touch with the knife when the
depth of cut is increased, leading to increased friction. Additionally, a greater depth of
cut leads to a higher metal removal rate and, consequently, an increase in cutting force.
As the depth of cut increases, the range of contact between the tool and the workpiece
also increases. This results in a gradual increase in cutting resistance that needs to be
overcome. Additionally, the friction effect of chips on the front face also increases. Fur-
thermore, as the depth of the cut increases, the force of interaction between the tool and
the particles becomes more significant. The force between particles is also enhanced,
and there is a certain level of connection strength between the matrix and the parti-
cles. As a result, a greater cutting force is required to form chips. To summarise, when
the depth of cut gradually increases, the cutting force also increases dramatically. Thus,
when choosing parameters, it’s critical to take the depth of cut’s impact on the cutting
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force into account. It is recommended to adjust the depth of cut appropriately to manage
the cutting force and enhance machining efficiency.

4.3.3 Effect of Feed on Cutting Forces

In this section, the feed rate is taken as the variable and its value is set to 0.005 mm/r,
0.01 mm/r, 0.015 mm/r, 0.02 mm/r. The depth of cut is set to 10um, the cutting speed is set
to 200 mm/s, and the tool rake angle is -10°. The cutting force variation curve under vari-
ous feeds is obtained by substituting these values into the cutting force model, as seen in
Fig. 14.

Figure 14 shows that the effect of feed on cutting force is not significant. Although
Eq. (16), Eq. (39) and Eq. (49) indicate that the feed amount affects the cutting force in
several ways, the increments are small, resulting in little fluctuation in the cutting force.
However, it is important to note that an excessively high feed rate can have a negative
impact on the surface topography of the machined workpiece, which in turn affects the
integrity of the machined surface. Therefore, it is necessary to choose a moderate feed rate
during the machining process to balance the relationship between machining efficiency and
quality. In summary, while the feed amount has a limited effect on the cutting force, it is
still important to carefully select it during actual machining to ensure optimal machining
results while minimizing fluctuations in the cutting force.
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Fig. 14 Cutting force diagram at different feed
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5 Conclusions

This paper presents a prediction model for cutting force during negative rake angle
ultrasonic elliptical vibration-assisted cutting of SiCp/Al composites. The model is vali-
dated against experimental results. The following conclusions are drawn:

1. The model considers the interaction between the tool, matrix, and particles, as well as
the instantaneous cutting thickness, variable cutting angle, and transient shear angle.
Compared with the existing cutting force model, the slip line field model of negative
rake angle is introduced, and combined with the principle of ultrasonic elliptic vibra-
tion, the cutting force model of negative rake angle UEVC cutting SiCp/Al composites
is proposed.

2. The reliability of the model is confirmed by the relative deviation of the predicted main
cutting force value, calculated based on the model, and the experimental value being
less than 15%. The experimental results and cutting force model calculations indicate
that the main cutting force increases with an increase in the negative rake angle. How-
ever, a negative rake angle that is too large is unsuitable for UEVC cutting of SiCp/Al
composites.

3. The analysis examined the impact of cutting parameters (cutting speed, depth of cut, and
feed) on cutting force. The findings indicate that cutting speed has a significant effect
on cutting force when it is below 200 mm/s, but the effect is smaller when it exceeds
200 mm/s. Depth of cut has a significant impact on cutting force, while feed has a minor
effect.

Overall, the cutting force model presented in this paper does not take into account the
cutting edge radius of the tool, which may affect the accuracy of the prediction. Therefore,
future research could focus on improving this point. Considering also that the vibration
amplitude affects the shear angle and cutting force, future experiments and comparisons
of vibration parameters with different frequencies and amplitudes will continue to be
conducted to further optimise the model and improve the prediction accuracy. In addition,
the effect of negative front face angle on chip, surface quality and tool wear should be
thoroughly investigated in subsequent work.
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