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This paper presents a new analytical model for prediction of cutting forces in binary materials such as metal
matrix composites (MMC) based on the cutting power. The model considers the effect of matrix shearing,
reinforcement particles fracture and debonding as well as frictional contact between the tool and the par-
ticles to predict cutting forces required to form free surfaces. Linear orthogonal cutting on Al2124-SiC MMC
with different cutting speed and depth of cuts were performed. The developed model shows a better perfor-
mance compared with other available models in the literature to predict cutting forces while the experimen-

tal results reveal shearing and fracture as the main chip formation mechanism.
© 2024 The Author(s). Published by Elsevier Ltd on behalf of CIRP. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

The presence of finely dispersed secondary particles in Metal matrix
composites (MMCs) improves their mechanical properties including
strength to weight ratio but presents a significant challenge in machining
of these materials. In this context, Al-based MMC materials are increas-
ingly used in demanding applications for automotive, e.g. engine blocks
and rotors, aerospace and satellite sectors in e.g. structural elements [1]
due to their superior strength to weight ratio, wear resistance and energy
absorption. The brittle and abrasive nature of particles, mostly silicon car-
bide (SiC), alter both plastic deformation as well as chip formation mecha-
nisms during machining. Accelerated tool wear [2], increased cutting
forces [3] and deteriorated surface quality [4-6] are commonly reported
with increasing the reinforcement particles. It is found that particle
debonding [4,7], ductile shear fracture of the matrix [7], as well as par-
ticles fracture [8] are the main factors affecting the chip formation and
new surface generation mechanisms in machining of these binary alloys
Additionally, the size, distribution and relative location of the reinforce-
ment particles are found to affect the chip formation mechanisms and
associated cutting force[9,10]. The reinforcement particles reduce the
plasticity threshold of the MMCs compared to the base matrix material
[9], due to the stress/strain discontinuity at the interfaces, having an com-
pounding effect on the deformation behaviour of the material. Analytical
methods based on the required energy of cutting and/or free surface gen-
eration, instead of continuum plasticity models, have been repeatedly
used to predict machining force in MMCs [5,8-13].

Plastic deformation and fracture energy within the deformation
zones [14] as well as mechanical work required to generate chips and

* Corresponding author.
E-mail address: h.ghadbeigi@sheffield.ac.uk (H. Ghadbeigi).
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new surfaces during machining [15] were the basis of most of these
models. However, the former assumed fracture to occur along the newly
generated surface, while in the latter fracture was assumed to occur
along the shear plane. The literature mainly reports on analytical models
developed based on 7000/6000 series aluminium alloys assuming a
shear energy partitioning within the deformation zones and pre-exist-
ing damage in the material [10] that was found to be not accurate for
different material systems or cutting conditions [13]. On the other hand,
despite incorporating the energy required for ploughing [11], strain-
rate and temperature dependent material properties [11,12] and the
volume fraction of particles [8] accuracy of predicted machining forces
is shown to be strongly dependents on the material systems and the
mechanics of chip formation [11,13]. Most of the literature cover MMCs
with particles, Al,O3 or SiC, with particle sizes in the order of tens of
microns and little is known about the machining of MMCs with sub-
micron sizes which complicates the deformation and failure as well as
chip formation mechanisms in the material. These could generate sub-
micron surface integrity defects affecting the performance of the parts
as well as complex wear mechanisms. Therefore, a better physics-based
prediction of machining forces will improve process design for
enhanced tool performance of tool life of the produced parts.

An analytical model is presented for prediction of cutting forces
in orthogonal cutting of a AA2124-SiC metal matrix composite
material produced by the powder metallurgy and sintering pro-
cess. Components of energy required for the generation of a new
surface, plastic deformation of the matrix, and multiple failure
mechanisms of particles together were considered in the model.
The predicted forces are compared with the results of available
models in the [13,14] tuned for the tested material as well as
experimentally measured forces in a linear orthogonal setup at
various cutting conditions.

0007-8506/© 2024 The Author(s). Published by Elsevier Ltd on behalf of CIRP. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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2. Orthogonal cutting tests
2.1. Experimental setup

Linear orthogonal cutting tests were conducted on a AA2124-
based MMC with 0.3 pm SiC particles with 17 % volume fraction
(AMC217XG-Al/SiC). The material was produced by a powder metal-
lurgy technique and detail analysis of microstructural properties are
reported in [16]. Square section samples (25 mm) with a thickness of
2.5 mm were cut from a bar stock using WEDM and a milling
machine (XYZ- 1060 HS) was used to perform dry linear cuts.
Uncoated carbide inserts (TCMW110204H13A) were used for the cut-
ting experiments, while the cutting forces were measured with a Kis-
tler dynamometer, Fig. 1a.

Kistler Dynamome{er Cutting direction g}
e
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)
a
)
o
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o

Fig. 1. (a) Experimental setup with the sample fixed on the dynamometer, and (b) 3D
topography and SEM micrographs of the cutting edge before and after the cuts.

The geometry of cutting edges were measured using the Alicona-
G3 infinite focus microscope before and after the machining trials,
Fig. 1b, to ensure the consistency of the rake angle (y), zero degree,
the edge radius (r), 10 pm, for all tests. A fresh cutting edge was used
for each experiment, total cutting distance of 25 mm. Different com-
binations of Cutting speeds, V¢, (2, 6, 20 and 30 m/min) and depths of
cut, ap, (0.05, 0.1 and 0.2 mm) were used to obtain the required
parameters for development and validation of the model. The cutting
tests were interrupted at the lower cutting speeds, through the rapid
disengagement of the tool, to preserve and identify deformation and
failure mechanisms of the material to include the required energy
terms in the model. The resulting chip sections were metallographi-
cally prepared to determine the actual uncut and cut chip thick-
nesses.

2.2. Cutting tests results

Fig. 2a shows a representative machining forces evolution with
tool displacement showing zero out of plane forces. Each cutting trial
was repeated three times and the average values together with the
associated standard errors for all the applied cutting conditions are
reported in Fig. 2b. The maximum depth of cut was less than 10 % of
the sample thickness confirming the plane strain condition during
the chip formation.
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Fig. 2. (a)Machining forces evolution for representative cutting conditions and (b)
average cutting forces together with the standard error for all the experiments.

The measured average cutting forces in Fig 2b and chip section
analysis, Fig. 3, demonstrate that at lower depth of cut the chip for-
mation becomes independent of cutting speed. This, together with
the analysis of the measured forces proposed by Atkins [14] high-
lights the significance of energy required for free surface formation
for this material. The analysis of the machined surface, Fig. 4, reveals
several active mechanisms at the tertiary deformation zone including

X200 500 m

Fig. 3. serrated chips showing localised deformation and shear fracture as the main
mechanisms within the primary deformation zone and ahead of the cutting tool (a) at
Ve = 30m/minand (b) V¢ = 2m/min.

2125 um '

£500nm
—

Fig. 4. micrographs of generated surface at V¢ = 30m/min showing different SiC parti-
cle interaction mechanisms including (a, b) pull out, push down and (b) fracture of par-
ticles resulting in ploughing motion.

push down, fracture of particle resulting in ploughing action as well
as pull out from the matrix.

Standard tensile and shear tests were conducted using sample
geometries reported in [17] and demonstrated a relatively brittle
nature of the studied material.

Hence, conventional approach to determine the shear strength
based on the plastic flow stress as used in [12] is not applicable. Addi-
tionally, the investigated MMC has a low temperature and strain rate
sensitivity [16] therefore, the use of strain rate and temperature
dependent material models proposed in [8,11] are not relevant for
this particular grade of MMC due to the inherent mechanical proper-
ties of the matrix phase.

3. Analytical model for cutting force prediction

The key power consuming phenomena were considered in devel-
oping the analytical model as suggested in [14]. It was assumed that
the total cutting power is required for plastic deformation in the
shear zone (Pgpe, ), frictional work in the secondary and tertiary
deformation zones (Pficrion) and the specific energy required to form
free surfaces around the cutting edge (Pg):

Fch:Pshear+Pﬁicﬁon JrPfs (1)

An upper-bound and lower-bound functions were developed to
consider the number of particles in the shear plane that affects the
shear strain energy of the matrix. The lower bound value considered
particles that lie perfectly on a straight shear line, while in the upper-
bound model particles were assumed to fill a rectangular section
with a specified volume fraction (Fig. 5). therefore, the shear strength
at the shear plane is defined as:

Ts = Ty, matrix(1 - Vf) + Tf, particle Vf (2)

The power required for the frictional work at the rake and flank
face of the tool were determined based on the average coefficient of
friction obtained from the experimental data as [15]:

Ve sing
cos(¢ — y)

where y, B, ¢ are rake, friction, and shear plane angles, respectively.
In addition to the shear fracture of matrix [14], the particles are either
fractured, pushed down, or pulled-out of the matrix [10,18] as the
cutting tool moves forward. The power required to push-down a par-
ticle from the stagnation point ahead of the tool can be determined,
based on the new surface generation hypothesis [14], by:

Pfriction = [FC sec(ﬂ - V) Sil‘lﬂ] (3)



H. Ghadbeigi et al. / CIRP Annals - Manufacturing Technology 73 (2024) 4952 51

" T oy matrix@p (2T + dp)
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where Ry and oy mqix are the specific free surface energy (fracture

toughness) and yield strength of the matrix, respectively, and d,,, and

Iy represent the particle diameter and cutting edge radius. The rele-

vant mechanical proerties are reported in Table 1.
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Fig. 5. active mechanisms in chip formation of MMC material showing the upper and
lower bound assumptions for the effect of particles (red dots) in the shear plane.

Table 1

Mechanical properties of AMC217XG-Al-SiC.
Property Value
Compressive strength o, (MPa) [16] 543
Shear yield stress (MPa) based on [14] 135
Specific free surface of energy of matrix Rp, (K] m~2) [14] 6
Specific free surface of energy of reinforcement R,(K] m=2) ~ 52.55
Specific particle fracture energy (K] m~') 0.01

(It is used for the Paramanik model) [13]

Therefore, the work required to form a new surface in the sample
with a width of w, and a particle volume fraction of v; can be calcu-
lated as the combined effect of the matrix deformation and fracture,
particles ploughing effects as well as the energy required to fracture
particles align the cutting plane:

Pfs =vf [FRPWVC + (1 — F)P*pushdownWVC] + (1 — Vf)RmWVC (5)

where Ry, is the specific free surface energy and I' is the percentage of
the broken reinforcement particles. The cutting force can then be pre-
dicted using the Eq. (6) based on the model proposed in [14]:

Ve sing
cos(¢ — a)

As the fracture properties of the studied material are not identical
with a monolithic matrix material, a numerical approach based on
the Newton-Raphson method was adopted to determine some mate-
rial constants such as Z and R (specific free surface energy) [14].
These were required to calculate cutting forces using Atkins [14] and
Pramanik [13] models to compare the accuracy of the proposed
model in this study. The work of [15] and associated modelling
approaches were not considered as the chip formation mechanisms
were not consistent with the observed experimental results or mate-
rial properties.

FcVe = tsysaoWVe + [Fe sec(B — o) Sinf + Py (6)

4. Results and discussions

Fig. 6 shows the comparison of the predicted cutting forces
according to the developed model (Mod), Atkins (At) and Pramanik
(Pr) models are compared with the experimental measurements at
cutting speeds of 2, 6, 20 and 30 m/min and various depth of cuts.
The model runs under 1 min for all the applied parameters using a 4
cores workstation with 16GB of RAM.

All the models underpredict the required cutting force at any cut-
ting condition and demonstrate a declining cutting force with the
increased cutting velocities, as expected. This is more prominent as
the depth of cut increases (Fig. 6¢) since the plastic deformation
becomes the main chip formation mechanism. However, the effect of
matrix material ploughing and reinforcement particles effects as well
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Fig. 6. comparison of the predicted cutting force predictions vs. experimentally mea-
sured average forces for the depth of cut of (a) 0.05 mm, (b) 0.1 mm and (c) 0.2 mm at
various cutting speeds. Solid bars show the predicted values using the proposed model
(Mod, blue), Atkins (At, amber) and Pramanik (Pr, red) models. The error of predictions
is demonstrated by the hatched bars and the secondary vertical axis. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

as free surface formation become more significant as the depth of cut
reduces. Since the energy required to overcome these phenomena is
constant, regardless of the cutting speed variations, cutting forces
required to remove the chip at lower depth of cut become almost
independent of the applied cutting speed.

The proposed model (solid blue bars) outperforms others with
errors of less than 20 % across the applied cutting conditions. How-
ever, as the cutting speed increases, the models performance drop
with the largest error associated with the “Pr” model. The errors in
the predicted forces by the Atkins and Pramanik models (hatched
amber and red bars) increase at lower depth of cuts while the pro-
posed model shows an inverse behaviour with a better performance
at lower depth of cut. This implies that the additional terms associ-
ated with the particles fracture and ploughing have enhanced the
cutting forces prediction when the ploughing is a dominant mecha-
nism.

However, increasing the depth of cut activates additional shear
mechanisms, most importantly in the secondary deformation zone
ahead of the rake face of the tool as shown in Fig. 7. This additional
mechanism becomes dominant by increasing the uncut chip

200 pm 500 pm

Fig. 7. Shear fracture within the deformation zones in the direction of maximum shear
stress for samples with the depth of cut of (a) 0.1 mm and (b) 0.2 mm. The arrows indi-
cate the observed fracture loci.
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thickness and could be the possible source of error in the developed
mode. The presence of SiC particles could be the main driver for this
mechanisms and such a phenomenon was not observed in orthogo-
nal machining of a AA2024 monolithic material with identical cutting
conditions [19].

Therefore, it is crucially important to experimentally, or numeri-
cally, determine the shear strength of the material rather can using a
continuum plasticity approach as reported in [8]. The contribution of
particle fracture and debonding to the overall energy consumption is
one of the main assumptions for analytical models of composite
materials and particularly MMCs [11,12]. Although it was assumed
that 50 % of the particles are fractured the results of Fig. 6, experi-
mental data is required to determine this and consider its effect
according to the rule of mixtures as defined for the proposed mode.

Fig. 8 shows the associated error in the calculated cutting forces
using various assumptions for particles fracture (F) or push down (P).
Based on the calculated cutting force prediction error, the push-
down mechanism is dominant effect at the lower depth of cut and its
effect diminishes as the cutting speed increases. However, as the
depth of cut increases, the contribution of particles fracture becomes
consistent by the cutting velocity. Therefore, the percentage of bro-
ken particles (T') in Eq. (5) should be dependent on the applied uncut
chip thickness. Although, I' = 50% provides a better prediction result
compared with the other available physics-based models. Addition-
ally, a bespoke friction model is required to better determine the fric-
tional condition in the tertiary deformation zone covering the
distribution of the particles in the frictional contact zone.

e m—— OF-100%P
S~ = 100%F-0P
~ .2p=0.05mm

1. 50%F-50%P
B Exp.
2p=0.20mm

Error
Cutting force (N)

6 20
Cutting speed (m/min)

Fig. 8. The effect of fracture (F) and push-down (P) mechanisms on the cutting force
prediction errors compared with the measured data (Exp.) at different V. and a;=0.05
and 0.1, black and red features, respectively.

5. Conclusions

A new analytical model for prediction of the cutting for in machin-
ing of a AA2124-Sic metal matrix composite was proposed, imple-
mented, and tested for different uncut chip thickness and cutting
speeds of up to 30 m/min. The required energy during chip formation
to overcome not only the shear deformation along the shear plane,
but also a free surface generation and reinforcement particles frac-
ture were considered in the model. The proposed methodology out-
performed the previously developed models compared with the
measured cutting forces. The effects of particles on the required cut-
ting energy are directly dependent on the geometry of cut, including
uncut chip thickness, and the cutting speed and this is a constant fac-
tor when larger chips are formed at higher cutting forces. Additional
understanding of shear failure within the primary and secondary
zones as well as frictional mechanisms in the tertiary deformation
zone together with an appropriate flow stress model are required to
incorporate the effect of shear fracture and friction energy for chip
formation. The future studies should focus to develop the required
friction model as a function of particles size and their distribution as
well as a representative material and damage model for a higher pre-
diction accuracy.
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