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Abstract

Machining Nomex honeycomb cores is essential for manufacturing components that meet
the stringent requirements of industrial sectors, but the complexity of this type of structure
material requires specialized techniques to minimize defects, ensure optimal surface quality
and extend cutting tool life. For this reason, an innovative machining technology based
on longitudinal–torsional ultrasonic vibration assistance has been integrated into a CZ10
combined cutting tool, with the aim of optimizing the efficiency of conventional machining
processes. To this end, a three-dimensional numerical model based on the finite element
method, developed using Abaqus/Explicit 2017 software, was used to simulate the complex
interactions between the cutting tool and the thin walls of the structures to be machined.
This study aimed to validate the numerical model through experimental tests, quantifying
the surface condition, cutting force and tool wear, while evaluating the impact of key
machining parameters, such as feed rate and wall thickness, on process performance. The
obtained results reveal a substantial reduction in cutting forces, varying from 20 to 40%,
as well as a notable improvement in surface finish and a significant extension of tool life.
These conclusions open up new perspectives for the optimization of industrial processes,
particularly in high-demand sectors such as aeronautics.

Keywords: finite element method; Nomex honeycomb structure; conventional milling;
longitudinal–torsional ultrasonic vibration; CZ10 tool; tool wear; surface quality

1. Introduction
The Nomex honeycomb structure, which forms the core of sandwich structures, is

widely used in the aerospace, aeronautics and transportation industries due to its excep-
tional properties, including specific stiffness, shock resistance, corrosion resistance and
vibration absorption [1–5]. Processing Nomex honeycomb structures presents significant
difficulties due to their fragile nature and intricate geometry, requiring specialized tech-
niques to handle these materials [6]. It requires specific techniques to preserve structural
integrity and ensure optimal results [7]. Ultrasonic machining, a continually evolving
method, has been chosen for cutting materials due to its multiple advantages, such as
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significant reduction in cutting forces, minimal environmental impact and its ability to
guarantee optimal precision [8]. Due to the heterogeneous nature of the Nomex honeycomb
structure, its machining represents a major technical and scientific challenge. This complex-
ity has led to the need to conduct in-depth experimental research to better understand the
specific characteristics of this material [9]. On this subject, Mat Daud et al. [10] investigated
the integration of shear thickening fluids (STFs) into sandwich composite structures to
enhance their energy absorption capacity under low-speed impact. Their analysis, covering
different configurations (without STF, with STF in the core and in the skins), reveals that
the addition of STF in the core increases the absorbed energy by 14.51% by optimizing the
dissipation of impact energy. In this regard, Duan et al. [11] examined the influence of
aluminum honeycomb core architecture on the impact tolerance and residual performance
of sandwich structures. Their study shows that parameters such as cell orientation, relative
density and core topology significantly affect impact response and residual load capacity.
These results highlight the importance of optimized core design to enhance the robustness
and safety of sandwich structures under dynamic loading. Furthermore, Xu et al. [12]
developed a hybrid friction energy absorption structure, integrating metallic and composite
(CFRP) tubes with an innovative clamping system. Through experimentally validated finite
element modeling, they demonstrated that the preload applied to the system is essential to
increase the absorption force. This approach highlights the potential of hybrid and reusable
devices to improve the crash performance of composite structures. Furthermore, it is essen-
tial to study the behavior of Nomex honeycomb structures in different machining contexts
in order to optimize the processes [13]. These investigations have been addressed in several
studies, such as those presented by Jie Xu [14]. This research provides crucial elements
for the development of advanced numerical models, aimed at simulating the behavior of
materials during machining and optimizing process parameters [15]. Machining of Nomex
honeycomb structures is generally carried out using conventional techniques, involving
the use of specialized cutting tools, adapted to the particularities of this material [16].
However, while specific tools for this type of structure exist, traditional methods have
significant limitations, particularly with regard to the accuracy and quality of the resulting
surfaces. The obtained surface during machining of Nomex hexagonal composite structures
may contain various defects, such as burrs, cellular deformations or aramid fiber breaks,
which illustrates the inability of conventional machining methods to effectively deal with
these peculiarities [17]. To overcome this, it is crucial to investigate advanced machining
techniques tailored for the honeycomb core and to fine-tune milling parameters in order to
minimize cell distortion and fiber damage. In recent years, ultrasonic milling technology
has attracted increasing interest due to its advantages in cutting quality and efficiency [18].
In contrast to conventional machining techniques, the use of ultrasonic vibrations results
in a substantial reduction in cutting force, while allowing us to obtain a machined surface
almost free of defects, such as burrs or tears [7]. Recent research on ultrasonic milling of
Nomex honeycomb composite cores principally focuses on modeling cutting forces and
improving machining quality [19]. In this context, several research works have been carried
out, including that of Wang et al. [20], who developed a dynamic force model applied
to ultrasonic-assisted cutting using a straight blade. Their study also made it possible to
analyze the various factors influencing the reduction of cutting forces during this process,
thus offering new perspectives for the optimization of this technology. In this context,
Cao et al. [21] developed a numerical model based on the finite element method (FEM)
to analyze the cutting forces generated by the cutting disc during ultrasonic vibration-
assisted machining applied to the honeycomb core material. Their approach has provided
a better understanding of the complex interactions between cutting forces and material
behavior, thus contributing to the optimization of ultrasonic-assisted machining processes.
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Zhang et al. [22] explored the microscopic characteristics of the Nomex honeycomb surface
as a function of the position of the structures while studying the influence of the feed
rate and the amplitude of ultrasonic vibrations on the damage formation. Their in-depth
analysis provided insight into the degradation mechanisms induced by these parameters.
In this regard, Xiang et al. [23] proposed an innovative ultrasonic-assisted longitudinal–
torsional milling method, which can achieve higher quality machined surfaces compared
to cutting processes assisted only by ultrasonic longitudinal vibrations. This advance
opens new perspectives for the optimization of ultrasonic milling techniques. The shaping
of honeycomb structures requires the use of specific cutting tools, such as combination
tools, as well as rigorously established experimental procedures. However, the difficulty of
accessing the area of contact and the tool’s high rotational speed complicate the collection
of real-time data, which limits the possibilities of experimental analysis of machining phe-
nomena. So, finite element modeling is essential for the in-depth study of these complex
mechanisms. To date, no comprehensive studies have been conducted on the machining
of Nomex honeycomb structures assisted by longitudinal–torsional ultrasonic vibrations,
mainly about critical factors like tool wear, machined surface quality and cutting force
components in all directions. Furthermore, there is no comprehensive model based on the
finite element method for analyzing the longitudinal–torsional ultrasonic vibration-assisted
machining of Nomex honeycomb cores using a combined tool. The study presented in this
work advises a three-dimensional model based on the finite element method (FEM) for
the milling machining of Nomex honeycomb composite structures. This model integrates
the application of longitudinal–torsional ultrasonic vibrations on a CZ10 combined cutting
tool, developed using Abaqus/Explicit software and validated by experimental tests. The
main objective of this research is to thoroughly analyze the machining mechanism, tool
wear, and the cutting force along with its components in the three directions, as a function
of variations in the feed rate and wall thickness.

2. Design of the Cutting Tool and the Part
2.1. Dimensions of the Honeycomb Structure

This article examines the machining of Nomex honeycomb cores, made up of aramid
fibers and phenolic resin. These structures are known for their exceptional mechanical
strength, low density, and excellent thermal resistance, making them ideal for advanced
industrial uses, especially in the aerospace and motorized sectors. To guarantee the accuracy
of the experimental outcomes, specific and precisely defined dimensions were chosen
for the Nomex honeycomb structure. The dimensions of the structure are defined by
a configuration comprising 10 rows of cells in width and 19 in length (see Figure 1a).
Hexagonal cells, the building blocks of the honeycomb structure, possess crucial geometric
parameters that determine the density of the honeycomb structure. The specific dimensions
of each cell are detailed in Figure 1b.

2.2. Dimension and Characteristics of the Cutting Tool

Due to the brittleness of Nomex paper, which is used in sandwich structures, its
milling requires specialized tools and precise design to avoid material degradation. Ma-
chining the Nomex honeycomb core presents unique tests due to its tendency to fracture
under standard mechanical stresses. Thus, the tool adopted is the CZ10 combined tool, a
prototype designed according to the specifications established by the company EVATEC
Tools- Thionville-France, specifically adapted to the requirements of machining complex
honeycomb structures (see Figure 2a) [24]. This tool consists of two main elements: A
tungsten carbide conical disc with a diameter of 18.3 mm, a cutting angle of 22◦ and a flank
angle of 2.5◦. The upper part of the tool is a cylindrical body made of high-speed steel with
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a diameter of 16 mm, consisting of ten helices containing chip breakers. The upper section
of the tool features a ten-helix cutter with chip breakers, designed to aid in debris removal
and minimize vibrations, thereby enhancing the machining process (see Figure 2b).

Figure 1. (a) Dimensions of the honeycomb structure; (b) dimensions of the hexagonal cell.

Figure 2. Components and design of the CZ10 cutting tool: (a) CZ10 used in the experiment [24];
(b) CZ10 derived by modeling and its geometric dimensions.

3. Finite Element Modelling
This work presents the modeling of the milling procedure of Nomex honeycomb

alveolar core, performed by longitudinal–torsional machining assisted by ultrasonic vibra-
tions. The objective of this method is to improve the efficiency of the cutting process while
reducing the risk of structural deterioration and preserving the durability of the cutting tool.
The simulation was carried out using a three-dimensional numerical model developed with
Abaqus/Explicit software. This model offers a precise depiction of the intricate interactions
between the cutting tool and the thin walls of the honeycomb structure, enabling a thorough
examination of the cutting process. The Nomex honeycomb structure used in this study is
composed of single and double walls, with respective thicknesses of 0.06 mm and 0.12 mm,
in agreement with the conditions of the experiment. This shape incorporates the geometric
and mechanical properties of the material, enabling a realistic simulation of the structure’s
performance during the cutting process. For the modeling of the Nomex core, the thin
walls are discretized using four-node S4R shell elements, providing reduced integration
(See Figure 3a). Given the delicate nature of the Nomex paper, the cutting tool remains
unaffected by deformation while milling. Therefore, in numerical modeling, the tool is
considered rigid. The cutting tool modeling was carried out using four-node quadrangular
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rigid elements (R3D4), as shown in Figure 3a. Indeed, a mesh that is too coarse can lead to
untrustworthy results, though permitting a fast calculation time. Conversely, a very fine
mesh, although offering more accurate results, results in considerably longer calculation
times. It is, therefore, essential to find an optimal compromise between the precision of the
results and a reasonable calculation time. To find an optimal balance between accuracy and
efficiency of results, a mesh size of 0.4 mm was selected. This size ensures robust results
without compromising simulation performance. The adopted mesh size allowed the tool
and the structure to be subdivided into fine elements, totaling 13,348 elements. Two types
of interactions were integrated into the simulation of the machining process. The first
concerns the contact between the cutting tool and the walls of the structure throughout
its motion. The second takes into account the contact between the walls following their
bending, along with the contact between the chip and the unprocessed walls. This approach
makes it possible to realistically simulate friction phenomena in the contact zone while
guaranteeing the numerical consistency essential for complicated simulations. A dynamic
friction coefficient of 0.1 was designated to model the effects of ultrasonic vibrations applied
to the cutting tool, due to the point interaction between the tool and the thin walls of the
structure. This selection enables a more accurate simulation of the impact of ultrasonic
vibrations on friction phenomena, taking into account the punctual nature of the interac-
tion. To safeguard continuous contact between the tool and the part, a first integration
was carried out, taking into consideration the specific geometric characteristics of the
Nomex honeycomb core and the CZ10 tool (see Figure 3b). The boundary conditions were
established based on the experimental configuration that was validated. In this context,
the part is detained on both sides by clamps and fixing bars [24]. Symmetry conditions are
imposed on the honeycomb walls around the Y plane (Uy = URx = URz = 0), simulating the
restraining effect of the bars and preventing any motion in the Y direction (see Figure 4b).
Also, additional symmetry conditions are applied around the X-plane (Ux = URy = URz = 0)
on the surface perpendicular to the X-direction (see Figure 4c). Additionally, the workpiece
is clamped to the machining table by its underside, thus blocking any motion throughout
milling, and a clamping constraint (Ux = Uy = Uz = URx = URy = URz = 0) is applied to
eliminate any deformation resulting by sliding (see Figure 4a).

Figure 3. (a) Mesh of the numerical model and ultrasonic vibration-assisted milling process with
longitudinal vibrations; (b) tool location in the honeycomb structure at the start of the simulation.
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Figure 4. Boundary conditions used in the numerical model: (a) fixing the bottom surface in all
directions; (b) fixing the part along Y; (c) fixing the part along Z.

Longitudinal–torsional ultrasonic vibration-assisted milling consists of a complex
combination of motions. First, the classical tool movement undergoes a rotational move-
ment around the Z axis, at a spindle speed n. This motion allows the tool to penetrate
the structure and remove material in the traditional way. In parallel, a translational mo-
tion of the tool is applied along the X axis. This motion is controlled by the feed rate Vf,
determining the progression of the tool through the part (Figure 5a). Adding longitudi-
nal ultrasonic vibrations improves the process by introducing an additional component
(Figure 3a). These vibrations, applied along the Z axis, reduce direct contact between the
tool and the workpiece while generating high-frequency oscillations that reduce friction,
thus optimizing material removal and increasing the efficiency of the cutting process. Ad-
ditionally, a torsional motion is applied, generating additional vibrations around the Z axis
(Figure 5a,b). These vibrations cause a rotary motion of the tool, resulting in a torsional
oscillation that is superimposed on the classic rotation of the tool. This motion, coupled
with longitudinal vibrations, produces a helical effect, where the tool moves in a spiral
manner through the material. In order to simulate this process precisely, a reference point,
designated RP, is placed on the axis of revolution of the cutting tool (see Figure 5b). This
point plays a crucial role in correctly assigning the cutting parameters and assessing the
applied forces. Longitudinal–torsional ultrasonic vibration-assisted cutting can be seen as
a hybridization of the traditional cutting process, where a cutting tool is subjected to longi-
tudinal ultrasonic vibrations along its axis, while being subjected to torsional vibrations
that follow the direction of rotation of the tool. Accordingly, the trajectory of the disc tool
movement during this longitudinal–torsional ultrasonic vibration-assisted cutting process
can be expressed as follows [24]:

x1(t) = Vf t + r cos( 2πnt
60 + A sin(2π f t))

y1(t) = r sin( 2πnt
60 + A sin(2π f t))

z1(t) = A sin(2π f t + φ0)

(1)

where A represents the amplitude of longitudinal and torsional vibrations, expressed in (m).
Since these two types of vibrations are generated by the same excitation, they oscillate at the
same ultrasonic frequency, noted f and spoken in hertz (Hz). φ0 designates the phase shift
among longitudinal and torsional vibrations, expressed in radians (Rad). r characterizes
the radius of the tool, expressed in (m), n is the spindle speed expressed in (rpm), Vf to the
feed rate, expressed in (m/s) and t is the time, expressed in seconds (s). In all the numerical
simulations conducted, the frequency is set to 21.06 kHz, and the vibration amplitude is
maintained at 25 µm.
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Figure 5. Presentation of the ultrasonic vibration-assisted milling process: (a) planar representation
highlighting the cutting conditions; (b) spatial representation showing the reference point where the
cutting conditions are applied.

4. Material Characteristics, Degradation Mechanisms and Failure Criteria
Nomex paper, used for the manufacture of honeycomb structures, is composed of

aramid fibers and phenolic resin [25]. As long as the aramid fibers are not uniformly
distributed, the actual behavior of Nomex paper is characterized by anisotropy, which
justifies orthotropic modeling. Indeed, the orthotropic approach requires the definition
of local reference points for each direction of the hexagonal cells of the honeycomb, in
order to take into account, the distinct mechanical properties in each direction. However,
due to the increased complexity of the orthotropic model, many numerical works have
chosen to model Nomex paper as an isotropic material [26]. This simplification allows
for the reduction of CPU computation time requirements while providing a satisfactory
estimation of material performance in many cases. Thus, this study favored the adoption of
the isotropic elastoplastic approach, recognized for its simplicity of implementation and its
low cost in terms of CPU calculation time. This approach not only significantly reduces the
computational resources required but also provides a sufficiently accurate approximation
of the results, while maintaining an adequate representation of the mechanical behavior
of the material in the simulations. In this study, Nomex paper is modeled as an isotropic
elastoplastic material, with mechanical properties defined in Table 1 [1,3]. Failure criteria
are defined based on the fundamental mechanical properties of the material [1,3]. In this
context, a failure criterion based on shear is applied, utilizing the theory of maximum shear
strain. This phenomenon was modeled using Abaqus software, renowned for its advanced
finite element analysis capabilities. As the tool advances through the material, the Nomex
paper’s breakage is dictated by its plastic deformation. When this deformation reaches
critical thresholds of 0.0628 and 0.1208 for single and double thicknesses, respectively,
the damaged element is removed, resulting in the initiation of chip formation. This chip
formation process is activated as soon as the damage coefficient, denoted d, reaches a
critical value of 1, in accordance with the expression given in Equation (2). This threshold
marks the transition to irreversible degradation of the material and the beginning of the
chip formation process.

d = ∑
∆ε

εf (2)
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Table 1. Mechanical properties of Nomex paper.

Density [g/cm3] Young’s Modulus [MPa] Poisson’s Radio

1.4 3400 0.3

In this expression, ∆ε represents the increment of the equivalent plastic strain, while εf

refers to the equivalent strain at the time of failure.
Understanding cutting forces is essential for assessing both machining quality and

machine tool performance. These forces are essential for sizing machine components,
assessing the deformations of processed parts, and examining the chip formation process,
with consideration of the material’s mechanical properties. The cutting force and its
components are presented as follows [9,27]:

Fx =
1

t2 − t1

∫ t2

t1

FCXdt (3)

Fy =
1

t2 − t1

∫ t2

t1

FCYdt (4)

Fz =
1

t2 − t1

∫ t2

t1

FCZdt (5)

FAvg =
√

F2
x + F2

y + F2
z (6)

The quantities FAvg, Fx, Fy and Fz correspond to the cutting force and its components
along the X, Y and Z axes, expressed in newtons (N). Similarly, FCX, FCY and FCZ represent
the instantaneous components of this force, also evaluated in newtons (N). The instants
t1 and t2 mark the beginning and end of the cutting process, respectively, and are expressed
in seconds (s).

5. Results and Discussions
5.1. Analysis of Surface Defects as a Function of Feed Rate

Machining Nomex honeycomb structures poses a major technical challenge, mainly
due to the difficulty of the mechanical interactions between the cutting tool and the material.
These interactions, the modeling of which is particularly complex, generate various ma-
chining defects such as deformations, tears and the presence of uncut fibers, thus affecting
the quality of the finished surface. This study analyzes the influence of the feed rate on
the quality of the machined surface by carrying out a detailed evaluation of the results
from numerical simulations and those obtained during experimental tests carried out in
conventional milling. Furthermore, this study also integrates the performance evaluation
of longitudinal–torsional milling assisted by ultrasonic vibrations, in order to explore its
influence on the improvement of surface quality under the same cutting conditions used.
In this context, four feed rates, ranging from 200 to 3000 mm/min, were examined, with the
rotation speed being fixed at 23,000 rpm constantly. The obtained results from numerical
simulations and experimental tests are presented and compared in Figure 6.

The results in Figure 6 show that the surface quality deteriorates as the feed rate
increases, both in experiments and in numerical modeling. Regarding conventional cutting,
at a low feed rate (200 mm/min), the wall deformation is minimal, resulting in a relatively
good surface quality, with slight wall deformation. However, as the feed rate approaches
1000 mm/min, signs of tearing appear on the walls, leading to progressive deterioration of
the surface. This trend becomes more pronounced at 1500 mm/min, where wall tearing
becomes more pronounced and larger deformations are observed. At around 3000 mm/min,
the surface quality is severely impaired, with significant tearing and deformation on the
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walls, indicating a loss of control of the high-speed cutting process. In a conventional
machining process, increasing the feed rate leads to a gradual degradation of surface
quality. This phenomenon is mainly due to the increase in cutting forces, which leads to
deformation and tearing. The introduction of longitudinal–torsional ultrasonic vibrations
into a machining process allows a significant improvement in surface quality, especially
at high feed rates. In this context, longitudinal–torsional ultrasonic vibrations profoundly
modify the interactions between the cutting tool and the workpiece, playing a key role
in reducing friction in the cutting zone. These vibrations, which combine high-frequency
longitudinal and torsional movements, generate regular micro-impacts on the surface of
the material. These micro-impacts create a localized peeling effect of the surface layers
of the material, facilitating their removal in a more controlled manner and improving the
overall efficiency of the cutting process. Longitudinal vibrations, which act mainly on the
normal force applied to the surface of the part and reduce the stresses that cause plastic
deformations in the material, thus limiting the risk of damage to the surface. This reduction
in stresses helps maintain the integrity of the machined part, particularly for materials
sensitive to deformation. Furthermore, torsional vibrations induce a rotational movement
at the interface between the tool and the material, promoting sliding between the material
layers. This reduces the resistance to the movement of material particles and makes the cut
smoother, reducing the force required to remove material. The present model accurately
predicts major machining defects, such as uncut fibers, localized deformations, and tears,
validating its effectiveness in simulating material degradation mechanisms. However,
minor differences remain in complex areas, such as junctions, where modeling mechanical
effects remains a challenge, requiring improvements to better simulate these specific effects.
It is also important to note that this study has some limitations. In particular, burrs were
not considered, as the current numerical modeling relies on S4R shell elements for the walls,
which prevents a detailed analysis of this phenomenon. However, despite this limitation, a
thorough comparison of the simulation results with experimental data [24] showed good
agreement, thus confirming that the model is valid and reliable in simulating the overall
behaviors of the machining process, while highlighting areas where improvements can be
made to increase its accuracy.

Figure 6. Evolution of obtained machined surface by simulation and experience [24].
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5.2. Comparative Analysis of Conventional and Longitudinal–Torsional Machining: Impact of Feed
Rate on Cutting Force and Its Components

This section presents a series of numerical simulations carried out to compare con-
ventional milling and milling assisted by longitudinal–torsional ultrasonic vibrations, in
the context of shaping Nomex honeycomb cores. The principal aim of this study is to
examine the effect of diverse feed rates, varying from 200 to 3000 mm/min, on the cutting
force and its components in the three spatial directions. A detailed comparative analysis
was also conducted between the obtained results from numerical simulations and those
from experimental tests performed in conventional milling [24]. Cutting parameters were
kept constant during the simulations, with the rotation speed fixed at 2000 rpm. The
comparative results between conventional machining and ultrasonic vibration-assisted
longitudinal–torsional machining are shown in Figures 7 and 8.

Figure 7. Evolution of the force components Fx and Fy as a function of the feed rate.

Figure 8. Evolution of the force components Fz and FAvg as a function of the feed rate.

The results presented in Figures 7 and 8 show that the evolution of the cutting force
and its components as a function of the feed rate follows a behavior similar to that ob-
served for composite materials [27]. Indeed, a significant increase in the cutting force
and its components is observed as the feed rate increases. Regarding the feed component
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Fx, conventional machining results in a progressive increase in the cutting force, going
from 8 N to approximately 15 N when the feed rate varies between 500 mm/min and
3000 mm/min. Ultrasonic vibration-assisted machining can significantly reduce the Fx

component, particularly at feed rates above 500 mm/min, where a 20% reduction is ob-
served around 3000 mm/min. In this range, ultrasonic vibrations decrease the friction
between the tool and the workpiece, thus facilitating tool engagement and optimizing the
efficiency of the cutting process. Regarding the lateral component Fy, a notable divergence
from the experimental results was observed. This divergence, which can reach a variation
rate of 60%, is mainly attributed to the removal of damaged elements and the loss of
contact between the tool and the material. In this regard, the lateral component Fy remains
relatively stable during conventional machining, fluctuating between 3 N and 6 N, with
small variations depending on the feed rate. The integration of longitudinal–torsional
ultrasonic vibrations results in a notable reduction of the lateral force Fy, especially at high
feed rates. This reduction, which reaches approximately 10% at a speed of 3000 mm/min
compared to conventional milling, can be mainly attributed to the optimization of the
geometry of the cutting tool, which is equipped with helices on the cutter edges, thus
facilitating chip evacuation. The crushing component Fz is twice as large as the feed com-
ponent Fx, which reflects the resistance of the Nomex honeycomb structure to out-of-plane
loading [28]. However, in the context of shaping by mechanical manufacturing processes,
this characteristic becomes unfavorable when milling the honeycomb structure, as it leads
to significant deformation of the walls, thus compromising the surface quality. In con-
ventional milling, the crushing force Fz increases with feed rate, reaching approximately
38 N at 3000 mm/min. On the other hand, in ultrasonic vibration-assisted machining, this
force decreases considerably, being reduced to 26 N at the same speed, a reduction of 30%.
This decrease is explained by the attenuation of vertical forces due to ultrasonic vibrations,
which generate tool oscillations and reduce the adhesion between the tool and the material,
thus optimizing cutting efficiency and reducing the energy required for the process. Thus,
the average force FAvg evolves in a similar way to that of its components Fx and Fz, increas-
ing progressively with the feed rate for both processes. The results reveal that ultrasonic
vibration-assisted machining offers significant advantages over conventional machining.
This method allows a substantial reduction in cutting forces in all directions, particularly
for Fz and FAvg components, with reductions ranging from 20% to 40% depending on
the force direction. These improvements, attributed to reduced friction, optimized tool
geometry and the effectiveness of ultrasonic vibrations, demonstrate the effectiveness of
this technology for machining composite materials. The same observations were reported
by Ahmad et al. in their experimental studies on milling of Nomex honeycomb structure,
using UCK and UCSB cutting tool [9]. The comparison of numerical and experimental
results in conventional machining shows a strong correspondence, thus validating the
reliability of the numerical model. This concordance confirms the model’s ability to predict
mechanical behaviors during machining and its applicability in real conditions.

5.3. Comparative Analysis of Conventional and Longitudinal–Torsional Machining: Impact of Wall
Thickness on Cutting Force and Its Components

Machining complex structures, such as Nomex honeycombs, presents particular chal-
lenges, particularly due to the extremely thin walls, which directly impact the cutting
force components. Wall thickness is a major challenge in the manufacturing of this type
of structure, as it can compromise machining quality. This can lead to problems such as
material buildup on the cutting edges, forming clumps that accelerate premature tool wear,
especially when the wall thickness is significant. This study numerically analyzes the
impact of wall thickness on cutting force and its components, comparing conventional
machining and ultrasonic vibration-assisted longitudinal–torsional machining. The sim-
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ulations, carried out with wall thicknesses ranging from 0.03 mm to 0.12 mm, use a feed
rate of 3000 mm/min and rotation at 2000 rpm. The obtained results are available in
Figures 9 and 10.

Figure 9. Evolution of the force components Fx and Fy.

Figure 10. Evolution of the force components Fz and FAvg.

The results presented in Figures 9 and 10 indicate that the feed force Fx, which char-
acterizes the resistance to the tool entering the material, increases with the wall thickness
in both processes studied. In conventional machining, this force increases significantly
with the wall thickness, reaching significantly higher values for a thickness of 0.12 mm.
This trend is mainly attributed to the increased strength of thicker walls, which gener-
ate greater friction and exert forces opposing the tool feed. On the other hand, in the
case of longitudinal–torsional machining assisted by ultrasonic vibrations, a significant
reduction in feed force is observed, particularly for a thickness of 0.12 mm. This decrease
can be explained by the reduction in friction between the tool and the part, facilitated by
ultrasonic vibrations, which optimizes tool entry and chip evacuation, thus resulting in a
reduction in cutting forces in this direction. The side cutting component Fy increases with
wall thickness, especially above 0.06 mm, due to the high density of Nomex paper. This
increased resistance hinders tool penetration and requires strict force control to optimize the
machining process, limit tool wear and improve the quality of the machined part. However,
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the introduction of longitudinal–torsional ultrasonic vibration-assisted machining results
in a significant reduction of the cutting component Fy. This phenomenon is explained
by the attenuation of continuous contact between the tool and the material, induced by
ultrasonic vibrations. Indeed, these vibrations create contact-detachment cycles between
the tool and the material, thus reducing friction and cutting resistance. This dynamic
interaction generates a smoother cut with less stress on the tool, which not only contributes
to a discount in lateral cutting force but also to an improvement in the quality of the ma-
chined part and an extension of tool life. The crushing force Fz, which measures the vertical
resistance exerted by the tool, follows a similar trend in both processes. In conventional
machining, it increases considerably with wall thickness, reaching 38 N at 0.12 mm. In
contrast, longitudinal–torsional machining assisted by ultrasonic vibrations reduces this
force by from 30 to 40% compared to conventional machining, thanks to a reduction in
friction between the tool and the material, thus facilitating the cutting action and reducing
vertical resistance. The evolution of the cutting force in all directions, as a function of the
wall thickness, is dictated by various physical and mechanical factors. As the wall thickness
increases, the resistance of the material increases, which generates premature wear of the
cutting tool. Therefore, the use of longitudinal–torsional milling assisted by ultrasonic
vibrations allows a significant reduction in cutting force. This reduction results from the
reduction of continuous contact between the tool and the material, facilitated by ultrasonic
vibrations, which promotes smoother cutting and reduces friction. Therefore, it is essential
to consider wall thickness in order to optimize the cutting tool and improve surface quality.

5.4. Comparative Analysis of Conventional and Longitudinal–Torsional Machining: Impact of Feed
Rate on Cutting Tool Wear

When machining composite materials, several wear mechanisms can impair tool
performance, including chipping, flank wear and adhesive wear. Unlike previous work that
emphasizes the predominance of abrasive wear, the results of the present study highlight the
predominance of adhesive wear. This mechanism is mainly due to mechanical interactions
between the tool and the machined part, promoting the formation of localized adhesives.
The rupture of these adhesion zones causes material to be torn off the surface of the tool,
thus accelerating its wear. Tests carried out on the Nomex honeycomb material revealed
the accumulation of a yellowish dust on the CZ10 combination tool (knife and shredder),
attributed to thermal or mechanical degradation of the phenolic resin impregnating the
aramid paper (Figure) [24]. Similar phenomena are reported during the machining of other
laminated composites, notably CFRP composites, where resin and carbon fiber residues also
accumulate on the active areas of the tools [29]. Furthermore, the morphology of the chips
generated during Nomex machining depends strongly on the cutting conditions. At high
feed speeds, the chips are voluminous, while, at low feed speeds, they fragment into fine,
powdery microchips. This morphological evolution directly influences wear by adhesive,
as well as the quality of the processed surface and the stability of the process. Indeed, the
circular knife used in milling is subjected to high mechanical stresses, accelerating its wear.
Therefore, it is crucial to precisely refine the cutting criteria to ensure optimal performance
of the cutting process and protect the cutting tool. This study analyzes the influence of
adhesive wear by comparing the performance of conventional milling and hybrid milling
assisted by ultrasound and vibration. The observation of cutting tool wear induced by
contact pressure during machining forms the basis of the analysis. The contact pressure
distribution is analyzed for various feed rates, ranging from 200 mm/min to 3000 mm/min,
to evaluate adhesive wear, with a constant rotational speed of 2000 rpm. The results are
shown in Figures 11 and 12.
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Figure 11. Evolution of the contact pressure distribution representing adhesion wear as a function of
feed rate during conventional milling.

Figure 12. Evolution of the contact pressure distribution representing adhesion wear as a function of
feed rate during hybrid milling.

The results show that tool adhesion wear is directly influenced by rotation speed.
From an experimental point of view, at low feed speeds, the chips transform into a fine
powder, consisting of aramid fibers and phenolic resin, which promotes increased adhesion
between the cutting tool and the material. This powder, generated by friction, intensifies
tool wear by creating micro-welds between the tool and the chips, the rapid breakage of
which accelerates the wear process. On the other hand, at higher feed rates, the size of the
chips increases, thus reducing the formation of powder. This variation in chip morphology
reduces adhesion between the tool and the material, therefore limiting the intensity of
adhesion wear. From a numerical point of view, tool adhesion wear is mainly influenced by
rotational speed, and this phenomenon is reflected by the distribution of contact pressure at
the cutting tool stop. At low feed speeds (200 mm/min), the adhesion between the tool and
the material is more pronounced, as the chips generated are finer and tend to transform into
a fine powder. This powder, composed of aramid fibers and phenolic resin, promotes the
formation of micro-welds between the tool and the chips, which accelerates tool wear. At
higher feed rates (3000 mm/min), the chips generated are larger and less likely to turn into
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a fine powder. The larger chip size thus reduces adhesion between the tool and the material.
This change in chip morphology limits the intensity of adhesive wear, because less friction
is generated between the tool and the machined material. On the other hand, the integration
of longitudinal–torsional ultrasonic vibrations in machining processes makes it possible to
reduce permanent contact between the tool and the material, thus minimizing friction. This
limits adhesive wear, which occurs in the form of micro-welds between the tool and the
chips, especially at low cutting speeds. Ultrasonic vibrations cause micro-oscillation of the
tool, disrupting contact and reducing contact time, which reduces friction and adhesion.
This technology also reduces the formation of fine chips and powder, which are responsible
for increasing tool wear. Improving the thermal stability of the cutting process allows for
better control of chip formation, thus extending tool life. Ultrasonic vibrations also change
the dynamics of the machining process. They allow for better control of machining forces,
especially when cutting hard materials, thus reducing the risk of premature tool failure.
This approach improves cutting performance while preserving tools, which represents an
advantage in optimizing industrial processes. Ultimately, the use of longitudinal–torsional
ultrasonic vibrations is a significant technological advance, reducing adhesive wear. It
improves tool durability, machining quality and manufacturing process accuracy, providing
major benefits for industries where tool wear management and maintenance cost reduction
are priorities.

6. Conclusions
This study focuses on the cutting of Nomex honeycomb alveolar composite core, com-

bining conventional machining methods and the ultrasonic vibration-assisted longitudinal–
torsional milling. A 3D numerical model, developed using Abaqus/Explicit software and
validated by experimental tests, simulates the impact of feed rate on cutting force and their
components in the three directions, as well as on the surface condition and wear of the cut-
ting tool for the different processes. This approach allows for a better understanding of the
interactions between these parameters, thus contributing to the optimization of machining
processes for complex composite materials. The main results are presented below:

• The integration of longitudinal torsional vibrations made it possible to reduce cutting
force in all directions, with reductions ranging from 20% to 40%, particularly for the
Fz and Fx components.

• At high feed rates, the ultrasonic vibration-assisted longitudinal–torsional milling
process reduces adhesive wear, thus enabling a cleaner cut and increased tool dura-
bility, unlike conventional milling, which promotes adhesive wear, especially at low
feed rates.

• The integration of the new longitudinal–torsional milling technology into the CZ10
combined cutting tool significantly improves the efficiency of the milling process,
thus providing a more robust, precise and efficient solution, meeting the demanding
standards of the industrial sectors.

• Surface defects, such as tears and deformations, are significantly reduced with ultra-
sonic vibration-assisted machining. This method maintains superior surface quality
even at high feed rates (3000 mm/min), unlike conventional machining, where surface
quality deteriorates rapidly under similar conditions.

• In order to improve the simulation of the interaction between the cutting tool and the
structure, it would be necessary to replace the S4R shell elements with solid elements
in the cutting zone, thus allowing a more accurate simulation of the burrs.
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