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Abstract: In this research a 3D FE rotary ultrasonic cutting simulation model
of NHCs core material was developed based on Hashin failure criterion and
novel ultrasonic circular saw blade cutter system. Further, 3D FE cutting
simulation model was validated by performing RUM experiments on ultrasonic
machine tool and explored. Cutting force exhibits inverse relation with
vibration amplitude and spindle speed of ultrasonic circular saw blade tool,
whereas it shows direct relation with feed rate. Finally, an optimised set of
processing parameters was obtained by performing series of cutting simulations
and verified by experimental work with a novel ultrasonic circular saw blade
cutting tool at resonant frequency of 22,050 Hz, spindle speed 3,000 rpm, feed
rate 500 mm/min, cutting width 8§ mm, cutting depth 2 mm, and vibration
amplitude 25 um. Moreover, this study provides systematic guideline for RUM
process optimisation and improvements of surface quality.

Keywords: 3D FE modelling; cutting simulations; Nomex honeycomb
composites; NHCs; rotary ultrasonic machining; RUM; processing parameters
optimisation; chips formation.
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1 Introduction

Nomex honeycomb composites (NHCs) have been paid significant attention as a core
material for various sandwich structures used in aerospace, military and automotive
industries, owing to unique physical and mechanical properties such as high
strength-to-weight ratio, low density, lightweight, corrosion resistant, excellent thermal
insulations, energy absorption capability and flame retardant (Ahmad et al., 2020a;
Pascoe et al., 2013; Dai et al., 2014; Roy et al., 2014; Liu et al., 2015; Ahmad et al.,
2019). Sandwich structures mainly comprise face sheets of aluminium/CFRPs, NHCs
core and adhesive bonding. NHCs core is primarily subjected to out-of-plane tensile and
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compressive stresses whereas face sheets observes in-plane shear stress and tensile or
compressive stress generated by bending. NHCs core is difficult to manufacture into
complex curved parts by single moulding technique. Therefore, high quality machining is
required to make NHCs core parts. But, high geometrical complexity, heterogeneous
material properties, low density and thin-walled cellular structure of NHCs core makes it
a difficult-to-machine material (Wang et al., 2019a; Asmael et al., 2021; Caggiano,
2018). Conventional machining produces significant processing defects such as large
burr, tearing and uncut fibres, which limits large scale applications of NHCs core
material. Durability and bonding strength of sandwich structures largely depends on the
machining precision and surface quality of NHCs core. It has been reported in the
literature that 5% NHCs core cells defects can cause 35% reduction of mechanical
properties of sandwich structures (An et al., 2019). Therefore, in order to increase the
bonding strength and durability of sandwich structure, the machined surface quality of
NHCs core should be very high and precise. Various researchers have studied on
different aspects of NHCs core machining such as Zarrouk (2020) studied on the various
processing parameters in conventional machining of the NHCs and concluded that cutting
forces increases with the increase in cutting depth whereas surface quality improves with
the increase in spindle rotational speed. Ke et al. (2019) studied on the low machining
efficiency and developed a high speed CNC milling force model and reveals that burr,
tearing and uncut fibres observed by conventional machining. On the other hand, rotary
ultrasonic machining (RUM) technology has been considered one of the most suitable
method for high quality processing of various difficult-to-machine advanced materials
such as alumina ceramic (Singh and Singhal, 2017, 2018a, 2018b, 2018c, 2018c),
titanium alloys (Ti-6Al-4V) (Zhu et al., 2019), CFRPs composites (Wang et al., 2019b;
Yakun et al., 2023), GFRP composites (Baraheni et al., 2019), C/SiC composites (Feng
et al., 2017), and NHCs core (Liu et al., 2022; Zha et al., 2022) in order to mitigate the
problems of conventional machining (large burr, tearing, uncut fibres, and delamination).
In RUM process, owing to the advantages of periodic contact of tool with workpiece and
impact action of the tool on the workpiece generated by ultrasonic vibration produces
microcracks on the substrate surface which results in easy removal of material, high
cutting efficiency and high surface quality. But, RUM applications for NHCs core
processing are very limited on industrial scale due to complexity of the integrated RUM
system, intricacy of RUM mechanism, specialised design of ultrasonic cutting tools,
thin-walled lightweight cellular structure of NHCs and heterogeneous material properties
and difficulty in processing parameters optimisation.

At present, very few studies found in the literature on RUM process of NHCs core
such as Ahmad et al. (2020b) studied on the experimental investigations of RUM
characteristics of NHCs core by ultrasonic circular disc tool, and concluded that NHCs
processing with ultrasonic vibration gives good cutting quality and lower cutting force in
contrast to no ultrasonic vibration of tool. Cao et al. (2020) developed a cutting force
model for honeycomb material and experimentally verified that machining parameters
values with high depth of cut and low width of cut gives good machining efficiency in
terms of less burr and high surface quality. Yu et al. (2019) studied on the process path
planning for rough and finish machining operations of honeycomb core in ultrasonic
cutting of curved surfaces. Xia et al. (2019) investigated on the different design
parameters of the ultrasonic disc tool and determined that rake angle of tool, radius of the
tool and amplitude of vibration of the tool influenced significantly on the machining
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efficiency of NHCs core. Xiang et al. (2018) performed a comparative study on the
honeycomb core processing by ultrasonic longitudinal vibration and ultrasonic
longitudinal-torsional vibration. The experimental results reveals that good machining
quality can be achieved by using ultrasonic longitudinal-torsional vibration of the tool
compared to longitudinal vibration only. Zha et al. (2022) studied on the ultrasonic disc
tool wear characteristics based on radial difference calculation method for conventional
and ultrasonic machining of NHCs material and concluded that ultrasonic machining can
reduce tool wear by 36% compared to conventional machining under similar conditions.
Kang et al. (2019) focused on the ultrasonic vibration cutting of NHCs core and obtained
optimum value of oblique angle 30° and ultrasonic vibration amplitude 25 pm.

Optimisation of processing parameters in RUM process of NHCs core is still quite
confidential, time consuming, expensive and it must go through clear understanding of
cutting force trends and cutting tool interaction with NHCs core surface during cutting
process. But, due to special shaped cellular thin-walled structure of NHCs core, the
interaction of cell walls with cutting edge of the circular tool varies. Moreover, it is
highly challenging to get clear understandings of the workpiece-tool interaction during
ultrasonic cutting experiments of NHCs core. Also, it is very complex and less accurate
to realise the current challenges of NHCs core machining process. Besides that,
processing parameters optimisation by experimental method is very costly, time
consuming, and the mathematical modelling of such a complex cutting process does not
give accurate results of all parameters. Therefore, researchers are more focused on the
applications of finite element methods (FEM) and considering numerical modelling and
simulation techniques as an alternative and best suitable method for comprehensive
investigations on processing parameters and machining processes. Hence, study on the
processing parameters optimisation by 3D FE cutting simulations was highly needed in
order to understand and implement RUM process for NHCs core on large scale.

In the past, various researchers had focused on the finite element (FE) modelling and
numerical simulations of difficult-to-machine materials such as carbon-fibre reinforced
plastics (CFRPs) (Xu et al., 2021), glass-fibre reinforced plastics (GFRPs) (Quino et al.,
2020) and honeycomb composite core (Zarrouk et all., 2021; Jaafar et al., 2017). NHCs
core is one of the most studied honeycomb core material but heterogeneous material
properties of NHCs core causes FE modelling and cutting simulations more challenging.
Normally, the detailed core models can be more significant when material damage
analysis is mainly concerned. Some of the studies found in the literature focuses on the
impact modelling analysis by FE simulation such as Ivafiez and Sanchez-Saez (2013)
studied on the impact analysis of honeycomb core by using FE model implemented in
ABAQUS/Explicit code. Audibert et al. (2019) performed FE modelling on
ABAQUS/Explicit code for low-velocity impact test of sandwich composite with CFRP
skins and Nomex honeycomb core. Buitrago et al. (2010) performed research on the
perforations of NHCs core sandwich structures by 3D FE model implemented on
ABAQUS/Explicit code. Whereas, very few studies were focused on the FE cutting
simulations such as Sun et al. (2020) developed a 3D FE model for ultrasonic machining
of aluminium honeycomb with circular disc tool on ABAQUS software based on
Johnson-Cook (J-C) fracture model to reveal the ultrasonic machining mechanism and
significant phenomena happening in the cutting process. Teng et al. (2018) conducted
comparative study on the processing mechanism of micro/nano particles reinforced
(SiC/Al) metal matrix composite using 3D FE modelling methods. Liu et al. (2017)
developed a FEM simulations constitutive material model to study micro machining
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mechanism as well as surface quality of CFRPs. Huang (2015) performed a research on
the ultrasonic cutting mechanism of Nomex honeycomb core by considering the fracture
mechanics for ultrasonic vibration assisted straight knife machining process.

NHCs core structure is mainly distinguished by orthotropic behaviour of material
having high compression resistance of honeycomb core in the thickness direction
(T-direction). The orthotropic nature of honeycomb material is mainly allied with NHCs
core alveolar geometry and with the inherent nature of aramid paper (Zinno et al., 2011;
Aminanda et al., 2009), which causes more complexity in the machining of NHCs core.
Therefore, understanding of mechanical properties, processing parameters optimisation
and material processing mechanism of NHCs core materials are much more complex than
other traditional materials. Besides that, some researchers were focused to estimate the
macroscopic NHCs behaviour by using meso-models. Majority of the studies found in the
literature on 2D FE modelling approaches and very few of them were focused on the 3D
FE modelling approaches. Giglio et al. (2012) conducted research on the NHCs core
crushing behaviour by 2D and 3D elements and concluded that the 2D elements of NHCs
core were capable to judge the preliminary failure of the honeycomb structure whereas,
the 3D elements of NHCs core done well in the subsequent Plateau of the stress-strain
curve. But 3D FE modelling is much more complex and high computational effort is
required. The 3D FE model have the ability to simulate RUM process more precisely
with cutting tool having very complex geometry and performance features. Studies on the
RUM process optimisation of Nomex honeycomb core with circular disc tools in
literature does not provide clear values of optimised machining parameters and cutting
forces behaviour during RUM process. Therefore, it is of great significance to reveal the
processing parameters optimisation by 3D FE cutting simulations of NHCs core material
and to understand the behaviour of cutting forces in ultrasonic cutting process.

In this paper, a 3D FE ultrasonic cutting simulation model of NHCs core was
developed for RUM process with an ultrasonic circular saw blade cutting tool to reveal
the behaviour of cutting forces, processing parameters optimisation and chip formation.
Hashin failure criteria was applied which is one of the most extensively used failure
criteria for composite materials failure analysis as well as added in ABAQUS software.
FE code ABAQUS/Explicit was used in order to develop 3D FE model and cutting
simulations of NHCs core workpiece in ultrasonic machining process with circular disc
tools. Finally, the 3D FE model of NHCs core was validated by performing various
cutting experiments on ultrasonic machine tool and optimised set of processing
parameters was revealed.

2 3D FE modelling and cutting simulations of NHCs core

2.1 Material damage models for FE cutting simulations

Material damage model describes the origination criteria and related laws of damage
progression in cutting simulation processes of difficult-to-machine materials. In the
cutting simulation technology, when the material failure phases are achieved, FE
software uses relevant damage evolution laws to find the degradation of material.
Precision of material damage model and constitutive material model have significant
influence on the FE cutting simulation results. Therefore, development of an accurate
material damage model in accordance with material geometry and mechanical properties
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is a key technique in the machining simulations for RUM process of difficult-to-machine
materials. The term failure criterion states the mathematical equations that predict the
conditions of stress and strain at the onset stage of damage. Various material damage
models have been reported on FE cutting simulations of different materials such as J-C
model (Wang et al., 2018), Tsai Wu failure criteria (Li et al., 2019), shear deformation
model (Razanica et al., 2020), 3D FE coupled Eulerian-Lagrangian (CEL) model (Peng
et al., 2019) and Hashin damage model (Wang et al., 2021). Moreover, there are three
types of failure criteria; interactive failure criteria, non-interactive failure criteria and
separate mode failure criteria. In order to determine the interaction between various
stresses, the interactive failure criteria are used, Tsai Wu and Tsai Hill are the common
examples of this type of failure criteria. Non-interactive failure criteria fall in the second
category which is further categorised as maximum stress law and the strain criterion.
Both of these criteria are easy to understand and can predict directly the failure of the
composites material when either stress or strain exceeds the maximum allowable limit.
Separate mode failure criteria are the third failure criteria to predict failure mode of
composite materials and key example is Hashin damage model.

Hashin damage model has been considered most suitable for the fibre-reinforced
composite materials. Typically, Hashin failure criteria is used to find the damage
directions and failure modes of every element which permits to analyse the rigidity on
every increment (Gawryluk and Teter, 2021). Hashin proposed this criterion in order to
forecast various composite materials failure based on the damage mechanisms instead of
being an extrapolation of the already existing criterion for other materials (Xiong et al.,
2018). This criterion interacts with more than one stress components to evaluate various
fracture modes. There are four various modes of failure in Hashin’s criterion for
composite materials; fibre tension, fibre compression, matrix tension and matrix
compression as described in the following equations (Wang and Melly, 2017):

e  Fibre tension o1 > 0:

2 .
(gllj +5122 +o} :{21 Failure

1
Xr S3 <1 No failure o

e  Fibre compression o1 <0:

o ¥ [21 Failure
Ly 2
Xc <1 No failure
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(0n+03)"  oh—onon  of +oh :{21 Failure 3)
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where g;; are the stress component and 7" and C represents the tensile and
compressive strengths of the laminate, Xr, Yr, X¢, Yc shows the allowable tensile
strengths and allowable compressive strengths respectively. Whereas, Si2, S13 and
S>3, denotes allowable shear strengths.

2.2 3D modelling and FE cutting simulations of NHCs core

In this study, FE code ABAQUS/Explicit was used for 3D modelling and simulations of
Nomex honeycomb material in RUM process with circular disc tool. Fundamental
behaviour laws were applied via user defined subroutine VUMAT in ABAQUS/Explicit
software. Precise material basic model is the most important technique for 3D FE
modelling and machining simulation in RUM process of NHCs core. The material
constitutive model in 3D FE modelling and simulation largely depends on the geometric
features of the workpiece and material properties. In this paper, NHCs core workpiece is
used having density 48 kg/m3, cell size 3.2 mm and regular hexagonal cellular structure.
Key geometric features and mechanical properties of NHCs core workpiece (Jaafar et al.,

2017, 2021) for 3D FE modelling and ultrasonic cutting simulations are mentioned in
Table 1.

Table 1 NHCs core mechanical properties and geometric features for 3D FE modelling and
simulation

Material property Value
Longitudinal tensile strength 111 [MPa]
Longitudinal compressive strength 53 [MPa]
Transverse tensile strength 98 [MPa]
Transverse compressive strength 47 [MPa]
Longitudinal shear strength 59 [MPa]
Elastic modulus in machine direction (L-direction) 9,200 [MPa]
Elastic modulus in cross direction (W-direction) 8,300 [MPa]
Elastic modulus in out-of-plane direction (T-direction) 4,700 [MPa]
Shear modulus in L-W direction 2,600 [MPa]
Shear modulus in L-T direction 1,700 [MPa]
Shear modulus in W-T direction 1,700 [MPa]
Poisson’s ratio (vi2, vi3, v23) 0.35
Density 48 [Kg/m3]
Cell size (D) 3.2 [mm]
Cell wall length (/) 1.83 [mm]
Single wall thickness (f) 0.065 [mm]
Cell wall angle () 120°

In order to analyse the interactional behaviour of NHC material and ultrasonic circular
disc tool, the 3D FE model of NHCs core structure was composed by 9 x 7 cells-rows as
shown in Figure 1(a). NHCs material core was 3D modelled by applying shell elements
with hour glass control and element deletion, reduced integration and four-node linear
elements of S4R type. The mesh element size for NHCs core workpiece was taken
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2.5 um and the developed 3D model considers the orthotropic properties of NHCs core
material. Owing to the hexagonal cellular structure of NHCs core, the 3D FE model has
large complexity and required high computational effort and time for cutting simulations.
Therefore, in order to avoid the high complexity and long computational time, partition
methodology with datum plane was used to develop 3D FE model in which cutting region
of the workpiece was modelled with smaller element size and rest of the workpiece with
bigger elements size as shown in Figure 1(b).

Figure 1 NHCs core hexagonal cellular structure and 3D FE model for cutting simulation
(see online version for colours)
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Figure 2 Schematics of specialized UCSB tools (see online version for colours)
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Source: Ahmad et al. (2020b)

In 3D FE model, the adhesive material between the cell walls was ignored due to very
high bonding strength and it was supposed that no adhesive failure occurs during cutting
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of NHCs core by RUM process. In this investigation, a novel UCSB tool was used for 3D
FE modelling and cutting simulation of NHCs core. The material of UCSB cutting tool
used in 3D FE modelling is high-speed steel (HSS). Since the stiffness of the ultrasonic
circular knife type cutting tool is higher compared to NHCs core. Therefore, the cutting
tool was considered a rigid body having negligible deformation and also tool wear in the
machining process was ignored. Owing to the complexity of the ultrasonic cutting tools
structure, 3D model of the specialised cutting tools was developed on Solidworks
software and imported in FE code ABAQUS/Explicit. The schematics of the specialised
cutting tool is shown in Figure 2.

As shown in Figure 2, key design parameters of specialised UCSB tool are maximum
diameter (D), diameter of horn fitting hole (D-), diameter of top face (D3), tool thickness
(T), tool height (H), wedge angle (O), pitch of the saw teeth of the tool (P), the gullet
radius of the saw teeth (7), side clearance angle (), rake angle of the saw teeth (y) and
tooth depth (d). The values of key geometrical parameters of specialised UCSB tool are
mentioned in Table 2.

Table 2 Values of the key geometrical parameters of specialised UCSB tools

Geometrical parameters Values
Maximum diameter (D1) 27 mm
Angle of wedge (0) 17°
Dia. of the horn fitting hole (D) 6.40 mm
Dia. of the top face (D3) 10 mm
Thickness of the tool (7) 0.90 mm
Height of the tool (H) 2.70 mm
UCSB tool saw teeth 48

Source: Ahmad et al. (2020b)

Figure 3 3D FE model of specialised UCSB tool (see online version for colours)

The targeted resonant frequency of the tool designed in this study was >20 kHz. The
mesh employed on cutting tool in this research was four-node linear tetrahedral elements
of type C3D4 which is typically used for 3D stress elements. 3D FE model of the
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specialised UCSB tool was applied in the ultrasonic cutting simulations process as shown
in Figure 3.

In 3D FE modelling and simulations process, the cutting tool was represented with
reference point situated at centre of its revolution axis. The ultrasonic processing
conditions were assigned to tool through a specified reference point and feed rate in
Y-direction, spindle speed (rpm) and vibration amplitude in Z-axis. In the ultrasonic
cutting simulations process, the load and boundary conditions constraints according to
actual working conditions necessarily are applied to the cutting tool and the NHCs
material. In terms of the boundary conditions, conventional methods of holding the NHCs
core workpiece have more complexities owing to the weak local strength of NHCs
material. However, in the actual machining process, the NHCs core workpiece was fixed
with double sided adhesive tape attached on the steel plate. But, 3D FE model was
assumed as held firmly in cutting simulations and all the bottom joints of the NHCs core
workpiece were fully fixed with boundary conditions applied in the load module
(ENCASTRE, Ul = U2 = U3 = URI = UR2 = UR3 = 0). In the RUM process of NHCs
core, ultrasonic circular knife cutting tool mainly involves three motions relative to the
workpiece of honeycomb core material such as feed movement in the direction of x-axis
or y-axis, circular disc tool rotary movement along its cutting trajectory and tool
vibratory motion with the spindle axis in z-direction. Therefore, in order to apply
boundary conditions on tool, the velocity/angular velocity was employed on tool in
ABAQUS software; feed velocity (V1) along y-axis and rotary motion of the tool (VR3)
along z-axis. Whereas, ultrasonic vibratory motion of the tool in reciprocating mode was
applied in the z-direction to the periodic amplitude function of the Fourier series. The
equation for ultrasonic vibration at any node of ultrasonic cutting tool during RUM of
NHC:s core along z-axis of the tool can be described as:

Z; = Asin(2xft) (5)

Here, A is ultrasonic vibration amplitude (um) of the tool, f'is resonant frequency (Hz) of
the tool and ¢ is time (sec). Moreover, the periodic amplitude function in the
mathematical formula can be stated with Fourier series which is also added in the
ABAQUS software and expressed in the equation 6.

a—A0+z [ 4, cosnew(t—ty)+ B, sinnew(t—1,)] 6)

where Ay is initial vibration amplitude (um), @ is angular frequency (rad/sec), 4, is the
coefficient of cos function and B, is the coefficient of sin function. The 3D FE cutting
simulation model of NHCs core for RUM process by UCSB tool is shown in Figure 4.

In 3D FE model, contact interface of the cutting tool with NHCs core workpiece was
stated through surface-to-surface contact method and with penalty contact method.
Besides that, interaction among honeycomb cell walls was assigned by the general
contact with penalty contact method. In this study, mechanical contact method was used
whereas hard contact is used for normal contact and Coulomb law is used for tangential
contact. Furthermore, the contact between the surface of circular disc cutting tool and
NHC:s core nodes in the each ultrasonic vibration cycle must be confirmed and the impact
of ultrasonic vibration can be stated during ultrasonic cutting simulations process. If 3D
FE model have large number of elements then the CPU time will be longer which have
no significant advantage on targeted outcomes of the ultrasonic cutting simulation
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process. Therefore, to reduce computational time of NHCs material 3D FE model by
considering the vibration amplitude of the cutting tool and balance among the
computational time and desired results, a finer mesh with smaller elements was
implemented as shown in Figure 4. The main purpose of developing 3D FE model and
cutting simulation of NHCs core structure in RUM by novel ultrasonic circular saw blade
knife type cutting tool was to understand the interaction between the NHCs core structure
and cutting force behaviour during RUM process, and to optimise the processing
parameters of NHCs core. Therefore, in order to investigate the phenomena during RUM
process of NHCs core and influence of various processing conditions such as feed rate,
spindle speed and vibration amplitude on cutting force, a number of cutting simulations
were performed on ABAQUS/Explicit dynamic software with the developed 3D FE
model. The cutting forces (F; and F,) obtained by 3D FE ultrasonic cutting simulations
for UCSB cutting tool are illustrated in Figure 5. The cutting force graph of 3D FE
cutting simulations for UCSB cutting tool shows variations due to the cellular structure of
workpiece, heterogeneous material properties and contact relation of the circular knife
type cutting tool varies continuously. Therefore, an average value of the cutting force
from the FE cutting simulation graph was selected against each set of processing
parameters for the final results.

Figure 4 3D FE cutting simulation model of NHCs core for RUM process by UCSB tool
(see online version for colours)
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As shown in Figure 5, the cutting force F; is lower than F, under similar processing
parameters in RUM of NHCs core. Cutting force F\ at initial phase of cutting process is
very low between time 0.000 to 0.001 seconds but it starts increasing dramatically
between the time 0.001 to 0.002 seconds which is the cutting phase of the RUM process.
Fewer variations in the cutting force F, occurred in the time range of 0.002 to 0.005
seconds as it is the material removing phase and then the cutting force reduced in the
final phase. Figure 5, also depicts the cutting force F, obtained by FE ultrasonic cutting
simulations of NHCs core. Cutting force F) starts increasing quickly between the time
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range 0.000 to 0.001 seconds and reaches at 4N then it remains stable between 0.001 to
0.005 seconds with minor fluctuations due to cellular structure of the workpiece. But
cutting force F, decline sharply from 0.005 to 0.006 seconds as it is the cutting tool exit
phase from the workpiece material. Finally, cutting force (¥, and F)) results against each
cutting test were depicted by the simple line graphs because there were number of
processing factors involved and multiple set of processing parameters were used in the
FE cutting simulations analysis. Accordingly, the final results were simplified by line
graphs to see the cutting force trends against each set of processing parameters.

Figure S Cutting force (Fx and Fy) by FE cutting simulations in RUM of NHCs core
(see online version for colours)
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3 Experimental scheme

Number of experiments under different ultrasonic processing conditions were conducted
to study the accuracy of 3D FE model, ultrasonic cutting simulations of NHCs core
workpiece and to find optimum processing parameters. Hexagonal cellular structure of
NHCs core workpiece having dimensions as length (L = 80 mm), width (W = 30 mm),
and height (H = 30 mm) was used in ultrasonic machining experimental study. In this
study, two sided adhesive bonding tape was applied to fix the experimental workpiece of
NHCs core on the steel plate which was further clamped on cutting force gauge Kistler
dynamometer and also with fixture platform on the machine table. Experimental setup for
ultrasonic machining of honeycomb core material with ultrasonic disc cutting tools
primarily includes an ultrasonic spindle system linked with BT40 which is a standard tool
holder, a CNC machine tool along with computer to get the experimental results, BP4610
a high-speed bipolar ultrasonic power supply system, a compensation capacitor having
high-frequency, an ultrasonic acoustic vibration system with integrated transducer and
horn, ultrasonic circular disc tool, fixture platform, a KISTLER Dynamometer which was
used to measure cutting force. Key functional parameters of rotary ultrasonic machine
tool includes >20 kHz resonant frequency, 27 um maximum vibration amplitude of the
integrated system, 2 kW ultrasonic power, 10,000 rpm spindle speed. In this research,
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experimental work was done on THU Ultrasonic 850 which was established by Tsinghua
University China. Moreover, each experiment was done periodically three times and
finally the average results of cutting force were selected to achieve most appropriate
results. Experimental setup used for this study is shown in Figure 6.

Figure 6 Experimental setup for ultrasonic machining of honeycomb core materials
(see online version for colours)
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In this research, self-designed ultrasonic circular saw blade (UCSB) cutting tool was used
in the RUM experimentation work on NHCs core workpiece, tool parameters are shown
in Table 2, and fabricated tool shown in Figure 7.

Figure 7 Self-designed UCSB cutting tools used in RUM experiments of NHCs core
(see online version for colours)

Source: Ahmad et al. (2020b)

The experimental procedure initially includes the identification of ultrasonic resonant
frequency of integrated structure of rotary ultrasonic processing system with control knob
of bipolar ultrasonic power supply system BP4610. The experimentally measured
ultrasonic resonant frequency was 22,050 Hz. The measured resonant frequency was
closer to the designed resonant frequency >20 kHz and good enough to perform NHCs
core cutting experiments. Secondly, ultrasonic vibration amplitude was measured against
various values of voltage by using CMOS laser displacement sensor LK-H020 with
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controller KEYENCE LK-G5000 series and LK-Navigator software interface (Liu et al.,
2022). The laser displacement sensor was fixed over the machine table and a specific
distance was maintained between the cutting tool edge and laser sensor so that laser spot
strikes on the cutting edge of the circular disc cutting tool and LK-G5000 controller
shows value near to zero as shown in Figure 8.

Figure 8 Setup for measurement of vibration amplitude and output data recorded on
LK-navigator software interface, (a) vibration amplitude test apparatus (b) vibration
amplitude output data (see online version for colours)
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As described in Figure 8, the output data of vibration amplitude was recorded at resonant
frequency 22,050 Hz of UCSB cutting tool against the voltage values from 10 V to 100 V
in series of ultrasonic experiments. Moreover, in this study, experiments to measure
amplitude were repeated three times and average value of the amplitude was selected at
20-25 stable vibration amplitude curves (Ahmad et al., 2020b). The ultrasonic
experimental results of vibration amplitude against voltage values are shown in Figure 9.

Figure 9 Vibration amplitude values of UCSB cutting tool against voltage (see online version
for colours)
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In the RUM process, Kistler dynamometer was used to measure the cutting force F, and
F.. Signals of the measured cutting forces received from Kistler dynamometer were
amplified by a charge amplifier and further recorded by a data acquisition card. The data
recorded in the acquisition card exhibits the direct current component of the actual
cutting force which is independent of the sampling frequency and natural frequency of
the Kistler dynamometer. Therefore, the average values of cutting force signifies the most
appropriate index to measure and compare the RUM performance of NHCs core
workpiece. Figure 10 shows graphical representation of the measured cutting force versus
time and the average value of cutting force F. can be calculated as (Ahmad et al., 2020b):
1

1
F = " Fdt 7
th—14 Ja

where F. is average cutting force, #; and #, are the machining time when circular cutting
tool starts and ends the cutting process of NHCs core workpiece, respectively.

4 Results and discussion

The main purpose to develop 3D FE model and cutting simulation of NHCs core
structure in RUM process with new UCSB tool was to understand the interaction between
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the NHCs core structure and cutting forces behaviour during RUM process, and to
optimise the processing parameters of NHCs core. Therefore, in order to study
phenomena during RUM process of honeycomb material and effect of various machining
conditions, the developed 3D FE model was verified by performing several experiments
on ultrasonic machine tool under same processing conditions as in cutting simulations
and comparison of processing results was obtained.

Figure 10 Cutting force measured by Kistler dynamometer versus time curve of NHCs core
(see online version for colours)
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4.1 3D FE ultrasonic cutting simulation model validation

To confirm results of 3D FE model, cutting forces (F, and F,) average values along
machining directions achieved by running FE simulations on ABAQUS dynamic explicit
software were compared with the experimentally measured data. One of the significant
factor that reflect the optimisation of processing parameters in the machining of
difficult-to-machine materials is the cutting force. Therefore, in this study, the trends of
cutting forces were mainly considered to assess the influence of various set of processing
parameters of NHC core material during RUM process by new UCSB tool. In
conventional materials the cutting force is typically considered from three aspects; the
elastoplastic materials deformation resistance, frictional resistance among rake face of
tool and chips formed, and thirdly machined surface and flank face undergoes extrusion
and friction. But permanent deformation of composite materials such as NHCs core was
not clear during machining process and very thin thickness of the NHCs core cell wall
makes extrusion and friction insignificant along machined surface and cutting tool. Due
to heterogeneous material properties of NHCs core, theoretical model development of
cutting force has more complexities and very challenging. Therefore, a 3D FE model was
developed and numerical cutting simulations and actual experimental tests were
performed with fixed values of resonant frequency 22,050 Hz, cutting width 8§ mm and
cutting depth 2 mm under the same cutting conditions to measure trends of cutting forces
(Fy and F}). Processing conditions for numerical cutting simulations and experimental
tests of NHCs core by RUM process are described in Table 3.
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Table 3 Processing conditions for numerical simulations and experimental tests of NHCs core
by RUM process

Test type Variable parameters Fixed parameters

Vibration amplitude 05, 10, 15, 20, 25, 27 Spindle speed 3,000 rpm, feed

(um) rate 500 mm/min

Spindle speed 1,000, 2,000, 3,000, 4,000, 5,000 Amplitude 25 um, feed rate

(rev./min) 500 mm/min

Feed rate (mm/min) 500, 1,000, 1,500, 2,000, 2,500, Spindle speed 3,000 rpm,
3,000 amplitude 25 pm

NHCs core workpiece has weak rigidity along width and length which produces large
deformation of honeycomb core cellular structure. Whereas, strong rigidity exists along
thickness which yields slight deformation in NHCs core during machining. Therefore, the
cutting force F. shows no substantial effect on machining performance in terms of surface
quality and precision of workpiece. Conversely, if the cutting force along width and
length (F; and F}) is too high, the workpiece will undergoes high cutting resistance and
large material deformation. Current research mainly focuses on three types of numerical
and experimental tests in ultrasonic machining of Nomex honeycomb core workpiece
with newly developed UCSB cutter to study the impact of cutting parameters on
machining performance in terms of cutting force (F, and F,) such as amplitude test in
which ultrasonic vibration amplitude changed from 5 pm to 27 um, feed rate test having
range of feed rate from 500 mm/min to 3,000 mm/min, and spindle speed test with values
of spindle speed from 1,000 rpm to 5,000 rpm as described in Table 3. FE cutting
simulations and experimental results of RUM process on NHCs core for three types of
cutting tests are discussed in sections below.

4.1.1 Ultrasonic vibration amplitude impact on cutting force

In the first ultrasonic cutting experiment on NHCs core workpiece, impact of amplitude
on cutting forces (Fx and F}) was analysed by changing the amplitude value from 5 um to
27 um and keeping all other processing parameters constant; feed rate S00mm/min, depth
of cut 2 mm, spindle speed 3,000 rpm and cutting width 8 mm. Vibration amplitude was
adjusted with respect to voltage value of the RUM system in the actual cutting
experiments whereas in numerical simulations the vibration amplitude value was used
directly in the ABAQUS software. All the experiments were repeated three times and
average values of the cutting forces were used in the final results. RUM experiments and
FE simulations results are presented in Figure 11.

There is a decreasing trend in cutting force (Fy and F}) in response to increase in
amplitude during ultrasonic machining process of NHCs core material with novel UCSB
cutting tool as displayed in Figure 11. Initially, there was a slight decrease in cutting
force (F, and F,) at amplitude from 5 pm to 10 pm. However, at higher vibration
amplitude from 10 um to 25 um, there was a significant decrease in cutting force (Fx and
F,) because of high cracks development in workpiece due to high vibrational impact
force of ultrasonic disc cutter. Cutting force F} is typically high compared to F because
of feeding direction and faces main resistance during cutting whereas, F is material
removal force which removes material from machined surface. Less cutting force was
observed while ultrasonic machining with new UCSB tool due to shorter contact surface
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of tool with substrate surface (workpiece) and also there was enough teeth gap at cutting
edge. As presented in Figure 11, cutting force (Fx and F)) obtained by 3D FE modelling
and simulation was slightly lower than the actual RUM experiments because of
environmental factors, RUM equipment handling errors, NHCs core material property
variations and manufacturing defects, and ultrasonic cutting tools manufacturing flaws
with respect to precision and cutting tool material properties accuracy. Both 3D FE
cutting simulations and RUM experimental results shows that newly established 3D FE
ultrasonic machining model is valid to foresee cutting force (£, and F,) in RUM process
of Nomex honeycomb core materials and can be helpful in cutting tools design
optimisation and to get optimum ultrasonic processing of NHC core. The vibration
amplitude 25 pm is considered optimum and most appropriate because of lowest cutting
force (Fy and F)) value and further increase in the value of vibration amplitude can cause
the RUM system heating and more material damages.

Figure 11 Amplitude impact on cutting force (Fx and F)) (see online version for colours)
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4.1.2 Feed rate impact on cutting force

In order to reveal the impact of feed rate on machining performance in terms of machined
surface quality and cutting force (F, and F)), ultrasonic machining experiments on
Nomex honeycomb core material and numerical simulations on ABAQUS dynamic
explicit software were performed. Ultrasonic machining parameters for experimental and
simulation work includes; feed rate from 500 mm/min to 3,000 mm/min, amplitude 25
um, spindle speed 3,000 rpm, width of cut 8 mm and depth of cut 2 mm. Vibration
amplitude value was adjusted in correspondence to voltage of ultrasonic system. 3D FE
ultrasonic cutting simulation and RUM experimental results are presented in Figure 12.
As depicted in Figure 12, there is a direct relation of feed rate with cutting force such
as cutting force (F, and F)) increases with the increase in feed rate in ultrasonic
machining of Nomex honeycomb core material with new UCSB cutting tool due to
increase in volume of material removed per unit time. 3D FE modelling and simulations
results of cutting force (F, and F,) shows very small variations with actual RUM
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experiments because of factors mentioned above in the amplitude test. Moreover, the
penetration of tool in workpiece is high due to sharp saw teeth of UCSB tool which
becomes one of the reason for lower cutting force. The feed rate 500 mm/min was
considered optimum and most appropriate due to lowest cutting force (Fx and F)) value
and further increase in the value of feed rate can cause more cutting resistance and more
material damages.

Figure 12 Feed rate impact on cutting force (Fx and F)) (see online version for colours)
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4.1.3 Spindle speed impact on cutting force

The third type of test was performed to validate the 3D FE model of NHCs core
workpiece by spindle speed variations effect on the cutting force. Both numerical cutting
simulations and RUM experimental tests were conducted under RUM process conditions
with spindle speed value from 1,000 rpm to 5,000 rpm and constant other processing
parameters such as feed rate 500 mm/min, amplitude 25 pm, width of cut 8§ mm and
depth of cut 2 mm. Vibration amplitude value was adjusted same as mentioned in
amplitude test and feed rate test. All experiments were performed thrice under RUM
process conditions and average value of cutting force was selected in the final results as
shown in Figure 13.

Figure 13 depicts that there is a decreasing trend in cutting force (¥ and F,) when
spindle speed increases under the conditions of RUM process with new UCSB ultrasonic
tool in 3D FE simulations as well as actual ultrasonic machining experimental work on
Nomex honeycomb core workpiece. Because increase in spindle speed causes to increase
kinetic energy of ultrasonic circular disc tools which becomes the reason for lower
cutting force and high rate of material removal. Saw cutting teeth in UCSB tool have less
area of contact with substrate surface of workpiece in each cut which generates less
machining friction in cutting region as well as lower thermal damages. Consequently,
cutting force with UCSB tool is lower during RUM process of Nomex honeycomb core
material. Figure 13 shows that cutting force obtained by 3D FE modelling and simulation
does not shows much variations with the actual experiments results. Therefore, the
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developed 3D FE model is valid and good enough to predict the cutting force and
processing mechanism analysis. The spindle speed 3,000 rpm is considered optimum and
most suitable due to lowest cutting force (F, and F)) value as shown in Figure 13, and
higher spindle speed leads to heating of RUM system.

Figure 13 Spindle speed impact on cutting force (Fx and Fy) (see online version for colours)
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4.2 Chips formation mechanism of NHCs core in RUM process

The fracture characteristics of NHCs core in ultrasonic machining with circular disc type
tools is really problematic such as intermittent contact of ultrasonic tool with NHCs core
workpiece generates impact fracture, extrusion of material produces plastic tensile
fracture and edge of tool in whole cutting process causes shear fracture. In RUM process
of NHCs core with circular disc tools, the shear fracture always exists. Microcracks
developed in the cell wall before the cutting tool reaches the initial contact position with
workpiece during RUM process because impact action caused by ultrasonic vibration
amplitude of the tool. Moreover, interface of cutting tool with workpiece material is the
most significant factor involved in the chips formation process during machining of
difficult-to-machine materials such as NHCs core. Besides that, main influencing factors
on the chips formation mechanism includes; workpiece material properties, geometry of
the cutting tools especially the cutting edge design of the tool, and cutting conditions
includes depth of cut, width of cut, spindle speed, feed rate, and vibration amplitude in
case of ultrasonic machining. However, chips formation mechanism is more complex to
understand in actual experiments under the conditions of RUM process for NHCs core
material due to insufficient visual accessibility of the two most important interfaces
include; cutting tool with workpiece, and cutting tool interface with chips formed. In
RUM process of NHCs core material, the rapid movement of the tool especially the high
ultrasonic vibration at resonant frequency of >20 KHz, and movement of the workpiece
makes more difficult to reveal chips formation mechanism visually. Therefore, 3D FE
modelling and cutting simulations technology was employed to reveal the chips
formation mechanism in terms of cutting tool interface with NHCs core workpiece and
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various stages of chips formation during the RUM process. Moreover, the influence of
the tool geometry in terms of cutting edge design such as UCSB cutting tool under
similar processing conditions of RUM was studied in order to validate the proposed 3D
FE cutting simulation model of NHCs core material. In composite materials, the size and
shape of the chips can be controlled by the processing conditions and fibres orientations.
But in case of NHCs core material, it is made of short Nomex fibres impregnated with
phenolic resin. Therefore, the chips formation mechanism in NHCs core material is
different from the other composites such as CFRPs and GFRPs. Chips formation of
NHCs core during RUM process by UCSB cutting tool both FE cutting simulation and
experimental are shown in Figures 14(a) and 14(b).

Figure 14 Chips formation of NHCs core during RUM process, (a) FE cutting simulations
(b) RUM experiments (see online version for colours)
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As shown in Figure 14, continuous chips were produced of NHCs material in RUM
process with newly developed UCSB tool under similar processing conditions; width of
cut 8 mm, depth of cut 2 mm, spindle speed 3,000 rpm, feed rate 500 mm/min and
amplitude of tool vibration 25 um. It was noticed by 3D FE cutting simulation that the
local stresses in the NHCs core touches the ultimate strength quickly during RUM
process. So, NHCs core was machined with negligible deformation. The processing
conditions to study chips formation were selected based on the experimental results and
each value of processing parameter was chosen at high surface quality and low cutting
force. As shown in Figure 14, less deformation observed in chips formed with UCSB tool
due to sharp pointed cutting edge of UCSB tool which allows high penetration in the
workpiece. Moreover, it was found by the experimental results and 3D FE cutting
simulations that the main processing defects during RUM of NHCs core include tearing
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of cell walls, uncut fibers and burr. Cell wall of NHCs core causes to bent by the cutting
force acting on the low stiffness cutting direction of the cell wall, and also strong
plasticity of the aramid paper fibres makes more difficult to break the cell wall which
results in burr damages and uncut fibres. Further, the weak support on the cell walls and
poor bonding strength of phenolic resin with aramid fibres causes to produce tear defects
in cutting process. Thus, chips formation of NHCs core by UCSB tool includes; initially
high penetration of tool in the workpiece causes to fracture the cell walls and then
high-speed rotation of the tool helps to remove the material, and finally the removed
material continuously slides over the flank surface of the tool which produces some
contraction and deformation. Saw blade teeth are first element of new UCSB tool which
comes in contact with cell walls of NHCs core. Then with the rotation and advancement
of the tool in the workpiece and by damage and friction processes results in cutting and
disbanding of cell walls. At this stage, chips formation will be produced from the cell
walls previously cut by the saw teeth of the tool but it remains attached to the structure of
the workpiece. In proceeding phase, disbanded cells of NHCs core slides on top surface
of UCSB tool till end of cutting length of the workpiece. In the chips formation process,
some neighbouring walls also shows very little deformation in the workpiece due to the
continuous sliding of the chips on the upper face of the tool as shown in Figure 14.
Ultrasonic vibration in the cutting tool causes to develop microcracks in the workpiece
surface before the tool comes in contact with cutting point which leads for the easy
cutting and removal of material.

5 Conclusions

In this paper, optimisation of RUM processing parameters and chips formation of NHCs
core workpiece were studied by 3D FE modelling and cutting simulations under the
conditions of RUM process. Based on the 3D FE model, series of cutting simulations and
actual experimental work of RUM process on NHCs core material, the following points
were concluded:

1 3D FE ultrasonic machining simulations and actual cutting experiments outcomes
reveals that the increase in vibration amplitude causes to decrease in cutting force.
Whereas, increase in feed rate results in higher cutting force. Variations in spindle
speed impacts on cutting force behaviour inversely such as increase in spindle speed
causes to reduce cutting force due to high kinetic energy of tool rotation which is
used to remove material more quickly.

2 An optimised set of processing parameters was revealed in RUM of NHCs core by
3D FE cutting simulations and verified by actual RUM experimental results at
resonant frequency 22,050 Hz; spindle speed 3,000 rpm, feed rate 500 mm/min,
cutting width 8 mm, cutting depth 2 mm and vibration amplitude 25 pm.

3 Chips formation process of NHCs core by UCSB tool includes; high penetration of
tool in the workpiece causes to fracture the cell walls, high-speed rotation of the tool
helps to remove the material, and finally the removed material continuously slides
over the flank surface of the tool which produces some contraction and deformation.
In RUM process on NHCs core, continuous chips were produced. Moreover, saw
blade teeth are the first elements of UCSB tool which comes in contact with cell
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walls of NHCs core. Due to impact action caused by ultrasonic vibration amplitude
of the tool, microcracks developed in the cell wall of the NHCs core before the
cutting tool reaches the initial contact position with workpiece during RUM process.
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