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Abstract

End-of-life management of fibre-reinforced thermoset composites is challenging due to the difficult-to-recycle reinforcements
and the irreversibly polymerised thermoset matrix; therefore, researchers proposed the vitrimers as a sustainable alternative
to thermosetting polymers. Although the early results of the material scientists are promising, the machinability of vitrim-
ers has yet to be explored. Therefore, this paper aims to present a comparative machinability study of polyimine vitrimer,
pentaerythritol-based epoxy (PER) and polycarbonate polymers through orthogonal machining experiments. Reflecting on
the temperature-dependent properties of vitrimers, the starting temperature of the cutting tool was varied between room
temperature and an elevated temperature above 155 °C. The cutting tool was heated by a 2000-W hot air gun until the sur-
face temperature of the cutting tool, monitored by a VariocamHD thermographic IR camera (with Jenoptik IR 1.0/60 LW
lens) and checked by a Fluke 51 II thermometer with a type K thermocouple, was permanently above 155 °C for 5 min. The
cutting force was measured by a Kistler 9257B dynamometer, and the machined surface was characterised by a Mitutoyo
Surftest SJ-400 surface roughness tester and Keyence VHX-5000 (with VH-Z20UT VH lens) microscope. The analysis of
variances (ANOVA) results show that the sustainable vitrimer polymer is an appropriate substitute for thermosetting epoxy
polymers, especially at low cutting temperatures.
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1 Introduction

Applications of fibre-reinforced polymer (FRP) composites
are rapidly growing mainly due to their excellent specific
mechanical properties and easy-to-shape behaviour [1-3].
FRP composites are decisive components of high-strength
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lightweight structures like aeroplanes, ships, space shut-
tles and wind turbines [4—6]. These high-end applications
usually require using thermosetting polymers as a matrix
material to meet the mechanical requirements. However,
the end-of-life management of these thermosetting poly-
meric fibre-reinforced composites is challenging due to the
difficult-to-recycle reinforcements and thermoset matrix,
usually produced by an irreversible polymerisation process
[7-9]. Therefore, most of the current technical FRP applica-
tions are considered less sustainable compared with thermo-
plastic FRP composites, whose recycling technologies are
well-developed. Nowadays, legislation and social demand
increasingly encourage sustainability, posing the need to
replace thermosetting polymers with more sustainable pol-
ymers without compromising their beneficial mechanical
properties [10-13].

Thermosetting polymers have limited self-healing,
reshaping, and recycling capabilities due to their insoluble
and infusible nature [8]. To overcome these limitations,
covalent adaptable networks (CANs) have been developed.
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CAN:S incorporate reversible covalent bonds and can be cate-
gorised based on their bond exchange mechanism—dissocia-
tive or associative. In dissociative CANSs, such as polymers
based on Diels—Alder reactions, bonds break and reform,
leading to reduced viscosity and dimensional stability. In
contrast, associative CANs form new bonds before breaking
the existing ones, maintaining crosslink density and struc-
tural integrity. Vitrimers, introduced by Montarnal et al.
[14] in 2011, belong to the associative type of CANs. They
behave like crosslinked systems below the glass transition
temperature, but they can be reshaped and recycled like ther-
moplastics above their vitrimeric transition temperature (77,
[14]. This thermally triggered reversible crosslinking occurs
through the dynamic rearrangement of covalent bonds in an
associative manner [15]. The most convenient vitrimer bond
exchange mechanisms include transesterification, imine
exchange and disulfide exchange. These mechanisms allow
for network exchanges under diverse environmental condi-
tions, resulting in vitrimers with enhanced mechanical and
thermal properties. Taynton et al. [16] prepared a catalyst-
free malleable network polymer based on imine chemistry
(also known as Schiff base chemistry) from commercially
available monomers. Their vitrimer can also be obtained
in powder form, and solid vitrimer parts can be processed
with heat and pressure in a mould. They examined the recy-
clability, reshaping and malleability properties of the mate-
rial, and they observed that the vitrimer had Arrhenius-like
malleability as a response to heat; also, the polymer can
be recycled and reshaped by only applying water at ambi-
ent temperature conditions. They discovered the vitrimer’s
mechanical properties did not deteriorate significantly after
four recycling cycles. Taynton et al. [17], in their further
research, prepared CFRP composite sheets from their poly-
imine-based vitrimer and woven carbon fibre reinforcement.
They studied the processibility, reshaping ability, reparabil-
ity and recyclability of the composites. They successfully
produced the composite sheets and could weld multiple
composite layers by heat and pressure; the composite sheet
was reshaped into a 3D dome form by a moulding process.
The matrix and reinforcement materials were fully recovered
by a simple recycling procedure, and they were also capable
of repairing delamination damage in their CFRP composite
workpieces by heat-pressing them. Polyimine-based vitrim-
ers patented in 2019 [18] show potential as replacements for
epoxy resins in structural composites due to their high glass
transition temperature.

The measurement of glass transition temperature (7}) is
already well-developed in academia and industrial practice.
T, is usually determined by differential scanning calorimetry
(DSC) from the second heating of a three-step temperature
program consisting of heat/cool/heat cycles according to EN
ISO 11357-2:2020 [19]. The Tg is defined as the inflection
point of the transition curve. The polymers’ T, can also be

@ Springer

determined by dynamic mechanical analysis (DMA); the
sensitivity of the measurement is approx. 1000 times higher
than in the case of DSC [20]. The value of Tg by DMA can
be determined by various methods as follows: (i) the peak
value of loss tangent, (ii) the peak value of loss modulus,
(iii) the first derivative of the drop of storage modulus and
(iv) the onset values of the drop of storage modulus [20].
However, there is no commonly applied standard meas-
urement technique for measuring the vitrimeric transition
temperature (7,); presently, dilatometry test, stress relaxa-
tion test by rheology and DMA are used [21]. The applied
external force in these measurements shifts the real 7., value,
while the crosslinks breakage rate and the effective activa-
tion energy will be influenced by the extra tension. Yang
et al. [21] added aggregation-induced emission (AIE) lumi-
nogens into vitrimers in their research, and they examined
the fluorescence change of the AIE-luminogens below and
above T,. They found out that their experimental method has
good repeatability and can be carried out fast and simply;
also, by avoiding the effect of external forces, measurement
data sampled at different conditions may be comparable.
Nevertheless, the experimental data of previous researches
so far show that the vitrimers’s 7, value is usually above the
Tg with a few tens of °C [22, 23].

There are several polymer manufacturing technologies
available to produce polymer and FRP composite products
(e.g., injection moulding, silicone casting, 3D printing, high-
pressure resin transfer moulding, hand lamination, vacuum
infusion process and prepregging.); however, in many cases
(especially in the case of FRP composites manufacturing)
further material-removing technologies (e.g., milling, drill-
ing, laser beam cutting, abrasive water jet cutting) must be
applied due to the demanded dimensional precision and sur-
face quality. Machining technologies are superior compared
to other technologies in industrial practices from the point
of view of precision and material removal rate [24-26]. The
properties and behaviour of the composites’ matrix material
during machining highly influence the quality of machined
geometrical features. Therefore, the investigation of matrix
materials’ machinability may help the understanding and
modelling of the mechanical processes and outcome of the
more complex FRP composite machining [27, 28]. Although
the early results on the material properties of vitrimers are
very promising, their machinability still needs to be discov-
ered. Considering that the material properties of vitrimers
are significantly different below and above the vitrimeric
transition temperature (7.), the glass transition tempera-
ture (7,) has a key role in the mechanical properties; the
machinability is also expected to be different at different
temperatures. The machinability of vitrimers below the T,
is expected to be similar to that of thermosetting polymers.
Nevertheless, if the cutting temperature exceeds the T, the
polymer becomes softer and behaves like a thermoplastic.
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Although the machinability of vitrimers was not investigated
yet, researchers gained experience in machining thermo-
setting (e.g., epoxy resin, polyester resin, vinylester resin,
polyimide, bakelite) and thermoplastic (e.g., high-density
polyethylene (HDPE), polypropylene (PP), polyetheretherke-
tone (PEEK), polycarbonate (PC) and polyamide 66 (PA66))
polymers [24, 29-37]. For example, Wang et al. [30] con-
ducted orthogonal cutting experiments on different density
epoxy samples and examined the cutting mechanisms. Their
experimental results agreed with previous researches that the
dominant mechanism during chip formation is fracture. The
crosslink density affects the chip formation via the effect on
the material’s post-yield deformability. They also found that
the increase in the depth of cut (uncut chip thickness) makes
a transition from brittle chipping to ductile continuous chip
formation. Fu et al. [29] made micro- and macro-machining
FE simulations of epoxy with the Mulliken Boyce model,
and they validated their work with empirical experiments.
They classified the cutting deformation mechanism as shear
plastic slip, and their simulation resulted in three different
types of chip shapes: (i) continuous, (ii) serrated, and (iii)
broken chips, which chip types were also observed in the
empirical experiments. However, the experimental values
of cutting forces were higher than the simulated ones. Han-
son et al. [36] investigated via experiments and simulated
numerically the burr formation of polycarbonates during
micro-milling. They found out that the uncoated carbide
tool produced less burr formation compared to the TiN- and
TiAlN-coated tools except in the case of a very high depth-
of-cut of the TiN-coated tool (0.5 mm); however, the coated
tools produced better surface quality. It was also shown that
in the case of a lower depth of cut, a higher feed rate should
be applied and vice versa to minimise burr. Wang et al. [35]
measured the fracture toughness of HDPE, PP and PEEK
materials via orthogonal cutting tests. The experiments
proved that in the range of 100-250 pm depth of cut, there
is a linear connection between the measured cutting force
values and fracture toughness values; therefore, orthogonal
cutting tests are capable of geometry-free fracture toughness
measurement. Although, in the case of under 100 um depth
of cut, an inverse size effect can be observed: the fracture
energy decreases with the decrease of the depth of cut.
Reflecting on the lack of published experience in the
machinability of sustainable vitrimer polymers, the main
aim of the present study is to gain preliminary information
on the cutting force and machined surface characteristics of
the applied polyimine vitrimer through orthogonal machin-
ing experiments and compare the results with a selected
thermoplastic and thermosetting polymer. As temperature
has a key role in the mechanical properties and material
structure of polymer materials, especially in the case of
the new vitrimer polymers, the effect of elevated tempera-
ture on the machinability of the examined materials is also

investigated. The results of the machinability analysis and
the experience on the vitrimer’s behaviour during machin-
ing may be implemented in modelling vitrimer matrix FRP
composites and could help the understanding of those com-
posites’ machinability and support the spread of sustainable
applications.

2 Materials and methods
2.1 Polymer materials

The experimental work involved three different types of
polymer materials. The initial objective of the research was
to explore the machinability properties of vitrimer polymers,
in addition to comparing them to the properties of an epoxy
resin (thermoset material) with similar 7, and the proper-
ties of a polycarbonate (PC) material. The epoxy resin was
chosen because vitrimer polymers are a potential substitute
for epoxies. The PC was selected for its excellent mechanical
properties (high strength and stiffness, good impact resist-
ance and dimensional stability) and the amorphous polymer
structure, which is more suitable for comparison to elas-
tomers and vitrimers than a crystalline or semi-crystalline
polymer. Crystalline and semi-crystalline polymers are
usually applied between their 7, and T}, (melting tempera-
ture); also, the recrystallisation process can occur during
temperature increase or mechanical impact, which can sig-
nificantly change the material’s mechanical properties dur-
ing machining.

The vitrimer and epoxy samples were cast in silicone
moulds. For the polyimine vitrimer samples, the two-com-
ponent VITRIMAX T130 system was used (produced by
Mallinda Inc., (Denver, CO, USA)). Firstly, the polyimine
hardener was heated to 80 °C for 1 h to lower its viscos-
ity before the mixing procedure. After that, the polyimine
hardener was mixed with the epoxy resin system; the mixing
ratio of the polyimine hardener and epoxy resin was 2:1.
Then, the mixture was poured into the silicone mould; the
liquid vitrimer system was treated carefully with a hot air
gun to reduce the bubble content. A glass sheet was placed
on top of the silicone mould to ensure the constant thickness
of the samples. The curing happened at room temperature
for 24 h; also, post-curing was applied at 80 °C for 2 h in
a Heraeus UT20 drying oven (Hanau, Germany). For the
epoxy resin samples, the two-component MR3016/MH3122
PER epoxy system was used (epoxy monomer, pentae-
rythritol tetraglycidyl ether; hardener, 3,3'-dimethyl-4,4'-
diaminodicyclohexylmethane; produced by Ipox Chemicals
(Budapest, Hungary)). The two components were mixed at
room temperature with a mixing ratio of 100:40. The epoxy
resin was also poured into the silicone mould, which had the
same hot air gun treatment for bubble content reduction, and
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the glass sheet was also applied for constant sample thick-
ness. The curing and post-curing processes were the same
as in the case of polyimine vitrimer. The PC samples were
manufactured by injection moulding with an Arburg All-
rounder Advance 270S 400-170 injection moulder machine
(Lossburg, Germany) from Makrolon 2405 material (pro-
duced by Covestro AG (Leverkusen, Germany)). The most
important injection moulding parameters are the following:
30 mm screw diameter, 45 cm®/s injection speed, 400 kN
clamping force, 1200 bar injection pressure limit, 8 s holding
time, 20 s cooling time, 45 cm’ of dose volume, 310 °C melt
temperature and 80 °C mould temperature.

The manufactured polymer sheets were then cut into
16 X 15 x4 mm pieces using a Mutronic Diadisc 5200 cut-
off saw (Rieden am Forggensee, Germany). The size of the
workpieces was iterated empirically based on (i) the geom-
etry of the fixture, (ii) the length of the cutting edge (the
thickness of the workpiece must be smaller than the main
cutting edge), (iii) the strength of the materials (the material
must not break during machining with the applied cutting
parameters), (iv) sampling limit of measuring devices, (V)

cooling time of the cutting insert and (vi) the cost of materi-
als (due to cost efficiency, material usage should have been
minimised). Finally, these polymers were one by one fixed
into a special orthogonal fixture (see Fig. 1) and flat milled
by a TOS Kufim FNK 25A (Kufim, Czech Republic) mill-
ing machine (using a face milling cutter having a diameter
of 40 mm and cutting inserts having rake angle of 0°, using
a nominal depth of cut of 3 mm, cutting speed of 113 m/
min and feed rate of 80 mm/min.) to provide a flat starting
surface resulting in a uniform size of uncut chip thickness.
The glass transition temperature (7},) of the examined pol-
ymers, produced at our laboratory and with our technology,
was measured by dynamic mechanical analysis (DMA) to
determine the elevated temperature value of the machining
experiments. The DMA was performed by TA Instruments’
DMA Q800 instrument (New Castle, Delaware, USA), and
the T, values were determined as the peak values of tané
signals in the TA Universal Analysis 2000 software. The
DMA was carried out with a 3-point bending setup, and the
oscillation frequency was 1.00 Hz; the static force was 0.10
N; the minimum oscillation force was 0.00 N; a 1.25-force

-

- » -
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Cuting insert

rake face v - rake angle

@ - shear plane angle
Vs cutting speed

h - uncut chip thickness
hc - cut chip thickness
f= cutting edge radius
FC - main cutting force
FP - passive force

flank face

Fig. 1 a The orthogonal experimental setup, b the setup of the orthogonal cutting process and ¢ a schematic figure of orthogonal chip-removing

with the most important parameters
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track was applied; the oscillation strain was 0.01 mm; the
examined temperature range was 28—180 °C, and the heating
rate was 3 °C/min. The nominal dimension of the DMA sam-
ples was 60 x 10 x4 mm, and the support span was 50 mm.
The 7, and the storage modulus (E") values at 28 °C and
at 155 °C of the polymers produced with the technologies
mentioned above were produced at our laboratory with our
technology and can be seen in Table 1.

2.2 Experimental setup

The orthogonal machining experiments were conducted on a
Kondia B640 vertical CNC milling machine (Elgoibar, Spain)
in dry conditions. The polymer workpieces were fixed into a
unique fixture on a KISTLER 9257B dynamometer (Winterthur,
Switzerland), as can be seen in Fig. 1b. The linear movement
of the x-axis (table movement along the longer planar axis) of
the cutting tool machine provided the cutting speed (v,) for the
orthogonal machining experiments. A SECO CCGT09T304F-
AL, KX cutting insert (Budapest, Hungary) performed the chip
removal so that the main cutting edge was set parallel to the top
of the polymer workpieces using a 5°-wedge. The cutting insert
was fixed into a SECO SCLCR1616H09 tool holder (Budapest,
Hungary) and an adapter. The main cutting edge of the cutting
insert was positioned perpendicular to the cutting speed motion
(along the y-axis of the cutting tool machine) using a Mitutoyo
513-445 (Kawasaki, Japan) measuring clock (precision 2 um).
The orthogonal experimental setup can be seen in Fig. 1.

The cutting force components along the cutting motion
and passive directions were measured by a KISTLER
9257B three-component dynamometer using a measure-
ment limit of 500 N and a sampling frequency of 10 kHz.
The measured signal was amplified by a KISTLER

Table 1 Glass transition temperature and storage modulus results of
DMA tests

Polymer material Material properties

5070A11100 multichannel laboratory charge amplifier
(Winterthur, Switzerland) and collected by a NI USB-4431
dynamic signal acquisition module (Austin, TX, USA).
The temperature of the cutting insert was monitored by
a Variocam HD thermographic IR camera (by Jenoptik
(Jena, Germany), with a Jenoptik IR 1.0/60 LW lens) using
a frame rate of 30 fps and emission coefficient of 0.95. The
temperature condition of the cutting insert was manipu-
lated by a PARKSIDE PHLG 2000 E4 hot air gun (Einhell
Germany AG, Landau/Isar, Germany) with a performance
of 2000 W, nominal air temperature of 550 °C and vol-
ume flow of 500 1/min. The temperature of the insert was
also checked by a Fluke 51 II thermometer (Everett, WA,
USA) with a type-K thermocouple (from Rhodium Kft.,
Budapest, Hungary).

Considering that the chip removal is expected to be different
in significantly different cutting temperatures, and the length
of cutting (approx. 30 mm) cannot ensure a significant cut-
ting temperature increase during the experiments, the starting
temperature of the cutting insert (7)) was selected as a factor
besides the material type (M). Due to the relatively low num-
ber of factors, the orthogonal machining experiments were
designed according to the full factorial design by repeating each
experimental run five times. The 7 was varied between two cat-
egorical levels, i.e., room temperature and elevated temperature,
above 155 °C. This elevated temperature was set to be above the
examined polymer’s 7, and the vitrimer’s 7\, temperatures; 7 is
difficult to measure accurately, but from the Tg of the vitrimer
and based on previous research, it is a few tens of °C higher
than the 7,,. The factors and their levels are shown in Table 2.
A total number of 30 experiments were run in a randomised
order to minimise the systematic effect of fixed parameters and
conditions. The nominal uncut chip thickness (4) was 0.1 mm
(determined by the common values in the case of CFRP drill-
ing and milling processes [38, 39]), and the cutting speed (v,)
was fixed—considering the maximal speed of the x-axis of the
machine tool—to 20 m/min.

T,(°C)  Ej.c(MPa)  E's.c(MPa) 2.3 Characterising parameters
PEIR.GP.OXy o 55'(1)0 ?157 33.54 The measured cutting force components were parallel to the
Polyimine vitrimer ZS' 6 829 20'67 x-, y- and z-axes of the CNC cutting machine tool because the
PC 149.66 1327 550 axes of the coordinate system of the dynamometer matched
Table 2 Factors and their levels Factors Levels
1 2 3
Starting temperature of the cutting insert T (°C) Room tem-  Above 155 °C
perature
(~21°C)
Material type M(-) Polyimine =~ PER epoxy resin (E) Polycar-
vitrimer bonate
W) PO
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that of the CNC machine tool (see Fig. 1). Considering that
the machining experimental setup ensured the classical imple-
mentation of two-dimensional orthogonal machining, only the
main cutting force (F)) and the passive force (¥,) components
were evaluated, as expressed by Egs. (1) and (2), respectively.

1 n

Fc= ;Zi:0|Fxmin|i (1)
1 n

Fp = ZZi=O|Fzmax|i 2

where n=35 denotes the number of experiment repetitions,
i is the increment variable of each experimental run, F, ;.
denotes the minimum of the x-directional cutting force com-
ponent, and F,,,, denotes the maximum of the z-directional
cutting force component. Due to the relatively small applied

uncut chip thickness resulting in relatively small cutting

forces, the raw cutting force data was not filtered to keep
as much information on the chip-removal process as pos-
sible. The measured force values can be seen in Table 3 and
Figs. 2 and 3.

The machined surface characteristics were analysed
through optical microscopy (i.e., qualitative evaluation)
with a Keyence VHX-5000 (with VH-Z20UT VH lens,
20-200 X zoom) optical microscope (Osaka, Japan) and
contact profilometry with a Mitutoyo Surftest SJ-400 con-
tact profilometer (Kawasaki, Japan) based on EN ISO 4288
standard. The cut-off frequency was set to 8 mm, the meas-
uring speed was set to 0.5 mm/s, and a Gauss filtering was
applied. The average surface roughness (Ra), the maximum
height of the profile (Rt) and their combination (Rt/Ra) were
selected to characterise the machined surfaces qualitatively.
The surface profile of each machined sample was measured
three times in three different representative locations, their
mean value is the associated value to each sample, and the

Table 3 Force and surface

Factors Optimisation parameters
roughness results of orthogonal
machining experiments Material (M) Temperature (7) Fymin N) F,max N) Ra (um) Rt (um) Rt/Ra (1)

E Room temp 162.86 37.00 47.17 243.90 5.17
E Room temp 94.92 41.86 30.41 188.73 6.21
E Room temp 141.35 47.33 41.03 233.97 5.70
E Room temp 104.49 114.10 40.43 209.83 5.19
E Room temp 27.51 51.47 48.62 320.73 6.60
E Above 155 °C 26.17 121.94 71.42 330.50 4.62
E Above 155 °C 117.94 40.77 86.57 348.53 4.03
E Above 155 °C 30.20 237.29 56.18 288.03 5.13
E Above 155 °C 25.22 105.60 48.78 242.80 4.98
E Above 155 °C 30.28 149.92 72.68 372.10 5.12
v Room temp 84.55 47.59 0.80 23.20 28.88
v Room temp 98.36 41.08 3.49 60.07 17.21
v Room temp 101.67 54.54 3.84 52.87 13.78
v Room temp 99.69 48.53 1.25 31.23 24.92
v Room temp 55.95 49.74 7.15 65.57 9.17
v Above 155 °C 125.78 48.62 50.84 227.01 4.47
v Above 155 °C 112.46 48.46 42.36 178.83 4.22
v Above 155 °C 29.07 70.25 35.28 209.07 5.93
v Above 155 °C 28.65 107.25 31.87 169.63 5.32
v Above 155 °C 28.54 114.28 42.73 184.57 4.32
PC Room temp 104.49 48.61 1.12 11.43 10.21
PC Room temp 102.20 44.84 0.91 8.80 9.67
PC Room temp 54.29 43.06 3.63 41.40 11.40
PC Room temp 110.47 51.68 1.24 10.40 8.41
PC Room temp 63.08 46.11 3.56 35.83 10.07
PC Above 155 °C 159.66 48.57 1.42 15.73 11.05
PC Above 155 °C 30.11 68.05 1.60 13.20 8.27
PC Above 155 °C 29.22 79.64 1.09 10.50 9.63
PC Above 155 °C 33.37 67.53 1.15 9.90 8.63
PC Above 155 °C 29.92 85.28 1.53 12.47 8.15
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mean value of the different samples’ surface roughness val-
ues are shown in Fig. 4 and Table 3.
3 Results and discussion

Table 3 summarises the experimental setup, measured and
calculated optimisation parameters.

3.1 Analysis of cutting force

Figure 2 shows the calculated cutting force components with
a total of one sigma (equals the standard deviation) error bar

Room temperature

Fig.2 Cutting force compo- R

nents in orthogonal machin- 140 mmmm e

ing of vitrimer, epoxy and PC
polymers at a room temperature
and b above 155 °C

Fig. 3 Main cutting force (F,) 140
in orthogonal machining of vit-
rimer, epoxy and PC polymers
at room temperature and above
the nominal target temperature

of 155 °C -
&
e
8) 80 T -=--mm - e e e e e e e —m——— o
7 ® Room temperature
H Above 155 °C
[ e i
50 1
E
240
<

Vitrimer PC

Epoxy

120 f--------

Epoxy

in orthogonal machining of vitrimer, epoxy and PC polymers
at room temperature and elevated temperature above 155 °C.
The orthogonal machining of epoxy resulted in the largest
main cutting force (F,) at room temperature, followed by the
vitrimer and PC, respectively. Above 155 °C, the vitrimer
resulted in the largest F, followed by the PC and epoxy. The
larger the main cutting force, the larger the resistance of the
polymer against machining. Considering that the main cut-
ting force is proportional to the frictional force at the rake
and clearance surfaces of the cutting tool, the speed of tool
wear is expected to be accelerated at larger forces [40, 41].
Therefore, the larger the main cutting force, the worse the
machinability is, from the point of view of cutting energetics

b) Above 155 °C

mEpoxy = Epoxy

m Vitrimer ® Vitrimer

PC

®Room temperature
H Above 155 °C

Vitrimer PC

B Room temperature

H Above 155 °C

Rt (pm)

Vitrimer PC

Epoxy

Fig.4 a average surface roughness (Ra) and b maximum height of the profile (Rt) of orthogonally machined surfaces of vitrimer, epoxy and PC

polymers at room temperature and above 155 °C
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and tool wear. Consequently, the vitrimer performed better
at room temperature than the epoxy, and the epoxy was more
beneficial when the tool was heated above 155 °C. These
results suggest that the vitrimer is an appropriate substitute
material for epoxy if the cutting temperature is significantly
below the glass transition temperature and vitrimeric transi-
tion temperature.

The orthogonal machining of epoxy resulted in the largest
passive force (F),) at both analysed temperature conditions.
The differences of means of F), of vitrimer and PC do not dif-
fer significantly, but all of them are strictly below the epoxy.
The larger the passive force, the dominancy of the peel-up
effect caused by the rake surface of the tool is more signifi-
cant than the ploughing of the cutting edge radius (CER)
and clearance surface [42, 43]. Consequently, the results
in Fig. 2 indicate that the dominancy of ploughing in the
orthogonal machining of vitrimers is more significant than
that of the epoxies. The ploughing-induced more consider-
able compression stress may result in a more hardened and
resistant machined surface of vitrimers; however, this needs
further investigation.

The analysis of the main cutting force is the most essen-
tial among other cutting force components; therefore, it is
further detailed and summarised in Fig. 3. The diagram
clearly shows that the F is larger in every polymer applied
at room temperature than above 155 °C. Generally, the
mechanical properties of polymers decrease with the tem-
perature increase within the operating temperature range,
and a considerable deterioration happens around the poly-
mers’ glass transition temperatures (7}) as the storage modu-
lus (E") values of the DMA tests confirm. Therefore, the
main cutting force component is expected to be decreased
due to the decrease of the material’s resistance against the
cutting tool. From the perspective of the positive effects of
the decreased F (e.g., smaller tool wear and less permanent
mechanical damage of the material), the cutting process may
be performed at higher temperatures. Still, the material’s
permanent deterioration must be avoided.

In Figs. 2 and 3, the deviations of the F and F), values
highly increase with the increase of the cutting tempera-
ture, except in the case of the epoxy material’s F, values.
This suggests that the cutting force components become
more unpredictable when the temperature during the
machining process is indirectly controlled; consequently,
tool wear, machine tool maintenance and the machined
part’s permanent mechanical damage will be difficult to
plan and predict.

The main effect and interaction plots can be seen in
Figs. 5 and 6, respectively. The means Fig. 5 clearly
indicates and is consistent with the previously presented
results that the means of the F, of vitrimer, epoxy and
PC do not differ significantly, and the larger the cutting
temperature, the smaller the main cutting force is. The
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Fig.6 Interaction plot for main cutting force (F,) in orthogonal
machining of vitrimer, epoxy and PC polymers at room temperature
and above the nominal target temperature of 155 °C

analysis of variance (ANOVA) table in Table 4 shows that
the influence of the temperature on the F| is significant;
however, neither the material nor the interaction of mate-
rial vs temperature has a significant effect on the main
cutting force at the significance level of 0.05.

3.2 Analysis of surface characteristics

Figure 4 shows the mean of measured surface roughness (Ra)
and maximum height of profile (Rt) values of the machined
surfaces (machined at room temperature and above 155 °C)
of vitrimer, epoxy and PC polymers; the error bar of a total
of one sigma (equals the standard deviation) is also shown.
In the case of room temperature machining, epoxy samples
have the largest average Ra and Rt values, followed by the
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Table4 ANOVA table for main cutting force (F,), where bold entries
denote P-values lower than 0.05, indicating that the factor has a sig-
nificant effect

Source DF AdjSS Adj MS F-value P-value
Model 5 12879.200 2575.800 1.380  0.266
Linear 3 10945400 3648.500 1.960  0.147
M 2 141.900 71.000 0.040  0.963
T 1 10803.500 10803.500 5.8000 0.024
2-way interactions 2 1933.800 966.900 0.520  0.601
M-T 2 1933.800  966.900 0.520  0.601
Error 24 44677.000 1861.500

Total 29 57556.200

vitrimer and PC polymers. The epoxy’s surface quality indi-
cators are 5—8 times larger than that of the vitrimer’s and
PC’s; however, the difference between vitrimer and PC is
much smaller (Ra and Rt of vitrimers are approx. 2 times
larger than that of PC). Therefore, the vitrimer’s machined
surface quality is more similar to the chosen thermoplas-
tic material’s than the thermoset epoxy’s during machining
below the materials’ 7, temperature, which is the opposite
of the expected result based on the priory mechanical and
material properties. This phenomenon should be examined
also in detail in future research. The same tendency can be
observed at elevated temperature machining: epoxy has the
largest surface quality indicator values, followed by vitrimer
and PC. But, the difference between epoxy and vitrimer is
smaller than between vitrimer and PC this time, which sug-
gests that in the case of machining above the materials’ T,
temperature, the vitrimer’s machined surface quality is more
similar to the chosen thermoset epoxy’s than the thermo-
plastic PC’s, which is the opposite of the expected result

Fig.7 Scatterplot of average

based on the priory mechanical and material properties. This
phenomenon should be examined in detail in future research.
From the data, it can be observed that increased temperature
has the same effect on decreasing the surface quality (i.e.,
increasing the Ra and Rt) in the case of vitrimer and epoxy
samples; however, an opposite tendency is associated with
PC samples. Also, temperature elevation influences the vit-
rimer and epoxy samples by increasing the standard devia-
tion of the surface roughness values, which means that a
more chaotic process occurs during the chip removal above
T,, making the machining outcome more unpredictable. The
opposite effect can be seen for PCs in the same machining
conditions. These observations suggest that the vitrimers’
temperature-dependent behaviour during machining is more
similar to the thermoset epoxy than the thermoplastic PC
regarding the machined surface’s quality.

The connection between the average surface roughness
and the maximum height of the profile (i.e., Ra vs Rt) is
illustrated in a scatterplot diagram in Fig. 7. All the meas-
ured values are presented in the scatterplot (the surface pro-
file of each machined sample was measured three times in
three different representative locations), and linear trendlines
are also fitted to the different samples’ data. The Rt/Ra ratio
gives information about the surface damage: the meaning
of the high Rt/Ra ratio is the small extent but large size cra-
ters on the machined surface (i.e., a small number of large
extremes in the surface profile), while the low Rt/Ra ratio
suggest that the machined surface is more homogenous with
small damages. The Rt/Ra ratios of epoxy machined at both
temperature levels and vitrimer machined above 155 °C can
be found in the same region in the scatterplot (Group I),
the Rt/Ra ratios of PC machined at both temperature levels
and vitrimer machined at room temperature can be found
in another significantly different region in the scatterplot

surface roughness (Ra) vs the
maximum height of the profile
(Rt) of orthogonally machined
surfaces of vitrimer, epoxy and
PC polymers at room tempera-
ture and above 155 °C

Rt (pm)

Group II

0 g} i

0 20

i
I
I
I
I
)
a ® Epoxy at room temperature R2=0.8006 [
| i
| i
"3 - ® Epoxy above 155 °C -‘I
i i i
u: i M Vitrimer at room temperature | BEEXIRAPI E
i i i
! 1 H Vitrimer above 155 °C R2=03754 |
1 4 1
i I \
I 1 A PC at room temperature - 1
i i i
i i o i
: ' PC above 155 °C R2=0.7808 !
| | T T |
40 60 80 100 120
Ra (um)

@ Springer



The International Journal of Advanced Manufacturing Technology

a) Temperature Material
60 - == mmm e e
F-value=57.61 F-value=125.95
50 +{ P-value=0.000 f-------------- -| P-value=0.000 |[------

Ra (um)

Vitrimer PC

Room temperature ~ Above 155 °C

Epoxy

b) Temperature Material

300 - mmmmmmmm e e e
F-value=36.59 F-value=164.03
250 +- P-value=0.000 f------------ -| P-value=0.000 [------
i
& oI T
50 fmmmmmmmm s - -
0 N
Room temperature  Above 155 °C Epoxy Vitrimer PC

Fig.8 Main effects plot for a average surface roughness (Ra) and b maximum height of the profile (Rt) in orthogonal machining of vitrimer,
epoxy and PC polymers at room temperature and above the nominal target temperature of 155 °C

(Group II). Moreover, Rt/Ra ratios of elevated temperature
machined vitrimer are much closer to the room temperature
machined epoxies than the elevated temperature machined
epoxy samples in the Group I region. These suggest the simi-
larities between the vitrimer samples machined at different
temperature levels and the thermoset epoxy and thermo-
plastic PC. The range of Ra values of epoxy samples and
elevated temperature machined vitrimer samples are much
wider compared to the PC samples and room temperature
machined vitrimer samples. Also, the same tendency can be
observed in the case of the range width of Rt values. These
tendencies can be a representation of the machined surface
homogeneity: wider ranges suggest a more unpredictable,
inhomogeneous surface characteristic. The slope values of
the linear fitted trendlines of Group II are higher than in the
case of Group I Rt/Ra values of PC samples machined at
room temperature have the highest coefficient of determi-
nation (R?), the lowest R? belongs to the Rt/Ra values of
vitrimer samples machined above 155 °C.

The main effect plots can be seen in Fig. 8. The means
in Fig. 8 confirm the previously written observations and
statements; the means of the Ra and the Rt of vitrimer,
epoxy and PC do differ significantly, also, the larger the
cutting temperature, the worse the machined surface qual-
ity. The analysis of variances (ANOVA) tables in Tables 5
and 6 shows that the influence of the temperature and the
type of material on the Ra and Rt is significant at the sig-
nificance level of 0.05. The interaction plots of material
vs temperature can be seen in Fig. 9. The ANOVA table
results (in Tables 5 and 6) and the interaction plots show
that the interaction of material vs temperature also has a
significant effect on the surface quality (i.e., Ra and Rt val-
ues) at the significance level of 0.05. The different materi-
als behave differently with the increase of the temperature,
the behaviour of vitrimer and epoxy is more or less similar
to each other, but the thermoplastic PC is remarkably dif-
ferent to them.

@ Springer

Table5 ANOVA table for the average surface roughness (Ra), where
bold entries denote P-values lower than 0.05, indicating that the fac-
tor has a significant effect

Source DF AdjSS AdjMS  F-value P-value
Model 5 19201.000 3840.250 68.690 0.000
Linear 3 17303.000 5767.770 103.170 0.000
M 2 14082.000 7041.230 125.950 0.000
T 1 3221.000 3220.860 57.610 0.000
2-way interactions 2 1898.000 948.980 16.980 0.000
M-T 2 1898.000 948.980 16.980 0.000
Error 24 1342.000 55.900

Total 29 20543.000

Table6 ANOVA table for the maximum height of the profile (Rt),
where bold entries denote P-values lower than 0.05, indicating that
the factor has a significant effect

Source DF AdjSS Adj MS F-value P-value

Model 5  414636.000 82927.000 78.760 0.000

Linear 3 383929.000 127976.000 121.550 0.000

M 2 345408.000 172704.000 164.030 0.000

T 1 38521.000 38521.000 36.590 0.000

2-way interac- 2 30707.000 15354.000 14.580 0.000
tions

M-T 2 30707.000 15354.000 14.580 0.000

Error 24 25270.000 1053.000

Total 29 439906.000

The surface characteristics of the polymer samples were
also examined through optical microscopy qualitatively
after machining; the representative microscopic images of
machined surfaces can be seen in Fig. 10. In the case of
epoxy at both temperature levels, a brittle fractured surface
can be observed (see in Fig. 10a); furthermore, the extent of
craters on the surface increases with temperature increase,
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which can be a result of the deterioration of mechanical
properties above T,. Regarding the PC’s surface character-
istics in both temperature levels, a smooth machined surface
can be seen (as in Fig. 10c), which can result from plastic
deformations during the chip removal process. It also needs
to be highlighted that visible grooves parallel to the direction
of the tool movement were formed in the case of orthogonal

Epoxy

Room temperature

1000 pm 200x magnification

Room temperature

1 (l(ﬁpm 200x magnification 1 l)rum

Room temperature

1000 pm 200x magnification 100 pm

PC Epoxy Vitrimer PC

Material

machining above 155 °C; the deterioration of surface quality
may be, therefore, a result of decreased mechanical proper-
ties above the material’s T, As for vitrimer (see Fig. 10b),
two significantly different surface characteristics can be
inspected: (i) at room temperature, a smooth surface with-
out almost any severe surface damage was formed during the
orthogonal machining process (similar to the thermoplastic

Above 155 °C
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|
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20x magnification 1000 pm 200x magnification

Fig. 10 Representative microscopic images on the machined surfaces of examined a epoxy, b vitrimer and ¢ PC polymers at room temperature

and above 155 °C
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PC’s surface characteristic); however, (ii) above 155 °C,
machining a brittle fractured surface was developed (simi-
larly to the thermoset epoxy’s surface characteristic). The
number and extent of craters on the above 7, machined sur-
face of vitrimer are closer to the case of room temperature
machined epoxy; the smooth surface may indicate plastic
deformation during material removal. The phenomenon of
the embrittlement of the vitrimer as the effect of increas-
ing temperature (inferred from the surface characteristics
derived from optical microscopy) needs to be examined in
future research.

The achieved significantly better-machined surface qual-
ity (regarding Ra and Rt) of polyimine vitrimer samples
compared to PER epoxy samples suggests that vitrimers
can be a substitute material for commercial epoxies from
the point of view of machinability. The machined surface
quality is no limit to the widespread use of vitrimers; moreo-
ver, better results could be achieved with them than with
epoxies. Also, a better surface quality was produced at room
temperature during orthogonal machining; therefore, the
authors suggest keeping the cutting temperature well below
the material’s T, by proper technology planning (e.g., apply-
ing coolant, sharp and coated tools, shorter contact time,
shorter contact length and optimised cutting parameters).
The similarities between the temperature-dependent behav-
iour of thermoset, thermoplastic and vitrimer materials from
the perspective of machined surface characteristics should
be further investigated.

3.3 Discussion and outlook

The mechanical and thermal properties of polymer materi-
als are highly affected by the structure of the material. In
thermoplastic materials (such as PC), the polymer chains
are connected via intermolecular electrostatic forces (e.g.,
Van der Waals and hydrogen bonding) that are significantly
weaker than the primary chemical bonds. Thermosetting
polymers (such as PER epoxy) have strong covalent bonds
between the polymer chains, which form an irreversible
crosslinking network of the molecules in the material. There-
fore, thermosetting polymers usually have higher strength
and brittle material properties, while thermoplastics can
be more deformable and weaker. Polyimine vitrimer poly-
mers, however, have a covalent adaptable network (CAN),
which means that dynamic covalent connections are formed
between the polymer chains, and the CAN can dynamically
rearrange while maintaining the crosslink density when
thermally triggered [14]. This results in a special viscoe-
lastic state of the material above the vitrimeric transition
temperature [15]. In the case of thermosets and vitrimers, the
crosslink density also highly affects the materials’ strength
[44]. The crosslink density of the polyimine vitrimer used
in our experiments might be less than the manufactured
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PER epoxy’s. This theory is supported by the mixing ratios
of the different materials: the polyimine vitrimer has an
imine—epoxy ratio of 2:1 (in this system, the imine is respon-
sible for the vitrimeric function) and the PER epoxy has an
epoxy-hardener ratio of 100:40. The crosslink density can
be further analysed by Differential Scanning Calorimetry
(DSC). The storage modulus values (E') from DMA tests
(see Table 1) clearly show the differences between the mate-
rials: the thermoset PER epoxy has the highest £ at room
temperature, followed by the polyimine vitrimer with the
lower crosslink density, and the thermoplastic PC has the
lowest E'. The mechanical properties of polymers are also
highly influenced by temperature. The mechanical proper-
ties of thermosets, thermoplastics and vitrimers significantly
deteriorate as the temperature exceeds the glass transition
temperature (7,) due to the micro-Brownian motion of the
macromolecules. This deterioration tendency can also be
observed from the results of the DMA tests (see Table 1).
The extremely low value of the polyimine vitrimer may indi-
cate that the temperature exceeded the vitrimeric transition
temperature (7).

The main cutting force (F,) values of the different materi-
als are in correlation with the mechanical properties of the
material and the above-mentioned theoretical statements. As
the polyimine vitrimer has less crosslink density at room
temperature, the F, values are closer to the F values of the
PC than of the epoxy. In the case of elevated temperature
machining, the F, values of each material decreased due to
the deterioration of the mechanical properties as expected.
The polyimine vitrimer had the highest F, values at ele-
vated temperatures which may be explained by the higher
resistance against the main cutting edge of the viscoelastic
material state compared to the rigid but weakened epoxy
and PC. As the thermosets have a brittle nature and higher
strength due to the strong covalent bonds between the poly-
mer chains, the surface roughness should be worse than in
the case of the thermoplastics that have a softer and more
ductile nature due to the secondary chemical bonds between
the polymer chains [45—47]. As it is harder to separate the
molecules during the cutting process, the thermosets should
have more brittle fractured surface characteristics [45, 46];
however, the thermoplastics should have smoother surface
characteristics due to weak intermolecular forces [46, 47].
The results of this study’s surface roughness and charac-
teristics resemble the theoretically expected and previous
research results. As there is no published information on the
vitrimers’ behaviour during machining, the findings of the
surface roughness and characteristics analysis are unique: at
room temperature, the used polyimine vitrimer has a smooth
surface finish similar to the PC, but above Tg, the surface
is more similar to the epoxy’s. The similarity to PC may
be explained by the lower crosslink density; however, the
material still has a crosslinking network above Tg; therefore,
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a brittle fractured machined surface appears similar to the
epoxy. The machining-induced surface characteristics-
related priori information on the crosslink density depend-
ency and the temperature dependency (i.e., exceeding T,) is
also consistent with the results [46].

In this research, two polymer materials (PER epoxy and
PC) similar in thermomechanical properties to the examined
polyimine vitrimer were applied as comparative references.
However, a wide range of thermosetting polymer materi-
als are used in today’s industrial applications with different
mechanical and thermal properties; also, vitrimer materials
can be synthesised in many different ways, which also affects
the properties of the material. As vitrimers are potential sub-
stitution materials for conventional thermosets (e.g., epox-
ies), more comparative experiments should be carried out
on different materials to map the similarities and differences
in the case of machining. Furthermore, the main area of use
of conventional thermoset and polyimine vitrimer materials
are fibre-reinforced composites, not used by themselves in
solid form. Therefore, orthogonal machining experiments
should be performed on vitrimer matrix FRP composites to
investigate and model the machinability of industry potential
materials and analyse the effect of fibre—vitrimer adhesion
on machinability.

The different recycling methods (i.e., mechanical, chemi-
cal and thermal) can affect the material properties of the
recovered materials. The high-temperature treatment dur-
ing pyrolysis and the mechanical impacts during the recy-
cling procedure can affect the tensile properties and fatigue
resistance of the reinforcement; furthermore, the chemicals
applied during solvolysis can affect the adhesion between
the matrix and reinforcement. While mechanical properties
and adhesion can play a significant role in the outcome of the
machining process, the authors plan to examine and compare
the machined features’ quality and the affected optimisation
parameters of the machining process in the case of compos-
ites prepared from virgin and recycled materials.

Vitrimer materials have three significant and distin-
guishable temperature zones: (i) operating temperature
zone (below glass transition temperature (7,) and vitrim-
eric transition temperature (7)), (ii) mechanical charac-
teristics deterioration temperature zone (between T, and
T,) and (iii) viscoelastic flow temperature zone (above 7).
In these temperature zones, the vitrimer may behave sig-
nificantly differently during machining; therefore, further
research should aim to discover the processes taking place
during machining. For these experiments, the vitrimeric
transition temperature should be determined appropriately.
In our orthogonal machining experiments, the cutting tool
was heated above the target elevated temperature; however,
heat transfer properties and heat conductivity of the dif-
ferent materials (experimental samples and cutting tool)
were not investigated and taken into consideration. Also,

the contact time of the cutting tool and experimental sam-
ples was short (approx. 0.05 s); nevertheless, experimental
results clearly show the different outcomes of the separate
temperature levels. Even so, in our further experiments,
direct heating of the samples will be applied to validate
the recent data.

In the recent machining experiments, the applied cutting
speed was the milling machine’s rapid speed of 20 m/min,
which is a common limitation of orthogonal machining
experiments [48, 49]; however, other commonly applied
machining operations (e.g., milling and drilling) have a
several times higher cutting speed. Recent results may be
extended to higher cutting speed processes, although vali-
dating experiments must be carried out in further research.
The results and experience of this orthogonal machining
experiment can be directly implemented in other machin-
ing operations, where no rotating cutting tool is applied,
the direction vector of the cutting speed is constant, and a
homogenous chip cross-section is maintained during the
machining process, such as turning, planing, shaping, and
broaching; however, the implementation to other machin-
ing operations with more complex kinematics (e.g., mill-
ing and drilling) is highly limited. Therefore, in future
applied machining research, these more complex, typi-
cally used machining processes in the industry should be
examined to help spread vitrimer matrix FRP materials in
industrial production. The implementation of the experi-
mental results is also limited due to the geometry of the
cutting tool insert and the number of cutting edges. In
the case of different cutting tool geometries, the peel-up
and ploughing effect may appear in varying degrees; also,
the increase in the number of cutting edges changes the
chip-removal kinematics significantly. These effects sig-
nificantly influence the cutting forces and the machined
surface quality; therefore, further experimental research
and modelling should be conducted. Additionally, the
short length and the simple tool path of the orthogonal cut
are drawbacks of recent experiments, while other exten-
sive surface characteristics, such as waviness and flatness,
cannot be determined. In the case of multiple paths opera-
tions, the errors of previous paths may significantly influ-
ence the result of the following tool paths. Recent results
must be interpreted in dry machining conditions, although
coolant fluid highly affects the temperature and tribologi-
cal conditions. However, the applicability of coolant fluids
must be investigated in future research.

4 Conclusions
In the present study, a comparative analysis of the machina-

bility of polyimine vitrimer, thermoset PER epoxy and
thermoplastic polycarbonate was carried out by orthogonal
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cutting experiments to have preliminary information on
the behaviour of vitrimer polymers during machining. The
machinability was examined by analysing cutting forces,
surface roughness and surface characteristics. According to
the present study, the following conclusions can be drawn:

e Experimental results show that polyimine vitrimer pro-
duced smaller cutting forces (i.e., main cutting force
component (F,) and passive force component (Fp)) than
the PER epoxy. Thus, vitrimer materials may be more
favourable from the perspective of machining due to the
smaller tool wear and permanent mechanical damage
caused by the F . Cutting force results also show that the
force component values and their deviation increase with
the increase in temperature; therefore, cutting tempera-
ture control is recommended.

e Surface roughness indicators (i.e., average surface rough-
ness (Ra) and maximum height of profile (Rt)) show
the machined surface of polyimine vitrimer was better
quality than PER epoxy’s machined surface; therefore,
vitrimer materials may be a good substitute of epoxies
from the perspective of machined surface quality. How-
ever, optical microscopy images showed that at room
temperature machining polyimine vitrimer’s machined
surface was similar to the thermoplastic polycarbonate’s
machined surface, but above the glass transition tempera-
ture (Tg), the machined surface of vitrimer was similar to
the thermoset PER epoxy’s machined surface.

e ANOVA results show that temperature had a significant
effect on the main cutting force component and the sur-
face quality; also, the material factor and the interaction
of the material vs temperature on the surface quality was
significant at the significance level of 0.05.

e The preliminary experimental results of the compara-
tive analysis of the machinability of vitrimers are lim-
ited because of the chosen materials and the orthogonal
machining; more empirical work is therefore needed
in order to thoroughly investigate and compare the
machinability of different types of vitrimers and epoxies
also to get information on the commonly applied machin-
ing operations in the industry (e.g., milling and drilling)
and to investigate the more complex processes, which
happens during the machining of vitrimer matrix fibre-
reinforced polymer composites.
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