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Abstract

- Daniel Istvan Poér' - Csongor Pereszlai' - Péter Tamas-Bényei®>

Since governments encourage sustainability, industries are making great efforts to reuse or recycle carbon fibre-reinforced
polymer (CFRP) composites. Despite the promising early results concerning the material properties of recycled CFRP,
there is no published knowledge available about their machinability. In this study, drilling-induced micro and macro-sized
geometrical defects were analysed and compared in virgin and recycled CFRP. A total of 180 drilling experiments were
carried out using uncoated solid carbide cutting tools. Six different CFRP composites were tested at different feeds. The
burr characteristics and microstructure were analysed by optical and scanning electron microscopy. The analysis of vari-
ance (ANOVA) results suggest that the formation of drilling-induced burrs in CFRP reinforced by recycled chopped and
nonwoven mats is less pronounced than in virgin CFRP. Micro- and macro-sized geometrical defects in both recycled and
virgin milled CFRP were negligible. This study found no relevant objection to using recycled CFRP from the point of view

of drilling-induced burrs and microstructure damage.
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1 Introduction

As carbon fibre-reinforced polymer (CFRP) composites
have superior properties (such as excellent specific strength
and dimensional stability [1, 2]), they are widely used in
high-tech industries, including the aerospace, defence and
automotive industries [3]. Laws require these industrial sec-
tors to reuse or recycle most of their products to decrease
the ecological footprint and increase the sustainability of
the processes. For some years now, it has been possible to
recycle carbon fibres from CFRP composites not only in
laboratories but also on an industrial scale [4]. Recycled
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- Microstructure

CFRP can have almost as good material properties as virgin
CFRP, although the applied recycling and sizing technolo-
gies have an impact on their properties and performance [5].

Okayasu and Kondo [6] analysed the tensile proper-
ties of recycled carbon fibre-reinforced polymer (rCFRP)
composites. They found that the tensile strength of rCFRP
depends significantly on the proportion and the size of the
carbon reinforcements. A higher proportion of chopped car-
bon reinforcements increased tensile strength, but a higher
proportion of milled reinforcements decreased it; however,
the effect of the resin was negligible. Park et al. [7] observed
that the thermal properties of rCFRP were significantly
affected by the presence of residual epoxy resin. They high-
lighted that the thermal stability of rCFRP affects inherent
composite properties. According to Rademacker et al. [8],
the mechanical properties of rCFRP are comparable and,
in some cases, even better than those of virgin CFRP. They
highlighted that—despite the encouragement of sustain-
ability by governments and society—there is often a lack
of willingness to optimise the manufacturing processes of
rCFRP. Hadigheh et al. [9] optimized the process parameters
of the pyrolysis to reduce the cost and increase the energy
efficiency of the recycling of CFRP. They analysed the
impact of recycling processes on the surface characteristics
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of carbon fibres. They found that pyrolysis up to 425 °C
followed by oxidation up to 550 °C with a heating rate of
10 °C/min and a specific isothermal dwelling time is optimal
for good-quality production of recycled carbon fibres. Zhao
et al. [10] developed a novel approach to recycling CFRP.
They observed that rCFRP retained over 93% of the tensile
strength and elastic modulus of virgin CFRP. Furthermore,
they found the wettability properties of rCFRP better than
those of virgin CFRP. Genna et al. [11] compared mechani-
cal properties of rCFRP through quasi-static and dynamic
tests. They found that the analysed rCFRP showed a strongly
anisotropic character, and the excellent material properties
of rCFRP make them suitable for a wide range of applica-
tions in the future.

Despite the promising early results concerning the mate-
rial properties of rCFRP, there is no published knowledge
available about their machining behaviour; the machina-
bility analysis of rCFRP composites is therefore required.
Based on the analogy of gained experiences in virgin CFRP
machining, the following main phenomena and challenges
are expected in the machining of rCFRP composites: (i) the
recycled carbon fibres will have a significant wear effect on
the cutting tool [12—-14]; (ii) in the case of longer (compared
to the minimum reinforcement length) fibres, the material
properties are orientation-dependent; hence, the machinabil-
ity of rCFRP will also be orientation-dependent [15-19];
(iii) improper machining technology will induce significant
burr formation, delamination, fibre pull-outs and fragmenta-
tion [20-26].

Considering the expected challenges in the machining of
rCFRP, the authors selected drilling for the first machin-
ing experiments on rCFRP. First, the effect of each domi-
nant chip removal mechanism can be analysed, due to the
0-360° rotation of the cutting tool. Second, based on the
applications and machining needs of virgin CFRP [1], drill-
ing will probably be the most often used form of machining
in rCFRP. Burr occurrence at drilled holes in CFRP was
experimentally investigated by Xu et al. [14]. They char-
acterised drilling-induced burr by the burr area parameter.
They showed that the larger the feed, the larger the burr
area, because the larger feeds increase the thrust force and
the cutting temperature; thus, the softened fibres get buck-
led easier and form more burrs. Nevertheless, the influence
of feed on burr is unclear, as burr formation is not related
directly to the chip cross-section; it is more influenced by
proper clamping of the composite, solid embedding of the
fibres and tool geometry [27].

Hrechuk et al. [28] analysed hole quality in CFRP. They
characterised drilling-induced burrs based on the analysis
of the contour of the holes. Their proposed methodology to
quantify burrs in CFRP is based on two-dimensional digi-
tal image analysis of optically captured images of holes.
Wang et al. [29] analysed drilling-induced surface damage
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in unidirectional CFRP. They highlighted that cutting edge
radius and fibre cutting angle play an important role in burr
forming mechanisms. The larger the cutting edge radius, the
higher the risk of delamination and burr formation due to
the higher risk of a bending-dominated chip removal mecha-
nism. Xu et al. [19] proposed to quantify and measure drill-
ing-induced burrs based on the analogy of quantifying con-
ventional delamination. As delamination is often analysed
through the analysis of the conventional delamination factor
(F;=D.,,.,/D,,m Where D, . .is the maximal diameter of the
delaminated zone and D, is the nominal hole diameter),
the burrs can be analysed by the burr factor, that is the ratio
of the burr area to the nominal area of the hole. Although
machining-induced extra materials at the machined edges
of the geometrical features in CFRP are often called uncut
fibres [28] or delamination type II [30], the term burr is
used in this study mainly because of its forming mechanisms
and material content (not only reinforcing fibres, but matrix
also).

The machinability of materials may be defined as a mate-
rial property, as a factor in tool life, in terms of the cutting
speed or other criteria [31]. Generally, the machinability of
fibrous composites requires information on the (i) forma-
tion of chip, burr and delamination [32]; (ii) surface integ-
rity [33]; (iii) tool life and tool wear rates [34]; (iv) specific
cutting force, torque and shear stress [35]; (v) achievable
micro and macro geometrical tolerances [36]; (vi) mechani-
cal properties (e.g. hardness, resultant strength) [37]; and
(vii) cutting temperature [38], at certain machining setups
(machine tool, cutting tool, lubrication, temperature, etc.).
This paper deals with the experimental analysis of drilling-
induced burrs through digital image processing, and surface
integrity through scanning electron microscopy.

In this experimental study, drilling-induced burr and
micro geometrical damages are investigated in different rein-
forcement structures of rCFRP and CFRP composites. The
main aim of the study is to compare drilling-induced burrs
and microstructures in recycled and virgin CFRP. Numerous
drilling experiments were performed in rCRRP and CFRP,
and the geometrical responses were analysed by digital and
scanning electron microscopy and digital image processing.

2 Experimental setups
2.1 CFRP composites

The machining experiments were performed on six different
CFRP composites, as listed in Table 1. The CFRP compos-
ite plates were manufactured by compression moulding and
silicone form casting with the use of virgin (V) and recycled
(R) carbon fibre reinforcements and epoxy resin (MR3010
resin and MH3124 hardener, in the mixing ratio of 100:33,



The International Journal of Advanced Manufacturing Technology

Table 1 The investigated CFRP

. - Code Virgin/recycled Reinforcement structure  Average reinforcement ~ Manufacturing
composite materials length (um)
VA Virgin Chopped 5 873+606 Compression moulding
VB Virgin Nonwoven mat quasi-infinite Compression moulding
vC Virgin Milled 45+28 Silicone form casting
RA Recycled Chopped 6114+1439 Compression moulding
RB Recycled Nonwoven mat quasi-infinite Compression moulding
RC Recycled Milled 77+51 Silicone form casting

respectively). The recycled carbon fibres were recycled
by an international carbon fibre producer company using
pyrolysis. Three different fibre reinforcement structures were
analysed in this study: chopped (A), nonwoven mat (B) and
milled (C). The structures of the carbon reinforcements can
be seen in Fig. 1. The average length of 300 elemental fibres
was measured with an Olympus BX-51 optical microscope
in each type of carbon fibre structure.

The carbon fibre-reinforced polymer composite sheets
were produced by three different methods. Milled fibre-
reinforced composites were produced by silicone form
casting; composites with chopped fibres and nonwoven
mats were made by compression moulding. The nomi-
nal dimensions of the composite sheets produced were
200 % 200 x 4 mm (width X length X thickness). In silicone
form casting, milled fibres were mixed with the epoxy com-
ponent (MR3010) for 15 min with an IKA RW 16 mechani-
cal stirrer. After that, the hardener component (MH3124)
was added and stirred homogeneously with the mixture
for 4.5 min (3 times 1.5 min; stirring, resting and stirring
again) at room temperature. The complete mixture (with
a nominal fibre content of 20 wt%) was poured into a sili-
cone mould and cured for 14 h at room temperature. Each
solid composite sheet was post-cured for 2 h at 60 °C in a
Despatch LBB2-27-1CE drying oven.

For the chopped fibre-reinforced composites, chopped
fibres were mixed with the epoxy component (MR3010)
for 15 min with an IKA RW16 mechanical stirrer. After
that, the hardener component (MH3124) was added and
stirred homogeneously with the mixture for 4.5 min (3

times 1.5 min: stirring, resting and stirring again) at room
temperature. The complete mixture (with a nominal fibre
content of 20 wt%) was poured into a properly sealed, pre-
heated (60 °C) alumina mould. It was pressed in a Metal
Fluid Engineering 30 T hydraulic hot-press (80 °C, 100 bar)
for 20 min after mould closing. After pressing, the mould
was cooled down to room temperature between closed press
platens.

Nonwoven mat-reinforced composites were produced by
a combination of hand layup and hot pressing. Firstly, the
epoxy component (MR3010) was mixed with the hardener
component (MH3124) for 4.5 min (3 times 1.5 min; stirring,
resting and stirring again) with an IKA RW16 mechanical
stirrer. Three layers of carbon textile were infiltrated manu-
ally. Composite stacks were built up layer by layer in the
alumina mould from the infiltrated carbon fibre layers. The
composite was pressed in a Metal Fluid Engineering 30 T
hydraulic hot press (80 °C, 100 bar) for 20 min after mould
closing. After pressing, the mould was cooled down to room
temperature between closed press platens.

The main mechanical properties of CFRP, which may
have a significant influence on the chip removal mechanisms
of the composites, were determined with three-point bend-
ing, Charpy and Shore D hardness tests. Three-point bend-
ing tests were carried out according to the MSZ EN ISO
14125:1998/A1:2011 standard in a Zwick Z005 universal
tensile machine on five specimens of each material. Dur-
ing the tests, crosshead speed was 10 mm/min, and support
length was 64 mm. The samples were tested until they broke
completely. Charpy impact tests were performed according

c)

Fig. 1 The different structures of fibre reinforcements used: (a) chopped carbon fibres, (b) nonwoven mat and (c) milled carbon fibres
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Table2 The main mechanical properties of the investigated CFRP
composites

Code Flexural strength  Flexural Charpy impact ~ Shore D
(MPa) modulus strength (kJ/m?) hardness
(GPa) )
VA 34.07+7.59 2.85+0.29 7.05+3.42 73+10
VB 74.17+2.53 2.60+0.05 0.86+0.17 83+2
VvC 85.69+0.89 5.06+021 1.23+0.29 86+2
RA 32.21+5.09 298+0.68 3.06+0.93 60+19
RB 153.73+11.04 6.75+036 2.63+0.03 861
RC 104.78 +5.46 490+0.07 1.22+0.39 83+2

to the MSZ EN ISO 179-1:2010 standard with a Ceast Resil
Impactor Junior with a 2 J hammer on five notched speci-
mens of each material. The support length was 62 mm, and
the starting angle was 150°. Shore D hardness tests were
carried out according to the MSZ EN ISO 868:2003 standard
with a Zwick/Roell H04.3150.000 hardness tester. Every test
was executed at room temperature and 45% relative humid-
ity. The results of the tests are summarised in Table 2. The
tensile properties of the specimens were not analysed,
mainly because (i) the quasi-randomised orientation of
single fibres of the applied non-unidirectional composites
suggests a high inconsistency in the tensile properties, and
(ii) the tensile properties have only a minor influence on the

Fig.2 Schematic drawings a)

of the experimental setup and
the applied cutting tools: (a)
cutting machine tool, a special
fixture to support the com-

Vacuum
cleaner

posite against buckling and

an industrial vacuum cleaner;
(b) T1 —brad and spur drill;

(¢) T2 —fishtail twist drill; and
(d) digital microscopy and (e)
scanning electron microscopy to
analyse drilling-induced macro

fibre fracture and chip removal mechanism in machining
[15].

The diversity in the material properties of the tested
CFRP composites suggested that their machinability would
differ as well. Thus, the amount of drilling-induced burr and
microstructure properties were expected to be significantly
influenced by the reinforcement type and whether the carbon
fibres were recycled or not.

2.2 Machining environment

The conventional drilling experiments were performed on
a Kondia B640 CNC machine tool, equipped with a Nil-
fisk GB733 vacuum cleaner. The CFRP plates were fixed
into a special drilling fixture, which fixed and supported the
composites against buckling. The machining environmental
setup is illustrated in Fig. 2.

Two types of uncoated solid carbide cutting tools were
used for the drilling experiments: a THOMAS TDM 2L
23C110100 special brad and spur drill (T1) and a THOMAS
TDM 2L 23C100100 fishtail twist drill (T2). The inner part
of T1 is like a double-point angle drill. The diameter of
both cutting tools is d=@10 mm and they have advanta-
geous geometrical features (“cut first, push second” effect),
which may increase the quality of holes in CFRP: T1 has
a clearance angle of a=6.7°+6° (6 denotes the error of
optical measurement) and a rake angle of y=30°+6°, and

and microsized geometrical

defects, respectively; (f) location
of tool wear and tool geometry
measurements

d)

Workpiece

Light source

b) Rake face c¢)Rake face
Workpiece Flank face | Flank face
y f)
T1 T2
Workpiece
Range of
evaluation

@ Springer




The International Journal of Advanced Manufacturing Technology

those angles of T2 are @ =14°+6° and y=30° + 6°, respec-
tively. The clearance and rake angles were measured at the
outer diameter of the tools, where the cutting edge produces
the final surface (Fig. 2f). Tool geometries are illustrated in
Fig. 2. According to the tool producer’s suggestions and the
authors’ experience, cutting speed was fixed to v,=100 m/
min (3183 rpm), and the feed was set on three levels between
Smin=0.15 and f,,,.=0.35 mm/rev.

The levels and number of drilling experiments were designed
based on the full factorial design, due to the unknown signifi-
cance levels of the interaction effects of the input parameters.
The factors and their levels (see in Table 3) were set based
on previous studies and the experience of the authors in the
machinability of virgin CFRP [35, 39—41]. The experiments
were repeated five times in each experimental setup and they
were run in a randomised order. The total number of drilling
experiments was 180.

Machining-induced macro-sized geometrical defects
(e.g. burrs, tearing) were analysed by optical microscopy,
and the microsized geometrical defects (e.g. fibre pull-out,
matrix smearing, micro-cracks) were analysed by scanning
electron microscopy. A Dino-Lite AM413TL digital micro-
scope (with a resolution of 1.3 megapixels and a magnifica-
tion of X 20) was used for capturing digital images of drilled
holes. The images were processed by digital image process-
ing (DIP) tools, e.g. contrast increase, edge detection, seg-
menting and pixel counting. In this study, drilling-induced
burr is numerically characterised with the burr factor (F))
and the contour burr factor (F,,), expressed by Eq. (1) and
(2), respectively.

Ab Anom - Afree

F,= 100 = " ¢ 100 (1)
hom Am)m
C,-C

F,, = —2—"2" 4100 )

nom

where F, (%) denotes the burr factor, A, (mm?) is the burr
area, A, (mm?) is the area of the nominal (ideal) hole, Afree
(mm?) is the area of the burr-free area of the hole, F, e (%) 18
the contour burr factor, C, (mm) is the contour length of the
burr and C,,,,, (mm) is the contour length of a nominal hole,

as illustrated in Fig. 3. The larger the values of F, and F;,,
the more significant the appearance of machining-induced

Fig.3 A schematic illustration of drilling-induced burrs and their
characteristics

burrs. The microstructure of the machined geometrical
features of CFRP was analysed with a JEOL JSM 6380LA
scanning electron microscope (SEM). An accelerating volt-
age of 10 kV and a spot size of 40 was set. A JEOL JFC-
1200 fine coater machine coated the surfaces of the samples.

3 Results and discussion

Experimental results of drilling-induced micro-sized and
macro-sized geometrical defects are presented and discussed
in this section. According to recent studies on chip removal
and burr formation mechanisms, the formation of geometri-
cal defects is significantly influenced by the wear status of
the applied cutting tools [42, 43]. Cutting edge rounding is
the main form of wear of cutting tools when cutting carbon
fibre—reinforced composites; therefore, the size of the cut-
ting edge radius was monitored during the experiments. A
digital image of the cutting edge at the outer diameter of the
tools was captured after each experimental setup. Besides

Table 3 Factors and their levels

Factors Levels
1 2 3 4 5 6
Tool geometry T T1 T2
Feed f mm/rev 0.15 0.25 0.35
Material M VA VB vC RA RB RC

@ Springer
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a) Flank face b) Flank face

1 mm
[ —

1 mm
[ —

Rake face

Rake face

C) Flank face d) Flank face

1 mm

[ ———

1 mm

_—

Rake face Rake face

Fig.4 Tool conditions: T2 drilling tool (a) before the 1st experimental run, (b) after the last (90th) experimental run, and T1 drilling tool (c)

before the 1st experimental run, (d) after the last (90 experimental run

that, tool wear was unexpected due to the proper selection
of tool material (solid carbide); measurements proved it. The
cutting edge radius of the applied cutting tools can be seen
in Fig. 4. The results prove that tool wear is negligible; the
results of drilling-induced burrs and microstructures do not
therefore have to be compensated for.

3.1 Drilling-induced burrs

Drilling-induced burrs were characterised in this study by
the burr factor (F,) and the contour burr factor (F,.). Each
parameter was calculated by digital image processing (DIP)
of images of the exits of holes. While the burr factor cor-
relates with the specific area of machining-induced burr, the
contour burr factor correlates with the specific length of the
contour of the damaged area. The latter may provide indirect
but quantitative information on the level of destruction of the
uncut composite [27]. Representative processed images of
burrs are shown in Fig. 5.

The influences of the selected independent variables
(feed, tool and material) on the response variables (F)
and F,.) were analysed by means of analysis of variance
(ANOVA) at a significance level of p=0.05. The main
effects of the factors on the burr factor (F},) can be seen in
Fig. 6, and their dominancy and significance are shown by
the ANOVA tables in Tables 4 and 5. The ANOVA results
show that the influence of the material is significant on
both the F, and F,. parameters. The burr factors of drilled
holes in the composite reinforced by virgin chopped carbon
fibres (VA) were the most substantial, followed by those
of polymer composites reinforced by recycled chopped
carbon fibres (RA), virgin nonwoven mats (VB), recy-
cled milled carbon fibres (RC), virgin milled carbon fibres
(VC) and recycled nonwoven mats (RB). The impregnation
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homogeneity of the CFRP reinforced by the chopped fibres
was possibly not as good as that of the CFRP reinforced by
the milled fibres and nonwoven mats; therefore, the fibres
were not appropriately supported against buckling, which
resulted in more burrs. It is discussed later when the micro-
structure of the machined surfaces is analysed in Sect. 3.2

For composites reinforced with chopped carbon fibres
(A) and nonwoven mats (B), the burr factors of drilled
holes in virgin CFRP are definitely higher than in rCFRP.
That may suggest that recycling has a measurable influ-
ence on drilling-induced burr.

According to the ANOVA tables and the main effect
plots, the influence of the cutting tool on both the F, and
F,. parameters is significant. Figure 6 shows that T1 pro-
duced significantly more drilling-induced burrs than T2.
Even though the brad and spur geometries are favourable
for burr removal due to their “cut first, push second” effect,
the fishtail drill produced fewer burrs. Although the outer
(primary) cutting geometries of the tools are similar, the
inner cutting geometries of the tools significantly differ.
The outer edges of T2 cut the last “layers” first, rather
than an inner edge. Therefore, the fishtail drills are recom-
mended for drilling high-quality holes in each analysed
reinforced composite structure.

The ANOVA results show that the influence of feed is
not significant on the burr factor. Even though the effect of
feed on cutting force (and thus on delamination) is already
widely studied and well known [14] (the larger the feed
is, the larger the chip cross-section is, and the larger the
cutting force is, therefore, the larger the probability of
delamination is), the effect of feed on burr formation is
not evident. Our results show that neither the burr factor
nor the contour burr factor is influenced significantly by
feed; thus, from the point of view of burr minimization,
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Fig.5 Representative images of drilling-induced burrs on the exit edges of the holes (The red values inside the holes represent the burr factor)

maximum feed is recommended to maximise the material
removal rate (MRR).

The interaction plot in Fig. 7 shows that the interaction
terms are significant only when the tool and material are
concerned. Although the interaction of tool and material is
statistically significant, T2 produced fewer burrs than T1 in
each case. The other two-way and three-way interactions are
negligible, as the ANOVA results show in Tables 4 and 5.

The correlation between the burr factor (F,) and con-
tour burr factor (£,.) can be seen in Fig. 8 and Fig. 9. F,
correlates with F in virgin, and recycled chopped carbon
fibre-reinforced composites. It means that the higher F), is,
the higher F; is. This may suggest that the more burrs there
are, the more significant the damage to the uncut compos-
ite is in VA and RA composites. This observation may be
explained by the fact that the cutting tool gets into contact
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Fig. 6 Main effect plots for the 7 -+
burr factor (F,) at a significance ]
level of p=0.05 ]
6 11 F-value=20.01
1 | P-value=0.000
5 ]
S
< T
— ]
o ]
£ 3
é’ ]
2 4
17
01
T1 T2
Tool (-)

with the fibres (and slides and abrades the fibres) more
often if the (final) burr is longer; thus, the uncut composite
is expected to be more damaged if the burr is longer. As
long as burr length is proportional to the specific burr area,
the amount of damage to the uncut composite is expected
to correlate to F,.

Despite the observation that F, correlates with F,. in
virgin and recycled chopped carbon-reinforced polymer
composites, there was no linear correlation between milled
carbon fibres and nonwoven mats, as illustrated in Fig. 9.
Positions of the grouped data points in Fig. 9a suggest that

7 _ _
16.45 ! ]
6 -l F-value=18.73 - 6 1 F-value=1.91
] P-value=0.000 P-value=0.151
5+ 5
4 1 4
] ] 3.14
3 1M 5 1232232
] 2.59 2.59
2 ] 55 2T
] 1.08 1.11 ]
IIES B BN m e RS =
0 0 -
VA RA VB RB VC RC 0.15 0.25 0.35
Material (-) Feed (mm/rev)

the ranges of burr factors are similar: F, ;,5=1.18-2.61% and
F), rp=0.84-2.46% in the case of T1, and F}, ;;=0.73-2.84%
and F, pp=0.54-1.54% in the case of T2. However, the char-
acteristic ranges of contour burr factors differ significantly:
Fyyg=11.17-16.47% and F, pz=14.14-41.24% in the case
of T1, and F}, 5 =13.04-29.45% and F, pz=10.48-16.96%
in the case of T2. This diversity in the ranges of F,. sug-
gests that burr formation should be characterised based on
both burr indicators rather than only on F,,. The results also
suggest that the cutting tool has the most significant influ-
ence on the location groups, and the material has the most

. —&— VA —0— {=0.15 mm/rev —@— =0.15 mm/rev
10 1 __‘_. _5’3 { 10} —e—f=025mmiev || 10} ——f=025mmiev |/
\ — ® -RB 1| — @ —1=0.35 mm/rev 1L~ @ —1=0.35 mm/rev
~~ E e i@eee 1 .
S 8 1 \ -QI\{]g iy 8 1 F-value=0.16 ] 8 Q F-value=1.18 [T
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S 6 F-value=5.83 || 6 1 6 &>
° P-value=0.000 ! \ L)
s ] \
= 4 *
\

9

Tool (-)

Tool (-)

VA RA VB RB VC RC

Material (-)

Fig.7 Interaction plots for the burr factor (F),) at a significance level of p=0.05
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Table 4 The analysis of variance (ANOVA) table for the burr factor
(Fp)

Source DF AdjSS AdjMS F-value P-value
Model 35 114228  32.636  4.69 0.000
Linear 8 817.82 102227 14.69 0.000
T(-) 1 139.25 139.245 20.01 0.000
M (-) 651.92 130.385 18.73 0.000
f (mm/rev) 26.65 13.325 191 0.151
2-way interactions 17 287.18 16.893 243 0.002
M 5 202.83  40.566  5.83 0.000
T f 2 2.28 1.140  0.16 0.849
M- f 10 82.07 8207 1.18 0.310
3-way interactions 10 37.28 3.728 0.54 0.863
T-M-f 10 37.28 3728  0.54 0.863
Error 144 1002.17 6.960
Total 179 2144.45

significant effect on the deviation of burr characteristics.
Figure 9b shows, similarly to Fig. 9a, that the diversity in F),,
is significant compared to F,,. Furthermore, the deviation of
burr characteristics was the greatest in composites reinforced
with recycled milled carbon fibres and a recycled nonwoven
mat when the T1 tool was used.

3.2 The microstructure of machined holes

Machined surfaces of CFRP composites can be analysed
through surface roughness analysis by contact or non-contact
methods; however, these results usually provide only indirect
information about surface quality and machining-induced
critical material failures. In fibrous polymer composites,

Table 5 The analysis of variance (ANOVA) table for the contour burr
factor (F,)

Source DF AdjSS AdjMS F-value P-value
Model 35 60,138 171822  4.85 0.000
Linear 8 41,140 514253 14.51 0.000
T(-) 1 5305 5305.16 14.97 0.000
M (-) 5 34,647  6929.49 19.56 0.000
f(mm/rev) 2 1188 593.79  1.68 0.191
2-way interactions 17 17,089 1005.22  2.84 0.000
M 5 14,368  2873.69  8.11 0.000
T f 2 193 96.55  0.27 0.762
Mf 10 2527 25272 0.71 0.711
3-way interactions 10 1909 190.87  0.54 0.860
T-M-f 10 1909 190.87  0.54 0.860
Error 144 51,025 354.34

Total 179 111,163

machining-induced fracture mechanisms are dominated by
the fracture of fibres (mainly bending, but often shear or
tensile-induced) and fibre—matrix debonding [44]. These
critical failures and other typical microsized geometrical
material defects (e.g. fibre pull-outs, matrix smearing, voids,
micro-cracks) in virgin and recycled CFRP were examined by
scanning electron microscopy (SEM), as illustrated in Fig. 2e.
Even though it is well known that burr formation and crack
propagation are significantly influenced by the fibre cutting
angle (6 — the angle between the direction of cutting speed
and fibre orientation [15]), the location of machining-induced
defects was difficult to determine, because the applied non-
unidirectional reinforcement structures and CFRP manufac-
turing technologies resulted in a quasi-randomised orientation
of single fibres.

Figure 10 shows representative SEM images of drilled hole
surfaces in polymer composites reinforced with virgin and
recycled chopped carbon fibres. Typical fibre pull-outs (e.g.
Figure 10i), voids (e.g. Figure 10k) and non-homogeneous
impregnation quality (Fig. 10e and f) were observed, which
might have caused the previously discussed significant burr
in RA and VA composites. The pre-manufacturing process
(compression moulding) and the mechanical drilling-induced
voids—regardless of whether they are material discontinui-
ties due to improper impregnation or drilling-induced fibre
pull-outs—failed to support the fibre reinforcements against
buckling. If the fibres were not supported properly, they got
buckled by the cutting tool and a considerable uncut compos-
ite appeared even with properly selected cutting tool geom-
etry and process parameters. More significant fibre pull-out
was observed in the virgin CFRP, which may mean that burr
formation is more significant in virgin CFRP than in rCFRP.
Machining-induced fibre pull-outs can be seen in (Fig. 10h),
and fibre group pull-outs can be seen in (Fig. 10b and j) in
virgin and recycled CFRP, respectively.

Figure 10d and its upscaled images (Fig. 10e and f) illus-
trate the impregnation inhomogeneity of the composites.
Even though the CFRP were manufactured with the use of
a highly automated and precise technology, the epoxy resin
could not penetrate the inner fibre groups (Fig. 10f) effec-
tively, as was observable in the outer fibre groups (Fig. 10e).
Therefore, the difficulty of predicting the—not only fibre
orientation—dependent—material properties of chopped
fibre—reinforced composites is greater. In the future, a great
effort is likely to be made to model the material defects
and optimise the properties of virgin and recycled chopped
CFRP.

Representative SEM images of the microstructure of
machined surfaces of nonwoven mat carbon fibre—reinforced
polymer composites (VB and RB) can be seen in Fig. 11.
The carbon fibres are longer, and their orientations are not as
random as those of chopped carbon fibres. Therefore, burrs
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Fig.8 The ratio of burr factor (¥}) and contour burr factor (F,,.) in virgin and recycled chopped carbon-reinforced polymer composites when (a)

the T1 brad and spur drill and (b) the T2 fishtail drill was used

and typical drilling-induced micro-sized geometrical defects
are easier to predict. SEM images of the microstructure show
that pull-out is not significant (Fig. 11d), and adhesion qual-
ity is good (e.g. Figure 11e); only significant matrix smear-
ing was observed at each fibre cutting angle. In contrast
to machined chopped CFRP, the marks of the cutting tool
can be seen (Fig. 11a). The fractured ends of the carbon
fibres are similar in virgin, and recycled composites: mostly
tensile-dominated fibre fracture (e.g. Figure 11c and f) was
observed in each location. Despite those observations that
the surface is not free of material discontinuities (e.g. Fig-
ure 11e), the overall quality of the machined surface is good,
resulting in less burr than in the case of chopped CFRP.
Representative SEM images of the microstructure of
machined surfaces of milled carbon fibre-reinforced poly-
mer composites (VC and RC) can be seen in Fig. 12. Mainly
due to the short carbon fibres, the orientations of the rein-
forcements are randomised, which can be seen in the SEM
images. In contrast to the previously discussed cases (A and
B), there were almost no voids or significant perpendicular

@ Springer

fibre pull-outs, resulting in reduced burr formation. The
overall quality of the microstructure of both machined vir-
gin and recycled milled carbon fibre-reinforced polymer
composites is excellent. However, there were fibre pull-outs
parallel to the machined surface (Fig. 12d, f and h). The
feed motion (Fig. 12g) and the main cutting edge (Fig. 12,
k and 1) marked on the epoxy resin in the rCFRP resulted
in significant matrix smearing. Significant matrix smearing
may mask potential machining-induced defects (e.g. voids),
according to Ashworth et al. [45].

Despite the significant matrix smearing, numerous bro-
ken fibres were observed. In most cases, breakage occurred
perpendicularly to the longitudinal axis of the fibre (Fig. c,
j and k). These fibre fractures may have been caused by the
compression effect of the cutting tool (caused by the cutting
edge radius), which compressed the fibres in the radial direc-
tion. Although these fibre breakages result in lower resulting
material strength, they may cause higher resulting energy
absorption properties. The proper discussion of these phe-
nomena will be a goal of further research we will carry out.



The International Journal of Advanced Manufacturing Technology

a)50 -
] @VB (T1) ®RB (T1)

X VB (T2) XRB (T2)

45

40 +

SN ————”

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
F, (%)

b) 50 ®VC (T1)

X VC (T2)

ORC (TI)
XRC (T2)

45

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
F, (%)

Fig.9 The ratio of burr factor (¥,) and contour burr factor (F),.) in (a) virgin and recycled nonwoven mat and in (b) milled carbon fibre—reinforced

polymer composites

3.3 Discussion and outlook

Drilling-induced burr and SEM results indicate that the
better the surface integrity (fewer voids and fibre pull-outs,
better impregnation, etc.), the lower the probability of burr
formation. This may be explained by the analysis of the qual-
ity of mechanical support of the reinforcing fibres (proper
clamping of the composite, solid embedding of the fibres
and tool geometry). The typical void-induced burr forma-
tions in fibrous composites are schematically illustrated in
Fig. 13. As the highlighted fibre in Fig. 13a is supported
against buckling—relative to the cutting motion—by a prop-
erly impregnated composite and adhesive matrix and other
fibres, the probability of burr formation is expected to be
low. Nevertheless, the less mechanical support the high-
lighted fibre has, the greater the probability of burr forma-
tion, based on the analogy of a buckling cantilever beam.
The support of the highlighted fibre may be worse due to
improper adhesion (Fig. 13b), inferior impregnation qual-
ity (Fig. 13c), single fibre pull-out (Fig. 13d) or pull-out

of fibre groups (Fig. 13e). The fibre deflections (L) caused
by the lack of mechanical support are illustrated in Fig. 13.
L, (fibre deflection in Fig. 13a) is expected to be the small-
est, followed by L, and L, respectively. Furthermore, L, is
expected to be smaller than L, because the larger the number
of fibre pull-outs, the worse mechanical support is. Since
larger fibre deflection means a greater probability of burr
formation [29], the probability of burr formation is higher
with worse mechanical support. Therefore, the burr and
microstructure results seem to be consistent with the geo-
metrical model illustrated in Fig. 13; however, the analytical
description and model validation is required in the future.
The main results concerning the machining-induced burrs
and micro-sized geometrical defects are consistent with each
other. The present experimental data suggest that drilling-
induced burr formation is less significant in chopped and
nonwoven mat-reinforced rCFRP than polymer composites
reinforced by virgin carbon fibres. Nevertheless, a proper
report on the influence of recycling on burr formation needs
a further detailed analysis of (i) the effect of the original
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structure of the carbon fibres that are going to be recycled
on the chemical and mechanical properties of rCFRP; (ii)
the properties of sizing and the sizing technologies applied
in rCFRP composite production; and (iii) the effect of the
number of layers and fibre content in different reinforcing
types on the properties of rCFRP. The authors suppose that

@ Springer

the listed tasks will be highly time-consuming, costly and
challenging, but this research and development work will be
possibly decisive in the near future.

Although the experimental results showed that the burr
characteristics of milled CFRP and rCFRP do not differ sig-
nificantly, the possible future applications of milled rCFRP
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plates are not expected to be widespread, mainly because
milled carbon fibres are often only used as fillers [46]. How-
ever, the present study suggests that the application of recy-
cled milled carbon fibres as fillers in long fibre-reinforced
polymer composites may not only have the general positive
effects of fillers but also have a positive effect on machining-
induced burr formation, too.

Since nonwoven mat rCFRP have high specific flexural
strength and impact strength (Table 2), and their applica-
tion decreases the ecological footprint (compared to virgin
CFRP), these structures have a high potential in automotive,
aerospace and marine applications. This study found no rel-
evant objection against their application from the point of
view of drilling-induced burrs and the microstructure dam-
age of drilled surfaces.

Despite the present promising experimental results of
drilling-induced burr and microstructure in virgin and recy-
cled CFRP, many other important tests have to be performed
in the future to show whether the machinability of rCFRP
differs significantly from that of virgin CFRP, for example,
(i) analysing and modelling chip removal mechanisms of
rCFRP through orthogonal cutting experiments, (ii) analys-
ing cutting force and the energy needed of cutting rCFRP,
(iii) analysing the effect of sizing technologies (~adhesion
quality) and layer properties on the machinability of rCFRP
and (iv) machinability analysis of rCFRP, which focuses not
only on recycled carbon fibres but also on recyclable engi-
neering polymers (e.g. vitrimers [47]).
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tool

matrix

improper
adhesion

Fig. 13 The schematic illustration of burr formations in fibrous com-
posites caused by void-induced buckling: (a) proper support of a sin-
gle fibre, (b) improper adhesion caused reduced support of a single

4 Conclusions

In the present study, drilling-induced micro- and macro-
sized geometrical defects were analysed and compared in
virgin and recycled CFRP through optical and scanning elec-
tron microscopy. Based on the results of the present study,
the following main conclusions can be drawn:

e The ANOVA results show that the composite material
affects drilling-induced burr most, followed by the cutting
tool. The influence of feed is statistically not significant;
therefore—from the point of view of burr minimization—
feed is recommended to be maximised to increase mate-
rial removal rate (MRR). Burr factors of virgin chopped
CFRP composites were the highest, followed by those
of recycled chopped CFRP, virgin nonwoven mat CFRP,
recycled milled CFRP, virgin milled CFRP and recycled
nonwoven mat CFRP. Burr formation in virgin CFRP was
more pronounced than in chopped rCFRP and nonwoven
mat rCFRP, which may be a general tendency.

fibre
deflection

improper
impregnation

fibre, (c) improper impregnation results in weak support, (d) machin-
ing-induced pull-out of single fibre causes improper support and (e)
machining-induced pull-out of fibre groups causes improper support

e Significant fibre pull-outs, voids and non-homogeneous
impregnation were observed through scanning electron
microscopy in chopped carbon fibre-reinforced compos-
ites, which might have caused the significant burr. More
fibre pull-outs were observed in virgin chopped CFRP
than in recycled CFRP. Furthermore, pull-out was not
significant in the case of the nonwoven mat CFRP, and
the quality of adhesion was acceptable; only significant
matrix smearing was observed with each fibre cutting
angle.

e Considering drilling-induced burrs and microsized dam-
age in carbon fibre—reinforced polymer composites, (i) the
machinability of recycled nonwoven mat CFRP compos-
ites is the most advantageous, followed by that of virgin
nonwoven mat CFRP, recycled chopped CFRP and vir-
gin chopped CFRP; furthermore, (ii) the machinability of
recycled milled and virgin milled carbon fibre-reinforced
polymers do not differ significantly; and (iii) the fishtail-
type drills are recommended for drilling high-quality
holes in each analysed reinforced composite structure.
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e This study found no relevant objection against the future
applications of rCFRP composites from the point of view
of drilling-induced burrs and the microstructure dam-
age of drilled surfaces. Nevertheless, the analysis of chip
removal mechanisms, pre-manufacturing processes and
the energy requirements of machining rCFRPs is recom-
mended in the future to support the spread of recycled
carbon applications.
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