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Abstract

Measuring and characterizing of surface roughness of machined surfaces of carbon fiber reinforced polymer (CFRP) composites
are difficult due to the occurrence of special surface damages (delamination, uncut fibers, fiber pull-outs or micro-cracks, etc.).
The main objective of the present study is to analyze the characteristics of surface roughness of machined unidirectional CFRP
in detail. Numerous conventional drilling, helical milling, and edge trimming experiments were carried out with different cutting
tools in order to analyze the influence of them on the average surface roughness (R,), on the roughness depth (R,) and on the R,/R,
parameter. The surface roughness was measured by a Mitutoyo SJ-400 contact profilometer and an Alicona Infinite Focus confocal
microscope. The usability of the contact profilometer was experimentally tested and compared its results with the results of the
confocal microscope. Experimental results show that the contact profilometer is suitable for measuring surface roughness of CFRP,
furthermore, values of R,/R, of drilled and edge trimmed surfaces of unidirectional CFRP are changing in a wide interval: from 5
to 14 pm/pm due to the special surface damages. Based on this research, the machinability analysis of CFRP is suggested to be

extended to the analysis of the R,/R, parameter.
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1 Introduction

The application range of carbon fiber reinforced polymer
(CFRP) composite materials increases in the high-tech
industries like automobile, marine, acrospace or space
industry; mostly due to the excellent specific mechanical
properties of CFRP. In addition, CFRP composites have
good damage tolerance, high damping ability, good dimen-
sional stability and corrosion resistance too [1, 2]. The manu-
facturing costs of carbon fibers are extremely high, further-
more, the precise laminating and machining processes need
a lot of additional operation time and costs. Manufacturers
try to laminate CFRP parts ready-to-shape, however, there
is often necessary to mechanically machine them in order
to: (i) machine difficult-to-mold features like pockets and
holes, (ii) increase surface quality by edge trimming or (iii)
meet other dimensional requirements [3—§].

CFRP is a difficult-to-cut material because of its inhomo-
geneous and anisotropic features, furthermore, carbon fiber
reinforcements have a strong abrasive wear effect, carbon
chips have to be therefore removed from the cutting zone

(usually by a vacuum device) [9]. The influence of anisot-
ropy of CFRP can be analyzed by the fiber cutting angle (),
which is an angle between the vector of cutting speed and
the vector of fiber reinforcements, as can be seen in Fig. 1.
The influence of fiber cutting angle has been widely inves-
tigated by many researchers [6, 10-26] in order to describe
chip removal mechanisms in unidirectional CFRP.

The influence of fiber cutting angle on (i) fiber removal
mechanisms and on (ii) characteristics of machined surface
roughness is significant, according to Ahmad [6]. In the case
of fiber cutting angle is #=90°+0° (Fig. 1 (a)), the chip removal
mechanism is crushing dominated and the machined sur-
face is usually smooth, almost free of uncut fibers. However,
in the case of fiber cutting angle is 6=0°t6° (Fig. 1 (b)),
the chip removal mechanism is bending and delamina-
tion dominated, the machined surface is also smooth. The
machined surface is the worst in the case of fiber cutting
angle is #=135°+4° (Fig. 1 (c)), because chip removal mech-
anism is strongly bending dominated and laminated layers
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Fig. 1 Influence of fiber cutting angle (¢) on characteristics of machined surface roughness of unidirectional CFRP:
(a) 6=90°, (b) =0°, (c) = 135°and (d) § = 45°

spring back, they are sometimes being cut deeper than the
nominal depth of cut. In the case of §=45°+¢° (Fig. 1 (d)),
compression-induced shear causes the fracture of fibers,
micro-cracks are generated below the nominal depth of cut,
those cracks can significantly influence roughness depth [6].
Furthermore, the effect of cutting tool geometry (especially
cutting-edge radius, rake and lip angle) is significant also, as
Wang et al. [14] highlighted it in their scientific work.

The influences of cutting process parameters on char-
acteristics of surface roughness were investigated previ-
ously by many researchers. Rajasekaran et al. [27] car-
ried out turning experiments using a ceramic cutting
tool in CFRP and they analyzed the influence of cutting
speed, feed and cutting depth on the surface roughness.
They found that feed has the most significant influence on
surface roughness, followed by cutting speed and by the
depth of cut. Tsao and Hocheng [28] predicted and evalu-
ated the surface roughness and thrust force in CFRP with
Taguchi analysis and neural networks. Their experimen-
tal results indicated that spindle speed and feed rate con-
tribute the most to the surface roughness. Shunmugesh
and Panneerselvam [29] carried out drilling experiments
with three different drills in CFRP and they developed a
mathematical model to predict surface roughness, circu-
larity and cylindricity error of machined holes in CFRP.
They showed that feed rate has the most significant fac-
tor influencing surface roughness, followed by the cut-
ting speed and the type of drill, respectively. Furthermore,
they could minimize average surface roughness by apply-
ing minimal feed rate and maximal cutting speed. Raj and
Karunamoorthy [30] studied the influence of tool wear on
hole quality parameters (such as surface roughness, fiber

pull-out, and delamination) in drilling CFRP. They com-
pared three different types of drills (twist drill, brad &
spur drill, and double margin drill) and stated that double
margin drill could be a good choice for increasing tool life
and decreasing surface roughness of drilled holes.

Teicher et al. [31] applied tactile profile methods and
optical methods in order to investigate the characteristics
of surface roughness (R, R_, R, R,) of machined sur-
faces of CFRP. They stated, that R, is less suitable to char-
acterize the machined surface because it filters the surface
damages like delamination or fiber pull-outs. Poulachon
et al. [13] analyzed surface topography and tool wear in
CFRP drilling and concluded, that it will be necessary to
redefine novel surface criterion for anisotropic and inho-
mogeneous composites. Colak and Sunar [32] studied the
surface roughness and cutting forces during CFRP mill-
ing with PCD cutting tools. They could obtain better aver-
age surface roughness values by the application of high
cutting speed and low feed rate.

Gara et al. [33] analyzed the influence of tool geometry
on surface roughness and showed that tool geometry has a
significant effect on roughness, furthermore, average sur-
face roughness is lower in the case of up milling than in
the case of down milling, as it was confirmed in [34] work
too. Halim et al. [35] compared ultrasonic-assisted mill-
ing (UAM) with conventional milling in CFRP. They con-
cluded that longer machining length (~tool wear) increases
average surface roughness, furthermore, R, of conven-
tionally machined surfaces is lower than R, of ultrason-
ic-assisted machined surfaces due to the faster tool wear
appeared during UAM. Liu et al. [36] analyzed the sur-
face roughness of milled surfaces in unidirectional CFRP



and stated that higher feed rate and higher radial depth of
cut increases surface roughness, however, higher cutting
speed decreases it. Furthermore, they proved that feed rate
has the most significant influence on surface roughness, as
Wang et al. [37] confirmed it by response surface method-
ology and analysis of variance techniques. Duboust et al.
[38] compared a novel optical and a conventional contact
surface roughness measurement method on machined sur-
faces of CFRP. They found that the fiber cutting angle sig-
nificantly influences surface characteristics, furthermore,
surface roughness was to be found critical at fiber cutting
angle of §=135°+0°. They highlighted also that there are
limitations (distances, measurement time, implementation
difficulties, resolution, etc.) on both the optical and contact
measurements of surface roughness.

The main objective of the present study is to analyze
the characteristics of surface roughness of machined uni-
directional CFRP by the optimization parameter of R /R,,.
Numerous drilling, helical milling, and edge trimming
experiments were carried out with different cutting tools
in order to analyze the influence of them on the average
surface roughness (R, ), on the roughness depth (R_) and on
the ratio of R,/R,. Furthermore, the usability of a contact
profilometer was also experimentally tested and compared
its results with the results of a confocal microscope.

2 Experimental setup

Epoxy resin-based, unidirectional carbon fiber reinforced
polymer (UD-CFRP) composite was manufactured
by a hand laminating process (cured in drying oven at
T =60 °C in ¢ = 4 hours) in order to analyze its machin-
ability by experimental work. The main mechanical prop-
erties of the workpiece were experimentally tested, the
results are listed in Table 1.

The machining experiments were conducted on a
Kondia B640 machining center (max. n = 12,000 rpm), fur-
thermore, it was equipped by a NILFISK GB733 vacuum
cleaner because of chip removal reasons. Five different cut-
ting tools were applied, as follows: (i) a D = @11.138 mm
SECO SD205A-11.138-53-12R1-C1 double point angle
twist drill with diamond coating (identified by Tool A), a
(i1)) D = 010 mm SECO 871100.0-DURA diamond-coated
compression end mill (Tool B), a (iii) D = @10 mm
FRAISA 20340.450 and a FRAISA 20360.450 solid car-
bide compression end mill with coarse and medium tooth,
respectively (Tool C and Tool D) and a (iv) D = @10 (mm)
TIVOLY 82366511000 solid carbide one-flute end mill
(Tool E). All of the applied machining tools are developed
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for CFRP machining: uncut fibers, delamination, and tool-
wear can be significantly minimized by the application of
them. The applied cutting tools can be seen in Fig. 2.

The machined surfaces were optically analyzed by an
Olympus SZX16 optical microscope (magnification x0.7-
11.5, resolution 900 lp/mm) and a Dino-Lite AM4013MT
digital microscope (magnification x10-70, resolution 1.3
Megapixel). Images were taken and analyzed by the soft-
ware of Stream Essentials and Dino Capture, respectively.

The surface roughness profile was measured by a
Mitutoyo SJ-400 contact profilometer (setup: cut off
of 2. = 2.5 mm and measuring speed of v =1 mm/s) and
an Alicona Infinite Focus confocal microscope (setup:
A,=2.5 mm, the thickness of evaluation-line of th = 3 pixel).
The surface testers can be seen in Fig. 3. Roughness param-
eters (R, R.) were calculated based on the standards of DIN
EN ISO 4287:1998 [39] and DIN EN ISO 4288:1998 [40].

Due to the extremely high experimental costs, the num-
ber of experiments had to be minimized, the central com-
posite inscribed DoE method was therefore used to design
conventional drilling and helical milling experiments.
Factors and their levels were chosen based on previous
researches [11, 41-46] and suggestions of tool produc-
ers. The experimental design table can be seen in Table 2.
Numerous machining experiments were carried out, as

Table 1 Main mechanical properties of the UD-CFRP

Tensile strength 4 MPa 723.00 + 58.29
Interlaminar shear T MPa 19.26 + 0.76
Shore D hardness SD - 85.5+£19

Charpy impact strength C KJ/m2 203.18 £ 31.38

a) b) d) e

i 5

i ]

Fig. 2 Cutting tools applied in the experimental work: (a) D =@11.138

(mm) SECO double point angle twist drill; (b) D = @10 (mm) SECO

compression end mill; (c) D = @10 (mm) FRAISA compression end

mill (coarse tooth) and (d) D = @10 (mm) FRAISA compression end
mill (medium tooth); (¢) D = @10 (mm) TIVOLY end mill
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Table 2 Experimental design table

ini Levels
Tools Machining Factors
type —DKl4 -1 0 +1 kA +3

Tool A Conventional  Cutting speed (m/min) 50 65 100 135 150
k=2 drilling Feed (mm/rev) 0.035 0.043 0.064 0.078 0.093

Cutting speed (m/min) 50 70 100 130 150
Tool B Helical Feed (mm/rev) 0.020 0.028 0.040 0.051 0.060
k=3 milling

Screw pitch (mm) 0.10 0.068 1.55 2.41 3.00

Type of cutting tool (-) Tool B Tool C Tool D Tool E

Cutting speed (m/min) 160
Tool B, C, D, and E E(.ige . Feed (mm/rev) 0.3
k=4 trimming

Depth of cut (mm) 15

Width of cut (mm) 5

Fig. 3 Surface roughness measuring instruments applied in this study:

(a) Mitutoyo SJ-400 contact profilometer, (b) Alicona Infinite Focus

confocal microscope

follows: (i) n = 13 conventional drilling experiments by
the application of Tool A, (ii) n» = 20 helical milling (also
known as orbital drilling) experiments by the application
of Tool E and (iii) n = 4 edge trimming experiments by the
application of Tool B, C, D, and E.

3 Results and discussion

This section is organized as follows: First, the usability of
a diamond-tipped contact profilometer is analyzed: whether
is it a suitable measuring method to measure surface rough-
ness of machined CFRP correctly. Second, the characteris-
tics of surface roughness of drilled (conventional and orbital)
CFRP surfaces are analyzed. Then, the analysis of edge
trimmed CFRP surfaces is presented. Finally, the experi-
mental results are discussed and future goals are defined.

3.1 Usability of contact profilometer

Measuring of surface roughness profile of machined sur-
faces of quasi-hard materials (like aluminum alloys, tita-
nium alloys, etc.) can be sufficiently accurately and eas-
ily conducted by a contact profilometer [47-50]. However,
materials with lower hardness properties (like plastics,

plasticine, etc.) could be damaged by the diamond tip of
the profilometer. Therefore, the analysis of the usability of
the contact profilometer for CFRP composites is required.

First, the hand-laminated UD-CFRP was edge trimmed
by Tool B, C, D, and E with fixed process parameters, as
listed in Table 2. Then, the machined surfaces were mea-
sured by the Mitutoyo contact profilometer, each surfaces
n = 15 times, on the same path. The experimental results
can be seen in Fig. 4. Experimental results do not show
a clear correlation between the number of measurements
and the average surface roughness.

The relative error (£) of roughness measurements were
calculated by E =s#*(R,)R,", where s*(R,) is the stan-
dard deviation of experimental data. The calculated rela-
tive errors are the follows: £, = =0.63 %, E, =105 %,
E, =061 %and £, = =113 %. Based on the present
experimental data, it can be stated that the contact profi-
lometer can sufficiently (at a=0.5 confidence level) accu-
rately measure the average surface roughness of machined
CFRP surfaces. Furthermore, the number of measure-
ments (on the same path) does not have a significant influ-
ence on the average surface roughness.

3.2 Results of drilling experiments

Results of drilling experiments, concerning (i) average
surface roughness, (ii) roughness depth and the (iii) facto-
rial analysis (based on response surface methodology and
analysis of variance) can be read in a previous paper of the
authors [41]. The surface roughness parameters were mea-
sured by the Mitutoyo contact profilometer, each surface
n =5 times. It was shown in that paper, that the ratio of
roughness depth to the average surface roughness (R_/R,) of
drilled surfaces of UD-CFRP is higher, than it is expected
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Fig. 4 Influence of the number of repeated measurements (at the same path) on the average surface roughness. Results of UD-CFRP surface,
machined by the tools of (a) Tool B (b) Tool E (c) Tool C and (d) Tool D

in the case of machined surfaces of quasi-homogeneous
materials (like aluminum alloy [49, 51] or duplex stainless
steel [52], etc.). However, this statement was not discussed
in detail, it is therefre required, as can be read in this paper.

The ratio of R, to R, of conventional and orbital drilled
surfaces of UD-CFRP can be seen in Fig. 5. As it can be
seen on the diagram: (i) the R_ /R, is higher in the case of
helical milling technology was applied than conventional
drilling, (ii) the R_/R, of surfaces machined by conven-
tional drilling is higher than it is expected in the case of
machined surfaces of quasi-homogeneous materials, fur-
thermore, (iii) the average experimental error of the results

are £, =10.55% and £, , = 21.11 %. The possible rea-
son for the higher experimental error of the R /R, is, that it
combines the errors of R, and R, optimization parameters.
Representative images of the surfaces of machined
holes can be seen in Fig. 6. The machined surfaces do not
contain any uncut carbon fiber reinforcements, however,
there are many uncut non-reinforcing fibers (NRF), as
can be seen in Fig. 6 (b) and (d). The material properties
of NRF are different than the material properties of the
matrix material (epoxy resin) and of the reinforcing fibers
(carbon), the machinability of these NRF is therefore dif-
ferent too. Special cutting tools for CFRP machining are

20
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16 @ Orbital drilling
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Fig. 5 R /R of machined surfaces of UD-CFRP by the Tool A (with conventional drilling) and by the Tool E (with helical milling)
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Fig. 6 Images of drilled surfaces of UD-CFRP, captured by an Olympus SZX16 microscope: (a) conventional drilled surface, original magnification of

0.7x and resolution of 4.7 Mpixel; (b) conventional drilled surface, original magnification of 3.2x and resolution of 4.7 Mpixel, (b) helical milled surface,

original magnification of 0.7x and resolution of 4.7 Mpixel and (d) helical milled surface, original magnification of 3.2x and resolution of 4.7 Mpixel

usually (i) good in wear resistance against carbon fibers
[53-58], (ii) excellent in minimizing delamination [59—-62],
furthermore, (iii) they are good in reducing the number of
uncut reinforcing fibers [63—66]. Nevertheless, these spe-
cial cutting tools usually do not cut properly NRF. The
non-reinforcing fibers are therefore get buckled, instead of
being cut, as can be seen in the figure.

NRFs are located in certain places in the UD-CFRP (not
like carbon fibers, their appearance is consistent in the com-
posite), the locations of uncut NRF could be therefore well
estimated. Furthermore, the uncut non-reinforcing fibers
have a higher effect on R_ than on R, because of the non-con-
sistent emergence. The R_ /R, could be therefore higher in the
case of machined surfaces of fiber reinforced composites,
than of machined surfaces of non-fiber reinforced materials.

3.3 Results of edge trimming experiments

Edge trimming experiments were conducted based on the
experimental information of Table 2. The surface rough-
ness parameters were measured by the Mitutoyo contact
profilometer, each surface n = 5 times. Furthermore, 3D
roughness profiles were detected and analyzed by the

Alicona confocal microscope in order to validate and
compare roughness results.

2D surface roughness profiles of trimmed surfaces can
be seen in Fig. 7. The coarse compression end mill (Tool C)
produced the worst surface, furthermore, the trimmed sur-
face machined by the Tool D has the lowest average sur-
face roughness and roughness depth, as was expected.
However, surfaces machined by Tool B and Tool E has sim-
ilar characteristics. The periodicity of roughness profiles
can be clearly seen in the figure, however, there are some
higher roughness peaks and deeper valleys, which could be
explained by the uncut fibers and fiber pull-outs have left
behind on the machined surfaces, as can be seen in Fig. 8.

There are two types of fibers that have to be cut by
the cutting tools: (i) carbon fiber reinforcements and (ii)
non-reinforcing fibers. Machined surface by Tool B con-
tains both types of uncut fibers, as can be seen in Fig. 8 (a).
However, fiber pull-outs can not be seen on the figure due
to the limits of optical microscopy. There are many uncut
NRF on the trimmed surfaces machined by Tool E, C, and
D, as can be seen in Fig. 8 (b)-(d), however, no uncut rein-
forcing fibers were found.
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Fig. 8 Images of milled surfaces of UD-CFRP, captured by a Dino-Lite AM4013MT digital microscope: (a) Tool B (b) Tool E
(c) Tool C and (d) Tool D
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Based on the optical and the contact analysis of
machined surfaces of UD-CFRP, Tool D is suggested to
be used for edge trimming in order to minimize the num-
ber of uncut fibers and surface roughness.

Surface roughness results measured by the contact
profilometer were validated by confocal microscopy. 3D
surface roughness profiles of edge trimmed surfaces of
UD-CFRP can be seen in Fig. 9. Furthermore, representa-
tive 2D cross-sections of roughness profiles can be seen in
Fig. 10. The average surface roughness and the roughness
depth parameters were calculated as follows: First, n = 5
cross-sections were created for each experimental setup.
Secondly, average surface roughness and roughness depth
were calculated in each cross-sections, based on the stan-
dards of DIN EN ISO 4287:1998 [39] and DIN EN ISO
4288:1998 [40]. Finally, the average of the parameters was
calculated and used to characterize surface roughness.

A comparison of results of R /R, of trimmed surfaces,
measured by the contact profilometer and by the confocal
microscope, can be seen in Fig. 11. Results show that the
analyzed measurement methods do not have a significant
influence on the roughness parameters in the case of the
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300.0
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application of Tools B, C and E. However, there is a con-
siderable difference in R /R of edge trimmed surfaces by
Tool D. The diamond tip of the contact profilometer has
an » = 2 um radius, the measured roughness profile is,
therefore, more filtered than in the case of optical micros-
copy was applied. The ratio of R /R is -possibly- there-
fore lower in the case of contact measurement method
was applied than in the case of confocal microscopy.

3.4 Discussion and outlook
Based on the present experimental work, values of R /R  of
drilled and edge trimmed surfaces of UD-CFRP are chang-
ing in a wide interval: R /R = (5-14) pm/um. Furthermore,
it was shown that cutting tool geometry and type of
machining has a significant influence on R /R . High R /R,
values indicate that the machined surface consists of many
(1) uncut fibers (reinforcing or non-reinforcing fibers) and/
or (ii) fiber pull-out and/or (iii) delamination. High R /R,
values of machined surfaces of CFRP have to be therefore
avoided in many industries like aerospace and automobile.
Fig. 12 shows a schematic drawing of different charac-
teristics of machined surfaces, however, this difference

275.3 pym
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Fig. 9 Surface roughness profiles measured by the Alicona confocal microscope. UD-CFRP surfaces machined by the tools of (a) Tool E
(b) Tool B (c) Tool C and (d) Tool D
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Fig. 10 Surface roughness profiles measured by the Alicona confocal microscope. UD-CFRP surfaces machined by the tools of (a) Tool B (b) Tool E
(c) Tool C and (d) Tool D
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Fig. 12 R /R shows different surface characteristics: roughness profile of machined (a) quasi-homogeneous material and (b) fiber reinforced plastics

can not be featured by the application of the average sur- This surface roughness profile is typical in the case of
face roughness parameter (R, = R, , = 6.9 um), but the machined surfaces of quasi-homogenecous materials like
R/R, shows a clear difference. As can be seen in Fig. aluminum or titanium alloys. However, in the case of
12 (a), the surface roughness profile is periodic and free machining of fiber reinforced composites, reinforcing and

of any high roughness hills or deep roughness valleys. non-reinforcing fibers can be bent (bending dominating



chip removal mechanism) instead of being cut (crushing
dominating chip removal mechanism), many uncut fibers
can be therefore remained behind on the machined sur-
faces, as illustrated in Fig. 12 (b).

Manufacturing engineers and cutting tool developers
take into account mainly the (i) material properties of
fiber reinforcements (carbon, glass etc.) and the (ii) mate-
rial properties of matrix (epoxy resin, vinyl ester etc.) for
designing proper special cutting tools and for planning
proper machining technologies (process, tool path, type
of cooling etc.). However, the machinability of non-rein-
forcing fibers is usually not analyzed in detail enough,
their removal efficiency is therefore not high enough.
Based on the present research work, it can be stated that
the R./R, of machined UD-CFRP composites could be
effectively minimized by increasing the machining effi-
ciency of non-reinforcing fibers.

Uncut NRF onthe machined surfaces of CFRP increases
the roughness depth, however, its effect on the average
surface roughness is moderated, R_/R, is therefore higher.
Furthermore, it has to be mentioned that too many uncut
fibers and pull-outs have a more significant effect on the
average surface roughness too, in this case, R /R, starts
to decrease, the application of optimization parameter of
R_/R, is therefore limited. The proper definition of
the validity range of application and limits of R_/R, of
machined UD-CFRP requires more numerous experi-
ments in the future. Furthermore, the characteristics of
surface roughness of machined UD-CFRP is going to be
analyzed by a blue-light laser scan in order to increase
measurement accuracy while decrease measurement
time. In addition, the influence of cooling on the machin-
ability of NRF is required too in order to decrease the
amount of uncut NRF and effectively hold under control
of the machining process [67-70].

4 Conclusions

In the present paper, numerous conventional drilling, heli-
cal milling and edge trimming experiments were carried
out in UD-CFRP in order to analyze characteristics of sur-
face roughness. Based on the experimental results, the fol-
lowing conclusions can be drawn:
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It was proved that contact profilometer can sufficiently
(at a=0.5 confidence level) accurately measure average
surface roughness of machined UD-CFRP surfaces. The
diamond tip of the profilometer does not prohibit signifi-
cant damage on the machined surfaces of CFRP.

Results show that the analyzed measurement methods
(by a contact profilometer and a confocal microscope) do
not have a significant influence on the calculated rough-
ness parameters in the case of the application of Tools B,
C and E. However, there is a considerable difference in R/
R, of edge trimmed surfaces by Tool D.

Based on the present experimental work, values of R./R,
of drilled and edge trimmed surfaces of UD-CFRP
are changing in a wide interval: R /R, =(5-14) um/um.
Furthermore, it was shown that cutting tool geometry and
type of machining has a significant influence on R /R,,.

It was found that R/R, of machined surfaces of
UD-CFRP composites could be effectively minimized by
increasing machining efficiency of non-reinforcing fibers.

It is recommended to supplement the study of the
machinability of CFRP composite materials by analyzing
the R /R, parameter.

The validity range of application of R_/R, is limited; its
limits have to be analyzed in detail in the future in order
to increase the efficiency of quality control of machining
of UD-CFRP.
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