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Abstract. The article presents analytical models for evaluating the process of drilling holes in parts made
of fibrous composite materials by drilling, which is accompanied by unusual defects that are not typical
for metal cutting, such as delamination, chips, hairiness, composite chipping, thermal destruction and
uncut fibers around the drilled hole, as they affect the service life of composite details. The influence of
processing conditions and modes (feed, spindle speed and drill tip angle) of carbon fiber on the drilling
quality parameters (delamination coefficient and roughness of the machined surface) and axial cutting
force is established. The delamination coefficient (Kgr) in composite materials was taken into account, for
which the critical axial force was determined, the excess of which leads to delamination of the hole
surface, by an indirect method - by measuring the axial force. Measurement of the axial force and
determination of its parameters were performed using an experimental setup. The machining modes
during experimental studies varied within the following limits: the number of revolutions n - from 1250
t0 4000 rpm and the feed S - from 50 to 800 mm/min. Drilling was performed on a vertical milling machine
with a CNC SMG-300 with a maximum spindle speed of 5000 rpm. carbide drills with a diameter of 5
mm SANDVIK class 1ISO K20. Analytical dependencies were constructed using modern methods of
multivariate statistical analysis - by the method of group consideration of arguments for calculating the
quality parameters of holes in composite materials from cutting modes: the number of revolutions of the
drill n, the feed S and the angle ¢ at the tip of the drill. An optimization problem of nonlinear programming
was solved where the material removal rate was chosen as the optimality criterion. The value of the
optimal mode for drilling holes in carbon fiber with a carbide drill VK8 with a diameter of 5 mm with an
angle at the edge 29 = 100° (V = 2.83 m/min, S = 406.26 mm/min) was established, which ensures
maximum hole processing performance. The results of the study are the practical importance for
mechanical engineering and the aviation industry, as they allow to increase the stability and productivity
of technological processes for manufacturing products from composite materials.

Keywords: Composite materials; drilling; carbon fiber plastics; quality parameters; delamination;
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1. Introduction

Fibrous polymer composite materials, such as carbon fiber and fiberglass,
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are widely used in various branches of modern instrument and mechanical
engineering, in particular in the aircraft industry [1, 2], due to their unique physical
and mechanical properties.

Composite materials are characterized by high strength, stiffness, corrosion
resistance, low coefficient of thermal expansion, improved fatigue performance
during operation, electrical insulation properties and anisotropy, which allows you
to control the properties of the final product by changing the number of fibers, their
orientation and the type of layer arrangement. Polymer composite materials with
carbon fibers and a flexible epoxy resin matrix have become particularly widespread

[3]-
2. Problem statement

Despite the high physical and mechanical performance of multilayer composite
materials, their use in various industries, especially in aircraft construction, requires
taking into account the peculiarities of drilling polymer composite materials, which
is accompanied by the occurrence of specific geometric defects, including uncut
fibers, delamination, hairiness, chipping of the composite, shrinkage of the material,
as well as thermal destruction and high roughness of the machined surface.

Therefore, an urgent task is to study the process of processing composite
materials by modeling the quality parameters of the process of drilling holes in
details made from polymer composite materials for its optimization.

3. Literature review

For critical structures made from composite materials, drilling is used,
which is accompanied by unusual defects inherent in metal cutting, such as
delamination, chips and uncut fibers around the drilled hole. The presence of such
defects leads to the formation of gaps between parts, as a result of which the
connections of structures are weakened, which is unacceptable for the general
requirements of mechanical engineering [4]. This is due to such characteristics of
the material as heterogeneity, anisotropy, the presence of highly abrasive reinforced
fibers, the combination of hard abrasive fibers with a soft matrix [5].

The widespread use of composite materials in obtaining holes for fasteners
requires ensuring high-quality holes for connections between details and increasing
the efficiency of the drilling process, which is possible by determining the optimal
cutting modes [6].
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The machinability of composite materials can be analyzed using: axial

cutting force, torque, roughness of the machined surface, delamination of the hole,
the degree of uncut fibers and tool wearing out [7].
These parameters are influenced by cutting modes (feed and speed), properties of
the workpiece material and tool material. Intensification of these modes leads to an
increase in cutting force and increased tool wearing out. In the process of drilling
composite materials, axial force can lead to delamination and interlayer cracking at
the exit of the hole, where the low thickness of the layered material provides less
resistance to tool penetration [8]. At the same time, a higher cutting speed allows for
better hole quality.

Surface roughness is one of the main characteristics in the drilling process
of composite materials, which is used to analyze the quality of the machined surface
by studying the microroughness of the detail’s surface, which is most often estimated
by the parameters R, and R; [7, 8].

4. Materials and Methods

To implement the tasks of researching the quality of machined hole surfaces
in polymer composite materials, drilling efficiency indicators were considered, since
they affect the service life of composite details. During the drilling of polymer
composite materials, various defects can be formed, such as delamination, damage
to the surface layer, high roughness of the machined surface, dimensional error and
deviation from roundness [9].

Delamination is the most common defect during drilling of composite
materials. This quality parameter is divided into delamination at the entrance of the
cutting tool into the material and delamination at the exit from it. There are many
ways to assess the quality of the hole for fiber-reinforced polymers, including
delamination and uncut fibers. One of the methods for non-destructive assessment
of the drilled holes quality is the analysis of the hole exit in carbon fiber plastics,
which is a simple measured variable that reflects the quality of the hole. [10].

The most common characteristic of the delamination parameter when drilling
composite materials is the delamination coefficient (Ksr), proposed by Chen [11], the
value of which is determined by the formula:

K =

where Dmax is the maximum diameter of the hole with the damaged area; D is the
nominal diameter of the hole. To analyze delamination in compaosite materials, Ho-
Cheng used a fracture mechanics approach [12]. To do this, they determine the
critical axial force Pcar , exceeding which leads to delamination of the hole surface.
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This parameter relates delamination to the properties of the composite material
according to the following formula:

b |BGER
caf =T 131 —v2,)

where G,, is the interlayer fracture toughness, J/m?; E; is the modulus of elasticity,
N/m?; h - the thickness of the uncut layer of the workpiece, mm; v1, - Poisson's ratio.
Compared to other fibrous polymer composite materials, carbon fiber composites
are most prone to delamination, which is accompanied by an excess of the critical
axial force, although their interlaminar fracture toughness is lower (Table 1). This is
due to the fact that these materials have a higher elastic modulus [13].

Table 1 — Critical axial force for carbon fiber composites, fiberglass composites and
hybrid composites at a layer thickness of h = 0.5 mm.

Material G, JIM? | E;, GPa V12 I\
Carbon fiber 290 150 0,25 391
Fiberglass 568 25 0,18 220
Hybrid material 299 52,5 0,20 231

To obtain mathematical dependencies of the parameters of the quality of
processing holes in composite materials, corresponding experimental researches
were conducted.

5. Experiments

In the experimental researches, carbon fiber composite with a carbon fiber
content of 50% with an orientation of 0/90° was used as the processing material [14].
The matrix material was epoxy resin LY564 and hardener HY 564 manufactured by
Huntsman Co. The total thickness of the composite material was 8+0.1 mm and
contained 32 layers with a thickness of 0.25 mm. The carbon fiber composite was
manufactured using the transfer molding technology (RTM). The workpiece was a
sheet of material 160 mm x 160 mm x 8 mm, which was cut into bars 20 mm wide
for further processing. In the experimental researches, carbon fiber composite with
a carbon fiber content of 50% with an orientation of 0/90° was used as the processing
material.

The total thickness of the composite material was 8+0.1 mm and contained
32 layers with a thickness of 0.25 mm.

The holes were drilled on a vertical milling machine with a CNC SMG-300
with a maximum spindle speed of 5000 rpm. As a cutting tool, carbide drills with a
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diameter of 5 mm SANDVIK class ISO K20 were used.
The angles at the apex 2¢ of the drills were 60°, 100° and 140°, they were
formed by the grinding operation.

To measure the axial force signal, the workpiece was mounted on a four-
component piezoelectric dynamometer Kistler 9272, which in turn was fixed on the
machine table. The experimental data were transmitted via an RS-232C data
interface using three Kistler 5070A amplifiers and processed on a PC using the
corresponding DynoWare software from Kistler. The surface roughness of the
machined holes, according to the parameter Ra, was measured using a Perthometer
M2. The base length value was 0.8 mm..

The value of the delamination coefficient was determined by photographing
the drilled hole using a microscope with a 500-fold magnification, on which a
camera was installed.

The maximum diameter of the hole was calculated by processing images
using the LabView v. 6 system.

The study of the process of drilling holes with measurement of axial force and
determination of its parameters was performed using an experimental machine. The
general scheme of the experimental machine for studying the process of drilling
carbon fiber parts is shown in Figure 1
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Figure 1 — Scheme of the experimental machine for studying the drilling process of
carbon fiber parts
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The purpose of experimental research on the drilling process of carbon fiber
parts is to study the influence of processing conditions and modes (feed, spindle
speed and drill tip angle) on the parameters of carbon fiber drilling quality (layering
coefficient and roughness of the machined surface) and axial cutting force. The
processing modes during the research varied within the following limits: speed n —
from 1250 to 4000 rpm and feed S — from 50 to 800 mm/min.

6. Results

Processing of the results of experimental studies to obtain the corresponding
mathematical models was performed using modern effective methods of
multivariate statistical analysis [15].

Using the GMDH Shell DS software, which implements the advantages of
group argument accounting methods (MGAA), mathematical dependences of
quality parameters on the number of revolutions of the drill n, feed S and sharpening
angle ¢ at the tip of the drill were obtained [16].

When obtaining the mathematical dependence of the axial force P =f(n, S, ¢)
on the number of rotations, feed and angle at the tip of the drill, 25% of the initial
data were used as a test sample to assess its accuracy.

As a result, the following dependence was obtained with a coefficient of
determination R% = 0.994 on the test sample:

P =0,37403531 -5 + 0,80636969 - ¢ — 0,042552536 - n +

+2,5174804 - 1072 -5 - ¢ —1,1838289-107*-S - n
—2,8640392-107*- ¢ -n—

—6,6437653 -1077 - S - 92 4+ 1,5512999 - 1078 - § - n? +

+3,7530623 - 1078 - ¢ - n? + 7,5583524 - 1078 - 2 - n —

—1,983767 - 10™* - ¢? + 5,5761222 - 107% - n? — 9,9045321

.10712. (pZ -n? —

—2,7554812 - 1071 .5 - 92 -n? —7,9678736-10"7-S- ¢ -n
+

+1,0441172 - 10710.5. Q- n? + 2,1027644 - 10710.5. (p2 ‘n
+ 99,778598

Since it is practically impossible to measure the value of the delamination
coefficient during the machining process, it is proposed to determine this parameter
by an indirect method - by measuring the axial force. For this purpose, the
dependence Kqe=f(P) was obtained, which allows determining the value of the
delamination of the hole in the processed material by the value of the axial cutting
force.
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A similar approach is also proposed to be performed to determine the
roughness of the hole surface.
To obtain an analytical dependence of the delamination coefficient, a 5th order
polynomial regression was used based on the results of experimental studies:

Kger = 1,58379455006 - 107*2P5 — 1,7774707523 - 10-°P* +
+7,0153442442 - 1077 P3 — 1,17101594923852 - 10~*P? +
+8,83914402978316 - 1073P + 0,788058618989498

The quality of the obtained dependence Kge=f(P) is confirmed by the
accuracy parameters: average absolute error — 0.0351; average square error — 0.003;
average relative error — 2.8941%; coefficient of determination R — 0,9296.

To control the roughness parameter of the machined surface by the value of
the axial cutting force, based on the results of experimental studies, a mathematical
model of the dependence of roughness on the axial force Ra = f (P) was obtained,

By the SPSS Statistics software, the curves of graphical dependences were
compared using the regression module to obtain an analytical dependence that best
describes the statistical data [17]. It was determined that the power form of the
regression equation most accurately approximates this dependence best describes

Ra = 0,0898p 05064

statistical data with the following accuracy parameters: average absolute error —
0,2031; average square error — 0.069; average relative error — 15.6206%; coefficient
of determination R? — 0,7419.

The developed mathematical dependencies of the quality parameters of the
hole surfaces (delamination and roughness) are convenient to use for predicting these
parameters when drilling holes in carbon fiber parts and as a constraint in the general
mathematical model of the drilling process when solving the optimization problem.
At the same time, these mathematical dependencies are adequate for the following
processing modes: the number of rotations n - from 1250 to 4000 rpm and the feed
S - from 50 to 800 mm/min.

Optimization of the conditions and modes of processing of composite
materials involves solving various technological, structural, economic and
organizational problems. For this, the following optimality criteria are used: the
criterion of minimum cost; the criterion of maximum efficiency (productivity),
which ensures the minimization of the time spent on mechanical processing; criteria
of quality and accuracy of processing, etc.

As an example of solving the optimizing problem the drilling process in
carbon fiber parts, which provides the necessary parameters of the quality of the
holes, the maximum productivity N of this process was chosen as the criterion.
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Therefore, the task of solving the optimization problem of nonlinear
programming, which is built on a model where the material removal rate is chosen
as the optimality criterion [17].

max N = —(mw_mp), i max No= el
p-t S p-t
where my, — mass of the workpiece, kg;
m,— weight of the part, kg;
p — material density, kg/mm?;
t — processing time, min.
| — cutting path when drilling one hole, mm;
n — number of holes;
S — drill feed, mm/min.
In this case, a set of restrictions is set on the parameters of the quality of the
hole surfaces and the capabilities of the equipment used:
P=f(n,S,p)<138;

Ke=f1(n,S,0)<1,1;
Ra=f2(n,S, ¢)<1,6;
50<5<800;
1250<n<4000

Thus, as a result of experimental research and solving the problem of
optimizing the process of drilling holes in carbon fiber with a VK8 carbide drill with
a diameter of 5 mm and an angle at the apex of 2¢ = 100°, the value of the optimal
drilling mode (V = 62.83 m/min, S = 406.26 mm/min) was obtained, which ensures
maximum hole processing performance.

7. Discussion

According to the results of experimental researches, it was found that the
roughness of the machined surface of the holes increases with increasing feed and
decreases with increasing drill speed. In addition, by comparing the obtained models,
it can be concluded that the angle at the tip of the tool does not have a clearly defined
effect on the R, parameter.

The studies have shown that the values of the axial force and the
delamination coefficient can be minimized at high spindle speeds and reduced feed
values.
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Modern production is focused not only on the quality of the finished
product, but also on its manufacture with the lowest possible costs in the shortest
possible time and in accordance with the specified quality indicators.

With adequate mathematical models of the parameters of the drilling
process in carbon fiber parts, it is possible to determine the influence of cutting
modes and conditions on the stability of the cutting process and establish optimal
values of modes that provide the necessary dynamic properties.

It has been established that increasing the thickness of the material layer
leads to an increase in the critical value of the axial force, which accordingly requires
an increase in the values of the optimal cutting modes. The use of fiberglass or hybrid
composite material as the processed material reduces the feed value and the number
of revolutions of the drill, which negatively affects the productivity of the process.

Conclusions

Based on the results of the research and modeling of the parameters of the
drilling process in carbon fiber parts, the following conclusions can be made.

1. As a result of the analysis of the drilling process in carbon fiber parts, it
was established that the criterion parameters of the quality of the process are the
delamination coefficient and the roughness of the machined surfaces, which can be
determined by the magnitude of the axial cutting force.

2. A scheme of the machine for conducting experimental reserches is
proposed, which allows obtaining the necessary information for creating
mathematical models of quality parameters when drilling holes.

3. As a result of processing the experimental research data, mathematical
dependences of the axial force, delamination coefficient and roughness of the treated
surface on the cutting modes and conditions were obtained, which allow forming a
mathematical model of the drilling process in carbon fiber.

4. The developed mathematical model of the process of drilling holes in
carbon fiber parts makes it possible to solve the problem of optimizing cutting
modes, which ensures obtaining the specified quality parameters of the resulting
surfaces with the highest productivity.
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AHoTauis. B cmammi npedcmasneni ananimuuni mMooeni O OYiHKU NpoYecy C8epOiHHI OMBOPIs 8
O0emanax 3 BONOKHUCMUX KOMNOSUYIUHUX ~MAmMepianié —CEepONIHHAM, WO  CYNPOBOONCYEMbCSL
He36UYaHUMU  Oehekmamu, AKi HeBNACMUEl PI3aHHIO Memany, MAxi AK po3uapyeawHs, CKou,
gopcucmicmy, GUKPUULYBAHHSA KOMNO3UMY, MepMiuHa OeCmpyKyis ma Hepo3pi3aHi 80J10KHA HABKOIO
npoceeponeHo2o 0OmMeopy, OCKIIbKU 60HU 6NIUSAIONb HA MEPMiH eKCRIYamayii KOMRO3UMHUX Oemaneil.
Bcemanoeneno ennue ymos ma pesicumie 06poonenns (nodaui, Kitbkocmi 06epmis winunoeis ma Kyma npu
sepuiuni c6epona) 6yeneniacmuKy Ha napamempu aKocmi ceeponints (Koegiyicnm po3uapysants ma
wopcmkicms 06pobaeHoi noepxHi) ma ocvosy cuny pisauns. Bpaxoeano xoegiyicnm poswapyeanms
(Ksr) 6 komnosuyitinux mamepianax, 015 4020 USHAYANU KPUMUYHY OCbOBY CUTY, Nepesuujerts Kol
npu3eoo0Ums 00 PO3UAPYEAHHS NOBEPXHI OMBOPY, HENPAMUM MENMOOOM — WITAXOM SUMIDIOBAHHS OCbOBOT
cunu. Bumiplosanns ocvoeoi cumu ma eusnauenns il napamempieé GUKOHYEANU 3d OONOMOZ20I0
excnepumenmanvnoi  ycmanosku. Pedcumu  06pobnenns npu nposeoenni  eKcnepumMeHmanbHux
00C0IHCEHb BAPIIBATUCL 6 Medcax: KilbKicmb 06epmie n — 6id 1250 0o 4000 06/xé ma nodaua S — 6i0
50 00 800 mm/xe. Ceeponinus GUKOHY8AU HA 8epMUKATbHO-(pesepHomy eepcmami 3 HITK SMG-300 3
MakcumansHoio yacmomoro obepmanns winunoens 5000 06/xg. meepoocniagHuMu ceepona oiamempom
5 mm SANDVIK xnacy ISO K20. Ilo6ydosari aHanimuyHi 3a1edCHOCMI 3 6UKOPUCHIAHHAM CYYACHUX
Memooie 6azamosuUMIPHO20 CIMAMUCIMUYHO20 AHANIZY — MEMOOOM 2PYNO6020 6PAXYE6AHHS aAP2yMeHMI8
0J18 PO3PAXYHKY NAPAMempie AKOCHi 0OMEopi8 KOMNOSUYILIHUX MAMepIianie 8i0 pexcumie pi3anHs: Yucia
0bepmie ceepona n, nodayi S ma Kyma @ npu eepuuHi ceepora. Posze’sizana onmumizayiina 3adaua
HENHILIH020 NPOSPAMYBAHHSL Oe KpUmepiem OnMUMAaibHOCMI 6UOPAHA WEUOKICMb 3HIMAHHS Mamepiany.
Bcemanoeneno  snauenns  onmuManbHO20  pedjcumy  C6epONiHHA — OMEOpIe Y 8y2lennacmuxy
meepoocniagrum ceeponom BKS diamempom 5 mm 3 kymom npu eepuuni 29 = 100° (V = 2,83 m/xg, S
= 406,26 mm/x8), siKuil 3a0e3neuye MakCUMAaibHy NPOOYKMUSHICHb 06pobaeHHs omeopis. Pezyromamu
00CNIONHCEHH MAIOMb NPAKMUYHE 3HAYEHHA OISl MAWUHOOYOY8AHHA ma aiayiiHoi npoMUcio80Cmi,
OCKINbKU  003601510Mb  NIOSUWUMU  CMADIILHICMb MA  NPOOYKMUBHICMb  MEXHON02IYHUX Npoyecie
8U20MOGIEHHS 8UPOOI6 3 KOMNOZUYIIHUX Mamepianis.

Kiio4oBi ciioBa: komnosuyitini  mamepianu; C8epONiHHA; BYIeNIACMUKU; napamempu SKOCMI,
PO3WAPYBAHHS;, WOPCMKICIb, eKCNePUMEHMANbHI  OOCHIONCEHHS, eKCNepUMeHmMAalbHA YCMAHOBKA,
0Cb08a CUNA PI3AHHST; MOOETIOBANHS; ONMUMIZAYISL.
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