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THE RESEARCH OF THE TEMPERATURE DEPENDENCE AND QUALITY
ASSESSMENT OF HOLES DURING THE OSCILLATING DRILLING OF PCM

Bulakh LA, Globa A.V., Solodkiy V.I.
National Technical University of Ukraine
«Kyiv Polytechnic Institute»

The process of oscillating drilling holes in polymeric composite materials (PCM) was investigated in this paper. Using
the group method of data handling (GMDH) the multifactor empirical dependence of drilling process parameters such
as the magnitude and the rate of wear, temperature, and geometric parameters of the instrument and the correction
coefficients of the model, were obtained. According to the methodology, based on a mathematical method of least squares,
was evaluated the quality of received holes (deviation from a circular shape). We measured the temperature of cutting by
natural thermocouple and with a laser pyrometer. The results obtained by both methods were compared. The processing

of inclined surfaces was investigated.

Keywords: polymer composite materials, oscillating movement of the tool, assessing the quality of holes, the method of
least squares, the temperature of cutting zone, inclined surfaces.

ntroduction. In today's society there is increas-

ing demand for polymeric composite materials
(PCM), used in all industries, and in engineering and
aviation the most. This leads to the continuous devel-
opment of new materials with different characteris-
tics. Therefore, well-known design of tools and cut-
ting modes chosen for metals or PCMs of a particular
type are not applicable for new types of materials.

Considering current development of technologies for
polymer composite materials processing, and material
structure, variety of processes is applied. Drilling holes
in the PCM is the most common processing operation.

Slight wear on the front surface caused by small
forces is typical for PCM processing. At the same
time, wear level on the back is high, due to contact
phenomena through a large elastic recovery of the
manufacturing surface. To increase instrument sta-
bility, it is necessary to reduce wear intensity, de-
pending on the tool material type, tool geometry, it’s
sharpening diligence and cutting mode.

Modern industries, aerospace in particular, require
high reliability of PCM panels fastening. Therefore, it
is important to ensure the highest possible precision
and quality of holes (H9 — H10). Known tool construc-
tions are unable to provide this level of quality. Holes
quality control is also a problem due to PCM products
dimensionality. Therefore, task of finding instrument
geometry, as well as selection of the optimal cutting
mode providing high quality holes without the super-
visory methods is an extremely important task.

The level of research. Results of conducted tools re-
search and mathematical modeling are outlined in pa-
pers prepared by Globa A., Bulakh I. and Mylokost S.
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Fig. 1. Scheme of vibro-acoustic signal
recording
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Fig. 2. The experimental appliance
1 — device for oscillating vibrations, 2 — Amplifier, 3 — Transformer 4 — View
of recorded vibration, 5 — Computer 6 — vibroacoustic sensor, 7 — Drill 8 — The

[1-4]. Technique of holes quality evaluation, described
in this article, is used to improve results accuracy.
The main part. Vibro-acoustic signal analysis was
used to calculate magnitude and rate of tool wear.
The vibro-acoustic signal was recorded in the follow-
ing way (Fig. 1): upon reach of a critical force value
(critical load), the avulsion of the remaining materi-
al layers from the main material occurs. This phe-
nomenon is accompanied by a vibro-acoustic effect.
Vibro-acoustic effect is recorded as a signal by the
sensor mounted on the sample. Signal is transmitted
from the sensor to amplifier and then to the ana-
log-to-digital converter, where the data is digitized.
For data processing Cool Edit Pro 2 was used. This
program allows recording audio multitrack data from a
microphone or any sound source (in our case this is the
sensor), editing and processing it as a separate file or a
group of files, performing mastering and keeping record.
The most serious problem during holes drilling
in the PCM is the delamination, which significantly
reduces fastening strength and reliability. Standard
drilling, causing the separation and appearance of
tattered fibers in material is used during PCM pro-
cessing. Reverse tool movement was used in this re-
search to avoid described defects [2].
The general view of the experimental facility is
shown on Fig. 2 and 3.

Processing was carried out changing cutting
modes, at different machine spindle speeds, as well as
using experimental appliance for reverse tool move-
ment providing bidirectional drilling (Fig. 2, 1)

The essence of the experimental appliance is that
it is equipped with the movement recovery mecha-

Fig. 3. Element of appliance

sample of carbon fiber
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nism for reverse drilling (application for an invention
to receive a patent have been filed).

Drill of construction presented on Fig. 3 (7) and
Fig. 13 (a) was developed for the experiment. Such
construction has not been previously used for the
processing holes in PCM. We studied three samples
with different tool double entering angles of — 110,
120°, 130° (see examples 1, 2 and 3 below respective-
ly). Drill diameter- 8 mm, material — P18, hardness
— HRC 60. Such material was chosen because of the
necessity to obtain visible tool wear at low series of
experiment. Sample of two cutting edges drill (Fig.
13, b) and step drill (Fig. 13, c) was chosen to compare
holes quality. Step drill was taken with a double en-
tering angle 2¢ = 130°, based on previous researches
of the tool wear and holes quality conducted by ana-
lyzing the vibroacoustic signal [3].

For the study composite material, carbon fiber 6
mm cross- reinforcement (with layout 0-90°), rein-
forced by organic net was taken. During the drill-
ing machine spindle rotation frequency was changed
(from 480 rev/min to 880 rev/min) and experimental
appliance 1 was used. This tool is capable of oscillat-
ing vibrations exciting which leads to bidirectional
drilling, with the rotational speed change according
to the frequency of spindle rotation. The appliance
creates oscillations that were taken into account
during tool wear calculation (due to the recording
and subsequent subtraction of idling rigs).

Holes quality. Deviation from roundness

The Fig. 4 and Fig. 5 show view of the holes at the
tool entry and exit during processing with different
drilling modes.
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Fig. 4. View of holes Fig. 5. View of holes
at the drill entry at the drill exit

a. sample 1, n = 480 rev/min without device b. sample 2, n =
480 rev /min., without devise; c. Sample 3, n = 480 rev/min.,
without device ; d. sample 1, n = 480 rev/min., with device,
e. Sample 2, n = 480 rev,/ min., with device; f. Sample 3 , n
= 480 rev/min., with device; g. sample 1, n = 880 rev,/min.,
with device, h. sample 2, n = 880 rev,/min., with device; i.
Sample 3, n = 880 rev,/min., with device

Calculation results of holes deviation from round
form are sh own in the diagram (Fig. 6). The dia-
gram shows that for each cutting mode the smallest
deviation from roundness is achieved with drill of a
different geometry.

At the same time the smallest average deviation
from roundness obtained in mode 2 (n = 480 rev/min
with the use of drill oscillating motion). It makes more
accurate selection of cutting parameters and tool ge-
ometry exactly for this cutting mode perspective.

The deviation from roundness
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Fig. 6. Deviation from holes roundness
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Wear of tool

The Fig. 7 and 8 show dependency between tool
wear and path traversed by a drill. Graphics for 3
cutting edges drill and four samples of step drills are
presented on Fig. 8. Fig. 7 shows the dependency for
three samples of experimental tool.

It was observed that largest wear occurs in the
processing mode 1 (no adjustment at a frequency of
480 rev/min). The lowest wear takes place in mode
No3, but holes quality in this mode is low.
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Fig. 7. The results of experimental samples of
instrument research
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Fig. 8. Graphics obtained after examining 3 cutting
edges and step drills

Fig. 9 and 10 show diagrams of wear magnitude
and processing time for experimental samples of the
instrument in different modes.

The wear amount
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Fig. 9. Diagram of tool wear magnitude
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Fig. 10. Diagram of processing time

The fundamental in research of PCM processing
is to construct the mathematical models, taking into
account process parameters and material properties,
which will allow making processing results prediction
changing certain process parameters.

Considering high cost of materials and PCM pro-
cessing peculiarities, it is necessary to perform math-
ematical modeling of the cutting process to be able to
predict processing results. One-factor cutting process
model for cutting with step drill is presented in re-
search [1]. To improve prediction accuracy, it is nec-
essary to increase the number of process parameters.

Mathematical model based on the results of the
experiment [1]:

B = 0,4244 - (3,410+1,00308 - (L*0,1 - 10-3- ¢*0,4 - 10-%)+
+1,306 - (9,8 - 10-3-k*9,72 - 10%)+0,7076 - (21,04 - 103~
-n*1,2 - 10°-f*7,564 - 10°))+ 0,577 - ((4,42103-
-t*0,571-10°+1,015- (13,9 - 10-*-k*10,1 - 10%)* 1,357 -
-((4,78 - 103-t%0,62 - 10%-0,3711)+
+1,29 - (L*9,95 - 10°-4,66 - 10-%)+1,01 -

(17,7 -103-n*0,76 - 10°-k*9,7 - 107%))

L — path traversed by a drill, t — processing time,
k — coefficient indicating presence (1) or absence (0)
of oscillating vibrations, n — frequency of spindle ro-
tation, f — double entering angle of the drill, B —
wear magnitude, Coefficient of performance models:
k* = 0,086944

Mathematical evaluation of holes quality

Evaluation of the accuracy of the holes was car-
ried out using the technique proposed by PhD of
ITM Department, Institute of Mechanical Engineer-
ing, NTUU «KPI» V. Solodkiy [5]. The technique is
based on the method of least squares, which in this
case is used to determine parameters xc, yc and r of
performing circle for all points of the original curve.

The equation for the circle is written as:

(xi _xc)z +(y1 _yc)2 :r2.

Then the unknown function of the least squares

method will look like:

o) )]

After differentiation the f, by parameter r and
equating to 0 the equation will look like:

n
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The solution of this equation with respect to the
parameter r gives expression to determine radius of
the performing circle:
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Further differentiation of equation f, is done by
parameter x_ and the expression is obtained:
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Where determined the coordinate y, of performing
circle center:
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Where determined the coordinate x, of performing
circle center:

a,+a
x =4Th
’

a

3
a, =n§yixf§y, i —Z:xfgyigyixi _[Z:.yfg%xi gyf +
a, =§x‘. [—an‘,y,»xflzﬂl‘,y,- +Zx,?§y} +(nyjz _[Zn:’y"[zn:‘y?]_
ONIDRITETO N WE
[ = i

Obtained equations allow directly determining
parameters x, y, and r of performing circle that
optimally passes through the array of points x,, y,
(i=1..n).

Thus, after entering array of points coordinates of
hole the replacing optimal circle was obtained (Fig. 11).
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Fig. 11. Building an optimal performing circle
for the experimental points
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The next step is to create an array of radiuses
from determined performing circle center to the ex-
perimental points. Then three points with the least
distance from the center of the performing circle are
determined, which are used to build inscribed circle.
For three points the most distant from the perform-
ing circle center described circle is constructed. The
final step is the optimal combination of inscribed and
described circles. As a result of the calculations the
following results were obtained.

a. 20=120°  b. 29=110" c. Two
standard reverse cutting d. Step drill
drilling drilling edges drill

Fig. 12. Optimal, inscribed and described circles
obtained by the experimental points

Based on such assessment coincidence degree of
radiuses and centers of inscribed and described cir-
cled is considered to be the indication of hole accu-
racy. With the applied methodology it is possible to
obtain the deviation of circles radiuses and centers

namely:

R, — Rc — deviation between the radiuses of the
optimal and inscribed circles;

R — Rc — deviation between the radiuses of the

optirrcfzgl and described circles;

e —x0+(r. -v) — deviation between the centers
of the optimal and inscribed circles;

(Xe ;X0 +(r. ,~vo) — deviation between the centers
of the optimal and described circles;

Jx. o—x. )+(r. v, ) — deviation between the cen-
ters of the inscribed and described circles;

Evaluation results are shown on Fig. 13:
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Fig. 13. Diagram of average deviation between centers
of the circles obtained for tool samples

The diagram shows that the largest average de-
viation occurs for 2 cutting edges drills, as well as “for
samples 1 and 2 of reversing drill at unidirectional
drilling. With a spindle frequency 880 rev/min. there
is a strong tool heating and material burns around
the holes, which drastically reduces the quality.
So, the optimal geometry is the dual entering an-
gle in terms of 110° with a frequency 480 rev/min.
For unidirectional drilling 2 cutting edges drill
with 2¢ = 130° gives small holes deviation from
roundness.

Measurement the temperature of cutting zone

Temperature arising during cutting PCM, af-
fects not only the tool wear but also to the quali-

ty of the machined surface. Specifically thermod-
estruction of PCM layers does the using of such
detail impossible [6].

In this paper we applied the temperature mea-
surement using natural thermocouple as follows:

Figure 14: 1 — tool 2 — sample of carbon fiber, 3 —
substrate, 4 — Place of a millivoltmeters contact input
5 — brush, which is attached to a voltmeter and a
second contact which is in immediate contact with the
tool, 6 — millivoltmeter to measure the thermopower.
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Fig. 14. Scheme
of temperature measuring
of cutting zone

Fig. 15. Accessories for
temperature measuring

|

Fig. 16. Laser pyrometer, which was used for the study

Figure 7 shows a way to fix a contact of ther-
mocouple to the instrument. In Figure 8 submit-
ted an image of laser pyrometer, which was used
to measure the temperature of the cutting zone.
Temperature dependence for the oscillating tool is
shown in Figure 17. The diagram shows that the
temperature on the main cutting edge of the tool
almost twice exceeds the temperature of the side
cutting edge.

Temperature of oscillated drill (,\
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Fig. 17. The temperature of oscillating drill
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Fig. 18. The diagram of average temperature
of drills with different construction

In Figure 18 presented the average temperature
diagram of instruments with various designs. For
comparison, the diagram shows the indications for
step drills.

The graphs (Fig. 19) and the diagram show that
among the step drills the smallest heating occurs in
the instrument with 2¢ = 130°, for the oscillating drill
— 2¢ = 110°. As a result of research the calibration
characteristics of thermocouples was obtained:

T = 5,094 U + 6,0842

Where T — temperature of cutting zone, U — value

of thermopower, mV.

Oril temperature

Fig. 19. Temperature dependence for drill
of the way and construction

Processing of inclined surfaces.

The method of the oscillating drilling made it pos-
sible to process of inclined surfaces. This issue is im-
portant when it is necessary to get the high quality
of hole in not rectilinear (spherical) surface, which is
not used for mounting panels or components (such as
air vents, etc.).

Figure 20 depicts anchorages of PCM sample so
that the surface is inclined at an angle to the horizon-
tal with the ability to change the angle. The angles
of inclination of the PCM sample plane were varied
from 5° to 45°. In order to processing four samples
of oscillating drill were selected: drill with a spher-
ical sharpening and the drills with 2¢ = 110°, 120°
and 130° [1].

The various tools designs and processes with
changing the inclination angle of the PCM sample
surface were tested. It was found that with increas-
ing of dual main angle in terms 2¢, holes quality is
significantly reduced. Figure 21 shows the view of
the hole at an inclination of the PCM plane 45° for

drill with 2¢ = 110° (a) and 2¢ = 130° (b), and view of
hole at the exit of drill 2¢ = 110° (d).

The figure shows that during processing of PCM
by the drill with 2¢ = 130° there is deviation from
the axis of the instrument, which making a formed
hole unusable. While the processing by drill with
2¢ = 110°, the hole quality is much higher, there is a
slight fibration of fibers at the input of tool.

Figure 21 (a) shows the view of hole for oscillat-
ing drill with a spherical sharpening for the angle of
PCM surface inclination o = 15°. There are chips on
the input and output of the tool from material. That
is this bit enables to obtain the high holes quality
only during PCM processing in the perpendicular di-
rection.

Fig. 20. Accessories for processing PCM at an angle
to the horizontal plane with the ability to change
the angle of inclination

Fig. 21. View of holes in the PCM for the oscillating
drill with 2¢ = 110° (a) and 2¢ = 130° (b)

The angle of the PCM plane o = 45°; ¢ — view of hole treated

with a spherical sharpening drill (o = 15°); d — the view of
hole in the instrument exit (2¢ = 110°, a = 45°)

Conclusions and perspective research directions.
As a result of research holes accuracy in compos-
ite materials (carbon fiber) using computer methods
based on mathematical method of least squares was
assessed. This method is applicable in the absence of
the possibility to measure the resulting holes accura-
cy using Round measured device and at the presence
of a set of obtained circle points coordinates.

1. Program proposed by V. Solodkiy for the con-
struction of the performing circle that optimally pass-
es through the experimental points, made it possible
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to accurately calculate distance between the centers
of the circles, corresponding to the most distant and
closest experimental points to the optimal circle cen-
ter. The hole is the most accurate when radiuses and
centers of received from the program circles coincide.

2. After comparing 2 cutting edges drill, step and
reversing drills, it was shown that for 2 cutting edg-
es drill, drills with 2¢ = 120" and 110" for unidirec-
tional drilling, there is the greatest deviation from
roundness (the worst holes accuracy). Holes accuracy
increases applying oscillating vibrations on drill sam-
ples, but with increase of spindle frequency (from
480 rev/min to 880 rev/min) the tool heats and holes
quality is reduced by thermal destruction of carbon
fiber layers. After processing with step drill it was
determined that step drill with dual entering angle

ples. This drill produces holes of the best quality in
PCM, and the wear value is smaller for this geom-
etry (0.131 mm, for wear rate 0.032 mm/s). That is
the step drill in unidirectional drilling and oscillating
drill with 2¢ = 110° for bidirectional drilling are opti-
mal. Comparing to studies of 3 cutting edges and step
drills, temperature after processing decreased by 10%
for oscillating drill. Using a bidirectional movement of
drills it was determined that tool wear value decreas-
es by 8%, and performance holes accuracy increases
by 10%.

3. Perspective direction of research is receiving
the temperature dependency along the cutting edge
of the tool, more accurate research of tool geometry
within the 2¢ = 110° = 5° and improving drill design,
the study of other device modes for oscillating drill-

29, = 130" is the optimal of four instrument sam- ing work.
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Bynax L1.O., T'mo6a O.B., Conogxmii B.I.
HarionanpHnit TexHiuHNi yHiBepcuTeT YKpainn
«KMiBChEMI MTOJIITEXHIYHNI IHCTUTYT»

TOCJHIIKEHHA TEMIIEPATYPHOI 3AJIESKHOCTI I OIITHKA AKOCTI
OTBOPIB IIPN OCINJIOIOYOMY CBEPIJIIHHI ITKM

AHorarisa

JocuifykeHnit poliiec OCHMUJIIIIYOr0 CBeP/JIiHHA MOJIIMepHNX KOMIo3uIliiuux matepiasnis (IIKM). 3a momomororwo mMetony
rpymnoBoro ypaxyBauusa aprymeHnTis (MI'YA) orpumana GaraTodpakTopHa MaTeMaTHYHA 3aJIEIKHICTD [TapaMeTpiB IIpolecy
pi3aHHA, TaKMX AK 3HOLIYBAHH:A, TeMIIEPaTypa, TeOMETPUYHI mapaMeTpy iHCTPYMEHTa, a TaK0K KOPUIyIouM KoedilieHTn
Mozesi. Buxonaum 3 MeTonosiorii, 3acHOBaHOI Ha MeTOAWII HaVMEHIINX KBaJpaTiB, IIPOBEJEHa OLHKa AKOCTI OTBOpPIB
(BimxumyieHHaA Big kpyriocti). IIpoBenieHi BUMipIOBaHHA TeMIIepaTypy 30HM Pi3aHHA 3a JOIIOMOTOI0 IIPUPOAHOI TepMoIapu i
JasepHoro nipometrpa. IlopiBHAHI oTpuMani pesysapraTti. Jlociifi:KeHe CBepIIiHHA HaXMJIEHUX IIOBEPXOHb.

Koaio4oBi cioBa: mosiMepHNIT KOMIIO3UIIHMIT MaTepiaj, OCIMIIOIOUNII PyX CBEPAJA, OLiHKAa AKOCTI OTBOPiB, MeTox Hayi-
MeHIINX KBaJpaTiB, TeMIlepaTypa 30HM PisaHHA, HaXMJIeH] IOBePXHI.

Bynax NL.A, I'nmoba A.B., Comonxuii B.JI.
HannonasbHbI TeXHNMYECKNUIT YHUBEPCUTET Y KPalHbl
«KneBcKmil MOMMTEXHNYECKNI MHCTUTYT»

VICCJIETOBAHUE TEMIIEPATYPHOI 3ABICVMOCTHU U OIIEHKA KAYECTBA
OTBEPCTUJ B MMPOITECCE OCIVJJIMPYIONIETO CBEPJIEHNS IIKM

AHHOTAIUA

JlcenenoBaH mpoliece OCHMIIIMPYIOIIETO CBEPJIEHNA IIOJIMIMEPHBIX KOMITO3UIMOHHBIX MaTepuasios (ITKM). ITpu momornn meToma
rpymmoBoro y4éra aprymentoB (MI'VA) nosyuena MHOropaKTOpHasA 3aBUCUMOCTD ITapaMeTPOB IIpollecca pe3aHnsa TaKnX, Kak
M3HOC, TeMIIepaTypa, TeOMeTpIYecKe IIapaMeTpbl MHCTPYMEHTa, a TakK *Ke KOPPeKTUpYoe KoadduienTsl Mostesm. JVc-
XOJiA U3 METOMOJIOIMY, OCHOBAHHO Ha MeTOJle HaVIMEHBIIINX KBaJPaTOB, IIPOBE/IeHA OlIeHKAa KadecTBa OTBEPCTHMH (OTKJIOHEHVe
oT okpyryocty). IIpoBesieHbl M3MepeHNsA TeMIIepaTyphbl 30HbI pe3aHys IpY IIOMOIIY eCTeCTBEHHOI TepMOoIlapbl U JIa3ePHOTO
mpoMeTpa. IIpoBesieHO cpaBHEHNE IOJIyYeHHbIX Pe3yJIbTaToB. ViccaenoBaHO cBepJIeHNe HAKJIOHHBIX IIOBEPXHOCTEIL.
KirodeBble cjioBa: IIOJVIMEPHBIN KOMIIO3ULIMOHHBIN MaTepuaJ, OCLMJIINPYIOllee IBMKEeHNe CBepJIa, OIleHKa KadecTBa OT-
BEpCTUIi, METOJ] HAMIMEHBIIINX KBaJPaTOB, TeMIEpaTypa 30HbI pe3aHN:d, HAaKJIOHHBIE ITIOBEPXHOCTIL.

TEXHIYHI HAYKU



