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Study of thermophysics during diamond drilling of fibreglass
and carbon fibre-reinforced polymer composites
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Abstract: This paper examines thermophysics of the drilling process of polymeric composite materials, such as carbon-
fibre-reinforced plastics (CFRP) and fibreglass by tubular diamond drill bits. Features of the COMSOL Multiphysics engi-
neering software package were used. We employed Fourier heat equations, which express the intensity of heat gain by a
mobile source in a moving coordinate system. The research was performed using the proprietary method of modelling
spatial thermal action upon drilling polymer composite materials (fibreglass and carbon-fibre-reinforced plastics) in the
COMSOL Multiphysics software environment. A tubular diamond drill bit with a diameter of 10 mm with two slots was
chosen as a model cutting tool. Solid plates with a thickness of 5.5 mm made of layered fibrous polymer composite mate-
rials (fibreglass, carbon-fibre-reinforced plastic) were used as a preform. As a result of computer calculations, we ob-
tained temperature fields of fibreglass and carbon-fibre-reinforced plastic during diamond drilling with a tubular tool.
When studying the thermal behaviour of fibreglass and carbon-fibre-reinforced plastics, maximum temperature fields
were located. The study revealed that the temperature reaches 413.6 and 448.7 K during CFRP and fibreglass drilling,
respectively. It was shown that the distance of heat transfer from the edge of the hole into the preform was 6.42 and 6.40
mm for CFRP and fibreglass, respectively. A method of modelling the thermal effects when cutting polymer composite
materials developed in the COMSOL Multiphysics environment allows complex analytical calculations of temperatures
induced by drilling to be simplified. In addition, its use prevents overheating of a preform during drilling, allows assessing
the depth of heat distribution inside the preform from the edge of the formed hole in different polymer composite materi-
als. These measures increase the machining quality of polymer composite materials.
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WUccnepgoBaHue Tennogun3nkmu npu anmMmasHoM CBeprieHuu
CTEKNONNacTUKOB W YrnenacTMKoB

© A.C. flynapes, 3.X. l'ymapos

lMepmckuli HayuoHarbHbIl uccrnedosamesnbCKUl noaumexHuyeckul yHugepcumem, 2. lepmb, Poccus

Pestome: Lienb — uccnepgosaHue Tennouanki npouecca cBepneHns TpybyaTbiMm anmMmasHbiMW CBEpaMu NONMMEPHbIX
KOMMO3MLMOHHLIX MaTepWasnoB Tuna yrnennacTukoB, CTEKIIONMACTMKOB HA OCHOBaHUM BO3MOXHOCTEW UHXEHEPHOTO na-
keta Comsol Multiphysics. B pabote ncnonb3oBaHbl ypaBHEHWSI TENNONPOBOAHOCTM Dypbe, Bbipaxarlme UHTEHCUB-
HOCTb NPWTOKA TEMMOTbI ABMXYLLMMCS UCTOYHUKOM B MOABUXHBIX KOOPAWHATaX. MiccnegoBaHus NpoBOAMIUCE C MPUMe-
HEHMEM aBTOPCKOM METOAMKU MOLENUPOBAHUSA NMPOCTPAHCTBEHHOTO TEPMUYECKOrO BO3AENCTBUS NPU CBEPMEHUU NOMU-
MepHbIX KOMMNO3MLMOHHBLIX MaTepKUanos (CTEKNONIacTUKOB v yrrnennacTukoB) B cpeae Comsol Multiphysics. B kavecTse
MOZEeNnun pexyLLero UHCTpymeHTa bbina BolibpaHa KOHCTPYKLMS anmasHoro ceeprna tpybyatoro Tuna gunametpom 10 MM ¢
OBYMS Mpope3smu. B kayecTBe Mogenu 3aroToBku Obiny CNPOEKTUPOBAaHbLI TBEPAOTENbHLIE MOAENN NIACTUH TOMWMHON
5,5 MM M3 CINIOMCTbIX BOMOKHUCTLIX NOMMMEPHbBIX KOMMO3ULMOHHLIX MaTepWarnos: CTEKNONNAcTuKa, yrnennactuka. B pe-
3ynbTaTe KOMMbIOTEPHOrO pacyeta BblIn NONyYeHbl TEMMNEPaTypHble NOMs CTEKNonnacTuka u yrnennactuka npu ceep-
NEeHUM anMasHbIM TpybyaTbiM MHCTPYMEHTOM. [1py U3y4YeHUM TEPMUYECKOr0 BO3AENCTBNS CTEKIONNACTUKOB W yrienna-
CTMKOB YCTAHOBMEHbI AUCNOKALMM MaKCUMaribHbIX TEMMNEPATYPHbIX Noneir. B npoBeaeHHOM uccneaoBaHum 6bino BbISIB-
NEHo, YTO TemnepaTypa npu cBepneHuun yrnennacTtuka gocturaet 413,6 K, a TemnepaTypa npu cBepneHun crteknonna-
cTuka — 448,7 K. MNokasaHo, 4TO paccTosiHWE, HAa KOTOPOE PacnpoCTPaHSAETCA Tenso OT KpaeB OTBEPCTUS BHYTPb 3aro-
TOBKM, y yrnennactuka coctaBnseT 6,42 mm, a y cteknonnactuka — 6,40 mm. PaspaboTaHHas MeToamka MOLENUPOBa-
HUSI TEPMUYECKOTO BO3AEWNCTBMS Pe3aHus NONUMEPHbBIX KOMNO3ULMOHHBIX MaTepuanos B cpege COMSOL Multiphysics
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NO3BOJIAET 3HAYUTENBHO YNPOCTUTb CNOXHbl€ aHaNUTUYECKNME pacyeTbl BO3HMKAKLWMX NpU CBEpneHun temneparyp,
nomoraeT usbexatb neperpesa 3aroToBKW NMpn ceBeprneHnu, no3BondeT OUeHUTb FJ'Iy6VIHbI pacnpocTpaHeHna TennoTbl
BHYTPb 3aroTOBKK OT Kpasd 06pa3OBaHHOFO 0TBEPCTUA Pa3NIUYHbIX TUMNOB NONMMMEPHbIX KOMMNO3ULUNOHHBIX MaTepuanos,
YTO MOBLILIAET KAYECTBO MEXAHNYECKON 06pa6OTKI/I fetanen us NoNMMEpPHbIX KOMNO3NLIMOHHbIX MaTepunanos.

Knwueenie cnoea: Tel'lﬂoq.')VISVIKa, CBepneHue, pesaHue, nosiuMepHble KOMMNO3ULNOHHbIE MaTepuanbl, TeMmnepatypa,
TennoemMKoCTb
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INTRODUCTION

Polymeric composites are multi-component
materials comprising a plastic matrix and a filler
— reinforcing fibres with a high strength, stiffness
and other properties. Combining different source
components yields an advanced composite ma-
terial with new properties uncharacteristic of its
original constituents. One can obtain a wide
range of polymer composite materials with the
required properties by varying the composition
of the matrix and filler, their ratio, the orientation
of reinforcing fibres. Many polymer composite
materials (PCM) surpass conventional engineer-
ing materials and alloys not only in their me-
chanical properties, but also lightness. Using
polymer composite materials allows the weight
of the constructions to be reduced while main-
taining or improving their mechanical character-
istics.

According to Melentyev et al., machining, in
particular, PCM drilling, has a number of specific
characteristics, determined by particularities of
their structure, mechanical and thermophysical
properties [1-4]. Nevertheless, PCM machining
is accompanied by the same phenomena as that
of metals, i.e., chip formation, power and ther-
mal effects, intensive wear of the cutting tool.
Each of these phenomena has its own specifics
when cutting metals; therefore, it is necessary to
evaluate the thermophysical effects of PCM cut-
ting to control the entire process [4, 5].

AIM
Mechanical processing of PCM has been
poorly studied for several reasons® [6]. Thermal

effects play an important role in the machining
process.

PCMs have a pronounced anisotropy of not
only physical-mechanical but also thermophysi-
cal properties, which complicates the problem.

The aim of this study was to determine tem-
peratures in the cutting zone of polymer compo-
site materials, i.e. fibreglass and carbon-fibre-
reinforced plastic (CFRP), drilled with a diamond
tool, as well as to establish the depth of heat
distribution from the edge of the hole inside var-
ious PCM samples.

Thermophysical analysis conducted to man-
age thermal processes during operation is a
possible approach to product quality improve-
ment [7].

The temperature in the cutting zone can be
determined experimentally or calculated. Two
numerical methods are used to calculate tem-
perature fields in the cutting zone: finite element
method and finite difference method [8].

The thermal solution during cutting is con-
sidered time-consuming [9-16]. For the fibrous
polymer composite parts, the complexity in-
creases manifold [17, 18]. Engineering packag-
es such as computer-aided engineering (CAE)
ANSYS, Abaqus, COMSOL Multiphysics and
other computer-aided design systems have
been developed to facilitate thermal and other
related problems.

The above-mentioned CAEs interpret the
process of solving engineering and scientific
problems using numerical methods. Add-in
modules contain specialised tools for modelling
the processes and effects in electrodynamics

'Dudarev AS. Increasing the efficiency and quality of machining the holes based on stabilising the drilling of the polymer
composite materials: thesis ... PhD Tech.: 05.02.08. Perm, 2009. 170 p. / Oynapes A.C. lMNosbiweHne ahhekTMBHOCTH
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and optics, mechanics and acoustics, hydrody-
namics and heat transfer, chemistry and elec-
trochemistry, etc.

A numerical simulation of drilling was per-
formed in the COMSOL Multiphysics engineer-
ing package.

Numerical simulation of cutting during ma-
chining gives the following advantages in com-
parison with analytical and experimental re-
search methods [19]:

— timely, three-dimensional representation of
power characteristics and heat transfer pro-
cesses;

— consideration of the effect of temperature
and its propagation rate on the physical and
mechanical properties of materials when model-
ling the moulding process;

— relatively low-budget research.

RESEARCH METHOD

The COMSOL Multiphysics environment was
used to simulate thermal effects when drilling
polymer composite materials.

A tubular diamond drill bit with a diameter of
10 mm with two slots was chosen as a model
cutting tool (fig. 1). The structure was subjected
to preliminary industrial tests [20].

&

Fig. 1. Example of tubular drill bit (diameter of 10 mm)
Puc. 1. O6wuii eud mpy6yamozo ceepna (Quamemp 10 Mm)

Constructing the geometry is one of the first
steps in developing a machining process. The
COMSOL package offers various geometric op-
erations, tools and functions to render geometry,
including inbuilt geometry primitives, as well as
logical, splitting and other CAD operations.

Our study included surface modelling of a
cutting tool and polymer composite preforms
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(fibreglass and CFRP). Then the interconnection
was established, and the calculation began.

A three-dimensional model of the tubular di-
amond drill bit with a diameter 10 of mm is
shown in fig. 2.

Fig. 2. Three-dimensional model of a tubular drill bit
(diameter of 10 mm)
Puc. 2. TpexmepHasi Modenb mpy64yamozo ceepna
(duamemp 10 mMm)

When creating a preform model in the form
of a PCM plate (polymer binding matrix and rein-
forcing fibres), a Rectangle command was used.
Cross-section of PCMs comprises a laminated
structure of fibres and a matrix; therefore using
simple cylinders and rectangles in the cross-
section model is reliable. Using simple figures,
we built a layered plate structure with a total
height of 5.5 mm and set cohesion bonds be-
tween the layers. The plates comprised reinforc-
ing glass fibres with a binder and carbon fibres
with the binder. The thickness of the binder was
50 um, the thickness and diameter of fibres
were 150 ym.

A processing model was created first in the
form of a 2D rough drawing in 2D Axisymmetric
(fig. 3). Further, the obtained rough drawing was
turned through 360°, thus creating a 3D surface
of a slot.

The Point command was utilised to separate
the block scope of the figure through the bound-
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aries. A separate boundary was formed for fur-
ther application of the thermal effects.

To simulate the heat effect, the Heat Trans-
fer submenu was selected in the physics sec-
tion. The Heat Transfer interface and thermal
multi-physical links were used to simulate heat
transfer by thermal conductivity, convection and
conjugated heat transfer.

Heat Transfer in Solids function is based on
the Fourier Law. The stationary mode was se-
lected. For heat transfer, the stationary mode is
used to calculate the temperature field at ther-
mal equilibrium.

The inbuilt COMSOL library allows material
with the characteristics and properties of a pol-
ymer composite to be used. Each material is
characterised by properties and defined func-
tions. The library provides 24 main temperature-
dependent characteristics. In the COMSOL
software complex, material properties can be
presented in a graph, and new components can
be added to the library.

For models of the contact problem arising
from the interaction of a diamond-tube tool with
various polymer composite preforms, it is nec-
essary to choose fibreglass and carbon-fibre-
reinforced plastic.

As known [21], polymer composite materials
comprise the layers of filler (fibreglass, carbon
fibre) and binder (epoxy resin matrices). There-
fore, we build the layers, set the properties (ta-
ble) layer by layer and the cohesion bonds be-
tween them.

In addition, thermophysical properties of pol-
ymeric composite materials (glass and carbon
fibres, binder) were assigned average values
(table).

Heat-balance calculations for diamond drill-
ing of polymer composite materials were per-
formed using the thermal conductivity equation
for deformed bodies. This heat equation - the
energy equation - is derived from the law of
thermodynamics [22].
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Fig. 3. Longitudinal section of a half drill bit and a polymer composite preform
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Thermophysical properties of polymer composite materials

Tennoguanyeckme cBOCTBa NONIMMEPHBIX KOMMNO3ULIMOHHbLIX MaTepuanos

Thermal conduction

. . . 3
Material Heat capacity Cp, J / (kg K) Density r, kg /' m coefficient A, W / (m K)
Binder
(epoxy resin) 1110 1200 0,5
Glass fibre 1700 2580 40
Carbon fibre 1100 1200 100

The COMSOL Multiphysics heat equation is
as follows:

oT —
pCy—-+PCUNT+V q=0, (1)

where p is the density, kg/m®; C, is the specif-
ic heat, J/(kg-°C); u is the velocity vector, m/s;
VT is the temperature gradient, °C/m; q is the
heat flow vector, W/m? Q is the power of heat
source per unit volume, W/m®.

For solid bodies, heat equation (1) has a
slightly different form in the COMSOL Multiphys-
ics program window:

pCu-VT+Vqg =0+, (2)

where Q,, is the correction for change from an

external thermal source, W/m?®.
The velocity vector can be rewritten in the
following form:

u=ui+u j+uk, (3)

where u,,u,,u, is the component of the motion

speed of the point in a thermally conductive me-
dium, m/s; i, ],k are the unit vectors in the Car-

tesian coordinate system.

A temperature gradient VT is a vector di-
rected normally to the isothermal surface to-
wards the temperature increase and numerically
equal to temperature change per unit length.

V_T=nﬂ,
on

where n is the unit vector; n is a normal; V is
the Hamiltonian (Nabla), a symbolic vector that
replaces a gradient symbol.

Based on (2), VT can be expressed as
follows:

vr=
OX

In case heat is distributed along three axes:

_oT oT T

VT =—+—+—.
ox oy oz

A vector of heat flow rate: q=-AVT,

where A is the thermal conduction coefficient,
W/m C.

Analysis of the thermal field during diamond
drilling is based on solving the Fourier three-
dimensional differential heat equation using
common descriptions of heat flows from instan-
taneous point heat source.

To calculate heat fields, we selected heat-
load lines applied to the polymer composite pre-
forms from a cutting grit of the tool and set heat
flow values: q =40 - 10 ® W/m% The heat flow
value was taken from the following work [2]. The
other used constants are shown in the table; the
following additional literature sources were
used. [23-25].

RESULTS

A solution to the discussed complex practical
problem was derived based on solving the Fou-
rier heat equation (2) for a three-dimensional
case.

As a result of calculating the drilling process,
performed on carbon-fibre-reinforced plastic, the
temperature fields in the hole were obtained
(fig. 4). The temperature distribution plot in the
material from the edge of the hole is demon-
strated in fig. 5.

294

BECTHUK UPKYTCKOIO rOCYOAPCTBEHHOIO TEXHUWYECKOIO YHUBEPCUTETA 2021;25(3):290-299

ISSN 1814-3520

PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2021;25(3):290-299




Dudarev A.S., Gumarov E.Kh. Research of thermal physics in diamond drilling of fiberglass and carbon fiber
[Llydapee A.C., T'ymapoe 3.X. UccnedoeaHue mennoghu3uku nNpu aiMasHOM CeepJIeHUU CMeK/0M1acmuKos ...

Fig. 4. Results of thermal field distribution in the cross-section of the hole in carbon-fibre-reinforced plastic
Puc. 4. Peaynsmamsl pacnpedeneHus mensoebix nojel 8 ce4eHUU omeepcmus yanennacmuka
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Fig. 5. Temperature as a function of hole boundary in carbon-fibre-reinforced plastic
Puc. 5. 3asucumocmb memnepamypbl om 2paHuybLI omeepcmus e yaiennacmuke

As a result of calculating the drilling process,  ture distribution plot in the material from the
performed on fibreglass, the temperature fields  edge of the hole is demonstrated in fig. 7.
in the hole were obtained (fig. 6). The tempera-
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Fig. 6. Results of thermal field distribution in a cross-section of a hole in fibreglass
Puc. 6. Pesynomamsi pacnpedesieHusi mensioebix noJeli 8 ceYeHUU omeepcmusi cmekonaacmuka
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Fig. 7. Temperature as a function of hole boundary in fibreglass
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When comparing fig. 5 and fig.7, one can no-  ture than that in the CFRP when the tubular drill
tice a slightly deeper heat distribution in the fi-  bitis used.
breglass preform in fig. 7 and a higher tempera-
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CONCLUSIONS

As a result of computer calculations, we ob-
tained temperature fields for fibreglass and car-
bon-fibre-reinforced plastic. The temperature
field of fibreglass has a higher distribution
through the preform volume owing to the higher
thermal conduction coefficient of fibreglass (100
WI/(m-K)) than that of carbon-fibre-reinforced
plastic (40 W/(m-K)).

The temperature of the carbon-fibre-
reinforced composite and fibreglass reaches
413.6 and 448.7 K, respectively. The distance of

the heat distribution from the hole boundary for
carbon-fibre-reinforced composite and fibreglass
was 6.42 and 6.40 mm, respectively. Therefore,
the difference in the depth of heat distribution for
the described materials is insignificant.

The developed method of simulating the
thermal effect of cutting polymer compound ma-
terials in the COMSOL Multiphysics environment
allows possible overheating to be assessed. The
overheating of the preform during processing
can be avoided, resulting in higher processing
quality.
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