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IIpedcmasneni pesyavmamu meopemuxo-excne-
PUMEHMANLHUX 0O0CHI0XHCEHb, HANPABIEHUX HA Ycma-
HOBJIEHHS 0COONUBOCHEN MIKPOPI3AHHA aAOPA3USHUMU
3epHamMu, WO XapaKxmepusyemoCs AKMUGHUM 6UOLILeH-
HAM waamy ma nuaoeux wacmunox. Yacmunxu wnamy
YACMK060 6UOANAIOMBCA 13 30HU 63AEMO0IL, a uacm-
K060 3MiHI0OI0Mb NOBEPXHI tHCmpyMenmy ma o0po-
On106aH0T 3a20MOBKU 13 BY2NeUCCUX KOMNOSUUTUHUX
Mmamepianie, 30Kkpema, 6yeneub-syeneuesoi ma eye-
Jleub-noimepHoi epyn.

Bonooditouu xomnaexcom yuixanvhux isuxo-me-
XAHIMHUX 6]1ACMUBOCMEl, OCMAHHI 3HAX00SAMb 3ACMO-
CYBAHHS Y BUCOKOMEXHOI02IUHOMY BUPOOHUUMEI,
600HOMAC KOMRO3UMU 6Ce We 3ANUUAIOMBC BANCKO-
oopodmosanumu mamepianramu. Maxcumanvno npo-
OneMU BUABNAIOMBCA NPU BUKOHAHHI PIZHUX OMEOPIE,
ycmynis, npu eupisui éixon, 00podaeHni Kpatiok.

Hocaidycennam noxasamo, wo seuue NuNo- ma
waamoymeopenns npu aopaszusnii oopodui eyene-
UeBUX NOPONHCHUCMUX KOMNO3UMIE MaA NIACMUKIG
YABNAEMBCA HACTIOKOM KOB3HO20 PYUHYBAHHS mMa
UUKTITUHO020 PO3IMIUHEHHS NOBEPXHEB020 NOPONCHUC-
moz20 wapy, AKull 6UABIAE KBAIKPUXKI 61ACMUBOC-
mi nio diero weudkopyxomux mikpoindenmopis. Ipu
uboMy Gusssena 00ymosjenHicmv cepeoHix po3mi-
Pi6 vacmunox waamy HOPMATLHUMU HANPYHCEHHAMU
6 30HI PI3aHHA MA BEAUMUHOI0 BUCMYNAHHA ATIMA3-
HUX 3epeH Hao Pi3aivHOl0 NOGEPXHEI0 THCMpYMeHma.

Ockinvku 6cmanoeieno, wo Hacmunku, aKi ymeo-
PIOIOMbCS npU Pi3anni, Juue 4acmKo60 6U0ANAIOMbC
3a Mednci 301U pizanns, i 00Ca2 6UOANCHHA 3IMEHUYEMb-
ca 3i 3pocmannam uacy o6poéKu, 3podaeHo eUCHOB0K
npo npuuUNY 3MIHU CMAHY NOGEPXHI IHCMPpYMeHmy.
Sanuwenuii waam i Opyo 3minroe monozpaiio nosepx-
Hi, 6HACTI00K U020 memnepamypa 6 30Hi pizanns nio-
BUMYEMBCS 00 KPUMUMHUX GETIUMUH.

Ilokaszano, wo Guxopucmanns iHCmMpYymeHmis i3
UUKIITUHOI0 N00ayet0 00360JIS€ YACMKO080 NOJINWUMU
YMOo6U 00poOKU Mamepiany, w0 € AKMyaabHUM 0Js
peanizauii npouecié Kilolee020 aimMasn020 CeeponYy-
eanns, 006po6xu armasnum nonomuom. /losedeno, uo
3MIHA OINIAHOK AIMA30HOCHOZ0 WAPY 3MEHWYE SeUUle
Haaunanna wacmunox Opyoy Ha noeepxuio potouo-
20 incmpymenmy. Taxum uunom, incmpymenm dosuie
s3anumaemocs 6e3 3a0pyonens i npouec odOpobdenHs
30iiicnioemoca epexmueniue

Kmouosi cnoea: adpasusne pizanns, ceéeponyean-
Hsl, HaCMOmMa KOIUBAHb, ANMA3HE 3ePHO, BY2JleUeBMiC-
HUI KOMNOZUUTUHUI Mamepia, waam, nu
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1. Introduction

The use of new composite materials by machine-building
complexes of the world’s leading countries is constantly
growing. This trend is due to the fact that the composites
with a certain set of useful properties are prepared mainly
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for the target products to maximally meet requirements for
operating conditions or use in the future.

The composites possessing physical and mechanical pro-
perties such as strength, anisotropy, satisfactory heat resis-
tance, low weight, high load carrying capacity, etc. required
for high-tech production are hard-to-cut materials as yet.



Problems mainly become apparent in making various holes,
shouldering, cutting windows, edging. The laboriousness of
such operations exceeds material spreading out, impregna-
tion with a binder and product formation taken together.
This is primarily explained by the heterogeneous structure
of composite materials. The substantial difference in me-
chanical properties of their components ultimately leads to
a sharp deterioration in edge quality when trying to process
such materials with common cutting tools. Phenomena of
delamination, tear of reinforcing fibers, deterioration of edges
result in a substantial rejection of finished products which
ultimately brings about significant material losses. Scientists
note that the problems can be bridged over in several ways,
in particular, by using special tools [1] or applying a func-
tionally-oriented approach in determining the sequence of
processing operations [2], etc.

Workpieces from composites are quite often processed
with abrasive tools. Because the material is a non-dense
component medium, the process of micro-cutting with abra-
sive grains is characterized by active emission of slime and
dust particles which are partially withdrawn from the zone
of interaction and partially remain on the surface of the
diamond layer. Also, the surface topography changes which
leads to changes in the contact and sliding conditions in the
cutting zone and, accordingly, to a sharp temperature rise and
almost complete impossibility of processing in some cases.

Therefore, the establishment of patterns of slime and dust
emission in processing composite carbon-carbon materials
and the influence of the latter on the micro-cutting process
is relevant and important for understanding the interaction
of the abrasive layer of the working tool surface with loose
anisotropic material. This will offer more effective ways and
means to combat this phenomenon and increase the efficien-
cy of processing carbon composites in general.

2. Literature review and problem statement

It was shown in[1] that fibrous composite materials
(primarily polymers) have low machinability and the parts
made of them can be mechanically cut only with special tools.
These materials are prone to destruction, damage, and edge
deterioration and a series of other defects that can lead to
rejection of finished products.

Better processing (with a minimum number of defects)
is possible only with special diamond-bearing tools [2]. The
problem of chip formation during milling [2, 3] and subse-
quent overheating of the working tool remain unsolved be-
cause the working tool edges constantly change the cutting
force vector in an anisotropic medium. The same applies
to drilling [4, 5], especially when using tools with cutting
inserts. Non-dense structure of the processed material re-
inforced with carbon fibers imposes additional restrictions
on problem statement in determining rational processing
conditions. Abrasive processing can significantly improve the
quality of the surfaces formed during cutting but according
to [6], it requires further studies of the accompanying phe-
nomena causing surface defects in the top and bottom edges.
Thus, even under these conditions, the emergence of various
defects is quite likely.

The possibility of using diamond-based drills to make
holes in parts of composite materials is shown in [7]. It is
noted that the heterogeneous structure of materials and
anisotropy of their properties require additional measures

to prevent the delamination of the processed materials and
reduce the likelihood of defects.

The authors of [8] present results of their study of
near-surface damages in workpieces of glass-fiber composite
materials but the conditions for obtaining quality surfaces
are not reported because the authors failed to generalize
laws of tool action on anisotropic medium with pronounced
plastic-elastic properties. The authors consider the medium
dense (in contrast to non-dense carbon-carbon composites
for which this feature is decisive).

Authors of [9] considered damages in a workpiece when
the drill comes out of the hole during drilling linking them
to conditions of tool loading. However, in principle, these
studies did not differ from those discussed above because the
material itself was a component medium with no cavities and
had average physical and mechanical characteristics. Also, all
studies solved the problem of interaction of the tool edges
with the material in a quasi-stationary statement without
taking into account the accompanying phenomena (in par-
ticular, the formation of chips or microchips, that is slime)
and the changes in interaction conditions during the pro-
cessing cycle.

All above-mentioned allows us to conclude that the
processing of carbon-based composite materials is currently
insufficiently studied. The lack of scientific basis for pecu-
liarities of slime and dust emission in processing anisotropic
non-dense materials necessitates studies of abrasive process-
ing of composites taking into account the accompanying phe-
nomena, in particular, slime and dust emission. This is also
facilitated by active modification of these materials (such
as KIMF) and their increasing use in engineering practice.

3. The aim and objectives of the study

The study objective implies the elaboration of ideas about
abrasive processing of non-dense composite carbon materials
based on the establishment of patterns of slime and dust
emission with determining impact on the cutting process
and a search for new, more efficient processing methods.
To achieve this goal, the following tasks were set:

— to establish patterns of dust and slime emission in abra-
sive treatment of carbon-based composites (such as KIMF
and plastics);

— to elucidate the influence of dust and slime emission on
temperature change in the cutting zone;

—to elucidate the influence of the factor of using tools
with cyclic advancement on conditions of material processing;

—to establish the influence of the effect of cyclically
variable action of individual distinct sections of the diamond
layer on dust emission and processing as a whole.

4. Materials and methods used in the study

The issues addressed in [10] were related to the simula-
tion of the process of micro-cutting non-dense materials. Such
materials often include carbon-carbon materials (Fig. 1, a),
although reinforced plastics sometimes have substantial
cavities (Fig. 1, b).

Description of the phenomena of dust and slime forma-
tion as a consequence of intermittent contact of working
grains follows from the notion of a material as an aggregate
of similar structural zones described based on the principal



structural element (PSE) of the composite. Let such an ele-
ment be a body with diameter d, having a matrix layer s,,, and
a cavity layer s, on its surface (Fig. 2).

Fig. 1. Structure of the materials under study:
a — KIMF carbon-carbon material; b — fiberglass
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Fig. 2. The principal structural element

Depending on their location on the tool surface, the
grains will act as cutting and contacting grains. The face
surface which can be represented at a macro level as a dis-
continuous surface layer with a pitch of cavities ¢, defined as
ty=dy/2+5,pt Sy takes a load from individual cutting grains.
According to [11], such an interaction can be represented as
an abrupt depression of a conical indenter under the action
of the axial force P, to a depth % resulting in a chip with
a shearing angle B followed by applying a tangential force P,.
In the beginning, the indenter slides along the cone gene-
ratrix upwards under the action of the component ¢ until
the moment when the force P, will be sufficient to destroy
a layer to a depth A4. The indenter overcomes friction forces
between the chips and the base material. The amount of slip
of the indenter is determined by the radius of the rounding
of a single grain. Interaction of the diamond grain with the
processed material surface at a ratio of indentation depth A
to the radius p of the cutting edge rounding less than 0.01
is characterized by the elastic edging of the material, that is
with no material removal.

Therefore, we can assume that the abrasive grain consis-
tently interacts with the PSE components on its way.

Under the action of a normal force at the contact point,
stresses are determined from corresponding Hertz formu-
las which for the case of contact of the abrasive grain with
rounding 7y and radius 7, of the rigid component (a fiber
bundle) according to the PSE notion will be as follows:
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where m=1+(7,/r,), E is the reduced modulus of elasticity:

'R 2E,E,
E+E,’

where 7 is the reduced contact radius:

The contacting grains located mainly in the side surface
interact with the surface due to elastic edging of the fiber bun-
dles that have recovered after the action of the cutting grain.

Since the tensile strength of the fibers far exceeds the
stresses created by the cutting grain, it can be assumed that
the fibers that come to the surface and are connected to the
matrix base will be destroyed by the mechanism of micro-
crack opening in the adhesion planes.

Destruction of the material structure and slime appea-
rance take place both due to the sliding micro-cutting of
the matrix (pyrocarbon) and the manifestation of the me-
chanisms of low-cycle softening followed by tearing off the
reinforcement microfibers.

The frequency of loading of the surface elements deter-
mined by parameters of the cutting layer, the PSE structure, is:
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where D is the diameter of the tool used, # is rotation speed.
The stress intensity factor will be:

~1\3M
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where a is half the length of the open crack, My is the mo-
ment of perturbation, b and [ are geometric parameters of the
microcrack.

Based on the patterns of release of elastic deformations
according to [9] and the data of [10], the expected maxi-
mum crack length a, after a certain cycle of loads N will be
as follows:

a.= : (1)

where
c=q"|2 ”(p)n
0 0 )
1
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ay is the initial crack length; p is the density of the material;
n, ¢ are material constants; ¢ is microstress at the crack tip.
A particle of material (fiber bundle, pyrocarbon matrix) is
separated when critical stresses or strength of the composite
component are exceeded and the expected size of such a par-
ticle is a,, that is dy~a..

Particles formed during cutting (in the amount of I,,) will
be withdrawn from the cutting zone (I;) and partially deposi-
ted on the surface of the cutting edges (1,): I,=I;+I,. In this
case, their total volume will be Wy and distribution between



withdrawal from the cutting zone W), getting into the material
cavities W, and on the tool surface in the intergranular cavi-
ty W; will correspond to:

W, =W, +W, +W,. (2)

The amount I, is determined by the material structure,
topography of the diamond layer, and the processing modes.

Regularities of removal of particles from the cutting zone
are determined by the movement of the working surfaces
of the tool (rotational and reciprocal), the geometry of the
working section and the working gap. The particles of mate-
rial left on the contact surfaces after cutting will bring about
an increase in the contact area, contact stresses, and tempera-
ture in the cutting zone.

The higher the temperature, the more actively the par-
ticles will stick to the surface with the creation of a strong
sintered layer. The reason consists in the fact that the pyro-
carbon of the matrix (especially low-temperature pyrocarbon
obtained at pyrolysis temperatures around 800 °C) is active-
ly destroyed under the action of high temperatures with the
formation of individual fragments, disperses and penetrates
the tool surface cavities under the action of pressure. There-
fore, temperature T on the working surfaces of the tool is
another factor influencing the removal of particles from the
cutting zone.

To consider the equilibrium of the particles formed in the
cutting zone, it is advisable to consider the forces acting on
the particles at the face and in the peripheral zone (Fig. 3).
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Fig. 3. Forces acting on particles at the face
and in the peripheral zone

The following forces act on the separated particles of
slime and dust in the interfacial gap:

F=P+F +F+F+F+F,

where P is the attractive force; F, is the aerodynamic force;
E, is the centrifugal force; F, is the adhesion strength, H; F, is
the force of friction of the particle on the surface; F, is the
force of contact interaction. In the first approximation, the
aerodynamic force F, is represented as a force of airflow in
the gap taking into account non-uniformity of its velocity in
the near-surface zone, therefore, taking into account [10], it
can be defined as follows:

w oo du
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where ¢ is the drag coefficient of the slime particle; p is the
air density; p, is the density of the particle material; 7 is the
particle radius; S is the cross-sectional area of the particle;
u, du/dz are the average velocity of the airflow and its gra-
dient along the z axis.

Particles can interact to form individual conglomerates or
stick to the surface due to the phenomenon of adhesion. The
adhesion strength is:

F.=24-1077,

where 7 is the particle radius.

The centrifugal force is defined as F,=m®’R,, where
R; is the radius of the particle path; o is the angular velocity;
m is the particle mass; the friction force between the particle
and the plane is F, = uF,.

The forces of contact interaction will be determined on
the condition that after their separation, the particles have
a certain velocity vector directed along the tangent to the
radius of the particle location near the grain.

Let the tool, in addition to rotational, perform reciprocat-
ing cyclic motion.

According to the law of momentum conservation and
proceeding from the condition that the contact between the
abrasive particle and the slime particle lasts ¢ s, we have:

where t=A/v,, A is the amplitude of the tool oscillations in
the vertical plane; v, is the velocity of vertical movement
of the tool. Then, assigning the forces to the correspond-
ing coordinate axes, we can make differential equations of
the behavior of individual particles in the facial and peri-
pheral gaps.

In accordance with the d’Alembert principle, differential
equations of equilibrium of particles in projections on the r
and z axes will take the form:

d*r
gz~ 2w
d2
m[)dilj:zf‘zi. (3)

when a slime particle is moving in the gap between the tool
face and the cutting surface in the horizontal plane, a cen-
trifugal force and a force of contact interaction, friction, and
adhesion forces act on it. The forces of the aerodynamic load
can be neglected.

The system of forces acting on a particle in the peri-
pheral gap will include the aerodynamic component, friction
force, contact interaction force, adhesion, and the particle
weight. The conditions for the movement of particles are
as follows. For the facial gap: movement along the OR axis:
F —F —F —F >0; the condition for withdrawal of particles
from the peripheral gap along the OZ axis will take the fol-
lowing form: F, - F, —F, - F, —mg—F, > 0.

In the first approximation, movement of air in the gap
during the reciprocal movement of the tool is obtained from
the Quetta flow, that is:




Thus, we have the following system of equations:
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To determine temperature T in the cutting zone, it is
necessary to consider heat release on the contact surfaces.
When moving in the material body, the grain performs the
work of destruction at the contact length /,. At the same time,
due to restoration of the cut layer, the tool is contacting with
the workpiece periphery and faces which makes it possible to
determine heat balance as follows:

Q,+Q,+0Q,=0,+0Q,+Q,, ©)

where Q, is the heat release at the tool periphery; Q,, Qy are
the heat release at the right and left faces, respectively; Q is
the heat absorption to the material; Q; is the heat absorption
to the tool; Q, is the heat loss to environment and slime.

Assume that the work of external forces in the cutting
zone is divided into the work of destruction and the work of
friction. If we take into account that the latter is completely
converted into heat, then based on [7], the intensity of heat
release will be:

q= Jpo, (6)

where f'is the coefficient of friction (f=0.18 for carbon under
the condition of linearization at high speeds); p is the contact
pressure; v is the sliding velocity.

The authors of [12] note that the contact pressure is
determined by the ratio of the force of normal load F to the
contact area s;. Under the action of the normal force at the
point of contact, stresses can be determined by appropriate
Hertz formulas which for the case of contact of an abrasive
grain (represented as a sphere of radius ) and a bundle of
fibers of radius 7 will be:

- mFV3E3
0= 2/3 ’

,
where
’
m=1+-1,
”

2

E is the reduced modulus of elasticity:

£ 2EE,
E +E,’

ris the reduced contact radius:

Since contact of grains is nonconstant during the pro-
cessing of the composite material with a porous structure,
the contact time (and, accordingly, the heat release intensity)
will be determined by the density of the composite rein-
forcement weaving, density of the abrasive-containing (dia-
monds) layer and velocity of relative motion.

For geometric reasons and provided that a part of the fi-
ber is cut only when the fiber protrudes above the surface by
an amount of y, maximum contact length will be:

=2y ry = (1, _‘V)Q'

Simultaneously, N contacts will take place in the process-
ing area, so the reduced contact length will be /, = NI, m.
Then the time of contact interaction that will determine heat
emission will be:

_ 2N./r22—(rz—1|1)2

nD,n

T

Frequency of occurrence of heat-emitting zones will be
determined by the ratio:

- %, @)
k

Small heat emitting zones receive heat from the contact
interaction (Fig.4). The problem of determining the dis-
tribution of temperature fields for them is reduced to the
problem of pulsed heating of the surface by a point source.
The determination of temperature on the heating surface is
considered in [13].

Fig. 4. Diagram of calculation of heat removal into the tool

The differential equation of thermal conductivity in
a stationary medium which does not involve convection or
radiation takes the form:

o°'T 0T 9T
st —+——+
ox” dy° oz

_tar
o

(8)

That is, we have the following temperature change for a
particular body:

dq

dT(x,y,2,t)=———F——>x
( ) pC(41toc(t—t’))3/2

(x—x’)2 +(y—y’)2 +(.z—z’)2

e )

for a point with coordinates (x, y, z) for time ¢ if heat 8¢ instant-
ly reaches a point on the surface having coordinates («/, v/, 2')
and time ¢”; C is the heat capacity, o is diffusivity, p is density,
K is thermal conductivity.



Temperature change in a semi-finite body will occur in
a somewhat different way:

dT (x,y,2,t)=
_ 5 exp{_(x-x')2+(y—y')2}x
pC(4na(c~1))"” 4o(t-t)

(z-2) (z+2)
X [eXp{_lux(t—t’)] + exp[—m(t_t,):H,

if heat is released at a rate dQ=Pd¢’ from ¢=¢; to t=¢'+dt" at
the point (¥, i/, 2'), the temperature at (x, y, z) at a time mo-
ment ¢ is found by integrating the previous equation:

dT(x,y,z,t):Lx

pC(4na(t- t’))s/2

X cxp[_(x_x')2 +(y—y')2)+(z—z’)2 }

doft—t’

Now, if the heat source from time #’=0 to ¢’=¢ is conti-
nuous, it can be written as:

dT(x,y,z,t)=

Jf 3/2 exp[— (X—X')Z

opC(4na(t—t ))

doft-t/

+(y—y')2+<z—z')2]
) |

where Q in W.
When t—oo, there will be a stationary temperature distri-
bution given by the formula:

P
41tk\/(x - x’)2 +(y— y’)2 +(z-2)

T(x,y,2,)=

5"

This temperature distribution is characteristic of the
pulsed action of a heat source.

The equation that describes a one-dimensional tempera-
ture field relative to the tool periphery obtained on the basis

of the solution to the differential equation:
aT

is as follows:

ol )

After cessation of the pulse of the
heat source of duration t on the heated
surface, it cools down due to redistribu-
tion of the heat input. Provided that the

T(x,0)= ©)

x JEicD[ (10)
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Surface temperature will be:

2q+Jout
==
.

Therefore, taking into account the pattern of temperature
rise and changes in the activity of slime particles relative to
the tool surface, equation (2) will take the form:

W =W +W, +W,(T). (11)

If processing is performed with a cylindrical tool having
diameter D, with a flat face perpendicular to the cylinder
axis for which density of diamond grains n on the tool sur-
face is such that together they cut a material layer when the
cylinder turns at an angle o, the theoretical volume W; of the
withdrawn material will be:

W =f(t)=[w+w]m, (12)

s

where © is the density of the material (assuming that the
processed medium is non-dense).

Thus, to determine W, we use equation (11), and to deter-
mine W), we use the system of equations (4) and the equation
of temperature limits (10). Because particles are in a cavity
between the surface of the cutting tool and the cutting plane,
the concentration of particles as a ratio of their quantity to the
cavity volume is an important characteristic. For a rotating and
reciprocating tool, this volume will be determined as follows.
The tool will make M double strokes with amplitude A during
time T of turning by a 21 angle. Then a gap is formed between
the facial surfaces. Its volume can be defined as follows:

[n(Df—D?
W=| =
4

z)(l +é)— 4“—7(‘3 sint
Y B ’

and
4 |
W, = nDZAM(lp)—nT“ sin ot

on the periphery.

If the slime particles are considered as balls with radii 7,
their volume concentration, taking into account the fre-
quency of grain contacts (7) with the surface resulting in the
appearance of slime particles, will be:

[(D -D,)n

I ]wr W, -W,(T)

processed body is a semi-infinite space,
one-dimensional temperature field can
be found as follows:

3
(lﬁ + é) -n 41:;“ ]sin oT+ [nDZAM(lp)— n Amr,

2



where D,, D, are the outer and inner diameters of the
tool, respectively; n is the speed of tool rotation; T is the
current time; w, is a particle volume.

An increase in this parameter will lead to an increase in
temperature in the cutting zone and a decrease in the process
productivity.

To check theoretical premises regarding the influence
of the contact zone parameters on efficiency and quality of
the obtained surface layer when processing materials such
as KIMF (its properties are given in Table 1) with a dia-
mond tool and setting the thermal regime, FDB Maschinen
GYQ400B,/220 machine tool was used.

Table 1
Mechanical properties of CFRC, KIMF type
- . : 1.7 g/cm?
3
Volume (lmlaliltﬁzzz)t}?;;mtyy g/cm’, (actually not less
than 1.78 g/cm?)

Fracture stress for compression in reinforce- | 1.200 (actually not
ment axes X(Y), kg/cm?, not less than less than 1.700)
Fracture stress for tension in reinforcement 240 (actually not
axes X(Y), kg/cm?, not less than less than 600)
Shear fracture stress, MPa, not less than 24.5
Bending fracture stress, MPa, not less than 88.2
Heat conductivity coefficient (at 50 °C), 7
kecal/m h, deg.
Modulus of elasticity for compression in 9 45104
reinforcement axes X(Y), MPa, not less than ’
Material porosity, % x8.7
Impact strength, kJ/m3 x10
Electrical resistivity, Ohm-mm?/m 30

Processing was performed with an 18.0 mm dia. diamond
ring drill (Table 2). The study of the surface layer and the re-
sulting slime was performed with REM-106-1 scanning elec-
tron microscope. Samples were prepared from carbon-carbon
materials of regular weaving. Cutting was carried out in
the modes recommended by the manufacturer of tools for
stone processing. The temperature in the cutting zone was
measured with Maurer Digital Infrared Pyrometer, Series
KTRD 1065. The study results were processed using special
Maurer IR-LOG software. Cutting forces in the contact zone
were measured using ZEMIC BM3-C3-0.2-3V strain-gauge
transducer connected to M-DAQ ADC having a resolution of
2.0 N with recording to a computer file.

The effect of the degree of contamination of the tool
surface layer was determined by weighing the samples with
precision RADWAG type scales having a division value of
0.0001 g and a weight limit of up to 150.000 g.

It was taken into account that when the amount of the
substance is W™ :

i

W, = 31D, hd - % N,

where N is the number of abrasive grains; 7, is the radius
of the abrasive grain, which is conventionally considered
a hemisphere, the circle contact will correspond to the disk
contact with a surface in the absence of destruction work.

The study of dispersity and type of the slime obtained by
abrasive cutting was performed by scanning micro electron
microscopy.

Table 2

Medium diameter drills used in the study

No. Drills and their parameters
Ring drill

N

© (s
4 holes =

L

[3a)
=
= o

ez

D=14-24 mmy; c: hole depth; d6; b: width; d2, d3, d4, d7-
dimensions of constructs. Grain size: 160/125
Drilling 14.0 to 24.0 mm dia. holes

18.0 mm dia.drill; diamond layer
with regular stress-relief strips
Drilling 18.0 mm dia. holes in carbon-based materials

For this purpose, chemicals were prepared after processing
workpieces for the microelectronic study of both the obtained
surfaces and the slime material (microchips) after processing.
The samples were glued to a conductive foil and kept at +85 °C
in a VUP-5 vacuum chamber in a low vacuum (1.0-2.0 Pa) for
12 h. After that, the samples were placed on a microscope stage
providing a reliable electrical contact for the removal of elec-
tronic potential from the stage. To assess the influence of the
S, parameter on the process of slime removal, a microelectro-
nic study of the surface of the cutting tool, that is an 18.0 mm
dia. tubular drill, was performed. To determine the magnitude
of grain protrusion, a TL-90 type profilometer was used.

5. Results of experimental and model studies
of the process of diamond micro-cutting of carbon-carbon
composites

5. 1. Dust and slime emission during abrasive processing
of carbon-based composites (of KIMF type) and plastics

Examination of the cutting tool surface (diamond layer)
has proved (Fig. 5, @) that diamond grains protruded above
the surface to a height of 0.02—0.18 mm. The average value
was 0.12 mm and the dispersion of the grain top protrusions
above the surface obeyed, in general, the law of normal disper-
sion. Individual diamond grains in a fraction of 150—200 um
were observed on the surface of the cutting tool edges (Fig. 5, b).
The density of such grains was 250300 pcs/cm?. The diamond
layer was not smooth which can be explained by peculiarities of
the technology of fixing diamonds to the surface.

To study dispersity and average particle size and model
the slime withdrawal processes, we used raster processing
software and automatic generation of an area with a corre-
sponding contrast. This has allowed us to determine slime
particle size by micro- and microelectronic photography
of samples. Then, the number of closed contours will cor-
respond to the number of particles, and the fields differing
by their brightness will show the presence of a particle or



a substrate. The existence of several concentric contours (for
example, if the test particle has surface cavities, protru-
sions, etc.) is leveled-off by the introduction of appropriate
correctors and image masks. A single layer of particles for the
study is the condition for the calculation accuracy.

Fig. 5. Microelectronic photographs of the surface
of a diamond-based tubular drill: @ — x25; b — %250

This has allowed us to establish geometric parameters of
the PSE taken into account (Fig. 2). For example, the car-
bon fiber bundle represented by the PSE core had diameter
d,=1.57-1.72 mm; the polymer matrix covered the bundle
with a layer of s,,=0.35-0.55 mm; thickness of the interme-
diate layer with air cavities was s,,=0.18—0.22 mm.

Analysis of electron micrographs proved the quasi-brittle
nature of fracture of the composite components and isolated
particles of the polymer matrix, fragments of broken fibers and
conglomerates in which cracks have grown to a critical size.
Comparison of slimes in terms of fractional composition
has proved that the slime of the side surfaces (Fig. 6, a)
was fine, homogeneous, with an average particle size of
40-80 um; the slime from the face part of the drill was
coarser (Fig. 6, b): its fraction was 120—160 wm. At the same
time, the slime contained separate fractions of cut carbon fi-
bers and the matrix. Therefore, we can conclude that the par-
ticles moving in the surface gaps undergo significant changes
in shape and their fining occurs resulting in an increase in the
number of fine components.

Fig. 6. Microelectronic photographs of slime
in the cutting zone: g — slime from the side surface;
b — slime from the tool face

It was proved that the characteristic particle size (for
example, length 7, or larger size) is determined by:

1) orientation of the reinforcing fibers relative to the
applied force;

2) dimensions of the protruding parts of abrasive grains;

3) stresses in the surface layer 6y due to the axial ad-
vancement force P.

Force action on the treated material has the most sig-
nificant influence on the slime particle size (Fig. 7, @). This
causes the emergence of stresses in the surface layer o).

It can be expected that an increase in the applied axial force
will cause a corresponding increase in stresses on the contact
surface and spall individual fibers and their conglomerates. It
is seen from the given diagram that the excess of stresses over
40 MPa significantly increased the slime particle size. Based
on the physical model of surface formation by an individual
grain, it can be concluded that the surface roughness will
increase. These results are reflected in [10].

The effect of fiber orientation on the slime fractionation
was insignificant within the stress range of 15-40 MPa,
orientation of the fibers at angles approaching n/4 results in
a 20—-35 % decrease in the slime fractionality.

Size of the console of the protruding part of the diamond
grain almost linearly changed the expected fractionality of
the slime (Fig. 7, b): reduction of the protrusion to 0.08 mm
changed microstresses at the top and affected the develop-
ment of microcrack grids. Cracks began to grow more active-
ly with the formation of particles 0.08—0.12 mm in size.
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Fig. 7. Conditionality of particle sizes:
by stresses from the action of the load oriented along
the normal to the surface (a); by protruding part
of abrasive grains (b)

Thus, it becomes clear that the presence of cavities in the
material plays an important role in the process of its destruc-
tion by abrasive particles. For example, an increase in the
force applied to the tool causes greater local deformation of
the areas adjacent to the cavity. As a result, the fibers begin
to separate from the matrix with the subsequent weakening
of the entire near-cavity space.

Active crack formation on the planes of adhesion is the
consequence of such weakening. This somewhat changes
taking the force load by the material components: now we
are talking about the fact that the fibers are excluded from
the matrix, therefore, they are destroyed by fractures at
a greater length. The matrix, in this case, is no longer a strong
connector.
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Fig. 8. A fragment of the near-cavity area
with an emerged microcrack

5. 2. Temperature change in the cutting zone during
active slime formation

The analysis was performed for a case of processing with
ring drills of conventional design (with a uniform application
of a diamond layer on the cutting surface) and for the case of
processing with drills having a profiled layer (Fig. 9).

Temperature fields were simulated for the case of the tool
contact with the workpiece based on the following [14]:

— the drill material was homogeneous, with a single-layer
application of diamonds by methods of electroplating or laser
deformative sintering;

— the workpiece was in contact with the tool in points of
contact with diamonds but the contact area depended on the
intensity of slime formation due to the micro-cutting process;

— the slime firmly adhered to the base; the contact condi-
tions did not change during the simulation.

The temperature increase was estimated from (10) with
a time-discrete t=0.5 s, provided that z=0.1 mm. The results
are shown in Fig. 10.

It becomes clear from the patterns of temperature distri-
bution that with an increase in time over 2—2.5 s temperature
on the contact surface begins to reach critical values (over
600—700 °C) and, consequently, growth of contact spots will
be progressive.

The increase in temperature changes the dust fraction-
ality. For example, Fig. 11 shows examples of formed slime
conglomerates that become compacted with increasing tem-
perature.

Therefore, it can be concluded that the temperature
growth leads to the formation of conglomerated slime parti-
cles whose dimensions can significantly exceed the expected
and theoretically calculated dimensions. At the same time,
the number of small particles formed in a progressive number,
in general, corresponded to the calculations by equation (13).

a b

Fig. 9. The drills used in the study:
a — schematic view; b — physical appearance
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Fig. 10. Increase in temperature in the surface layer over time
during processing with various abrasive tools

Fig. 11. Particles and conglomerates of fibers
from the binder residues

5. 3. Influence of the factor of cyclic tool loading on the
phenomena

Typically, additional effects on tools such as axial load
on drills, a normal load of the renovator saws, spindle of the
abrasive wheel, etc. are used to increase machining efficiency.
We have found that the oscillation frequency of the working
tool directly determines slime dispersion.

For example, the vibration of the working body face in
a frequency range 40—600 Hz should lead to the emergence of
exclusively fine slime because from (1) cracks cease to deve-
lop and bifurcate with the formation of fine particles.

However, experimental studies have shown that the use
of low-frequency load on the edges of the working body (in
the frequency range 20—50 Hz) causes the appearance of quite
significant slime particles whose characteristic size can be ex-
pected at a level of 0.18—0.27 mm. Since frequency has the op-
posite effect and the fiber bundles can be significantly loosened
without a matrix, such particles can be formed
mainly from the binder. Therefore, we know
that the increase in the frequency of vibration
of the working tool surface on the normal to
the treated surface leads to a decrease in the
slime particle size (Fig. 12).

The obtained results were taken into
account and (13) curves of slime withdrawal
from the cutting zone were constructed ac-
cording to equations (4), depending on:

—the working load amplitude A, and
frequency H,,

— interfacial gap /, determined by the
protrusion of grains above the surface and
the material hollowness;

—the density of the application of dia-
mond grains on the tool surface, S,
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Fig. 12. Change of expected sizes of slime particles
depending on the frequency of working loading
by abrasive grains

The results of the simulation of the particle removal dy-
namics taking into account the reciprocal motion of the tool
are presented in Fig. 13.

The calculation was performed up to a complete cessation
of particle removal according to (11), that is when particles
fill the cavity of the interfacial gap as much as possible.
K| corresponds to a cyclic frequency of 50 Hz, K»=50 Hz.

The change in concentration was established from equa-
tions (11), (13). As follows from the simulation results, the
most efficient removal of particles is observed when the tool
oscillates with a low frequency (within 30-50 Hz) with
an amplitude of oscillations up to 1-2 mm. It can be seen
from the above diagrams that the emission of slime particles
is not constant. Over time, the specific indicators of slime
production are expected to decrease (Fig. 13, @) while the
concentration of slime particles formed during processing
grows faster (Fig. 13, b).

It is also obvious that upon reaching a concentration of
particles in the gap between the surface of the tool and the
surface of the procession to a certain level, the phenomenon
of slime conglomeration and its active adhesion to the surface
will be observed.

Therefore, processing should be carried out so that the
slime substance is completely withdrawn from the cutting
area and does not create preconditions for changing the
topography of the working tool edge.

The obtained results were checked on special equipment
with connected electric machines, which has made it possible
to check the obtained results when drilling holes in the prod-
ucts made of KIMF material [15].

The drills shown in Fig.9,b were used for processing
until complete damage (Table 3). The stability time T and
parameters of the defects before the onset of the critical drill
state were evaluated. We compared the work with cyclic feed
and without it. The following was checked during the control:

— presence of damage in the diamond-bearing layer and
the relative area of the grain breakdown areas is characte-
rized by the coefficient k,q;

— presence of areas of substrate damage, kg;

— presence of a violation of the substrate adhesion to
the base k.

The obtained diagrams of influence of the amplitude
of oscillation of the working tool surface, diamond grain
protrusion, and density of grain distribution on the phe-
nomena of withdrawal of slime particles outside the cutting
zone (Fig. 14) are identical to the theoretical theses shown,
in particular, in Fig. 7.

In addition, the density of the tool surface contamination
with the slime of the processed material was also determined.
The material was processed in cycles of 1.0 min with the pre-
vention of dense surface contamination.
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Fig. 13. Simulation of the change in intensity of emission of slime particles in the interfacial gap
in the involute on the time axis #: @ — by the number of /;; b — by concentration in the gap



Typical defects of the ring drills

Table 3

(diamond layer thickness: 0.1 mm, grain concentration: 54—62 pcs/cm?, grain size: 0.13—0.15 mm)

. Number of defects
No. Defect type Example Controlled parameter - - - -
With continuous advance | With cyclic advance
Presence of damage
in diamond-bearing
layer and relative N, 22
! area of sections "N 58 0.379 2 8
cep
with grain break-
down
Presence of S 7
2 | sections with the ky="t=—-=0.022 2 5
damaged substrate S, 320
Presence of dis- S 18
3 | bonding between = S—” =390" 0.056 1 4
substrate and base 0
2 06 2 04
w £ 05 Y= -0.02x2 + 0.228x — 0.035 s £ y=0.3044x + 0.1212
% 31 . R2=0.9884 R ° % 3 0.3 R2=09949 o <
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Fig. 14. Influence of individual factors on the phenomena of particle withdrawal outside the cutting zone:
a — oscillation amplitude (polynomial); 6 — grain protrusion (linear); ¢ — density of grain distribution (power)

Comparing the experimentally established contact area
with the calculated theoretical area s, using the procedure
for the case of cutting with conventional tool advance,
we obtained the density of contamination of the tool sur-

face w3, y, =s,/5.
Various tool designs were tested in the study.

The results are presented in Table 4.

Measurements of controlled quantities and calculation of
the y, parameter have allowed us to construct dependence of
the latter on the time function (Fig. 15). It is seen that this
dependence is satisfactorily described by a linear regression
model of this form: y=by+bx.



Table 4 in the efficiency of slime withdrawal should also
Calculation of the contact area s;according b? expected .With an in(.:rease in the density of
to the set parameters F, and 7 dlamgnd grain distribution. .
Fig. 15 also shows the results of studies of
No. Process parameters 5 . N wvi | we | we | we the degree of contamination of tools with fun-
F,N T, K ' damental differences in the diamond layer such
New tool: operation time t=5 min as periodically missing layer (forming 3) and
clustered layers (forming 1, forming 2). A con-
! 82 610 | 96.2 clusion can be drawn from the given diagrams
2 84 599 | 893 that alternation of clusters of a diamond-bearing
3 75 570 926 92.23 | 186010495 0.458 | 0431 0.473 layer reduces the phenomenon of sticking of dirt
4 79 575 908 particles to the tool surface. Therefore, the tool
stays free of dirt for longer, and processing is thus
Operation time =15 min more efficient.
1 101 670 | 104.2 Thus, the proposed principle of forming
9 98 660 | 102.8 an abrasive surface as individual clusters is
3 95 675 | 1053 103.87| 186.0 | 0.558 | 0.492 | 0.45 | 0.512 |  quite prgmising as it partially. sol\{e.s the prob-
lem of improving the machinability of car-
4 97 665 | 1032 bon-based materials by creating rational para-
Operation time =30 min meters of the tool surface layer. Further studies
1 110 702 | 1104 should be aimed at determining the effects of
adhesion of particles to each other, the forma-
2 108 690 | 1081 110421 186.0 1 05931 0502 10501 | 0554 | tion of slime conglomerates, and the search
3 118 700 | 1123 for effective means to reduce the surface acti-
4 121 685 | 110.9 vity of slime.
Operation time T=45 min
! 149 750 | 1167 6. Discussion of the results obtained
2 146 730 | 1185 in determining the dust impact
; = = TTiog | 1188 [ 1860 06431 0525|0552 | 0.584 on the cutting process
4 164 732 | 1208 The study of features of the process of abra-
sive cutting carbon-carbon composites, the phe-
- 07 nomena of emission and propagation of slime
2 065  0.0035x -+ 0.4804 and dust, fractionality of the latter and deter-
£ + Ri g 964 02 7x + 04655 Mining the factors influencing the efficiency of
§ 0.6 . Y R2:OX9816 withdrawal of destruction products from the
§ 055 ot e — : cutting zone has made it possible not only to
805 ¢ e e :0.02021,“,0.4499 solve the practical problem of improving pro-
“5 T — y =0.0031x +0.41 R=09368 cessing efficiency but also clarify certain points
2 R2=0.9907 regarding the fracture mechanics for this class
0.4 of materials.
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Fig. 15. Variation of the degree of layer surface

contamination by the products of destruction during the processing
of KIMF material (y parameter) as a function of time

Thus, a regularity of variation of density of surface
contamination was established. It was shown that the
parameter of relative contamination (equal to the ratio of
the contact area of a new tool to the contact area of a tool
that has worked for some time) increased almost linearly as
a function of time. The increase in contamination leads to an
increase in temperature and force load on the contact spot.
Under certain conditions, this can cause damage to both the
tool and the workpiece. It should be noted that the reduc-
tion of grain protrusion above the surface will lead to a re-
duction in the number of withdrawn particles caused by the
reduction of instantaneous slime concentration. A decrease

tropic medium with a hard indenter represented
by a single diamond grain. This has allowed us
to draw a conclusion on the correspondence
of the slime particle size to the conditions of
growth of cracks before their bifurcation.

Identification of the equation (1) parameters will also
indirectly help predict the thickness of the destructible layer,
that is, the layer in which cracks were initiated but did not
develop to critical dimensions (Fig. 8). No doubt, there are
differences in particle size caused by the fact that the fibers
can be separated from the pyrocarbon matrix by significant
stresses occurring in the cutting zone. However, such dif-
ferences must be studied further because raster studies of
microelectronic photos give reason to believe that number of
such particles does not exceed 5 %.

Certainly, the considerations expressed relate to the
carbon-carbon group of materials belonging to KIMF ma-



terials. The behavior of plastics, including those based on
carbon fibers, will have some differences, as the binder no
longer appears as a quasi-brittle body exhibiting more plas-
tic-elastic properties. Another point that indirectly takes
into account the fracture model is the difference in size and
location of the material cavities. It should also be noted that
the thermal model does not take such features into account
at all (10). And again, the difference between the calculated
temperature values given in Fig. 10 from the values obtained
by pyrometry makes 10—-15 % and tends to increase with
prolonged cutting.

Because this study has shown that the particle sizes and
movement in gaps are conditioned by the temperature at
the points of contact of diamond grains with the processed
material (Fig. 13). This error causes some discrepancy
between the expected degree of damage to the selected
tool (ring type drills) in a continuous and reciprocal tool
advancement.

However, at the same time, an immediate important con-
clusion may be the conclusion on the prospects of processing
using tools with clusters of a diamond layer, which differ in
certain features (for example, alternation of surface sections
with multidirectional grains, grains of different fractions and
densities of their laying on the surface, with strips without
grains, etc.).

For any case, the need to take into account the phenome-
na of slime emission is appropriate.

Thus, further studies should be aimed at the development
of engineering procedures for predicting slime emissions with
simple regression equations, designing means to increase
the efficiency of slime removal from the cutting zone (and,
accordingly, from the tool surface) which will significantly
increase the efficiency of KIMF-type materials.

7. Conclusions

1. Regularities of dust emission during the processing of
composite carbon-carbon materials were obtained and it was

shown that the intensity of dust emission changes with time
getting lower with an increase in the processing time. When
using abrasive tools, the size of dust particles is 0.3—0.8 the
size of diamond grains. There is a close correlation between
the force applied to the tool edges (and, accordingly, the
stresses in the cutting zone) and the surface profile pa-
rameters: force growth results in a progressive increase in
slime particle size caused by the destruction of the cutting
layer. A decrease in the height of diamond grain protrusion
increases dust dispersity.

2. The effect of dust and slime emission on temperature
change in the cutting zone was established. It was shown
that the worsening of withdrawal of dust and slime particles
from the cutting zone leads to their active sticking to the
tool surface which changes cutting properties of the latter re-
sulting in higher contact pressures and surface temperature.
For an uncontaminated tool, the temperature at the contact
surface tends to reach critical values above 600-700°C
within 2-2.5 min of the tool operation. This requires mea-
sures to be taken for a more efficient withdrawal of particles
outside the cutting zone.

Carbon slime in a form of pyrocarbon particles and res-
idues of reinforcing fibers must be completely withdrawn
from the cutting area as when left on the surface, they will get
more compact, cause an increase in the contact area and lead
to a fairly active increase in the cutting zone temperature up
to 800 °C in 1.5-2 min.

3. Application of a cyclic load (within 30—60 Hz) to the
working tool edges makes it possible to partially stabilize
the process of dust withdrawal outside the processing area.
The use of tools with a cyclic advance partially improves
conditions of material processing through the removal of
slime particles due to tool oscillations with a low frequency
of 30-50 Hz with an amplitude of up to 1-2 mm and prolong
time to contamination by an average of 50-80 %.

4. Tt was proved that intermittent diamond-bearing layer
sections reduce the phenomenon of dirt particle sticking to
the tool surface. Therefore, the tool stays free of dirt for lon-
ger, and processing is thus more efficient.
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