u] =,

IIpeocmasneni pesyaomamu meopemuxo-exc-
nepuUMeHMAaNbHUX 00CAI0NCeHb, CNPAMOBAHUX HA
6CMANH0B/IEHH MeXanizmie Gopmyeanns oegex-
mHo20 wapy na o0podII6AHUX NOGEPXHAX 3 6Y2-
Jleyesux KOMNOIUUIHUX Mamepianis, 30Kpema,
Kapoon-xap6ono6oi ma xapbon-nonimepnoi epyn.
Bonooditouu xomnnexcom yixanvHux Qisuxo-me-
XAHIMHUX 6ILACMUBOCMEL, OCMAHHI 3HAX00AMb YCe
Oivue 3acMoCy6ants 6 agia- i KOCMIuHIN MexHiyi.
Oonax, oCKibKU 8I1ACMUBOCMI Mamepiay 00YyMmo6-
J0IOMBCS He MINbKU 3ACMOCOBYBAHUMU KOMNOHEH -
mamu, ane U npouecamu 00epi’CaHHs upooie (yx-
NAOAHHAM APMYBANLHUX B0JI0KOH, OPIEHMAUIEID
0diceymie), npoeedenns Mexamimnux eunpodyeams
3paskie-ceiokie € 00068 A3K06UM eMANOM 6UKOHYEA-
HUx poodim.

Ha ocnosi y3aeanvnenns cmamucmuunoi ma
meopemuxo-ananimuunoi inopmauii pospooéae-
HA M00enb BUHUKHEHHSI MA NOWUPEHHS MPIuH Y
KeasikpuxxKomy mamepiai, 30Kpema, Kapoon-xap-
00HOBOMY Ma KAPOOH-NONIMEPHOMY KOMROIUMAX,
suxauxanux oieto pizanvrozo xauna. Iloxazamno, wo
CMBOPBaHi HANPYICEHHS 6 NOBEPXHEGOMY wapi
00YM06II0I0Mb THMEHCUBHICML POCMY MPiWUH, a
HANPAMOK NOWUPEHH MIKpompiuwun 06ymosenuil
npuxKaadeHum cunosum Hasawmasycenuam. Tomy
YNPABIIHHAM HANPAMKY O0ii CUNU, A MAKONC BUKO-
PUCMAHHAM NEGHUX MEXHIMHUX 3ac00ie, Yy momy
uuci, 2i0poaodpasueHozo Cmpymens, MoJICHa 0ocsie-
Mucs A0KaAN3AUIL MIKPOMPIWUN Y MATUX 00 EMAX HA
nogepxui popmosanoi kpaiixu.

Yemanoeneni saxonomipnocmi popmysanns oe-
dexmnozo wapy npu mexaniuniii 06pooui (ex.ro-
uarouu 2i0poadpasusHe pizanns) 00360JUNU CUABU-
MU WAAXU NIOSUWEHHS AKOCMI 3pa3Ka ma docszmu
snuscenns mosugunu wapy 00 0,05 mm. Ompumani
3anexcnocmi napamempie 30Hu decmpyxuii 6i0 6u-
HUKANOYUX NPU PI3aHHi HANPYICeHb 00360JUNU
ooepiicamu pauionanivbHy nocaid08HICMb nepexooie
00pooKuU, npu axii dedexmnuil nogepxmuesuil wap
HavimeHwuil.

Ompumani pesyavmamu 0ar0omo MONCAUBICMb
CYmmeeo nideuwuUmu moUHICMs MEXAHIMHUX 6UNPO-
O0ysanv Gyeseyue6ux KOMNOIUUIUHUX Mamepiais,
3HU3UGWIU OUCNEPCil0 BUMIPIB KOHMPOIbLO06AHUX NA-
pamempie na 30—40 %.

Pesyavmamu matromo peaivie upooOHUUE 6NPO-
8a0MCeHNS, T CMAHOBIAMDb THMEpPeC 0N NOOALUUX
docaiscenv, cnpamosanux na 2ibpudusayiro npove-
cig, a maxoic po3pooKy mexnonoeziil, wo 6asyrOMvcs
HaA 0CHO8I PYHKUIOHALHO-0PIEHM0BAH020 NIOX00Y.

Kmouosi cnosa: mexaniune pizamns, 2iopoao-
pasueHe pi3aHHsA, 6Y2JeUeBMICHUU KOMNOIUUTUHUL
Mmamepian, depexmnuil wap

u] =,

1. Introduction

Wide use of composite materials based on carbon-poly-
mer fibers is predetermined by the high durability of goods,
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their light weight, the capability to perceive different kinds
of force loads. Carbon-carbon materials possess in addition
the capability to maintain mechanical properties at high
temperatures.




Typically, the workpieces for products made from car-
bon-carbon composites are obtained by laying the wire
strands, threads or fabrics onto the appropriate models fol-
lowed by the saturation with pyrocarbon under conditions
of high temperatures [1]. Parts made of the carbon-polymeric
materials are obtained by using prepregs with laying onto
the model and subsequent impregnation with components of
polyester resins. This makes it possible at the stage of forming
a material to assign the main axes of stiffness and strength,
thereby achieving the desired level of anisotropy of properties
of the structural elements and the finished product in general.

Even though the shape of a workpiece may be close to the
shape of the finished part in the process of formation, there is
a necessity for the finishing machining along the surfaces of
joints, openings, grooves, elements of supports. In general, all
of them are curvilinear.

At the same time, the final shape formation of an article
does not rule out the machining of the most critical surfaces,
however, the heterogeneous structure of a material leads to
the emergence of surface defects forming a defective (de-
structive) layer.

When fabricating critical parts, as well as in the prepa-
ration of samples for mechanical tests, the existence of such
a layer is inacceptable. Therefore, the description of the phe-
nomena accompanying the machining, as well as the estab-
lishment of methods and techniques to prevent degradation
in surface layers make it possible to set rational approaches to
ensuring an adequate level of quality. Established regularities
could form a basis for developing an engineering procedure
for predicting the level of quality of edges to be obtained
and for determining appropriate modes of conducting the
machining, as well as a sequence of technological transitions.

2. Literature review and problem statement

Paper [2] shows that the fibrous composite materials (es-
pecially polymeric) have low machinability, parts made from
them can be mechanically cut only with specialized tools. In
addition, materials are susceptible to delamination, destruc-
tion, damage to the top and bottom edges, as well as to the
emergence of a number of other defects, which may lead to
that the finished product is discarded.

Better machining (with the minimal number of defects)
is possible only when specialized tools. When drilling [3],
the issues related to the cutting modes optimization, en-
suring machining within the critical temperature of the
material, have not been sufficiently studied. At milling [4],
there remains unresolved the problem of chip formation and
subsequent overheating of the tool. Abrasive machining [5]
requires further study into related phenomena in the form of
surface defects. Thus, even under these conditions, the emer-
gence of various defects is quite likely.

Paper [6] shows the possibility of using the inkjet ma-
chining methods for cutting the parts made from composite
materials. It is also noted that the heterogeneous structure
of a material and the anisotropy of their properties require
additional measures to prevent the destruction of machined
materials and reduce the likelihood of defects.

Authors of [7] give a comparison table of the effective-
ness of various methods of treating the workpieces made
from composite materials based on glass and carbon fibers;
however, conditions for obtaining high-quality surfaces are
not described.

A study into mechanical properties of carbon composi-
tes [8] revealed the dependence of articles quality on the
processes for their obtaining; however, the issues related to
the impact of a force scheme acting on a material during ma-
chining remained unsolved.

Publication [9] is of interest; it reveals the issues related
to the use of another class of superhard materials with nano-
composite coatings for the machining of new constructional
materials and alloys. However, the authors did not specify
the possibility of their use for cutting the carbon-containing
composites.

Insufficient knowledge about the issues of machining of
carbon-carbon composite materials became a prerequisite
for undertaking a comprehensive study, with its relevance
emphasized by the prospects and uniqueness of a given type
of the material.

3. The aim and objectives of the study

The aim of this work is to develop the techniques for
reducing the thickness of a defective layer based on the es-
tablishment of patterns in the formation of a defective layer
at the machined surfaces at different technologies for cutting
the samples made from carbon composites. The machining
was performed by blade and diamond abrasive tools em-
ploying a jet-abrasive method.

To accomplish the aim, the following tasks have been set:

—to define analytical correlations that relate the phy-
sical-mechanical properties of machined materials, modes
of mechanical or jet-abrasive action to the thickness of the
destructive layer, which forms at the machined surface;

— to determine whether the cutting modes, as well as the
parameters of the applied tool, in particular its graininess and
the grade of a super-hard material, influence the machining
performance, as well as the thickness of the defective surface
layer. This should be taken into consideration when treating
samples for mechanical tests.

4. Research methods and equipment used

To conduct experimental study, we used standard and
specialized laboratory equipment for mechanical and jet-laser
machining.

The jet-abrasive contour cutting was performed at the
laser-jet complex LSK-400-5 (ChP «Roden», Ukraine) with
a 5-coordinate control system. The complex enables machi-
ning by the hydroabrasive flow with a diameter of 1.02 mm,
flowing from a calibration tube with a mass flow rate of
abrasive particles of 0.4—0.6 kg/min. We used as an abrasive
garnet sand with a fraction of 50/75 um. Thie contour feed
speed was 300—800 mm,/min. The diamond-abrasive cutting
was carried out by the cutting wheel 1A1 150 AS6 100,80
on galvanic sheaf with a cutting speed of 50 m/s. Drilling
the openings was carried out at the machine, model Prox-
xon MF70 (PROXXON GmbH, Germany), using drills of
tubular type with the diamond powder AS6 100/80 AU on
galvanic sheaf with a cutting speed of 10 m/s.

We cut the parts using the renovator Bosch PMF 250
CES (Bosch Power Tools, Germany) applying a specialized
tool for reciprocating machining, the working surface of
which is covered with a working layer of the diamond powder
AS6 40/28 on galvanic sheaf.



State of the surface of the machined surfaces of parts
was controlled by using the raster electron microscope
REM-106-1 and the optical digital microscope Omni_scan
(OO0 «NPP Akadempribors, Ukraine).

The influence of a technological medium (water) in the
machining zone on the state of the surface layer of parts was
estimated based on the results of mechanical tensile tests. In
this case, we compared samples obtained by the mechanical
and hydroabrasive cutting, both immediately following the
machining and after their complete drying in a drying chamber
at the air temperature of 60—75 °C and air flow rate 150 m3/h.

Mechanical properties of the composites were eva-
luated using the universal testing machine UME-10TM
(PAO <«Tochpribor», Ukraine).

As a reference, we used samples obtained in line with the
technologies that almost completely eliminate the formation
of a defective layer by preliminary laying the samples-wit-
nesses with subsequent polymerization for carbon-polymeric
composites or sintering for carbon-carbon materials.

When applying a load, samples are destroyed when rea-
ching the value of breaking force P, at which 6,>[c]. In this
case, stresses:
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emerge over area / in samples without a defective layer, in
samples after machining —
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where A, is the depth of a defective layer.

d

Thickness of the defective layer:

, =‘2’[1-ff]. (1)
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Similar considerations were accepted when comparing
the mechanical characteristics of dry and wetted samples.

5. A problem on predicting the thickness of a defective
layer and the solution to it

The heterogeneous structure of the examined materials,
spatial interlacing of fibers with the formation of cavities and
zones with a lack of the matrix, exert a significant impact
both on the quality of the surface layer and the strength pa-
rameters, controlled by mechanical tests.

An analysis of micro photographs of the machining zone
has shown that defects (Fig. 1) of the surface layer of parts
made of carbon-carbon composites can be categorized in the
following way:

— defects in the elastic recovery of the matrix fibers, as
a result of which a controlled size is maintained, and the
fibers are above the surface;

— defects of disruption of adhesion at the surface zone,
resulting in a decrease in the active cross section of a sample
by the magnitude of destruction;

— defects of the cohesion irregularity in the surface layer,
at which the resulting micro- and macro cracks develop deep
into the material and could actively grow at cyclic loading.

Defects in the machining

of composite materials

Fig. 1. Defects in the machining of composite materials

The emergence of various defects is determined by pe-
culiarities of the thermobaric action on a workpiece surface
layer by the instrument that is used. Thus, there is a certain
connection between defects that occur in the surface layer
of parts as a result of machining and the conditions for its
execution, which is consistent with results obtained in [10].

We shall consider the basic mechanisms of defect forma-
tion when cutting parts made from carbon-carbon compos-
ites using different methods.

The basic mechanism for the formation of new surfaces at
blade machining is linked to the chip formation process and
is due to the phenomena of the emergence and development
of micro defects, leading to the occurrence of cracks in the
surface layer of a machined part at the macro level. Paper [11]
noted that the stressed state at the top of the crack that
appeared under the action of the tool along a hypothetical
cutting surface ensures the development and propagation of
cracks in the direction of the velocity vector of the main mo-
tion. The theory of Griffiths for elastic bodies, which under
condition of isotropy could include the examined composites,
makes it possible to expect a deviation of the crack from the
initial direction at Kj#0 (displacement) at a certain angle
% =—Yc This angle coincides with the direction of action of
maximum strength P.

An increase in pressure causes a certain increase in the
rate of progression of the crack, simultaneously reducing the
path to the point of its bifurcation. In reinforced composites,
there is a critical speed of crack propagation, which does not
depend on the supplied energy. This phenomenon is due to
the absorption and accumulation of micro defects, localized
in the direction of roughly y =n/3, where there are the maxi-
mum tensile stresses. Therefore, the applied external force, at
which there would be an active crack formation, should not
exceed the resistance to cracking. In practice, this condition
is difficult to satisfy because a periodic change in the cutting
force is predetermined by both the cutting modes and the
structure of a material, although paper [11] shows that the
process of branching can be localized by regulating the type
of load and energy-force parameters of loading.

A study into cutting patterns using a blade tool for the
reinforced non-metallic materials, conducted by the author
of paper [12] demonstrates, in particular, that the hetero-
geneity of a material structure leads to a redistribution of
the regions where microcracks accumulate. When a cutting
wedge moves along the direction of reinforcement, the high
concentration, interaction, and coalescence of cracks lead to



the formation of macro cracks. Macro cracks can be located

at a distance from a cutting wedge, or be in contact with it,
being positioned at an angle of 15-20° relative to the princi-
pal motion vector. When a cutting wedge moves at an angle
of 90° to the direction of reinforcement, they concentrate
in the polymer matrix and at the interface «fiber—matrix».
A crack in this case develops at an angle of 40—60°. The struc-
ture of the transversely reinforced plastic material inhibits
the development of a main crack and guides it along the fiber.
It is at this site that the defects associated with chemical
polymerization and residue from reaction products emerge,
thereby weakening the strength of the composite.

Motion of the cutting tool causes fiber deformation, leading
to aredistribution of loads in the cutting zone. Paper [10] noted
that the machining of the transversely reinforced plastic mate-
rial proceeds with a large delamination of fibers and the matrix,
disruption of the surface structure and a significant decline in
the quality of the machined surface layer of the product.

The periodic origination, development and merging of
cracks lead to the separation of a material’s particles, which
predetermines the cyclical nature of the process of blade ma-
chining. At such a machining, cutting force first rises to the
maximum value (at the origination of a crack grid), and then
rapidly declines (when the main crack appears and a chip
element peels off).

Thus, the mechanical cutting of composites from the car-
bon-carbon group using a blade tool is accompanied by the
formation of a defective surface layer, which, as experience
shows, can reach 0.9-4.5 mm [13].

At micro cutting using a tool with abrasive grains (for
example, cutting wheel), crack formation proceeds in line with
a similar scheme. In this case, four main types of cracks form:
radial Cp, median Cy, lateral C;, and conical Ck.

Despite certain differences in the mechanism of crack
formation, their sequence will be as follows. Initially, there
appear the median cracks at the border between the defor-
mation zones under and around a single grain. When a load is
removed (as a result of chipping or grain tear), those cracks
reach the surface similar to the radial ones. When the load
increases, or completely removed, under the influence of re-
sidual stresses the lateral cracks appear. Conical cracks may
occur at the significant feed magnitudes, when a single grain is
embedded into the machined surface using an impact method.

Paper [13] shows that the fragments of a material are
peeled off mainly due to the formation of lateral cracks. The
thickness of the defective layer in this case does not exceed
0.1-0.4 mm. Applying the tool with a reciprocating action
leads to the fact that, owing to the limited motion speed of
abrasive grains, as well as small (not larger than 3—4 mm)
runs, the machined surface demonstrates lower quality. To
improve the quality, the concentration of diamond in a tool
should be as high as possible while the machining process
should not be accompanied by significant force loads. In
this case, it is necessary to take into consideration that the
removal of a material when using the tool of a reciprocating
action is significantly less than that when employing an
abrasive wheel.

When drilling the samples of materials using a spiral drill,
the force action changes, with the resultant cutting force also
being changed; the crack formation zone consequently covers
a certain volume of the material, greatly exceeding the zone
of direct contact «part — tool».

Due to the imperfection of structure of actual composite
materials, as well as the difference in the physical and me-

chanical properties of their components, cracking resistance
depends on various manifestations of crack formation — the
emergence of shear cracks or tear cracks. If we take into con-
sideration that the direction of a crack propagation always
contributes to its opening, the task on assessing the likely
direction of a crack propagation then comes down to estab-
lishing the expected curve of the force load on a machining
zone from the tool. The curve depends on the process scheme
and conditions for its implementation.

When drilling materials using tubular drills, a certain mic-
rorelief appears on the machined surface, whose parameters
define the height of micro irregularities R,. Directly below
it, there is the fissured layer 8, much more extensive than
the first one. The density and size of cracks decrease when
moving deep into a part. Both layers represent its defective
surface layerWhen considering the mechanism of crack for-
mation, one may note that the basic quality parameters of
the surface layer depend on the length of cracks: magnitude
R, is defined by the size of median crack Cy, while the depth
of defective layer & is defined by the size of conical cracks Ck.

Below the fissured layer, there is a micro plastic layer
that surrounds each crack and extends to a distance of z. Its
thickness is 1—2 um, which is confirmed by data from [13].

The same paper also established that a surface roughness
is related to the overall depth of the defective layer through
a linear law:

8=a-R,+b, 2)

where a, b are constant coefficients.

A similar dependence is observed for crack formation:
there is a correlation between the size of conical and median
cracks that define d and R,. It was established that these
coefficients depend on the grain size of diamond powder and
properties of the machined material.

The most dangerous defect when drilling polymeric
composites is considered to be the delamination between the
adjacent layers of reinforcement along their direction.

The main cause for the emergence of delamination is
a high value of the acting axial force whose magnitude is mainly
defined by the tool feed. A significant role is also taken by the
wrong choice of cutting tools and the degree of its wear. There
are several known techniques to reduce the delamination, such
as reducing the feed or drilling into a subplate. A layer-to-layer
destruction (delamination) that occurs when drilling compo-
sites is the main defect that reduces the integrity of the pro-
duct, the bending and fatigue strength of a composite.

Numerous experimental observations have shown that the
delamination is evident around the opening at the input and
output of the tool from a part and is related to the magnitude
of the axial force. This phenomenon is more characteristic of
the drilling using spiral drills rather than the tubular ones.

The emergence of layer-to-layer cracks at the input is due
to the contact interaction between a transverse cutting edge of
the tool and a workpiece surface. As a result, the thin layer of a
composite starts to peel off, is separated from the neighboring
one with the formation of a delamination zone around the
input region of the opening. At a time when the drill is at the
output of the opening, the number of layers of composite, lo-
cated in front of the drill, reduces, resulting in a decrease in the
overall hardness of a material. The result is the delamination of
last layers and the destruction of last fibers in a material.

Many studies addressed the qualitative and quantitative
characteristics of composites delamination [10, 14]; however,



there are no dependences for carbon-carbon materials of
the magnitude of delamination on thermobaric load during
machining.

We shall analyze the stressed-deformed state of cutting
zone at drilling. A tubular drill (Fig. 2) is a pipe with external
radius 7, and internal radius 7, located perpendicularly to
the machined surface.

M, l P, =f(t)
r \/ P_=Asin(ot)

i)

<
|
H——H
|

a
y
oZ
2 Fo/2
zones —Zz—‘n/4-(p/
of plastic deformation z |
Z o
|
z
b

Fig. 2. Tubular drill:
a — action; b — stressed-deformed state in a cutting zone

At a force impact of the tool on the part, stresses o,
6,, 6; and T emerge in the corresponding microvolumes of
a body with thickness %,;. Components of displacements U(t)
and H(¢) at a specific point at surface [14], which accepts an
almost perpendicular load, can be recorded:

V="MW PO D
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(1=2w) 2
H(t)=- P(t , 3
O MO, D) @

where G, p is the shear modulus and the Poisson’s coefficient
of the machined material, respectively; € is the volumetric
deformation;

4 d &

is the Laplace operator.

If we take into consideration that the corresponding
components of stresses and deformations are derived from:
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€=¢ +€ +E =——+——)
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the delamination of a material is then possible in the region
where Uand H reach a critical value, and, therefore, at load P,
a condition for the delamination takes the form:

c.2[s,].0,,6,2[0,]. (5)

Paper [15] shows that despite the patterns in the method,
jet-abrasive machining is a serious alternative to the mecha-
nical cutting of parts made from composite materials.

At jet-abrasive cutting, there occurs the active destruc-
tion of a material by both a jet of fluid and the abrasive
particles, causing the impact quasi-fragile micro destruc-
tion with the formation of finely-dispersed sludge. This
phenomenon is observed when cutting the parts made from
carbon-carbon materials in which relative elongation is
approaching zero.

However, the non-dense structure of such materials,
especially at spatial reinforcement, requires addressing the
issue of the absence of damage by the flow, which, as already
pointed in [16], is not a rigid indenter.

To analyze the interaction between a two-phase flow of
small diameter and an obstacle — a heterogeneous machined
part — we shall employ the energy concept, according to
which energy Es, given to the flow, turns into a work of de-
struction A, and a change in the surface state A, as well as
is used to change the motion direction of flow H, excluding
the losses at various stages E,, resulting in the development
of a jet erosion funnel and in the formation of a destructive
surface layer. In this case, a cutting groove forms as a result
of a series of successive positions of the jet, at which the de-
struction of a material was complete throughout the entire
thickness of workpiece /. General equation of energy balance
for the case of jet-abrasive cutting takes the form:

E.=A+A+H+E,. (6)
Based on considerations [16], and with respect to the
research results, kinetic energy of the jet is:

2

M.V,
E.=—L % _F _H, (7)
2 c

where Mj is the distribution of the working medium mas-
ses over the area of jet contact, kg; Vj is the distribution of
motion speeds of the working medium in cross-section, m/s;
E, are the energy losses in a jet, J.

A deviation of the jet stream incident to the corner de-
flector, which may be a bundle of fibers in composites with
a 3-D structure, can be determined from dependence:
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where the constants are:

_ €,C088,

_ n+-0.6¢, sing,
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n+2e, Jm,sd/n>/2

n+e,
g, is the angle of an envelope, which is defined by the lo-
cation of fiber in the matrix and depends on the resistance

to the destruction of a material; v is the kinetic viscosity
of liquid; o, is the jet velocity; & is a coordinate, measured

along the front (Fig. 3).
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Fig. 3. Deviation of the jet when flowing over the front
of a cutting zone

By assuming the absence of a large curvature of the front
of a cutting groove (that is, the existence of an instantaneous
value of the inclination angle of the front of a cutting groove)
and the linearity of pressure distribution in cross-section of
section CA, the force of pressure will be derived from:

g
max I
P = —cose d&, 9
= | pgeose,ds ©)

for the case of /= AC, it will equal: S =

the deviation angle of the determined i-th point is:

Yobpu € (BT —g,)cosE,
6n(m+e¢,)

ny,z;
€, =arctan o . (10)
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Then the offset of the i-th point of equal pulse in two
directions — y and z is:

Ay, =xtang;; Az;=xtaneg,. (11)

At the time of flowing against the obstacle (a workpiece),
the load on the machined surface would be derived from:

F,=pAV?-CpzV\[A,

where p is the density; Ay is the amount of fluid between the
cut of the nozzle and the machined surface; V; is the initial jet
velocity; z is the depth of the formed ledge; A, is the area of
the cut-out; Cy is the coefficient of total resistance to friction
at the surface.

Exceeding the critical value by force F, can lead to the vio-
lation of condition (5) and the emergence of surface defects.

Action of the jet when flowing over an obstacle over time:

(12)

2r Ko,
= C?

will be derived from:

p=0.5pu’ +pQu,, (13)
where u, is velocity of fluid flowing from the nozzle of diame-
ter d=2r, u, =/2p /K, p; Kisa correction factor defined by
the shape of the jet, K=1-4, C is the speed of propagation of
impact wave in liquid, roughly equal to the speed of sound in
a fluid; K, is the compression ratio; p is the density of liquid,;
Q is the fluid flow rate.

At the same time, it was established by earlier studies [16]
that the effect of particles of the abrasive, depending on the
incidence angle €, erodes the material, derived from:
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: 6rn(n+¢,) ’

The angle of deviation for the point
of equal pulse in the direction parallel to  § —

the plane of jet flowing is derived from:

P, = kzy zP,

1
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Given that the pulse of the i-th point is J, = J, /7, and
the coefficient is:
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where pj is the pressure before the jet nozzle, o is the tensile
strength of the material; % is the compression ratio; 7 is the ra-
dius of the active part of the jet; 7, is the nozzle cutoff radius; v, is
the velocity of the jet flowing from the nozzle attachment; f, is
the area of jet contact, f, = nd” /4; M, is the mass consumption
of the abrasive. Accepting that for a ball segment the volume is:

_ w82 (3R-3,)



where R is the radius of an abrasive particle, and for a cylin-
drical section:

5, (6a+8b)
O T

the total amount of the removed material is:

md2(3r-3,) N 5, (6a+8b)

Wy =W, +w, = 3 0 3, (15)
The width of the groove is:
8,=28,(2R-3,). (16)

When analyzing the formation of a destructive layer from
the positions of linear mechanics of destruction, it becomes
obvious that the depth of destruction is directly linked to
both the properties of the machined material, its structure,
and the nature of the mechanical loading of its individual
components.

It is known that the stress intensity factor &, responsible
for the release of energy of elastic deformations:

1-20*

G= AR,

is related to the geometrical parameters of a crack and acting
stresses 6 in the following way:

k=ora,

where a is half the length of the crack.
For the estimation diagram (Fig. 4, a), the micro stresses
at the base of a crack are defined by dependence:

=0 +(E) 3M, cos ot
k )

)

b (18)

where M; is the momentum acting on the surface micropro-
jection.

a

Fig. 4. Abrasive particles interaction with a surface layer
of the part: ¢ — at hydroabrasive cutting; 6 — when machined
with a diamond circle

When an abrasive jet flow acts on the surface micropro-
jections, crack growth velocity is proportional to \/& where
1 is the kinematic viscosity of the fluid; o is the frequency
of load fluctuations, ®=2nF. The disjoining action of fluid
molecules is evident in that the latter seek to maximally pe-
netrate the crack and prevent closing its sides.

A momentum of external forces applied to a crack is de-
rived from:

(b-1)

b3

Mf:% M, cosot — M cosot =§—2M0cosmt,(19)

where [, b are the geometrical parameters of a microprojection.
A pressure of the jet stream causing the disjoining effect
is determined:

(20)

where p, is the pressure of fluid outflow,
p.=(0.5+¢)-10°po*;

h is the width of a crack; x is the distance from the base of
the crack; h is the kinematic viscosity of liquid; d®/dt is the
angular velocity of motion of the crack sides.

Bending momentum M,, predetermined by an incident
fluid flow, will equal:

b lZ
M, = [ pydy=[(0.5+¢)-10°po* || = bl |-
. }ipyy [(05+¢) pv][Q )
Gnl“( 3 )d@
_nlfy 3148
n’ 4 ) dt

21)

Given that at the base of the crack, when it opens, the
stress increases at the expense of the momentum:

M, = [o(hy)ydy,
based on [16]:

3/
Mf+MF=%MUf(t). (22)

Assuming the width of crack opening % is proportional
to the momentum of external forces, with respect to:

Mof(t): M, [h)
ho

and /d® = dh, we obtain:

onl’(,_3,\dhn 100t
BTy (b—4l)dt—[(0.5+s) 10°po” ] 2—bl

Y

M, ,(23)

h
CosSt ———
h(]

where £ is the width of the crack; n is the kinematic vis-
cosity of liquid; dh/dt is the opening speed of a crack, which
is determined by the physical and mechanical properties of
a material and width 26, which indirectly defines the density
of micro defects in the body of a workpiece.

Condition for the destruction of a microprojection is
o< [O'a],GS [Gk]. Otherwise, a defective layer will grow (ac-
cording to (5)).



For mechanical cutting (micro cutting) when treating with
the tool of diameter Dy, to which momentum M, is applied:

M -20 R

=
cosmt—h— 31 (cosu)t—:]D,

0 b

20 M,

(24)

It is possible to determine the thickness of a destruction
zone by assigning the number of loading cycles N, depen-
ding on the number of acts of interaction between a surface
point and a cutting wedge or a diamond grain. To this end,
we shall take into consideration that the simplified equation
of crack development under cyclic loading is described by
dependence:

da_ (2
dN ¢ )’
The integration of the latter makes it possible to link

a number of loading cycles N to the relative size of the crack
a,/a, in the form:

4 _ n/2—1f1_@A
a. K

¢

Therefore,

_ w21 O ’ P ! _ 1
e (p) () « Jn/2-1)

ay is the initial length of the crack; a, is its current size (cri-
tical until a moment of branching); p is the density of a ma-
terial; #, ¢ are material’'s constants; s are the micro stresses
derived, for example, from (12).

Both at mechanical cutting using a diamond-contai-
ning tool and when treating materials with a hydroabrasive
stream, the micro chips formation mechanism is similar.
From the point of view of forming a destructive layer caused
by the emerging stresses due to a cyclic action, the number
of acts of contact interaction at hydroabrasive cutting is de-
termined from:

_Q ,_ Qd
EN)m  E(N)ms,’

(25)

where s, is the contour feed speed, Q,, is the abrasive mass
consumption, m is the mean mass of an abrasive particle, and
a crack length is:

a(}

a,=——=" (26)
n/2-1/1 — Lﬂﬂt
E(N)Yms, K
In this case, the thickness of a defective layer is:
p,=2o=Ds o —x.,(27)

+
2 | 2182¢,C\{D} /2-D} /2

0,5
n/2-1|
Py

where x, is the thickness of a layer of matrix.
To cut the carbon materials using a mechanical dia-
mond-containing tool, the number of interaction acts over

the time of contact between the tool and a machined sur-
face tis N =2mr,nW, and a crack length reaches:

a
a = 0

‘ n/2_1}1_ 2CnrnW
K

where 77 is the radius of the tool; n is the rotation of its
frequency (frequency of double runs); W is the number of
abrasive grains per unit length of the periphery.

As there is no follow-up action of the tool on a machining
zone, the growth of cracks is practically not limited by any-
thing. The cracks will grow until their coalescence causes the
chipping of a surface fragment.

The obtained correlations link the physical-mechanical
properties of the machined material, the modes of mechanical
or jet-abrasive impact, to the thickness of a defective layer,
which forms on the machined part. It is easy to note that the
thickness of destruction for all types of machining is deter-
mined primarily by the stresses that occur at cutting.

We shall consider the machined workpiece as solid half-
space whose physical and mechanical properties at each point
in the general case are different and can be determined based
on experimental research. We shall apply to the surface of
the workpiece an orthogonal grid at step AxAy and assign
a marker A; to each node. A perpendicular axis will be rep-
resented at each point of node A;. We shall determine the
physical-mechanical properties of the machined material at
nodes and into depth at step Az.

Select the thin section Ax, which is between the two
planes that pass through nodes A;j u A;+1;. We consider the
physical-mechanical properties of separate material fractions
within the selected thin layer to be unchanged. They are
derived as the arithmetic mean of the properties, determined
at points Aj; and A;+1;, and can also be determined in the
neighboring thin layers A;—1,—A; and A;+1;—(4;+2;). Such
an assumption allows us to reduce the task on the volumetric
formation of a cutting groove to the areal problem on the
development of a cutting groove profile in a particular cross
section. In this case, the machined composite is represented
as an orthotropic material in which there is a consistent
change in fractions with the deterministic properties.

We assume that the composite basically is a two-phase
material (matrix and filler), each of the phases in which inter-
acts with the other along the boundaries of contact. There-
fore, it is necessary to take into consideration the existence of
a transitional site, formed due to the adhesion of phases and
characterized by a set of own physical-mechanical properties.

Such an approach ensures the identification of material
properties at nodes z; as 6;=0y;+67, where o; is deter-
mined based on the deterministic sequence of transition
from one component of the composite to the other. And o7
accounts for a possible difference in properties at the fixed
nodes, located at the same level z;.

A criterion for the macro destruction in a cutting zone
will be the simultaneous implementation of the mechanisms
for cutting the fibers using a cutting wedge and a grid of
cracks in all those adjacent to the examined node: Vjy: Vipp+1,
Vii+1k, Vij—1k, Vi —1. Take into consideration that in the case
when the requirement is met, a node refers to the contour
of the resulting opening. Otherwise, one can argue about
forming a destructive layer. The case of the existence of three
nodes is considered as a possible motion of the main crack,
for which one calculates the load due to the action of a tool.

(28)



Int his case, the redistribution of loads is performed similarly
to the case considered above.

6. Results obtained during formation of a defective layer
at various machining methods

For the machining methods under consideration, we de-
termined maximum stresses and stress distribution diagrams
based on the cut cross section in workpieces made from
carbon-containing composite materials. Results of the visual
study and the stressed state of the surface layer of samples are
summarized in Table 1.

Table 1
States of the tool cutting edges and the cut quality
Stresses in State of the State of the
Tool model amachining tool after machined
zone machining surface

7
S

Jet

(puncture)

Jet
(cut)

Drilling and micro milling make it possible to obtain mi-
nimum destruction of the surface layer while the hydroabra-

sive stitching of openings leads to the predicted destruction
of a material at a considerable distance from the point of load
application.

A change in the parameters for the zone of destruc-
tion (Fig. 5), determined by calculation and measured at
field samples (shown as separate points in the diagram),
reveals the following. The «non-rigidity» of a hydroabrasive
jet leads to that the force scheme of interaction is constantly
changing (interaction time T in the absence of a working feed
is accepted from [14]). Thus, the flow eventually washes out
the machined sample, which requires minimizing the time of
the jet in a stationary state.
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Fig. 5. Width of destruction zone (/) depending on time (t)
the tool is in the cutting zone

When machining the materials with diamond disks or
electric submersible blades, there is no any significant change
in the width of the destruction zone.

The research results allow us to propose fairly simple
regression dependences of width of the destruction zone on a
function of maximum stresses in the cutting zone 8 = f(Gyax).
That made it possible to build and compare diagrams for an
increase in the width of the destruction zone (Fig. 6), formed
at different machining methods of carbon composites.
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=
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Typical stresses at cutting, MPa

Fig. 6. Influence of stress (G) in the cutting zone at different
machining methods on width of the destruction zone (h):
1 — hydroabrasive cutting; 2 — grinding; 3 — drilling;
4 — milling; 5 — hydroabrasive stitching

7. Discussion of results obtained in the course of
simulation and full-scale experiments on determining the
thickness of a destructive layer

We have conducted both model experiments using the
established regularities in the development of micro cracks in
the surface layer (as the basic mechanism for the formation



of a destruction zone) and a field study. Based in them, we
substantiated not only the knowledge of the mechanism
of development of a defective layer at machining, but also
revealed some inaccuracies and simplifications when formu-
lating mathematical notations.

Thus, it was noticed that the adequacy of the results
obtained was maximal only at short-term machining. Subse-
quently, the thickness of a destruction zone gradually grew,
larger — for the abrasive machining using tool with an asso-
ciated abrasive (Fig. 7), less — for the hydroabrasive cutting.

E 200 V=0.4T54x 8. 766 Tx+69.90T
- 180 b
5 R7=0.9522
8 160 *
Tf 140 0.104#3x*-0.63344x#48.067,
120 = A=
£ 100 R=0: /j,/.
E 80 .
s o e -
S 40 ﬁ y=0.128%" - 2.0T47KF31.253
2] A
% 200 - | R™=0.9229
% 0 5 10 15 20 25 30 35
= machining time, min

@ flat saw blade W sector saw blade A disk

Fig. 7. Magnitude of destruction zone (4) depending on time
of tool operation (t1) with the maximum permissible load
(cutting speed is 70 m/s)

It was also found that in the process of operating a
cutting tool with a diamond-containing layer, particularly
galvanically-based, there occurs the chipping of grains due
to the loss of adhesion with the base. Fig. 8 shows the de-
pendence of the loss of grains at the renovator saw blade in
a function of the frequency of double runs of the working body.
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M, 0.6 ”‘ = 8000
0.4 Py A 6000
0.2
0

0 5 10 15 20 25 30 35
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Fig. 8. Decrease in the mass share m, of diamond grains
in a working layer when using a saw blade of renovator
(at maximum blade load of 150 N)

Reducing the number of cutting micro edges leads to
a change in the thickness of a destruction layer. Our study
has shown that simultaneously with a decrease in the number
of grains at the surface of a tool, the thickness of a destruc-
tion layer first decreases, and then increases slightly with the
simultaneous growth of cutting forces.

This phenomenon can be explained by that at a constant
feed speed the cutting properties of the tool are reduced, with
a simultaneous decrease in the cyclic impact at the cutting
surface behind the zone of active destruction. Cracks start to
branch out actively until stresses in the cutting zone do not
exceed the adhesion or cohesion strength of a composite at
the place of defects.

For the hydroabrasive cutting, a change in the thickness
of a destructive zone is connected primarily to an increase in
the diameter of a calibration channel; in this case, pressure
on the end of the hydro cutting front also increases and,
according to (12), there is an increase in the cyclic stresses.
Thus, we have proven a direct impact of the averaged stresses
in the zone where abrasive particles influence the thickness
of a defective layer.

That made it possible to establish the limits for the
expected values of the thickness of a defective layer at the
surface, shown in Fig. 6 in the form of the respective rect-
angles. Therefore, the rational choice of conditions and
modes of machining enables the reduction in the thickness
of a destructive layer to 0.05 mm. At mechanical tensile tests
of samples with a cross section of 6.0x 6.0 mm, this makes
it possible to decrease the variance of measurements of the
controlled parameters by 30—40 %.

The formation of a complex of properties of the finished
product (a sample for mechanical tests) in the form of set
Fi(l, b, h,1,8...) is possible by the implementation of a certain
totality of technological influences M;, peculiar to a particu-
lar method of machining. Each technological influence can be
represented as a totality of sets of tool properties 7j, dynamic
properties of the machined system Wj, a technique of force
impact Pj, for which (7}, Wj, P)e M;, which allows us, for
a workpiece with properties S;, to represent the output quali-
ty parameters represented in the following form:

F(L,b,hr8.)=M,-S,. (29)

Based on [13], it is possible to record a condition for en-
suring the output parameters of machining in the form:

E(Lbh1,8.)=T,-S,AW,-S,AP, (30)
that produces a totality of variants for the machining transi-
tions, the best among which can be select based on a specific
criterion.

In this case, the main condition for obtaining the desired
result is to limit the destruction layer thickness at the level
of 2 % of the measurement base.

The study conducted into the state of a surface layer at
various methods of machining with subsequent testing the
samples in accordance with recommendations from [17]
allowed us to derive dependences that link the conditions
for machining to the thickness of a destruction layer for the
carbon-carbon and carbon-polymeric materials.

As an example, we shall consider the case of fabricating
a prototype of dimensions b x/x h from a cubic workpiece of
dimensions Bx Lx H; in this case, the prototype has curved
sections with radii 7;.

Denote: Ry — milling; Ry — machining using an abrasive
wheel; R3 — machining with a reciprocating movement of
the tool (renovator); R4 — drilling; Rs — hydroabrasive cut-
ting. The following technological operations are possible:
(R2)—(R1); (R2)—(Rs5); (Ra)—(Ra)—(Rs).

When optimizing the process based on the criterion for
the minimization of machining time to obtain the preset
quality level, we received variant (Ry)—(R4)—(Rs5), whose
scheme is shown in Fig. 9. This sequence of operations allows
the fullest use of all advantages of the hydroabrasive cutting
(a significant reduction of machining time) and makes it
possible to avoid the destruction of a material at the time of
the jet puncture.
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drilling a hole
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Fig. 9. Sequence of the preparation of a sample made
from a carbon workpiece

Cutting modes, as well as parameters of the applied tool,
directly define not only the machining efficiency, but also the
thickness of a defective surface layer, which must be taken
into consideration when machining parts made from car-
bon-carbon composites. During machining, there is a wear of
tools: changes in angles at the cutting edge, chipping of abra-
sive grains. All this leads to that the parameters of a surface
layer alter even under stable cutting modes.

Machining with an unbound abrasive in the flow sig-
nificantly extends the technological possibilities of the
method. Varying the fractional composition of an abrasive
suspension, by the jet outflow velocity, by the flow rate, and
by the speed of contour feed, reduces the defective layer
and improves stability when obtaining the part’s surface
parameters. At the same time, it is of interest to further
develop a given study to include a wider range of superhard
materials (in particular, abrasive tools made from cubic

boron nitride). Their application might be more efficient in
some cases.

The results obtained could form a basis for the further
development of the functional approach to creating hybrid
machining processes for new constructional materials.

8. Conclusions

1. The result of the performed complex of theoretical and
experimental research is the established analytical correlations
that relate the physical-mechanical properties of machined
materials, the modes of mechanical or jet-abrasive exposure,
to the thickness of a destructive layer that forms at the machi-
ning surface. We show the possibility to predict parameters for
a defective layer based on the predicted stresses in a cutting
zone induced by the high-frequency contact interaction bet-
ween the particles of an abrasive and the machined surface.

2. The established regularities in the formation of a de-
fective layer at machining (including the hydroabrasive
cutting) have made it possible to identify ways to improve
the quality of a sample and to reduce the layer thickness to
0.05 mm. The derived dependences of the destruction zone
parameters on the stresses that occur at cutting allowed us
to obtain the rational sequence of machining transitions, at
which the defective surface layer is the smallest.

3. The results obtained provide a possibility to signifi-
cantly increase the accuracy of mechanical tests of carbon
composite materials, thereby reducing the variance in the
measurements of controlled parameters by 30—40 %.
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Pozznsnymo moxcausicmo 3acmocyeanus, 600cKoHase-
H020 MUX0Xi0HO020 eJeKmpuuH020 06uzyHa OIHOYKMOPHO-
20 muny 3 0ezoomomxoeum pomopom. Ilodionuii deuzyn
BUKOHYEMBCSL 3 POMOPOM MOPUEE020 MUNY i CIMAMOPOM, WO
He maiomv 3az2anvHoz0 apma. Pomop sease coboro xinvka
Qepomaenimnux noatocie, 3axpiniieHux Ha HeMazZHIMHOMY
oucxy. Copmosano ocnoeni npoexmui oami 0iindyxmop-
HUx 08uzynie 0na pady weuoxocmeil pyxy nipmoeoi xadinu.
Haoani pexomenoauii w000 eubopy 6ionogionocmi ueuoxo-
cmeil nipmosux ned6iodox i diamempie KanHamogeoyuux wKi-
¢ie. Ilposedeno cunmes cucmemu ynpasinus aihmoeozo
eneKxmponpusooy.

Ilpononyemovcs euxopucmanus MiKponpouecopHoi cuc-
meMmu nionezn0z0 YnpasuiHHi 3 GUKOPUCMAHHS pesetiHo-
20 peeyasmopa cmpymy, IlI-peeyaamopa weuoxocmi ma
II-pesynsamopa nonosxcenns. 3a peyrvmamamu 00CaioHceH-
HA NOKA3aHO0, WO HAOAEMbC MONCAUBICM MOUHO020 810ME0-
penns 3adanoi mpaecxmopii pyxy Kadinu i mounoi synunxu,
AKA BUKOHYEMBCA HA NEGHOMY no8epci 0e3 000amKkosux one-
pauiii nioxody 0o 3adanoi mouxu. Pyx eurxonyemocs 32iono
3 PO3paxoeanor0 mpacKmopieio 3 00MexNceHHAM 3a0aHoi weuo-
xocmi na pieni nominaavnoi, npuckopenns — 0o 1.m/c> ma
pusxa — 0o 3 m/c3. Ili napamempu noenicmio eionosioaromo
ymoeam xompopmnozo nepemiujenns nacaxcupie. Piznuuys
MINC eKCRePUMEHMANbHUMU OaHUMU MaA Pe3yabmamamu
MoOeno8anus e nepesuwyroms 7 % 6 cmamuunux i 15 % —
8 QunaminHux pescumax. 3a3naueni OCHOGHI nepesazu 3anpo-
nonoean0zo0 0e3pedyKmopnozo Hihmosozo enrexmponpugody.
3okpema, 6U3HAMEHO, WO 3ANPONOHOBAHUIL €IEKMPONPUBOD,
3a paxymox KOHCMPYKMUSHUX 0COOAUBOCMEU MUXOXIOHO-
20 Oeueyna, mae macy, eadbapumu i inepuilinicmo, 3HaY-
HO Menwi, HidC Y Mpaduuilinozo y éasoeomy eapianmi, npu
nooidHUX THWUX napamempax

Kntouoei cnosa: nipmosa nedioxa, oespedyxmoprui
esexmponpugoo, 6iinoykxmopnuii 0euzyn, 0e3xoaeKmopHuil
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1. Introduction

The elevator industry is a powerful component of the
global technology and economy, which by its significance
reflects one of the most important features of modern civili-
zation. The main task of all passenger elevators is providing
transportation in the vertical plane in the buildings and
structures for different purposes. Elevators not only facili-

tate everyday physical movement of people, but quite often
are the only means of such movement. In large cities, the
total daily volume of transportations in passenger elevators
exceeds the volume that is carried out by all kinds of pub-
lic transport [1]. At the turn of the last two centuries, the
elevator building, like virtually all areas of technology, saw
a quality jump, thanks to the achievements of mechanics,
electromechanics, power- and microelectronics, and mecha-




