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ACCURACY OF THEIR SPHERICAL SURFACES

Abstract. In view of the fact that the endo-prosthesis heads of human hip-joint are operated in extreme
conditions, in respect of load, the selection of corresponding material and also increase of precision
and quality of machining of spherical surfaces is rather topical task.

In the submitted work are reviewed the problems connected with definition of the influence degree of
orientation of the sapphire crystal on its workability during diamond grinding with a butt of the ring
and elaboration of the perspective, original scheme of formation of the incomplete spherical surface,
particularly, of the sapphire head of endo-prosthesis of the human hip-joint.

Keywords: single crystal sapphire, anisotropy, grind ability, endo-prosthesis, precision grinding,
forming and spherical surface.

In the last thirty years, one of the current trends in the field of material
processing by cutting is the production of implants from different materials for hip-
joints with high performance properties, which will ensure their use for more than
30-40 years. This is due to the fact that the heads of the said endoprosthesis, in
terms of the nature and magnitude of the load, are operated under extreme
conditions. Therefore, in each specific case, the selection of the necessary material
with the appropriate physical and mechanical characteristics, as well as improving
the accuracy and quality of processing of the most significant part of the
endoprosthesis - spherical surfaces, is a very important task, the severity of which
has been rapidly increasing in recent years. This is due to the fact that if earlier the
need for such operations was mainly caused by the age factor of a person or
traumatic fractures, then in the last twenty years the number of patients at a young
age has sharply increased, even at 30-40 years old, both men and women, without
any injuries or fractures. According to doctors, the main reasons for this disaster
are the inactive lifestyle of young people, the composition of modern artificial
foods and metabolic disorders, as well as the intensive growth of various fractures
as a result of transport and other accidents. All of the above reasons determine the
number of endoprostheses used - several tens of millions of pieces per year and
statistics show that, unfortunately, this number is increasing annually.

Medical practice proves that the repeated prosthetics of the human hip joint is
associated with great problems. In many cases, the implementation of such
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transactions becomes almost impossible. Therefore, the service life of a hip joint
endoprosthesis until the end of life for a patient, especially after operations at a
young age, is extremely important.

This circumstance explains the fact that in such leading countries of the world
as the USA, Germany, England, Japan, France, etc., large-scale research work is
being carried out to develop optimal shaping schemes, characteristics of abrasive
tools for finishing operations and the technological process as a whole, for the
manufacture of spherical endoprosthesis heads from different materials with a
minimum form error and with high surface quality indicators.

Today, in world practice, these heads are made from various alloys,
composite materials and ceramics, which are mainly isotropic materials. Therefore,
the data of the above-mentioned works do not provide the necessary information
on the processing of anisotropic materials, in particular, an artificial sapphire
crystal.

In addition, the wear resistance of the aforementioned materials in most cases
does not meet the requirements for them. And our comparative experiments prove
that the most biocompatible with the human body, wear-resistant and durable
material for the production of the above-mentioned product is an artificial
monocrystal of sapphire.

In this regard, an international project was carried out by the Ukrainian
Science and Technology Center, the executors of which were the Georgian
Technical University (Thilisi), the Institute of Super hard Materials of the National
Academy of Sciences of Ukraine (Kiev) and the Institute of monocrystal of the
National Academy of Sciences of Ukraine (Kharkov).

The project participants solved certain scientific problems, in particular: the
Georgian Technical University investigated the effect of sapphire crystal
anisotropy on the machinability and quality of the material surface during grinding;
promising, theoretical schemes for the shaping of an incomplete spherical surface
have been developed in order to improve the geometric accuracy of the spherical
part of the endoprosthesis, which is of fundamental importance for increasing the
service life of their operation by increasing the contact area between pairs of
endoprostheses and, accordingly, reducing the load per unit area their contact
surfaces. The Institute for Super hard Materials investigated the relationship
between the friction coefficient and the crystallographic features of sapphire and
annealing modes; machinability of materials with anisotropy of properties, in
particular sapphire, according to traditional technology to assess the effect of
anisotropy on the accuracy of shaping a spherical surface; Recommendations have
been developed for the process of diamond finishing of the heads of
endoprostheses of the hip joint made of artificial sapphire monocrystal. The
Kharkov Institute of monocrystals investigated the optimal growth regimes that
ensure the maximum purification of the sapphire material, as a result of which a
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sapphire with a crystallographic direction having a minimum anisotropy was
obtained.

The aim of the presented work is: to determine the degree of influence of the
orientation of the sapphire crystal on its processing by grinding by the NSP method
created at the Department of Mechanical Engineering Technology of the Georgian
Technical University and the development of a promising, original scheme the
shaping of an incomplete spherical surface, in particular, a sapphire head of a
human hip joint endoprosthesis. A detailed description of the low-temperature
grinding process (LGP) method, the kinematic diagram of the laboratory setup and
the experimental technique can be found in previous publications [1,2,3,4].

Studies of the influence of the orientation of the sapphire crystal on the
workability of the material were carried out on sapphire samples with the
orientation (0001), (1010) and (1012). Sample sizes: 10x10x6 mm and ® 10x6 mm.

Experimental studies were carried out on a laboratory setup equipped with a
special precision head. We used diamond wheels with grain size 14/10 and 28/20
on ceramic, metal and organic bonds, form 6A2.

The output parameters of the process were: processing productivity, linear
minute material removal - q, um / min; height of surface roughness irregularities -
Rz, um; relative reference profile length at level 03 - tps, %; under-relief damaged
layer - H, um.

Process factors cutting speed - V, m / s; pressure in the cutting zone P, kPa
and characteristics of the diamond tool: grain size - ds, um; concentration bundle -
K, %.

The experiments were carried out under the following conditions: cutting
speed range - V =1 ... 12 m/s; pressure in the cutting zone - P = 100 ... 1500 kPa.
Cooling liquid - filtered running water.

Based on the analysis of the data of our complex, comprehensive
experimental studies, we can draw the following conclusion:

The nature of the influence of process factors on the output parameters for the
selected orientations of the sapphire crystal ((0001), (1010), (1012)) is constant.

All other things being equal, the most difficult to machine is the orientation
(0001). For all tested diamond wheels, the ratio of linear material removal - q is
within the range

Cooo1 / Qo010 = 0,25...0,5,
while,
Q1012/ Q1010 = 0,75 ...1.

In the studied ranges of cutting modes V and P, the processing productivity

increasesatV =...6 m/s, and at V>6 m/s - it remains constant, also at P = 100 ...
1500 kPa - it grows, at P> 1500 kPa - remains almost constant.
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Of the characteristics of a diamond tool, the grit size and bond of the diamond
tool predominantly affect productivity. The effect of concentration is negligible.
With an increase in the grain size within ds = 14/10 ... 28/20, the productivity
increases by 1.5 ... 2.5 times.

The maximum value of productivity is achieved by a tool on a ceramic bond -
SK6 - 130 ... 300 um / min, for all selected orientations of the sapphire crystal.
This increases the ratio

Cooo1 / Q1010 = 0,4 0,5.

The tool on this bond works in self-sharpening mode.

All other things being equal, processing on the (0001) orientation achieves a
higher surface quality than on the other two. The difference is in 1 ... 1.5 grades of
roughness.

The surface quality is predominantly influenced by the grit size and the
material of the tool bond. With an increase in the grain, in the investigated range,
the height of the irregularities Rz grows within 1 ... 1.5 class, and the depth of the
disturbed layer H - 1.5 ... 2 times.

a B
Figure 1 —Micrographs of surfaces of experimental sapphire samples
processed by the NSP method:
a- Orientation 1010, b- 1012. Diamond wheel - ACM 14/10, special organic bond, 50%.
Cutting conditions: V =1m/s, P =750 kPa

In terms of the quality of the treated surface, the best results are obtained by
diamond wheels on organic bonds VS-11 and organic special ones, which have
been developed by us and are in the process of patenting. Compared to diamond
wheels on metal and ceramic bonds, the Rz parameter is an order of magnitude
lower ~ 0.25 pm, the tpoz parameter is 1.5 higher than ~ 35 ... 45% and the H
parameter in 3 ... 5 is less than ~ 2...5 um.

The study of the morphology of the treated surface proved the possibility of
cutting sapphire material by plastic deformation of the removed layer at low
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cutting speeds V =1 ... 3 m /s, with the smallest depth of the damaged under-relief
layer (Fig. 1).

This result is worthy of special attention, since the processing of glassy
materials, in particular, a sapphire crystal, by plastic deformation of the removed
layer is a guarantee of obtaining a treated surface with practically no hereditary
defects - without a disturbed under-relief layer. The value of H turned out to be the
smallest in these sapphire samples.

The development of a new, or improvement of the existing technological
process of mechanical processing of a sapphire head poses an urgent task of
creating new, highly efficient shaping schemes. Optimization criteria for
technological operations, such as productivity, surface quality indicators and
processing accuracy, determine the place of new shaping schemes in the
technological process, taking into account their advantages.

The methods of abrasive processing of an incomplete spherical surface of
general-purpose products used today, as separate operations of the technological
process of machining an incomplete sphere, can be divided into two groups:
grinding with abrasive diamond wheels, finishing with a free abrasive.

Our method belongs to the first group, however, as a method for diamond
abrasive processing of flat surfaces, in contrast to existing methods, it combines the
positive aspects of the methods of the above two groups, namely: with high
processing accuracy and surface quality.

To develop a theoretical scheme for diamond processing of sapphire spheres,
taking into account the kinematic and other positive features of the NSP, the
known schemes for the formation of an incomplete spherical surface were
considered and analyzed.

The closest in kinematics to the NSP method is the method of grinding an
incomplete sphere with the end of a grinding wheel with double rotation of the part
with angular velocities 2 and oz (Fig. 2), which is taken as the basis for the
development of an original version of the theoretical scheme of diamond
processing of sapphire spheres, taking into account the kinematic and other
positive features of the NSP method.

We have developed several versions [5, 6] of theoretical schemes for the
formation of an incomplete spherical surface. One version of the original kinematic
scheme for shaping an incomplete spherical surface of a sapphire head (Fig. 3) by
an end grinding wheel is shown in (Fig. 4). The cutting tool is a special, combined
face grinding wheel with two concentric diamond-bearing layers, with cutting
surfaces in the form of internal, at point A, and external, at point B, cut off cones.

The grinding wheel rotates with an angular velocity m1. The workpiece being
machined - the ball - performs a double rotary motion with angular velocities ®2
around its own axis 4 and w3 around axis 3, which is the axis of the part's spindle.
The direction of the angular velocities ®1, @2 and w3 is the same. The workpiece 2
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to be machined is pressed against the cutting surface of the grinding wheel at two
points A and B by a spring-loaded force P. In this case, the cutting surfaces of the
grinding wheel in the axial section form an angle f.

Figure 2 — Scheme of forming an incomplete Figure 3 — Sapphire Ball Head:
spherical surface with an end diamond wheel ru is the radius of the sphere;
with double rotation of the part: v is the angle of the spherical surface
1 - diamond grinding wheel; segment

2 - work piece - incomplete sphere

Figure 4 — Kinematic diagram of shaping
incomplete spherical end face
grinding based on the NPS method:

1 - face grinding wheel,

2 - work piece - incomplete sphere;

3 - axis of rotation of the part spindle;
4 - the axis of rotation of the part
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Distinctive features of the theoretical scheme from the NSP such as the shape
of the working surface of the tool, additional movement of the workpiece - rotation
of the ball around its own axis at a speed w2, the form of contact of the workpiece
surface with the cutting surface of the grinding wheel.

To create equal processing conditions at two points A and B, it is necessary to
observe the equality of both the speeds and the cutting forces.

Cutting speed. Equality of processing conditions in terms of cutting speed
means equality of the maximum values of cutting speeds and the identity of their
laws of change in the cycle in two cutting zones.

Cutting speeds when grinding an incomplete sphere according to the
proposed scheme at points A and B are given in Fig. 4 c, ¢, and d.

Resulting cutting speed vpa- at point A

Vpa=Vg =V 1)
2 2
Vo, =y/Va+Viup —2vA-vmA - C0Sd, : )
where
vA:vKA—vozRKA-col—rmsin%-oo3 3)
Similar to point A, at point B the resulting cutting speed is
Vpg =Vg — Vs , 5)
2 2
Vey :\/vB +V ug —2Vg Vg - €0SJ, , (6)
where

Vg =Vg —V,=(Rga-2r,-sin %) s+, -sin%-cg3 (7
Linear speed of the part from rotary motion with angular speed ®;
V]_Hi =I’i ‘0)2 = w, ¥, -COSp=

@, T \/sinzZ-cosza+1-sin21(1+sin a) ©)
4 4 2

w

109



ISSN 2078-7405. Cutting & Tools in Technological System, 2020, Edition 93

Where is @ the angle of inclination of the axis 4 relative to the generatrix
of the working surface of the circle in the axial section, o is the angle of rotation of

the axis 4 relative to the axis 3 with an angular velocity @5.

The current radius of the point of the surface of the part, when you rotate axis
4 around axis 3 by 180° changes within O<r, <r_ . Thus, for a complete

description of a spherical surface during one cycle, one revolution of the part
around axis 4 is sufficient, when axis 4 is rotated about axis 3 by half a revolution,
i.e. by 180°. Consequently, under these conditions, the processed spherical surface
of the part is described twice during one cycle. Once in each treatment area.
Based on the foregoing, between the angular velocities w, and o3 we have the
dependence
®2=2 m3. (10)

. V4
V, reaches a maximum at ¢ = ;r 3/ , and therefore, 5, = 2.
PA a=r A 2 2

in Y
PAmaX:vAzRKA-oal—rm-smzco3 (11)

VPB reaches a maximum at ¢z = 77 , and therefore, d,=m.

Y 4 i Y
Py = RKa @1 =21, Sin -y, +1,,-SiN @, +1,, sin o, (12)

On condition VPAmax = ] by expressions (10), (11) and (12) the ratio of

\'
PBm

angular velocities and W3 u @,

o_ 1 (13)

1+2c0s”
4

Thus, according to the proposed scheme for shaping an incomplete spherical
surface, in order to achieve equality of processing conditions in terms of cutting
speed, it is necessary to observe the ratios of angular speeds w1, ®2 and w3,
according to expressions (10) and (13).

Clamping force. The equality of conditions at two points in terms of the
clamping force is achieved by the location of the workpiece in relation to the
grinding wheel. The spring-loaded force P passes through the center O of the
sphere and coincides with the bisector of angle B and thus passes at equal distances
from two A and B processing zones. In each zone, equal efforts on P / 2 are created,
which in turn are composed of two components, normal PN and tangential Pt (not
shown in the figure). Wherein:
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Py =E-cosl' P: :E-sin x.
2 4 2 4

The kinematic similarity of the new shaping scheme with the LPS method,
taking into account the preservation of the physics of the cutting process with the
LPS, which determined its name "Low temperature” (low compared to
conventional grinding, the cutting speed is -1.6 m / s and, as a consequence, the
low temperature in contact is -100°C ), also "Precision” (high accuracy of the shape
of the working surface of the tool is achieved during straightening and is
maintained in operation by the kinematics of the process, which ensures high
processing accuracy - plane-parallelism on a 10x10 mm <lum plate), allows the
proposed shaping scheme. The name, as coming from the first, is called Low-
temperature precision grinding of an incomplete sphere, in abbreviated form -
NPSHNS, which is in the process of patenting.

It is assumed that the NPSHNS method, in comparison with the traditional
methods of diamond grinding, which are used today in the technological process of
mechanical processing of a sapphire head, all other things being equal, will allow:
to significantly (at least twice) increase the processing productivity without
deteriorating performance surface quality and shape accuracy; to significantly
improve the quality of the processed surface and the accuracy of the shape of the
product, without increasing the productivity of processing, thereby also
significantly reducing the operating allowance, as a result, the time and cost of
processing in finishing operations (transitions).

Thus, in our opinion, the NPSHNS method can be quite competitive in
preliminary operations, up to finishing, in the technological process of machining a
sapphire head.

The long-term program provides for the organization of a European project
with the creation of the necessary equipment, tools, technological equipment and
the entire technological process for manufacturing high-precision spherical
surfaces from various brittle materials of increased strength, including sapphire.

Conclusion
As a result of the study of the effect of the crystallographic orientation of a
sapphire monocrystal on the rate of removal of the processed material, as well as

the state of the subsurface layer during surface finishing by the method of low-
temperature flat grinding, it was found that:
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1. The processing capacity of a sapphire monocrystal significantly depends
on the crystallographic orientation. The relative values of material
removal for samples with different crystallographic orientations (1010)
are in the range Qooo1 / Q1010 = 0.25... 0.5, and Q1012 / Q1010 = 0.75... 1.
Under other equal conditions of the LPS process, the highest quality of the
polished surface is achieved for the crystalographic orientation (1010).
The difference with the other two orientations of the crystallographic
plane is in the range of 1 ... 1.5 roughness class.

2. The study of the morphology of the processed surface proved the
possibility of cutting sapphire material by plastic deformation of the
removed layer without cracking at a low cutting speed. Under such
machining conditions, the smallest depth of the damaged subsurface layer
was found.

3. New kinematic schemes for the processing of incomplete spherical
surfaces have been proposed, which provide a higher geometric accuracy
of parts, in particular, the spherical heads of the human hip joint
endoprosthesis.

Acknowledgment

This work was supported by Shota Rustaveli National Science Foundation
(SRNSF) [PHDF-19-2224, Improving the efficiency of mechatronic systems in
order to ensure the reform of "Industry-4.0"]

References: 1. Batiashvili B.l., Butskhrikidze D.S., Mamulashvili G.L., Mgaloblishvili O. B.,
Turmanidze R.S., Kromp K., Mills B., Steinkellner W., Schafler E., Rosel F. G., Peterlik H. Evaluation
of surface preparation techniques, SFG: Swing Frame Grinding and LPG: Low Temperature Precision
Grinding, by comparison of results on alumni and siliconcarbide model materials. FRACTOGRAPHY
OF ADVANCED CERAMICS. International Conference Stara Lesna, High Tatras, May 2001.
2. Batiashvili B.l., Butskhrikidze D.S., Mamulashvili G.A, Turmanidze R.S., Kromp K., Mills B.,
Mgaloblishvili O. Technological Possibilities of Low Temperature Precision Grinding Process when
Machining Hard and Brittle Materials. FRACTOGRAPHY OF ADVANCED CERAMICS,
International Conference, Stara Lesna, High Tatras, May 2001. 3. Turmanidze R.S, Burtskhrikidze D.S,
Kromp K., Mills B., “Low temperature precision grinding of hard and brittle materials”. Problems of
mechanics and physiko-chemistry of the process of abrasive machining, Kiev 2002, 490-499 pp.
4. Turmanidze R.S., Butskhrikidze D.S., Mamulashvili G.L., Kromp K., Mills B., Morgan M.,
Mgaloblishvili O. Low-temperature precision grinding of hard and brittle materials and Outlook of its
development and application. Proceedings of 19th NCMR Conference. Glasgow, September 2003.
5. R. Turmanidze, D. Butskhrikidze, E. Kutelia, M. Beridze, Influence of the Sapphire Crystal
Anisotropy of Medical Purpose on Workability of the Endoprosthesis Material at a Low Temperature
Precision Grinding. “MicroCAD 2008 International Scintific Conference. 20-21 March, 2008. Section

112



ISSN 2078-7405. Cutting & Tools in Technological System, 2020, Edition 93

N: Production Engine—ering and Manufactu—ring Systems. University of Mishkolc, Hungary. ISBN
978-963-661-812-4 O ISBN 978-963-661-823-0. 6. R. Turmanidze, G. Popkhadze, Selection criteria of
optimal characteristic material and technologies for precision processing of basic working surface of
human hip-joint implant. 9TH INTERNATIONAL CONGRESS ON PRECISION MACHINING.
ATHENS, GREECE-2017, ISSN 0377-6883.Kundrak J., Varga G., Deszpoth I., Molnar V. Some
aspects of the hard machining of bore holes // Applied Mechanics and Materials, 309, pp. 126-132
(2013).

Paynp Typmaninze, I'eopri [lonxanze, Toinici,
Keresan [namapinze, batymi, I'py3is

MOJINIIEHHS EKCILTY ATAIIIMHUX XAPAKTEPUCTUK
IMILJIAHTIB KYJbIIOBUX CYIJIOBIB JIIOJWHHA
JIAXOM NIZIBUIMEHHA AKOCTI OBPOBKH
I TEOMETPUYHOI TOYHOCTI iX COEPUYHHUX TOBEPXOHb

AHoOTamiA. V 36'a3ky 3 mum, wWo 20706KU eHOONPOMesie MA30CMeSHOB020 CcYyanoba NOUHU
EKCNIIYamylmscs 8 eKCMpeMalbHUX YMO8ax No HABAHMAIICEHHIO, 6UDIp 8i0N08iOHO20 Mamepiany, a
maxodc niosuweHHs MoYyHoCmi | AKOCmi 0OpOOKU CHeputHuUx nogepxoHb € O0OCUMb AKMYAlbHUM
3a60annAM. Y nooaiti pobomi po3enaHymo NUMAHHA, NOGA3AHI 3 GU3HAYEHHAM CMYNEHA 6NIU6Y
opienmayii kpucmana cangipa na 11020 06pobIOEAHICMb NPU ATMAZHOMY WTIQYEAHHI Mopyem Koaa i
PO3DO6KOIO NEPCREeKMUBHOT, OPULIHATLHOT cXeMu hOpMYBanHs HenOGHOI chepuunoi NO8epXHi, 30Kpema,
cangipogoio 20106Ku eHOONPoOme3a Kyabulogoz2o cyenoba aodutu. B pezyiomami 0oCriodicents: 6naugy
Kpucmanozpagiunoi opichmayii MOHOKpucmana cangipa na inmeHncUsHicmy 3HIMAaHHs 00POBIIOEAHO20
mamepiany, a mMaxKoxjc Cmay NOONOSEPXHOCHHO20 wapy Npu O008EOeHHI NOBEPXOHb MemOoOOM
HU3bKOMEMNepamypHo2o niockoeo winigyyeanns (HIILLI) ecmanoeneno, wo o06pabamusaemocms
MOHOKpUCMANA Can@ipa 3HAYHO 3anexcums i Kpicmanoepagiunoi opicumayii. Bionocni eeaudunu
SHIMAHHA Mamepiany npu 3paskax 3 pisnumu Kpucmanozpagiunumu opicumayiamu (1010) sHaxooamoca
6 medarcax Qooor / Qroro = 0.25 ... 0.5, i Q012 / Qaoro = 0.75 ... 1. [lpu inwux pienux ymosax npoyecy HITILI
suwa skicmy waighoeanoi nogepxni docaeacmvcs 0as Kpucmanozpagiunoi opicnmayii (1010). Pisnuys
3 080Ma THUUMU OPIEHMAYIAMU KPUCANIOZPAPUYECKOU NAOWUHE 3HAX0OUMbCs 6 medxcax 1...1.5 knacy
wopcmxocmi.  Bueuennam mopgponocii  06pobnenoi nogepxni  dogedena ModicIUGicmy  pizanms
Mamepiany cangipa niacmuuHum 0epopMyBaHHAM Wapy, Wo 3HIMAEMbcs 6e3 Ymeopents mpiujun npu
HU3bKIU weuokocmi pisaunua. Ilpu makux ymoeax mexaniunoi o6pobru Oyna eusséieHa HaumeHuid
2IUOUHA  NOWIKOOIICEHO20 NOONOBEPXHOCHHO20 wapy. 3anponoHoeaHo HO6I KiHeMamuuHi cxemu
00poOKU HENOBHUX CcOepuuHUX NOGEPXOHL 3abe3neyyiomv Oilbll GUCOKY 2eOMEMpPUYHY MOYHICHb
demanell 3 pI3HUX Mamepianie, 30Kpema CQepuyHUX 2071060K eHOONpomesa KyIbuloso2o cy2noba
THOOUHU.

Kuarouosi citoBa: monoxpucmaniynuii canghip; anizomponisi; noOpioHents; eH0onpome3sy8anHs; mouHe
winihyeanus; popmysanis; cghepuiHa nOGepxHs.
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