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Abstract: The article is devoted to the study of diamond ironing as a modern and highly
effective method of surface plastic deformation, used to improve the quality and operational
properties of machine building parts. The main physical mechanisms of the process are considered:
strengthening of surface layers, the formation of residual compression stresses, a decrease in
roughness parameters and an increase in wear resistance. Particular attention is paid to the processing
of parts with wear-resistant coatings, such as titanium nitride (TiN), which is especially important for
tool and machine-building production. The paper presents analytical relationships that allow to
determine the optimal process modes, including the compression force and the depth of the
strengthened layer. Thermal stress analysis was carried out, the influence of temperature factors on
the stability of diamond tools and the preservation of coating properties was shown. Critical
temperatures have been established, exceeding which leads to a decrease in processing efficiency.
Thus, diamond ironing is a universal and technologically accessible method of hardening and
finishing, however, the effectiveness of its application is determined by the optimization of processing
modes, taking into account the thermal limitations and design features of the system. The obtained
results can be used in the development of technological processes to increase the reliability and
durability of mechanical engineering parts and tool production.

Keywords: diamond ironing, surface plastic deformation, roughness, hardening, residual
stresses.

Introduction

Modern mechanical engineering and tool manufacturing impose increasing demands on the
quality of the surfaces of parts, on which their performance characteristics depend, such as wear
resistance, fatigue strength, corrosion resistance and reliability under intense loads. One of the most
effective ways to improve the quality of the surface layer is the use of surface plastic deformation
methods. These methods provide the formation of a strengthened layer with favorable residual
stresses, a decrease in roughness and an increase in hardness, which together contributes to an
increase in the durability of products [1-3].

Among the methods of surface plastic deformation, diamond ironing occupies a special place,
which is characterized by ease of implementation, the ability to use standard metal-cutting equipment
and high efficiency in the processing of parts made of steels and alloys, including coatings such as
titanium nitride (TiN). In the process of ironing, not only smoothing of microroughnesses occurs, but
also strengthening of the surface layer due to plastic deformations.

Despite the widespread use of diamond ironing, there are still questions related to the choice
of optimal processing modes that provide minimal roughness and maximum strengthening effects at
an acceptable level of thermal stress. Especially relevant is the study of the influence of the
compression force, the geometry of the smoother, the rigidity of the surface plastic deformation
system, as well as thermophysical processes in the contact zone of the tool and part.

The purpose of this study is to analyze the processes of diamond ironing when processing
steels with wear-resistant coatings, to determine the effect of processing parameters on the formation
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of residual stresses, the depth and hardness of the strengthened layer, as well as to study the thermal
stress of the process.

Materials and methods

One of the simplest and most effective ways to improve the quality of surfaces of tools and
parts is processing by surface plastic deformation methods, among which diamond ironing plays an
important role [3, 4].

Diamond ironing consists in treatment of pre-polished and polished surface with rounded
diamond cutters (radius 2-3 mm). The surface layer is compacted to a depth of 0.3-0.5 mm.

Diamond ironing machine and ironing schemes are shown in Figure 1.
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Figure 1 - Diamond ironing machine and ironing schemes

As a tool for ironing, tips from natural or synthetic diamond with a working surface in the
form of a sphere, cylinder or cone are used. Smoothing by kinematics (Figure 1 a, b) in most cases is
similar to turning. The process proceeds under sliding friction conditions. With a certain force of
pressing diamond to the treated surface, plastic deformations develop in the contact zone. In this case,
intensive smoothing of the initial roughness occurs, the hardness of the surface layer increases, and
favorable residual compression stresses are formed in it.

Surfaces of steel parts, cemented and nitrided, having hard coatings, as well as parts made of
bronze and other alloys, can be easily smoothed. This process is carried out on lathes or boring
machines and does not require special equipment.

A diamond smoothing tool with a spherical working surface is made with sphere radii from
0.5 to 4.0 mm through 0.5 mm from natural crystalline diamonds, as well as synthetic diamonds,
which are polycrystals up to 5.0...6.0 mm in size. Diamond ironing can be performed by tool with
rigid and elastic contact of deforming element with processed surface.

The surface of the part is treated by introducing a diamond smoother at a certain depth,
depending on a number of factors. High sensitivity to the value of tension at rigid rounding of the
smoother leads to certain limitations of the rigidity of the system of surface plastic deformation and
the value of the run-out of the treated surface. Tools with rigid fastening should be worked on
machines with increased rigidity with a minimum spindle runout (not more than 0.015 mm). It is
recommended to use ironing with this tool for processing high-precision parts and perform it in one
installation with preliminary treatment for ironing [4].

When processing with elastic contact of the deforming element of the surface, the necessary
deformation force is set by means of a spring. In this case, the deformation force is kept almost
constant during the treatment, since in the presence of even a relatively large beat of the treated
surface, changes in radial forces will be insignificant.

Research results

As a result of diamond smoothing of tool steel with TiN coating, residual stresses arise in the
surface layer. As is known, the sign and magnitude of residual stresses have a significant effect on

the performance of the articles. This also applies to, depending on the physical and mechanical
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properties of the processed material and processing modes, the depth of the strengthened layer during
surface plastic deformation by smoothing with diamond tools. can vary within a wide range - from
0.2 to 25 mm, and the hardness of the surface layer can be increased by 40-50% compared to the
initial one [5].

The optimal value of the smoothing force Fiy can be determined by the formula:

. 2
FN:C.3.%.<M) (1)

Dg+Rgf

where: Fy — smoothing force, Fv= 182 H
¢ — factor considering processing conditions, ¢ = 0,008
D, — part diameter.

Figure 2 - Diagram of deformation of the surface layer during diamond ironing (in the feed
direction)
1 - microroughness of the initial surface; 2 - influx;
3 - ironing machine; 4 - surface after ironing.

At the value of longitudinal feed s = 0.08 mm/vol [6], the obtained R, roughness is calculated
by the following formula:

2
Rzo = Ry — [Ref? =~ (2)

where: Rzp = 2.35 MkM

The roughness parameters also depend on the number of working strokes z of the smoother.
As z increases to 2... 3, the roughness parameter decreases to a lesser extent. At z > 4, overblown of
the surface layer is possible.

The depth of the riveted layer according to the relationship [7] is determined by the formula:
Z=1-2 A3)

where: d — part diameter;

o, — strength after hardening;
gy — core strength;

6 — depth of the riveted layer;
o, =750 MPa, o3, =877 MPa.
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The increase in surface strength is 17% higher than the initial strength [8] for 12Kh2N4A
steel.
Therefore, the thickness of the hardened layer:

Op 2

The use of surface plastic deformation processes, especially with diamond tools, shows that
the main technological characteristics of the quality, as well as the wear resistance of tools, depend
on the thermal stress in the deformation site and contact temperatures. The thermal factor is the main
reason for the decrease in the strength and wear resistance of the diamond-ironing tool and the wear-
resistant coating, since diamond loses its properties as a tool material already at a temperature of 700-
800 °C, and a thin film coating of titanium nitride at a temperature of 550-600 °C. Therefore, the
thermal intensity of the process, with which the formation of the physic mechanical properties of the
hardened surface is directly related, determines the processing efficiency.

In the analytical study, the thermophysical problem was solved by methods of heat sources.
For this, the temperature field in the workpiece and the temperature field in the tool were determined.
Temperatures at common points of contact of the product with the tool were compared.

As a result of analytical research, relations were obtained in the form of equality of contact
temperatures at the same point, but calculated separately from the side of the product and the tool.
Another equation was defined in the form of a balance between the total amount of heat released in
the deformation site and the amount of heat consumed to heat the part and the tool.

To calculate the temperature in the center of contact of the diamond-ironing tool with the
product, the formula is obtained:

)

where g; — point source power, J/s;
l; — thermal conductivity coefficient of diamond-ironing tool material, W/m °C;
kr— factor characterizing processing conditions;

kr = \kiky (6)

where: ki, k» — coefficients characterizing the intensity of heat release.
Temperature regime in the machined part for the central part of the contact in the event of an
unsteady process:

v2(e-t;)”
0y = — 0 [ g, 7
o~ 4cp(7tw)3/2 0 7°/2 b (7

where: go — maximum heat release intensity, W/m?;

w — thermal diffusivity, m%/s;

t, ti— processing time, s;

cp — specific heat per unit volume, J/m*°C;

V' — velocity of fast-moving point source, m/s.

Since the heat source is normally spherical for the product, its total thermal power can be
represented as:
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For a tool, the source is normal-circular and its thermal power is defined as:

mR?

Q1 =¢qi—— ©)

kg
Total process thermal power:
Q="pPV. (10)

Obtained, ratio for determination of tangential component of radial force:

stkR? [ (2
Py = o <(E_1)82+1> 11

where: 74 — shear strength of the material;

k = u,/u — ratio of friction coefficients of coating and base;

& = Ry/R — the hardness factor of the treated material is in the range of € = 0,45...0,55.

It is known that the radius of the imprint during the force interaction of two spherical bodies
is determined by the formula:

g —g2
R = 3\/3Pru(1 o7 +1 02) (12)

where: P — radial force during machining, H;

r, — Indenter radius, m;

E1, E> —modulus of elasticity of tool material and workpiece material, respectively;
o1, o2 — Poisson ratios of tool and part materials, respectively.

The system of equations in the balance problem is represented by relations:

TTR? /2 R3
PV = QiE‘F q0—2k3/2 ;
R 13
- (13)
A Alkg 97

Hence, the temperature regime in the processed part for the central part of the contact in an
unsteady process is determined by the formula:

Vv2(t-t;)?
T I
N 2><4cp(7tw)3/2 0 7°/2 L

0o

Total processing time is determined by the formula:
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RZ
T=t—t;+_— (14)

As a result of the system solution (13), it was obtained:

_ PyV i\ kRA .
qi = " ; (15)
1/ n/ZRA/Ii
2m /2R 14—
2k 2
2PVVk3/2 PyVkg;A
— R i
go = 255 — i (16)
T 2R L . R 240y
TR=| 1+ 1
2k ?

Total work on surface plastic deformation:

200 . N2
1 xexp - (:w;"”) ]
A= 4cp(7w))3/2 fo /2 dt; (17)

The calculation results were performed using the numerical Chebyshev method in the Turbo
Basic programming language. Analysis of the obtained dependencies shows that with the parameters
of surface plastic deformation treatment used in practice, the processing speed and the concentration
coefficient of the heat source have a decisive effect on contact temperatures: with an increase in the
speed or concentration coefficient, the temperature increases sharply. This allows us to conclude that
the thermal intensity of the process of diamond ironing of parts with TiN coatings is considered as
one of the technological limitations when calculating the optimal modes of diamond ironing.

Discussion

The results obtained confirm the high efficiency of diamond ironing when processing parts
from tool steels with hard coatings. It was revealed that the process parameters significantly depend
on the rigidity of the surface plastic deformation system: when using a tool with rigid fastening, higher
accuracy and minimal roughness are ensured, but the sensitivity to spindle beating increases. In turn,
the elastic contact of the deforming element makes it possible to compensate for force fluctuations
and ensure processing stability, which is consistent with the data of other studies [8-10].

The calculated values of the depth of the strengthened layer and the increase in hardness are
consistent with the known patterns of surface plastic deformation. At the same time, it was noted that
the thermal stress of the process plays a key role in maintaining the operational properties of the tool
and coating. When critical temperatures are exceeded, the wear resistance of the diamond tip and TiN
coating decreases, which requires optimization of processing modes.

Thus, diamond ironing can be considered as an effective method of improving the quality and
durability of parts, however, its use should be accompanied by taking into account the rigidity of the
system and thermal limitations, which determines the direction of further research.

Conclusion

Diamond ironing provides reduction of roughness, hardening and formation of residual
compression stresses in surface layer of parts. It is shown that the rigid fastening of the tool requires
high system rigidity and minimal spindle runout, while the elastic contact allows you to stabilize the
force and increase the versatility of the process. It was found that the depth of the strengthened layer
reaches 2.5 mm, and the hardness increases to 50% compared to the original. Analysis of thermal
processes confirmed the need to limit the contact temperature in order to avoid reducing the wear
resistance of the tool and coating.
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KABBIHbBI BAP BOJIIIEKTEPJAIH BETKI IIVIACTUKAJIBIK
JAE®OPMANUACHI KE3IHJIAE AJIMAC TETICTEY ITPOUHECTEPIH 3EPTTEY

'A.3. Bykaesa, 20.I'. KukBujase
"Ecenos ynusepcureri, Akray, Kasaxcran
2Axaxus Llepereny aTeIHAaFsl MEMJIEKETTIK yHUBepcHuTeTi, I pysus, Kyraucu.
e-mail.ru: amina.bukaeva@yu.edu.kz, kikvidze6(@mail.ru

Anaarna: Makana MamuHa Kkacay OeJImeKTEepiHIH camackl MEH maijalaHy
KacHeTTepiH apTThIpy YIIiH KOJJAHBUIATHIH OETTIK IUIACTUKAJBIK JAedopMalusiayablH
Ka3ipri 3aMaHfbl KOHE THIMAUIITT JKOFaphl 9MicCi peTiHAe anMmac TericTeyll 3eprreyre
apHanrad. [IporecTiH Heri3ri QU3MKaIBIK TETIKTEPl KapacTHIPBUIAbL: Kep YCTi KabaTTapblH
HBIFAHTY, KBICBIMHBIH KJJBIK KEPHEYIH KaJBITACTBIPY, KeIip-OYIbIpJIBIK MapamMeTpiepin
TOMEHJETY KoHE TO3yFa Te3IMANiKTI apTTeipy. Tutan HuTpuai (TiN) cuAKTH TO30aWTBIH
XKaOBIHBI O0ap OeJIIeKTepal OHACYTEe epeKIne Ha3ap ayaapbliaaabl, OyJ ocipece acanThIK KOHE
MalllMHa jkacay eHaipici YiIiH e3ekTi. 2KyMbicTa MpouecTiH OHTANHIIbl peKUMIEPiH aHBIKTayFa
MYMKIH/I1K O€peTiH aHAIUTUKAIBIK TOYEIAIKTEP KeNTIPIATeH, OHBIH 11I1H/1€ HBIFbI3/1ay KYUIl
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MEH HBIFAUTBUIFaH KabaTTelH TepeHairi. JKbpu1y KepHeyiHe Taijgay O Kypri3ijimui,
TeMmeparypaiblK (akTopiapIblH aiMmac KypajblHbIH O€piKTiriHe jXoHe >KaOBIHAApABIH
KacCHeTTEepIiH cakKTayFa ocepl KepceTunai. TemmeparypaHblH KPUTHKAIBIK MOHJEPI
OeNTUICHTeH, OJIAapABIH apTybl OHJAEY THUIMIUIITIHIH TeMeHIeyiHe okenexni. Ocpuraimia,
aJIMacThl YTIKTEY HBIFAUTYIBIH JKOHE MOpere jKeTKi3yliH omOeOam jKoHE TEeXHOJOTHSIIBIK
KOJDKETIMI1 of1ici 60JIbIN TaObIIaAbI, ajlaiffa OHBI KOJAAHY THIMILIIT] KBLUTY MIEKTeyJIepi MEH
KYUEHIH  KYpBUIBIMIBIK  EpeKIIETIKTepiH ecKepe  OTHIPBIN, OHIEY pPEeKUMICPIH
OHTAWJIAaHABIPYMEH alKbIHAANAAbl. AJBIHFAH HOTHIKEJIEp MalllMHa jKacay »OHE acHalTBIK
OHIIpIC OOJIMEKTEePIHIH CEHIMIIIITT MEH Y3aKTBIFBIH apTTHIPY YIIIH TEXHOJOTHSIIBIK
npouecTepAl 93ipiey Ke3iHae naijananbiiybl MyMKiH.

Tyiiin ce3mep: ayMa3zbl TericTey, O€TKI MIACTUKAIBIK Aehopmarusiay, Keaip-0yabIpIibIK,
HBIFAUTY, KAIJIBIK KEPHEY.
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AHHoTauusi. CraTbsg TIOCBALIEHA MCCIEJOBAHUIO alMa3HOIO  BBIMVIAXKHMBAHUSA  Kak
COBPEMEHHOTO M BBICOKOA((EKTHBHOTO METO/1a TOBEPXHOCTHOTO TIACTHYECKOTO 1e(OPMHUPOBAHUS,
OPUMEHSEMOro  JUIsl  IOBBIIIEHUS  KadyecTBa U AKCIUIyaTal[MOHHBIX CBOWCTB  jeTayieit
MaIIMHOCTPOCHHsL. PaccMOTpeHbl OCHOBHBIE (U3MYECKHE MEXaHHM3MBI IpoIecca: YIpOYHEHHE
MOBEPXHOCTHBIX CJIO0EB, (POPMUPOBAHHE OCTATOUHBIX HAINPSDKEHUM CHKATHsI, CHUKEHHUE IapaMeTpoB
LIEpPOXOBATOCTU U YBEIUYEHHE U3HOCOCTOWKOCTH. Oco00e BHUMaHuUE yaeleHo 00padoTke faeTanei
C U3HOCOCTOMKMMM MOKPBITUAMH, TAKUMU Kak HUTpHUJ TuTaHa (TiN), 4To 0COOEHHO aKTyaabHO AJIs
WHCTPYMEHTAJIFHOTO ¥ MAIIMHOCTPOUTENHHOTO  TPOM3BOACTBA. B paboTe  mpHUBEICHBI
aHAJIMTUYECKHE 3aBHCUMOCTH, IO3BOJISIONIME OIpPEIeUTh ONTHMAJIbHBIE PEXUMBI Ipolecca,
BKJIOYAsh yCWJIME TNOJpKaTUsl M TIIyOMHY ymnpouHEHHOro cinos. [lpoBenéH aHamu3 TEIUIOBOM
HanpsOKEHHOCTH, IIOKAa3aHO BIMSHUE TEMIIEPATypHBIX (PAKTOPOB Ha CTOMKOCTb ajIMa3HOIo
WHCTPYMEHTa ¥ COXpaHCHHE CBONCTB TIOKPBITUH. YCTAHOBICHBI KPUTHUYECKHE 3HAYCHUS
TeMIepaTypbl, IPEBBIIEHHE KOTOPHIX MPUBOJUT K CHIKEHUIO 3 dekTuBHOCTH 00paboTku. Takum
o0pa3om, arMa3HOE BBITJAKMBAHHUE SBISCTCS YHUBEPCATHHBIM M TEXHOJOTHUYECKH JOCTYITHBIM
METOAOM YIPOYHEHUS M (UHUIIHOW O0OpabOTKH, OJHAKO HPPEKTHUBHOCTh €ro NPUMEHEHUS
OTIPENIeNIICTCSl ONTUMH3AIHUEH pPEKUMOB 00pabOTKM C YYETOM TEIUIOBBIX OTpaHUYCHUH W
KOHCTPYKTHUBHBIX OCOO€HHOCTEH cucteMsbl. [loydeHHbIe pe3yabTaThl MOTYT OBITh HCIOJIb30BaHbI
npu pazpaboTKe TEXHOJOTHMUYECKUX IPOILECCOB ISl MOBBIIMICHUS HAIAEKHOCTH W JOJITOBEYHOCTH
neTaneid MallMHOCTPOCHUS U MHCTPYMEHTAIBHOTO MTPOU3BOICTBA.

KiioueBble  ci10Ba:  ajiMa3sHOE  BBIVIAXKHMBAHHME, [OBEPXHOCTHOE  ILUIACTHYECKOE
negopMupoBaHue, IEPOXOBATOCTh, YIPOUHEHHE, OCTATOUHBIE HAMPSHKEHUS.
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