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ABSTRACT

A mathematical module for predicting and analyzing the drawing force is
formed and verified. The process used in the current study is drawing.
Geometric parameters of the deformation zone and the “selective transfer
phenomenon” are also taken into consideration. The experimental
verification is conducted through two tests: In the first test, the experimental
blanks are cylindrical rods (steel 45, length 150 mm), and are preliminary
machined by turning, and the drawplate made of steel 9xc, are used. Regular
micro-relief (RMR) hardens the working surfaces of the drawplate. In the
second test, the same conditions are applied except for the samples, which
represent solid cylindrical billets made of steel 45 with a complicatedly
modified surface layer, including a brass film, regular microgeometry, and a
“servo-witte” copper film. As a result, in the first experiment, the discrepancies
are in the range of -29.1% up to +23%. In the second experiment, the
discrepancies are in the range of +1.38% up to +48.9%.

© 2021 Published by Faculty of Engineering

1. INTRODUCTION

scientific principle “Garkunov-Kragelsky effect,
friction without wear* [4-15].

Drawing is a highly efficient method for machining,
finishing, and hardening holes on workpieces with
various dimensions, structures and shapes [1-3].

Applied to solid cylindrical profiles, the current
methods of processing are systemically and
intensively improved through the use of self-
organizing tribotechnologies, which include
regularizing  microgeometry and  surface
modification of a drawing tool and workpiece, as
well as various methods of influence by metal-clad
lubricants that allow realizing the fundamental

This machining method allows to reduce the
drawing force by 25-75%, and to increase quality
and productivity up to two times. It also allows
forming a protective film ("servo-Witte") which
contributes to a significant reduction in the cost of
drawing tools [9-15].

When choosing technological equipment for the
implementation of the relevant drawing
operations, it is necessary to accurately predict the
processing forces [1, 2, 17-21]. At the same time, the
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most accurate theoretical model for predicting and
analyzing the drawing forces of solid cylindrical
billet is Vorontsov's expression [19], which
additionally has a wide physical visibility. In this
work, the mathematical module for predicting the
drawing force of continuous cylindrical workpieces
was developed and was verified. In this elaboration,
the parameters of the deformation zone and the
“selective transfer phenomenon” were taken into
account. For this reason two experimental studies
are applied to two different samples.

2. ANALYTICAL MODEL

Vorontsov relied on bronze, brass, and copper
[19] as basic elements in his experiments

dedicated to the verification of the theoretical
model of the drawing force expression. Another
particularity in his experiments is that he focused
on the impact which the conical part angle of the
deformation element has on the drawing force.
The optimal angle is in the interval 5-9°.
However, the model proposed by Vorontsov does
not take into account the actual geometry of the
deformation zone AR, the properties of metal-
clad lubricants, the phenomenon of "selective
transfer under friction" in the form of a "servo
film" hg,, [22, 23], nor the roughness parameters
Xp» Rew, and Hppa,- To eliminate these
imperfections and to enrich this study, the
experimental and theoretical results obtained
previously are used to formulate the
mathematical model (1) of the drawing force.

T _ _ —
qd = 025(D1 Zhsw)as [(2 + f 1-— cosa

sina ) (Db + 2AR, + ZhSW) 1 — cosa L, ]
D, — 2hy,, ’
Fq = mqq(D; = 2hgy,);

2
sina + f(Dl—Zhsw)

K, K, (xp + 1.5)

) T E(rp +1) €pHp max (1)
qa = ;
nKi K, (xp + 1.5) .| K3Rsy,

f:fa+fd: E(Xb+1) To
Where:
q) - Theoretical specific (linear) drawing force,
N/mm;

D, - Diameter of the working channel of the
deforming drawplate in a calibrating
ribbon, mm;

hg, - The thickness of the part of the modified
layer in the form of a protective film
(“servo-witte”), mm;

o5 - The average yield stress of the material
processed according to (in) the
deformation zone, MPa;

f - Sliding friction coefficient;

fo and f; - Respectively, the adhesive and the
deformation component of the coefficient of
sliding friction;

a - The angle of the working cone of the
deforming drawplate;

D, - Diameter of the workpiece before drawing,
taking into account the thickness of the
additional layer as a result of regularization
of the surface microgeometry and the
application of an anti-friction coating [11,
12, 15], mm;

K;R epH,
SZSW +B|+|028 ’71’1?"’”“" .
bt tbmax sw

ARj, - Parameter of the deformation zone in the
form of a sign and wave height of non-contact
deformation arising on the working cone of
the drawplate, mm; (fig. 3, fig. 4 and fig. 5);

L; - Width of the calibrating ribbon deforming
the drawplate, mm;

F - Theoretical total drawing force, N;

qY - Theoretical actual contact pressure on the
working cone of the deforming drawplate, MPa;

E - Modulus of elasticity, MPa;

Xp - Parameter of the law of the altitudinal
distribution of micro-speaks of the rough
surface of the workpiece before drawing;

K;, K, and K5 - Coefficients of the general solution
of the Hertz-Belyaev contact problem [23];

R,,, - The radius of curvature at the summit of a
single micro protrusion of the rough
surface of the working channel of the
deforming drawplate, pm;

€y, - Relative deformation of the maximum micro
protrusion of the rough surface of the
workpiece as a result of drawing;
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Hp max - The height of the maximum micro
protrusion of the rough surface of the
workpiece for drawing, pm;

7o - Strength adhesive connections atq, =
0 MPa, [23];

f - Piezocoefficient influence g} on strength
adhesive connections.

Hence, the derivation and determination of the
above parameters and coefficients are partially
considered in [5, 19, 23].

3. EXPERIMENTAL STUDY
3.1 First experimental study

For the first experimental base, for testing the
theoretical model of the drawing force (1), the
process of drawing solid cylindrical billets
made of steel 45 (174-187 HB) through a
deforming drawplate made of steel 9XC (58-61
HRC) is considered [10]. In this process, the
tool used is similar to that of the works [8, 9, 13,
14]; their working surface is strengthened by
the creation of a regular micro-relief in the
form of single-turn threaded channels with a
radius of 1.5 mm, a pitch of 0.5 mm, and an
initial depth in the calibration-strip section of
10pum. Tests were carried out on five specimens
that have the following diameters: D, =
20.091mm; Dy = 20.206 mm; Dy = 20.295 mm;
Dy = 20.389 mm; D, = 20.489 mm. The actual
absolute deformation is calculated by the
expression i; = Dy, — D;; where D; = 20 mm is
a diameter over the calibration bland (the
diameter tool). Therefore the first specimen is
deformed by the actual absolute
deformation i, = 0.091 mm, the second
by i, = 0.206 mm, the third by i, = 0.295 mm,
the fourth by i, = 0.389 mm, and the fifth
by i, = 0.489 mm. The length of the part that
undergoes drawing is 150 mm [10, 13].
Profilometers Maud 201 and Maud 296 are
used to obtain the profile-grams. The
longitudinal profile-grams of the workpieces
before drawing (after turning) are shown in
Figure 1, where: Ra,, - the surface roughness
parameter of the sample blanks before
drawing. The figure 1 is used to determine the
parameters y; and Hp max-

Workpiece 1, Ra = 1.719 um

Il L 1 1

0.8 1.6 2.4 32 [,mm
Workpiece 2, Ra = 2.446 um

Il l Il 1
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Fig. 1. Longitudinal profile-grams of rough surfaces of
blanks made of steel 45. Horizontal increase x20;
vertical increase x1000.

The longitudinal profile-gram of the calibration-
strip in the deforming drawplate [10] for
determining the radius Ry, is shown in Figure 2.
A diamond tool (radius 1.5 mm) is used to
produce regular micro-relief, in the form of
single-turn helical channels (groove depth: D, =
10 pm, groove pitch: P, = 0.5 mm). Here Ra, is
the surface roughness parameter of the working
channel of the drawplate according to the
calibrating strip (tool).

N AVAVA A e Vel

| cemm _i

Jpm

Fig. 2. Longitudinal profile-gram of the calibrating
band for deforming the drawplate with a regular
micro-relief: material 9XC, Ra, = 1.791 um. Horizontal
increase x20; vertical increase x1000
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The drawing speed is 1 m/min. The lubricant
employed is I-40 mineral oil with an admixture
of oil-soluble “Valen” metal-coating additive at
50 vol %, realizing the fundamental scientific
principle “Garkunov-Kragelsky effect, friction
without wear (selective transfer)” [4, 9, 10, 13,
14, 25]. Figure 3 presents the schematic view of
the experimental setup: a thin-walled cylinder
1 with a cavity 2 for lubricant. In the upper part
of cylinder 1, there is a machining drawplate 3,
whose working surfaces are hardened by a
regular micro-relief (fragment A). When blank
4 passes through drawplate 3 into cavity 2, the
lubricant pressure attains the required value
for flowing in the micro-relief channels on the
working surface of drawplate 3. In figure 3
fragment A shows the parameter of the
deformation zone (AR,) in the form of a sign
and wave height of non-contact deformation
arising on the working cone of the drawplate,
whereas fragment B shows the deformation
zone.

4 -
Wave of non-contact
deformation before

/e
Wave of non-contact
deformation after
drawing

Fig. 3. The experimental setup, a) The parameter AR,
b) The deformation zone, 1- The thin-walled cylinder,
2- Cavity with lubricant, 3- Drawplate, 4- Workpiece.

10 pm

]
___I_L__Il.zﬁlmm

iy = 0.483

_._I_l_,_ L25mm

iy =0.383

o
_*LJiJJSmm

i, = 0.295

Fig. 4. Longitudinal profile-gram of the deformation
zones at the working cone of the deforming drawplate:
Dy = 10 ym, P, = 0.5 mm; steel 45; lubricant "[-40"
+ 50% of metal-clad additives; horizontal increase x8;
vertical increase x1000.

In order to determine ARj (figure 3 fragment
A), the profile-gram presented in figure 4 is
considered. The analysis of figure 4 shows that
a deformation zone is formed on the working
cone of the drawplate in the form of a positive
wave of non-contact deformation (fragment B)
when i; < 0.389 mm and in the form of a
negative wave when i, > 0.389 mm. The results
obtained by determining the parameter AR}, are
presented in figure 5.

ARy, mm

+0,02

+0,01 f

-0,02 \0

- Q » Mm
4,03 ) a1 02 03 04 05

Fig. 5. The dependence of the magnitude and sign of
non-contact deformation on the actual absolute
deformation. D, = 10 ym, P, = 0.5 mm; steel 45;
lubricant "I-40" + 50% metal-plating additives
“Valen®“.

For exact calculations with the mathematical
model (1), the hardening of the material used is
tested according to GOST 25.503-97. The
resulting hardening curve for steel 45 is shown in
Figure 6. Where e; is the accumulated
deformation of the workpiece (the degree of
deformation) that is calculated by using
expression (2):

o = 21n (22 20R0) o

D,

The accumulated deformation is a quantity
whose total derivative in time is equal to the
intensity of the deformation speed ¢; (3):

dei

T (3)

P =
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The resulting overall hardening curve for steel 45
is shown in Figure 6a. The considered values of
the accumulated deformation of the workpiece e;
[19] in the experimental study are in the
range e; = 0,011 — 0,044; therefore, to obtain
the equation of the hardening curve, the results
are approximated in the range e; = 0,00675 —
0,045. The partial hardening curve approximated
in this interval ( ¢; = 0,00675 — 0,045) is
shown in Figure 6 b, and the expression for this
hardening curve is:

os = 241.061 + 5872 ¢; (4)
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Fig. 6. Hardening curve of steel 45: a) total; b) partial

The initial information and the calculation results
by the mathematical model, as well as the
comparison of theoretical g5 and experimental
qg specific drawing forces, are given in Table 1.
The experimental drawing (broaching) specific
force is determined from the expression (N /
mm):

q¢ = 49.363 + 364.31i, (5)

After the approximation of the results, the
analytical dependence of the theoretical drawing
(broaching) specific force is determined from the
expression (N/mm):

ql = 76.279 + 236.34i, (6)

Figure 7 represents a graphical interpretation of
the comparison of both theoretical and
experimental dependence of the drawing.

T
as (e)

200 il —

150

100

a0

0 01 02 03 04 05 I

Fig. 7. Dependence of the specific drawing force on the
absolute actual deformation: 1) experimental; 2)
theoretical.

To estimate the theoretical contact pressure g}
on the working cone of the deforming element,
the following dependencies are used:

The contact width L, of the working cone of the
tool with the workpiece "hole"

_ 0.5i, + AR,
B sina

(7)

a

The diameter D, of the working cone of the tool
in the middle of the contact width between the
tool and the workpiece "hole".

According to the data in Table 1, the theoretical

actual contact pressure g} has a maximum value
when i, = 0.389.

This regularity is explained as follows: as the
degree of deformation increases, the actual
contact width grows faster than the theoretical
total drawing force F and vice versa.
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Table 1. Baseline data for the calculation and comparison of the specific drawing force

Workpiece
Parameter
1 2 3 4 5
iz, mm 0.091 0.206 0.295 0.389 0.489
Dy, mm 20.091 20.206 20.295 20.389 20.489
ARy, mm +0.014 +0.009 +0.007 -0.016 -0.020
Xb 1.367 0.345 1.132 1.340 1.441
hg,, pm 1.5 1.5 1.5 1.5 1.5
e; 0.01186 0.02227 0.03066 0.03538 0.0444
a5, MPa 275.89 306.46 331.089 34493 3714
Dy, mm 20 20 20 20 20
a, grad 5 5 5 5 5
L;, mm 5 5 5 5 5
Hp max, Wm 11.5 13 9.0 15.5 21.0
&p 0.896 0.920 0.917 0.940 0.953
R, pm 8727 8727 8727 8727 8727
K 3.778 3.778 3.778 3.778 3.778
K, 0.408 0.408 0.408 0.408 0.408
K; 1.220 1.220 1.220 1.220 1.220
79, MPa 9.873 9.873 9.873 9.873 9.873
B 0 0 0 0 0
f 0.016 0.017 0.016 0.016 0.017
q5, N/mm 85.8 95.96 178.37 217.89 204.34
qg, N/mm 93.65 123.9 148.93 167.7 198.82
Aqq, % -9.14 -29.1 +16.5 +23 +2.7
qr, MPa 1595 1517.7 1400.8 1893.3 2235

3.2. Second experimental study

The second experimental basis, intended for
the verification of the reliability of the
theoretical model of the drawing force (1),
adopts a basic approach similar to the one
implemented in the first experimental basis.
However, the second experience slightly differs
from the first one in terms of the samples used
which represent solid cylindrical billets made
of steel 45 (186 HB) with a complicatedly
modified surface layer; including a brass layer,
a regular microgeometry (Fig. 8) and a “servo-
witte” copper layer [12]. These modifications
resulted in a wave absence in the deformation
zone (Fig. 9) [11, 15]. Tests were carried out on
five specimens that have the following
diameters: Dp=20.133 mm, Dy = 20.246 mm, D,
= 20.335 mm, Dy = 20.453 mm and D, = 20.560
mm. The actual absolute deformation is
calculated by the expression i, = Dy - D;; where
D;= 20 mm is the diameter over the calibration

bland (tool diameter figure 3). Therefore, the
first specimen is deformed by the actual
absolute deformation i, = 0.133 mm, the second
by i, = 0.246 mm, the third by i,=0.335 mm, the
fourth by i;= 0.453 mm, and the fifth by i,= 0.56
mm. The length of the drawn workpiece is 150
mm [10, 13].

The initial data for the calculation and
comparison of the theoretical specific drawing
force are given in Table 2.

In this case, taking into account the preliminary
plastic deformation and the regularization of the
microgeometry of the surface of the samples (the
depth of the grooves of 20 um) [11, 12, 15] (Fig.
8, 9) the hardening curve takes the following
expression (MPa):

0 = 264 + 5872¢; (9)
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Fig. 8. Longitudinal profilogram of the surface of a cylindrical billet of steel 45.

A, pm
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—10 0.8 L6
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Fig. 9. The longitudinal profilogram of the deformation zone arising from the working cone of the deforming draw plate.

Therefore, the coefficient of sliding friction is
determined by the expression [5]:

F=fitfi= (Hf—l‘;b+ /z) + <o.zs /S”Zﬂ> (10)

Where HB;, — surface hardness, MPa;

Ry, - The radius of curvature at the summit of a
single micro protrusion of the rough surface of
the working channel in the deforming drawplate,
pm;

The reduced radius of curvature at the summit
of single micro-protrusions of the rough
surface Ry, is obtained by the expression (11)
given in [26].

4

Rw=T T 1 1 (1)
Ry Ry, "R, Ry

X

Where be,Rby,Rtx, Rty - respectively represent,
the longitudinal (x) and transverse (y) radius at
the summit of single micro-protrusions of the
rough surfaces of workpiece (b) as well as the
working channel of the deforming drawplate (t)
in um, [23].

After approximation of the experimental and the
theoretical specific force values, the analytical
dependencies are obtained as follows: (N/mm):

qg = 214.826 + 290.843 i, (12)

ql = 67.11 + 533.65 i, (13)

The analysis of expressions (12) and (13) show
that they converge at i, = 0,608 mm. Figure 10
represents a graphical interpretation of the
comparison of both the theoretical (12) and the
experimental (13) dependences of the specific
drawing (broaching) force.

T
qd(e)

350
300
250

200
150

100
50

0 01 02 03 04 05 06'@

Fig. 10. Dependence of the specific drawing force on
the absolute actual absolute deformation: 1)
Experimental; 2) Theoretical.

To conclude, we notice that in the deformation
zone, the wave in non-contact deformations is
missing . This leads automatically to the absence
of the actual contact width of the working cone of
the deformed element with the workpieces. Thus,
the contact pressure is practically missing on the
working cone.
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Table 2. Baseline data for the calculation and comparison of the theoretical specific drawing force of solid

cylindrical billets with a complexly modified surface layer

Workpieces
Parameters
1 2 3 4 5
iy, Mm 0.133 0.246 0.335 0.453 0.56
Dy, mm 20.133 20.246 20.335 20.453 20.560
Hy mazx, hM 28.37 28.833 28.833 28.832 28.82
& 0.5169 0.963 0.959 0.9518 0.95
e; 0.01325 0.0244 0.0332 0.04479 0.0552
a5, MPa 291.64 324.5 350.2 384.09 414.66
ARy, mm 0 0 0 0 0
B 0 0 0 0 0
Ty, MPa 42.965 42.965 42.965 42.965 42.965
HB,, MPa 1860 1860 1860 1860 1860
Ry, pm 3125 3125 3125 3125 3125
Rty' pm 10000 10000 10000 10000 10000
Rpy, um 273 273 273 273 273
Rby, pm 10065 10123 10167 10226 10280
R.s, um 1007 1007 1007 1007 1007
fa 0.023 0.023 0.023 0.023 0.023
fa 0.03378 0.04649 0.04639 0.04622 0.0461
F 0.05678 0.06949 0.06939 0.0692 0.0691
Dy, mm 20 20 20 20 20
a, grad 5 5 5 5 5
L;, mm 5 5 5 5 5
qs, N/mm 139.156 200.44 243.24 305.38 369
q5, N/mm 272.29 243.63 320.06 366.24 374.2
Aqq, %o +48.9 +17.7 +24 +16.6 +1.38

4. DISCUSSION

The literature review reveals that the modules of
predicting the drawing force have shown relative

e_ T
errors in percentage (Aqg = (%q_jd) 100%)
d

which are largely different regarding the
theoretical and the practical results. In general,
previous studies have shown that the relative
error in percentage between theoretical and
experimental data ranges from 20 to 200%. The
smallest relative percentage errors referred to as
Aq, are given through the solutions proposed by
A. A. Dinnik (error 5-20%), M.M. Bernstein (7-
30%), and A.L. Vorontsov (2-12%). The modules
we have proposed give the following results: for
steel 45 samples without surface modification,
the relative percentage errors range from -29.1 to
+ 23%, and for steel 45 samples with surface

modification, the relative percentage errors
range from +1.38 to + 48.9%.

For in-depth analysis, we will compare the results
obtained in the first and second case with the
results of Vorontsov (table 3). In order for the
comparison to be accurate, we will stick to the
case where Vorontsov used the brass samples
and the tool with an angle “a =5 grad” and
“width of the calibrating ribbon of tool [ = 0”.

For the modules proposed in the first case, the
relative percentage error ranges from -16.45 to
12.441 if i, is between 0.1 and 0.4. The relative
percentage of error is acceptable for the practice
of engineering. In the second case, if i, is
between 0.45 and 0.9, the relative percentage of
error ranges from -14.85 to 11,123. Also, this is
acceptable in engineering practice.
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The main advantage of the current proposed
modules is the ability to calculate the values of g
and q§ regardless of the value of i, ; the thing
which was impossible to achieve with the
previous proposed modules.

The performance of the predictive models was
measured using root mean -square error (RMSE)

ZT(qg - CIcel)z (14)
n

RMSE =

The modules proposed in the first case give
that the RMSE = 6.6205 when i, ranges
from 0.15 to 0.3 and the RMSE = 29.183
when i, ranges from 0.091 to 0.489, and
RMSE = 0 when i, = 0.210 . In the second
case, the modules proposed give that the
RMSE = 17.2888 when i, ranges from 0.5 to
0.8 and the RMSE = 76.4491 when i, ranges
from 0.133 to 0.56, and RMSE = 0 when i, =
0.608.

Table 3. The results obtained by the method of Vorontsov and by the proposed modules.

Proposed Modules
Vorontsov’s Module -
first case Second case
ig Aqq% lq Aqq% lq Aqq%
0.5 0.8 0.15 -7.42 0.55 3.78
0.8 1.3 0.2 -1.08 0.6 0.52
1.7 3.7 0.215 0.46 0.7 -5.31
1.5 5 0.25 3.61 0.8 -10.39

The analysis of the results (Table 1) shows that in
the range i, = 0,091 — 0,489 mm, the relative
percentage error of the theoretical values of the
drawing force ranges from - 29.1 to + 23% ;
whereas, the experimental dependence (5) and the
theoretical dependence (6) converge when i, =
0,21 mm (Fig. 7). The possible reasons for the
occurrence of large errors between the prediction
and experiment are the longitudinal vibration of the
fixture and the widespread roughness parameters
of the surface of the workpieces before drawing
(Fig. 1, table 1); which eventually affects the
mechanisms involved significantly in a tribological
contact in accordance with the applied formulas of
the coefficient of sliding friction f = f;, + f; in
expression (1) and the actual contact pressure q_.

This actual contact pressure exceeds the
average yield stress of the processed material
(chl >» 0y) significantly over the deformation
zone. This indicates a similar ratio of the actual
and nominal contact area between the
workpiece (rough surfaces) and the working
channel of the deforming drawplate (Fig. 1, 2)
[4, 5]. The Contact pressure exceeds the
average yield stress that leads to the
stimulation of the stresses in the workpiece,
resulting in deep micro-cracks that, in their
turn, pass into the finished product's surface
layer and reduce its performance.

The use of metal lubricants, tools and workpieces
with a regular micro-relief has been proven to be
very efficient. This has allowed a significant
reduction in friction and deformation energy costs
as well as a contribution to a complete elimination
of the adhesion of the processed material.

While using the samples with an irregular micro-
relief (Fig. 1), a positive wave of non-contact
deformation arises in the drawplate's working
cone, which increases the contact area between
the tool surface and the workpiece surface, and
then making it difficult for the lubricant to get
into the deformation zone. As a consequence, the
realization of the hydrodynamic lubrication
regime is disrupted, leading to an increase in the
processing force.

The wave of non-contact deformation causes the
tensile stresses and the formation of cracks
passing onto the surface layer. This leads to low
product life, poor metallurgical properties, and
overall poor product quality.

When using the samples with a regular micro-
relief (Fig. 8), the material, being thrust by the
drawplate, fills in each groove of the regular
micro-relief, causing a complete absence of the
non-contact deformation negative /positive wave
on the active cone of the tool (working cone of
draw plate) (fig. 9) [11, 15].
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The effect of "the regular micro-relief grooves" on
the specimen surface may be explained by the
violation of the deformable layer continuity.

For future studies, the proposed modules can be
applied to the tools with the optimal geometric
parameters determined by Vorontsov. The optimal
geometric parameters are the angles a, (=6, a =
8, a =12, a = 20, a = 21.5 ) and the width of the
calibrating ribbon L; (L;=0,L;=1,L; =2, L, =7).

5. CONCLUSION

Based on the review of literature and the
experiments that have been carried out, some
conclusions are deduced:

- A mathematical module to predict the drawing
forces of continuous cylindrical parts is
formed and verified. The modification is made
to take into account the geometrical
parameters of the deformation zone and the
"selective transfer phenomenon". For the
verification, two identical experiments are
conducted. The first experiment, the samples
are machined by turning. The second
experiment, the specimens are distinguished
by the superficial layer, which is modified, by
a brass-coated layer, a regular microgeometry
and a copper layer. As a result, in the first
experiment, the differences between
theoretical and experimental force values are
in the range of -29.1% to + 23% whereas in the
second experiment, the differences are in the
range of + 1.38% to + 48.9%.

- According to the experimental and analytical
results, the maximum force (
gl =369N/mm and q§=374.2N/mm
with Agq; = +1.38% ) is obtained when there
is no wave of non-contact in the deformation
zone and at i, = 0.56 mm.

- The regular micro-relief has a positive effect
on the utilization of both the final part and the
machining of the blank one.

- The regular micro-relief also increases the
precision of the part in terms of noncircular
deformation and distortion of the longitudinal
cross-section.

Furthermore, the results will expand the
database for systematic parametric synthesis of
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new hybrid machining methods. Overall, this
research confirms that various combined
machining methods may be fundamentally
improved by employing Garkunov-Kragelsky
wear - free conditions.
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