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ÓÄÊ 539.4

Âèçíà÷åííÿ ãëèáèíè äåôîðìîâàíîãî øàðó ïðè îáêî÷óâàíí³ ðîëèêîì

Ì. Êîâàë³ê
à
, Ò. Ìàçóð

à
, Ò. Òðæåï³÷³íñüê³

á

à Òåõíîëîãî-ãóìàí³òàðíèé óí³âåðñèòåò ³ì. Êàçèìèðà Ïóëàâñüêîãî â Ðàäîì³, ²íñòèòóò ìàøèíî-
áóäóâàííÿ, Ðàäîì, Ïîëüùà

á Òåõíîëîã³÷íèé óí³âåðñèòåò Æåøóâà, Ôàêóëüòåò ìàøèíîáóäóâàííÿ òà àåðîíàâòèêè, Æåøóâ,
Ïîëüùà

Íàâåäåíî ìåòîäèêè âèçíà÷åííÿ ãëèáèíè ïëàñòè÷íî äåôîðìîâàíîãî âåðõíüîãî øàðó ìàòåð³àëó

ïðè îáêî÷óâàíí³ ðîëèêîì. Àíàë³òè÷íèé ìåòîä ðîçðîáëåíî íà îñíîâ³ òåîð³¿ Ãåðöà–Áåëÿºâà.

Ãëèáèíó òàêîãî øàðó îòðèìàíî ÿê ôóíêö³þ çóñèëëÿ îáêî÷óâàííÿ, ì³öíîñò³ ìàòåð³àëó ³

ãåîìåòð³¿ ðîëèêà. Àíàë³òè÷íèé ðîçâ’ÿçîê ïåðåâ³ðåíî îðèã³íàëüíèì ìåòîäîì, ùî áàçóºòüñÿ íà

âèì³ðþâàíí³ ëèöüîâîãî ïðîô³ëþ ê³ëåöü. Ðîçðîáëåíî ìàòåìàòè÷íó ìîäåëü òåîðåòè÷íîãî

ðîçâ’ÿçêó ³ ïëàí åêñïåðèìåíò³â. ×èñåëüíå ìîäåëþâàííÿ ãëèáèíè ïëàñòè÷íî äåôîðìîâàíîãî

øàðó âèêîíàíî ìåòîäîì ñê³í÷åííèõ åëåìåíò³â. Ðåçóëüòàòè, îòðèìàí³ àíàë³òè÷íèì ³ åêñïå-

ðèìåíòàëüíèì ìåòîäàìè, ïîêàçóþòü ¿õ õîðîøó â³äïîâ³äí³ñòü.

Êëþ÷îâ³ ñëîâà: ãëèáèíà äåôîðìîâàíîãî øàðó, ïëàñòè÷íà äåôîðìàö³ÿ, ñê³í÷åííî-
åëåìåíòíèé ìåòîä, îáêî÷óâàííÿ ðîëèêîì.

Introduction. Many material forming technologies such as burnishing, thread rolling,
spline rolling, knurling, and drawing lead to both the deformation of the surface layer of the
material and changes in its properties. This phenomenon introduces compressive stresses
into the surface layer increasing its surface hardness, and both static and fatigue strength [1,
2]. Under the pressure of the rounded tool, deformation not only occurs in the plastic
forming processes, but also in turning, milling, grinding [3] or even laser surface treatment
[4]. The deformation of the surface layer occurs during deep drawing of the thin sheet
metal, where the complex stress state caused by the rounded tools leads to the change in
friction conditions and loss of stability of the sheet material undergoing plastic tension [5,
6]. The scale of plastic deformation in the above processes is smaller than in roller
burnishing, but it is always possible to observe a plastically deformable surface layer.
Plastic deformations of the metal surface can occur under relatively small forces, i.e. during
measurements or assembly [7–9]. Roller burnishing causes strain hardening of the material
and introduces compressive stresses into the surface layer that increase the hardness [10]
and strength of the surface layer of the material [11]. In order to obtain greater depths of the
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deformed surface layer, very high burnishing forces are required, which result in the pitting
phenomenon occurring during the burnishing process or exploitation [12, 13]. The fatigue
life of machine parts depends on the thickness of the plastically deformed surface layer �.
The depth of the deformation-reinforced surface layer � in the case of machine parts that
operate under fatigue conditions becomes the basic parameter determining the conditions of
burnishing [14, 15]. The aim of reinforcement burnishing is to achieve the maximum
possible depth of plastic deformation of the surface layer [16, 17] which will not cause
microcracks of the surface [18, 19].

Figure 1a shows a shaft with a diameter of d before burnishing (grey area). The
parameter which characterizes the shaft material is yield stress Re (grey area in Fig. 1).
The red line represents the stress caused by external loads. The shaft after roller burnishing
with the strain hardening caused by cold work at a depth of � in the surface layer exhibits
greater yield strength with a value of �Re (Fig. 1b.) If the depth of the deformation layer
is too small, the stress line (inclined solid line in Fig. 1) caused by the external load will be
outside the permissible stress line (grey area in Fig. 1c), and a crack will be formed under
the strain hardened layer.

The depth of the reinforced layer should be �opt to ensure complete utilization of the
fatigue strength increment. In the experimental investigations, it was found that to a certain
value of � d the fatigue strength increases with an increase of the depth of deformation
�. The permissible value of ratio � d � 0.05 has been determined by Malag et al. [20].

In this article the problem of determining the parameters of the roller burnishing
process is analyzed. The parameters analyzed are the yield stress Re of the ring material,
the burnishing force F, the diameter of the burnishing roller D, and the radius of the
burnishing roller r.

1. Analytical Determination of the Depth of the Plastically Deformed Surface

Layer. The values of surface pressures affect both elastic and plastic deformation in the
surface layer of the workpiece in the process of roller burnishing. Burnishing introduces
compressive stresses into the top layer of material in order to increase its strength. The
fatigue life of machine parts depends on the depth of the plastically deformed top layer �.

Fig. 1. Distribution of shaft strength (grey area): (a) before burnishing; (b) after burnishing; (c) load
case of shaft with cracks in the subsurface layer.

a

b

c
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The value of the depth of the deformation-induced layer � in the case of machine parts
operating at fatigue conditions becomes the basic determinant which influences the
technological parameters of the processing. The simplifying assumption was made that the
roller was not deformable, and the material adjacent to the roll exclusively underwent
elastic strain irrespective of the force value F.

A general solution of the contact problem based on the theory of elasticity was
developed by Hertz [21]. He explained the relationship of the pressure p on the contact
surface between two symmetrical bodies as a function of the compression force F. Stresses
on the contact surface often exceed the value of yield stress and even the strength of the
material.

The dotted curve � red represents the distribution of the elastic tensions where the
value � red eR� on the line marked k–k (Fig. 2). The tensions � red eR� , i.e., the plastic
deformation area, appear in the area over the line k–k, while below there is the area of
elastic strain [14]. In practice, two areas of different types of deformation are produced, but
the division between them is not as sharp as presented in Fig. 2. Hence, the coordinate
z � � that determines the line k–k, where � red eR� , divides the material into two zones:
the upper plastic deformed one and lower elastic deformed one.

The contact stress can be carried by material due to the fact that the stress state in the
surface layer is similar to triaxial compression [20]. The calculations performed by
Bielayev [22] indicate that the highest strain on the material is not located on the contact
surface of the body, but at a slight depth below the surface layer. This location is well
known as the Bielayev point. The principal stresses in the formula for the evaluation of the
Huber–Mises–Hencky [23] equivalent stresses have been determined on the basis of the
elastic stress components developed by Bielayev [22].

It could be assumed that the tensions in the upper area of plastic deformation do not
transform substantially the distribution of the tensions in the lower zone. Thus, to calculate
the coordinate z � � that is the point of division between the two zones, strain theory can
be applied to know the position of the line k–k. The analytical calculations were based on
the Hertz–Bielayev method that describes the contact of two deformed bodies. The solution
concerns the symmetric case where it is assumed that the contact surface is of ellipsoid
shape with equal semi-axes.

Fig. 2. The roller burnishing scheme used to calculate the thickness of the plastically deformed
surface layer along the axis of action of the thrust force (at x y� � 0).
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After a series of calculations and transformations [14], an analytical relationship
(Eq. (1)) was obtained for the calculation of the thickness of the plastically deformed layer
� in the case of the general (unsymmetrical) stress state. Equation (1) can be used in
calculations for typical roller burnishing using a roller with a torus profile:
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where F is the force applied, Re is the yield stress of the deformable body, � is
Poisson’s ratio, E is the Young modulus, e is the equivalent semi-axis of the impression
ellipse (Hertz semi-axis), e ab� , a and b are the smaller and larger semi-axis of the

impression ellipse, respectively, and w a b� �
2 2 1 is a dimensionless auxiliary factor.

The coefficient w depends solely on the geometry of the contacting surfaces (D, d, r)
according to the relation:
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The equivalent semi-axis of the ellipse of the Hertz impression should be calculated
according to the relation:
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where R is the equivalent curvature radius,
1 1 2 2

R r D d
� � � .

The graphical solution of Eq. (5) represents a group of curves in the dimensionless
coordinates F R e f w ee( ) ( , ),2 1 1� �

� � where each curve corresponds to a different value

of w. For the case of the symmetrical stress state, when the semi-axes of impression a and
b are equal, that is, w� 1 we can obtain an analytical relation used in roller burnishing
using a ball:
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Due to the complexity of the general solution of Eq. (1), its practical use requires the
application of numerical methods, nomograms or tabulated values. Therefore, a simplified,
adequate mathematical model of this theoretical solution for industrial applications has
been developed. The least squares method was used to calculate the regression coefficients:

� t
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R R
�

�

�
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0 5

0 5

1025 26

14 00001 002

.
.

.

. .

. exp( . ) .
. (7)

The assessment of the adequacy rating of the regression model (Eq. (7)) was
determined using Snedecor’s F-distribution at a significance level of 0.05. The set of data
presented in Table 1 is used to determine the adequacy of the mathematical model.
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2. Experimental Verification of the Depth of Plastic Deformation. Precise
determination of the depth of the plastically deformed layer is difficult due to slight
deformation at the boundary of the plastic and elastic zone, the lack of visible changes in
the microstructure, and minimal changes in microhardness. Most studies determine the
depth of the plastically deformed layer by measuring microhardness in the cross section of
the sample [24, 25]. Figure 3 shows the scheme of the original measurement method that
consists in determining the thickness of the deformed layer using rings. The method
involves profilographometric measurements of the disconnected rings (samples) which are
flat-faced in the package on the mandrel. The ring material undergoes plastic deformation
in the surface layer causing wrapping of the end face of the ring in the direction of
movement of the rolling tool. A distinct deformation is observed on the end faces of the
rings. This deformation does not cause any dislocation (the ring faces are in constant
contact). Three measuring rings with an outer diameter of d � 54 mm and a thickness of
7 mm (2–4 in Fig. 3) are fastened between two 15 mm thick discs (1 and 5 in Fig. 3) on a
mandrel with a diameter of 30 mm.

T a b l e 1
Data for the Calculation of the Theoretical Solution

Characteristic Mathematical model (Eq. (7)) for theoretical solution

Force applied F, 103 N 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13

Yield stress Re , MPa 300, 400, 500, 650, 750, 850, 990, 1100, 1200

Equivalent curvature radius
R, mm�1

1.3812 (D �100 mm, r �15. mm, d � 54 mm, w � 0 06. )

2.5737 (D �110 mm, r � 3.0 mm, d � 54 mm, w � 01276. )

3.9182 (D �110 mm, r � 5.0 mm, d � 54 mm, w � 0 217. )

5.2529 (D �100 mm, r � 7 5. mm, d � 54 mm, w � 0 3491. )

Number of test series 13 9 4 468� � �

Number of repetitions

in series
2 (E � �212 105. MPa and E � �215 105. MPa)

at constant � � 0 3.

Fig. 3. Method for measuring the depth of plastic deformation of the surface layer using rings.
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After disassembling the package of rings, measurements were made on the end faces
(Fig. 4a) of each ring along radial directions and the thickness of the deformed layer � was
determined using a stylus (Fig. 4b).

3. Numerical Modeling. A 3D parametric finite element (FE) model was built using
the commercial FE-package MSC.Marc + Mentat. Simulation of the roller burnishing
process of 41Cr4 steel rings was performed for the scheme shown in Fig. 3. The geometries
of the tool and workpiece were modelled in accordance with the experimental setup. The
mechanical properties of the ring material (Table 2) were determined in a uniaxial tensile
test, and the hardness was determined by the Rockwell method. The remaining parameters
assumed in calculations for 41Cr4 steel included: density �� 7800 kg/m3, the Young

modulus E � �2 15 105. MPa, and Poisson’s ratio � � 0.33.

The forming roll made of 145Cr6 steel following quenching and tempering was
considered to be rigid, no deformation was assumed in this part during roller burnishing.
The kinematics of the roller movement corresponded to real conditions. The load applied
was 1000 N. The numerical model of the roller burnishing is presented in Fig. 5. The roller
is modelled by outer rigid surfaces in the vicinity of the working surface of the roller. The
model of the pin and rings consisted of 8-node isoparametric brick elements. The numerical
model of the rings and pin was meshed by 72,000 elements. To improve the accuracy of the
computations, the outer layer of the shaft, in which the greatest strains appeared, was
meshed more densely.

To describe the contact phenomena between the shaft and rollers, we have applied
the arctan function model [26] of uniform friction dependent on metal-tool slip velocity,
Eq. (8),

� �
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arctan , (8)

where � is the friction coefficient, � is the equivalent stress, MPa, vr is the relative
sliding velocity, and vc is the relative sliding velocity when sliding occurs.

a b

Fig. 4. Deformation of adjacent ring side surfaces corresponding with the depth � of plastic
deformation (a) and measurement of the depth � of plastic deformation of the burnished surface; 4 and
5 are numbers of contact rings.

T a b l e 2
Selected Mechanical Properties and Hardness of the Quenched and Tempered 41Cr4 Steel

Re , MPa Rm, MPa A5, % Hardness, HRC

990 1070 17 36
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It is recommended in [26] that the value of vc be 1–10% of the relative sliding
velocity vr . For the present analyses we have assumed vc � 0.08 with a friction coefficient
�� 0.1 [27].

4. Results. A zone of plastic deformation (dark surface layer in Fig. 6) is visible on
the faces of rings after deformation. On the basis of measurements of � on rings made of
41Cr4 steel in a heat-treated state (Re � 990 MPa and E � �2 15 105. MPa) and an annealed

state (Re � 400 MPa and E � �2 12 105. MPa), an appropriate mathematical model was

developed in the form:

� p

e e
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66 00004 68

.
.

.

. .

. exp( . ) .
. (9)

The assessment of the adequacy of this model (Eq. (9)) was determined using
Snedecor’s F-distribution at a significance level of 0.05. The evaluation was carried out for
the data presented in Table 3.

Fig. 5. Schematic illustration of the tool and workpiece for the FE model.

a b

Fig. 6. Pictures of the faces of selected rings after deformation with the visible zone of plastic
deformation (dark surface layer); forces applied: F � 300 (a) and 900 daN (b).
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Examples of graphs of the relation �� f F( ) for R � 1.3812 mm�1 which were

obtained on the basis of the theoretical solution (Eq. (1)) and the experimental
measurements are shown in Fig. 7. Figure 8 shows the comparison of relations
�� f F Re( , ) obtained for R � 1.3812 mm�1 based on the theoretical (Eq. (7)) and

measurement (Eq. (9)) models. Charts for other values of R � 2.5737 and 3.9182 mm�1

are very similar.

T a b l e 3
Data for Evaluation of the Mathematical Model from Experimental Data

Characteristic Mathematical model (Eq. (9)) for experimental data

Force applied F, 103 N 3, 5, 7, 9

Yield stress Re , MPa 400, 990

Equivalent curvature radius

R, mm�1

1.3812 (D �100 mm, r �15. mm, d � 54 mm, w � 0 06. )

2.5737 (D �110 mm, r � 3.0 mm, d � 54 mm, w � 01276. )

3.9182 (D �110 mm, r � 5.0 mm, d � 54 mm, w � 0 217. )

Number of test series 4 2 3 24� � �

Number of repetitions in series 8 6 48� � (8 measuring surfaces, 6 measurements on each)

Fig. 7. Effect of the force applied F on the depth of the plastically deformed layer � determined for
R � 1.3812 mm�1.

Fig. 8. Effect of the force applied F and yield stress Re on the depth of the plastically deformed
layer � determined for R � 1.3812 mm�1 according to measurements (a) and the theoretical model (b).

a b
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The depth of the plasticized layer after passing the burnishing roller is shown in Fig. 9.
The distributions shown in the longitudinal cross-section of the shaft (Fig. 9) correspond to
the equivalent plastic strain. For non-proportional loading, the equivalent plastic strain due
to cold working is determined using Eq. (10),

d d d d d d dp
p p p p p p

� � � � � � �� � � � � �
2

3 1 2
2

1 3 3 2
2( ) ( ) ( ) , (10)

where d p� is the equivalent plastic strain increment, and d i
p

� (i� 1, 2, 3) represents the

increment in the principal plastic strain components.

Fig. 9. The plastic zone after roller burnishing on a width of shaft of 10 (a), 20 (b) and 30 mm (c).

a b

c

Fig. 10. Change in the radius of the outer surface of the ring after roller burnishing at a distance of
30 mm.

162 ISSN 0556-171X. Ïðîáëåìè ì³öíîñò³, 2018, ¹ 3

M. Kowalik, T. Mazur, and T. Trzepiecinski



The formation of the front zone of the deformation is visible, preceding the movement
of the roll. The depth of the plastic subsurface deformation of the material in the range of
� p � 0.074–0.17 is about 0.78 mm. The range of plastic deformations below the value
� p � 0.074 reaches 2.6 mm.

The height of the material bulge preceding the roll movement increases with the
increase of the width of the burnished zone, and after passing the roll at a distance of 30 mm
reaches a height of about 0.25 mm (Fig. 10). The width of the burnished zone also
determines the change in the depth of the plastic zone due to the elastic springback of the
material. Thus, the change in the radius of the outer surface of the ring is different along the
roller displacement. The average decrease in the radius of the outer surface of the roller is
about 0.1 mm.

Conclusions. In the process of roller burnishing, it is important to determine the depth
of the plastically deformed layer, which is an important factor for increasing fatigue
strength. The main technological parameters affecting the depth of deformation of the
surface layer are the yield stress of the material Re , roller force F, and geometry of the
roller determined by its diameter D and its radius of curvature r. The depth of the plastic
deformation can be determined analytically using the Hertz–Bielayev theory for the contact
of two elastic bodies assuming symmetry of the process. In this paper, adequate mathematical
models were developed to evaluate the depth of the plastically deformed surface layer as
a function of force and geometry of the tool. A simple experimental method based on the
measurement of the deformation of the face of the rings is consistent with the results of
the analytical and numerical calculations.

Ð å ç þ ì å

Ïðåäñòàâëåíû ìåòîäèêè îïðåäåëåíèÿ ãëóáèíû ïëàñòè÷íî äåôîðìèðîâàííîãî âåðõ-
íåãî ñëîÿ ìàòåðèàëà â ïðîöåññå îáêàòûâàíèÿ ðîëèêîì. Àíàëèòè÷åñêèé ìåòîä ðàç-
ðàáîòàí íà îñíîâå òåîðèè Ãåðöà–Áåëÿåâà. Ãëóáèíà òàêîãî ñëîÿ ïîëó÷åíà êàê ôóíêöèÿ
óñèëèÿ îáêàòûâàíèÿ, ïðî÷íîñòè ìàòåðèàëà è ãåîìåòðèè ðîëèêà. Àíàëèòè÷åñêîå ðåøå-
íèå ïðîâåðåíî îðèãèíàëüíûì ìåòîäîì, îñíîâàííûì íà èçìåðåíèè ëèöåâîãî ïðîôèëÿ
êîëåö. Ðàçðàáîòàíû ìàòåìàòè÷åñêàÿ ìîäåëü òåîðåòè÷åñêîãî ðåøåíèÿ è ïëàí ýêñïå-
ðèìåíòîâ. ×èñëåííîå ìîäåëèðîâàíèå ãëóáèíû ïëàñòè÷íî äåôîðìèðîâàííîãî ñëîÿ
âûïîëíåíî ìåòîäîì êîíå÷íûõ ýëåìåíòîâ. Ðåçóëüòàòû, ïîëó÷åííûå àíàëèòè÷åñêèì è
ýêñïåðèìåíòàëüíûì ìåòîäàìè, ïîêàçûâàþò èõ õîðîøåå ñîîòâåòñòâèå.
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