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Stress-strained state of textured surfaces
with selectively indented regions
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The process of formation of a textured surface with selectively indented regions was
studied. It is shown that technological residual tensile stresses arise in the surface layer.
Their value depends on the texture of the surface layer. It is established that the larger
the size of dimples, the smaller the stress concentrator. Strengthening of the surface layer
by the method of ion-plasma thermocyclic nitriding eliminates residual tensile stresses and
defects on the inner surfaces of the dimples.
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Hccnemopan mporece hopMUPOBAHUA TEKCTYPHUPOBAHHON IIOBEPXHOCTH C YINIyOJIEHHBIMU
OIUCKPETHBIMH yuyacTKaMu. IIoKasaHo, UTO B IIOBEPXHOCTHOM CJI0€ BOSHHKAIOT T€XHOJOTHYEC-
KHe OCTATOUHBIE HAIPAMKEHUA PACTIKEHHS, YPOBEHb KOTOPBIX BABHUCUT OT CJOMKHUBIIEHCH
TEKCTYPhI IIOBEPXHOCTHOIO CJIOS. ¥ CTAHOBJIEHO, UTO OOJIBIION pasMep AUCKPETHOI'0 YYACTKA
SABJIAETCS MEHBIINM KOHIIEHTPATOPOM HAIPSMKEHUI. YIPOUHEHHE OBEPXHOCTHOTO CJIOS Me-
TOAOM MOHHO-IIJIA3MEHHOTO TEePMOIIMKJINUYECKOTO A30THPOBAHMWSA YCTPAHAET OCTATOUHLIEC HA-
MPSKEHNA PACTAMEHUd, AedeKTs HA BHYTPEHHHX CTOPOHAX AUCKPETHBIX YUYACTKOB.

Hanpysxkeno-gedopMoBaHHH CTAH TEKCTYPOBAHMX IOBEPXOHb 3 IIOIIMOJEHHMH JIHC-
kperaumu giaaakamu. B.€. Mapuyx, M.B.Kindpauyr, O.B.Ticos, A.O.Koprienko, O.B.Padvko,
B.B.Xapuenko.

Hocaip:xeno npouec GopMyBaHHSA TEKCTYPOBAHOI IIOBEPXHi 3 IMOrIMOJEeHUMU LUCKPETHU-
MUy giasErkamMu. I[lokasaHo, [0 Yy HOBEPXHEBOMY IIapi BUHMKANIOTHL TEXHOJOrIUHI 3aJMINKOBL
HANPYXKEHHS PO3TATY, PiBeHb AKUX B3aJeKHUTh Big chopMOBaHOI TEKCTYPH IIOBEPXHEBOI'O
urapy. BeraHoBIIE€HO, 110 OiabIIMi PO3Mip AMCKPETHOI TiIAHKM € MEHIIUM KOHIEHTPATOPOM
HANPYXeHb. SMIiIIHEHHS HOBEPXHEBOI'O IIaPy METOAOM iOHHO-ILJIa3MOBOI'0 TEPMOIIMKJIIiUHOTO
a30TYBAHHA YCYBA€ BAJUIIKOBI HAIPyru poarary, mAedexTw Ha BHYTPIMIHIX CTOpOHAX AucC-
KPeTHUX TiJIAHOK.

© 2019 — STC "Institute for Single Crystals”

1. Introduction

In modern engineering, the task of im-
proving operational properties of materials
that work under friction and wear, is to a
large extent related to the development of
new technological solutions for surface
strengthening of parts. This problem is
most acute in those areas where, in many
cases, traditional materials and technologies
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have exhausted their potential for improv-
ing tribotechnical properties.

Today, broad opportunities are opened up
by a technology of selective strengthening
of surface layers, as the most perspective
direction of surface engineering. The result
of introduction of the technology is the ex-
pansion of parts working range in extreme
operating conditions and increasing tri-
bological and mechanical characteristics of
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Fig. 1. Process of indentation: 1 — initial surface; 2 — indenter; 3 — outflow; 4 — a strip of
displaced material along the edges of the indentation inner side.

friction couples [1, 2]. Dimensions and con-
figuration of textured (selectively treated)
surface are determined based on the condi-
tions when the stress-strain state (caused by
temperature and loads to the surface) is
minimized [3-5]. This allows you to in-
crease service life of machine elements and
units. The study of the stress-strained state
of textured surface layers with variable ge-
ometry (different depth of dimples) is an
important task. Limited amount of informa-
tion is a significant obstacle in interpreta-
tion of processes that accompany friction
and wear of machines and mechanisms.

2. Research methodology

To study the stress-strain state of sur-
faces, a method to determine the value of
residual stresses by curvature of a rectan-
gular sample was used. Dimples were made
in the 80 mmx5 mmx0.5 mm plates using a
device [6], which deflects it in the point of
force application. The deflection of the de-
formed plate allows you to determine the
residual stresses that were calculated by a
formula

_ 16E H?2 f
Czal = 342 “n

where E is the elastic modulus of the first
kind (MPa); a is the sample length, (in me-
ters); f is the sample deflection (in m); H, A
are the thickness of the sample base and the
depth of dimples, respectively, in m.

A numerical simulation of the stress-
strain state of the nitride surfaces was car-
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ried out using the finite element modelling,
the essence of which is to solve linear elas-
tic problem and, subsequently, determinate
the stress-strain state of dimples. During
the modeling, required physical and me-
chanical characteristics of the plate mate-
rial were set, as well as geometry of the
dimples. Also, forces were applied to nodes
of the model on the bottom of the dimples.
These forces simulated residual stresses.
The necessary boundary conditions and
properties of the material for calculations
were as follows: elastic modulus, E =
0.89-10° MPa; Poisson’s ratio, v = 0.32;
material density, p = 8450 kg/m3.

The calculations were done for 1/4 of the
plate, since it is symmetrical. Dimensions of
the finite element model: length is 0.08 m,
and width is 0.005 m. Depending on the
position and size of the dimple, the number
of nodes and the number of elements for
each model was different.

3. Results and discussion

Analysis of the calculation and experi-
mental results shows that the residual
stress occurs in the textured surface layer
[6]. The value of the residual stress is het-
erogeneous in nature and depends on physi-
cal and mechanical properties of the surface
layer, technological parameters, as well as
on formed texture parameters: size and
shape of the dimple, distance between the
lines of dimples, X;, in-line distance be-
tween the dimples, X5, and the depth of the
dimples X3.
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Table 1. Effect of indentation texture parameters on the stress-strained state

Residual stress in the indentation

Depth of indentation, X3~10’3 m

0.5 | 1.0 | 1.5
Distance between dimples, 1.0-107% m
6, MPa | 442 | 330 | 129
Distance between dimples, 2.0-1073 m
o, MPa | 176 | 182 | 141
We analyzed the process of individual | 3
dimple formation; according to the analysis, BN l‘ 4
at the beginning stage of penetration of the . \ I 11 /
indenter 2, the initial surface 1 is deformed

under the action of the load P, which de-
pends on the selected oscillation frequency
of the texturing device and the hardness of
the material’s surface layer (see Fig. 1). Re-
sidual compression stress is the prevailing
stress type at this stage. As the plastic de-
formation under the indenter increases, the
stress sign changes from negative to posi-
tive, and maximum residual tensile stress
forms [8]. Further penetration and simulta-
neous tangential displacement of the in-
denter, which depends on the motion veloc-
ity, V, of the part 1, leads to deformation
of the leading edge of the indentation (area
ahead of the indenter); simultaneously, de-
fects in the form of bands occur due to
displacement of the localized material along
the edges of dimples, 4; the outflow, 3, is
the squeezed-out portion of the deformed
material. Also, a reduction of residual
stress was observed.

For a more detailed studying the techno-
logical residual stresses inside the dimples,
finite element models were constructed ac-
cording to the number of samples with
given sizes of the dimples and their loca-
tion. Load conditions and fastening of sam-
ples corresponded to the experimental con-
ditions. The difference between experimen-
tal and calculated data was =4 %.

The simulation of stress-strained state
showed that the source of high residual
stresses on the textured surface is the out-
flows that are formed after forming the
dimples. The magnitude of residual stresses
in the outflows depends on the structure of
the surface layer and parameters X;, X,,
and Xg. The largest residual tensile stresses
arise when the parameter X3 = 0.510"3 m
and the distance between the dimples is
1.0-1073 m. The value of stress rises up to
442 MPa. With increasing distance to
2.0-1073 m, the residual stresses decrease
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Fig. 2. Scheme for stratified (0—8) analysis of
the stress-strain state of internal (I and II)
sides of dimples: 1 — bottom of the indenta-
tion; 2 — indentation layer, 3 — outflow.

almost by a factor of 2.5 (see Table 1). This
is explained by the fact that two stress ris-
ers are formed at the dimple edges. They
have minimum outflow due to the increase of
speed and frequency of dimples formation.

The increase in the X3 parameter up to
1.0-10°3 m on one of the indentations leads
to a rapid decrease in stress (when the dis-
tance between the dimples is 1.0-1073 m);
on the side — stress remains constant. The
distribution of the residual stress varies a
little: there is a maximum on the top of the
outflow and a low even distribution along the
edges of the indentation. Further increase of
the X3 parameter up to 1.5:1073 m leads to a
rapid drop of stresses down to 129 MPa when
the distance between the dimples is 1.0-1073 m.
When the distance is 2.0-1073 m, the decrease
of stress is much slighter.

For a detailed analysis of the stress-
strain state in the indentation, we divided
it into two parts (Fig. 2). The first part is
free of outflows (I), and the other has an
outflow (II). The analysis of the cross sec-
tion showed that residual stresses propagate
along the layers of the indentation and de-
crease gradually from its edge (layer 8) to the
bottom (layer 1), and then beyond the
boundaries of the indentation (layer 0) drop
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Fig. 3. Change of the stress-strained state of
internal (I) sides of the indentation.

to almost zero — 0.02—-2.0 MPa (see Table 2).
Residual stresses have dissimilar values and
depend on the parameters X;, X,, X3, as
well as on the direction of surface motion
during formation of the dimples (see
Fig. 4). Accordingly, the side (I) of the in-
dentation is subjected to greater deforma-
tion by the indenter than the side (II), so,
the stress-strained state of it is also
greater.

Stratified analysis of internal sides (I) of
the indentation indicates that with the
value of the parameter X3 = 0.5:1073 m the
maximum residual stresses are formed. They
are almost identical in the I and II sides of
the indentation (see Table 2). As the X3 pa-
rameter increases up to 1.0-1073 m, the
stresses increase by a factor of 1.8 on the
inner surface II. On the surface I, they in-
crease by a factor of 1.1 (Fig. 3). This is
explained by the fact that when forming dim-
ples, the surface I is subjected to more exten-
sive plastic deformation from the side of the
indenter. With further increase of the Xj
parameter up to 1.5-1078 m, the situation

20.00kV _ x500

WD=13.2mm 100pum

Fig. 4. Micrograph of internal surfaces of the
indentation after ionic nitriding.

changes on the contrary. Residual stresses
of the surface II do not change, while on
the surface I, the stresses decrease by a
factor of 1.2 to 1.5. The largest change of
stress is observed within the 5th—8th lay-
ers. High values of the X3 parameter initi-
ate development of strips of the locally dis-
placed material along the edges of indenta-
tion’s internal sides and the occurrence of
microcracks in the surface layer of the in-
dentation (see Fig. 1).

The dissimilar values of residual stresses
during formation of dimples are related to a
well-known fact of the dependence of resid-
ual stresses on the degree of plastic defor-
mation in the material and the gradient of
deformation. For each material, there is a
certain level of plastic deformation, at
which residual stresses are maximized. Fur-
ther deformation leads to their decrease.
Possible violations of material integrity in
these conditions lead to further reduction of
the stresses due to rupture of atomic bonds.

Table 2. Stratified analyses of the stress-strained state of indentation internal sides

Layer X3=0.5103 m X3=1.010%m X5=1.5103 m
# Residual stresses, MPa
I Side II Side I Side II Side I Side II Side
8 163.2 154.8 168.0 91.8 138.0 91.3
7 142.8 135.5 147.0 80.3 121.0 79.9
6 1224 116.2 126.0 68.8 104.0 68.5
5 102.0 96.8 105.0 57.4 87.0 57.1
4 81.6 774 84.0 45.8 70.0 45.7
3 61.2 58.1 63.0 34.4 53.0 34.3
2 40.8 38.7 42.0 22.9 36.0 22.9
1 20.4 194 21.0 11.5 19.0 11.5
0 0.02 0.04 0.03 0.05 2.0 0.1
776 Functional materials, 26, 4, 2019



V.Marchuk et al. / Stress-strained state of textured ...

Table 3. Hardness of the textured surface vs a distance from the surface of nitride layer

Distance from the surface, um 10 40

70 100 140 170 200

Microhardness, Hyyp, MPa 9500

8130

7100 4850 4400 4050 3600

Table 4. Results of stratified analyses of a nitrided selectively indented surface

Phase composition

Depth from the surface, um Nitrogen content, wt. %
10 7.04
40 3.98
70 0.60
100 0.42
130 0.01

Fe,_3(N,C), Fes(N,C), a—Fe(NC), Fe,N
o—Fe(N), Fe,_3N, Fe,N
o—Fe(N), Fe,N
a—Fe(N)
a—Fe(N)

Thus, the level of residual stresses that
arise in the indentation significantly affects
the stress-strained state. Consequently, the
residual stresses will affect the stress-
strained state of entire textured surface.
The effect depends on the values of parame-
ters X, Xy, X3, as well as on the direction
of surface motion during the indentation
process.

Strengthening of the surface layer by
ionic plasma thermo-cyeling nitriding al-
lowed to eliminate the residual tensile
stresses, as well as to ensure the defect
elimination inside the dimples during their
formation. This is achieved due to an in-
crease of nitrogen concentration and its
penetration to a greater depth in the area of
the indentation. Thus, the nitriding leads to
improvement of physical and mechanical
characteristics of the textured surface
(Fig. 4).

Studies of microhardness of the nitrided
textured surface indicates an increase in its
values up to 9500 MPa on the surface and a
gradual decrease down to 3600 MPa at the
depth of 200 um (Table 8). The nitriding
temperature and gas pressure (520-550°C
and 190-210 Pa, respectively) were chosen
to provide maximum values of surface layer
microhardness.

X-ray structural analysis of nitrided lay-
ers revealed the presence of two zones: ni-
tride (carbonitride) and the zone of internal
nitriding (Table 4). The nitride (carboni-
tride) zone consists of Fe,_3(N,C), Fe3(N,C),
o—Fe(NC), Fe4N and has a depth of 10-15 um
with a maximum nitrogen concentration of
more than 7 wt.%; an internal nitriding
zone consists of a solid solution of o—Fe(N).
The overall depth of the diffusion layer is
150-200 um.
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The concentration of carbon on the sur-
face is about 1.8 at.%, and it decreases to
the minimum values at a depth of 30 um.
The presence of carbon in this zone explains
the formation of a carbonitride (e-phase) in
the nitride zone due to intensive diffusion
of carbon from the substrate to the surface.
With an increase of the depth of the ni-
trided layer, the amount of the carbonitride
e-phase is reduced, and the y-phase starts to
form. The internal nitriding zone consists
of the a—Fe(N) phase, which is a solid solu-
tion (face-centered nitrided ferrite).

Thus, the stress-strained state of tex-
tured surfaces, subjected to ionic plasma
thermo-cycling nitriding is most favorable,
since under actual operating conditions (es-
pecially in extreme conditions) the total
compressive stresses on the surface, which
are the sum of operational and residual
stresses, should never exceed the material
strength. Therefore, the ionic plasma
thermo-cycling nitriding will provide a re-
quired level of strength and wear resistance
of wear couples with textured surfaces. Tri-
bological properties of these surfaces will
depend on their structure and properties of
material [9].

4. Conclusions

It is established that on textured sur-
faces, which are formed by the method of
mechanical impact indentation, there are re-
sidual tensile stresses. The value of the re-
sidual stresses is non-homogeneous in na-
ture and depends on physical and mechani-
cal properties of the surface layer,
technological parameters, as well as the pa-
rameters of contact discreteness.

One of important factors causing the ap-
pearance of the stresses is the outflow ma-
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terial. Distribution of the stresses also de-
pends on the depth and arrangement of dim-
ples. The stresses are dissimilarly distrib-
uted over internal surfaces of the dimple
and depend on the direction of surface mo-
tion during indentation.

Ionic plasma thermo-cycling nitriding re-
lieves stresses occurred during indentation,
and the dimples provide deeper penetration
of nitrogen. As a result of this synergetic
effect, we obtain textured surfaces with a
reduced stress concentration, which is
promising for friction applications
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