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Abstract

Diamond burnishing is a surface modification method aimed at improvements in the surface integrity (SI) and operating
behavior of metal components. A cost-effective optimization approach for increasing the fatigue strength of diamond-
burnished steel components has been developed. The basic idea is that the fatigue strength can be controlled by controlling
some of the SI characteristics (surface micro-hardness, hardened-layer depth and roughness) whose measurements are not
time-consuming and expensive. Thus, a multi-objective optimization task was set and solved using the weight vector method.
The governing factors were the diamond radius and burnishing force. The resulting fatigue limit differed from the maximum
fatigue limit by a mere 0.44%, which proves the effectiveness of the proposed approach. The results obtained for the fatigue
limit are explained by means of an X-ray analysis of the introduced residual stresses and an analysis of the microstructures
of the surface and subsurface layers. It has been established that a greater depth of the affected zone coupled with a smaller
gradient in the alteration of the microstructure in depth provides larger fatigue strength.
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List of symbols Z Transverse contraction
As Elongation £ Small positive number
E Young’s modulus r Governing factor space
f Feed rate o_; Fatigue limit

Fy Burnishing force 002 Yield limit

HV Micro-hardness o, Ultimate stress

r Diamond radius

Ra Surface roughness

s; X-ray elastic constants 1 Introduction

v Burnishing velocity

X; Variable in coded form Surface modification technologies are effective tools for

X; Variable in natural form increasing the fatigue strength of metal components. One

{X} Vector of the governing factors (variables) such technology is mechanical surface treatment (MST),

{Xj* Vector of the optimal values of the governing which is based on severe plastic deformation, and one of
factors (variables) the methods used to implemept MST is diarr?ond burnishing

Y, Objective function (DB). In general, DB is perceived of as a typical smooth bur-
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nishing process. However, using an appropriate combination
of process governing factors, DB can also achieve deep bur-
nishing and thus significantly increase the fatigue strength
[1]. The direct approach to optimizing the DB process
requires a planned experiment and subsequent regression
analysis to obtain a combination of governing factors that
can provide maximum fatigue strength. The fatigue strength
for each experimental point in the experimental design is
obtained via time-consuming and expensive fatigue tests
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(Wohler’s curves or accelerated methods) requiring special
equipment and trained operators. The indirect assessment
of fatigue strength via introduced residual stresses is also
an expensive and time-consuming experiment: A reliable
method for measuring residual stresses, such as the X-ray
diffraction technique, requires expensive equipment and a
highly skilled operator.

Fatigue strength increases due to DB’s severe plastic
deformation (significant cold work) of the surface and sub-
surface layers. Residual compressive stresses are introduced,
and the surface micro-hardness increases significantly. The
physical carrier of this macro-effect is the modified micro-
structure produced by the strain hardening. Strain hardening
(coldwork) is measured through the surface micro-hardness
and the depth of the hardened layer. Obviously, a correlation
exists between the surface micro-hardness and the fatigue
strength of the diamond-burnished component. There is no
information in the literature concerning how this correlation
is related to DB although the singular relationships between
the micro-hardness and fatigue strength and DB have been
investigated by many authors. The surface hardness [2-7]
and micro-hardness distributions [8] at a depth from the
surface due to roller [2-5] and ball [6-8] burnishing were
investigated for non-ferrous materials [2, 4, 5, 8] and steels
[3, 6, 7]. In the last two decades, a number of studies [9-27]
have focused on the effect of slide burnishing (SB), and, in
particular, DB, on the micro-hardness of both non-ferrous
metals and alloys as well as steels. The effect of DB on the
fatigue strength of steel components was investigated by
Aliev and Aslanov [28] for stainless steel, Korzynski et al.
[22] for 42CrMo4 steel, Korzynski et al. [29] for 42CrMo4
and 41Cr4 steels with chromium coatings, Maximov et al.
[30] for 42Cr4 steel, Maximov et al. [31] for 37Cr4 steel,
Swirad [32] for 40HM steel, Maximov et al. [24] for AISI
316Ti steel and Maximov et al. [1, 33] for 41Cr4 steel.
However, the correlations between the fatigue strength and
the micro-hardness obtained in these studies have not been
investigated.

Different combinations of the magnitudes of the govern-
ing factors for DB lead to different complex sets of surface
layer qualities, known collectively as the surface integrity
(SI). A direct correlation exists between the SI and the
fatigue strength of a treated metal component, thus allow-
ing the fatigue strength to be controlled by some of the SI
characteristics whose measurements are not time-consuming
and expensive. For instance, the measurement of the micro-
hardness is significantly more affordable and significantly
less expensive than an X-ray stress analysis and fatigue
tests. It is commonly claimed that fatigue strength increases
with the increase in surface micro-hardness by means of
the burnishing technologies. However, the achievement of
excessively great surface micro-hardness is associated with
a significant increase in the density of the dislocations in
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the surface layer, which leads to the introduction of micro-
defects. Therefore, the relationship between micro-hardness
and the fatigue strength is not synonymous. On this basis,
a cost-effective optimization approach has been developed
in this study in order to achieve fatigue strength very close
to the maximum.

2 Materials and methods

The material used was 41Cr4 steel. This steel is a typical
representative of the medium-carbon, low-alloy steels and
used widely in engineering practice. The steel was received
in the form of 20 mm bar stock with lengths of 3000 mm.
The chemical composition (in wt%), which we established,
was as follows: C—0.41, Si—0.25, Mn—0.71, Cr—0.93,
P—0.012, S—0.012, Cu—0.28, Ni—0.09, Al—0.024,
Ti—0.022, Mo—~0.015 and Fe—balance. Tensile and fatigue
tests were carried out in our “Testing of Metals” laboratory.
The average mechanical characteristics were: Young’s mod-
ulus E=2x 10> MPa, yield limit 6, = 789 MPa, ultimate
stress o, = 986 MPa, elongation A5 = 10.3%, transverse
contraction z, = 26% and fatigue limit 6_; = 440 MPa.

The micro-hardness measurements were conducted on a
ZHV p micro-tester. The basic specimens had diameters of
12 mm, as they were consistent with the fact that a layer of
material was removed from the bars (“as received’) via turn-
ing in order to obtain fatigued specimens. The micro-hard-
ness specimens were manufactured on a CNC T200 lathe
using a special burnishing device mounted on the tool post
of the lathe (Fig. 1). A polycrystalline diamond tool with
a spherical tip was supported elastically within the device.
The required burnishing force was set by deforming an axial
spring with linear behavior situated within the device. The
deforming diamond insert was brought into contact with the
specimen at its centerline and normal to the surface being
treated. The device was then fed into the specimen an addi-
tional 0.05 mm to allow the diamond tool to become dis-
engaged from the stop in the device. The latter was then
fed along the surface of the rotating specimen to produce a
burnished surface.

Four workpieces were used to produce the micro-hardness
specimens. Each workpiece was designed for DB and con-
sisted of four cylindrical surfaces with different burnishing
forces but identical diamond insert radii, as shown in Fig. 1.
The initial workpieces had a length of 160 mm and diameter
of 20 mm. Each workpiece was clamped to one side with the
chuck and supported on the other side. Turning and DB were
conducted in one clamping process to minimize the concen-
tric run-out in burnishing. The turning was conducted from
end to end for each workpiece using a DNMG 50608 — RF
carbide cutting insert. The length treated via DB using
one and the same combination of governing factors was
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Fig. 1 Micro-hardness specimens manufacturing: a workpiece fixture; b DB device

20 mm. DB was implemented with a constant feed rate of
f = 0.05 mm/rev and burnishing velocity of v = 100 m/min
but with different combinations of diamond radii and bur-
nishing forces. Finally, four micro-hardness specimens were
cut from each workpiece for a total of 16 specimens.

For each cylindrical specimen (experimental point from
the experimental design), the surface micro-hardness was
measured along six equidistant-to-one-another generatrixes
belonging to the cylindrical surface. Ten measurements were
taken for each generatrix for a total of 60 measurements per
specimen. For each specimen, a statistical graph of the meas-
urements was made, and the scattering interval and the clus-
tering center (median) were found. The result corresponding
to the median was accepted as the final result for the surface
micro-hardness of the corresponding specimen.

For each specimen, the depth of the hardened layer was
determined by following the algorithm as follows:

1. One of the two face surfaces of each specimen is pol-
ished;

2. The micro-hardness is measured along eight equally
spaced radial directions to a depth of 1 mm from the
surface in 0.05 mm increments;

3. For each incremental depth from the surface, the arith-
metic mean of the results of the eight measurements is
calculated; for each specimen, the measured surface
micro-hardness is added to the resulting database;

4. The resulting database for the micro-hardness distribu-
tion for each specimen is visualized in the “micro-hard-
ness—depth of hardened-layer” coordinate system;

5. For each specimen, the arithmetic mean of the micro-
hardness is calculated at a depth from the surface in the
0.3—1-mm interval. This arithmetic mean is the initial
micro-hardness;

6. For each specimen, the hardened-layer depth is defined
by the intersection of the initial micro-hardness and the
HV =HV(depth) graphics.

An experiment was conducted in order to obtain the sur-
face micro-hardness and the depth of the hardened layer. The
basic DB parameters are the sphere radius r of the deforming
diamond insert, burnishing force F, feed rate f and burnish-
ing velocity v. In our previous studies on DB, it was estab-
lished that the radius and burnishing force have the strongest
effect on the SI and fatigue performance of the processed
component. Therefore, the governing factors in the present
study were the radius and burnishing force. The feed rate
and the burnishing velocity were chosen as f = 0.05 mm/rev
and v < 100 m/min. Higher velocities cause more heat to be
generated, and higher temperatures in the contact between
the diamond insert and the surface being treated lead to
the so-called softening effect, which reduce the beneficial
effects of the compressive residual stresses (RS) on the
surface and subsurface layers [24]. The number of passes,
working scheme and use of lubricant are additional param-
eters. In the present study, one pass and the lubricant Hacut
795-H were used. The levels of the governing factors are
shown in Table 1. The objective functions were the surface
micro-hardness Yy and the depth of the hardened layer Y,.
The experimental points for the experimental design are
shown in Table 2. The desired functions Yy =Yy ({X}) and
Y,=Y({X}) were obtained via regression analyses, where
{X} =[x, x2]T is the vector of the governing factors.

Table 1 Governing factors and their levels

Governing factors Levels of the factors

Coded: x,, x,

-1 —-0.333 +0.333 +1
Naturals Natural: ¥, %,
Diamond radius » (mm) 2 3 4 5
Burnishing force £, (N) 100 200 300 400
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Table 2 Experimental design

No. 1 2 3 4 5 6 7 8
X -1 -1 -1 -1 —0.333 -0.333 —0.333 —0.333
Xy -1 —0.333 0.333 1 -1 —0.333 0.333 1
No. 9 10 11 12 13 14 15 16
X 0.333 0.333 0.333 0.333 1 1 1 1
Xy -1 —0.333 0.333 1 -1 -0.333 0.333 1
where {Xl*} is the vector of the optimal governing fac-
0 AYyy win Auyior AV AYgyior AYgy e tors for the ith iteration and I’ is the governing factor
o o ot o— > space.
ele 4. The magnitude Yyy ,(X}) of the Y}y /(X) function is cal-
AYyy AYyy culated.
Thus, a tabular function for k pairs

Fig.2 Subintervals of the micro-hardness

In our previous study [1, 33], regression models for the
roughness and rotating bending fatigue limit of hourglass-
shaped fatigue specimens were established. The specimens
were made of the same batch 41Cr4 steel (920 mm) and
were also diamond burnished with different combinations
of radii and burnishing forces according to Tables 1 and 2.
The feed rate and burnishing velocity were, respectively,
f =0.05 mm/rev and v < 100 m/min. The minimum diam-
eter of the fatigue specimen was 7.5 mm. The objective
functions Y(Ll (fatigue limit) and Yy, (roughness) depend-
ing on the radius and burnishing force in coded form were
found via regression analyses.

In order to obtain the max¥, = max¥, (Yyy)function,
the following computational procedure was developed and
used:

1. The micro-hardness interval Ygyuin < Y < Ygvmax
is divided into k subintervals, where
YHV,max = YHV,min + kAYl (Flg 2)’

2. In the vicinity of each value Yyy ;, a micro-interval
((Yav, —€) (Yuv, +€)) is defined, where ¢ is a small
(in comparison with the measured surface micro-hard-
ness) positive number, for example, in the interval (0.1,
5);

3. The one-objective optimization tasks are solved with
regard to Y, for a defined limit of Yyy, i.e.,

Y, (XF)=maxy, ;>7Y, (X)

(Yavi —€) < Yy({XD) < (Ypy, +€)
(x:) = [xﬁ“*x;")*r er, vi=12 . .k
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Yav, (le"), maxY, (Xl*) was obtained.

In an analogous manner, the tabulated forms of the
maxY, = maxY, (Yd)and maxY, = maxY, (YRa)func—
tions were found.

The RSs in the surface and subsurface layers of the
burnished specimens were measured using the X-ray dif-
fraction technique. To analyze the stress gradient under
the specimen’s surface, the material layers were gradually
removed by electrolytic polishing. Diffraction measure-
ments were made using a vertical /6 X’Pert PRO MPD
diffractometer with a pin-hole collimator of 1.0x 1.0 mm?
in the primary beam. The positioning of the measured
specimen used a six-degree-of-freedom system and laser
triangulation with an accuracy of approximately 5 pm. The
effective penetration depth of the CrKa radiation into the
investigated steel was approximately 4 pm, which is why
a biaxial stressed state was adopted, and the sin® w method
was implemented to estimate the residual stresses using
the least squares fitting procedure. The measured diffrac-
tion profiles of the a-Fe {211} planes had maximums at
20 =~ 156.4° for filtered CrKa radiation. The diffraction
profiles were fitted using the Pearson VII function, and the
lattice strains were calculated. The X-ray elastic constants,
s; =125x 107 MPa~"' and 1/2 5, = 5.76 x 107° MPa™!,
were used in Hooke’s law.

The analysis of the microstructures of the surface and
subsurface layers was conducted in accordance with ISO
6507-1 and ISO 6508-1 using an NEOPHOT 2 micro-
scope. The enlargements that were used were in interval
between 100 x and 1000x. Figure 3 shows the investigated
zones of each specimen. Any zone with a formed texture
due to DB was denoted as an “affected zone.”
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Fig. 4 Measured surface micro-hardness

3 Results and Discussion

The measured surface micro-hardness for all 16 experi-
mental points is depicted in Fig. 4. The outcomes for sur-
face micro-hardness and the depth of the hardened layer,
which were subjected to regression analyses, are outlined in
Tables 3 and 4. Regression analyses were conducted using
QStatLab software [34]. Since the governing factors had four
levels, the regression models were chosen to be polynomi-
als of degree no larger than three. In order to perform the
correct statistical analyses, the number of coefficients in the
polynomials could not exceed the number of experimental
points, i.e., 16. The following models were obtained for the
two objective functions:

r=3 mm
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Table 3 Surface micro-hardness—experimental and predicted by the model

Experimental point 1 2 3 4 5 6 7 8
Micro-hardness

HVO0.05

Experiment 690 450 1002 834 762 912 450 807
Model Yy 678.4 4329 981.9 864.5 765.9 939.7 513.6 729.9
Experimental point 9 10 11 12 13 14 15 16
Micro-hardness

HVO0.05

Experiment 610 694 808 923 768 684 815 795
Model Yyy 660.3 671.3 833.5 887.1 687.9 696.5 818.2 841.1

Table 4 Depth of the coldworked layer—experimental and predicted by the model

Experimental point 1 2 3 4 5 6 7 8
Depth (mm)

Experiment 0.07 0.077 0.15 0.1 0.15 0.21 0.095 0.15
Model Y, 0.085 0.08 0.16 0.09 0.15 0.18 0.11 0.13
Experimental point 9 10 11 12 13 14 15 16
Depth (mm)

Experiment 0.075 0.12 0.15 0.1 0.16 0.12 0.16 0.125
Model Y, 0.083 0.09 0.14 0.11 0.15 0.13 0.16 0.14

Yy = 763.619 + 37.895x, +209.218x, — 26.571x]
+2.39x5 — 156.517x) — 122.735x5,+ (1
+32.011x,x, + 97.25x7x, + 27.90Lx, x5

Y, = 0.151 — 0.021x; + 0.022x,
- 0.046x7 — 0.018x,x,. @

The rotating bending fatigue limit and the roughness,
which depended on the radius and burnishing force in coded
form, were found to be [1]:

Y, =501.177 — 53.19346x, + 28.989x, + 11.44261xf
— 4.486223x; + 47.90427x; — 5.81719x]

+3.1431578x,x, + 3.4507289x,x] — 4.438887x}x,
©)
Y, = 0.14814328 — 0.063905x; — 0.14652x,
+0.08576x7 + 0.112472x] + 0.010522x; (4)
+0.04962x3 — 0.07695x,x5 + 0.04032x7x,.

The above equations were obtained on the basis of
planned experiments and subsequent regression ana-
lyzes. Graphical visualizations of Egs. (1)—(4) are shown
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in Fig. 5. Obviously, the four functions have extremum
(maximum or minimum) in the governing factor space I".
One-objective optimization of the objective functions (1)-
(4) was conducted by means of QStatLab software and
involved using a genetic algorithm:

Y, ({X:_l }) = max¥, ({X})

YRa({X;a}) = minYg,({X}) )
YHV({X;IV}) = max Yy ({X})
Y,({X;}) = maxy,({X}),

where {Xj*} are the vectors of the optimal values of the

governing factors under the corresponding optimization cri-
terion: maximum fatigue limit, minimal roughness, maxi-
mum surface micro-hardness and maximum depth of the
hardened layer.

Figure 6 shows the optimal values of the objective func-
tions and the corresponding optimal values of the govern-
ing factors. It is important to note that the extremums of
the four objective functions are obtained for different com-
binations of magnitudes of the governing factors, respec-
tively, different vectors {XJ * } Detailed information on the

optimization is provided in Table 5.
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Fig.5 Graphical visualization of the functions: a fatigue limit; b roughness; ¢ surface micro-hardness; d depth of the hardened layer

The main objective of this study is to develop a cost-
effective optimization approach for obtaining the maximum
fatigue limits of diamond-burnished components using
objective functions consisting of SI properties. Thus, the
need to perform costly and time-consuming fatigue tests is
eliminated. For this purpose, it is necessary to investigate
the maxY, =maxY, (Ra), maxY, =maxY, (YHV)
and maxY, = maxY, (Y,)dependencies. Figure 7 shows
the graphical visualizations of these functions, which were

obtained via the algorithm described in Materials and Methods
section. Figure 7a shows that minimizing the roughness leads
to minimizing the fatigue limit. It is known that an increase
in the surface micro-hardness leads an increased fatigue limit.
However, Fig. 7b shows that this relationship is not linear.
The rotating bending fatigue limit reaches its maximum value
before the maximum value of the micro-hardness is reached.
In other words, the relationship between the two functions is
not synonymous. The most likely reason for this result is that
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Fig.6 One-objective optimization results: a fatigue limit; b roughness; ¢ surface micro-hardness; d depth of the hardened layer

the achievement of maximum micro-hardness is associated
with an increase in the density of dislocations, which intro-
duces defects in the surface layers. Figure 7c shows that reach-
ing the maximum fatigue limit corresponds to the depth of
the hardened layer, which is less than the maximum depth.
Obviously, the same fatigue limit value can be achieved with
a different depth of the hardened layer due to the different
gradient of the micro-hardness in depth. Figure 7 shows that
to achieve a fatigue limit close to the maximum, DB must be
implemented with magnitudes of governing factors that simul-
taneously increase the roughness and reduce the surface micro-
hardness and the depth of the hardened layer in comparison

@ Springer

with their extreme values. Therefore, multi-objective optimi-
zation is necessary, as the vector of the objective functions
must include Yy, Yiy and Y. Since the corresponding optimal
values {X;a}, {X;‘Iv} and {X;} of the governing factors of
these functions are to be found, the weigh vector method [1]
is the most appropriate optimization method. In this case, it
is necessary to find the center of gravity of three points with
coordinates, respectively, {X;;a }, {X;W} and {X; }:

(X7 = 2 ({Xe ) + {X5w ) +1X0})- ©6)

W | =
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Table 5 Optimum values of the objective functions and the corresponding governing factors

Y; Optimal governing factors Y]-({X;‘ ]
Coded Natural Y,  (MPa) Yra (pm) Yuv Y, (mm)
Y, xj, =-0.6311 ry =255 mm maxY, = 540.4 0.265 873.4 0.158
%, =0.8803 F;, =382N
Yra X, = 0.3806 ri, = 4.07 mm 499.8 minYg, = 0.091  880.2 0.137
X, = 0.5617 Fy o =334N
Yuy Xy =—09999  pr,=2mm 526 0.350 maxYyy =997  0.175
Xy =07968  Fr =3695N
Y, x7,=0.9999 =2 mm 525 0.282 961 maxY,; = 0.181
x; , = 0.4387 Fr, =3158N
Weight vector X =-0.5398 r** =2.69 538 0.192 861 0.169
X =0.5991 F* =340
S 550 maximum fatigue limit (maxY,, = 540.4 MPa) by 0.44%,
f_ 540 max fatigue limit which proves the effectiveness of the proposed approach.
E 530 3 The results obtained for the fatigue limit, shown in
S 520 o 1. Table 5, can be explained by the combination of two effects
-% 510 A \'\,A.. (macro- and micro-effects) which DB produces. The essence
'S 500 of the macro-effect is the creation of compressive in the
c M\ f th ffect is the creation of comp RS in th
g 490 superficial and subsurface layers. This stress retards the for-
T 480 w ‘ ‘ ‘ ‘ mation and growth of fatigue macro-cracks and thus
= 0 0.1 0.2 0.3 0.4 0.5 0.6 . he faticue Limits of the di d-burnished
Roughness, Ra increases the fatigue limits of the diamond-burnished com-
o () ponents. The micro-effect is the modification of the micro-
% 550 _ structures of the surface and subsurface layers in terms of
= max fatigue limit . . . .
g 540 m grain refinement, homogenization and material pore reduc-
= 530 oq tion. Such microstructure is characterized by increased plas-
@ 520 f .. . . . . .
E) ticity and fatigue crack resistance. The fatigue limit depends
g :(1)2 f on the combination of these two effects. To evaluate the two
£ 490 el effects, X-ray diffraction and microstructure analyses were
,E—< 480 s ‘ ‘ ‘ ‘ B s performed in this study. For this purpose, four groups of
= 400 500 600 700 800 900 1000 cylindrical specimens with diameters of 20 mm and
Surface microhardness HV 0.05 . .
b machined lengths of 30 mm (two samples in each group)
o (b) were subjected to DB with the following magnitudes of the
= 550 - e : . * * * *
= 540 max fatigue limit governing factors: {Xm1 }, {xz. }.{X;, } and {X} }, respec-
£ 550 ‘“"\] tively. One sample from each group was subjected to an
A . .
‘é” 520 [y X-ray stress analysis after DB, and the second specimen was
& 510 }1.[ subjected to an analysis of the microstructures of the surface
E 500 and subsurface layers.
E 490 The residual axial and hoop stress distributions, obtained
o 480 . . . . < . -~ . . .
=" 08 o1 012 014 016 018 via X-ray stre.ss analyses, are shown in Fig. 8. F(?r brevity,
Depth of the hardened layer, mm the four specimens are denoted as follows: specimen A—

(c)

Fig. 7 Graphical visualization of the maximum fatigue limit depend-
ing on: a roughness; b surface micro-hardness; ¢ depth of the hard-
ened layer

The outcomes from the multi-objective optimization are
listed in Table 5. The result obtained for the rotating bend-
ing fatigue limit is 538 MPa. This result differs from the

burnished with {X;"_l }, specimen B—burnished with {X;a },

specimen C—burnished with {X;_"W} and specimen D—bur-
nished with {X; } Both surface residual stresses (RSs) show
the same trend: They are the smallest in absolute value for
specimen A. The axial RS of this specimen is smaller in
absolute value by 700 and 750 MPa, respectively, than the
axial RS of the D and C specimens. It is important to note
that specimen B, treated via smoothing DB, also has an axial
RS larger in absolute value than that for specimen A. The
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Fig.8 Residual stress distribu-
tion: a axial; b hoop
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o
©
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|4

=—@— maximum fatigue limit

== minimum roughness

surface hoop RSs of the three samples B, C and D are practi-
cally the same: approximately — 600 MPa, while, for speci-
men A, they are almost two times smaller in absolute value.
It is clear that these surface RSs, both manifestations of the
macro-effect, are unable to predict fatigue behavior. It can
be assumed that specimens C and D are characterized by a
huge gradient of the equivalent plastic strain in depth, which
also predetermines such a gradient for the RS in depth. The
excessive surface plastic strain is obviously the reason for
the introduction of multiple surface defects via DB, which
these defects subsequently reducing the fatigue limit.

Taking into account the experimental results for the
fatigue limit, the graphical dependencies in Fig. 8 give rise
to the following comments:

e Although the measured surface RSs of the B, C and D
specimens are significantly larger in absolute value than
that of sample A, this increase in surface RS does not
lead to an improvement in the fatigue limit (Table 5).
To the contrary, excessively large surface RSs are the
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result of excessive surface plastic deformation produc-
ing local surface defects and caused by DB conducted
with inappropriate magnitudes of the governing factors.
The presence of huge gradients of both RS in depth (up
to 0.03-0.04 mm) also implies such a gradient for the
physical-mechanical state of the surface and subsur-
face layers. Hence, there is reason to believe that high-
density dislocation configurations are formed in these
layers, which are the physical basis for the nucleation
of micro-cracks.

The residual stress distribution, depicted in Fig. 8, is an
initial characteristic of the stressed states of the surface
and subsurface layers immediately after DB. The dia-
mond-burnished component, subjected to a cyclic load,
undergoes residual stress relaxation, whose material car-
rier is the evolution in the microstructures of these layers.
Obviously, the residual stress relaxation rate depends on
the initial residual stress distribution. On the basis of
the experimental results for the fatigue limit, it can be
assumed that the presence of RS values which are exces-
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sively large in absolute value and have large gradients in
depth increases the residual stress relaxation rate.

The outcomes from the analyses of the microstructures
are visualized in Fig. 9. In the cross section, the fibrous
structure (texture) of specimen A has a depth of up to
100 pm (Fig. 9a). The depth of the refined structure is up to
15 pm, as the refinement in A is relatively coarse compared
to that in the rest of specimens. In the longitudinal section
(Fig. 3), granular sorbite predominates in the zone with the
refined structure (Fig. 9a). For specimen B, a fibrous struc-
ture with a depth of up to 20 pm is observed in cross section
(Fig. 9b). The structure is strongly refined, as the mechani-
cal mixture is sorbite. The refinement is more pronounced
compared to the refinement observed in specimen A. The
structural alteration is characterized by a significant gradi-
ent in the radial direction (from fine to coarse grains), which
explains the significant gradient of the observed residual
stresses. In longitudinal section, the refinement of the sur-
face layer is investigated. The depth of the structural changes
is about 30 pm, and the depth of the structural alterations
in the longitudinal section is about 30 pm. A refined sorbite
structure is observed and more dispersed compared to that
of specimen A. For specimen C, a fibrous structure with a
depth of up to 80 um is observed in cross section (Fig. 9c).
Up to 25-30 pm of the fibrous structure (texture) consists
of a strongly refined sorbite—troostite and gradates in fer-
rite—pearlite structure. The structural alterations are charac-
terized by a significant gradient in the radial direction from
fine to coarse grains, as in specimen B but down to a sig-
nificantly greater depth. The depth of the structural changes
in the longitudinal section is about 80 pm. Two zones are
observed: Z.1—a strongly refined sorbite—troostite grainy
structure up to 20 pm in depth, which is more dispersed
compared to that of specimen B, and Z.2—a refined sorbite
grainy structure from 20 to 80 pm in depth. For specimen D,
a fibrous structure with a depth of up to 150 pm is observed
in cross section (Fig. 9d). Up to 10-15 pm of the texture is
troostite and strongly refined. This zone is characterized by
a large gradient of change in the microstructure in depth.
The transitional zone, where the texture is ferrite—sorbite
with an insignificant share of the ferrite, is shown via an
interrupted line. The fibers in this zone are almost equidis-
tant from the external cylindrical surface. The depth of the
structural changes in the longitudinal section is greater than
150 pm. Up to 25 pm in refined sorbite structure is observed.

On the basis of the observed microstructures of the four
specimens, the following comments can be made:

e The depth of the affected zone (zone with fibrous struc-
ture—texture) is smallest for specimen B. Simultaneously,
a significant gradient in the microstructure in the radial
direction (from fine to coarse grains) is observed. These
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Fig.9 Microstructure of the surface and subsurface layers
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characteristics of the microstructure, i.e., thin affected
layer and significant gradient, are reflected in residual

zone, coupled with a smaller gradient of alteration of the
microstructure in depth, provides greater fatigue strength.

compressive stresses with very large surface gradients
(Fig. 8), which, in turn, lead to low fatigue strength.
The observed alteration in the microstructure of speci-
men A, due to DB, is oppose that observed in specimen B.
The formed texture has a depth of 100 pm, and the gradi-
ent of alteration in depth is significantly smaller. These
characteristics of the microstructure produce a signifi-
cantly smaller gradient of the residual axial stresses and
an almost zero gradient of the residual hoop stresses. As
a result, based on these two characteristics of the modi-
fied microstructure, i.e., significant depth of the affected
zone and minimal gradient, the fatigue strength of speci-
men A is the greatest.

With respect to the observed microstructure characteris-
tics, the other two specimens take on intermediate posi-
tions between specimen A and specimen B. Regardless of
the significant depth of the affected zone (80-150 pm),
the gradients of alteration in depth of the microstructures
found in C and D are larger than that for specimen B.
These characteristics lead to very large surface gradients
of both axial and hoop residual stresses: For both speci-
mens (C and D), the surface residual stresses are practi-
cally equal. As a result, the fatigue strengths of the two
specimens are significantly greater than that of specimen
B but smaller than that of specimen A.

4 Conclusions
The following basic conclusions can be drawn:

e A cost-effective optimization approach for increasing the

fatigue strength of diamond-burnished steel components
has been developed. The basic idea is that the fatigue
strength can be controlled via some of the SI character-
istics (surface micro-hardness, hardened-layer depth and
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