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Introduction. Sliding burnishing minimizes roughness and hardens of the steel surface. Quality of the formed
surface and strength characteristics of the surface layer are determined by the burnishing speed, force and feed. Due
to the danger of the surface micro-destruction during burnishing, the problem of selecting the favorable value of
the normal force at a given feed arises. The current investigation aims to study the effect of normal force during
dry diamond burnishing with a spherical indenter on smoothing the surface microprofile and strain hardening of the
03Cri6Nil5Mo3Til austenitic steel surface layer. Research methods. Profilometry, scanning electron microscopy
(SEM), microdurometry are used. Results and discussion. As the result of dry burnishing of deformation-stable
austenitic steel 03Crl/6Nil5Mo37il with a spherical indenter with a 2 mm radius made of natural diamond at a
sliding speed of 10 m/min and feed rate of 0.025 mm/rev, it is found that in the investigated variation range of the
burnishing normal force (100...200 N) the value of the smoothing coefficient of the initial steel surface microprofile
after finish turning is 79...90 %, the greatest smoothing with a decrease in the average roughness parameter Ra from
1.0 to 0.1 pum is achieved at a force of 150 N; during diamond burnishing the initial (after finish turning) surface
is hardened by 15...43 % (up to 382...444 HV), as the burnishing force raises from 100 to 175 N, a non-monotonic
increase of the average microhardness from 409 to 444 HV 0.05 takes place; burnishing with a load of 175 N forms
a gradient-hardened layer with a thickness of 300...350 um with the appearance of individual microfractures in the
form of beadings and micro-cracks on the surface, the maximum hardening is caused by the formation of a highly
dispersed surface layer of 30...40 um thick with a structure of highly dispersed austenite and the corresponding
activation of grain-boundary and dislocation strengthening mechanisms. The results can be used when selecting
the diamond burnishing parameters of parts made of corrosion-resistant austenitic steels according to the criteria
for obtaining low surface roughness without significant microfractures and effective strain hardening of the surface
layer.
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Introduction

Austenitic stainless chromium-nickel steels, due to high level of corrosion resistance, plasticity, heat
resistance, manufacturability and biocompatibility [1-3], are widely applied in the oil and gas, chemical,
nuclear, food and medical industries.

For many critical applications, steels of 0/ Cr17Nil3Mo3 type (analog AISI 316L) are of particular inter-
est. These steels retain corrosion resistance under mechanical influences due to its low tendency to martens-
itic deformation transformation [4], and are also prospective to be used in hydrogen economy as a hydrogen
embrittlement-resistant material for hydrogen transportation and storage systems [5]. Dispersion-hardening
steel of Cri6Nil5Mo3Til type is additionally alloyed with ~1 wt.% titanium, which provides radiation-
stimulated release of the coherent y'-phase (Ni,;7i) and thereby multiplies the resistance to void (vacancy)
swelling during irradiation with high-speed neutrons at temperatures of 480...500 °C [6-9]. Therefore, it is
prospective as not only corrosion-resistant, but also radiation-resistant material, operable in the presence of
aggressive environments.

The microhardness of non-heat-treatable AIST 316L steel surface can be increased by ultrasonic treat-
ment with a carbide spherical indenter (from 177 to 290 HV) [10] and balls in vacuum — by SMAT: surface
mechanical attrition treatment (from 1.65 to 2.90 GPa) [11], by sandblasting (from 1.8 to 3.6 GPa) [12].
However, the surface layers formed during impact hardening treatments are characterized by high rough-
ness Ra=1.0...2.5 um [11, 12]. Significantly more effective hardening of 03Cr16Nil4Mo3Til steel surface
(from 270 to 580...720 HV 0.025) can be achieved by friction treatment with a sliding indenter made of
synthetic diamond in an argon medium [13]. Such processing of austenitic chromium-nickel steels can also
provide high quality of the formed surface with low roughness [14, 15].

Sliding burnishing of steels minimizes roughness and strengthens the surface layer. The surface qual-
ity and strength characteristics of the surface layer formed during burnishing are determined by the speed,
feed and force of burnishing, the size of the contact area and multiplicity of loading [16-23]. The paper [16]
shows the possibility of controlling surface layer smoothing and strengthening based on the evaluation of
the integral parameter of the multiplicity of material loading during the burnishing process. When consider-
ing diamond burnishing of stainless /7-4 PH steel, the feed is determined by the most significant parameter
affecting surface roughness and hardness [17]. Under conditions of dry ball burnishing, the best roughness
smoothing of the turned surface of 4/Cr4 steel was provided by a small feed of 0.05 mm/rev, in contrast to
0.075 mm/rev and 0.1 mm/rev [18].

On the contrary, in [19], when studying the ball burnishing of AIST 1045 steel, it was found that the
greatest influence on both the surface roughness and hardness is exerted by the burnishing force. The normal
force is also a parameter determining a high level of compressive residual stresses (-1,100 MPa) being
formed by ball burnishing on the /5-5PH martensitic stainless-steel surface [20]. The depth of spherical
indenter penetration (determined by normal force, microhardness and roughness of the work surface), at
which complete smoothing of the initial roughness is achieved, is proposed in [21] as a criterion for ensuring
minimal roughness when burnishing hardened steels and is called stable indentation. An increase in the
normal force and contact spot size, as well as a decrease in the feed to increase the multiplicity of loading
and hardening of the material being treated, can cause micro-destruction of the work surface. In this regard,
at diamond burnishing, there is a problem of the exact assignment of the normal force at a given feed.

Maximov et al. in [22] noted that there is no data in the literature on the prospects of sliding indenter
burnishing of AISI 316Ti (03Cr16Nil0Mo2Ti) austenitic steel, which is closest in chemical composition
to the steel under study. However, the new results obtained in [22] do not allow establishing a connection
between the normal force and surface microprofiles, both after turning and after burnishing. In addition,

when choosing the burnishing force, it is important to assign it from the standpoint of material strengthening.

3D surface profilometry during the transition from turning to diamond burnishing of disks made of A1S7
304 metastable austenitic steel is considered in [23]. However, the assignment of the normal loading force
of the surface layer during burnishing was not validated.
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The purpose of this work is to study the effect of the normal force during dry diamond burnishing with
a spherical indenter on smoothing of turned surface microprofile and on deformation hardening of the
03Cr16Nil5Mo3Til austenitic steel surface layer.

Research methodology

The study of dry surface burnishing was performed on austenitic stainless steel 03Crl6Nil5Mo3Til
(C—0.03 %; Cr—16.64 %; Ni — 14.96 %; Mo — 2.77 %; Ti — 1.25 %; Si — 0.53 %; Mn — 0.38 %; Cu —
0.11 %; P—0.03 %; S —0.02 %:; the rest — Fe). The experimental samples of the “disk” type with a diameter
of 104 mm and a thickness of 19 mm were subjected to heat treatment — quenching from the temperature of
1,100 °C (exposure time of 1 hour) with cooling in water. After quenching at the Takisawa EX-310 turning
and milling center, the finish turning of the sample end surface was performed with a WNMG080408 tool
plate using a lubricating and cooling water-emulsion process medium (LCPM) at a cutting speed of 150 m/
min, a feed of 0.08 mm/rev and a cutting depth of 0.3 mm. After turning, the average surface roughness was
Ra = 1.0 um, and the microhardness was 311+10 HV 0.05 and 331+9 HV 0.2.

Further, after turning, concentric ring sections with a width of 5 mm were burnished on the treated
sample surface (Fig. 1). Burnishing was carried out with a tool able to adjust the burnishing force and to
use a spherical indenter with a radius of 2 mm made of natural diamond without using LCPM (in air). The
burnishing force varied according to the data of Table. The range of force variation from 100 to 200 N was
selected in accordance with the study of burnishing 4757 3167i analog steel, which was made by Maximov
et al. [24]. In accordance with this study, the feed value f, = 0.025 mm/rev was taken.

The choice of the indenter sliding speed (v, = 10 m/min) is justified by the maximum permissible
speed of dry burnishing the stainless high-chromium steel surface found in [25]. Exceeding the permissible
sliding speed leads to a significant increase in roughness and surface layer micro-fractures occurrence.

Burnishing

Turning
K

Fig. 1. Burnishing of the sample surface on the turning-milling center (a) and annular sections (b), indicated
by numbers according to the given burnishing force given in Table

Parameters of dry diamond burnishing of ring sections

Mode Burnishing force F,, N Sliding speed v, m/min Feed rate f,, mm/rev
1 200
2 175
3 150 10 0.025
4 125
5 100

Vol. 24 No. 1 2022 %
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The surface roughness was studied by 3D profilometry with a WYKO NT-1100 device. 3D profilograms
were obtained and the average values of the parameter Ra (the arithmetic mean deviation of the profile)
were determined according to the analysis of three surface areas with dimensions of 0.9%1.2 mm and
42.5%x55.8 um. Based on the 3D profilometry results, the surface microprofile smoothing coefficient was
calculated based on the approach proposed in [26]:

Ra; — Ra
Spa = ————L 100 % 1
Ra Rat 0 ( )
where Ra, —is the surface roughness after previous (turning) processing; Ra, — is the surface roughness after
diamond burnishing.

The measurement of the surface microhardness was performed with the AHOTECH EcoHARD XM1270C
microhardness tester at loads of 0.49 N (50 gf) and 1.96 N (200 gf) on the Vickers indenter. Using the results
of surface micro-durometry, the hardening coefficient was calculated based on the dependence:

HV,

J-IOO %, Q)

6 =
HV HY,

where HV, is the microhardness after surface diamond burnishing; HV  is the initial microhardness of the
turned surface.
The change in microhardness in the surface layer depth was determined with a cross-section using a
SHIMADZU HMV-G21DT microhardness tester under load on a Vickers indenter of 0.245 N (25 gf).
Using the Tescan VEGA Il XMU scanning electron microscope, the samples surface and the structure of
the near-surface layers in cross-sections were studied.

Results and discussion

In Fig. 2 and Fig. 3a, the results of optical 3D profilometry of the sample surface after turning and dry
diamond burnishing in the zones of 0.9%1.2 mm in size are presented. It can be seen that diamond burnish-
ing led to a significant smoothing of the initial surface roughness and a corresponding decrease in the value
of the arithmetic mean deviation of the Ra profile. As the burnishing force increased from 100 to 150 N,
the average value of the roughness parameter Ra decreased from 0.21 to 0.10 um. A further increase in the
burnishing force to 175 and 200 N, on the contrary, caused an increase in the average value of Ra to 0.11
and 0.17 um, respectively (see Fig. 3a).

Calculation by formula (1) showed (Fig. 3b) that in the process of diamond burnishing of an austenitic
steel disc in the range of the forces under study, the smoothing coefficient 6, ranges from 79 to 90 % with
a maximum in the case of using a load F, = 150 N. Thus, according to the criterion of the profile arithmetic
mean deviation, the specified most favorable normal load mode provides smoothing of the microprofile
by 90 % formed by finishing turning (Ra = 1.0 pm), and results in nanoroughness (Ra = 100 nm) even on
relatively extended surface areas with dimensions of 0.9%1.2 mm.

The surface microprofile analysis taken in the process of 3D profilometry at microsections with dimension
42.5%x55.8 um showed that, in contrast to the surface after turning with characteristic unidirectional large
protrusions and depressions (Fig. 4a), isolated depressions are observed on the entire area of the burnished
surface (Fig. 4b-d). With burnishing force of 100 N, these depressions take a shape elongated in the direction
of tool movement (Fig. 4b). As burnishing force increases, the size of depressions decreases significantly,
it acquires a rounded or oval shape; its distribution becomes more uniform, and the number of depressions
increases (Fig. 4c¢, d). At the same time, the depression depth seems to decrease with an increase in burnishing
force, as evidenced by a continuous decrease in the values of the roughness parameter Ra (see Fig. 4 b-d).

The presence of the revealed depressions on the burnished surfaces may be due to the insufficient
amount of the burnishing force and the surface profile depressions left from the previous turning (Fig. 5a).
In particular, this reason can justify the presence of elongated extended depressions on the surface burnished
with a minimum investigated force of 100 N (see Fig. 4b). On the other hand, an increase in the number of
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Fig. 2. Three-dimensional profilograms on a 0.9 x 1.2 mm area of the disk surface made of 03Cri16Nil5Mo3Til
steel, after finishing turning (a) and dry diamond burnishing with different forces F,: 100 N (&), 150 N (c¢)

and 200 N (d)
(1)

Ra, "m 6Ra, A’
0.20 %0

85
0.15 -

80
0.10

75

100 125 150 175 200 Fy N
a b

Fig. 3. Dependence of the average values of the roughness parameter Ra () and the smoothing coef-
ficient 9, (b) of the 03Cri6Nil15Mo3Til steel surface on the burnishing force F,

100 125 150 175 200 Fp N

depressions (indentation) during burnishing with increased loads may result from damage to the austenitic

steel surface during its adhesive interaction with a diamond indenter without applying coolant lubricant.
Microdurometry of the burnished surface, performed at loads of 0.49 N and 1.96 N with the Vickers

indenter, showed a significant effect of the smoothing force on the hardening of the surface layer

Vol. 24 No. 1 2022 %
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Fig. 4. Three-dimensional profilograms taken in a 42.5x55.8 pm area of the disk surface made of
03Cr16Nil5Mo3Til steel, after processing by finish turning (a) and dry diamond burnishing with
different forces F,: 100 N (b), 150 N (¢), 200 N (d)

Fig. 5. SEM images of the surface of a disk made of steel 03Cr16Nil5Mo3Til after processing
by finishing turning (@) and dry diamond burnishing with a force F, = 175 N (b)
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material (Fig. 6). When measuring with a load of 0.49 N, as the burnishing force increases from 100 to 175 N,
a non-monotonic increase in microhardness occurs from 409+17 HV 0.05 to 44447 HV 0.05 (see Fig. 6a).
The established maximum level of steel surface microhardness after burnishing with a load of 175 N is
observed despite individual micro-destructions in the form of buildups and microcracks as a result of metal
redeformation under burnishing effect (Fig. 5b).

HV | Suv, %
460 50

440 1 40 A
l_‘-'"""--__ o
420 10 VI
2
20
380 ¥ —F
10

. 10 B .
0 125 150 175 200 Fp, N 100 125 150 175 200 F», N

a b

Fig. 6. Dependences of microhardness HV (@) and the hardening coefficient ,,, (b) of the 03CrI16Nil5Mo-
3Til steel surface on the burnishing force F,: microhardness measurements at loads on the Vickers indenter
0.49 N (curves 1) and 1.96 N (curves 2)

With a further increase in the burnishing force to 200 N, a decrease in the microhardness of the
deformed surface to 422 += 3 HV 0.05 is observed (Fig. 6a). This can be explained by an occurrence, at the
maximum burnishing force, of an over-peening effect, which leads to accumulation of surface damage and
local destruction of the thin steel surface layer. This statement is supported by occurrence of noticeable
irregularities on the 3D profilogram of the smoothed surface (see Fig. 2d) and a corresponding abrupt
increase in roughness after a burnishing force increase from 175 to 200 N (see Fig. 3a).

From the data of Fig. 6a it also follows that at measurements using a higher load on the Vickers
indenter (of 1.96 N) with increasing the burnishing force, the microhardness of the work surface increases
monotonically from 382+4 HV 0.2 after burnishing with a force of 100 N and achieves maximum 421+4 HV
0.2 after burnishing with a force of 200 N. Consequently, the microhardness reduction HV 0.05, associated
with the re-peening when increasing burnishing force from 175 to 200 N, affects only a very thin near-
surface layer.

Figure 6b shows the effect of the burnishing force on the hardening coefficient d,,,, calculated by formula (2)
when burnishing with respect to the microhardness of the initial (after turning) surface of the steel under study.
A lower level of initial microhardness (310 = 10 HV 0.05), found when measuring a thinner layer with a load of
0.49 N than when using a load of 1.96 N (330+£9 HV 0.2), indicates damage accumulation directly on the steel
surface during the finish turning process, causing some material softening. According to Fig. 65 diamond burnish-
ing provided 31...43 % hardening in a thin near-surface layer with an extremum at a burnishing force of 175 N
and 15...27 % hardening in a thicker surface layer with a maximum microhardness at a burnishing force of 200 N.

Fig. 7 shows microhardness distribution in depth of the gradient-hardened steel surface layer after burnish-
ing at a load of 175 N, which provided a maximum microhardness of 444+7 HV 0.05 of the burnished surface.
While moving away from the burnishing surface, the microhardness measured at a load of 0.245 N decreases from
400...420 HV 0.025 to 220...250 HV 0.025 at a depth of 300...350 pm.

The study of cross-sections with a scanning electron microscope showed that after finishing turning, the
large austenitic grain structure is preserved in the sample surface layer (Fig. 8a). Since the technological
turning (lathe machining) is designed for sizing cut, accelerated removal of the material cuttings does not
create favorable conditions to accumulate large degrees of plastic deformation and structure dispersion
accompanying this process in the workpiece surface layer.

Vol. 24 No. 1 2022 %
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Fig. 7. Change in the microhardness HV 0.025 in depth
of the 03Cr16Nil15Mo3Til steel surface layer (% is the
distance from the surface) after dry diamond burnishing
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In contrast to turning, dry diamond burnishing
with a force of 175 N formed a pronounced surface
layer with a thickness of 30...40 pum with a strongly
deformed highly dispersed structure (the layer is
marked with a dotted line in Fig. 8b). It can be
seen that the deformation led not only to significant
austenitic structure dispersion, but also to occurrence
of discontinuities in the form of micropores of
various sizes — from fractions of a micrometer up to
5 um (Fig. 8b). Similar micropores were formed in a
thin surface layer of AISI 321 metastable austenitic
steel as a result of friction treatment with a synthetic
diamond indenter in an argon medium [27, 28].

It is known that micropores of deformation origin
(submicropores) in plastic metallic materials are
formed in the process of submicrocrack blunting that
appear in deformable metal when moving dislocations
are blocked by barriers such as inclusions, grain
boundaries, sliding lines, etc. [29, 30]. Micropores

occur as well due to the fact that during the passage of the sliding indenter and its individual microasperity,
the metal moves from the zone of compressive stresses, in which deformation occurs in the shear conditions
under pressure, into the zone of external tensile stresses [31, 32]. According to [33], the pores in metals under
intense plastic deformation are formed precisely in the tension zones, while highly dispersed structures
occur only in the zones of shear (compression). Tensile stresses also cause microcracking on the steel
surface during burnishing (see Fig. 5b).

It 1s important to note that the highly dispersed layer dotted in Fig. 85 is characterized by a maximum
microhardness level of 400...420 HV 0.025 (see Fig. 7). Thus, during microdurometric measurements
with loads of 0.245, 0.49 and 1.96 N on the Vickers indenter after dry burnishing with a natural diamond
indenter with a force of 175 N, a microhardness level of 400...444 HV was registered on the surface of
03Cri16Nil5Mo3Til austenitic steel and in a surface layer with a thickness of 40 um. (see Fig. 6a; 7).

Fig. 8. The structure of the 03Cri6Nil5Mo3Til steel surface layer after finish turning (¢) and dry
diamond burnishing with the force of F, = 175 N (b); cross-section, scanning electron microscopy,
the dotted line indicates the layer boundary with dispersed structure

CM Vol 24No. 12022
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A similar level of deformation hardening (up to 4.1...4.4 GPa) was observed as a result of intensive plastic
chromium-nickel austenitic steel deformation by ultrasonic impact treatment with strikers [34], ultrasonic
peening in vacuum [35] and equal-channel angular pressing (extrusion) [36]. When processing a workpiece
made of A1S] 304 metastable austenitic steel by finishing turning and diamond burnishing with lubricating
fluid on a turning and milling center, hardening on the surface and surface layer with a thickness of 75 um
to 380...450 HV 0.025 was achieved [23].

Nanostructuring surface machining SMAT of 316L (02Cr17Nil2Mo2Mn2) austenitic steel, similar in
composition to 03Crl6Nil5Mo3Til steel studied in this work, led to surface hardening up to 4.5 GPa [37,
38] and surface layer nanostructuring with a thickness of 40 pum with formation of 15 % nanocrystalline
strain-induced martensite.

In our earlier study [13], on the surface of 03Cri6Nil4Mo3Til austenitic steel under the conditions
of friction treatment with a sliding indenter made of synthetic diamond in a nonoxidizing argon medium,
an increase in microhardness up to 720 HV 0.025 was observed with a total depth of a gradient-hardened
layer of 300 um. A high coefficient of friction (f = 0.47) in the process of friction treatment with a
synthetic diamond indenter [13] contributed to more intensive steel hardening than in this work, while
when burnishing with a natural diamond indenter, even without lubricating fluid, the coefficient of
friction does not exceed 0.1 [39].

In contrast to the works [37, 38], the study [13] observed an almost complete absence of deformation
y—a transformation: in a surface layer ~7 um thick, no more than 1.5% (vol.) of strain-induced o’ -martensite
was formed during friction treatment of 03Crl6Nil4Mo3Til steel. The noted result is due to the increased
content of nickel (a strong austenite stabilizer) in 03Cri16Nil4Mo3Til steel compared with its amount in
316L (02Cr17Nil2Mo2Mn?2) steel [37, 38]. At the same time, in [13], as a result of friction treatment, nano-
and submicrocrystalline austenitic structures were formed on the surface of 03Cri16Nil4Mo3Til steel, the
occurrence of which was preceded by generation of dislocation cell and band structures. The formation in
stable-to-deformation and metastable austenitic steels under frictional impact of highly disordered crystals
of nano- and submicrometer dimensions [13-15, 40] occurs at the final stage of structure transformation
due to cell turns and its decrement as a result of the development of a rotational deformation mechanism
due to friction [41].

Thus, the established increase in microhardness of stable-to-deformation 03Cr16Nil5Mo37Til austenitic
steel to 400...444 HV as a result of dry burnishing with an indenter made of natural diamond can be
explained by formation of highly dispersed austenite in the surface layer and by corresponding activation
of grain boundary and dislocation mechanisms of hardening.

Conclusions

As a result of the experimental study of the normal force magnitude effect during dry burnishing by
a spherical indenter with a radius of 2 mm made of natural diamond at a sliding speed of 10 m/min and a
feed value of 0.025 mm/rev on the surface roughness formation and surface layer hardening of stable-to-
deformation 03Cr16Nil5Mo3Til austenitic steel, it is established:

1) in the studied variation range of the normal burnishing force of 100...200 N, the smoothing coefficient
of the steel surface initial microprofile after finish turning is 79...90 %, the greatest smoothing with a
decrease in the average roughness parameter Ra from 1.0 to 0.1 um is achieved at a force of 150 N;

2) with diamond burnishing, the initial (after turning) surface is strengthened by 15...43 % (up to
382...444 HV), as the burnishing force increases from 100 to 175 N, a non-monotonic increase in the
average microhardness occurs from 409 to 444 HV 0.05

3) burnishing with a load of 175 N forms a gradient-hardened layer with a thickness of 300...350 um
with generated individual micro-fractures on the surface in the form of buildups and microcracks, the
maximum hardening of the steel surface is due to formation of a highly dispersed surface layer with a
thickness of 30...40 um with a structure of highly dispersed austenite and corresponding activation of grain
boundary and dislocation mechanisms of hardening.

Vol. 24 No. 1 2022 %
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The results obtained can be used in the scientifically justified selection of technological parameters for
diamond burnishing of workpieces made of corrosion-resistant austenitic steels according to the criteria
for obtaining a high-quality surface (with low roughness in the absence of significant micro-fractures) and
effective deformation hardening of the surface layer.
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