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Abstract. In this paper, we investigate the possibility of using the friction method for
modifying the microstructure and mechanical properties in the near-surface regions of AlSI
316L austenitic steel specimens for the purpose of its practical application. It is shown that
a region of severe plastic deformation arises near the friction surface, which transforms the
initial fine-grained polycrystalline steel structure into a homogenized zone consisting of a
deformed structure with plastic slip bands and weakly pronounced grain boundaries. The
change in the microscopic structure results in an increase in this zone of values of
micromechanical characteristics, such as microhardness (H), Young's modulus (E), plasticity
index (H/E) and resistance index (H*/E?). The obtained results are of interest for the
potential use of AISI 316L steel in medicine.
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Introduction

It is well known that the resistance that occurs when two surfaces are in contact
with each other and are subjected to a force that makes them slide relative to each other is
so called frictional force. From a physical point of view, friction is a complex and diverse
phenomenon. Over the years, various hypotheses and models of friction have been
advanced and substantiated. So, three consecutive and interrelated stages of the friction
process were formulated, namely [1 - 3]:

e interaction of contacting surfaces, taking into account the influence of the
environment;

» changes in the microstructure of surface layers as a result of interaction;

» destruction of surfaces due to the two previous stages.

The determining factor in this is the first stage, the interaction of surfaces, since the
course of subsequent stages, the modification of the microstructure and the change in
mechanical properties depend on its intensity.

In this regard, a large number of works are devoted to the influence of friction on the
transformation of the internal structure and mechanical parameters [4 - 7]. Thus, in [4], the
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relationship between bulk hardness (Rockwell macrohardness), surface hardness (Vickers
microhardness) and strain hardening rate with the frictional behavior of Cu-Sn and Cu-Al
alloys is considered. The highest microhardness was recorded immediately below the wear
surface, and its value increases with an increase of the instantaneous rate of strain
hardening. However, there was no correlation found between the strain hardening rate and
bulk hardness. In [5], the friction stir processing (FSP) was undertaken to harden the surface
of high carbon martensitic stainless steel (AISI 440C) and increase its corrosion resistance.
Friction stirring processing has also been used to improve the grain structure of AISI 316L
stainless steel. Microstructural studies using transmission electron microscopy have shown
that the grain structure evolution in the mixing zone is mainly determined by intermittent
dynamic recrystallization. Compared to the base metal, the FSP specimens showed higher
hardness, increased yield and tensile strength. The authors attributed the improved values
of mechanical parameters to the improvement of the grain structure [6].

Analysis of the avaible experimenrtal data indicates a close relationship between the
mechanical characteristics of various metallic materials and their microstructure, which
makes it possible to purposefully perform changes in their mechanical properties. Currently,
various methods are already used in technology to improve hardness, yield and tensile
strength, wear resistance, etc. For example, ion implantation causes changes in the surface
composition or morphology of solids, as a result of which the values of hardness and elastic
modulus increase [8]. The additive manufacturing (AM) methods widely used in industry,
such as laser powder surfacing [9], steel processing by melting, the use of high-temperature
preheating systems [10], have great possibilities in modifying mechanical properties.

Considering that for technical goals the new materials with various and specific
properties are required, the search continues for new ways to change the microstructure
and strength characteristics of them, depending on their practical purpose. In [11 - 14] it
was demonstrated that after friction the microstructure of a narrow surface layer of metal
samples (brass, copper, steel) differs significantly from the microstructure in the bulk of
them. The reason for this difference is that near the surface of friction, the material is
subjected to ultra-high internal stresses that are much stronger than in the bulk. Under such
conditions, a significant change in the behavior of the material and, naturally, the
appearance of anomalous phenomena of mass transfer occur [2, 3, 15, 16]. This problem is
currently still insufficiently studied and it is necessary to carry out special studies on this
subject.

Therefore, the main task of this paper is to consider the effect of friction on the
micromechanical parameters of austenitic stainless steel AISI 316L. We mention that, the
use of this material is extremely widespread in various areas of the economy, including
medicine, in particular, in surgery and dentistry as implants. Moreover, implants used in
bone surgery and dentistry should have, similarly to bone tissue, increased hardness in a
narrow surface layer of the material compared to hardness in the bulk. Thus, taking into
account the previos results from the literature, the creation of such mechanical properties
can be achieved by applying the friction method.

Experimental

The investigated samples of AISI 316L stainless steel were the washers (15x15x5)
mm in size with the following chemical composition, %: ( C 0.019; Mn 1.74; P 0.017; S
0.001; Si 0.5;Cr 17.38; Ni 14.24; Mo 2.85; N 0.062; Cu 0.1; Fe 63.09). Studies of the
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deformation specificity of AISI 316L steel were carried out for two friction modes: 1 - dry
friction "metal/metal”, namely, steel AISI 316L/steel St3sm, and 2 - dry friction
"metal/abrasive”, namely, steel AISI 316L/abrasive P2000, with different duration of the
process (t = 1; 5 and 10 hours). Friction processes were carried out on a friction device, a
MoPao 160E polishing machine and manually. The study of the modification of the
microstructure as a result of friction and the determination of the mechanical parameters
were carried out on the cross sections of the samples.

The study of hardness was carried out by two methods: the method of instrumental
(depth-sensitive) indentation on a Nanotester-PMT3-NI-02 device equipped with a
Berkovich indentor, at a load of P =400 mN, and by the method of quasi-static indentation
using an PMT-3 microhardness tester, load on the indenter was 500 mN. The depth-
sensitive indentation method has a higher measurement accuracy compared to the quasi-
static indentation method [17,18]. Quasi-static indentation studies the ‘post-factum’
process, after removal of the load, while instrumental indentation studies the process of
indentor penetration and removal of the load in dynamics, thereby allowing, along with the
assessment of hardness (H) and Young's modulus (£), to determine many other mechanical
characteristics. The testing on nanotester were performed as follows. Loading process - 20
s, holding at maximum load (Pmax) - 30 s, unloading - 20 s. For each load, 10 imprints were
applied. The results were calculated as the average of 10 tests. Based on the analysis of the
indentation curves, the main parameters of elasticity, plasticity, and strength were
estimated. The calculations were carried out according to the Oliver-Pharr method widely
used in science [19]. All calculations were performed automatically using the instrument
software.

Finally, the microstructure of the surface of samples and the relief of the zone in the
vicinity of the hardness imprints were investigated by optical microscopy using Amplival
and XJL-101 instruments with digital monitoring. Selective chemical treatment in order to
identify the grain structure was carried out in a solution of the composition: 2.5 mlL HCL + 1
ml glycerol + 0.5 ml HNO3, etching time t+=5 min.

Results and Discussion
The initial micrograin structure of the AISI 316L stainless austenitic steel, revealed
by the method of selective chemical o
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crystallites have different shapes and
orientations not only on the surface
under study, but also relative to their
location in the volume, which s
confirmed by the different
microstructure and color of the
crystallites. Figure 2 shows the shape of
imprints made on the cross section of
sample at different distances from the
friction surface.

F|gure 1. Mlcrc;structﬁre image of surface of
AISI 316L austenitic stainless steel after
chemical etching.
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Figure 2. Images of sample microstructure and of imprints, made at different distances
from the friction surface. Conditions: dry friction "metal/metal”, AISI 316L steel/ St3sm
steel; friction duration t; = 1 hour, the arrow indicates the direction to the surface.

Figure 3. AISI 316L austenitic steel. Evolution of changes in the microstructure of a
sample at a cross section as it approaches the surface that has been subjected to friction
for 1 hour (sliding lines are marked with arrows).
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It is also seen that far from the
friction surface (Figure 2 a) the
sample has a fine-grained
structure. As they approach the
friction surface shown in Figure 2
b, ¢, the crystalline granules are
smoothed out and are very faintly
visible near the friction surface.
At the same time, attention is
drawn to the fact that the size of
the imprints decreases as they
approach the surface. This
indicates a change in the value of
hardness, the smaller the imprint,
the higher the hardness. This
issue will be considered in more
detail below.

Analysis of the surface
shape at higher magnification
reveals new details of the
evolution of the microstructure
that occurs in the sample under
the influence of  friction
(Figure 3). Here the pictures are
presented in order of approach to
the friction surface (Figure 3 a-f).
It can be seen that deformation
slip bands intersect inside the
grains (shown by arrows). Sliding
bands cross different grains Figure 3 b and 3 f at an increased magnification.
resulting in a smoothing of the grain boundaries shown in Figure 3 d-f. In this case, the
color of grains is leveled, i.e. their disorientation decreases. When crystallites have different
crystallographic orientations with respect to the studied surface, they have different
degrees of color (see Figure 3 a-b).

As the degree of deformation of the material increases when approaching the friction
surface, the color of the grains evens out, and in the last pictures of Figure 3 e, f the surface
becomes more uniform and evenly colored, the grain boundaries are less pronounced, and
the grains themselves acquire a similar orientation. So, we can say that the closer to the
friction surface, the more the sample structure is homogenized and already consists of a
uniformly deformed structure with plastic slip bands and weakly pronounced grain
boundaries; compare the results of Figure 3b and 3f at higher magnification shown in
Figure 4.

The same pattern is observed for other modes and methods of friction. For instance,
a sample subjected to “metal/metal” friction is shown in Figure 5.

The presented stages are similar to Figure 3, and demonstrate the evolution of the
microstructure as a result of 10-hour friction of the AISI 316L steel/St3sm steel pair of
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samples. A similar modification of the internal structure of the material under the action of
prolonged dry friction is seen, as for one-hour friction: the appearance of deformation slip
bands inside the grains, intersection with other grains, and the homogenization of the
crystallographic orientation of the grains.

Figure 5. AISI 316L austenitic steel, a-d - the evolution of microstructure changes of the
sample at a cross section as the friction surface approach. Friction duration - 10 hours.

Similar changes can be traced on a sample subjected to 5-hour manual friction using
the “metal/abrasive” method, AISI 316L steel/P2000 abrasive (Figure 6).

The multi-grain structure of the surface is clearly visible at a large distance from the friction
surface (= 700 pum) shown in Figure 6, a and its transformation into a smooth homogeneous
structure at a distance of = 50 um from the friction surface as in Figure 6 c.

The noted appearance of a more homogeneous structure near the friction surface
with a smaller misorientation of grains correlates with the results of studies in which, for
different friction regimes, the formation of a fragmented structure with a smaller angle of
grain misorientation was also recorded than in the original undeformed samples. For
example, in [6] it is shown that as a result of friction with stirring of AISI 316L stainless
steel, the number of high-angle boundaries has decreased, instead of this, the number of
low-angle boundaries has significantly increased.

The homogenization of the sample structure near the friction zone was also
confirmed by the results of works in which the study of the internal structure of the samples
after various methods of friction was carried out by the methods of transmission and
scanning electron microscopy, atomic force microscopy and the electron diffraction method
[2, 3, 20].
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austenitic steel. Evolution of the modification of sample microstructure

at a cross section as the surface approach (a - b - ¢) subjected to manual polishing for 5
hours.

Changes in the microscopic structure of samples subjected to different methods of
friction and different duration of the friction process, as a result, led to a change in
micromechanical characteristics, such as microhardness (H), Young's modulus (E), plasticity
index (H/E) and resistance index (H*/E?. This was demonstrated by corresponding
measurements of deformed samples. As an example, the imprints applied to the cross
section of sample at different distances from the friction surface are shown in Figure 7.
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Figure 7. AIS| 316L steel. Rows of imprints made on a cross section of sample after
friction by the "metal/metal” method. A total of 7 rows have been completed. (A scale
division corresponds to a distance of 10 pm).

The results of test and evaluations are shown in Figures 8 - 15. Note that for all
Figures the points closest to the ordinate axis correspond to a distance of about 50 yum from
the friction surface, with the latter on the right side at a distance of about 500-700 ym.

A characteristic feature of all the given parameters is a decrease in their values with
an increase in the distance from the friction surface. Although in some cases the change is
not entirely smooth, and regions with maxima and minima are noted, the following general
picture is observed on all curves.
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Figure 8. Dependence of hardness (H) on
the distance (D) to the “metal/metal”
friction surface. Curve 1 - friction for
1 hour; curve 2 - 10 hours.
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Figure 10. Change in Young's modulus (£)
with distance (D) increasing to the
“metal/metal” friction surface. Curve
1 - friction for 1 hour; curve 2 - 10 hours.
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Figure 12. Modification of the plasticity
index, H/E, as it moves away from the
friction surface “metal/metal”. Curve

1 - friction for 1 hour; curve 2 - 10 hours.
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Figure 14. Modification of the resistance
index, H*/E?, as it moves away from the
friction surface “metal/metal”. Curve
1 - friction for 1 hour; curve 2 - 10 hours.
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Figure 9. Dependence of hardness (H) on
the distance (D) to the “metal/abrasive”
friction surface. Curve 1 - friction for
1 hour; curve 2 - 5 hours.

200 [ T
180
s I\ -
~ 140 =
[sa
120 T————E-__ - H1
J I 1
100 . : ' :
200 400 600

, m
Figure 11. Change in Young's modulus (E)
with distance (D) increasing to the
“metal/abrasive” friction surface. Curve
1 - friction for 1 hour; curve 2 - 5 hours.

0,028 . T

0,024

=
)

0,020
B
0,016 ~
200 400 600
, pm

Figurel3. Modification of the plasticity
index, H/E, as it moves away from the

friction surface “metal/abrasive”. Curve

1 - friction for 1 hour; curve 2 - 5 hours.
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Figure 15. Modification of the resistance
index, H3/E?, as it moves away from the
friction surface “metal/abrasive”. Curve
1 - friction for 1 hour; curve 2 - 5 hours.
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Firstly, the effect of friction leads to an increase in the value of parameters of
strength and plasticity in comparison with the initial undeformed sample, and secondly,
their value tends to decrease with distance from the friction surface to the values of the
undeformed sample. The area covered by the effect of friction depends on the duration of
the process, increasing with its increase. For the friction methods used in the work, the
microstructure modification took place from the friction surface to about 700 pm into the
sample volume.

Finally, we mention that an increase in the duration of the friction process, as a rule,
leads to the increase in all mechanical parameters (with some exceptions, for example,
parameters (H/E) and (H*/E?) for the “metal/metal” friction method). Based on the results
obtained, it can be stated that the friction method can be used to modify the parameters of
strength and plasticity in the near-surface layers of metals.

Conclusion

The results of this paper demonstrates that different friction modes cause plastic
changes in the deformed zone of the tested sample. The maximum modification of the
structure takes place in a thin layer (=100 um) immediately adjacent to the friction surface,
i.e. in the zone of severe plastic deformation. The degree of deformation gradually
decreases as it moves into the interior of the sample, and at a distance of about 600-700
um from the friction surface, the sample acquires the form of the initial polycrystalline
structure. Structural changes caused by friction are accompanied by similar changes in
mechanical parameters such as microhardness (H), Young's modulus (E), plasticity index
(H/E) and resistance index (H*/E*). The character and degree of their change can be
regulated by the experimental conditions. Thereby, through the selection of appropriate
modes, friction can be applied as a new method to obtain samples of austenitic stainless
steel AISI 316L with the required mechanical properties.
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