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1. INTRODUCTION

There are various methods of surface strengthening
mechanical processing of steel parts based on the
translational motion of tool over the surface of a mate�
rial [1]. These methods include surface friction defor�
mation, namely, the processing of an immobile work�
piece by an indenter moving under a load. A similar
scheme of loading in the surface layer of a material can
induce a bulk state of stress with a high specific pres�
sure due to the action of compressive and shear loads.
As a result, plastic deformation can proceed by not
only shear but also rotational mechanisms. Similar
processing allows the formation of a nanocrystalline
structure in a thin surface layer [2, 3].

Friction processing seems to be quite efficient for
parts with a small cross section, since a thin hardened
surface layer is comparable with the part thickness. In
this work, we study the effect of friction loading under
sliding friction conditions on the formation of the
phase composition, fine structure, and strain harden�
ing of a ribbon made of a chromium–nickel austenitic
steel with the metastable γ phase. We assumed that the
deformation�induced γ–α polymorphic transforma�
tion during additional surface friction processing cre�
ates conditions for the formation of higher functional
properties.

2. EXPERIMENTAL

We studed steel belonging to austenitic steels wiith
the metastable γ�phase; the contents of the main ele�
ments in the steel are as follows (wt %): 0.12 C,
16.6 Cr, 8.0 Ni, 1.39 Si, 1.93 Mn, 1.18 Mo, and 0.8 V.

A wire workpiece 2.16 mm in diameter was
quenched from 1070°C to form a supersaturated

γ solid solution, deformed by drawing (reduction) by
40%, and flattened into a 0.42 × 3.55�mm ribbon. At
the final stage of flattening, the ribbon was subjected to
strain aging at 470°C for 1 h. Additional friction pro�
cessing was performed before aging.

Friction loading was performed on a testing
machine with a cylindrical indenter having the work�
ing diameter of 6 mm and made from high�strength
alloy. To prevent the sticking of the indenter to a spec�
imen, friction was carried out using an MC�20 lubri�
cant. Loading was performed at a pressure of 200 N
and a sliding speed of 0.13 m/s. Such conditions
almost excluded heating of the material in processing.
The indenter diameter significantly overlapped the
ribbon in width (3.5 mm); because of this, the indenter
was moved in a reverse manner with no transverse dis�
placement. The indenter stroke was 75 mm, and the
number of back and forth strokes was 200. A specimen
was processed from either side.

X�ray diffraction (XRD) study was carried out on a
DRON�2 diffractometer (CoK

α
 radiation) to deter�

mine phase composition and also to estimate texture
by determining pole density Phkl of (111), (200), (220),
and (311) reflections [4].

Electron�microscopic examination of thin foils
prepared from the flattened ribbon was performed
using an EMV�100L microscope.

The microhardness of ribbon specimens was mea�
sured on a PMT�3 device at a load of 0.5 N. The elastic
limit was found using pure bending with a residual
strain tolerance of 0.03% [5]. The fatigue tests of can�
tilever ribbon specimens were carried out at a working
stress of 700 MPa. The vibration amplitude was
13 mm, the loading frequency was 1300 cycles/min,
and the number of repeated measurements was 6–8.
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The Bauschinger effect (so�called Bauschinger
strain) was found from the ratio of the difference

between the elastic limits of forward ( ) and

reverse ( ) loading to the elastic limit of forward

loading [6], B = 100(  – )/ .

3. RESULTS AND DISCUSSION

According to XRD data, the steel demonstrates a
single�phase austenitic state after quenching (Table 1).
Cold deformation (drawing and subsequent flatten�
ing) leads to active development of the polymorphic
γ–α transformation and the formation of a marked
amount of martensite. In this case, additional friction
processing increases the content of strain�induced
martensite by a factor of 1.5–2, and its total fraction
can exceed 30%. In addition, strain aging at 470°C
slightly decreases the α�phase content due to the ini�
tial stages of the reverse martensite transformation.

The fine structure of the steel in the deformed state
is shown in Figs. 1 and 2. Processing without friction
results in the typical structure of a deformed austenite
matrix characterized by a high dislocation density and
the presence of deformation twins and α�phase mar�
tensite (Fig. 1).
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Additional deformation by sliding friction mark�
edly changes the character of the fine structure in the
friction contact zone. It is expressed in substantial
fragmentation of the structural elements, which is
accompanied by a tendency to their crystallographic
misorientation (Fig. 2). A dark�field image indicates a
relatively high fraction of the martensitic α phase. The
thickness of the strain�hardened layer formed as a
result of friction loading is 10 μm. The peculiarity of
the diffraction pattern should be noted as follows:
numerous point reflections are observed instead of
typical diffuse Debye rings. In appearance, this dif�
fraction pattern is characteristic of primary recrystalli�
zation in the material, although the conservation of a
hardened state in this case is confirmed by the high
strength properties. Actually, additional friction pro�
cessing led to an increase in the elastic limit from 1220
to 1390 MPa and in the microhardness from 2450 to
3390 HV (after the complete cycle of thermomechni�
cal hardening by the scheme quenching–strain hard�
ening–aging).

This result can be due to the formation of a com�
plex state of stress induced by friction loading. Under
high�pressure sliding friction conditions, rotational
deformation can also be developed along with shear
deformation occurring via slip and twinning. This

Table 1. Phase composition of the austenitic steel subjected to various types of processing

Processing γ phase, % α phase, %

Quenching 100 0

Quenching + deformation 40% 80 20

Quenching + deformation 40% + aging 470°C, 1 h 84 16

Quenching + deformation 40% + friction 68 32

Quenching + deformation 40% + friction + aging 470°C, 1 h 70 30

(a) (b)1 μm

Fig. 1. Structure of a deformed ribbon specimen of the austenitic steel after hardening with no friction (TEM, ×20000): (a) bright�
field image and electron diffraction pattern and (b) dark�field image taken with the (011)α reflection.
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behavior is assumed to result in significant plastic
deformation accompanied by not only anomalously
high grain fragmentation but also their crystallo�
graphic rotation at a high�angle misorientation.

We can note the following expected results: a signif�
icant influence of additional friction processing of the
ribbon on the properties measured during bending
loading. This influence is most substantial during
cyclic tests. Cold deformation with subsequent hard�
ening friction processing markedly increases the
fatigue fracture resistance. The strength characteris�
tics (HV, σ0.03) increase by 15–30%, and the fatigue
properties are more sensible to the friction hardening:
the number of cycles to failure increases by a factor of
2.5, from 4580 to 11640.

The relative value Bauschinger strain characteriz�
ing the Bauschinger effect after the complete cycle of
thermomechanical processing (quenching–strain
hardening–aging) is dependent on the processing by
sliding friction: B = 42% without processing and B =
50% when this processing is applied. Friction defor�
mation increases the apparent elastic limit during for�
ward loading and decreases it during repeated defor�
mation in the reverse direction. As a result, the
Bauschinger strain increases.

These data agree well with the available data on a
more marked Bauschinger effect in a more hardened
material. The result can be explained from a stand�

point of the existing dislocation models. For example,
additional friction provides effective dislocation mul�
tiplication and, thus, increases the strain resistance
during forward loading; correspondingly, the shear
resistance markedly is more pronounced during
reverse loading [6].

We studied the texture formation in the strained
specimens and the effect of friction processing on this
process. Table 2 gives the data characterizing the pole
density for all reflections. A higher pole density is
observed for 220 lines. This means that a {110}�type
reflecting plane is predominantly oriented in the rib�
bon plane. It should be noted that the application of
friction significantly weakens the 220 reflection,
which can be considered as a decrease in the texture
sharpness in the specimens.

It is known [7] that the rolling deformation of aus�
tenitic steels forms the standard {110}〈112〉 texture in
them. Our study confirms the predominant arrange�
ment of a {110}�type plane parallel to the ribbon plane.
Here, it should be noted that the flattened ribbon can
have a quite complex texture because of the peculiari�
ties of flattening deformation: a wire is subjected to
drawing and, then, rolling. As a result, an axial texture
(texture of drawing) forms at the initial stages of such
a complex deformation and then transforms into a
rolling texture at the final stage (during flattening).
The rolling texture dominates after deformation
according to such a complex scheme.

0.5 µm(a) (b)

Fig. 2. Structure of a deformed ribbon specimen of the austenitic steel after hardening with friction (TEM, ×30000): (a) bright�
field image and electron diffraction pattern and (b) dark�field image taken with the (011)α reflection. 

Table 2. Pole density distribution

 Processing P111 P200 P220 P311

Quenching + deformation 40% + aging 470°C, 1 h 0.6 0.2 4.3 0.7

Quenching + deformation 40% + friction + aging 470°C, 1 h 1.0 0.1 2.1 0.8
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These results show that the rolling texture weakens
upon additional deformation by sliding friction. This
effect is likely due to the complex state of stress
induced by friction loading, i.e., the development of
rotational plasticity along with shear deformation.
This development leads to very strong plastic deforma�
tion accompanied by not only anomalously high grain
fragmentation but also crystallographic rotation of
grains.

4. CONCLUSIONS

Surface friction processing of ribbon specimens of a
chromium–nickel austenitic steel with the metastable
γ phase activates the deformation�induced γ–α transfor�
mation, promoting the formation of a highly dispersed
structural state characterized by angular rotation of
fragmented microvolumes. Similar processing by
external friction increases the strength properties
(apparent elastic limit, microhardness) of the ribbon
by 15–30% and more substantially (by a factor of 2.5)
influences the fatigue properties. In addition, the
sharpness of the strain�induced texture weakens, and
the resistance of the steel to repeated loading with the
opposite sign decreases (Bauschinger effect).
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