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INTRODUCTION

One of the effective ways to increase the reli-
ability of friction units of machines is hardening 
treatment by intensive surface plastic deformation 

by impact and friction methods [1–3]. Impact 
surface plastic deformation is performed, for 
example, by chasing, shot blasting and bombard-
ment with steel balls, vibro-impact treatment, etc. 
Friction methods of surface plastic deformation 
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ABSTRACT
By methods of sclerometry (with registration of acoustic emission) and amplitude-independent internal friction 
the change of substructure and rheological and strength properties of carbon steel after heat treatment (hardening + 
tempering) and subsequent finishing-hardening friction treatment (abrasive grinding + polishing) has been investi-
gated. Significant differences have been established in the change in the strength, rheological, and dissipative prop-
erties of martensite from the properties of medium and high tempered structures formed by friction processing. 
It is shown that, in contrast to highly tempered steel after abrasive impact, the degree of hardening of hardening 
of quenched martensite increases with increasing strain rate in scratch testing, indicating a different mechanism 
of strain hardening of these structures under friction treatment conditions. Exceptionally high acoustic-emission 
activity of hardening martensite (to 20 µm) caused by hardening treatment, as well as the rapid growth of the tem-
perature background of internal friction, is due to the formation of ultradisperse (nanocrystalline) structure, which 
is characterized by high contact strength and relaxation capacity. Additional hardening of quenching martensite in 
the process of friction treatment, accompanied by an increase of relaxation resistance is caused by dynamic strain 
aging and dynamic stress tempering. The less pronounced acoustic-emission activity and low level of internal fric-
tion of tempering martensite (Ttemp = 200 °C) indicate an increase in the elasticity of the structure with a decrease in 
the relaxation capacity, the level of which was stably maintained with a change in the speed of friction treatment. 
Highly tempered steel (Ttemp = 600 °C) undergoes mechanical work hardening due to friction-activated surface 
plastic deformation, which is accompanied by a rapid decrease in dissipative (relaxation) capacity with the trans-
fer of fracture processes under the friction surface. The analysis of experimental data is carried out in the context 
of the problem of creating wear-resistant materials, which at high strength should also have sufficient relaxation 
(damping) capacity.
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include roller rolling, smoothing (including dia-
mond smoothing), vibration grinding, mandrel 
grinding, sliding indenter or fixed abrasive pro-
cessing, etc. [4–7]. Methods of friction process-
ing are characterized by simplicity and sufficient 
efficiency of increasing the wear resistance of 
friction units.

One of the priority tasks of mechanical engi-
neering is to improve and increase the efficiency 
of finishing operations of abrasive machining, 
which determine the geometric accuracy and 
operational properties of parts [8,9].

BACKGROUND

The whole variety of finishing and strength-
ening abrasive machining can be divided into 
methods of finishing with free and fixed abrasive 
[10,11]. The advantage of fixed abrasive is the 
possibility of smoothly changing the cutting abil-
ity of the tool in the process of finishing with the 
transition from coarse to finer surface finish.

In industry, grinding and polishing are tradi-
tional methods of finishing using abrasive tools. 
In grinding, plastic deformation and hardening 
of the surface layer occurs under conditions of 
impact interaction of abrasive grains with the 
material being processed [9,12,13]. Grinding 
as a method of abrasive finishing, in addition to 
ensuring high dimensional accuracy and optimal 
surface roughness, is designed to form high per-
formance indicators of machine parts.

Grinding operation using non-rigid, flexible 
or elastic tools (abrasive elastic wheels, abra-
sive abrasives, abrasive belts, etc.) is widespread 
in finishing and strengthening of complex thin-
walled parts [1,14]. Such parts, for example, are 
used in the aviation industry, where they strive to 
minimize the mass of products. For smoothing 
and polishing, friction machining in the regime of 
boundary friction with the use of abrasive sand-
paper and polishing paste is usually applied.

In addition to removing allowances and form-
ing optimal surface roughness, friction abrasive 
blasting is designed to improve the strength prop-
erties of parts operating under sliding and rolling 
friction. This is achieved by increasing hardness, 
fatigue strength, and by improving the corrosion 
resistance of parts made of alloy steels [15–17].

However, the wear resistance of steel is deter-
mined not only by hardness. For example, nano-
structured friction treatment of hardened steel with 

a sliding indenter increased hardness by 40%, and 
wear resistance increased 2–3 times under condi-
tions of adhesive and abrasive wear [5]. Accord-
ing to [6], after friction treatment (grinding + 
polishing) under conditions of “soft” wear under 
sliding friction without lubrication, hardened 
steel  45 showed almost an order of magnitude 
higher wear resistance compared to the sorbitic 
temper structure with only a threefold difference 
in hardness. This advantage of steel in the state 
of hardening increases with toughening of the 
friction regime. So, in comparison with normal-
ized steel, hardened steel, which had three times 
higher hardness after friction treatment, showed 
50–200  times higher wear resistance, which, in 
turn, depended on the load-velocity mode of fric-
tion. The effectiveness of the effect of surface 
plastic deformation during friction treatment on 
strain hardening and wear resistance decreases as 
the tempering temperature increases.

It is accepted [19–21] that the hardening of 
steel under severe surface plastic deformation 
occurs due to changes in the dislocation struc-
ture, crushing of grains and blocks, as well as 
due to the formation of residual compressive 
stresses in the surface layer. It is assumed that a 
more significant increase in the contact strength 
of martensite is associated with the connection 
of the transformation of residual austenite into 
martensite and the formation of nanocrystalline 
structure to the above structural factors [2,5]. 
However, at the substructural level, the role of 
diffusion-dislocation dynamic hardening pro-
cesses during friction treatment of steel in con-
nection with its initial structural state remains 
insufficiently studied. Moreover, there is an 
opinion [7] about the inexpediency of friction-
al surface plastic deformation in the manufac-
ture of parts of friction units due to the possible 
appearance of overstressed areas with an excess 
of critical dislocation density, which leads to 
brittle fracture with the appearance of a large 
number of microcracks.

The majority of works devoted to abrasive 
machining, as a rule, focus on the optimization 
of abrasive tool composition to improve its per-
formance characteristics, and also investigate the 
mechanism of chip formation and the effective-
ness of coolant [8,18]. Fewer works are devoted 
to the study of substructural mechanisms of sur-
face hardening of machined parts.

The aim of the article is to investigate metal 
physical aspects of dynamic transformation of 
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carbon steel substructure under conditions of fin-
ishing and strengthening abrasive (friction) treat-
ment taking into account the initial structural state 
formed by heat treatment (hardening + tempering).

MATERAL AND EXPERIMENTAL 
PROCEDURE

Carbon steel 45 (0.47%C, 0.25%Si,0.65%Mn) 
in the state of hardening (in water from the tem-
perature of 850 °C), as well as after tempering 
(within 1 hour) at temperatures of 100, 200, 400, 
600 °C were studied. Accordingly, the steel hard-
ness (HRC) was: 58, 54, 52, 41, 25. This steel is 
widely used in various industries for the manu-
facture of axles, crankshafts and camshafts, gears 
and gear wheels, plungers and other parts subject 
to increased wear. Two methods were used to 
study structural changes after thermal and abra-
sive friction treatment: sclerometric (scratch anal-
ysis) and the method of amplitude-independent 
(background) internal friction.

In the first case, friction treatment was car-
ried out on a friction machine according to the 
scheme “finger-disk”: the sample (finger) with a 
controlled force (P = 0.3 MPa; v = 0.25 m/s) was 
pressed against the plane of the rotating disk, on 
which abrasive sheets were fixed, periodically 
replaced in the process of triboactivation of the 
sample by a finer fixed abrasive. After grinding, 
the final stage of friction treatment was polishing 
using polishing paste.

Tribosclerometric and acoustic-emission 
properties of surfaces after hardening treatment 
were carried out on a scratch tester RST (Revetest 

Scratch Tester) manufactured by CSM Instru-
ments (Switzerland). Sclerometry was carried out 
by continuous indentation of a Rockwell (up to 
maximal load 

𝐹𝐹𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚 

 

𝐹𝐹𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚   = 100 and 200 N) diamond 
indenter with simultaneous tangential movement 
of the sample relative to the indenter at a speed 
of 4 mm/min with a scanning base of 4 mm. In 
scratch testing, as the indenter deepened in a 
controlled manner, the following were recorded: 
normal load, sclerometric force and coefficient of 
friction, and acoustic emission. An indicator of 
the level of acoustic-emission activity (in %) was 
the integral acoustic emission caused by sound 
signals exceeding the set limitation threshold for 
the time interval under study. Laws of scratch 
testing, modeling local processes of interaction 
between a single abrasive grain and metal surface 
during sliding friction, contain information on the 
strength, viscoelastic and dissipative properties of 
friction contact.

To investigate the substructural changes 
caused by thermal and frictional treatment by the 
method of internal friction, a torsion pendulum-
type setup described in [6] was used. The indica-
tor of internal friction (dissipative capacity) was 
the logarithmic decrement of oscillations of the 
specimen (Figure 1a) subjected to frictional treat-
ment at different speeds (0.08, 0.21, 0.34  m/s) 
on the unit, the schematic diagram of which is 
shown in Figure  1b. To construct temperature 
dependences of the internal friction background 
(relative strain γ = 5·10-5), heating was carried out 
by passing an electric current through a nichrome 
element covering a narrow working part of the 
specimen, the temperature of which was con-
trolled by a thermocouple [6].

Figure 1. Specimen (a) and scheme of the friction machine (b)
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The specimen 3, fixed in the clamp 2 and cen-
tering movable support 8, is driven into rotation at 
a predetermined speed by electric motor 1. Fric-
tion is carried out between the narrow working 
part of the specimen and abrasive pad 5 (P500), 
which is pressed with a controlled force to the 
cylindrical surface of the specimen covering fix-
ture 4, which is loaded with weights 6, stacked on 
the suspension 7. Tests were carried out at a load 
P = 10 N and three sliding speeds: v = 0.08; 0.21; 
0.34 m/s. The friction path was 300 m.

RESULTS AND DISCUSSION

Scratch analysis 

The rheologic-dissipative performance of 
scratch-tested steel after thermal and subse-
quent friction treatment in relation to the acous-
tic-emission activity of the structure is illustrat-
ed in Figure 2.

The intensity of acoustic emission under 
mechanical loading of metal reflects the dynam-
ics of local restructuring of the structure accom-
panied by relaxation of microstresses [22]. 
In this case, energy is released in the form of 
elastic (acoustic) waves with a change in the 
stress-strain state of the friction contact zone. 
Therefore, acoustic-emission activity caused 
by scratch testing can serve as an indicator of 
changes in the relaxation (dissipative) capacity 
of heat-treated steel under friction. The emer-
gence of elastic waves under load accompanied 
by a sound effect is mainly caused by a sharp 
change in the velocity of dislocations (during 
their acceleration or deceleration).

Note that the hardened steel without friction 
treatment (after electropolishing) showed insig-
nificant acoustic emission activity during scle-
rometry, which is caused by the low mobility of 
dislocations created by phase nucleation during 
hardening. The blocking of dislocations is due 
to the supersaturation of the solid solution with 

Figure 2. Sclerometric indices of friction-treated steel 45 depending on the preliminary
heat treatment conditions: a – hardening; b, c, d – tempering temperature, respectively, 200, 400, 600 °C;

FN – normal load, N; Ft – friction force, N; µ – friction coefficient; A – acoustic emission, %;
h – depth of indenter penetration, µm (indenter loading speed vF = 100 N/min, 

𝐹𝐹𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚 

 

𝐹𝐹𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚  =100 N)
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carbon and high local microstresses. However, 
after friction treatment (grinding + mechanical 
polishing), the hardening martensite showed 
exceptionally high acoustic-emission activity of 
the near-surface layer up to 20 μm deep due to 
the formation of an ultradisperse structure (Fig-
ure 2a). During scratch testing of such a structure, 
dynamic stress relaxation (damping) is enhanced 
by the mechanism of viscous flow along grain and 
block boundaries (boundary relaxation), which 
causes an increased acoustic effect. Low-tem-
perature tempering (Ttemp = 200 °C) significantly 
reduces the intensity of acoustic emission initi-
ated by friction treatment, although the near-sur-
face localization of acoustic activity of tempered 
martensite remains (Figure 2b).

Tempering of steel at higher temperatures, 
significantly reducing the intensity of acoustic 
emission, leads to a shift of its manifestation areas 
to deeper friction-activated layers (Figure 2c,d). 
Figure 3 shows the change in the level of acous-
tic emission and sclerometric friction force as a 
function of tempering temperature after thermal 
and friction treatments of steel.

By the nature of changes in the force and fric-
tion coefficient in the process of scanning and 
indenter embedding (see Figure 2), in all cases a 
hardening zone formed by friction machining and 
a zone (at a certain depth) of the original structure 
not activated by the abrasive impact are revealed. 
The maximum values of sclerometric fric-
tion force associated with the depth of indenter 

penetration and registered within the indicated 
zones are shown in Figure 3 (curves  2 and 3). 
Curve 2 characterizes the degree of surface hard-
ening of steel after thermal and friction treat-
ments, and curve 3 shows that the friction force 
changes accordingly to the change in the modulus 
of elasticity of steel depending on the tempering 
temperature [6]. The growth of elasticity of low 
tempered martensite (Ttemp = 100, 200 °C), caused 
by the release of ε-carbides, is the reason for the 
decrease in acoustic activity with a decrease in the 
depth of its manifestation to 5–10 μm (Figure 2b).

The microstructure rearrangement accompa-
nied by powerful acoustic pulses during scratch 
testing of triboactivated martensite (Figure 2,3) is 
caused by a number of discrete dynamic relax-
ation processes that reduce the probability of brit-
tle fracture [23,24]:
	• accelerated movement of dislocation loops 

at mass detachment from anchoring points 
formed by ultradisperse structure and dynamic 
strain aging;

	• breakthrough by dislocation clusters of carbide 
precipitates created by dynamic tempering;

	• microplastic deformation by twinning as the 
density of twins grows, providing more effi-
cient stress relaxation than sliding.

The level of acoustic emission depends to a 
greater extent not on the dislocation density, but 
on the dynamics of their motion and the length 
of free accelerated travel. Therefore, highly 

Figure 3. The influence of preliminary tempering temperature of friction-treated steel
on the level of acoustic emission А (1,1/) and maximum values of sclerometric friction force

during simultaneous indentation 𝐹𝐹𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚 

 

𝐹𝐹𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚 

 (2,3): vF  = 200 N/min; 

𝐹𝐹𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚 

 

𝐹𝐹𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚  = 200 N; 1 and 1/ – acoustic activity, 
respectively, of the friction surface and subsurface layers (h = 20–40 µm); 2 – at the boundary

of the friction hardened zone; 3 - outside the influence of FT at 

𝐹𝐹𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚 

 

𝐹𝐹𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚  = 200 N
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tempered steel (Ttemp > 400 °C) due to low poten-
tial deformation barrier under friction condi-
tions is subjected to mechanical sticking with 
high density of slow-moving dislocations, when 
their motion is blocked by a large number of bar-
riers; simultaneously, the work of free disloca-
tion sources is suppressed. As a consequence, the 
relaxation ability of the material falls sharply, 
as evidenced by the tendency to zero acoustic 
emission in the layers immediately adjacent to 
the friction surface. The acoustic emission reg-
istered in deeper layers (Figure 2c,d), apparently, 
is caused by the formation of free interfaces like 
relaxation microcracks.

Studies [24,25] have shown that the sclero-
metric parameters of the studied structures depend 
on the indenter loading rate. This concerns both 
the localization of the regions of increased acous-
tic emission and the indenter embedding rate 
(increment of the indenter embedding depth per 
unit load, Figure 4).

It can be seen that in case of scratch analysis 
of highly tempered steel, the increase in the rate of 
force applied to the indenter was accompanied by 
a corresponding increase in the rate of its immer-
sion. In the case of hardened and low-tempered 
steel (hardening martensite and tempering mar-
tensite), the opposite phenomenon was observed: 
the rate of indenter embedding, which character-
izes the pliability of the structure, decreased with 
the increase in the rate of its loading. i.e., the 
degree of strain hardening of martensite increases 

with the increase in the strain rate. This may be 
an indication that the strain hardening of the fric-
tional contact of these structures differs both in 
mechanism and efficiency.

It is known that surface intense plastic defor-
mation by friction is an effective way to refine 
the grain structure of metals to nanoscale [19,20]. 
This is facilitated by a high degree and rate of mul-
tidirectional hot deformation (shear compression) 
accompanied by dynamic recrystallization in a 
certain temperature range. As a result, a gradient 
structure with grain fragmentation from micro- to 
submicro- and nanoscale levels is formed in the 
surface layer during friction.

It was found [19] that after intense plastic 
deformation by friction of armco-iron, a decrease 
in grain size from coarse-crystalline to micro- and 
submicron sizes (up to 100–200 nm) is accompa-
nied by an increase in hardness and a decrease in 
plasticity with a stable value of Young’s modulus 
of elasticity. However, a further decrease of grain 
sizes (from 100 to 20 nm), on the contrary, causes 
some decrease in hardness and elastic modulus 
with an increase in the microplasticity of the 
nanostructure.

According to the existing ideas [19,20], the 
grain boundaries and boundary regions play a 
determining role in the decrease of elastic prop-
erties and unstrengthening of nanostructures 
(d  <  100  nm), the volume fraction of which 
increases as the grain size decreases. Therefore, 
in nanostructures it becomes energetically more 

Figure 4. Influence of vertical indenter loading rate VF during surface scanning on its penetration rate Vh:
1 – hardening; 2 – Ttemp = 200 °C; 3 – Ttemp = 600 °C
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advantageous to connect to the relay dislocation 
mechanism of deformation (with the transmis-
sion of slip across grain boundaries) the mecha-
nism of grain boundary slip with the activation 
of rotational modes of deformation. Thus, the 
de-strengthening of nanostructures (d  ≤  50  nm) 
is due to a change in the plastic deformation 
mechanism compared to a larger grain structure. 
Apparently, for this reason, the finer-grained mar-
tensite nanostructure at an indenter loading rate 
of 100 N/min shows greater ductility compared to 
highly tempered steel. However, with an increase 
in the deformation rate, the degree of martensite 
hardening increases, and the softening factor of 
grain boundary sliding has less of an effect.

Internal friction method

The differences in the fine crystal structure of 
the heat-treated samples (Figure  1a), as well as 
the structure formed during friction treatment at 
the unit shown in Figure 1b, were studied by the 
method of amplitude-independent (background) 
internal friction [26]. The results of the study are 
shown in Figure 5,6.

Figure 5 shows the effect of heat treatment of 
steel on the temperature dependences of the loga-
rithmic decrement of attenuation, which is mainly 
due to mechanical losses at vibrations of dislo-
cation segments, the sizes of which depend on 
the degree of anchoring of dislocations by impu-
rity atoms of introduction (C+N). In addition, 

the background of internal friction is affected by 
diffusive creep and boundary relaxation caused 
by viscous flow along interfaces (grains, blocks, 
etc.) under force and thermal activation.

On the temperature dependences of internal 
friction (IF) of steel in the initial states of hard-
ening and low tempering (Figure 5, curves 1,2), 
relaxation maxima are formed in the region of 
temperatures 60 and 80 °C, which correspond, 
respectively, to nitrogen and carbon peaks of 
internal friction [26]. The temperatures at which 
these internal friction peaks are formed are deter-
mined by the frequency of the excited freely 
damped oscillations of the sample (in our experi-
ments f ~ 60 Hz). Nitrogen and carbon atoms, as 
introducing impurities, are in octahedral posi-
tions, creating tetragonal distortions in the VCC 
lattice. At a certain temperature and frequency of 
action of periodic loading in the stress field there 
is a sharp increase in the migration of introduced 
atoms along the inter-nodes of the crystal lat-
tice. Such activation of diffusion redistribution of 
impurity atoms leads to resonant growth of ener-
gy dissipation (mechanical losses) with formation 
of relaxation maxima of internal friction (Snook 
peaks), the height of which is proportional to the 
concentration of introduction atoms in the solid 
solution. However, in deformed steel they can 
disappear after deformation or thermal aging at 
temperatures above 100 °C [26,27].

The weak temperature dependence of the 
damping decrement of tempered martensite 

Figure 5. Influence of steel heat treatment on temperature dependences of internal friction background
after friction treatment (f ≈ 60 Hz; γ = 5∙10-5): 1 – hardening; 2 – Ttemp = 200 °C; 3 – Ttemp = 600 °C
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(Figure 5, curve 2) is associated with the release 
of fine ε-carbide particles coherently bound to the 
matrix and limiting the mobility of dislocation 
segments. At the same time, after high-tempera-
ture tempering (Figure 5, curve 3), with increasing 
temperature, the mobility of dislocation segments 
and diffusive creep along the interfaces increase 
more significantly due to a significant decrease in 
the concentration of impurity atoms (C+N) in the 
solid solution and changes in the morphology of 
carbide separations after tempering [28].

The character of changes in the intensity of 
vibration attenuation of samples after friction 
treatment with increasing temperature depend not 
only on the structural state of steel, but also on the 
speed of friction treatment (Figure 6). The disap-
pearance of Snook relaxation after friction indi-
cates the departure of impurity atoms from solid 
solution to dislocations or to carbides.

From all investigated structures of heat-
treated steel and after all given speeds of friction 
treatment, hardening martensite showed in the 
temperature range 20–160 °C the greatest dissi-
pative (relaxation) capacity (Figure 6, curves 1). 
This distinctive feature of hardened steel is most 
characteristic of the reduced friction velocities: 
v = 0.08; 0.21 m/s (Figure 6a,c). Low tempering 
of steel (Ttemp = 200 °C) causes a sharp decrease 
in both the level of dissipative capacity and its 
temperature dependence (Figure 6, curves 2).

The change in the relaxation ability of steel 
was evaluated by the average temperature coef-
ficient of energy dissipation: αT = Δδ/δ0 ∙ ΔT  
(relative increase in the decrement of attenua-
tion per one degree of temperature increase), 
which characterizes the degree of blocking and 
mobility of dislocations under conditions of ther-
momechanical activation (Figure 7). The values 
of Δδ were determined in the temperature range 
ΔT  = 40–140 °C. The larger αT is, the more easily 
dislocations detach from blocking impurity atoms 
and carbide precipitates under cyclic loading and 
the less resistance to viscous flow along grain 
boundaries and separated phases occurs with 
increasing temperature.

Discussion of research results

The high-temperature tempered steel 
(Ttemp = 600 °C) is characterized by a progressive 
decrease in αT with increasing friction velocity 
(Figure 7, curve  3), which is due to the forma-
tion of a low-mobility dislocation structure with 

a reduction in the distance between the attach-
ment points in the dislocation network (LN) and a 
decrease in the length and mobility of dislocation 
segments (LС) formed by weaker attachment cen-
ters. In contrast to the high-temperature tempering 
structure, the initial growth of the thermal index 
αT after friction treatment in the velocity range of 
0.08...0.21 m/s with its subsequent decrease with 
increasing velocity up to 0.34 m/s is characteris-
tic, albeit to a different degree, for hardening mar-
tensite and tempering martensite (Ttemp = 200 °C) 
(Figure 7, curves 1 and 2).

The significant initial increase in the αT coef-
ficient at friction of hardening martensite can be 
caused by several reasons (Figure 7, curve  1). 
Hardening of steel produces a high density of 
hardening vacancies, which concentrate predomi-
nantly at grain and block boundaries, which are 
both sources and sinks of these point defects. 
Migration of vacancies along the interfaces in the 
field of cyclic stresses contributes to the growth 
of diffusive creep (boundary relaxation), the 
efficiency of which is manifested the higher the 
more fine-grained the structure [26]. Taking into 
account that in the process of friction hardening 
martensite, a highly dispersed (nanocrystalline) 
cellular structure is formed in the near-surface 
layer [5], diffusive creep is further facilitated and 
the rate of viscous flow along grain, block, and 
twin boundary surfaces increases. This leads to 
a sharp increase in the temperature dependence 
of the internal friction background and dissipative 
capacity of steel (Figure 6, curve 1).

Another reason for the initial increase in the αT 
coefficient during friction of hardening martens-
ite is the high density of mobile dislocations asso-
ciated with easier, thermally activated, detach-
ment of dislocation segments from the anchoring 
centers formed by (C+N) impurities. Moreover, 
the concentration of such centers in the process 
of friction martensite decreases due to the decom-
position of the latter, when with the formation of 
ε-carbides the percentage of carbon in the solid 
solution decreases, which leads to an increase in 
the length of dislocation segments with a corre-
sponding increase in microplasticity and dissipa-
tive (relaxation) ability of steel. Apparently, at the 
same time phase accretion and tetragonality of 
the lattice are reduced, and the work of disloca-
tion sources is activated.

When the sliding velocity increases up to 
v = 0.34 m/s, causing an increase in the contact 
temperature and dislocation movement velocity, 
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Figure 6. Influence of steel heat treatment and speed of subsequent abrasive friction treatment
on temperature dependences of internal friction background (contact load P = 10 N; friction path L = 300 m):

a – v = 0.08 m/s; b – v = 0.21 m/s; c – v = 0.34 m/s; 1 – hardening; 2 – Ttemp = 200 °C; 3 – Ttemp = 600 °
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dynamic strain aging is activated in the frictional 
contact zone, accompanied by an increase in the 
degree of anchoring of dislocations by impu-
rity atoms (C+N) [29,30]. The energy and ther-
mal stability of the bonding of dislocations with 
impurity atoms and their atmospheres increases. 
The dissipative capacity of the structure under 
dynamic strain aging decreases due to the reduc-
tion in the length of dislocation segments and 
a decrease in the total mobility of dislocations. 
Optimal conditions for the development of 
dynamic strain aging are created at such friction 
velocities and temperatures, when the velocity of 
dislocation motion becomes commensurate with 
the diffusion velocity of impurity atoms. Judging 
by the intensity of the decrease in the αT index 
with increasing external friction velocity (Fig-
ure 7, curve 1), the hardened steel is subject to 
significant additional hardening under the stud-
ied conditions. Hardening, forming a metastable 
structure with a high concentration of impurity 
atoms (C+N) in the solid solution, contributes to 
the enhancement of the effect of dynamic defor-
mation aging under friction.

Simultaneously with dynamic strain aging, 
martensite decomposition and transformation of 
residual austenite with the release of highly dis-
persed carbide particles are accelerated. These 
processes are associated with the so-called stress 
tempering (dynamic tempering), which is accom-
panied by structural relaxation due to diffusive 
redistribution of impurity atoms with the forma-
tion of new phases [31,32]. Dynamic tempering 

contributes to the growth of hardening efficiency 
due to the formation of highly dispersed carbides, 
which create an additional barrier effect for dis-
locations. Compared to conventional tempering, 
dynamic tempering under load results in a more 
complete decomposition of martensite, which 
provides an additional increase in the strength 
of dislocation attachment, and the temperature 
forming the maximum elastic limit is 50...100 °C 
lower. On the other hand, carbide particles favor-
ably affect the relaxation ability of the material, 
because they promote the generation of fresh dis-
locations during friction and cause a decrease in 
the concentration of carbon in the matrix, which 
leads to a decrease in the density of dislocation 
attachment points.

Thus, the hardening of friction hardening 
martensite is caused by the processes of dynamic 
strain aging and dynamic tempering, which are 
associated with stress relaxation due to:
	• diffusion redistribution of carbon and nitrogen 

atoms in the field of cyclic stresses, as well as 
displacement of weakly fixed dislocations;

	• structural relaxation (physicochemical reac-
tions of decomposition of supersaturated solid 
solution – martensite and transformation of 
residual austenite).

It is necessary to add the above-mentioned 
dynamic relaxation processes caused by discrete 
accelerated motion of dislocations associated 
with the formation of ultradisperse structure dur-
ing friction and the growth of twin density.

Figure 7. Influence of friction rate and heat treatment of steel on the temperature coefficient
of energy dissipation: 1 – hardening; 2 – Ttemp = 200 °C; 3 – Ttemp = 600 °C
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Tempered martensite (Ttemp = 200 °C) shows 
the lowest ability to dissipate mechanical energy 
and the greatest temperature stability of relax-
ation resistance at changing sliding velocity 
(Figure 6,7, curves 2). Already in the process of 
low-temperature tempering there is a significant 
decrease in internal friction due to the decompo-
sition of martensite with the release of highly dis-
persed ε-carbide particles coherently bound to the 
matrix [6]. Simultaneously, the transformation of 
residual austenite occurs with the formation of 
low-carbon martensite and dispersed carbides. 
Although a high density of dislocations remains in 
the twin crystals of martensite, they are anchored 
by atmospheres of impurity atoms of introduction 
and separated carbides. As a result, the mobility 
of dislocations is minimized and the structure 
acquires high elasticity and relaxation resis-
tance. Due to the high elasticity of such steel, the 
increase in the number of dislocations in the fric-
tion process is small and only additional dynamic 
aging occurs during DSA.

Steel in the state of low-temperature tem-
pering (tempered martensite), possessing high 
elasticity, in friction is less susceptible to nano-
structuring processes, which would effectively 
contribute to the manifestation of diffusion creep 
and, consequently, the growth of the background 
of internal friction (Figure 6, curve 2). The low 
level of internal friction of such steel, which does 
not change much with increasing temperature, 
is also due to the low ability of dislocations to 
creep due to a decrease in the mobility of vacan-
cies during the formation of vacancy-impurity 
atom complexes [26]. The dislocations are fixed 
to such an extent that the process of their detach-
ment both in the initial state and after friction 
is thermally weakly activated in the range of 
investigated temperatures and friction velocities, 
which causes low values and small variability of 
αT (Figure 7, curve 2).

Highly tempered steel (Ttemp = 600 °C) is char-
acterized by a reduction in the thermal dissipation 
coefficient αT with increasing friction velocity 
(Figure 7, curve 3). In this case, the temperature 
dependences of the internal friction background 
(Figure 6), characterizing the mobility of disloca-
tions, are determined by the competition of two 
mechanisms of their detachment according to two 
types of stoppers - dislocation mesh nodes and 
weaker anchoring centers - impurity atoms and 
carbide precipitates [33]. With increasing fric-
tion velocity of highly tempered steel, the degree 

of mechanical sticking increases mainly due to 
the increase in the degree of dislocation attach-
ment by dislocation “forest” nodes, which can 
significantly mask the processes of detachment 
of dislocation segments from weaker attachment 
centers. At such mechanical accretion of steel, the 
relaxation (dissipative) capacity of the structure is 
significantly reduced, which adversely affects the 
wear resistance [6].

CONCLUSIONS

By methods of sclerometry and amplitude-
independent internal friction the influence of heat 
treatment of carbon steel and subsequent finish-
ing-hardening abrasive friction treatment on sub-
structural changes and rheological and strength 
properties has been investigated. It has been estab-
lished that the degree of hardening and change of 
relaxation ability of hardened steel depends on 
tempering temperature and load-velocity mode of 
friction treatment.

Scratch analysis with continuous indenter 
indentation and acoustic emission registration 
showed significant differences in the change of 
strength, rheological and dissipative parameters 
of martensite from the properties of medium 
and high tempering structures formed by friction 
treatment. It is shown that in contrast to high-tem-
pered steel (Ttemp = 600 °C) after abrasive impact 
the degree of hardening of martensite increases 
with increasing strain rate in scratch testing, indi-
cating the difference in the mechanisms of strain 
hardening of these structures under conditions of 
friction treatment.

Exceptionally high acoustic-emission activ-
ity (to a depth of 15–20 μm) of hardening mar-
tensite caused by hardening treatment has been 
established, which is due to the formation of an 
ultradisperse (nanocrystalline) structure charac-
terized by high contact strength and relaxation 
capacity. Additional hardening of hardening 
martensite during friction treatment is caused 
by dynamic strain aging and dynamic temper-
ing (stress tempering), which is facilitated by the 
metastability of the structure with a high con-
centration of impurity atoms (C+N) and harden-
ing vacancies.

Nanostructuring of hardening martensite in 
the process of hardening treatment promotes 
activation of boundary relaxation and diffusive 
creep under dynamic loading conditions, which 
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is confirmed by the growth of the temperature 
background of internal friction after friction 
treatment in the speed range of 0.1–0.2  m/s. 
Further increase of processing speed is accom-
panied by growth of relaxation resistance of 
structure with decrease of mechanical losses 
due to development of strengthening dynamic 
processes of deformation aging and stress tem-
pering. Diffusion-dislocation hardening mecha-
nisms accompanied by dynamic relaxation phe-
nomena reducing the probability of brittle frac-
ture are considered.

It is shown that low-tempered tempered steel 
– tempering martensite (Ttemp = 200 °C) after fric-
tion treatment shows reduced acoustic-emission 
activity, which is associated with the growth of 
elasticity and relaxation resistance of the struc-
ture due to the release of ε-carbides both at the 
stage of preliminary heat treatment and in the pro-
cess of friction treatment. Under abrasive action, 
this leads to a decrease in the depth and degree of 
dispersion of the surface layer, and significantly 
increases and stabilizes the relaxation resistance 
compared to hardening martensite.

Zero surface acoustic-emission activity of 
friction-treated medium- and high-tempered 
structures has been established, which indicates 
low relaxation ability with a high degree of 
mechanical sticking causing subsurface destruc-
tion at a depth of 20–30 microns. The level of dis-
sipation of mechanical energy (internal friction) 
of such steel, characterizing relaxation proper-
ties, rapidly decreases with increasing speed of 
friction processing.
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