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Abstract—For the example of quenched carbon steel 45 and U8 steel, the influence of surface hardening
(electromechanical treatment, surface plastic deformation, nonabrasive ultrasonic finishing, and various
combinations) on the surface structure and microhardness, the cyclic durability of the hardened samples, and
the mechanisms of fatigue failure is analyzed. Research by means of optical and scanning electron micros-
copy, microhardness measurement, and fatigue tests shows that, for the quenched carbon steels, high-speed
pulsed thermal deformation in the course of electromechanical treatment increases the surface microhard-
ness (by more than 50%) and decreases the fatigue limit (by 20—30%). That is associated with the formation
of hard nonequilibrium ultradisperse phases of nonuniform chemical composition in the surface layer. The
quenched structure close to the surface is tempered, with the formation of softening zones and the appear-
ance of residual tensile stress. Accordingly, the microhardness in these zones declines and the fatigue limit
falls. Such decrease in performance of the steel on surface hardening merits further study, along with potential
technologies for improving its performance. Surface hardening of carbon steels by some combination of elec-
tromechanical treatment, surface plastic deformation, and nonabrasive ultrasonic finishing permits adjust-
ment of the structure and phase composition and the stress—strain state of surface and subsurface layers of
the steel by varying the temperature and deformation. By that means, balanced strength and fatigue charac-
teristics of the samples may potentially be obtained by appropriate preliminary heat treatment. Intense sur-
face plastic deformation and nonabrasive ultrasonic finishing after electromechanical hardening may be used
to smooth the surface, mend subsurface defects, and correct the stress—strain state of the steel. That increases
the microhardness in the tempering zone by 20—25% and the fatigue limit of the samples by 25—30%.
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INTRODUCTION

The performance of structural metal alloys may be
improved by creating ultradisperse structures in the
surface layer with the distinctive physicomechanical
properties required in rigorous operating conditions.
Combinations of thermal and mechanical treatments
are often used to obtain the required properties: for
example, various combinations [12, 13] of chemico-
thermal methods [1, 2]; laser treatment [2, 3], plasma
treatment [4], shock treatment [5, 6], ultrasound
treatment [3, 7], electron-beam treatment [8, 9], and
electroexplosive alloying [10, 11].

Combinations of surface-hardening electrome-
chanical treatment [14] with surface plastic deforma-
tion [15, 16], shock treatment [17], frictional harden-
ing [18, 19], diamond smoothing [20], ultrasound
treatment [21], and plasma spraying [22—24] are used
for a wide range of structural materials, such as steels

[15—21], titanium and aluminum alloys [25—27], and
coatings [22—24].

Attention focuses on the structure [15, 17, 19, 25, 26],
depth, hardness, and other properties of the hardened
layer [15—18, 21, 23—25] and the operational charac-
teristics (wear resistance [18, 22] and fatigue strength
[15, 26]) of the hardened samples.

Note that the creation of a layer of elevated hard-
ness on the sample surface may be accompanied by
embrittlement; the formation of unfavorable residual
stress; greater likelihood of cracking; and hence
decrease in fatigue strength and in resistance to non-
abrasive, cavitational, and erosional wear. Such
behavior is noted in titanium alloys, plasma coatings,
and quenched steels, for example. Little is known
about the mechanisms by which the operational char-
acteristics of such materials decline on surface harden-
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Fig. 1. Microstructure of normalized steel 45 (a) and U8 steel (b) and quenched steel 45 (c) and U8 steel (d) after electromechan-

ical treatment.

ing. Consequently, few corrective measures have been
identified.

In this context, we need to develop surface harden-
ing technologies that produce balanced performance
of the treated product (in terms of hardness, wear
resistance, strength, and durability).

In the present work, we investigate the change in
fatigue strength of quenched carbon steels under the
action of various combinations of surface-hardening
technologies: electromechanical treatment, surface
plastic deformation, and nonabrasive ultrasonic fin-
ishing [28].

EXPERIMENTAL MATERIALS
AND METHODS

We compare the properties of moderate-carbon
structural steel 45 and U8 carbon tool steel after
quenching and low tempering.

Cylindrical samples of the steel are produced in
accordance with State Standard GOST 22502—79
(type 1) and subjected to surface hardening by various
methods: electromechanical treatment, electrome-
chanical treatment + surface plastic deformation, and
electromechanical treatment + nonabrasive ultrasonic
finishing. The diameter of the samples’ working sec-
tion is 7.5 mm.

In electromechanical treatment, an alternating
current (density j = 400 A/mm?) is applied at voltage
U = 4—5 V through the local contact zone of the tool
(a hard-alloy roller) to the sample surface. The rate of

treatment V' = 0.31 m/min; the supply § = 0.4—
0.8 mm/turn; and the force on the tool £'=200—1000 N.

In surface plastic deformation, a roller is applied
with force F'=400—1200 N. The rate of treatment V' =
0.31 m/min; the supply § = 0.25 mm/turn; and the
number of turns » = 1. The roller diameter is 36 mm,
and the rounding radius is 4 mm.

In nonabrasive ultrasonic finishing, the conditions
are as follows: vibrational frequency of tool 22 kHz;
rate of treatment V' = 4.71 m/min; the tool supply is
0.07 mm/turn; and the force on the hard-alloy tool
F=100 N.

The microhardness is measured by means of a
PMT-3M instrument; the indenter load is 50 g. The
microstructure is studied by means of a METAM [V-32
microscope and a Versa 3D scanning electron micro-
scope.

We use an NU-3000 fatigue-testing machine for
cyclic loading by pure flexure with rotation. The load-
ing frequency is 50 Hz; the loading cycle is symmetric;
and the baseline number of cycles is N = 20 x 10°.

STEEL STRUCTURE
AFTER ELECTROMECHANICAL TREATMENT

In Fig. 1, we show the microstructure of the surface
layers of 45 and U8 steel samples hardened by electro-
mechanical treatment after preliminary normalization
(Figs. 1a and 1b) and quenching (Figs. 1c and 1d).

At the surface of all the samples after electrome-
chanical treatment, we observe a characteristic white
layer, consisting of hard ultradisperse martensitic
No. 6
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Fig. 2. Microstructure in different regions over the surfaced layer of quenched steel 45 (a, ¢, €) and U8 steel (b, d, f) after electro-
mechanical treatment: (a, b) hardening zone; (c, d) tempering zone; (e, f) initial structure.

structure. The white layer does not contain acicular or
other characteristic crystalline structure and appears
as a continuous bright field (Fig. 1).

The hardened layer on the surface of normalized
steel (Figs. 1a and 1b) differs from that of quenched
samples (Figs. 1c and 1d) in that its structure is less
uniform. With relatively coarse initial structure of the
metal (with ferrite—pearlite or pearlite structure), the
ultradisperse martensite formed at the pearlite may
inherit the internal texture, retaining the pattern of
cementite and ferrite sections, as well as the ferrite grid
along the grain boundaries (Figs. 1a and 1b). For
steel 45 (Fig. 1a) with initial ferrite—pearlite structure,
the nonuniformity of the surface layer is more pro-
nounced than for U8 steel with pearlite structure
(Fig. 1b).

For the steel that initially undergoes quenching and
low tempering, the initial structure (tempering mar-
tensite) is more uniform. That is reflected in the struc-
ture of the hardened surface (Figs. 1c and 1d). With
increase in carbon content in the steel, the white layer
becomes more uniform (Fig. 1).

At a certain depth, a zone of increased etchability is
seen in the white layer on the quenched steels. It takes
No. 6
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the form of a dark frame around the hardened frag-
ment (Figs. 1c and 1d). This zone corresponds to
weakening (tempering) of the material. The size of this
region in the initial steel depends on its preliminary
heat treatment. After quenching and low tempering,
the zone of increased etchability is of maximum size:
0.25—0.35 mm.

Electron microscopic analysis of the quenched
steels indicates that, after electromechanical treat-
ment, the microstructure of the metal in the charac-
teristic zones of the surface layer is very different
(Fig. 2).

In the hardened layer, we note structure typical of
rapid quenching at high magnification (12000—
30000x): structureless martensite (nonacicular mar-
tensite with latent crystalline structure), with small
inclusions of carbides and residual austenite (Figs. 2a
and 2b).

In the zone of increased etchability at a depth of
150—500 pm below the hardened white layer, we
observe different structures formed by martensite
decomposition (Figs. 2c and 2d). Their distribution
over the volume of this zone depends on the tempera-
ture and its gradients over space and time. For exam-
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Fig. 3. Microhardness Hu as a function of the depth 4 of
the surface layer in quenched steel 45 (a) and U8 steel
(b) after electromechanical treatment (/) and electrome-
chanical treatment + surface plastic deformation (2).

ple, adjacent to the boundary of the hardened layer,
where the temperatures are significant in electrome-
chanical treatment but the cooling rate is insufficient
for quenching, we observe high-temperature temper-
ing of the initial martensitic structure, with the forma-
tion of sorbite. On moving away from the hardened
layer, the temperature in the thermal-influence zone
falls. At some depth (around 300—400 pwm), besides
sorbite, we note regions with tempering-troostite
structure. With decrease in temperature over the depth
of the tempering zone, the content of troostite regions
increases.

At a depth of around 500—600 wm, we observe vol-
umes of metal with a low content of tempered marten-
site. At the boundary of the tempering zone with the
initial structure, we mainly see tempering martensite
with a smooth transition to the structure of the initial
material. Beyond 500—600 wm, we observe the initial
structure of the quenched steel, with typical small and
medium-sized martensite needles (Figs. 2e and 2f).

MICROHARDNESS
AFTER ELECTROMECHANICAL TREATMENT
AND SURFACE PLASTIC DEFORMATION

In Fig. 3, we show measurements of the surface
microhardness of quenched steel 45 (Fig. 3a) and
U8 steel (Fig. 3b) after electromechanical treatment (/)
and electromechanical treatment + surface plastic
deformation (2).

The white layer (depth around 120—180 pum) is
characterized by elevated mean microhardness: 7.5—
8.0 GPA for steel 45 and 8.5—9.0 GPa for U8 steel. In
other words, the microhardness is 1.5 times that in the
initial state (after quenching and low tempering). With
increase in carbon content in the steel, the microhard-
ness and depth of the hardened layer increase (Fig. 3),
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on account of the increased dispersity of the initial steel
structure and the deposition of carbide phase [29].

The boundary of the hardened and softened metal
for quenched steel is characterized by sharp decline
from the hardness of the white layer (7.5—9.0 GPa) to the
hardness of the thermal-influence zone (3.5—4.5 GPa),
aswe see in Fig. 3. The depth of the thermal-influence
zone is around 300—350 um. The drop in microhard-
ness in this region is due to the formation of martensite
decomposition products on tempering. The smooth
microhardness variation in the thermal-influence
zone (to the initial value of 6.0—6.5 GPa) is associated
with gradual transition in structure on approaching
the quenched core (Fig. 3).

After electromechanical treatment, additional sur-
face plastic deformation has practically no influence
on the microhardness of the white layer but increases
the hardness in the secondary-tempering zone (Fig. 3,
curve 2). The microhardness increases on account of
hardening (cold working) of the tempered metal. Met-
als with lower initial hardness undergo greater harden-
ing. The minimum microhardness in the secondary-
tempering zone is increased by 25-30% (around
1 GPa) after electromechanical treatment + surface
plastic deformation and gradually increases to the
hardness of the quenched core. The width of the soft-
ened zone decreases simultaneously by 100—150 um
(Fig. 3, curve 2).

FATIGUE STRENGTH OF STEEL
AFTER ELECTROMECHANICAL TREATMENT

‘We know that the presence of high-strength white-
layer segments at the surface of normalized steel sam-
ples markedly increases the fatigue strength [15]. For
example, for normalized steel 45, the fatigue limit
increases from 370 to 450 MPa (by more than 20%)
after electromechanical treatment, while the fatigue
life increases more than fivefold [15].

For steel subjected to quenching and low tempering
(steel 45 and US steel in the present work), the fatigue
characteristics in cyclic loading may decrease after
electromechanical treatment (Fig. 4, curve 2). The
fatigue limit of quenched steel 45 (Fig. 4a) falls from
650 to 530 MPa after electromechanical treatment
(by 20%), while that of quenched U8 steel (Fig. 4b)
falls from 930 to 650 MPa (by 30%).

Additional plastic deformation (surface plastic
deformation or nonabrasive ultrasonic finishing) after
electromechanical treatment increases the fatigue
characteristics of the steel.

As we see in Fig. 4a, the fatigue limit of quenched
steel 45 after electromechanical treatment + surface
plastic deformation is increased by 35% (from 520 to
690 MPa) in comparison with the sample after elec-
tromechanical treatment (curves 2 and 3) and by 7%
No. 6
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(from 650 MPa) in comparison with the initial
(quenched) samples (curve /). The initial fatigue life
of the samples is increased sixfold by electromechani-
cal treatment + surface plastic deformation (Fig. 4a).

For quenched US steel, additional nonabrasive
ultrasonic finishing increases the fatigue limit of the
sample after electromechanical treatment by 26%
(from 650 to 822 MPa), while additional surface plas-
tic deformation increases the fatigue limit by 31%
(from 650 to 856 MPa). However, the corresponding
fatigue strength is still lower than that for the initial
quenched samples (930 MPa).

DISCUSSION OF THE RESULTS

Surface hardening of steel by electromechanical
treatment is characterized by high rates of heating
(10°=10%°C/s) and cooling (10*—103°C/s) [30], with
simultaneous plastic deformation. Such treatment
may produce structure with specific properties that are
not easily attainable in standard heat treatment or
thermomechanical treatment.

In the surface layer of the steels after electrome-
chanical treatment, we find a hardened ultrafine-
grain martensite structure, characterized by little dila-
tion of the fragments, quasi-uniform mechanical
properties, and high corrosion resistance. Metallo-
graphic data show this structure in the form of a prac-
tically continuous hard white layer.

As well as high-speed quenching at the surface of
the steel, the brief high temperatures created during
electromechanical treatment lead to rapid tempering
of the initial structure (in the case of quenched steel)
and self-tempering of the newly hardened structure.
As a result, the surface layer of quenched steels after
electromechanical treatment may contain a broad
range of structural states with hardness less than in the
hardened layer. In this softening zone, the microhard-
ness varies from a minimum value (adjacent to the
hardened layer, where the tempering temperature is
greatest) to the initial hardness of the quenched metal
(as the temperature declines over the depth).

The formation of high-strength white-layer struc-
ture at the sample surface retards the nucleation and
development of fatigue cracks and decreases the con-
tent of discontinuities and microscopic stress concen-
trators in the surface layer. For normalized steels, that
increases the cyclic strength.

The appearance of the softened zone after the elec-
tromechanical treatment of quenched steels switches
the influence of surface treatment on the fatigue
strength of the samples [15]. The decomposition of the
martensite structure in the given zone is accompanied
by decrease in strength of the metal. In addition, the
structural changes in that zone create residual tensile
stress, according to modeling data [30]. Consequently,
No. 6
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Fig. 4. Fatigue curves of steel 45 (a) and U8 steel (b) after
quenching and tempering at 300°C (/), after electrome-
chanical treatment (2), after electromechanical treatment +
surface plastic deformation (3), and after electromechani-
cal treatment + nonabrasive ultrasonic finishing (4).

in fatigue tests with cyclic flexure and rotation, when
the softened layer is close to the region of maximum
active stress, we note intense accumulation of fatigue
damage in the thermal-influence zone and the onset
of fatigue failure.

The influence of surface deformation on the
fatigue limit of steels after quenching and electrome-
chanical treatment is associated primarily with
mechanical strengthening of the metal in the surface
layers, with consequent slowing of fatigue-defect
development. In surface plastic deformation and non-
abrasive ultrasonic finishing of steel samples after
quenching and electromechanical treatment, the
strain rate is greatest in the vicinity of the hardened
segment and in the surrounding thermal-influence
zone [30]. That switches the residual stress in this
region from tensile to compressive, thereby further
obstructing the formation and growth of fatigue cracks
and improving sample life.

CONCLUSIONS

For the example of quenched carbon steel 45 and
U8 steel, high-speed pulsed thermal and deforma-
tional treatment—specifically, electromechanical
treatment—increases the surface microhardness
(by more than 50%) and decreases the fatigue limit (by
20—30%). That is associated with tempering of the
quenched structure close to the surface, with the for-
mation of softening zones and the appearance of
residual tensile stress.

Intense surface plastic deformation and nonabra-
sive ultrasonic finishing after electromechanical hard-
ening may be used to smooth the surface, mend sub-
surface defects, and correct the stress—strain state of
the steel. That increases the microhardness in the tem-
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pering zone by 20—25% and the fatigue limit of the
samples by 25—30%.

Surface hardening of carbon steels by some combi-

nation of electromechanical treatment, surface plastic
deformation, and nonabrasive ultrasonic finishing
permits adjustment of the structure and phase compo-
sition and the stress—strain state of surface and sub-
surface layers of the steel by varying the temperature
and deformation. By that means, balanced strength
and fatigue characteristics of steel samples may
potentially be obtained by appropriate preliminary
heat treatment.
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