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1. Introduction

With the development of technologies based on
high-energy fluxes, the possibilities of modifying surface
structures to obtain unique mechanical and tribotechnical
properties were considerably enhanced. High-energy fluxes
are usually associated with jets and bunches of low tem-
perature plasma, high-density beams of electrons and ions,
focused pulsed and continuous laser radiation with various
wavelengths, high-density electric currents, and some oth-
ers.

Based on the simultaneous thermal and pressure
effect on a surface metal layer [1], electromechanical
treatment (EMT) is not inferior to other methods of metal
treatment by high-energy fluxes in the efficiency and inten-
sity of strengthening and seems to be the most reasonable
method for commercial production. This is mainly con-
nected with the simplicity of equipment and, as a conse-
quence, the convenience of introducing this technique into
basic technological processes. In addition, EMT is charac-
terized by high efficiency, material and energy savings,
and environmental safety [2].

As for the methods of surface strengthening by
high-energy fluxes, the structural and metallographic as-
pects of this effect have been studied comprehensively [3—
5]. However, as to electromechanical treatment, similar
studies are still necessary; available investigations mainly
deal with particular problems of the formation of a surface
structure in the course of electromechanical strengthening
[1, 6, 7]. The purpose of this study is to analyze and sum-
marize the experimental data on structural and phase trans-
formations in the surface layer of steels during electrome-
chanical strengthening.

2. Experimental

Grade 45 and U8 steels in the as-normalized and
as-quenched states were studied. Specimens were electro-
mechanically treated to produce a strengthened surface
layer to be examined by the metallographic, electron mi-
croscopic, and X-ray diffraction methods.

Electromechanical treatment is realized by apply-
ing high-density electrical current (10°-10° A/m?) and low
voltage (2—6 V) across the contact zone between a speci-
men and deforming electrode—tool (roll or plate) that move
in mutually perpendicular directions with velocities vV and
s, respectively. In this case, due to significant release of
Joule heat, high-rate heating of local surface microvolume
occurs with its concurrent plastic deformation and subse-
quent intense cooling because of heat transfer into the
metal bulk. As a result of this strong thermal shock,
strengthened “white layer” is formed, which represents
specific martensitic structure (hardenite) characterized by

high strength and wear resistance [1, 3].

The surface of specimens prepared for metallo-
graphic examination was polished and etched with a 4%
solution of nitric acid in ethanol. The microstructures were
photographed using an MIM-3 microscope under
magnifications of 100, 200, and 400.

The structures were examined by the replica
method using a UEMV-100K electron microscope under
magnifications of 6200 and 12000. Specimens were electri-
cally polished in a chloroacetic elecrolyte (1:9). They were
also chemically etched in the following reagent: 4 g picric
acid+5 ml hydrochloric acid+alcohol added to 100 ml and
heated to 50-60°C. The specimen surfaces were then
washed in a KOH-saturated aqueous solution, water and a
3% solution of hydrochloric acid in alcohol.

X-ray diffraction analysis was carried out by the
photographic method on URS-55 apparatus equipped with
RKD-57 camera using the asymmetric scheme of re-
cording, as well as on DRON-3.0 diffractometer using Fe
radiation. Reflections (211) were recorded to determine the
lattice parameter and tetragonality of martensite;
reflections (110) and (220) were used to analyze the char-
acteristics of a fine structure, namely, the microstresses and
sizes of mosaic fragments (coherent domains).

3. Results

Metallographic analysis shows that the electrome-
chanical treatment of steels tracks (separate strengthened
bands formed due to the tool application) in the heat-
affected zone of the surface and, in some cases, isolated
fragments of the white layer (for alternative-current EMT).
The structure of this white layer is characterized by re-
duced chemical activity (low etchability) in comparison
with the base metal (Fig. 1). This white layer observed
optically has no acicular or any characteristic crystal struc-
ture and looks like a continuous uniform bright field

(Fig. 1).
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Fig. 1 Micrograph of the interface (x400) between white

layer and initial material (normalized grade 45 steel
after EMT)



The analysis of transition zone between the
strengthened layer and the initial material indicates the
formation of a distinct boundary that separates the white
layer from the matrix metal inside the same pearlitic grain
(Fig. 1).

Electron microscopic analysis indicates that the
dispersity of white layer structure is very high. Even using
an electron microscope, we failed to observe either a
grained or acicular structure. The structure of the strength-
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ened zone looks like a continuous quasi-melted volume
with globular inclusions 2x10“~10° mm in size (Fig.2, a),
which is less than the grain size in the steel subjected to
conventional heat treatment by a factor of 2—4 [3—6]. Un-
der large magnifications, we observed extremely fine car-
bides, which had no time to be dissolved during high-rate
heating, and a small amount of islands of retained austen-
ite.

The experimental results obtained clearly indicate
the absence of acicular structure in the white layer. Its
structure (Fig. 2, a) is dissimilar to acicular martensitic
structure (Fig. 2,b). The structure and properties of the
white layer physicomechanical, electrochemical, corrosion,
and other properties are of the amorphous state of the
metal rather than those of structures obtained by conven-
tional quenching [3].

Note that often used interpretation of the structure
of white layer as fine martensite is probably incorrect in
this case. The absence of zones with fine martensite in the
white layer volume indicates either a low cooling rate in
this volume or insufficient heat removal and secondary
tempering of the white layer with the formation of tem-
pered martensite. In this case, the average microhardness
of strengthened zones is higher than the microhardness of
fine martensite by 15-20 %, which can also be a criterion
that helps to correctly identify the white layer structure.

When electromechanically treated by alternating

current (ac), the strengthened track represents a set of sepa-
rate fragments of white layer, where the formation of each
fragment corresponds to a single electrical (thermal) pulse
(Fig. 3). A single fragment of the white layer has a shape
close to an ellipsoid and is surrounded (as was already
noted) by the secondarily heat-affected zone. When the
adjacent fragments of the white layer overlap one another,
their initial shape is lost because of mutual tempering and
repeated quenching for hardenite. As a result, regular dis-
crete macrostructure consisting of separate islands
(“flakes”) of hardenite is formed at the surface strength-
ened electromechanically using alternating current (Fig. 3).

In micrographs obtained using REM-200 scanning
electron microscope (Fig. 3), visible are (/) separate frag-
ments of the white layer that represent a strengthened track
and appear due to ac pulse thermal action, (2) tempered
zones of the prequenched metal, and (3) the zones of ther-
mal interaction of neighboring hardenite fragments. Note
that these zones do not form (Fig. 4) if martensitic trans-

Fig. 3 Micrographs: a—c of neighboring fragments of hardenite and heat-affected zone at the surface of quenched grade 45
steel: / - hardenite; 2 - heat-affected zone in the initial structure; 3 - the zone of thermal interaction of neighbor
fragments of white layer; 4 - the initial structure (coarse-needled martensite)



formation in previous fragment begins later than the sub-
sequent heat pulse and corresponds to the stage of cooling
(quenching) of adjacent volume.

Fig. 4 Micrograph of a longitudinal section of white layer
track in normalized grade U7 steel (no zones of
thermal interaction of neighbor fragments)

Pay attention to an interesting fact that is shown in
the micrographs (Fig. 3). It is seen that, on one side (on the
left) of the strengthened track, a bead of metal takes place;
its appearance can probably be explained by hot plastic
deformation, i.e. by drawing the material from the zone of
treatment to the periphery at transverse (with respect to the
track of white layer) feed of the strengthening tool.

To understand the nature of the steel structure
formed in the zone of strengthening, fine surface structure
of grade 45 and US steels EMT strengthened in the nor-
malized initial state and that of grade US steel after furnace
quenching were analyzed by X-ray diffraction. As refer-
ence specimens, the above steels in annealed state were
used. The results of this detailed comparative analysis are
given in Tables 1-3.

The calculation of X-ray diffraction patterns
aimed at determining phase composition shows that, in all
cases, the material has the lattice of a iron, but differences
in interplanar distances indicate the formation of a super-
saturated solid solution (martensite). In the diffraction pat-
tern of grade U8 steel treated electromechanically, X-ray
diffraction peaks of iron oxides Fe;O4 and Fe,O; are also
observed. A martensitic doublet was clearly resolved only
for grade U8 steel in EMT strengthened zone; in other
cases, no splitting of lines was observed.

The lattice parameters of martensite (¢ and c)
were determined using the known method [8]. Carbon con-
tent in the martensite of strengthened specimens was calcu-
lated by Kurdjumov formulas

c=a,+0.118p; a=a,—0.015p

where p is carbon content in the martensite (wt %) and a,
is the lattice parameter of ferrite, which is equal to 2.8664
A for carbon steel.

The results obtained (Table 1) show that marten-
site in the white layer in the EMT strengthened specimens
is characterized by higher tetragonality and carbon content
in comparison with ordinary quenched martensite. Note
that the accuracy of determination of lattice parameters
considerably depends on the concentrations of alloying
elements in the strengthened zones of the steel. According
to [3], Fe;C carbides and iron oxides Fe,O; and Fe;O,4 ap-
pear in the white layers of carbon steels. Moreover, high
carbon concentration and rapid quenching can fix Fe,C
(2.6% C) or Fe;C hexagonal phase based on e-Fe, which
also has a high carbon content.
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Table 1
Specimen* a, A ¢, A cla C, %
1 2.856 2.941 1.0296 0.64
2 2.843 3.049 1.0725 1.547
3 2.835 3.114 1.0984 2.097

* Specimen 1 is grade 45 steel treated electromechanically;
specimen 2 is grade U8 steel after conventional quenching;
specimen 3 is grade U8 steel treated electromechanically.

To determine the characteristics of the fine struc-
ture, we used the approximation method [8]. The experi-
mental total broadenings B of the lines (110) and (220) of
specimens 1-3 and true intrinsic broadenings f corrected
to the instrumental broadening of lines and the presence of
doublets are given in Table 2. Analysis of the results ob-
tained shows that X-ray diffraction lines for the specimens
subjected to the electromechanical strengthening are char-
acterized by considerable broadening (by a factor of 1.3—
4.5) in comparison with not only the annealed steel (refer-
ence specimen) but also the martensite produced by fur-
nace quenching. This broadening of the diffraction lines of
martensite is generally related with residual microstrains in
fine crystal structure (microstresses of the second kind) and
with the refinement of mosaic fragments (coherent do-
mains).

Table 2
Specimen* hkl B, rad p, rad
1 110 0.01567 0.00702
220 0.04680 0.02888
2 110 0.00620 0.00316
220 0.01787 0.01113
3 110 0.01690 0.01414
220 0.02420 0.01694

* See the footnote in Table 1.

The microstrain (Aa/a) and the size of mosaic
fragment (Djy,) were calculated by the following formulas,
according to the recommendations of [8]

0944, Aa n

D, =——". =
" mcos® a 4 tg0

where m and n are the contributions of the fragment
refinement and microstrains to intrinsic broadening of X-
ray diffraction pattern, respectively; these values are de-
termined from a set of four equations written for any two
lines of X-ray diffraction pattern. In this case, subscripts 1
and 2 correspond to the (110) and (220) lines, respectively:

_(m1+2n1)2_ _(m2+2n2)2
b m, +4n, - m, +4n,
m, cos@ n, g0,
Z_cosﬁz’ n_l_tg@1



Knowing the microstrains Aa/a and Young’s
modulus (F), the microstresses were estimated as

A
Oy z_aE
a

The results given in Table 3 show that EMT
strengthening of steels causes considerable refinement of
fragments (to 30-40 nm, i.e., by a factor of 2.5 in compari-
son with the quenched martensite) and a threefold increase
in the microstrains in heat-affected zone. In this case, the
second kind micro stresses reach high values (250-
290 MPa).

Table 3
Specimen* th/, A Aala o MPa
1 404.9 0.001276 255.2
2 751.6 0.000407 81.4
3 307.8 0.001443 288.6

* See the footnote in Table 1.
4. Discussion of the results

The specific features of this white layer are ex-
plained by the appearance of peculiar structureless marten-
site (hardenite) [9—12] characterized by a highly disperse
structure, considerable concentration inhomogeneity, and
appreciable distortions of crystal structure [3, 9].

The unique properties, finest dispersity, and low
etchability of hardenite are due to the specific features of
heating and cooling of the material during electro-
mechanical strengthening. This structure has the same na-
ture as martensite. This is a supersaturated interstitial solid
solution—the product of allotropic transformation having
undergone phase hardening. However, upon hardenite
formation, the nucleation of the centers of a new phase is
the determining factor due to inhomogeneity, defects, and
imperfections of austenite structure; concentration
fluctuations; and thermal motion of atoms. The shear
mechanisms of growth, which are characteristic of marten-
sitic transformation and represent the cooperative, strongly
oriented, and ordered reconstruction of austenite lattice, are
suppressed to a considerable degree. Thus, the hardenite
formation is caused by concurrent appearance of a large
number of martensite nucleation centers (due to extremely
fine grains, the concentration inhomogeneity and imperfec-
tion of the austenite structure because of intense action of
temperature and load) and absence of the possibility for
their growth, since it is limited by adjacent nuclei, grain
boundaries, and the concentration inhomogeneity of aus-
tenite.

As was noted in [9—11], the hardenite formation
requires a small size of austenite grains (e.g., produced by
short holdings above 4c, for fractions of a second), con-

siderable inhomogeneity of austenite (e.g., austenite newly
formed in the place of pearlite), and the presence of nu-
merous carbides (or other phases) in austenite. In other
words, the hardenite formation, in addition to car-bon-
content inhomogeneity, small grain size, and the presence
of barriers, also requires an increased carbon content in the
initial austenite, which is then inherited by hardenite. In

this case, the conditions indicated in [12] contradict in
many respects those of the formation of ordinary acicular
martensite. Due to high dispersity of hardenite and low
size dilatation of its fragments, the surface layer strength-
ened, in spite of increased chemical inhomogeneity, has
not only quasi-uniform mechanical properties but also high
corrosion resistance because of the equalization of electron
potential between the bulk of a grain and its boundary and
between neighbor fragments [12].

5. Conclusions

The results obtained indicate that, upon electro-
mechanical treatment, a specific martensitic structure
(hardenite) is formed, which represents the structureless
martensite with a number of unique features, such as high-
est dispersity and the absence of acicular martensitic struc-
ture, saturation with carbon and other alloying elements,
distortion of crystal structure, high residual microstresses,
and so on.

In spite of contradictions in the opinions con-
nected with the properties of white layers and the mecha-
nisms of their formation, it can be concluded that the
common characteristic for all white layers is their low
etchability and high hardness in comparison with quenched
martensite [3].

The low etchability is explained by the formation
of the specific structureless martensite (hardenite) in the
surface layer, the coherency of interphase boundaries, pe-
culiar concentration inhomogeneity of the structure, its
high dispersity, and the presence of carbides and nitrides.

High hardness of white layers is caused by high
dispersity of the structure; considerable distortions of the
crystal lattice of hardenite; its concentration inhomogene-
ity; the presence of carbides, nitrides, and oxides; and the
change in electron structure and chemical bonds of indi-
vidual phases because of high temperatures and pressures
that take place in the zone of high-energy fluxes.
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ELEKTROMECHANINIAI SUKIETINTO ANGLINIO
PLIENO PAVIRSINIO SLUOKSNIO STRUKTUROS
FORMAVIMAS

Reziumé

Straipsnyje pateikti normalizuoto ir griiddinto ang-
linio plieno elektromechaniniai sukietinto pavirsinio
sluoksnio metalografiniy, elektroniniy mikroskopiniy bei
rentgenostruktliriniy tyrimy rezultatai. Nagrinéti kai kurie
ypatingi medZiagos sukietinto pavirSiaus (,,baltojo sluoks-
nio*) smulkios struktliros ypatumai, atsirade didelio ener-
gijos poveikio zonoje, esant elektromechaniniam sukieti-
nimui.
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FORMATION OF SURFACE LAYER STRUCTURE
PRODUCED BY ELECTROMECHANICAL
STRENGTHENING OF CARBON STEELS

Summary

The results of metallographic, electron micro-
scopic, and X-ray diffraction examinations of the surface
layer in normalized and quenched carbon steels strength-
ened by electromechanical treatment are represented. Some
specific features of the fine structure of the strengthened
surface layer (“white layer”) formed in the region of high-
energy effect upon electromechanical strengthening are
considered.

B. barmyros, H. lynkuna, 1. 3axapos

OOPMHMPOBAHME CTPYKTYPHI [IOBEPXHO-
CTHOI'O CJIOs1 ITPU SJIEKTPOMEXAHNYECKOM
YIIPOYHEHUN YTJIEPOAUCTBIX CTAJIEN

Pes3womMme
[IpencraBneHbl  pe3ysbTaThl  MeTaJLIOrpaduue-
CKHX, DJIEKTPOHHO-MHKPOCKOIMYECKHUX, PEHTI€HOCTPYK-

TYpPHBIX UCCIICIOBAHUHN MOBEPXHOCTHOTO CJIOS HOPMAITU30-
BaHHOM UM 3aKaJIEHHOW YIJIEpOJUCTON CTaNIU, YIPOUHEHHOMN
AIIEKTPOMEXaHIMUECKOH o00paboTkoi. PaccmarpuBarorcs
HEKOTOpHIE OTIMYUTEIbHBIE OCOOCHHOCTH TOHKOW CTPYK-
Typbl YIPOYHEHHOTO TOBEPXHOCTHOTO cjos («Oemoro
CJIOS») MaTepuaia, MOJyYeHHOTO B O0JIACTH BBHICOKOJHEP-
TeTUYECKOTO BO3ACHCTBHSI TPH DIEKTPOMEXaHHYECKOM
YIPOUYHEHHH.
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