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MICROSTRUCTURE EVOLUTION
OF THE CARBON STEELS DURING
SURFACE SEVERE PLASTIC DEFORMATION

The review is devoted to the state-of-the-art views on the microstructure evolution
in structural and tool carbon steels during the surface severe plastic deformation
(SPD). The main focus is on the effects of the nanocrystallization in the near-surface
area of the low-carbon steel (C 0.05-0.2% ), medium-carbon steel (C 0.35-0.65%),
and high-carbon steel (C 1.0-1.5%). It is reviewed the following advanced surface
SPD methods for the metal surfaces in recent years: an ultrasonic impact peening
(UIP), high-frequency impact peening (HFIP), air blast shot peening (ABSP), sur-
face mechanical attrition treatment (SMAT), and laser shock peening (LSP). Micro-
structure evolution before and after SPD is studied by an optical microscopy (OM),
scanning electron microscopy (SEM), and transmission electron microscopy (TEM).
The effects of the SPD parameters on the nanocrystalline modification of such main
phase components of the carbon steels as ferrite, pearlite and cementite are analy-
sed. The atomic mechanism of the nanocrystallization is presented. The strain-har-
dening effect induced by SPD is demonstrated by the data of the near-surface mi-
crohardness profiles.
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1. Introduction

The ever-increasing requirements for the reliability and safety, provid-
ing an increase in the service lifetime of machines and structures dic-
tate the need for the creation and implementation of new technologies
that improve the performance characteristics of metals at all stages of
the product life cycle. Currently, carbon steels are still the most impor-
tant structural and tool materials for numerous applications in modern
mechanical engineering [1, 2]. Due to the increasing intensity of loading
machines with a simultaneous tendency to reduce their weight and with
the high requirements for the steel properties, the enhancement in the
operational reliability and durability of industrial products, and increas-
ing the efficiency of the machinery and equipment is one of the most
important tasks of modern mechanical engineering and other branches
of the metalworking industry. For example, for several decades, the
automotive industry has been one of the most important markets for
steel companies. The global demand of automotive steels is currently
estimated at around 90 million tons, which is approximately 13% of the
total global market share. Recently, the use of high-strength steels for
automotive applications has been dramatically increased not only to en-
hance the safety and durability of vehicles but also to lighten the vehi-
cle’s weight for improving fuel efficiency. To fulfil the increased de-
mands, steel companies have focused on the development of high-strength
steels. Carbon steels remain the important materials like railways, brid-
ges, pipelines, and other responsible constructions, where steel products
and structures still are the main constituents. Therefore, the prolonga-
tion of the operation life of the steel constructions by prevention their
degradation under cyclic loading and/or in extremely corrosive environ-
ments still is a timely and important task [3].

The performance of machines is directly related to the quality of the
surface layer of the parts, and it largely determines their service life.
Therefore, engineering practice, particularly the engineering, automo-
tive, and aerospace industries, is currently hard to imagine without fi-
nish mechanical surface treatment processes. Finishing surface treatment
processes are necessary in order to improve tribological properties, pre-
vent fatigue failures and corrosive destruction of the machine compo-
nents and parts made of steel. Tribological, fatigue performance, and
resistance to the corrosion of the machine components are often en-
hanced by various kinds of surface modification techniques. In steels,
for instance, surface modification can take the form of mechanical prop-
erties enhancement (mainly surface hardening) through surface chemi-
cal changes such as carburizing, nitriding, etc. In some cases, surface
hardening can be achieved without a chemical modification, either by
thermal treatment, such as thermal hardening, or by mechanical treat-
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ment. Surface hardening can be also achieved by the deposition of a
distinctive surface layer (coating) of harder material such TiN, CrN,
DLC, etc. Coatings are usually deposited by a variety of processes, such
as chemical vapour deposition (CVD), physical vapour deposition (PVD),
thermal spray, etc. Therefore, improving the surface layer properties
has become a topic that has attracted considerable interest.

Extensive investigations on bulk nanostructured metals have indi-
cated that reducing grain sizes to the nanometer scale by severe plastic
deformation (SPD) processes leads to substantial metal hardening. Na-
nocrystallization of the bulk structural materials has been drawn a lot
of attention since nanocrystalline (NC) materials (grain size smaller
than 100 nm) have superior mechanical and physical properties to those
of the coarse-grained counterparts [3, 4]. It is well known that the
strength of the material at low/ambient temperatures is generally de-
scribed by Hall-Petch (H-P) relationship as follows [5]:

G, =0o, + ky/dl/z,

where o, is the yield stress, o, is the material constant required for the
starting of dislocation movement, k, is the strengthening coefficient,
and d is the average grain size. The strength and hardness increase mo-
notonically with decreasing grain size according to the empirical Hall—
Petch relationship. In addition, the nanostructured layer in the near-
surface material may restrain both the initiation and the growth of
cracks that increase the fatigue strength.

Optimizing the surface microstructures and properties is the prom-
ising way to enhance the overall performance of the materials, includ-
ing carbon steels. Given the evidence of unique/specific properties for
the bulk nanocrystalline materials, it is reasonable to achieve surface
modification to improve significantly the overall properties and behav-
iour of the materials by the generation of the nanostructured surface
layer using SPD. Such surface nanocrystallization will provide a new
approach to the application of nanotechnology in engineering steels.
There are several variants of methods to introduce nanograins and grain
size gradients into the near-surface region of bulk metals and alloys
based on the principle of the surface severe plastic deformation. The
advanced SPD methods of the metal surfaces in recent years are laser
shock peening (LSP), air blast shot peening (ABSP or SP), surface me-
chanical attrition treatment (SMAT), high-frequency (HF) and ultra-
sonic impact peening (UIP) [6—11]

This review aims to describe the modern views of the nanostructur-
ing processes of the subsurface layers in the low-, medium-, and high-
carbon steels under surface severe plastic deformation (SPD).

To analyse the literature data for each of the SPD methods, chrono-
logical order is kept up.
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2. Severe Surface Deformation by Vibration Impact Peening

2.1. Ultrasonic Impact Peening

In the work [12], the microstructure changes in the surface layer of the
cylindrical samples of steel 60 induced by the hard contact of the ultra-
sonic striker with the tungsten carbide brazing were studied. The chem-
ical composition this steel is next (wt.%): 0.57-0.65 C; 0.60—0.90 Mn;
0.15 V; 0.022-0.45 Si; <0.035 P; <0.040 S; balance Fe. For ultrasonic
processing, a lathe and an ultrasound machine were used. The pressing
force of the ultrasonic striker (WCO was 150 N at the feed rate of
0.07 mm/rev.

The metallographic SEM-cross section image of the microstructure
of the processed sample and the layer-by-layer distribution of the micro-
hardness are shown in Figs. 1 and 2, respectively. The microstructure
at a depth of 3-45 pm is characterized by the presence of the non-equi-
axial grains elongated in the deformation direction. As seen from Fig. 2,
the microhardness decreases with depth and reaches the bulk value at
the depth of about 400 pm.

More detailed information on changes in the microstructure was
obtained using TEM (Fig. 3). In the bulk of the ferrite—pearlite steel
sample, the microstructure is a mixture of the lamellar pearlite colonies
and ferrite grains. In the ferrite part of pearlite colonies, the presence
of the reticular or chaotic component of the dislocation substructure
can be observed. Figure 4 demonstrates the formation of the nanocrys-
talline structure as a result of the ultrasonic treatment at the depth of
2—3 pm. The latter consists of the mixture of a-phase crystallites (35—
40 nm) and randomly distributed round cementite particles 15—-20 nm
in size ([13]; Fe,C reflections in Fig. 5, c¢). In these areas, the circular
structure of the microelectronograms is visible, which indicates the
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Fig. 1. Cross-section image of the steel 60 microstructure after USFT-treatment [12]
Fig. 2. Layer-by-layer distribution of the microhardness after USFT-treatment [12]
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Fig. 3. The initial TEM-microstructure of the steel 60: a, b — bright field image;
¢ — dark field for reflex [8] Fe,C; ¢ — microelectronogram for photo . Numbers
refer to ferrite grains; pl — of the globular perlite grains; the arrow indicates the
reflex of the dark field [12]

high-angle misorientation of the a-phase nanocrystals. The regions of
the initial free ferrite are not observed in this case. The formation of
this nanostructure is associated, first of all, with deformation fracture
of the initial pearlite grains, and, second, with the formation of Cottrell
atmospheres around dislocations and the segregation of the carbon at-
oms at the subboundaries after the destruction of the cementite. Due to
the diffusion of the carbon atoms by moving dislocations and disloca-
tion tubes, re-precipitation of the cementite nanoparticles is possible.
Noticeable structural changes are observed at the greater depths (3—
10 um). Here, deformation changes are due to fragmentation of the fer-
rite and cementite plates in the lamellar pearlite (Fig. 5, a, b). As a re-
sult of deformation in the original ferrite, sub-grains with a size of
0.20-0.50 pm are formed (Fig. 5, d—f).

Authors [14] investigated the tool steel SKD61, the chemical com-
position of which is given to be the following (wt.%): 0.35-0.42 C;
0.25-0.30 Mn; 0.02 P; 0.02 S; 0.80-1.20 Si; 4.80-5.50 Cr; 0.80-1.15 V;
1.00-1.50 Mo; balance Fe. Ultrasonic processing (USP) was carried out
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Fig. 5. TEM image of the steel 60 at the depth of 3—4 pm: a, d, g — bright field
image; b — dark field for reflex [121] Fe,C; e — dark field for reflexes [011]
o-Fe'[201] Fe,C; h — dark field for reflexes [011] a-Fe*[031] Fe,C; ¢, f, i — micro-
electronograms for photo a, d, g, respectively. Steel structure at depth: ~3 um (a, f);
~5 um (g, i) [12]

in the mode of hard contact of the tungsten carbide striker with a force
of 100 N and the generator frequency of 20 kHz. Figure 6 demonstrates
the SEM data showing the structural changes in the surface layers by
comparing the samples before (a) and after treatment (b). In the initial
state, microscopic grains are uniformly distributed, while as a result of
severe deformation, a near-surface region with the nanoscale grains (c)
is formed at a depth of up to 100 ym. Transmission electron microscope
(TEM) images of the fine microstructure are shown in Fig. 6, c. As a
rule, before ultrasonic deformation, carbide particles are formed in the
form of microplates. However, after processing, this phase is distrib-
uted with the average grain size of 50 nm with a not very clear bound-
ary with ferrite grains. The electron diffraction pattern shown in the
upper left corner of Fig. 6, ¢, demonstrates the existence of the mixed
microstructure consisting of the amorphous and nanocrystalline phases.
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Fig. 6. SEM microstructure of the SKD-61steel: a — before and b — after USP;
¢ — surface layers after USP observed by TEM [14]
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Fig. 7. Layer-by-layer distribution of the microhardness for after (1) and before (2)
by the USP [14]

Fig. 8. Cross-section SEM micrograph of the US-treated specimen [15]

According to the authors of [9], this factor is the main reason for the
increased hardness and fatigue strength (Fig. 2 and Fig. 7). Microhard-
ness after processing increases by 37% to a depth of ~60 microns.

In [15], a medium-carbon structural steel of the following chemical
composition (wt.% ) was investigated: 0.37-0.45 C; 0.80-1.10 Cr; 0.17—
0.37 Si; 0.12 Ni; 0.50-0.80 Mn; 0.15 Cu; 0.01 S; balance Fe (steel 40 Cr).
Samples in the form of rolls were subjected to ultrasonic treatment af-
ter turning, followed by standard quenching and tempering. After such
treatment, the structure of the steel consisted of deflected sorbitol and
ferrite with a b.c.c. lattice. Ultrasonic processing was carried out at the
generator frequency of 20 kHz with a striker/horn amplitude of up to
25 pm. The striker in the form of the rotating tungsten carbide ball was
pressed against the sample with the force of 400 N.

The SEM image of the microstructure (Fig. 2) after processing shows
a gradient deformed layer up to 150 ym thick. A more detailed analysis
of the nanostructured zone formed by deformation was performed using
TEM (Fig. 4). The homogeneous layer with equiaxed grains 3—7 nm in
size is visible close to the surface. According to electron microdiffrac-
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Fig. 9. TEM images and the
corresponding selected area
electron diffraction pat-
terns (SAED) patterns at
different depth of US-treat-
ed sample [15]

tion data, the nanoscale
grains have a random
crystallographic orien-
tation. At the depth of
150 pm, most of the
grains are in the form
of cells or micrometre-
sized blocks. The equia-
xed grains 300—-500 nm
in size with distinct grain
boundaries and internal
dislocations are obser-
ved at an even greater
depth (200 pm). The
layer-by-layer distribu-
tion of the grain size in
the deformed layer is
shown in Fig. 7.

Comparison of the
microhardness distribu-
tion along with depth
before and after the US
treatment can be seen
in Fig. 10. The harden-
ing effect is 152%.

A high-carbon struc-
tural steel AISI 52100
was investigated by the
authors [16]. The steel
composition (wt.% ): 0.98—
1.1 C; 1.3-1.6 Cu;
0.25-0.45 Mn; <0.025 P; 0.15-0.3 Si; <0.025 S; and balance Fe. Due
to its good combination of strength, hardness, and machinability, this
steel is mainly used for the manufacture of the bearings, rolls, and
vehicle parts.
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Fig. 11. SEM images of the test specimens cross-sec-
tions: a, ¢ — the untreated AISI 52100 steel; b, d —
the UNSM-treated AISI 52100 steel. The dashed lines
in (b) and (d) denote the depth of microstructural al-
terations produced by the US treatment [16]

For the ultrasonic treatment, the steel discs hardened to 58 HRC
(660 HV) were used. A tungsten carbide ultrasonic carbide tip with a
radius of 1.2 mm was pressed against the substrate with a static load of
4 kg and amplitude of 32 pm at a generator frequency of 20 kHz. Dur-
ing processing, the substrate was rotated at the speed of 3 m/min.

The cross-section of the SEM microstructure before and after ul-
trasonic nanocrystal surface modification (UNSM) processing is shown
in Fig. 11. The modified area is marked with a dotted line in Fig. 11, b
and 11, e. In this zone, the classical acicular microstructure of the
martensite transforms into a fine-grained structure ~2 ym thick. In this
case, the spherical particles of the carbides after processing do not
undergo obvious changes either in size or in the distribution in the
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Fig. 12. Microstructures and features of S45C steel: a — before USP; b — after USP
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Fig. 13. Distribution of the microhard- 450 [
ness: 1 — after US-treatment; 2 — before
US-treatment [17]
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duction in the hardness mismatch between the substrate and the coa-
ting as well as the gradient microstructural transformation layer.

In the work [17], a medium-carbon structural steel of average ten-
sile strength (690 MPa), which is used for the manufacture of various
parts, mechanisms, and structures in mechanical engineering and con-
struction, has been investigated. The chemical composition of the steel
(in wt.%): 0.45 C; 0.15-0.35 Si; 0.60-0.90 Mn; <0.030 P; <0.035 S;
<0.30 Cu; <0.20 Ni; <0.20 Cr; and balance Fe. This steel has a b.c.c.
structure with a high level of stacking fault energy (250 mdJ/m?). Ultra-
sonic processing (USP) was carried out in the rigid contact mode with
the rotating polished cylindrical sample. The processing parameters
were as follows: the frequency of the ultrasonic vibrations of the vibra-
tor with a hemispherical tip made of WC (diameter 2.38 mm) was 20 kHz;
the ultrasonic generator power was 1 W; the static load on the sample
was 30 N; the impact amplitude was 30 microns; the number of the im-
pacts N per mm? was 68000. The value of N was determined by the
frequency f, the linear speed of rotation of the processed roller V (mm/s)
and the speed of the ultrasonic striker movement S (mm/rev) according
to the formula:

Hardness, H
)
=
S
.

DN
(o)
o
T
Do

N = 60f/(VS). 1)
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Figures 12, a and b show the optical images of the pearlite-ferrite
microstructure before and after deformation, respectively.

As can be seen from Fig. 12, b, the thickness of the deformed layer
after severe US processing is 30—40 microns. The change in microhard-
ness with depth is shown in the Fig. 13. The hardening effect is 188%.

In [18], the modification of the ferritic-martensitic steel EK-181
structure after ultrasonic finishing treatment (USFT) was investigated.
The chemical composition of this steel (wt.%): 0.1-0.2 C; 0.3-0.5 Si;
0.5-0.8 Mn; 10-12 Cr; 0.1 Ni; 0.01 Mo; 1.0-2.0 W; 0.2-1.0 V; 0.2—
1.0 V; 0.01 Nb; 0.05-0.2 Ta; 0.003-0.006 B; 0.02-0.15 N; 0.03-0.3 Ti;
0.01 Zr; 0.1 Cu; 9.01 Co, and balance Fe. Standard heat treatment of
the rolled samples consisted of quenching from 1080 °C for 1 h and aging
at 720 °C for 3 h. Ultrasonic treatment was carried out at the machining
tool frequency of 24 kHz with an amplitude of 15 pm. The scanning step
of the striker over the surface of the steel plate was ~0.3 mm.

After quenching and aging, EK-181 steel has a structure consisting
of the fragmented packet martensite with a crystal transverse size of
270 nm (Fig. 14, a, b) and a grain/sub-grain structure of the a-phase
(Fig. 14, ¢). A feature of this microstructure is the fact that the cellu-
lar-mesh dislocation substructure exists in the fragments of the marten-
site. The grain/sub-grain structure of the a-phase indicates the onset of
the recrystallization during the hardened steel aging. In this case, Laves
phases (TiCr, and Fe,W) are precipitated, as well as special carbides
Cr,,Cs and V,C. The total volume fraction of the secondary phases does
not exceed 2%, with the main contribution being made by the Fe,W
phase. According to TEM studies, nanocrystalline particles of V,C and
Cr,,Cs carbides are formed along the boundaries of the ferrite grains
and fragments of the packet martensite, while particles of the Laves
phase Fe,W are located along the boundaries of the ferrite grains. Quan-
titative changes in the main structural parameters after various im-
pacts are shown in Table 1. Substantial structural changes occur after
complex processing, i.e., quenching followed by ultrasonic processing
and aging. In the surface layer, one can observe mainly the nanosize
grain structure of the a-phase (Fig. 15) and the structure of the packet

Table 1. Structural parameters of the steel after different treatments [18]

Process a, HM € p, 10 cm2 R, aM d, HM
Hardening + USFT 0.28755 0.0021 10 120 —
Hardening + aging 0.28724 0.0013 4.5 270 300
Hardening + USFT + aging 0.28733 0.0023 6.5 120 140

Note: a — is the crystal lattice parameter; € = Ad/d is the crystal lattice distor-
tion; p — is the dislocation density; R is the average transverse size of martensite
crystals; d — is the average size of dislocation-free ferrite grains.
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Fig. 14. The steel microstructure after standard heat treatment: a — fragmented
packet martensite with particles of the special carbides along the boundaries of the
fragments; b — microelectron diffraction pattern with reflections belonging to the
(111) plane of the-phase reciprocal lattice; ¢ — grain-subgrain structure of the
a-phase. The arrow indicates the centre of recrystallization [18]

Fig. 15. Nanocrystalline structure of the a-phase in the surface layers of EK-181
steel subjected to quenching, US treatment, and aging: a — the bright-field image;
b — the dark-field image obtained in the reflex [002]V,C; ¢ — microelectron diffrac-
tion pattern with an annular arrangement of the a-phase reflections; the arrow in-
dicates the dark field reflex [18]

martensite. Compared with standard heat treatment, the transverse size
of the martensite crystals decreases to 120 nm with a dislocation den-
sity of 6.5-10' cm2. In [19], the structure of the surface layer of the
low carbon structural steel 20 after ultrasonic treatment was studied.
The composition of the steel (wt.%): C 0.17-0.24; Si 0.17-0.37; Mn
0.35-0.65; Cu <0.25; Ni <0.25; As <0.08; S <0.4%; P <0.035; and bal-
ance Fe. This steel is used for the production of the lightly loaded parts
(pins, axles, copiers, stops, gears), casehardened parts for the very long
service life (operation at the temperature not exceeding 350°C), thin
parts that work for abrasion. The structure of the annealed steel 20
consists of the mixture of structurally free polyhedral ferrite grains
with a size of 5—15 microns (75% vol.) and pearlite colonies (Fig. 16).
Pearlite grains of irregular size are evenly distributed over of the mi-
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Fig. 16. Optical image of the original
structure [19]

crosection surface. There are seve-
ral pearlite colonies in large pear-
lite grains up to 29 microns in the
size. Small grains with the pear-
lite structure, about 3 microns in
size, mainly consist of the one pearlite colony with an imperfect struc-
ture. In addition to the ferrite and pearlite grains, individual grains of
the tertiary cementite are observed in the steel structure in the form of
the extended interlayers or globules located at the boundaries or the
joints of the ferrite grains.

The samples were processed on the lathe with the ultrasonic set con-
sisting of the ultrasonic generator and the magnetostrictive transducer
with a waveguide having the soldered spherical striker (WC) with a ra-
dius 5 mm of the curvature. The tool was fixed in the lathe support.
The processing was carried out at optimal modes: the generator power
was 200 W, the striker oscillation amplitude was 10 um, and the striker
clamping force was 75 N. The peripheral rotation speed of the part was
set to be equal to 125 rpm. The ultrasonic tool feed was 0.05 mm/rev.

A more detailed analysis of the modified microstructure was per-
formed using TEM (Fig. 17). The structure includes two phases: the
solid solution of carbon based on the b.c.c. iron lattice (ferrite) and the
chemical compound Fe,C with a complex orthorhombic crystal lattice
(cementite). More subtle changes in the microstructure of intensely de-
formed steel 20 can be observed in TEM images (Fig. 17, 18). In Fig. 17,
a, d shows the formation of the fragmented substructure in the grains
of the structurally free ferrite with the high-angle misorientation of the
sub-grains, as evidenced by the nature of the quasi-ring pattern of the
microelectron diffraction patterns (Fig. 17, b, ¢). Two types of sub-
grains can be distinguished, characterized by different dislocation sub-
structure. Dislocations are practically invisible in the sub-grains less
than 0.1 pm in size. In the larger sub-grains (0.1-0.7 pm), the dislo-
cation network substructure with a scalar dislocation density of
5.5:10"%cm™2 is formed. In Fig. 17, e—h shows the ferrite grains with
the fragmented substructure with an average fragment size of 0.5 yum.
Changes in the cementite particles can also be noted. Nanosize particles
of this carbide phase are located at the boundaries of the fragments,
which are formed either because of the destruction of the carbide inter-
layers located at the boundary of the initial structure ferrite grains, or
formed due to the cementite interlayers dissolution and secondary pre-
cipitation of the fine cementite particles. As a result of ultrasonic treat-
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Fig. 17. TEM-image of the ferrite (a—e) and the pearlite (f—i) grains of steel 20: a,
b, f — the bright field image; ¢, ¢ — the microdiffraction pattern; d, » — the micro-
diffraction of the pattern diagram; e — the dark-field image in the reflection [201]
Fe,C microdiffraction ¢; i — the dark-field image in the reflection [221]Fe,C micro-
diffraction & [19]

ment, large particles of the tertiary cementite located in the original
structure at the boundaries of the ferrite grains (see Fig. 17, b, e) break
into blocks of the submicron sizes (Fig. 17, f—i). In this case, the shape
and size of the particles do not change. After severe deformation, trans-
formation is also observed in the pearlite grains (Fig. 18). A fragmented
substructure with a fragment size of ~0.3 pm is formed in the ferrite
interlayers. There is also the cellular-mesh dislocation substructure
with the scalar density of 4 -10'° cm 2 inside the fragments (Fig. 18, ¢)
and the formation of the nanoscale cementite particles upon the des-
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Fig. 18. TEM image of the ferrite grains on the steel 20 surface after US-treatment:
a, g — bright-field image; e — dark-field image in reflex [011]oFe and [210]Fe,C
microdiffraction d; » — dark-field image in the reflex [112] Fe,C microdiffrac-
tion d [19]

truction of the plates (Fig. 18, e¢). The microelectronogram obtained
from such particles contains the reflections, the azimuthal blurring of
which is ~ 10° (Fig. 18, d, f). The electron diffraction patterns also con-
tain diffuse reflections belonging to the crystal lattice of the carbide
phase (Fig. 18, b, e¢). An increase in the degree of the reflections blur-
ring from the cementite phase after ultrasonic treatment can be noted
(Fig. 18, b, d, {).
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Fig. 19. Microstructure observation of S45C steel after quenching and tempering [20]
Fig. 20. Distribution of the carbides within the ferrite grains [20]

In work [20], medium-carbon
steel of the composition (wt.%):
0.45 C; 0.15-0.3 Si; 0.6—-0.9 Mn;
<0.03 P; <0.035 S; <0.3 Cu;
<0.2 Ni; <0.2 Cr; and balance Fe.
This steel is widely used in me-
chanical engineering, for example,
for the manufacture of moving
parts at high speeds. The micro-
structure of the sample after quen-
ching and tempering is shown in
Fig. 19 and is tempered sorbitol Fig- 21. The cross-secjcional micrograph
with an average grain size of about °f the un-treated specimens [20]

20 pym. The TEM image (Fig. 20) shows the distribution of the carbides
within the ferrite grains. Carbides are distributed in the direction of the
acicular form of the martensite.

Ultrasonic processing of the rotating bar was carried out at the fre-
quency of 20 kHz with amplitude of 30 pm. The tip of the striker/horn
with a diameter of 2.4 mm, made of tungsten carbide, was pressed
against the sample with the force of 50 N. Figures 21 and 22 show
transverse SEM sections for two structural states of the samples. In
these photos, after processing, a deformed zone with a thickness of
55 ym with subdivided grains is clearly visible. The x-ray in Fig. 13
with reflections (110), (210), (211) is typical for the b.c.c. ferrite. After
processing, broadening of the reflections associated with the grain re-
finement and the appearance of the internal compressive stresses is
seen. The corresponding hardening effects are shown in Fig. 23.

The authors [21] investigated high-strength low-alloy steel 300 M of
the composition (wt.%): 0.38-0.42 C; Cr; 0.60—0.90 Mn; 0.30-0.50 Mo;
1.65—2.0 Ni; 1.45-1.80 Cu; 0-0.10 P; 0—-0.10 S; and balance Fe. After
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imens [20]
Fig. 23. The results of microhardness dis-
420 tribution along the cross-section of the
E specimens: 1 and 2 — after and before
. treatment, respectively [20]
4 380
[}
=
i
£ 340 quenching and tempering, it has a
very good combination of strength
300 and toughness, fatigue and ductili-

0 200 400 600 800  ty. ysed where fracture toughness
Depth, um and toughness are critical, such as
high-performance auto parts, aircraft landing gear, airframe parts,
high strength bolts, and any other high strength applications. To in-
crease the wear resistance, additional finishing modification of the
surface of the products is required. After standard heat treatment, the
steel structure consists of the martensite with an average grain size
of 2.3 ym.

For ultrasonic processing, the generator with a frequency of 20 kHz
was used. The amplitude of the striker with the WC tip was 24 pm at
the load of 30—50 N. In Fig. 24 shows x-ray diffraction patterns for the
original (control) sample and after ultrasonic processing. As you can
see, for the control sample (Fig. 24, a), three diffraction reflections
o-Fe are observed: (110), (200), and (211). The presence of the same
three diffraction peaks after deformation indicates the retention of the
phase composition. However, as shown in Fig. 24, b, ¢, and d, compared
to untreated samples, the diffraction peaks for treated samples become
much broader. In addition, although there is no apparent change in the
intensities of 0(110) and o(211) before and after treatment, the inten-
sity of the a(200) peak is significantly reduced. These results can be
associated with grain refinement and the dislocation density increasing
caused by SPD. Optical microscopy and SEM showed that the thickness
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Fig. 24. (a) X-ray spectra for 300M steel: control (2) and US-
processed sample (1) and amplified x-ray spectra for control and
US-processed sample of (b) a(110), (¢) a(200) and (d) 0(211) [21]

of the deformed surface layer is 32 ym. In this layer, the martensite
phase is refined. The grain size in the depth increases from 1.02 pm to
1.97 ym at the depth of 200 pm.

Figures 25, a, b show TEM images in the thinnest surface layer. A
significant refinement of the martensite grains with an increased den-
sity of the dislocations after SPD is seen in comparison with the control
sample (Fig. 26). The layer-by-layer distribution of the microhardness
for two states of the structure is shown in Fig. 27. From the initial
value of 567 HV, the microhardness increases to 797 HV after ultra-
sonic treatment. In addition, the wear resistance of the treated samples
was significantly improved, which is associated with the grinding of the
martensite plates, work hardening, and the residual compressive stress.

2.2, High-Frequency Impact Peening

The chemical composition of the 20GL grade low-carbon steel inves-
tigated in [22] was (Wt.%): C 0.15-0.25; Mn 1.2-1.6; Si 0.2-0.4;
S < 0.04; P < 0.04; and balance Fe. Prior to HFIP-treatment, samples
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Fig. 25. The (a) bright and (b) dark field TEM images
of the control sample at the topmost surface. The (c)
bright and (d) dark field TEM images of the US-proc-
essed sample at the topmost surface [21]

SD : 3 :
Plastic deformation zone

ITop surface

Martensitic lath

O

Non-plastic
deformation

[

'Top surface iy ¢ Plastic
2, “ ~tdeformation -
£ rB2m sy o 7
= Martensit R %

s

110 [a
Fig. 26. Optical — images of cross-sectional microstructures for (a) control and (b)
HF-processed 300M steels. SEM images showing cross-sectional microstructure of
(¢) control and (d) US-processed 300M steels. (¢) Enlarged image of the area in (d)
that is enclosed by dashed lines [21]
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Fig. 27. Distribution of in-depth hardness 850

in the initial (2) and US-processed (1) 800 ?
samples at 50 N and 250 mm/min [21] .
o 750
% 700
<)

of this steel were subjected to the -§650

normalized annealing. The proces- £ 600
sing was carried out under the fol- 550
lowing modes: generator frequency

of 18.7 kHz; power of 4 kW; fre-
quency of the striker made of hard-

ened AISI 52100 steel of 3 kHz; amplitude of 33 pm; the speed of the
striker movement on the sample surface was 3 m/s. The processing
of the cylindrical samples was carried out on a lathe.

Results of metallographic analysis of microstructure in the pristine
specimen denote the existence of the structural constituents usually
observed in annealed low-carbon steels (Fig. 28, a). The microstructure
consists of light ferrite grains and dark pearlite grains of similar sizes
(~3...20 ym). The TEM images confirm that the grains with pearlite
colonies contained mainly lamellar cementite and low scalar density of
dislocations (of 5-10% cm™2) (Fig. 28, b). The grains of ferrite, i.e., a solid
solution of carbon based on the bcc iron lattice, are also characterized
by low dislocation density. Additionally, globular cementite precipitates
of ~80—-250 nm are frequently observed inside the ferrite grains and at
the grain boundaries or junctions (Fig. 28, c¢).

TEM observations of the microstructure in the sub-surface layers of
the HFIP-processed specimens show that the ferrite constituent under-
goes substantial changes (Fig. 29, a) consisting in the formation of a
dislocation-cell structure with the cell size of ~0.25-1 nm. Additionally,
it shows that the strain extent in the surface layer studied is about
20-50% . According to the selective area electron diffraction (SAED)
pattern, the azimuthal misorientation between the neighbouring cells is
about 2-5° (Fig. 29, b). It is of importance that both the cell boundaries
and the separate dislocations in the interior of the cells are blocked with
fine precipitations (~20—40 nm) of a cementite type. High-angle bound-
aries between the ferrite grains, which were clearly detected in the pris-
tine steel specimen (Fig. 28, ¢), become less pronounced in the subsur-
face layer after HFIP-treatment. Often, they appear as disclinations or
boundary sections of various lengths. In some areas, they are gradually
transformed into cell boundaries. At the same time, the pearlite con-
stituent undergoes considerably less changes, which manifest themselves
with the appearance of the dislocation tangles separating the ferrite la-
mellae. Additionally, the cementite lamellae also become interrupted in
some areas, where they were cut by slipping dislocations (Fig. 28, c).

0 100 200 300 400 500
Depth, pm
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Fig. 28. The light microscopy image (a¢) and TEM — images of the pearlite micro-
structure (b) and the ferrite (¢) phase constituents in the pristine specimen of 20GL
steel in the initial state [22]

Fig. 29. TEM observations in the subsurface layer microstructure at a depth of
15-25 pm from the outmost surface after HFIP-treatment: the bright field image
of the ferrite constituent (a), appropriate SAED pattern (b) obtained from (a), and
the pearlite constituent (c) [22]

The dislocations are known to promote the dissolution of the carbon atoms
into adjacent ferrite interlayers. Nevertheless, the fragmentation of the
pearlite colonies is considerably smaller than that of ferrite grains. The
SAED pattern also shows insignificant azimuthal diffusion (<1.5°) of
the diffraction spots obtained from ferrite lamellae in pearlite grains.

Structural changes caused by the HFIP-treatment led to a signifi-
cant hardening of the surface layer, which can be seen from the nature
of the layer-by-layer distribution of the microhardness (Fig. 30). The
hardening effect is approximately 50%.
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Fig. 30. Layer-by-layer distribution of the 0
microhardness in the initial state (2) and 100 200 300 400
after HFIP-treatment (1) [22] Depth, pm

Fig. 31. Hardened zones in the near-
surface layers of AISI D2 tool steel af-
ter the HFIP treatment (a, b) processes:
a) HFIP treatment for ¢ = 60 s, b) HFIP
treatment for ¢ = 120 s, ¢) HFIP treat-
ment for ¢ = 180 s [23]

In work [23], the high carbon tool steel AISI D2 of the following
chemical composition (wt.% ) was investigated: 11.5 Cr; 1.5 C; 0.83 Mo;
0.72 V; 0.46 Mn; 0.42 Si; 0.15 Ni; 0.06 Cu; and balance Fe. It is one of
the most popular high chromium and high carbon D series steels, fea-
turing high compressive strength and wear resistance, good quenching
properties, high quenching stability, and good tempering resistance.
This steel can be used as threading rolls and dies, ice trimming, cutting
and punching tools for sheets up to 6 mm thick, tools for precision cut-
ting of sheets up to 12 mm thick. Before treatment, the samples in the
form of the plates were annealed at 850°C, and then slowly cooled in an
oven to 650°C. The initial steel structure after heat treatment contained
alloyed o-ferrite and carbide phases.

The HFIP treatment was carried out in the following modes: gen-
erator frequency 21.6 kHz; radiation power 53 mdJ; the amplitude of the
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Fig. 32. TEM images of the microstructure and electron diffraction patterns of the
tool steel AISI D2 in the initial state (a) and after HFIP process (b) [23]

striker with a diameter of 5 mm from hardened steel Fe—Cr15 15-18 nm
at the frequency of 2 kHz; pressing force of the striker 50 N; processing
time 60—-180 s; striker movement speed 600 mm/min.

The length of the hardened layer (Fig. 31) depends on the treatment
duration. At the depth of 18 pm, the microhardness as a result of
processing increased by 1.5 times. This effect is explained by significant
changes in the structural and phase states of the surface zone, con-
firmed by the data of x-ray diffraction and TEM analyses (Fig. 32).
Comparison of x-ray diffraction spectra shows that changes in the phase
composition occur in the surface layers of the studied steel at a depth of
10-20 pm. The x-ray spectra show lines of the trigonal chromium car-
bide Cr,C, and/or complex carbide (Cr, Fe),C;, as well as traces of the
austenite and reflections of the a-phase. According to x-ray diffraction
analysis, the total volume fraction of the carbides is about 5%, which is
slightly less than the value (~10%) estimated using optical images of
the microstructure in the cross-sections of the samples (Fig. 31). Analy-
sis of TEM images (Fig. 32) showed the presence of the chromium al-
loyed ferrite with a dislocation density of ~10% cm™.

In addition, it contains a large number of light areas that are much
thinner than that of the whole foil. Apparently, they formed in the
places of etching and precipitation of the chromium carbides. These re-
gions and the carbide particles remaining in the field of view indicate
that the primary carbides were about 350 nm in size. The electron dif-
fraction pattern in the selective region contains the system of the car-
bide reflections (indicated by white arrows). It should be noted that
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small spherical carbides are taken into account here. They are located in
doped ferrite, in addition to large strip-like carbides, which were ob-
served in optical images of cross-sections of the samples (Fig. 33).

Severe plastic deformation leads to a significant increase in the dis-
location density (10'° ecm2) and a slight decrease in the size and number
of carbides in the microstructure of the surface layer 15-20 um thick.
The latter may be due to the deformation-induced dissolution of the
carbon from carbide particles in the ferrite matrix. The dense disloca-
tion networks are visible in sub-grains of the alloyed ferrite, the size of
which is ~0.8 pym (Fig. 32, b). An increase in the number of defects in
the crystal structure (density of dislocations, the number of vacancies,
etc.), as well as fragmentation of the grains and carbides are manifested
in an increase in the microhardness of the surface layer. After severe
deformation, this increase is approximately 40—50% in comparison with
the initial sample (Fig. 34).

Medium-carbon steel grade AISI 1045 (with composition (wt.%):
C 0.45; 0.17Si; 0.52, Mn; 0.031; S; 0.032 P; and balance Fe) was inves-
tigated by the authors [24]. This steel is widely used in the industry due
to its excellent combined properties, where higher wear resistance and
strength are required. Typical applications include light gears, shafts,
axles, spindles, pins, guide rods, connecting rods, bolts, worms, crank-
shafts, machine components, etc.

The steel plates were standardized with air-cooling. Before the HFIP
treatment, the microstructure consisted of ferrite and pearlite. The ul-
trasonic generator with a frequency of 21.6 kHz and a power of 8.95-10°3
J was used. The frequency of the striker with the diameter of 3 mm
made of AISI 52100 steel was 2 kHz; exposure duration—60 s; ampli-
tude — 18 pm.
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Fig. 34. TEM observations and appropriate SAED patterns of the microstructure in
the top surface layers of 1045 steel specimens in the initial state (a) and after the
HFIP treatment (b—d). The dissolution of the pearlitic plates () and the nanoscale
cementite particles in bright-filed (¢) and dark-field (d) images are indicated by ar-
rows. The dark-field image was obtained from the cementite diffraction spot indi-
cated by the circle [24]

Table 2. Crystallite size D, lattice micro deformation n
and dislocation density p in the initial state and after the HFIP treatment [23]

Steel condition D, ™M n Pxrp> CM/CM> Prmys CM/CM2
Initial 350 1-10* 4-108 5-108
HFIP treatment 50 2-10% 5.6 -10% 6-10%
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Fig. 33 shows the x-ray diffraction patterns for the initial state and
after the HFIP treatment in the range of the diffraction angles 20 =
= 20-120°. As can be seen from this figure, this treatment does not
make significant changes in the nature of the x-ray diffraction pattern
in comparison with the original sample. As is known, SPD leads to the
broadening of the diffraction peaks, due to both a significant decrease
in the grain size and the appearance in the crystal lattice internal stress-
es. The latter can also be enhanced due to the oversaturation of the de-
formed grains/sub-grains of the iron matrix with carbon atoms diffus-
ing from cementite particles and plates dissolved during deformation.
The results of the analysis of such broadening effects for two states of
the samples are given in Table 2. It is also important to note that the
diffraction peaks in the x-ray diffraction patterns of the treated sam-
ples are shifted towards smaller diffraction angles, which indicates the
formation of the residual compressive stress in the near-surface layer.

The TEM-microstructures characteristics in the uppermost surface
layers (~10 pum) of the initial and samples after the HFIP treatment are
shown in Fig. 34. The microstructure of the original sample consists of
the ferrite grains and colonies of ferrite/pearlite plates mixture (Fig. 34,
a). Ferrite grains ~1-5 nm in size and the ferrite interlamellar ferrite/
pearlite colonies contain the dislocation networks and randomly located
individual dislocations. Their density is low (5-10% cm™3) and correlates
well with the assessment of x-ray diffraction analysis (Table 2). After
SPD, a significantly deformed structure is observed in the surface lay-
er. Intensive dissolution of the pearlite plates occurs in the ferrite/
pearlite colonies. Along with this, carbon atoms and segregations (Cot-
trell atmospheres) follow dislocations moving in the ferrite components
in azimuthally and radially dispersed the ferrite diffraction spots. Thus,
the ferrite phase is saturated with carbon. Strongly dislocated ferrite
grains (the density of dislocations is two orders of magnitude higher
(6 -10%° cm™3) than that observed in the original grains. They already
contain many subboundaries that subdivide their inner part into the
submicron-scale blocks (Fig. 34, c). Moreover, the grain/subgrain bound-
aries are essentially decorated with newly formed nanosize cementite
particles (see the dark-field TEM image in Fig. 34, d).

3. Processing with Accelerated Balls

3.1. Surface Mechanical Attrition Treatment

The authors [25] studied low-carbon steel of the following composition
(wt.%): 0.11 C; 0.24 Si; 0.35 Mn; 0.018 P; 0.014 S; and balance Fe. The
initial grain size of the annealed steel is in the range of 20...40 microns.

Steel balls of 8 mm in size bombarded the surface of the samples with a
frequency of ~ 3 kHz for 30, 60, 90, and 180 s. The grain size D after
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processing was determined based on the analysis of the broadening of
the x-ray b.c.c.-Fe reflections according to the Scherrer—Wilson for-
mula [21]. The calculation results are shown in Table 3. As can be seen
from these data, the average grain size decreases slightly with increas-
ing processing time. Layer-by-layer x-ray analysis by layer-by-layer
chemical etching showed that at the depth of 20 ym, the grain size is 46
nm. When the layer with the thickness of more than 40 microns is
etched, the average grain size becomes D > 1000 nm. The layer-by-layer
SEM image (Fig. 35) shows that the thickness of the deformed layer is
about 50 pym for the processing time of 180 min.

According to the TEM analysis, the average grain size is 8 nm for
the treatment lasted for 180 min, i.e., it is lesser than that assessed ac-
cording to x-ray analysis. This difference may be due to the fact that
the XRD result averages information regarding the surface structure
layer with a thickness of about 6 pm (for 95% absorption of CuK, ra-
diation), while TEM gives information from the layer of less than 1 pm
thick (Fig. 36).

The silicon steel Fe—3.29Si ((Fe—3.29 Si—0.01 Mn, wt.%); high-
strength steel (Fe—0.05 C-1.29 Mn) and eutectoid carbon steel Fe—0.80 C
(Fe—0.80 C-0.20 Si—1.33 Mn) with the pearlite or the spheroidal
structure were studied in [26]. The pearlite structure in Fe—0.80 C was
obtained by austenitizing the samples at 1223 K for 30 min, and then
holding at 873 K for 5 min to transform into pearlite. To obtain the
spheroidite structure in Fe—0.80 C, the samples were austenitized at
1173 K for 60 min and quenched in the water to obtain the martensite.

The plane surfaces of the specimens were bombarded by shot pe-
ening with balls under the following conditions: steel shots (Fe—1.0
C-1.3 Si—1.0 Mn, wt.% ) with a diameter of 50 ym and a hardness of
8 GPa were directed to the sample using an air compressor at the speed
of 190 m/s at the distance of 10 mm. The process duration of 10-60 s
provided the coverage of 1000-6000% .

Figure 37, a shows a SEM micrograph of the cross-section of the
high-strength steel Fe—0.05 C—1.29 Mn after shot peening for 10 s. The
initial structure is the fine-grained (~5 pum) ferrite. Two characteristic
microstructural regions can be distinguished. One of them is the bright
contrasting area near the surface, the structure of which is nanocrystal-
line according to the TEM results. The hardness of the near-surface
surface is about 6.8 GPa. Another dark contrasting region with the

Table 3. Average grain size D [25]

Treatment duration, min 30 60 90 180

D, nm 33 28 23 27
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Fig. 35. Optical observation on the cross-section of the sample after the SP treat-
ment for 180 min [25]

Fig. 36. TEM image of the top surface
layer after the SP treatment for 180
min [25]

hardness of 2.6 GPa is in the strain
hardening state, which is con-
firmed by the presence of the elon-
gated grain boundaries. After an-
nealing at 873 K for 60 min (Fig.
37, b), the nanocrystalline region
did not show any noticeable chang-
es, while the strain hardening regions immediately adjacent to the na-
nocrystalline region showed recrystallization. In the specimen subjected
to processing with balls, the amount of the deformation is greatest in
the upper surface zone and decreases with depth. The nanocrystalliza-
tion can occur within a few microns from the upper surface, and below
it, there is the strain hardening area. This so-called ‘white-layer’ is of-
ten observed in the severely deformed carbon steels [27—-29] and cast
iron [30].

Figure 38 shows the nanocrystalline surface layer formed in a Fe—
0.80 C sample (pre-deformed by 84% by cold rolling) with the spheroi-
dite structure after processing with balls. Before hardening with balls,
spherical cementite particles with a diameter of about 0.5 mm were
evenly distributed in the ferrite matrix. After processing, cementite
particles are visible in the nanocrystalline surface layer. Figure 38, b
shows the micrograph obtained using SEM after annealing at 873 K. It
can be seen that no changes are noticeable in the nanocrystalline surface
layer, while the subsurface layer in the strain-hardened zone shows the
presence of recrystallization. In this case, the sample was preliminarily
deformed and, therefore, recrystallization covers the entire volume of
the sample, except the nanocrystalline region.
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Fig. 37. SEM micrographs of Fe—0.05C—1.29Mn high tensile strength steel after SP
for 10 s. a — after SP, and b — annealed at 873K for 3.6 ks after SP [26]

Fig. 38. SEM micrographs of of the nanocrystalline regions formed in prestrained
(82% cold rolling) Fe—0.80C specimen with spheroidite structure by shot-peened for
10 s. (a) As shot-peened and (b) annealed at 873 K for 3.6 ks after shot peening [26]

For processing by the SMAT method in [31], samples were prepared
from high-carbon ball-bearing steel AISI52100 with the composition
(wt.%): 1.0 C; 1.5 Cr; 0.31 Mn; 0.24 Si; 0.08 Ni; 0.15 W; 0.03 Mo; and
balance Fe. After spheroidization annealing, the structure of this steel
contains the spheroidal cementite particles ranging in the size from
1 pym to 200 nm, embedded in the ferrite matrix with a grain size of
about 15 um. The volume fraction of uniformly distributed cementite
particles is about 16%.

The SMAT process was carried out for 60 min in the vacuum cham-
ber vibrated at a frequency of 50 Hz. Steel balls with a diameter of 8 mm
are made of AISI52100 steel. The TEM structure after processing (Fig. 39)
shows the uniform distribution of the nanostructure of the ferrite phase
with the average grain size of 8 nm. Electronic microdiffraction does
not record the presence of the cementite particles due to their small size
or complete destruction during the process of severe deformation.

In [32], the steel sample was treated in vacuum (6 -10°2 Pa) at ambi-
ent temperature for 60 min with the oscillation frequency of 50 Hz
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Fig. 39. Bright-field TEM- images for the as-SMAT sample. The corresponding se-
lected electron diffraction patterns are shown in inset [31]

Fig. 40. a — the cross-sectional optical metallograph of the spheroidized steel after
SMAT for 60 min; & — bright-field TEM-image of the as-annealed steel showing
spheroidal cementite particles uniformly embedded in ferrite matrix. Inset in b is an
electron diffraction pattern from a cementite particle [32]

(SMAT method). Steel balls 8 mm in diameter with the same chemical
composition as the treated steel plate were used to eliminate contamina-
tion of the treated sample. The chemical composition of the investigated
steel was (wt.%): 1.0 C; 1.5 Cr; 0.31 Mn; 0.24 Si; 0.08Ni; 0.15 W;
0.03 Mo; and balance Fe. The microstructure after annealing consists of
the spheroidal cementite particles ranging in size from 1 pym to 200 nm,
embedded in the ferrite, the average grain size of which is 15 pm
(Fig. 40, b). The particles of cementite are evenly distributed in the fer-
rite matrix, and the distance between cementite is in the range from
several hundred nanometers to several millimetres with a total volume
fraction of 16% . In the annealed state, the cementite particles are dis-
location-free single crystals, which are confirmed by transmission elec-
tron microscopy (TEM). The SEM cross-section (Fig. 40, a) shows signs
of the plastic deformation in the near-surface layer of 250 pm thick, the
microstructure of which differs from the microstructure of the matrix
volume. TEM observations allow the assessment of more subtle struc-
tural changes in different the zones of the treated surface layer.

In the deeper layers of the deformed layer (150...250 microns),
changes affect only the soft ferrite phase, while the cementite particles
remain unstrained. The deformation of the ferrite is associated with the
high activity of the dislocations, which originate at the interface be-
tween the ferrite and the cementite. It is here that the highest stress
level arises, due to the large difference in the strength of the ferrite and
the cementite in comparison with the interfaces between ferrite grains.
As a result, there are driving forces for the generation of the disloca-
tions and the dense dislocation walls (DDW) in the ferrite phase. In the
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Fig. 41. Typical cross-sectional TEM dark-field images and corresponding SAED pat-
terns (inset) together with the statistical grain size distributions (determined from TEM
images) at different depths: (a, al) ~35 pm; (b, b1) ~15-20 um; (¢, c1) ~5 pm [32]

upper deformed layers (160 pum), where the deformation extent is high-
er, more DDW and the dislocation cells are formed. As a result, they are
gradually transformed into sub-grain boundaries (with small angles of
misorientation) or the grain boundaries in the ferrite matrix. At this
depth, the cementite particles also remain undeformed. The presence of
many dispersed cementite particles, which greatly facilitate the nuclea-
tion of the dislocations in the ferrite during deformation, contributes to
the refinement of the ferrite grains.

When the local stress concentration exceeds the critical shear
strength of the cementite (depth <150 um), dislocation slip systems are
activated inside the cementite particles. It is interesting to note that the
onset of plastic deformation of the cementite occurs in those areas in
areas where ferrite grains are reduced to a size smaller than the cement-
ite particles. Deformation and grinding of cementite particles were
found in the surface layer with a depth of <150 microns.

Figure 41 shows typical cross-sections of TEM images in the dark
field and corresponding SAED patterns in the nanostructured layer at
different depths. It can be seen that the grain size gradually decreases
with decreasing depth. In the upper layer with a depth of <5 um, the
grain size is <20 nm with an average value of 8 nm. According to TEM
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Fig. 42. The cross-sectional SEM obser-
vation of the SMATed sample [35]

analysis, the volume fraction of the
cementite significantly decreases
with increasing deformation (i.e.,
with decreasing depth) from 16%
for the bulk of the alloy to 7% at
the depth of 60 pm. Closer to the
upper surface layer (at the depth
of <40 pm), electron microdiffrac-
tion does not detect the presence
of cementite particles). The effect of the cementite dissolution was es-
tablished earlier during the usual plastic deformation of pearlitic steels
[33, 34]. Gridnev and Gavriljuk [33, 34] suggested that the dissolution
of the cementite is caused by the sliding of dislocations in the cement-
ite. This is due to the fact that the binding energy between the C and Fe
atoms in the cementite is lower than the interaction energy between the
C atom and the dislocation. Consequently, moving dislocations can cap-
ture C atoms with the decrease in the cementite size during plastic de-
formation and their transformation into ferrite.

The authors [35] investigated structural low-carbon steel of the
ss400 grade of the following chemical composition (wt.%): C 0.171;
Si 0.09; Mn 0.36; Al 0.025; Cu 0.01; Cr 0.02; Mo 0.01; Ni 0.03; P 0.013;
S 0.013; and balance Fe. This steel is used for the manufacture of struc-
tural pipes, rods and other profiles.

The surface mechanical attrition treatment (SMAT) was used to
modify the steel surface. Steel balls with a diameter of 8 mm positioned
in the stainless-steel chamber vibrating at a frequency of 50 Hz, produc-
ing multiple impacts on the sample surface. In this case, the rate of the
severe deformation of the surface layer lasting 15 min reaches the value
of 10%3s!. Figure 42 shows the SEM image of the cross-section of the
processed sample. The depth of the deformed layer is about 80 pm.
There are no pores or cracks in it. Typical TEM structures in the layer
positioned at a depth of 1 pym are shown in Fig. 43. Obviously, the
microstructure is characterized by nanoscale equiaxed grains with ran-
dom crystallographic orientation, as indicated by the selected area elec-
tron diffraction diagram pattern (SAED). The histogram shows the nar-
row grain size distribution, as shown in Fig. 43, c¢. In accordance with
the dark-field image, the average value of the grains in the specified
layer is ~12.7 nm, which confirms the formation of the nanoscale struc-
ture during severe plastic deformation. During SMAT, deformation in-
duced grain refining consists of the ferrite and the cementite grinding
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Fig. 43. a — bright-field and b — dark-field TEM images; ¢ — static distribution of
the grain size derived from the dark-field TEM-images showing plane-view micro-
structure of the top layer in the SMATed sample (insert is the corresponding SAED
pattern) [35]
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Fig. 44. Distribution of the microhardness with the depth from the treated surface
after SMAT [35]

Fig. 45. Surface hardness profiles of the three carbon steels as a function of the SP
treatment time: 1 — 0.8% C; 2 — 0.45% C; 3 — 0.1% C [37]

for ss400 carbon steel with the cementite particles and/or plates dis-
persed in the ferrite matrix. For ferrite in the given sample, the grain
refinement includes the formation of the dense dislocation walls and
dislocation clusters in the initial coarse grains, as well as in the subdi-
vided crystallites/cells (with further deformation), the transformation
of these microstructures into sub-boundaries with low-angle misorienta-
tion and the evolution of the sub-boundaries into highly misoriented
grain boundaries.

The ferrite grinding process is greatly facilitated by the presence of
dispersed cementite particles and/or plates since the cementite/ferrite
interfaces are effective centres of the dislocation nucleation, as well as
the barriers to dislocation movements. With the progressive nanostruc-
turing of the ferrite phase with increasing deformation, the ferrite ma-
trix is substantially work hardened. Multiple sliding gradually trans-
forms the cementite into the nanosize cementite particles and/or plates
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mixed with ferrite nanograins in the upper surface layer [36]. The sig-
nificant hardening effect of the surface layer demonstrates the nature
of the layer-by-layer distribution of microhardness in Fig. 45. As you
can see, the microhardness increases by 2.5 times.

3.2. Air Blast Shot Peening

The authors of [37] studied three types of steel: low-carbon AISI 1010,
medium-carbon AISI 1045, and high-carbon eutectoid steel. Chemical
composition of AISI 1010 steel was (wt.%): 0.08-0.13 C; 0.30-0.60 Mn;
<0.040-0.13 P; <0.050 S; and balance Fe. It mainly used for the produc-
tion of cold-formed fasteners and bolts. The AISI 1045 steel ((wt.%):
0.312 C; 0.189 Si; 0.852 Mn; 0.025 Cr; 0.033 Mo; 0.005 Ti; 0.004 V;
0.033 W; 0.039 P; 0.011 S; 0.031 Cu; 0.037 Al; and balance Fe) is
widely used for all industrial parts requiring greater wear resistance
and strength. Typical applications for AISI 1045 are gears, pins, frames,
shafts, rollers, axles, spindles, etc.

Before shot peening, the samples underwent normalizing annealing.
For processing, RCW balls with a diameter of 250 ym and the hardness
of 760 HV were used. The air pressure of 0.8 MPa provided Almen with
an intensity of 0.06 mmaA.

Fig. 45 shows the microhardness dependence on the processing du-
ration for three grades of steels. This figure shows that the microhard-
ness increases with increasing carbon concentration and reaches satura-
tion in about 30-60 s. The maximum surface hardness for steels of
0.45% C and 0.8% C is observed after 60 s of treatment and is about
440 HV and 640 HV, respectively.

Figure 46 illustrates optical micrographs of the steel surface cross-
section before and after deformation processing for 60 s. Before shot
peening, the ferrite takes up most of the structure, while the pearlite
fraction occupies the rest of the structure. As the carbon content in-
creases, the portion of the pearlite increases, and the portion of the
ferrite conversely decreases. Due to severe plastic deformation, the
grains in the surface layer about 15 um thick are severely deformed. In
the case of 0.8% C steel, the only pearlite phase is observed prior to
shot peening. However, after processing, the grains on the surface are
transformed into a lamellar structure.

Figure 47 shows the x-ray diffraction pattern of steels depending on
the treatment duration (30, 90, 150, and 240 s). The exposure time in
Fig. 47 corresponds to those shown in Fig. 47. It is noticeable that the
Bragg peaks become broader with increasing exposure time. The ob-
served reflection broadening is associated with grain refinement and the
accumulation of plastic deformation inside the grains. More subtle
structural changes are visible in TEM images obtained from the depth
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Fig. 46. Cross-sectional optical micrographs showing the microstructural evolu
tion before and after shot peening for 60 s: (a) 0.1% C (b) 0.45% C, and (¢) 0.8% C
steels [37]

of 1 ym (Fig. 48). Distributions of the high-density dislocations caused
by severe local plastic deformation are seen. Analysis of TEM images
showed that after processing the average grain size is 350 nm for steel
with 0.1% C, 234 nm for steel with 0.45% C and 130 nm for steel with
0.8% C. These data indicate that the grain refinement progresses as the
carbon content increases.

The cross-sectional TEM images in Fig. 49 show the grain refining
and cementite dissolution at three different depths from the top surface
of 0.45% carbon steel. Figure 49, a shows that at the depth of 12 ym
from the outmost surface the average grain size of the ferrite is 350 nm.
The cementite size is estimated to be ~500 nm. This is due to the fact
that intense hardening transforms the lamellar cementite in pearlite
into spheroidal shape with partial dissolution in the ferrite. At the
depth of 6 ym from the upper surface (Fig. 49, b), the average ferrite
grain size is 330 nm, which is relatively large, taking into account the
difference in depths in Fig. 49, a and b.

However, the size of the cementite is reduced to 160 nm while main-
taining a small amount of the cementite. Meanwhile, Fig. 49, ¢ shows
that the ferrite grain size on the upper surface is about 230 nm, and
most of the cementite disappears. Thus, it can be concluded that the
deformation extent is sufficient for the cementite dissolution. Thus, it
can be concluded that the surface hardening of the carbon steel during
SPD increases both due to grain refinement and because of the dissolu-
tion of the carbon after cementite spheroidization.
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The authors [38] investigated the medium-carbon steel AISI 1050
with the chemical composition (wt.%): 0.51 C; 0.64 Mn; 0.23 Si; 0.16
Cr; 0.14 Cu; 0.02 Mo; Ni 0.07; S 0.005; Al 0.01; and balance Fe. This
grade of steel is used for blades, brackets, brake discs, clamps, clutches,
springs, washers and gears, and for the wide variety of mechanical en-
gineering applications where the good combination of strength, tough-
ness and wear resistance is required.

The samples were austenitized at 850 °C for 1 h, quenched in oil,
and then held at 520 °C for 1 h, followed by cooling in air. The average
hardness of the resulting microstructure is 28 HRC (285 HV). Figu-
re 50, a shows the microstructure of AISI 1050 before heat treatment
(in the state after annealing), while the pearlite phases (dark phase) and
the ferrite (light phase) are clearly visible. After heat treatment (Fig. 50,
b) (quenching and tempering), the boundaries of the pearlite and ferrite
disappear, the portion of the ferrite decreases, and the portion of pearl-
ite structure increases.
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Fig. 48. Cross-sectional TEM — images covering the distance from the top surface
to 1 ym below the surface and the grain size distribution along the distance (1 pum).
The exposure time was 60 s for (a) 0.1% C, (b) 0.45% C, and (c) 0.8% C steels [37]

Shot peening was carried out with steel balls (hardness of 50 HRC)
at the angle of 90° at the air pressure of 5.5 bars with a coating of
1500% and Almen intensity of 0.26. Structural modification after
processing is shown in Fig. 51 and Fig. 52 (OM and SEM, respectively).
These images demonstrate the formation of the ultrafine and nanostruc-
tured layers as a result of deformation. The minimum grain size is 50
nm according to the analysis of x-ray reflections using the well-known
Scherrer’s equation (Fig. 53). The layer-by-layer distribution of the mi-
crohardness after surface treatment is shown in Fig. 54. The maximum
hardening effect is about 200% . At the depth of 700 microns, the bulk
value of the microhardness is achieved.

Study of the low-carbon structural steel AISI 1020 of the following
composition (wt.%): C 0.30-0.60; Mn 0.18-0.23; S 0.05; P 0.04; and
balance Fe, is described in work [39]. AISI 1020 steel is used in a vari-
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Fig. 49. Cross-sectional TEM - images that show the grain size refinement and the
cementite dissolution at different depths for the 0.45% C carbon steel (a) at 12 pm
deep from the surface, (b) at 6 pm deep from the surface, (c) at the surface, and [37]

ety of applications due to its good ability for cold drawing or turning
and polishing properties. It is used for simple structures such as cold
head bolts, shafts, lightly loaded gears, wear resistant surfaces.

The AISI 1020 steel samples were treated by mechanical attrition
(SMAT) for 90 min, varying the size of the 304 SS steel balls from 4 to
8 mm in diameter. Figure 55, a—c shows cross-section images of the pro-
cessed samples with different sizes of the balls (from 8 mm to 4 mm).
As can be clearly seen, the increase in the thickness of the deformed
region is observed with an increase in the size of the balls. The thickest
deformed zone (42 = 2 pm) is formed when the balls with a diameter of
8 mm are used. For the balls of 6 and 4 mm, these zones are reduced to
36 and 32 um, respectively.

Based on the x-ray diffraction patterns, the observed peaks corre-
spond to Fe with crystallographic planes (110), (200), and (211), at 20
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Fig. 51. Optical images of the treated
specimens SOSP [38]

diffraction angles of 44.67°, 64.91°,
and 82.18°, respectively, for two
states of the samples. It can be not-
ed that after SMAT processing, the
peak is shifted towards the smaller
angle 20 44.67°, as shown in Fig.
56, b. This fact suggests that se-
vere deformation leads to a de-
crease in the value of the interpla-
nar distance. The average grain
size calculated by Scherrer’s equa-
tion for processed samples is in the
range of 44—55 nm.

Fig. 57 shows the dark-field
TEM image of the treated surface. Few dislocation walls and disloca-
tion loops are visible, which also appeared on the surface. After pro-
cessing with 4 mm balls, highly disoriented and inhomogeneous dis-
location walls were formed due to the rapid and accidental impact of
the balls on the surface. This multiplication initiated the interlacing
of the dislocations growing on the different slip planes in a complex
manner, causing the formation of the grain subunits or the dislocation
loops on the surface. The inset in Fig. 58, a shows the selected area
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Fig. 53. The grain size variations in terms of the depth from the surface [38]

Fig. 54. Microhardness depth distribution for the SP treated sample showing de-
crease from the top surface to the bulk [38]

electron diffraction pattern (SAED), in which twins of the type (110),
(200), and (211) are visible, corresponding to the plane of deforma
tion as the result of the presence of the almost equiaxed nanograins
with the random orientation. Figure 57, b shows the appearance of the
deformation twins. Since AISI 1020 steel is known to have low stacking
fault energy, plastic deformation by mechanical twinning is the do-
minant mechanism. The dislocation density measured for the untreated
sample was 0.0136-10'° m™=2, which gradually increased to 0.015 x
x 10 m?2 and 0.0162-10' m2 for processing with 8 mm and 6 mm
balls, respectively.
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Fig. 55. Cross-sectional SEM images of SMATed LCS-steel with different ball sizes:
a — 8 mm; b — 6 mm; ¢c — 4 mm [39]
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Fig. 56. XRD pattern of (a) untreated LCS, SMATed — 8 mm, SMATed — 6 mm and
SMATed — 4 mm (b) shows peak broadening and shifting at 20 angle of 44.67° [39]

The authors [40] investigated the medium-carbon steel grade AISI
1045 of the following composition (wt.%): C 0.43; Mn 0.35; Si 0.15; Cr
0.19; Mo 0.02; P 0.02; S 0.02; and balance Fe. This steel is commonly
used in general engineering for the manufacture of hydraulic cylinders,
shafts, and medium- to high-strength threaded connections.

The original samples (after proper grinding, polishing and ultimate-
ly etching with 4% Nital) were first preheated to 200°C for 1 hour and
then austenitized at 900 °C for 1 hour in the carbon-neutral atmosphere;
then they were immediately quenched in oil and tempered at 400°C for
1 h, followed by cooling in air. The resulting microstructure had an
average hardness of 36 HRC (355 HV). Figure 58 depicts the micro-
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Fig. 57. a — the dark field TEM-images showing dislocation walls and tangles along
with corresponding SAED pattern as inset image; b — the twin plane shown by ar-
rows along with SAED pattern of (110 plane) for SMATed-4 mm [39]

Fig. 58. Microstructure of the AISI 1045
steel after heat treatment [40]

structure of AISI 1045 after heat
treatment. The material consists
of the pearlite, martensite, and
ferrite structures with an average
grain size of 7.5 um.
High-intensive shot penning
(HISP) was carried out using
standard 48-52 HRC steel balls
(S230, S280, and S330) with an
average diameter of 0.58 mm,
0.71 mm and 0.83 mm, respectively, at a pressure of 4— 7.5 bar and the
angle of incidence of 90°. Almen intensity varied in the range of 20—
32 A. Figure 60 shows the optical photomicrographs of the cross-section
for all samples. Based on the observational data, the depth of

Table. 4. Different applied HISP parameters [40]

Almen o Almen o
Treatment intensity, A Coverage, % Treatment intensity, A Coverage, %
CSP 20 100 SSP4 28 2000
SSP1 22 500 OSP1 30 2500
SSP2 24 1000 OSP2 32 3000
SSP3 26 1500
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Fig. 59. Cross-sec-
tional optical — im-
ages of the treated
specimens: a — CSP;
b — SSP1; ¢ — SSP2;
d — SSP3; e — SSP4;
f — OSP1; g — OSP2
(dashed lines repre-
sent the depth of
highly deformed la-
yer) [40]

Fig. 60. Cross-sectional SEM observation of the layer just

= under the top surface of (a) as-received, (b) CSP, (¢) SSP1,
% (d) SSP3, (e) OSP1 and (f) OSP2 specimens [40]
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the deformed layer was 9 ym, 13 pym, 18 pym, 47 ym, 66 pm, 93 um, and
106 ym for samples after conventional shot peening (CSP), severe shot
peening (SSP) for four various coverages: SSP1, SSP2, SSP3, SSP4, and
two over shot peening (OSP): OSP1, and OSP2, respectively. These
depths represent the average of seven measurements at different loca-
tions for each sample. Dashed lines for each sample show the approxi-
mate boundaries of the coarse-grained zone with refined ones. Micro-
scopic observations show that with an increase in the Almen intensity
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Fig. 61. Cross-sectional FESEM observations of the (a) SSP1, (b) SSP2, (c¢) SSP3, (d)
SSP4, (e¢) OSP1 and (f) OSP2 specimens [40]
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Fig. 62. Bright-field TEM image of the CSP specimen [40]

Fig. 63. Microhardness distribution AISI 8620 steel after a single LSP impact and
three LSP impacts [44]
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(Table 4) and the surface coverage, the depth of the deformed layers
increases. SEM observations in the cross-sections of the initial and
treated specimens (Fig. 60) show the higher density of the grain bound-
aries and the formation of the dense structure caused by the increased
kinetic energy of the applied hardening treatments from CSP to OSP2.
Based on the TEM observations presented in Fig. 61, high deformation
and reduced grain size are clearly visible near the upper surface layer.
Analysis of the broadening of x-ray diffraction peaks (200), (211), (220),
and (3110) b.c.c. Fe by the Williamson—Hall method, the grain size was
determined for each processing mode (Fig. 62). As can be seen from this
figure, the thickness of the deformed layer is 300—650 pum. It is obvious
that the growth of the microhardness depends on the intensity of
processing.

4. Laser Shock Peening

Laser shock peening/processing (LSP) is an advanced technique to im-
prove wear and corrosion resistance, as well as enhance the fatigue
properties of both small-sized and large-scale metal components. During
LSP treatment, SPD of the metal surface is generated by the strain in-
duced by multiple laser shock waves. The effects of the LSP technique
on the surface properties of stainless steels were mainly studied [41-
43]. Compared to the conventional peening techniques, the laser shock
peening process leads to deeper compressive residual stress and surface
hardness distribution values in the near-surface layers of the stainless
steels and carbon or alloyed steels leading to the improvement of their
surface properties.

Lu et al. [44] studied the effect of the multiple LSP impacts with
different pulse energy on structure, grain size, microhardness, and wear
behaviours of AISI 8620 alloy steel of the following chemical composition
(wt.%): 0.18-0.23 C, 0.15-0.35 Si, 0.70-0.90 Mn, <0.035 S, <0.035 P,
0.40-0.60 Cr, 0.40-0.70 Ni, <0.030 Cu, 0.15-0.25 Mo, and balance Fe.
The AISI 8620 steel is used for a number of medium-strength applica-
tions, such as camshafts, fasteners, and gears.

The surface microhardness magnitudes of the LSP-processed speci-
mens are respectively enlarged by about 47% and 60% after a single
LSP impact and three LSP impacts in comparison with the unpolished/
initial specimen (149 HV,,) (Fig. 63).

A study made by Lu [44] revealed that the average size of the orig-
inal grains in the near-surface layer of the untreated specimen is in a
range from 100 nm to 1 ym while the average size of the refined grains
in the subsurface layer of the LSP-peened specimen is about 10 nm
(Fig. 64).

In addition, they showed that the microstructural hardening mecha-
nism of multiple LSP impacts on AISI 8620 steel is characterized by the
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Fig. 64. TEM images of near-surface grains in the subsurface layer of the untreated
specimen (a) and LSP-processed specimen (b) of AISI 8620 steel [44]

refinement of coarse grains in the near-surface region by dislocation
movement and dispersion strengthening of C atoms, which cut cement-
ite and diffused into the ferrite by moving dislocations. As a conse-
quence, the improvement of wear resistance was observed after LSP due
to the grain refinement in the surface layer of AISI 8620 steel.

The effects of the laser shock processing on the surface microstruc-
ture, nanocrystallization, hardness, and residual stress of the medium-
carbon AISI 1045 steel (~0.45 C wt.% ) and AISI 4140/4340 low-alloyed
steels were evaluated in works [45—48]. The specimens were machined
from an AISI 4140 steel plate of a chemical composition (all wt.%):
0.41 C, 0.91 Cr, 0.83 Mn, 0.21 Si, 0.025 P, 0.027 S, 0.18 Mo, the re-
mainder Fe. The chemical composition (wt.%) of AISI 4340 alloy steel
was as follows: 0.38-0.43 C, 1.65-2.0 Ni, 0.70-0.90 Cr, 0.65-0.90 Mn,
0.15-0.30 Si, 0.15-0.25 Mo, <0.025 P, <0.025 S, and balance Fe.
AISI 4140 and 4340 steels are widely used in general purpose high ten-
sile steel for components, like axles, shafts, gears, etc.

The initial microstructure of quenched and tempered AISI 4140
steel consisted of a retained lath-type martensite (indicated by the ar-
rows in Fig. 65, a) and a low density of lath-type precipitates (Fe,C
type) (indicated by the arrows in Fig. 65, b). The pile-up of localized
dislocations and lamellar dislocation boundaries were found (indicated
by the arrows in Fig. 65, d, e¢). The formed dislocation bands can be
observed in Fig. 66, f and Fig. 65 at high magnifications.

In Fig. 66, a and Fig. 66, b, a number of precipitates are observed
near the subgrain boundaries, while few precipitates are observed with-
in the subgrains. This is due to the high carbon atom concentration near
the sub=grain boundaries. Figure 66, ¢ shows a TEM image of a pre-
cipitate at higher magnification. The nanocrystalline surface (around
10 pym from the top) is presented after LSP in Fig. 66, d.
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Fig. 65. TEM images of near-surface microstructure in the initial state (a, b) and
LSP-processed specimens of AISI 4140 steel (c—f) in the near-surface layer at differ-
ent magnifications [46]

Fig. 66. TEM images of near-surface microstructure
in the LSP-processed specimen of AISI 4140 steel at
laser intensity of 4 GW - cm™ [46]
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Fig. 68. Hardness depth profile in the LSP-processed specimen of AISI 4140 steel [46]
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Fig. 69. Microhardness profiles on top surface (a) and in depth (b) of the LSP-
processed specimen of AISI 1045 steel [45]

The surface hardness of the LSP-processed specimen of AISI 4140
steel at different laser intensities is shown in Fig. 67. It was observed
that increasing the laser intensity resulted in an increase in the surface
hardness.

The microhardness distribution in the near-surface layers of the LSP-
processed specimen of AISI 4140 steel at laser intensity of 4 GW - cm™2
is given in Fig. 68. It can be seen that the surface microhardness mag-
nitudes increase from 310 HV to 390 HV after LSP, providing the hard-
ening depth of about 1 mm.

The profiles of the microhardness on the top surface and in depth in
the multi-pin LSP-peened AISI 1045 steel are presented in Fig. 69.
In general, the surface hardness slightly decreased to the untreated
specimen in depth at a distance of ~0.2 mm from the top surface.

A study made by Hu [45] confirmed that a martensite transforma-
tion area was found near the top surface about 20 pm thick in the LSP-
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Martensite

Fig. 70. Microstructure
in the LSP-processed
specimen of AISI 1045
steel [45]

Surface

Fig. 71. SEM image of near-
surface microstructural
changes in the LSP-proc-
essed specimen of SAE 9254
spring steel [49]

peened specimen due to SPD. At the same time, the martensite was also
observed to be plastically deformed by the impact (Fig. 71).

Works by Prabhakaran [49] and Ganesh [50] confirmed that the
work hardening depth and nanomechanical properties were significantly
enhanced in AISI 9254 /AISI 9260 spring steel by the LSP process with-
out a coating. They are respectively composed of (in wt.%) 0.51-
0.590.56-0.64 C, 1.20-1.60/1.8-2.2 Si, 0.60—-0.80/0.75-1.0 Mn, 0.60—-
0.80/<0.035 Cr, <0.035 P, <0.04 S, and the base metal Iron. The
above-mentioned steels are used not only for the production of the leaf
and conical springs but also in many other areas as a high-strength alloy.

The grain refinement features, such as nanotwins, micro shear
bands, and shear cells were revealed in the subsurface layer due to high
strain-induced deformation by the LSP treatment (Fig. 71, Fig. 72).

The major plastic deformations were observed up to 10—15 ym from
the surface. The needle-like bainitic structural changes on the surface
are evident in the LSP-induced deformations. The presence of bainitic
ferrite, retained austenite, and twin lines can be seen in Fig. 72, a,
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Fig. 72, e, Fig. 72, f. The nanotwins’ lines and nanostructured bainite
can be observed in Fig. 72, i and Fig. 72, h at high magnification, re-
spectively. Figure 72, ¢ shows the presence of ferritic planes (110) and
(200), and this may be another evidence for the martensite phase trans-
formation trend taking place after LSP processing. Compared to the
untreated specimen (~0.5 nm), an averaged d-spacing for the LSP-treat-
ed specimen was doubled (Fig. 72, d). The dislocations and micro shear
structures/cells are presented in Fig. 73, e. The finer carbide precipita-
tions were also found in the dislocation area (Fig. 72, f).

As a consequence, the surface hardness was increased due to the
formation of the fine-grained structure (Fig. 72). The LSP-processed
specimen exhibits improved near-surface hardness magnitudes up to the
depth of 0.8 mm.

To enhance surface treatment process of complexly shaped steel parts,
the selective LSP technique can be a successful potential replacement for a
conventional shot peening in various structural engineering applications.

5. Conclusions

Currently, carbon steels are still the most important structural and tool
materials for numerous applications in modern mechanical engineering.
The performance of machines is directly related to the quality of the
surface layer of the parts, and it largely determines their service life.
Therefore, the engineering practice, particularly the engineering, auto-
motive, and aerospace industries, can hardly be imagining without fin-
ish mechanical surface treatment processes. Today, finishing surface
treatment processes are necessary in order to improve tribological prop-
erties, prevent fatigue failures and corrosive destruction of the machine
components and parts made of steel. Therefore, the improvement of the
surface layer properties has become a topic that has attracted consider-
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able interest. Optimizing the surface microstructures and properties is
currently a promising way to enhance the overall performance of the
materials, including carbon steels. Given the evidence of unique proper-
ties for the bulk nanocrystalline materials, it is reasonable to produce
the modified nanostructured surface layer using SPD for significant
improvement in the overall properties and behaviour of the materials
surface. Such surface nanocrystallization will provide a new approach to
the application of nanotechnology in engineering steels. There are sev-
eral variants of methods to introduce nanograins and grain size gradi-
ents into the near-surface region of bulk metals and alloys based on the
principle of the surface SPD.

This review is devoted to the modern view of the nanostructuring
processes of the surface layers in the low carbon steel (C 0.05-0.2%),
medium carbon steel (C 0.35-0.65% ) and high carbon steel (C 1.0-1.5%)
under the most developed surface SPD methods of the metal surfaces in
recent years: ultrasonic impact peening (UIP), high-frequency impact
peening (HFIP), air blast shot peening (ABSP), surface mechanical at-
trition treatment (SMAT) And laser shock peening (LSP).

Before SPD, the microstructure in the bulk of the annealed ferrite-
pearlite low- and medium-steel sample consists of the mixture of the
structurally free polyhedral ferrite grains with a size of 5—15 microns
and pearlite colonies. As the carbon content increases, the portion of the
pearlite increases, and the portion of the ferrite conversely decreases. In
the case of spheroidized annealing, the high-carbon steel consists of the
spheroidal cementite particles ranging in size from 1 pm to 200 nm,
embedded in the ferrite, the average grain size of which is 15 ym. As a
rule, before SPD, carbide particles are formed in the form of micro-
plates. After standard heat treatment, the steel structure consists of the
martensite with an average grain size of 2.3 um.

The main feature for all methods of the surface SPD is the forma-
tion of the gradient near-surface deformation zone, consisting of the
following strain hardening areas: nanocrystalline area, sub-grain struc-
ture, and submicrocrystalline area. Depending on the chemical composi-
tion of the steels and SPD modes, the total thickness of the deformed
zone lies in the range of 50—600 pm (according to the data of layer-by-
layer microhardness measurements). Each of these areas is character-
ized by the different degrees of grain refinement of the phases present,
as well as the density and structure of the dislocation cells.

All investigated steels and SPD methods are characterized by nota-
ble surface grain refinement. The nanocrystallization can occur within
near-surface layer of a few microns thick, and below it, there is the
strain hardening area. The average grain size in the top surface layer
can be as small as a few nanometers and it gradually increases with a
distance from the surface.
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Strain-induced microstructure evolution, including grain refine-
ment of the ferrite, pearlite grains, and cementite was examined using
the x-ray analysis and transmission electron microscopy. The homogene-
ous layer with equiaxed grains 8-50 nm in size is visible close to the
outmost surface. The thickness of the nanostructured surface layer is
not less than 20 um.

For ferrite, grain refinement includes the formation of the dense
dislocation walls and dislocation clusters in the initial coarse grains, as
well as in the crushed crystallites/cells (with further deformation), the
transformation of these microstructures into sub-boundaries with low-
angle misorientation, and the evolution of the sub-boundaries into high-
ly misoriented grain boundaries. After severe deformation, transforma-
tion is also observed in the pearlite grains. Intensive dissolution of the
pearlite plates occurs in the ferrite/pearlite colonies. This is due to the
fact that severe hardening made the lamellar cementite in pearlite sphe-
roidal with partial dissolution. According to TEM analysis, the volume
fraction of the cementite significantly decreases with increasing defor-
mation (i.e., with decreasing depth). Closer to the top surface layer
electron microdiffraction does not detect the presence of cementite par-
ticles) indicating the cementite dissolution induced by increased plastic
straining.

Severe plastic deformation leads also to a significant increase in the
dislocation density and a slight decrease in the size and number of car-
bides in the microstructure of the surface layer. The density of the
dislocations in the severe-deformed ferrite grains is two orders of mag-
nitude higher than that observed in the original grains. The dislocations
are known to promote the dissolution the carbon atoms into adjacent
ferrite interlayers. This is due to the fact that the binding energy be-
tween the C and Fe atoms in the cementite is lower than the interaction
energy between the C atom and the dislocation. Consequently, moving
dislocations can capture C atoms with the decrease in the cementite size
during plastic deformation and their transformation into ferrite. The
presence of many dispersed cementite particles, which greatly facilitate
the nucleation of the dislocations in the ferrite during deformation,
contributes to the refinement of the ferrite grains. Accumulated multi-
ple gliding progressively refines cementite into nanosize cementite par-
ticles mixed within ferrite nanograins in the top surface layer. The de-
creasing volume fraction of the cementite is observed with decreasing
depth in the top deformed layer, indicative of dissolution of the cement-
ite induced by increasing plastic deformation.

In conclusion, increased hardness and the deeper hardening zone
can be obtained by surface SPD treatment. The maximum hardening ef-
fect is about 200% .
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10 YAC IIOBEPXHEBOI IHTEHCUBHOI IIJIACTUYHOI TED®OPMAIIIT

Orasii CTOCYEThCS BUCBITJIEHHS CyYacHUX TOTJIALIB HA €BOJIOIiI0 MiKPOCTPYKTYPU B
KOHCTPYKIIIHHUX Ta iIHCTPYMEHTAJbHUX BYTJIEIIEBUX CTAJAX Il Yac IIOBEPXHEBOI iH-
TencuBHOI mmactuuHol gedopmariii (ITI). OcHoBHY yBary mpumiieHo ebexraMm HaHO-
Kpucraiisallii B mpumoBepxHeBiii 30HI HU3bKOByTIIeneBux craiei (C — 0,05-0,2 %),
cepenuboByriernesux craieit (C — 0,35-0,65 %) i BucoxkoByrienesux craneit (C —
1,0-1,5 %). PosrianyTo BIOCKOHAJIEHI BIIPOJOBIK OCcTaHHiX pokiB meroxu ITI]] mera-
JIeBUX IIOBEPXOHb, TaKi AK yJabTpasBykKoBe ynapue obpobaenus (UIP/UIT), Bucoko-
yacrorHe yaapHe obpobsenusa (HFIP), mporo-cTpymeneBe o0poGJieHHS Ha MOBIiTPL
(ABSP), mexaniune o6pobsenus moBepxHi Tepram (SMAT) i nasepue ymapHe o6Gpo-
onennsa (LSP). EBoaforiito MmikpocTpyKTypu fo0 Ta micas III]] BuByaau 3a JOIIOMOTORO
onTuuHOi Mikpockomii (OM), pacTpoBoi erekTporHOI MiKpockomii (SEM) Ta Tpamcwmi-
citinoi enexkrponnoi mikpockotnii (TEM). IIpoanasisoBano BusuB nmapametpiB ITII] Ha
HaHOKPUCTAIIUuHy MoAuGiKaIlilo TAKMX OCHOBHUX (PA30BUX KOMIIOHEHTIB BYTJIEIIEBUX
craei, Ak (Qepur, mepyait i nmementur. I[IpeacraBieHo aToMapHUN MeXaHi3M HaHO-
kpucranizamii. Edexr medopmarnirinoro sminuenusa, cupuuusnenoro III]l, npomemoH-
CTPOBAHO HAHUMMU II[OA0 MPOdiaiB sMiHM MiKpoTBepgocTH 0ijsA ITOBEPXHI.

KarouoBi ciaoBa: ByrieneBi crani, mMexaHiuHe 00OpOOJIeHHA IIOBEPXHi, iHTEHCUBHA
miracTuyHa gedopMailisg, MiKpOCTPYKTypa, HAaHOKPUCTAIi3allisd, MiKPOTBEPIiCTh.
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