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Abstract: Improving physical and mechanical properties of austenitic stainless steels (ASS) by methods of surface severe
plastic deformation (SSPD) is one of the key problematic topics in the field of surface engineering and nanocrystal
materials. The complex nature of the structural states evolution under the conditions of SSPD restricts the possibilities of a
specified nanostructuring of the type 18-10 ASS in a wide range of deformation impacts. The article presents the results of
XRD and TEM analysis of AISI 321 near-surface layer after ultrasonic nanocrystal surface modification (UNSM) with
different processing densities. The work used methods of X-ray diffraction analysis (XRD) and transmission electron
microscopy (TEM) tested for examination of the structural and phase composition of the type 18-10 ASS subjected to
UNSM. XRD and TEM indicate a two-phase (o' +7y) composition of the near-surface layer of AISI 321 steel processed by

UNSM. The XRD technique has established the functional dependencies of the martensite volume fraction from
1) the processing density and 2) the strain energy density, the approximation of which by linear regression equations is

performed with reliability R*=0.984. According to TEM data, the structure of the near-surface layer of AISI 321 stainless

steel subjected to UNSM with the maximum processing density used (N = 9367 mmﬁz) is represented by a significant
amount of martensite in the form of lamellae with the width of less than 100 nm and a high dislocation density. The results
of this work can be used to develop and optimize the UNSM processing modes of the 18-10 ASS produced by subtractive,
additive and hybrid additive-subtractive manufacturing technologies.
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AnHotanus: [loBeimicHHE (QHU3MKO-MEXaHHMYSCKUX CBONCTB ayCTCHHTHBIX HepxkaBeromux craneir (AHC) meromamu
MHTEHCHBHOTO MOBEPXHOCTHOTO Tutactuueckoro nedopmuposanus (M) sBisieTcst OQHOM M3 KITIOYEBBIX MTPOOIEMHBIX
TEMATHK B 00JIACTH WHXKEHEPUH TIOBEPXHOCTH U HAHOKPUCTALIMIECKUX MaTepHanoB. KOMIIIIEKCHBIN XapakTep 3BOJIIOLMN
CTPYKTYpHBIX cocTossHui B ycnoBusax UIIII orpannynBaeT BO3MOXKHOCTH PErVIAMEHTUPOBAHHOIO HAHOCTPYKTYPUPOBAHHUS
npurnoBepxHoctHoro cinos AHC tuma 18-10 B mmpokom nuama3oHe aedopMaIlioHHBIX Bo3aeicTBuil. IIpemcraBneHsr
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pe3ynpTaThl  peHTreHogaszoBoro aHammsza (PDA) u mpocBeumBaromiedl  3MeKTpoHHOW wmmukpockomuu  ([IOM)
npurnoBepxHoctHoro cmosi cramn  12X18H10T mocime yiapTpa3ByKOBOTO HAaHOKPHUCTAUTMYECKOTO ITOBEPXHOCTHOTO
moauduimposanus (YHIIM) ¢ pasnuunoii mimotHOCTBIO 00paboTku. POA u I[1OM cBuaeTenbCcTBYIOT O ABYX(aszHOM
(a'+7y) cocraBe cramu 12X18HI10T, momsepruytoit YHIIM. Mertogom P®A ycraHOBIEHBI (YHKIHOHATILHBIE

3aBHCUMOCTH OOBEMHOH momm MapTeHcuTHOH (a3el: 1) or mutotHOocTH 00paboTku; 2) 3HEpruu AedopMarrum,
ANTPOKCUMAIIUS KOTOPBIX YPaBHEHUSAMH JTHHEHHON PErpecCcHy BEIMONHSACTCS ¢ 1ocToBepHOCTRIO R = 0,984. Tlo nanHpIM
I19M, ctpyxTypa npunoBepxHocTHoro cios ctanu 12X18H10T, noxseprayroit YHIIM ¢ MakcumanpHON HCHOIB3yeMOM
IUIOTHOCTBEO 00paboTku (N = 9367 MM_2), MPEJCTaBICHA 3HAYHUTEIFHBIM KOJIMYECTBOM MapTEHCHTa B (opMe Jlamelei
mmpuHOoi MeHee 100 HM M BBICOKOH IIOTHOCTBIO JHICIOKANWi. Pe3ynbTaTel maHHON pabOTHI MOTYT HCHOIB30BATHCS IS
pa3paboTky u ontuMmm3anuu TexHomormdeckux pexnmoB YHIIM AHC tuma 18-10, mody4eHHBIX CyOTpaKTHBHBIMH,
AIINTHBHBIMH U THOPUIHBIMU aIIUTHBHO-CYOTPAKTUBHBIMHU TEXHOJIOTHSIMH IIPOU3BOJICTBA.

KaioueBsbie cioBa: yibTpa3ByKOBOE HaHOKPHCTAUTMUECKOE MMOBEPXHOCTHOE MOJIU(HIMPOBaHKE; HEpKaBelollas CTalb
12X18H10T; mioTHOCTE 00PabOOTKM; IUIOTHOCTH dHepruu jaedopmarmu; (Ha30BbI COCTaB;, ayCTEHUT, MAapPTEHCHT
nedopmanuu; oo0beMHast 1071 (pa3; JameabHas HAHOCTPYKTYpa.

s mutupoBanus: Polonyankin DA, Fedorov AA, Gomonyuk TM. Phase composition of stainless steel subjected to
ultrasonic nanocrystal surface modification with different processing density. Journal of Advanced Materials and

Technologies. 2024;9(4):257-266. DOI: 10.17277/jamt.2024.04.pp.257-266

1. Introduction

Austenitic chromium-nickel steels belong to the
most common type of austenitic stainless steels
(ASS), the relative share of which in the world
market exceeds 80 % [1]. Among austenitic stainless
steels the most demanded are steels of type 18-10,
alloyed with ~18 % chromium and 8 to 12 % nickel,
the advantages of which are machinability and
ductility, while the disadvantages are relatively low
strength properties (hardness, yield strength, fatigue
strength). Titanium-stabilized ASS of type 18-10
(including AISI 321 steel) are wused in the
petrochemical industry [2, 3], in conventional [4] and
alternative energy generation [2], as well as in the
nuclear industry [5, 6] and biomedicine [7].

The wuse of 18-10 ASSs in subtractive
manufacturing is combined with their utilization in
additive printing technologies, which have become
widespread in the aerospace industry as well as in
mechanical engineering [8]. Modern arc [9] and beam
[10, 11] 3D printing technologies provide the
possibility of precision manufacturing of complex-
shaped products from AISI 321 steel in a wide range
of standard sizes. Depending on the type of energy
impact, the form factor of the source material and the
method of its feeding during printing, it is possible to
evolve inhomogeneous structure and high residual
stresses, defects in the form of pores and
microcracks, the formation of &-ferrite [12], as well
as large columnar grains [8], which cause anisotropy
of ASS properties [13].

The main approach to eliminating the above-
mentioned disadvantages of additive as well as
traditional subtractive ASS production is a
scientifically based selection of optimal technological

modes and post-processing operations [8, 13, 14],
which ensure the formation of the required quality of
the working surface, phase composition of the near-
surface layer and residual stresses acting in it [15].
At the same time, due to the low carbon content, it is
very difficult to increase the strength of 18-10 ASS
by final heat treatment [8], in contrast to plastic
deformation [5]. At present, the formation of
a regulated structural-phase state and optimization of
mechanical properties of ASS of type 18-10 is quite
effectively realized by methods of surface severe
plastic deformation (SSPD), including ultrasonic
nanocrystal surface modification (UNSM).

UNSM is one of the most popular methods of
SSPD of metals and alloys (including ASS type
18-10) and formation of gradient nanostructured
near-surface layer in them, which corresponds to
nanotechnologies realized according to the “top-down”
approach [16, 17]. It is important to note that a direct
analog of UNSM is the technology of ultrasonic
impact treatment (UIT) [7, 18]. The range of
processes involved in the UNSM  includes:
1) fragmentation of the initial grains with the
formation of nanoscale structural elements,
2) microdeformation of the lattice, 3) formation of
defects of wvarious types, 4) structural phase
transformations [17], but is not limited to them.
During the UNSM process, the processed material is
subjected to deformation effects with a strain rate
ranging from 0.5 to 10°s! [19], which contributes to
the formation of residual compressive stresses [20].

One of the main variable parameters of UNSM
modes is the number of tip strikes per unit area of the
processed surface (N) [21], also referred to as “strike
density” [18]. It is important to note that the UNSM
strike density is inversely proportional to the speed at
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which the tip moves over the surface [22] (“scanning
speed” [19]). As reported in [21], the higher the
surface density of UNSM, the greater the depth and
degree of refinement of polycrystalline grains in the
near-surface layer of steel, and the faster its transition
to a nanostructured state. In addition, increasing the
intensity of UNSM processing contributes to a rise in
the volume fraction of deformation-induced
martensite (DIM) in 18-10 ASS [23]. At the same
time, UNSM performed with a strike density
exceeding a certain critical value promotes the
formation of surface defects in the form of fatigue
cracks [24]. Thus, the establishment of optimal
parameters of UNSM modes, including the surface
density of processing of ASS type 18-10, is an
important scientific and technological problem.

As shown by the literature review, information
on the structural phase composition of 18-10 ASS
subjected to UNSM with different processing density
and strain energy is extremely limited. Moreover,
there are no relevant experimental studies available in
the public domain for AISI 321 steel. This determines
the relevance and practical significance of this work,
the purpose of which is to determine the dependence
of the phase composition (volume fraction of
austenite and deformation-induced martensite) on the
processing density and strain energy, as well as to
analyze the peculiarities of the structure of the near
surface layer of AISI 321 steel subjected to UNSM.

2. Materials and Methods
2.1. Materials and processing parameters

To perform the experimental part of the work, a
metal bar with a radius of 12.75 mm in delivery
condition, made of stainless steel grade AISI 321 was
used. The content of the main chemical elements in
the steel was: 0.12 % C, 18.64 % Cr, 10.1 % Ni and
0.54 % Ti. From the pre-turned bar (Ra ~2.2 pm)
was cut a shaft with the length of 150 mm. Then the
shaft was processed by ultrasonic nanocrystal surface
modification in different modes (given in Table 1),
namely, with different speed (v, m-minfl) of

relative movement of the cylindrical surface of the
shaft and the tip made of alloy VKS8. UNSM was
carried out on the unit consisting of the technological
module DTM-07, magnetostrictive transducer
PMS15A-18 and a waveguide with a spherical shaped
indenter (tip) of diameter d = 6 mm. During UNSM
the following parameters of the processing mode
were kept constant: 1) frequency of the ultrasonic
generator (f= 18 kHz); 2) amplitude of the indenter
oscillations (&,, = 0.05 mm); 3) force of pressing the
ultrasonic tool to the processed surface (static load,
Fy=30 N); 4) longitudinal tool feed (s = 0.09 mm-revfl).

In the case of tip machining of a cylindrical
surface (shaft), the speed of their relative
displacement v is determined through the radius
([r] = m) and shaft rotation frequency ([n] = I‘CV-S_I)
by the formula v =2nrn ([v] =m-rev-sﬁl). Taking
into account the frequency of ultrasonic vibrations of
the tool (f, Hz), the radius and rotation frequency of
the shaft, the strike density ([N] = rn_z) during UNSM
is calculated by the formula (1):

s

vs  (2nr-n)s

(M

where [s] = merev " is the longitudinal tool feed.

In turn, the strain energy density (F) transferred
to the near-surface layer during its processing by the
indenter is estimated according to the formula (2)
[19, 21, 25]:

_ FstN ‘im

E= ; )
d

where [E]=Jm”, [Fy]=N, [N]=m~, [§,]=m,
[d] = m.

It should be noted that, as a rule, the surface
processing density is recalculated per square
millimeter [21, 22], and the strain energy density is
expressed in J-mm ~ [25].

For clarity, the designations of the specimens
subjected to UNSM with different surface processing
densities will be used hereafter as presented in Table 1.

Table 1. UNSM modes, the relevant surface processing density and strain energy density

Specimen n, rev-min ' v, m-min”" N, mm > E] -mm
N1 16 1,28 9367 2,34
N2 25 2,00 5995 1,50
N3 45 3,60 3330 0,83
N4 63 5,04 2379 0,59
N5 100 8,00 1499 0,37
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2.2. Characterization techniques

XRD analysis of samples before and after
UNSM with different processing densities was
carried out using a Shimadzu Maxima XRD-7000
diffractometer equipped with a copper cathode X-ray
tube (A=0.15406 nm). Before XRD, which is
universally used to identify the phase composition of
18-10 ASS, the diffractometer was adjusted
according to the internal standard technique using
silicon powder. For comparative analytical study of
the phase composition of the samples, the
diffractograms were recorded in the standard
0-20 mode using the following imaging parameters:
voltage and current on the X-ray tube 50.0 kV and
40.0 mA, respectively, width of the divergence and
receiving slits 1.0 deg and 0.3 mm, respectively,
range and scanning speed 260 =(30+100) deg and
0.50 deg'minfl, respectively. The “Basic Process”
operation of the software “XRD-6100/7000 Ver.7.00:
main” was used to process all the obtained
diffractograms, providing the possibility of profile
smoothing, background subtraction, separation of
Koj- and Koy-lines, as well as correction of
systematic errors. The transcription reports of the raw
diffractograms contain information on the integral
intensity of the reflexes, their full width at half
maximum, and the corresponding diffraction angles
and interplanar spacing. The volume fractions of
austenite and deformation-induced martensite in the
near-surface layer of UNSM-treated samples were
estimated by analogy with [26] using the formula:

147,
Vys———, €)
1AL, + 1,

where LIy, V,

intensities of (111)y and (110)a’ reflexes, as well as
volume fractions of austenitic and martensitic phases,
respectively. The strongest reflexes of austenitic
(111) and martensitic (110) phases were additionally
registered three times in the range of angles
20 = (40+50)° with the following statistical
processing of the obtained integral intensity values
according to the method of indirect reproducible
measurements.

The structural features of the surface layer of
AISI 321 steel after UNSM were studied by
transmission electron microscopy (TEM) with an
accelerating voltage of 120 kV on a Philips SM-12
device. The preparation of the foil samples for the
TEM study was carried out using the Quanta 200 3D
complex according to the standard technique of
obtaining cross-sectional (normal) profiles with a

and V, =(1-V,) are integral

focused beam of gallium ions. The structural state of
the NI sample subjected to UNSM with the
processing density N = 9367 mm ~ was studied by
TEM.

3. Results and Discussion

Figure 1 demonstrates the diffractograms of
AISI 321 stainless steel samples before and after
UNSM with different processing densities. As Figure
1 shows, the diffractogram of the untreated sample
corresponds to the FCC lattice of iron: the maxima in
the region of diffraction angles 43.6°, 50.7°, 74.5°,
90.6° and 95.9° are formed by the lattice planes of the
v-phase of iron (austenite). The composition of the
near-surface layer of all UNSM-treated samples is
biphasic and, in addition to austenite, is represented
by deformation-induced martensite with a BCC
lattice, which is confirmed by the presence of reflexes
in the diffractograms in the region of angles 44.5°,
64.5°, 81.8° and 98.4° corresponding to the lattice
planes of o'-phase iron (martensite) [26, 27].

As the UNSM processing density increases, the
diffractograms of AISI 321 steel samples (Figure 1)
in the range of angles 20=(40+-50)° show
a multidirectional change in the intensity of reflexes
formed by the lattice planes (111)y and (110)a’,
which correlates with the literature data, for example
[28]. Figure 2 shows the corresponding dependences
of the volume fraction of phases on the strain energy
density (Fig. 2a) and surface processing density
(Fig. 2b) of samples of AISI 321 steel by the UNSM
method. The reliability of approximation by the linear
regression equation is R*=0.984.

Thus, UNSM ensures the formation of DIM in
the near-surface layer of all samples of AISI 321
steel. The martensite volume fraction is in direct
dependence on the strain energy density, as well as
on the surface processing density. To interpret the
obtained functional dependences, let us turn to the
physical basis of ultrasonic nanocrystal surface
modification. During UNSM, the kinetic energy of
the tool's mechanical vibrations performed with
ultrasonic frequency is converted into the energy of
the tip impact on the treated surface. Accumulation
and dissipation of the kinetic energy transferred from
the tip to the ASS near-surface layer is accompanied
by the appearance of elastic and plastic deformations
in it, as well as local adiabatic heating [19].

Meanwhile, the fraction of the initial mechanical
energy that is not converted into heat and used for
plastic deformation is stored inside the treated
material and is called accumulated or latent
energy [29], as well as strain energy [30].
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Fig. 1. Jointly presented XRD patterns of AISI 321 stainless steel before and after ultrasonic nanocrystal surface
modification with different processing density
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Fig. 2. Dependencies of austenite and martensite volume fractions in AISI 321 steel near—surface layer
from (a) strain energy density and () processing density induced by UNSM

At the same time, as noted in [31], it is possible
to neglect thermal losses during ultrasonic impact
treatment and to consider strain hardening of
AISI 304 steel (analogous to the Russian grade
08Cr18Nil0), obtained by laser alloying in a powder
bed and subjected to UNSM, on the basis of
temperature-independent plasticity models. The authors
of this work found that plastic deformation occurs
only when the tip velocity and energy, as well as the
applied stress, exceed a critical value corresponding
to the yield strength of O8Cr18NilO steel, which
changes dynamically with the increase of the
processing time. It is worth noting that the strain
energy accumulated in the dislocations is an
additional factor contributing to the martensitic
transformation [32].

Despite the fact that only a fraction of the total
amount of strain energy is spent on the formation of
martensite, the nucleation of which occurs
predominantly at the intersection of shear bands [33],
the nature of the Vo'=fE) dependence can be
analyzed as follows. On the one hand, there is a
phenomenological relationship between the value of
the stored energy (strain energy) and the flow stress
of various steels and alloys (including 18-10 ASS),
which has a quadratic character £ ~ e [29]. On the
other hand, it has been established by experimental
and computational methods that the volume fraction
of martensite in strain-affected AISI 301LN
(X2CrNiN18-7 according to DIN) [34] and AISI
304L (Russian analog 03Crl18Nill) [32] steels is
proportional to the square of the flow stress
(Voc'~02) under conditions of significant applied
stresses. Thus, the dependence, shown in Fig. 2a,
between the martensite volume fraction in the near-

surface layer of AISI 321 steel and the energy density
of its deformation by UNSM satisfies the relationship
Vo' ~E.

It is important to note that the linear correlation
Vo' ~6° is not fulfilled in the whole range of values
of the volume fraction of the martensitic phase, but
under the condition of DIM is formed in the amount
exceeding 30 %. An original interpretation of this
effect based on the percolation theory is proposed in
Talonen et al. [34] and Bonisch et al. [35]. The value
of the volume fraction of deformation-induced
martensite Vo' = 0.3 is considered as a certain critical
value corresponding to the percolation threshold of
the martensitic phase, which is 0.312 [34].
The authors associate the exceeding of this threshold
with the formation of a certain “unitary cluster”
(continuous network of martensitic phase) distributed
throughout the deformed ASS volume. At this stage
of plastic deformation of metastable austenitic
stainless steels, the hardening effect becomes more
pronounced due to the simultaneous deformation of
both austenitic and martensitic phases, accompanied
by an increase in the volume fraction of deformation-
induced martensite [35].

As can be seen from the experimental data
obtained in this work, all values of the volume
fraction of DIM in the near-surface layer of AISI 321
steel after UNSM belong to the range Vo' > 0.3 and
form a directly proportional dependence of the form
fVa') =24.04E +19.92. In turn, the strain energy
density is in a linear relationship with the surface
processing density N (see formula (2) in the Materials
and Methods section), which causes the Vo' =f(N)
dependence to be approximated by a similar first-
order regression equation f(Va')=0.006N + 19.92
as shown in Fig. 2b.
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At the same time, Li et al. [22] and Wang et al.
[23] report on the nonlinear nature of the relationship
between the volume fraction of DIM and the surface
processing density (impact intensity or number of
passes) of 18-10 ASS by UIT, while the experimental
data are not approximated by a functional
dependencies. A monotonic growth in the
deformation-induced martensite volume fraction from
8.7 to 13.6% and up to 17.2 % occurs with the
increase in the surface processing density of UIT
from 40000 to 57600 and then up to 75000 mmfz,
which contributes to a significant enhancement in the
wear resistance and hardness of coatings formed by
gas arc cladding of stainless steel (~15.5 % chromium
and ~8 % nickel) [22].

Ultrasonic impact treatment of steel grade
08Cr18Nil0 at intensities of 3, 6 and 24 min-cm >
provides an increase in the volume fraction of the
martensitic phase from 83 to 96 % and up to 100 %,
respectively, which has a nonlinear character and is
accompanied by grain refinement and mechanical
twinning [23]. In addition, the use of alternative
methods of surface severe plastic deformation with
varying processing density (coverage extent) also
leads to a nonlinear change in the volume fraction of
the martensitic phase. For example, in AISI 301 steel
with austenite microstructure (Vo' <3 % after
annealing, in delivery condition) shot peened with
coverage up to 200 and 400 % and initial bead
velocities of 65 and 75 m—sﬁl, a nonlinear increase in
the deformation-induced martensite volume fraction
is observed, reaching ~30% relative to the
corresponding initial value [36].

Thus, the authors of the above-mentioned works
have studied the effect of ultrasonic impact and shot
peening on the phase composition of 18-10 ASS, in
which the volume fractions of the martensitic phase
after processing in most cases either do not belong to
the range Vo'>0.3 [22, 36] or are close to the
saturation  limit (83 % < Vo' — 100 %)  [23].
In other words, there is no possibility to verify the
experimental relation Vo' = f{N) obtained by means
of a comparative analysis with the results of
alternative studies.

The results of TEM-analysis (Fig. 3) at the
qualitative level confirm the data obtained by XRD
method on the structural-phase composition of the
near-surface layer of AISI 321 steel, subjected to
UNSM. It is worth noting that in Fig. 3a in the lower
left corner a thin layer of platinum formed on the
surface of the specimen during its preparation is
visualized.

As the bright-field TEM image (Fig. 3a) and the
corresponding microdiffraction (MD, Fig. 3b) pattern
show, the structure of the near-surface layer of the
specimen N1 after UNSM with a processing density
of N=9367 mm’ is biphasic (o +7y) with
a predominant content of DIM. Figure 3b is an
alternation of rings corresponding to the martensitic
phase, however, weak austenitic reflexes g =[200]y
are also present in the MD pattern. The TEM image
(Fig. 3a) shows elongated martensitic lamellae with
widths not exceeding 100 nm, oriented mainly
parallel to the specimen surface, as well as
a martensite dislocation structure with a high
dislocation density of ~10"° m™,

(@)

®)

Fig. 3. Near-surface layer’s structure of AISI 321 stainless steel after UNSM with N = 9367 mm * processing density
(specimen #1): (a) is TEM bright-field image of a cross-section parallel to the processing direction;
(b) is the corresponding micro diffraction pattern with the reflections of o'~ and y-phases
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Accordingly, as a result of SSPD by ultrasonic
nanocrystal surface modification, a two-phase
(o' +v) nanostructure is formed in the near-surface
layer of AISI 321 steel. Thus, UNSM with the
processing density N =9367 mm provides the
formation in the surface layer of AISI 321 steel of a
structural state characterized by a high content of
deformation-induced martensite in the form of nano-
sized lamellae (strips) and a developed dislocation
structure.

4. Conclusion

During the experimental study of the phase
composition of the near-surface layer of AISI 321
steel, a linear correlation between the volume fraction
of martensite phase (Va'), strain energy (£) and
processing density (V) was established by the UNSM
method. Approximation of the corresponding
dependencies by first order regression equations
fVa')=24.04E + 19.92 and f(Va') = 0.006N + 19.92
in the range of Vo' = (30 =+ 80) % values is performed
with reliability R*=0.984. The interpretation of the
obtained results is carried out using the concept of
“percolation threshold”, as well as on the basis of
phenomenological relationships between the yield
stress and the strain energy, as well as with the
volume fraction of the martensitic phase.

The results of TEM analysis at the qualitative
level confirm the data obtained by XRD on the two-
phase (o’ +v) composition of AISI 321 steel subjected
to ultrasonic nanocrystal surface modification. UNSM
with processing density N = 9367 mm provides
structural transformation of the near-surface layer of
AISI 321 steel containing a significant amount of
deformation-induced martensite in the form of
lamellae with width less than 100 nm and developed
dislocation structure.

The obtained results can be wused for
improvement of physical-mechanical and functional
properties, as well as for optimization of
technological and operational characteristics of
products made of 18-10 ASS using traditional
subtractive, additive and hybrid additive-subtractive
production technologies.
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