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The effects of fabrication route, heat treatment, and ultrasonic impact
treatment (UIT) on the microstructure, phase composition, microhardness,
and residual stresses of AISI 316 stainless steel produced by selective laser
melting (SLM) and hot rolling (HR) are investigated. The SLM material ex-
hibits a fine cellular structure and higher austenite stability, manifested by a
lower susceptibility to the deformation-induced y — o' martensitic transfor-
mation compared with the hot-rolled steel. Heat treatment promotes micro-
structural homogenization, residual-stress relaxation, and an increase in the
y-phase fraction. UIT induces intense plastic deformation, refinement of co-
herent scattering domains, and compressive residual stresses. The maximum
microhardness reaches 7.6 GPa for the hot-rolled steel and 6.7 GPa for the
SLM material. The stronger hardening of the hot-rolled steel is associated
with its greater susceptibility to deformation-induced martensitic transfor-
mation. Prior heat treatment significantly affects the response to subsequent
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UIT, with annealing followed by UIT providing the largest and most stable
increase in microhardness. The results demonstrate the effectiveness of com-
bining heat treatment and UIT for controlling the structural and phase state
and mechanical characteristics of AISI 316 stainless steel produced by differ-
ent fabrication routes.

Key words: AISI 316, additive manufacturing, heat treatment, ultrasonic
impact treatment, microstructure, phase composition, microhardness.

HocrimKeHo BIINB TEXHOJOTiI BUTOTOBJIEHHS, TEPMiUHOT'0 00PO6JIeHHS H yIb-
TPa3BYKOBOTr0o ynapHoro oopobuenua (Y3Y0) Ha MiKpOCTPYKTYPY, (asoBUit
CKJIaZl, MiKpOTBEpP/iCTh i piBeHb 3aIUIIKOBUX HAIPY:KeHb Heip:KkaBifiHol Kpu-
mi AISI 316, oxmep:xaHOI METOHOI0 CEJIEKTUBHOTO JasdepHoro ToieHHs (SLM)
Ta rapauoro BajibioBaHHsa (HR). Martepisan, BuroroBienuit meromoo SLM,
XapaKTepU3yeThCA APiOHOAUCIIEPCHOI0 KOMipUYacTOI CTPYKTYPOIO Ta BUIIIOIO
crabinbHiCcTIO aycTeHiTHOI y-dasu, 1110 MPOABIAETHCA Y MEHIIi M CXMIBHOCTI J0
medopMaIniiHO-iHAYKOBAHOIO MapTEHCUTHOT'O IIEPEeTBOPEHHS Y — o IOPiBHA-
HO 3 rapsueKaTaHol Kpuiieio. Tepmiune o0po0JIeHHA CIIpHsAE TOMOreHisaiii
MiKpPOCTPYKTYpPH, pejaKcallii 3aJIruIIKOBUX HAIIPYKeHb 1 301/IbIIIeHHIO YACTKH
y-dasu. Y3YO 3abesneuye iHTeHCUBHY IJIACTUUHY AehOpMAaIlilo IOBEPXHEBOTO
mapy, 3MeHIIIeHHS PO3Mipy 06J1acTeil KOTepeHTHOTO PO3CiAHHA Ta POPMYBaH-
HS CTUCKAJBHUX HAIPYsKeHb. MaKcuMasbHa MiKpoTBepAicTh cArae 7,6 I'lla
I rapsuyexaTtaHoi Kpuili ta 6,7 I'lla gia maTepisany, oZep:KaHOrO METOLO0
SLM. Buira epexkTUBHiICTh 3MilIHEeHHA rapsueKaTaHol KPUIli moB’saA3aHa 3 6i-
JIBIIIOI0 CXMJIBbHICTIO I Mo medopMaIlliiHO-iHAYKOBAHOTO MapTEeHCUTHOIO IIepe-
TBOpeHHA. Ilonepense TepMiuHe 0OpOOJIEHHS iCTOTHO BIJINBa€ Ha e(PEKTUB-
HicTh momasbiroro ¥Y3VO0, mpuuomMy HaibOiabIlle Ta Ha6GigbII cTabilbHe Iif-
BUINEHHS MiKPOTBePAOCTH 3a0e3meuye moegHauHA Bignany 3 Y3V 0. Ogeprxkani
pe3yabTaT! MiATBEePAKYIOTh e)eKTUBHICTh KOMIIJIEKCHOTO 3aCTOCYBaHHS Tep-
MIiYHOTO Ta MOBEPXHEBOTO Ae)opMaIliiiHOro o6pobIeHHs A KepyBaHHSA CTPY-
KTYypHO-()a30BUM CTaHOM, MiKPOTBEPIiCTIO Ta 3aJUIIKOBUMHY HATIPYKEHHAMU
kpurti AISI 316, BUTOTOBJIEHOI PI3BHUMU TEXHOJOTIYHUMU METOLAMU.

Karouori cropa: AISI 316, aguTuBHe BUPOOHUIITBO, TepMiuHE OOPOOJEHHA,
VIABTPa3ByKOBe yZapHe o0poOJIeHHs, MiKPOCTPYKTypa, asoBuil cKiax, MiK-
POTBEpPIiCTh.
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1. INTRODUCTION

Austenitic stainless steels are important structural materials due to
their high corrosion resistance, excellent processability and non-
magnetic properties [1, 2]. Owing to their high deformability, these
steels are used to produce vessels for the chemical, energy and food in-
dustries, pipes, capillaries and various complex-shaped components,
including critical-purpose products [3].

The main grades of austenitic stainless steels include AISI 304, 306,
316 and 321. These steels are similar in chemical composition and me-
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chanical properties, but differ in the alloying additions that determine
their service performance. AISI 304, containing 18—-20% wt. Cr and
8-11% wt. Ni, is the most widely used base grade in the chemical and
food industries. A distinctive feature of AISI 316 is Cr content lower
by = 2% wt. and Ni content higher by = 2% wt. together with 2—3% wt.
Mo. This composition provides much higher corrosion resistance and a
lower susceptibility to intergranular corrosion; therefore, grade 316 is
often referred to as ‘marine’ or ‘chemical’ stainless steel. AISI 321 is
close in composition to AISI 304; however, it contains Ti providing the
highest heat resistance without loss of corrosion resistance. Owing to
its high resistance at elevated temperatures and improved weldability,
it is used for components of military equipment, including aviation
parts, heat exchangers and related products[2, 4, 5].

As was already mentioned, these austenitic stainless steels reveal a
similar set of mechanical properties. After quenching, their ultimate
tensile strength is of 480-580 MPa, yield strength is of 200—-250 MPa
and elongation is of 35-55% [2, 5, 6]. These properties can be effec-
tively modified by deformation and heat treatment. For example, cold
plastic deformation promotes grain refinement, the development of
crystallographic texture, and deformation-induced martensite for-
mation, increasing the microhardness from 340 to 540 HV. Depending
on the processing conditions, the resulting strength reaches 700-1600
MPa, while the elongation decreases to 2—20%, accompanied by dete-
rioration in corrosion resistance [7, 8]. Multiple equal-channel angular
pressing of AISI 316 steel refines the grain size to 10-40 nm and in-
creases the yield strength to 1480 MPa; however, these improvements
are achieved at the expense of high energy consumption [9]. By com-
bining deformation and heat treatment, the microstructural parame-
ters of austenitic stainless steels can be controlled effectively and their
mechanical properties can be varied over a wide range [10].

Despite these advantages and the possibility of controlling structur-
al properties, phase composition and mechanical characteristics, im-
provement of corrosion resistance remains a key issue for austenitic
stainless steels. Various surface treatments of steel products are pri-
marily used for this purpose. For example, in Ref. [11], the effect of
laser surface treatment on the chemical composition, surface morphol-
ogy and corrosion resistance of AISI 304, AISI 316 and AISI 321 steels
was investigated. A decrease in the concentrations of Cr and Ni and an
increase in O content at the surface were observed, resulting in differ-
ent corrosion resistance at a certain depth from the surface. The most
pronounced positive effect was obtained for AISI 321 owing to Ti mi-
gration towards the surface. However, the specimen surface remains
continuous only after treatment with low laser energies. When the en-
ergy density exceeded 100 J/cm?, cracks appear on the surface, signif-
icantly deteriorating corrosion resistance and fatigue strength. In con-
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trast, deformation-induced surface nanostructuring combined with
annealing led to Cr enrichment of the treated surface and, consequent-
ly, to a substantial improvement in corrosion resistance. Lei et al.
showed [12] that a preformed gradient nanostructured (GNS) surface
layer of 316L stainless steel was subjected to surface mechanical roll-
ing treatment (SMRT) followed by annealing at 700°C. Tensile tests
showed that the strength—ductility ratio is higher for the annealed
SMRT material, while grain size and hardness of the GNS layer remain
sufficiently stable. In addition, significant Cr enrichment was detect-
ed for the GNS surface layer after annealing, leading to a considerable
corrosion resistance enhancement. In Ref.[13], a =20-um thick
nanostructured surface layer was formed on a low-carbon steel plate by
surface mechanical attrition treatment (SMAT). In particular, the au-
thors showed that after SMAT, a much thicker Cr diffusion layer was
obtained compared to the coarse-grained specimen after chromizing,
especially at low temperatures. For the SMAT material, the tempera-
ture of chromium-containing compound formation is considerably
lower and the amount of chromium carbides is higher in comparison
with its coarse-grained counterpart. Thus, surface mechanical attri-
tion-assisted chromizing of austenitic stainless steels also improves
corrosion resistance.

Other methods of surface alloying and strengthening of austenitic
stainless steels were actively investigated in recent decades as well,
including plasma surface alloying [14], electrolytic coating deposition
[15], thermochemical treatment with simultaneous chromizing and
nitrocarburizing [16], aluminosiliconizing [17] to name just a few.
Austenitic stainless steels exhibit superior mechanical performance,
characterized by high yield and tensile strength, good ductility, excel-
lent fracture toughness, and enhanced fatigue and wear resistance,
when the modified surface contains a fine-crystalline structure both in
the base metal and in the coating phases. In particular, oxides, car-
bides or nitrides could simultaneously improve fatigue strength, cor-
rosion resistance and wear resistance. However, it should be noted
that, under sufficient mechanical loading, such surfaces might fail be-
cause of structural anisotropy.

A homogeneous fine-grained microstructure leading to higher cor-
rosion resistance compared to rolled products can be achieved by addi-
tive manufacturing of austenitic stainless steel components [18, 19].
For example, wire-arc additive manufacturing (WAAM) of AISI 316L
steel increases the material strength by 58% and the fatigue strength
by 10% [20]. Alloy produced by selective laser melting (SLM) reveal a
finer-grained structure with grain size of 1-5 um and higher ultimate
tensile and yield strengths of 650 MPa and 550 MPa, respectively, al-
beit with lower ductility compared with the same alloy manufactured
by conventional routes such as forging and casting [21]. The reduced
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ductility of SLM specimens is compensated by their higher strength.
Therefore, additively manufactured components made of austenitic
stainless steels are promising for subsequent surface treatment due to
fine-grained and homogeneous microstructure. Such treatment should
not promote grain growth but should refine grains, thereby increasing
surface hardness and, where possible, enrich the surface with intersti-
tial elements improving the corrosion and wear resistance. Since SLM-
fabricated 316L components reveal an anisotropic cellular structure
with a high density of dislocations and macrodefects, surface or de-
formation treatment should be combined with thermal annealing [22].
Since printed components usually have complex geometries, the
choice of post-processing approaches is limited. It should also be con-
sidered that prolonged exposure to high temperatures might be unfa-
vourable for structural modification of additively produced speci-
mens. So, additive manufacturing followed by heat treatment and sub-
sequent ultrasonic impact treatment represents an effective pro-
cessing route for producing austenitic stainless-steel components with
a homogeneous microstructure and enhanced mechanical and service
properties. The efficiency of this approach for surface grain refine-
ment and strengthening was demonstrated for metallurgically pro-
duced AISI 321 steel [23]. Another successful example is the combina-
tion of recrystallization annealing at 900°C for 1 hour with ultrasonic
surface modification of AISI 316 steel, which restore ductility while
maintaining an increased surface microhardness of =400 HV,[24].
Thus, the aim of the present study is to perform a comparative anal-
ysis of the structural properties, phase characteristics and hardness
changes of 316L steel produced by metallurgical and SLM routes after
heat treatment, ultrasonic impact treatment and their combination.

2. MATERIALS AND METHODS

Specimens of AISI 316 austenitic stainless steel with the following
chemical composition [% wt.] were used: Cr, 16-18, Ni, 10-14, Mo, 2—
3, Mn <2, Si <1, Cu £0.75, Fe—balance. Materials produced by two
routes were investigated: SLM and a conventional route (HR) involving
melting, formation of rolled stock and production of deformed billets.
SLM specimens in the form of parallelepipeds (15 mm in length,
8 mm in width, and 6.5 mm in height) were fabricated using an Alfa-
150D 3D printer manufactured by ALT. The printer was equipped with
a 200 W ytterbium fibre laser operating at a wavelength of 1070+ 2
nm, with a focused laser beam diameter of 45 um. The scanning speed
was 500 mm/s, the powder layer thickness was 25 yum, and the hatch
spacing was 150 um. Spherical AISI 316L austenitic stainless-steel
powder with a particle size range of 15—53 nym was used. To minimize
oxidation, the specimens were fabricated in an inert argon (Ar) atmos-
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phere[25].

Specimens of deformed AISI 316 stainless steel were produced by a
standard industrial metallurgical route. The starting components were
melted in an electric arc furnace, followed by argon-oxygen decarburi-
zation refining to ensure the specified chemical composition in accord-
ance with ASTM A240/A240M requirements for steel products in bar
form. After refining, the metal was cast into semi-finished products,
which were subsequently hot rolled and slowly cooled in air.

Both types of investigated specimens were subjected to heat treat-
ment; the treatment conditions are given in Table 1 in accordance with
ASTM A276.

AISI 316 stainless-steel specimens were subjected to ultrasonic im-
pact treatment both in the as-received state and after thermal impact.
The ultrasonic impact treatment (UIT) was carried out in air using a
UZG-300 device equipped with an impact head containing a cylindrical
10x18 mm striker made of hardened AISI 52100 steel [26]. A single-
contact normal impact-loading mode was used [27]. The amplitude at
the concentrator end face was 25 um, and the treatment duration was
varied from 30 to 300 s. During loading, each specimen received 10*-
10° impacts.

Microstructural studies were performed using an iScope IS.1053-
PLMi optical metallographic microscope. Microhardness was measured
by the Vickers method using an LHVS-1000Z tester under a 100 g load
and a dwell time of 10 s.

X-ray diffraction studies were carried out using a Rigaku Ultima IV
diffractometer with radiation CuK,: 206 range—20-120°, step size of
0.04° and counting time 2 s per point. The PDXL software package and
the ICDD international diffraction database (PDF-2, 2025) were used
to analyse the XRD patterns, calculate the coherent scattering domain
(CSD) size, lattice microstrain (¢) and perform quantitative phase
analysis. The quantitative phase composition was calculated from the
integrated intensities of non-overlapping diffraction peaks character-
istic of each phase using Rietveld refinement in PDXL.

TABLE 1. Heat-treatment conditions for AISI 316 stainless steel.

SLM alloy
1 As-received state SLM-0
2 Annealing at 1050 + 10°C for 30 min followed by furnace cooling SLM-T1
3 Annealing at 1050 + 10°C for 30 min followed by water quenching SLM-T2
Deformed alloy (hot rolling)
4 Initial state HR-0
5 Annealing at 1050 + 10°C for 30 min followed by furnace cooling HR-T1
6 Annealing at 1050 + 10°C for 30 min followed by water quenching HR-T2
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First-order residual stresses were determined by the sin*y method
from the change in the angular position of the y-Fe(311) diffraction
peak at y=0°, —-10°, —-20°, —30° and —40°. A Savitzky—Golay function
was used to smooth the diffraction-peak profiles, and a Sonneveld—
Vissers function was used for background separation. The angular po-
sitions of diffraction peaks were determined from the centre-of-
gravity positions. The data were processed using Rigaku Residual
Stress Analysis software.

3. RESULTS AND DISCUSSION

Figure 1 compares the microhardness and first-order residual-stress
level of AISI 316 steel produced by two routes, SLM and HR, in the as-
received state (0), after annealing (T1) and after water quenching (T2).

In the as-received state, the microhardness of the SLM and HR spec-
imens is close with a value of = 2.8-3.0 GPa (Fig. 1, a). This fact indi-
cates a relatively high strengthening level of both studied materials,
although the mechanisms responsible for their structure formation
differ substantially.

After heat treatment, the microhardness of the SLM specimen
slightly decreases and remains at about 2.5 GPa for both T1 and T2. By
contrast, the microhardness of the hot-rolled specimens increases from
2.8 to approximately 3.0 GPa after HR-T1 annealing and to 3.5 GPa
after T2 water quenching. This difference can be explained by the dis-
tinct microstructures of the two materials. In the as-built condition,
the SLM material is characterized by a fine cellular-dendritic micro-
structure and residual stresses formed during rapid solidification

[ B

VZAER |- /

S

o, MPa

—400

0 T1 T
a b
Fig. 1. Microhardness (a) and first-order residual stresses (b) in AISI316

stainless steel produced by selective laser melting and hot rolling in the as-
received state and after heat treatment.
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(Fig. 1, b). Heat treatment partially relieves these residual stresses
while preserving the refined microstructure, resulting in only a slight
decrease in microhardness.

For the hot-rolled state, heat treatment may primarily promote re-
covery, stabilization of the subgrain structure and, depending on the
heat-treatment temperature, recrystallization and precipitation of
secondary phases, which increases microhardness. The increase in mi-
crohardness after annealing is attributed to the microstructural
changes induced by heat treatment. Since the residual stresses are
largely relieved after annealing (Fig. 1, b), the observed strengthening
is likely associated with microstructural refinement rather than resid-
ual stress effects. In turn, water quenching preserves the recrystal-
lized microstructure and introduces residual stresses that are subse-
quently transformed from tensile to compressive during ultrasonic
impact treatment. Their magnitude nearly reaches the level typical for
the as-received SLM material.

To identify the specific features of microstructural changes in SLM
AISI 316 steel in more detail manner, comparison with the convention-
ally deformed material is required.

Figure 2, a shows that, in the as-received state, the SLM structure is
characterized by pronounced anisotropy and elongated overlapping
melt-pool tracks, which are typical for structure formation during ad-
ditive manufacturing. The boundaries between individual melt tracks
remain clearly visible, indicating the local nature of the thermal ef-
fect.

After annealing (Fig. 2, c¢), the microstructure becomes considerably
more homogeneous, and the boundaries between individual melt pool
regions become less distinct. The pronounced heterogeneity characteris-
tic of the as-built condition is substantially reduced, while localized con-
trast-rich regions remain visible within the microstructure. These
changes indicate significant microstructural evolution during anneal-
ing and are consistent with recovery and relaxation of residual stresses.

After water quenching (Fig. 2, e), the SLM specimens retain more fea-
tures of the as-received structure, which is related to the shorter high-
temperature exposure. The outlines of the melt pool regions become less
visible, and the structure becomes more homogeneous while retaining its
fine dispersion. The simultaneous substantial decrease in grain-
boundary contrast also indicates the occurrence of polygonization.

Considering the simultaneous changes in microhardness and residu-
al stresses, which will be discussed below, water quenching modifies
the microstructural and stress state of the material. The XRD patterns
reveal the coexistence of austenite y-Fe and deformation-induced mar-
tensite o'-Fe, indicating a two-phase y+ o' structure. The relative in-
tensities of the y- and o’-phase reflections change with increasing UIT
duration, reflecting the progressive y — o’ deformation-induced mar-
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Fig. 2. Microstructure of AISI 316 stainless steel produced by selective laser
melting (a, ¢, ) and hot rolling (b, d, f): as-received state (a, b), after anneal-
ing (c, d), after water quenching (e, f).

tensitic transformation. Therefore, the differences in residual stress
and microhardness between the heat-treated conditions cannot be at-
tributed solely to residual stress relaxation and are also related to
changes in phase composition and microstructure.

The hot-rolled material in the as-received state (Fig. 2, b) exhibits a
pronounced banded morphology, with elongated grains or structural
regions oriented predominantly along the rolling direction. Distinct
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dark contrast features are distributed within the elongated regions
and locally concentrated near their boundaries.

After annealing (Fig. 2, d), the banded structure is largely retained,
while the grains remain relatively intact and locally exhibit an increase
in size. This is reflected by an approximately 1.5—2-fold increase in the
apparent grain width, accompanied by changes in the morphology and
continuity of the intergranular regions. The dispersed contrast fea-
tures observed in the as-received condition become less pronounced af-
ter annealing, indicating significant microstructural evolution during
heat treatment. The low level of residual stresses after annealing
(Fig. 1, b) indicates substantial stress relaxation during the heat-
treatment process.

After water quenching (Fig. 2, f), the microstructure of the AISI
316 stainless steel exhibits features intermediate between those ob-
served in the as-received and annealed conditions. The heat treatment
results in an increase in the apparent grain width and makes some
grain boundaries more distinct, while regions with less distinct bound-
aries remain visible. The water-quenched condition is also character-
ized by a relatively high level of compressive residual stresses, compa-
rable to that measured in the as-received SLM material (Fig. 1, b). The
simultaneous increase in microhardness and development of compres-
sive residual stresses indicate a pronounced change in the mechanical
and stress state of the surface layer after water quenching.

Heat treatment promotes structural changes in both types of the in-
vestigated material; however, the effect varies to the different mecha-
nisms of initial microstructure formation. In the SLM material, owing
to the higher grain dispersion and the initially high level of compres-
sive stresses, recrystallization processes, particularly grain-growth
recrystallization, proceed more rapidly. In the hot-rolled material,
these processes occur more slowly and are less pronounced due to the
stable textured structure.

Figure 3 shows fragments of XRD spectra and the results of quanti-
tative phase analysis of AISI 316 stainless steel produced by selective
laser melting and hot rolling in the as-received state and after heat
treatment.

In the as-received state (Fig. 3, a), the austenitic y-phase predomi-
nates in the both cases. Its content is 299% for the HR specimen and
~93% for the SLM specimen. The results indicate partial martensite
formation during selective laser melting caused by the high thermal
gradients and substantial internal stresses typical for additive manu-
facturing.

After annealing (Fig. 3, b), the SLM material exhibits a pronounced
increase in the y-austenite fraction, reaching approximately 98% . The
XRD patterns show a dominant y-Fe phase, while the contribution of
the o'-Fe phase is substantially reduced after annealing. This phase re-
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Fig. 3. XRD patterns of AISI 316 stainless steel produced by selective laser
melting and hot rolling: as-received state (a), after annealing (b), after water
quenching (¢), and quantitative phase composition after different production
and treatment routes (d).

distribution is accompanied by a reduction in residual stresses, indi-
cating significant microstructural and stress-state changes during
heat treatment. The y-phase also predominates in the hot-rolled mate-
rial after annealing.

The most significant phase composition modification occurs after
water quenching (Fig. 3, ¢). In the both cases, the amount of a-phase
increases while the fraction of austenite decreases accordingly. How-
ever, the rate of these changes strongly depends on the fabrication
route. In the hot-rolled specimen, the a-phase fraction increases to
37% , whereas the y-phase content decreases to 63% . In turn, for the
SLM specimen, these changes are less pronounced: the a-phase content
is of 21%, while the y-phase fraction remains at 79% . This fact indi-
cates higher stability of the austenitic structure in the material pro-
duced by selective laser melting.

Thus, substantial differences in the phase composition of AISI 316
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steel depending on the fabrication route are achieved after the heat-
treatment stage. The material produced by selective laser melting
demonstrates higher stability of the austenitic phase and a lower ten-
dency to phase transitions, whereas the hot-rolled steel is character-
ized by a higher a-phase fraction after heat treatment and higher sen-
sitivity to subsequent deformation strengthening.

Since the phase composition, structural defectiveness and internal-
stress level determine the response of the material to external defor-
mation, the efficiency of ultrasonic impact treatment can also be ex-
pected to depend strongly on the structural state formed during heat
treatment stage. Therefore, the next step of the study examined the
effect of ultrasonic impact treatment and the combined effect of heat
treatment and UIT on microhardness, surface morphology, phase com-
position, coherent scattering domain size and residual stresses of AISI
316 steel produced by selective laser melting and hot rolling.

Figure 4 shows the change in microhardness of AISI 316 steel after
different treatment regimes.

All TO, T1 and T2 specimens exhibit a nonmonotonic change in mi-
crohardness with increasing UIT duration. For specimens not subject-
ed to heat treatment (T0), the microhardness varies in an oscillatory
manner with UIT time. For the SLM case, the hardness increases rapid-
ly to a maximum of 6.5 GPa after 80 s, and then sharply decreases to
4.5 GPa at 120 s, with the following increase up to 6.4 GPa at 210 s and
final decrease to 5 GPa. For the HR specimen (T0), strengthening oc-
curs in two stages: up to 6.5 GPa after 60s of UIT and up to 7.6 GPa
after 120 s, followed by a sharp decrease in hardness to 4.5 GPa. This
behaviour can be associated with efficient accumulation of crystal-
lattice defects, refinement of structural features and formation of a

(I) 60 120 180 240 OI 60 120 180 240
Treatment time, s Treatment time, s

Fig. 4. Microhardness of AISI 316 stainless steel produced by selective laser
melting (SLM, a), and hot rolling (HR, b) as a function of ultrasonic impact
treatment duration.
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strain-hardened surface layer at the initial stages of UIT, followed by
the onset of relaxation processes.

After annealing according to the T1 and T2 regimes, the initial mi-
crohardness values of the SLM specimens decrease relative to the TO
state due to relaxation of internal stresses and partial structural re-
covery. At the following stage, UIT leads to significant increase in mi-
crohardness. For the SLM—-T1 condition, the strengthening maximum
is delayed compared to TO and reaches 6.7 GPa after 120s of the
treatment, followed by a gradual decrease. The HR—T1 condition is po-
tentially the most stable: the hardness rapidly increases to 7.6 GPa af-
ter only 60s of the treatment and remains at a high level of 6.0—
6.4 GPa up to 240 s.

After water quenching (T2), the microhardness behaviour differs
depending on the production procedure. The SLM—-T2 sample shows
the poorest stability. Strengthening proceeds very slowly, reaching
only 5.06 GPa at a UIT duration of 180 s, and decreases to 3.1 GPa at
the final stage of the treatment (240 s), which is an indicator of com-
plete annealing and recrystallization. The hot-rolled stainless steel
(HR-T2) is characterized by a monotonic increase in microhardness
already at the initial stages of UIT, with a maximum value of 5.3 GPa
after 120 s, followed by stabilization at this.

Comparison of thermal and deformation effects on the microhard-
ness of stainless steel produced by selective laser melting and hot roll-
ing allows to found that the HR steel exceeds the SLM steel in maxi-
mum strengthening capacity: the maximum microhardness of HR ma-
terial reaches 7.6 GPa (T0 and T1 conditions), while, for SLM, it does
not exceed 6.7 GPa (T1 condition). The higher maximum microhard-
ness of hot-rolled specimens, especially after annealing, associated
with more effective strain hardening and formation of a finely dis-
persed substructure during UIT. In contrast, SLM specimens show a
smaller increase in microhardness during UIT, caused by the specific
cellular—dendritic structure and residual stresses formed during addi-
tive manufacturing.

Regarding the treatment duration required to achieve the maximum
hardness, the hot-rolled steel (HR—T1) responds much faster, reaching
its peak after 60 s of ultrasonic impact treatment, whereas the SLM—
T1 specimen requires 120 s to attain a comparable strengthening ef-
fect. It can be concluded that for AISI 316 steel produced by both SLM
and HR, annealing with a furnace cooling (T1) is considerably more
effective for subsequent ultrasonic strengthening since it creates pre-
requisites for phase or dispersion strengthening. In contrast, water
quenching (T2) makes the matrix excessively prone for rapid recrystal-
lization during UIT.

Figure 5 demonstrates the effect of ultrasonic impact treatment
(UIT) on the surface morphology of selective laser melted and hot-
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Fig. 5. Surface morphology of AISI 316 stainless steel produced by selective
laser melting (a, ¢, e) and hot rolling (b, d, f) after heat treatment and UIT
with duration that provides the maximum microhardness (Fig. 4): TO + UIT
(a, b), annealing, T1 + UIT (¢, d), water quenching, T2 + UIT (e, f).

rolled AISI 316 steel in the as-received state and after heat treatment,
with all specimens shown after the UIT duration that produced the
maximum increase in microhardness.

The SLM specimens have a specific highly dispersed initial struc-
ture, including submicron solidification cells and remnants of the
melt-track boundaries, which respond differently to deformation de-
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pending on the heat treatment. In the TO + UIT condition, a very fine,
heterogeneous surface morphology is observed. The high initial defect
density after 3D printing restricts dislocation motion. Thus, the de-
formation relief after UIT is strongly fragmented and rough, without
pronounced linear features. T1 annealing partly relieves internal
stresses and homogenizes the structure. After T1 + UIT, the surface
appears more uniformly deformed and exhibits somewhat larger mi-
crorelief features, suggesting a more extensive plastic flow during
UIT. After T2 + UIT, a fundamental change in morphology is observed.
A directional texture with numerous parallel deformation traces (slip
bands) is clearly visible on the surface. Water quenching brings the
steel to a highly plastic austenitic state, allowing the metal to deform
intensively under the impacts of the UIT striker and to form a pro-
nounced textured relief.

The conventionally deformed metal is characterized by a more mac-
roscopically homogeneous initial structure and different grain mor-
phology. In the TO + UIT condition, the surface appears as a heavily
work-hardened rolled structure. Ultrasonic treatment produces a cha-
otic fine-grained relief caused by superposition of UIT-induced plastic
deformation of the matrix already deformed by rolling. After T1 an-
nealing, recrystallization occurs and the hardening induced by rolling
is removed. Subsequent UIT of this stress-relieved surface forms a rel-
atively uniform, smooth microrelief with distinct boundaries of local
plastic-deformation regions. The quenched rolled steel surface after
UIT shows pronounced structural fragmentation. Visually, it appears
the darkest and most finely dispersed, indicating formation of an ul-
trafine or nanostructured sublattice in the near-surface layer because
of a high degree of deformation of quenched austenite.

Figure 6 presents the XRD analysis results. The fragments of the
XRD patterns (Fig. 6, a, b) contain typical reflections from austenite y-
Fe(111), martensite a’-Fe(110) and y-Fe(200). After UIT, the intensity
of the o'-Fe(110) peak gradually increases, especially for the hot-rolled
material, indicating development of the y — o' deformation-induced
martensitic transformation under cyclic impact loading. For the SLM
specimens, the changes in the peak intensity are less pronounced, sig-
nalizing a higher stability of the austenitic structure.

For the SLM material (Fig. 6, ¢), the CSD size gradually decreases
from = 32 nm and = 22 nm for y-Fe and o’'-Fe, respectively, to 12 nm and
6 nm. For the hot-rolled material (Fig. 6, d), the CSD size of the y-phase
decreases from 17 to 12 nm during the initial stages of treatment and
then increases to 30 nm with increasing treatment duration. The CSD
size of the o’-phase remains nearly unchanged up to 180 s before also
increasing to approximately 30 nm. These changes reflect the evolu-
tion of the coherently diffracting domain structure during UIT and are
consistent with the accumulation of lattice defects at the initial treat-
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Fig. 6. Fragments of XRD patterns (a, b), CSD size (¢, d), and quantitative
phase composition (e, f) as a function of ultrasonic impact treatment of AISI
316 stainless steel produced by selective laser melting (a, ¢, e) and hot rolling

b,d, ).

ment stages, followed by their rearrangement during continued de-

formation.
For the SLM material (Fig. 6, e), the austenitic phase remains domi-
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nant throughout the treatment cycle; its content decreases only from
99 to 82% . A different behaviour is observed for the hot-rolled mate-
rial (Fig. 6, f). After only 60s of UIT, the y-phase fraction decreases
sharply from 99% in the initial state to 20% . The phase composition
then stabilizes, indicating considerably lower austenite stability after
hot rolling and a high susceptibility to deformation-induced marten-
sitic transformation.

For the SLM material (Fig. 7), the level of compressive residual
stresses rapidly increases after UIT. The maximum value is reached
after 60 s and is approximately —250 MPa. Subsequently, the stresses
gradually relax to about —88 MPa after 240 s. In the hot-rolled materi-
al (Fig. 7), the initial state is characterized by tensile stresses; UIT
produces compressive stresses in the surface layer after 180s of
treatment at a level of —100 GPa.

Formation of compressive stresses is accompanied by intensive mar-
tensitic transformation and strengthening of the surface layer.

These results agree well with the microhardness measurements. For
the SLM specimens, the increase in microhardness after UIT is mainly
associated with accumulation of compressive residual stresses and dis-
location strengthening, while the contribution of martensitic trans-
formation remains limited due to the high austenite stability. For the
hot-rolled material, the dominant strengthening mechanism is the in-

200
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Ot S e - S1.3
w 'HR—Tl —
- 3
i SLM-T2
b —200—-“"L il
SLM-0
:RH
—400
M"’(].\\ __,..--'"(]
M HR-T2 |
._.-ﬁ}""
-600 ! !
4] 40 80 120 160 200 240

Treatment time, s

Fig. 7. Residual stress evolution as a function of ultrasonic impact treatment
duration for AISI 316 stainless steel produced by selective laser melting and
hot rolling.
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tensive y — o’ deformation-induced transformation, accompanied by a
sharp increase in the martensite fraction and formation of compressive
stresses. This is why the structural and microhardness changes after
UIT are much more pronounced for the hot-rolled material compared to
the AISI 316 stainless steel produced by selective laser melting.
Figure 8 shows XRD patterns, calculated changes in quantitative
phase composition, coherent scattering domain size and first-order
stresses for AISI 316 stainless steel produced by SLM and HR after an-
nealing and subsequent ultrasonic impact treatment. The XRD pat-
terns (Fig. 8, a, b) reveal diffraction peaks corresponding to austenite
v-Fe(111) and (200), as well as deformation-induced martensite o'-
Fe(110). With increasing UIT duration, the intensity of the o'-Fe re-
flections gradually increases, suggesting the progressive y — o' defor-
mation-induced martensitic transformation. Simultaneously, diffrac-
tion peak broadening is observed, indicating a reduction in the size of
coherently diffracting domains and/or an increase in lattice mi-
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Fig. 8. Fragments of XRD patterns (a, b), change in CSD size (¢, d), and
change in quantitative phase composition (e, f) in AISI 316 stainless steel pro-
duced by selective laser melting (a, ¢, ) and hot rolling (b, d, f) after anneal-
ing (T1) and ultrasonic impact treatment.
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crostrain associated with plastic deformation of the surface layer.

For SLM AISI 316 steel (Fig. 8, ¢), the CSD size of the austenitic y-Fe
phase sharply decreases from = 145 nm in the initial state to 55 nm af-
ter only 60 s of UIT. Further increase in treatment duration does not
cause additional CSD refinement. For o/'-martensite in the initial state,
a somewhat smaller CSD size of =~ 125 nm is observed; after UIT during
60 s, as for y-Fe, the CSD size also sharply decreases.

For HR AISI 316 steel (Fig. 8, d), the CSD-size variation at the ini-
tial deformation stages is similar: the CSD sizes of y-Fe and o'-Fe de-
crease sharply from 140 nm and 162 nm in the initial state to 18 nm
and 58 nm after 60s of UIT. Increasing the UIT duration leads to a
gradual increase in the y-Fe CSD size to 40 nm, whereas the o'-Fe CSD
size continues to decrease and remains at = 20 nm after 120 s of the
treatment.

The quantitative phase analysis results (Fig. 8, e, f) show a gradual
decrease in the y-phase fraction and a corresponding increase in the o'-
martensite content with increasing UIT duration for both fabrication
routes of AISI 316 stainless steel.

For the SLM specimens (Fig. 8, ¢), the austenite content decreases
from =295% to 280%, while for the HR material (Fig. 8, f) o/-phase
formation is much more intensive: the y-phase content decreases from
=79% to =38% after 180s of UIT. The higher amount of the formed
o'-phase indicates a higher tendency of the rolled structure to form
martensite.

The first-order residual stresses in AISI 316 stainless steel produced
by selective laser melting and hot rolling after annealing and subse-
quent ultrasonic impact treatment are shown in Fig. 7. For the SLM
steel after T1 annealing, tensile stresses of ~ 250 MPa are registered.
After UIT, compressive stresses with a maximum value of ~ 150 MPa



884 S. M. VOLOSHKO, I. A. VLADYMYRSKYI, M. I. ANYAKIN et al.

are formed in the surface layer after 120 s of the treatment, followed
by the partial relaxation. For HR specimens, minimum stress values
are also observed near 120 s of the treatment; however, their absolute
magnitude is somewhat lower (= 120 MPa) and further treatment de-
creases the level of compressive stresses.

Figure 9 presents the XRD results for AISI 316 stainless steel after
water quenching (HT-2) and subsequent ultrasonic impact treatment.
The evolution of quantitative phase composition, CSD size, and first-
order stresses as a function of deformation-treatment duration is shown.

The fragments of the XRD patterns (Fig. 9, a, b) identify (111) and
(200) diffraction peaks from the austenitic y-Fe phase and (110) peak
from martensitic o’-Fe. With increasing UIT duration, the intensity of
the o'-Fe(110) diffraction peak increases, indicating development of
they —» o’ deformation-induced transformation.

For SLM AISI 316 steel, the austenite to martensite transformation
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Fig. 9. Fragments of XRD patterns (a, b), change in CSD size (¢, d), and
change in quantitative phase composition (e, f) in AISI 316 stainless steel pro-
duced by selective laser melting (a, ¢, ¢) and hot rolling (b, d, f) after water
quenching (T2) and ultrasonic impact treatment.
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occurs less intensively compared to the HR steel, indicating a lower
tendency of the structure after water quenching (HT-2) to undergo
martensitic transformation under deformation.

For the SLM specimen after water quenching (Fig. 9, c¢), the CSD size
of austenitic y-Fe sharply decreases from = 130 nm in the initial state
to 45 nm after 60 s of treatment. Further increase in treatment dura-
tion does not lead to a significant decrease in CSD size. The CSD size of
o'-Fe remains substantially smaller (= 25 nm) and does not change with
increasing treatment duration. For HR AISI 316 steel (Fig. 9, d), the
CSD-size variation during UIT is similar.

The quantitative phase composition of AISI 316 stainless steel pro-
duced by different routes was determined from the XRD results (Fig.
9, e, f). For the both fabrication routes, after water quenching (T2) and
ultrasonic impact treatment, the y-Fe content decreases with increas-
ing UIT duration. For the SLM specimens (Fig. 9, ¢), the y-phase con-
tent decreases from = 99% to= 76% after 240 s of UIT. The process oc-
curs gradually, indicating relatively high austenite stability after wa-
ter quenching. In the hot-rolled specimens (Fig.9, f), martensitic
transformation is much more intensive: the y-phase fraction decreases
from 86% to 40% after 240 s of the treatment.

UIT after water quenching induces compressive residual stresses in
the surface layer (Fig.7). For the SLM specimens, tensile residual
stresses of approximately 230 MPa are present after water quenching;
after 60 s of UIT, they change sign and become compressive (—185 MPa).
With further increasing treatment duration, the residual stress values
change in a non-monotonic manner, which may be associated with local
heating and stress relaxation during continued deformation. For the
hot-rolled AISI 316 steel, this effect is considerably more pronounced:
compressive residual stresses exceed —550 MPa after 120 s of UIT, in-
dicating severe plastic deformation of the surface layer.
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These results show that, after water quenching, subsequent ultrason-
ic impact treatment causes formation of deformation-induced o'-Fe
martensite, reduction of the CSD size of the austenitic phase at the ini-
tial stages of UIT and accumulation of compressive residual stresses.

At the same time, SLM-produced AISI 316 steel exhibits higher aus-
tenite stability, while the HR material is characterized by more inten-
sive martensitic transformation and formation of higher compressive
stresses.

4. CONCLUSIONS

AISI 316 stainless steel produced by selective laser melting exhibited
higher stability of the austenitic y-phase during UIT, manifested by a
less pronounced y— o' deformation-induced martensitic transfor-
mation and a different microhardness evolution compared with the
hot-rolled material. This behaviour is attributed to the cellular-
dendritic microstructure and residual stresses characteristic of the
SLM process.

Hot-rolled specimens are characterized by a much more intensive
martensitic transformation during UIT, accompanied by a substantial
increase in the o’-phase fraction and formation of higher compressive
residual stresses. These factors provide the maximum microhardness
values after 120 s of the treatment. At the same time, after the optimal
UIT duration exceeded, partial stress relaxation and phase-
composition stabilization are observed; this slows slowing down the
further strengthening.

Analysis of coherent scattering domain size changes showed that
short-term UIT reduces the CSD size of the y-phase, indicating refine-
ment of the coherently diffracting domains during the initial stages of
plastic deformation.

Combining water quenching with UIT increases the susceptibility of
the material to deformation-induced martensitic transformation and
promotes the formation of higher compressive residual stresses. This
effect is more pronounced for the hot-rolled material. In SLM speci-
mens, austenite remains more stable even after water quenching, con-
firming the distinct microstructural characteristics of additively
manufactured AISI 316 stainless steel.

Thus, the efficiency of ultrasonic impact treatment is governed by
the initial structural state of the material. Hot-rolled AISI 316 steel
shows reveal more intensive deformation strengthening and marten-
sitic transformation after UIT, whereas while the steel produced by
selective laser melting is characterized by higher austenite stability
and slower kinetics of changes in phase composition, microhardness
and residual stresses.

This work was performed within the framework of budget-funded
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