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RESIDUAL-STRESS FORMATION

AND MITIGATION IN THE LPBF-MANUFACTURED
AISI 316L STAINLESS STEEL: A REVIEW

OF PROCESSING STRATEGIES

AND HEAT-TREATMENT APPROACHES

Additive manufacturing of metal products using the laser powder bed fusion (LPBF)
technology offers broad opportunities to produce parts with complex geometry from
steels and alloys. At the same time, high temperature gradients and ultra-high cooling
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rates characteristic of LPBF lead to intensive formation of residual internal stresses,
which negatively affect the geometric stability, mechanical properties, and operational
reliability of products. The work provides a comprehensive review of recent national
and international research on the mechanisms of residual-stresses’ formation and miti-
gation in parts made of AISI 316L steel fabricated by means of the LPBF technology.
Using network bibliographic analysis (VOSviewer) with the OpenAlex database and
clustering by stacking (Gephi), key scientific directions, process parameters, and scan-
ning strategies, which influence the stress—strain state of products decisively, are sys-
tematised. The roles of the geometry of the parts, the layer thickness, the laser ener-
gy density, the orientation, and size of the scanning fields in the formation of macro-
and microstresses are analysed. Special attention is paid to the analysis of regulatory
and technical documentation and to the heat-treatment modes of AISI 316L steel and
its analogues, as well as to the generalisation of global experience in the application
of thermal methods for relieving internal stresses for the LPBF products. As shown,
heat treatment is the most effective tool for achieving a favourable level and distri-
bution of residual stresses, while maintaining the required set of mechanical proper-
ties. The results obtained can be used to substantiate the rational parameters of the
LPBF process and post-processing of AISI 316L steel parts for critical engineering
applications.

Keywords: 316L steel, laser powder bed fusion, residual stresses, heat treatment, tech-
nological parameters.

1. Intfroduction

Additive manufacturing (AM) is a modern group of advanced technologies
that enable the rapid and high-quality fabrication of components with
complex and unique geometries that are difficult or impossible to produce
using conventional manufacturing methods. Currently, research efforts
are primarily focused on two major directions: the development of AM
quality assurance systems [1-20] and the identification of new structure—
property relationships in well-established materials traditionally processed
by conventional routes [21-42].

Residual stresses are among the intrinsic features of metallic mate-
rials produced by layer-by-layer fusion using the laser powder bed fusion
(LPBF) process. These stresses can significantly affect both the mechani-
cal performance and dimensional accuracy of fabricated parts [43—46].
The accumulation of residual stresses generated during processing, caused
by rapid localised heating and cooling cycles (cooling rates of approxi-
mately 103-108°C/s) [1], may result in distortion, cracking, or even pre-
mature component failure during service [47, 48]. Consequently, mitigat-
ing residual stresses is considered one of the most critical and challenging
issues in the field of AM [1, 43, 47, 49]. Therefore, reducing the detri-
mental effects of residual stresses requires a fundamental understanding
of their influence on the geometric stability and service properties of ad-
ditively manufactured materials.

ISSN 1608-1021. Usp. Fiz. Met., 2026, Vol. 27, No. 3 569



G.A. Kononenko, P. Ramasamy, S.V. Adjamsky, J. Eckert, R.V. Podolskyi et al.

2. Materials and Methods
2.1. Materials and Processing

This work, a network bibliographic analysis was applied using the VOSview-
er software [50] and existing databases (OpenAlex) [51] to increase the
accuracy of the search, narrow the scope of the search and provide a com-
prehensive analysis of the current state of the art in reducing internal
stresses when using the LPBF technology by determining the number of
publications with the largest number of identical keywords, their relation-
ships with other keywords in accordance with the set goal of the study
(review). As a result of analysing publications in the OpenAlex database,
a dataset of 1524 publications (without time limits) was obtained. It should
be noted that to achieve a more homogeneous clustering and to strengthen
the focus on the processes and features of the LPBF technology, keywords
indicating the speciality of research (materials science, computer science,
etc.), research material and keywords that are the key combination of
these clusters were excluded, namely, additive technologies, LPBF tech-
nologies, and LPBF processes.

Based on the results obtained, the keywords distributed by clusters
according to the number of keywords from scientific publications were
analysed in the specialised software package Gephi [52] using the classical
stacking algorithm ‘Fruchterman Reingold’ with a speed of 100 units and
an area covering all the main clusters for stacking. At the next stage,
stacking modelling with attraction and linear repulsion was performed
using the ‘BearnsHut’ approximation with automatically determined speed
parameters, followed by defining the keywords selected for the analysis.
As a result of the analysis, it was found that the average degree of the
used keywords is 28, the diameter of the graph is 7, which indicates a high
affinity of each bridge with the main keyword (high frequency of use in
scientific works), and modularity is 0.263 (indicating that the keywords
are divided into approximately 3 main clusters). As a result of the analysis
of publications, it was established which keywords have the largest ‘brid-
ges’ for minimising internal stresses in the LPBF technologies and are the
most widely used in the scientific community (Fig. 1).

The experiments used prototypes manufactured on 3D printers equip-
ped with ytterbium lasers and various focusing systems, including an F-
Theta lens and a three-axis (dynamic) focusing system.

2.2. Structural Characterisation

Microstructural investigations were performed on polished specimens pre-
pared by mechanical grinding and polishing using an automatic polishing
system (Struers Labopol-5) equipped with a LaboForce-3 rotating head.
Grinding and polishing were carried out using magnetic-backed abrasive
and polishing discs with progressively decreasing grit sizes to achieve a
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Fig. 1. Bibliometric map of research directions related to residual stress minimisation
in the LPBF process

mirror-like surface finish. Various techniques were employed to reveal the
microstructure of the investigated samples, including both chemical and
electrochemical etching (Table 1).

Structural examination in the polished and etched conditions, as well
as microstructural analysis, was conducted using optical microscopy in
bright-field mode with Carl Zeiss AxioVert 200M and Neophot-32 micro-
scopes.

3. Results and Discussion

In recent years, the production of metal products using the original CAD
model directly from electronic data based on layer-by-layer manufacturing
has evolved from rapid prototyping to AM [54—56]. In contrast to tradi-
tional manufacturing technologies, AM offers much greater design free-
dom. For the first time, product design is no longer strictly limited by
manufacturing methods; individual parts with high complexity, such as
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honeycomb structures, complex internal structures, or cooling channels,
can be implemented without adhering to specific design rules. In addition,
parts designed using computer-aided design (CAD) technology can under-
go topology optimisation [53] and be implemented without additional costs
for technological equipment or manufacturing operations. This provides
many advantages, including complex geometry, weight reduction, shorter
order execution time, waste reduction, and functional integration. In the
LPBF, metal is exposed to a laser, which melts it. When the metal cools,
compressive stresses develop, which can cause a change in the products’
initial shape (warping) [67-63]. The metal structure of parts manufac-
tured using the LPBF technology features a fine-grained structure, laye-
ring, and texture oriented along the growth or construction direction. In
addition, such products are prone to the occurrence of internal stresses
due to temperature gradients and complex geometry, such as the transi-
tion from a large cross-section to a small one. The presence of internal
stresses can lead to a decrease in strength, corrosion resistance, fatigue
strength and resistance to corrosion cracking. Therefore, for parts made
of AISI 316L steel manufactured using the LPBF technology, it is neces-
sary to develop measures to prevent the formation and reduce residual
stresses.

Usually, heat treatment is used to achieve the final combination of
mechanical properties and structural state, but the modes should take into
account not only the chemical composition but also the initial structure
before heat treatment. For products manufactured using the LPBF tech-

Table 1. Methods for preparing test sections
by electrochemical polishing and chemical etching [53]

Chemical etching of the structure

Material Name Composition Purpose E;fposure
ime, s
316L |Kulling reagent 5 g CuCl,, Used at room temperature; 2
No. 2 100 ml HCI1, |reacts quickly with ferrite,
100 ml C,H,O |but very slowly with austenite
Marble Reagent 4 g CuSO,, Actively interacts with the 10
20 ml HCI, o-phase; to detect twinning
20 ml H,0
Electrochemical polishing
Material Electrolyte Voltage, V Current density, A/cm? r;?:;lge;c
316L |H,PO, 85%, 19-28 7.5 60-90
C,H,0, 99%,
distilled water
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nology, which have a different initial structure after construction com-
pared to traditional production, it is impossible to apply the same modes
without taking into account the specified features of the metal structure.
The influence of heat treatment parameters on residual internal stresses
in a part made of AISI 316L steel manufactured using the LPBF is insuf-
ficiently studied. Thus, there is a need for a detailed study of the influen-
ce of heat treatment on mechanical properties and the reduction of inter-
nal stresses, taking into account the manufacturing method and the initial
structural state of parts made of AISI 316L steel.

3.1. Analysis of Current Standards and Technical Regulations

AISI 316L stainless steel, due to its high corrosion resistance and strength,
is used in many industrial sectors. AISI 316L steel also meets hygiene re-
quirements; it is used in the chemical, food, pharmaceutical, and medical
sectors, as well as in the oil refining, mining, pulp and paper, machine-
building industries, in construction, and architecture.

AISI 316L steel has good technological properties and is easily de-
formed, so a wide range of metal products are made from it, including
pipes, sheets, and profiles.

AISI 316L is a steel grade that is AISI 304 steel, improved by adding
about 2.5% molybdenum. Thanks to molybdenum, this grade of steel is
particularly resistant to corrosion, high temperatures, and aggressive en-
vironments. AISI 316L steel is used in the production of equipment and
products that operate in aggressive environments, such as, for example,
seawater of cold seas, and in acid solutions (sulphuric, alkaline, phos-
phoric, citric, lactic, etc.). It is also used to manufacture meshes for
straight and oblique coarse filters, as well as dishes, cutlery, tanks, and
containers. It should be noted that this steel grade has several analogues,
namely, 03X16H15M3 (CIS), 1.4435, 1.4429 (EU), X2CrNMol18-14-3,
X2CrNiMoN17-13-3 (Germany), SUS F 316L (Japan), Z2CND17-13
(France), AISI 316L (USA) (Table 2).

As a result of the analysis of the requirements for the chemical com-
position, it was found that the standards DIN EN 10253-3 (X2CrN-
Mo18-14-3, X2CrNiMoN17-13-3), EN 10253-3 (1.4435, 1.4429), ASTM
A240 (AISI 316L), and AFNOR NFA EN 10216-5 (Z2CND17-13) regulate
the presence of nitrogen. It should be noted that the standards AFNOR
NFA EN 10216-5, ASTM A240, JIS G 3214, and GOST 5632 regulate
within the brand by 1% more nickel and by 1% less chromium compared
to the standards DIN EN 10253-3 and EN 10253-3 to minimise the content
of §-ferrite, or reduce intergranular corrosion.

In addition to chemical content, the standards regulate mechanical
properties, and the requirements are presented in Table 3. When analys-
ing the requirements for mechanical properties, it was found that the
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Table 2. Chemical composition of AISI 316L steel and its analogues (wt.%)

Material C Si Mn P S
03X16H15M3 <0.03 <0.4 1.0-2.0 <0.02 <0.03
1.4435 <0.03 <1.0 <2.0 <0.045 <0.015
1.4429 <0.03 <1.0 <2.0 <0.045 <0.015
X2CrNMo18-14-3 <0.03 <1.0 <2.0 <0.045 <0.015
X2CrNiMoN17-13-3 <0.03 <1.0 <2.0 <0.045 <0.015
SUS F 316L <0.03 <1.0 <2.0 <0.04 <0.03
Z2CND17-13 <0.03 <1.0 <2.0 <0.04 <0.015
AISI 316L <0.03 <0.75 <2.0 <0.045 <0.03

Table 3. Mechanical properties of AISI 316L stainless steel and its analogues

Elon |Narro-|Hard-
Material Country Standard gﬁi’ I\S/EISD’a gation,| wing, | ness, ng’
% % HB
03X16H15M3 CIS GOST 5949 >490 [>196| >40 — — —
03X16H15M3 CIS GOST 7350 >490 [>196| >40 — — —
1.4435 EU EN 10253-3 490-690|>200| >35 — [<£200((>100)
1.4429 EU EN 10253-3 |580-800|>220| >40 — [£220((>100)
X2CrNMo18-14-3 Germany| DIN EN 490-690(>200| >35 — [£200((=100)
10253-3
X2CrNiMoN17-13-3| Germany| DIN EN 580-800(>220| >40 — [£220((=100)
10253-3
SUS F 316L Japan JIS G 3214 >480 |[>175| =29 | >50 |<187| —
Z2CND17-13 France |AFNOR 490-690(>190| >40 — — [(=100)
NFA EN
10216-5
AISI 316L USA ASTM A312| >485 |>170| >35 — — —

ASTM A312, JIS G 3214, GOST 7350, GOST 5949 standards regulate the
tensile strength with a minimum permissible value (2485 =5 MPa), while
the EN 10253-3, DIN EN 10253-3, AFNOR NFA EN 10216-5 standards
regulate the value of this characteristic in the range (490-690 and 580—
800 MPa, respectively). However, it should be noted that the yield strength
according to the ASTM A312 standard must be >170 MPa, according to
the JIS G 3214 — >175 MPa, and GOST 7350, GOST 5949, and AFNOR
NFA EN 10216-5 regulate the yield strength level > 190 MPa. Standards
EN 10253-3 and DIN EN 10253-3 specify a minimum yield strength of
200 MPa, which generally indicates high strength.

The final set of mechanical properties is obtained through heat treatment
of rolled steel [65—70]. Based on this statement, an analysis of regulatory
and technical documentation was conducted to determine the regulated
heat-treatment modes for AISI 316L steel and its analogues (Table 4).
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Cr Ni Mo N Fe Ref.
16.8-18.3 13.5-15.0 2.2-2.8 — Rest [65]
17.0-19.0 12.5-15.0 2.5-3.0 <0.11 Rest [66]
17.0-19.0 12.5-15.0 2.5-3.0 0.12-0.22 Rest [66]
17.0-19.0 12.5-15.0 2.5-3.0 <0.11 Rest [67]
17.0-19.0 12.5-15.0 2.5-3.0 0.12-0.22 Rest [67]
16.0-18.0 12.0-15.0 2.0-3.0 — Rest [68]
16.5-18.5 11.0-14.0 2.5-3.0 <0.11 Rest [69]
16.0-18.0 10.0-14.0 2.0-3.0 <0.1 <0.03 [70]

Table 4. Heat treatment regimes of 316L stainless steel
and its analogues according to regulatory and technical standards

Material

Country

Standard

Heat treatment

03X16H15M3

03X16H15M3

1.4435

1.4429

X2CrNMo18-14-3

X2CrNiMoN17-13-3

SUS F 316L

Z2CND17-13

AISI 316L

AISI 316L

AISI 316L

CIS

CIS

EU

EU

Germany

Germany

Japan

France

USA

USA

USA

GOST 5949

GOST 7350

EN 10253-3

EN 10253-3

DIN EN 10253-3

DIN EN 10253-3

JIS G 3214

AFNOR NFA EN

10216-5

AMS 2759/4B [71]

AMS 2759/4B [71]

AMS 2759/4B [71]

Solution treatment at 1070—
1100 °C, followed

by air or water cooling
Solution treatment at 1080—
1100 °C, followed

by air or water cooling
Solution treatment at 1020—
1100 °C, followed

by air or water cooling
Solution treatment at 1020—
1100 °C, followed

by air or water cooling
Solution treatment at 1020—
1100 °C, followed

by air or water cooling
Solution treatment at 1020—
1100 °C, followed

by air or water cooling
Solution treatment at 1010—
1150 °C, followed

by water quenching
Solution treatment at 1020—
1120 °C, followed

by water quenching
Solution treatment at 1093 °C,
followed by air, oil, water,
or polymer quenching
Tempering at 427 °C, followed
by air cooling

Stress relief at 899 °C, followed
by water quenching
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According to the results of the NTD analysis, it was established that
the heat treatment of steel analogues 03X16N15M3, 1.4435, 1.4429,
X2CrNMo18-14-3, X2CrNiMoN17-13-3, SUS F 316L, Z2CND17-13 ac-
cording to the standards GOST 5949, GOST 7350, EN 10253-3, DIN EN
10253-3, JIS G 3214, AFNOR NFA EN 10216-5 includes hardening from
temperatures above 1000 °C. Unlike the previous ones, the AMS 2759/4B
standard includes several heat treatments that meet the above require-
ments, including a heat treatment to relieve internal stresses: heating to
899 °C with subsequent cooling in water. Also, the AMS 2759/4B standard
specifies the holding time at a temperature that depends on the cross-
section of the processed part.

From the above, it follows that AISI 316L steel is used for products
operating in aggressive environments and under high loads; that is, it has
a wide range of applications and numerous analogues. The progressive
modern LPBF production method is promising for use across various in-
dustries and enables the manufacture of products with complex shapes.
However, the LPBF products are prone to internal stresses due to tem-
perature gradients and complex geometry. Heat treatment modes for parts
manufactured using the LPBF technology should ensure the formation of
the final complex of mechanical properties, structural state, favourable
level, and distribution of residual stresses.

3.2. Residual Stresses

Internal residual stresses in polycrystalline materials are classified into
three main classes, namely stresses of the first kind (macro-stresses), of
the second kind (microstresses), and of the third kind (intracrystalline
residual stresses) [72—73]. Macrostresses are balanced in the volume of the
entire test specimen or product. The orientation of these stresses is, in
most cases, related to the geometry of the product. Reaching macrostres-
ses of the stress level causes deformation (warping (Fig. 2, a) and cracking
(Fig. 2, b)) of the product [1, 72]. Even more dangerous is the ability of
macrostresses to manifest later, when, after processing, the finished part
of the mechanism begins to wear out suddenly and quickly due to dimen-
sions exceeding the tolerance limit.

Microstresses vary within individual grains and crystal cells; in most
cases, this is associated with crystal anisotropy, the orientation of crystal-
lographic planes, and the presence of other phases [75]. Intracrystalline
residual stresses are associated with the inhomogeneous microstructure in
the grain, such as dislocation centres inside the grains [76]. In general,
microstresses arise after material processing and gradually develop under
the applied load. Figure 3 presents various types of residual internal
stresses in polycrystalline materials. It should be noted that the issue of
residual internal stresses was also paid attention to in the traditional pro-
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Fig. 2. Macrostress-induced part defects: distortion (a), cracking (b)

Fig. 3. Schematic illustration of the hierar-
chy of residual stresses in polycrystalline
materials: o' (macroscopic stresses), o (in-
tergranular or microstresses), and o™ (in-
tragranular or crystallographic stresses) [77]

duction method, but mainly in rela-
tion to macrostresses in parts after
the processes of rolling, thermal an-
nealing, or mechanical treatment.
The reasons for the formation of in-
ternal stresses in the LPBF products
are the high cooling rate during so-
lidification of the melt bath within
one track (cooling rates from 102 to
102°C/s) and a large temperature gradient between the liquid melt of the
bath and the previous solid layers of the product [1, 78—80]. This is espe-
cially true for steels and alloys [1], which have low heat-transfer coeffi-
cients. The uneven distribution of residual stresses is associated with dif-
ferences in the cooling conditions of the track that forms the side surface
of the part and the track in the centre of its cross-section, which leads to
different heat removal at the powder-metal and metal-metal interfaces,
respectively. Figure 4 schematically depicts the effect of heat supply on
the formation stress gradient in individual layers during heating and cool-
ing during the LPBF process.

As a result of the above thermal effect, the next part of the layer is
subjected to tensile forces while the previously deposited layer is subjected
to compressive stresses. Thus, this problem arises when subsequent melt—
pool layers limit the thermal expansion and contraction of the layers di-
rectly below them. It should be noted that this effect can occur simulta-
neously at the depth of several layers, thus causing elastic deformation
within the layers, which will lead to the emergence of a stress gradient
between the layers [78, 81]. Figure 5 [79] shows a diagram illustrating
this effect graphically. Thus, it has been established that the internal re-

Residual stress o,
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Fig. 4. Schematic illustration showing the effect of heating (a) and cooling (b) on the
residual stress gradient during the LPBF process [78, 79]

sidual stresses are influenced by many manufacturing parameters, such as
the number and thickness of layers [78], geometry, scanning strategy [82—
85], and laser energy density [86].

Layers, depending on the geometry, are divided into zones; each zone
is assigned an individual identifier, according to which the trajectories of
movement are constructed, and the types of tracks with their parameters
of power and speed of movement of the laser beam are established. These
identifiers can be divided into three main groups: the lower layer (down-
skin), the inner layer (in-skin), and the upper layer (up-skin) (Fig. 6, a).
At the same time, each group has its own subgroups: hatches, contour
(border), and post-contour (fill border), as shown in Fig. 6, b. Laser hatching,
or the laser beam movement strategy, is the trajectory of the laser beam
along the surface of the metal powder layer when pouring the main body
and product contours [87]. In the LPBF process, a temperature gradient
develops from the upper layer to the previous layer, causing grains to
grow along the direction of heat flow and determining the priority direc-
tion of grain growth. Thus, one direction becomes the main direction of
grain growth after the layer solidifies. Therefore, the laser scanning stra-
tegy significantly affects the texture of the manufactured product using
the LPBF [88].

Some features of the geometry of the parts (overhanging edges, in-
clined surfaces, thin walls, thin profile, variable cross-section, holes) re-
quire special scanning conditions, for example, double bypassing the con-
tour of the thin profile, redistribution of laser energy in the beam, and
also, possibly, changing the power and scanning speed of the laser beam.

Almost all advanced processes for manufacturing parts, which seek to
improve their quality, focus on minimising the effects of internal stresses
[89].
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Fig. 6. Layer formation along the build direction (a) and subgroups of scan tracks (b) [90]
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3.3. Systematisation of Established Approaches
to Residual Stress Reduction in the LPBF

As a result of the material behaviour of samples printed using different
construction strategies, tensile or compressive stress regions form, as
shown in a true-tension diagram (Fig. 7), which shows the relationship
between elongation and stress. When the yield point is exceeded, the
metal demonstrates plastic behaviour, characterised by irreversible plas-
tic deformation, and the dependence of deformation on stress becomes
nonlinear.

In the formation of residual stresses, in addition to high cooling rates
and the constant proximity of liquid and solid metal during the construc-
tion of the part, the uneven distribution of residual stresses associated
with the geometry is important: the presence of protruding parts, transi-
tions from thick to thin sections, acute-angled elements, and holes.

When manufacturing parts using the LPBF technology, stresses arise
in the contour (edge) area of a massive product, which can lead to the for-
mation of some defects [91]: changes in the initial shape (distortion) of the
product [92] (Fig. 8, a), the formation of pores and delamination (Fig. 8)
between the new and cooled metal due to changes in its geometry, the ap-
pearance of microcracks (Fig. 9), the formation of a pronounced texture,
which leads to a decrease in mechanical properties and their anisotropy.

3.4. Strategies for Minimising Residual Stresses
via Control of Processing Parameters

In this regard, it is important to minimise residual stresses during the
LPBF part manufacturing. To prevent deviations in the parts’ geometry,
it is necessary to account for the relationship between the supplied spe-
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—
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S
S

Fig. 7. True stress—strain
curves of specimens pro-
duced using parallel and
chessboard scanning strate-

500
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0 40 60 80 100 gion; III — strain-hardening
Time, s region [49]
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Fig. 8. Microstructural investigation of the delamination region

cific energy density and its absorption during the process [93]. However,
the optimal technological parameters [49] and construction strategies [90,
94, 95] for the LPBF process on polycrystalline materials are difficult to
predict, as product quality depends on numerous factors. Finding ways to
pre-estimate and develop measures to reduce residual stresses in the manu-
facture of parts using the LPBF technology is a relevant task of modern
materials science. The modern approach is to use rational parameters and
scanning strategies while also taking into account the impact on defect
formation and microstructure [1, 49, 96]. An alternative approach is to
use heat treatment to remove internal stresses, thereby reducing their
magnitude and subsequent impact [97]. The application of heat treatment
should also be balanced with regard to the cost of production, the desired
microstructure, and the required mechanical properties of the alloys.

If we consider the issue of minimising internal residual stresses while
maintaining the required mechanical properties by controlling parameters
and scanning strategies, there are several strategies for moving the laser
beam within the layer being alloyed [94, 98-100] (Fig. 10).

Authors of the studies [95] changed the direction of the laser scanning
in each new layer by a certain angle relative to the previous layer by 90°,
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Fig. 9. Microstructural investigation of the component in the crack region

105°, 120°, 135°, 150° (Fig. 11). The best mechanical properties were in
the objects obtained at a rotation angle of 105°, when the layers with the
same direction of movement of the laser beam were repeated only after 24
layers. The sample obtained at an angle of 90° has the lowest mechanical
properties, but the differences among the samples do not exceed 10%. In
addition, it is also recommended to change the scanning strategy for the
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Fig. 10. Types of scanning strategies [94]: (a) parallel, (b) spiral, (c¢) alternating-direc-
tion parallel, and (d) chessboard (island)

R

Fig. 11. Melting strategy: rotation angle between successive layer scan directions of
90° (a), 105° (b), 120° (¢), 135° (d), and 150° (e); number of layers between identical
scan directions: 4 (a), 24 (b), 3 (¢), 8 (d), and 12 (e) [95]

lower (at the base of the platform), middle, and upper layers, since the
heat dissipation conditions will be different everywhere.

As a result of these studies, the authors found that the scanning stra-
tegy plays an important role in determining mechanical properties, but
internal stresses were not considered.

Authors of Ref. [96] conducted a study on a simple figure (prism) with
dimensions of 24 x46 x21 mm, made of 316L steel, to determine the distri-
bution of internal stresses at an average height by applying the x-ray dif-
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Fig. 12. Residual stress distribution along the build direction using a spiral scanning
strategy: (a) from the centre toward the boundaries; (b) from the boundaries toward
the centre [97]

c x14 | | d . x14

Fig. 13. Visual assessment of deformation in the experimental specimens: linear
(straight-line) scanning (a, b); chessboard (island) scanning (c, d) [49]

fraction method. Within the framework of these studies, 2 prisms were
analysed, manufactured using different scanning strategies: the spiral
scanning strategy (Fig. 10, b), with the filling direction from the bounda-
ries to the centre and vice versa. As a result of these studies, the authors
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Fig. 14. Microstructural characterisation of the thin-edge zone of the speci-
mens fabricated using different scanning strategies: straight-line scanning (a)
and chess scanning (b) [49]

[96, 101] found that for the two scanning strategies, a similar distribution
of internal tensile stresses was observed along the edges and compressive
stresses along the centre. This distribution is characterised by compres-
sive internal stresses within the volume, balanced by tensile stresses on
the surface (Fig. 12).

Authors of Refs. [1, 49] believe that some possibilities are provided
for minimising internal stresses, when implementing the LPBF technolo-
gy: changing the geometry of the CAD model and controlling the process
parameters, such as changing the size of the focal spot, using different
types of tracks, rotating and shifting layers relative to the previous ones,
and different printing strategies. In this work, the authors were guided by
the statement of the authors of Ref. [80] that the influence of large tem-
perature gradients can lead to high values of internal stresses, which can
reduce mechanical properties such as strength, plasticity and fatigue life.
The material of the sample built using the staggered scanning strategy
transitions more smoothly into the self-hardening region; thereby, the
rearrangement of the crystal lattice occurs at a higher load, which pre-
serves the margin of transition to irreversible changes in the material. At
stresses less than the yield point, the body can return to its original shape
and size when the tensile stresses are removed [102].

When visually assessing the deformation (changes in the geometry of
the samples) as a result of the action of residual stresses, the authors [49]
noted that with a rectilinear printing order with a rotation of the layers
relative to the previous one by 67° (Fig. 13, a), due to the stress, there is
a greater curvature of the boundary in the thin edge region compared to
samples, built under the same conditions, but in a staggered order (Fig. 13, b).

The microstructure of the experimental samples manufactured with
different process parameters and printing strategies is presented in
Fig. 14. It should be noted that the samples did not exhibit defects in the
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main body (porosity, high roughness). The formed melt pool of the main body
under the influence of laser radiation, by melting the powder layer and the
substrate material, has uniform melting and clearly constructed tracks.

As a result, the authors of Ref. [49] concluded that in samples printed
with the strategy of building tracks in a checkerboard pattern (Fig. 10, d)
with a rotation of 67°, less distortion was observed than in samples with
a straight-line strategy (Fig. 10, a) of printing with a rotation of 67°.

Authors of Ref. [103] characterised the internal stresses in Inconel
718, manufactured using different scanning strategies with different
checkerboard sizes (Fig. 10, d): 2x2 mm, 3x3 mm, 5x5 mm and 7x7 mm
(22 samples). As a result, the sample with a checkerboard size of 2x2 mm
had the lowest residual stresses; however, the presence of a crack limited
its use. The formation of cracks was explained by the release of internal
stresses.

As a result, the authors [103] found that due to the strong influence
of temperature gradients, the dependence of internal stresses on the scan-
ning strategy during LPBF manufacturing requires further systematic
investigation.

The authors of [83] conducted a study on 316L steel intending to de-
termine the influence of residual internal stresses caused by AM features.
Within the framework of these studies [83], the authors used a compre-
hensive approach to analyse macrostresses, namely, using digital image
correlation (DIC) analysis [104-106] in combination with removal and sec-
tioning of the working plate and a non-destructive method, namely, neu-
tron diffraction [107-111]. As a result, the authors of Ref. [83] obtained
good agreement between the two measurement methods. Regarding the
effect of the scanning strategy on the internal stresses, it was found that
the reduction of the residual internal stresses was achieved by reducing
the size of the scanning field, increasing the field rotation to 45 degrees
and increasing the applied energy per unit length (laser power/speed).
Neutron diffraction measurements show that although the in-plane resid-
ual stresses are affected by the rotation of the scanning island, the axial
residual internal stresses do not change. The authors of [83] explained this
in-plane behaviour by the discrepancy between the largest thermal stresses
(scanning direction) and the largest part size.

Authors of Refs. [99, 112-114] investigated the effect on internal
residual stresses of changing the length and orientation of laser scanning
vectors, performing pre- and post-scanning and field scanning, changing the
layer thickness, heating the base plate and heat treatment of the final parts.
The results showed that all these process modifications improved residual
stress values, particularly by modifying the scanning parameters and re-
ducing the temperature gradient through preheating the work plate. In
Ref. [112], it was found that heat treatment led to a greater reduction in mac-
rostresses (80% ) than optimising the parameters for field scanning (36%).
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The authors of Ref. [114] considered the effect of laser parameters,
powder properties, environmental conditions, and preheating on the qua-
lity of the final parts. The authors of Ref. [99] investigated the influence
of three main factors: thermal treatment of the part after printing (70%
improvement), heating the powder layer during printing (40% improve-
ment), and re-scanning each layer before printing the next one (55% im-
provement). Authors of Refs. [115, 116] suggested that the laser scanning
scheme can be designed to control residual stresses so that they dissipate
naturally or even provide material advantages for polycrystalline mate-
rials. Authors of Ref. [115] analysed the possibility of scanning each layer
more than once (re-melting) and found that this additional operation sig-
nificantly reduced residual stresses. Authors of Ref. [116] optimised pro-
duction to reduce deformation in the fabricated metal layers. As a result
of the research [116], a spiral scanning strategy (Fig. 10, b) and a spiral
scanning strategy for the LPBF technology were developed, as it helps
reduce molten-layer deformation more effectively.

As a result of the analysis of the works [1, 49, 94-120], it was found
that during the manufacturing of parts using LPBF, tensile internal
stresses develop on surfaces, which are balanced by compressive internal
stresses in the volume. Since the research was carried out on samples of
simple shape, the results obtained are difficult to compare with parts of
products with complex geometric shapes, which exhibit significant chang-
es in cross-sectional dimensions. However, it should be noted that the ap-
plied, developed and implemented parameters and scanning strategies al-
low balancing internal stresses while avoiding distortions and fractures.
However, the authors of works [1, 49, 94-120] noted that the most suit-
able method for achieving a neutral stress state is heat treatment to re-
move internal stresses.

3.5. Heat Treatment for Residual Stress Minimisation
in the LPBF-Manufactured Austenitic 316L Steel

Considering the fact that the heat treatment of 316L stainless steel manu-
factured by the LPBF technology is not described in the standards, and
the material in terms of its structural state is somewhat different from
the traditional one, in recent years some researchers have tried to find
optimal conditions for minimising internal stresses.

Many researchers are investigating the heat treatment processes of
316L stainless steel [99, 121-132]. Based on their studies, the mechanical
properties listed in Table 6 were determined.

It should be noted that the main task of the authors of the works
[121-126, 128-130] was not to minimize internal stresses, but to obtain
the required level of mechanical properties in accordance with the EN
10216-5:2013 standard [121] and ASTM A240/A240M [122], determining
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the influence of various post-treatment methods on porosity, microstruc-
ture, mechanical properties and fracture mechanisms [123-126, 128-130].

It should be noted that some heat treatment modes presented in Tab-
le 5 are in the range of +30-50 °C, which is regulated by the AMS 2759/4B
standard [71]. Thus, it can be said that the authors of the works [121-124,
127, 128, 131, 132], when choosing heat treatment parameters, were gui-
ded by the standard [71].

If we consider the issue of reducing internal stresses in more detail,
the authors of [131, 132] carried out heat treatment at temperatures of
400, 650, and 800 °C to remove internal stresses in a muffle furnace with
a protective environment (argon), as a result of Ref. [131], they achieved
a reduction in internal stresses by 23%, 65%, and 90%, respectively. This
result was fully confirmed in Ref. [132], where the removal of internal
stresses using similar heat treatment in a protective environment of argon
was achieved by 31.3%, 67.4% and 93.2%, respectively. However, it

Table 5. Mechanical properties of AISI 316L stainless steel
after stress-relief heat treatment

Tempe- Tirpe, UTS, YS, Elongation, Hardness, A, Ref.
rature, °C| min MPa MPa % HV J

600 120 660 495 25 271125 120 ([121]

950 120 580 360 44 215+14 152 |[121]
1095 120 600 350 50 212+20 120 |[121]
1100 20 169+6 [122]
1050 20 132+3 [122]
1150 20 1337 [122]

800 10 140+6 [122]

900 120 595 370 29 [123]

900 120 582 365 31 [123]

900 — 674 419 51 [124]
1150 180 426+13 201+4 38+6 [125]
1095 60 635+17 375+£11 51+3 [126]

650 120 617+1.4 475 54.1+1.6 [127]

388 240 717 496 28 [127]
1050 120 673+£13 424.6 44.3 [128]
1200 120 684+16 416+9 52+3 [129,130]

400 240 | 574.4+0.7 | 418.3+2.2 45.8+1.6 [131,132]

650 120 | 550.5+2.0 | 365.8+2.0 38.1+£0.9 [131,132]

800 120 | 536.7+5.5 | 327.3+2.2 32.5+1.6 [131,132]
1100 5 | 554.6+4.6 | 311.9+2.5 57.5+2.0 [131,132]
1100 30 | 546.1+2.3 | 307.8£3.0 51.5+1.3 [131,132]
1100 480 | 558.8£2.3 | 293.5+7.6 50.5+0.6 [130,131]
1400 10 | 535.3+£2.2 232+2.7 43.3+0.2 [130,131]
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should be noted that, as a result of microstructural studies, it was found
that after high-temperature heating, there was a growth of columnar
grains and an increase in the size of inclusions. The study focused on as-
sessing the microstructure and corrosion behaviour of 316L steel after
heat treatment. The authors of [129, 130] chose two temperature regimes,
namely 650 °C and 1050 °C, with the temperature for 30 min and holding
for 30 min in an argon atmosphere, with cooling in the furnace. The re-
gime using the holding at a temperature of 650 °C was determined in Ref.
[130] as relieving internal stresses; at this temperature, the structure does
not undergo significant changes, in contrast to heat treatment at a tem-
perature of 1050 °C.

Authors of Ref. [99] applied heat treatment at 600 and 700 °C for 1 hour;
these heat treatment parameters reduced residual stresses by 70%.

During the experiment, the authors of Ref. [133] conducted heat
treatment in a vacuum using the following parameters: heating to 1030 °C
for 1 hour, followed by forced cooling with nitrogen. As a result of the
heat treatment, internal stresses were reduced by up to 40% . Within the
framework of the studies conducted by the authors of Ref. [134], 3 tem-
perature regimes were applied: holding at 400, 800, and 1200 °C for 1 hour.
As a result, the dislocation structure remained stable up to 400 °C. At 800 °C,
no distortions were detected at the grain boundaries. Similarly, after heat
treatment at 800 °C, grain-boundary segregation of elements was no long-
er detected. During deformation at the grain boundaries of samples an-
nealed at 400 and 800 °C, an accumulation of additional deformation at
the macro level was recorded compared to the undeformed state. The re-
sults demonstrate that even a weak array of dislocations along the grain
boundary can successfully pin dislocations, although with a reduced abil-
ity to coexist with dislocations and individual structures found in the mic-
rostructures of finished and annealed samples at 400 °C. In addition, the
authors of Ref. [135] applied a heat treatment with the following parame-
ters: heating to 600 °C for 4 hours to determine the effect of heat treatment
on removing internal stresses and on the value of the endurance limit. The
study found that this heat treatment reduced internal stresses by 46%.

In the context of Ref. [136], the authors examined in greater detail
the influence of heat treatment parameters. Experimental heat treatments
were carried out at different temperatures (650-800 °C with a step of 50
°C), holding times (4-8 hours with a step of 2 hours), and in the range of
cooling rates ~0.15-0.19 °C/s. As a result of the studies conducted by the
authors, it was concluded that holding time plays a major role in minimis-
ing internal stresses; samples that were subjected to holding for 6-8 hours
experienced a more uniform levelling of the stress state. However, it
should be noted that when the temperature increases above 700 °C, recrys-
tallization occurs with subsequent growth of austenite grains. In general,
the authors of Ref. [136] concluded that the stress state achieved, close to
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Temperature, 'C that many authors [137-
141] are conducting research to reduce internal stresses. Analysing the
data obtained by the authors [99, 121-141], a graph of minimization of
internal stresses depending on temperature and holding time was construc-
ted (Fig. 15). It should be noted that the graph presented in Fig. 15 is only
a surface analysis, since the authors of the works [99, 121-141] used vari-
ous methods to determine internal stresses, for example, x-ray diffraction
(XRD), neutron diffraction (ND), etc. Various laboratory furnaces with
different oxidation protection systems and cooling methods were used, for
example, vacuum, protective medium — argon or nitrogen, etc.

As a result of the analytical studies and the establishment of the de-
pendence based on literature data, it can be said that the influence of heat
treatment conditions, holding time and cooling rate on the microstruc-
ture, mechanical and operational properties of 316L steel has been studied
many times and by a large number of researchers in the temperature range
of 388-1200 °C [142-151]. However, it should be noted that these studies
did not pay enough attention to the influence of internal stresses.

Nevertheless, the studies of microstructure and mechanical properties
reported in Refs. [142-151] established that, above 600 °C, chromium car-
bides form at grain boundaries, reducing corrosion resistance. Thus, in-
creasing the temperature during heat treatment to relieve internal stress-
es has negative consequences.

To relieve significantly internal stresses, the heat treatment tempera-
ture should be above 900 °C, as suggested in the standard [71]. However,
the characteristic grain structure in 316L is lost above 800 °C [137, 150,
151], and properties such as tensile strength [48, 152] and tensile strength
[153] are reduced. The grain structure in 316L effectively hinders dislo-
cation movement and thus does not increase tensile strength. On the other
hand, low-temperature heat treatment (470 °C for 5 hours) did not im-
prove tensile strength [154]. Based on the results above, the authors of
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Refs. [136, 151] established that heat treatment at 600 °C for 4 hours is
effective for relaxing internal stresses, while preserving the grain struc-
ture. Thus, conducting studies of the influence of heat treatment on the
minimisation of residual stresses, the evolution of the microstructure, and
mechanical properties is definitely relevant.

4. Conclusions

The systematisation of experimental and theoretical studies on the peculi-
arities of the formation of residual internal stresses in AISI 316L steel
products manufactured using the LPBF technology has allowed us to gen-
eralise the key factors determining the stress-strain state of such materi-
als and to assess the effectiveness of the main approaches to regulating it.
The generalisations obtained can serve as the basis for scientifically sub-
stantiated recommendations to optimise the LPBF-process parameters and
select rational post-processing modes to increase the structural stability
and operational reliability of additively manufactured parts.

(i) It is generalised that the formation of residual internal stresses in
parts made of AISI 316L steel manufactured by the LPBF technology is a
consequence of the combination of ultra-high cooling rates, significant
temperature gradients, and complex geometry of the products. The great-
est contribution to the stress-strain state is made by the parameters of
laser scanning, the strategy of layer construction, the density of applied
energy, and the conditions of heat removal, which leads to the predomi-
nance of tensile stresses on the surface and compressive stresses in the
volume of the product.

(ii) It is shown that the optimisation of the technological parameters
of the LPBF process and scanning strategies (changing the orientation and
size of the fields, rotation of the layers, multiple scanning, etc.) allows for
partially reducing the level of residual stresses and deformations, but does
not ensure their complete minimisation, especially for products with com-
plex geometry and variable cross-section.

(iii) Generalisation of world experience shows that heat treatment to
relieve internal stresses is the most effective and technologically justified
method of stabilising the stressed state of the LPBF products made of
AISI 316L steel. Rational selection of temperature, holding time, and en-
vironment allows achieving a significant reduction in residual stresses
without deterioration of mechanical properties, which determines the
prospects of a combined approach, namely, optimisation of printing pa-
rameters in combination with post-processing, for the practical implemen-
tation of the technology.

Acknowledgment. The authors express their gratitude to Olena Adol-
fivna Shpak and Lyudmyla Ivanivna Shvets for their assistance in prepa-
ring samples for microstructure analysis.
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YTBOPEHHS TA SMEHIIEHHSA 3AJIMIITKOBUX HAIIPYMEHD

V HEPSKABHIN CTAJII AISI 316L, BUTOTOBJIEHIVI METOZIOM
TOILIEHHSA B IIOPOIIIKOBOMY IIAPI 3A TOIIOMOI'OIO ITIOTYHHOI'O
JIABEPHOT'O OTIPOMIHEHHSI: OTJISIT CTPATETIV OBPOBJISTHHSI

TA IIIOXOAIB IITOA0 TEPMIYHOI'O OBPOBJIEHHSA

AnuTuBHE BUPOOHUIITBO MeTaJeBUX BUPOOIB 3a TEXHOJIOTI€I0 JIa3€PHOTO (CEeJIeKTUBHO-
ro) TomseHHA y mopoinkoBomy 1mapi (LPBF) BigkpuBae IIMPOKI MOXKJIMBOCTI A BU-
TOTOBJIEHHS JleTajiell CKJIagHOI reomeTpii 3i crasiei i craBiB. BogHouac xapaxkTepHi aada
LPBF-TexHo00ril BUCOKi TeMIepaTypHi IpalieHTH Ta HAABUCOKI IIBUAKOCTI OXOJIONIKEH-
HS TPU3BOAATH MO iHTEHCUBHOrO (DOPMYBaHHA BaJUIIKOBUX BHYTPIIIHIX HaAIpYy KeHb,
AKi HeraTWBHO BILJIMBAIOTh HA T€OMETPUYHY CTabiibHiCcTh, MEeXaHiUHi BJIACTUBOCTI I eKC-
mayaTamiiiny HagifiHicTs BUPOOiB. Y poOOTi BUKOHAHO KOMILIEKCHUI OIJIAN CYUYaCHUX
HaIiOHAJTBHUX 1 MIKHAPOSHUX [NOCJIiIKeHb, IO CTOCYIOThCA MeXaHisMiB (hopMyBaHHA
Ta MUIAXiB MiHiMizamnii 3anuIKoBUX HANpPyKeHb y mertanax 3i crami AISI 316L, Buro-
ToBieHuX 3a LPBF-TexHo/OTi€I0. 3 BUKOpUCTAHHAM MeperkeBoro 6i6aiorpadiunoro ana-
aigy (VOSviewer) s 6asoro manux OpenAlex i Kiacrepusariiero 3a yxkaagauuam (Gephi)
CHCTEeMAaTHU30BaHO KJIOYOBI HayKOBI HanpsaAMM, ITapaMeTpU IpoIecy Ta crparerii ckaHy-
BaHHA, II[0 MAlOTh BU3HAYAJBHUI BIJIMB Ha HAIPYKeHO-Ie)OPMOBAHUHA cTaH BUPOOiB.
ITpoanasnizoBaHO posib reoMeTpii merasieil, TOBIUHU IIapy, I'yCTUHU Ja3epHOI eHeprii,
opienrarii Ta po3aMmipy moJiiB CKaHyBaHHA y (POPMyBaHHI MaKpoO- Ta MiKpOHANpYy:KeHb.
Oco0auBy yBary mpuiijJieHO aHaJIisy HOPMATHUBHO-TEXHIUHOI HOKyMeHTAaIlii Ta pesXumiB
TepMiuHOTO 00p0o6aeHHs crani AISI 316L Ta ii amasioriB, a TakoK ysaraJbHEHHIO CBiTO-
BOTO [OCBiZly 3aCTOCYBaHHS TEePMIiUHHX METOMIiB 3HATTA BHYTPIIIHIX HAIPY:KeHb IJIA
LPBF-Bupo6is. Ilokaszano, 1mo TepMiuHe o0poOJieHHA € HalieeKTUBHIIIUM iHCTpyMeH-
TOM JOCATHEHHS CIIPUATJINBOTO PiBHA Ta PO3MOJINY 3aJUIITKOBUX HAIPY'KEHb 38 YMOBU
30epe’KeHHa HeoOXiTHOr0 KOMILJIEKCY MexXaHiuHuX BiacTuBocTeil. OmepskaHi pesyJsbra-
TH MOXKYTb OyTHM BUKOPHCTAHi AJs OOTPYHTYBaHHA parioHagbHuX mapamerpiB LPBF-
nporecy Ta moctoopobseHHa geraseir 3i crami AISI 316L gnsa KPpUTHUUHO BaKJIUBUX
iH)XeHepPHUX 3aCTOCYBaHb.

Karouosi cioBa: crans 316L, 1asepHe CTOMJIEHHS ¥ ITIOPOIIKOBOMY IIapi, 3aJUIIKOBI Ha-
OpyKeHHdA, TepMiuHe 00pOo0JIeHHsI, TeXHOJIOTiUHi ITapamMmeTpu.
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