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Abstract. Currently, there is an active development and study of additive technologies. Metal 3D printing makes it possible to obtain parts and structures
of complex configuration using a minimum of shaping operations, which can lead to a reduction in overall cost of the resulting products. In this paper,
we studied the structure formation in manufacture of products made of stainless steels 10Cr12Nil0Ti (analogue of AISI 321) and 08Cr18Ni9 (analogue
of AISI 304) by additive methods — SLM (Selective Laser Melting) and WAAM (Wire Arc Additive Manufacturing). In the course of microstructural
analysis, it was found that during the manufacture of products using SLM technology, small austenitic grains oriented in the direction of heat removal
are formed, and with WAAM method, austenite is formed mainly in form of dendrites. It is shown that porosity is formed during manufacture
of the samples by SLM method, which is associated with non-melting of individual powder particles. When implementing additive manufacturing
by WAAM (electric arc surfacing), there is no increased porosity. In the course of the study, a new defect of the structure formed during the manufac-
ture of products by both methods was revealed — formation of interface boundaries between layers, which is associated with the technology of addi-
tive manufacturing itself. When manufacturing a WAAM product, it manifests itself more clearly than when obtaining metal by SLM. Boundaries
of the surfacing rollers in the manufacture of products by SLM accumulate various intermetallides and structural defects more intensively, relative
to WAAM. As a result of the small relative volume of one surfacing roller, compared with WAAM, accumulation of these defects and intermetallides
can act as an effective barrier during movement of dislocations, which can lead to an increase in the strength properties of products.
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AnHomayus. B Hactosmiee BpeMsI MPOUCXOMUT aKTUBHOE Pa3BUTHE M M3Y4YEHHE aJANTHBHBIX TexHoiIoruid. TexHomormm 3D-meuatn merammamn
MIO3BOJISIFOT ITOJY4aTh JICTalM ¥ KOHCTPYKIIMU CIIOKHOW KOH(UTypaluu ¢ MpUMEHEHHEM MHHUMYMa (popMOOOpa3yIOIIUX ONepaluii, 4TO MOXKET
MIPUBOJUTH K CHIDKEHUIO O0IIeH ceOecTOMMOCTH TOoydaeMbIX u3leiuil. B maHHO# paboTe mccinenoBanock CTpyKTypooOpa3oBaHHE TPHU U3rO-
TOBJIEHUH M3/ n3 Hepxkaseromux craned 10X12H10T n 08X18H9 agmuruBHbiME MeTomamu — SLM (Selective Laser Melting, cenekTuBHoe
nazepHoe criekanue) 1 WAAM (Wire Arc Additive Manufacturing, >n€KTpoyroBoe BeIpallliBaHue). B xoie MUKpOCTpYKTYpHOTO aHaiu3a ObLIo
YCT@HOBIICHO, YTO MPU M3TOTOBJICHUH M3/ENUi 1o TexHomorun SLM o0OpasyloTcst Mellkue ayCTeHHTHBIC 3€pHA, OPHEHTHPOBAHHBIC 110 HAIPaB-
JICHHIO OTBOJA Terlia, a mpu Merone WAAM aycteHuT hopMHUpyeTCs IPEUMYILECTBEHHO B BHJE JeHAPUTOB. [loka3aHo, YTO NMPU M3rOTOBICHUH
00pa3ioB MeToioM SLM 00pasyeTcs IOpUCTOCTh, YTO CBS3aHO C HEMPOIUIABICHUEM OT/ISIIbHBIX YaCTHII opoIika. [Ipu peannzanun aauTuBHOTO
BhIpamuBaHus MeTogoM WAAM (371eKTpoayroBoi HAaIUIaBKOH) MOBBIMICHHAS MOPHCTOCTh OTCYTCTBYET. B Xo1e nccienoBaHus BBISIBICH HOBBII
JIe(eKT CTPYKTYpbI, GOPMHUPYIOIHMICS IPH U3TOTOBICHUU U3/ICINil 000MMH METOJaMH — 3TO 00pa30BaHHE I'PAHHUI] Paszieia MEXIY CIOSIMH, YTO
CBSI3aHO C CaMO¥ TEXHOJIOTHEH aIMTUBHOTO BhipamuBanus. [Ipu BeipammBanuu uznenus MetoqoM WAAM oH niposiisieTcst 0071ee sIBHO, YeM TpH
HoJTydeHnu Metaia MetooM SLM. I'paHuibl HarIaBOYHBIX BAJIMKOB IIPU W3TOTOBJICHUU M3zenuii MetogoM SLM Oosee MHTEHCHBHO HaKaIuIu-
BAIOT PA3IMYHbIC MHTEPMETAIUIH/bI U CTPYKTYpHBIE Je(eKThl. BeiencTBue Manoro OTHOCUTENIBHOTO 00beMa OTHOTO HAIUIABOYHOTO BAJIMKA, 110
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- INTRODUCTION

Additive technologies represent a burgeoning trend in
digital technologies today [1 — 7]. However, the termino-
logy for this trend has yet to be standardized, not only in
Russia but globally. Currently, Russia is actively deve-
loping specialized GOST standards, which are partially
harmonized with ISO and ASTM standards and, in some
respects, surpass them.

Among the various technologies for additive manu-
facturing (AM) of products, Selective Laser Melting
(SLM) and Wire Arc Additive Manufacturing (WAAM)
techniques stand out as the most popular.

SLM is an additive production method that manufac-
tures parts from an electronic geometric pattern by surfa-
cing metal raw materials with laser radiation [1 — 6]. Both
powder and wire can serve as the metal raw material.

Recently, Wire Arc Additive Manufacturing (WAAM)
has also gained significant prominence. WAAM [5 — 8]
has demonstrated the highest efficiency (up to 15 kg/h)
and the capability to produce large-sized items. Domes-
tic manufacturing companies are quite familiar with this
technology, as electric arc surfacing and welding are
commonplace in nearly any metal-involved production
process.

It should be noted that in Russia, both technologies are
relatively understudied, particularly in terms of defect for-
mation during their application [1 — 2] during their imple-
mentation, which results in a drop of the metal mechani-
cal properties. which leads to a degradation of the metal’s
mechanical properties. Therefore, the objective of this
work is to investigate defect formation during the addi-
tive manufacturing of products (samples) using these
methods.

] MATERIALS AND METHODS

Stainless steels are widely used in additive manufac-
turing due to their special properties [6; 9; 10], such as
good weldability and corrosion resistance.

In this study, we examined stainless steels
12Cr18Ni10T and 08Cr18Ni9, which have an FCC struc-
ture. These materials are particularly favored for their
layer weldability and melt fluidity.

The samples were manufactured using the SLM
method, employing powder from 10Cr18NilOTi steel
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with spherical particles ranging from 50 to 80 um in
size. Various initial powders were used to produce seve-
ral samples (samples / and 2). While both samples were
surfaced using powder from the same manufacturer,
sample / utilized powder from a newly opened package,
whereas sample 2 used powder from a previously opened
package. The chemical composition of the materials is
provided in Table 1.

In the additive manufacturing process of the samples
using the WAAM method, welding wire Sv-08Cr18Ni9
(ER308Lsi) was employed.

The test samples were produced in the form of bars
on a Rusmelt 300M printer using the SLM method.

The WAAM blanks were manufactured as walls
on a specially designed experimental bench. The pa-
pers [6; 11] describe a 3D printing technology utili-
zing electric arc surfacing, and the method employed
on the bench is protected by patent RU 2696121Cl1.
The 3D printing process was investigated with gas torch
travel speeds of 350 and 400 mm/min in a CO, shielding
gas environment. The surfacing heat input varied within
the range of 150 — 1200 J/mm.

Metallographic sections were prepared from the ob-
tained samples to determine the structure of the
printed blanks. The sections were mechanically sanded
using sandpaper of varying grits and polished with
pastes. A solution consisting of 5cm?® HNO,, 50 cm?
HCI, and 50 cm® H,O was used as a chemical etching
reagent, following recommendations from reference
sources [12 — 14].

Structural  analysis =~ was  conducted  using
a KEYENCEVHX-1000 optical microscope. The frac-
tographic  investigation was  conducted using

a Tescan Vega 3 scanning electron microscope. The me-
tal’s chemical composition was analyzed using an
ARL 3460 spectrometer.

Table 1. Chemical composition of the samples
obtained by SLM, %

Ta6auya 1. Xumudeckuii coctaB 00pa3ios,
HM3roToBJIeHHBIX MeToaoM SLM, %

C Mn Si S P Ni Cu Mo Cr
0.080]0.694{0.43210.236 10.147| 10.6 | 0.296 | 0.9913 | 17.1
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[ EXPERIMENTAL STUDIES

The optical emission analysis of the WAAM samples
indicated negligible carbon and silicon loss. This phe-
nomenon is attributed to the characteristics of the sample
manufacturing technology and is typical of foundry and
welding operations. Table 2 displays the chemical com-
position of the initial wire made from stainless steel
08Cr18Ni9 and the sample produced by the WAAM
method.

According to Table 2, although the percentage content
of several elements decreases during additive manufac-
turing, it remains within acceptable limits.

Typically, metal powders utilized for manufacturing
products via the SLM method possess a high surface area,
which inevitably results in sample porosity and the trans-
fer of adsorbed contaminating agents from the powder
surface into the finished product. Therefore, it was imper-
ative to primarily investigate the porosity of the blanks
and the structure of the metal produced by the SLM
method.

We examined the surface of unetched sections man-
ufactured by the SLM method to study the formation
of metal porosity and contamination by non-metallic
inclusions (Fig. 1). On several samples, metal porosity
did not increase during the study. The degree of metal con-
tamination with non-metallic inclusions was determined
on the microsection at a magnification of 100 in accor-
dance with GOST 1778 — 70. The results of the test for
contamination with non-metallic inclusions are presented
in Table 3.

Metallographic examination of the sample in the direc-
tion transverse to surfacing reveals sharp boundaries
of surfacing rollers (Fig. 2). There are no pronounced
signs of a dendritic structure characteristic of metal after
3D printing.

In general, the structure of the deposited metal formed
by the SLM method comprises relatively small austeni-
tic grains oriented in the direction of heat removal, with
distinctly observed austenitic twins (Fig. 2). Closer
to the boundaries where the layers melt, the structure

Table 2. Chemical composition of 08Cr18Ni9 wire
and metal deposited by WAAM, %

Tabauya 2. XuMHYeCKHIi COCTAB MPOBOIOKH H3 CTATH
08X18H9 u HannaBaeHHOr0 MaTepuana Mmeronom WAAM, %

C |Mn|si|s | P | N |[Cu M| C
Wire
0.0019| 1.95 | 0.9 |0.012]0.200| 9.90 |0.05 | 0.06 | 19.79
Deposited material
0.0100| 1.80 | 0.8 |0.012]0.01310.000.10 | 0.10| 20.00

100 pm
—

Fig. 1. Unetched section of sample / obtained by SLM

Puc. 1. Herpasnenslii numd odpasna /, noxydeHHOro Metogom SLM

appears refined, displaying abnormally small austenitic
grains also oriented in the direction of heat removal.

The microstructural analysis data obtained align with
results presented in the works of other authors [15 — 18].

Examination of sample 2 revealed the presence of large
individual pores and clusters thereof, as well as shrinkage
cavities [19]. All identified discontinuity flaws are typical
defects formed during metal casting or welding.

The average size of these discontinuity flaws was
calculated at a magnification of 50 at various points
on the unetched polished section, amounting to 94 um
(Fig. 3). Clusters of discontinuity flaws of this size can
potentially exert a negative impact on the mechanical
properties of the product.

Currently, the heightened porosity observed in samples
obtained through the SLM method is attributed to powder
contamination with various impurities or the explosive
melting of powder particles. It is evident that the feed-

Table 3. Points of contamination of the section
with various non-metallic inclusions in accordance
with GOST 1778

Tabauya 3. Banapl 3arpsi3HEHHOCTH NLTH(Da
Pa3JMYHBIMHM HEMETAJUINYECKUM BKJIIOYEHUSIM
B coorBeTcTBUM ¢ [OCT 1778

Type of inclusion Score

Spot oxides 2

Line oxides 0

Spot nitrides 1

Line nitrides 0
Sulfides 0
Non-deformable, brittle 0

and plastic silicates
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Fig. 2. Structure of sample / obtained by SLM: %200 (a); x500 (b)

Puc. 2. Ctpyktypa obpasma I, momyderHoro meronoM SLM: x200 (a); X500 (b)

stock used in manufacturing sample 2 may have been
contaminated. The identified defects can be classified as
typical flaws associated with this technology [20].

Fig. 4 illustrates an electron fractogram depicting
the presence of spherical particles of unmelted powder
of 12Cr18Nil0T steel on the fracture surface of sample 2.

Consequently, the metal of products manufactured
by the SLM method tends to be porous primarily because
powder particles fail to melt, either due to powder con-
tamination or incorrect processing parameters.

The structure of the welded metal exhibits dendritic
characteristics. Near the fusion boundary, the dendrites
typically orient themselves towards it, possibly influenced

Section 2
Length: 36 pm

Section /3 .

Section /
Length: 73 pm
Length: 51 pm
Section //
Length: 42 pm

Length: 52 um
Section /2
Length: 52 pm
Section 10 Section 17
Length: 141 pm ection
gth H Length: 31 pm

Section 15
Length: 55 pm

Section /6
Length: 43 pm

Section 23
Length: 64 ym

Length: 52 um Length: 40 um

Section 5

Section 2/ Section 26
Length: 62 pm Length: 45 pm

by temperature gradients. In the interior of the deposited
metal, dendrites are randomly arranged. Irregular dend-
rites are shorter than their normally oriented counterparts,
yet they possess a more developed boundary structure.
Overall, the structure of the deposited metal bears resem-
blance to the microstructure resulting from the crystal-
lization of austenitic steel.

The metallographic analysis of sections from samples
made of 08Cr18Ni9 steel via the WAAM method revealed
minimal porosity. Fig. 6 depicts an unetched sample sec-
tion. The level of metal contamination with non-metallic
inclusions was assessed on the microsection at a mag-
nification of 100 in accordance with GOST 1778 — 70.

Section &
Length: 37 pm

Section 7
Length: 46 pm
Section9
Length: 144 pm

‘
Section /8 Section 22 Length: 52 pm L Secttli?l;sw
Length: 210 um | | Length: 65 um e i
Length: 65 um | | ength: 63 um

100 pm
—

Fig. 3. Unetched section of sample 2 obtained by SLM

Puc. 3. Herpasnenslii numd obpasua 2, noaydeHHoro merorom SLM
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Fig. 4. Fractogram of the fracture of sample 2 obtained by SLM
after its stretching

Puc. 4. ®pakrorpamMmma u3iaoMa obpasua 2, moxy4eHHoro MetogoM SLM,
MOCIIE €r0 PaCTSKCHUS

The findings regarding contamination with non-metallic
inclusions are detailed in Table 4.

Fig. 7 illustrates the microstructure of the metal pro-
duced via the WAAM method under optimal 3D prin-
ting conditions. The deposited metal’s structure exhibits
dendritic characteristics and changes as it moves from
the fusion boundary into the depth of the deposited
metal from cellular-dendritic to predominantly dend-
ritic with a disordered orientation. Overall, the structure
of the deposited metal bears resemblance to the micro-
structure resulting from the crystallization of austenitic
steel or by additive manufacturing with other methods.

The analysis indicates that structural defects such as
porosity and structural inhomogeneity are inherent in
all known methods of metal production. However, with
products manufactured by both methods, a new struc-
tural defect characteristic of additive manufacturing has
emerged — the formation of interface boundaries between

Table 4. Points of contamination of the section
with various non-metallic inclusions in accordance
with GOST 1778

Tabauya 4. Banjbl 3arpsA3HEHHOCTH LU pa
Pa3JMYHBIMH HEMETAJUINYECKHM BKJIIOYEeHUAM
B coorBercTBuM ¢ [OCT 1778

Type of inclusion Score

Spot oxides 0.5

Line oxides

Spot nitrides

Line nitrides
Sulfides

Non-deformable,
brittle and plastic silicates

oS (oo |0 o

Fig. 5. Structure of sample 2 obtained by SLM:
%200 (a); x500 (b)

Puc. 5. Crpykrypa obpasua 2, 1ojay4eHHOro MetoaoM SLM:
%200 (a); 500 (b)

layers, attributed to the additive manufacturing techno-
logy itself.

Fig. 8 presents micrographs of the interface bounda-
ries of displays micrographs of the interface boundaries

Fig. 6. Unetched section of the sample obtained by WAAM

Puc. 6. Herpasnenslii numd odpasna, noxyderroro merorom WAAM
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Fig. 7. Microstructure of metal of the sample obtained by WAAM
from welding wire Sv-08Cr18Ni9 (ER308Lsi)

Puc. 7. MukpocTpyKTypa MeTasuia o0pasiia, MoIy4eHHOTO METOIOM
WAAM w3 cBapouHoit npoBosioku CB-08X18H9 (ER308Lsi)

of samples manufactured by both the WAAM and SLM
methods, where porosity is also detected at these boun-
daries between layers.

Research findings indicate that the interface boun-
daries formed between layers introduce high internal
stresses into the product. The WAAM method is charac-
terized by greater internal stresses resulting from these
interface boundaries compared to the SLM method. This
discrepancy is attributed to the differing thicknesses
of the layers generated by each method. In the SLM
method, layers are typically 0.2 — 0.5 mm thick, whereas
in the WAAM method, layers range from 0.8 — 0.9 mm
thick.

Another undesired defect observed in additive manu-
facturing of steels is the presence of the 6- and o-phases.
However, X-ray diffraction analysis [8] revealed that their
content in samples produced by both methods does not
exceed 4 %, remaining within acceptable limits.

In traditional welding technology, the weld often
weakens the overall structure. However, metal produced
by the SLM method exhibits greater strength than rolled
steel. This effect is corroborated by several studies and
can be attributed to the relatively small space occupied
by each surfacing roller in relation to the entire depo-
sited metal. This allows various intermetallides to con-
centrate within the roller, which, due to rapid cooling
rates, do not have sufficient time to completely trans-
form into welding slag and thus remain embedded
within the metal surface — a phenomenon not observed
in WAAM surfacing. The accumulation of various inter-
metallides and potential structural defects is clearly evi-
dent in Fig. 8, a, b. When samples obtained by the SLM
method undergo stretching, defects and intermetallides
accumulated along the boundaries of surfacing rollers
can effectively impede dislocation motion. Consequently,
this impediment results in enhanced strength properties.
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Fig. 8. Micrographs of metal interface of the samples:
SLM, sample / (a); SLM, sample 2 (b); WAAM (c)

Puc. 8. MukpodoTtorpadun rpaHuLibl pazaeia Metania 00pasios:
SLM, o6paseu / (a); SLM, obpazen 2 (b); WAAM (c)

- CONCLUSIONS

The structure of stainless steels produced by the SLM
method is austenitic, whereas the metal formed
by the WAAM technique tends to exhibit a dendritic
structure. Porosity, typically associated with the non-
melting of individual powder particles, is observed
during the manufacture of samples via the SLM method.
To mitigate porosity in the products, stricter control over
the raw materials used for surfacing is necessary. While
the use of the WAAM method did not noticeably increase
metal porosity, a new structural defect emerged in pro-
ducts manufactured by both methods — the formation
of interface boundaries between layers, inherent to addi-
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tive manufacturing technology itself. In SLM-produced
products, porosity is evident at these interface bounda-
ries, resulting in elevated internal stresses within the pro-
duct. Moreover, in the SLM method, the accumulation
of defects and intermetallides at the boundaries of sur-
facing rollers can effectively impede dislocation motion,
thereby contributing to improved strength properties.
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