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Аннотация. В настоящее время происходит активное развитие и изучение аддитивных технологий. Технологии 3D-печати металлами 

позволяют получать детали и конструкции сложной конфигурации с применением минимума формообразующих операций, что может 
приводить к снижению общей себестоимости получаемых изделий. В данной работе исследовалось структурообразование при изго-
товлении изделий из нержавеющих сталей 10Х12Н10Т и 08Х18Н9 аддитивными методами – SLM (Selective Laser Melting, селективное 
лазерное спекание) и WAAM (Wire Arc Additive Manufacturing, электродуговое выращивание). В ходе микроструктурного анализа было 
установлено, что при изготовлении изделий по технологии SLM образуются мелкие аустенитные зерна, ориентированные по направ-
лению отвода тепла, а при методе WAAM аустенит формируется преимущественно в виде дендритов. Показано, что при изготовлении 
образцов методом SLM образуется пористость, что связано с непроплавлением отдельных частиц порошка. При реализации аддитивного 
выращивания методом WAAM (электродуговой наплавкой) повышенная пористость отсутствует. В ходе исследования выявлен новый 
дефект структуры, формирующийся при изготовлении изделий обоими методами – это образование границ раздела между слоями, что 
связано с самой технологией аддитивного выращивания. При выращивании изделия методом WAAM он проявляется более явно, чем при 
получении металла методом SLM. Границы наплавочных валиков при изготовлении изделий методом SLM более интенсивно накапли-
вают различные интерметаллиды и структурные дефекты. Вследствие малого относительного объема одного наплавочного валика, по 
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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 10Cr12Ni10Ti (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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 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 10Cr18Ni10Ti steel 

with spherical particles ranging from 50 to  80 μm in 
size. Various initial powders were used to produce seve
ral samples (samples 1 and 2). While both samples were 
surfaced using powder from the same manufacturer, 
sample 1 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  2696121С1. 
The 3D printing process was investigated with gas torch 
travel speeds of 350 and 400 mm/min in a CO2 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 5 cm3 HNO3 , 50 cm3 
HCl, and  50  cm3 H2O 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, %

Таблица 1. Химический состав образцов, 
изготовленных методом SLM, %

C Mn Si S P Ni Cu Mo Cr
0.080 0.694 0.432 0.236 0.147 10.6 0.296 0.9913 17.1

сравнению с методом WAAM, скопление данных дефектов и интерметаллидов может выступать эффективным барьером при движении 
дислокаций и приводить к повышению прочностных свойств изделий. 
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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 

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

Таблица 2. Химический состав проволоки из стали 
08Х18Н9 и наплавленного материала методом WAAM, %

C Mn Si S P Ni Cu Mo Cr

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 0.013 10.00 0.10 0.10 20.00

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

with GOST 1778

Таблица 3. Баллы загрязненности шлифа 
различными неметаллическим включениям 

в соответствии с ГОСТ 1778

Type of inclusion Score
Spot oxides 2
Line oxides 0
Spot nitrides 1
Line nitrides 0

Sulfides 0
Non-deformable, brittle  

and plastic silicates 0

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

Рис. 1. Нетравленый шлиф образца 1, полученного методом SLM
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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 12Cr18Ni10T 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 

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. 

Fig. 2. Structure of sample 1 obtained by SLM: ×200 (а); ×500 (b) 

Рис. 2. Структура образца 1, полученного методом SLM: ×200 (а); ×500 (b)

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

Рис. 3. Нетравленый шлиф образца 2, полученного методом SLM
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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 

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 

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

with GOST 1778

Таблица 4. Баллы загрязненности шлифа 
различными неметаллическим включениям 

в соответствии с ГОСТ 1778

Type of inclusion Score
Spot oxides 0.5
Line oxides 0
Spot nitrides 0
Line nitrides 0

Sulfides 0
Non-deformable,  

brittle and plastic silicates 0

Fig. 4. Fractogram of the fracture of sample 2 obtained by SLM 
after its stretching

Рис. 4. Фрактограмма излома образца 2, полученного методом SLM, 
после его растяжения

Fig. 5. Structure of sample 2 obtained by SLM: 
×200 (а); ×500 (b) 

Рис. 5. Структура образца 2, полученного методом SLM: 
×200 (а); ×500 (b)

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

Рис. 6. Нетравленый шлиф образца, полученного методом WAAM
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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 δ- and σ-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, а, 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.

 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-

Fig. 7. Microstructure of metal of the sample obtained by WAAM 
from welding wire Sv-08Cr18Ni9 (ER308Lsi) 

Рис. 7. Микроструктура металла образца, полученного методом 
WAAM из сварочной проволоки Св-08Х18Н9 (ER308Lsi)

Fig. 8. Micrographs of metal interface of the samples: 
SLM, sample 1 (a); SLM, sample 2 (b); WAAM (c) 

Рис. 8. Микрофотографии границы раздела металла образцов: 
SLM, образец 1 (а); SLM, образец 2 (b); WAAM (c)
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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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