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Аннотация. Использование 3D-печати изделий из металлических материалов является современной перспективной технологией, 

способствующей повышению производственной эффективности. Однако применение данной технологии сопряжено с рядом проблем, 
например, с повышенной микроструктурной неоднородностью и дефектностью металла. В связи с этим требуется проведение 
исследований, направленных на выявление таких режимов 3D-печати, которые бы обеспечили получение наиболее однородной, стабильной 
и  бездефектной структуры. В работе изучено структурообразование стали марки 30ХГСА в процессе аддитивной электродуговой 
наплавки при различных режимах печати. Для оценки качества полученных заготовок применялись микроструктурный и фрактальный 
анализы, а также измерение микротвердости. При всех режимах наплавки выявлена значительная структурная неоднородность 
наплавленной заготовки, которая объясняется термическим воздействием наплавляемого слоя на уже закристаллизовавшийся металл. 
Тем не менее, установлен режим, который дает наиболее благоприятную микроструктуру с точки зрения ее однородности и равноосности 
зерен. При увеличении значений погонной энергии процесса аддитивного электродугового выращивания наблюдается увеличение 
производительности процесса и фиксируется уменьшение количества пор в материале. Однако при значениях погонной энергии процесса 
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Abstract. The use of metallic products 3D-printing is a modern, promising technology that improves production efficiency. However, using this technology 

is associated with a number of problems, for example, with increased microstructural heterogeneity and defects in metal. Therefore, it is necessary 
to carry out researches to identify 3D-printing modes ensuring the most homogeneous, stable and non-defect structure. In this work, a study was made 
of the process of structure formation of 30KhGSA steel in the process of Wire and Arc Additive Manufacturing (WAAM) under various printing 
modes. Microstructural analysis, microhardness measurement and fractal analysis were used for assessment of the obtained billets. In all surfacing 
modes, a significant structural inhomogeneity of the deposited billet was revealed, which is explained by the thermal effect of the deposited layer 
on the already crystallized metal. Nevertheless, we found the mode that gives the most favorable microstructure in terms of its uniformity and equiaxed 
grains. With an increase in WAAM heat input values, an increase in the productivity of the process is observed and a decrease in the number of pores 
in the material is recorded. However, when the heat input of the surfacing process exceeds 1000 J/mm, the structural inhomogeneity of the material 
increases and its microhardness significantly decreases. Based on the studies, as a WAAM 3D-printing mode for Np-30KhGSA alloy, a mode with 
a heat input of about 920 J/mm can be chosen, which provides the lowest structural inhomogeneity and a sufficiently high productivity of the growth 
process with the absence of defects in the form of pores and elements of not melted wire. 
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 Introduction

In contemporary manufacturing business, the  rapid 
introduction  of  new products and optinal utiliza-
tion  of  material are crucial requirements [1 – 2]. Wire 
or powder-based additive manufacturing is a method 
that can fulfill these requirement [3 – 4].

Numerous 3D-printing technologies exist, but in 
our assessment, Wire and Arc Additive Manufacturing 
(WAAM) holds significant promise due to  its favorable 
productivity, low energy consumption, and superior 
mechanical properties compared to  other 3D-printing 
processes [5 – 7].

Metal components produced through 3D-printing find 
extensive applications [8]. However, the  limited know
ledge concerning the structure, mechanical properties and 
chemical composition changes during 3D printing hampers 
their widespread adoption  [9]. The  geometry, chemical 
composition, and mechanical properties of  the  deposited 
material largely depend on the wire composition, 3D-print-
ing conditions, and the  duration  of  interlayer dwell time 
(thermal cycle properties). During 3D-printing, the newly 
deposited layer partially melts the previous layer, leading 
to changes in the  structure of  the unmelted metal below. 
Consequently, significant heterogeneity can  arise across 
the  thickness of  the deposition  layer. Fractal analysis, as 
proposed in papers  [10 – 13], can be utilized to  estimate 
this heterogeneity. Anisotropy in mechanical properties 
and residual stress can be minimized through mechanical 
or heat treatment [14 – 16].

The objective of  this study is to examine the  impact 
of WAAM conditions on  the mechanical properties and 
formation of the metal structure.

 Materials and Methods

We conducted a study on printed parts manufactured 
from the 30KhGSA alloy using a WAAM test bench [17]. 
The 30KhGSA alloy is widely employed for the produc-
tion  of  robust components subjected to  dynamic loads 
and/or high temperatures. Additionally, it finds appli-
cation  in repair welding, and surfacing processes  [18]. 
The  chemical composition  of  the wire is provided in 
Table 1.

To manufacture the samples, we employed a compu
ter-controlled WAAM process. Various printing condi-
tions were deliberately modified, resulting in the  crea
tion  of  nine wall-shaped samples. Each sample was 
deposited in a single pass, with a width equivalent 
to the width of the deposited material. The samples con-
sisted of  ten layers in total, and the deposition of metal 
drops was accomplished through electric arc short cir-
cuits. During the WAAM process, a liquid metal drop is 
initially formed, and the end of  the electrode is melted. 
Subsequently, the  drop extends and closes the  arc 
gap. The  thin liquid bridge between the  electrode and 
the  drop evaporates rapidly due to  its high resistance, 
causing the  drop to  explode and enters the  weld pool. 
This sequence is repeated throughout the deposition pro-
cess [19].

The surfacing mode variables include amperage (I, А), 
voltage (U, V), arc gap (z, mm), wire feed rate (V, mm/s) 
and shielding gas flow rate. For all the samples, we main-
tained a consistent arc gap of 11 mm and a wire feed rate 
of 200 mm/min, which were determined through prelimi-
nary testing. The shielding gas flow rate was not varied 
during the experiment.

Т a b l e  1

Chemical composition of surfacing wire 30KhGSA

Таблица 1. Химический состав наплавочной проволоки 30ХГСА

Element C Mn Si P S Cr Ni
Content, % 0.296 1.050 0.950 ≤0.025 ≤0.025 1.000 0.030

наплавки свыше 1000 Дж/мм увеличивается структурная неоднородность материала и значительно снижается его микротвердость. Исходя 
из проведенных исследований, в качестве режима 3D-печати электродуговой наплавкой для сплава Нп-30ХГСА может быть выбран 
режим с погонной энергией порядка 920 Дж/мм. Он обеспечивает наименьшую структурную неоднородность и достаточно высокую 
производительность процесса выращивания с отсутствием дефектов в виде пор и элементов нерасплавившейся проволоки. 

Ключевые слова: электродуговая наплавка, погонная энергия наплавки, термический цикл, микроструктура, микротвердость, фрактальный 
анализ, 30ХГСА, WAAM
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Heat  input (Q), measured in electric energy per unit 
of  the  weld length, was determing according to  GOST 
R ISO 857-1-2009. An  energy loss factor of  0.8 was 
assumed:

WAAM modes and corresponding heat inputs for each 
sample are provided in Table 2.

To conduct microstructural analysis, samples were cut 
out from the  deposited walls, reaching the  same height 
as the  printed walls. These samples were then polished 
using a polishing machine, followed by etching in a 4 % 
aqueous solution of nitric acid. 

Chemical composition analysis was performed using 
a Foundry-Master optical emission analyzer with a sensi-
tivity of approximately 0.001 %.

Microhardness evaluation  was carried out using 
a Fischerscope HM2000 hardness tester. A square-based 
diamond pyramid indenter with an angle of α = 136 was 
employed. Microhardness measurements were conducted 
along the  entire height of  the  deposited wall, applying 
a  50 g load. The  load was held for 10 s, and the  dis-
tance between adjacent hardness test points was 0.2 mm. 
Approximately five hardness measurements were taken in 
each area of interest, and the results were averaged.

Fractal analysis, as demonstrated by Gonchar et al. [20], 
was utilized to  assess the  surfacing microstructure and 
quality. Fractal dimension  of  the  microstructure image 
was obtained through fractal analysis at  different mag-
nifications. A software package for this purpose was 
developed and registered under No. 2022666922 as 

the “Software for Microstructure And Structural Damage 
Assessment”. 

To facilitate comparative analysis, measurements were 
conducted in three regions of  interest: the base, middle, 
and top of the deposited metal wall.

 Results and Discussion

In order to to assess the surfacing process efficiency, we 
measured the dimensions of the deposited walls and esti-
mated the cross-section areas of the samples. The results 
of these measurements are presented in Table 3. 

 Fig. 1 illustrates the relationships between the cross-
section  area of  the  deposited layer (per one deposited 
bead) Sbead , and the  heat  input Q at  different voltages 
values U.

These relationships clearly demonstrate the significant 
impact of input energy and deposition voltage on the speed 
of  the  3D-printing process. For example, increasing 
the heat input at a constant voltage leads to a substantial 
and consistent increase in the process speed.

Figs. 2 – 4 depict micrographs of samples 1, 5 and 9, 
taken at cross-sections along the height of the deposited 
wall. 

The microstructure of the sample 1 wall near the sub-
strate is predominantly composed of  tempered bainite 
(Fig. 2, a). This structure formation  can  be attributed 
to the following factors.

• The  relatively high cooling rate experienced by  the 
layer in contact with the St3 (DIN analog: USt 37-2) steel 
grade substrate, which possesses a high thermal conduc-
tivity coefficient of  55 W/(m·K) at  20 °C. In compari-

Т a b l e  3

Geometric parameters of the billets obtained by 3D-printing

Таблица 3. Геометрические параметры образцов, полученных при помощи 3D-печати

Billet No. 1 2 3 4 5 6 7 8 9
H, mm 21.0 23.8 30.0 15.0 18.1 21.8 13.5 15.5 17.9
B, mm 8.2 10.0 12.5 10.0 11.8 13.5 10.8 13.3 14.4
S, mm2 172.20 238.00 375.00 150.00 213.58 294.30 145.80 206.15 257.76

Т a b l e  2

WAAM modes

Таблица 2. Режимы наплавки

Sample No. 1 2 3 4 5 6 7 8 9
I, А 120 160 200 120 160 200 120 160 200
U, V 18 18 18 24 24 24 27 27 27

Q, J/mm 518.4 691.2 864.0 691.2 921.6 1152.0 777.6 1036.8 1296.0
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son, the  thermal conductivity coefficient for 30HGSA is  
38 W/(m·K), while air has a coefficient of 0.0259 W/(m·K). 
Consequently, the  cooling rate of  the  deposited metal is 
higher in contact with the substrate.

• The  introduction  of  heat  during the  deposi-
tion of subsequent layers, leading to both quenching and 
tempering.

In the  middle of  the  sample, the  bainite structure is 
predominantly maintained, as shown in Fig. 2, b, Howe
ver, other structural components, such as troostosorbite, 
are also noticeable. The cooling rate of this region after 
the deposition of a single layer is below the critical rate 
required for the  diffusive decomposition  of  austenite. 
The energy input during the deposition of subsequent lay-
ers is sufficient for tempering as well. 

The  microstructure at  the  top of  the  sample differs 
from that  at  the  base. It mainly consists of  sorbite and 
ferrite. This structure can be explained by the following 
factors:

– cooling occurs in the air, which has a very low ther-
mal conductivity coefficient (as mentioned above), with-
out reaching critical cooling rates necessary for quench-
ing;

– the absence of subsequent heat treatment that would 
induce phase recrystallization and temperin. 

A chemical carbon  liquation  likely occurs in this 
region, evidenced by clear stripes (Fig. 2, c). The colum-
nar grain structure is a result of  heat  dessipation  as 
the deposited layer cools. Without subsequent heat treat-
ment, the microstructure remains unchanged. It is impor-
tant to  noted that  this region  exhibits significant non-
homogeneity in grain size, which can have adverse effects 
on the mechanical properties.

Proper heat treatment can eliminate the non-homoge-
neity in grain size and improve the microstructure. 

Normalization or toughening can indeed be employed 
to address the non-homogeneity and improve the micro-
structure of the samples.

In the  microstructure of  sample 5, similar to  sam-
ple  1, tempered bainite is observed near the  substrate 
(Fig. 3, a). The structure transitions from bainite to  tro-
ostosorbite in the  middle, with the  top layer consisting 
of sorbite. The transition between structures in this sam-
ple is smoother (Fig. 3, b). Importantly, all regions of this 
sample do not exhibit grain non-homogeneity or colum-
nar grains in the last deposited layer (Fig. 3, c). 

Sample 9 near the substrate displays a microstructure 
comprising tempered bainite with inclusions of  other 
structures, such as troostosorbite. The  microstructure 
in this region  is generally coarser and more heteroge-
neous compared to other samples. However, the bainite 
gradually transforms into troostosorbite from the bottom 
to  the  middle of  the  sample. The  middle of  the  sample 
contains larger grains compared to samples 1 and 5, likely 
due to the higher heat input during deposition (Fig. 4, b). 
The top layer of the sample consists of troostite and fer-
rite, with a highly heterogeneous microstructure across 
the sample section.

Fig. 1. Dependence of cross-sectional area on the value 
of surfacing process input energy at different voltage levels  

in terms of one deposited roller:
1 – 18 V; 2 – 24 V; 3 – 27 V

Рис. 1. Зависимость площади поперечного сечения в пересчете 
на один наплавленный валик от величины погонной энергии 

процесса наплавки при различных уровнях напряжения:
1 – 18 В; 2 – 24 В; 3 – 27 В

Fig. 2. Microstructure of the deposited wall near the substrate (a), in the center of the sample (b) and at its apex (c) 
(steel 30KhGSA, sample 1, Q = 518.4 J/mm) 

Рис. 2. Микроструктура наплавленной стенки вблизи подложки (а), в центре образца (b) и в его вершине (c) 
(сталь 30ХГСА, образец 1, Q = 518,4 Дж/мм)
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Through the  microstructure analysis of  the  samples 
produced under different surfacing modes, it was deter-
mined that sample 5 (I = 160 A, U = 24 V, Q = 921.6 J/mm) 
possesses the most favorable metal structure. The micro-
graphs of  the  samples did not reveal substantial struc-
tural defects commonly found in castings and welded 
parts, such as large pores or shrinkage cavities. However, 
micropores, grain non-homogeneity, and a heterogeneous 
structure were observed. These disadvantages can  be 
mitigated through appropriate heat treatment. It is worth 
noting that all surfacing modes yielded fine-grained and 
highly dispersed structures.

Furthermore, the DF fractal dimensions of the micro-
structures obtained under different WAAM conditions 
along the  entire height of  the  deposited walls were 
estimated, excluding the  first and last layers (machin-
ing allowance) (refer to Fig. 5). Variations in the fractal 
dimensions along the height of the deposited wall indicate 
significant structural changes, particularly in the sample 
manufactured at higher energy input. 

Fig. 6 illustrates the  variations in the ΔDF fractional 
dimension, which contribute to the structural heterogene-
ity of the metal along the height of the sample.

The optimal heat input for achieving structural homo-
geneity along the wall height is approximately 900 J/mm. 

At  lower heat  input values, the structure becomes more 
heterogeneous, exhibiting a large number of  pores and 
unmelted wire fragments, which is considered unaccep
table. Conversely, higher heat input values result in sig-
nificant heat  transfer to  the  solidified and cooled metal, 

Fig. 3. Microstructure of the deposited wall near the substrate (a), in the center of the sample (b) and at its apex (c) 
(steel 30KhGSA, sample 5, Q = 921.6 J/mm) 

Рис. 3. Микроструктура наплавленной стенки вблизи подложки (а), в центре образца (b) и в его вершине (c) 
(сталь 30ХГСА, образец 5, Q = 921,6 Дж/мм)

Fig. 4. Microstructure of the deposited wall near the substrate (a), in the center of the sample (b) and at its apex (c) 
(steel 30KhGSA, sample 9, Q = 1296 J/mm) 

Рис. 4. Микроструктура наплавленной стенки вблизи подложки (а), в центре образца (b) и в его вершине (c) 
(сталь 30ХГСА, образец 9, Q = 1296 Дж/мм)

Fig. 5. Dependence of the microstructural image fractal dimension 
on the fraction of the deposited wall height Lw 
at different values of surfacing input energy of: 

sample 1 – Q = 518.4 J/mm (а); sample 5 – Q = 921.6 J/mm (b); 
sample 9 – Q = 1296 J/mm (c) 

Рис. 5. Зависимость фрактальной размерности изображения 
микроструктур сплавов от доли высоты наплавленной стенки Lст 

при различных значениях погонной энергии наплавки: 
образец 1 – Q = 518,4 Дж/мм (а); образец 5 – Q = 921,6 Дж/мм (b); 

образец 9 – Q = 1296 Дж/мм (c)
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from 1 to  0.75 % and magnesium decreases from 1 % 
to 0.7 %. 

The  microhardness analysis also reveals the  follow-
ing: samples produced with a heat input of up to 900 J/mm  
exhibit relatively consistent microhardness along 
the entire height of the deposited wall. However, at higher 
heat  input levels, the microhardness gradually increases 
from the  base to  the  top of  the  sample, with more pro-
nounced differences in the upper layers. The higher hard-
ness observed in the top layers can be attributed to their 
shorter exposure to critical temperatures, preventing sig-
nificant tempering from occurring.

 Conclusions

This study determined that  an  optimal heat  input 
of approximately 921.6 J/mm is suitable for the WAAM 
3D-printing mode for Np-30KhGSA alloy. The  specific 
conditions for achieving this optimal heat input are as fol-
lows: amperage of 160 A, voltage of 24 V, and a printing 
speed of 200 mm/min. The shielding gas used is a mix-
ture of 80 % Ar and 20 % CO2 , delivered at  a flow rate 
of  15 l/min. Under these optimized process conditions, 
the  microstructure of  the  printed parts does not exhibit 
any pores or unmelted wire fragments, indicating a high 
level of  material integrity. Additionally, the  printing 
speed is considered sufficient, as indicated in Table 2, and 
the level of structural heterogeneity observed is insignifi-
cant, as demonstrated in Fig. 4). 
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