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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.

Keywords: electric arc surfacing, surfacing heat input, thermal cycle, microstructure, 30KhGSA, WAAM

Acknowledgements: The work was supported by the Russian Science Foundation, grant No. 22-79-00095 “Development of scientific and technological
foundations for the structure formation of structural materials obtained by wire arc additive manufacturing for the formation of mechanical properties
under fatigue using artificial intelligence approaches”.

For citation: Anosov M.S., Shatagin D.A., Chernigin M.A., Mordovina Yu.S., Anosova E.S. Structure formation of Np-30KhGSA alloy in wire and arc
additive manufacturing. Izvestiya. Ferrous Metallurgy. 2023;66(3):294-301. https://doi.org/10.17073/0368-0797-2023-3-294-301

CTPYKTYPOOBPA3OBAHME CNNABA HN-30XITCA
nPU AAANTUBHOM 3NEKTPOAYIOBOM BbIPALLUBAHUMN

M. C. AHocos, [. A. lllataruy, M. A. YepHurus,

10. C. Mopaosuna “, E. C. AHocoBa

Hu:keropoackuii rocynapcrBenHslii texundeckuii ynusepeurer uM. P.E. AnexceeBa (Poccus, 603022, Hwxuuit HoBropo,
yi. MuHuHa, 24)

&) ips4@nntu.ru

Annomayus. VicnonszoBanue 3D-nevatn u3fenuit n3 MeTaJNIMYECKUX MAaTEpHAlIOB SBIISIETCS COBPEMEHHOM IEPCIEKTUBHON TEXHOIOTHUEH,
CHOCOOCTBYIOLIEH MOBBILIEHUIO TPOU3BOACTBEHHOH 3 pekTuBHOCTH. ONHAKO MPUMEHEHHE JaHHOW TEXHOJIOIMU CONPSDKEHO C PAAoM mpobieMm,
HaIpUMep, C IIOBBIICHHOH MHKPOCTPYKTYPHOH HEOTHOPOTHOCTBIO M AC(EKTHOCTBIO MeTala. B cBA3M ¢ 3THM TpebyeTcst IpoBEACHHE
HCCIIeJOBAHUHN, HATIPABJICHHBIX HA BBISBJICHUE TAKUX PEKUMOB 3D-11euaru, KoTopble Obl 00ecreyniy nosryyeHue Haubosnee oJHOPOIHOM, CTaOMIIbHON
n OesnedexTHON cTpyKTYyphl. B padore m3ydeHo crpykrypoobOpaszoBanue ctain mapku 30XI'CA B mporecce aaJuTHBHON AJIEKTPOLYrOBOM
HAIUIABKU TIPH PA3IMYHBIX PEKUMAX redyary. Jis OleHKH KauyecTBa MOJy4EHHBIX 3ar0TOBOK NMPUMEHSIIMCh MUKPOCTPYKTYPHBIH M (h)paKTasbHbIN
AQHAIIM3Bl, a TAKKe H3MEPEHHEe MUKPOTBEpPHOCTH. [IpM BceX pexXmMMax HAIUIABKU BBISBICHA 3HAYUTENbHAS CTPYKTYpHAs HEOXHOPOTHOCTH
HAIUIABJICHHON 3arOTOBKH, KOTOpas OOBACHACTCS TEPMUUSCKUM BO3EHCTBHEM HAIUIABISIEMOTO CJIOSl Ha yXKe 3aKPUCTAIIM30BABLIMICS METaLI.
TeM He MeHee, yCTaHOBIICH PEXKUM, KOTOPBIH JaeT Hauboee OIarompHATHYIO MUKPOCTPYKTYPY C TOUKH 3PSHHS €€ OAHOPOJHOCTH H PABHOOCHOCTH
3epeH. Ilpu yBeJMUeHUM 3HAYEHUI NMOTOHHOM SHEPruUM Ipolecca aJJUTHBHOIO 3JIEKTPOAYTOBOIO BBIPALIMBAHMS HAOIIONACTCS yBEIUUCHHUE
IPOM3BOIUTENFHOCTH IIpoLiecca U (PUKCHPYETCsl yMEHBIICHUE KOIHYeCTBa II0p B MaTepraiie. OIHAKO U 3HAYCHUSIX IOTOHHOH SHEPrHu IIporecca
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HarutaBky cBalire 1000 [Ix/MM yBeInuuBaeTcs CTPYKTypHast HEOJHOPOJHOCTh MaTepHalla U 3HAYUTENILHO CHHYKAETCsI €10 MUKPOTBEepAoCTh. Mcxons
M3 MPOBEJCHHBIX MCCIICNOBAHMUIl, B KadecTBe pexknma 3D-meuarn snekrpomyroBoi HarumaBkoil st crutaBa Hn-30XI'CA moxer ObITh BBIOpaH
pexuM ¢ ToroHHo# sHeprueid nopsaka 920 /bx/mMm. OH oOecrieyrBaeT HAaMMEHBIIYIO CTPYKTYPHYIO HEOJHOPOIHOCTh M JIOCTATOYHO BBICOKYIO
IIPOM3BOAUTEIFHOCTD TIPOLECCa BEIPAIIUBAHUS C OTCYTCTBHEM AC(EKTOB B BUJIE IIOP U AIEMEHTOB HEPACILIABUBIICHCS IIPOBOJIOKH.

Knaloyesvle c/108a: 3nexTponyroBas HAIUIaBKa, IIOTOHHAS SHEPTHs HAILIABKH, TEPMHUUCCKHII MUK, MUKPOCTPYKTYpa, MUKPOTBEPIOCTh, (hpaKTaIbHBIN

anamms, 30XI'CA, WAAM
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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 (/, A),
voltage (U, V), arc gap (z, mm), wire feed rate (¥, 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.

Table 1

Chemical composition of surfacing wire 30KhGSA

Tabnuya 1. Xumu4eckuii cocTaB HAILIAaBO4HOIi npoBoJoku 30XT'CA

Element C Mn

P S Cr Ni

Content, % 0.296 | 1.050

0.950

<0.025 | <0.025 | 1.000 | 0.030
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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 o = 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) S, ., 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 /, 5 and 9,
taken at cross-sections along the height of the deposited
wall.

The microstructure of the sample / wall near the sub-
strate is predominantly composed of tempered bainite
(Fig. 2, @). 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-

Table 2
WAAM modes
Tabauya 2. PesxuMbl HAIUIABKH
Sample No. 1 2 3 4 5 6 7 8 9
LA 120 160 200 120 160 200 120 160 200
U,V 18 18 18 24 24 24 27 27 27
0, J/mm 5184 | 691.2 | 864.0 | 691.2 | 921.6 | 1152.0 | 777.6 | 1036.8 | 1296.0

Table 3

Geometric parameters of the billets obtained by 3D-printing

Tabnuya 3. TeoMmeTpuyecKue napamMeTpsl 00pa3noB, NOJYYeHHbIX Tpu nomoinu 3D-neyarun

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, mm? 172.20 | 238.00 | 375.00 | 150.00 | 213.58 | 294.30 | 145.80 | 206.15 | 257.76
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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:
1-18V;2-24V;3-27V

Puc. 1. 3aBucuMOCTb MI0MIAAN IONEPEUHOTO CEUEHHs B IIEpECUETe
Ha OJIMH HaIlIaBJICHHbINA BaJIMK OT BEIMYMHBI IOTOHHOM SHEprun
MpolEecca HAIUIABKY NIPU PA3IMYHBIX YPOBHSIX HAIPSIKEHHS:
1-18B;2-24B;3-27B

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.

e 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, ¢). 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 I, 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, ¢).

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 / and 3, 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. 2. Microstructure of the deposited wall near the substrate (), in the center of the sample (b) and at its apex (c)
(steel 30KhGSA, sample /, Q = 518.4 J/mm)

Puc. 2. MukpocTpyKTypa HarjiaBJIeHHON CTCHKU BOJIM3H MOATIOXKKY (@), B IeHTpe oOpasua (b) u B ero BepimHe (¢)
(cranb 30XI'CA, obpazen 1, Q = 518,4 Jlx/mm)
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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, O =921.6 J/mm)

Puc. 3. MUKpOCTPYKTYypa HAIUIaBICHHOH CTeHKU BOIN3H MOUIOKKH (&), B IIeHTpe o0pasia (b) u B ero BepiuHe (c)
(cranb 30XT'CA, obpasen 5, Q = 921,6 Jx/mMmm)

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

Puc. 4. MukpocTpyKTypa HarIaBiIeHHOI CTEHKM BOIM3H NOMLIOKKY (a), B ieHTpe obOpasua (b) u B ero Bepiunte (¢)
(cranmb 30XT'CA, obpasert 9, Q = 1296 Tc/mm)

Through the microstructure analysis of the samples
produced under different surfacing modes, it was deter-
mined that sample 5 (/=160 A, U=24V, O =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 D, 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 AD,. 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.

298

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,

1.80

1.75

170 Il Il Il Il
0 01 02 03 04 05 06 07 08 09 L

wall

Fig. 5. Dependence of the microstructural image fractal dimension
on the fraction of the deposited wall height L
at different values of surfacing input energy of:
sample / — QO =518.4 J/mm (a); sample 5 — Q = 921.6 J/mm (b);
sample 9 — O = 1296 J/mm (c)

Puc. 5. 3aBucumocTb (paKTaabHOR pasMEPHOCTH H300pasKeHUSL
MHKPOCTPYKTYp CTIIaBOB OT J0JTH BBICOTHI HaMIaBIeHHOH CTenkH L
IPH Pa3INYHBIX 3HAYCHUSAX IOTOHHOI SHEPIUH HAILIABKH:
obpazer; / — Q = 518,4 Jlxx/mum (a); odpazer 5 — Q = 921,6 x/mwm (b);
obpaszer; 9 — O = 1296 JIx/mum (c)
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Fig. 6. Spread of the fractal dimension values AD,. of microstructural
images from the values of surfacing input energy

Puc. 6. Bennunna pa3dpoca 3uauennii ppaxranbuoi pasmepuoctu AD,.
1300paXKeHNs: MUKPOCTPYKTYpBI OT HOTOHHOM
9HEPIUH HAIUIABKU

leading to microstructural changes such as phase recrys-
tallization, hardening, and tempering. These changes
cause the metal structure along the wall cross-sec-
tion to become highly heterogeneous.

In order to assess the effects of surfacing modes
on the material properties, microhardness measurements
were conducted. Fig. 7 depicts the relationship between
microhardness and heat input during the surfacing process.

As shown in Fig. 7, heat input has a notable impact
on microhardness. With increasing heat input, the average
microhardness decreases monotonically along the height
of the sample. This phenomenon is primarily attributed
to the elevated temperature in the fusion zone resulting
from higher heat input. The increased temperature leads
to the burning out of certain chemical elements, particu-
larly carbon, and a subsequent loss of strength. The grain
size experiences minimal changes, which is confirmed
by the chemical analysis of the samples. For instance, as
the heat input surpasses 900 J/mm, the carbon content in
the alloy decreases from 0.3 % to 0.2 %, silicon decreases

HV

340

320

300 -

280

260

240 : : '
500 700 900 1100

0, JJmm

Fig. 7. Dependence of 30KhGSA alloy microhardness
on the values of surfacing input energy

Puc. 7. 3aBucumocts Mukporsepaocty cruasa 30XI'CA
OT [OTOHHOMW YHEPTHHU MPoIecca HalIaBKU

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 % CO,, delivered at a flow rate
of 15 I/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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