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Abstract. The work presents the study of structure and mechanical properties anisotropy of a metal wall obtained using electric arc wire 3D printing
(WAAM) with ER70S-6 wire. The layers were deposited in the protective gases of carbon dioxide and argon. As a result of structural studies, it was
found that the internal structure of the model product in form of a wall can be divided into three zones. Repeated heating, cooling cycles and degree
of accumulated heat influence the formation of different wall zones. As a result of rapid heat removal to the substrate during deposition of the first
layers, the wall base (zone /) contains large elongated grains with acicular ferrite structure. The wall middle part (zone 2) consists of ferrite-pearlite
structure, which was formed as a result of recrystallization under conditions of repeated heating and cooling during 3D printing. The size of ferrite
grains in zone 2 varies from 11 to 16.3 um with increasing the number of layers. The gradual accumulation of heat during 3D printing led to the for-
mation of structures in zone 3 under conditions of overheating and a reduced cooling rate. As a result, the wall upper part (zone 3) consists of large
ferrite grains (up to 29.8 pm), sorbite, and a small proportion of Widemanstatten ferrite and acicular ferrite. It is shown that the most uniform level
of mechanical characteristics (6, , = 340 MPa, 6 = 470 MPa, & = 28 %) correspond to the samples cut from zone 2 in a direction parallel to 3D printing
direction. The samples cut in the vertical direction relative to 3D printing and from zone 3 show the lowest level of microhardness and mechanical
characteristics (o, , = 260 MPa, 6, = 425 MPa, € = 20 %).
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UCCNEQOBAHUE CTPYKTYPbl U AHU3OTPOMUMU
MEXAHUYECKMX CBOUCTB CTA/IbHOTO U3AENUA,
NONYYEHHOrO METOAOM NOCNOUHOMU 3NEKTPOAYIOBOM
NPOBONIOYHOM 3D-NEYATH
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HUHcruTyT DU3HKN NpoyHocTH U MaTtepuasoBeneHuss Cuoupckoro oraesnenuss PAH (Poccus, 634055, Tomck, np. Akagemuuec-
Kui, 2/4)
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AnHomayus. B paboTte NpOBEIEHO HCCICIOBAaHHE CTPYKTYphl M AHW30TPOIMH MEXaHWYECKHMX CBOMCTB METAJUIMYECKOM CTEHKH, MONyYCHHOU
C MOMOIIBIO 3JIEKTPOAYroBoit npoBonouHoi 3D-niewatn (WAAM) npoonokoii ER70S-6. Hanecenue cioeB MpOBOAWTCS B CPEAE 3aIUTHBIX
ra3oB: yIVIEKHCIIOrO ra3a M aproHa. B pesynbrare CTpyKTypHBIX HCCIIEJOBaHMH OOHAPY»KEHO, YTO BHYTPEHHIOI CTPYKTYpy C(HOPMHPOBAHHOIO
MOJICJIHOTO HM3JEHsl B BHIE JJIEMEHTAPHOW CTEHKH MOXKHO pa3leiuTh HAa TPU 30HBL. POpMHpOBaHHME Pa3HBIX 30H CTEHKH OOYCIIOBICHO
MHOTOKPATHBIMH ITUKJIAMH HarpeBa W OXJIAXJICHNS YYaCTKOB CTCHKHU M CTETICHBIO HAKOIUIEHHOTO TEIUIa 10 MEpe yBEINYeHHs UKIOB 3D-medarn.
B pesysbrare ObICTPOro TEMI00TBOAA B MOATIOKKY IPH HAHECCHUH NEPBBIX CIOEB OCHOBAHUE CTEHKH (30HA /) CONEPIKUT KPYIHbIC BHITSHYTHIC
3epHa CO CTPYKTypoil nronsdaroro deppura. CpeaHss 4acTh CTCHKH (30Ha 2) COCTOUT U3 (heppUTO-IIEPIUTHON CTPYKTYPEL, KOTOpast popMUpyeTCs
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B pe3y/bTaTe MePeKpUCTAIM3alUK B YCIOBUSX MHOTOKPATHOTO HarpeBa M oxJjaxaeHus npu 3D-neuaru. Pasmep ¢eppuTHBIX 3epeH B 30HE 2
n3MeHseTcs B npeaenax ot 11 1o 16,3 Mkm o Mepe yBenmuueHuns KoamdecTsa cioeB. [locreneHHoe HakomieHue Temia npu 3D-nedatn npuBoAnT
K (DOPMUPOBAHHIO CTPYKTYp B 30HE 3 B YCJOBHSX IEpPErpeBa U CHUIKCHHOW CKOPOCTH OXJIQX/CHUS, BCICACTBHE ATOrO BEPXHSSI YaCTh CTCHKU
(30Ha 3) COCTOMT M3 KPYMHBIX (EeppUTHBIX 3epeH (pazmepoM 10 29,8 MKM), copOuTa, HEOOIBIION J0JIM BUHAMAHIITETTOBOTO M HUIOJIBYATOTO

(eppura. OnHOpPOAHOE pacIpesieieHHe MUKPOTBEPAOCTH U ONTHMAJIbHBIE MEXaHHUYECKHE XapaKTEPUCTUKH (O

= 340 MIla, o, = 470 MIla,

02

€ =28 %) cOOTBETCTBYeT 00pa3LiaM, BEIPE3aHHBIM U3 30HBI 2 B HAIIPABICHHUN, apajuebHoM 3D-nedarn. O6pasibl, BEIPE3aHHbIE B BEPTHKAIEHOM
HAIpaBJICHUU OTHOCHUTENbHO 3D-meyatn u3 30HBI 3, JAEMOHCTPUPYIOT CaMble HM3KHE MHKPOTBEPJIOCTh M MEXAaHHYECKHE XapaKTePHUCTHKU

(6,, = 260 MIla, 6, = 425 MITa, £ = 20 %).
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- INTRODUCTION

Over the past few decades, there has been active
development in additive manufacturing of products and
the restoration of machine parts using this technology [1].
Additive technologies are in high demand in aviation,
the space industry, medicine, and mechanical engineering,
and their application is economically feasible for manu-
facturing prototypes and small-batch production. These
technologies are unique and indispensable, particularly
for producing parts with complex internal geometry,
where the addition of internal stiffeners, the creation
of channel systems inside the product, or the manufactu-
ring of parts with minimal loss of expensive raw materials
is essential [2]. Currently, various technologies for addi-
tive manufacturing of metal parts can be distinguished,
including powder-based methods such as selective laser
melting, direct laser deposition, and plasma-transferred
arc hardfacing, as well as wire-based methods like elec-
tron beam wire-feed additive manufacturing and wire and
arc additive manufacturing (WAAM) [3].

The WAAM process in a shielding gas environment
(GMAW) is the most common, high-performance, cost-
effective, and simple technology. This process offers
rapid deposition rates of about 4 — 9 kg/h [4] and enables
the creation of complex dimensional structures.

The technology of material deposition with a con-
sumable electrode in the environment of shielding
inert (MIG) or active (MAG) gases allows the deposi-
tion of a wide range of metals, including layer-by-layer
deposition of difficult-to-machine alloys such as tita-
nium [5; 6]. In some cases, subsequent heat treatment
is required to obtain specified mechanical properties.
Each layer in the 3D printing process undergoes multiple
thermal heatings that attenuate when moving away from
the place of a new layer deposition. All layers are unique
as heat accumulates in the wall while heat removal is
insufficient [7]. Consequently, the thermal history is
shaped, leading to structural-phase transformations and
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alterations in internal stresses [8]. Uncontrolled thermal
impact can pose a significant challenge for alloys requir-
ing multi-stage heat treatment [9].

Another critical issue is the anisotropy of mechani-
cal properties. The growth of columnar crystals during
3D printing, directed heat removal during cooling,
the formation of layer boundaries, and the varying ther-
mal stresses experienced by each layer result in hetero-
geneous mechanical properties in different cross-sections
of the product [10]. This anisotropy in mechanical pro-
perties significantly complicates the process of designing
and obtaining volumetric items with specified parameters.

The objective of this study was to investigate
the features of structure formation during 3D printing
with structural steel wire and its impact on the distri-
bution of mechanical properties in different sections
of the product.

[ MATERIALS AND METHODS

A copper-coated ER70S-6 wire with a diameter
of 1.2 mm was utilized for layer-by-layer 3D printing.
As a substrate, we employed steel of 09G2S grade with a
similar chemical composition, designed for the production
of parts and elements in welded structures. The substrate
was 10 mm thick and was selected to minimize thermal
distortion during the 3D printing process. The chemical
composition of the materials is provided in Table 1.

Metal wire deposition was carried out using a system
comprising a FANUC AM-100iD multi-axis mechanized
manipulator (Fig. 1, a) integrated with an EWM Titan
XQ R 400 welding machine. The wire was deposited in
GMAW mode by the MAG method, employing a mix-
ture of carbon dioxide and argon in a ratio of 82 % Ar
and 18 % CO,. The optimal 3D printing parameters were
pre-selected based on the synergistic curves provided
by the manufacturer. This selection aimed to ensure stable
arcing, minimal spattering, and the deposition of even
layers.
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Table 1

Chemical composition of 09G2S substrate and ER70S-6 wire

Tabnuya 1. Xumudeckuii coctaB Matepuasa nomiokku 09I'2C u npososioku ER70S-6

. Element content, wt. %
Material - -
@ Si Mn Ni Cr Cu P/S/N Fe
09G2S upto 0.12 | 05-0.8 | 1.3—-1.7 | upto0.30 | upto0.30 | upto 0.30 | upto 0.01 | =96.8
ER70S-6 | 0.06—0.10| 09-1.1 | 1.6—1.8 | upto0.02 | upto0.02 | upto 0.02 | upto 0.01 | =96.4

The most common structural element is the vertical
wall, which was produced using 3D printing by deposi-
ting layers, each 100 mm long, in 50 passes. Layers were
deposited at regular intervals (30 s) with a slight horizon-
tal shift (2 mm) to increase the width of the wall. The wel-
ding torch was tilted at a 10° angle against the substrate,
moved “backhand”. The distance between the torch tip
and the workpiece was approximately 10 — 12 mm.

The scheme for cutting samples from the wall is illust-
rated in Fig. 1, 5. To conduct microstructural studies, a
cross-section of the wall (highlighted in gray in Fig. 1, b)
was fabricated, encompassing the substrate itself. This facil-
itated additional analysis of the microstructure in the heat-
affected zone. The structural analysis of the samples was
conducted using the Carl Zeiss Axiovert 25 microscope and
LEO EVO 50 scanning electron microscope at the Nanotech
Center for Collective Use of the Institute of Strength Phys-
ics and Materials Science, Siberian Branch, RAS. The fer-
rite grain size was determined using the method of count-
ing intersections of grain boundaries (GOST 5639 — §82).
Tensile samples were extracted from both the substrate
and the wall, in both horizontal (from the top and bottom

of the wall) and vertical directions relative to the 3D print-
ing. The working part of the double-bladed shaped samples
had dimensions of 4.0x1.5%40 mm. Static tensile tests were
conducted on an Instron 5582 electromechanical machine
with a crosshead travel speed of 0.6 mm/min. Microhard-
ness was assessed using a PTM-3 device with a load on
the Vickers pyramid of 0.98 N (100 g).

[ RESEARCH RESULTS

Microstructural studies

Following 3D printing in the GMAW print mode,
the wall was successfully formed. The geometric charac-
teristics of the wall include a height of 66 mm, a width
ranging from 9.7 to 10.4 mm; and a 2 mm recess in
the substrate.

Macroanalysis of the outer surface of the wall revealed
that in the lower part, the boundaries between the layers
are smooth and clear (Fig. 1, ¢). However, towards the top
of the wall (approximately from its middle), undulating
layer boundaries are formed.

C——"
Wall
C——"

3 zone

Substrate

2 zone

+ 1 zone

Fig. 1. Photograph of the FANUC ARC Mate-100iD multi-axis robot (a), samples cutting scheme (b),
the wall photograph (c), the wall zones scheme (d)

Puc. 1. ®ororpadus muoroocesoro pobora FANUC ARC Mate-100iD (a), cxema Bbipe3ku 00pa3ios (b),
¢ortorpadus cTeHKH () U cXeMa 30H B CTEHKE (d)
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The 09G2S steel substrate exhibited a ferrite-perlite
structure with pronounced banding in the rolling direction
(Fig. 2, a). The average ferrite grain size was 18 £ 1 um.
In the heat-affected zone, the steel structure transitions
from bainitic to ferrite-pearlitic (Fig. 2, b).

In the cross-section of the printed wall, three dis-
tinct zones can be identified, as illustrated in Fig. 1, d.
The dimensions of zones /, 2, and 3 were 3 mm (4 %),
35mm (52 %), and 30 mm (44 %), respectively. It is
worth noting that the sum of all zones exceeds the wall
height due to zone / incorporating a portion of the melted
substrate (Fig. 1, ¢).

Zone 1, located at the base of the wall and the boun-
dary layer with the substrate, is approximately 3 mm in
height. It consists of large elongated columnar-shaped
grains (Fig. 2, d). Allotriomorphic ferrite formed along
the boundaries of former austenitic grains, with acicular
ferrite developing inside the grains.

Zone 2 situated in the middle part of the wall, is
approximately 35 mm in height and is characterized
by ferrite grains with pearlite inclusions (Fig. 2, e).
The average ferrite grain size in this zone varies from
11 + 1 pm in the lower part of zone 2 to 16.3 £ 2 um in
the upper part, relative to the wall height.

Zone 3, located in the upper part of the wall, is appro-
ximately 30 mm in height and comprises non-equiaxial
ferrite grains, Widmanstitten ferrite, separate regions
with acicular ferrite, and a pearlitic component (Fig. 2, f).
The average size of ferrite grains in this zone is signifi-
cantly larger, measuring 29.8 £+ 2 pum.

At the microstructural level, the boundaries between
the zones within the wall are not distinctly defined.
The transitions between them are seamless and often
occupy a substantial portion of the overall area.

The pearlite component and its distribution in the wall
structure were examined in greater detail using a scanning

Fig. 2. Optical (a, b, d — f) and SEM (¢, g — i) photographs of the substrate microstructure (a — ¢), the wall base (zones /) (d, ),
the wall middle part (zones 2) (e, &), the wall top parts (zone 3) (f; i)

Puc. 2. Ontuueckue (a, b, d — f) u POM (c, g — i) hoTorpaduu MUKPOCTPYKTYpbI IOIOKKH (a — ¢), OCHOBaHHSA CTEHKH (30HHI /) (d, g),
cpenHeil yactu cTeHku (30HbI 2) (e, 1), BepxHei yacti cTeHku (30HbI 3) (f; i)
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electron microscope (Fig. 2, ¢, & — 7). In the 09G2S steel
substrate, lamellar pearlite with an interlamellar spac-
ing of about 0.4 + 0.04 um was identified (Fig. 2, ¢). As
the fusion boundary with the wall was approached, granu-
lar pearlite formed in the heat-affected zone. This granular
pearlite is likely a result of insufficient austenitization dur-
ing the short-term heating of the substrate, leading to an
inhomogeneous carbon concentration in austenite.

No areas of pearlite were found in zone /. Instead,
individual cementite particles and thin interlayers were
observed near the boundaries of former austenitic grains
and acicular ferrite (Fig. 2, ). In zone 2, granular pearlite
was observed, distributed along the ferrite grain boundar-
ies (Fig. 2, 7).

In zone 3, the distribution of the pearlite component is
heterogeneous. As one moves away from zone 2, the pro-
portion of granular pearlite in the structure decreases, and
lamellar pearlite is formed instead (Fig. 2, 7). The inter-
lamellar spacing in the lamellar pearlite in zone 3 is
0.25 £ 0.03 um, corresponding to the sorbite structure.
In the upper part of the wall, within a distance of up
to 3 mm from its top, the proportion of the pearlitic com-
ponent decreases.

Microhardness measurement

Microhardness measurements were conducted
on the cross-section of the wall (Fig. 3, a). The origin on
the abscissa corresponds to the rear part of the substrate
(as depicted in Fig. 1, d). The microhardness of the sub-
strate material was recorded as 1.6 GPa. In the heat-
affected zone (~7 mm), microhardness initially decreased
to 1.35 GPa and then returned to the initial values
of the substrate material microhardness. As the fusion

2.2
a
Substrate zone / zone 2 zone 3
2.0
Substrate
in the initial
o 1.8 state
o
S/
T o6l ok
14
12 1 1 1 1 1 1 1 1
-10 0 10 20 30 40 50 60 70 80

Distance, mm

boundary is approached, microhardness increases in
zone /. The acicular ferrite structure in zone / exhibits
the highest microhardness values, reaching approximately
1.8 GPa. Given the limited length of this zone (Fig. 3, a),
the graph only displays a portion of the measured points.

In zone 2 and partially in zone 3, microhardness
gradually decreases, with a more intensive reduction and
greater spread of values observed in zone 3. As the upper
boundary of the wall is approached, microhardness
increases from 1.3 to 1.5 GPa.

Static tensile tests

Static tensile tests were conducted on samples cut in
both horizontal (from the bottom and top of the wall)
and vertical directions relative to 3D printing (Fig. 1, b).
The need to test samples from the lower (zone 2) and
upper (zone 3) parts of the wall arises from differences in
both the macrogeometry of the layers (presence of undu-
lating layer boundaries in zone 3) and the microstructure
in zones 2 and 3.

In this study, the substrate and reference data on
the mechanical properties of the ER70S-6 wire served
as the baseline for evaluating the mechanical proper-
ties of the wall. The samples cut in the vertical and hori-
zontal directions (from zone 3) relative to 3D printing
exhibit the lowest strength characteristics, even when
compared to the substrate material (Fig. 3, b; Table 2).
Simultaneously, the values of yield strength and tensile
strength are close, but the plasticity of the samples from
the vertical section is lower. Samples from the lower part
of the wall (zone 2) exhibit higher strength properties and
are closer to the reference values of the wire’s mechanical
properties.

600

Substrate  ,ope 2

500

400

Vertical sample

300

H, GPa

200

100

10 15 20 24

30

Relative elongation, %

Fig. 3. Microhardness of the wall cross-section measured by its height (), graphs of static tension (b)

Puc. 3. MUKpPOTBEpAOCTH B MOMEPEUHOM CEUCHUH CTEHKH, H3MEPEHHasI 110 €€ BbicoTe (b),
JUarpaMMbl CTaTHYECKOTO pacTsuKeHus (0)
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Table 2

Results of static tensile test

Ta6ﬂuua 2. Pe3yJILTaTl>l HCNBITAHUSA HA CTATUYECKOC PACTIKCHUE

State Part of the wall Gy,» MPa | o , MPa €, %
09G2S substrate 280+ 7 440+8 | 28«3
ER70S-6 (reference data) - 480 —550 | 22 -30
upper (zone 3) 260+9 | 422+ 11 | 26+2
GMAW lower (zone 2) 340+ 10 | 472+10 | 28+3
vertical section 265+ 11 | 428 £12 | 202

Samples cut from zone 2 and the substrate demon-
strate a wide yield plateau, whereas samples from zone 3
and the vertical wall section have a much smaller yield
plateau. The samples from the vertical wall section fail at
the weakest point of the sample corresponding to zone 3,
aligning with the calculated tensile strength in these
regions of the wall.

[ RESULTS AND DISCUSSION

Layer-by-layer printing of products induces cyclic
heating and multiple phase transformations of underlying
layers [11]. With an increase in the number of 3D prin-
ting passes, heat accumulates in the wall, and the cool-
ing rate decreases. Over time, during the deposition
of a new layer, excessive spreading and distortion occur
due to heat accumulation in the wall. This “critical”
heat accumulation begins approximately in the middle
of the wall, where undulating layer boundaries are clearly
visualized. A similar effect observed in 3D wall printing
is discussed in [9].

The structure in zone / originated from the specific
conditions during deposition of the first layers on the sub-
strate. The 3D printing of the wall initiated at room tem-
perature and was performed on a substrate mounted on
a solid metal table. This setup significantly enhances
heat removal for the initial wall layers, resulting in
a high crystallization rate and a significant thermal gradi-
ent, facilitating the epitaxial growth of austenitic grains
(Fig. 2, d) [12]. The formation of allotriomorphic ferrite
along the boundaries of former austenitic grains suggests
the occurrence of partial diffusion processes. However,
acicular ferrite is formed internally, representing a struc-
ture of intermediate bainitic transformation, typical in
welds [13]. A similar pattern of structure formation dur-
ing 3D printing of walls is discussed in [7; 14 — 16].

For subsequent layers, heat removal was reduced, both
due to substrate heating and a decrease in the contact area
with the substrate. Consequently, during 3D printing,
with the deposition of each new layer, the underlying lay-
ers experience overheating, resulting in recrystallization.
Dispersed polygonal ferrite grains and granular pearlite
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are also formed (Fig. 2, /). Granular pearlite is formed
due to cyclic heating of layers and insufficient holding
time, limiting the time for adequate austenite homogeni-
zation.

The upper part of the wall (zone 3), being formed
at higher heating temperatures affecting the underlying
layers, reduced cooling rates, and sufficient homogeni-
zation of austenite, exhibits a predominantly ferrite-sor-
bitic structure with a small proportion of Widmanstatten
and acicular ferrite. Similar results were demonstrated
in [17; 18]. However, as the number of layers increases,
and hence the heat build-up in the wall, the size of ferrite
grains also increases (up to 29.8 =2 pm). The very last
layers of the wall, due to direct contact with the atmo-
sphere, cool at a higher rate and do not recrystallize
as a result of reheating from the following layers [19],
resulting in fewer sorbitic regions and a larger proportion
of the bainitic component (Widmanstatten and acicular
ferrite). This accounts for the less pronounced yield pla-
teau of samples from zone 3 and the vertical wall section.
Previous studies have shown that when more than 20 %
of the bainite phase is present in the structure of low-car-
bon steel, the yield plateau in the tension graph completely
disappears [20]. Another reason for the shorter yield pla-
teau may be the coarse-grained structure, as fine-grained
steels are known to have a longer yield plateau and higher
yield strength due to a larger number of contact resis-
tances at grain boundaries compared to coarse-grained
steels. The inhomogeneous deformation on the parabolic
part of the load curve of the sample from the vertical sec-
tion may be related to its having an inhomogeneous struc-
ture, as it was cut from the wall region containing zones 2
and 3.

Changes in microstructure along the wall height cor-
relate with with variations in microhardness (Fig. 3, a).
Microhardness decreases in the heat-affected zone
of the substrate material due to several reasons. As
the first layers form with short-term substrate heating,
the material undergoes tempering, and granular pear-
lite is formed. The microhardness in zone [ increases
(up to about 1.8 GPa) due to the formation of the acicular
ferrite structure. Residual stresses resulting from abrupt
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heat removal [19] can also contribute to the increase in
microhardness.

In zone 2, microhardness gradually decreases as
the ferrite-perlite structure forms, and the grain sizes
increase from 11 +1 to 16.3 +2 pm due to heat accu-
mulation during layer deposition and a lower cool-
ing rate. Microhardness in zone 3 further decreases
(to 1.3 GPa) owing to an increase in the average grain size
t0 29.8 £ 2 um. Closer to the top of the wall, correspond-
ing to the last deposited layers, microhardness increases
(from 1.3 to 1.5 GPa) due to a higher cooling rate and an
increase in the proportion of Widmanstatten and acicu-
lar ferrite. The boundary of this transition corresponds
to a depth of 4 mm from the top of the wall (zone 3) and is
accompanied by a large spread of microhardness values.
This is because structures with very different microhard-
ness values are formed, such as large ferrite grains and
regions of acicular ferrite.

Thus, the most uniform level of microhardness
values and the most optimal mechanical characteris-
tics are observed in zone 2. As the wall sections are
formed, the main issues causing increased microhard-
ness (zone /) or, on the contrary, decreased values of this
parameter (zone 3) are the excessively high cooling rate
due to the rapid heat removal to the substrate or severe
overheating in the upper part of the wall due to low
heat removal. Possible solutions to these problems may
include, firstly, substrate preheating aimed at reduc-
ing the cooling rate in the first layers, and secondly, an
increase in the time interval before depositing each layer
to allow the previously formed layers to cool to the speci-
fied temperature.

[ ConcLusiONs

We investigated the structure and mechanical proper-
ties of the steel wall produced using the electric arc addi-
tive technology (WAAM) with ER70S-6 wire on the sub-
strate made of 09G2S steel.

Due to the rapid heat removal to the substrate during
the initial stages of 3D printing, large austenitic grains
with a columnar shape are formed in the structure
of the wall base (zone /). Along the grain boundaries,
allotriomorphic ferrite is released during rapid cooling,
and within them, bainite transformation occurs, leading
to the formation acicular ferrite. This type of structure
is characterized by the highest microhardness values
(up to 1.8 GPa).

The middle part of the wall (zone 2) consists of fer-
rite grains (11 £ 1 to 16.3 £ 2 pm in size) with inclusions
of granular pearlite. This dispersed structure is formed
through recrystallization during cyclic heating and
a decrease in the cooling rate caused by heat accumula-
tion during multiple 3D printing passes. The formation

of this structure results in lower microhardness in zone 2
(up to 1.3 GPa) compared to microhardness in zone /.
The increased values of accumulated heat and over-
heating in the upper zones of the wall lead to excessive
“spreading” of the forming layers and formation of undu-
lating boundaries (zone 3).

High temperatures and low cooling rates result in
the formation of a coarse-grained structure (with a grain
size up to 29.8 = 2 um), including sections of ferrite and
sorbite with inclusions of Widemanstatten and acicu-
lar ferrite. Consequently, the microhardness decreases
to 1.3 GPa in this zone.

Static tensile tests revealed anisotropy in the mechani-
cal properties of the wall material in different directions
relative to 3D printing. The best mechanical properties
were recorded in the lower part of the wall (zone 2) for
the samples cutin the horizontal direction (o, , = 340 MPa,
6, =470 MPa). The samples cut in the vertical direction
relative to 3D printing from zone 3 exhibited the worst
strength characteristics (o, = 260 MPa, 6 = 425 MPa).
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