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The microstructure and mechanical properties of a billet obtained by electron-beam additive manufacturing (EBAM) using an
industrial welding wire of low-carbon steel were studied. After EBAM, the steel billet possesses the phase composition constant
in volume (ferrite with carbides). Deformation behavior of samples of steel obtained by the additive methods depends on their
position in the billet. In its lower part, which is characterized by a high cooling rate in the EBAM-process, predominantly
equiaxed ferrite grains with an average size of 15 pm are formed. The mechanical properties and deformation behavior (the
presence of a yield plateau, the stages of plastic flow) of this part of the billet are close to those of normalized low-carbon
steel obtained by conventional methods of metallurgy and thermomechanical processing. In the middle and top parts of the
billet, the coarse non-equiaxed ferritic grains (hundreds of micrometers) form. The mechanical properties in this part weakly
depend on the position of the samples and their orientation relative to the building direction of the billet — the yield plateau
disappears; the yield stress, the ultimate tensile strength, the elongation become lower than those of the normalized low-
carbon steel obtained by the conventional method. Despite the predominance of ferritic grains (with carbides), a small portion
of grains with a lamellar ferrite morphology resembling martensite or bainite is observed in all parts of the billet. The latter
is the result of a complex thermal history of the billet, which can undergo multiple phase transformations during successive
heating and cooling cycles.
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MuKpOCTPYKTypa M MeXaHIYeCKe CBOIICTBA MaJIOyITIePORVICTON
cTraim, IIOJIY‘ICHHOﬁ METOAOM IIEKTPOHHO-TYI€BOT'O
aJJITUBHOTO MPON3BOACTBA
Acradyposa E.I.", Menbunkos E. B, Actadpypos C.B., [Tanuenko M. 1O., Peynosa K. A.,
Mocksuna B. A., Maiiep I.T., Kony6aes E. A.

MucturyT ¢dusuku npounoctn n Marepuanosefenust CO PAH, Tomck, 634055, Poccust

B Hacrosmeit pabore n3ydeHa MUKPOCTPYKTYpa, Ga3oBBIil COCTAB U MeXaHNYeCKIe CBOJICTBA 3arOTOBKY U3 MaJIOyIJIepO-
IVCTOJ CTaly, HMONYYEHHOJ METOLIOM 9/IeKTPOHHO-JY4eBOro ajfuTuBHOro mpoussopcta (DJIAII) ¢ mcnonb3oBaHMeM
IIPOMBIIIJIEHHO} CBApOYHOI IpoBomoky Mapku 08I'2C. OkcmepruMeHTanbHO MOKa3aHo, 4To mponecc DJIAII mossomser
cpopMUpOBaTh CTATBHYIO 3aTOTOBKY MajIOYITIEPOAVICTON CTa/IM C IIOCTOAHHBIM II0 00beMy (pa3oBbIM cocTaBoM (deppur
¢ kapougamu). IIpy aToM fedopManiOHHOE ITOBefieHNe afiiUTYBHO-IOYYeHHOI CTa/IM 3aBUCUT OT HOMIOXeHMs 00pas1ioB
B 3arOTOBKe. B HIDKHEII ee 4acTu, i1 KOTOPOIT XapaKTepHa BBICOKas CKOPOCTb OXMaxzeHMs B mpouecce JJIATII, mponcxo-
InT popMUpOBaHNe NPEUMYIIECTBEHHO PaBHOOCHBIX (DepPUTHBIX 3€PeH CO CpefHMM pasMepoM 15 MkM. MexaHmdyeckue
cBolicTBa U fedpopMalMOHHOe IOBefeHVe (Hamy4due IUIOMAfKY TeKY4ecTH, CTaiMIIHOCTD IIACTUYECKOIO TeUeHMA) 9TON
YacTM 3arOTOBKM OJM3KYM K CBOVICTBaM HOpManusoBaHHOM cramy 09I2C, momydeHHON TpagMIMOHHBIMU MeTOfaMMU
MeTaJUIypruyl I TepMOMeXaHU4ecKoil 06paboTKu. B ocTanbHOI YacTy 3aroTOBKM (LIeHTPaIbHON 1 BepXHel) popMupyeTcs
CTPYKTYpa C HepaBHOOCHBIMM (pepPUTHBIMY 3epHAMU, Pa3Mepbl KOTOPBIX JOCTUTAIOT COTEH MUKPOMETpPOB. MexaHM4eckie
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CBOJICTBA B 9TOI YacTU CTa00 3aBUCAT OT MOTOXKEHNUA 0Opasl[OB U MX OPMEHTALMM OTHOCUTE/IbHO HAIIpaBJIeHUA POCTa
3aTOTOBKM — IUIOLafIKa TE€KYYeCTH BBIPOXKIAETCS, IPefle/ibl TeKy4eCTV ¥ IPOYHOCTH, YIAJMHEHMA CTaHOBATCA HIDKE,
4yeM y HopManmn3oBaHHoi ctamy 0912C, mony4eHHOI TpafUIMOHHBIM ciocob6oM. HecMoTps Ha mpeobnafganue GpeppUTHBIX
3epeH (c KapOupamu), BO BCeX YAaCTAX 3aTOTOBKM HabmiomaeTcA HeOGOMbIIAsA JONA 3epeH C INTaCTMHYATON MOpdomornei
¢deppura, HaOMMHAIOLEl MapTeHCUT Wy 6eitHuUT. IlocmenHee ABIAETCA Pe3yIbTaTOM CIIOXKHOI TEPMUYECKON MCTOPUU
3aTOTOBKM, KOTOpas B Ipollecce IOC/Iel0BaTeNbHbIX IIMK/IOB HarpeBa ¥ OX/IaXKIEeH!A MOXKET IIpeTeplieBaTh MHOTOKpaTHbIE

(dhasoBble peBpaleHys..

KiroueBbie c1oBa: MaJIOyITIEPOAMICTAsA CTa/lb, IEKTPOHHO-Ty4€BOE aAANTIIBHOE IIPOM3BOACTBO, MEXaHMIECKNIE CBOJICTBA, MUKPOCTPYKTYypa.

1. Introduction

The development of additive manufacturing is focused
on obtaining new promising materials or adapting the
technological cycle to produce conventional alloys. Low-
carbon steels are among the most demanded structural
materials in the world. They combine low cost and excellent
mechanical properties, which can be varied over a wide range
[1]. Additive technologies, including electron-beam additive
manufacturing (EBAM), allow forming large-scale products
of various shapes and complex internal architecture [2,3].
Despite the perspective of additive manufacture of steel
[4], there are still not so many works exploring additively-
produced low-carbon steels [5-7]. Ahsan et al. [5] studied
the structure and mechanical properties of low-carbon steel,
produced by wire arc additive manufacturing (WAAM). They
showed that steel possesses a mixed structure with acicular,
polygonal and Widmanstatten ferrite, while they did not
reveal any segregations or heterogeneity in the elemental
composition. Under tension such steel demonstrates rather
low mechanical properties: the yield stress less than 300 MPa
and the elongation =10%. The authors of the research [6] also
used the WAAM method to form a billet from low-carbon
steel. But its mechanical properties were high: yield stress
approximately equal to 800 MPa and elongation 10-12%,
the authors revealed anisotropy of mechanical properties
in the additively-obtained specimens. The structure was
heterogeneous throughout the billet and consisted of a
mixture of ferrite, troostite, and austenitic-martensitic areas.
The authors of [7], on the contrary, noted the absence of
anisotropy of mechanical properties in low-carbon steel
produced by submerged arc additive manufacturing. They
suggested that due to multiple heating and cooling cycles
of the billet under additive manufacturing, elongated large
ferrite grains undergo multiple allotropic transformations
and recrystallize with the formation of fine-grained ferrite
(yield stress is 330 - 346 MPa, elongation 32 -39%).

In view of the complex thermal history and, as a
consequence, the variety of the resulting phase compositions,
detailed studies on the effect of additive manufacturing
methods and regimes on the properties of such steels are
required. In this work, we studied the microstructure, phase
composition and mechanical properties in different parts of a
steel billet obtained by the EBAM method using a low-carbon
steel wire.

2. Materials and methods

Using a laboratory unit for EBAM, a steel billet (wall) with
linear dimensions of 110x30x5 mm was produced. A

welding wire Fe-(1.8-2.1)Mn-(0.7-0.95)Si-(0.05-0.11)C
(mass.%) with a diameter of 1.2 mm was used as the raw
material. The following technological parameters were used:
beam current 44 -50 mA, accelerating voltage 30 kV, wire
feeding rate 350 mm/min, ellipse-shaped beam of 3 x4 mm
and scanning frequency 1 kHz. The process was conducted in
vacuum (P=1x10" Pa). The wall was obtained by sequential
layer-by-layer deposition of 30 parallel layers (Fig. 1a). The
substrate material (austenitic stainless steel) was not cooled
during EBAM.

Flat proportional dumbbell-shaped specimens were
cut from the resulting billet. A scheme of the orientation
of tensile specimens in the billet is shown in Fig. 1b. After
mechanical grinding and electrolytic polishing in a solution
of 25gCrO,+200mlIH,PO,, the dimensions of the gauge
sections of the specimens were 12 x 2.6 x1.2 mm.

To compare the mechanical properties of additively-
manufactured low-carbon steel (AM-LCS) with that obtained
by conventional methods (C-LCS), specimens of industrial low-
carbon steel (Fe-(1.3-1.7)Mn-(0.5-0.8)Si-<0.12 C, mass.%)
were prepared. They were subjected to normalization at a
temperature of 980°C for 0.5 h with air cooling.

Mechanical tests of the specimens were conducted by the
method of uniaxial static tension at room temperature and
an initial strain rate of 5x107* s™' using an LFM-125 testing
machine (Walter+Bai AG).

X-raydiftraction (XRD) phase and structural analyses were
carried out using a DRON 7 diffractometer (Bourevestnik) with
Co-Ka radiation. The crystal lattice parameters of the ferrite
phase (a) were calculated by extrapolation the dependence
of the a,, -values, obtained for each X-ray line with the (hkI)
indices, plotted against the (cos0cot) function. Analysis of
the microstructure of the specimens was performed using a
scanning electron microscope (SEM, LEO EVO 50, Zeiss).
In addition to the SE-SEM (secondary electrons) regime,
the BSE-SEM (back scattered diftraction) regime was used.
Before structural studies, the surface of the specimens was
chemically etched in a solution of 50 mIH,O +5gFeCl,. Flat
specimens for microstructural analysis were cut normal to
the deposition direction.

3. Results and discussion

Figs. 1c and 2 show XRD patterns and SEM images for steel
specimens obtained by different methods.

All XRD patterns contain reflections corresponding a-Fe
with a bce crystal lattice. The microstructure of C-LCS steel
was a ferritic-pearlitic mixture with a ferrite lattice parameter
a=2.8699+0.0013 A. The average size of ferritic grains is
d,=17+3 pym. The microstructure of ferritic-pearlitic steel is
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Fig. 1. (Color online) Scheme of deposition in EBAM (a), scheme of orientation of tensile specimens relative to the building direction (b),
XRD patterns for C-LCS and AM-LCS (for different parts of the wall) (c).
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Fig. 2. (Color online) SEM-images of the microstructure of AM-LCS specimens: top (a,b), middle (c,d), and bottom (e, f) parts of the wall
(at the distance of 5, 15 and 25 mm to the substrate). BSE-SEM regime (a, ¢, e); SE-SEM regime (b, d, f).
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similar to that previously described in [1, 8]. The XRD results
showed that the lattice parameter of AM-LCS additive steel
weakly depends on the specimen position in the billet: in the
lower part (“bottom”) it is 2.8693+0.0010 A, in the central
(“middle”) — 2.8695+0.0015 A, in the upper (“top”) —
2.8698+0.0016 A. These values are close to the data for
C-LCS steel in the normalized state. Despite this, a shift of
(110)_ X-ray lines is observed in the additively-manufactured
specimens relative to C-LCS ones (Fig. 1c, insert), which
could be associated both with the internal stresses inherent in
additive materials and with a possible phase transformation
during heating-cooling cycles [9].

The microstructure of the additively-manufactured
specimens is heterogeneous along the wall height (Fig. 2).
The main phase is ferrite. Quasi-equiaxial ferritic grains
are characteristic of the lower part (Fig. 2e, ), their average
diameter is df=15i3 pm. In the central and upper parts
of the wall, the structure has non-equiaxed coarse ferrite
grains, the size of which reaches hundreds of micrometers.
The heterogeneous surface relief observed in SEM images is
due to the presence of large spherical carbides in the grain
bodies, their size reaches 2 pm (grains with large carbides,
in which particles are most clearly visible, are highlighted by
yellow circles in Fig. 2b,d,f). Spherical grains with lamellar
morphology characteristic of the martensite or carbide-free
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bainite structure [1] is rarely observed (highlighted by blue
circles in Fig. 2b,d,f). In the central part of the billet, such
lamellar regions are observed more frequently than in the
upper and lower parts, they were located at the boundaries
of large ferrite grains and their size reached d_=50+20 um
(Fig. 2d) (=10 pum in other parts of the billet). The specimens
are completely free of pores. Black areas in Figs. 2a,c, and e
arises due to the etching of the specimen and high contrast in
the BSE-SEM regime.

The rather fine-grained structure in the lower part
of the billet is caused by the high cooling rate at the very
beginning of the EBAM process, as was previously shown
in [7,10,11]. During the further process, a decrease in the
cooling rate is accompanied by grain growth, but the phase
transformations occurring in this case prevent the formation
of columnar ferrite grains by analogy with the previously
established regularities [7]. That is, in contrast to additively-
manufactured austenitic steels [10], low-carbon steel is not
characterized by the formation of large columnar grains with
the length comparable to the wall height.

The cooling rate at the beginning of the process, when
the substrate is not yet heated, is probably sufficient for the
formation of martensite in the lower part of the billet. But
in the process of deposition of subsequent layers, all layers
are significantly heated for many times, and the cooling rate
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Fig. 3. (Color online) Flow curves in engineering coordinates for samples of C-LCS steel and AM-LCS. The EBAM numbering of samples

(1-9) corresponds to the scheme in Fig. 1b.
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constantly decreases. That is, with repeated “heating-cooling”
cycles, martensite can transform into ferrite of various
morphologies or bainite. The ferrite morphology in various
parts of the wall is different because of the different rate of
crystallization and subsequent “thermal history” (i.e., what
was the sequence of phase transformations in “heating-
cooling” cycles). Despite the fact that the “thermal history”
of various parts of the wall is different, its phase composition
is constant (ferrite with carbides), and the main differences
are observed, first of all, in the size and shape of ferrite grains.

Fig. 3 shows tensile diagrams for specimens of normalized
conventional steel and EBAM-obtained one, depending on
the specimens’ orientation relative to the building direction
of the wall (Fig. 1b). Data on the mechanical properties of the
specimens (yield stress (o,,), ultimate tensile strength (o),
elongation to failure (8)) are summarized in Table 1.

The diagrams for C-LCS steel have the form typical
for normalized low-carbon steels — with a yield plateau
and subsequent parabolic hardening (Fig. 3). Mechanical
properties and regularities of plastic flow for additively-
manufactured specimens cut in the lower part of the billet
(along the direction of deposition layers) are similar to those
established for low-carbon conventional steel (Fig.3d).
These specimens are characterized by a structure with rather
fine spherical grains, the size of which (15 um) is close to
the average grain size in C-LCS (17 pm). Despite the close
structural parameters and regularities of plastic deformation,
the yield stress of the additively-obtained specimens is 10%
higher than that of C-LCS (Table 1). The yield plateau, which
is typically associated with the formation of the Luders-
Chernov band and described by the locking (and unlocking)
of dislocations by atmospheres of carbon atoms [12], is also
slightly longer in the AM-LCS specimens (Fig. 3d). All this
confirms the assumption that the high rate of cooling of billet
at the beginning of the EBAM process provides not only the
formation of a fine ferrite grain, but also the preservation of
some carbon atoms in the solid solution.

For specimens corresponding to the central and upper
parts of the EBAM-manufactured billet, the mechanical
properties are close (Table 1). The tensile diagrams of these
specimens are similar, but as the upper part of the billet
is approached, the length of the yield plateau decreases
(Fig. 3b,c). At the same time, the yield stress values of
additively-manufactured specimens are lower than those of

normalized steel. A slight anisotropy of mechanical properties
is observed (Table 1, Fig. 3a,b, c). This behavior is due to the
formation of large ferritic grains (an order of magnitude
larger compared to C-LCS steel) and is in accordance with
the data in [5,7]. A lower crystallization rate and a higher
temperature, to which the billet cools down in “heating-
cooling” cycles when depositing subsequent layers, promotes
grain growth, the formation of carbides and their growth,
and the depletion of the solid-solution by interstitial atoms
(carbon). Despite the established differences, the mechanical
properties of additively-manufactured specimens are not
significantly lower than ones of conventional steel, that is,
the additively-manufactured constructions can be used
without post-production thermal and thermomechanical
treatments.

4. Conclusion

A low-carbon steel billet with a constant phase composition
(ferrite with carbides) was formed using EBAM. In the lower
part of the billet, predominantly equiaxed grains with an
average size of 15 um are formed. In the central and upper
parts, a structure with non-equiaxed ferrite grains hundreds
of micrometers in size is formed. Despite the predominance
of ferritic grains with carbides, a small proportion of grains
with a lamellar morphology reminding martensite or
bainite is observed in all parts of the billet due to the phase
transformations during multiple heating-cooling cycles in
the EBAM process.

The mechanical properties of specimens cut from the
different parts of the billet are close to those of conventional
low-carbon steel with a ferritic-pearlitic structure. The
difference in the grain size of ferrite and the morphology
of the microstructure influence the deformation behavior
of the specimens, but the mechanical properties of the
additively-manufactured specimens are not significantly
lower than those in conventional steel, that is, the additively-
manufactured constructions can be used without post-
production thermal and thermomechanical treatments.
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to the Government research assignment for ISPMS SB RAS,
project FWRW-2019-0030. The studies were conducted using
the equipment of “Nanotech” center (ISPMS SB RAS, Tomsk).

Table 1. Mechanical properties (yield stress — YS, ultimate tensile strength — UTS, relative elongation — El.) of C-LCS and AM-LCS
specimens. The EBAM numbering of samples (1-9) corresponds to the scheme in Fig. 1b.

Notation YS, MPa UTS, MPa El %

C-LCS 309.6 464.8 35.7

AM-LCS, S1 265.1 439.9 28.5

AM-LCS, S2 (horizontal, start, top) 296.7 449.5 24.9
AM-LCS, S3 (horizontal, start, middle) 273.5 430.1 26.1
AM-LCS, $4 (horizontal, start, bottom) 339.2 461.9 35.6
AM-LCS, S5 (vertical, middle) 280.2 4427 31.5
AM-LCS, S6 (horizontal, finish, top) 287.3 462.1 27.5
AM-LCS, S7 (horizontal, finish, middle) 284.3 449.8 33.1
AM-LCS, S8 (horizontal, finish, bottom) 339.5 464.7 36.7
AM-LCS, S9 (vertical, finish) 277.1 441.6 29.8
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