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Abstract. The authors investigated the microstructure, phase composition and mechanical properties of the steel-bronze composite obtained by electron beam
additive manufacturing with simultaneous supply of aluminum bronze wires BrAMc9-2 and stainless steel 06Kh18N9T. X-ray diffraction analysis
revealed that the composite contains 25 % (vol.) of aluminum bronze, which leads to the formation of a three-phase structure consisting of y-Fe, o-Fe
and o-Cu grains. According to scanning electron microscopy, the volume fraction of austenite, ferrite and bronze in the steel —25 % bronze composite
is 40.7, 35.7 and 23.6 %, respectively. Unstable conditions of the electron beam additive manufacturing process lead to the release of dispersed
particles in austenite and ferrite grains. Dispersion-hardened copper particles with an average particle size of 40 nm, the volume fraction of which is
47 %, are isolated in austenite grains. Dispersion-hardened NiAl particles with a volume fraction of 20 % are isolated in ferrite grains, the average
size of which is 44 nm. Transmission electron microscopy data indicate the coherent conjugation of arrays of dispersion-hardened particles with
the matrix. Such a composite structure provides an increase in yield strength and tensile strength by an average of 400 and 600 MPa compared with
yield strength and tensile strength of 06Kh18NI9T steel obtained by electron beam additive manufacturing without bronze addition. Microhardness
of the composite is on average 2.2 GPa, which is 0.4 GPa higher than that of 06Kh18N9T steel obtained by electron beam additive manufacturing
without bronze addition.
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AHHOmayus. ViccnenoBanbl MUKPOCTPYKTYpPa, (ha30BbIi COCTAB U MEXaHUYECKUE XapaKTePUCTHKU KOMIIO3UTA CTallb — OPOH3a, MOJIYYEHHOTO METOIOM

3IEKTPOHHO-IIyYEeBOT0 aJJIMTUBHOIO IIPOU3BOJCTBA C OJHOBPEMEHHOH Iozjadeil IpoBOJIOK anoMUHUEBON OpoH3bl BpAMN9-2 u Hepikaserolei
cramu 06X18HIT. MerosoM pPEHTreHOCTPYKTYPHOTO AHAJIM3a YCTAHOBIICHO, YTO KOMIIO3HT cOlepikHT 25 % (00.) amoMuHHEBOH OpOH3BI
1 3TO NPHUBOAMT K (popmupoBaHHIo Tpex(}aszHOil cTpyKTypsl, coctosieid u3 3epeH y-Fe, a-Fe n o-Cu. [1o gaHHEIM CKaHMpYOLIEH 3IEKTPOHHOI
MHKPOCKOIINY 00bEMHast JI0JIs ayCTEHUTa, heppuTa U OpPOH3bI B KOMIO3HTE cTalb — 25 % O6ponssl cocrasisier 40,7, 35,7 u 23,6 % COOTBETCTBEHHO.
HepaBHoBecHbIE yCIIOBHsI IPOLIECCa EKTPOHHO-IIYYEBOIO I IMTUBHOIO MPOU3BOACTBA MIPUBOIAT K BBIJCICHHIO JUCIEPCHBIX YaCTHIL B 3€pHAX
aycteHuTa U (Qepputa. B 3epHax aycTeHHTa BBIACISIOTCS IMCIEPCUOHHO YHNPOYHSEMBIE YaCTHIBI MEIH CO CpeJHUM pasmepoM uactull 40 HM,
oObeMHast 10151 KOTOpbIX cocrasiser 47 %. B 3epHax deppura BBIAEISIOTCS JUCIEPCUOHHO yrpouHsemble yacTHIbl NiAl ¢ oObeMHOM jonei
20 %, cpenHuii pasmMep KOTOpbIX cocTaBiseT 44 HM. JlaHHBIE MPOCBEUMBAIOIIECH IEKTPOHHON MHKPOCKOIHUHU CBUAETEIBCTBYIOT O KOT€PEHTHOM
CONPSDKEHUH PEIIETOK JAUCHEPCHOHHO YIPOYHSAEMbIX uyacTul ¢ Marpuueil. Takas cTpykTypa KOMIIO3MTa 00€CIeuMBAaeT IOBBILICHHE IIpeiesna
TEKy4eCTH U Ipeniena npodHocTu B cpeaneM Ha 400 u 600 MIla mo cpaBHEHHIO C MpeaenoM TeKydecTH U npenenoM mpounHoct ctamu 06X18HIT,
TOJIy4€HHOH 2JIeKTPOHHO-JIyYEBbIM a1 JUTUBHBIM IPOM3BOACTBOM Oe3 100aBieHus: OpOH3bl. MUKPOTBEPAOCTh KOMIIO3UTA B CPEIHEM COCTaBIAET
2,2 I'lTa, uto Ha 0,4 I'T1a Beitie, uem y ctanu 06X 18HIT, nonydyeHHO# 2IeKTPOHHO-ITyYEeBbIM a/IIUTHBHBIM POM3BOJICTBOM Oe3 100aBiIeH st OPOH3bI.

Knatouesule c/106a: >1eKTPOHHO-Ty4YeBas aJIUTUBHAS TEXHOIOT U, BYXIIPOBOJIOYHOE a[TUTUBHOE IPOM3BOICTBO, aTIOMHHUEBAs OpPOH3a, ayCTCHUTHAs
CTaJlb, KOMIIO3HUT CTaJlb — OPOH3a, MUKPOCTPYKTYpa, MEXaHUUECKHE CBOMCTBA

Bbaazodapnocmu: Pabota BhinonHeHa B paMkax rpanta [Ipesuzaenrta Poccuiickoit denepanuu uisi rocyaapCTBEHHON MOIACPKKN BEAYLINX HAyYHBIX
mkon HIII-1174.2022.4 u rocynapcTBeHHOTO 3aanus MHcTuTyTa (QU3nky npodyHocTd U MarepuanoseneHus Cubupckoro otnenenus PAH, npoexr
FWRW-2021-0012. UccnenoBanus BeINOIHEHBI ¢ ucnoib3oBanueM obopynoBanus [IKIT «Hanorex» MHcTUTyTa (DU3MKH IPOYHOCTH U MaTepUaso-

Beniennst Cubupcekoro otnenenus PAH.

ABTOpBI BhIpakaroT O1arogapHocTh npodeccopy A.M. JIoTKoBy 3a LieHHbIE 3aMEUaHusl, KOTOPBIC TOMOIIH YIY4IIUTh CTaThIO.
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M3BOJICTBO KOMITO3MIIMOHHOTO CIIJIaBa M3 HEPXKABEIOIICH CTalM M aJIFOMUHUEBOH OPOH3BI: MHUKPOCTPYKTYpPa M MEXaHHYECKHE XapaKTEPUCTUKH.
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[ INTRODUCTION

Electron beam additive manufacturing (EBAM) is
a highly efficient and productive method of additive
manufacturing (AM) [1 — 3]. This process utilizes metal
wire as its source material, which is fed to the focal spot
of an electron beam. Upon melting the wire, its drop
is transferred into a molten pool formed in a substrate,
which then solidifies to form a bead [4]. Unlike the pow-
der-bed AM methods, EBAM may not be suitable for
manufacturing complex geometries with small features
(up to 1 mm), but it offers several other advantages, such
as producing defect-free, high-quality items, that are dif-
ficult to obtain with the powder-bed technologies [5; 6].
Furthermore, EBAM is performed under vacuum condi-
tions, which prevent the ingress of inclusions and oxida-
tion, and also eliminate gas porosity in the resulting mate-
rials [7 — 9].

Austenitic stainless steel is widely used in various
industries, including chemical processes, mechani-
cal engineering, high-temperature bolt fabrication, and
nuclear reactors, due to its excellent corrosion resis-
tance, high-temperature mechanical properties, and good
manufacturability and weldability. However, the produc-
tion of complex geometry items with traditional manu-
facturing methods is both costly and labor-consuming
process. The development of AM can significantly
simplify the manufacturing of complex geometry items,
reduce the production cost, and have a positive impact
on the development of various industries. Nevertheless,
the wide application of AM is limited by certain chal-
lenges, such as occurrence of high-temperature gradients

198

and low cooling rates during the process, which can lead
to formation of heterogeneous structure and phase compo-
sition [10 — 12]. For instance, an anisotropic structure and
mechanical properties of stainless steel items manufactured
by selective laser melting are attributed to the high ratio
of the molten pool width to the layer thickness [10 — 12],
and the presence of unmelted powder particles [13 — 15].
However, these defects can be avoided using direct laser
sintering of powdered stainless steel, followed by impreg-
nation with bronze [16; 17]. This technology serves not
only to reduce porosity and increase the density of samp-
les, but also to enhance the yields stress and ultimate
strength of the items.

The wire-feed EBAM is effective for avoiding the gas
porosity. However, there are low cooling rates that can
facilitate formation of high aspect ratio columnar grains.
Moreover, during the primary crystallization of colum-
nar grains, d-ferrite grains may form in the interdendritic
spaces, which reduce the corrosion resistance of stainless
steels [6; 7; 9]. Mechanical properties can be improved
either by eliminating the columnar grains or refining
them using ultrasonic treatment during EBAM [18]. Such
a combined technology can reduce the d-ferrite content
by up to 2 %.

The metallurgical processes involved in either pow-
der-bed or wire-feed AM differ significantly, leading
to questions about the structural formation of composites
when stainless steel and aluminum bronze are directly
added to the molten pool. This study aims to investi-
gate the structural phase state and mechanical properties
of a steel-bronze composite produced by electron beam
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additive manufacturing with simultaneous feeding of two
wires.

- EXPERIMENTAL

Workpieces of steel —25 % bronze composite mea-
suring 80x120x8 mm were manufactured using EBAM.
The raw materials used were @1.6 mm wires made of stain-
less steel ER321 and aluminum bronze grade CuAl9Mn2.
A stainless steel plate with a thickness of 10 mm was used
as the substrate. The manufacturing process is illustrated
in Fig. 1, which shows the EBAM facility equipped with
two wire feeders. The process parameters included a beam
accelerating voltage of 30 kV, a beam current that varied
between 77 to 44 mA during printing, and a table traveling
speed of 400 mm/min. The required percentage of steel
and bronze was maintained by automatically adjusting
the respective ratio of wire feeding rates, with the feed-
ing rate of ER321 and CuAl9Mn2 wires set at 1300 and
250 mm/min, respectively. Ultimately, the composite was
manufactured with a volumetric ratio of stainless steel
to bronze of 75:25.

Structural and phase composition analysis, as well
as mechanical property evaluation, was conducted
on samples cut according to the layout depicted in Fig. 1.
The samples of the steel —25 % bronze composite
underwent conventional preparation, including grinding
with emery paper (corundum) and polishing with dia-
mond pastes of various grain sizes (14/10, 3/2 and 1/0).
To expose microstructure elements, the polished surface
of the composite was chemically etched using the follow-
ing reagent: 30 ml HCI + 5 g FeCl,-6H,0 + 60 ml H,0.

Electron
beam

Steel

The microstructure and chemical composi-
tion of the samples were analyzed using a Thermo Fisher
Scientific Apreo S LoVac scanning electron microscope
equipped with an energy dispersion spectrometer (EDS).
The average grain size was determined using the secant
method [19], while the phase composition was analyzed
using a DRON-7 X-ray diffractometer (CoK radiation).
The microstructural features of the composite were stud-
ied using a JEOL-2100 transmission electron microscope.
Vickers microhardness was measured using a Duramin 5
hardness meter under a 100 g load with a 1 mm step. Uni-
axial tension tests were carried out using an UTS-110M
universal testing machine with blades cut off in mutually
perpendicular directions according to the layouts in Fig. 1.

[l RESULTS AND DISCUSSION

The XRD analysis showed the steel — 25 % bronze com-
posite is composed of y-Fe, a-Fe and a-Cu (Fig. 2). This
allowed us to assume that a portion of austenite was trans-
formed into ferrite as a consequence of fusion of stainless
steel and aluminum bronze.

SEM BSE images revealed the presence of at least three
structural components in the composite. (Fig. 3, a, b).
Austenite was observed as light grey dendrites (Fig. 3, b),
and its elemental composition was proportional
to the that of the initial wire, but enriched additionally
with up to 6 at. % Al and 8 at. % Cu (Fig. 3, b; Table 1,
spectra 4 — 7). The average size of y-Fe grains is approxi-
mately 4.3 pm.

The light regions in the microstructure corresponded
to copper-based solid solution, which was confirmed

Electron beam gun

Bronze

Y
X Steel substrate

Fig. 1. Deposition path of steel — 25 % bronze composite and scheme of samples cutting for examination:
1, 2 — samples for microstructural and phase studies; 3, 4 — samples for tensile tests

Puc. 1. Cxema nedatn KOMIo3uTa cTajib — 25 % OpOH3bI M cXeMa BBIPE3KH 00pa3LoB /sl HCCICI0BAHUIL:
1, 2 — 06pa3Iipl Ut CTPYKTYPHO-(ha30BOTO UCCIICIOBaHS; 3, 4 — 00pasibl JIs UCTIBITAHUIA Ha PACTSHKCHHIE
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Fig. 2. XRD pattern of steel — 25 % bronze composite

Puc. 2. PenTrenorpaMmma KOMIo3uTa ctajib — 25 % OpoH3bI

YAl=39at. % YCu=183at. %

SMn=15at. % YNi=65at %

Y Fe=54.6 at. % YCr=152at. %

Fig. 3. SEM-BSE images (a, b), EDS element distribution maps (f— /) from section b:
1 — 10— EDS spectra in selected points (Table 1)

Puc. 3. POM uzo6paxxenus B pexxume BSE (a, b); kapTsl pacnpenencHus
AITIOMHHUS, MEJIH, MapraHiia, HUKEJs, JKeJe3a, XpoMa (f — /1), CHATBIX C yyacTka b:
1 — 10— EDS cnekTpsl, CHATbIE JOKaJIbHO B yKa3aHHbBIX TOUKax (Tadu. 1)
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Table 1

EDS spectra of the steel — 25% bronze composite obtained by SEM

Tabnuya 1. Janubie EDS anaiau3a kommno3ura ctaiab — 25 % OpoH3bI

Element content, at. % Assumed
Spectrum . . :

Al Si Ti Cr Mn Fe Ni Cu phase
1 8.7 0.2 0.5 2.1 1.6 6.2 5.1 75.6 a-Cu
2 9.6 0.5 0.4 1.7 1.6 5.5 4.7 | 76.0 a-Cu
3 9.0 0.3 0.5 1.7 1.6 5.5 44 | 771 a-Cu
4 3.2 0.5 0.8 16.1 1.4 | 622 8.2 7.6 v-Fe
5 32 0.6 0.7 16.1 1.4 | 628 8.2 7.0 v-Fe
6 3.2 0.6 0.7 17.0 1.5 62.0 | 7.0 8.0 v-Fe
7 5.5 0.7 0.5 13.0 14 | 642 | 6.7 8.0 v-Fe
8 3.0 0.8 0.5 22.7 1.5 659 | 4.0 1.7 a-Fe
9 3.2 0.8 06 | 214 1.5 63.8 | 43 4.5 a-Fe
10 3.4 0.8 0.6 | 21.7 1.6 | 63.8 | 4.5 3.7 a-Fe

by the EDS element distribution maps (Fig. 3, b, d).
The a-Cu based solid solution contained about 2 at. % Cer,
6 at. % Fe and 5 at. % Ni (Fig. 3, b; Table 1, spec-
tra / — 3), and the average size of a-Cu grains was approx-
imately 3.1 pm.

The dark grey regions were located between a-Cu
particles and corresponded to an oversaturated solid solu-
tion of chromium in a-Fe (Fig. 3, b). The average a-Fe
grain size is 3.3 um, and the particles belonging to fer-
rite were depleted with nickel to 22.7 at. %. According
to SEM data, the volumetric portion of austenite, ferrite
and bronze in the steel — 25 % bronze composite was
40.7, 35.7 and 23.6 %, respectively.

The element distribution maps also provide that cop-
per particles are present in the majority of austenite
grains (Fig. 3, d), and that nickel atoms exist in the a-Cu
regions (Fig. 3, f). Notably, regions with higher con-
centration of chromium atoms are located at the periph-
ery of austenitic grains, in the vicinity of a-Cu regions
(Fig. 3, h), which are also depleted in nickel compared
to the main background (Fig.3,f). Such variations

in the chromium nickel equivalent occur as a result
of the dissolution of nickel atoms in o-Cu, leading
to the formation of a ferrite-based solid solution.

A more detailed SEM analysis was conducted to study
the microstructure of the steel —25 % bronze compos-
ite, revealing the existence of NiAl spherical particles
within the o-Fe particles (Fig. 4, a — ¢). The dark field
TEM image clearly shows these NiAl particles formed
at the ferrite/bronze interface (Fig. 4, ¢). EDS analysis
confirmed the stoichiometric composition of NiAl par-
ticles (Fig. 4, a, spectrum 2; Table 2). The average size
of NiAl particles within a-Fe was found to be 44 + 1.4 nm.

Furthermore, SAED pattern was obtained from
the interlayer between grains of austenite and ferrite
that revealed the existence of FCC phase with a lattice
constant of a =3.60 A, corresponding to both y-Fe and
a-Cu (Fig. 4, e). The high copper content in the analyzed
region (Fig. 4, e, spectrum 4; Table 2) suggests that this
is a copper-based solid solution enriched with chromium
and nickel atoms. A dark field TEM image obtained
in the reflection of a-Cu (Fig. 4, /) shows that there are

Table 2

EDS spectra of steel — 25% bronze composite obtained by TEM

Tabruya 2. lannsie EDS anann3a kommno3urta craab — 25 % OpoH3bI

Element content, at. % Assumed
Spectrum . . :
Al Si Ti Cr Mn Fe Ni Cu phase
1 5.7 1.1 1.7 20.7 0.9 57.7 6.5 5.7 a-Fe
2 41.8 - 1.3 0.8 2.1 6.9 38.3 8.7 NiAl
3 3.8 1.4 - 16.2 1.3 61.8 7.4 8.1 v-Fe
4 10.7 - - 0.9 1.4 3.6 5.6 77.8 a-Cu
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(100);ia1

NI0)n

in reflection (100) NiAl

Fig. 4. TEM bright-field images of microstructures of as-deposited steel — 25 % bronze (a, d);
dark-field images (b, ¢) obtained using (002)_ ., and (100),;,, reflections from the SAED pattern (a);
bright-field image (e) of section (d); dark-field image (f) obtained using (111);.

Puc. 4. CeeTnononsHoe [I9M-u3obpakenne pparMmeHTa MUKPOCTPYKTYPbI KOMIIO3UTA CTajb — 25 Y% Oponssl (a, d);
TEMHOIONbHBIE U300paxenus (b, ¢), nomydennsie B peuekcax (002) .. u (100);,, Ha MUKporudpakiuu ¢ ydactka (a);
CBETIONOIBHOE H300paxeHue (e) yuacTka (d); TeMHononkHOe n3o6paxeHue (f) B pedmexce (1),

fine dispersed copper particles in y-Fe, with an average
size of about 40 = 1.4 nm (Fig. 4, /). These particles may
have formed in y-Fe due to a decrease in copper solubil-
ity and precipitation of copper clusters from the oversatu-
rated y-Fe solid solution upon cooling.

Fig. 5 illustrates the microhardness profiles on steel
grade ER321 and steel —25 % bronze composite.
The microhardness number profile of ER321 steel is
stepwise, which is attributed to the presence of a suf-
ficiently high fraction of o-ferrite and the heterogene-
ities of the dendrite microstructure [18]. The microhard-
ness of the steel — 25 % bronze composite is, on average,
2.2 £0.03 GPa, which is approximately 0.4 GPa higher
than that of steel obtained by EBAM without addi-
tion of bronze. The higher microhardness (up to 2.9 GPa)
of the steel —25 % bronze composite is attributed
to the indenter hitting into austenite grains, while the lower
microhardness (down to 2 GPa) corresponds to the indenter
hitting into the boundary of ferrite bronze grains (Fig. 5).

The mechanical properties of the steel — 25 % bronze
composite are presented in Table 3. The yield stress and
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Fig. 5. Microhardness distribution profiles for steel ER321 (@)
and steel — 25 % bronze composite (H)

Puc. 5. Tlpodunu pacupeneneHnss MUKPOTBEPAOCTH CTAIN MaPKH
06X18HIT (@) u kommo3uTa ctais — 25 % 6ponssi (H)
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Table 3

Mechanical properties of steel ER321
and steel — 25% bronze composite obtained
by EBAM

Tabnuya 3. MexaHndeckne CBOHCTBA CTAJH
mapku 06X18HI9T u xomno3ura crajb — 25 % OpoH3bI,
noJjryyeHHbIX DJIAIL

Sample Tz G, Relative
P MPa MPa elongation, %
ER321 300+ 15| 610+30 35+2
steel — 25 % bronze | 840 £42 | 1200 £ 57 29+2

ultimate strength of the steel, grade ER321, obtained
by EBAM without the addition of bronze are approxi-
mately 300 and 610 MPa, respectively (Table 3) for com-
parison purposes. The yield stress and ultimate strength
of the steel — 25 % bronze composite increase to 840 + 42
and 1200 £+ 57 MPa, respectively. However, the relative
elongation of the composite shows a minor increase com-
pared to that of steel ER321 (Table 3).

Addition of two molten wires into the pool resulted
in intermixing and mutual diffusion of both alloys’ com-
ponents, leading to changes in the nickel chromium equi-
valent and the formation of grains of a-Fe based solid solu-
tion in y-Fe regions adjacent to a-Cu based solid solution.
Additionally, the interdendrite spaces were enriched with
chromium, and crystallized as 3-ferrite in cooling. Previous
studies have reported such a y — a-transformation during
the manufacturing of steel—bronze composite structures
using wire arc additive technology [19; 20].

[ ConcLusiOons

This study investigates the microstructure and mecha-
nical properties of a composite material produced by fus-
ing 25 vol. % CuAl9Mn2 aluminum bronze with austen-
itic stainless steel using electron beam additive melting
with dual wire feeding. The composite exhibits a three-
phase structure, consisting of defect-free austenite, ferrite,
and bronze, with the predominant phases being austenite
and ferrite. Copper and NiAl particles are present, acting
as dispersion hardening precipitates in the ferrite and aus-
tenite, respectively. The composite also exhibits higher
microhardness (by 0.4 GPa) compared to pure steel pro-
duced via EBAM. Moreover, the yield stress and ultimate
strength of the composite are increased by an average
of 400 MPa and 600 MPa, respectively.
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