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Abstract—Additive manufacturing of metal materials is one of the most promising technologies in modern
industry. A wide variety of current additive manufacturing techniques allow rapid prototyping and industrial
production of different-sized products from various structural and functional materials. The structure and
physical-mechanical properties of the metal products fabricated by electron-beam additive manufacturing
(EBAM) within nonstationary metallurgy in a local molten pool often differ from those of the products fabri-
cated by conventional metallurgy due to different crystallization mechanisms, sequence and completeness of
phase transformations, and heterogeneous/homogeneous chemical composition of the resulting material. The
possibility to control local metallurgical processes in the molten pool is the key advantage of the EBAM
technology. It allows one to control the structure, composition, and properties of mono- and polymetallic,
graded, composite and heat-resistant materials in order to obtain products with the desired chemical composi-
tion, macroscopic architecture, and microscopic structural parameters. As any new industrial technology, the
EBAM method requires the development of scientifically based approaches to the choice of materials and
production conditions. Here we provide an overview of the scientific approaches developed for electron-
beam additive manufacturing of products from metals and alloys using wire or rods as a feedstock. The range
of the studied materials includes additive materials based on copper, bronze, aluminum, nickel, titanium al-
loys, and different steels, as well as aluminum-based functionally graded materials and copper-based graded
materials. The most important research findings are summarized.
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1. INTRODUCTION

Additive manufacturing (or 3D printing) techno-
logies, among which are wire- and powder-based
electron beam technologies and their combinations,
rest on the use of computer-aided design (CAD) mo-
dels for rapid layer-by-layer fabrication of products
[1-3]. Advances in additive manufacturing of comp-
lex metal parts are stimulated by the growing demand
for such materials in the aerospace and automotive
industries, implant medicine, etc. [1-4]. The undeni-
able advantage of 3D printing over extractive metal-
lurgy is the possibility of rapid prototyping and fully
automatic production of parts of complex shape and
various size using CAD models [1-6]. In this regard,
additive manufacturing techniques are oriented not to
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the mass production of structural and functional me-
tal materials, but to the personalized or small-scale
production of devices and structural components that
are difficult to manufacture, expensive and/or cannot
be produced by conventional methods.

The phase composition and mechanical properties
of additive materials usually differ from those of the-
ir conventionally treated analogues due to the forma-
tion of porosity, residual stresses, stress gradient,
grain structure and phase composition inhomogene-
ity, and texture [1—4]. In the current state of the art in
the development of additive manufacturing, the key
task is not only to obtain a macroscopic product or
structure with the desired architecture and properties,
but also to search for new scientifically based appro-
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aches to controlling the parameters of its microstruc-
ture (microstructural design).

There is an explosive increase of global interest in
additive technologies, including electron beam tech-
nologies. Following this trend, we devoted the past
5 years to intensive development of one of the as yet
understudied technology, namely, wire-feed electron-
beam additive manufacturing (EBAM).

The final macro- and microstructural parameters,
phase composition, and mechanical properties of
EBAM objects are determined by the chemical com-
position and properties of the filament fed to the
deposition zone as well as by the conditions in the lo-
cal molten pool formed by the electron beam. For
many materials, an important role is also played by
thermal cycling of the already built layers during
deposition of the overlying layers. The state of the
molten pool can be controlled by varying the electron
beam energy and geometry, beam travel rate, geo-
metric conditions and rate of feeding a filament or
filaments as well as the heat removal conditions.

Thus, the implementation of the microstructural de-
sign of EBAM materials is determined by the possi-
bility of precise control over the above technological
parameters, which, in turn, depends on the capabiliti-
es of the used additive manufacturing facilities. In
the past few years, significant progress has been
made towards the development of original EBAM
equipment and the fabrication of large-sized products
(Fig. 1).

For the available additive manufacturing equip-
ment, we developed techniques of feeding the wire
filament from mono- (Fig.2a) and polymetallic
(Fig. 2b) materials into the deposition zone as well as
for printing with a metal rod for materials that cannot
be drawn into wire (Fig. 2¢).

The aim of the present paper is to report the scien-
tific findings for electron-beam additive manufactur-
ing of various materials as well as the scientific ap-
proaches to the micro-, meso- and macrostructural
design of EBAM objects from metallic and polyme-
tallic materials.

(®)

@

Fig. 1. Large-sized products for the aerospace, metallurgical and electrical applications fabricated by the EBAM method from
bronze (a), titanium alloy (b), copper (c, d): a—as-built rocket thrust chamber liner; b—as-built part (left) and spherical tank
made of two parts (right); c—as-built blast furnace tuyere nose; d—as-built part electrical brush gear holder (color online).
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Fig. 2. Schemes of wire-feed electron-beam additive manufacturing of mono- (a) and polymetallic products (b); rod-feed elect-
ron-beam additive manufacturing (c): /—electron gun, 2—electron beam, 3—focusing system, 4—beam sweep, 5, 6—sweep po-
sitions on the substrate and on the wire, 7—wire filament, §—tip, 9—wire feeder, /0—printed specimen, //—substrate, /12—
printed layers, /3—substrate—specimen transition zone, /4—rod, /5—feedstock hopper, /6—rod feeding system, /7—rod feeder

tip (color online).

2. USE OF EBAM FOR THE GRAIN-BOUNDARY
DESIGN OF SPECIMENS FROM COPPER
AND BRONZE

Electron-beam additive manufacturing of large-
sized products (specimens) from copper and copper
alloys is accompanied by the formation of columnar
grains in their structure, the long axis of which coin-
cides with the build direction. This conforms to the
laws of crystallization during additive manufacturing
of many metal materials and causes anisotropy in
their mechanical properties [7-9].

When the first layers of copper or bronze (base
Cu, 0.4-0.7% Cr, less than 0.3% impurities) are de-
posited on the Fe-18Cr-9Ni-Ti (mass %) stainless
steel substrate, grains grow by the mechanism of col-
lective recrystallization: grain boundaries migrate, re-
sulting in an equilibrium structure with the minimum
surface energy and with grains of equal size and
shape. As the driving force of collective recrystalliza-
tion decreases during the process, grains cease to
grow on reaching a certain size. Thus, the specimen
layers located near the substrate have a microstruc-
ture with equiaxed grains about 250 pum in size. In the
main part of the specimen, secondary recrystallizati-
on ensures the growth of favorably oriented grains
and the formation of a crystallographic texture. On
completion of secondary recrystallization, abnormal-
ly large elongated grains are formed: 3.5 and 0.3 mm
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in longitudinal and transverse dimensions, respecti-
vely (Fig. 3a) [8].

The temperature gradient is a governing factor for
morphology and structure of a specimen and determi-
nes the mode of crystallization. This fact lies at the
basis of the following approach to structure control:
the printing process is deliberately stopped after ap-
plying n layers of the material to allow the entire bu-
ild to cool and then restarted. This pause in the
EBAM process results in a fine-grained structure in
the central part of the specimen, similar to that form-
ed during the deposition of the first copper layers on
the substrate (Fig. 3a). Upon resumption of the conti-
nuous EBAM process, the directed growth of colum-
nar grains is again observed. Such features of crystal-
lization are caused by the nonuniform heat removal
from the build during printing, which can be effecti-
vely used to form materials with a macro-, meso-, or
microscopically layered structure, in which the aniso-
tropy of mechanical properties will be less pronounc-
ed or will be completely removed.

Heat removal has an effect not only on the grain
structure of specimens but also can be used for
changing the morphology of columnar grains. Speci-
mens of bronze were used to show that, by optimiz-
ing the EBAM modes, in particular, by increasing the
deposition rate, it is possible to achieve such conditi-
ons when a crystallization front in each layer moves
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(b)
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Continuous printing

Fig. 3. Macrostructure in the cross section of the copper specimen printed with a pause (a) and formation of zigzag grains in the
bronze specimen (b—f): a —copper, b—bronze macrostructure, c—zone with zigzag grains, d—transition zone of finely dispersed
structure, e—zone of large dendrites, f—zone with medium dendrites. The pause in the printing process corresponds to the region

squared in Fig. 3a (color online).

separately. Under such conditions, a zigzag grain
structure is formed in the build direction (Fig. 3b).

The results obtained indicate that the structural
design of copper alloys at different levels can be im-
plemented by controlling the crystallization process
during the EBAM technology.

3. STRUCTURE CONTROL OF ALUMINUM-
MAGNESIUM ALLOYS AT DIFFERENT
STRUCTURAL LEVELS

The EBAM method is successfully applied in ma-
nufacturing various aluminum alloys, such as 2024
(Al-Cu-Mg), 7075 (Al-Zn-Cu-Mg) [10], 2219 (Al-
Cu) [11, 12], and 5356 (Al-Mg) [13, 14]. Printing of
bulk products with aluminum-magnesium alloys fa-
ces the problems of high porosity of specimens and
the reduced content of alloying elements due to their
evaporation from the molten pool during printing.
The conducted studies show that these problems can
be avoided by controlling the heat input to each
layer. Analysis was made of how the input heat is
related to the microstructure of specimens from alloy
AAS5356 (base Al, 5.0% Mg, less than 0.4% impuri-
ties) as well as to the size and pattern of pore distri-
bution and the concentration of magnesium in them

[13]. According to the experimental data, an effective
way to eliminate such defects as discontinuities is to
remelt the underlying layers of the material during
the EBAM process. At low heat input, the depth of a
local molten pool formed in the underlying layers du-
ring printing is not large enough for all shrinkage ca-
vities and gas pores in the previous layers to get into
it. Thus, defects located below the solid-liquid boun-
dary remain in the material. Excessively high heat in-
put causes intensive evaporation of magnesium and
formation of large gas pores. The EBAM mode was
suggested for alloy AA5356, consisting in the expo-
nential decrease in the electron beam power in layers
from the substrate to the upper part of the specimen.
This mode enables optimum heat input for maintain-
ing a stable molten pool of the required depth along
the entire build height with the minimum evaporation
of magnesium. The proposed approach reduces the
material porosity by a factor of 4 (from 0.8 to 0.2%)
with a decrease in the average pore size from 4 to
1 um, maintains the magnesium content in the mate-
rial within the grade composition, and provides the
material with the strength 258 MPa and relative elon-
gation 37%, which are typical characteristics for cast
alloy AAS5356 [13].

PHYSICAL MESOMECHANICS Vol.25 No.6 2022
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Fig. 4. As-built EBAM part from Ni-based superalloy (a), SEM image of its microstructure with directed dendrites (b), bright-
field TEM image of the y’ phase (c). The arrows indicate the build direction (BD) and the deposition direction (DD).

4. FORMATION OF 3D SPECIMENS
FROM HEAT-RESISTANT NICKEL ALLOY

Fabrication of finished products from heat-resis-
tant alloys is a challenge because they are hard to
process, have high strength and low plastic character-
istics [15, 16]. Additive manufacturing can facilitate
a solution to this problem, even with a complex inter-
nal architecture. However, production of heat-resis-
tant nickel-based alloys by additive technologies is
still a nontrivial task. The rod-based EBAM method
was earlier used to fabricate specimens from Ni-bas-
ed alloy (base Ni, up to 1% Fe, 0.13-0.2% C, up to
0.4% Si, up to 0.4% Mn, 8-9.5% Cr, up to 0.02% Ce,
1.2-2.4% Mo, 9.5-11% W, 9-10.5% Co, 0.8-1.2% Nb,
2-2.9%Ti, 5.1-6% Al, up to 0.04% Zr, up to 0.035% B,
less than 0.1% impurities), which were free of cracks
and pores at the macro- and microscopic levels
(Fig.4a) [17]. The printing process is schematized in
Fig. 2c.

With the exception of the substrate-influenced
area and the upper layers unaffected by repeated re-
melting, heating and cooling, a 3D-printed specimen
is represented by directed colonies of dendrites. They
grow epitaxially in the build direction with a slope in
the deposition direction and cross the macroscopic
3D-printed layers (Fig. 4b). The primary dendrite arm
spacing is in the range 20-30 pm, which corresponds
to the temperature gradient from 190 to 445 °C/cm

[18]. These values of the temperature gradient con-
form to the conventional casting method with directi-
onal crystallization [19]. The predominant orientation
of the crystal lattices of the y and y’ phases, which are
the base of the material [20], along the normal to the
substrate surface corresponds to the (001) crystallo-
graphic direction.

The fine structure of the material obtained by the
EBAM method is similar to that of the cast Ni-based
alloy. It consists of cuboidal y'-phase precipitates of
the size 10-100 nm (Fig. 4c) in the y matrix and sub-
microcrystalline precipitates of carbides MC and
MC (where M is Ti, Cr, Nb, Mo, or W) in the inter-
dendritic space. The dimensions of all structural ele-
ments of the EBAM material are 1-2 orders of mag-
nitude smaller than those in the cast state. Due to
such a structure, the additively manufactured Ni-bas-
ed alloy has increased mechanical properties over the
properties of the cast material (Table 1).

5. STRUCTURE CONTROL OF TITANIUM
ALLOY

Titanium alloys are one of the most common
choices for additive manufacturing. Titanium-based
alloys are widely used in the aviation and aerospace
industries, which are currently the main consumers of
the EBAM technology [21-25]. Electron-beam addi-
tive manufacturing is accompanied by complex ther-

Table 1. Mechanical properties of EBAM specimens from Ni-based alloy rods under uniaxial tension

at room temperature in comparison to the cast alloy

Material o, MPa G¢2, MPa 5, %
Additive specimen along the dendrite growth direction 1196 +38 968 £ 4 12+1
Additive specimen along the build direction 12109 1018 £21 15+2
Cast specimen 1059 +£55 776 +32 16+2

PHYSICAL MESOMECHANICS Vol.25 No.6 2022
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Fig. 5. Macro- (a) and microstructure in the lower (b) and upper (c) parts of the EBAM specimen from titanium alloy (color on-
line).

mal cycling, which, depending on the process para-
meters, leads to significant anisotropy of properties
of products from alloy Ti-6A1-4V [22]. Under vari-
ous 3D printing conditions, the ultimate strength of
the material can vary from 700 to 1200 MPa [23].
Specimens reveal the epitaxial growth of B-phase
grains during printing, inside which a(a')-phase
plates are formed after cooling, with dimensions and
structure depending on the printing mode [24]. Struc-
tures formed in alloy Ti-6Al-4V during EBAM are
exemplified in Fig. 5. An increase in the heat removal
rate during additive manufacturing, which is imple-
mented by changing the substrate thickness and ma-
terial, decreases the thickness of the o(a')-phase
plates from 1.1 to 0.8 um, thus reducing the aniso-
tropy of properties of the alloy from 10 to 5% [24].
The mechanical properties of the EBAM materials
are at the same level as those of the corresponding
cast alloys (the experimental values are from 578 MPa
for large-sized products to 780 MPa for medium-
sized products with optimum heat removal) [24].

6. CONTROL OVER STRUCTURE AND PHASE
COMPOSITION OF STEELS

Chromium-nickel austenitic stainless steels are
most attractive for additive manufacturing [26]. Their
good plasticity, weldability, and high corrosion resis-
tance makes them the most favorable structural mate-
rial all over the world [27]. Of numerous materials
used in additive technologies, these steels are high on
the list, but scientists and manufacturers come up
against some difficulties associated with printing [26,
28-30]. The complex thermal history and nonequilib-
rium crystallization conditions during the EBAM
process contribute to the appearance of such micro-
structural features in stainless steels as the anisotropy
of properties and the formation of a large proportion
of § ferrite. It is possible to reduce or completely sup-

press the influence of these factors using several sci-
entifically based approaches.

The first approach rests on the stabilization of the
austenitic structure of the mentioned steels by using
the double-wire-feed EBAM technology (austenitic
steel Fe-18Cr-10Ni-Ti-0.08C/nichrome alloy 80% Ni—
20% Cr) [31]. The change in the chemical composi-
tion of the steel during EBAM (primarily depletion
of nickel) is compensated by adding a nickel alloy to
the molten pool. This alters the mechanism of steel
crystallization and causes a single-phase austenitic
state to form immediately after printing. The produc-
ed steel (Fe-(19-20)Cr-(15-17)Ni-0.5Mn-0.6Ti-0.7Si-
C, mass %) is characterized by not only a single-
phase austenitic structure but also, due to a high con-
centration of nickel, the stability to the strain-induced
y— o transformation at room temperature, which is
necessary to improve the corrosion properties of the
product. This steel has lower strength characteristics
but higher ductility compared to two-phase steels ob-
tained by the EBAM method (Table 2).

Another approach is based on the ultrasonic treat-
ment during the EBAM process, which allows for
partial suppression of the anisotropy of the grain
structure and consequently for improvement of me-
chanical properties of stainless steels [32]. High-fre-
quency elastic (i.e. ultrasonic) vibrations during non-
stationary crystallization processes in metal alloys
were previously used in the powder-based additive
manufacturing technology to reduce the number of
pores and microcracks [33], as well as to refine the
microstructure and to improve mechanical properties
of stainless steel [34]. Ultrasonic vibrations during
the wire-feed EBAM process contribute to grain re-
finement (the average grain size decreases from
433+145 to 256+ 17 um), exert a positive effect on
the tensile properties of the material (Table 2), ensure
the dissolution and fragmentation of o-ferrite dend-
rites, and reduce their volume fraction (from 10 to
8%) [32].

PHYSICAL MESOMECHANICS Vol.25 No.6 2022
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Table 2. Mechanical properties of different steels under uniaxial tension at room temperature

Steel, composition (mass %), and production method 690, MPa o, MPa 38, %
Cr-Ni-Ti
Fe-8.8Ni-17.4Cr-1.1Mn-0.5Ti-0.4Si-0.07C Cast + SST 315 1050 79
Cr-Ni-Ti EBAM 216 (BD) 445 (BD) 61 (BD)
Fe-8.8Ni-17.4Cr-1.1Mn-0.5Ti-0.4Si-0.07C 207 (DD) 510 (DD) 64 (DD)
Cr-Ni-Ti 231 (BD) 503 (BD) 70 (BD)
Fe-8.8Ni-17.4Cr-1.1Mn-0.5Ti-0.4Si-0.07C EBAM +UT 233 (DD) 524 (DD) 53 (DD)
Cr-Ni EBAM 245-264 (BD) | 820-855(BD) | 43-47 (BD)
Fe-9.1Ni-19.1Cr-0.958i-0.12C 252-305(DD) | 810-890 (DD) | 36-45(DD)
AISI 321 + NiCr Double-wire-feed
Fe-(19-20)Cr-(15-17)Ni-0.5Mn-0.6Ti-0.7Si-C EBAM 148 (BD) 375 (BD) >4 (BD)
Cr-Ni-Nb
Fe-9.5Ni-18.7Cr-1.6Mn-0.1C-0.7Si-1.4Nb EBAM 235 (BD) 800 (BD) 32 (BD)
Cr-Mn-V-N
Fe-21.6Cr-25.7Mn-1.4V-0.7C-1.2N Cast + SST 843 1419 28
Cr-Mn-V-N
Fe-22.3Cr-19.9Mn-1.4V-0.69C-1.16N EBAM 878 (BD) 1306 (BD) 2 (BD)
Cr-Mn-N
Fe-20.7Cr-22.2Mn-0.3Ni-0.6Si-0.15C-0.53N Cast + SST >10 ol4 38
Cr-Mn-N EBAM 440470 (BD) | 775-857 (BD) | 28-40 (BD)
Fe-22.9Cr-10.8Mn-0. 1Ni-0.6Si-0.1C-0.48N 527-555(DD) | 864-879(DD) | 48-50 (DD)
Low-carbon steel
Fe-(1.8-2.1)Mn-(0.7-0.95)Si-(0.05-0.11)C Cast +SST 334 491 38
Low-carbon steel EBAM 245280 (BD) | 439-445(BD) | 28-32(BD)
Fe-(1.3-1.7)Mn-(0.5-0.8)Si-<0.12C 273-339(DD) | 430-464 (DD) | 25-37 (DD)

BD—properties in the build direction, DD—properties in the deposition direction, SST—solid solution treatment, UT—ultrasonic
treatment. The derived data are compared to those of the conventionally treated analogues.

As for austenitic steels, the EBAM method was
effectively used to produce 3D specimens of high-
nitrogen steels [35, 36]. This approach suggests that
the use of nitrogen as an alloying element stabilizes
the austenitic phase and removes nickel from the
steel composition, improves its strength properties by
forming an interstitial solid solution on retention of
plasticity and fracture toughness. The prerequisites
for these studies were works reporting the positive
effect of nitrogen on the mechanical properties of ad-
ditively manufactured bulk materials [37-39]. The
EBAM method was used to produce specimens from
chromium-manganese steels with the interstitial atom
concentrations 0.5 and 1.9 mass% [35, 36]. It was
found that these specimens lose manganese during
additive manufacturing, but retain the initially high
concentration of interstitial atoms.

Products from high-nitrogen chromium-manga-
nese steel were successfully fabricated by the EBAM
method using rods from high-nitrogen steel Fe-
20.7Cr-22.2Mn-0.3Ni-0.6Si-0.15C-0.53N  (mass %).
The produced specimens had a dual-phase structure
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(austenite—40% ferrite) of dendritic morphology. The
high volume fraction of ferrite and the dendritic mic-
rostructure of the steel were due to a decrease in the
manganese concentration from 22 to 11 mass % du-
ring additive manufacturing and a change in the me-
chanism of steel solidification. The total concentrati-
on of interstitial atoms (=0.5 mass %) changed insig-
nificantly during the EBAM process. The predomi-
nant formation of austenitic dendrites with a high
content of nitrogen (about 0.9 mass %) at the early
stages of solidification led to depletion of the melt in
respect of nitrogen and manganese, which resulted in
the formation of nitrogen-free ferrite in the inter-
dendritic space. Despite a significant change in the
elemental and phase composition of the EBAM steel,
its mechanical properties were comparable to those
of the austenitic steel used as the feedstock for addi-
tive manufacturing (Table 2).

In printing with steel rods of the composition Fe-
21.6Cr-25.7Mn-1.4V-0.7C-1.2N, the decreased con-
centration of manganese did not cause destabilization
of the austenitic structure, and the fabricated products
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had a heterophase structure based on austenite with
dispersed phases of different composition and mor-
phology (chromium and vanadium carbonitrides, in-
termetallic compounds (Fe, Cr, Mn, V)) [36]. The
complex effect of solid-solution strengthening and
precipitation strengthening determines high strength
properties of the additively manufactured high-nitro-
gen vanadium-containing austenitic steel, though its
plasticity is not high due to the formation of dispers-
ed phases (Table 2).

Additive technologies allow the production of
bulk products from ferritic and ferritic-pearlitic
steels, though this area of research is still poorly de-
veloped, and there are still few works in the modern
literature devoted to the study of the structure and
properties of such materials [40—42]. The EBAM me-
thod was used to fabricate steel products from the
wire of low-carbon steel Fe-2Mn-1Si-0.1C [43].
Their structure consisted of nonequiaxed ferrite gra-
ins hundreds of micrometers in size, but columnar
grains elongated in the build direction did not form
(as with austenitic steels). The additively manufac-
tured steel had a volume-constant phase composition
but different morphology of ferrite grains. Quasi-
equiaxed ferrite grains with coarse spherical carbides
predominated in the lower part of the specimen. Its
central and upper parts contained not only nonequi-
axed ferrite grains with carbides but also grains with
a lamellar ferrite morphology, which resembles mar-
tensite or bainite. Thus, multiple thermal cycles and
heating of the material during the EBAM process re-
sulted in different sequences of phase transformati-
ons in different parts of the specimen. This caused
the formation of a noticeable anisotropy of mechani-
cal properties of such steel, but in general, its mecha-
nical characteristics were not inferior to its analogue
obtained by conventional methods of casting and
heat treatment (normalization) (Table 2).

7. DESIGN OF FUNCTIONALLY GRADED
MATERIALS BASED ON ALUMINUM,
COPPER, AND STAINLESS STEEL

At present, there is an increasing demand for
functionally graded materials, which possess the pro-
perties of dissimilar materials combined into a single
macroscopic object with a gradient variation in com-
position, structure, and properties [44, 45]. The prob-
lem of formation of bonding layers in functionally
graded materials is manly associated with low or zero
mutual solubility of their components, heterogeneity

of their structures, and the tendency to form brittle
intermetallic phases [44—47].

Functionally graded materials were produced
from aluminum alloys with different functional pro-
perties: alloy AA4047 (base Al, 11-13% Si, 0.6% Fe,
0.15%Ti, 0.2% Zn, 0.05% Cu) with good casting
properties and corrosion resistance, high-strength al-
loy AA7075 (base Al, 5.6-6.1% Zn, 2.1-2.5% Mg,
1.2-1.6% Cu, less than 0.5% impurities), and high-
strength and corrosion-resistant alloy AA5356 (base
Al 5.0% Mg, less than 0.4% impurities).

Aluminum-based functionally graded materials
were produced by the EBAM methods from AA4047
alloy on the alloy AA7075 substrate [46] and from
alloy AA5356 on the alloy AA7075 substrate [47].
The transition zone formed between alloys AA4047
and AA7075 during the EBAM process had a sharp
interface. It was enriched in silicon and contained
particles of the Mg,Si phase, which reduced the cor-
rosion properties of the gradient layers from those of
alloy AA4047 [46]. The functionally graded material
based on aluminum alloys AA5356 and AA7075 was
characterized by the formation of second-phase parti-
cles of various compositions at the interface, which
increase the hardness and strength of the transition
zone. The investigation of the corrosion resistance of
the fabricated material revealed intergranular corrosi-
on in the lower part of the transition zone due to the
formation of particles depleted of iron. Its value de-
creased as the region with the alloy AA5356 compo-
sition was approached, where pitting corrosion was
observed due to the formation of Mg,Si particles du-
ring printing.

The EBAM process is also capable of producing
bimetallic steel-copper functionally graded materials
[48]. The investigated bimetallic specimens exhibited
a microstructural variation throughout the height. In
the austenitic steel part of the specimen, the gradient
zone starts with the structure represented by copper
inclusions within austenitic grains and along their bo-
undaries (Figs. 6a, 6b). As the copper part of the spe-
cimen is approached, the structure becomes cross-
linked with copper inclusions along the boundaries of
dendrites or grains (Figs. 6c—6e) and then gives way
to regions with iron inclusions in copper grains
(Fig. 6f). The solubility of copper in the y-phase lat-
tice (in the steel part of the graded material) and of
steel elements in the copper part agrees with the
phase diagrams for Fe-Cu systems and to a large ex-
tent determines the material structure in the gradient
zone [48].
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Fig. 6. Metallographic images of the lower (a, b), central (c—e) and upper (f) parts of the bimetallic copper-stainless steel func-

tionally graded specimen [48] (color online).

8. FORMATION OF METAL-MATRIX
COMPOSITE MATERIALS

Additive manufacturing of wear-resistant metal-
matrix composites is a field of extensive research
[49-51]. Composites of the CuAl-B,C system with
the gradient distribution of particles were obtained by
the combined technology of wire-feed and powder-

bed EBAM [52]. Specimens were formed using
CUA17 wire and (B4C)0.25A10.75 and (B4C)0_5A10.5 pow-
der mixtures as feedstock. In each case, 0.8-mm-
thick composite layers were deposited on the CuAl,
alloy substrate. A detailed structural analysis of the
specimens indicated a nonuniform distribution of
B,4C particles in the material (Fig. 7), which is due to

Fig. 7. SEM images and element distribution maps (X-ray microanalysis technique) in cross sections of CuAl-B,C metal-matrix
composite specimens (color online).
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the redistribution (floating) of particles during re-
melting of the previously printed layer [52].

Friction tests on the resulting metal-matrix com-
posites at room temperature showed that reinforce-
ment of the bronze matrix with B4C particles increa-
ses the wear resistance of aluminum bronze: the fric-
tion coefficient decreases from 0.26 to 0.19. The
wear resistance of the composite printed using the
(B4C)g2s5Alg7s powder is 2.2 times higher than that
using the (B4C)osAlys powder, which is explained by
lower abrasive wear due to a smaller number of B,C
particles [51].

9. CONCLUSIONS

In the last 5 years significant progress was made
towards the creation and improvement of equipment
for electron-beam additive manufacturing of metal
and composite materials. Scientifically based approa-
ches were developed to control the structure, compo-
sition, and various functional properties of industrial-
ly important metals and alloys. As a result, copper,
bronze, aluminum, nickel, titanium alloys, various
steels, functionally graded materials, and metal-mat-
rix composites were successfully produced by the
EBAM technology. The properties of the produced
materials are slightly inferior, and often even superi-
or, to those of their analogues obtained by conventio-
nal metallurgy, which increases the prospect of using
additive manufactured materials in industry.
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