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A B S T R A C T

Introduction. Wire-feed electron beam additive manufacturing (EBAM) is a promising production technology, offering 
unprecedented control over interface design in composite materials, which is challenging to achieve using conventional methods. 
The ability to control localized metallurgical processes within the melt pool is a key advantage of EBAM technology. This study 
investigates the influence of key EBAM parameters (wire feed configuration, scanning strategies, and linear energy input) on 
achieving diverse interface designs in bimetallic samples composed of copper and iron-based alloys. Establishing the relationship 
between microstructure evolution and 3D printing parameters is of great importance for the development of EBAM. The purpose 
of this study is to elucidate the effects of fundamental EBAM process parameters (beam current, wire feed rate, heat input, scanning 
strategy, and intrinsic material properties) on the fabrication of high-quality copper-iron bimetallic samples exhibiting both sharp and 
smooth interfaces, as well as heterogeneous material distributions. Research Methods. This study heavily emphasizes experimental 
investigations to optimize the EBAM process. Bimetallic samples featuring sharp interfaces, smooth interfaces, and heterogeneous 
microstructures, based on copper and iron alloys, were fabricated using wire-feed EBAM. The study analyzed the values of heat 
input depending on the layer being deposited; the wire feed rate depending on the material used, and the types of printing strategies 
depending on the ratio of dissimilar materials in bimetallic samples. A Pentax K-3 digital camera, equipped with a 100 mm focal length 
lens, was employed for high-resolution visual inspection and quality assessment of the fabricated bimetallic samples with varying 
interface designs. Results and discussion. Based on an in-depth understanding of the factors governing electron beam-material 
interactions, this work systematically details the potential for creating components with controlled sharp or smooth interfaces, as well 
as heterogeneous material architectures. Furthermore, the study briefly outlines process control methodologies aimed at minimizing 
defects, considering factors influencing melt pool dynamics, including the precise regulation of thermal conditions during 3D printing 
process. A fixed heat input was prescribed for each material to achieve a sharp interface morphology: specifically, 0.09 kJ/mm for the 
deposition of M1 copper layers, which is 2.5 times lower than the heat input used for depositing Cu-9 Al-2 Mn copper alloy layers. 
Similarly, a heat input of 0.17 kJ/mm was used for 0.12 C-18 Cr-9 Ni-Ti stainless steel layers, which is 1.5 times lower than that 
for 0.09 C-2 Mn-Si steel alloy layers. In contrast, the fabrication of smooth interfaces relied on dynamically adjusting the heat input 
and wire feed rates as a function of the layer being deposited and the target composition. The formation of heterogeneous structures 
required the use of tailored scanning strategies during EBAM, depending on the volume fraction of dissimilar alloys deposited via 
the wire feedstock. The successful fabrication of defect-free copper-iron bimetallic samples was achieved through careful control of 
the EBAM process.

For citation: Osipovich K.O., Sidorov E.A., Chumaevskii A.V., Nikonov S.N., Kolubaev E.A. Manufacturing conditions of bimetallic samples 
based on iron and copper alloys by wire-feed electron beam additive manufacturing. Obrabotka metallov (tekhnologiya, oborudovanie, 
instrumenty) = Metal Working and Material Science, 2025, vol. 27, no. 2, pp. 142–158. DOI: 10.17212/1994-6309-2025-27.2-142-158.  
(In Russian).
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Introduction

Modern additive manufacturing methods, such as wire electron beam 3D printing (EBAM), represent 
one of the most promising approaches to creating complex metallic structures with unique mechanical and 
functional properties. Currently, the number of publications on the fabrication of bimetallic specimens using 
electron beam methods is growing, confirming the relevance of this research. This method is actively used 
in aerospace, automotive, and medical industries, where high precision, strength, and reliability of products 
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are required [1]. Unlike traditional casting and milling methods, EBAM allows fabricating products from 
dissimilar materials with minimal material loss and without the need for molds and dies [2].

A bimetallic specimen is manufactured from two materials with different properties, which makes it 
possible to obtain a product with property characteristics distinct from those of the individual materials 
used. Bimetals should not have defects at the interface between dissimilar materials. When defects occur, 
specimens lose the required parameters of mechanical or operational properties. The most common design 
of the interface in bimetallic specimens is an abrupt transition from one material to another. The most 
common example of such materials is bimetals with a sharp interface based on the “steel-copper” system, 
manufactured using laser sintering [3, 4]. However, analysis of the literature has shown that creating a 
smooth interface between dissimilar materials when using the laser sintering method is difficult. Therefore, 
EBAM provides unprecedented freedom of microstructural design during manufacturing.

One of the fundamental aspects affecting EBAM efficiency is the interaction of the electron beam with 
the metal wire [5]. The theory of electron scattering plays an important role in determining the depth of 
beam penetration, the shape and size of the melt pool, as well as in controlling the heat flows that affect 
material crystallization [6]. Insufficient attention to these factors can lead to reduced mechanical strength, 
deteriorated geometric accuracy, and an increased number of defects in finished products [7]. Understanding 
these processes allows predicting microstructure formation, minimizing defects such as porosity, cracks, 
and structural heterogeneity, as well as optimizing printing parameters to achieve the best results [8]. The 
process is based on a cathode assembly, which increases energy to overcome the potential barrier due to 
high temperature and the potential difference between anode and cathode [9]. In addition to the cathode 
assembly, electron guns operate to form and focus directed electron beams, which are accelerated under 
the action of an electric field and focused by a magnetic field, forming a directed electron beam [10]. 
The focused electron beam emitted by the cathode, under the influence of high temperatures, converts the 
released thermal energy, thereby forming local heating and melting the material. Through the simultaneous 
operation of the wire feeder and the electron beam along a predetermined trajectory, the material is built 
up layer by layer, forming a three-dimensional structure after solidification. Depending on the amount of 
energy emitted by the beam, the intensity of scattering will be greater at a lower energy value. However, at 
a higher energy value, there is a probability of expanding the heat-affected zone, which leads to excessive 
penetration of the fed wire onto the substrate or already deposited layers. The scanning size in electron beam 
3D printing is directly related to the diameter of the electron beam and its interaction with the material. 
Increasing electron energy leads to greater penetration depth, but also expands the scattering area, which can 
reduce the geometric accuracy of the manufactured product [1]. To minimize this effect, it is necessary to 
optimize beam parameters such as energy, focus, and current density. For example, studies show that using 
an electron beam with low energy allows achieving higher geometric accuracy of the manufactured product, 
but limits the thickness of the applied layer [2]. At high electron beam energy and low scanning speed, 
energy will concentrate in the surface layers, which can lead to local overheating, and vice versa. At optimal 
parameters, energy is evenly distributed throughout the volume, ensuring stable melting and formation of 
high-quality macro- and microstructure. Insufficient energy transfer, due to electron scattering, can cause 
incomplete melting of the material, which contributes to the formation of porosity in the structure of the 
product. In addition, insufficient energy can prevent the material from reaching the melting temperature, 
which negatively affects the strength of interlayer bonds and increases surface roughness. Also, uneven 
cooling associated with non-uniform energy distribution contributes to the formation of local stress zones, 
which can promote the formation of microcracks. These effects emphasize the importance of controlling 
electron beam parameters and accounting for scattering processes to minimize defects and improve the 
quality of printed products [11].

This paper examines the influence of the main EBAM process characteristics (current, feed rate, heat 
input, printing strategy, and material properties), which are part of the electron scattering theory, on the 
quality of the obtained products. Special attention is paid to experimental studies that allow optimizing the 
printing process. The aim of this work is to establish the influence of the main EBAM process characteristics 
(current, feed rate, heat input, printing strategy, and material properties) on the quality of the obtained 
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products for the formation of high-quality bimetallic specimens with sharp and smooth interfaces, and 
heterogeneous structure based on copper and iron alloys. To achieve this aim, the following tasks were 
solved during the research:

– establishing the ranges of heat input values when applying layers based on iron and copper alloys 
for the formation of a sharp interface, which depend on the values of voltage and current required for the 
formation of the melt pool;

– determining the ratio of feed rates of wires into the melt pool for the formation of a smooth interface;
– studying the influence of the type of printing strategy depending on the percentage ratio of the volume 

of dissimilar alloys with simultaneous feeding of wires into the melt pool.

Research methodology

Bimetallic specimens with different interface designs and heterogeneous structures were obtained 
using a laboratory experimental installation for additive electron beam manufacturing of metal products 
at ISPMS SB RAS (Fig. 1). Iron and copper alloys were selected as dissimilar materials. For iron alloys,  
1.0 mm diameter wires of stainless steel AISI 321 and structural low-alloy steel  0.09 C-2 Mn-Si were used, 
while for copper alloys, 1.2 mm diameter wires of technically pure copper M1 and tin-free bronze Cu-9 
Al-2 Mn (Table 1) were used. The selection of these alloys was based on their wide practical applications 
(shipbuilding, aircraft construction, mechanical engineering, etc.).

Fig. 1. Vacuum chamber of the laboratory experimental installation for electron beam additive 
manufacturing

T a b l e  1

Chemical composition of wire feedstock: iron and copper alloys

Material
Chemical composition, wt.%

Fe Cu Cr Ni Mn Al Si C Other

Substrate AISI 304 Bal. ≤ 0.3 17-19 9-11 ≤ 2 – ≤ 0.8 ≤ 
0.08 to 1.1

Wire

AISI 321 Bal. ≤ 0.3 17-19 9-11 ≤ 2 – ≤ 0.8 ≤ 
0.12 ≤ 0.6

M1 ≤ 0.005 Bal. – to 
0.002 – – – – ≤ 0.02

0.09 C-2 
Mn-Si Bal. ≤ 0.3 to 0.3 to 0.3 1.3-1.7 – 0.5-0.8 ≤ 

0.12 ≤ 0.28

Cu-9 Al-2 
Mn ≤ 0.5 Bal. – – 1.5-2.5 8-10 to 0.1 – ≤ 1.65
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Multi-component specimens were printed using an electron beam generated by an electron gun through 
a magnetic focusing system that forms a sweep on the surface in the printing area, forming a melt pool. The 
wire was fed from a feeder. As a result, a pattern consisting of layer-by-layer deposited material was formed 
on the substrate.

By varying the parameters during EBAM, this method is potentially suitable for producing materials 
with controlled structure and improved mechanical or performance characteristics. The printing parameters 
(sweep size, voltage, scanning frequency, current and wire feed rate) used to fabricate the vertical wall are 
summarized in Table 2.

T a b l e  2

EBAM process parameters

Material Interface Sweep 
shape

Sweep 
size, mm

Voltage 
U, kV

Scanning 
frequency, Hz Current, mA

Deposition 
speed υ,  
mm/min

AISI 321-M1

Sh
ar

p 
/ s

m
oo

th
 / 

co
m

po
si

te

Ellipse 5 30 1,000

90-45 250-440

AISI 321- Cu-9 
Al-2 Mn 80-42 250-440

0.09 C-2 Mn-Si - 
Cu-9 Al-2 Mn 85-45 250-400

For visualization of the quality of grown bimetallic specimens with different designs, a Pentax K-3 
digital camera with a 100 mm focal length lens was used.

Results and discussion

A comprehensive understanding of the formation of specific structures and their design in the additive 
manufacturing process opens up extensive opportunities for obtaining bimetals with desired properties 
in specific parts of components, enabling the production of more efficient engineering products [12, 13]. 
Fig. 2 schematically shows some currently possible combinations for multi-material products in additive 
manufacturing. Depending on the product’s purpose and requirements, various material deposition geometries 
and interface designs can be applied. As mentioned above, the simplest and most common interface design 
is sharp (Fig. 2, a). It is also possible to obtain a smooth interface between dissimilar materials (Fig. 2, b). 
Heterogeneous structures can also be obtained by simultaneously feeding dissimilar immiscible materials, 
using powder wire, or adding metal powder to the matrix material (Fig. 2, c). In particular, using inserts 
of a second material in the “matrix” of the first (separate areas of the product are printed by sequential 
deposition of the second material, while the remaining volume is printed with the first material). To create 
a more complex interface design, alternating dissimilar materials can be used, forming a layered structure 
(Fig. 2, d). The structure design can represent a periodic alternation of dissimilar bands (one through one, 
one through two, one through three... two through two, two through three, etc.). 3D printing of sequential 
layers with different materials is further relevant when creating volumetric products through the formation 
of adjacent (contiguous) columns or blocks. In practical applications, it may be desirable or even necessary 
to have three or more compositions, which is not difficult for additive manufacturing, which provides 
unprecedented freedom of structural design during fabrication.

To form a specific design of the structure of dissimilar materials, it is necessary to know the physical 
and mechanical properties of metals and alloys for additive manufacturing in order to unlock the full true 
potential and obtain a defect-free product [14]. For example, the manufacture of bimetallic specimens based 
on iron and copper alloys can provide unique material properties by combining the thermal conductivity and 
thermal expansion coefficient of copper with the high strength of steel (Table 3). However, the extremely 
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low ability to absorb electron beam radiation (~2 %) and high thermal conductivity (400 W·m−1·K−1) of 
copper and copper alloys mean that high heat input values are required during the manufacturing process. It 
should be noted that the large difference in the thermal expansion coefficient between these materials leads 
to the accumulation of deformation and high internal stress at the interface, which can ultimately lead to 
cracking [15]. Due to the aforementioned problems, the fabrication of bimetallic specimens with different 
interface designs between iron and copper alloys is challenging [16].

To manufacture a defect-free multi-component specimen when alternating dissimilar wires during 
printing, it is necessary to control the thermal conditions so that the wire of one material has time to 
melt, while the wire of the other material does not spread, creating defects and disrupting the geometry 
of the product. For this, it is necessary to take into account the physical and mechanical properties and 
calculate the values of heat input for each type of structural design and each material used, as will be 
shown below.

Fig. 2. Schematic of possible multi-component sample 
configurations fabricated by additive manufacturing: 

a – sharp interface; b – smooth interface; c – heterogeneous structure;  
d – layered composite

T a b l e  3

Physical and mechanical properties of the materials used

Material Tm, °C ρ, kg/m3 C, J / (kg · °C) λ, W / (m · °C) α, 1 / °C

AISI 321 1,420 7,920 462-596 15-26 16.6-19.3

M1 1,083 8,940 390 387 16.7

0.09 C-2 Mn-Si 1,450-1,520 7,850 496-676 33-27 11.5-12.3

Cu-9 Al-2 Mn 1,060 7,630 461 71.4 17
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When forming a sharp interface between dissimilar materials, it is necessary to stop the deposition of 
one material before initiating the deposition of the other. Thus, immediately after depositing the Nth layer 
with iron alloy wire, the wire feed is switched to copper alloy wire (Fig. 3)

Fig. 3. Schematic of the wire-feed electron beam additive manufacturing process for 
fabricating bimetallic samples with a sharp interface between iron and copper alloys

To manufacture a bimetal with a sharp interface between iron and copper alloys, iron alloy wire was 
deposited layer by layer to create from 10 to 30 layers. Upon completion of the additively grown area of 
the iron alloy, the steel wire feed was completely stopped, and copper alloy wire was fed into the melt pool 
using a second feeder. Further, the N + 1 layers or the first layers of the copper alloy were deposited with 
different 3D printing parameters, taking into account the different physical and mechanical properties of 
the materials.

Visualization of changes in 3D printing parameters was carried out by changing the heat input values 
for each layer to gain a comprehensive understanding of the structures and defects in additively grown 
areas during manufacturing by additive methods. The heat input value is a characteristic of the thermal 
gradient, the amount of linear energy released per unit length of the layer [17]. The value of heat input in the 
manufacture of bimetallic specimens with a sharp interface between dissimilar materials is shown in Fig. 4.

The deposition of layers with iron alloy wire was carried out based on already known data [18]. 
Deposition of copper alloy wire layers using the same parameters is impossible. When selecting parameters 

                            a                                                              b                                                                 c

Fig. 4. Variation of heat input values as a function of layer during EBAM of a bimetallic sample with  
a sharp interface between dissimilar materials: 

a – 0.12 C-18 Cr-9 Ni-Ti and M1; b – 0.12 C-18 Cr-9 Ni-Ti and Cu-9 Al-2 Mn; c – 0.09 C-2 Mn-Si and Cu-9 Al-2 Mn
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for printing with copper wire on already deposited steel layers, it is necessary to minimize heat input. Thus, 
for printing bimetallic specimens based on iron and copper alloys, a fixed heat input value is set for each 
of the materials under consideration. The heat input value when depositing layers of copper M1 is 0.09 kJ/
mm, which is 2.5 times less than the heat input value when depositing layers of copper alloy Cu-9 Al-2 
Mn. The heat input value when depositing layers of iron alloy 321 is 0.17 kJ/mm, which is 1.5 times less 
than the heat input value when depositing layers of iron alloy 0.09 C-2 Mn-Si. This difference is due to the 
variation in thermophysical properties of the materials used. It should be noted that when applying the first 
layers to the substrate for each bimetallic specimen with a sharp interface, the heat input values are higher 
than the fixed ones. At such values, intensive heating of the substrate material occurs in the first layers of 
the specimen, which contributes to the stable formation of the melt pool. A common feature of the change in 
heat input values along the height of the printed specimen with a sharp interface is a sharp decrease during 
the transition from deposition of iron alloy to deposition of copper alloy.

When forming a smooth interface between dissimilar materials, iron and copper wires were fed 
simultaneously. It was necessary to gradually change the ratio of feed rates of iron and copper wires into the 
melt pool: the feed rate of the copper alloy wire into the melt pool needed to be increased simultaneously 
with decreasing the feed rate of the iron alloy wire until it completely stopped (Fig. 5). During the printing 
process, in the zone with a gradual change in the feed rate of wires of dissimilar materials, a structure with 
a smooth interface is formed.

During the feeding of only iron alloy wire when the copper alloy feed rate is υcopper = 0, a part of the 
additively grown steel is formed. The beginning of the smooth interface formation is accompanied by the 
introduction of copper alloy wire by the second feeder with a ratio of feed rates of the materials υsteel > υcopper 
approximately 1 to 4. At this stage, the area with additively grown steel predominates until the ratio of 
feed rates of the materials becomes equal υsteel = υcopper. The formation of the smooth interface is completed  
when the volume of iron alloy wire introduced is reduced, when the ratio of feed rates of the materials is 
υsteel < υcopper approximately 3 to 4. In the IV stage, only copper alloy wire is fed at iron alloy feed rate  
υsteel = 0, forming a part of additively grown copper. Thus, when manufacturing a vertical wall with a 
gradual change in feed rate, the formation of a smooth interface can be observed.

Fig. 5. Schematic of the wire-feed electron beam additive manufacturing process for 
fabricating bimetallic specimens with a smooth interface between iron and copper alloys
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Similarly, to the gradual change in the feed rate of materials, the value of heat input also gradually 
changed along the height of the specimen (Fig. 6), unlike the change in heat input values depending on the 
layer when manufacturing bimetallic specimens with a sharp interface (Fig. 4). The heat input value when 
depositing layers of copper M1 does not exceed 0.27 kJ/mm. The heat input value when depositing layers 
of stainless steel AISI 321 is similar for both the manufacturing of bimetallic specimens with a smooth 
boundary of the AISI 321 –M1 system and the AISI 321-Cu-9 Al-2 Mn system: in the first case, the value 
varies within 0.36- 0.23 kJ/mm, in the second case it varies within 0.38-0.28 kJ/mm, which is 1.5 times 
less than the heat input value when depositing steel layers during the manufacture of a bimetallic specimen 
of the AISI 321 - Cu-9 Al-2 Mn system. The heat input value when depositing layers of copper alloy Cu-9 
Al-2 Mn during the manufacture of a bimetallic specimen of the AISI 321 - Cu-9 Al-2 Mn system does not 
exceed 0.23 kJ/mm, which is less than the heat input value for the 0.09 C-2 Mn-Si-Cu-9 Al-2 Mn system. 
The heat input value during the manufacture of a bimetallic specimen of the AISI 321-Cu-9 Al-2 Mn system 
does not exceed 0.37 kJ/mm.

                             a                                                               b                                                                 c

Fig. 6. Variation of heat input values as a function of layer during EBAM of a bimetallic sample with a smooth in-
terface between dissimilar materials: 

а – 0.12 C-18 Cr-9 Ni-Ti and M1; b – 0.12 C-18 Cr-9 Ni-Ti and Cu-9 Al-2 Mn; c – 0.09 C-2 Mn-Si and Cu-9 Al-2 Mn

When forming a heterogeneous structure in a bimetallic specimen, the printing strategy was changed 
depending on the percentage ratio of the volume of dissimilar alloy wires fed. In the case of a larger volume 
of copper wire fed in relation to the iron wire fed, only the first material was continuously fed while the 
second material was fed in droplets, discretely. Discrete wire feeding involves portioned delivery of material 
to the melting zone. This method allows precise control of the volume of material fed and reduces thermal 
overloads, which is especially important when working with materials sensitive to thermal deformations. 
However, this approach requires high precision synchronization between the movement of the electron beam 
and wire feeding, which complicates process control. From the perspective of electron scattering theory, 
discrete wire feeding is characterized by local exposure of the electron beam to the material. Nevertheless, 
there is a risk of uneven heat distribution, which can cause defects such as local overheating or insufficient 
melting. To minimize these effects, it is necessary to carefully calculate electron beam parameters, such 
as energy, focusing, and pulse duration, taking into account the properties of the material. In the case 
of equal or smaller volume of copper wire fed in relation to the iron wire fed, simultaneous continuous 
feeding of wires into the melt pool was performed – continuous printing strategy (Fig. 7). Continuous wire 
feeding provides constant delivery of material to the melting zone, which contributes to more uniform heat 
distribution and reduces the risk of defects such as pores or cracks. However, continuous feeding requires 
precise control of wire feed rate and electron beam power to avoid overheating or insufficient melting.

The difference in printing strategy is based on the strong differences in melting temperature and thermal 
conductivity of the materials used. When manufacturing bimetallic specimens with a smooth interface, it 
was found that the amount of material fed into the melt pool directly depends on the wire feed rate. To form 
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a heterogeneous structure throughout the height, not just in the interface area, of a bimetallic specimen, it 
is impossible to create conditions for uniform melting for both copper alloy wires and copper alloy wires. 
Continuous deposition of both wires at a high feed rate of iron alloy wire leads to spreading of the copper 
alloy, disrupting the geometry of the bimetallic specimen with steel contents of 10 and 25 % in the copper 
matrix. Continuous deposition of both wires at a low rate leads to insufficient melting of the iron alloy 
wire in the melt pool. Droplet deposition at a high feed rate of iron alloy wire leads to spreading, which 
prevents the formation of the necessary specimen geometry. Therefore, for bimetallic specimens with a 
heterogeneous structure with a lower content of iron alloy, a discrete printing strategy was applied, and for 
specimens with a higher content of iron alloy, a continuous printing strategy was used.

In addition to controlling the type of wire feeding, printing strategy, and varying material feed rates, in 
the case of simultaneous feeding of dissimilar materials, special attention must be paid to changes in heat 
input values (Figs. 8-10).

The heat input value during the manufacturing of AISI 321 –M1 composites with steel contents of  
10 wt. % and 50 wt. % decreases from 0.38 to 0.26 kJ/mm, for AISI 321 –M1composites with steel content 
of 25 wt. %, the minimum value is 0.32 kJ/mm. A similar decrease in heat input values is also observed 
during the manufacturing of AISI 321-Cu-9 Al-2 Mn composites: when adding 10 wt. % and 25 wt. % of 
stainless steel AISI 321, the values decrease from 0.33 to 0.21 kJ/mm, when adding 25 wt. % the values 
decrease from 0.36 to 0.19 kJ/mm. A stable decrease in heat input values occurs in composites of the  
0.09 C-2 Mn-Si-Cu-9 Al-2 Mn system for each introduction of 0.09 C-2 Mn-Si steel the values decrease 
from 0.33 to 0.19 kJ/mm.

For the manufacturing of composites, a common feature of changes in heat input values is a gradual 
decline. For composites of the AISI 321 –M1 system with steel contents of 10 wt. %, 25 wt. %, and 50 wt. %, 

                                               a                                                                                       b

Fig. 7. Schematic of the electron-beam additive manufacturing process for fabricating bimetallic samples 
with a heterogeneous structure using discrete (a) and continuous (b) printing strategies

                              a                                                                 b                                                               c
Fig. 8. Variation of heat input values as a function of layer during EBAM of a bimetallic samples with a heterogeneous 

structure containing 10 wt.% steel in a copper matrix: 

a – 0.12 C-18 Cr-9 Ni-Ti and M1; b – 0.12 C-18 Cr-9 Ni-Ti and Cu-9 Al-2 Mn; c – 0.09 C-2 Mn-Si and Cu-9 Al-2 Mn
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                                a                                                           b                                                                 c
Fig. 10. Variation of heat input values as a function of layer during EBAM of a bimetallic samples with a 

heterogeneous structure containing 50 wt.% steel in a copper matrix:
a – 0.12 C-18 Cr-9 Ni-Ti and M1; b – 0.12 C-18 Cr-9 Ni-Ti and Cu-9 Al-2 Mn; c – 0.09 C-2 Mn-Si and Cu-9 Al-2 Mn

                                a                                                             b                                                                 c
Fig. 9. Variation of heat input values as a function of layer during EBAM of a bimetallic samples with  

a heterogeneous structure containing 25 wt.% steel in a copper matrix: 
a – 0.12 C-18 Cr-9 Ni-Ti and M1; b – 0.12 C-18 Cr-9 Ni-Ti and Cu-9 Al-2 Mn; c – 0.09 C-2 Mn-Si and Cu-9 Al-2 Mn

a linear decline in heat input values is observed from the first layer until the completion of manufacturing. 
For composites of the AISI 321-Cu-9 Al-2 Mn system with steel contents of 10 wt. %, 25 wt. %, and 50 
wt. %, an exponential decline in heat input values is observed with different rates of decrease from the 
first layer until the completion of manufacturing. For 0.09 C-2 Mn-Si-Cu-9 Al-2 Mn composites with steel 
contents of 10 wt. %, 25 wt. %, and 50 wt. %, an exponential decline in heat input values is observed with 
almost the same rate of decrease from the first layer until the completion of manufacturing.

Low heat input values when depositing steel wire are insufficient for complete melting of the filament 
and lead to areas with unmelted steel wire (Fig. 11, a).

High heat input values (from 500 kJ/m) allow complete melting of the iron alloy wire in the melt pool, 
preventing its overmelting. However, such heat input values increase the penetration depth of the electron 

                           а                                                        b                                                          c
Fig. 11. Images of defects (complete melting (a), increased thickness (b) and wire non-melting (c)) during steel 

wire deposition, resulting from improperly selected parameters for bimetal fabrication using EBAM
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beam, which leads to excessive melting of previously formed layers (Fig. 11, b). In the case of forming only 
the first layers of the manufactured product, they lead to bending of the substrate (Fig. 11, c). When applying 
a layer, material expansion occurs, which is limited by the colder deposited solidified layer, causing elastic 
compressive deformation. This leads to shrinkage of the material, causing a bending angle, and accumulates 
tensile residual internal stress in the growing direction.

Heat input values selected for steel wire deposition are high for copper wire deposition. This leads to 
complete melting of the fed material and its subsequent spreading on already deposited layers (Fig. 12, a). 
This increases the thickness of the product, which is an undesirable phenomenon (Fig. 12, b). Low heat 
input values are also undesirable for the formation of a defect-free product. This manifests in needle-like 
whole remnants of wire on the vertical wall (Fig. 12, c).

                                     а                                                b                                              c
Fig. 12. Images of defects (complete melting (a), increased thickness (b) and wire non-melting (c)) 

during copper wire deposition, resulting from improperly selected parameters for bimetal fabrication 
using EBAM

When printing with set fixed parameter values for a bimetallic specimen with a smooth interface, it is 
necessary to control the heat input values from the very beginning until the last layer of the manufactured 
product. Controlling heat input values at each layer will help avoid the occurrence of discontinuities and 
delamination at the layer boundaries, which can lead to crack formation [19, 20]. In addition, insufficient 
or excessive energy input into the melt pool will lead to clumping of the fed material, which causes poor 
surface quality and disruption of the product geometry (Fig. 13). When applying the first layers to the 
substrate for manufacturing bimetallic specimens with any interface design, it is necessary to use a high 
heat input value. As the layer increases, it is necessary to reduce the heat input value. With this approach, 
sufficient heating of the material and a stable melt pool will occur.

Thus, based on the properties of the materials used, changing technological parameters is necessary for 
the manufacturing of defect-free metal products by additive manufacturing methods (Figs. 14-15).

Conclusions

1. Defect-free specimens of composite materials consisting of copper alloy and iron alloy were fabricated 
by the wire electron beam additive manufacturing method. To obtain heterogeneous materials, simultaneous 
and continuous metal feeding was performed into the 3D printing zone from two wire feeders.

Fig. 13. Defects observed during copper wire deposition in EBAM bimetal fabrication due to improperly 
selected parameters



OBRABOTKA METALLOV MATERIAL SCIENCE

Том 23 № 3 2021

OBRABOTKA METALLOV EQUIPMENT. INSTRUMENTS

Vol. 27 No. 2 2025

                                           а                                                                                   b
Fig. 14. Defect-free bimetallic specimens fabricated by EBAM with optimal parameters:

a – sharp interface; b – smooth interface

                        а                                                      b                                                     c
Fig. 15. Defect-free steel-copper composites: 

a – 10 % steel; b – 25 % steel; c –50 % steel

2. It has been established that the transition rate between dissimilar materials is reflected in the rate of 
change of heat input values as a function of layer number. To obtain a sharp interface between iron and 
copper alloys, a rapid reduction in heat input values is required, from 0.38 kJ/mm to 0.20 kJ/mm. When 
forming a smooth interface, a gradual decrease in heat input is necessary.

3. During the additive manufacturing of heterogeneous composites with simultaneous feeding of 
dissimilar materials, a complex process of component mixing in the liquid state and subsequent solidification 
occurs.

4. With a close ratio of volume fractions in heterogeneous samples of a composite specimen of the 
copper alloy and iron alloy system, it is necessary to use a continuous type of feeding. Conversely, when 
there is a significant difference in the volume fractions, a discrete feeding strategy is necessary.
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