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Abstract: The application of electron beam sweep makes it possible to carry out multifocal and
multi-beam welding, as well as combine the welding process with local heating or subsequent
heat treatment, which is important when preparing products from thermally-hardened materials.
This paper presents a method of electron beam welding (EBW) with dynamic beam positioning and its
experimental-calculation results regarding the formation of structures and properties of heat-resistant
steel welded joints (grade of steel 20Cr3MoWV). The application of electron beam oscillations in
welding makes it possible to change the shape and dimensions of welding pool. It also affects the
crystallization and formation of a primary structure. It has been established that EBW with dynamic
beam positioning increases the weld metal residence time and the thermal effect zone above the
critical A3 point, increases cooling time and considerably reduces instantaneous cooling rates as
compared to welding without beam sweep. Also, the difference between cooling rates in the depth of
a welded joint considerably reduces the degree of structural non-uniformity. A bainitic–martensitic
structure is formed in the weld metal and the thermal effect zone throughout the whole depth of
fusion. As a result of this structure, the level of mechanical properties of a welded joint produced
from EBW with dynamic electron beam positioning approaches that of parent metal to a greater
extent than in the case of welding by a static beam. As a consequence, welding of heat-resistant steels
reduces the degree of non-uniformity of mechanical properties in the depth of welded joints, as well
as decreases the level of hardening of a welded joint in relation to parent metal.

Keywords: electron-beam welding; welded metal structure; dynamic positioning of an electron beam;
electron beam

1. Introduction

Electron beam welding (EBW) is being increasingly implemented in various applications [1],
including the manufacturing of essential products. In some cases, EBW is used at the final stage
of manufacturing the products from thermally-hardened materials with a given set of properties,
which makes it difficult or impossible to carry out subsequent heat treatment of welded joints. At the
same time, welded joint properties must be similar to those of the parent product material [2]. It is
important to note that EBW can have the desired effect not only on solid and high-melting alloys
but also on thermally hardened materials. High-quality joints are possible from the local effects of
temperature [3,4]. The level of hardening of welded joints from heat-resistant steels in products for
which there is only a low tempering rate is high enough. It is commonly known that the physical

Materials 2020, 13, 2233; doi:10.3390/ma13102233 www.mdpi.com/journal/materials
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weldability of heat-resistant steels is hampered by the tendency of welded joints to develop cold
cracks and soften metals in the thermal effect zone (TEZ). Therefore, products should be locally or
preliminarily heated as part of the welding process. This decreases the temperature difference in the
welding zone and peripheral areas, reducing metal stresses. The metal cooling rate decreases, and
after welding, an increasingly large amount of austenite transforms to martensite at high temperature
when the metal is flexible. Stresses occurring due to the difference in the volumes of these phases will
decrease, and cold cracks will be less probable. It should be taken into account during heating that
abnormally high temperatures result in the formation of coarse ferrite–perlite structures that do not
ensure required long-term strength and impact toughness of welded joints. It is possible to reduce the
risk of cold cracking by tempering parts at the temperature of 150–200 ◦C immediately after welding
for several hours. During this time, the transformation of the residual austenite to martensite will be
completed, and most of the hydrogen dissolved in it will be removed from the metal.

The softening of heat-resistant steels in TEZ also depends on the temperature-time parameters of
welding. An increase in heat input enlarges a soft interlayer in TEZ, which may disrupt rigid weld
joints in the course of operation, especially under bending loads. Also, structural phase transformations
taking place in the welding zone mainly depend on the temperature–time parameters: degree of
heating, heat distribution, heating, and cooling rates [5–9].

Due to the high concentration of energy in the electron beam affected zone, EBW is characterized
by significant heating and cooling rates, as well as by high temperature gradient values. This causes a
considerable non-uniformity of the temperature field that, in turn, leads to chemical, structural, and
mechanical non-uniformity of a welded joint [3,10,11].

It is possible to regulate thermal cycles in EBW in order to produce a specified structure of a welded
joint though controlling the thermal power of an electron beam due to its dynamic positioning [5].
The application of beam sweep makes it possible to carry out multifocal and multi-beam welding when
welding is performed simultaneously in several treated areas [6,7], as well as combine the welding
process with local heating or subsequent heat treatment.

When developing an EBW technology for structures from thermally hardened materials, there is
the problem of choosing energy parameters of a welding mode. An additional problem is choosing
the type and parameters of EBW to reproduce a specified thermal cycle, ensuring the formation of
structures and properties of welded joints [10] close to those of parent material.

By using the example of aluminum alloy, we have established the main regularities of the effect of
three-bath EBW parameters (beam current, welding speed, relative pulse duration, distance between
points) on geometric characteristics of welds (weld depth, width, fusion shape, and fullness coefficients)
and obtained regression dependencies. The criteria characterizing the formation of defect-free welds
have been determined. The method for determining optimal modes of three-bath EBW for aluminum
alloys by drawing nomograms and solving a system of equations from regression dependencies [5,7,12]
has been proposed. Also, the effect of dynamic deflection of an electron beam on the structure and
properties of welded joints from heterogeneous materials has been studied using the example of
steel-bronze [9,13,14]. Based on the studies, we have developed technological recommendations to
reduce structural and mechanical non-uniformity of welded joints from steel and bronze.

To the best of our knowledge, there are no studies on the effect of dynamic beam deflection in
welding on the structure and properties of welded joints from heat-hardenable medium-alloy steels.
However, EBW with dynamic beam positioning aimed at producing equal-strength heat-resistant steel
welded joints and improving their quality continues to be of particular relevance and importance.

The purpose of this work was to study and develop a technology aimed at reducing the level
of hardening of welded joints of heat-resistant steels in products for which only low-temperature
tempering was provided. We present the results of studies on the effect of EBW with dynamic
beam positioning on the formation of structures and properties of heat-resistant steel welded joints.
The studies were conducted to develop a technology aimed at reducing the level of hardening of
heat-resistant steel welded joints in products for which only low-temperature tempering is provided.
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The EBW process with a sweep along the trajectory ensuring concurrent heating of welded edges
was studied. The application of electron beam oscillations in welding makes it possible to change
welding pool shape and dimensions, as well as affect the crystallization and formation of a primary
structure. The use of dynamic positioning of an electron beam with heating of welded joint edges
in EBW increases the width of a fusion zone, which affects the crystallization process and decreases
cooling rates and their range of change in depth. This reduces the degree of non-uniformity of macro-
and microstructure in welded joints.

2. Materials and Methods

This work includes experimental and calculation studies on the effect of dynamic positioning
of an electron beam in EBW on the structure and properties of welded joints from the 20Cr3MoWV
heat-resistant steel. The chemical composition of this grade of steel is given in Table 1.

Table 1. Chemical composition of the 20Cr3MoWV steel, wt %.

Fe C Mn Si Cr Mo V W
Ni P S Cu

Not More than

Base 0.15–0.23 0.25–0.5 0.17–0.37 2.8–3.3 0.35–0.55 0.6–0.85 0.6–0.85 0.03 0.03 0.025 0.025

A comparative analysis of the resulting structure and properties of a welded joint was conducted in
EBW without beam oscillations, with X-shaped oscillations and with combined beam oscillations along
the trajectory simulating multi-beam welding. When forming this trajectory simulating multi-beam
welding, an electron beam on the metal surface was dynamically positioned such that it affected three
zones, thereby forming two parallel lines on both sides of the joint at some distance from it and a point
located on the joint line. The trajectory of combined electron beam oscillation is presented in Figure 1.

Figure 1. Trajectories of dynamic electron beam positioning.

For the selection of an electron beam positioning trajectory and its parameters, it was considered
that the number of points along which the electron beam moves increases, while the depth of fusion
decreases. In this case, the purpose was to obtain a fusion depth of up to 10 mm. To increase the
length of a welding pool, beam oscillations along the joint were selected, and to increase its width,
longitudinal oscillations were shifted in relation to the joint. The third electron beam exposure zone,
a point located on the joint line, ensured the predetermined depth of fusion. The distance between
the electron beam exposure zones was to have one general fusion channel formed by the electron
beam in the metal (the size of the oscillation path must be small enough so that the area of the beam
impact is limited to one common penetration channel). The parameters of this trajectory of dynamic
positioning of an electron beam were determined based on preliminary calculations using thermal
models [5,6,9]. The following parameters were determined: electron beam power—4000 W, welding
speed—5 mm/s, electron beam operation time in each zone—250 μs, and longitudinal oscillation
frequency—1000 Hz. The sharp focusing mode was used. The electron beam diameter (the size of
an area where 95% of the electron beam energy is concentrated) was measured using the procedure
and equipment described previously [15,16] and amounted to 0.35 mm (beam power—2000 W) and
0.5 mm (beam power—4000 W) on the surface of the workpiece.
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There are intense convective flows in the weld pool. At the same time, the structure of the material
is determined by thermal processes and depends on thermal cycles. In this work, only the thermal
problem is solved, and the convective flows are not taken into account.

To implement the described trajectory, the electron gun of the ELA-6VCH power unit by SELMI
(Ukraine) was upgraded through installing a high-speed deflecting system, where a signal on coils
was sent from the outputs of a two-channel broadband amplifier. The amplifier was connected via a
digital-to-analogue interface to a computer with installed software, allowing dynamic positioning of
an electron beam along various types of user-defined trajectories. Heat-resistant steel 20Cr3MoWV
was chosen as a weld material (Figure 2).

 

Figure 2. Scheme of the high-speed deflection system connection: 1—electron beam; 2—workpiece;
3—deflection coils; 4—broadband amplifier; 5—digital-to-analog interface; 6—computer; 7—electron
beam gun.

Table 2 shows the EBW parameters for 20Cr3MoWV steel when carrying out the
experimental studies.

Table 2. EBW parameters for the 20Cr3MoWV steel.

Type of EBW Beam Power, W
Welding Speed
Vweld, mm/s

Sweep Parameters

Frequency, Hz Amplitude, mm

Without beam sweep 2000 5 - -
With X-shaped oscillations 4000 5 800 2

With a sweep along the trajectory
presented in Figure 1 4000 5 1000 -

The calculation studies were conducted based on mathematical models allowing the assessment
of the effect of the beam oscillation trajectory and its parameters on changes in a fusion form, thermal
welding cycles in the weld metal and the TEZ, instantaneous cooling rates, as well as on the conditions
of formation of macro- and microstructure of welded joints. The Mathcad application program package
was used for calculations.
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A thermal model based on differential equations for thermal conductivity in the mobile coordinate
system with a fixed source was used to construct a fusion form and thermal welding cycles. This
model was obtained by an analytical method using Green’s functions [1,3–5]. A standard integral
solution to a thermal conductivity problem in the mobile coordinate system for an endless plate, with
different types of dynamic electron beam positioning taken into account, is

T(x, y, z, t)

=
∞∫
−∞

∞∫
−∞

S∫
0

∞∫
0

1

8
(√
πa(t−τ)

)3 exp
(
− (x−x′+V(t−τ))2

4a(t−τ)
)
exp
(
− (y−y′)2

4a(t−τ)
)

· ∞∑
n=−∞

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝
exp
(
− (z−z′+2nS)2

4a(t−τ)
)
+

+exp
(
− (z+z′+2nS)2

4a(t−τ)
)
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠·F(x′, y′, z′, t)∂x′∂y′∂z′∂τ

(1)

F(x′, y′, z′, t) =
ηq
cρ
·δ(x− x′)·δ(y− y′)·δ(z− z′)·δ(τ) (2)

where V—welding speed; S—plate thickness; F(x′,y′,z′,t)—heat source function described using the
Dirac delta function; x′, y′, z′—heat source coordinates; τ—source operation time; q—electron beam
power; η—efficiency factor; c—specific heat capacity; and ρ—metal density. Heat source forms and
their mathematical expressions F(x′,y′,z′,t) for different types of electron beam oscillations are presented
in previous works [5,14,15].

Typically, a cooling time within the temperature range of 800–200 ◦C (t8/2) and a cooling rate
within the range of 600–500 ◦C (w5/6) determined by a thermal welding cycle were used to analyze
the microstructure of a welded joint. However, heating and cooling rates in the course of welding
vary with time nonlinearly, so it is proposed to use instantaneous rates. Equations for determining
instantaneous heating and cooling rates in the course of welding with different types of dynamic
electron beam positioning were derived from the equation for solving thermal problems (1)

W(x, y, z, τ) =
dT(x, y, z, τ)

dt
п р и dt =

dx
V

W(x, y, z, τ) =
dT(x, y, z, τ)

dx
V. (3)

A mathematical model developed based on the analytical approach presented in the works [14] was
used to analyze the formation of a primary macrostructure of weld metal. To ensure the mathematical
setting of a model problem, the following assumptions were made: (1) the crystallization front shape
represents a surface described by the crystallization isotherm equation without taking into account the
sizes of a two-phase liquid–solid zone; (2) crystallites grow in the direction of temperature gradient and,
consequently, their growth axes represent orthogonal trajectories to the crystallization front. The model
consists of a number of equations: crystallization front, crystallite growth axis trajectories, direction
angles of crystallite inclination towards coordinate planes, crystallite growth rates, as well as equations
of crystallization scheme criteria and crystallization rate. Taking into account the specific form of
fusion penetration in EBW, the crystallization front equation represents two systems of equations
(separately for the upper and lower parts of the weld)

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

(
z

H1

)ω1
+
( y

P1

)ϑ1
= 1( y

P1

)η1
+
(

x
L1

)ν1
= 1(

z
H1

)τ1
+
(

x
L1

)μ1
= 1

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

(
z

H2

)ω2
+
( y

P2

)ϑ2
= 1 YOZ plane( y

P2

)η2
+
(

x
L2

)ν2
= 1 XOY plane(

z
H2

)τ2
+
(

x
L2

)μ2
= 1 XOZ plane

(4)

Each system equation describes the isotherm of crystallisation for a relevant coordinate plane,
Figure 3.
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Figure 3. Schematic division of the crystallization front into components: P′, H′, and L′—intersection
point coordinates for the two curves (inflection point); P2, H1, and L2—values at which the curves
intersect relevant coordinate axes; P1—corresponds to the value of the weld half-width, H2—corresponds
to the weld depth; L1—numerically equal to the length of the welding bath on the surface.

The coefficients and parameters of the system of crystallization front Equation (3) were determined
by approximating the numerical values (xi,yi,zi) of the isothermal crystallization surface obtained in
solving the EBW thermal problem (1), with this system of equations. At the same time, coefficients ω,
θ, η, ν, τ, and μmay have any non-integer value greater than 1. Equations for calculating the shape of
crystallite axes make it possible to construct crystallite axis projections onto coordinate planes and
assess a primary macrostructure of weld metal from a qualitative point of view. The values of crystallite
growth origin coordinates (x0,y0,z0) are determined to take into account the system Equation (3)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

y =
[

Hω·(θ2−2θ)
Pθ·(ω2−2ω)

(
z2−ω − z2−ω

0

)
+ y2−θ

0

]1/(2−θ)
YOZ plane

x =
[

Pη·(ν2−2ν)
Lν·(η2−2η)

(
y2−η − y2−η

0

)
+ x2−ν

0

]1/(2−ν)
XOY plane

x =
[

Hτ·(μ2−2μ)
Lu·(τ2−2τ)

(
z2−τ − z2−τ

0

)
+ x2−μ

0

]1/(2−μ)
XOZ plane

(5)

Changes in the inclination angles of crystallite axes characterize the spatial orientation of crystallites
and allow the numerical determination of changes in their growth rate (Figure 4). To analyze the
primary macrostructure, the most indicative are the changes in the inclination angles of crystallite axes
growing at different depths to the weld axis in the horizontal plane (α) and the vertical plane (γ).

Figure 4. Direction angles of the tangents (m) to the crystallite axis: (a) α and β′ in the XOY plane, (b) β
and γ in the YOZ plane, (c) α′ and γ′ in the XOZ plane.
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Changes in the growth rate of crystallites along the weld width in the horizontal (Vα) and vertical
(Vγ) planes were determined as

Vα = V
[
1 +

x0
2·η2

y02·ν2 Ky2η−2(1−Kyη)
2
ν−2
]− 1

2

, (6)

Vγ = V

⎡⎢⎢⎢⎢⎣1 + H2ω·θ2

P2θ·ω2

(Ky·y0)
2θ−2

z02ω−2

(
1−Kyθ

) 2
ω−2
⎤⎥⎥⎥⎥⎦
− 1

2

, (7)

where V—welding speed, Ky = y/y0—dimensionless coordinate.
The integral criteria of the Kα and Kγ crystallization scheme make it possible to assess resulting

macrostructures in EBW. The Kα criterion characterizes the preferred direction of crystallite axes along
the weld width in the horizontal plane, and the Kγ criterion characterizes the preferred direction of
crystallite axes along the weld width in the vertical plane

Kα =
∫ 1

0
arctg

[
x0·η
y0·νKyη−1(1−Kyη)−

ν−1
ν

]
dKy, (8)

Kγ =
∫ 1

0
arctg

⎡⎢⎢⎢⎢⎣H
ω·θ

Pθ·ω
(Ky·y0)

θ−1

z0ω−1

(
1−Kyθ

)−ω−1
ω

⎤⎥⎥⎥⎥⎦dKy. (9)

A crystallite growth rate is quantitatively assessed using the two integral criteria of crystallization
rate—KVα and KVγ, characterizing the total value of relative crystallite growth rate along the weld
width in the horizontal and vertical planes

KVα =
∫ 1

0

⎡⎢⎢⎢⎢⎣1 + H2ω·θ2

P2θ·ω2

(Ky·y0)
2θ−2

z02ω−2

(
1−Kyθ

) 2
ω−2
⎤⎥⎥⎥⎥⎦
−1/2

dKy, (10)

KVγ =
∫ 1

0

⎡⎢⎢⎢⎢⎣1 + H2ω·θ2

P2θ·ω2

(Ky·y0)
2θ−2

z02ω−2

(
1−Kyθ

) 2
ω−2
⎤⎥⎥⎥⎥⎦
−1/2

dKy. (11)

The application of integral criteria of crystallization scheme and crystallization rate makes it
possible to construct diagrams characterizing the macrostructure of weld metal.

To analyze the emerging microstructure of welded joints, a method was used based on the
construction of a series of structural diagrams depending on the cooling rate. When plotting structural
diagrams, the regression models (obtained using artificial neural networks) of the transformation of
supercooled austenite under continuous cooling were used [17]. These regression equations determine
the type of microstructure formed after cooling with four dichotomous variables containing information
on the presence of ferrite, perlite, bainite, and martensite in the structure

X(%) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
0 при WX = 0
0 при UX ≤ 0
UX при UX > 0

UX = a0 + a1C+ a2Mn + a3Si + a4Cr + a5Ni + a6Mo + a7V + a8TA + a8W o х л
+a10CVr

0.25 + a11W f + a12Wp + a13Wb + a14Wm

(12)

where C, Mn, Si, Cr, Ni, Mo, V—weight fractions of alloying elements; a0, a1, . . . , a14—coefficients
obtained by regression analysis; UX—volume fraction of the structural component; X—type of
the structural component; TA—austenitizing temperature, ◦C; Wcool—cooling rate, ◦C/min; WX—
dichotomous variables.
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Dichotomous variables are designed to determine the probability of specific microstructural
components at a given constant cooling rate and austenitizing temperature

WX = exp(SX)/(1 + exp(SX)),
SX = b0X + b1XC +b2XMn + b3XSi + b4XCr + b5XNi + b6XMo + b7XV + b8XCu

+b9XTA + b10XWokhл

(13)

where b0X, b1X, . . . b10X—coefficients obtained by regression analysis.
To determine the quantitative composition of the microstructure formed in the course of welding,

several diagrams were constructed based on these equations, separately for each section of a welded
joint. When constructing diagrams, austenitizing temperature and cooling rates are pre-set individually.
The austenitizing temperature is equal to the maximum heating temperature of this area as far as the
TEZ different parts are concerned. As for the weld, the TA is 1350 ◦C. The range of cooling rates was
chosen based on maximum possible design instantaneous cooling rates according to the formulas
obtained from the expression (3). Diagrams were constructed in the coordinates “% of structural
components (X)—cooling rate (Wcool)”. A criterion for determining the structural composition is the
maximum instantaneous cooling rate obtained from calculations for a given part of a welded joint.

The experimental studies were conducted with regard to the specimens welded according to the
modes shown in Table 2 and included the metallographic analysis of the macro- and microstructure of
welded joints, determination of hardness, and mechanical properties in standard static tension tests.
The metallographic analysis was conducted using the Altami MET 1T optical microscope and the
VideoTest Metall image analysis software system. The surface of microslices was treated alternately
with two reagents and multiple repolishing (the first reagent based on nitric acid, and the second one
based on picric acid). Hardness was determined using the PMT-3 instrument and the Tukon 2500
Vickers hardness tester.

3. Results and Discussion

The results of experimental and calculation studies of the weld metal crystallization process in
EBW (20Cr3MoWV steel) are presented in Figure 5, which also presents the weld macrostructure
(a), the shape of a crystallizing part of the welding bath with crystallite axis projections (b), and the
diagram of changes in the macrostructure shape and crystallization scheme (c). The shape and sizes of
the crystallizing part were determined by the thermal model (1, 2); the crystallite axis projections were
determined by the equations (4, 5); the diagrams of changes in macrostructure shape and crystallization
scheme were based on the calculations of integral crystallization criteria (6–11).

The results show that the similar depth of fusion welding with combined beam oscillation
trajectory leads to an increase in the sizes of the crystallizing part of the welding bath, in relation to
welding without beam sweep and with x-shaped oscillations. At the same time, the weld shape in
cross-section is close to that of the weld produced by welding with x-shaped oscillations and differs by
its width. An increase in the sizes of the crystallizing part affects the crystallization process and the
macrostructure formation; the width of a central zone with equiaxed grains increases, and there is no
flat growth pattern for columnar crystallites.

The calculations of thermal cycles and instantaneous cooling rates were made for the following
parts of welded joints:

• In the depth of a welded joint: for the upper—0.1H, middle—0.5H and root—0.9H parts;
• In the width of a welded joint: for the weld metal, for the overheating area, temperature—1350 ◦C,

for the full recrystallisation area, temperature—1000 ◦C.
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Figure 5. Weld macrostructure (a), shape of the crystallizing part of the welding bath with crystallite
axis projections in the XOZ and YOZ coordinate planes (b), and diagrams of changes in macrostructure
shape and crystallization pattern in provisional coordinates in the z/H depth and in the Ky = y/y0 (c)
weld width: (A—equiaxial structure, B—spatial growth of columnar crystallites, C—flat growth of
columnar crystallites).

An example of calculated thermal cycles and instantaneous cooling rates for the TEZ overheating
area is given in Figure 6.
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Figure 6. Calculated thermal cycles (a) and instantaneous cooling rates (b) in the TEZ overheating area
(maximum heating temperature—1350 ◦C) for different weld depths: 1—welding without beam sweep;
2—welding with x-shaped beam oscillations; 3—welding with combined beam sweep.

The calculations show that the extension of a fusion zone in welding with beam oscillations
along the combined trajectory contributes to the fact that the time of metal residence in its liquid state
increases and the range of maximum instantaneous cooling rates for crystallized metal decreases. Thus,
in the weld metal produced from welding without beam sweep, the maximum instantaneous cooling
rate at the temperature of 1350 ◦C varies in the depth of fusion from 900 to 3600 ◦C/s; in the weld metal
produced from welding with x-shaped beam oscillations, it varies from 460 to 2700 ◦C/s, and in the
weld metal produced from welding with combined beam sweep—from 220 to 1250 ◦C/s. In the thermal
effect zone, the time of metal residence increases above the critical A3 point (Figure 6), and the level
of maximum instantaneous cooling rates, as well as their range, decreases as compared to welding
without beam oscillations and with x-shaped oscillations. In the TEZ part heated up to the maximum
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temperature of 1350 ◦C, the range of instantaneous cooling rates is 610–2200 ◦C/s when welding by a
static beam and 190–980 ◦C/s when welding with combined beam sweep. Maximum instantaneous
cooling rates decrease in the TEZ parts heated up to lower temperatures, but more than the A3 point.
In the area heated up to the maximum temperature of 1000 ◦C when welding by a static beam, their
range is 200–750 ◦C/s, and when welding with combined beam sweep, their range is 85–480 ◦C/s.

A decrease in the difference between cooling rates in the depth of a welded joint creates conditions
for reducing the degree of structural non-uniformity. To determine the quantitative composition of
structural components in welded joints, a calculation method for analyzing the emerging microstructure
of welded joints was used, and metallographic studies were conducted.

To calculate the volume fraction of formed structural components in welded joints, structural
diagrams were constructed depending on the cooling rate (12–13) in the coordinates “% of structural
components (X) —cooling rate (Wcool)”. When constructing the diagrams, the following austenitizing
temperatures were pre-set: for the weld metal and the TEZ overheating area, the TA = 1350 ◦C, for
the TEZ full recrystallization area, the TA = 1100 ◦C. A percentage ratio of structural components
is determined according to the range of maximum instantaneous cooling rates for a given area.
An example of determining the volume fraction of structural components is presented in Figure 7.

 Overheating area, T  = 1350 °C Normalisation area, T =1000 °C 

Welding 
without 

beam 
sweep 

 

Welding 
with 

x-shaped 
beam 

oscillations

Figure 7. Cont.
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Welding 
with 

combined 
beam 
sweep 

Figure 7. Structural diagrams for the TEZ two parts (a welded joint from the 20H3MVF steel): P—perlite,
B—bainite, M—martensite (the diagrams show the range of instantaneous cooling rates in the depth of
welded joints).

According to the presented calculation results, a practically martensitic structure should be formed
in the TEZ when welding by a static beam: in the upper part, the amount of bainite does not exceed
10%, while in the lower part of the weld, it does not exceed up to 2%. The application of x-shaped
beam oscillations should lead to an increase in bainite in the upper part up to 10–12%, and in the root
part up to 2–5%. When welding with combined beam oscillations, about 20% of bainite can be formed
in the TEZ upper part and within 5–10% in the lower part.

As far as it is known, conventional methods of metallographic analysis do not always make
it possible to clearly differentiate structural components close in morphological structure, such as
lower bainite and martensite. The method of multiple polishing with reagent alternation results in
detecting a relief on the surface of a slice, which creates a more comprehensive idea of the morphology
of resulting structures, especially under large increases. Polarized light was additionally used to
differentiate structural components in microstructure analysis. Polarized light reflects the morphology
of formed structures and singles out a carbide phase (present in bainite). The carbide phase in polarized
light is singled out in the form of rounded light inclusions with clear outlines. Consequently, the
areas where intermediate (bainite) transformation takes place will be tinted with a luminous ring
of light. Martensite in polarized light looks darker; these dark inclusions reflect its morphology—a
package structure.

The quantitative assessment of structural components was carried out using the VideoTest-Metal
image analysis software system. This software system singles out structural components according to
their brightness range and determines the volume fraction of a highlighted phase. The analysis was
conducted with regard to five fields of view. Figure 8 shows a microstructure, an example of separating
phases and determining their volume fraction for the middle part of weld metal. The measurement
results regarding the quantitative composition of weld metal are shown in Table 3, including errors
and the composition calculated according to the above procedure for comparison.

The emergence of bainite in the weld metal structure and the thermal effect zone is of great
importance for the mechanical properties of heat-resistant steels. When welding these steels without
further heat treatment, the most optimal combination of mechanical properties will be in welded joints
with mixed martensite and bainite structure.
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Welding with x-shaped beam 
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Welding with combined beam 
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Figure 8. Weld metal microstructure in the middle (a) part and an example of determining a
percentage ratio of structural components: polarized light (b), separating structural components in the
VideoTest-Metal program (c), ×500.

Table 3. Structural composition of weld metal obtained experimentally and by calculation.

Type of Electron Beam
Sweep

Distance in the Depth
pf Joint

Experimental Observation
Calculation Based on Regression

Dependencies

Without beam sweep
0.1H 7.3% V, 92.7% M

(ε − 5.7%) 9% V, 91% M

0.5H 4.8% V, 95.2% M
(ε − 3.11%) 4% V, 96% M

0.9H 2.9% V, 97.1% M
(ε − 4.35%) 0% V, 100% M

With X-shaped oscillations
0.1H 18.8% V, 8.2% M

(ε − 2.8%) 14% V, 86% M

0.5H 14% V, 86% M
(ε − 2.5%) 8.5% V, 91.5% M

0.9H 9.3% V, 90.7% M
(ε − 2.9%) 2% V, 98% M

Three-beam welding
0.1H 23% V, 77% M

(ε − 4%) 19% V, 81% M

0.5H 20% V, 80% M
(ε − 4.2%) 14% V, 86% M

0.9H 13% V, 87% M
(ε − 9%) 7% V, 93% M
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The degree of non-uniformity in mechanical properties was assessed by the nature of variation in
microhardness in the width of a welded joint for areas different in depth. Microhardness was measured
in the upper, middle, and lower parts of welded joints using the Vickers method. Based on the obtained
information, the average values of weld metal microhardness and root-mean-square deviation (RMSD)
were determined as a measure of non-uniformity (Table 4). When welding by a static beam in the
depth of a weld, there is an increase in RMSD of microhardness values, which indirectly indicates an
increase in mechanical inhomogeneity. When welding with combined beam sweep and with x-shaped
oscillations, the average value of weld metal microhardness decreases. RMSD values also decrease, i.e.,
it is arguable that the degree of mechanical inhomogeneity is lower here.

Table 4. Changes in weld metal hardness for different types of EBW.

Part Average Hardness Values
Welding by a Static

Electron Beam
Welding with x-Shaped

Beam Oscillations
Welding with

Combined Beam Sweep

Weld upper part Aver. HV 0.1 481 404 418
RMSD 94 60 66

Weld middle part Aver. HV 0.1 479 394 413
RMSD 127 80 67

Weld lower part Aver. HV 0.1 488 410 394
RMSD 136 88 64

The specimens cut out in the cross-section of a welded joint were used for tension tests. Strength
and flexibility properties were determined for the weld metal. The specimens were fractured at the
weakest point of a welded joint. The results are given in Table 5.

Table 5. Mechanical properties of welded joints produced with different types of EBW.

Mechanical
Properties

Type of EBW
Parent Metal

Welding by a Static
Electron Beam

Welding with x-Shaped
Beam Oscillations

Welding with
Combined Beam Sweep

σV, MPa 1535 1333 1301 822

σ0.2, MPa 1397 1193 1159 75

σ0.2/σV 0.91 0.894 0.882 0.75

δr, % 4.1 4.43 4.49 8.84

The results show that welding with x-shaped beam oscillations and with combined sweep reduces
the level of strength properties. Tensile strength σB and constrained yield stress σ0.2 have similar
values. At the same time, these values are much lower than σT and σ0.2 of the weld metal produced
from welding without beam oscillations. Similar values were also obtained for relative ultimate
uniform elongation δr. Metal flexibility margin was assessed by ultimate strength against yield strength
(σ0.2/σV), and if σ0.2/σV = 1, metal flexibility margin was considered to be zero. As for medium-alloy
steels, a ratio of yield strength against ultimate strength is permissible within the range of 0.7–0.8.
Weld metal flexibility margin is slightly higher in case of welding with combined sweep.

Considering the foregoing, the proposed EBW method with dynamic beam positioning along the
combined trajectory ensures a significant decrease in structural and mechanical inhomogeneity and
brings the level of mechanical properties closer to that of the parent material. Consequently, this EBW
method will be preferable for heat-resistant steel structures not subjected to further heat treatment.

4. Conclusions

The application of electron beam oscillations in welding makes it possible to change a welding
pool shape and dimensions, as well as affect the crystallization and the formation of a primary structure.
The emergence of bainite in the weld metal structure and the thermal effect zone is of great importance
for the mechanical properties of heat-resistant steels. When welding these steels without further heat
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treatment, the most optimal combination of mechanical properties will be in welded joints with mixed
martensite and bainite structure. The use of the trajectory of dynamic positioning of an electron beam
with heating of edges of a welded joint in EBW leads to an increase in the width of a fusion zone.

At almost the same depth of fusion, welding with combined beam oscillation trajectory leads to
an increase in the sizes of the crystallizing part of the welding bath, in relation to welding without
beam sweep and with x-shaped oscillations. The weld shape in cross-section is close to that of the weld
produced by welding with x-shaped oscillations and differs by its width. An increase in the sizes of the
crystallizing part affects the crystallization process and the macrostructure formation: the width of a
central zone with equiaxed grains increases and there is no flat growth pattern for columnar crystallites.
The extension of a fusion zone increases the weld metal’s residence time and the thermal effect zone
above the critical A3 point, increases cooling time, and considerably reduces instantaneous cooling
rates and their range of change in depth respectively. This further reduces the degree of non-uniformity
of macro- and microstructure in welded joints. As a result, welding of heat-resistant steels reduces the
degree of non-uniformity of mechanical properties in the depth of welded joints, as well as reduces the
level of hardening of a welded joint in relation to parent metal.
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Abstract: Electron beam freeform fabrication is a wire feed direct energy deposition additive
manufacturing process, where the vacuum condition ensures excellent shielding against the
atmosphere and enables processing of highly reactive materials. In this work, this technique
is applied for the α + β-titanium alloy Ti-6Al-4V to determine suitable process parameter for robust
building. The correlation between dimensions and the dilution of single beads based on selected
process parameters, leads to an overlapping distance in the range of 70–75% of the bead width,
resulting in a multi-bead layer with a uniform height and with a linear build-up rate. Moreover, the
stacking of layers with different numbers of tracks using an alternating symmetric welding sequence
allows the manufacturing of simple structures like walls and blocks. Microscopy investigations reveal
that the primary structure consists of epitaxial grown columnar prior β-grains, with some randomly
scattered macro and micropores. The developed microstructure consists of a mixture of martensitic
and finer α-lamellar structure with a moderate and uniform hardness of 334 HV, an ultimate tensile
strength of 953 MPa and rather low fracture elongation of 4.5%. A subsequent stress relief heat
treatment leads to a uniform hardness distribution and an extended fracture elongation of 9.5%, with
a decrease of the ultimate strength to 881 MPa due to the fine α-lamellar structure produced during
the heat treatment. Residual stresses measured by energy dispersive X-ray diffraction shows after
deposition 200–450 MPa in tension in the longitudinal direction, while the stresses reach almost zero
when the stress relief treatment is carried out.

Keywords: additive manufacturing; titanium alloys; electron beam; wire feed process; residual
stresses; mechanical properties

1. Introduction

Additive manufacturing (AM) comprises different processes which deal with different materials
using different heat sources to build-up structural parts. The ISO 17296-2:2015 standard provides an
overview of existing AM process categories [1]. Processes can be classified according to their general
principles as follows: vat photopolymerization, material jetting, binder jetting, powder bed fusion
(PBF), material extrusion, directed energy deposition (DED), and sheet lamination.

Materials 2020, 13, 3310; doi:10.3390/ma13153310 www.mdpi.com/journal/materials

17



Materials 2020, 13, 3310

For reactive materials like Ti-based alloys, the number of feasible processes is limited and the
demands on the shielding environment are remarkably high to avoid atmospheric contaminations.
Nowadays Ti-6Al-4V, recognized as the most popular α + β titanium alloy, is processed by various AM
processes like powder-based processes, selective laser melting (SLM), electron beam melting (EBM),
or wire-based DED techniques. The respective processes show certain characteristics and result in
intrinsic properties of the manufactured parts. Powder-based processes are very common for AM
and are leading technologies performing complex geometries and surface finishing. In AM, there is a
correlation and trade-off between maximum resolution and achievable deposition rates. Due to the
usage of powder in the micrometer range, the achievable deposition rates are limited, and the part size
is restricted to the dimensions of working chambers. Wire-based DED processes widen the field of
application and have received considerable attention due to printing of more volumetric structures
with simultaneous high deposition rates. Electron beam freeform fabrication (EBF3, EBF3, or EBFFF)
is based on a wire feed DED-process using the electron beam as heat source and the suitability for
processing titanium has already been demonstrated [2–5]. Since electron beam technique is based
on a vacuum atmosphere (<5 × 10−3 mbar), it is suitable to process reactive materials like titanium.
The process can be described as a near-net-shape manufacturing process with a high deposition
rate (up to 2500 cm3/h) which usually requires an additional final processing step, e.g., subtractive
manufacturing [6]. The characteristic high-power density of the electron beam welding (EBW) process
of up to 107 W/cm2 is not required in case of AM, because there is no need of a deep penetration since
dilution should be minimized [7]. This type of process is currently used for commercial purposes to
produce robust structures of different titanium, tungsten, and inconel alloys, among others [8].

In the case of wire-based electron beam additive manufacturing (EBAM), there are numerous
technological input parameters—e.g., (1) acceleration voltage, (2) beam current, (3) welding speed, (4)
wire feed rate, (5) beam figure, and (6) focus position—which can be varied in a wide range and a
proper selection of them can be challenging [9]. Another factor in process design is the way of the
wire-feeding. Usually, wire arc additive manufacturing (WAAM) processes use an electric arc as energy
source without electromagnetic force between the molten droplet and the substrate plate. In the case
of wire-based electron beam additive manufacturing, the filler wire input is independent from the
energy input and, for this reason, the parameters for material input and energy can only be varied
independently to a limited extent. A proper height alignment of the wire tip with the electron heat
source is necessary for the material transfer and a stable melt pool [10]. Since the melt pool and melt
pool temperature can be controlled by process parameters [11–13], and weld beads are formed during
solidification, knowledge about the correlation between process parameters and weld bead geometry
is essential for process control and to understand the fundamentals of EBAM. Starting from weld
bead geometry and knowledge of single bead profiles opens the capability for finding an optimum
overlapping distance and is an important input for the subsequent welding sequence and to build up
more complex geometries [14].

The mechanical properties during static and dynamic loading are influenced mainly by (1) the
segregation of elements, (2) volume defects and (3) the microstructure [15,16]. During additive
manufacturing, defects are mainly related to porosity affected by the process parameters and the type
of adding material [17–19], cracks formation due to residual stresses generated during the process and
delamination due to incomplete melting [18]. Insufficient bonding—e.g., lack of fusion as the major
defect—has a negative effect on the static and dynamic mechanical properties of AM parts [20,21]. The
variety of microstructure has a significant role in the mechanical properties of components made by
titanium alloys [22,23]. In the case of additive manufacturing processing, the microstructural features
(prior β grains, martensite, and α phase morphology, among others) depend on the experienced thermal
cycle provoked by the type of process. Zhang et al. [24] summarized the progress in powder-based
EBM in the field of α + β and β titanium alloys for solid and porous components, describing not only
the microstructure and the mechanical properties, but also the unfavorable issues in the process and
complex thermal conditions. The accumulation of layers and multiple thermal cycles in prevailing
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vacuum atmosphere can lead to heat accumulation and low cooling rates in EBM [24]. SLM produce
mostly martensitic structure due to the cooling rate higher than 1000 K/min [19,22,25,26] reached in the
layering. This microstructure can be decomposed in two phases (α + β) by post heat treatment [19]
or by thermal cycling during layer-by-layer building (i.e., EBM [24,27–29]), obtaining fine lamellar,
colony, or Widmanstätten α structure and small amount of β phase [15]. For processes with high
deposition rate and energy, the cooling rates are lower and it can form directly α + β in basket weave
Widmanstätten or lamellae α morphology depending on the previous build part (e.g., [19,30–35]).

Recent literature [3,4] is limited for electron beam additive manufacturing, where the emphasis
is mainly on material properties and microstructural details, and not on the process and parameter
selection itself. The present study aims to establish suitable parameters for the EBAM process in α + β

titanium alloy Ti-6Al-4V and determine the influence of these parameters on the dimensions of the
single and multi-tracks welds for building walls with an optimal sequence of building. Furthermore,
the microstructure and residual stresses produced during the manufacturing are analyzed, and the
mechanical properties are estimated for the as-deposited and stress relief heat treated conditions.

2. Materials and Methods

2.1. Materials

Titanium alloy wire AWS A5.16 ER Ti5 (EN ISO 24034) was used with a commercially available
diameter of 1.2 mm. The deposition was carried out with two different substrates: Commercial pure
Titanium Grade 2 for the parameter studies and the single bead experiments; and Titanium Grade
5 (Ti-6Al-4V) for the subsequent multilayer-experiments, and mechanical as well as metallographic
characterization.

The chemical compositions of the applied titanium alloy wire and the AM structures made out
of it were determined as follows: the proportion of the elements aluminum (Al), vanadium (V), and
iron (Fe) are determined by atomic absorption spectroscopy. The interstitial elements carbon (C) via
solid-state infrared absorption detection method with LECO CS230 (LECO Corporation, St. Joseph, MI,
USA); nitrogen (N) via thermal conductivity detection method with LECO ON 736 (LECO Corporation,
St. Joseph, MI, USA); and oxygen (O) via non-dispersive infrared absorption detection method with
LECO TCH600 (LECO Corporation, St. Joseph, MI, USA). Table 1 shows the chemical composition of
the applied wire in this work.

Table 1. Measured chemical composition of applied titanium alloy wire AWS A5.16 ER Ti5 (EN ISO
24034); n.m.: not measured.

Material
Al

(wt. %)
V

(wt. %)
Fe

(wt. %)
Ti

(wt. %)
C

(wt. %)
N

(wt. %)
O

(wt. %)

Solid Wire 6.36 3.48 0.11 bal. 0.018 <0.005 n.m.

For the titanium alloy wire, the proportion of all elements with the exception of vanadium is
according to the specification. Only the proportion of vanadium is slightly below the permissible lower
limit of the specification.

2.2. Experimental Setup

All welding experiments were performed using the electron beam welding machine pro-beam
EBG 45-150 k14 (Probeam GmbH & Co. KGaA, Gilching, Germany). The pressure at the working
chamber was below 5 × 10−3 mbar. Inside the chamber, with a nominal volume of about 1.4 m3, a
three-axis working table was used to handle the substrate plate. The welding filler wire was fed by
pressure rollers and guided through a polytetrafluoroethylene (PTFE) hose and ends in an in three-axis
movable water-cooled wire nozzle. The angle between the electron beam and the fed wire was 55◦, and
the distance of the nozzle to the substrate surface was 8 mm. The selected alignment was a trade-off

19



Materials 2020, 13, 3310

between a proper wire guidance and a certain distance to avoid overheating of the nozzle during the
process. Furthermore, a height distance of 1 mm between the wire tip and the substrate was set to
ensure a continuous liquid metal bridge and thus a stable metal transfer during the process.

The main process relevant input and beam oscillation parameters are listed in Table 2. The
acceleration voltage Uacc was kept constant and the power input was adjusted by varying the beam
current Ibeam. In order to adapt the power density, a customized beam figure consisting of several
concentric circles with defined radii and elements was applied. A maximum outer diameter of 4 mm
was chosen. In addition, the welding speed vweld (9.0–11.0 mm/s) as well as the wire feed rate vwire
(2.7–3.9 m/min) were altered for the design of experiment (DOE) approach.

Table 2. Summary of input and beam oscillation (bop) parameters for welding and adjustment of wire
feed unit.

Attribute Abbreviation Unit Values

Acceleration voltage Uacc kV 90
Beam current Ibeam mA 17.5–46.7

Welding speed vweld mm/s 9.0–11.0
Wire feed rate Vwire m/min 2.7–3.9

Feed angle αfeed - 55
Focal point fp - Substrate Surface

Beam figure (bop) - - Concentric Circles
Frequency (bop) f Hz 1000

Amplitude of deflection (bop) x,y mm Ø 4

Two full factorial DOE’s (Table 3) were carried out in order to evaluate the parameter influence
on the weld bead width and height of the deposited single beads. The analysis of the dilution was
done with a fractional factorial design in the moderate power range (Table 3). The obtained data was
statistically evaluated, analyzed, and visualized by the means of the software MiniTab 19 (Version 19.1,
Minitab, LLC, State College, PA, USA).

Table 3. Factor levels and combinations of full factorial design (FFD); moderate and higher values of
deposition rates; and power input.

Factor Unit

Heat Input

Moderate High

Low High Low High

Beam current Ibeam mA 17.5 21.4 31.1 46.7
Welding speed vweld mm/s 9.0 11.0 9.0 11.0
Wire feed rate Vwire m/min 2.7 3.3 3.3 3.9

2.3. Heat Treatment

The conducted heat treatment was selected according to literature. The post weld heat treatment
(PWHT) has the purpose of soft-annealing and stress relieving. It was done in the preheated furnace
at atmosphere for 2 h at 710 ◦C [15,36,37] and cooled in still air. The formation of alpha case during
the heat treatment was irrelevant and any indication of oxidation at the surface was removed for
subsequent mechanical characterization.

2.4. Metallographic Characterization

Macroscopic analysis was conducted by the means of a stereo microscopy (Zeiss Discovery V20,
Zeiss, Oberkochen, Germany) to observe the strategy of building and defects related to the process
(lack of fusion, pores, etc.). Microstructure and the effect of the process parameter on the dilution
of single beads and overlapping distance for multi-track building was analyzed by a light optical
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microscope (Zeiss Axio Observer Inverted, Zeiss, Oberkochen, Germany). The geometry of the weld
beads was measured by the related image processing program AxioVision 4.8.2 (Zeiss, Oberkochen,
Germany).

Field emission scanning electron microscopy (SEM, TESCAN Mira 3, Tescan, Brno, Czech Republic)
was used for characterization of the final microstructure after processing and heat treatment.

The examined embedded cross-sections were immersed in a Kroll’s reagent etchant with a solution
of 2 mL hydrofluoric acid (40%), 4 mL nitric acid (65%), and 94 mL distilled water. The etching duration
was in the range of 3–40 s, observing a faster effect of the etchant on heat treated samples.

2.5. Mechanical Characterization

The mechanical properties of the AM structures were evaluated by tensile tests, Charpy V-notch
impact tests, and hardness measurements at room temperature (20 ◦C).

The tensile testing specimens (DIN 50125-C, 6 mm diameter× 30 mm gauge length) were machined
out of the block structures and are orientated along the welding direction. Therefore, the tensile
properties were determined only in the longitudinal direction for the as-deposited and PWHT-condition
due to the limited volume of processed material. The tensile tests were performed according to DIN
EN ISO 6892-1 [38], with a constant testing speed of 1 mm/min on tensile testing device Zwick RMC
100 (ZwickRoell, Ulm, Germany).

Charpy V-notch impact tests were carried out according to DIN EN ISO 148-1:2017 [39]. The
impact energy was measured for a longitudinal and transversal oriented samples in relation to the
welding direction for the as-deposited and PWHT-condition (Figure 1a). The V-notch is located
perpendicular to the sample orientation and the recorded absorbed energy represents the actual impact
energy rectangular to the actual orientation. Therefore, the longitudinal orientated sample represents
the properties across the welding direction, whereas the transverse sample represents the properties
along the welding direction.

Figure 1. Charpy V-notch specimens: (a) orientation of the specimens in the AM blocks; (b) electron
beam welded transverse Charpy V-notch specimen.

To determine the impact toughness along the welding direction according to the DIN EN ISO
148-1:2017 [39] standard and required dimensions, a novel approach was chosen. A trimmed transverse
AM inlay was electron beam welded to parent material cantilevers (Figure 1b). The characteristic high
energy density provided by EBW process results in a narrow weld zone. It might be assumed that
the actual fracture area and the related recorded impact energy are not influenced by the previous
EB welds.

Vickers hardness measurements according to DIN EN ISO 6507-1:2016 [40] were performed by
using a load of 0.5 kgf (4.903 N) and a dwell time of 15 s (HV 0.5). The measurements were carried
out on EMCO M1C hardness testing device (EMCO-Test, Kuchl, Austria). The hardness distribution
of the AM cross-sections was obtained by hardness mapping visualized by the software Origin
(Version 8.6, OriginLab Corporation, Northampton, MA, USA) and line scans for the as-deposited and
PWHT conditions.
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2.6. Residual Stress Measurements in Single Wall

The residual stress measurements in one single-track multilayer EBAM wall were carried out by
energy dispersive X-ray diffraction (EDXRD) on the high-energy beam line ID15A at the European
Synchrotron Research Facility (ESRF) in Grenoble, France. The characterization used a high-flux white
beam with an energy range of 50–250 keV (wavelength range of 0.2480–0.0496 Å). Measurements were
done in transmission mode with a slit size of 100 × 100 μm2, giving a diamond shaped gauge volume
with a length of approximately 2 mm. Diffraction spectra were collected by two energy-discriminating
detectors placed at diffraction angles of 2θ = 5◦ in the horizontal and vertical direction, allowing
determination of strains in two directions simultaneously. Three parallel lines at the middle of the wall
length were measured, spaced 2 mm apart to obtain a good reproducibility. A total of 10 points per line
were acquired from the bottom (interface between the wall and the substrate) to the upper part with
1.6 mm space between the points. Each point was measured for 60 s, and during the measurement
the sample was moved back and forth ±1 mm to increase statistics. Pawley refinement using GSAS
(General Structure Analysis System) [41] was used to extract the lattice parameters (a and c) of the α

phase in both directions. The low volume fraction and strong texture prevented the lattice parameter
of the β phase to be determined reliably. The same AM build was measured before and after PWHT
for 2 h at 710 ◦C.

3. Results

3.1. Single Layer Experiments

3.1.1. Dimension of Single Beads

The relation of the process parameters on the geometric evolution of the deposited weld beads by
two full factorials DOEs is illustrated in Figure 2. The main effect plot visualizes the consequence of the
predefined factors Ibeam, vweld, and vwire on the target values: (1) weld bead width b and (2) weld bead
height h. Considering the analyses’ main effects on magnitude and slope, the single strength of the
effects for the selected input factors of the moderate and the high input DOE show a good agreement
with the literature [9]. The steeper the slope of the line, the greater is the impact of the factor on the
geometry of the single beads. For both type of input (factorials), the increment of the Ibeam increases the
width of the bead with a slight change in the height, while the increase of the vweld produced lower and
narrower weld beads due to reduced energy input and material input per unit length. The wire feed
rate vwire has a strong influence on the weld bead height during processing at moderate input. The
bead height increases by increasing the vwire with a negligible change in the width (nearly horizontal
line in Figure 2a). For high input, there are not significant changes of the bead geometry by varying
the vwire.
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Figure 2. DOE analysis: Influence of process parameters on the weld bead geometry at (a,b) moderate
and (c,d) high input, and related significant process parameters are framed red.

3.1.2. Dilution of Single Bead

The weld bead dilution D is defined by the ratio between the molten base material (BM) and
the whole weld bead cross section [42]. A minimum dilution leads to produce an efficient and fast
build-up, and it would be reached by low energy per unit length and high deposition rate. In this
work, the parameters analyzed by DOE for moderate heat input (Figure 2a,b; Table 3) are used for
the dilution estimation. The analysis of the dilution was done with a fractional factorial design, and
Table 4 summarizes the parameter used for the single bead. The ratio of wire feed rate to welding
speed represents the material input per length (vwire/vweld) and amount of weld bead reinforcement.
Figure 3 shows the cross section and dilution obtained for each parameter.

Table 4. Database and settings to Figure 3.

Figure 3
Beam Current

(mA)
Welding Speed

(mm/s)
Wire Feed Rate

(m/min)
Material Input
per Length (-)

Dilution (%)

(a) 17.5 11 2.7 4.1 45
(b) 21.4 11 3.3 5.0 45
(c) 21.4 9 2.7 5.0 52
(d) 17.5 9 3.3 6.1 28

Figure 3a,b shows the same dilution of 45% for different applied process parameters. Therefore,
different process parameter configurations may be possible to achieve the same dilution, which should
be minimized.

From Figure 3b to Figure 3c, not only the welding speed is reduced from 11 to 9 mm/s, but also
the wire feed rate is reduced from 3.3 to 2.7 m/min. It results in a constant ratio of wire feed rate
to welding speed, which corresponds to a constant material input per length value of 5.0. Since the
welding speed (energy input per length) has a weak influence on the weld bead width (Figure 2a,c),
more base material is fused by decreasing the welding speed from 11 to 9 mm/s (Figure 3b,c). By
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increasing the area of fused base material and keeping the material input per length constant, the
dilution consequently increases from 45% to 52%.

A reduction of the beam current from 21.4 mA (Figure 3c) to 17.5 mA (Figure 3d) results in less
area of the molten base material. By simultaneously increasing the wire feed rate, hence material input
per length, the dilution can be optimized to a minimum value. Observations show a minimum dilution
of 28%, and this particular configuration of the parameters is used for subsequent experiments.

Figure 3. Dilution and geometric evolution of single beads deposited with different parameter
configurations given in Table 4. Dilution: (a,b) 45%, (c) 52% and (d) 28%.

3.1.3. Overlapping Distance for Multi Track

The production of structures by EBAM requires the optimization of the overlap of the beads
for a uniform and flat surface for successive layers during the build-up process. The overlapping
distance given by the axial offset (d) is linked to the width (W) of the single bead, as shown in Figure 4a.
Figure 4b–f show for different ratios (d/W) the form and symmetry of the deposited overlapped beads.
If the overlapping distance is too small (e.g., ratio 0.55) an asymmetric layer is observed. The increment
of the distance helps for the symmetry in the overlapping, with even surface up to ratio of 0.75, where
wavelike surface with valleys in between individual beads is observed (Figure 4f). A compromise
overlapping distance was identified in the range of 70–75% of the bead-width, and is in good agreement
with Suryakumar et al. (66.6%) [43] or Ding et al. (73.8%) [44] reported for gas metal arc welding
(GMAW) process. The manufacturing of the AM structures in the following sections is done with an
axial offset of 4 mm between the deposited tracks, which means an overlapping distance of about 72%.

Figure 4. Multi-track overlapping distances (ratio d/W): (a) scheme of the overlapping with the main
parameters d and W, (b) 0.55, (c) 0.60, (d) 0.65, (e) 0.70, and (f) 0.75.
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3.2. Building AM Block

AM blocks were built by multi-track and multi-layer production, using optimized parameters in
Section 3.1. The power input was steadily decreased (approx. 0.5 mA after every second layer) by
increasing the number of layers to compensate the preheating effect of prior layers and the consequently
reduced heat flux with increasing height. Figure 5a shows the transverse cross-section of the built
AM block after seven layers with a linear growth rate of the height by adding continuously layers
(Figure 5b). The derived linear fit indicates an average growth rate of about 1.64 mm for each layer
that helps to set up an automated process without needs of venting the chamber.

According to literature [14,32,45–51], different welding sequences are reported and well established
for AM processes. An alternating symmetrical welding sequence permits a robust process design for
rectangular structures with parallel walls (Figures 5a and 6a). For that, the first bead must be welded
in the center of the previous layer and the subsequent beads follow from inside out, alternating on
both sides (see marks in Figure 5a).

Figure 5. (a) Alternating symmetric welding sequence to build-up rectangular AM structures and
(b) measured accumulated height over number of layers and ascertain growth rate by the means of
linear fit.

3.3. Chemical Composition AM Block

The chemical compositions of the studied AM blocks are given in Table 5. The chemical composition
of the AM material shows only evaporation losses of aluminium in the range of approx. 1 wt % (approx.
14%). The measured oxygen concentration of 0.11 wt % is within the specification and indicates no
further oxygen pick-up by the ambient vacuum atmosphere or contamination.

Table 5. Chemical composition of AM bulk material.

Material
Al

(wt. %)
V

(wt. %)
Fe

(wt. %)
Ti

(wt. %)
C

(wt. %)
N

(wt. %)
O

(wt. %)

AM block
no. 1 5.47 3.39 0.11 bal. 0.017 <0.005 0.11

AM block
no. 2 5.49 3.46 0.10 bal. 0.019 <0.005 0.11

Since aluminum is the element in Ti-6Al-4V with the highest saturated vapor pressure, it can be
expected that it has a significant tendency to evaporation and vaporization loss during processing.
The evaporation of aluminum by processing Ti-6Al-4V with different AM processes has already been
reported in the literature (i.e., EBF3 [4,52], E-PBF [53,54], or L-PBF [55]). Unlike L-PBF, the excessive
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aluminum loss was reported for vacuum based processes E-PBF (up to 30%) and EBF3 (up to 39%) by
Juechter et al. [54] and Xu et al., respectively [4]. By minimizing the dilution, the excessive re-melting
of previous layers and additional evaporation of aluminum can be avoided. The evaporation loss of
aluminum in the present study is significantly lower compared to the investigations of Xu et al. [4].

3.4. Metallography

Metallographic investigations were performed on cross-sections of AM blocks built by 10 layers ×
5 beads, with an alternating symmetric welding sequence (Figure 6a).

The AM cross-section shows epitaxial grown columnar prior β-grains, reaching over several
layers and parallel to the build direction. The form and size of the columnar prior β-grains is provoked
by the large temperature gradient during the solidification in direction of the heat flow [56,57]. A very
low amount of macro and micro pores with a random distribution is observed along the section. Layer
bands (Figure 6a,c) represent a minimal change of the microstructure (HAZ) due to the thermal cycles
and intrinsic heat treatment of the neighbored weld bead deposition during the building process, as
observed as a dark zone by etching effect in wire based investigations [33,56,58,59]. Recent work has
demonstrated a minimal segregation near to these layers, mainly related to β-stabilizer elements [59].
The transition between the AM-Structure and the substrate consists in coarser equiaxed prior β-grains
(Figure 6d).

Figure 6. (a) Macrostructure with layer bands and columnar structure, (b) columnar prior β-grain
structure, (c) presence of several layer bands, and (d) transition AM bulk material to heat-affected zone
(HAZ).
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The fast cooling rates reached during the process (see Supplementary Data, Figures S1 and S2)
promote the formation of a mixture microstructure of finer α and martensite (α’) along the whole AM
structure, as shown in Figure 7a,c. The morphology of the microstructure is almost homogenous in the
whole building block. After the PWHT, the microstructure decomposes into in α + β structure, with a
fine α-lamellar structure (Figure 7b). Precipitation of fine β within the fine α lamella detected in the
Figure 7d can be probably due to an heterogeneous enrichment of β-stabilizer elements [60].

Figure 7. Microstructure of the AM block center: (a) as-deposited and (b) after PWHT condition; Detail
of the microstructure by SEM investigations in (c) as-deposited and (d) after PWHT conditions.

3.5. Residual Stresses by High Energy Dispersive X-ray Diffraction

Diffraction spectra in both directions for the three different linescans is illustrated in Figure 8a as
2D-plot (position vs. d-spacing) for as-deposited condition. The combination of large grains, strong
texture and parallel X-ray radiation results on variations across the height, where certain peaks appear
and disappear in in the spectra. This resulted in d-spacing errors in the range of (50–100) × 10−6 and
(100–150) × 10−6 for a and c lattice parameters, respectively, from refinements. In the following, results
from all three linescans were averaged.

The information obtained by both detectors helps to determine the spatially resolved residual
strains and stresses. Strains are calculated as function of the lattice parameter a and c [61]

ε = (2 × εa + εc)/3, (1)

where,
εa = a/a0 − 1, (2)

εc = c/c0 − 1, (3)
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Reference lattice parameters are calculated from the average of the values measured in the vertical
direction in the PWHT condition due to the constant value observed in all the positions. a0 is 2.92612 Å
and c0 is 4.67067.

Figure 8b shows the calculated residual strains in the x- and y-direction for the as-deposited sample.
Generally, the all three principal strain need to be considered in order to calculate the corresponding
stresses, which requires measurements of strains also in the z-direction. However, as seen in Figure 8b
there is an excellent agreement between the measured εy and the values calculated as—ν. εx based
on the assumption of a uniaxial stress in the x-direction (where ν = 0.317 is Poisson’s ratio [21]).
Consequently, only strain and stresses in the x-direction are considered hereafter. Also included in
Figure 8b is εx for the PWHT condition, which shows significantly slower strain levels.

Under the assumption of a uniaxial stress state, the stress–strain relationships simplify to

σx = E × εx, (4)

and σy = σz = 0. The Young’s modulus, E, for this alloy is 120.4 GPa [21]. Figure 8c shows the resulting
residual stresses as a function of height in the wall. The error bars represent the scatter obtained from
averaging the results from the individual linescans at each position. Residual stresses lie in the range of
200–450 MPa in tension for the x-direction, which is a result of the thermal contraction of the deposited
material. The trends agree well with previous measurements and process simulations of AM Ti-6Al-4V
walls [62]. After annealing, the stresses are lower than 100 MPa and closer to zero in the upper part of
the single wall.

Figure 8. (a) 2D plot diffraction spectra of the as-deposited condition, for the horizontal and vertical
detectors as a function of height in the wall. (b) Residual strains and (c) residual stresses for as-deposited
and PWHT conditions as a function of height in the single wall.
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3.6. Mechanical Properties

3.6.1. Tensile Test

The tensile stress over strain curves for the longitudinal orientated specimens in the as-deposited
and PWHT condition are presented in Figure 9a. The as-deposited condition has a yield tensile strength
(YS) of 846 MPa, ultimate tensile strength (UTS) of 953 MPa, and a fracture elongation (El) of 4.5%.
When the heat treatment (PWHT) is carried out, a slight reduction of the YS and UTS values is observed
but the El increases by more than 100% up to 9.5%.

According to the specifications for wrought material Ti-6Al-4V (YS > 795 MPa, UTS > 860 MPa,
and El > 10%) [22,63], the tensile strength of the AM block structure in as-deposited condition is on the
lower limit of the specification limit and the low fracture elongation might be related to the type of cast
material. The fractured surface (Figure 9b) shows a ductile morphology, denoted by transgranular
dimples and microcracks formed by coalescence of voids. This observation is similar to materials
made by WAAM process [34]. The nucleation of voids is observed at the α/α’ and β phases interface,
and they start to grow and coalesce along with the interface. Example of voids and microcracks are
illustrated in Figure 9c and d for as deposited and PWHT conditions, respectively.

Figure 9. (a) Engineering stress–strain curves for longitudinal orientated tensile specimens. (b) Detail
of the fracture surface for the PWHT condition. (c,d) Macrograph of the cross section of the fracture
area of as-deposited and PWHT conditions, respectively.

3.6.2. Charpy V-Notch Impact Tests

The absorbed energy and measured lateral expansion of the tested specimens are listed in Table 6.
The results show generally a high impact toughness in the as-deposited condition in comparison
to experiments carried out by SLM or EBM [64–66] and a slight reduction of the absorbed energy
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after PWHT. The orientation of the sample affected the impact energy. Specimens with longitudinal
(LD) orientation shows higher value than the transverse oriented (TD) samples. Furthermore, a
non-isotropic behavior is observed and it might be related to the imperfections produced during the
process, as exemplified in Figures 10 and 11.

Table 6. Results of Charpy V-notch impact testing in longitudinal (LD) and transverse direction (TD)
for as-deposited and PWHT condition.

Sample
Orientation

As-Deposited PWHT

Impact Energy
(J)

Lateral Expansion
(mm)

Impact Energy
(J)

Lateral Expansion
(mm)

LD 54 0.6 45 0.4
TD 40 0.3 34 0.3

Stereo micrographs in Figure 10 show irregularities in the fractured surfaces. The fractured
surfaces of the LD samples are characterized by randomly distributed and scattered imperfections,
mainly related to macro (about 200 μm size) and micro (approx. 5 μm) porous and sharp-edged
cavities (Figure 11a). In the case of TD samples, uniform and recurring imperfections in the direction of
welding for the entire weld length might be related to a lack of fusion during the process, as observed
in Figure 11b.

Figure 10. Stereo macrographs of the fractured surfaces in the (a,c) as-deposited and (b,d) PWHT
condition of the tested longitudinal and transverse orientated Charpy V-notch specimens.

30



Materials 2020, 13, 3310

Figure 11. SEM micrographs of the fractured surfaces of Charpy V-notch specimens: (a) as-deposited
in LD-orientation and (b) PWHT in TD-orientation specimens.

3.6.3. Hardness Testing

The hardness mapping of the as-deposited condition (Figure 12a) shows an almost uniform
distribution of the hardness in the whole transverse cross-section, with an average value of 334 ± 9 HV.
The hardness decreases slightly at the fusion lines and the heat-affected zone (HAZ) between the AM
block and substrate shows the highest values of hardness (~400 HV). Similar distribution of hardness
is observed in PWHT condition, represented in Figure 12b by a line scan from top of the building block
to the substrate. The average value for the heat-treated condition is 329 ± 9 HV.

Figure 12. (a) Hardness-mapping of transverse cross-section in as-deposited condition and (b) hardness
line scan in PWHT condition (standard deviation = ±9 HV).

4. Discussion

4.1. Electron Beam Processing

4.1.1. Dimension of Single Beads

The single track experiments showed that the width and height of the welding beads can be
adjusted by the machine parameters. The evaluated parameters for the low input DOE have nearly the
same tendencies as Wallace et al. described [9]. Wide beads can be achieved especially at high current,
while high beads can be produced by a big amount of wire per unit length.
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Sliva et al. [67], Gudenko et al. [68], and Dragunov et al. [69] pointed out the importance of
beam oscillation parameters on the weld bead formation. By using concentric beam oscillations, the
change of oscillation parameters (e.g., amplitude) together with beam current, the electron beam
energy distribution and thus the distribution of energy input in the active zone can be adjusted. In
the present study, for all experiments, the beam oscillation parameters (Table 2)—i.e., electron beam
distribution—were kept constant on a circular area of a diameter of 4 mm and only the increase of the
beam current results in an increase of the energy input by a similar beam distribution. Partial melting
of the substrate by the electron beam is required to form the desirable liquid metal bridge material
transfer mode between substrate and wire [70,71]. Tang et al. [13] investigated the heat transfer in
EBF3 and simulated fluid flow of the weld pool by a 3D transient model. In EBF3 the high temperature
region is restricted to the area of a direct electron beam exposure, showing a steep temperature gradient
to its surrounding. An enlargement of the fusion width predicted by simulation of Tang et al. [13]
shows a directly proportional relationship to the increase of the beam current, in good agreement with
the present study. Taking literature and present study into account, it can be concluded that the melt
pool width and therefore maximum weld bead width is predominantly described by beam oscillation
parameters (e.g., area of beam exposure i.e., amplitude of beam deflection) as well as the selected
beam current. In contrast to the width, the weld bead height is mainly determined by the wire feed
rate and the welding speed. For gas metal arc welding (GMAW) process, Xiong et al. [72] observed
that the ratio of wire feed rate to welding speed mainly influences the shape of the weld bead profile.
Independent of the applied wire-based AM process, the ratio describes the material input per unit
length. In EBF3 no distinct evaporation of titanium (predominantly evaporation of aluminum [4,52])
and no larger material loss is expected, therefore the composition of the melt pool consists out of the
molten substrate/previous layer and fed filler wire. The volume of weld bead reinforcement is therefore
determined by the amount of material input per unit length and the ratio of wire feed rate and welding
speed. As the weld bead width is not significantly influenced by the velocities, any change of wire feed
rate or welding speed (i.e., material input per length) results in a direct change of the weld bead height.

4.1.2. Dilution of Single Bead

In AM, it is desirable to reduce the dilution to improve the efficiency of the stacking process and to
avoid a large number of layers and extensive heat input. Within the examined process limits (Table 4),
in principle, the lowest dilutions were realized by minimum beam current. A reduction of the beam
current not only narrows directly proportional the fusion width, but also the fusion depth and thus the
volume of the molten substrate/previous layer [13]. By minimizing the beam current to a threshold
value and simultaneously increasing the material input per unit length—i.e., increasing the ratio of wire
feed speed to welding speed—a maximum weld bead reinforcement and minimum dilution can be
achieved. Though, a minimum melting of the substrate/previous layer is still mandatory for desirable
material transfer mode [70,71]. The dilution of 28% in this work was comparatively low since the aim
was to achieve a fast build-up process with minimum energy input. However, a minimal dilution and
a certain amount of fused metal are required for integrity and for a compensation of wavelike surfaces
with valleys between the individual beads of the previous layers. The selected process parameters
and overlapping distances enabled a rapid stacking process at a low dilution, whereby bonding
defects could not be completely avoided (e.g., Figure 11). It can be assumed that an adjustment of the
parameters and avoidance of lack of fusion can further improve mechanical properties.

4.1.3. Overlapping Distance for Multi Track

Since more volumetric AM structures require several tracks per layer and independent of the
feed stock, the overlap distance between the tracks is of particular interest for PBF (e.g., [73,74]), but
also in wire-based processes (e.g., [10,14]). For arc welding processes there are several models in
the literature for describing an optimized overlap in general [43,72,75–79]. The models are based
on different theoretical assumptions, which mainly relate to the geometry of the weld bead and
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related cross-sectional profile. Even when recent models also take the spreading of the weld bead
into previously deposited bead and thus changing the geometry, the transferability on weld deposits
produced by EBF3 is questionable. In EBF3, unlike GMAW processes, the material- and energy input is
decoupled and material transfer modes, but also heat source models, differ.

To the best of the authors’ knowledge, no general models or recommendations for the overlap
distance are proposed in the literature for wire-based additive manufacturing using electron beam so
far. For this reason, the present study opted for an experimental approach, where the axial offset of the
following track from the adjacent track was varied between 0.55 and 0.75 of the single track width. It
produces a surface flatness in conjunction with an acceptable valley formation.

4.1.4. Building AM Block

Since the process takes place in a vacuum atmosphere, the heat is slower dissipated by heat
conduction and thermal radiation, without the contribution of convection like in WAAM. The transient
heat flux is distorted by the increasing number of layers, and the ratio of heat dissipated by thermal
radiation to heat conduction increases. Since the temperature increases, weld bead geometry changes
and tends to widen and flatten [80]. The changing weld bead height and deviation from the nominal
values accumulate layer by layer. In wire-based AM processes (e.g., EBAM) where energy and material
input are separated, the exact alignment of the filler material to the previous layer/substrate determines
the material transfer mode as predominant [70,71]. If the relative position of the wire tip to the previous
layer/substrate increases when increasing the number of layers, the material transfer mode changes
from a preferable liquid metal bridge transfer (Figure 13b) to a droplet transfer (Figure 13a), promoting
spatter formation and irregular metal deposition [10].

Figure 13. Material transfer modes in electron beam additive manufacturing recorded via CCT camera:
(a) droplet transfer and (b) liquid metal bridge transfer.

By continuously reducing the beam current (i.e., power input) every second layer, the increasing
preheating effect can be overcome, and a constant growth rate of 1.64 mm per new layer can be ensured.
A uniform growth rate per layer is decisive for setting up an automated setup and guarantee stable
material transfer.

The energy input and welding sequence per layer for Ti-6Al-4V affect the microstructure and
related properties [81] due to the process’ cooling rates. For gas metal arc welding, Stockinger et al. [50]
and Plangger et al. [51] showed that an alternating welding sequence results in a uniform AM structure
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with homogenous properties for martensitic steels in transverse cross-sections. A similar approach
was chosen and by alternating weld bead sequence, the energy input and heat can be distributed more
uniformly. The morphology of the microstructure was almost homogenous in the whole transverse
cross-section and also no changes in hardness for the AM material could be observed (Figure 12).

4.2. Effect of the Microstructure on the Mechanical Properties

The tensile testing showed that the achieved results are in the low range of typical values for this
alloy. A comparison to additive manufactured parts with other processes from literature is shown in
Figure 14. This difference in the values is related mainly to the microstructure built during the process.
In general, as deposited conditions of SLM components have shown the highest values of tensile
strength due to the fully retained martensite [20,81]. Buildings by LENS with different energies show
mainly α´martensite structure mixed with some acicular α phase, while EBM powder-based process
retained very fine α laths due to longer time exposure at 650–750 ◦C during the manufacturing [29].
The lower values observed by Edwards et al. [82] are related to a slow cooling during the process and
partial stabilization of the α phase. The apparent martensitic form observed in this work (Figure 7)
has been decomposed into α + β during the deposition. The building sequence induces by the heat
input a short time annealing effect on the microstructure, reducing the hardness to values closer to the
PWHT (Figure 14). Although moderate/high cooling rate is expected in this process (~150–400 ◦C/s, as
reported in the Figure S2), the high energy input of this process and the bad thermal conductivity of
Ti-6Al-4V leads to keep warm temperatures in the last deposited layer [30]. On the other hand, the
presence of residual stresses in the as deposited condition, might be related not only to the volume
distortion provoked during the cooling but also to the partial transformation of the apparent martensitic
structure, in agreement with observations in laser metal deposited process [62]. The deposited material
shows lower strength values than typical martensitic structure in wrought material, but with the same
elongation [23,83].

Figure 14. Comparison of the results obtained in the present work with other process. (a) As deposited
condition is compared with values from LENS, ABM A2 H, and EBM Q 10 processes referred by
Zhai et al. [29], SLM reviewed by Liu et al. [81] and EBM H by Edwards et al. [82]. (b) after PWHT is
compared with a summary of processes given by Greitmeier [15] and Liu et al. [81].

Although there is no significant changes in the tensile strength in comparison with wire-feed
processes [15] after stress relief treatment (PWHT), the values of strength are substantial lower than the
observed in SLM process [81]. This difference might be related to the α lath size reached during the
annealing treatment [81]. Therefore, further investigation to optimize the microstructure by thermal
treatments is necessary to obtain the desirable mechanical properties.
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5. Conclusions

In this work, the use of wire-based additive by electron beam process for Ti-6Al-4V was investigated.
Suitable parameters for building single and robust walls were found and the microstructure in as
deposited and after heat treatment was correlated with the mechanical properties. The findings can be
summarized as follows:

• During the building of the wall, the bead shape is mainly affected by the beam current, the
weld-velocity, and the feeding rate of the wire.

• A fast build-up process with minimum energy input guaranteed a dilution of 28%, which facilitate
an optimal overlapping distance to reduce the wave-like surface.

• The use of a symmetric welding sequence with an overlapping distance of 70–75% of the
bead-width permits a flat surface and a linear growth rate of the block.

• The chemical composition of the AM material shows only evaporation losses of aluminum in the
range of approx. 1 wt %.

• As-deposited condition showed a mixture of finer α and martensitic structure within the
coarser columnar prior β grains, providing a low tensile strength compared to similar additive
manufacturing processes.

The lack of fusion observed during impact tests must be improved in further investigations for a
precise relationship of microstructure and mechanical properties.

Supplementary Materials: The following is available online at http://www.mdpi.com/1996-1944/13/15/3310/s1,
Figure S1: (a) temperature distribution for a single track deposition in electron beam additive manufacturing and
(b) derived cooling rates, Figure S2: (a) exponential fit of the measured values and (b) derived cooling rates for a
single track deposition via electron beam additive manufacturing.
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Abstract: Wood extractives have an influence on different material properties. This study deals
with the changes in wood extractives of larch sapwood due to two different low doses of energy
irradiations. Electron beam irradiation (EBI) and γ-ray irradiation treatments were done by us-
ing two industrial processes. After the different modifications the extractions were performed
with an accelerated solvent extractor (ASE) using hexane and acetone/water. The qualitative and
quantitative chemical differences of irradiated larch sapwood samples were analysed using gas
chromatography–mass spectrometry (GC-MS) and Fourier-transform infrared spectroscopy (FT-IR)
vibrational spectroscopy methods. The yields of the quantitative extractions decreased due to the
two different irradiation processes. While the compounds extracted with nonpolar solvent from
wood were reduced, the number of compounds with polar functionalities increased based on the
oxidation process. Quantitatively, resin acids and polyphenols were highly affected when exposed
to the two irradiation sources, leading to significant changes (up, down) in their relative amount.
Furthermore, two new substances were found in the extracts of larch sapwood samples after EBI or
γ-ray treatments. New insight into the different effects of larch sapwood and wood extractives by
EBI and γ-ray was gained in this study.

Keywords: EBI; γ-ray; GC-MS; FT-IR; larch sapwood; wood extractives

1. Introduction

The effects of irradiation of different wood polymers have been studied since the early
1960s [1]. The irradiated polymers undergo various complex changes in chemistry [2–5].
By varying the irradiation doses and radiation sources, the material properties can be
differently influenced, and therefore can be used for different applications connected to
the functionalisation of cellulose and lignin [6–8]. The wood extractives may influence
these chemical changes caused by irradiation. This study deals with the changes in wood
extractives of larch sapwood due to low doses of irradiation.

In general, two different reasons for irradiation treatments can be distinguished. On
the one hand, ionising radiation was investigated for a pre-treatment pulping process to
separate the cellulose and lignin with a low accumulated dose and less chemicals compared
to conventional processes [5,9]. A few efforts have been made to force the degradation of
lignin without a cross-linking process [2].

On the other hand, the irradiation has been used to functionalise different properties
for the enhancement of wood [6,10]. After a low dose of electron beam irradiation of
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wood, the weathering effects were reduced and the colour stabilisation was improved [7].
Condensation reactions occur within the lignin at low radiation dosages and stabilise
the wood matrix against different processes [2,6]. Moreover, new interaction between
chemical bonds can be generated in cellulose by using ionising radiation [8] and may lead
to enhanced properties of wood and cellulose [11]. Through the low absorbed dose of the
irradiation, the hemicelluloses (polyoses) are altered and can change the material resistance
against compression [6]. Nevertheless, the influence of radiation on wood extractives has
not been clarified in detail. Lawniczak and Raczkowski [12] concluded that the extractive
prevents the wood for mechanical property losses caused by a radiation process.

In general, the amount of wood extractives is between 1–7% of oven dry (o.d.) weight
for European softwood wood species, which is very low compared to the amount of cellu-
lose, hemicellulose, and lignin [13]. However, wood extractives influence different wood
properties (e.g., colour and durability) [14] and contain different groups of compounds
(e.g., polyphenols and sugars) [15]. Overall, it could be concluded that these various groups
may be affected differently by the ionising radiation based on their chemical structure.

In this study, the qualitative and quantitative chemical differences of low doses of EBI
and γ-ray on larch sapwood samples were analysed using a gas chromatography–mass
spectrometry (GC-MS) method. New insight into the effects of two ionising radiation
sources on wood performances will help to understand the significance of the extractives.
Furthermore, FT-IR vibrational spectroscopy methods were applied for the ratio assessment
of lignin to cellulose within the samples to characterise the possible changes within the
two wood components.

2. Materials and Methods

2.1. Material

Seventy-five samples were obtained from larch sapwood (Larix decidua (Mill)), which
were cut to dimensions of 1.0 × 1.0 × 1.0 cm3. The samples were divided into three groups
of 25 pieces for the various treatments and chemical characterisation after the different
irradiations. Before testing, the samples were ground with a cutting mill (Retsch, Haan,
Germany) using solid carbon dioxide to pass a mesh of 500 μm. The larch wood powder
was then freeze-dried to prevent chemical changes in material during drying with higher
temperature.

2.2. Radiations

The EBI treatment was performed under normal air environmental conditions at a
dose of 10 kGy with a Rhodotron TT-100 10 MeV electron accelerator (IBA International,
Louvain-La-Neuve, Belgium, radiation energy of 10 MeV). The γ-ray irradiation was done
in a Gammatron 1500 gamma irradiator (Mediscan, Seibersdorf, Austria) at a dose of
10 kGy by using the decay of 60Co.

2.3. Solid-Liquid Extraction

The extraction of the wood was done with an accelerated solvent extractor (ASE,
Dionex Corporation, Sunnycale, CA, USA.) according to Willför et al. [16]. The larch
sapwood samples were first extracted with hexane (solvent temperature 90 ◦C, pressure
13.8 Mpa, 2 × 5 min static cycles) and then with acetone and water in a ratio 95/5 mixture
(100 ◦C, 13.8 Mpa, 2 × 5 min).

2.4. GC-MS Characterisation

Before GC-MS characterisation, different extractives were evaporated using nitrogen
gas and silylated to enhance volatility. This GC-MS method was developed according to
Wagner et al. [17]. For silylation, the evaporated extractives were first dried in a vacuum
oven at 40 ◦C, and the silylated solvent (80 μL bis(trimethylsilyl)-trifluoracetamide, 20 μL
pyridine and 20 μL trimethylsilyl-chloride) were added. After that, the samples were
incubated at 70 ◦C for 45 min. Measurements were performed using a Perkin Elmer
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Auto-System CL gas chromatograph (PerkinElmer Inc., Waltham, MA, USA) and an MS
device. The GC was equipped with an HP-5 column (length: 25 cm; ID: 0.20 mm; film
thickness 0.11 μm) and a flame ionization detector (FID, Agilent Technologies Inc., Santa
Clara, CA, USA). The carrying gas was nitrogen at a flow rate of 0.8 mL/min. Moreover,
other conditions were: internal oven 120 ◦C with an increasing rate at 6 ◦C/min to 320 ◦C
(15 min hold); a split injection with a ratio of 25:1 and a temperature of 250 ◦C; the detector
temperature 310 ◦C and injection value of 1 μL. The data were investigated based on the
mass spectra library created at the Laboratory of Natural Materials Technology at Åbo
Akademic University in Turku.

2.5. FT-IR Spectroscopy Analysis

The obtained samples from sapwood of larch were characterised by infrared spec-
troscopy with a Perkin Elmer FT-IR spectrometer (Waltham, MA, USA) equipped with a
Miracle diamond ATR accessory with a 1.8 mm round crystal surface. The spectra were
recorded in the wavenumber range between 600 cm−1 and 4000 cm−1 with 32 scans at a
resolution of 4 cm−1. All spectra were ATR and baseline corrected in the wavenumber
range between 600 cm−1 and 4000 cm−1 as well as normalised the absorbance values
between 0 and 1.

3. Results and Discussion

The FT-IR spectra from larch sapwood samples without and after different irradiation
processes are presented in Figure 1. The four marked band areas show an increase in
absorbance resulting from the EBI and γ-ray treated samples. The peaks obtained at
3340 cm−1 are an indication of intramolecular hydrogen bond of cellulose [18]. The IR
signal in the range between 2933 cm−1 and 2835 cm−1 corresponded with the asymmetric
CH2 valence vibration and the CH2, CH2OH groups in the wood material. Furthermore, the
absorbance of the carbonyl groups at 1730 cm−1 wavenumbers changes due to irradiation.

Figure 1. Fourier-transform infrared spectroscopy (FT-IR) spectra of larch sapwood samples with different treatments.
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The band at 1030 cm−1 corresponds to C-O valence vibration and Calky-O ether
vibrations of different wood compounds. All these observations show that there is the
separation of new molecule types from radical formation, ring, and chain breaking of
the wood, mainly from the carbohydrates, which has amount around 67.1% in dry larch
wood [13] and has the most important impact on the IR signals. Su et al. [19] mentioned
the cellulose and lignin contents of gamma-irradiated bamboo were stable up to 300 kGy,
whereas polyoses and extractives were not analysed and could protect the cellulose and
lignin from degradation. This behaviour seemed reasonable, as Yang et al. [20] concluded
that the cellulose from paper grade bamboo pulp were easily degraded by a 60Co γ-ray
radiation. According to Schwanninger et al. [18], the bands around 1510 and 898 cm−1

correspond to the lignin and cellulose polymers, respectively. This relative ratio of these
IR bands was used to assess the relative lignin content in the wood and its change [7].
Based on this approach, the results of the ratio are 1.88, 1.83, and 1.66 for untreated, EBI,
and γ-ray-treated larch wood powder, respectively. While the blank and EBI-treated
samples show a similar ratio, the γ-ray-irradiated sample was different and depicts a
lower amount of lignin content compared to the others. Based on detailed analysis results
that the absorbance of the IR band at around 898 cm−1 was higher than the both other
sample groups, it can be assumed that the functional group of the carbohydrates increased
due to the γ-ray treatment more than the absorbance of the aromatic skeletal vibration at
1510 cm−1.

The extracts were analysed quantitatively after the different treatments in the first
steps. The extraction yields of o.d. larch sapwood with hexane differed in a range from
2.27 mg/g of blank to 1.36 mg/g of EBI treated and 1.67 mg/g of γ-ray treated samples,
respectively. Through the ionising radiations, the amount of hexane extractable compounds
decreased significantly, at which the EBI had the significant effect of the extracts compared
to the γ-ray process. Overall, the resin acids appeared to be very sensitive to the irradiation
treatments and exhibited the strongest decrease compared to the other og compound
studied (Table 1). Based on the detailed analysis of single substances of the blank extracts,
EBI and γ-ray-treated samples showed that almost all amounts of single compounds
decreased, except palmitic acid, for which values increased for the extract from γ-ray-
treated samples. On the one hand, the extractives could be cross-linked to higher molecule
mass and/or other wood components resulting from the insolubility of the hexane solvent.
On the other hand, the effects of the breaking of chemical bonds of wood extractives may
change the compound solubility [21]. The formation of free molecules and broken glucose
rings indicate the damage of cellulose. These chemical intermediates can react with the
oxygen in the air and result in the change of polarity of components.

Table 1. Main component groups in hexane extracts of different treated larch sapwood samples by
gas chromatography–mass spectrometry (GC-MS).

Component Groups
Blank Larch

Sapwood (mg/g)
EBI-Treated Larch
Sapwood (mg/g)

X-ray-Treated Larch
Sapwood (mg/g)

Terpenoid 0.185 0.038 0.104
Alcohol 0.009 0.001 0.003

Fatty acids 0.486 0.124 0.217
Stilbenoid 0.005 0.000 0.000
Resin acids 2.083 0.177 0.547

Aliphatic compounds 0.005 0.001 0.002
Hydroxy resin acids 0.051 0.010 0.023

Lignans 0.062 0.002 0.011
Precursor of Lignin 0.020 0.005 0.010

Unknown 0.962 0.130 0.306

This process could be also seen by using other solvents that are more polar than hexane.
Therefore, acetone was used as second solvent to recover polar compounds from the larch
sapwood after different treatments. The extraction yields of o.d. larch sapwood with
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hexane differed in a range from 9.73 mg/g of blank to 4.48 mg/g of EBI treated and 4.80
mg/g of γ-ray treated samples, respectively. Generally, the amount of extract with acetone
is higher comparted to the hexane solvent. Nevertheless, the ratio between the different
treatments is quite uniform, the EBI- and γ-ray-treated samples showed less extraction
yield than the blank samples. Almost all amounts of component groups increased due
to the different treatment without the exception of the polyphenol groups (Table 2)—that
extraction yield decreased very strongly.

Table 2. Main component groups in acetone extracts of different treated larch sapwood samples by
GC-MS.

Component Groups
Blank Larch

Sapwood (mg/g)
EBI-Treated Larch
Sapwood (mg/g)

X-ray-Treated Larch
Sapwood (mg/g)

Carboxylic acids 0.051 0.155 0.348
Phenylpropanoid 0.242 0.253 0.654

Polyhydric alcohols 0.027 0.195 0.486
Single sugars 0.415 0.832 2.043

Aliphatic acids 0.064 0.096 0.323
Resin acids 0.028 0.061 0.225

Polyphenols 7.019 0.499 2.659
Phytosterine 0.028 0.005 0.019

Especially, dihydrokaempferol, (+)-catechin, and taxifolin from the flavonoid group
were mostly affected due to the irradiation treatments. These compounds are known
as antioxidants for inhibiting free radicals based on different activities (e.g., hydroxyl
substituents, peroxyl reaction) in materials [22]. In the extracts of the irradiated samples,
a modified taxifolin structure was quantitatively identified, which was not found in the
blank samples and supports the idea of radical scavenging of flavonoids and further
cross-linking effects. Also, Błaszak et al. [23] determined a high degradation rate of the
flavan-3-ol substance of (+)-catechin due to 10 kGy EB irradiation compared to the gallic
acid (phenolic acid), which was not affected by the EBI treatment up to this absorbed
dose. The hydroxybenzoic acids like e.g., vanillic acid are possible metabolites of the
phenylpropanoid pathway, and the extraction amount of group of phenylpropanoid was
stable for the blank samples and the EBI-treated samples and increased strongly for the
γ-ray-treated samples. The acetone extracted compounds with one or two guaiacyl units
in its molecular structure were significantly increased in quantity, whereas the component
amount of benzene-1,2-dicarbocylic acid with two aliphatic rest in the structure decreased
from 0.164 to 0.038 mg/g by the two irradiation treatments. It can be accepted that the
electrons or γ-ray starts the degradation of the aliphatic structure and some of these
damaged compounds arranged to guaiacyl derivates with one or two phenyl groups.

Compared to the polyphenol groups, the amount of polyhydric alcohols increased due
to the EBI and even more for the γ-ray irradiation. Cyclitols like pinitol (3-O-methyl-chiro-
inositol) and myo-inositol (1,2,3,4,5,6-Hexahydroxycyclohexane) were found in a larger
amount after irradiations than before it. Also, further sugar alcohols were determined after
the ionising radiation. All these various compounds show a carbohydrate structure, and it
can be assumed that these products were generated from the cellulose and polyoses by the
irradiation processes.

Furthermore, two new substances were found in the extracts of larch sapwood sam-
ples after EBI or γ-ray treatments. The lignan α-conidendric acid was characterised by the
extracts from both treatments, and isohydroxymatairesinol (iso-HMR) was identified only
in the extract from the γ-ray treated samples. Both of these molecules have two phenyl
rings within the structure that can be arranged from other polyphenols or lignans, which
was shown from the decreased in polyphenols contents in the extracts. Zule et al. [24] men-
tioned the secoisolariciresinol was the dominantly substances of lignan in larch heartwood;
however, larch sapwood was not investigated in the same study. Nevertheless, Nisula [25]
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concluded that sapwood contained only traces of lignan compared to the concentration in
larch heartwood without giving some values. Also, the results in this study indicate that
secisolariciresinol is not present in high amounts compared to the other polyphenols, such
as dihydrokaempferol or taxifolin, at least in these materials which were characterised.
However, the lignans were detectable and show the effects of the irradiation treatments.

4. Conclusions

Various chemical changes in larch sapwood extractives due to different ionization
irradiation of electron beam and γ-ray technologies were observed by a FT-IR vibrational
spectroscopy and GC-MS methods. The extraction yields of the samples were significantly
reduced after the different treatments comparted to the unirradiated ones.

This lower amount of leaching out of wood extractives of irradiated samples could
stabilise the material properties against different influences, such as weathering effects
or microorganism attack. The quantitative most important substances of resin acids and
polyphenols groups were highly affected of the two irradiation processes. Furthermore,
two new substances were found in the extracts of larch sapwood samples after EBI or
γ-ray treatments.

These results demonstrate the importance of the wood extractives on wood treat-
ment by two ionising irradiation processes, which might have an impact on material
performance.

The findings show that the different ionising radiation sources could be used as an
interesting technique for changing the chemical compounds in wood.
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Abstract: The Electron Beam Melting (EBM) process has emerged as either an alternative or a
complement to vacuum arc remelting of titanium alloys, since it is capable of enhancing the removal
of exogenous inclusions by dissolution or sedimentation. The melting of the primary material is a first
step of this continuous process, which has not been studied so far and is investigated experimentally
and numerically in the present study. Experiments have been set up in a 100 kW laboratory furnace
with the aim of analyzing the effect of melting rate on surface temperature of Ti-64 bars. It was found
that melting rate is nearly proportional to the EB power while the overheating temperature remains
roughly independent of the melting rate and equal to about 100 ◦C. The emissivity of molten Ti-64
was found to be 0.22 at an average temperature of about 1760 ◦C at the tip of the bar. In parallel,
a mathematical model of the thermal behavior of the material during melting has been developed.
The simulations revealed valuable results about the melting rate, global heat balance and thermal
gradient throughout the bar, which agreed with the experimental values to a good extent. The
modeling confirms that the overheating temperature of the tip of the material is nearly independent
of the melting rate.

Keywords: melting; electron beam; melting temperature; numerical simulation

1. Introduction

Among the secondary remelting techniques, the EBM (Electron Beam Melting) process
applies a high-power electron beam on the metallic material for melting, refining and con-
trolling the casting and solidification stages. These operations ensure both the purification
of the metal as it is gradually melted and the controlled solidification of the ingot in terms
of structure and chemical homogeneity.

The EBM process can be used in two ways: Electron Beam Cold-Hearth Melting
(EBCHM) and Electron Beam Drip Melting (EBDM). Schematic diagrams of these tech-
niques are shown in Figure 1.

The main difference between these two methods is the inclusion of a cold hearth
(circled in red in Figure 1a) in the EBCHM process as an intermediate refining stage between
the melting and solidification steps. In the melting step, the electron beam heats and melts
the bar tip. In the final solidification step, the molten metal is cast into a withdrawing water-
cooled copper mold and solidified to form an ingot. All these operations are performed
inside a vacuum chamber (10−4 to 10−3 mbar) in order to guarantee proper operation of
the electron guns and to avoid alloy contamination. The EBM methods have a number
of advantages when compared to the classic vacuum arc remelting (VAR) process, that
lead to a better ingot quality. In particular, melting is conducted in a higher vacuum and
for a longer time, thus enabling more complete degassing and dissolution of exogenous
inclusions such as low-density inclusions known as hard-alpha [1,2].
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Figure 1. Schematic diagrams of: (a) EBCHM; (b) EBDM.

The EBM processes are commonly used for manufacturing refractory or reactive
metals, such as niobium and titanium [2,3]. Since these techniques essentially concern very
high-performance materials used in leading-edge applications demanding exceptional
reliability, it is extremely important to choose the most appropriate operating parameters
in order to achieve optimum product quality. Despite experimental and numerical works
having been performed on the refining and solidification steps [2–5], the thermal behavior
of the raw material during the melting stage has only been investigated in the case of
alternative processes such as vacuum arc remelting in the literature [6,7] although it plays
an important role on the process operation. The surface temperature of the tip of the load
activates the volatilization mechanism, which controls the material refining and the losses
in alloying elements such as aluminum in Ti-64. Furthermore, the melting rate influences
the liquid pool shape and depth, which have a direct effect on the ingot solidification
structure. From a modeling point of view, it is obvious that the numerical simulations
must include the melting stage of the process so that numerical predictions can be strictly
correlated to operating conditions such as electrical parameters without the need to specify
the melt rate value as an input data of the simulation.

Thanks to the use of a well-dedicated electron beam laboratory furnace, a campaign
of drip melting trials was performed with the aim of investigating the thermal behavior of
a Ti-64 bar. Surface temperature of the bar tip was measured by pyrometer and infrared
thermocamera, and the melting rate was recorded. As part of our modeling effort of the
EBM processes, a mathematical model of the thermal behavior of the primary material
(load) during melting has been developed. Details of this model are given in the present
paper. The results of the model are compared to melt rate experimental data obtained with
the laboratory EBM furnace, so that clear conclusions can be drawn.

2. Materials and Methods

2.1. Experimental Setup and Procedure

A set of experiments was conducted in a 100 kW laboratory Electron Beam Melting
furnace (ALD Vacuum Technologies—Lab100, Hanau, Germany) shown in Figure 2. The EB
gun was used at an electric power from 11 kW to 25 kW with a constant beam voltage of
40 kV. The beam path is controlled by the Escosys pilot program (ALD Vacuum Tecnologies,
Hanau, Germany), which allows automatic control of beam displacement, as well as a choice
of beam pattern shape and frequency. A FLIR X6540SC infrared (IR) camera (Teledyne FLIR
Systems, Thousand Oaks, CA, USA) with a wavelength of 2–5 μm was set up at one side of
the furnace to evaluate the temperature of the bar tip as well as qualitative IR pictures of the
bar side. This camera provides temperature measurements from low ambient temperature to
beyond 2000 ◦C with an uncertainty of ±2% of measured values. The view port was equipped
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with a BaF2 glass transparent to infrared radiation. Since the glass view was the object of
a possible quick coating with vaporized titanium and aluminum, a flow of argon in front
of the viewpoint shutter was applied to prevent deposition. A two-wavelength pyrometer
(IRCONE Modline Type-R, FLUKE Corp, Everett, WA, USA) was used to measure the surface
temperature and to calibrate the infrared camera.

Figure 2. (a) Picture of the EB-Lab100 furnace; (b) schematic diagram of the Ti-64 bar melting.

The Ti-64 bar (45 cm in length and with a section of 25.0 cm2) was placed in the bar
feeder and the EB chamber vacuumed to below 5 × 10−4 mbar. The EB gun was then
turned on, a first pattern being used to heat the bar tip while the ingot surface was heated
by a second pattern. A few moments were spent in each trial on finding the exact required
power of the beam for a steady melt according to the bar feeder speed. Initially, both the
bar and ingot feeder speeds were changed manually; then, the speed of the ingot feeder
was adjusted according to melting rate. Later, the bar and ingot feeder rates were set on
automatic so that, when the quasi-stationary state is reached, the bar tip is maintained at
the same location above the ingot crucible. During this quasi-stationary melting rate period
temperature measurements using both pyrometer and IR camera were performed. After
the consumption of 90% of the bar length, the beam was switched off and materials were
cooled down. Finally, the post-experimental microstructure of the bar tips was observed
and compared for different trials.

2.2. Numerical Modeling

This section describes the numerical modeling of the transient thermal behavior of
the consumable Ti-64 bar in the EBDM process. An original feature of the model is the
representation of liquid metal removal at the bar tip, which allows the model to predict the
evolution of the melt rate with time, for given operating parameters.

2.2.1. Heat Transfer Model
Model Equations

The modeling of the thermal behavior of the consumable bar is developed in a 2D
axisymmetric geometry, enabling a representation of the curvature of the bar tip. Within the
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solid metal, heat is transferred by conduction. Under these conditions, the heat transport
equation is written in the following form [8]:

ρCp
∂T
∂t

= ∇×
(
λ
→
∇T

)
(1)

where T is the temperature, ρ the density, CP the specific heat and λ the thermal conductivity.
The temperature dependence of the alloy thermophysical properties is taken into account.

Dissipation of the latent heat of melting is represented using the equivalent specific
heat method [9], which consists of replacing the specific heat in Equation (1) by

C∗
P= CP +

∂gl
∂T

L (2)

where L is the latent heat of melting, and gl is the liquid fraction.
The calculation of the equivalent specific heat requires the knowledge of the solidi-

fication path, i.e., the evolution of the liquid fraction with temperature. In the case of a
multicomponent alloy (such as Ti-64), the solidification path is in general unknown. Under
these conditions and because the interval between liquidus and solidus is very small, we
consider a linear variation of the liquid fraction between the solidus (Tsol) and liquidus
(Tliq) temperatures. Such a variation implies the assumption of a uniform dissipation of
the latent heat L in the temperature interval [Tsol, Tliq], which is particularly narrow in the
case of Ti-64. Equation (2) can thus be written as

C∗
P= CP +

L
Tliq−Tsol

(3)

Initially, the bar temperature is considered to be homogeneous, equal to the stub or
pusher temperature (T = T0) i.e., the room temperature. The symmetry condition on the
bar axis is given by

(
∂T
∂r

)
r=0

= 0. The boundary conditions on the edge and the tip of the

bar depend on the process itself.

Boundary Conditions

At the bar tip, the kinetic energy of the electron beam is converted into thermal energy;
however, the backscattering of electrons results in significant losses, which are in the range
of 30% of the incident energy [10] for titanium. Thus, the heat power density applied to the
tip surface of the bar is given by:

ϕEB =
εEB PEB−tip

πR2 (4)

where PEB-tip is the electrical power of the beam applied to the tip, and εEB is equal to 0.7.
In addition, the net heat exchanged by radiation between the liquid film and the furnace
wall must be taken into account. Since the surface ratio between the bar and the furnace
wall is very small and in the approximation of the grey body, the thermal flux density
transferred can be expressed as:

ϕ
tip
rad = σεl

(
T4 − T4

w

)
(5)

where Tw is the temperature of the furnace wall.
At the bar lateral surface, heat transfer is controlled by thermal radiation between the

material and the furnace walls with a similar expression as Equation (5):

ϕside
rad = σεs

(
T4 − T4

w

)
(6)
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At the end of the bar, a contact resistance between the stub or pusher and the bar
is taken into account using a heat transfer coefficient hsp. This coefficient is assigned
a constant value of 500 W.m−2·K−1, describing a moderately effective thermal contact
between the pusher and the bar [11,12].

ϕpush = hsp

(
T − Tpush

)
(7)

The integration of these flux densities (Equations (4)–(7)) over the respective surface

leads to heat power defined as εEBPEB−tip,
.

Q
tip
rad,

.
Q

side
rad ,

.
Qpush for respectively the effective

EB heat power, heat lost by radiation at the tip, heat lost by radiation at the bar side and
heat lost at the pusher contact.

The thermal properties of Ti-64 used in the model are reported in Table 1. Note that
the thermal emissivity of the liquid titanium has been obtained by IR and pyrometer
measurements (see Section 3.2).

Table 1. Thermal properties of Ti-64 used in the numerical simulations [13,14].

Properties of Ti-64 Values or Expression

ρl liquid density (kg·m−3) 4100
ρs solid density (kg·m−3) 4158

Tliq liquidus (◦C) 1670
Tsol solidus (◦C) 1650

L latent heat of melting (J·kg−1) 3.89 × 105

Cp specific heat of solid (J·kg−1·K−1) 710
Cp specific heat of liquid (J·kg−1·K−1) 794
λs conductivity of solid (W·m−1·K−1) 18.4
λl conductivity of liquid (W·m−1·K−1) 22.5

εl emissivity of liquid 0.22
εs emissivity of solid 0.43 [14]

2.2.2. Calculation Procedure

The heat transfer equation is solved using a finite volume method [15]. The numerical
program called ‘Ebmelting’ is written in FORTRAN. A typical 160 × 1500 (r,z) orthogonal
grid is applied for the spatial discretization. Furthermore, a fully implicit scheme is used for
time discretization. During each time step (typically 0.5 s), we first calculate the temperature
field in the material. Then, in order to simulate consumption of the bar associated to the fall
of liquid metal droplets formed at the bar tip, the mesh cells whose temperature is greater
than an “overheating temperature” Toh are removed from the computational domain. After
mesh cell removal, the boundary conditions are set at the new bar tip for the next time step.
Calculations are performed until full consumption of the bar or until a given processing
time. Note that the overheating temperature Toh is an input variable for Ebmelting and is
defined as the sum of the alloy liquidus temperature and a superheat.

Finally, Ebmelting calculates at each time increment the temperature field of the bar,
the shape of the bar tip as well as the melting rate.

3. Results and Discussion

3.1. Experimental Melting Rate and Overheating Temperature

A set of eight trials has been set up in our laboratory electron beam furnace with
associated melting rate and EB power as reported in Table 2. Notice that the total EB power
PEB-tot has two contributions, one is the electrical power used to scan the pattern at the bar
tip PEB-tip and the second is the power PEB-ing applied to the ingot top for solidification
control as schematically described in Figure 2b.

PEB-tot = PEB-tip + PEB-ing (8)
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Table 2. Experimental values for each individual run.

Run
#

Bar Feeder Speed
(mm·min−1)

Melting Rate
.

mm (kg/h)
PEB-tip

(kVA)
PEB-tot

(kVA)

Measured
Overheating

Temperature (◦C)

1 8 5.15 5.81 11.6 1760
2 10 6.44 6.38 12.4 1770
3 12 7.73 7.65 13.6 1762
4 15 9.66 8.33 14.8 1760
5 20 12.88 9.68 17.2 1772
6 25 15.90 12.16 21.6 1772
7 27 18.58 13.06 23.2 1784
8 30 20.65 14.00 24.8 1779

Table 2 clearly reveals that the temperature of the bar tip is not correlated with the EB
power applied, and its value remains in a range between 100 and 125 ◦C above the liquidus
temperature. On the contrary, the melting rate increases almost linearly with the heating
power as it is shown in Figure 3.

Figure 3. EB power PEB-tip vs. melting rate. Slope = 1.8 kg/hr/kW.

During the quasi-stationary state, a straightforward heat balance based on the schematic
Figure 4 leads to

(
hliq(Toh)− hsol(T0)

) .
mm = εEBPEB−tip −

[
.

Q
tip
rad +

.
Q

side
rad +

.
Qpush

]
(9)

where hliq and hsol are respectively the specific enthalpy of liquid and solid, and
.

mm is the
melting rate. The thermal power lost by radiation on the bar tip remains at a constant value
(since the overheating temperature Toh does not change with the beam power), and the heat
lost on the pusher side can be considered as negligible during the quasi-stationary regime.
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Figure 4. Heat fluxes at the bar boundaries.

If the heat lost by radiation on the bar side
.

Q
side
rad was independent of the EB heat

power applied on the bar tip, then the melting rate would be proportional to that EB power
applied and the slope of the adjusted line would be equal to:

S = εEB

(
hliq(Toh)− hsol(T0)

)−1
(10)

The analytical value of S (1.5 kg/hr/kW) does not match with the experimental slope (see
Figure 3), which is equal to 1.8 kg/hr/kW. We will see later (Section 3.5) that the temperature
profile on the bar side cannot be considered as independent of the beam power. Therefore,
the assumption of an independent radiation heat flux on the bar side is wrong.

3.2. Emissivity Measurements and Temperature Profiles

In a first step, the temperature of the bar tip is continuously measured with the IR
camera during a cooling test (EB is sharply switched off). The emissivity is then selected
such as the measured temperature of the phase change ranges between 1650 ◦C (Tsol) and
1670 ◦C (Tliq). An emissivity of 0.22 was obtained. In a second step, the average surface
temperature of the bar tip was monitored by the IR camera during a drip melting run and
compared to the temperature measured with the pyrometer. Again, the value 0.22 was
required to match IR and pyrometer temperatures. This value is in agreement with the
findings of Choi [16] and Rai [17] (0.23 and 0.20, respectively).

An example of IR picture is presented in Figure 5 for a low (Run#1) and a high (Run#5)
melting rate. It clearly emphasizes the steeper temperature gradient at high melting rate.
The heat supplied by the EB diffuses more deeply into the bar at lower melting rate.

Figure 5. Temperature visualization for two conditions: (a) low melting rate—8 mm/min and
(b) high melting rate—20 mm/min.

3.3. Microstructure of the Bar Tip

In order to get a better understanding of the thermal treatment experienced by the
bar during electron beam drip melting (EBDM), the microstructure of the remaining bar
tips, after two heats performed at distinguishable melting rates, was studied. In both
cases, the melt was sharply interrupted thanks to the EB switch-off. Two samples were
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obtained from the experiments with a bar feeding speed of 8 and 20 mm/s (melting rate
of 5.2 and 12.9 kg/h, respectively). The samples were prepared by cutting in the middle
longitudinal section the first tens of millimeters from the front surface of the bar, then
polished and etched by Kroll agent. Finally, they were examined under Zeiss-Axioplan 2
optical microscope (Zeiss, Iena, Germany).

Figure 6 illustrates the different grain structure in the first millimeters from the extremity
of the bar. The tip of the bar is clearly distinguished on the right-hand side of each image.

Figure 6. Observed grain structure near the bar tip for (a) low melting rate—8 mm/min and (b) high melting rate—20 mm/min.

The grain morphologies are equiaxed with a size noticeably larger for the lower
melting rate. This is caused by the longer time this region was subjected to high temperature
(above the beta transus—see below).

From these local images obtained by optical microscopy, mapping pictures of the
whole bar tip could be built thanks to the automatic driven system option integrated in
Axiovision software (Zeiss, Iena, Germany). Indeed, this system allows to stitch, with a
controlled overlap percentage, a large number of images (each square, as the ones dashed
in yellow, is a single optical microscope image). These microstructure maps are shown in
the Figure 7 for both trials.

On Figure 7, the Heat Affected Zone (HAZ) can be easily unveiled because of mi-
crostructure change during heating. According to the Ti-64 phase diagram, beta grain
growth occurs during heating at a temperature higher than the beta transus temperature
Tαβ (around 880 ◦C). Because of the higher mobility of beta Ti for grain growth due to
its single-phase solution nature whereas the alpha Ti has a lower mobility due to its mul-
tiphase nature, this heating above the transus leads to a large grain structure [18] before
quenching as electron beam power is turned off.

Consequently, HAZ boundaries have been sketched in dotted line on the images. On
the left-hand side of this limit, primary Ti-64 that has not experienced the beta transus can be
seen. On the other side, beta grain size enlargement can be noticed from the HAZ beginning
to the bar tip. An average value for HAZ was approximately measured for two samples and
determined to be around 21 and 11 mm at low and high melting rates, respectively.
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Figure 7. Assessment of the HAZ for (a) low melting rate—8 mm/min and (b) high melting rate—20 mm/min. Stitched
optical microscope images for mapping (unit in dashed yellow).

3.4. Aluminum Depletion by Volatilization

Because of high vacuum, the main drawback of the EBM processes is a significant loss
by volatilization of alloying elements exhibiting a high vapor pressure (such as aluminum
in Ti-64). This provokes a pollution of the chamber walls and makes it difficult to control
the chemical composition of the as-cast ingot.

The significant temperature gradient in the liquid film makes the chemical analysis of
the bar tip difficult and inaccurate. This is the reason why the volatilization losses have been
obtained with a chemical analysis of the cast ingots using the Glow Discharge Optical Emission
Spectrometry (GDOES) technique. Table 3 reports the aluminum content of the initial bar and
the mean value of the radial ingot section for the low and high melting rate runs.

Table 3. Aluminum content in the raw material and in the final ingot.

Al wt%—Initial Bar Al wt%—Final Ingot

Run#1—8 mm/min 6.0 4.67
Run#5—20 mm/min 6.0 5.39

The analyses emphasize that the EBDM at higher melting rate reduces the losses by
volatilization. Since the overheating temperature does not change with the EB power, the
volatilization flux on the bar tip remains roughly constant. It is therefore obvious that a
higher melting rate reduces the residence time of the alloy in a liquid state and then the
aluminum losses. This result agrees well with the literature [19,20] where the detrimental
effect of low melting rate on aluminum depletion was established.

3.5. Results of the Numerical Simulation and Discussion
3.5.1. Melting Rate and Overheating Temperature

The eight experimental runs have been simulated, and the excellent convergence of the
heat transfer equation lead to a heat balance lower than 0.1%. One of the most interesting
results provided by Ebmelting code is the melting rate profile as shown in Figure 8 for the
Run#5 at 20 mm/min. Following the EB heating of the bar tip, the first droplets of liquid
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metal are formed after 30 s. The melting rate increases very steeply and then levels off at a
roughly constant value corresponding to the quasi-stationary state. Finally, the melting
rate rises again at the end of the consumption of the bar. The oscillation of the melting rate
can be readily explained by the ablation of mesh cells, whose temperatures are greater than
Toh. The amplitude of the oscillations is then strictly correlated to the mesh refinement.

Figure 8. Typical shape of the melting rate (example of Run#5; 20 mm/s)—Mesh refinement (r,z):
160 × 1500.

For each experiment, a wide range of overheating temperature was set into the
numerical simulation model as an input to calculate the corresponding melting rates
as illustrated in Figure 8. The melting rate calculated by the model obviously decreases
with the overheating temperature since a higher thermal energy is required to remove the

liquid Ti-64 at the bar tip. Moreover, the heat lost by radiation
.

Q
tip
rad increases non-linearly

with Toh, which results in a lower melting rate.
Then, the measured (continuous line) and simulated (markers) melting rates were

compared as shown as an example in Figure 9. The intersection of calculated and experimental
melting rate gives an assessment of the overheating temperature required in the model.

Figure 9. Simulated melting rate versus overheating temperature Toh and measured temperature
and melting rate (Run #2: 10 mm/min).

The latter matches well with the measured tip temperature, as shown in Table 4, that
gathers the simulated and experimental values for each individual run. A good agree-
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ment between measured and indirectly calculated overheating temperatures is obtained
in all cases except in Run#3 where the substantial difference could be attributed to an
accumulation of experimental errors.

Table 4. Simulated and experimental values for each individual run.

Run
#

Bar Feeder Speed
(mm/min)

Melting Rate
.

mm (kg/hr)
PEB-tip

(kVA)

Experimental
Overheating

Temperature (◦C)

Simulated Liquid
Temperature Toh (◦C)

1 8 5.15 5.81 1760 1790
2 10 6.44 6.38 1770 1775
3 12 7.73 7.65 1762 1822
4 15 9.66 8.33 1760 1798
5 20 12.88 9.68 1772 1750
6 25 15.90 12.16 1772 1770
7 27 18.58 13.06 1784 1762
8 30 20.65 14.00 1779 1781

Table 4 also confirms that the overheating temperature is not correlated with the
melting rate, and its value remains in a range between 90 and 150 ◦C above the liquidus
temperature (Tliq = 1670 ◦C).

3.5.2. Thermal Profiles and HAZ

The numerical model provides at each time step of the simulation the temperature
distribution in the bar. Figure 10 presents such computed thermal map under two different
melting rates at t = 1000 s. The model predicts that the highest axial temperature gradient is
confined close to the bar tip whereas the main part of the bar remains at room temperature.
This thermal behavior is easily attributable to the competition between the consumption
speed and the thermal diffusion velocity. Calculation of a dimensionless Péclet number
allows assessment of the relative role of each of these two phenomena (ratio of advective
to diffusive). It gives:

PeRun1 =
ub L
α

= 7.3 and PeRun5 = 27 (11)

where L is the bar length, ub the bar speed and α the thermal diffusivity. Accordingly, these
values testify that on the one hand the bar moves forward much faster than the heat diffuses
and, on the other hand, the higher the melting rate, the steeper the temperature gradient.

Figure 10. Contour of the temperature after 1000 s of melting Run#1 at 8 mm/min and Run#5 at
20 mm/min.
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The concave shape of the bar tip results directly from the thermal losses by radiation
along the edge of the bar. This shape remains essentially constant throughout the melt, but
we can notice that the curvature of the tip is more pronounced at the beginning of the melt,
when EB power is low. In that case, the effect of radiation losses is proportionally more
important and Ti-64 melting is, from a thermal point of view, enhanced at the center com-
pared to the periphery. However, the discrepancy with the real shape observed in Figure 7
can be readily explained by the fact that the model does not take into account the dynamic
motion of the liquid film under forces such as wetting, buoyancy and thermocapillary [21].

As discussed above, the Heat-Affected Zone (HAZ) is the part of the bar that experi-
ences a temperature over the beta transus Tαβ. Profiles of normalized temperature of the
bar side are drawn in Figure 11 for the two melting rates (Run#1 and Run#5) and allow
determination of the predicted HAZ. The normalized temperature is given by:

T∗(z) =
T(z)− T0

T(z = 0)− T0
(12)

where z is here the distance from the bar tip.

Figure 11. Comparison of the normalized wall temperature profiles in two cases of low and high
melting rates (Run#1—8 mm/min and Run#5—20 mm/min).

The computed HAZ values for Run#1 and Run#5 (respectively 24 and 14 mm) match
quite well with the measured values (respectively 21 and 11 mm) deduced from the
micrographs on Figure 7.

3.5.3. Calculation of Thermal Balance

The global thermal balance applied to the bar was calculated during the quasi-
stationary stage by the numerical model Ebmelting, and an example of the results is
reported in Table 5. Definition of the variables are given in Section 2.2 except for the heat
power requested to heat and melt the material:

.
Qmelting =

.
mm

(
hliq(Toh)− hsol(T0)

)
(13)
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Table 5. Global thermal balance (W) of the bar calculated during quasi-stationary regime.

Watt: εEBPEB−tip
.

Q
tip

rad

.
Q

side

rad

.
Qpush

.
Qmelting Balance (%)

Run#1 4068 561 964 0 2542 0.02
Run#5 6780 529 450 0 5808 0.10

The excellent convergence of the simulation is proved by the small balance (lower
than 0.1%). The heat lost at the pusher side remains negligible as long as the bar length is
much larger than the HAZ. Only during the last 100 s of the melting,

.
Qpush is no longer

negligible. Finally, as a consequence of the bar consumption, it is found that the heat lost
by radiation clearly decreases when the melting rate increases, as discussed in Section 3.1.

4. Conclusions

Experiments of melting Ti-64 bars in a laboratory electron beam furnace were compared
to a numerical model accounting for the various heat transfers in the titanium bar and at its
surfaces. The experiments were designed to mimic the melting step in EBDM and EBCHM
processes in order to investigate the effect of operating conditions in such processes. Melting
rate and beam power heating the bar tip are adjusted altogether to achieve a quasi-steady
melt. After experimentally determining the emissivity of liquid titanium, the overheating
temperature at the bar tip was measured for 8 sets of operating parameters. These temperature
measurements supported by the numerical results provided the undisputed evidence that the
overheating temperature remains roughly independent of the melting rate (and therefore the
EB power applied to the bar tip) and equal to about 100 ◦C above the liquidus temperature.
This important finding indicates that high melting rate operations favor the control of the
chemical composition of the re-melted material, notably in terms of aluminum depletion by
volatilization. The heat affected zone in the bar was optically determined from the grain
structure after quenching for two of these sets that differ significantly (melting rate more than
doubled). While the overheating temperature is constant, the HAZ was found to strongly
depend on operating parameters. The predictions of the numerical model for overheating
temperature and HAZ are in good agreement with the experimental measurements, which
validates the hypotheses on which the model is built.

Numerical simulations and experiments together demonstrate that the consumption
speed of the raw material is much faster than the thermal diffusion velocity, and as a
consequence, the higher the melting rate, the steeper the temperature gradient and the
smaller the HAZ.

Overall, the experimental results on the melting of a titanium bar by EBM provide
knowledge on this step that conditions industrial processes such as EBDM and EBCHM,
but that was only scarcely studied in the scientific literature. The associated numerical
model not only provides a way to quantify the respective contributions of several heat
fluxes in the process, but since it has been validated against experiments, it also provides a
relatively simple yet predictive model of EBM that can be used as input in further studies
of the downstream steps that distinguish EBDM and EBCHM processes.
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Abstract: Effects of scanning strategy during powder bed fusion electron beam additive manufac-
turing (PBF-EB AM) on microstructure, nano-mechanical properties, and creep behavior of Ti6Al4V
alloys were compared. Results show that PBF-EB AM Ti6Al4V alloy with linear scanning without
rotation strategy was composed of 96.9% α-Ti and 2.7% β-Ti, and has a nanoindentation range of
4.11–6.31 GPa with the strain rate ranging from 0.001 to 1 s−1, and possesses a strain-rate sensitivity
exponent of 0.053 ± 0.014. While PBF-EB AM Ti6Al4V alloy with linear and 90◦ rotate scanning
strategy was composed of 98.1% α-Ti and 1.9% β-Ti and has a nanoindentation range of 3.98–5.52 GPa
with the strain rate ranging from 0.001 to 1 s−1, and possesses a strain-rate sensitivity exponent
of 0.047 ± 0.009. The nanohardness increased with increasing strain rate, and creep displacement
increased with the increasing maximum holding loads. The creep behavior was mainly dominated by
dislocation motion during deformation induced by the indenter. The PBF-EB AM Ti6Al4V alloy with
only the linear scanning strategy has a higher nanohardness and better creep resistance properties
than the alloy with linear scanning and 90◦ rotation strategy. These results could contribute to
understanding the creep behavior of Ti6Al4V alloy and are significant for PBF-EB AM of Ti6Al4V
and other alloys.

Keywords: titanium alloys; electron beam additive manufacturing; nanoindentation; strain rate
sensitivity; creep

1. Introduction

In recent years, additive manufacturing (AM) has attracted extensive attention and has
great potential to be used in the fields of aerospace, automotive, energy, and medicine [1–3].
Powder bed fusion with electron beam (PBF-EB) AM is one of the AM methods, using
a high-energy electron beam as a heat source to melt metal powders and then obtaining
full-dense metallic components [4]. Compared with the selective laser melting (SLM) AM
method, PBF-EB AM has several advantages [5]: (1) High vacuum condition is favorable
for materials containing active elements; (2) high energy input is favorable for refractory
materials. It has been reported that PBF-EB AM has been applied in fabricating high-
entropy alloys [6], titanium alloys [7], and ceramics [8].

Due to their superior mechanical properties, excellent corrosion resistance, and out-
standing biocompatibility, Ti6Al4V alloys have been used as biomedical implants and
aviation materials [9–12]. However, the inherent difficulties in plastic processing and
specific components with complex geometry make Ti6Al4V an attractive material for AM.
The abrasion, fatigue, or impact properties of Ti6Al4V alloys could be further improved
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through AM [13,14]. In comparison with other AM methods, PBF-EB AM is the most
widely-used process for producing Ti-based components because of their extremely high
sensitivity to oxidation at high fabrication temperatures [15–18]. For AM Ti6Al4V alloys,
the most attention is focused on the effects of PBF-EB AM parameters, post-treatment
on microstructure, and mechanical properties. Tan et al. [19] investigated the columnar
grain growth behavior of Ti6Al4V alloy during the PBF-EB AM process. Leon et al. [9]
improved the mechanical properties of PBF-EB AM Ti6Al4V alloys using hot isostatic
pressing post-treatment. Zheng et al. [20] investigated the effects of powder usage numbers
on the hardness of PBF-EB AM Ti6Al4V alloys.

To date, only a few studies have been done to comprehensively assess the creep be-
havior of Ti6Al4V alloys [21]. However, the creep behavior is not completely understood.
Investigation of creep behavior by traditional uniaxial tensile tests is time-consuming for
lots of materials [22]. Nanoindentation tests are confirmed to be effective in analyzing
the time-dependent plastic deformation of aluminum [23,24], high-entropy alloys [25,26],
titanium alloys [27], and Ni3Al [28]. Although there is a bit of discrepancy between the
indentation creep results and conventional uniaxial results [29–31], creep information
including strain rate sensitivity, the creep stress exponent, and creep rate could be obtained
based on the nanoindentation creep test [30,32]. Shen et al. claimed the discrepancy be-
tween nanoindentation and uniaxial methods results from the deformation mechanics [33].
The response from indentation creep tests thus includes the transient stage as well as
the steady-state, or even post steady-state stages, which is more complex than that from
uniaxial tests.

Wu et al. [34] found that the scanning strategy during selective laser melting AM
has a great influence on residual stress of Ti6Al4V alloys. Tian et al. [35] reported that
microstructure and mechanical properties of Ti6Al4V alloys could be influenced by the
scanning strategy during selective laser melting AM. However, the reports on the effects of
the scanning strategy during PBF-EB AM on nano-mechanical properties and creep behav-
ior of Ti6Al4V alloys are rarely seen. Therefore, in this study, the effects of the scanning
strategy during PBF-EB AM on microstructure, nanohardness, strain rate sensitivity, and
creep behavior of Ti6Al4V are investigated.

2. Materials and Methods

2.1. Powder Preparation

Spherical Ti6Al4V powders with an average size of 76 μm were provided by the sup-
plier, Guangzhou Sailong Additive Manufacturing Co. LTD., Guangzhou, China, which
was fabricated by plasma rotating electrode methods. Powder size distribution was char-
acterized by a laser particle analyzer (MASTERSIZER 3000, Malvern, UK). A scanning
electron microscope (SEM, ZEISS, Gemini SEM300, Oberkochen, Germany) equipped with
energy-dispersive X-ray spectroscopy (EDS, Bruker, Billerica, MA, USA) was used to evalu-
ate the chemical composition accuracy. The SEM morphology and particle size distribution
of the as-received powders are shown in Figure 1a,b, respectively. The corresponding
chemical composition was determined to be 5.85 ± 0.4 Al, 4.12 ± 0.24 V (wt.%), and
balanced with Ti.
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Figure 1. (a) SEM morphology and (b) particle size distribution of the as-received powders.

2.2. EB-PBF Processing

The cuboid-shaped sample with dimensions of 25 mm × 100 mm × 50 mm was
produced using a T150 powder bed fusion electron beam additive manufacturing machine
(Guangzhou Sailong Additive Manufacturing Co. LTD., Guangzhou, China). Plasma
rotating electrode Ti6Al4V powders (mean diameter of 76 μm) were applied at a layer
thickness of 50 μm. During the PBF-EB additive manufacturing, a scan speed of 5800 mm/s,
a high voltage of 60 kV, a current of 14.5 mA, and a space of 100 μm between scan lines
were adopted. The preheating temperature was kept at 730 ◦C for all of the samples to
avoid powder smoke. Two scanning strategies were used in this study (details can be seen
in Figure 2): (1) case (a) is horizontal back and forth linear scanning without rotation on
the next layer, and the corresponding sample was referenced as sample A; (2) case (b) is
horizontal back and forth linear scanning with a 90◦ scan vector rotation on the next layer,
and the corresponding sample was referenced as sample B.

Figure 2. Schematic diagrams of building direction for PBF-EB AM Ti6Al4V alloys: (a) Sample
A is horizontal back and forth linear scanning without rotation on the next layer; (b) Sample B is
horizontal back and forth linear scanning with a 90◦ scan vector rotation on the next layer.
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2.3. XRD Analysis

The block samples were cut along the building direction Z-axis using a wire electric
discharge machine, 2 mm away from the base, and subsequently embedded for microstruc-
tural investigation and nanoindentation tests on the X-Y plane. The cross-sectioned samples
were consecutively ground by #100, #600, #800, #1200, #1500, and #2000 grade silicon car-
bide papers to remove any surface oxides. Then ground samples were consecutively
polished with 5 μm, 3 μm, 2 μm, 1 μm, and 0.5 μm grade diamond abrasive paste. Phase
constituents were examined by X-ray diffraction (XRD, D/MAX-2500/PC; Rigaku Corp.,
Tokyo, Japan) with Mo Kα radiation. The angle range of 15–45◦ and a step size of 0.01◦
was adopted during the XRD test. More details can be seen in our previous research [36].

2.4. SEM Analysis

Before SEM observation, the polished block samples were etched with Kroll’s reagent
(2% HF, 6% HNO3, and 92% H2O) for 5 s. The microstructure of the PBF-EB Ti6Al4V sample
was observed by scanning electron microscope (SEM, FEI, QUANT250, Eindhoven, The
Netherlands) equipped with energy-dispersive X-ray spectroscopy (EDS), with a working
distance (WD) of 9.8 mm and high voltage of 10.00 kV. Additionally, the morphology and
chemical composition of the raw powders were observed by scanning electron microscope
(SEM, ZEISS, Gemini SEM300, Oberkochen, Germany) equipped with energy-dispersive
X-ray spectroscopy (EDS, Bruker, Billerica, MA, USA). After the samples were electrolyti-
cally polished with 5% perchloric acid + 95% alcohol and electron backscattered diffraction
(EBSD, FEI, Hillsboro, OR, USA) tests were performed to further investigate the microstruc-
ture. During the EBSD test, a step size of 0.1 μm was adopted for low magnification, and
a step size of 0.01 μm was adopted for high magnification. During the EBSD test, a high
voltage of 10.00 kV was used.

2.5. Nanoindentation Analysis

The nanomechanical properties and creep behavior of the PBF-EB AM Ti6Al4V alloys
were characterized by nanoindentation tests (Hysitron, TI980, Minneapolis, mN, USA). All
the tests were conducted at room temperature and performed with a three-sided Berkovich
(CSM Instruments, Peuseux, Switzerland) diamond indenter. For investigation of the strain
rate sensitivity, all nanoindentation tests were carried out at the same maximum load
(10 mN) and with loading rates of 10, 1, 0.1, and 0.01 mN/s. The indenter was then held at
the maximum load for 30 s, which was followed by unloading at a rate of 50 mN/s for all
tests. For investigation of creep behavior, the specimen was loaded to different maximum
loads, Pmax (10 mN, 20 mN, 50 mN, and 100 mN), at a successive loading rate of 0.5 mN/s
and held at Pmax for 500 s.

3. Results

3.1. Microstructure

XRD patterns of PBF-EB AM Ti6Al4V alloys (X-Y plane) arre shown in Figure 3, both
for sample A with linear scanning strategy, and sample B with linear and 90◦ rotation
scanning strategy. The XRD pattern confirms the dominant presence of an α-Ti phase, and
this result is similar to the previous work [9]. Comparing the XRD results in Figure 3a,b,
a tiny difference could be observed. For the XRD pattern of sample A (Figure 3a), the
intensity of (1012), (1013), and (1122) diffraction peaks belonging to the α-Ti phase are
stronger than those of sample B. This result indicates that the scanning strategy of PBF-EB
AM probably leads to a difference in the texture of Ti6Al4V alloys.
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Figure 3. XRD pattern of PBF-EB AM Ti6Al4V alloy: (a) linear scanning strategy (sample A), (b) linear and 90◦ rotation
scanning strategy (sample B).

As widely known, the microstructure of Ti6Al4V alloy consists of α-Ti and β-Ti
phases [37]. During the PBF-EB AM process, the Ti6Al4V alloy originally solidifies into
columnar β-Ti grains that grow along the build direction. As the additive manufactured
alloys cool to a temperature below around 882 ◦C, the β-Ti grains boundaries act as
nucleation sites for α-Ti grains, and the initial β-Ti within the grains transforms into α/β
lamellar structures. This process promotes the development of β-Ti ribs surrounded by
a continuous α-Ti phase [38]. The microstructures of sample A and sample B are shown
in Figure 4a,b, respectively. It can be seen that the thickness of β-Ti ribs in sample B is
smaller than those in sample A. Furthermore, β-Ti ribs in both sample A and sample B
have a thickness of few than 1 μm.

 

  

Figure 4. SEM microstructure of PBF-EB AM Ti6Al4V: (a) linear scanning strategy (sample A), (b) linear and 90◦ rotate
scanning strategy (sample B).

The chemical composition of the a-Ti phase and β-Ti ribs in both sample A and sample
B are listed in Table 1. The results are obtained by SEM/EDS. As widely known, Al is
an α phase stabilizing element and usually diffused into α phase, while V is a β phase
stabilizing element and usually diffused into the β phase [39,40]. It can be seen that there
is no obvious enrichment or depth of Al and V elements in the α/β phase. For sample B,
both the Al and V concentration in α phase and β ribs is very similar.
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Table 1. Chemical composition of α-Ti phase and β-Ti ribs in PBF-EB AM Ti6Al4V with different
scanning strategies.

Chemical
Composition

Sample A Sample B

α-Ti (wt%) β-Ti ribs (wt %) α-Ti (wt %) β-Ti ribs (wt %)

Al 5.48 ± 0.64 5.86 ± 0.50 5.48 ± 0.07 5.32 ± 0.65
V 4.05 ± 2.55 2.83 ± 0.54 3.22 ± 0.66 2.93 ± 0.66
Ti 90.48 ± 1.92 91.32 ± 0.04 91.2 ± 0.59 90.25 ± 2.14

Since the conditions of heat accumulation and conduction are tightly linked to scan-
ning strategies and relative position of the sample [4,34,41], the X-Y cross-section plane,
2 mm away from the base, was chosen for EBSD observation. Grain morphology and
corresponding inverse pole figure (IPF) are shown in Figure 5a,b, respectively. The average
grain size of the α-Ti phase is 2.3 μm, as shown in Figure 5c. To analyze the effects of
scanning strategy on phase constitution of the PBF-EB AM Ti6Al4V alloy, a region with
high magnification and a smaller step size (0.01 μm) was selected. The corresponding
results are shown in Figure 5c,d. The phase maps are shown in Figure 5d. It can be seen
that the PBF-EB AM Ti6Al4V alloy with only the linear scanning strategy (sample A) was
composed of 96.9% α-Ti and 2.7% β-Ti.

  
 

   

Figure 5. PBF-EB AM Ti6Al4V alloy with only the linear scanning strategy (sample A): (a) Grain size and (b) IPF images at
low magnification; (c) grain size, (d) phase map, and (e) IPF figures at high magnification. The color of the inset figure in
(b,f) represents grains orientation.

For the PBF-EB AM Ti6Al4V alloy with linear and 90◦ rotation scanning strategy
(sample B), the EBSD observation results are shown in Figure 6. From Figure 6c, it can
be seen that the average thickness of the α-Ti phase is 2.5 μm. A high magnification was
chosen with a step size of 0.01 μm. Additionally, the results are shown in Figure 6c,d.
From the phase map (Figure 6e), it can be seen that the PBF-EB AM Ti6Al4V alloy with
linear and 90◦ rotation scanning strategy (sample B) was composed of 98.1% α-Ti and 1.9%
β-Ti. Compared with sample B, the α-Ti phase contents in sample A are a bit lower, while
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the β-Ti phase contents in sample A are a bit higher. The results indicate that scanning
strategies during additive manufacturing could affect heat accumulation and conduction,
and then influence the microstructure and mechanical properties.

   

   

Figure 6. PBF-EB AM Ti6Al4V alloy with linear and 90◦ rotate scanning strategy (sample B): (a) Grain size and (b) IPF
images at low magnification; (c) grain size, (d) phase map, and (e) IPF figures at high magnification. The color of the inset
figure in (b,f) represents grains orientation.

From the EBSD analysis, the average size of the α-Ti phase in sample A is very similar
to the α-Ti phase in sample A. Hence, the grain boundary strengthening is very similar due
to the similar thickness of the α-Ti phase [42]. However, the solid solution strengthening
is different. From Table 1, it can be seen that Al concentration in the α-Ti phase is similar
in both samples. However, the V concentration in the α-Ti phase from sample A is higher
than the value from sample B. Therefore, high V concentration in the α-Ti phase would
lead to higher hardness.

3.2. Strain-Rate Sensitivity

Before the nanoindentation test, the Archimedes principle was employed to measure
the porosity of PBF-EB AM Ti6Al4V alloys. The densities of sample A and sample B were
98.52% and 98.22%, respectively. It can be seen that the scanning strategy has little influence
on the porosity of Ti6Al4V alloys under the selected additive manufacturing parameters.

Figure 7 shows the typical load-depth curves for the PBF-EB AM Ti6Al4V alloy as
obtained from nanoindentation tests under various loading rates. All nanoindentation
tests were carried out at the same maximum load (10 mN). Loading rates of 0.01 mN/s,
0.1 mN/s, 1 mN/s, and 10 mN/s were applied, corresponding to strain rates of 0.001 s−1,
0.01 s−1, 0.1 s−1, and 1 s−1, respectively. As shown in Figure 7, the loading rates result
in different depths. The depth increases significantly with the decreasing strain rate (or
loading rates). Results from nanoindentation tests under different strain rates are presented
in Table 2. It can be seen that as the strain rate increases in the range of 0.001–1 s−1, the
hardness increases between 4.11 and 6.31 GPa for sample A. While for sample B, as the
strain rate increases in the range of 0.001–1 s−1, the hardness increases between 3.98 and
5.52 GPa. The results indicate that the PBF-EB AM Ti6Al4V alloy with only the linear
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scanning strategy has higher nanohardness than the alloy with a 90◦ rotation scanning
strategy.

  

Figure 7. Typical load–depth curve with various strain rates at the same Pmax = 10 mN. (a) Linear scanning strategy
(sample A), (b) linear and 90◦ rotation scanning strategy (sample A).

Table 2. Various loading rates, strain rates, and corresponding nanohardnesses for PBF-EB AM
Ti6Al4V alloys with different scanning strategies.

Loading Rate (mN/s) Strain Rate (s−1)
Hardness (GPa)

Sample A Sample B

0.01 0.001 4.11 3.98
0.1 0.01 5.4 4.33
1 0.1 5.54 4.59
10 1 6.31 5.52

The relationship between indentation nanohardness and strain rate could be expressed
by Equation (1):

H = C
.
ε

m (1)

where H is the nanohardness (GPa), C is the material constant,
.
ε is the strain rate (s−1), and

m is the strain rate sensitivity exponent [43]. Therefore, the strain-rate sensitivity exponent
can be determined by the slope of an lnH vs. ln

.
ε plot.

The relationship between indentation nanohardness (H) and strain rate (
.
ε) is shown

in Figure 8. The equations in Figure 8a,b indicate that the relationship between H and
.
ε has a high correlation coefficient, R2 = 0.83, and R2 = 0.9 for sample A and sample B,
respectively. The results implied that this function can properly measure the dependence
of the nanoindentation hardness on the strain rate. Based on the Figure 8, the strain-rate
sensitivity exponent (m) are determined to be 0.053 ± 0.014 and 0.047 ± 0.009 for sample A
and sample B, respectively.

The strain-rate sensitivity exponent (m) is important to evaluate the super-plasticity of
materials. The strain-rate sensitivity exponent (m) of superplastic materials usually exceeds
0.3 [44]. The value of m (0.053 ± 0.014 and 0.047 ± 0.009) in this study does not exceed
0.1, which is similar to that of the most known materials. Yu et al. [43] determined the
strain-rate sensitivity exponent of H13 tool steel to be 0.022 using nanoindentation. Jun
et al. [27] characterized the strain-rate sensitivity exponent of Ti6246 alloys to be 0.005–0.039
via nanoindentation test.
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Figure 8. Representative nanohardness as a function of strain rate: (a) Linear scanning strategy (sample A) and the slope
has a standard error of 0.327, (b) linear and 90◦ rotation scanning strategy (sample B) and the slope has a standard error
of 0.181.

3.3. Creep Behavior

For PBF-EB AM Ti6Al4V alloys with different scanning strategies, the typical load–
displacement (P–h) curves under various maximum holding loads (Pmax) ranging from
10 to 100 mN are shown in Figure 9a. The curves consist of the loading stage, holding
stage (creep stage), and unloading stage. It can be seen that plastic deformation occurred
before the holding stage and the displacement increases during the holding stage. With
the maximum holding load (Pmax) increased from 10 to 100 mN, the creep displacement
dramatically increased. When the unloading is finished, the deformation is not completely
recovered and indentation depth remains a large value. The nanoindentation results
confirm the occurrence of creep behavior, despite the loading stress being very low at room
temperature.

The creep behavior induced by the nanoindentation test has been explored by several
scholars, and the creep displacement (h, nm) and holding time (t, s) could be depicted as
follows [25,28,32]:

h = h0 + a(t − t0)
b + kt (2)

where h0, a, t0, b, and k are constant and can be obtained by fitting the creep displacement
(h) and holding time (t, s), h0 (nm), and t0 (s) refers to the displacement and time at the
beginning stage of creep, respectively. After obtaining the relationship between creep
displacement (h, nm) and holding time (t, s), the indentation strain rate (

.
ε, s−1) can be

obtained according to the equation below [31]:

.
ε =

1
h

dh
dt

(3)

where displacement rate (dh/dt, nm/s) could be obtained by derivating the displacement–
holding time (h–t). The nanoindentation stress (H, GPa) could be expressed as H = P/h2, in
which P (mN) denotes the holding load and h (nm) refers to the indentation displacement.
Then the creep stress exponent (n) could be calculated by the empirical equation below [25]:

n =
∂ln

.
ε

∂lnH
(4)

The experimental variations of displacement with time are shown in Figure 9b, corre-
sponding to the holding stage in Figure 9a. Based on Equation (2), the fitting results of creep
displacement (h)–time (t) curves are clearly shown in Figure 9c and a high correlation coef-
ficient (R2 > 0.9) is obtained. From both experimental and fitting creep displacement-time
results, it can be observed that the displacement increased dramatically with increasing
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loads. The creep displacement has a value of around 15 nm, 30 nm, 75 nm, and 95 nm,
corresponding to the maximum holding load, Pmax, of 10 mN, 20 mN, 50 mN, and 100 mN,
respectively. According to Equations (2)–(4), the creep stress exponent (n) under various in-
dentation loads is shown in Figure 9d. The value of the creep stress exponent (n) decreased
with the increasing maximum holding loads, Pmax, (10–100 mN).

  

  

Figure 9. PBF-EB AM Ti6Al4V alloy with only the linear scanning strategy (sample A): (a) P–h curves under various
maximum loads (10–100 mN); (b) experimental and (c) fitting creep displacement–time curves under various maximum
loads (10–100 mN); (d) ln-ln plots of strain rate vs. nanoindentation stress under various maximum loads (10–100 mN).

For PBF-EB AM Ti6Al4V alloy with linear and 90◦ rotate scanning strategy (sample B),
the typical load–displacement (P–h) curves under various peak loads ranging from 10 to
100 mN are shown in Figure 10a. The experimental and fitting creep displacement–time
curves under various maximum loads (10–100 mN) are shown in Figure 10b,c, respectively.
When fitting the creep displacement–time curves based on Equation (2), there is a high
correlation coefficient (R2 > 0.9). When the maximum holding load (Pmax) increased
from 10 to 20, 50, and 100 mN, the creep displacement had a values of around 25 nm,
85 nm, 170 nm, and 225 nm, respectively. Figure 10d shows the ln-ln plots of strain rate
vs. nanoindentation stress under various maximum loads (10–100 mN). The value of the
creep stress exponent (n) decreased with the increasing maximum holding loads, Pmax,
(10–100 mN).
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Figure 10. PBF-EB AM Ti6Al4V alloy with linear and 90◦ rotation scanning strategy (sample B): (a) P–h curves under various
maximum loads (10–100 mN); (b) experimental and (c) fitting creep displacement–time curves under various maximum
loads (10–100 mN); and (d) ln-ln plots of strain rate vs. nanoindentation stress under various maximum loads (10–100 mN).

From both Figure 9b,c and Figure 10b,c, it can be seen that the creep curves from the
nanoindentation test have transient-state creep and steady-state creep stages. As widely
known, the classic creep curves obtained from uniaxial tensile tests have transient-state
creep, steady-state creep, and accelerated creep stages [45,46]. This difference results
from the very low loading stress during nanoindentation, which is unable to lead to the
catastrophic failure of alloys. At the onset of nanoindentation creep behavior, it has a
relatively high strain rate between 10−3 and 10−4 s−1, which belongs to the transient-sate
creep stage. When the holding time is extended, the strain rate decreases to 10−4 s−1 and
enters the steady-state creep stage.

The creep stress exponent (n) value is tightly linked to the creep mechanism. Usually,
n = 1 indicates the diffusion creep mechanism, n = 2 indicates the grain boundary sliding
mechanism, and n = 3–8 indicates the dislocation creep mechanism [23]. For the Ti6Al4V
alloy (sample A), the creep stress exponent is calculated to be 39.491 ± 0.324 for 10 mN,
7.213 ± 0.017 for 20 mN, 4.201 ± 0.012 for 50 mN, and 2.556 ± 0.009 for 100 mN, respectively.
Additionally, for the PBF-EB AM Ti6Al4V alloy (sample B), the creep stress exponent is
calculated to be 11.89 ± 0.02 for 10 mN, 2.666 ± 0.004 for 20 mN, 1.572 ± 0.003 for 50 mN,
and 1.842 ± 0.004 for 100 mN, respectively. The creep stress exponent of the PBF-EB
AM Ti6Al4V alloy indicates that the creep behavior might be controlled by dislocation
motion. The deformation induced by the indenter leads to a high density of dislocation and
dislocation motion could effectively occur. Curiously, the calculated creep stress exponents
decrease with increasing maximum loads (10–100 mN), which is opposite to the results
of CoCrFeMnNi HEAs obtained by He et al. [23]. Lee et al. investigated nanoindentation
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creep behavior of CoCrFeMnNi high-entropy alloys and obtained creep stress exponent
n = 14.34 for Pmax = 10 mN and n = 18.34 for Pmax = 50 mN [41].

4. Conclusions

In this study, the influences of scanning strategy during powder bed fusion electron
beam additive manufacturing (PBF-EB AM) on microstructure, nano-mechanical properties,
and creep behavior of Ti6Al4V alloy were compared. The results could contribute to
understanding the creep behavior of Ti6Al4V alloy and are significant for PBF-EB AM of
Ti6Al4V and other alloys. The conclusions can be summarized as follows:

Both PBF-EB AM Ti6Al4V alloys were composed of the predominant α-Ti phase and
barely β-Ti phase. Alloys with only the linear scanning strategy were composed of 96.9%
α-Ti and 2.7% β-Ti phases, while alloys with linear and 90◦ rotation scanning strategy were
composed of 98.1% α-Ti and 1.9% β-Ti phases. Additionally, the thickness of β ribs in
alloys with only the linear scanning strategy are a bit larger than those in the sample with
the linear and 90◦ rotation scanning strategy, but both have a value of lower than 1 μm.

The nanohardness of the PBF-EB AM Ti6Al4V alloy with linear scanning strategy is
a bit higher than the value for alloys with linear and 90◦ rotation scanning strategy. The
nanoindentation hardness increased by a range of 4.11–6.31 GPa and 3.98–5.52 GPa with an
improvement in the strain rate ranging from 0.001 to 1 s−1. The alloy with only the linear
scanning strategy and 90◦ rotation scanning strategy has a strain-rate sensitivity exponent
m = 0.053 ± 0.014 and m = 0.047 ± 0.009, respectively.

The PBF-EB AM Ti6Al4V alloy with only the linear scanning strategy has better creep
resistance properties than the alloy with a 90◦ rotation scanning strategy. Increasing peak
holding load (10–100 mN) led to the dramatic increment of creep displacement (15–95 nm
and 25–225 nm) and the creep behavior was mainly dominated by dislocation motion
during deformation induced by the indenter.
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Abstract: Present research deals with exposure of granular starch to the accelerated electron of
5.5 MeV energy in order to examine: (i) the temperature evolution in starch within an irradiation
process and (ii) the indirect effects generated in starch by radiation-induced heating. The temperature
evolution in potato and corn starches within the irradiation process was investigated by placing two
different sensors inside each starch batch and recording the temperature simultaneously. Each starch
batch was sampled into distinct location sectors of different absorbed radiation levels. The output
effects in each sample were analyzed through physicochemical properties such as moisture content,
acidity and color attributes. The outcomes showed that a starch temperature profile had different
major stages: (i) heating during irradiation, (ii) post-irradiation heating, up to the maximum temper-
ature is reached, and (iii) cooling to the room temperature. A material constant with signification of a
relaxation time was identified by modeling the temperature evolution. Changes of the investigated
properties were induced both by irradiation and radiation-induced heating, depending on the starch
type and the batch sectors. Changes in the irradiated batch sectors were explained by irradiation and
radiation-induced heating whereas changes in the sector of non-irradiated starch were attributed
only to the heating.

Keywords: electron beam; corn starch; potato starch; moisture content; specific heat capacity; pH;
color parameters

1. Introduction

Starch is one of the most widespread natural polymers, being composed of two dif-
ferent fractions: amylose (linear fraction) and amylopectin (branched fraction). Starch is
used in various food and non-food applications such as pharmaceuticals and biomedical
products, packaging materials, textiles, adhesives, etc. Native starch has limited func-
tionality in technological applications due to its poor processing properties such as high
viscosity, tendency for retrogradation, lack of thermal stability. However, it has a range
of very significant advantages being a cheap, renewable, non-toxic, and widely available
biodegradable raw material [1]. Thus, the need for starch modified by using emerging
ecological techniques has gradually increased worldwide in recent years [2]. One of these
techniques is based on ionizing radiation (gamma rays or electron beams) through which
starch can be easily modified by degradation, crosslinking or grafting processes [3–6].

Electron beam irradiation is widely used in material processing, involving both chemi-
cal and thermal effects. The chemical effects due to ion and free radical generation [7,8] are
connected with radiation chemistry. The thermal effects are especially related to the metal
and alloy refining, melting and welding applications [9–11], where the transformation
of the radiation energy into heat is done deliberately. It is to be remembered that the
overlapping of thermal effects and radiation-induced chemical effects is avoided most
of the times, especially for heat-sensitive materials. Among heat-sensitive materials can
be found biological materials, which are sensitive to temperature variation, as well as
materials that undergo phase transitions in temperature ranges slightly higher than the
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ambient temperature. As an example, granular starch undergoes an irreversible transition
known as gelatinization in the presence of sufficient moisture above a certain temperature,
generally between 60 and 80 ◦C [12]. In this context and in the absence of knowledge on
this topic in literature, there is reason to believe that the heat transferred to starch from
radiation field can make additional contribution to changes of the starch properties by
irradiation. The water content of the starch can be diminished by evaporation due to the
developed heat during irradiation. In this way, the reaction environment would be changed
as well as the specific heat capacity of the starch. All these aspects actually underline the
importance of knowing the dynamics of the temperature in starch during irradiation in
order to control the final results of irradiation. In our previous work [13] on this topic,
we reported a first theoretical approach concerning the temperature distribution in the
granular corn starch exposed to electron beam irradiation through a semi-analytical model
based on the heat equation in Cattaneo-Vernote formalism and solved by using the integral
transform technique on finite domains. To the best of our knowledge, there are no other
studies that explore this thematic area.

Furthermore, in the present work, we aimed out to show the evolution of temperature
in granular starch subjected to an irradiation process. At the same time, the presence of indi-
rect effects produced in starch by electron-beam induced heating was highlighted. For this
purpose, starches from two different botanical sources, potato and corn, were exposed
to an accelerated electron field in a selected irradiation setup (geometry and irradiation
parameters). For both types of starch, the temperature was measured simultaneously at
two points in the batch. The analysis of batches was performed by sampling them into three
distinct location sectors and evaluating some physicochemical properties such as moisture
content, pH and color attributes. The findings of this work are relevant for any research
related to the irradiation of starch-based materials, especially whenever the research results
are transferred at a large scale. An important advantage in the radiation application comes
from the possibility of irradiating samples with large dimensions, but in this case the
cooling process is more difficult and unforeseen thermal effects can occur.

2. Materials and Methods

2.1. Materials

Potato starch (S4251; moisture content: ~18%) and corn starch (S4126; moisture content:
~11%) used in the experiments were purchased from Sigma-Aldrich Company (St. Louis,
MO, USA).

2.2. Electron Beam (E-Beam) Irradiation

The irradiation of starch powder in solid state was performed in static mode by
using an e-beam generated by a linear accelerator ALID-7 of energy of 5.5 MeV (NILPRP,
Bucharest-Măgurele, Romania). The electron accelerator facility is of traveling-wave type
which uses microwaves in the S-band at 2.99 GHz propagating in a disk-loaded tube of
about 2 m long, and the microwaves are produced by an EEV-M5125 type magnetron
delivering 2 MW of power in pulses of 4 μs [14,15]. The ALID-7 accelerator is used for
various applied radiation researches [16–18]. The e-beam had a Gaussian-like profile of
dose rate distribution, which was canceled at a distance of r = 37 mm from the beam
axis at a distance of 220 mm from accelerator window exit. The maximum dose rate of
Do = 12 kGy/min in the beam center, on the irradiation sample surface, was reached by
using a mean beam intensity of 4 μA. The sample irradiation was carried out for a period
of 435 s, at the room temperature (22 ± 1 ◦C) and ambient pressure in air.

2.3. Irradiation Geometry and Temperature Measurement

The starch powder was placed in a cylindrical cardboard box (Figure 1) so that the
density was 540 ± 10 kg/m3 for both types of starch. Consequently, the maximum depth
of electrons in starch determined according to the ISO/ASTM 51649:2002(E) [19] was
Pmax = 55 mm. The box had the radius R = 65 mm and the height H = 100 mm and its
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symmetry axis coincided with the e-beam axis during irradiation. Two temperature sensors
(K-type thermocouple of a multifunctional digital multimeter DVM891, Velleman®, Gavere,
Belgium) were placed inside the starch batch: S1 on the e-beam axis and S2 at r = 37 mm
from the axis. Both sensors were located at a depth of 55 mm, which is equal to the
maximum depth of the electrons in starch, in order to avoid that these sensors directly
absorb heat/energy from the radiation field.

Figure 1. Experimental set-up.

The temperature values were simultaneously recorded by both sensors during starch
irradiation and after irradiation, namely during the heating due to the radiation field as
well as during the cooling toward room temperature.

2.4. Sampling of Batches

Each batch of irradiated starch was divided into three distinct sectors, concentric
around the symmetry axis. Each starch sample was collected from each location sector to a
depth of h = 40 mm (Figure 1). The collected samples were then investigated separately.

The sector named Center, located 37 mm around the center and exposed to the proper
absorbed dose rate and the highest heating, was associated with the temperature recorded
by the sensor S1. Thus, S1potato and S1corn refer to the temperature in this sensor for potato
starch sample and corn starch sample, respectively.

The second sector, named Adjacent, was located around the Center, up to 50 mm from
the beam symmetry axis, being associated with the temperature recorded by the sensor
S2. Thus, S2potato and S2orn refer to the temperature in this sensor for potato starch sample
and corn starch sample, respectively. A “residual” absorbed dose rate in the Adjacent
sector was estimated to be less than 7% from the central maximum dose rate due to the
secondary electrons.

The Edge sector was located between 50 and 65 mm from the center, at the periphery
of the sample, free of radiation, being associated with a small variation of temperature,
but not recorded.

2.5. Moisture Content Determination

The moisture content of the samples was measured by using an IR-200 moisture
analyzer (Denver Instruments Company, Denver, CO, USA) at 105 ◦C for 45 min.

2.6. pH Measurement

Starch samples were mixed in distilled water by magnetic stirring on bath water at
85 ◦C for 30 min, and the mixtures of 1% (w/v) concentration were then allowed to stand
at room temperature (25 ± 1 ◦C). After cooling, pH was measured at 25 ± 1 ◦C with an
inoLab® 7110 pH-meter (WTW, Weilheim, Germany).

2.7. Optical Measurements

Starch samples were mixed in distilled water by continuously magnetic stirring on
bath water at 85 ◦C for 30 min, and the mixtures of 1% (w/v) concentration were then
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allowed to stand at room temperature (25 ± 1 ◦C). After cooling, the UV-Vis spectra of the
samples were recorded in a Cary 100 Bio spectrophotometer (Varian, Inc., Walnut Creek,
CA, USA). Colorimetric features of the samples were measured in absorbance in the visible
region (360–830 nm), for standard illuminant D65 (daylight source), observer angle of 10◦
(perception angle of a human observer). The colorimetric attributes expressed as CIELCH
parameters (L*, C*, h◦) were analyzed by using the Color Application of Cary Win UV v.
3.10 software (Vary, Inc., Walnut Creek, CA, USA, 2006).

2.8. Statistical Approach

The results reported are expressed by means of values ± standard deviation of tripli-
cate determinations. The processing of experimental data was performed using OriginPro
8.1 (OriginLab Corporation, Northampton, MA, USA, 2016), Microsoft® Excel 2010 (Mi-
crosoft Corporation, Redmond, WA, USA), and InfoStat versión 2018 [20]. The data were
analyzed by using analysis of variance with Fisher LSD (least significant differences) post-
hoc test to discern the statistical difference. A probability value p ≤ 0.05 was considered as
statistically significant.

3. Results and Discussion

3.1. Temperature Profile

The evolution of the temperature recorded by the two sensors, for each type of starch,
during irradiation and cooling is presented in Figure 2. It was observed that there are
three major stages: (i) heating during irradiation, up to t = 435 s, (ii) post-irradiation heating,
up to the maximum temperature is reached, and (iii) cooling to the room temperature.
This finding is consistent with the fact that the heat continues to propagate in starch for
a while, in connection with the place where the sensors are placed, after the irradiation
process is stopped and before the cooling process begins [13]. The maximum temperature
and the moment of its reaching differ for the two types of investigated starch, both in the
first sensor, S1potato and S1corn, but even more visible in the second sensor, S2potato and
S2corn. This differentiation of behavior can be attributed to the different thermal properties
of these two types of investigated starch.

 
Figure 2. Temperature profiles through sensors S1 and S2 for both irradiated potato and corn starches.

During the irradiation stage, the potato starch had a lower heating rate than corn starch,
reaching a temperature of 36 ◦C in S1potato compared to 38 ◦C in S1corn after 435 s. Also,
the potato starch continued to heat up post-irradiation for a longer time than corn starch,
visible in both sensors. Therefore, the potato starch needed 364 s to reach the maximum
temperature in S1 while the corn starch needed only 216 s. Conversely, the maximum
temperature was higher for corn starch compared to the potato starch, with 1 ◦C in S1,
and with 2 ◦C in S2. However, the time to reach the peak temperature in S2 appeared to
be comparable for the two starches, but this maximum was maintained much longer for
potato starch than corn starch. In this way, the last stage started later with lower values for
potato starch than corn starch, in both sensors. The cooling curves showed an exponential
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trend, so that the temperatures for potato starch and corn starch in the first sensor, S1potato
and S1corn, respectively, overlapped quite well, especially after about 2000 s. Also, in the
second sensor, the cooling process was similar for the two starches after about 5000 s.

By analyzing the cooling curves, it can be noticed that their evolution followed an
exponential law, in each sensor:

T = T0e−t/τ0 + 22, (1)

where T is the temperature in each sensor during cooling process (◦C), T0 is a temperature
parameter (◦C), which depends on both the maximum temperature and the time considered
as the beginning of the cooling process, t is the time (s), τ0 is a parameter that has the
signification of a relaxation time (s), namely the time required for starch to decrease the
temperature to the equilibrium temperature e times.

The values of τ0 obtained by fitting the experimental data of the cooling process are
displayed for each starch and each sensor in the first row of Table 1. The parameter τ0
estimated in this way can characterize the starch thermal behavior, but also it depends on
the geometry characterizing the starch at the time of temperature measuring.

Table 1. Values of the parameters in the Equations (1) and (2) as result of the experimental data fitting.

Parameter
Potato Starch Corn Starch

S1potato S2potato S1corn S2 corn

τ0 (s) 6260 ± 108 7585 ± 409 5981 ± 116 6964 ± 248
τi (s) 381 ± 31 1914 ± 448 267 ± 22 1117 ± 252

τ0 − τi (s) 5879 ± 139 5671 ± 857 5714 ± 138 5847 ± 500
Δt (s) 670 ± 19 3993 ± 1675 627 ± 15 3834 ± 2126

T0 (◦C) 23.0 ± 0.3 13.1 ± 0.7 24.6 ± 0.2 14.7 ± 0.3
Ti (◦C) 40.9 ± 3.6 6.9 ± 4.0 45.5 ± 4.9 5.7 ± 4.1

R2 0.9944 0.9754 0.9973 0.9866

On the other hand, we were able to find a function that also describes the evolution of
the starch temperature for post-irradiation heating process:

T =

[
Ti

t − Δt
τi

e−t/τi + T0

]
e−t/τ0 + 22, (2)

where T is the temperature in each sensor after irradiation stopping (◦C), Ti (◦C), τi (s) and
Δt (s) are parameters that characterize the post-irradiation heating, t is the time (s), T0 is a
temperature parameter, associated with the temperature at which the cooling started, τ0 is
the parameter with significance of relaxation time (s).

Keeping the values of τ0 found for the cooling process, we determined the other
parameters that best fit (R2) the experimental data for the post-irradiation heating processes,
and the values obtained are shown in Table 1. By carefully evaluating the determined
parameter values, we noticed that T0 is the difference from the room temperature to the
maximum value reached in each sensor, and τi can express the time required to reach the
maximum temperature after irradiation in each sensor. Ti and Δt take values that describe
the temperatures in sensors when the irradiation is off as well as the shape of the curves
around the maximum value. The parameters Ti, τi, and Δt depend more on the irradiation
geometry (S1 vs. S2) than on the type of starch (S1potato vs. S1corn and S2potato vs. S2corn,
respectively). Note that even though τ0 and τi depend on the starch type and geometry,
the values of their difference τ0 − τi are not significantly different. This finding suggests
that τ0 − τi could be a material constant, and the starch relaxation time could actually have
values around 5800 s.
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3.2. Moisture Content and Specific Heat Capacity

The moisture content for the starch sampled from the three considered locations
(Center, Adjacent and Edge) was evaluated for each type of starch (potato and corn)
together with the corresponding control samples. The results presented in Table 2 show
that the moisture content of both types of starches is insignificantly (p > 0.05) affected
in the Edge compared to that of the control samples. A decrease in moisture content
was observed in the Center and Adjacent sectors compared to the control samples for
both starches. However, corn starch showed a drastic decrease (p ≤ 0.05) of moisture
content only in the Center. At the same time, the potato starch, with a higher moisture
content, suffered (p ≤ 0.05) the highest loss, of over 20% in the Center. It is noteworthy that
potato starch showed a higher moisture loss than corn starch for each sector, which can
be explained by the origin of different botanical sources and, implicitly, their different
structural arrangement.

Table 2. Values of the moisture content (u%) and specific heat capacity (cp) for studied starches.

Location Sector
Potato Starch Corn Starch

u (%) cp (J kg−1 K−1) u (%) cp (J g−1 K−1)

Control sample
(native) 17.7 ± 0.5 a 1434 ±15 a 11.2 ± 0.3 a 1215 ± 10 a

Edge 17.5 ± 0.1 ab 1429 ± 5 ab 11.2 ± 0.4 a 1216 ± 12 a

Adjacent 16.5 ± 0.4 b 1395 ± 14 b 10.6 ± 0.4 a 1196 ± 12 a

Center 13.9 ± 0.4 c 1308 ± 14 c 9.1 ± 0.5 b 1147 ± 17 b

Values within each column with different superscripts are significantly different (p ≤ 0.05).

The starch dehydration could be explained by a water vapor transport that accom-
panied the cooling process which occurred by heat dissipation from the Center to the
Edge. Moisture content losses in the Center and Adjacent sectors are in accordance with
the estimated values for the temperature parameter T0. Thus, these values are associ-
ated with the maximum temperature reached in the sensors assigned to these location
sectors. The different temperatures measured in a sensor for investigated samples could
be explained by their different specific heat capacities, cp. It is well known that the spe-
cific heat capacity cp of a sample is directly related to its moisture content. Considering
that cp = 3.35 u + 0.84 (kJ kg−1 K−1) [21], where u = u%/100 is the mass ratio of water in
starch (kg kg–1), the specific heat capacity values cp were determined as shown in Table 2.
Since moisture content was diminished due to irradiation, the specific heat capacity and,
consequently, the thermal behavior of the samples were affected during irradiation and
post-irradiation.

3.3. pH Evaluation

The native starches had an acidic character with a pH around 5.5 for both starches.
Both starches showed the reduction (p ≤ 0.05) of pH values for all investigated location
sectors in comparison to the control sample (Table 3). Although both types of starches had a
similar pH value decreasing in the Center, the corn starch suffered a greater reduction in pH
value compared to potato starch for the Adjacent. The decreasing pH by e-beam irradiation
in the presence of oxygen could be assigned to the fragmentation of starch molecules due
to the free radicals and oxidative reactions leading to the formation of compounds with
acidic chemical groups [22,23].
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Table 3. pH values for investigated starch samples.

Location Sector Potato Starch Corn Starch

Control sample (native) 5.56 ± 0.06 a 5.43 ± 0.09 a

Edge 5.14 ± 0.18 b 5.32 ± 0.12 a

Adjacent 4.41 ± 0.19 c 4.12 ± 0.05 b

Center 3.57 ± 0.04 d 3.54 ± 0.03 c

Values within each column with different superscripts are significantly different (p ≤ 0.05).

On the other hand, only potato starch had a significant reduction in pH value in the
Edge in comparison to control sample. However, it should be noted here that the Edge
sector was considered free of radiation, but with a small temperature variation, which led
us to believe that the difference (p ≤ 0.05) in pH value for potato starch can be totally
attributed to a thermal phenomenon, even if it was a small one. This different behavior
of the two types of starch can be attributed to their different amylose content. It is known
that the thermal properties of starches from different botanical sources are influenced not
only by the structural features, but the amylose content or amylopectin/amylose ratio,
which leads to higher or less thermal stability of starch polymers [24,25]. There are reports
showing that thermal stability decreased with increasing amylose content for both corn
starch [26] and potato starch [27]. As the potato starch has a lower amylose content than
the corn starch [28,29] and therefore it may show a greater thermal sensitivity, the change
(p ≤ 0.05) in its pH value due to the heating in the Edge can be explained.

3.4. Color Parameters

In the CIE L*C*h◦ coordinate system, L* is lightness (0 (black) → 100 (white)), chroma
(saturation) C* is the quantitative component of the color while hue h◦ is the qualitative
component of color, being expressed in degrees: 0◦ (red), 90◦ (yellow), 180◦ (green), 270◦
(blue). In these terms, native potato starch showed higher values of L* and C* than native
corn starch. In other words, the potato starch had greater transparency and saturation in
comparison to corn starch that showed the tendency of its color to grey. Instead, the hue h◦
had similar values indicating the same slightly yellowish color hue for both native starches.

In our experiment, it was observed that the samples from the considered location
sectors, for both starches, showed modified values (p ≤ 0.05) for the parameters that
characterize the color space L*C*h◦ compared to the corresponding native counterparts.
However, the corn starch from Edge showed values of color parameters similar to those of
its native counterpart.

Although the color parameter evolution in opposite directions was noted for both
potato and corn starches in the Adjacent and Center, all samples of both starches showed
an intensification in terms of lightness by irradiation (Figure 3). Similar observations were
previously reported by Nemţanu & Braşoveanu [30].

In the case of potato starch (Figure 3a), the chroma C* decreased significantly while
the hue h◦ tended to green by moving from the red-yellow quadrant (0–90◦) to the yellow-
green one (90–180◦) for the sample from the Center. In contrast, for corn starch (Figure 3b),
the color saturation C* of the sample from the Center intensified dramatically, and the
hue h◦ practically had only a slight shift to red (~2.5◦ for the sample from the Center),
indicating the red-yellowish color trend.

In this study of the chromatic attributes, as in the case of pH, it was noticed that the
potato starch from Edge showed significant changes compared to its native counterpart.
Therefore, once again, it was found that potato starch, unlike corn starch, was affected by a
thermal phenomenon induced by irradiation in a location sector (Edge) considered free
of radiation.

Based on all these results and observations, it can be stated that radiation-induced
heating can affect the physicochemical properties of starches, depending on their botanical
source, moisture content, amylopectin/amylose content, and thermal sensitivity.
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(a) (b) 

Figure 3. CIE L*C*h◦ parameters of the investigated samples: (a) potato starch and (b) corn starch.

4. Conclusions

The temperature evolution in two different granular starches (potato and corn) within
an electron beam irradiation process was investigated. Also, the indirect effects that
occurred in starch by radiation-induced heating were studied by sampling each starch
batch into distinct location sectors having different absorbed radiation levels (maximum
dose rate, “residual” dose rate, no radiation). The main findings of this study are:

1. The temperature profiles recorded in starch samples showed three major stages:
(i) heating during irradiation, (ii) post-irradiation heating, up to the maximum tem-
perature is reached, and (iii) cooling to the room temperature.

2. The maximum values of temperatures reached and the heating rates were different
for both starches in the studied location sectors. However, the cooling rates were
similar for both starches in each location sector thermally studied.

3. The evolution of the measured temperatures was modeled as a function of the pa-
rameters that depend on the starch type and the location sector considered inside
the batch. Based on this modeling, a material constant having the significance of a
relaxation time was identified with values around 5800 s.

4. Dehydration and changes in the values of the specific heat capacity, pH and color
parameters of the starch were noticed due to the irradiation and radiation-induced
heating, depending on the starch type and the batch sectors. The changes in the
irradiated batch sectors (with maximum or “residual” dose rate) could be explained
by irradiation and radiation-induced heating. On the other hand, the changes in the
sector where the starch was practically not irradiated could be attributed only to the
heating. Although the reached temperatures here were lower than in the other batch
sectors, these changes cannot be ignored.

Therefore, for a heat-sensitive material like starch, specific experimental precautions
are required to prevent the temperature rise and dehydration due to irradiation whenever
indirect consequences are not desired. Moisture-containing materials may undergo a
dehydration process by irradiation as a result of the transport of water vapors. At the same
time, some thermal characteristics such as specific heat capacity can modify considerably
due to the very high value of the water heat capacity. Our findings are of practical use
for any experimental design in which the radiation-induced direct and indirect effects in
the moisture-containing materials should be taken into consideration. When simulating
processes due to irradiation, such as Monte Carlo method, it is necessary to take into
account such variations in temperature and moisture content that can occur in a material.
Thus, the main challenge in this research field is the enhanced control and mitigation
of the radiation-induced thermal effects in order to enable the desired chemical effects
on starch-based materials. Future work in the field should be performed to differentiate
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the effects induced in starch directly by irradiation from those developed indirectly by
radiation-induced heating.
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Abstract: The current study presents the electron beam melting (EBM) efficiency of copper techno-
genic material with high impurity content (Se, Te, Pb, Bi, Sn, As, Sb, Zn, Ni, Ag, etc.) by means
of thermodynamic analysis and experimental tests. On the basis of the calculated values of Gibbs
free energy and the physical state of the impurity (liquid and gaseous), a thermodynamic assess-
ment of the possible chemical interactions occurring in the Cu-Cu2O-Mex system in vacuum in the
temperature range 1460–1800 K was made. The impact of the kinetic parameters (temperature and
refining time) on the behaviour and the degree of removal of impurities was evaluated. Chemical
and metallographic analysis of the obtained ingots is also discussed.

Keywords: copper technogenic material; electron beam; thermodynamic analysis; removal efficiency

1. Introduction

Copper continues to be one of the most important metals that are at the basis of the
economic development of society and the human efforts to achieve a higher standard of
living [1]. This is due to its unique physical, mechanical and chemical properties. At
present, approximately 50% of the copper in Europe is produced by recycling. Copper
recycling is becoming one of the main methods of producing copper, as it requires up to
85% less energy compared to the conventional production schemes [2].

The impurities content in secondary copper raw materials varies from 0.8% to 1.5% [3].
They usually contain a considerable amount of dissolved oxygen and sulphur and metal im-
purities such as lead, tin, iron, nickel, arsenic, antimony, zinc, bismuth, selenium, tellurium,
gold, silver and others [3].

According to [4], copper-soluble impurities (such as Al, Sn, Zn, etc.) increase the
mechanical properties but significantly reduce the electrical and thermal conductivity.
Insoluble impurities (such as Pb, Bi) form eutectics which melt at lower temperatures,
which worsen the hot treatment of copper under pressure. Non-metallic impurities (such as
S, O) form eutectics which melt at higher temperatures that are separated at the boundaries
of copper grains. This in turn leads to the appearance of brittleness of copper. Impurities
that form intermetallic compounds (such as Se, Te) are separated as intermediate phases at
the grain boundaries, leading to brittleness.

In traditional metallurgy, the process of refining Cu scrap is carried out by either
pyrometallurgical or hydrometallurgical method [5]. In the pyrometallurgical scheme, the
removal of impurities is done in anode furnaces and by electrolysis. According to the
authors, about 85% of anode copper is subjected to electrolytic refining [5]. In hydromet-
allurgical schemes, the copper scrap is first dissolved in acids and then recovered, for
example, by liquid phase extraction [6,7].
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The requirements for the quality of copper, its chemical composition and structure are
constantly increasing with the development of new branches of energy and electronics [8].
This necessitates the search for new, effective methods of melting.

Methods such as laser, plasma and electron beam melting (EBM) are successfully ap-
plied following the development of modern metallurgy and effective methods for refining
metals and alloys [9–11]. Of these methods, the EBM method is particularly appropriate as
it combines the advantages of vacuum and high-energy special electrometallurgy [12–16].
Under vacuum conditions, some reactions take place that are impossible at atmospheric
pressure. The electron beam (heat source) and the high vacuum ensure degassing and a
high degree of purification of the material, as well as uniformity of the chemical compo-
sition and homogeneous structure of the obtained ingots. Lack of additional impurities
originating from the used water-cooled copper crucible and the ability to control the energy
of the heat source regardless of the material and the size of the feedstock are additional
important benefits of the method.

There are a number of publications in the literature related to the thermodynamics and
kinetics of copper refining from impurities at atmospheric pressure [5,17–19]. Results of
the modified pyrometallurgical processing of waste printed circuit boards were presented
in [18], while pyrometallurgical refining of copper in an anode furnace was studied in [5]
in order to improve the process. The behavior of tin and antimony was experimentally
studied in secondary copper pyrometallurgical smelting conditions [19]. According to [17],
depending on the degree of removal of impurities in the anodic refining, they can be
divided into three groups: Group I–impurities separated relatively easily and completely
(such as Fe, Co, Pb, Sn, S); Group II–impurities partially separated (such as As, Sb, Ni);
Group III–impurities (such as Ag, Au, Se, Te, Bi) separated to a negligible extent.

This work is a continuation of the research conducted so far by the team [20]. In [20],
the investigated material contained 99.83% copper and the influence of the beam power and
duration of melting process on the purity of the refined material was studied, the electron
affinity to oxygen of the investigated impurities and the vapor pressures of metallic impuri-
ties and their oxides were evaluated as well. The aim of this work is to study the behaviour
of impurities (metallic and non-metallic) and the influence of thermodynamic and kinetic
technological parameters (temperature of thermal treatment, refining time) on the refining
efficiency and the structure of the obtained copper during EBM of copper technogenic
material (99.45%). On the basis of the calculated values of Gibbs free energy under EBM
conditions, a thermodynamic assessment of the possible chemical interactions occurring
during the melting and refining of copper technogenic material with high impurity content
(Se, Te, Pb, Bi, Sn, As, Sb, Zn, Ni, Ag, O, etc.) was made and the physical state of the base
metal and metallic impurities was taken into account.

2. Materials and Methods

The experiments for copper technogenic material melting were performed using EBM
installation with power 60 kW (ELIT-60) at the Physical problems of the EB technologies
laboratory of the Institute of electronics, Bulgarian Academy of Sciences. ELIT-60 (Leybold
GmbH, Cologne, Germany) is equipped with one electron gun (accelerating voltage of
24 kV), a feeding mechanism for horizontal input of the raw material, an extraction system
(pulling mechanism), a water-cooled copper cylindrical crucible (a diameter of 50 mm)
with moving bottom, where the molten metal solidifies and a circulation water cooling
system–Figure 1. The operation vacuum pressure in the melting chamber is 3–6 × 10−3 Pa.

The copper content in the investigated technogenic material is 99.45% Cu (anode
residues after an electrolysis process). The impurities with higher concentrations are: O
(0.2251%), Ni (0.1%), As (0.07%), Se (0.0382%), Pb (0.021%), Bi (0.015%) and Ag (0.014%).
With lower content are: S (0.0028%); Sb (0.0095%), Te (0.0068%), Sn (0.0034%) and Zn
(0.0023%). The lowest is the content of Co, Cd, Fe, Au, etc. (<20 ppm), therefore these
impurities are not taken into consideration in the further analysis.
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(a) (b) 

Figure 1. (a) Principal scheme of the EBMR process: (1) electron optical system; (2) started metal rod;
(3) generated droplets; (4) molten pool in the water-cooled crucible; (5) metal ingot; (b) fabricated
copper sample.

The raw (initial) material was melted under single processing at melting powers of
6 kW (T = 1460 K), 7 kW (T = 1500 K), 13 kW (T = 1700 K) and 19.5 kW (T = 1800 K). At
T = 1500 K the lengths of melting time are 15 min and 35 min, while at T = 1700 K the
retention time is 20 min and 45 min. The melting time for T = 1460 K is 20 min and for
T = 1800 K is 25 min, respectively. The raw materials mass was about 500 g (each sample).
The chemical composition of the copper samples before and after EBM is determined
with ARL 4460 OES Thermo Scientific spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA). The spectrometer is equipped with a Paschen-Runge vacuum polychromator
working in argon atmosphere. Oxygen analyses of the samples were performed with
ELTRA OH-900 oxygen/hydrogen determinator (Eltra GMBH, Haan, Germany).

A 4% solution of nitric acid in ethyl alcohol was used to etch and reveal the microstruc-
ture of the obtained metal specimens. The etching time was 30 s.

A light microscope Leica DM2500 (Leica Microsystems GmbH, Wetzlar, Germany)
with a digital camera Leica EC3 (Leica Microsystems GmbH, Germany) was used for the
metallographic study of the macro or micro-structure of polished and etched surfaces of
copper samples. The image processing was performed using the Leica LAS software (Leica
Microsystems GmbH, Germany).

3. Results

3.1. Thermodynamic Analysis of Possible Chemical Interactions during Electron Beam Melting and
Refining (EBMR)

The thermodynamic analysis of the possible chemical interactions occurring during
the refining of copper from impurities such as Se, Te, Bi, As, Sb, Pb, Sn, Ni, Zn, Ag under
EBM conditions is performed on the basis of the Gibbs free energy (ΔF) and the physical
state of the impurities. The analysis was carried out using the professional thermochemical
calculation programme HSC Chemistry ver.7.1, module “Reaction Equation” [21], taking
into account the physical state of copper and the metal impurities during EBM.

Since there is a constant pressure in the vacuum chamber during EBM, the main
parameters that affect the refining process are the temperature of the metal and its physical
state [9]. Another parameter that impacts the removal of impurities from the main metal is
the mass transport of molten or solid metal particles to the reaction surface [22].

Figure 2 shows the melting and boiling temperatures of studied metals and com-
pounds. The temperature range 1460–1800 K of e-beam melting process is marked in
Figure 2 by dashed lines.
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Figure 2. Melting and boiling temperatures of studied metals and compounds.

It can be seen that under vacuum conditions and the studied temperature range, the
metal impurities present in Cu such as Pb, Bi, Sn, Sb, Ag and their oxides will be in a liquid
state. Impurities such as Zn, As and its oxide have a boiling point significantly lower than
the melting point of copper and they will be in the gaseous state. Figure 2 shows that the
boiling points of Cu2O, Pb and Bi2O3 slightly exceed the operating temperature of 1800 K,
which allows us to assume that they will also be in gaseous state under vacuum conditions.

Phase diagrams Cu-Se and Cu-Te show that both impurities are present in copper
in the form of intermetallic compounds: copper selenides and tellurides [23,24]. At low
selenium and tellurium content they are in the form of Cu2Se and Cu2Te. These compounds
will be present in liquid state as they have a low melting point.

Ni and Ag remain in liquid state. Nickel has complete mutual solubility in copper and
at 1358 K (the melting temperature of copper) it completely passes into liquid phase [25,26].
The melting temperature of ZnO, unlike Ni, is very high and under e-beam melting
conditions ZnO will be present in solid state.

Therefore, under EBM conditions, the liquid metal is a complex system of Cu, Cu2O,
metal impurities and their oxides, and they are in liquid, solid or gaseous state depending
on the thermodynamic conditions of refining and the type of impurity.

Under e-beam melting conditions, the refining processes take place mainly on the
reaction surfaces of the liquid metal (its interface with the vacuum, Figure 1) in three
reaction zones [9]. Depending on the thermodynamic conditions of the EBM and the type
of the individual impurities, the refining process can take place by: (i) degassing (removal
of components, with a higher partial pressure than the partial pressure of the base metal),
(ii) distillation (evaporation of the more volatile compounds from the metal components).
Effective refining requires the implementation of the following inequalities concerning va-
por pressures (p) of copper and the metallic impurities (Ri): (pRiO) > (pRi) > (pCu2O) > (pCu).

Thermodynamic evaluation of the possible chemical interactions in the system Cu(l)-
Cu2O(l)-Ri(l,g) is made on the basis of the following equations:

2Cu(l) + [O] = Cu2O(l) + ΔFT,Cu/Cu2O, (1)

Ri(l,g) + [O] = RiO(l,g) + ΔFT,Ri/RiO, (2)

Cu2O(s,l) + Ri(l,g) = RiO(l,g) + 2Cu(l) + ΔFT, (3)

where ΔFT,Cu/Cu2O, ΔFT,Ri/RiO and ΔFT are the Gibbs free energies of the respective pro-
cesses. The indices (s), (l) and (g) mean that the substance is in a solid, liquid or gaseous
state, respectively. The calculations were performed under melting conditions: at tempera-
tures of 1460 K, 1500 K, 1600 K, 1700 K and 1800 K and operating pressure in the vacuum
chamber of 10−3 Pa. These parameters correspond to the actual conditions of melting and
refining of copper technogenic material in the EBM plant.
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Figure 3 shows the temperature dependences of the free energies of oxidation of copper
(ΔFT,Cu/Cu2O) and metal-impurities (ΔFT,Ri/RiO). The analysis of the obtained dependences
shows that the probability of oxidation of ZnO(g) to ZnO(s) is the highest and as the
temperature increases, the affinity of Zn(g) to oxygen decreases significantly. In the whole
temperature range, the values of ΔF of formation of SnO2(l), Sb2O3(l), As2O3(l) and PbO(l)
are higher than that of the oxidation of Cu(l) to Cu2O(l). The thermodynamic probability
of oxidation of bismuth to Bi2O3(l) is almost the same as that of copper to Cu2O, while
the probability of oxidation of copper telluride to TeO2(l) and copper selenide to SeO2(l) is
significantly lower than that of copper.

 
Figure 3. Influence of the temperature on ΔFT of oxidation reactions of Cu(l) and Ri(l,g) under
vacuum conditions.

It is observed that as the temperature increases, the values of the Gibbs energy of the
oxidation of impurities: Sn(l) → SnO2(g) and Pb(l) → PbO(g) increase significantly but they
are significantly lower than those of oxidation to liquid oxides.

Energy of oxidation of Bi(l) → Bi2O3(g), As → As2O3(g), Cu2Se → SeO2(g) and
Cu2Te → TeO2(g) is almost independent of temperature.

Out of the impurities present in copper, only Cu2Se shows a higher thermodynamic
probability of oxidizing to SeO2(g) rather than to SeO2(l). This trend is also observed in
Cu2Te when increasing the temperature above 1500 K.

The possibility of chemical interactions between Cu2O(s,l) and metal impurities is
described by Equation (3). The calculated values of ΔFT are shown in Figure 4. The
calculations at T = 1460 K were performed under the condition that the copper oxide is in a
solid state (Cu2O(s)) as the melting temperature of the copper oxide is higher (1508 K).

It is observed that in the studied temperature range all impurities will interact with
Cu2O regardless of its phase state. The calculated values of ΔFT are high, which indicates a
high thermodynamic probability of the process. The chemical interaction of copper oxide
with gaseous zinc is most likely to occur in this case as well. Zinc is oxidized to a stable ZnO
compound which floats to the reaction surface and Zn will be separated by degassing [20].
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Figure 4. Free energy for interaction between Cu2O and metals impurities in vacuum.

The oxidation reactions of Ni and Ag impurities are not shown in Figures 3 and 4,
as the calculated values of ΔFT are positive within the investigated temperature range.
According to the thermodynamic laws, the course of a given reaction is possible only when
the calculated value of the free energy is negative (ΔFT < 0) [27].

The analysis of the reactions with formation of gaseous phase shows that at tempera-
tures above 1600 K, Se, Te and As will be removed mainly in gaseous state, while Sn, Sb,
Pb, Bi will be oxidized mainly to oxides–SnO2(l), Sb2O3(l), PbO(l), Bi2O3(l).

Following the performed thermodynamic analysis, it can be concluded that in the
studied temperature range impurities such as Se, Te and As will be oxidized to gaseous
oxides, while Sn, Sb, Pb, Bi will be oxidized mainly to liquid oxides.

3.2. Refining Efficiency and Microstructures of Obtained Copper

The influence of the temperature (beam power) and the duration of the retention
time (τ), during which the melting metal is in liquid state, on the degree of removal of the
impurities present in copper technogenic material is evaluated as well. Data about chemical
analysis of the impurities concentration of the starting copper material (before EBMR) and
of the specimens after e-beam refining of Cu, material losses (estimated using the weight
of the initial material and the obtained ingots) and structure of the melted samples are
obtained and analyzed under each of the technological regimes studied.

Data for the material losses (Wloss) which are mainly due to evaporation and also to
splashes is presented in Table 1. The results show that the increase of the beam power
(temperature) and also the increase of the residence time (τ) lead to an increase of the weight
losses Wloss (Table 1). The minimum weight loss is 1.63% at T = 1700 K for τ = 20 min.

Data about the changes in the chemical composition of the samples after melting under
different EBM technological parameters (regimes) is also presented in Table 1.

The influence of the temperature on the degree of impurity removal (α) is presented
in Figure 5. The values of the degree of impurity removal are calculated from:

α(i) =
CRi(initial) − CRi(final)

CRi(initial)
·100% (4)

where CRi(initial) and CRi(final) are the initial and final impurity concentrations, respectively.
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Table 1. Concentration of impurities at electron beam processing of copper technogenic material.

Probe Cu-00 Cu-01 Cu-02 Cu-03 Cu-04 Cu-05 Cu-06 Cu-07

Concentration before
EBMR

Process
Parameters

Type ppm T = 1460 K T = 1500 K T = 1600 K T = 1700 K T = 1800 K
t = 20 min t = 15 min t = 35 min t = 20 min t = 20 min t = 45 min t = 25 min

Se, ppm 382 367 331 309 143 105 107 103

Te, ppm 68 66 55 56 12 10 10 11

Bi, ppm 150 122 74 73 <10 <1 <1 <1

Pb, ppm 210 115 87 82 <3 <3 <1 <1

Sn, ppm 34 24 16 18 <2 <2 <1 <1

Sb, ppm 95 60 45 32 15 <9 <4 <3

As, ppm 700 577 416 403 106 50 50 <3

Ni, ppm 1000 870 740 750 750 660 620 580

Zn, ppm 23 11 8 6 <1 <1 <1 <1

Ag, ppm 140 135 133 131 130 131 131 132

O, ppm 2251 897 250 50 15 10 10 10

S, ppm 28 14 7 5 <1 <1 <1 <1

Cu,% 99.454 99.675 99.784 99.809 99.892 99.902 99.907 99.916
1 εtot,% 40.5 60.4 65.0 78.3 82.1 83.0 84.6

Wloss,% 0.42 0.86 2.07 1.63 2.93 3.56 3.06
1 εtot-total efficiency of copper refining.

 

Figure 5. Influence of the temperature on the removal of impurities from copper technogenic material
at EBMR.

It can be observed that increasing the temperature from 1460 K to 1600 K leads to the
intensive removal of impurities such as Bi, Pb, Sn, Zn and As. The degree of removal of
these impurities with the exception of As is more than 93%. In this case, the degree of
oxygen removal is 99.3%. This means that during EBM the removal of impurities takes
place mainly as a result of the chemical interaction with Cu2O. The lower removal values
of As (84.9%) and Sb (84.2%) can be explained by the formation of complex compounds
between these impurities and Ni (such as strong chalcophyllite 3Cu2O·4NiO·Sb2O5 and
antimony arsenate Sb2O3·As2O5) during EBMR of copper.
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The removal rates (degree of refining) of Se and Te at 1600 K are 62.6% and 82.4%,
respectively which can be explained by the fact that these impurities form intermetallic
compounds with copper, which are more difficult to oxidize. This fact is consistent with the
significantly lower values of the Gibbs energy of the oxidation reactions of these impurities
(Figures 3 and 4).

The removal values of oxygen and sulphur at 1600 K are 99.33% and 96.43%, respec-
tively and they increase to 99.56% and 99.64% at 1800 K. Silver and almost all of the nickel
remain in copper. Nickel losses can be explained by the total copper losses.

The influence of the refining time on the degree of impurity removal (α) is evaluated
for 1500 K and 1700 K and the calculated values are presented in Figure 6. The analysis of the
results shows that at both temperatures, extending the refining time to more than 15–20 min
does not significantly affect the degree of removal of impurities from the technogenic copper
material. It can be observed that at a temperature of 1700 K and a duration of 20 min the
degree of removal of Bi, Pb, Zn is over 98% and that of As, Sb, Sn-about 91–94%. The
removal rates of Se (72.5%) and Te (85.3%) are lower. A significant part of Ni and Ag
remains in copper.

 

(a) 

 

(b) 

Figure 6. Influence of the melting time on the removal of impurities from copper technogenic
material at temperatures: (a) T = 1500 K (samples Cu-02 and Cu-03); and (b) T = 1700 K (samples
Cu-05 and Cu-06).

94



Materials 2022, 15, 936

The highest removal efficiency of oxygen is 99.6% (the minimal oxygen content of
10 ppm) and is obtained at T = 1700 K and T = 1800 K (Figures 5 and 6, Table 1). The
optimum of the oxygen refining is connected to higher superheating of the molten metal
and better reduction of the oxygen content independently from the retention time in the
molten state of the refining copper.

At a temperature of 1500 K extending the refining time increases the rate of sulphur
removal from 75% to 82.1%. At higher temperatures, the removal rate is 99.6% regardless
of the retention time. The same trend is observed with oxygen.

Figure 7 shows microstructures of the Cu-02 sample manufactured at a temperature
of 1500 K for 15 min retention time. The presented structures are from the upper surface
of the ingot (top of the ingot)-Cu-02(t) and from the surface along the depth of the ingot
(transverse section)-Cu-02(s).

  

(a) (b) 

Figure 7. Macrostructures of sample Cu-02 obtained at T = 1500 K for τ = 15 min: (a) from the top of
the ingot; (b) from the transverse section.

The microstructure observed on the upper surface of the sample (Figure 7a) is dendritic
and shows the formation of eutectic melts of type E(Cu-Cu2O), E(Cu-Cu2S), the presence
of loose eutectic melts of insoluble in copper impurities (Pb, Bi) and crystallization of
intermetallic phases of Se and Te. The dark stripes in the micrograph of the transverse
section of the sample (Figure 7b) show the direction of their crystallization in the volume
of copper.

The effects of the e-beam power and melting time on the microstructures of the copper
ingots are presented in Figure 8.

By increasing the beam power (temperature) for 20 min refining time (Figure 8a–d),
formation of well-formed globulitic crystals, which are characteristic of nickel-containing
copper, is observed. The presence of copper-soluble impurity Ag does not affect the
structure. The micrographs in Figure 8d,e show that the extending of the refining time at a
given temperature does not affect the microstructure. In this case, the impurity removal
rates have similar values.
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(a) Cu-01 (b) Cu-04 (c) Cu-07 

  

(d) Cu-05 (e) Cu-06 

Figure 8. Macrostructures of copper samples manufactured at different EBMR conditions:
(a) Pb = 6 kW, τ = 20 min; (b) Pb = 10 kW, τ = 20 min; (c) Pb = 19.5 kW, τ = 20 min; (d) Pb = 13 kW,
τ = 20 min; and (e) Pb = 13 kW, τ = 45 min.

4. Conclusions

The paper investigates the possibility of removing impurities from technogenic copper
material (99.45%) using EBM. On the basis of the thermodynamic analysis of the possible
chemical interactions occurring in the Cu-Cu2O-Rx system in the studied temperature
range 1460–1800 K and the conducted experimental studies, the influence of the kinetic
parameters-temperature (beam power) and melting time on the degree of removal of non-
metallic (O, S) and metallic (Se, Te, Pb, Bi, Sn, As, Sb, Zn, Ni, Ag) impurities, the refining
efficiency and the structure of the resulting copper was evaluated. The conclusions can be
summarized as follows:

• The results obtained show that the electron beam melting method can be successfully
applied for refining copper technogenic material with a high content of impurities,
which in the conditions of EBM are in a gaseous state (such as Bi, Pb, Zn, As, Sb, Sn)
and reach nearly 100% removal degree and ~97% for Sb.

• Oxygen and sulphur also reach a high degree of removal (≥99%). Under the studied
conditions, the maximum degree of refining of Se and Te is 73% and 85.3%, respectively,
which is due to the fact that Se and Te form intermetallic compounds with copper,
which are more difficult to oxidize. This corresponds to significantly lower values of
the Gibbs energy of the oxidation reactions of these impurities.

• Silver and most of the nickel remain in copper. Under vacuum conditions and at the
temperature range studied, silver does not oxidize or evaporate. The low degree of
refining of nickel (34–42%) from copper can be explained by the good solubility of this
impurity in copper. In addition, nickel is also not oxidized in the studied temperature
range. It was found that raising the temperature above 1700 K, as well as extending
the melting time over 20 min hardly change the purity and structure of the resulting
refined metal.

• At temperatures in the range 1600–1800 K, the achieved refining efficiency is 78–85%
and the purity of copper after EBM is 99.9%. The highest total refining efficiency
of 84.6% is seen at a beam power of 19.5 kW for 20 min melting time and the best
purification of copper technogenic material (99.92%) is achieved.
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Abstract: Sapphire crystals are widely used in optics and optoelectronics. In this regard, it is
important to study the stability of crystals under external influence and the possibility of modifying
their surfaces by external influence. This work presents the results of studying the processes of the
action of an electron beam with an average energy of 70 keV or less under vacuum conditions on
the surfaces of sapphire substrates of various orientations. The effect of etching a sapphire surface
by an electron beam in vacuum at room temperature was discovered. The highest etching rate was
observed for A-plane sapphire (the average pit etching rate was 10−6 μm3/s). It was shown that the
rate of etching of a sapphire surface increased many times over when gold is deposited. An in situ
method for studying the process of etching a sapphire surface using cathodoluminescence analysis
was considered. Possible mechanisms of sapphire etching by a beam of bombarding electrons were
considered. The results obtained could be important in solving the problem of the stability of sapphire
windows used in various conditions, including outer space. In addition, the proposed method of
metal-stimulated etching of a sapphire surface can be widely used in patterned sapphire substrate
(PSS) technology and further forming low-dislocation light-emitting structures on them.

Keywords: patterned sapphire substrate; electron etching; gold; cathodoluminescent analysis;
anisotropy; light-emitting diodes; windows

1. Introduction

Sapphire crystals (corundum, α–Al2O3), because of the peculiarities of their chem-
ical composition and crystal structure, are able to withstand a range of intense external
influences, including high temperature, pressure, and mechanical stress. Sapphire belongs
to the trigonal (rhombohedral) crystal system, as a result of which it has a pronounced
anisotropy of physical and chemical properties. Sapphire crystals are used mainly in optics
and optoelectronics, where the anisotropy of properties is most in demand. For example,
for high-strength optical glasses, it is preferable to use C(0001)-plane sapphire with zero
birefringence [1]. Furthermore, the C-plane of sapphire has been used for a long time as a
substrate for the formation of light-emitting devices [2–4]. Thus, using the C-plane sapphire
profiling technique, it was possible to increase the light yield of devices by up to 20% [5,6].
However, it was revealed that there is a fundamental problem associated with the use of
C-plane sapphire in light-emitting devices, which prevents a further increase in efficiency:
the quantum-confined Stark effect [7,8]. The presence of near-surface electric fields in
polar structures leads to a loss of efficiency and a long-wavelength shift of the radiation
maximum. It is possible to reduce or completely suppress the effect of near-surface electric
fields by using semipolar or nonpolar oriented nitride layers. In particular, such structures
may be formed on M-plane (1010), R-plane (1102), and A-plane (1120) sapphire [9–12].

There are several important application requirements for sapphire crystals in general.
On the one hand, they are associated with the use of devices operated in a wide variety of
environments, including space flight systems, as protective optical glasses. It should be
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borne in mind that apparatuses are susceptible to various types of ionizing radiation and
flows of charged particles of various energies in vacuum conditions. On the other hand,
optimization of the pregrowth preparation of the substrate surface (polishing, microstruc-
turing, profiling) is also important in the formation of light-emitting devices. Note that
these requirements are related: methods of external action that lead to decomposition or
etching of the surface of sapphire plates can be considered as methods of microstructuring
and profiling their surface.

A number of works [13–15] have been devoted to the study of the processes of influence
of ionic flows leading to the transformation of the surfaces of sapphire substrates. The
effects of various types of radiation on sapphire optical fibers with a total radiation dose of
up to 3.39 mGy has been more widely studied [16]. The effect of electrons is also used in
electron lithography for resist processing [17] and in high-energy electron accelerators [18].
In this paper, we present the results of studying the processes of the action of an electron
beam with an average energy of 70 keV or less under vacuum conditions on the surfaces of
sapphire substrates of various orientations.

Since the processes of surface transformation in the case of external action usually
cover the near-surface region of crystals up to tens of microns, contact research methods
are not applicable. The only possibility is the use of noncontact methods based on the
analysis of electromagnetic radiation from the surface under investigation [19,20]. In
particular, the authors of [19] demonstrated the possibility of in situ studies of the processes
of transformation of sapphire surface using expensive synchrotron radiation sources. In this
paper, we considered the possibility of in situ study of the process of etching the sapphire
surface as a result of medium-energy electron bombardment using luminescence analysis
methods. This possibility appeared to be due to features of the cathodoluminescence
(CL) spectra of sapphire crystals. Anionic defects in sapphire crystals are identified as
F- and F+-centers, which are oxygen vacancies that have captured two electrons and one
electron, respectively, and their complexes. In the ultraviolet (UV) region of the sapphire
CL spectrum, bands are observed in the regions of 330–340 nm (F+-center) and 410–415 nm
(F-center) [21]. Since the F- and F+-centers are exclusively intrinsic defects of the crystal
structure, their concentration is directly dependent on the structural-phase composition
of the crystal. On the contrary, in the long-wavelength part of the sapphire CL emission
spectrum, bands associated with Cr and Ti atoms with impurities are traditionally observed,
which are less dependent on the structural-phase composition and can appear even in the
molten state of Al2O3. In particular, a narrow line at 694 nm and a broad band peaking at
780 nm are associated with 2E–4A2 and 2E–2T2 transitions in Cr3+ and Ti3+ [22], respectively.
Interestingly, heating or increasing the fluence increases the luminescence intensity in the
UV region of the sapphire emission spectrum, while the dependence on electron energy has
a maximum [23], after which a decrease is observed. The broadening of the chromium line in
the long-wavelength region corresponds to an increase in the temperature of shock-shifted
luminescent chromium ions above the stationary temperature of the crystal [24]. A similar
broadening is observed for a broad band associated with Ti3+ [25]. In general, it is possible
to study the processes of sapphire etching using the basics of quantitative luminescent
analysis, which assume a linear relationship between the luminescence intensity and the
concentration of luminescence centers at low concentrations.

Thus, the independent behavior of color centers of different nature during external
action makes it possible to consider cathodoluminescence analysis as a very promising
in situ method for studying the processes of rearrangement and etching of the surface of
sapphire crystals.

2. Materials and Methods

The samples were C-, A-, M-, and R-plane sapphire with one-sided chemical-mechanical
polishing. It should be noted that the content of chromium and titanium impurities with
a concentration of ~10 ppm found in the sapphire crystal was due to their presence in
the initial charge. Two types of wafers were used: (a) initial and (b) after annealing at
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a temperature of 1400 ◦C for an hour under atmospheric conditions to recrystallize the
surface and reduce the concentration of surface-layer defects introduced during growth,
machining, and polishing. Next, a layer of gold about 100 nm thick was formed on an
A-plane of sapphire by thermal vacuum deposition (VN-2000 configuration). The sample
was then annealed in air Naber tube furnace (Nabertherm, Lilienthal, Germany) for 2 h at
800 ◦C to form a discrete gold structure.

The study by the method of excitation of CL in the samples was carried out with an
electron beam of an EG-75 electron diffraction recorder, the electron energy of which was
40 keV, 50 keV, 60 keV, and 70 keV; the spot diameter of which was 0.5 and 3 mm; the
electron flux density of which was 1021 cm−2·s−1; and the electron beam current of which
was 80 μA. This was undertaken at room temperature (special heating of the samples was
not performed). The CL spectra of all samples were studied 10 s after the start of irradiation.
The vacuum was maintained in the 10−4 Pa system. We used AvaSpec-ULS2048x64-USB2
spectrophotometric complex (Avantes). The angle of incidence of the electron beam on the
plane of the substrate was 45◦, and the angle between the axis of the fiber-optic adapter and
the direction of propagation of the incident electron beam was 90◦. The time dependence
of the CR spectra was studied with the following exposure parameters: numbers of spectra,
21 and 46; time interval between spectra, 8 s.

Microscopic studies of the surface of the samples were carried out on an SEM Leo-
1450 scanning electron microscope (Carl Zeiss AG, Oberkochen, Germany) and an Ntegra
Aura atomic force microscope (NT-MDT, Zelenograd, Russia) in the modes of semicontact
topography and phase contrast, respectively.

3. Results and Discussion

3.1. Orientation Dependence of the CL Spectra of Sapphire Samples

Figure 1a shows the CL spectra (electron energy 50 keV, spot diameter 0.5 mm) of
sapphire samples of various orientations after heat treatment at 1400 ◦C under atmospheric
conditions. The spectra showed an intense main F+(340 nm)-band, but the F(415 nm)-band
was suppressed. In this case, an effect similar to that previously found in [21] was observed.
When irradiated with electrons, the F-centers were suppressed because of the formation of
new F+-centers according to:

F + exposure → (F+)∗ + e−trap→ F+ + hν (330 nm) + e−trap (1)

where (F+)∗ is an excited F+-center.
According to Figure 1a, the absolute intensities I of the luminescence of the CL F+-

bands were related as follows: IA-plane > IM-plane > IR-plane > IC-plane. This corresponds to
the ratio of the rates of ion etching of sapphire wafers of different orientations [14] at an
accelerating voltage of 30 kV. In both cases, the etching rate was maximum for A-plane
sapphire and minimum for C-plane sapphire. Additionally (Figure 1b), the luminescence
intensity of the F+-band of the CL spectrum was studied for the initial and heat-treated
A-plane and C-plane samples (for which the maximum and minimum CL intensities were
observed, according to the data in Figure 1a) at a higher electron energy (60 keV). With an
increase in energy, electrons were able to penetrate into deeper layers and generate oxygen
vacancies in them. Figure 1b demonstrates that the general trend continued: IA > IC.

Passing from the luminescence spectra to the processes of electron etching of the
sapphire surface, it should be kept in mind that the sapphire substrates were preliminarily
annealed to minimize the concentration of oxygen vacancies, and we can assume that
the CL intensity in the UV region of the spectrum was proportional to the concentration
of oxygen vacancies. In addition, the results showed that an increase in the accelerating
voltage led to an increase in the intensity of the emission of F+-centers (oxygen vacancies
that had captured one electron). In this case, the glow of F-centers (oxygen vacancies that
had captured two electrons) was suppressed. Considering that the number of electrons
emitted by the cathode every second did not change, the increase in the intensity of the
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glow of the F+-centers could have been associated only with the generation of new oxygen
vacancies from deep layers.

 
 

(a) (b) 

 
(c) 

Figure 1. CL spectra of heat-treated at 1400 ◦C and initial sapphire samples at electron energies of
50 keV (a) and 60 keV (b). Dependence of the CL spectrum (electron energy 70 keV) of C-plane
sapphire on the spot diameter (c): 1–0.5 mm; 2–3 mm.

The correspondence of the etching processes of a sapphire surface by ion and electron
flows, which we found in our experiments, indicated a universal mechanism of defect
formation caused by the displacement of atoms during elastic collisions with bombarding
particles. In the case of impact mixing, an important factor is the interaction of atoms in the
atomic layer. According to accepted calculations [14], the atomic arrangement density is
maximum in the C-plane and minimum in the A-plane: 25 and 7.63 at/nm2, respectively.
The potential energies per atom (the energy of removal of atoms) are 291.23 and 908.63 eV
for the A-plane and C-plane, respectively. This explains the maximum rate of ion and
electron etching of the A-plane of sapphire. On the contrary, the interplanar distances
for the C-plane and A-plane are 2.165 and 1.190 Å, respectively. The binding energy of
neighboring atomic layers along any direction in the crystal is inversely proportional to the
corresponding interplanar distance. The rate of chemical–mechanical etching depends on
the interplanar distance, and since this distance is maximum along C[0001], the etching
rate is maximum. The hardness is minimal for C-plane sapphire.

Analysis of the CL spectra of the original and heat-treated samples (Figure 1b) showed
a strong difference for A-plane sapphire but similarity for C-plane sapphire. According
to [26], after chemical–mechanical polishing, the A-plane and R-plane of sapphire have
the highest roughness, and the C-plane of sapphire, the lowest. The low intensity of the
F+-band for the original A-plane sapphire is associated with a high surface roughness. A
significant part of the bombarding electrons is scattered by surface inhomogeneities without
the formation of oxygen vacancies. After heat treatment, the surface becomes atomically
smooth, the scattering of electrons by inhomogeneities decreases, and the rate of generation
of oxygen vacancies increases. On heat-treated A-plane sapphire (Figure 1), there was
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a bifurcation of the F+-peak, which was associated with the presence of luminescence
components along and perpendicular to the main optical C-axis of the sapphire crystal. On
the initial samples, the splitting of the F+-peak was also not observed because of the strong
scattering of electrons by surface defects. On the contrary, there was a significant similarity
between the CL spectra of the original and heat-treated C-plane sapphire (Figure 1b). The
basic (C-plane) sapphire is characterized by close-packed oxygen layers, and it is these
layers that determine the features of the corundum-type crystal structure.

An interesting result was obtained in studying the dependence of the spectral features
of CL on the diameter of the electron spot on sapphire samples. Figure 1c shows a typical
picture of the evolution of the CL spectrum as the electron spot expanded from 0.5 mm
to 3 mm. Bands in the UV region underwent radical changes: the F+-band undergoes a
reverse transition to the F-band according to the equation F+ +e− → F. It is important to
note in Figure 1c a weak Ti4+ peak (435 nm, curve-2) next to the F-peak on the right, which
is detected when the spot expands to 3 mm. This peak, according to [27], is associated
with F centers in sapphire: radiation stimulated capture of an electron by the F+-center
with Ti3+ to form the F-Ti4+ complex. In addition, the intensity of the bands in the long-
wavelength region increases sharply (transitions in Cr3+ and Ti3+). Moreover, the increase
in the intensity of the Cr3+ and Ti3+ bands was proportional to the increase in the spot
diameter. It can be assumed that upon defocusing (an increase in the diameter of the
electron beam), saturation of the active Ti3+ and Cr3+ ions was not achieved, and the
number of emitting centers was proportional to the cross-sectional area of the beam of
electrons that excited luminescence.

To analyze the etching processes of the sapphire surface, the time dependence of the
CL spectra was studied (Figure 2). The electron energy was assumed to be as low as 40 keV
to reduce the electron beam instability error. The spot diameter was 0.5 mm. The intensity
of the F+-band, which was proportional to the concentration of oxygen vacancies, reached
saturation level after the initial amplification. This was due to a set of processes occurring
on the sapphire surface during irradiation, which were determined by the cross-sections of
electron scattering, ionization, capture, and excitation, as well as the recombination and
clustering of defects [23]. For the rest of the bands, a slight increase was observed over the
entire interval of the study. The amplification of the bands could be associated with the
process of partial etching of the sapphire surface and an increase in the number of active
unsaturated luminescence centers. Thus, in the process of irradiation, an effect similar
to the defocusing (diameter increase) of the electron spot was observed. The increase in
the surface area was small, and therefore, the enhancement of the F, Cr3+, and Ti3+ bands
was rather weak. Moreover, it was not possible to detect the etching area by microscopic
methods. Figure 1b shows an AFM image of an A-plane sapphire surface after processing
in an electron beam, but it is difficult to judge the process of its modification. The surface
roughness of sapphire after electron bombardment was less than 0.2 nm. This corresponded
to the surface roughness of the initially atomically smooth sapphire substrates. It turned out
to be impossible to obtain a high-quality image using electron microscopy (SEM) because
of the charging of the dielectric surface of the sapphire.

It is possible, by analogy with [28], that the processes of sapphire etching can be
visualized only under long-term electron irradiation (energy 100 keV) for more than 30 min
with parallel heating of the sample to at least 1023 K, which is a technologically difficult task.

In the work presented here, it was proposed to accelerate the process of etching
sapphire in a beam of bombarding electrons using metal stimulators, particularly gold
nanocrystals. The choice of gold was due to the following factors. Gold has weak adhesion
to sapphire and, when heated, forms a discrete structure of nano- and microcrystals [29].
The successful implementation of the etching process with metal stimulators could ap-
proach a cheaper technology for profiling sapphire. In addition, according to the phase
diagram [30], there is a wide range of solid solutions in the gold-rich part of the Al–Au
system. There are low-melting phases, such as the rhombohedral phase of Al2Au5; an
intermediate- to high-temperature disordered β-phase of the bcc-type, which, upon cooling
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to 400 ◦C, transforms into a low-temperature α-phase of AlAu4; a distorted βMn-type
phase AlAu4 with a solubility ranging from 80 to 81.2 at.% Au; and an Au fcc-type solid
solution with a maximum solid state solubility of 16 at.% Al at 545 ◦C.

  

(а) (b) 

Figure 2. Time dependence (a) of the main bands (F+, F, Cr3+, and Ti3+) in the CL spectra for A-
plane sapphire (electron energy 40 keV). AFM image (b) of a sapphire surface after processing in an
electron beam.

In the case of oxygen desorption, the outflow of positively charged aluminum atoms to
negatively charged gold crystals can accelerate the decomposition (etching) of the sapphire
surface. In addition, there have been recent studies [31] in which gold nanocrystals were
used to obtain unstrained GaN films on sapphire.

3.2. A-Plane Etching of Sapphire with Gold Nanocrystals in an Electron Beam with an Energy
of 40 keV

In the process of depositing a gold film on A-plane sapphire and heat-treating it, a
discrete structure of nanocrystals with lateral sizes from 300 to 700 nm and heights of up to
250 nm was formed (Figure 3a). At the next stage, the sample surface was irradiated with
a focused electron beam with an accelerating voltage of 40 kV (beam diameter 0.5 mm)
without special heating for 400 s. When examining the surface of the irradiated sample
by scanning electron microscopy (SEM), no significant changes were found. Only a slight
rounding of gold nanocrystals was observed. A more detailed picture of the effect of
electron flows was visualized by scanning using atomic force microscopy (AFM). Etch
pits were found in the region of the sapphire surface adjacent to the gold nanocrystals
(Figure 3b). The etch pits had an elongated, almost triangular shape. In addition, there were
sharp morphological differences (Figure 3c,d) between the areas of treated and untreated
electrons. First of all, an increase in the size of nanocrystals was noticeable. A distinctive
feature of the etch pits (Figure 4) was that even with different linear dimensions of the
pits, they were of the same depth of about 10 nm. This fact indicates the mechanism of
layer-by-layer removal of material through intermediate cracking processes [32]. Cracking
is caused by local displacement of aluminum atoms and desorption of oxygen atoms,
which weaken the interatomic bonds in the lattice. According to our AFM data, the average
etching rate of an individual pit was calculated in the order of 10−6 μm3/s.
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(а) (b) 

 

 
(c) (d) 

Figure 3. SEM image of A-plane sapphire with gold nanocrystals (a). AFM image (3D) of the A-plane
of a sapphire with gold nanocrystals after exposure to electrons (b). AFM images of adjacent areas A
(not treated with electrons) and B (treated with electrons): 35 × 35 μm2 (c), 3 × 3 μm2 (d). The thin
white line marks the border of regions A and B.

Interesting results were obtained during the study by probe microscopy in the phase
contrast mode, which made it possible to contrastingly display materials of various natures.
In Figure 5, one can see the accumulation of material along the borders of a pit with two
bases. The high contrast indicates significant differences in the mechanical properties of
the cluster materials and the A-plane sapphire surface. Given that the saturated vapor
pressure of aluminum is low, oxygen was desorbed during the dissociation of the sapphire
surface, and aluminum formed clusters. The accumulations of aluminum had a loose
structure, which is the reason for the high contrast of the phase picture. The bond between
the aluminum atoms and the sapphire surface was maximum at the boundaries of an etch
pit; therefore, aluminum accumulations decorated the profile of the pit.
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Figure 4. AFM image of an A-plane sapphire with gold nanocrystals after exposure to electrons.
Topographic sections of etch pits (A,B) and of an individual Au nanocrystal (C,D).

The reduced aluminum atoms were positively charged and diffused to the negatively
charged gold islands. The negative charge flowing down from the sapphire surface to
the gold islands reduced the effect on the incident electron flux and contributed to the
continuity of the etching process. The flow of aluminum atoms to the gold nanocrystal
was associated with an increase in their size in the base region (Figure 5b). This was also
the reason for the observed rounding of gold nanocrystals when examined by SEM. In the
area of the base, a precipitate was formed by compounds of the Al–Au system. According
to the phase diagram [30], the most probable compound in the gold-rich region is AlAu4.
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However, intense diffusion of the Al and Au components of the solid solution would
require heating of this region to ~400–500 ◦C. It is known that in thin layers, all processes
proceed at significantly low temperatures. A refined diagram [33] demonstrates that, in
nanometer layers, the phase composition in the gold-rich part suggested several Al2Au5
and AlAu4 compounds, and the temperature of active diffusion processes was minimized
to 100–200 ◦C. Considering that the reactions of formation of intermetallic compounds in
the Au–Al system are exothermic [33] (they proceed with the release of heat), the Au–Al
deposit formation mechanism can be self-sustaining.

 

 

Figure 5. AFM images of an individual etch pit: (a)—phase contrast mode; (b)—topography mode;
(c)—3D image of a gold nanocrystal on sapphire after electron impact.

The time dependence of the CL spectra (Figure 6) of an A-plane sapphire sample with
gold nanocrystals was studied. For a correct comparison with a pure A-plane sapphire
sample without gold, the same beam parameters were used—electron energy of 40 keV
and a spot diameter of 0.5 mm. The intensity of the F+-band of CL, which was proportional
to the concentration of oxygen vacancies at the initial stage, also reached the saturation
level. However, its absolute value was much lower than in the sample without gold.
Gold covered a significant part of the A-plane surface, and active desorption of oxygen
proceeded only from the uncovered part. The flow of electrons to gold nanocrystals could
also have played an important role. The charge flowed to the gold nanocrystals until their
potential was equal to the potential of the cathode. Calculations taking into account the
condition of equality of potentials, the electrical capacitance of gold nanocrystals, and the
beam parameters showed that their full charging occurred in fractions of a second. This
allows us to state that the process of oxygen desorption began from the first seconds, but
until the moment (130 s—Figure 6a), it did not have a large-scale character and did not
lead to an increase in surface roughness. The intensity of the Cr3+ and Ti3+ bands at the
initial stage did not change and even partially decreased. From 130 s, etching began with
the formation of sapphire pits, and the intensity of the Cr3+ and Ti3+ bands increased. It is
interesting that an increase in the etched surface of sapphire was observed up to 200 s, after
which the F, Cr3+, and Ti3+ bands reached the saturation level, and the rate of increase in the
intensity of the F+-band decreased (Figure 6b). The rate of generation of oxygen vacancies
at this stage increased to such an extent that the reverse recombination of vacancies became
an important factor. A focused electron beam transferred all active Cr3+ and Ti3+ ions
located in the illumination region into an excited state and, as a result, saturation of the
bands was observed.
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(a) (b) 

Figure 6. Time dependence of the main bands (Ti4+, F+, F, Cr3+, Ti3+) in the CL spectra for A-plane
sapphire (electron energy 40 keV) with gold nanocrystals (a). Comparison (b) of the time dependences
of the F+-bands in the CL spectra (electron energy 40 keV) for pure A-plane sapphire (curve 1) and
that with gold nanocrystals (curve 2).

Of particular interest is the behavior of the F and Ti4+ bands (Figure 6a). The posi-
tions of their features on the time dependence coincided with the positions of the other
bands, but there were also differences. Note that the F and Ti4+ bands indeed luminesced
in the complex (their curves were identical). Preliminary annealing of samples in air
led to the oxidation of Ti3+ centers concentrated in the surface layer to Ti4+. Therefore,
the concentration of Ti4+ centers dominated at the initial stage. During irradiation, the
Ti4+ + e− → (Ti3+)*→ Ti3+ + (730 nm) transition took place. This was associated with a
decrease in the intensity of the Ti4+ band at the initial stage. In addition, the transfer of
electrons to F+-centers from Ti4+ centers with the formation of F-centers seemed to be more
feasible in sapphire than a direct transition due to electron bombardment. Therefore, a
decrease in the intensity of the F–Ti4+ complex is observed.

The burst of intensity in all CL bands at 280 s remains incomprehensible (Figure 6).
The sharpest surge was observed for the Cr3+ and Ti3+ bands. Analysis of these bands also
demonstrated their maximum broadening at this stage, which indicated the maximum
local temperature. It can be assumed that only nearby aluminum atoms, which formed
in the etch pit after dissociation of the sapphire surface, diffused to the gold nanocrystal.
The most distant ones formed positively charged clusters. Over time, as the clusters
grew, their repulsion from each other and from the boundaries of the etch pit, where
aluminum accumulations were also observed, increased. At the same time, the force of
attraction of aluminum clusters to negatively charged gold nanocrystals increased. As time
passed, distant aluminum clusters massively diffused to the gold nanocrystals. Because of
multiple reactions of the formation of the compounds Al2Au5 and AlAu4, sharp heating
was observed in the region of the gold nanocrystal. This contributed to a surge in the
intensity of all bands at 280 s and their simultaneous attenuation upon reaching 320 s.
It is also important to note a multiple increase in the intensity of CL in the UV region
of the spectrum when an A-plane sapphire sample was coated with gold nanocrystals
in comparison with a pure A-plane sapphire sample (Figure 6b). This result confirms
the importance of the factor of additional heating of the surface due to reactions in the
Au–Al system.
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In general, the scheme of A-plane etching of sapphire with gold nanocrystals in the
process of exposure to electrons can be represented as follows (Figure 7):

 

Figure 7. Scheme of A-plane etching of sapphire with gold nanocrystals in the process of exposure
to electrons.

3.3. Effects of Inelastic Scattering of Electrons on the Surface of Sapphire

In explaining the results obtained, we took as a basis the mechanism of defect for-
mation caused by the displacement of atoms during elastic collisions with bombarding
electrons. Subsequently, because of the weakening of interatomic bonds in the lattice,
layer-by-layer removal of material occurs through intermediate cracking processes within
the atomic plane. The question arose: are the bombarding electrons capable of leading to
displacement of atoms in the sapphire lattice? Calculations [34] showed that the energies
required to displace aluminum and oxygen atoms from the sapphire lattice were 18 and
75 eV, respectively. It is possible to consider the kinetic mechanism of electron-stimulated
desorption of atoms within which the kinetic energy Ek transferred to an atom of a solid
upon collision with an incident electron is determined by the equation:

Ek = E0
4mema

(me + ma)
2 cos2(ϕ) (2)

where ma and me are the masses of the atom and electron, respectively; E0 is the energy
of the incident electron; and ϕ is the scattering angle. An estimate based on the collision
theory shows that when the sapphire surface is bombarded by 40 keV electrons incident
at an angle of 45◦, the kinetic energies Ek transferred to oxygen and aluminum atoms
are ~2.9 eV and 1.7 eV, respectively. Thus, elastically scattered electrons cannot cause the
observed etching processes. The thermally activated movement (displacement) of atoms
caused by the heating of the sapphire surface under the action of an electron beam can also
be considered. Estimates given in [35,36] indicate that the heating of a sapphire surface
under the influence of a bombarding electron flow reaches no more than a hundred degrees
Celsius. Such heating could have contributed to the acceleration of exothermic reactions
in the Al–Au system, but it would have been of negligible effect for the decomposition of
the sapphire surface. Presumably, in our case, the effects of inelastic electron scattering
were observed. The most probable process is the radiolytic decomposition of sapphire,
which is based on the Auger decay effect [37]. More specifically, the process of radiolysis
can be represented as follows: as a result of the impact of an external electron, a hole is
formed in the inner electron shell Al(2p) of the aluminum ion. After that, one valence
electron in O(2p) of the O2− anion jumps into this hole with the release of one or two
additional anionic oxygen valence electrons. As a result, the O2− anion changes its charge
state and is displaced from the Al2O3 lattice. Comparing our data (electron energy 40 keV)
with the results of [28], where etching was observed at a higher energy of 100 keV and a
duration of 30 min, it can be noted that the cross-section of inelastic electron scattering
in a dielectric medium, which causes its radiolysis, decreases with increasing electron
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energy [38,39]. It can be argued that a decrease in the energy of electrons at energies below
100 keV enhances the processes of radiolysis of the sapphire surface. Heating above 1000 K
used in [28] promotes only intense desorption of oxygen and does not directly affect the
radiolysis process.

4. Conclusions

Sapphire crystals are widely used in optics and optoelectronics. When using them as
optical glasses of devices operated in a wide variety of environments, including spacecraft,
resistance to the effects of various types of ionizing radiation in vacuum conditions and
flows of charged particles of various energies is required. On the other hand, technological
optimization of the stages of pregrowth preparation of the surface of sapphire substrates
(polishing, microstructuring, profiling) that are important in the formation of light-emitting
devices is required. In the present work, the results of studying the processes of the action of
an electron flow under vacuum conditions on the surface of sapphire substrates of various
orientations are presented. The effect of etching a sapphire surface at room temperature
in a vacuum by an electron beam with an energy of 70 keV or less was discovered. It was
shown that the highest etching rate was observed for the A-plane of sapphire, while the
lowest was observed for the C-plane of sapphire. A technique for metal-stimulated etching
of a sapphire surface is proposed in which the etching rate increased many times over.
The stimulation process was based on exothermic reactions of formation of intermetallic
compounds with aluminum reduction on the sapphire surface. For in situ study of the
process of etching a sapphire surface, the technique of cathodoluminescence analysis was
used for the first time. Possible mechanisms of sapphire etching by a beam of bombarding
electrons were considered. An estimate based on the collision theory showed that the
bombardment of the sapphire surface by electrons with an energy of 70 keV or less could
not have caused the observed etching processes. A sapphire surface etching mechanism
based on the effects of inelastic electron scattering is proposed. The most probable process
was the process of radiolytic decomposition of sapphire (Auger decay effect). The results
obtained in this work could be important in solving the problem of resistance to external
radiation effects of sapphire windows of spacecraft. In addition, the proposed method of
metal-stimulated etching of a sapphire surface could be widely used in PSS technology and
further forming low-dislocation light-emitting structures on patterned sapphire substrate.
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Abstract: Welded aluminum components in the aerospace industry are subject to more stringent
safety regulations than in other industries. Electron beam welding as a highly precise process
fulfills this requirement. The welding of aluminum poses a challenge due to its high tendency
to pore formation. To gain a better understanding of pore formation during the process, 1.5 mm
thick aluminum AW6082 plates were welded using specially devised beam figures in different
configurations. The obtained welds were examined with radiographic testing to evaluate the size,
distribution, and the number of pores. Cross-sections of the welds were investigated with light
microscopy and an electron probe microanalyzer to decipher the potential mechanisms that led to
porosity. The examined welds showed that the porosity is influenced in various ways by the used
figures, but it cannot be completely avoided. Chemical and microstructural analyzes have revealed
that the main mechanism for pore formation was the evaporation of the alloying elements Mg and Zn.
This study demonstrates that the number of pores can be reduced and their size can be minimized
using a proper beam figure and energy distribution.

Keywords: electron beam welding; aluminum 6082; porosity; beam figure

1. Introduction

Saving fuel and increasing payload are two of the biggest goals in aviation and
aerospace. Manufacturing parts in lightweight construction is one way to support this goal.
Low density and high strength make aluminum an excellent construction material for such
lightweight components that are already being used in this sector. However, the joining
of aluminum materials is often challenging [1,2]. Especially in the aerospace industry, the
limitations regarding defect sizes and processes are obviously very strict [3].

Porosity in aluminum welding is a well-known and critical phenomenon. According
to the literature, the formation of porosity in the weld can have different reasons, such as
the processes, but also the base materials’ chemical composition and/or filler materials
play an important role. For instance, the introduction of hydrogen into the molten pool is
of great importance, as it is highly soluble in liquid aluminum [4].

The alloy burn-off of certain elements is a further mechanism causing pore formation.
Zhang et al. described the effect on electron beam welded (EBW) AA6062 [5]. Zhou et al.
investigated this elemental burn-off effect in detail in their article on plasma welding of
an AW5052 [6]. The welded Al-alloys in both of these studies displayed the burn-off
mechanism for Mg.

The formation of a gaseous phase from aluminum and its oxide is another pore-forming
mechanism that is related to the chemistry of the material as described by Fujii et al. [7].
According to the authors, it can only occur in a high vacuum, such as during the EBW
process due to the low partial pressure of the oxide. Nogi et al. [8] showed that the oxide
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thickness correlated with the porosity during EBW. This is also a conceivable mechanism
for porosity, but it is difficult to detect.

There is also the possibility of pore formation solely from the process side. During EBW,
a keyhole can form due to the high energy density, which causes complex flow processes
in the weld pool [9]. However, these processes have not yet been fully understood as the
experimental detection of such flows is a challenge [10,11]. Chen et al. suggested that these
flows cause the movement of bubbles within the melt pool. If the bubbles come close to the
solidification front, they can be “frozen” and thus remain as pores in the weld.

The beam deflection also leads to a manipulation of the molten pool and thus in-
fluences the fluid flow. At present, the influences on the melt pool of beam oscillation
are rarely investigated. Wang et al. [12] studied oscillation movements describing the
behavior of longitudinal, transverse, and circular oscillation on the molten bath and its
influence on solidification patterns. In the case of superimposed oscillations, the shape
of the “eight” appears in the literature, in addition to the circle; both represent so-called
Lissajous figures. Kabasakaloglu et al. [13] and Chen et al. [14] investigated the influences
of the beam deflection on the porosity. In both studies the figure of the “eight”, either
standing (8) or lying (∞) was selected.

The latter mentioned studies were all performed on laser welded aluminum under
atmospheric conditions. Since the laser beam is always limited in its deflection speed
(inertia due to robot mass, mirror kinematics), only beam deflections in the lower speed
spectrum can be achieved. On the contrary, in the case of EBW, the electron beam is moved
using magnetic fields, and thus a significantly higher deflection speed can be realized.
Thus, the current study deals with the influences of electron beam deflection on porosity.
For this purpose, new beam figures were devised for the welding process. The aims of this
study are (i) to counteract the formation of gas bubbles by optimizing the beam figures,
(ii) to facilitate the escape of potential bubbles from the melt pool by extending it, and (iii)
to investigate the underlying mechanisms that lead to porosity during EBW on AW6082.

2. Materials and Methods

2.1. Material

The aluminum used in this work is the commercial alloy AW6082-T6, i.e., in the aged
condition [15]. The chemical limits of the composition of the material used are shown in
Table 1. The used specimens were plates with a length of 300 mm and a width of 60 mm.
The plates have a thickness of 1.5 mm, but they have a material accumulation at their butt
edge to ensure sufficient material supply during the welding process. This is necessary
due to the required seam elevation and root penetration. The joint geometry is produced
by milling. This processing also has the purpose of removing the existing oxide layer. To
prevent a renewed formation of this oxide layer as far as possible, the milled plates were
packed airtight directly after processing.

Table 1. Limits of the chemical composition of the aluminum alloy AW6082 [16]. Copyright 2020
Ansys Granata Edupack.

Al Cr Cu Fe Mg Mn Si Ti Zn Others

95.2 0 0 0 0.6 0.4 0.7 0 0 0
98.3 0.25 0.1 0.5 1.2 1 1.3 0.1 0.2 0.15

2.2. Welding Process and Beam Figures

The EBW machine used was a chamber system of the type EBG 45-150K14 from
Pro-beam GmbH & Co. KGaA. Since EBW allows a wide range of welding parameter
combinations, welding parameters were determined by preliminary tests. For this purpose,
blind welds were first welded and the parameters obtained were adapted to the joint
geometry. The majority of the weld parameters were kept constant over all tests. The EB
was focused on the plate surface. Welding was performed at a welding speed of 20 mm/s.
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The chamber pressure during welding was below 5 × 10−4 mbar. The beam oscillation was
achieved using beam figures with a frequency of 500 Hz. Welding was performed with a
beam voltage of 80 kV. The beam power could not be kept constant over all tests, because
the beam figures had different shapes and different energy distributions. Therefore, the
beam current varied in the range of 9.7–13 mA.

t →
(

Ax sin(ω1t + ϕ1)
Ay sin(ω2t + ϕ2)

)
, t ∈ [0, ∞) (1)

The beam oscillated using superimposed oscillations in x and y-directions which were
parameterized according to Equation (1). A frequency ratio ω1:ω2 of 2:3 and a phase shift
of Δϕ = ϕ1 − ϕ2 = 0◦ resulted in a figure as shown in Figure 1. This Lissajous figure
represents the reference figure R with an overall width of 0.45 mm and a total length of
1.35 mm. All other figures were derived from the reference figure: Several variations of
the figure were created which differ in terms of their energy distribution and dimensions.
To evaluate the overall energy distribution, the trajectory of the figure was analyzed, as
shown in Figure 2. For this purpose, the points describing the beam figure were considered
to have a constant energy input and were integrated over the welding path.

Figure 1. Reference figure R which is the basis for the devised figures.

Figure 2. Relative energy distribution of the moving reference figure R starting on the left and
reaching steady state on the right side.

In total 46 welding experiments were performed, 16 in the first set and 30 in the second
set of experiments. In the first set, four figures were welded in four different configurations
(the configurations are shown in Figure A1 in Appendix A). The resulting 16 welds were
examined and based on these preliminary results a second experimental set was designed
and consequently welded (marked in red and labeled in Table A1).

For this second experiment set, five different figure configurations were selected from
the first experiment set (see Tables 2 and A1). At least one configuration of each figure
was repeated, the decision was based on porosity and weld appearance (root and seam).
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The figure configurations of series A-C & E were chosen for their low porosity appearance.
Figure configuration D was chosen because of the high pore count. It was investigated
whether high porosity can be reproduced. The set was completed by the reference figure
R. Every configuration was repeated five times, to investigate the reproducibility of the
results. This resulted in a total weld length of 1.3 m minus the start and end sections of the
welded plates, so only the stationary part of the weld was investigated.

Table 2. Welding figures and their parameters for the second series of experiments. The energy
distribution was symmetrical across the welding direction. All figures contained 1000 dots.

Series
Figure

Welding Direction →
Energy

Distribution
Length
[mm]

Width
[mm]

A quadratic 1.35 0.45

B linear 3 0.45

C centered 1.35 0.45

D constant 1.35 0.25

E Right Figure 75%
Left Figure 25% 3 0.45

• The series A and B were derived from the same basic figure which has an energy
reduction from the front to the back, which was either linear or quadratic. In addition
to the energy distribution, the length of the figure was also changed. Thus, A and B
represent two figure configurations with different lengths and energy distributions as
shown in Table 2.

• For the basic figure of the series C, the energy was shifted to the weld centerline, since
the analysis of the energy distribution of the reference figure R showed that most
of the energy accumulated on the figure edge (see Figure 2). The figure was varied
in length and the gradient of the energy distribution, the series C configuration was
finally chosen for this figure type.

• Series D was developed based on the reference figure R with constant energy dis-
tribution. However, the width was decreased to make the weld narrower and thus
give the pores less space to form. The selected figure width for series D was 0.25 mm
(see Figure 2).

• The basis for the series E was a multi-bead technique as known from the literature [17].
Here, two figures were applied sequentially, the first figure ensuring the full pene-
tration welding; the second figure is a post-heating of the molten pool. The distance
between the individual figures (center to center) of 1.65 mm was used, which leads to
a total length of 3 mm (front of the right figure to back of the left figure).

Due to the low beam current (9.7–13 mA) of the EB and thus the low beam power
the EB was susceptible to disturbances. Such a disturbance can be, e.g., the rising metal
vapor during the process. To counteract metal vapor disturbances, the beam was tilted by
5.7◦, see Figure 3a. The tilting of the EB distorted the beam figure in the horizontal plane.
To correct this, the plates were also tilted at this angle using a swiveling clamping device
(Figure 3b).

Before mounting, the plates were unpacked and cleaned with isopropanol. To mini-
mize oxidation as much as possible, the welding chamber was closed and evacuated about
3 min after unpacking the sample.
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Figure 3. (a) Schematic of the tilted beam; (b) Pivoting clamping device with welded plates.

Before actual welding, the plates were tack welded using the reference figure R with
a current of 6 mA. The tack weld was welded over a length of 290 mm, of which 15 mm
was each slope in and slope out. This slope in/out was not considered for the evaluation,
and therefore, arbitrarily selected; it was intended to provide a smooth entry and exit area
for the weld. After tack welding, a waiting time of 5 min was considered before the actual
welding process was carried out, also with the slope in/out. After welding, a 2 min waiting
time was defined before the chamber was flooded with air, and the plates were removed
from the machine.

2.3. Investigations

From the first experimental set, samples were taken 50 mm from the beginning of the
weld and analyzed metallographically. The longer parts of the weld, about 220 mm each,
were examined for pores using radiographic testing. The second experimental set was only
investigated radiographically.

To investigate the microstructure, cross-sections were prepared using BARKER etch-
ing [18]. The etching was carried out at 25 V with a flow rate of 15 L/min over a time
of 120 s. A light microscope (Zeiss Axio Observer Inverted) was used to view the cross-
sections. Images were taken using polarized light incident at an angle of 3.5◦ on the sample
surface.

To detect the porosity in the welds, radiographic testing was used. The entire length
of the weld was irradiated without further sample preparation. This was conducted with
the Yxlon Cheetah system, which was operated with a microfocus X-ray tube. The working
voltage of the tube was 120 kV at 90 mA current. The radiography resulted in 15 X-ray
images covering the entire length of the weld. An example image is shown in Figure 4a.
First, the images were automatically analyzed using the Yxlon Fgui software with 14×
magnification. Then the X-ray images were manually re-inspected and the data were
corrected as the software also identified non-porosity related objects (e.g., weld butts) in
the areas of weld start/end see Figure 4b.

The chemical composition combined with the microstructure of welds and the base
material was analyzed using an EPMA (Electron Probe Microanalyzer, JEOL JXA8530F
Plus Hyper Probe) equipped with a Schottky field emission gun on the welded reference
sample. Therefore, several cross-sections through welds (with and without visible pores)
were pre-selected from the light microscopic investigations, polished and C-coated. Images
were recorded in the backscattered electron (BSE) and in the secondary electron (SE)
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modes at 15 kV acceleration voltage and 20 nA beam current. Semi-quantitative elemental
distribution images of aluminum, magnesium, silicon, manganese and iron were acquired
from selected areas with the same acceleration voltage, a beam current of 50 nA, a dwell
time of 15 mS and a focused beam. The dimension of the mapping showing both sides of
the fusion line (Figure 7 and Figure A3) is 1000 × 350 px and was recorded with a 1μm
step size, while mappings with a large pore (Figure 8 and Figure A4) are 1000 × 1000 px
and were recorded with a 0.5 μm step size. The quantification of the individual element
mappings in wt.% was performed against certified pure metal standards. The quantitative
single spot analyses were performed on the Al-phase both in the welds and base material.
The Si-eutectic and other phases were not investigated. The analytical conditions were
as follows: 15 kV accelerating voltage, 20 nA beam current and a defocused beam with a
diameter of 40 μm. The full quantitative chemical analyses were also standardized against
certified pure metal standards and included the following elements: Al, Si, Mg, Fe, Cu, Zn,
Mn and Cr. The counting times on peak and on both sides on the background positions
were 20 and 10 s, respectively. The detection limits were 117 ppm for Al, 89 ppm for Si,
140 ppm for Mg, 238 ppm for Fe, 294 ppm for Cu, 639 ppm for Zn, 216 ppm for Mn and
246 ppm for Cr. Results presented in Table 3 show integrated averages in wt.% from the
highlighted areas in Figure 7 and Figure A4. For the single spot analyses, mean values
for the weld areas (n = 27) and the base material (n = 18) are shown. The results of the
individual single spot analyses are placed in the Appendix A (Table A1).

Figure 4. (a) example of an X-ray image of the test series D with different sized pores; (b) misinter-
preted weld butt at the end of the weld.

Table 3. EPMA results from the single spot analyses and the integrated mapping areas; SD: standard
deviation; bld.: below detection limit.

Quant Results
Single Spot

Analyses
Al Si Mg Fe Mn Cr Cu Zn Total

[n] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%]

Avg. base
material

18 96.21 1.06 0.85 0.42 0.64 0.13 0.10 0.13 99.54

±(SD) 0.99 0.30 0.16 0.42 0.24 0.04 0.02 0.02 0.30

Avg. weld 27 96.08 1.27 0.49 0.49 0.68 0.14 0.10 bld. 99.24

±(SD) 0.50 0.28 0.05 0.09 0.04 0.01 0.02 - 0.29

Semi-Quant
Results

Integrated
Mapping Area

Al Si Mg Fe Mn Cr Cu Zn Total

[mm2] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%]

Avg. base
material

38.62 (Figure 7) 96.45 1.12 0.93 0.55 0.56 not analyzed 99.61

Avg. weld 30.19 (Figure 7) 97.02 1.21 0.56 0.63 0.58 not analyzed 99.99

Avg. weld
0.44 (Figure 8 and

Figure A1) 96.82 1.18 0.52 0.61 0.58 not analyzed 99.71
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3. Results

3.1. Metallography

The cross-sections showed little difference in shape and microstructure (Figure A2). In
Figure 5a, the cross-section of reference R is shown. The microstructural investigation valid
for all welding tests clearly revealed two different areas, a dendritic area starting from the
fusion line and a globular area in the center of the weld. The globular region represents
equiaxed grains, as shown by a longitudinal section in the middle of the weld (Figure 5b).

Figure 5. (a) cross-section of the reference figure R; (b) longitudinal section of the reference figure.

3.2. Porosity

The results shown in Figure 6 are from the second set of experiments. The diagram
shows, on the one hand, the number of pores and on the other hand a boxplot diagram [19]
of the pore diameters. It can be seen that there are significant differences between the tests,
in terms of the number of pores, and the average pore diameter. For instance, series B has
the lowest number of pores (7), but the largest average pore diameter (0.80 mm). On the
contrary, series A has the most pores (54), but the smallest average pore diameter (0.20 mm)
and a low deviation around the average pore size. Series D recorded a high number of
pores (52), the second largest average pore size (0.58 mm) of all tests, and by far the largest
deviation around the average. Series C emerged with a relatively low number of pores (18),
while also having a relatively low average pore diameter of 0.22 mm. The reference test
R and series E had similar numbers of pores (R: 35; E: 30). However, these two tests had
slightly different average pore sizes of 0.30 and 0.24 mm.

3.3. Chemical Composition and Microstructure Revealed by EPMA

The following investigations were performed on samples that were welded with the
reference beam figure R. The intense heating as a consequence of the EBW process clearly
caused (micro)structural and chemical modifications to the Al-alloy. Figure 7, for example,
shows an elemental mapping of magnesium. The fusion line (indicated in red) is well
visible and it marks a distinct structural and chemical border between the base material
(right side) and the weld area (the left side of the image is the center of the weld). The Mg
distribution shows a more homogeneous distribution and the presence of relatively large
Mg and Si containing phases in the base material, which is due to the aging process of
the alloy. On the contrary, in the weld, the Mg is depleted and much less homogeneously
distributed. The quantification of the map and the results from the single spot analyses (see
Tables 3 and A1) both indicate that the resolidified weld contained approximately 40 wt.%
less Mg compared to the base material. For all the other elements, the analyses of the base
metal match well with the boundary values given for AW6082 (see Table 1). Besides the Mg
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depletion, a clear reduction of Zn was recorded. In the base material 0.13 ± 0.02 wt.% Zn
was found while in the weld the Zn-content was below the detection level of ≈600 ppm.

Figure 6. Number of pores and their pore diameter distribution from the second set of experiments.

Figure 7. Detection of magnesium in the weld (left) via the fusion line (red dotted line) into the base
material (right).

Very similar results were acquired around a large pore with a diameter of ≈600 μm
which is shown in Figure 8. The integrated average compositions of the highlighted areas
in Figures 7 and 8 revealed almost identical values for Al, Si, Mg, Fe and Mn. However,
it is visible in Figure 8a,b that Al is depleted and Mg strongly enriched at the edge of the
pore. The darker areas on the BSE image (indicated in Figure 8c) correspond well with the
Mg-enrichment visible in Figure 8b. Further zooming into this area utilizing a SE image
(Figure 8d), the Mg enriched zones display a foamy microstructure.
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Figure 8. Elemental mapping in the area of a pore of (a) aluminum and (b) magnesium; (c) BSE image
of pore edge; (d) SE image with highlighted foamy Mg-rich region.

4. Discussion

It was shown that beam oscillation has a significant effect on the pore formation in the
weld of AW6082. However, it is difficult to describe the exact relationship between beam
figures and pore formation. Thus, no difference in the structure of the welds was detected,
which would indicate a mechanism. The structures of the welds show a wide range of
equiaxed grains, which were also detected by Whang et al. [12]. They show the influence
of different oscillation directions on grain growth using laser welding. Thus, the circular
motion in their study showed a wide range of equiaxed grains. Since the used figures are
based on superimposed oscillations with which the circle is also parameterized, a wide
range of equiaxed grains was also detected in this study.

It is evident that the resulting energy fields can promote the outgassing of bubbles.
Similar results regarding beam deflection and porosity were also shown by Kabasakaloglu
et al. [13] and Chen et al. [14] in their investigation of laser welding, although they only
considered one figure (“8” & “∞”). However, by varying different welding parameters,
such as focus and frequency, they also presented different modes of energy input.

In this study, it was found that a partial shift of the maximum energy input towards
the center of the weld had a positive effect on reducing the porosity, as in the case of series C.
Minor improvement regarding pore size and amounts were obtained by using a two-bath
technique (series E) in comparison to the reference figure. Surprisingly, series A and B,
which should act as a link between a one and two bath technique, gave contradictory results
in terms of pore size and number. Since A and B were performed using the same figure
type, it is clear that the energy distribution significantly influences the porosity, because the
figures have different functions in the energy distribution and are also different in size.

Using a narrower figure with the intention to produce a narrower weld in order
to provide less space for pores to be formed did not prove to be effective. This finding
is contradictory to the ones reported by Chen et al. [14]: in their study, the narrowest
amplitude (0.7 mm) also had the lowest porosity (14%). However, the narrowest amplitude
from Chen et al. [14] was 1.5 larger than the standard amplitude of 0.45 mm used in this
study. In the aforementioned studies, welds with different parameters and beam oscillations
were investigated, but this was limited to one weld per parameter set, which was never
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longer than 200 mm. These experiments are comparable to the first set of experiments in
this study, where welds with 220 mm were also examined with regard to porosity. In the
second set of experiments, it could be shown that both low and high porosity (series D) can
be welded reproducibly.

Kabasakaloglu et al. [13] and Chen et al. [14] showed that frequency affects both
porosity and seam geometry. Both studies showed that with higher frequency, the ratio
of weld-width to -depth became less. Both concluded that there is no stable keyhole and
that it is heat conduction welding. The same conclusion is drawn from this study—the
weld is very wide concerning its depth, so it is also assumed to be heat conduction welding.
This fact excludes the formation of pores by a keyhole. Likewise, other pore formation
mechanisms, such as the penetration of hydrogen into the melt or the formation of a gas
phase between aluminum oxide and liquid aluminum, as described by Fujii et al. [7], can be
ruled out as the main pore formation mechanism in our study. By mechanical removal of the
oxide layer and subsequent airtight packaging, re-oxidation of the aluminum was largely
suppressed. A short time window between unpacking and evacuation of the welding
chamber kept the progress of oxidation to a minimum. The low oxidation and the vacuum
in the chamber also minimized the contributed hydrogen, which is often seen as the main
reason for pore formation in other welding processes, as described by Ardika et al. [4].

Zhan et al. [5] and Zhou et al. [6] looked specifically at the outgassing of Mg in
AA6061/AA5052 in their studies on EBW and fiber laser welding. The experiments in both
studies were performed with rotationally symmetrical heat sources on thicker sheets (3 and
4 mm, respectively), which resulted in wider welds. Thus, in both works, the Mg content
was detected concerning the weld depth and the weld center. However, the averaged
decreases of Mg were similar to the results of the present work. However, the gradient
shown by both Zhan et al. [5] and Zhou et al. [6] was not detected in this work.

In our study, we demonstrated that the main mechanism of pore formation in the
AW6082 alloy under the given parameters (especially vacuum pressure) is the evaporation
of magnesium. Zinc plays a minor role since it is present in lower concentrations (~ 0.1 wt.%)
compared to magnesium (~0.9 wt.%). A direct correlation between the outgassing of these
elements and the beam pattern could not yet be recognized, since at this point of the research
only the reference figure R could be investigated with EPMA. Complete avoidance of
porosity, therefore, seems unlikely, and further research on this topic is required.

5. Conclusions

In this study electron beam welding with newly developed welding configurations was
performed on AW6082 plates. The following points comprise the most important findings:

• The beam figure and consequently the energy input influences the porosity, but the
direct relationship between beam deflection and pore formation is still unclear.

• It was possible to reproducibly avoid (Series B) and create (Series D) pores.
• The pore size will also be influenced by the beam figure. However, a direct correlation

between pore number and pore size could not be established.
• Outgassing of the alloying elements magnesium and zinc were identified as the main

pore formation mechanism.
• Considering that magnesium and other elements will never completely outgas from

the material, pore-free welding in a high vacuum is improbable.
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Appendix A

Figure A1. Test matrix from the first set of experiments. Marked in red are the six chosen figure
configurations and their parameters which were applied in the second set of experiments.

Figure A2. Cross-sections from the first set of experiments. The microstructures outlined in red are
the representatives for the second set of experiments and marked like this.
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Table A1. Single spot EPMA analyses of the Al-phase in the base material and in welded areas. bld.:
below detection limit.

Al Si Mg Fe Mn Cr Cu Zn Total
Single Spot

Analysis [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%]

Base material 01 96.74 0.86 0.84 0.06 0.49 0.12 0.08 0.14 99.32

Base material 02 94.47 1.53 0.78 1.35 1.19 0.19 0.12 0.14 99.77

Base material 03 97.16 0.87 0.84 0.16 0.45 0.08 0.12 0.13 99.82

Base material 04 95.56 1.16 0.81 0.67 0.92 0.20 0.07 0.15 99.55

Base material 05 97.44 0.68 0.83 bld. 0.27 0.07 0.08 0.10 99.47

Base material 06 96.47 1.01 0.85 0.38 0.56 0.10 0.10 0.11 99.58

Base material 07 97.02 0.84 0.84 0.11 0.49 0.11 0.09 0.11 99.61

Base material 08 97.23 0.76 0.83 0.05 0.44 0.16 0.07 0.15 99.69

Base material 09 94.57 1.85 1.50 0.99 0.96 0.18 0.12 0.13 100.30

Base material 10 97.02 0.82 0.81 0.09 0.49 0.12 0.10 0.10 99.55

Base material 11 96.80 0.96 0.82 0.11 0.53 0.14 0.14 0.12 99.62

Base material 12 94.62 1.43 0.80 0.90 0.81 0.11 0.10 0.16 98.93

Base material 13 96.83 0.96 0.79 0.16 0.47 0.12 0.14 0.11 99.60

Base material 14 96.99 0.86 0.81 0.13 0.44 0.10 0.09 0.14 99.56

Base material 15 95.74 1.04 0.80 0.48 0.69 0.14 0.06 0.13 99.08

Base material 16 95.06 1.31 0.79 1.16 1.01 0.17 0.11 0.15 99.76

Base material 17 96.69 0.91 0.80 0.19 0.48 0.10 0.10 0.10 99.39

Base material 18 95.31 1.16 0.80 0.64 0.80 0.16 0.08 0.13 99.08

Weld 01 96.02 1.01 0.44 0.58 0.73 0.15 0.12 bld. 99.12

Weld 02 96.08 1.28 0.56 0.50 0.71 0.13 0.12 0.09 99.47

Weld 03 96.45 1.03 0.48 0.49 0.73 0.13 0.08 bld. 99.43

Weld 04 96.29 1.07 0.47 0.43 0.66 0.13 0.11 bld. 99.22

Weld 05 96.51 1.10 0.49 0.36 0.62 0.13 0.11 bld. 99.34

Weld 06 96.28 1.24 0.45 0.44 0.67 0.17 0.08 bld. 99.39

Weld 07 96.30 1.22 0.51 0.39 0.63 0.13 0.15 0.09 99.42

Weld 08 96.43 0.95 0.45 0.55 0.71 0.13 0.11 bld. 99.38

Weld 09 97.40 0.70 0.38 0.27 0.58 0.12 0.09 bld. 99.59

Weld 10 96.36 1.04 0.43 0.57 0.75 0.16 0.08 bld. 99.46

Weld 11 95.68 1.44 0.48 0.57 0.74 0.17 0.12 bld. 99.26

Weld 12 96.02 1.56 0.50 0.54 0.71 0.14 0.09 bld. 99.57

Weld 13 96.83 1.14 0.49 0.51 0.68 0.14 0.10 bld. 99.92

Weld 14 95.46 1.53 0.46 0.69 0.76 0.14 0.11 bld. 99.19

Weld 15 96.60 1.13 0.52 0.42 0.69 0.14 0.10 bld. 99.61

Weld 16 96.42 1.34 0.56 0.47 0.64 0.16 0.07 bld. 99.71

Weld 17 95.76 1.43 0.52 0.54 0.67 0.15 0.11 bld. 99.24

Weld 18 95.67 1.57 0.52 0.51 0.68 0.14 0.09 0.07 99.24

Weld 19 95.71 1.91 0.53 0.52 0.68 0.17 0.13 bld. 99.67

Weld 20 95.69 1.10 0.48 0.52 0.69 0.11 0.07 bld. 98.73

Weld 21 96.04 1.07 0.44 0.52 0.68 0.14 0.13 0.08 99.10

Weld 22 95.34 1.60 0.49 0.45 0.68 0.16 0.10 bld. 98.83

Weld 23 96.07 1.29 0.48 0.47 0.65 0.13 0.11 bld. 99.21

Weld 24 96.01 1.30 0.54 0.44 0.67 0.13 0.09 bld. 99.25

Weld 25 96.34 0.99 0.39 0.27 0.59 0.15 0.06 bld. 98.80

Weld 26 94.98 1.95 0.49 0.57 0.72 0.14 0.11 0.08 99.03

Weld 27 95.32 1.29 0.59 0.50 0.70 0.15 0.12 0.10 98.76
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Figure A3. (a) BSE image and elemental distribution mappings: (b) Al, (c) Si, (d) Mg, (e) Fe, (f) Mn.

Figure A4. (a) BSE image showing a large pore (Ø≈0.7 mm) in a weld. The integrated area of all
three indicated yellow rectangles were used to semi-quantitively evaluated the elemental mappings
for Al, Mg (both shown in Figure 8), (b) Mn, (c) Si and (d) Fe.
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Abstract: The paper presents a program for simulating electron scattering in layered materials
ProxyFn. Calculations show that the absorbed energy density is three-dimensional, while the con-
tribution of the forward-scattered electrons is better described by a power function rather than the
commonly used Gaussian. It is shown that for the practical correction of the proximity effect, it
is possible, nevertheless, to use the classical two-dimensional proximity function containing three
parameters: α, β, η. A method for determining the parameters α, β, η from three-dimensional
calculations based on MC simulation and development consideration is proposed. A good agreement
of the obtained parameters and experimental data for various substrates and electron energies is
shown. Thus, a method for calculating the parameters of the classical proximity function for arbitrary
layered substrates based on the Monte Carlo simulation has been developed.

Keywords: electron-beam lithography; Monte Carlo method; proximity function; electrons scattering

1. Introduction

One of the most common methods for creating micro- and nanostructures in mi-
croelectronics is electron-beam lithography (EBL). Although EBL is less productive than
photolithography, it turns out to be very convenient to create small structures consisting
of elements of very different sizes. This makes it in demand when creating micro- and
nano-objects for scientific research. Such structures can be used for studies of supercon-
ductivity [1,2], X-ray radiation [3–5], electrophysical properties of various materials (for
example, graphene [6,7]) and in many other areas of physics.

One of the features of EBL is the effect of electrons back-scattered in the substrate
on the electronic resist. In this case, they carry out additional exposure of the electron
resist on an area usually much larger than the size of the primary electron beam. This
effect is commonly called the “proximity effect” [8]. Taking into account the influence and
correction of the “proximity effect” on the dose absorbed by the electronic resist allows
increasing the accuracy of electron lithography, shortens the time to fabricate structures
and increases the yield of a suitable product, since it reduces the sensitivity of lithography
to random errors. To correct the influence of the “proximity effect” when calculating the
exposure dose, the proximity function (PF) is used, i.e., the distribution of the absorbed
energy in the electron resist during electron-beam scattering.
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The classical PF I (x,y) consists of two Gaussians [8], does not change over the depth
of the resist film z, is dimensionless and is normalized to unity [9,10]. It is written in the
following form:

I(x, y, α, β, η) =
exp

(
−( r

α

)2
)

πα2(1 + η)
+ η

exp
(
−
(

r
β

)2
)

πβ2(1 + η)
(1)

where r2 = x2 + y2, η is the ratio of the total energy left by the reflected electrons to the energy
of the forward-scattered electrons. The first Gaussian in (1) describes the distribution of
the energy left in the resist by the forward-scattered electrons (characterized by parameter
α), and the second one describes the distribution of the energy left in the resist by the
back-scattered electrons (characterized by parameter β) [11,12].

From (1), it follows that for the practical use of PF it is necessary to know the values
of the parameters α, β, η. The experience of practical correction [10,13,14] and extensive
simulations [15–17] show that the three parameters found in the experiment are in most
cases quite enough to obtain the required lithography accuracy.

There is a large number of works devoted to calculations [12,18–20] and to experimen-
tal measurements of PF [21–23]. The MC method [24] has long been used for determining
the parameters of different functions describing the proximity effect [12,18–20] by fitting
the functions to the MC calculated spatial (3D) distribution of absorbed energy. Figure 1
shows the distribution of the absorbed energy density G (r, z) for a PMMA film of thickness
H0 = 1um on a silicon substrate, calculated by the Monte Carlo method. It can be seen
that G (r, z) varies in the thickness of the resist and is really a 3D function. For fitting
the 2D proximity function to 3D data, usually a distribution of absorbed energy at the
boundary resist–substrate (i.e., G (r, z = H0)) was used [12,18–20]. However, our experience
has shown that consideration of the distribution only at the resist–substrate interface or
averaging over the resist thickness does not allow one to obtain PF parameters that are in
good agreement with the experimental values [21]. A particularly large discrepancy arises
in the determination of the η parameter. Obviously, the cause is ignoring the process of
development. Experimental methods for determining the PF parameters inevitably include
development processes in the measurement procedure. When considering experimental
methods, we prefer methods using resist development time (“vertical” methods) [21,22],
over methods using measurements of the transverse dimensions of test features such as
line widths or ring widths (e.g., [23]) (“horizontal” methods). Experimental determination
of PF parameters is a laborious process and can take [21] several days or even weeks. The
Monte Carlo calculation takes a few minutes.

Therefore, the purpose of this work will be to develop an exclusively computational
method for obtaining the parameters α, β, η of the 2D classical proximity function from
the 3D absorbed energy density calculated by the Monte Carlo method with careful con-
sideration of development. For comparison, experimental data αe, βe, ηe will be taken
from [21].
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Figure 1. The results of the Monte Carlo calculation of the integral density of the absorbed energy
Gr(r, z). The values of the iso-levels of the density of the absorbed energy: 1, 2, 3, . . . eV/nm. The
resist film thickness (PMMA) is 1 micron. The substrate is Si (300 μm). The initial energy of electrons
is 25 keV. The number of trajectories considered is 200,000.

2. Theory and Calculation

2.1. Calculation of Electron Scattering in Layered Materials by the Monte Carlo Method

We have developed an algorithm and implemented it in the ProxyFn program for
the fast simulation of electron scattering in layered materials [25,26]. The structure of
the algorithm is close to the one described in the work [24], but all expressions for the
calculation are taken from the book by L. Reimer [27].

In the Monte Carlo simulation, it is assumed that electrons “move” in a straight line,
continuously losing energy, until elastic scattering. A new direction of electron “moving”
is played out using a screened Rutherford cross section [27]. The length of the straight
segments is chosen randomly based on the total cross section of elastic scattering along
the trajectory. Before scattering, in correspondence to the continuously slowing down
approximation, the electron energy decreases, taking into account the length of the segment
and the current value of stopping power (for details see [12–17,24]).

In calculations, the sample is a layered structure consisting of an arbitrary number of
layers and arbitrary materials. For convenience, the sample is automatically divided into
cells by a grid. In the cells of the partition grid (ri, zj), the energy of electrons E (ri, zj) left by
them when passing through these cells and the number of stopped electrons N (ri, zj) are
remembered. Additionally, the coefficients of reflection and transmission of electrons from
the entire sample are determined, as well as the coefficients of the absorption of electrons
and energy in all layers. To start the calculation, it is necessary to know only the starting
energy of electrons, film thickness, chemical formulas of materials and their density. For
many elements and materials, the chemical composition and density can be selected from
the built-in database.

To speed up the calculation, a cylindrically symmetric and nonuniform grid ri, zj with
center r = 0 on the beam axis is used. The z axis is perpendicular to the layers and directed
from the outer boundary of the resist to the sample. z = 0, r = 0 is the point of entry of
electrons into matter. The partition grid is set automatically.
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The calculation does not consider the generation, scattering and absorption of sec-
ondary electrons, to which the fast electron gives up energy during deceleration. Although
it is the secondary electrons with energies up to 50 eV that do all the “work” of breaking
chemical bonds or forming bonds in resist molecules, their track length in materials does
not exceed 10 nm [28] and can be taken into account by the convolution of the calculated
absorbed energy density with the corresponding Gaussian. The Monte Carlo calculations
also do not take into account the charging of dielectric layers, which can significantly
change the trajectory of an electron. We believe that this problem can be effectively dealt
with in electron lithography (for example, by applying a conductive film to the resist and
grounding it, or by using a conductive resist). The PF calculation time for ten thousand
trajectories takes several minutes.

2.2. Integral Proximity Function: Fitting of Absorbed Energy Distribution by Elementary Functions

It is not very difficult to implement the Monte Carlo algorithm for simulating electron
trajectories. Difficulties arise when analyzing the calculation results and fitting the simu-
lation results. After enumerating a large number of options, the following function was
chosen to interpolate the density of the distribution of the electron absorbed energy G(x,y,z)
in the sections z = const:

G(x, y, z) = Cδ(z)δ(x)δ(y) +
Ca(z)(

1 +
(

r
α(z)

)2
)2

πα2(z)

+

Cb(z) exp
(
−
(

r
β(z)

)2
)

πβ2(z)
(2)

where r is the distance to the beam axis. The first (delta-shaped) element in expression (2)
describes the electrons of the primary beam, which have not experienced one scattering
on atomic nuclei. The second and third elements in (2) describe (on a qualitative level)
singly and multiply scattered electrons, respectively. The coefficient Cδ(z) in the first
approximation decreases exponentially with the penetration depth z, as

Cδ(z) = exp(−z/L f )

where Lf is the free length. It is inversely proportional to the total cross section of electron
scattering in the resist and is equal to several tens of nanometers (about 80 nm for 25 keV
electrons in PMMA). In the experiment, it is not easy to separate the first and second
elements in expression (2) due to the fact that the initial electron beam is not delta-shaped.

Note that the fitting parameters Cδ(z), Ca(z), Cb(z), α(z) and β(z) depend essentially on
the depth z and, in this case, the relation α(z) << β(z) is fulfilled.

To search for the fitting parameters Cδ(z), Ca(z), Cb(z), α(z) and β(z), it is convenient
to use not the distribution density G(x,y,z) itself, but the integral density of the absorbed
energy Gr(r,z) obtained from the expression:

Gr(r, z) =
∫ ∞

r
2πr′dr′G(r′, z) (3)

Note that the integral density Gr(r,z) can be given a physical meaning. Consider a
special structure in the form of an infinite plane with a cut out circle of radius r. It turns out
that exposure of such a structure with a single dose leads to the absorbed energy density
dE/dz at the center of the circle just equal to Gr(r,z).

Using (2)–(3), we obtain for the three-dimensional proximity function:

Gr(r, z) = Cδ(z)Θ(r) +
Ca(z)

1 +
(

r
α(z)

)2 + Cb(z) exp

(
−
(

r
β(z)

)2
)

(4)
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here

Θ(ρ) =

{
1, ρ = 0
0, ρ > 0

On the other hand, the integrated absorbed energy density Ir(x,y) in the case of the
classical proximity function (1) will be equal to:

Ir(r, α, β, η) =

∞∫
r

2πr′dr′ I
(
r′, α, β, η

)
=

exp
(
−( r

α

)2
)
+ η exp

(
−
(

r
β

)2
)

1 + η
(5)

Figures 1 and 2 show an example of calculating the integrated absorbed energy density
Gr(r,z) and its approximation for a 1 μm thick PMMA e-beam resist film on a 300 μm thick
silicon substrate at an initial electron energy of 25 keV. The number of trajectories considered
is 200,000. The classical PF consisting of two Gaussians does not approximate Gr(r,z) very
well, and function (4) completes it almost ideally in all sections z.

−

−

−

−

Figure 2. The results of fitting the integral density of the absorbed energy, calculated by the Monte
Carlo method, by two different functions (4) and (5) for four cross sections in z: −25 nm, −225 nm,
−525 nm and −975 nm. The resist film thickness (PMMA) is 1 micron. The substrate is Si (300 μm).
The initial energy of electrons is 25 keV. The number of trajectories considered is 200,000.

Thus, the depth-dependent three-dimensional PF G(r,z) can, in principle, be used to
correct the proximity effect in e-beam lithography. However, a three-dimensional PF has
significantly more fitting parameters than a classical PF with only three fitting parameters
(б, в, з). This leads to a complication of calculations. On the other hand, as mentioned,
the practical use (to correct the “proximity effect”) of the classical PF leads to good results.
Therefore, our next purpose is to determine the effective parameters of a two-dimensional
PF from the three-dimensional Monte Carlo simulation results.

2.3. Fitting with Three Parameters: Analogue of Experiment

An experimental method for determining the classical PF I(x,y,α,β,η) (1) was proposed
in [21]. The idea of the method is to search for such parameters (б, в, з) so that the test
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structure, consisting of elements of different sizes, after correcting the proximity effect
(calculating the corrected dose based on the classical PF I(x, y, α, β, η)) and exposure the
positive resist, will be revealed exactly to the substrate in the center of each element. This
experimental method and the measured parameters б, в, з from [21] have been used for
more than 20 years to correct the proximity effect in the NanoMaker software and hardware
complex for electron-beam lithography (www.nanomaker.com, accessed on 26 May 2022)
with consistently good results.

A similar method to search for the parameters of the classical PF I(x,y,α,β,η) is used
in this work. As in the experimental method, the calculation of the exposure dose T(x,y)
(electron density per unit area) is based on the classical PF I(x,y,α,β,η) from expression (1),
but the simulation is performed instead of actual exposure and development. The absorbed
dose (density of absorbed energy per unit volume) D(x,y,z) in the simulation is calculated
based on the three-dimensional PF G(x,y,z) obtained by Monte Carlo from expression (2).
For the dimensionless classical PF I(x,y,α,β,η), the distribution of the absorbed dose D(x,y)
is as follows:

D(x, y)/D0 =
�

I(x − x′, y − y′, α, β, η)T(x′, y′)/T0dx′dy′ (6)

The development of a positive e-beam resist is simulated in the approximation of
isotropic, local etching [29,30]. Then, the development rate V can be written as follows:

V/V0 = (D/D0)
γ (7)

where γ is the contrast of the resist; and D0, V0 are the technological constants. For a positive
e-beam resist, the sensitivity T0 is defined as the exposure dose at which an element with
dimensions much larger than в is revealed in the center exactly to the substrate.

A brief description of the approach presented in Appendix A is as follows. The
proposed method consists in considering a number of circular elements of different sizes R.
Exposing a circle with a uniform exposure dose results in an absorbed dose distribution
with a maximum exactly at the center of any circular element at all resist depths z. From
isotropic local etching theory [26,30], it follows that the development front reaches the
substrate for the first time namely at the center of the round. Development times TR and Ti

R
calculated for two different exposure models (for classical PF (5) and for three-dimensional
PF (4)) are dependent on element radius R. Due to the simplicity of the elements, these
times can be easily calculated by formulas. Further, such parameters of the classical PF б, в,
з are searched with a special procedure that minimizes the objective function (9) using the
ratio of the times TR/Ti

R.
To search for б, в, з, a set of 10 round elements of radius Rn (n = 1, . . . ,10) was used.

The Rn value varied from the minimum value α(z) to the maximum value β(z), 0 ≤ z ≤ H0,
where α(z), β(z) are the interpolation parameters of the integrated density of the absorbed
energy Gr(r,z).

The Appendix (A4) shows that the exposure dose ratio

TR

Ti
R
=

(
H0∫
0

dz
Grγ(0,z)

)1/γ

(1 − Ir(R, α, β, η))

(
H0∫
0

dz
(Gr(0,z)−Gr(R,z))γ

)1/γ
(8)

does not contain technological parameters D0, V0, t0 and can be calculated relatively easily.
The exposure dose ratios (8) were calculated (for the given parameters б, в, з) for the entire
set of circles Rn, and the objective function was composed from them.

S = ∑
n

(
TR,n

Ti
R,n

− 1

)2

(9)
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Further, the values of the parameters αs, βs, ηs were determined by minimizing S(α, β,
η). This method allows us to calculate quickly the parameters of a classical PF, depending
on the thickness of the resist, the type of substrate (including the possible layered structure
of the substrate), electron energy, etc.

3. Results and Discussion

A comparison of the experimental parameters αe, βe, ηe and those obtained from
the simulation based on Monte Carlo calculations αs, βs, ηs бs is necessary to verify the
correctness of our chosen physical and mathematical models of electron scattering and
resist development, as well as to verify the accuracy of calculations. It seems to us that a
quantitative assessment of the accuracy of the Monte Carlo calculation (at least for thick
resists) has not been performed before.

The experimental data were taken from [21]. In the experimental method used in this
work, each of the three parameters αe, βe, ηe was measured in a separate test. All tests
used a PMMA electronic positive resist (chemical formula CH2C(CH3)(COOCH3), density
1190 kg/m3). In calculations based on the Monte Carlo method, all three parameters αs, βs,
ηs were searched simultaneously.

First, the data on the beam size б will be compared, and then the results of calculating
в and з. The value of б depends on the energy, thickness and material of the resist and
does not depend at all on the type of a substrate. In addition, the experimental value of бe
is influenced by the initial beam size б0, which is determined by the electron microscope
setting (focusing, astigmatism) and beam jitter. In fact, the value of бs obtained by the

Monte Carlo method should be compared with parameter
√

α2
e − α2

0.
Table 1 shows a comparison of the size of the forward-scattered electron beam б,

obtained from the бe experiment (except the initial beam size б0) and calculated on the
basis of the Monte Carlo method бs for three energies E = 15, 25 and 35 keV and a set
of resist thicknesses H0 = 100, 200, 500, 1000 and 1500 nm on a silicon substrate. The
experimental data бe were interpolated by the formula α2

e = AEH3
0 /E2 + α2

0, where the
constants AE and the initial beam dimensions б0 for different energies E were obtained from
the experiment [21]. In the Monte Carlo calculation, the beam was assumed to be absolutely
thin. Table 1 shows that the experimental data for бe and the results of calculating бs are in
good agreement.

Table 1. Comparison of the parameters of the proximity function αs, (obtained by the method
described above based on the Monte Carlo calculation) and αe, (calculated from the results of
interpolation of experimental data [21]), for three values of the electron energy E and different
thicknesses H0 of the PMMA resist. The substrate is Si.

E, keV 15 25 35

H0, nm αe, nm αs, nm αe, nm αs, nm αe, nm αs, nm

100 6 4 3 2 2 1

200 16 12 10 6 7 5

500 64 56 39 30 28 20

1000 182 183 110 96 79 65

1500 334 342 202 196 145 130

A comparison of the calculated (βs, ηs) and experimental (βe, ηe) for various substrates
and accelerating voltages can be carried out using the data in Tables 2–4. For all cases,
a positive PMMA resist 500 nm thick with a contrast γ = 3 was used. The values of αs,
βs, ηs turned out to be stable with respect to the change in contrast, and hardly changed
for г = 2.5, 3 or 4. For comparison, the experimental data for Si, GaAs, Al2O3 and mica
from [21] were used; the data for Ge and C (diamond) substrates were specially measured
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for this work by the method [21]. The calculated values of βs with an accuracy of ŷ10%
coincided with the experimental values of βe, for з the accuracy was ŷ25%.

Table 2. Comparison of the parameters of the proximity function obtained in the experiment βe, ηe

and as a result of calculating βs, ηs for different energies of electrons E and Si and GaAs substrates.
The PMMA resist (ERP-40) 0.5 μm thick.

Substrate Si GaAs

Density 2330 kg/m3 5350 kg/m3

E, keV βe βs ηe ηs βe βs ηe ηs

11 0.9 0.85 - 0.93 - 0.73 - 1.23

15 1.5 1.33 - 0.87 - 0.92 - 1.24

20 2.2 2.11 - 0.79 1.2 1.17 - 1.23

25 3.1 3.01 0.7 0.73 1.5 1.48 1.4 1.16

30 4 4.08 - 0.69 2 1.85 1.11

35 5.8 5.32 - 0.66 2.3 2.29 - 1.07

39 - 6.39 - 0.63 2.6 2.66 - 1.04

Table 3. Comparison of the parameters of the proximity function obtained in the experiment βe, ηe

and as a result of calculating βs, ηs for different energies of electrons E, Al2O3 substrates and mica.
The PMMA resist (ERP-40) 0.5 μm thick.

Substrate Al2O3 KAl2Si3O10(OH)2 (mica)

Density 3970 kg/m3 2850 kg/m3

E, keV βe βs ηe ηs βe βs ηe ηs

11 - 0.76 - 0.76 0.75 0.81 - 0.81

15 1. 1.02 - 0.72 1.2 1.19 - 0.75

20 - 1.47 - 0.65 2 1.82 - 0.62

25 2 2.05 0.8 0.59 2.7 2.58 0.5 0.61

30 - 2.71 - 0.56 3.7 3.53 - 0.59

35 3.4 3.48 - 0.53 4.8 4.59 - 0.56

39 - 4.19 - 0.52 - 5.54 - 0.54

Table 4. Comparison of the parameters of the proximity function obtained in the experiment βe, ηe

and as a result of calculating βs, ηs for different energies of electrons E, Ge substrates and diamond.
The PMMA resist (ERP-40) 0.5 μm thick.

Substrate Ge C (Diamond)

Density 5323 kg/m3 3500 kg/m3

E, keV βe βs ηe ηs βe βs ηe ηs

11 - 0.73 - 1.26 0.7 0.79 - 0.51

15 0.7 0.92 - 1.28 1.0 1.08 - 0.41

20 1.1 1.15 - 1.24 1.6 1.61 - 0.33

25 1.4 1.46 1.1 1.18 2.1 2.23 0.4 0.3

30 1.8 1.84 - 1.12 2.6 2.96 - 0.29

35 2.5 2.27 - 1.08 3.6 3.87 - 0.26

39 - 2.67 - 1.06 - 4.63 - 0.25
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Note that the parameters в and з did not depend on focusing (if αs << βs) and were
determined only by the properties of the resist, substrate and the initial energy of electrons;
therefore, they have a fundamental value.

4. Conclusions

The algorithm for the fast calculation of the absorbed energy density of electrons G(r)
by the Monte Carlo method for layered materials was described.

To interpolate the calculated absorbed energy density of electrons G(r), a fitting func-
tion (2) was proposed, which described well the distribution of the absorbed energy of
electrons in layered materials depending on the distance to the center of the beam r and on
the depth z. The power member describing the scattering of primary electrons seemed to
be nontrivial and was considered for the first time.

A numerical procedure was proposed that takes into account the development of the
resist and makes it possible to replace the complex 3D distribution of the absorbed energy
with a classical (two-dimensional) proximity function with three parameters б, в, з.

The examples of calculating the parameters αs, βs, ηs of the proximity function were
shown for different energies of electrons and substrates and their comparison with the
experimental data αe, βe, ηe. Calculations of в with an accuracy of ŷ10% coincided with
the experiment; for з, the accuracy was ŷ25%.

Thus, it can be argued that the experimental confirmation of the accuracy of calculating
PF by the Monte Carlo method and the procedure of interpolating PF with three parameters
(б, в, з) has been obtained.
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Appendix A

The ratio of exposure doses is found for classical and three-dimensional proximity
functions. The density of absorbed energy (dose) in the center of a circle with the radius R,
exposed with a constant dose T (density of electrons per unit area), is expressed through
the integral proximity function:

D(R, z) = (Gr(0, z)− Gr(R, z)) T (A1)

For the classical dimensionless PF I(x,y,б,в,з), the absorbed energy distribution is
written as follows:

D
D0

= (Ir(0, α, β, η)− Ir(R, α, β, η))
T
Tr

= (1 − Ir(R, α, β, η))
T
T0

(A2)

In order for the resist to reveal exactly in the center of the circle to the substrate, the
following condition should be held: D/D0 = 1.
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Then, it follows from (A2) that the exposure dose TR should be equal to:

TR =
T0

1 − Ir(R, α, β, η)

The “ideal” exposure dose Ti
R is calculated using the three-dimensional PF. In the

center of each element, the absorbed dose has a maximum on the XY plane in each section
z = const; therefore, a positive electron resist is revealed vertically along the z axis in the
center of the circle [30]. The absorbed dose DR(z) in the center of a circle with the radius
Rn exposed with a certain dose T is obtained from expression (A1). The time t for the
development of a positive resist with a thickness H0 to the substrate in the center of the
circle is t =

∫ H0
0

dz
V(z) . Then for a circle with the radius R:

tR =

(
D0

T

)γ H∫
0

dz
(Gr(0, z)− Gr(R, z))γV0

(A3)

The “ideal” exposure dose Ti
R can be obtained from expression (A3), at which a circle

with the radius R in the center is revealed to the bottom for a given development time t0:

Ti
R =

D0

(V0t0)
1
γ

⎛
⎝ H0∫

0

dz
(Gr(0, z)− Gr(R, z))γ

⎞
⎠

1
γ

The sensitivity of the positive resist T0 can also be calculated using this expression at
R = ∞:

T0 =
D0

(V0t0)
1
γ

⎛
⎝ H0∫

0

dz
Grγ(0, z)

⎞
⎠

1
γ

As a result, the ratio of exposure doses TR/Ti
R is obtained, which does not contain

unknown technological parameters D0, V0 and t0:

TR

Ti
R
=

(
H0∫
0

dz
Grγ(0,z)

)1/γ

(1 − Ir(R, α, β, η))

(
H0∫
0

dz
(Gr(0,z)−Gr(R,z))γ

)1/γ
(A4)
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Abstract: In the current work, the possibility of the recycling of technogenic CoCrMo material by
electron beam melting is investigated. The influence of thermodynamic and kinetic parameters
(temperature and melting time) on the behavior of the main components of the alloy (Co, Cr, and
Mo) and other elements (Fe, Mn, Si, W, and Nb) present in it, and on the microstructure of the ingots
obtained after e-beam processing is studied. The vapor pressure of the alloy is determined taking
into account the activities of the main alloy components (Co, Cr, and Mo). The relative volatility of
the metal elements present in the alloy was also evaluated. An assessment of the influence of the
temperature and the retention time on the degree of elements removal from CoCrMo technogenic
material was made. The results obtained show that the highest degree of refining is achieved at 1860 K
and a residence time of 20 min. The conducted EDS analysis of the more characteristic phases observed
on the SEM images of the samples shows distinct micro-segregation in the matrix composition.

Keywords: technogenic Co–Cr–Mo alloy; electron beam recycling; refining process; degree of removal

1. Introduction

Co-based alloys have been used for more than 80 years as metal biomaterials in dental
and surgical prosthetics. In recent years, Co–Cr alloys, additionally alloyed with Mo, W, Ni,
and Ti, have become widely used due to their high biological tolerance, low carcinogenicity,
excellent mechanical properties and high corrosion resistance [1–6]. An improvement in
the composition of the alloy can also be achieved by adding some alloying elements such
as Si, Nb, and Ir in low concentrations, heat treatments, and developing new processes for
production and casting of alloys [3].

Co-based alloys can be classified into two main groups cast—Co–Cr–Mo alloys and
hot forged Ni–Co–Cr–Mo alloys. They usually contain 58–69% Co, 26–30% Cr, 5–7% Mo,
and other metals such as Ni, Fe, Mn, Si, and W in precisely defined amounts and they are
also known as ASTM F75 alloys [7]. Conventional Ni–Co–Cr–Mo alloys are widely used in
prosthetics and in the manufacture of the so-called “stents” used for coronary heart disease.
They are additionally alloyed with C for greater wear resistance. The main problem with
these alloys is still their low ductility and the release of nickel ions during operation.

Cobalt is a metal that determines the basic mechanical properties of the alloy, such as
hardness, strength, and toughness [8]. Chromium, whose content is up to 30%, provides
biocompatibility and corrosion resistance by forming a protective oxide layer (Cr2O3) that
prevents the diffusion of metal atoms and their contact with oxygen. The molybdenum
content in Co–Cr–Mo alloys is usually about 5%. Molybdenum protects the alloy from the
action of halogens and their compounds. Together with manganese, it contributes to the
fluidity of the alloy. Iron is an inevitable component of the alloy. It improves the machining
of the alloy and reduces its electrochemical stability. Silicon, like manganese, contributes
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to the detoxification and cleansing of the alloy during melting. Carbon protects the alloy
from oxidation. However, its content must be strictly controlled (<0.35%) because it tends
to form carbides with the metals present in the alloy, thus negatively affecting the basic
properties of the alloy such as elasticity and hardness.

There are a number of studies in the literature on the microstructure of Co–Cr–Mo
alloys, taking into account the differences in the composition of the samples, the type,
and content of the alloying elements, the methods of melting and hardening, the melting
temperature, the retention time, etc. [3,6–14].

Co–Cr–Mo alloys can be obtained both by conventional casting processing and by
other alternative methods such as selective laser and electron beam melting, computer-
aided design/computer-aided manufacturing (CAD/CAM) and others [10,11,13–17]. The
electron beam melting (EBM) method, which combines the advantages of vacuum and
high-energy special electrometallurgy, deserves special attention [18–20]. The method
allows for the removal of components and ensures the production of pure metals and alloys
in the processing of technogenic materials [21–24].

In this work, the possibility of recycling of technogenic CoCrMo material (waste
from the dental technology) by electron beam melting to find technological solutions for
refining the alloy is investigated. For this purpose, the influence of thermodynamic and
kinetic parameters (treatment temperature and refining time) on the behavior of the main
components and the alloying elements (W, Fe, Si, Mn, and Nb), and on the microstructure
of the ingots obtained after electron beam melting is studied. Based on thermodynamic
analysis and conducted experiments, an assessment of the efficiency of the refining process
during EBM was made.

2. Material and Methods

The experiments for CoCrMo technogenic material melting were conducted using
EBM furnace ELIT-60 (Leybold GmbH, Cologne, Germany) with power 60 kW at the
Physical problems of the e-beam technologies laboratory of the Institute of electronics,
Bulgarian Academy of Sciences. ELIT-60 is equipped with a melting chamber and one
electron gun with an accelerating voltage of 24 kV. The refined metal material solidifies
in a water-cooled copper crucible with moving bottom [18,22] and the operation vacuum
pressure is 1 × 10−3 Pa.

The tested material is a technogenic CoCrMo alloy—waste from the dental technology,
used in the dental practice for the manufacture of dentures, implants and other products
(Figure 1).

 

Figure 1. Technogenic CoCrMo material.

Data about the chemical composition of the investigated CoCrMo alloy before EBM is
presented in Table 1. The chemical composition of Co–Cr alloy (F75-12) registered in the
ASTM standards for biomedical applications [1] is also shown in Table 1.

The table shows that the investigated technogenic material differs from the ASTM
F75-12 standard in the chemical composition of the main components and the reduced
content of Co and Mo and the high content of the Cr, W, and Si elements require its refining.

A refining of the source material was performed at electron beam power (Pb) of
2.25 kW (T = 1790 K), 3.75 kW (T = 1830 K), 4.50 kW (T = 1845 K), 4.75 kW (T = 1855 K),
and 5.0 kW (T = 1860 K) and refining duration of 10 min, 20 min, and 30 min. For each
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technological mode the changes in the composition and structure of the material after the
e-beam process were controlled. The degree of refining of each of the controlled elements
for each technological mode was calculated.

Table 1. Chemical composition (mass%) of the investigated technogenic CoCrMo material and Co-Cr
alloy (F75-12) according to the ASTM standards.

Sample Co Cr Mo Ni Fe C Mn Nb W Si Others

Initial material 61.0 31.22 4.78 0.0 0.65 0.0 0.43 0.32 0.38 1.09 0.13
ASTM F75-12 balance 27–30 5–7 <0.5 <0.75 <0.35 <1.0 - <0.2 <1.0 <0.49 1

1 P < 0.02, S < 0.01, N < 0.25, Al < 0.1, Ti < 0.1, B < 0.01.

The temperature was determined by an optical pyrometer QP-31 using special correc-
tion filters.

The chemical composition of the source material and the specimens after the EBM
was determined by emission spectral analysis. The baseline and final concentrations were
controlled for both the main components Co, Cr, and Mo as well as for the Fe, Mn, Nb, W,
and Si elements.

The preparation of the samples for the metallographic study includes standard proce-
dure, grinding, polishing, and etching. A reagent Glyceregia prepared from 15 mL of HCl,
10 mL glycerol, and 5 mL HNO3 [25] was used for etching. The time to manifest the macro
and microstructure of the examined samples is ~20 min.

Light microscopy and scanning electron microscopy (SEM) are employed to investigate
the macro and microstructure of the ingots (in the centre and periphery) obtained after
the EBM.

A light microscope Leica DM2500 (Leica Microsystems GmbH, Wetzlar, Germany)
with a digital camera Leica EC3 (Leica Microsystems GmbH, Wetzlar, Germany) was used
for the topographic study of the macrostructure after e-beam processing of the specimens.
The Leica LAS software (Leica Microsystems GmbH, Wetzlar, Germany) was used for
image processing.

The microstructure of CoCrMo alloys was investigated using a Scanning Electron
Microscope JEOL 6390 with INCA Oxford EDS detector and an elemental chemical analysis
of the composition of the phases observed on the SEM/BEC images was made by Energy
Dispersive Spectroscope (EDS) analysis.

3. Results and Discussion

3.1. Thermodynamic Conditions of Element Volatilization during Electron Beam Melting
and Refining

Depending on the thermodynamic conditions of the EBM process and on the type of
the removed component, the refining processes could be realized through the following
methods: degassing—removal of components with a partial pressure, which is higher
than the vapor pressure of the base metal; and distillation—evaporation of more volatile
compounds of the metallic components [18].

Figure 2 shows the vapor pressure values of the pure metals (Co, Cr, Mo, Mn, Fe, Si,
Nb, and W) present in the studied alloy. They are calculated for a temperature range from
1700 K to 2000 K and an operating pressure in the vacuum chamber of 1 × 10−3 Pa. The
calculations were made using the professional thermochemical calculation programme
HSC Chemistry ver.7.1, module “Reaction Equation” [26].

The figure shows that elements such as W and Nb have a significantly lower vapor
pressure than that of the main components of the alloy (Co, Cr, and Mo). Therefore, these
elements cannot be removed from the alloy during the EBM. Out of the other controlled
elements (Si, Fe, and Mn) only manganese has a vapor pressure higher than that of Co,
Cr, and Mo. The iron has a vapor pressure higher than that of Co and Mo and close to
that of Cr, while the vapor pressure of silicon is close to that of cobalt. Therefore, in the
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tested temperature range, these elements can be removed from the reaction surface liquid
material/vacuum. Out of the main components of the alloy, chrome has the highest vapor
pressure while that of Mo is very low. Therefore, more intense evaporation can be expected
only for two (Cr and Co) out of the three elements.

 

Figure 2. The vapor pressure of the pure elements as a function of the temperature in vacuum.

The criterion for assessing the effectiveness of the refining process for multi-component
metal systems where the metal or metal alloy is melted in a vacuum is the relative volatility
(α) [27]. It can be calculated by an equation:

αi =
palloy

pi

√
Mi√

Malloy

(1)

where palloy is the cumulative vapor pressure of the main components of the alloy (Co, Cr,
and Mo); and pi—is the vapor pressure of the other elements present in the alloy (Si, Fe, Mn,
W, and Nb). The molecular mass of CoCrMo alloy (Malloy) is calculated from the expression:

Malloy = MCoxCo + MCrxCr + MMoxMo (2)

where MCo, MCr, and MMo are the molecular masses of cobalt, chrome, and molybdenum
and xCo, xCr, and xMo their mols. Mi are the molecular masses of the other elements present
in the alloy.

When calculating the vapor pressure (palloy) of CoCrMo alloy, it is necessary to take
into account the interaction between cobalt, chrome, and molybdenum in the alloy, i.e.,
their activity. The actual vapor pressure (pj(Me)) of each of these components is:

pj(Me) = Po
Meaj(Me) (3)

where Po
Me is the vapor pressure of the pure metals Co, Cr, and Mo, aj(Me)—the activities of

the same components in the alloy.
A number of theoretical and experimental models for determining the activity of

components in binary systems are known in the literature [28–30]. To determine the Co,
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Cr and Mo activity in the alloy this study uses the methodology based on two-component
diagrams and is presented in [28]. The activity of components in the alloy is calculated
using the equation:

log(aT
j(Me)) = − (To − Tliq)Hf

4574·T·To
+

T − Tliq

T
logxj (4)

where aT
j(Me) is the activity of an alloy element (j) at operating temperature T; To—the

melting temperature of an element; Tliq—the temperature of the liquidus surface at a molar
portion (xj) of the component in the alloy; and Hf—enthalpy of fusion of a given component.

When using Equation (4) or other similar equations, one should keep in mind that
these equations are associated with parameters, which are difficult to determine and
always entail an error [28]. Nevertheless, the activities calculated using these equations
give approximate information about the activity of the components in a more complex
metal system.

Table 2 shows the baseline data and the activities of Co, Cr, and Mo in the investigated
alloy calculated according to Equation (4). The liquidus surface temperatures were deter-
mined based on the binary systems Co–Cr and Co–Mo. The calculations were performed
at an operating temperature of 1860 K and a molar composition corresponding to the
starting alloy.

Table 2. Starting data and activities of Co, Cr, and Mo for initial CoCrMo alloy at T = 1860 K.

Element xj T0, K Hf, kJ/mol Tliq, K T, K Activity, aT
j(Me)

Co 0.614 1768 16,190 1675 1860 0.804

Cr 0.356 2180 16,900 1688 1860 0.446

Mo 0.030 2896 32,000 1765 1860 0.082

To determine the relative volatility (αi) of the metal components present in the alloy,
first the vapor pressure values for pure metals present in the alloy at T = 1860 K were
calculated. For this purpose, regression equations were worked out (Table 3) from the
graphic dependencies shown in Figure 2. The high correlation factor (R2) shows that they
can be successfully used to calculate the vapor pressure of pure metals in the temperature
range of 1600 K to 2000 K. The integral value of the vapor pressure of the alloy at an
operating temperature of 1860 K is also shown in the same table.

Table 3. Regression equations and vapor pressure of the metal elements and alloy at an operating
temperature of 1860 K.

No Equation R2 Po
(Me) pj(Me)

1 pMn = 2E − 6e0.009T 0.9951 3.72 × 101 -

2 pFe = 1E − 13e0.0145T 0.9941 5.15 × 10−2 -

3 pSi = 1E − 15e0.0154T 0.9935 2.74 × 10−1 -

4 pNb = 4E − 32e0.0271T 0.9958 3.10 × 10−10 -

5 pW = 3E − 40e0.0324T 0.9959 4.433 × 10−14 -

pCo = 2E − 14e0.015T 0.9943 2.61 × 10−2 2.1 × 10−2

pCr = 6E − 13e0.0142T 0.9954 1.77 × 10−2 7.89 × 10−3

pMo = 3E − 28e0.0243T 0.9958 7.28 × 10−9 5.97 × 10−10

6 Palloy = pi(Co) + pi(Cr) + pi(Mo) = 2.89 × 10−2

The values of the relative volatility αi of the metal elements in relation to the CoCrMo
alloy at T = 1860 K were calculated using Equation (1) and are shown in Figure 3.
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Figure 3. Values of the relative volatility αi for the metal elements in CoCrMo alloy at 1860 K.

It can be seen that the αi parameter varies in a wide range from 10−3 to 1012. For more
volatile elements such as Mn and Fe located to the left of the CoCrMo alloy, the values
of αi < 1 and therefore their removal from the alloy is thermodynamically probable. For
non-volatile elements (Nb and W) located on the right side of CoCrMo αi � 1 and therefore
their removal is impossible. The removal of Si, whose value is αSi ~ 1, is possible, but it will
be accompanied by significant losses of the alloy mass.

3.2. Refining Efficiency during EBMR of Technogenic CoCrMo Alloy

Table 4 shows the chemical composition of ingots after melting in different technologi-
cal modes (heating temperature and residence time).

Table 4. Process parameters and chemical compositions (mass%) of the specimens before and after
electron beam melting and refining.

Sample
Parameter Concentration of Basic Elements Concentration of Other Elements

T, K τ, min Co Cr Mo Fe Mn Nb W Si Others

Co-0 Initial alloy 61 31.22 4.78 0.65 0.43 0.32 0.38 1.09 0.13

Co-07 1790 20 62.11 31.01 4.96 0.37 0.0 0.31 0.37 0.73 0.14

Co-04 1830 10 62.60 30.51 4.91 0.35 0.0 0.31 0.36 0.83 0.13

Co-05 1830 20 62.92 30.41 4.90 0.31 0.0 0.31 0.36 0.67 0.12

Co-08 1830 30 63.54 29.79 4.99 0.27 0.0 0.31 0.36 0.62 0.12

Co-02 1845 20 63.99 29.35 5.05 0.29 0.0 0.31 0.36 0.56 0.09

Co-03 1860 10 64.14 29.81 4.80 0.18 0.0 0.31 0.35 0.37 0.04

Co-06 1860 20 64.94 28.79 5.06 0.12 0.0 0.31 0.35 0.38 0.05

The analysis of the results shows that as the temperature and retention time increase,
the alloy is enriched in cobalt from 61% to 64.94%. The content of chromium decreases
from 31.22% to 28.79%, and that of molybdenum slightly increases—from 4.78% to 5.06%.
This can be explained keeping in mind that the vapor pressure of chromium is higher than
that of cobalt, while the vapor pressure of molybdenum is much lower than that of Co and
Cr (Figure 2).

For an easier interpretation of the behaviour of elements such as Fe, Mn, Si, Nb, and
W, the influence of the temperature (Figure 4) and the retention time of 1830 K and 1860 K
(Figure 5) on the degree of removal from CoCrMo alloy are expressed graphically. Mn is
not shown in the figures as it is completely removed at 1790 K.
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Figure 4. Influence of the melting temperature on the degree of alloying elements removal from the
technogenic CoCrMo alloy.

 

Figure 5. Influence of the melting time on the degree of elements removal at T = 1830 K and T = 1860 K
from the technogenic CoCrMo alloy.

The influence of the temperature in the range from 1790 K to 1860 K at a retention
time τ = 20 min on the degree of removal of the elements Fe, Si, Nb, and W is presented in
Figure 4. The degree of refining (βi) is calculated using the equation:

β(i) =
Ci(initial) − Ci( f inal)

Ci(initial)
·100 % (5)

where Ci(initial) and Ci( f inal) are the initial and final content of the i-th element in the
alloy, respectively.

The analysis of the results obtained indicates that the Fe and Si removal degree is
constantly increasing with the increase in the temperature and at a maximum operating
temperature (T = 1860 K, τ = 20 min) reaches 81.5% and 65.1%, respectively (Figure 4). With
an extension of the retention time over 20 min, especially at a lower temperature (1830 K),
the removal degree of the two elements changes negligibly. At a higher temperature and
an extension of the retention time from 10 min to 20 min, the removal rate of iron (βFe) is
increased by about 9% and hardly influences that of silicon (Figure 5). With regard to the
more non-volatile elements such as Nb and W, the degree of removal is average ~3% for
niobium and ~6% for W. Therefore, these elements cannot be refined by evaporation even
at the highest temperature and extension of the melting time.
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The conclusions drawn on the basis of the experiments carried out fully confirm the
conclusions made on the basis of the thermodynamic analysis of the behaviour of the
alloying elements present in the CoCrMo alloy.

The results obtained show that the highest degree of refining is achieved at T = 1860 K
and a retention time of 20 min. The chemical composition of the alloy complies with
the standard ASTM F75-12 for biomedical applications with the exception of tungsten,
the concentration of which is slightly higher than the permissible amount. There are no
requirements for the niobium content in the standard. Both alloying elements (W and Nb)
improve the composition and structure of the alloy [3]. Tungsten stabilizes the hexagonal
close-packed (HCP) structure and Nb stabilizes the face-centered cubic (FCC) structure [1].

3.3. Microstructures of CoCrMo Alloy after EBM

The main components in the studied CoCrMo alloy are Co (~61%), chromium (~31%),
and molybdenum (~5%) and the phase changes that take place in the alloy during cooling
after the EBM may be described with the Co–Cr–Mo phase diagram or the Co–Cr, Co–Mo,
and Cr–Mo two-component diagrams.

Figure 6 shows the Co–Cr phase equilibrium diagram. At a Cr content of ~31%,
the solidification of the alloy starts approximately at a temperature of 1670 K, avoiding
the eutectic transition [31–33]. The high temperature γ-phase with a face-centered cubic
(FCC) grid, which is stable up to ~1223 K, solidifies directly from the liquid. After that
the martensitic transformation of the γ-phase starts up to a low temperature hexagonal
close-packed (HCP) ε-phase. There is a eutectoid decomposition of the ε-phase → Co3Cr
+ Co2Cr at lower temperatures. At a higher concentration of Cr, the decomposition takes
place along the reaction: ε-phase → Co2Cr + Co3Cr2.

Figure 6. Two-component phase equilibrium diagram Co–Cr [31–33].
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The Co–Mo diagram analysis shows that the Mo melting temperature is much higher
than that of Co (Tm,Mo = 2896 K, Tm,Co = 1768 K) and the eutectic mixture was obtained at a
temperature of 1608 K and approximately 40 mass% of Mo.

When examining Cr–Mo alloys it was found that chromium and molybdenum formed
a spinoidal mixture. In the presence of Si, the molybdenum forms intermetallic compounds
of the type of Mo5Si3 and Mo3Si. At lower temperatures and a higher chromium content,
σ-phase formation is observed. This phase is an intermetallic Co compound with Cr with a
composition corresponding approximately to Co2Cr3 and in the presence of molybdenum—
CoxCryMoz.

The impact of other alloying elements on the transformation temperature from the
HCP to the FCC phase is summarized in [34] and elements such as Fe, Mn, Ni, Nb, and C
reduce the temperature of the transformation from HCP to FCC, i.e., they are stabilisers
of the FCC phase. Metals such as Cr, Mo, W, and Si increase the temperature of the
transformation from HCP to FCC, therefore they are stabilisers for the HCP phase. These
transformations are closely related to the alloy microstructure and hence, its mechanical
and chemical properties.

Figure 7 shows a microstructure of samples of CoCrMo alloy before and after EBM at
temperatures of 1790 K, 1845 K and 1860 K and a retention time of 20 min.

  
(a) (b) 

  
(c) (d) 

Figure 7. Optical micrographs of: (a) initial CoCrMo alloy; and ingots obtained after EBM:
(b) T = 1790 K; (c) T = 1845 K; and (d) T = 1860 K; τ = 20 min (400× magnification).

The analysis of the microstructure of the starting sample indicates that it is highly oxi-
dised and with a lot of defects. After an electron beam melting of the alloy at a temperature
of 1790 K, a large number of intermetallic compounds situated on a Co matrix are observed
on the surface. This can be explained by keeping in mind the low removal degree of the
elements at this temperature (Figure 4).

With an increase in the temperature to 1860 K, the formation of a dendritic γ-phase,
rich in cobalt, is observed. In this case, the degree of iron refining is very high (>80%), and
that of Si is ~65%. W and Nb remain in the sample and it is only Nb that is a stabiliser of
the γ-phase.
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Microstructures of samples obtained at T = 1830 K and retention time τ = 10, 20 and
30 min are shown in Figure 8.

   
(a) (b) (c) 

Figure 8. Microstructures of CoCrMo specimens manufactured at T = 1830 K for different refining
time: (a) τ = 10 min; (b) τ = 20 min; and (c) τ = 30 min (400× magnification).

It is obvious that prolongation of the residence time results in the formation of a large
number of intermetallic melts in the HCP phase. The transformation of the FCC structure
to HCP is a very slow process and depends on both the melting parameters and the type
of elements present in the alloy. The low refining degree of W and Si (Mn is completely
removed at a temperature of 1790 K) from the CoCrMo alloy at T = 1830 K leads to the
stabilisation of the low-temperature ε-phase [1]. This in turn leads to a decrease in the
mechanical properties of the alloy and an increase in its corrosion resistance.

On the basis of the metallographic analysis using light microscopy, only a qualitative
microstructure assessment of the samples can be provided. To obtain more accurate
information on the influence of the EBM technological parameters on the microstructure
of the ingots obtained, a microscopic study was performed using SEM and an elemental
chemical analysis of the phases observed on the SEM/BEC images was made by EDS
analysis. For each more characteristic phase (such as the colour and shape), at least
25 spectra are taken and the average chemical composition of the phase is calculated; they
are labelled as “dark”, “grey”, and “light” phases, respectively.

Table 5 shows the chemical composition of the more characteristic phases observed on
the SEM/BEC images of the primary CoCrMo alloy (Figure 9).

Table 5. EDS microanalysis of more characteristic phases observed in the initial CoCrMo alloy.

Sample Area
Chemical Composition, at%

Phase
Co Cr Mo Fe Si Nb W

Co-0

A0 (dark) 61.57 29.99 7.19 0.42 0.83 0 0 Co1.8Cr(Mo, Fe, Si)

B0 (grey) 60.72 29.75 7.46 0.47 0.75 0.85 0 Co1.8Cr(Mo, Fe, Si, Nb)

C0 (light) 46.11 26.63 17.16 0 1.98 8.12 0 Co0.8Cr0.5Mo0.2(Si, Nb)

The EDS analysis shows that the alloy’s matrix is mainly based on the Co1.8Cr phase,
close in composition to the Co2Cr phase (Figure 6), which is obtained after the decompo-
sition of an ε-phase at a temperature <973 K [31–33]. The differences between the “dark”
and “grey” phases are mainly due to the different content of Mo (from 7.19 to 7.46 at%) and
Nb (from 0 to 0.85 at%). The content of the other elements in these phases is <1 at%.

The “light” phase observed on the SEM photos is a molybdenum-rich phase
(Co0.8Cr0.5Mo0.2). The Nb and Si content in this phase is ~8 at% and ~2 at%, respectively.

Regardless of the large number of analyses, two elements were not identified—Mn
and W. This can be explained by their low content in the studied alloy (Table 1).

Figures 10 and 11 show SEM/BEC images of the microstructure and the more char-
acteristic intermetallic phases formed in the CoCrMo alloy after EBM at temperatures of
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1830 K and 1860 K and retention time τ = 20 min. At a temperature of 1830 K, an experiment
with a residence time of 30 min was performed (sample Co-08). The calculated values of
the average chemical compositions of the phases observed on the SEM/BEC photographs
are given in Table 6.

 
Figure 9. More characteristic phases observed on the SEM/BEC images of the CoCrMo material
before e-beam melting (sample Co-0).

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 10. Microstructures of CoCrMo samples produced/manufactured at different process con-
ditions: (a,b) T = 1830 K, τ = 20 min; (c,d) T = 1830 K, τ = 30 min; (e,f) T = 1860 K, τ = 20 min;
(a,c,e)—microstructure on the periphery of the specimen; (b,d,f)—microstructure in the central part
of the sample.

Figure 10 shows that the solidification process of CoCrMo alloy is accompanied by the
formation of a dendritic structure and the formation of characteristic intermetallic melts.
As the temperature increases, the solidification rate decreases, leading to the formation
of the HCP structure. This process is more pronounced in the centre of the samples and
shows that the process proceeds at the solid/liquid interface in the direction of direct
heat removal.

The EDS microanalysis of the periphery and the centre of the samples (Table 6) shows
non-essential differences in their chemical composition and therefore only the phases
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identified in the centre of the samples will be discussed. The influence of the temperature
and the retention time on the chemical composition of the phases observed on the SEM
images is represented in Figure 12.

Figure 11. More characteristic phases observed in the CoCrMo specimens after EBM at different
modes: (a,b) T = 1830 K, τ = 20 min; (c,d) T = 1830 K, τ = 30 min; (e,f) T = 1860 K, τ = 20 min;
(a,c,e)—phases formed on the periphery of the sample; (b,d,f)—phases formed in the central part of
the sample.

Table 6. Microanalysis of more characteristic phases observed at the periphery and in the center of
CoCrMo ingots obtained after e-beam melting.

Sample Area
Chemical Composition, at%

Co Cr Mo Fe Si Nb W

Co-05
T = 1830 K
τ = 20 min

R
im

A5 (dark) 59.73 33.55 4.87 0.23 1.62 0 0
B5 (grey) 48.30 36.83 11.06 0 2.06 1.75 0
C5 (light) 53.45 28.67 9.78 0.11 3.25 4.74 0

C
or

e D5 (dark) 60.13 32.69 5.68 0 1.50 0 0
E5 (grey) 49.31 35.75 10.96 0 1.84 2.14 0
F5 (light) 54.55 27.62 9.58 0 3.35 4.90 0

Co-08
T = 1830 K
τ = 30 min

R
im

A8 (dark) 61.24 32.41 4.66 0.17 1.52 0 0
B8 (grey) 50.30 31.81 11.03 0.52 2.85 3.49 0
C8 (light) 50.65 32.07 11.23 0 2.60 3.45 0

C
or

e D8 (dark) 61.73 29.15 8.29 0 0.74 0.09 0
E8 (grey) 58.48 27.71 10.53 0 0.82 2.46 0
F8 (light) 49.25 31.38 16.28 0 0.81 2.28 0

Co-06
T = 1860 K
τ = 20 min

R
im

A6 (dark) 61.19 29.56 8.28 0.38 0.59 0 0
B6 (grey) 59.35 29.02 8.89 0.45 0.72 1.57 0
C6 (light) 54.23 23.85 13.68 0 1.59 6.65 0

C
or

e D6 (dark) 60.41 29.55 8.69 0.46 0.79 0.10 0
E6 (grey) 58.39 29.11 9.68 0.58 0.87 1.37 0
F6 (light) 50.79 27.25 15.38 0.41 1.15 5.02 0
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(a) 

 
(b) 

 
(c) 

Figure 12. Influence of the temperature and melting time on the composition of the phases observed
on the SEM pictures: (a) “dark” phase; (b) “grey” phase; and (c) “light” phase.

The EDS analysis shows a distinct micro-segregation in the cobalt matrix composition.
At a temperature higher than 1830 K in the inter-dendrite zone (“dark”), a Co1.8Cr(Mo,Si)
phase is formed. It is close in composition to the Co2Cr phase, which is obtained after the
decomposition of the ε-phase (Figure 6). The Co content of this phase is ~60 at% and does
not change with an increase in temperature, while the Cr content decreases from ~33 at%
to approximately 29 at% (Figure 12a). By increasing the temperature, the melt is enriched
in Mo by ~3 at%. W is not present in this phase and the Nb content is less than 0.1 at%.
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The chemical microanalysis of the “grey” phase shows a lower Co content and higher
Mo content compared to the “dark” phase (Figure 12b). Unlike the “dark” phase, the Nb
content is ~2 at%.

Out of the other elements present in the cobalt matrix, with the temperature increase,
the Si content decreases both in the “dark” phase (from 1.5 to 0.79 at%) and in the “grey”
phase (from 1.84 to 0.87 at%).

Chromium, molybdenum, and silicon diffuse to the inter-dendrite zones [35]. This in
turn leads to an increase in the reflex’s intensity. In our study it was observed that Nb also
diffuses to the inter-dendrite zone of the material.

The chemical composition of the “light” phases shows that they are intermetallic
compounds of the type CoxCryMoz(Si,Nb). By increasing the temperature, the melt is
enriched in Mo (from 9.58 to 15.38 at%) and Nb, while the Si content decreases (from
3.35 to 1.15 at%). In the studied temperature interval, the Cr content hardly changes, and it
is ~27 at%, while the Co decreases slightly from 54 to 51 at%.

The EDS analysis of the “dark” phase shows that an extension of the retention time
from 20 to 30 min (samples Co-05 and Co-08) results in a decrease in the Cr content by
3.5 at%, enriching in Mo from ~5.7 to ~8.3 at%. The change in Co content is negligible.

Unlike the “dark” phase, the Co content in the “grey” phase is significantly increasing
(from ~49 to ~58.5 at%) with the extension of time, while that of Cr decreases from 35.7 to
27.7 at%. The content of Mo and Nb remains almost constant, and it is ~10 at% (Mo) and
~2 at% (Nb), respectively.

By extending the retention time, the chemical composition of the “light” phase is
enriched in Cr (from ~27.6 to ~31 at%) and Mo (from 9.6 to 16 at%). The Nb and Si
content in these melts decreases from ~4.9 to ~2.3 at% (Nb) and from ~3.3 to ~0.8 at% (Si),
respectively.

4. Conclusions

This paper studies the possibility of refining a technogenic CoCrMo alloy using EBM.
Based on the thermodynamic analysis, the vapor pressure of the major components of the
alloy (Co, Cr, and Mo) and the other elements (Fe, Mn, Si, W, and Nb) present in it was
calculated. The integral value of the vapor pressure of the alloy, taking into account the
activities of the main alloy components and the relative volatility of the metal elements
in the alloy were assessed. An experimental study of the influence of kinetic parameters
(temperature and refining time) on the change in the chemical composition of the alloy and
the microstructure of the ingots was carried out. The results obtained can be summarised
as follows:

• Within the studied temperature range (1600–2000 K), it is most likely to have evapora-
tion of Mn and Fe. Tungsten and niobium have significantly lower vapor pressures
than Co, Cr, and Mo and cannot be removed from the alloy. Si has a vapor pressure
close to that of Co and its evaporation is thermodynamically probable, but it will be
difficult. Out of the main components of the alloy, the probability of evaporation of Cr
is the highest.

• It has been found that the removal rate of Fe and Si increases with the increase in
the temperature and with an extension of the retention time. It is shown that Mn
is completely removed at the lowest operating temperature tested (1790 K) and the
degree of removal of non-volatile elements (Nb and W) remains low. The highest
degree of refining was achieved at 1860 K and a residence time of 20 min.

• The EDS analysis of the more characteristic phases observed on the SEM images
of the samples shows a distinct micro-segregation in the matrix composition. At a
temperature higher than 1830 K in the inter-dendrite “dark” zone, a Co1.8Cr(Mo,Si)
phase is formed.

• It has been found that the “light” phases are intermetallic compounds of the type
CoxCryMoz(Si,Nb), which are enriched in Mo and Nb as the temperature increases.
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The study has shown the possibility of recycling through EBM of CoCrMo technogenic
material for the needs of biomedical practice.
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