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Abstract: Electron beam additive wire-feed deposition of Cu-7.5wt.%Al bronze on a stainless-steel
substrate has been carried out at heat input levels 0.21, 0.255, and 0.3 k] /mm. The microstructures
formed at 0.21 kJ/mm were characterized by the presence of both zigzagged columnar and small
equiaxed grains with 10% of ¥3 annealing twin grain boundaries. No equiaxed grains were found
in samples obtained at 0.255 and 0.3 k] /mm. The zigzagged columnar ones were only retained in
samples obtained at 0.255 k] /mm. The fraction of ¥3 boundaries reduced at higher heat input values
to 7 and 4%, respectively. The maximum tensile strength was achieved on samples obtained with
0.21 kJ/mm as tested with a tensile axis perpendicular to the deposited wall’s height. More than
100% elongation-to-fracture was achieved when testing the samples obtained at 0.3 k] /mm (as tested
with a tensile axis coinciding with the wall’s height).

Keywords: additive manufacturing; heat input; bronze; transition zone; zigzagged columnar grains;
tensile strength

1. Introduction

Additive manufacturing is a process that allows layer-by-layer assembling of near
net-shape articles from even dissimilar materials, which may intermix and even dissolve in
each other, thereby creating a transition zone. Transition zones, in fact are always created
between the as-deposited material and substrate as well as between successively deposited
layers of the same material.

Geometry and surface quality of the articles built using directed energy deposition (DED)
methods strongly depend on the deposition process parameters that determine the melted
pool temperature, size, and the melted metal viscosity. These parameters, in combination
with heat removal conditions, determine the solidification rate, crystallization direction, grain
size etc. (i.e., the as-deposited material’s microstructure and mechanical characteristics).

Aluminum bronze is an alloy that possesses both high heat conductivity and fluidity in
a melted state, which determine its wide application as a cast alloy [1,2]. Its disadvantages,
such as susceptibility to absorption of oxygen and formation of columnar as-cast grains,
are factors that limit the use of such an alloy in commercial processes, including additive
manufacturing. Oxygen absorption can be effectively eliminated when DED is performed
in a vacuum chamber with the use of an electron beam for creating a melted pool and
transferring metal from a wire. On the other hand, electron beam deposition in a vacuum
is accompanied by an impairing of the heat removal conditions. Since the main heat
sinking flow is directed from the melted pool to the substrate and then to the heat-sinking
water-cooled table, the cooling rate as well as solidification rate will depend on the distance
from the table so that the gradient of structures and phases can be formed. Such an
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inhomogeneity will enhance the anisotropy of its mechanical characteristics. Therefore,
controlling of solidification conditions and heat input is a necessity in growing the near-
net-shape and especially thin-walled articles.

Critical analysis of the literature sources devoted to DED allows one to conclude that
heat input is a crucial factor that determined the structural evolution and mechanical and
functional characteristics of as-deposited metals such as Inconel 625 [3], Al-7Si-0.6Mg [4],
Al-Mg alloys [5], Ti6Al4V [6], 2209 duplex stainless steel [7], and aluminum bronze [8-10].
In selective laser melting (SLM), the decisive role of the heat input was studied on alloys
as follows: the Inconel 718 [11], Ti6Al4V alloy [12], AISI 316 stainless steel and AlSi10Mg
alloys [13]. Factoring the importance of heat and mass transfer conditions in EBAM
layer deposition, the entire near net shape article formation was reported on the AISI
316 [14,15] and Al-6wt.%Mg alloys [16]. Controlling the EBAM deposition parameters en-
sured forming thin-walled heat resistant nickel alloy articles with the desired shape [17,18]
and microstructure [19], as well as complex-shaped sandwich-panels from Ti6 Al4V [20].

Heat input is the most flexible and effective parameter to control heating and melting
phenomena in the additive DED process. The higher the heat input, the more intense the
heating, the larger the melting pool, and the deeper the remelted layer. On the other hand,
too high of a heat input leads to evaporation of low-melting elements such as Mg and
Zn, de-alloying, and gas porosity of the as-deposited alloy. Another problem in DED is
that large columnar grains are formed in the top part of the articles as compared to those
equiaxed ones in the bottom part. Such a grain size distribution can be detrimental from
the viewpoint of mechanical characteristics.

In the beginning of deposition, a high cooling rate is achieved when depositing first
layers on a cold substrate so that equiaxed grains and even discontinuities, lack of bonding
or even hot cracks [21,22] are often formed there. Therefore, increasing the heat input
during deposition of the first layers is required to avoid defects. At the same time, reduction
of the heat input is required when depositing the top layers due to poor heat removal via
reheated underlying layers. Obtaining optimal as-deposited metal structures, and therefore
mechanical characteristics, is another problem to be resolved with the DED additive
manufacturing. Formation of columnar grains under conditions of either excess heat input
or low solidification rate serves to enhance the anisotropy of mechanical characteristics,
which is already inherent in them by definition.

Interpass deformation may be one of the most effective methods against the epitaxial
growth of large columnar grains [23-27]. However, tuning the heat input may be effective
too [28], and would be less tedious and labor consuming. Another remedy may be found
in using the heat input that is exponentially changing as a function of the build-up metal
height [29].

Varying the heat input as a function of the built-up wall height makes it possible to
control cooling and therefore the solidification rate. However, no approach for forming
the desired grain structures is guaranteed, especially in materials inclined to form large
columnar grains such as nickel superalloys [30], titanium [31], copper [32], bronze [33],
nickel titanium [34,35], etc. In connection with this, finding out the limiting maximum
and minimum values of the heat input for deposition of each material is an important
task. As of now, to the best of our knowledge, we have not found any results published
on using heat input as a parameter to control structure and mechanical characteristics in
additive manufactured Cu-7.5wt.%Al. The objective of this work was to study the effect of
heat input on grain structure and the mechanical characteristics of an EBAM-grown thin
aluminum bronze wall.

2. Materials and Methods

An electron beam additive machine was designed and built at the Institute of Strength
Physics and Materials Science SB RAS. The deposition was carried out by the melting
and transfer of Cu-7.5wt.%Al wire (ESAB) into a melted pool formed by the electron
beam on AISI 321 stainless steel substrate in a vacuum chamber with residual pressure
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9 x 10~ Pa (Figure la—c). A water-cooled table was used to provide effective cooling of
the substrate during additive deposition from the wire fed from a reel. The layer-by-layer
deposition was performed by moving the table together with the substrate along directions
shown by arrows in Figure 1d and then dropping the table before depositing the next layer
(Figure 1b).

Figure 1. Electron beam wire-feed additive machine (a—c) and a Cu-7.5wt.%Al wall built (d).
1—control panel; 2—vacuum chamber; 3—wire guide; 4—sample printed; 5—water-cooled table;
6—wire reel; 7—wire feeder; 8—stainless steel substrate; 9—layer-by-layer deposition strategy.

The heat input was varied during the deposition by varying the electron beam cur-
rent (Table 1). Several preliminary experiments were carried out to determine the beam
current range that allowed building walls suitable for cutting samples for mechanical and
microstructural characterization. This range (from 28 to 40 mA) was divided into equal
parts with the limiting values used in the next series of experiments (Table 1). When using
the beam current values below 28 or above 40 mA, the wall either did not form whatsoever
or was overheated and leaked down its sides, respectively.

Table 1. EBAM process parameters.

Regime Beam Current, Layer Deposition Accelerating Heat Input,
& mA Rate, mm/min Voltage, kV kJ/mm
1 28 240 30 0.21
2 34 240 30 0.255
3 40 240 30 0.3

Samples for characterization of the deposited wall metal for microstructures, phases,
and mechanical strength were electrical-discharge (EDM) cut off the wall according to a
scheme shown in Figure 2. Plain samples (Figure 2, pos. 3) were intended for microstruc-
tural examination after being subjected to corresponding preparation procedures. Samples
5-7 and 4 were cut so that their longitudinal axes were oriented perpendicular and parallel
to the tensile machine axis, respectively.
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Figure 2. Sample preparation scheme (a) and EBAM layer deposition strategy (b) 1—Cu-7.5wt.%Al

bronze wall; 2—stainless steel substrate; 3—microstructural characterization sample; 4—sample with
tensile axis orientation along the wall height; 5-7—samples with tensile axis orientation perpendicular
to the wall height (along the layer deposition direction); t—wall thickness; h—wall height.

Mechanical characteristics of the samples were determined from tensile tests carried
out using a Testsystems 110M-10 (Testsystems, Ivanovo, Russia) tensile machine. The
resulting fracture surfaces were examined using a scanning electron microscope (SEM)
Microtrac SemTrac mini (Microtrac Inc., Montgomeryville, PA, USA).

Samples intended for microstructural examination were mechanically ground on
abrasive 4000-grit paper and then polished using 14,000-grit diamond paste. The polished
views were etched in a solution 3% FeCls + 10% HCL + 100 mL distilled water. The
microstructural characterization was performed with the use of an optical microscope
Olympus LEXT 4100 (Olympus Corporation, Tokyo, Japan).

An electron backscattering diffraction (EBSD) instrument Nordlys (Oxford Instru-
ments, High Wycombe, UK) mounted in a scanning electron microscope Tescan Mira
3 LMU SEM (TESCAN ORSAY HOLDING, Brno, Czech Republic) was used to study the
grain orientation distribution. The EBSD analysis of the obtained data was performed with
the use of HKL Channel 5 software (Version 5.12k, Oxford Instruments, High Wycombe,
UK). Samples for EBSD were treated using a standard procedure: sandpaper grinding
(Mirka), diamond suspension polishing until 0.5 um (Kemet). Final step was ion polishing
at 10 kV for 15 min using SemPrep 2 ion mill (Technoorg Linda, Budapest, Hungary).

3. Results
3.1. Metallography

The metallographic image obtained from the 35.2 mm of height wall obtained at heat
input 0.21 KJ/mm shows the unevenness of the wall thickness, which varied from 1.5 to
4.3 mm along the wall’s height (Figure 3a). Cold laps are observed on the wall sides that
could be related to instability of the melt pool and insufficient fusion with the previously
deposited layer.

The macrostructure views show at least two different types of grains such as (i) almost
equiaxed and (ii) columnar ones with their longest axes oriented at an angle of ~30° with
respect to the vertical direction. The columnar grains have a varying thickness so that their
thicknesses in the bottom, half-height, and top parts are 100 &= 50 um, 300 &= 100 um and
550 £ 125 um, respectively (Figure 3b).

Along with the variable wall’s thickness, there is another problem related to using
the low heat input in EBAM from the Cu-7.5wt.%Al wire. The layers composed of small
grains were insufficiently remelted when depositing the next layer and, therefore, even
some discontinuities were formed (Figure 4b).

The intermediate heat input level 0.255 k] /mm allowed obtaining a 33.8 mm height
wall characterized by more smooth surfaces without the cold overlaps as well as with
its thickness varying from 3 to 4 mm along the height (Figure 5a). Columnar grains
still vary with the wall’s height thicknesses and were determined to be 120 £ 50 pm,
400 £ 100 pm, and 700 + 125 pm in the bottom, half-height, and top parts of the wall,
respectively (Figure 5b).
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Figure 3. Profile (a) and front (b) cross section optical views of the Cu-7.5wt.%Al wall obtained at
heat input of 0.21 k] /mm.

Figure 4. Equiaxed and columnar grain structures (a), fusion discontinuities (b) in the wall obtained
at heat input of 0.21 kJ/mm.
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Figure 5. Profile (a) and front (b,c) cross section optical views of the Cu-7.5wt.%Al wall obtained at
heat input of 0.255 k] /mm.

The grains obtained under such an EBAM regime reveal irregular zigzagged grain
boundaries formed due to fast solidification and only partial remelting of the underlying
grains, which served for epitaxial growth of the new ones oriented with respect to the heat
removal and deposition pass direction. Therefore, when reversing the deposition pass
direction, the columnar grain orientation is changed too (Figure 5c).

EBAM with heat input as high as 0.3 k] /mm allowed obtaining a 28 mm height wall
of thickness varying from 6.9 to 7.3 mm (Figure 6a). Only columnar grains with thicknesses
of 150 £ 50 um, 450 £ 100 pum and 850 £ 125 pm as-measured in the bottom, half-height,
and top parts of the wall, have been detected (Figure 6b).

Figure 6. Profile (a) and front (b) cross section optical views of the Cu-7.5wt.%Al wall obtained at
heat input of 0.3 kJ/mm.
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3.2. Grain Orientation Maps

Grain orientation maps and boundary misorientation distributions were obtained to
evaluate the effect of heat input on the as-deposited microstructures. It was observed that a
high number of grains solidified after deposition with heat input 0.21 k] /mm were oriented
with their [001] axes almost along the Z axis (i.e., normal to the sample’s surface (Figure 7a)).
Such a preferential orientation distribution corresponds to cubic growth textures commonly
formed during solidification from a melted pool formed by a concentrated energy source.
However, there are columnar and especially small equiaxed grains with their orientations
different from that of the cubic texture. Small equiaxed grains form a layer with high
density of annealing twin X3 boundaries (Figure 7b).

Figure 7. EBSD grain orientation distribution (a) and grain boundary types (b) in a cross section
of the Cu-7.5wt.%Al wall obtained at heat input of 0.21 k] /mm. Red lines in Figure 7b show the
annealing twin boundaries.

EBAM at heat input 0.255 kJ/mm demonstrated the absence of small grains and
more perfect growth texture of the columnar zigzagged ones (Figure 8a). Even higher
heat input 0.3 k] /mm resulted in a reduced number of grains oriented in accordance to
the cubic texture. In fact, no preferential orientation was observed in this case, with only
small peak corresponding to orientations close to [117]-axis (Figure 9a). A columnar grain
microstructure was formed that did not allow finding the fusion boundaries between the
successively deposited layers.

The content of ¥3-type boundaries reduced from 10% to 7% inherent in the sample
printed at heat input 0.21 k] /mm (Figure 10a,b). Further reduction of the annealing twin
boundary percentage to 4% was observed (Figures 7b and 10c).
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Figure 8. EBSD grain orientation distribution (a) and grain boundary types (b) in a cross section of the Cu-7.5wt.%Al wall
obtained at heat input of 0.255 k] /mm.

Figure 9. EBSD grain orientation distribution (a) and grain boundary types (b) in a cross section of the Cu-7.5wt.%Al wall
obtained at heat input of 0.3 k] /mm.

Grain boundary misorientation histograms allow following the grain boundary type
evolution as depended on the heat input (Figure 10a—c). With the exception of 10% of X3
and lack of the low angle boundaries, almost uniform distribution of the grain boundaries
vs. the misorientation angle was observed in a sample obtained with the heat input
0.21 k] /mm (Figure 10a). The intermediate heat input 0.255 k] /mm resulted in formation
of higher amount of low angle boundaries on the account of high angle ones (Figure 10b).
Even more obvious is this redistribution in case of using maximum 0.3 k] /mm heat input
(Figure 10c) when most part of the boundaries were low-angle ones.
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Figure 10. Misorientation angle distribution of grain boundaries for samples printed at 0.21 kJ/mm (a), 0.255 k] /mm (b)
and 0.3 k] /mm high (c) heat input.

3.3. Phase Composition

According to XRD, no phases other than «-Cu solid solution were detected in as-
deposited Cu-7.5wt.%Al irrespective of the heat input (Figure 11). Also, the inversion of
the (111)/(200) and (220)/(311) peak height ratios shows the presence of the growth texture.
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Figure 11. An XRD pattern for the Cu-7.5wt.%Al bronze samples printed at 0.21 kJ/mm (1),
0.255 kJ/mm (2) and 0.3 k] /mm high (3) heat input.
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3.4. Mechanical Characteristics

Tensile tests were carried out on samples cut of the EBAM printed walls as shown in
Figure 2. Clear differences in tensile behaviors of the samples with tensile axis orientation
along the wall height can be observed from Figure 12. The low heat input sample 4
(Figure 12a, curve 1) showed minimal yield stress (YS) and ultimate tensile strength (UTS)
values with strain-to-fracture emax as low as 0.30 & 0.01 (Figures 13 and 14). Such a quasi-
brittle fracture behavior can be explained by the presence of fusion discontinuities, grain
size variations (Figure 4b). EBAM at higher heat input levels allowed increasing both UTS
and emax, while YS values reduced because of preferential forming the columnar grains
whose longest axis were oriented close to the tensile axis. It is known [36] that higher

ductility is achieved in tensile tests with that type of columnar grain structures.
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Figure 12. The “stress-strain” curves obtained from tensile tests on Cu-7.5wt.%Al samples 4 (a), 7 (b),

6 (c) and 5 (d). EBAM regime: 1—0.21 kJ /mm, 2—0.255 k] /mm, 3—0.3 k] /mm.
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Figure 14. Strain-to-fracture vs. heat input dependencies.

Samples 5, 6, and 7 tested with their tensile axes orientation perpendicular to the
wall height (Figure 2, pos. 5, 6 and 7) demonstrated different mechanical characteristic
dependencies on the wall height and heat input.

First of all, the best UTS (Figure 13a) values were obtained on samples cut off the
bottom and half-height parts of the walls built by EBAM at 0.21 kJ]/mm (Figure 13a,
samples 6, 7). The YS (Figure 13b) values of samples 6 and, especially 5, were notably
lower as compared to that of samples 7. At 0.255 kJ]/mm and 0.3 kJ/mm the best UTS
still belonged to samples 7 despite there was a tendency to reduce the UTS at higher heat
input values.

Strain-to-fracture dependencies of samples 5, 6, and 7 on the heat input show a
tendency for improving plasticity of all samples at heat input 0.255 k] /mm as compared to
that of at 0.21 k] /mm and then reducing it at 0.3 k] /mm (Figure 14). The highest plasticity
was achieved at 0.255 k] /mm on sample 5 (cut off the top part of the wall).

Fracture surface of a sample grown at 0.21 kJ/mm can be classified as a surface
obtained as a result of mixed viscous/brittle fracture mechanism. Quasi-brittle fracture
microgrooves can be observed in Figure 15b along with microcells (Figure 15a), usually
inherent with the viscous fracture. Fracture surfaces of samples printed at 0.255 k] /mm
(Figure 15¢) and 0.3 k] /mm (Figure 15d) demonstrate the presence of only viscous fracture
microcells and ridges.

Microhardness profiles were obtained along the wall height that showed the higher
was the heat input, and the lower microhardness was obtained in the Cu-7.5wt.%Al
bronze printed (Figure 16) on the stainless-steel substrate. Some transition zone with
microhardness higher than that of as-deposited bronze can be observed between the
stainless-steel substrate and the wall.
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Figure 15. Fracture surface after tension test for samples 4 printed at 0.21 k] /mm (a,b), 0.255 k] /mm (c) and 0.3 k] /mm (d)
heat input.

24 _ «-Substrate

._
>en
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Figure 16. Microhardness profiles as measured along the wall height. EBAM regime: 1, 0.21 k] /mm;
2,0.255 k] /mm; 3, 0.3 k] /mm.
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4. Discussion

According to the XRD (Figure 11), the heat input values used in this work did not
have any effect on the as-deposited metal phase composition. This result seems to be an
expected one since the content of aluminum in the alloy is below its solubility limit and
corresponds to the x-phase region at the corresponding Al/Cu phase diagram. The most
notable changes caused by varying heat input are related to morphology of structures, grain
orientation distribution, and grain boundary types. These changes had, however, their
effect on mechanical characteristics of the thin wall samples obtained at corresponding
heat input levels. Since no dispersion or precipitation hardening was expected in the
as-deposited metal, all mechanical characteristics were determined by grain structure and
the type of grain boundaries.

Some specific features relating to both geometry and structure of the deposited thin
wall samples can be delineated from the above-disclosed results. First of all, the wall’s
thickness was increased with the heat input together with corresponding reduction of its
height. Higher heat input allowed forming a larger and hotter melted pool, and more metal
was transferred from the wire into this pool. As a result, metal solidified in the form of a
thicker but lower wall without any cold beads.

The grain structures also showed the effect of heat input when taking into consid-
eration the grain size and aspect ratio variations along the wall height. It was observed
that the grain width as-measured along the X-axis (perpendicular to the wall’s height)
increased with that wall’s height (Y-axis) (Figure 17). Such an observation can be explained
by different heat removal conditions existing in the bottom and top parts of the wall during
the electron beam wire-feed additive deposition. The bottom part of the wall is close to the
water-cooled table and therefore heat removal is more intense there as compared to the
top part of the wall, where more heat is accumulated thus contributing to increasing the
melted pool size and temperature.

1000

EBAM regime:

800

600

Grain width, um

400

200+

Low Middle Top
Sample part

Figure 17. Grain width in different parts of the samples. EBAM regime: (1) 0.21 kJ/mm; (2) 0.255 k] /mm;
(3) 0.3 kJ/mm.

Three types of microstructures, which depended on the heat input levels, were ob-
served in the EBAM walls. The first type microstructures are formed at high heat input
and described as columnar unidirectional grains grown on the partially melted previously
solidified ones according to epitaxial growth mechanism (Figure 18, left part). Columnar
high aspect ratio grains slowly grow through the melt so that their orientation coincides
with the heat removal irrespective of the deposition pass direction.
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Heat input

High Average

% f - crystallization directions

= - directions of layer formation

Figure 18. Diagram illustrating the grain growth as depended on the heat input.

The second type of microstructures characterized by zigzagged columnar grains
(Figure 18, central part) that were formed at medium heat input conditions when grains
grew following the heat removal direction alternating with the deposition pass direction
(Figure 19). Such a zigzagged grain growth mechanism was reported elsewhere [37].

Liquid metal

Remelted area of the n-layer

Liquid metal

Layer n+1

Remelted area of the (n+1)-layer
=> - layer formation direction ﬁ - temperature gradient direction

Figure 19. The zigzagged columnar grain structure formation.

Along with columnar grains, the third type microstructures contained layers of small
almost equiaxed grains with high-angle and annealing twin boundaries that were formed
due to low heat input and fast solidification of the first metal portions transferred from
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the wire metal onto a thin partially melted and poorly heated layer of previously de-
posited grains.

Further portions of metal transferred more heat to this poorly preheated melted pool
and thus increase its temperature, reduce the solidification rate and thus allow for the
growing of columnar grains during the deposition pass (Figure 18, right part).

At 0.21 kJ/mm solidification rate was high enough to cause formation of smaller
equiaxed grains in the fusion zone between successively deposited layers. These equiaxed
grain layers contain both discontinuities and high amount of high-angle, as well as anneal-
ing twin boundaries that act as effective dislocation barriers and thus lead to fast strain
localization in such a region with ensuing quasi-brittle fracture.

Increasing the heat input resulted in reducing the number of twin boundaries first
to 7% at 0.225 kJ/mm and then to 4% at 0.3 k] /mm. It is suggested that such a result
is determined by solidification rate which is reduced at higher heat input when large
columnar grain slowly grow from the partially melted metal of the previously deposited
layer. Structural changes that occur at increased heat input resulted in decreasing both
strength characteristics with simultaneous improving the plasticity. It can be observed
from Figure 16 that the grain width is increased with the heat input thus providing less
dislocation barriers. Also, there is a tendency that more low-angle grain boundaries are
formed with increasing the heat input (i.e., less effective dislocation barriers and longer
dislocation mean free path provide higher plasticity).

The lowest strength was achieved on samples 4 obtained at 0.21 kJ/mm and oriented
with their tensile axis along the wall’s height. Such a result is provided by poor welding
between successively deposited layers and the presence of discontinuities.

The zigzagged (0.225 kJ/mm) and columnar (0.3 kJ]/mm) grains provided some
strength improvement due to more perfect fusion boundaries. This, however, did not serve
to improve the plasticity of samples 4 where tensile axis was parallel with the wall’s height.

Strength characteristics of samples oriented with their tensile axis along direction
to the thin wall’s height depended on this height so that the maximum strength was
observed on samples 5 and 6 from the bottom and half-height parts, respectively, of the
wall deposited at 0.21 kJ/mm.

Mean microhardness (Figure 16) is reduced as the heat input increased for the same reasons
as outlined above (i.e., due to formation of larger grains and fewer high-angle boundaries).

5. Conclusions

In this study, the effect of heat input on geometry, grain structure, and mechanical
characteristics of electron beam wire-feed additive manufactured Cu-7.5wt.%Al wall has
been investigated. The interplay of two factors, namely (i) heat input and (ii) heat removal,
was responsible for structure formation during the deposition.

Low heat input resulted in a relatively “cold” deposition and formations of zigzagged
columnar grains with small equiaxed ones in the interlayer fusion zones due to local fast
cooling of less heated metal and fast solidification. Some samples contained discontinuities
in this zone. The maximum 10% fraction of annealing twin boundaries was detected in
this case. All of this provided low strength and ductility characteristics of the as-deposited
samples 4 oriented along the wall’s height. Strain-to-fracture dependencies on the heat
input show that plasticity of these samples grows with the heat input from 0.3 at 0.21 k] /mm
to 0.82 (0.225 kJ /mm) and 1.12 (0.3 k] /mm). Simultaneously, the ultimate tensile strength
is absolute minimum at 0.21 k]/mm and then is increased by 26 and 29% at 0.225 and
0.5 kJ/mm, respectively.

Increasing the heat input from 0.21 k] /mm to 0.3 k] /mm leads to formation of colum-
nar grains with less fraction of high-angle boundaries, including the ¥3 ones whose
fraction reduced from 10% to 7% and 4%, respectively. Another finding is that the grain
width in bottom, half-height, and top parts of the wall increased by 20-50%, 33-50%, and
27-45%, respectively.
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Mechanical tensile strength characteristics of samples with tensile axis perpendicular
to the wall’s height showed some reduction of as the heat input increased from 0.21 to
0.3 kJ/mm such that ultimate tensile samples cut of the bottom, half-height, and top part
of the wall reduced by 21%, 28%, and 18%, respectively.

Author Contributions: Conceptualization, A.F. and S.T.; methodology, A.E, S.T. and E.K. (Evgeny
Kolubaev); formal analysis, E.K. (Evgeny Kolubaev); investigation, N.S. (Nikolay Shamarin), N.S.
(Nikolai Savchenko), A.E, EM. and E K. (Ekaterina Khoroshko); data curation, A.F. and S.T.; writing—
original draft preparation, S.T., EM., E.K. (Ekaterina Khoroshko) and A.F.; writing—review and
editing, S.T. and A.F; supervision, E.K. (Evgeny Kolubaev); funding acquisition, A.F. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Russian Science Foundation No. 21-79-00084, https:/ /rscf.ru/
project/21-79-00084/ (accessed on 10 November 2021).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data will be made available based on request to the authors.

Acknowledgments: The SEM research was done using equipment of Tomsk Regional Core Shared
Research Facilities Center of National Research Tomsk State University.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Gohar, G.A.; Manzoor, T.; Shah, A.N. Investigation of thermal and mechanical properties of Cu-Al alloys with silver addition
prepared by powder metallurgy. J. Alloys Compd. 2018, 735, 802-812. [CrossRef]

2. Liu, X,; Ohnuma, L; Kainuma, R.; Ishida, K. Phase equilibria in the Cu-rich portion of the Cu—Al binary system. J. Alloys Compd.
1998, 264, 201-208. [CrossRef]

3.  Sarathchandra, D.; Davidson, M. Effect of heat input on mechanical and microstructural properties of Inconel 625 depositions
processed in wire arc additive manufacturing. Proc. Inst. Mech. Eng. E J. Proc. Mech. Eng. 2021, 235, 1439-1448. [CrossRef]

4. Li, C,;Gu, H; Wang, W.; Wang, S.; Ren, L.; Wang, Z.; Ming, Z.; Zhai, Y. Effect of Heat Input on Formability, Microstructure, and
Properties of Al-7Si-0.6Mg Alloys Deposited by CMT-WAAM Process. Appl. Sci. 2020, 10, 70. [CrossRef]

5. Su, C; Chen, X;; Gao, C.; Wang, Y. Effect of heat input on microstructure and mechanical properties of Al-Mg alloys fabri-cated
by WAAM. Appl. Surf. Sci. 2019, 486, 431-440. [CrossRef]

6. Wu, B,; Pan, Z; Ding, D.; Cuiuri, D.; Li, H. Effects of heat accumulation on microstructure and mechanical properties of Ti6Al4V
alloy deposited by wire arc additive manufacturing. Addit. Manuf. 2018, 23, 151-160. [CrossRef]

7. Hosseini, V.A.; Hogstrom, M.; Hurtig, K.; Asuncion, M.; Bermejo, V.; Stridh, L.; Karlsson, L. Wire-arc additive manufactur-ing of a
duplex stainless steel: Thermal cycle analysis and microstructure characterization. Weld. World 2019, 63, 975-987. [CrossRef]

8.  Dharmendra, C.; Gururaj, K.; Pradeep, K.G.; Mohammadi, M. Characterization of k-precipitates in wire-arc additive manu-
factured nickel aluminum bronze: A combined transmission Kikuchi diffraction and atom probe tomography study. Addit. Manuf.
2021, 46, 102137. [CrossRef]

9. Dharmendra, C.; Shakerin, S.; JanakiRam, G.D.; Mohammadi, M. Wire-arc additive manufacturing of nickel aluminum
bronze/stainless steel hybrid parts—Interfacial characterization, prospects, and problems. Materialia 2020, 13, 100834. [CrossRef]

10. Dharmendra, C.; Rice, K.P.; Amirkhizc, B.S.; Mohammadi, M. Atom probe tomography study of k-phases in additively manufac-
tured nickel aluminum bronze in as-built and heat-treated conditions. Mater. Des. 2021, 202, 109541. [CrossRef]

11. Yang, H.; Li, Z,; Wang, S. The Analytical Prediction of Thermal Distribution and Defect Generation of Inconel 718 by Selective
Laser Melting. Appl. Sci. 2020, 10, 7300. [CrossRef]

12. Bayat, M.; Mohanty, S.; Hattel, ]. H. A systematic investigation of the effects of process parameters on heat and fluid flow and
metallurgical conditions during laser-based powder bed fusion of Ti6Al4V alloy. Int. |. Heat Mass Transf. 2019, 139, 213-230.
[CrossRef]

13.  Mukherjee, T.; Wei, H.L.; De, A.; DebRoy, T. Heat and fluid flow in additive manufacturing—Part II: Powder bed fusion of
stainless steel, and titanium, nickel and aluminum base alloys. Comput. Mater. Sci. 2018, 150, 369-380. [CrossRef]

14. Gudenko, A.V; Sliva, A.P.,; Dragunov, V.K.; Shcherbakov, A.V. Features of the product formation by the electron beam deposition
method. Weld. Int. 2020, 34, 17-23. [CrossRef]

15. Gaponova, D.A.; Rodyakina, R.V.; Gudenko, A.V,; Sliva, A.P.; Shcherbakov, A.V. Effect of reheating zones in additive man-
ufacturing by means of electron beam metal wire deposition method. CIRP J. Manuf. Sci. Tech. 2020, 28, 68-75. [CrossRef]

16. Sliva, A.P; Gudenko, A.V.; Marchenkov, A.Y.; Zhgut, D.A.; Goryachkina, M.V.; Dragunov, V.K. Mechanical properties of

aluminium alloy AMg6 obtained by wire electron beam additive forming. Weld. Int. 2019, 33, 484—488. [CrossRef]


https://rscf.ru/project/21-79-00084/
https://rscf.ru/project/21-79-00084/
http://doi.org/10.1016/j.jallcom.2017.11.176
http://doi.org/10.1016/S0925-8388(97)00235-1
http://doi.org/10.1177/09544089211004718
http://doi.org/10.3390/app10010070
http://doi.org/10.1016/j.apsusc.2019.04.255
http://doi.org/10.1016/j.addma.2018.08.004
http://doi.org/10.1007/s40194-019-00735-y
http://doi.org/10.1016/j.addma.2021.102137
http://doi.org/10.1016/j.mtla.2020.100834
http://doi.org/10.1016/j.matdes.2021.109541
http://doi.org/10.3390/app10207300
http://doi.org/10.1016/j.ijheatmasstransfer.2019.05.017
http://doi.org/10.1016/j.commatsci.2018.04.027
http://doi.org/10.1080/09507116.2021.1919449
http://doi.org/10.1016/j.cirpj.2020.01.001
http://doi.org/10.1080/09507116.2021.1905392

Materials 2021, 14, 6948 17 of 17

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Kotzem, D.; Arold, T.; Niendorf, T.; Walther, F. Influence of specimen position on the build platform on the mechanical properties
of as-built direct aged electron beam melted Inconel 718 alloy. Mater. Sci. Eng. A 2020, 772, 138785. [CrossRef]

Kotzem, D.; Arold, T.; Niendorf, T.; Walther, F. Damage Tolerance Evaluation of E-PBF-Manufactured Inconel 718 Strut Geometries
by Advanced Characterization Techniques. Materials 2020, 13, 247. [CrossRef]

Kotzem, D.; Dumke, P.; Sepehri, P.; Tenkamp, J.; Walther, F. Effect of miniaturization and surface roughness on the mechan-ical
properties of the electron beam melted superalloy Inconel® 718. Prog. Addit. Manuf. 2020, 5, 267-276. [CrossRef]

Kotzem, D.; Tazerout, D.; Arold, T.; Niendorf, T.; Walther, F. Failure mode map for E-PBF manufactured Ti6Al4V sandwich panels.
Eng. Fail. Anal. 2021, 121, 105159. [CrossRef]

Wu, B,; Pan, Z; Ding, D.; Cuiuri, D.; Li, H,; Xu, J.; Norrish, J. A review of the wire arc additive manufacturing of metals: Properties,
defects and quality improvement. . Manuf. Process. 2018, 35, 127-139. [CrossRef]

Wang, Y.; Chen, X.; Konovalov, S.; Su, C.; Siddiquee, A.N.; Gangil, N. In-situ wire-feed additive manufacturing of Cu-Al alloy by
addition of silicon. Appl. Surf. Sci. 2019, 487, 1366-1375. [CrossRef]

Gu, J; Ding, J.; Williams, S.W.; Gu, H.; Ma, P.; Zhai, Y. The effect of inter-layer cold working and post-deposition heat treatment
on porosity in additively manufactured aluminum alloys. J. Mater. Process. Technol. 2016, 230, 26-34. [CrossRef]

Gao, Y,; Wu, C.; Song, K.P.X,; Fu, Y.; Chen, Q.; Zhang, M.; Wang, G.; Liu, ]. Towards superior fatigue crack growth resistance of
TC4-DT alloy by in-situ rolled wire-arc additive manufacturing. J. Mater. Res. Tech. 2021, 15, 1395-1407. [CrossRef]

Donoghue, J.; Antonysamy, A.A.; Martina, F.; Colegrove, P.A.; Williams, S.W.; Prangnell, P.B. The effectiveness of combin-ing
rolling deformation with Wire-Arc Additive Manufacture on (3-grain refinement and texture modification in Ti-6Al-4V. Mater.
Charact. 2016, 114, 103-114. [CrossRef]

Uzan, N.E.; Ramati, S.; Shneck, R.; Frage, N.; Yeheskel, O. On the effect of shot-peening on fatigue resistance of AlSilOMg
specimens fabricated by additive manufacturing using selective laser melting (AM-SLM). Addit. Manuf. 2018, 21, 458-464.
[CrossRef]

Ye, H.; Ye, K.; Guo, B,; Le, F.; Wei, C.; Sun, X.; Wang, G.; Liu, Y. Effects of combining ultrasonic micro-forging treatment with
laser metal wire deposition on microstructural and mechanical properties in Ti-6Al-4V alloy. Mater. Charact. 2020, 162, 110187.
[CrossRef]

Tarasov, S.Y.; Filippov, A.V.; Savchenko, N.L.; Fortuna, S.V.; Rubtsov, V.E.; Kolubaev, E.A.; Psakhie, S.G. Effect of heat input on
phase content, crystalline lattice parameter, and residual strain in wire-feed electron beam additive manufactured 304 stainless
steel. Int. J. Adv. Manuf. Technol. 2018, 99, 2353-2363. [CrossRef]

Utyaganova, V.R,; Filippov, A.V,; Shamarin, N.N.; Vorontsov, A.V.; Savchenko, N.L.; Fortuna, S.V.; Gurianov, D.A.; Chu-maevskii,
A.V,; Rubtsov, V.E.; Tarasov, S.Y. Controlling the porosity using exponential decay heat input regimes during electron beam
wire-feed additive manufacturing of Al-Mg alloy. Int. ]. Adv. Manuf. Technol. 2020, 108, 2823-2838. [CrossRef]

Fortuna, S.V.; Gurianov, D.A.; Kalashnikov, K.N.; Chumaevskii, A.V.; Mironov, Y.P,; Kolubaev, E.A. Directional Solidification of a
Nickel-Based Superalloy Product Structure Fabricated on Stainless Steel Substrate by Electron Beam Additive Manufacturing.
Metall. Mater. Trans. A 2021, 52, 857-870. [CrossRef]

Kalashnikov, K.N.; Rubtsov, V.E.; Savchenko, N.L.; Kalashnikova, T.A.; Osipovich, K.S.; Eliseev, A.A.; Chumaevskii, A.V. The
effect of wire feed geometry on electron beam freeform 3D printing of complex-shaped samples from Ti-6Al-4V alloy. Int. ]. Adv.
Manuf. Technol. 2019, 105, 3147-3156. [CrossRef]

Osipovich, K.S.; Astafurova, E.G.; Chumaevskii, A.V.; Kalashnikov, K.N.; Astafurov, S.V.; Maier, G.G.; Melnikov, E.V.; Moskvina,
V.A.; Panchenko, M.Y.; Tarasov, S.Y.; et al. Gradient transition zone structure in “steel-copper” sample produced by double
wire-feed electron beam additive manufacturing. J. Mater. Sci. 2020, 55, 9258-9272. [CrossRef]

Khoroshko, E.S.; Filippov, A.V.; Shamarin, N.N.; Moskvichev, E.N.; Utyaganova, V.R.; Tarasov, S.Y.; Savchenko, N.L.; Kolubaev,
E.A.; Rubtsov, V.E.; Lychagin, D.V. Structure and Mechanical Properties of Cu—Al-Si-Mn System-Based Copper Alloy Obtained
by Additive Manufacturing. Russ. Phys. . 2021, 64, 333-339. [CrossRef]

Dutkiewicz, J.; Rogal, L..; Kalita, D.; Kawatko, J.; Weglowski, M.S.; Kwiecinski, K.; Sliwinski, P; Danielewski, H.; Antoszewski, B.;
Cesari, E. Microstructure, Mechanical Properties, and Martensitic Transformation in NiTi Shape Memory Alloy Fabricated Using
Electron Beam Additive Manufacturing Technique. |. Mater. Eng. Perform. 2021. [CrossRef]

Dutkiewicz, J.; Rogal, L.; Kalita, D.; Weglowski, M.; Blacha, S.; Berent, K.; Czeppe, T.; Antolak-Dudka, A.; Durejko, T.; Czujko, T.
Superelastic Effect in NiTi Alloys Manufactured Using Electron Beam and Focused Laser Rapid Manufacturing Methods. J. Mater.
Eng. Perform. 2020, 29, 4463-4473. [CrossRef]

Huang, H.; Nie, M.; Luan, Y,; Liu, X,; Xie, J. Fatigue property of single-crystal and columnar-grained polycrystalline Cu-12wt.%Al
Alloys. Proc. Eng. 2012, 27, 1686-1693. [CrossRef]

Collins, P.C.; Brice, D.A.; Samimi, P.; Ghamarian, I.; Fraser, H.L. Microstructural Control of Additively Manufactured Metallic
Materials. Annu. Rev. Mater. Res. 2016, 46, 63-91. [CrossRef]


http://doi.org/10.1016/j.msea.2019.138785
http://doi.org/10.3390/ma13010247
http://doi.org/10.1007/s40964-019-00101-w
http://doi.org/10.1016/j.engfailanal.2020.105159
http://doi.org/10.1016/j.jmapro.2018.08.001
http://doi.org/10.1016/j.apsusc.2019.05.068
http://doi.org/10.1016/j.jmatprotec.2015.11.006
http://doi.org/10.1016/j.jmrt.2021.08.152
http://doi.org/10.1016/j.matchar.2016.02.001
http://doi.org/10.1016/j.addma.2018.03.030
http://doi.org/10.1016/j.matchar.2020.110187
http://doi.org/10.1007/s00170-018-2643-0
http://doi.org/10.1007/s00170-020-05539-9
http://doi.org/10.1007/s11661-020-06090-8
http://doi.org/10.1007/s00170-019-04589-y
http://doi.org/10.1007/s10853-020-04549-y
http://doi.org/10.1007/s11182-021-02333-2
http://doi.org/10.1007/s11665-021-06241-x
http://doi.org/10.1007/s11665-020-04938-z
http://doi.org/10.1016/j.proeng.2011.12.637
http://doi.org/10.1146/annurev-matsci-070115-031816

	Introduction 
	Materials and Methods 
	Results 
	Metallography 
	Grain Orientation Maps 
	Phase Composition 
	Mechanical Characteristics 

	Discussion 
	Conclusions 
	References

