
Vol.:(0123456789)1 3

Progress in Additive Manufacturing (2023) 8:1067–1082 
https://doi.org/10.1007/s40964-022-00378-4

FULL RESEARCH ARTICLE

In‑situ dispersion hardened aluminum bronze/steel composites 
prepared using a double wire electron beam additive manufacturing

Anna Zykova1  · Aleksandr Panfilov1 · Andrey Chumaevskii1 · Andrey Vorontsov1 · Evgeny Moskvichev1 · 
Sergey Nikonov1 · Denis Gurianov1 · Nickolai Savchenko1 · Evgeny Kolubaev1 · Sergei Tarasov1

Received: 31 May 2022 / Accepted: 22 December 2022 / Published online: 30 December 2022 
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2022

Abstract
Electron beam additive manufacturing with simultaneously controlled feeding and melting of ER321 stainless steel and 
CuA19Mn2 bronze wires was carried out. The composite microstructure was formed consisting of homogeneously distributed 
ferrite and nickel-enriched bronze grains. Intensive intermixing and diffusion in the melted pool caused redistribution of 
nickel from stainless steel to the bronze and solidification of ferrite grains instead of the austenitic ones. Dispersion hardening 
of both ferrite and aluminum bronze grains occurred by core/shell β′/AlNi and  AlFe3 (κiv-phase) precipitates, respectively, 
that resulted in improving the ultimate tensile stress and increasing the microhardness of the composites depending upon 
the content of stainless steel introduced. Deformation was localized mainly in the bronze grains while ferrite grains retained 
their shape and were almost free of dislocations. The bronze grains allowed revealing only small regions containing the 
deformation microtwins. The tensile strength and microhardness of the composite samples were increased as compared to 
those of the pure bronze. No anisotropy was found during tensile testing.

Keywords Electron beam additive manufacturing · In-situ composite · Phase transformation · Dispersion hardening

1 Introduction

Additive manufacturing is a rapidly developing trend in 
almost all the industries including even such traditional ones 
as construction [1]. However, the fabrication of metallic 
components is still the most demanded application of these 
methods. Despite many alloys and composites are fabricated 
using traditional metallurgy or powder production methods, 
the additive manufacturing offers new solutions for in-situ 
controlling and modifying the alloy or composite structures. 
One of such solutions may be simultaneous additive deposi-
tion of dissimilar metals that would allow in-situ forming an 
alloy or a composite.

The steel/bronze composite materials can be fabricated 
using different methods including smelting-casting, brazing, 
welding, jet binding or plasma-transferred arc deposition 
[2–6] that would allow obtaining products with properties 

combining good processability with high corrosion resist-
ance or strength and toughness with high heat- and electric 
conductivities.

Aluminum bronzes that contain up to 12 wt% of Al and 
additionally alloyed by Fe, Ni or Mn are widely used in vari-
ous applications that require combined properties [7, 8]. The 
functional characteristics of the aluminum bronzes are deter-
mined by the microstructures formed in them in accordance 
with the process used. Along with that chemical composition 
of the bronzes determines the phase transformations that 
may occur in these alloys including for example, ordering 
[9, 10] or formation of intermetallic compounds [11] under 
corresponding conditions.

For instance, Tao et al. showed that phases formed in the 
Fe and Ni containing aluminum bronze coating obtained by 
laser-assisted deposition were as follows: α-Cu, γ2, β′, Cr-Fe 
and κ-phase [11]. The content of Cr-Fe increased with the 
addition of Fe and Ni and resulted in the α-Cu grain refining, 
increasing the microhardness and improving wear resistance.

Increasing contents of both Ni and Cr allowed enhancing 
hardness and corrosion resistance of the aluminum bronzes 
[12, 13]. Chromium is known as a good corrosion inhibitor 
but it is hardly possible to dissolve more than 1 at.% Cr in 
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Cu applying the standard metallurgical melting. Instead, the 
bronze surface may be alloyed with Cr by means of friction 
stir processing, ion implantation, magnetron sputtering, etc. 
For instance, the improved corrosion resistance of a nickel-
aluminum bronze was achieved by ion implantation of Cr 
atoms into its subsurface [14].

An austenitic stainless steel possesses high strength and 
corrosion resistance and therefore is a good candidate for 
dispersing in a bronze matrix and thus improving its strength 
and wear resistance. This type of composites can be used 
for replacing the costly rare-earth element containing alloys 
as well as for reducing costs and weight of the composites.

Deposition of a nickel aluminum bronze on a stainless 
steel by means of wire arc additive manufacturing (WAAM) 
was undertaken and allowed obtaining a bimetallic sample 
with FeAl intermetallic layer (IMC) as well as containing 
the κI –precipitates in the bronze layer [14]. Multilayer alu-
minum bronze/stainless steel structures were obtained using 
laser metal deposition to reduce the detrimental effects of 
IMCs formed at the interface between layers [15].

Additive laser directed energy deposition (DED) manu-
facturing of a multimaterial composed of nickel aluminum 
bronze and steel layers was carried out [16] where bronze 
layers were embrittled by the formed martensite and IMCs 
such as  Fe3Al and NiAl. Nevertheless, such an approach 
allowed improving the corrosion resistance of the bronze.

Plasma-transferred arc (PTA) process was used for depo-
sition of a Cu–Al–Fe coating on the EN10503 steel substrate 
and studying the effect of dilution on the resulting coating’s 
microstructure [2]. The amount of κ-phase precipitates was 
depending on the amount of Fe admixed to the bronze. An 
attempt was undertaken to densify the porous jet-printed 
stainless steel 420 parts by pre-sintering and infiltration with 
a bronze that resulted in embrittlement of the steel samples 
[3].

Electron beam wire-feed additive manufacturing (EBAM) 
has a high potential for fabricating bimetallic and even mul-
timetallic materials since this process involves local fusion 
binding between successively deposited dissimilar metal lay-
ers. The necessity of using a vacuum chamber may be justi-
fied by achieving the zero porosity in the samples grown. 
Stainless steel/copper composites were prepared using the 
double wire feed EBAM [17] when a gradient concentration 
transition zone was obtained with a variety of structures and 
lack of nickel dissolution in copper. On the contrary, additive 
deposition of a laminate composite with alternating steel and 
copper layers allowed observing the nickel depletion zones 
in the vicinity of the Cu/steel boundaries [17].

Additive manufacturing with the use of aluminum bronze 
wire showed that columnar oriented grains grow from the 
bottom of the electron beam melted pool [18] that have detri-
mental effect on the mechanical strength of the grown metal 
wall. Post-processing by pre-deformation and subsequent 

annealing allowed improving mechanical characteristics of 
the metal [19]. Friction stir post-processing was applied to 
the EBAM obtained Fe/Cu composite that allowed improv-
ing its microhardness and wear resistance [20].

An aluminum bronze/steel composite can be obtained 
by means of EBAM, where primary solidification of steel 
grains would eliminate formation of the detrimental colum-
nar bronze ones. Considering the fact that nickel is a highly 
soluble metal in copper, the bronze will be enriched by 
drawing nickel from stainless steel and therefore additional 
intermetallic precipitate may appear that would provide 
the effect of dispersion hardening. Mechanical strength 
of the bronze grain structures will improve when primary 
steel grains solidify and hamper the bronze columnar grain 
growth.

The objective of this work is to study aluminum bronze/
stainless steel composites obtained using EBAM with simul-
taneous feeding of two dissimilar metal wires.

2  Materials and methods

The stainless steel/aluminum bronze composites (SS/bronze) 
were prepared using an electron beam wire-feed additive 
manufacturing machine as shown in Fig. 1. The residual air 
pressure in the chamber was not higher 5  10–5Pa.

Stainless steel ER321 (Beloretsk Metallurgical Plant 
“MECHEL”, Russia) and CuA19Mn2 bronze (JSC Ural 
Mining Metallurgical Company, Russia) ∅1.2 mm wires 

Fig. 1  The scheme of SS/bronze composite wall additive deposition 
and scheme of cutting off specimens for characterization. 1, 2, 3, 4—
samples for microstructural and XRD studies; 5–8 samples for the 
tensile tests
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were continuously fed into a puddle formed in the ER 321 
stainless steel substrate by the electron beam, melted there, 
intermixed in a liquid state and then solidified in the form 
of an as-deposited layer (Table 1). The very first layers were 
deposited on the substrate preheated to 350–400 °C and 
using the electron beam current 74 mA to avoid disconti-
nuities and voids that might form in the substrate/coating 
transition zone even though the substrate was preheated. The 
next layers were deposited using the electron beam deposi-
tion parameters as follows: U = 30 kV, I = 45 mA and using 
the substrate displacement speed or layer deposition rate 
400 mm/min. So the corresponding heat input amounted 
up to 56.25 J/m.

The desired steel/bronze percentage ratio was supported 
during deposition by automatic control of the corresponding 
ratio of the wires’ feed rates. Finally, three different compos-
ites with the SS/bronze volume fraction ratios 10:90, 25:75, 
50:50 were obtained and denoted as follows: 10SS/bronze, 
25SS/bronze and 50SS/bronze (see Table 1).

The chemical compositions of the source wires and com-
posites were determined using an X-ray fluorescence (XRF) 
instrument Niton XL3t 980 GOLDD. On growing the SS/
bronze wall the as-deposited metal was characterized for 
microstructures, phases and mechanical strength using sam-
ples EDM cut off the wall as shown in Fig. 1.

Samples for metallographic studies were prepared accord-
ing to a standard procedure including grinding on the 
corundum abrasive papers and successively polishing with 
14/10, 3/2 and 1/0 grit diamond pastes. On final polishing, 
the metallographic views were etched by dipping them for 
a few seconds into the Keller reagent composed of 30 ml 
HCl + 5 g  FeCl3-6H2O + 60 ml  H2O, followed by washing 
in distilled water and drying. Macrostructural examination 
was carried out using an optical microscope Altami Met 1 
C. Microstructures and element composition were studied 
using scanning electron microscope (SEM) Thermo Fisher 
Scientific Apreo S LoVac attached with an EDS analyzer.

A TEM instrument JEOL-2100 was used for examin-
ing the microstructures and phases formed in the compos-
ites after solidification. Thin foils for TEM were prepared 
by EDM cutting 4 × 2x1  mm3 platelets from samples 2–4 
(Fig. 1) and grinding them to the thicknesses of 0.1 mm. 

Then ∅3 mm disks were punched out from them and each 
of their sides was grinded to make depressions using a Dim-
pling Grinder Model 200 (Fischione Instruments) machine. 
The thickness of metal between the two opposite depressions 
was 10–20 μm. A double ion beam polishing machine TEM 
Mill Model 1051 (Fischione Instruments) was used at 7 kV 
ion acceleration voltage for further ion thinning the foil until 
obtaining a hole with metal edge thickness of 100–200 nm.

An X-ray diffractometer XRD-7000S, Co
K
�

 , and micro-
hardness tester Duramin 5 were used for detecting phases 
and measuring the microhardness number distribution along 
the Z axis (Fig. 1) and at 50 g indenter load, respectively.

Uniaxial tensile tests were carried out using a testing 
machine UTS-110 M on samples 5–8 cut off the wall as 
shown in Fig. 1. The tensile “dog-bone” samples had the 
gauge length of 12 mm as well as both thickness and width 
equal to 2.5 mm. The tensile loading velocity was 1 mm/
min.

3  Results and discussion

3.1  Phases and microstructures

The XRD patterns of as-deposited aluminum bronze and 
SS/bronze composites allow observing the phases formed in 
them after cooling to room temperatures. The as-deposited 
bronze is composed mainly of the α-Cu solid solution with 
moderate amounts of β′-Cu3Al phase (Fig. 2a) that solidifies 
directly from the Cu/Al melt in the 8.5–15 wt% Al concen-
tration interval.

The β-phase diagram field shrinks as the temperature is 
reduced (Fig. 2b) and at 565 °C there occurs a decomposi-
tion β → α + γ2, where (α + γ2) is an eutectoid phase [21]. 
Such a behavior is observed under the equilibrium condi-
tions when cooling is slow and diffusion-controlled redis-
tribution of Cu and Al atoms in the β-phase lattice allows 
for the eutectoid decomposition. When cooling rate is 
high enough, no eutectoid decomposition is possible, but, 
instead, there occurs a diffusionless martensitic transforma-
tion of the metastable β-phase into β′, β′1, and γ′1-phases 
(Fig. 2b). It is obvious that all these phases contain the same 

Table 1  Chemical compositions of wires and SS/bronze composites

Material Elements, wt%

C Cr Ni Mn Ti Si Fe Cu Al Zn

ER321 0.06 ± 0.02 17.8 ± 0.09 9.9 ± 0.2 1.1 ± 0.7 0.8 ± 0.03 0.3 ± 0.01 bal. – –
CuA19Mn2 – – – 1.9 ± 0.04 – – 0.3 ± 0.01 bal. 9.3 ± 1.4 0.4 ± 0.02
10SS/bronze – 2.2 ± 0.04 1.3 ± 0.03 1.4 ± 0.03 0.05 ± 0.008 0.05 ± 0.02 7.7 ± 0.05 80.7 ± 0.6 6.2 ± 0.04 0.2 ± 0.02
25SS/bronze – 5.7 ± 0.05 2.9 ± 0.05 1.1 ± 0.04 0.1 ± 0.01 0.1 ± 0.05 19.1 ± 0.08 65.3 ± 0.5 5.33 ± 0.5 0.1 ± 0.01
50SS/bronze – 9.9 ± 0.05 4.6 ± 0.06 1.09 ± 0.04 0.2 ± 00.1 0.2 ± 0.06 33.8 ± 0.1 46.2 ± 0.4 3.7 ± 0.5 0.05 ± 0.02
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concentrations of elements as the parent one and differ only 
by their crystalline lattices.

The martensitic β′-phase is an inherently disordered 
phase formed directly from the disordered parent β-phase 
(β → β′) (Fig. 2b) while other ones are such as β′1 and 

γ′1 are the inherently ordered ones as those stemming 
from the ordered β1 phase according to reactions: β1→ β′1 
and γ1 → γ′1. Here and below, the suffix number “1” will 
refer to the ordered phases. It seems that the cooling rate 
was high enough to enable martensitic transformation of 

Fig. 2  The XRD patterns of as-deposited bronze and SS/bronze composites (a), Al–Cu (b) [21] and Cu–Al–Fe (c) [23] diagrams
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β′-Cu3Al in the electron beam wire-feed additive deposited 
metal.

The XRD patterns of the SS/bronze composites revealed 
the presence of α-Fe whose contents grow with that of the 
SS intermixed with the bronze (Fig. 2a). The α-Cu peaks are 
shifted to the low 2Θ end as compared to those of standard 
Cu ones because of possible nickel dissolution in the α-Cu 
[14, 22]. In fact, these aluminum bronze grains became the 
nickel aluminum bronze ones and therefore will be denoted 
below as α-Cu(Al, Ni). No presence of the β′-phase was 
detected in SS/bronze composite samples (Fig. 2a).

Macrostructural optical views are shown in Fig. 3 that 
allow observing structures formed in the as-deposited SS/
bronze composites. Transition ~ 2–3 mm of thickness zones 
were formed in the vicinity of the stainless steel substrates in 
all composites due to intermixing and dilution of the trans-
ferred metals in a partially melted substrate (Fig. 3a, f, k). 
These transition zones formed in the 10SS/bronze and 25SS/
bronze composites (Fig. 3b and g) are characterized by sharp 
defectless fusion boundaries as well as coarse bronze regions 
inside the steel matrices while that of 50SS/bronze com-
posite is distinguished by its fine steel grains with the grain 
boundary bronze structures (Fig. 3l). The microstructures 
found in both medium and top parts of the 10SS/bronze and 
25SS/bronze composites show fine globular particles in the 
bronze matrix (Fig. 3d, h) together with some larger ones 
(Fig. 3c, i). The 50SS/bronze composite reveals its more 
homogeneous structure with the steel dendritic structures 
as well as coarse steel particles located in the bottom part 
of the wall (Fig. 3m, n). A thin dark-etched α-Fe transition 
zone can be seen between the large bright non-etched γ-Fe 
grain and bronze matrix in Fig. 3m. It seems that solidified 
stainless steel drops were partially transformed into α-iron 
during cooling. The mechanism responsible for such a γ → α 
transformation may be redistribution of nickel in favor of the 
aluminum bronze. The top part structures of all the compos-
ites demonstrate isolated steel particles (Fig. 3e, j, o).

It is worthwhile to note that the transition zone is free 
from defects such as pores, cracks or discontinuities despite 
their presence being reported elsewhere [2, 15]. The reason 
behind such a finding is using the higher heat input when 
depositing the first several layers.

3.1.1  Microstructures in 10SS/bronze

The detailed SEM examination of structures formed in the 
10SS/bronze composites showed the presence of residual 
lamellar particles in the bronze matrix near the steel grains 
(Fig. 4a, b). The corresponding SAED pattern and dark-field 
images obtained from this particle using the (1012 ) reflec-
tion allow identifying these particles as those belonging to 
the β′-phase (Fig. 4c, d). The dark-field image in Fig. 4e was 
obtained also using an α-Cu(Al,Ni) reflection to observe the 

matrix contrast. An EDS analysis of corresponding areas 
shows them as containing ~ 21 at.% Al and ~ 73 at.% Cu, 
i.e., of concentration ratio corresponding to that of  Cu3Al 
(Fig. 4c, Table 2, spectra 1 and 2).

The globular 0.8 ± 0.02 μm in size particles can be dis-
tinguished in the 10SS/bronze composite’s matrix (Fig. 4f) 
that were identified as the α-Fe(Cr) solid solution accord-
ing to the dark-field image (Fig. 4g) and EDS spectra 3–5 
(Table 2) obtained from particles numbered in Fig. 4f. The 
fine faced 48 ± 1.4 nm precipitates can be seen inside the 
α-Fe(Cr) (Fig. 4h) that were identified as copper-rich ones. 
These particles precipitated from the solidified α-Fe(Cr) 
grains during cooling and can be coherent with the α-Fe(Cr) 
matrix (Fig. 4h).

Another sort of fine and faced ~ 80 nm in size precipitates 
may be observed in the α-Cu(Al,Ni) matrix together with 
the dislocation loops formed due to coalescence of diffu-
sion vacancies (Fig. 4i, g). The SAED pattern (Fig. 4i), EDS 
analysis of areas 7 and 8 in Fig. 4g (Table 2) and dark-field 
TEM image obtained using the ( 220 ) reflection (Fig. 4k) 
allowed identifying them as D03  AlFe3 or κiv-phase. The 
presence of bend extinction contours around these particles 
(Fig. 4i, g) can be related to microstresses generated on the 
particle/matrix boundaries due to partial crystalline lattice 
incompatibility. These stresses may sufficiently increase the 
α-Cu(Al,Ni) strength.

3.1.2  Microstructures in 25SS/bronze

Large α-Fe(Cr) particles were found in the 25SS/bronze 
composite with their mean size equal to 12.58 ± 0.37 μm 
(Fig. 5a, b). These particles were the first ones to solidify 
from the melt as γ-Fe(Ni,Cr) dendrites and then would be 
transformed to α-Fe(Cr) by the loss of nickel in favor of 
α-Cu. (Table 2, spectra 3–5). It is also known [2, 24] that 
some amount of δ-ferrite can be solidified directly from the 
melt in the as-deposited Cu–Al–Fe and aluminum bronze 
coatings. Therefore, it is not unthinkable that some α-Fe(Cr) 
grains could directly solidify along with the γ-Fe(Ni,Cr) 
ones. The large α-Fe(Cr) grains contain some submicron- 
(Fig. 5b) and nano-sized (Fig. 4h) Cu-enriched precipitates. 
It is suggested that these particles precipitated from already 
solidified α-Fe(Cr) grains during their cooling to room tem-
peratures and corresponding reduction of residual copper 
content in iron to zero.

The TEM images enabled observation of even finer 
globular and rod-like particles inside the α-Fe(Cr) grains 
(Fig. 6a, d). Corresponding EDS maps show that these rod-
like particles contain more copper (Fig. 6i, spectra 3–4, 
Table 3) as compared to that of globular ones (Fig. 6i, spec-
tra 1–2, Table 3). These 0.33 ± 0.01 rod-like precipitates 
were identified as β′-phase according to their SAED pattern 
and dark-field image examination (Fig. 7a, b, c, d). These 
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Fig. 3  Macro and microstructures of 10SS/bronze” (a–e), “25SS/bronze” (f–j) and 50SS/bronze composites (k–o)
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Fig. 4  SEM BSE images (a, b), TEM bright-field (c, f, h–g) and dark-field (d, e, j, k) images of microstructures of as-deposited 10SS/bronze 
composite. 1–9—denote points selected for EDS (Table 2)
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β′-phase precipitates allow observing their inner martensitic 
type microstructure in Fig. 7b, d.

Globular 0.26 ± 0.01 μm in size precipitates (Fig. 6d, 
pos.1 and 2) were found in the α-Fe(Cr) grain center while 
even finer 68 ± 2 nm ones were located closer to the α-Fe(Cr) 
grain boundary.

It should be noted that comparing the EDS profiles of Al 
and Ni obtained along the yellow line in Fig. 7a with that of 
Cu (Fig. 7i), it may be suggested that the β′-phase precipi-
tates boundaries in Fig. 7i are enriched with Al (~ 7 at.%) 
and Ni (~ 15 at.%) so that this precipitate may be a core/
shell particle with the  Cu3Al core and AlNi shell. The mean 
size of the κiv-phase precipitates in the α-Cu(Al, Ni) grains 
is 115 ± 3.3 nm, i.e., by a factor of 1.5 larger than that of the 
10SS/bronze (Fig. 5b).

3.1.3  Microstructures in 50SS/bronze

Instead of isolated α-Fe(Cr) grains, the 50SS/bronze 
composite demonstrates dendritic steel structures in the 
α-Cu(Al,Ni) matrix (Fig. 8a, b). These α-Fe(Cr) dendrites 
additionally contain fine globular and rod-like precipitates 
(Fig. 8b–e) the same as those discussed above and found in 
the 25SS/bronze composite.

By analogy with the TEM results obtained on the 25SS/
bronze, these rod-like precipitates inside the α-Fe(Cr) 

grain (Fig. 8c) can be the β′-phase ones inside the AlNi 
shells. Along with that, coarse β′-grains are also observ-
able in these grains (Fig. 8d, c) whereas the α-Cu(Al,Ni) 
grains contain 150 nm in size κiv-phase precipitates.

The TEM images in Fig. 9a, b may lend support to the 
suggested above formation of the core/shell β′/AlNi pre-
cipitates. The SAED pattern in Fig. 9c allows identify-
ing the AlNi crystalline lattice. The dark-field images in 
Fig. 9d, e, f were obtained using reflections (010) AlNi, 
(2118)β′ and (110) α-Fe, respectively, and serve for reli-
able identification of the precipitates by their contrast. It 
can be observed also from a comparison between Fig. 9d 
and Fig. 9e that the (010) AlNi reflection allows exposing 
rectangular shells around the β′-phase precipitates. Let 
us note again that many β′-precipitates in Fig. 9d cannot 
be observed in Fig. 9e because of full shielding by their 
AlNi shells. The mean size of the β′/AlNi precipitates is 
0.32 ± 0.03 μm.

Globular 0.32 ± 0.01  μm Cu-enriched particles are 
located in the central part of the α-Fe(Cr) grains with 
the AlNi shells around them (Fig. 10a, b). The smaller 
37 ± 1.1  nm ones can be found in the vicinity of the 
α-Fe(Cr) boundaries (Fig. 8c, e). It can be noted that the 
EDS profiles show the presence of Al and Ni peaks on 
both Cu peak sides (Fig. 10b) meaning that there is an 
AlNi shell around this Cu-Al-Ni particle.

Table 2  EDS analysis of 
the 10SS/bronze composite 
obtained using TEM (Fig. 4c, 
f, g)

Spectrum Chemical composition, at.% Structure

Al Si Cr Mn Fe Co Ni Cu

Spectrum 1 21.11 0.91 0.10 1.64 0.55 0.09 2.00 73.59 Cu3Al
Spectrum 2 21.65 0.62 0.23 1.96 0.37 0.10 2.11 72.97 Cu3Al
Spectrum 3 6.46 1.54 22.88 2.36 60.79 0.22 0.54 5.22 α-Fe(Cr)
Spectrum 4 6.30 1.80 22.93 2.16 59.97 0.28 0.58 5.98 α-Fe(Cr)
Spectrum 5 7.49 1.71 22.17 2.51 59.05 0.26 0.56 6.25 α-Fe(Cr)
Spectrum 6 7.46 0.19 0.34 1.62 2.58 0.11 1.05 86.65 α-Cu
Spectrum 7 12.58 1.36 5.05 2.32 33.16 1.06 0.88 43.58 Fe3Al
Spectrum 8 14.97 0.79 1.65 1.71 13.08 1.36 1.17 65.26 Fe3Al
Spectrum 9 15.05 1.36 0.32 1.27 1.96 1.01 1.15 77.88 α-Cu

Fig. 5  SEM SE (a) and BSE 
(b) image of microstructures in 
25SS/bronze composite
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Fig. 6  Bright-field TEM images of precipitates inside the α-Fe(Cr) grain of 25SS/bronze composite (a, d) and corresponding EDS element dis-
tribution maps (b, c, e–i)

Table 3  EDS analysis of the 
25SS/bronze composite (see 
particles numbered in Fig. 6d)

Spectrum Chemical composition, at.%

Al Si Cr Mn Fe Ni Cu

Spectrum 1 6.14 1.57 17.58 1.02 57.21 2.67 13.81
Spectrum 2 7.97 1.87 15.85 1.06 52.80 2.57 17.87
Spectrum 3 9.16 1.15 10.92 0.88 35.02 3.25 39.62
Spectrum 4 9.12 1.38 5.73 0.93 19.40 3.05 60.40
Spectrum 5 6.63 2.63 19.36 1.07 64.98 1.86 3.48
Spectrum 6 7.23 – 0.72 1.09 4.52 3.64 82.80
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3.1.4  Microhardness and tensile strength

The microhardness numbers are used for characterizing 
mechanical characteristics of small volumes in distinc-
tion to the integral characteristics obtained from a ten-
sile test. The corresponding microhardness profiles were 
obtained for as-deposited bronze and SS/bronze compos-
ites as measured along the wall height and starting from 
the substrate (Fig. 11). All these microhardness profiles 
clearly show the presence of a transition zone where the 
substrate metal was intermixed with the metal transferred 
from the wires. The hardness of this zone is determined by 
the amount of steel intermixed with bronze.

The as-deposited SS/bronze composites demonstrate their 
microhardness numbers that depend on the amount of steel 
in the composite, i.e., the as-deposited 50SS/bronze, 25SS/
bronze and 10SS/bronze composites demonstrate maximum, 
medium and minimal microhardness levels, respectively. 
Let us note that the microhardness number distributions in 
Fig. 11 represent the characteristics of both components, i.e., 
relate to both steel and bronze grains.

The microhardness of the as-deposited aluminum bronze 
is at the level of 1.4 GPa with some 2 GPa peaks resulted 
from indenting the  Cu3Al precipitates (Fig. 11). This is close 
to that of the 10SS/bronze composite. Sufficiently higher 
bronze matrix microhardness numbers were obtained on 

Fig. 7  The bright-field TEM image of α-Fe(Cr) grain in the 25SS/bronze composite (a), enlarged view of the core/shell β′/AlNi precipitate (b), 
SAED pattern (c); dark-field image obtained using (2110)β′ reflection (d), EDS spectra (i) along the yellow line in a 
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25SS/bronze and 50/SS bronze composites. Therefore, it 
may be stated that the bronze matrix grains were dispersion 
hardened as compared to those in the as-deposited bronze 
and 10SS/bronze ones. The same is true for the α-Fe(Cr) 
grains as compared to those in the 10SS/bronze.

The tensile strength tests showed a notable anisotropy 
of mechanical characteristics obtained on the as-deposited 
bronze samples (Fig. 12) that depended on the tensile axis 
orientation with respect to the coordinate system in Fig. 1. 
On the other hand, these differences are less manifested on 
the strain/stress curves of SS/bronze composites, i.e., their 
composite structure has a good effect on the uniformity of 
mechanical characteristics. All the composites demonstrated 
the tensile strength increasing with the content of steel in 
them as well as simultaneously decreasing the strain-to-frac-
ture values. For instance, the 50SS/bronze composite dem-
onstrated the maximum ~ 800 MPa ultimate tensile stress and 
minimum 0.18% strain-to-fracture as compared to those of 
10SS/bronze and 25SS/bronze.

The most notable improvement of strength without a 
great loss in plasticity can be observed for the 10SS/bronze 
sample that may be related to effective dispersion hardening 
of the α-Cu(Al,Ni) grains by κiv-phase precipitates. Let us 
remember that the mean size of the κiv-phase precipitates 

changed from 80 nm in 10SS/bronze to 115 nm in 25SS/
bronze and finally to 150 nm in 50SS/bronze samples.

The strengthening rate dσ/dε curves do not show any fea-
tures that could have been recognized as a twinning stage 
(Fig. 12b). It seems that dislocation gliding was the main 
deformation mechanism in the α-Cu(Al,Ni) grains.

Fracture surfaces of all samples reveal viscous inter-
granular type of fracture with numerous ridges (Fig. 13). 
The EDS Fe distribution maps were superimposed on the 
SEM fractography images to identify the α-Fe(Cr) grains 
and even dendrites (Fig. 13c). The finest and scarce α-Fe(Cr) 
grains were observed on the fracture surface of the SS10/
bronze composite (Fig. 13a), the larger ones are in the SS25/
bronze (Fig. 13b), and the maximum ones are in the SS50/
bronze (Fig. 13c). Since there is not much difference in hard-
ness between the α-Cu(Al, Ni) and α-Fe(Cr) grains (Fig. 11) 
inside the same composite, one can suggest that all these 
grains experience plastic deformation during loading. At the 
same time, the SS50/bronze contains more nickel and iron so 
that its grains are more dispersion hardened as compared to 
those of the SS25/bronze and especially of the SS10/bronze 
ones. Therefore, some large flat areas can be found in Fig. 3c 
that may be related to those of α-Fe(Cr) grains reinforced 
with the core/shell precipitates (Fig. 4g). It seems that the 

Fig. 8  SEM SE images of steel dendrites (a) and coarse globular particles in α-Cu(Al,Ni) and α-Fe(Cr) grains (b) in the 50SS/bronze composite. 
TEM bright-field image of precipitates in α-Fe(Cr) (c–e) and α-Cu(Al,Ni) grains (d, e)
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excess of these particles in α-Fe(Cr) grains of SS50/bronze 
sample resulted in their brittle-like transgranular fracture.

The TEM images were obtained from thin foils cut off 
the tensile specimens in the vicinity of the fracture surfaces, 
where the maximum strain was achieved (Fig. 14). The 
deformed zone structures allow identifying the presence of 
thin and fine deformation microtwins (Fig. 14a, c, d) as well 
as dislocation structures in the bronze grains. The ferrite 
grains were reinforced by precipitates and therefore were 
almost free of dislocations as well as retained their undis-
torted shapes (Fig. 14b, d, f). These results lend support to 
the suggestion that deformation was developing mainly by 
the bronze grains and mostly according to the dislocation 
gliding mechanism with only small twinned areas.

4  Discussion

4.1  Microstructures and precipitations

The basic chemical elements of the alloys intermixed in a 
melted pool were immiscible iron and copper, while the 

other ones were miscible aluminum, nickel and chromium. It 
was shown earlier [17] when studying the additive manufac-
turing of a stainless steel/copper composite that only copper 
and stainless steel grains were formed, i.e., no copper/nickel 
solution was observed. The stainless steel dendrites were 
first to solidify from the melt while copper solidified later 
in the interdendrite spaces. This is how primary dendritic 
structures were formed in EBAM. However, some amounts 
of copper and iron were dissolved in each other below the 
corresponding solidus temperatures. When cooling these 
metals were forced out of the corresponding lattices and 
precipitated in the form of fine particles. Also no δ-ferrite 
was detected in the stainless steel regions despite it being 
often found in the as-weld stainless steel structures [17].

Another finding was that the γ → α transformation 
occurred in a manner that almost all stainless steel grains 
have been transformed into ferrite ones except for the huge 
ones with a stainless steel core enveloped by the ferrite shell. 
Such a finding suggests that solidification of the SS/bronze 
melted pool started from nucleation and growth of γ-grains 
or dendrites depending on the stainless steel percentage 
transferred to the melted pool.

Fig. 9  Bright-field TEM images of β′/AlNi precipitates (a, b), SAED pattern (c) and dark-field TEM images of AlNi shells, β′-cores and 
α-Fe(Cr) matrix obtained using reflections (010) AlNi, (2118)β′ and (110) α-Fe, respectively
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It is not inconceivable at this stage that some amount of 
δ-ferrite solidified too according to reaction L → γ + δ [25] 
but chances are that the FCC copper is an austenite-promot-
ing element and therefore might interfere with the ferrite 
solidification from the copper–rich interdendrite spaces. The 
intensive intermixing between liquid SS and bronze might 
cause dissolution of both components in each other so that 

the SS regions will be enriched with copper and aluminum 
while bronze dissolves some iron and as much as possible 
of nickel. The depletion by nickel may reduce the nickel 
equivalent and change the stainless steel droplet’s solidi-
fication mode from AF to FA [25], where A and F are the 
austenite and ferrite, respectively. The latter is especially 
important for the small stainless steel droplets solidifying 
inside the liquid bronze environment. Comparing chemical 
compositions of the ER321 wire (Table 1) and small ferrite 
grains (recalculated into weight percentages from Tables 2 
and 3) one can see that concentration of nickel in the latter 
reduced greatly, in fact, from 9.9 wt% to about 1 ÷ 0.6 wt%. 
As can be observed from the pseudobinary section of the 
Fe–Cr–Ni diagram at 70 wt% Fe [25] that such a depletion 
corresponds to the FA solidification mode.

Another situation is with the large SS drops that solidify 
as primary SS grains or dendrites while their peripheral 
regions lose nickel and transform into ferrite.

The interchanging diffusion processes still continue even 
after full solidification of the composite. The solvability of 
copper in α-iron becomes close to zero with cooling so that 
small globular copper/aluminum particles precipitate there 
and this interchanging diffusion starts again between solid 
copper/aluminum particles and iron/nickel environment. 
As a result, these copper/aluminum particles become cov-
ered by the AlNi shells. It is worth noting that the enthalpy 
of AlNi formation is ΔH = – 127 kJ/mol, i.e. lower than 

Fig. 10  Bright-field TEM image of globular copper-rich particle (a) with corresponding EDS linear spectra (b)

Fig. 11  Microhardness profiles for as-deposited bronze and SS/
bronze composites



1080 Progress in Additive Manufacturing (2023) 8:1067–1082

1 3

ΔH = – 73 kJ/mol of the  Cu3Al β′-phase. This is how the 
core/shell β′/AlNi precipitates appear in the steel grains. 
According to [26] a miscibility gap between  Cu3Ni and AlNi 
phases may really exist.

The bronze grains thus contain dissolved iron and nickel 
in addition to residual aluminum. Therefore, in cooling 
to 700 °C, the  AlFe3 κiv-phase may precipitate there. The 
enthalpy of the κiv-phase formation is ΔH = – 77 kJ/mol and 
therefore its precipitation is a bit more preferable as com-
pared to that of  Cu3Al β′-phase with ΔH = –73 kJ/mol.

It is interesting that both 25SS/bronze and 50SS/bronze 
composites do not reveal any coarse β′-grains as those found 
in the as-deposited bronze and 10SS/bronze composite. 
The suggestion is that α-Cu(Al,Ni) solid solution becomes 

depleted by aluminum which could be in need for the  AlFe3 
precipitation.

4.2  Deformation

Mechanical characteristics of the SS/bronze composites 
strongly depend on the content of the stainless steel inter-
mixed with the bronze and, therefore, the highest ultimate 
tensile strength was achieved on the 50SS/bronze composite. 
The double wire feed provided intensive intermixing of the 
components and created a relatively homogeneous distribu-
tion of them over the wall’s volume with effective strength-
ening of the entire structure. Let us dwell on some specifics 
of such a composite in terms of deformation.

Fig. 12  Stress–strain (a) and strengthening rate (b) typical curves obtained on as-deposited samples of as-deposited aluminum bronze and SS/
bronze composites. Solid and dash lines denote tensile curves obtained from samples 5–6 and 7–8 (Fig. 1), respectively

Fig. 13  Tensile test fracture surfaces on samples SS10/bronze (a), SS25/bronze (b) and SS50/bronze (c). Red color shows distribution of α-iron 
obtained from the EDS
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The plastic deformation in the BCC ferrite is by dislo-
cation mechanisms while copper/aluminum bronze is also 
capable of twinning. It is obvious that the composite’s 
bronze matrix has its yield stress lower than that of the fer-
ritic grains and therefore all deformation changes will be 
concentrated in the bronze matrix. The steel grains or den-
drites serve as reinforcement of the matrix and would then 
carry mainly elastic stresses.

Structural changes in the α-Cu(Al,Ni) -matrix involve 
precipitation of  AlFe3 particles which withdraw some 
amount of aluminum from the matrix and thus increase the 
SFE with simultaneous increasing the twinning onset stress 
so that dislocation gliding becomes a dominating deforma-
tion mechanism.

It was noted above that both bronze and steel grains had 
their microhardnesses increased with the amount of SS 
introduced into the melted pool. Such a finding allows pro-
posing that these grains experience dispersion hardening by 
the precipitates as described above. The steel grains were 
reinforced by the rod-like β′/AlNi precipitates as well as 

even smaller ones found close to the grain boundaries. The 
bronze grains may be dispersion hardened by the fine coher-
ent  AlFe3 κiv-phase precipitates (Fig. 4i, g).

5  Conclusions

Structurally homogeneous composites have been prepared 
by intermixing aluminum bronze and austenitic stainless 
steel in the melted pool formed by electron beam during 
additive manufacturing.

– The intermixing of the melted metals allowed obtaining 
solidified microstructures composed of ferrite and nickel 
aluminum bronze grains. Such a structural evolution was 
the result of redistribution of elements among the solidi-
fied components so that nickel atoms migrated to alu-
minum bronze and alloyed it so that it then solidified as 
nickel aluminum bronze. The nickel depleted austenite 
grains were correspondingly transformed into ferrite ones 
during cooling.

– The microhardness numbers of both ferrite and aluminum 
bronze grains increased with the content of stainless steel 
introduced into the composite. Such a hardening was due 
to precipitation of dispersed particles inside them, which 
formed from the dissolved alloys elements.

– Ferrite grains were reinforced by the core–shell β′/AlNi 
precipitates, while nickel aluminum bronze ones con-
tained fine and coherent  AlFe3 κiv-phase precipitates 
so that the microhardness number difference between 
the bronze and steel grains was within the 0.4–0.5 GPa 
range. Such hardening resulted in reducing the ductility 
and simultaneously increasing the tensile strength of the 
samples.

– The tensile strength of the composites increased with 
the content of steel. Almost no tensile strength anisot-
ropy was observed because of forming uniformly distrib-
uted grain structures. The bronze matrix demonstrated a 
combined dislocation/twinning deformation mechanism 
while steel grains contained almost no dislocations.

– Future work will be focused on obtaining more homoge-
neous structures of the composites and correspondingly, 
better combinations of strength and plasticity, by varying 
the deposition process parameters and characterizing the 
composites for corrosion and wear resistances.
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