JMEPEG (2022) 31:2624-2632
https://doi.org/10.1007/s11665-021-06409-5

©ASM International
1059-9495/$19.00

®

Check for
updates

Microstructure Twinning and Mechanical Properties

of Laser Melted Cu-10Sn Alloy for High Strength

and Plasticity

Peng Yang, Xingye Guo, Dingyong He, Wei Shao, Zhen Tan, Hanguang Fu, Zhenlu Zhou, and Xiaoya Zhang

Submitted: 4 June 2021 / Revised: 15 September 2021 / Accepted: 16 October 2021 / Published online: 17 November 2021

A dense Cu-10Sn alloy bulk specimen was obtained by optimizing the laser powder bed fusion (L-PBF)
processing, and the relative density of the specimen reached 99.7%. The grain morphology was mainly the
columnar dendrite and inter-dendritic phases generated along the solidification direction. Tensile testing
and detailed microstructural characterization were carried out on specimens in the as-built and heat-
treated condition. Under the quasi-static tensile condition, the yield strength (o), ultimate tensile strength
(UTS), and the elongation of the as-built Cu-10Sn specimen were 392 MPa, 749 MPa and 29%, respectively.
After the solution treatment at 800 °C for 4 h, and aging treatment at 400 °C for 2 hours, the
microstructure of the specimen transformed from the columnar grain to equiaxed grain, the dislocation
density decrease, and numerous annealing twins were observed in the heat-treated state. Therefore, the
quasi-static tensile yield strength (6 ,) of the specimen was reduced to 245 MPa. However, the UTS and the
elongation were increased to 840 MPa and 56%, respectively, due to the interaction between annealing

twins and equiaxed grain.

Keywords Cu-10Sn alloy, heat treatment, laser powder bed

fusion, mechanical properties

1. Introduction

Cu-Sn alloy has excellent mechanical properties, high wear
resistance, great corrosion resistance, high electricity conduc-
tivity and good weld-ability (Ref 1, 2). It is widely used in the
manufacturing industry of electrical and mechanical facility
such as electrical connectors, high-precision springs and
bearings. Currently, the demand for high-quality Cu-Sn alloy
parts with complex structure and high mechanical properties is
increasing with the rapid development of these industry fields.
However, there are some drawbacks in the Cu-Sn alloy parts
produced by traditional casting technology, such as large grain
size, shrinkage cavity and pores, the low solubility in the solid
solution phase and serious grain boundary segregation. The
mechanical properties of the alloy may decrease due to the
above factors (Ref 3). Compared with traditional casting
technology, the novel-developed additive manufacturing tech-
nology can fabricate parts with complex structures with
improved microstructure and mechanical properties, avoiding
the defects introduced by casting technology.
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The laser powder bed fusion (L-PBF) is one of the most
studied additive manufacturing techniques based on powder
bed fusion technology that produces metallic components with
high relative density layer by layer using the laser as the input
heat resource. According to this unique fabrication process, the
L-PBF technology is preferable to manufacture components
with very complex structure (Ref 4—6). The L-PBF technology
has been widely recognized as a rapid prototyping technique
with a delicate microstructure due to the high cooling speed,
which might also generate the non-equilibrium solidification
process. As a result of all the above mechanisms, it gives the
unique characteristic in the microstructures, phase, chemical
composition and mechanical properties (Ref 7, 8).

At present, some of the fabrication processes of Cu-Sn alloy
using L-PBF technology have been studied (Ref 9-12). When
the content of Sn increased to 10 wt.%, the powder could be
fully melted, and the Cu-10Sn alloy specimens with relative
density up to 99.7% were successfully prepared using L-PBF
technology (Ref 13). Although it has some advantages over
traditional methods, this new production method must over-
come some problems including the high surface roughness,
poor ductility, dimensional deviation, and formation of residual
stresses in the processed parts (Ref 14). The appropriate heat
treatment process, such as annealing and recrystallization, can
eliminate the stress concentration and improve the plasticity
(Ref 15-17). Mao et al. (Ref 18) investigate the manufacturing
process and mechanical properties of high-tin bronze using the
L-PBF technology, and the mechanical properties of the
annealed L-PBF formed specimen were also studied. But there
is no connection between the microstructure and mechanical
properties. Tan et al. (Ref 19) build the Cu-alloy lattice
structure using the L-PBF technology and evaluated the
relationship between the heat transfer mechanism and the
quality of the lattice structure. Ventura Li et al. (Ref 20)
investigated the influence of the solution and artificial aging

Journal of Materials Engineering and Performance


http://crossmark.crossref.org/dialog/?doi=10.1007/s11665-021-06409-5&amp;domain=pdf

Fig. 1 SEM microstructure images (Secondary electron image) of water atomized Cu-10Sn alloy powder: (a) x500; (b) x1500; (c) EDS images

treatments on the microstructures and mechanical properties of
the as-built Cu-4.3Sn alloy parts.

In this work, a systematic investigation has been conducted
on the influence of heat treatment on the microstructure and
mechanical properties of L-PBF-produced Cu-10Sn alloy parts.
To improve the mechanical properties of the as-built specimens,
three types of heat treatment processes were designed according
to the Cu-Sn phase diagrams, which are annealing, solution
plus aging, and recrystallization. The objectives of this research
are the investigation of the relations between the microstruc-
tural and mechanical properties of the as-built Cu-10Sn
specimens with different heat treatment.

2. Experimental

2.1 Powders Characterization

The Cu-10Sn powder used in this work was prepared by the
water atomization method. The chemical composition of the
powder was analyzed by energy-dispersive x-ray spectrum
(EDS) analysis. The EDS results indicated that the chemical
composition of the powder was Cu 88.93 wt. % and Sn 11.07
wt. %. The initial morphology of Cu-10Sn powder was
observed by scanning electron microscope (SEM), as shown
in Figure 1. Although the morphology of powders prepared by
water atomization was not exactly uniform, the majority of
them had a spherical shape. As shown in the zoomed-in view of
powders in Figure 1(b), some satellite particles adhered to the
powder surface. In addition, the powder was uniform compo-
sition as shown in Figure 1(c) from the EDS images. The
particle size of Cu-10Sn alloy powder was measured through
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Tod Laser Particle Sizer. The particle size distribution was in
the range of 15-63 um with an average size of 36 um. The
flowability of the powder measured by Hall velocimeter was
21s for 50 g powder, and the apparent density of the powder
was 2.62 g/em’.

2.2 Metallographic and Mechanical Specimens’ Preparation

All the metallographic and mechanical specimens in this
work were prepared using the L-PBF technology. The L-PBF
process was performed with an EOS M280 machine (EOS
GmbH, Germany). The process was carried out in an argon at-
mosphere with the concentrations of O, controlled under 1000
ppm. The linear raster scan with bi-directionally strategy was
applied, and the orientation of the scanning track was rotated
67° after one layer of scanning. The substrate was preheated at
a temperature of 80°C. The bulk specimens with dimensions of
8 mm x 8§ mm x 8§ mm were fabricated for the microstructure
analysis and L-PBF parameters optimization. According to the
L-PBF building direction of the specimen, the microstructure of
the as-built specimen was analyzed along the direction of
parallel and perpendicular to the scanning plane, as shown in
Figure 2. The microstructure of the specimens was character-
ized by the scanning electron microscope (SEM, Hitachi S-
4800) with an accelerated voltage of 15 Kv, electron backscat-
tered diffraction (EBSD, FEIQUANTA FEG 650) and trans-
mission electron microscope (TEM, FEI Tecnai 20) with the
accelerated voltage of 200 kV.

The tensile specimens were built with the uniaxial tensile
orientation parallel to the scanning plane. The L-PBF param-
eters were optimized according to the previous work of our
research group (Ref 19). The laser power was 250 W, the
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Fig. 3 Tensile specimens size diagram

scanning speed was 1100 mm/s and the hatching space was
0.09 mm. The mechanical properties were tested using
INSTRON 5985 electronic universal material testing machine
with a strain rate of 10-3/s. The tensile specimens were
prepared using the optimum process parameters (LP 250 W, SS
1100 mm/s, HS 0.09 mm), and three specimens were measured
for each specimen to ensure the accuracy of the experiments.
The surfaces of the specimens were ground and polished with
200#, 400#, 600#, 800#, and 1000# sandpaper in that order.
The tensile specimens were built with the uniaxial tensile
orientation parallel to the scanning plane, and the sizing
diagram is shown in Figure 3. The results were compared with
those of as-cast alloys. Tensile test specimens were prepared
with the optimum parameters, and the tensile specimens were
built with the uniaxial tensile orientation parallel to the
scanning plane.

2.3 Heat Treatment Process

To improve the mechanical properties of the as-printed
specimens, three heat treatment regime of annealing, solid
solution plus aging, and recrystallizing were designed accord-
ing to the Cu-Sn phase diagram (Ref 21). The heat treatments
were carried out in a high-temperature tube furnace with
vacuum condition. The parameters of these heat treatments are
shown in Table 1.
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3. Results

3.1 Microstructure and Properties of the As-built Cu-10Sn
Alloy

Figure 4 shows the microstructures of Cu-10Sn specimens
fabricated by L-PBF. There are several pores in the specimen.
As shown in Figure 4(a), the typical L-PBF characteristics of
multiple melting point trajectories overlap are clearly shown on
the horizontal plane that is parallel to the scanning surface. The
melted scan tracks show a melting pool in an ellipse shape with
irregular size, and the orientation of the major axis is generally
along the direction of the scanning track. The brightly colored
particles and a small number of pores are distributed along the
edge of the ellipse curve. Figure 4(b) shows the microstructure
of the specimen perpendicular to the scanning direction. With
the action of the laser layer by layer, a fish-scale pattern laser
action zone is finally formed. The fish-scale patterns area of
each columnar grain is about 10 um in width and 40 pm in
length. The top and side views establish an assembly of SEM
images on three perpendicular planes of the as-built Cu-10Sn
specimens as shown in Figure 4(c). Each of the ellipses on the
top view contains multiple grains. In the side view, the melting
pool in a sector shape is oriented normal to the temperature
gradient.

To further analyze the microstructure of the as-built Cu-
10Sn alloy, the alloy was analyzed using TEM. Figure 5 shows
the TEM image of the local region of the as-built Cu-10Sn
alloy. The subgrain exists in the Cu-10Sn alloy with a length of
about 100 nm and a width of about 100 nm. There are high-
density dislocations in the subgrain, and the high-density
dislocations are entangled directly to each other.

3.2 Microstructure Evolution of the As-built Cu-10Sn Alloy
After Heat Treatment

Figure 6 shows the microstructure and the grain size of the
specimen after different heat treatments. Compared with the as-
built specimens, the HT-1 specimen after the annealing
treatment keeps the original microstructure, as presented in
Figure 6(a), due to the low heat treatment temperature.
Although some of the defects and surface defects disappear
in the recovery stage, the grain size and most of the defects
remain intact. The microstructure of the HT-3 specimen after
the recrystallization treatment is quite different from that of the
HT-1 specimen, as shown in Figure 6(c). First of all, coarsening
of grains after HT-3 treatment, and there are twin structures in
some grains. In the process of grain growth, pores tend to
gather and distribute in the grain boundary region. In this case,
the microstructure of the specimen that parallels to the scanning
plane is almost the same as that of the specimen perpendicular
to the scanning plane. After the HT-2 treatment as presented in
Figure 6(b), the grains in the HT-2 specimens are transformed
into the equiaxed grains. No clear crystallographic orientation
is seen in the IPF diagram of Figure 6(al, bl, cl). The grain
size is statistically calculated from these IPF microstructure
images, as shown in Figure 6(a2, b2, c2). After the annealing
treatment, the grain size does not change significantly. After the
recrystallization treatment, the grain size grows significantly
and has a grain area distribution across several orders of
magnitude. After HT-2 treatment, there are still fine grains in
the specimen.
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Table 1 Heat treatment conditions for the as-built Cu-10Sn specimen

Batch number

Treatment type

Heat treatment process

HT-1 Annealing 340°C/2 h/ Air cooling (AC)
HT-2 Solution and aging treatment 800°C/2 h/AC + 400°C/4 h/AC
HT-3 Recrystallization 860°C/1 h/AC

AC:short for Air cooling.

Melted scan track

Fig. 4 Microstructure of the as-built Cu-10Sn alloy: (a) parallel to the scanning plane; (b) perpendicular to the scanning plane; (c) an assembly

of SEM images (secondary electron image) on three perpendicular planes

Fig. 5 TEM image of as-printed L-PBF Cu-10Sn alloy

Figure 7 shows the TEM diagrams of the Cu-10Sn alloy
specimens with different heat treatments. Compared to Figure 5
and 7, the HT-1 specimen with the annealing treatment
possesses fewer dislocations. The growth of the subgrain can
be seen from the microstructure images, which comes from the
rearrangement of dislocation movement during the HT-1
treatment. As shown from the dark field TEM image of the
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HT-3 specimen with the recrystallization treatment, the twin
structure is generated in the microstructure of the alloy with the
recrystallization treatment. In some areas, the phenomenon of
the dislocation disentanglement can still be observed. The
nucleation of the twins could be promoted by the accumula-
tions of dislocations and stresses. After the solution and aging
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Fig. 6 Microstructure and grain size of the Cu-10Sn specimen with different heat treatments: (a, al, a2) HT-1 treatment; (b, b1, b2) HT-2
treatment; (c, cl, ¢2) HT-3 treatment; (a, b, ¢) SEM images of the different heat treatments specimens; (al, bl, cl) EBSD analysis of the
different heat treatments specimens; (a2, b2, c¢2) The grain size after different heat treatments

treatment, the twin structure exists in the microstructure of the
HT-2 specimen.

3.3 Mechanical Properties of the As-built Cu-10Sn Alloy
After Heat Treatment

Figure 8 shows the true stress—strain curve of the specimens
in a quasi-static tensile experiment. Compared with the casted
Cu-10Sn specimen, the yield strength (cy,), the UTS and
elongation of the L-PBF fabricated specimens are greatly
improved. The quasi-static tensile yield strength (o) and the
UTS of the Cu-10Sn specimen increase from 130 MPa and 230
MPa (casted specimens) to 392 MPa and 749 MPa (as-built
specimens). Similarly, the elongation of the material increased
around 11-29% from the casted specimen to the as-built
specimen. Compared with the original specimens, the yield
strength decreases with the heat treatments, but the tensile
strength and elongation increase significantly after HT-1 and
HT-2 treatment. After the HT-2 treatment, the (UTS) and
elongation of the specimens increase to 840 MPa and 56%,
respectively, which is the highest in all these heat treatment
processes.
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4. Discussion

Figure 4 shows the microstructures of Cu-10Sn specimens
fabricated by L-PBF. A distinct layered microstructure is
observed in the vertical plane, which is built by the overlap of
the melt channel with both boundary (Ref 22). A fine
arrangement of the fish-scale patterns regions can be observed.
Columnar grains, as the typical grain morphology of L-PBF, are
usually fabricated through epitaxial growth due to the re-
melting of the previous depositing layer and the significant
temperature gradient between the depositing layers (Ref 23).
When the laser scans on the surface of the specimen, the
temperature attenuates from the center to the surrounding, and
the temperature gradient is large. The microstructure grows
along the temperature gradient, which leads to the forming of
columnar grain. With the action of the laser layer by layer, a
fish-scale pattern laser action zone is finally formed. The
growth direction is parallel to the temperature gradient. Due to
the temperature gradient between the melted layer and the
solidified layer, the growth direction of the columnar grain is
parallel to the temperature gradient. The column grains growing
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Fig. 7 TEM image of the as-built Cu-10Sn specimen with different heat treatments: (a) the HT-1 treatment; (b, c) the HT-2 treatment; (d, e) the
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along the building direction are favored by the direction of heat
transfer during the L-PBF process (Ref 24, 25).

According to the electron diffraction information (2-
Theta=76.020, d-Spacing=0.1259 nm, {hkl}= {200}), as
shown in Figure 5, it indicates the face center cubic (FCC)
structure is o-Cu. The o-Cu structure prevails through all the
surfaces, so their compositions were uniform. There are high-
density dislocations in the subgrain, and the high-density
dislocations are entangled directly to each other. These
dislocations could be generated during the rapid cooling
process of the melting pool during the L-PBF process (Ref 26).

Figure 6 shows the microstructure and the grain size of the
specimen after different heat treatments. Because copper alloy
belongs to the FCC structure and the stacking fault energy is
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low (Ref 27), twins tend to form in the process of heat
treatment. And the HT-2 treatment also occurred at a higher
temperature. The dendrite formed by rapid cooling gradually
changed into an equiaxed grains structure through atomic
diffusion. However, because the temperature is slightly lower
than that in the recrystallization treatment of the HT-3
specimen, there is no large-scale grain growth spotted. The
color and morphology variation within different grains suggests
slight variations of crystallographic orientation among the
constituent subgrains. However, no clear crystallographic
orientation is seen in the IPF diagram of Figure 6(al, bl, cl).
The grain size is statistically calculated from these IPF
microstructure images, as shown in Figure 6(a2, b2, c2). After
the annealing treatment, and the grain size does not change
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Fig. 8 Mechanical properties images; (a) the true stress—strain curves in the quasi-static tensile experiments for the specimens; (b) the strain

hardening behaviors of the specimen as a function of true strain

Fig. 9 SEM images (secondary electron images) of the fracture surfaces after quasi-static tensile test; (a) Casting; (b) As-built; (c) the HT-1
treatment; (d) the HT-3 treatment; (¢) the HT-2 treatment; (b’, ¢’, ') Magnification micrograph of the selected square region in (b, c, e)

significantly, so it keeps high strength. After the recrystalliza-
tion treatment, the grain size grows significantly and has a grain
area distribution across several orders of magnitude leading to a
reduction in the strength of the material. After HT-2 treatment,
there are still fine grains in the specimen, but it can be seen that
the specimen transforms into equiaxed grains resulting in good
mechanical properties.

Figure 8a shows the true stress—strain curve of the
specimens in a quasi-static tensile experiment. Compared with
the casted Cu-10Sn specimen, the yield strength (G ,), the UTS
and elongation of the L-PBF fabricated specimens are greatly
improved. This is attributed to the extremely fine grain and the
dislocations in the as-built specimens due to the high cooling
rate in the L-PBF processing, which proves the effectiveness of
L-PBF to improve the mechanical properties of the materials.
Firstly, the grains of as-built specimens are much finer than that
of the as-cast specimens (Ref 13). This apparent fine grain
strengthening can significantly increase the strength of the
specimen. Second, the further movement and proliferation of
the dislocations are hindered, which increases the strength of
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the Cu-10Sn alloy specimens (Ref 28). As a result, grain
refinement and the formation of a large number of dislocations
are the main reasons for the high strength of the L-PBF
specimens. Compared with the original specimens, the yield
strength decreases with the heat treatments, but the tensile
strength and elongation increase significantly after HT-1 and
HT-2 treatment. After the HT-2 treatment, the (UTS) and
elongation of the specimens increase to 840 MPa and 56%,
respectively, which is the highest in all these heat treatment
processes. Figure 8b shows the strain hardening behaviors of
the specimen as a function of true strain. The strain hardening
rate of the alloy decreases sharply at the beginning of plastic
deformation and then plateaus with further increases in strain.
The graph shows that the HT-2 treated ones have a higher strain
hardening capacity throughout the plastic deformation process,
indicating a better capacity for uniform plastic deformation.
This is due to the formation of finer grains within the HT-2
treated specimen.

The mechanical properties in the tensile test are mainly
related to the microstructure of the materials, while dislocation
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strengthening and grain size strengthening play a dominant
role. The increase in UTS and elongation is mainly due to the
interaction between small twins and dislocation. The reduction
in yield strength is because of the growth of the grain size and
the reducing of the dislocation after heat treatment (Ref 20).
The grain size of specimens increased after HT-3 treatment, so
the yield strength is lower than the other specimens. As shown
in Figure 7, a large number of dislocations are generated near
the twin boundary after the solution and aging treatment.
According to Greggi’s work, the accumulation of the disloca-
tion near the twin increases the strength of the specimens and
the plasticity of the materials, which explains the enhancing of
the mechanical properties for the HT-2 specimen (Ref 28). A
large number of dislocations are formed on the boundary of the
twin after the solution and aging treatment, which lead to work
hardening and coordinate plastic deformation (improve tough-
ness) (Ref 29). The introduction of smaller-scale twins can
strengthen the metal material and improve the plasticity at the
same time.

Figure 9 shows SEM images of the tensile fracture
morphology of specimens after tensile tests, respectively. The
number of dimples in the as-cast Cu-10Sn alloy specimens was
low. As shown in Figure 9(a), only some of the fracture
surfaces had dimples. Compared to the tensile fractures of the
conventional cast Cu-10Sn alloy, the size of ductile dimples
was much smaller than those obtained in as-cast and the
number of dimples is significantly higher than in as-cast. A
great number of dimples with small size indicated more surface
energy produced during the fracture process, which reflected
higher strength (Ref 30). In addition, the size of dimples
depended to a great extent on the size of subgrains (Ref 31). As
shown in Figure 9b’ (magnification of the rectangular area in
Figure 9b), the average dimple size was approximate 300nm.
Figure 9(c-¢) shows the fracture morphology after different heat
treatments, respectively, and the specimens also exhibit ductile
fracture. As shown in Figure 9(c’, ¢’) (a magnification of the
rectangular area in Figure 9(c, ¢e)), the average dimple size was
approximately 300nm. However, after the recrystallization
treatment, the dimples of the specimens were significantly
reduced, and the grain size of the specimens became larger.
This is also the reason for the decrease in strength (Ref 30).

5. Conclusions

In this paper, the microstructure and mechanical properties
of the as-built Cu-10Sn specimens with different heat treat-
ments have been investigated. The following conclusions can
be obtained.

1. The grain shape of the as-built Cu-10Sn alloy is mainly a
columnar shape built along the temperature gradient. The
strength and plasticity of the as-built specimen are much
higher than that of the casted Cu-l0Sn alloy, mainly be-
cause of the grain refinement in the grain of the as-built
specimen.

2. The microstructure of the specimen has different
microstructural characteristics at different heat treatment
temperatures. After HT-2 treatment, the grains in the
specimens are transformed into the equiaxed grains. The
equiaxed and twinned structures in the grains can im-
prove their UTS and EL properties.
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