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ARTICLE INFO ABSTRACT

Keywords: The Cu-15Ni-8Sn alloy is characterized by high strength and excellent wear and corrosion resistance. As service
CU*15NF§S" alloy ) conditions for critical components in aerospace, oil and gas extraction, and other fields become increasingly
Large-strain rotary swaging demanding, the pursuit of its ultimate strength has become more urgent. In this paper, the effects of different
EZES:’;;; strains (¢ = 0-3.9) on the hardness, strength, and characteristic microstructural such as dislocations and twins of

Cu-15Ni-8Sn alloy after rotary swaging were systematically studied. The evolution of typical microstructure
characteristic nodes in Cu-15Ni-8Sn alloy under the large-strain rotary swaging is proved: Dislocation — Cross
twins (¢ > 1.3) — Layered fine grains (¢ > 1.8) - Nanotwins (¢ > 2.2) — Nanocrystals (¢ > 3.2). It is revealed
that after rotary swaging at large-strain (¢ = 3.9), the whole alloy matrix exhibits the high-density dislocations
and layered fine grains, while nanotwins and nanocrystals establishes locally. The ultra-high strength of the
rotary swagged alloy at £ = 3.9 is attributed to ultra-high denser dislocation (6.97 x 10'®> m2) and refined grain
(1.23 pm). When the accumulative strain € = 3.9, the tensile strength and yield strength are 1200 MPa and 1156
MPa, which are 1.58 times and 3.22 times higher than those of the undeformed state (¢ = 0), respectively. This
result proves the feasibility of accumulating large deformation and thus significant strength limit of Cu-15Ni-8Sn
alloy by single-step cold rotary swaging. It lays a theoretical foundation for the development and application of
this alloy in demanding service conditions across multiple scenarios.

Strengthening mechanism

1. Introduction copper alloys owing to its high strength, high elasticity, excellent wear
and corrosion resistances [1-4]. In addition, high strength Cu-15Ni-8Sn
The Cu-15Ni-8Sn alloy is a promising alternative to beryllium alloys must be fabricated to meet the stringent performance
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Table 1
Chemical composition of the Cu-15Ni-8Sn alloys.
Alloys wt./%
Ni Sn Cu
Cu-15Ni-8Sn 15.34 8.16 balance

requirements of key components used in aerospace, marine engineering,
oil and gas exploitation, and heavy-duty machinery [5-7].

During the research and development of this alloy, researchers
commonly apply cold deformation processes such as rolling or drawing
before aging of the Cu-15Ni-8Sn alloy to enhance its strength, with
proven effectiveness [8-11]. For instance, Zhongkai Guo et al. applied
rolling reductions of 50 %, 70 %, and 90 % to the solution-treated
Cu-15Ni-8Sn alloy, resulting in increased tensile strengths of 701
MPa, 827 MPa, and 905 MPa, respectively. For the rolling deformation,
high-density dislocations are formed in the alloy matrix, and the grains
are significantly refined. High-density dislocations were formed within
the alloy matrix during rolling deformation, and the grains were
significantly refined. However, the number of deformation twins in the
alloy is still very small even if the cumulative deformation is as high as
90 % [8]. Kaixuan Jiang et al. investigated the effects of cold-drawing
deformation at 30 %, 50 %, and 70 % on the microstructure and prop-
erties of the Cu-15Ni-8Sn alloy, revealing that its tensile strength
reached 972 MPa at 70 % deformation. However, due to the work
hardening effect, it is difficult to further realize large cold deformation
by drawing process, which also restricts the further improvement of
strength [9]. Although these research methods enhance the tensile
strength of Cu-15Ni-8Sn alloy, they also show the limitations of tradi-
tional plastic deformation processes such as drawing and rolling in
further strength enhancement. Specifically, due to inherent limitations
in their applied strain rates and stress states, these processes lack the
necessary driving force or energetic conditions to effectively activate
deformation mechanisms such as twinning or to promote substantial
microstructural refinement. In addition, relevant scholars have found
that through cold drawing deformation with large strains, a large
number of nano-twin structures can be formed in the copper matrix,
thereby greatly improving the strength of copper alloys. For example,
Yanbin Jiang et al. prepared Cu-9Ni-6Sn alloy bars with axial columnar
crystals with a diameter of 10.5 mm by directional solidification tech-
nique and directly cold-drawn to 40 pm ultrafine wires. The Cu-9Ni-6Sn
alloy underwent cold drawing with a high train of 11.23 and obtained an
average grain size of ~38 nm, which exhibited a tensile strength of 1453
MPa. In the final stage of continuous cold processing, the fine detwin-
ning grains persist in deforming along the axial direction, culminating in
the development of fibrous structures. This ultimately imparts the alloy
with remarkable strength [12]. Heung Nam Han et al. prepared a
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Cu-Ni-Si-Ti alloy with a large number of nano-twin structures by cold
drawing with 95 % deformation, achieving a synergistic improvement of
high strength (1050 MPa) and high conductivity (43 %IACS). The
strengthening mechanism of this alloy is mainly through the formation
of a large number of nano-sized Ni,Si precipitates and nano-twins in the
copper matrix after cold deformation with large strain, which signifi-
cantly increases its strength [13]. Yinfei Ju et al. found that the
Cu-12Sn-2Ni alloy wire reached a tensile strength of 1.3 GPa through a
cold drawing process without intermediate annealing (the cumulative
deformation reached 97 %). Through cold deformation at high strains,
the grains are refined into nanofiber structures and dense deformation
twins are formed. In addition, the low stacking faults of the alloy can
promote a significant increase in dislocation density, and then achieve
ultra-high strength through dislocation strengthening and grain
boundary strengthening [14]. The above research results and the
mechanism analysis of the strength greatly improved by cold drawing
can provide reference for the research work of this paper.

In contrast, rotary swaging is a typical severe plastic deformation
(SPD) process and a near-net-shape forming technology. Due to the
characteristics of high strain rate, large cumulative strain, and multi-
directional compression deformation, rotary swaging can effectively
accumulate dislocations and grain boundary defects as well as activate
multiple slip systems and twin deformation [15-21]. These character-
istics make rotary swaging an effective method to realize the deep
refinement of microstructure and further enhance the strength of copper
alloys. Kaixuan Zhou et al. employed rotary swaging (equivalent strain &
= 2.5) to prepare Cu-Al alloy rods with hard nanocrystalline (NC) core

Table 2
Rotary swaging passes and cumulative strain of solution-treated Cu-15Ni-8Sn
alloy at room temperature.

Rotary swaging pass Diameter after rotary swaging (mm) Equivalent strain

0 30.0 0.0
1 27.0 0.2
2 24.0 0.4
3 21.0 0.7
4 18.0 1.0
5 16.0 1.3
6 13.9 1.5
7 13.0 1.7
8 12.4 1.8
9 11.3 2.0
10 10.0 2.2
11 8.8 2.5
12 8.0 2.6
13 7.1 2.9
14 6.2 3.2
15 5.0 3.6
16 4.2 3.9

200 um

Fig. 1. SEM image and element plane distribution diagram of the Cu-15Ni-8Sn alloy after solution treatment. (a) SEM images; (b1-4) Partially enlarged view and the

EDS elemental mapping of Cu, Ni, and Sn.
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Fig. 2. Rotary swaging process and specimens of the Cu—15Ni-8Sn alloy: (a) Field device diagram; (b) Schematic view of the three-quarter section [5]; (c) Specimens
prepared with different rotary swaging deformation; (d) Sampling position of the same rotary swaging samples [6].
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Fig. 3. Microhardness distribution of Cu-15Ni-8Sn alloy after rotary swaging with different strains: (a) Overall distribution image; (b) Distribution image along the

diameter direction.

and soft ultrafine grain (UFG) shell, in which the ultimate tensile
strength of the NC core reached 1034 MPa [12]. Qingzhong Mao et al.
achieved a yield strength of 450 MPa for coarse-grained copper after
rotary swaging (equivalent strain € = 2.5). This deformation caused
grain elongation along the swaging axis; the grains reached a length of
340 pm and a diameter of 2 ym, while subgrains attained a length of 25
pm and a diameter of 220 nm [16]. Yuxuan Wang et al. reported that
after the rotary swaging treatment (¢ = 0.69) of Cu-15Sn-0.3Ti alloy,
the tensile strength reached 2.24 times observed in the homogenized
annealed state [17]. Lun Zhao et al. demonstrated that after the as-cast

Cu-8Sn alloy was subjected to large-strain rotary swaging (e = 2.9),
which effectively relieved the stress concentration and inhibited the
micro-crack nucleation [18]. The above studies indicated that compared
with drawing and rolling processes, rotary swaging exhibits superior
grain refinement and strengthening capabilities in the copper alloys. In
addition, our team carried out an exploratory test of rotary swaging cold
deformation on high-strength Cu-15Ni-8Sn alloy, and preliminarily
verified the feasibility of improving the alloy strength through rotary
swaging. For instance, Yanjun Zhou et al. enhanced the tensile strength
of the Cu-15Ni-8Sn alloy to 1051 MPa via rotary swaging deformation
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Fig. 4. Engineering stress-strain curves of the Cu-15Ni-8Sn alloy under rotary
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(e =1.4) [5].

However, for high-strength Cu-15Ni-8Sn alloys, the dynamic
microstructure evolution and associated strengthening effects induced
by large cumulative strains during continuous rotary swaging have not
been systematically and extensively studied. In particular, the following
key scientific questions need to be clarified urgently: (1) What are the
underlying mechanisms governing the accumulation, evolution, and
rearrangement of defects, such as dislocations, deformation twins within
the Cu-15Ni-8Sn alloy under continuous large-strain rotary swaging
conditions? (2) What is the mechanism of grain refinement that depends
only on rotary swaging under large cumulative strain conditions?

Therefore, this paper employs the Cu-15Ni-8Sn alloy to systemati-
cally investigate the evolution of mechanical properties under different
continuous rotary swaging strains (¢ = 0-3.9). Optical microscopy (OM),
X-ray diffraction (XRD), electron backscattering diffraction (EBSD), and
transmission electron microscopy (TEM) were comprehensively used to
analyze the evolution behavior of alloy microstructure (including grain
size/morphology, dislocation configuration, twins, texture, etc.) with
rotary swaging strain. This paper aims to reveal the grain refinement
mechanism of this alloy during continuous rotary swaging, especially
the possibility and evolution path of nanocrystalline formation. In
addition, the dominant strengthening mechanism of the alloy under the
condition of large cumulative strain rotary swaging is proved. The
research results can lay a theoretical foundation for breaking through
the performance improvement limit of Cu-15Ni-8Sn alloy, and provide
technological guidance for its engineering application.

2. Experimental procedures
2.1. Materials and sample preparation

The raw materials are electrolytic copper (>99.95 wt%), electrolytic
nickel (>99.96 wt%), and pure tin (>99.99 wt%), which are batched
according to the nominal composition. The alloy was smelted by the
7ZGJT0.025-100-1 vacuum induction furnace to obtain the ¢ 60 mm x
420 mm ingot. After removing surface defects by mechanical machining,
the sample with dimensions ¢ 40 mm x 375 mm was obtained (the
actual chemical composition is shown in Table 1). The specimen was
homogenized at 850 °C for 8 h, then air cooled, and then hot rotary
swaged to a rod of ¢ 30 mm x 666 mm. Subsequently, the solution
treatment at 850 °C for 1.5 h and water cooling. The average grain size
of the solution-treated alloy was 184 um (Fig. 1 (a)), with no obvious
orientation and no unmelted second phase (Fig. 1 (b)). Next, the multi-
pass swaging treatment was performed at room temperature. The rotary
swaging process of the alloy rod is shown in Table 2. After 16
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Fig. 6. Calculation of RD plane dislocation density with different strains after rotary swaging of the Cu-15Ni-8Sn alloy: (a) p cost 0 - 4 sin 0, (b) Statistical plot of

dislocation density.
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Fig. 7. Metallographic microstructure of the rotary swaged Cu-15Ni-8Sn alloy with different strains (¢ = 0.4, 0.7, 1.3, 1.8, 2.2, 2.9, 3.2, 3.9).

consecutive processes, the diameter of the alloy rod reaches ¢ 4.2 mm,
and the equivalent strain € is 3.9. The schematic diagram of the rotary
swaging process is shown in Fig. 2. The equivalent strain ¢ is calculated

as: e =In (%) , where Ay is the original cross-sectional area and A is the

final cross-sectional area [20]. Additionally, in this paper, the longitu-
dinal section direction is defined as the rotary swaging direction (RD).

2.2. Microstructure characterization

The samples were cut along the longitudinal section (RD) by electric

spark cutting, mechanically sanded and polished using diamond sand-
paper (400, 800, 1200, 2000, 5000), diamond suspensions at 1 pm and
0.25 pum. Corrosion was carried out with aqueous solution of ferric
chloride hydrochloric acid (5 g FeCls + 10 ml HCI + 100 ml water). The
metallographic structure of the samples was observed by the Leica
DM6M upright optical microscope. Subsequently, the mechanically
polished and polished samples were subjected to vibration polishing
using the VP-430 vibration polisher (polishing solution: 50 nm SiO5) for
6 h. The microstructure of the sample is Zeiss Gemini 360, and the EBSD
model is Oxford Symmetry S3. The SEM acceleration voltage used dur-
ing the test is 20 kV, the beam current is 13 nA, and the step sizes are 1.8
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Fig. 10. EBSD analysis of the rotary swaged Cu-15Ni-8Sn alloy with strain ¢ = 1.8: (a) IPF; (b) GBs.

pm (Fig. 8), 0.18 pm (Figs. 9 and 10), and 0.007 pm (Figs. 11 and 12),
respectively. The XRD data were obtained by Empyrean X-ray diffrac-
tometer, the tube voltage was 40 KV, the tube current was 30 mA, the
scanning speed was 6°/min, and the scanning angle 20 range was
10-100°. The test data were analyzed by MDI Jade5.0 software. Using
FEI Talos F200X transmission electron microscope, the longitudinal
section of the sample without strain was analyzed by TEM, and the ac-
celeration voltage was 200 kV. The bright field images, dark field im-
ages, selected area electron diffraction patterns and high-resolution
images were obtained respectively. The test samples were prepared
using the electrolytic polishing and electrolytic etching equipment
(etching solution: 5 % perchloric acid + 95 % ethanol, reaction tem-
perature: —30 °C, reaction parameters: 40 V). It should be noted that in

this paper, the sampling locations for the microstructural analysis of the
longitudinal sections (RD) of the alloy specimens were all from the core
regions, and the horizontal directions of the images captured were
parallel to the rotary swaging direction (RD).

2.3. Mechanical properties test

For the longitudinal section (RD) specimen after wire electrical
discharge machining, the specimen was firstly inlaid with an inlay so-
lution composed of acrylic powder and curing agent in a ratio of 5:4.
Next, the sample was gradually polished from P1000 silicon carbide
waterproof sandpaper to P2000. Subsequently, the specimens were
finely polished using the 0.25 pm diamond suspension. Finally, the
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e ——

Fig. 12. EBSD analysis of the rotary swaged Cu-15Ni-8Sn alloy with strain ¢ = 3.9: (a) IPF + GBs; (b) KAM; (c) GOS.

microhardness of the sample was measured by QHV—1000TPTA auto-
matic Vickers hardness tester under the conditions of loading force of
200 g and holding time of 10 s. The microhardness measurement was
performed on the RD plane along the diameter (TD) direction, and three
test routes were set up. Place 11 points on each test route, of which the
sixth point is the center position of the line, and the starting point of the
three test routes and the sample boundary, between two adjacent points,
and the distance between any two routes along the diameter are
consistent. The overall hardness of the specimen is based on the average
hardness obtained after eliminating the maximum and minimum values
of the three test routes, respectively. Rod-shaped tensile samples were
prepared in accordance with the national standard GB/228. 1—2021
“Tensile Testing of Metal Materials Part 1: Room Temperature Test
Method”. The total length of the rod-shaped tensile specimen was 40
mm. Among them, the diameter and gauge length of the middle section
are 3 mm and 15 mm, respectively.The tensile strength of the alloy was
tested using the UTM4304 tensile testing machine. The tensile rate was
1 mm/min, and the average value of 3 parallel samples was taken as the
test result.

3. Results
3.1. Mechanical property

Fig. 3 shows the microhardness distribution of the Cu-15Ni-8Sn
alloy after rotary swaging at different strain. It can be seen from Fig. 3
(a) that before deformation, the hardness of the solution-treated
Cu-15Ni-8Sn alloy is 123 HV. With the gradual increase of strain, the
overall hardness of the alloy shows a monotonic increasing trend. When
the strain value € = 0.4, the overall hardness value of alloy reaches 233
HV, which is 89 % higher than that of the solid solution state. When the

strain reaches 3.2, the overall hardness value of alloy is 321 HV.
Continuing to increase the strain to 3.9, the overall hardness value of the
alloy shows slow growth trend, reaching 325 HV, which is 164 % higher
than that of the solid solution state. Fig. 3 (b) reveals the distribution of
microhardness along the diameter direction of Cu-15Ni-8Sn alloy after
rotary swaging. It can be found that the microhardness distribution
along the diameter direction is obviously different under different
strains. For the Cu-15Ni-8Sn alloy in solid solution, the core and edge
hardness values of the specimen are equivalent and distributed
uniformly.

Furthermore, we selected the specimens with strain e =0 and € = 3.9
for tensile test respectively. Fig. 4 shows the engineering stress-strain
curves of the Cu-15Ni-8Sn alloy with rotary swaging strains value &
= 0 and & = 3.9. It can be seen that when the strain value ¢ = 3.9, the
tensile strength, yield strength, and elongation of the alloy reach 1200
MPa, 1156 MPa, and 4.76 %, respectively. The tensile strength and yield
strength are increased by 1.58 times and 3.22 times, respectively,
compared with the undeformed state (¢ = 0).

3.2. Macro-texture and dislocation density

Fig. 5 presents the XRD patterns of the Cu-15Ni-8Sn alloy after ro-
tary swaging with different strains. With the increase of rotary swaging
strain, the intensity of (111) peak in XRD pattern of alloy decreases
gradually, while the intensity of (220) peak and (200) peak gradually
increases. It shows that the obvious preferred orientation of grains oc-
curs after rotary swaging deformation.

The strength improvement of the alloy caused by rotary swaging
deformation must be related to the dislocation density. The dislocation
density p of the rotary swaged Cu-15Ni-8Sn alloy sample can be
approximately calculated by the following formula [8,19]:
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Fig. 13. TEM images of the rotary swaged Cu-15Ni-8Sn alloy with strain € = 2.2: (a) Bright field image; (b) HRTEM of the deformation band interface; (c) HRTEM of

twin boundaries; (d) HRTEM of matrix.

p=16.1(¢/b)> @)

Where, ¢ is the micro-strain, which is calculated from XRD pattern, and
the equation is:

B cos(0) = (KA) / d + 4e sin(0) 2

Where § is the width at half maximum (FWFM) at the maximum of the
XRD diffraction peak; A is the radiation wavelength (A = 0.154 nm); K is
a constant (K ~ 0.9); 0 is the Bragg angle and d is the average grain size.
Fig. 6 (a) illustrates the linear relationship of “p cost 0 - 4 sin 0” to
obtain the microscopic strain e diagram, while Fig. 6 (b) shows the
dislocation density distribution diagram obtained by substituting the
microstrain into equation (1). It can be observed that with the increase
of rotary swaging strain, the dislocation density shows a continuous
increasing trend. When the strain reaches 3.2, the dislocation density
reaches the maximum value. Continues to increase the strain to 3.9, and
the dislocation density decreases slightly, which is 6.97 x 10'> m™2.

3.3. Evolution of microstructure

Fig. 7 reveals the metallographic microstructure of the Cu-15Ni-8Sn
alloy under different rotary swaging strains. At strain of € = 0.4, the
grain is coarse while it was slightly elongated along axis direction. Some
extremely thick twins which should be caused by Solid solution heat
treatment could be observed. At a strain value of 1.3, the deformed
grains of the alloy are elongated, and the staggered deformation struc-
ture appears in the smaller grains, and some grains are fragmented.

When the strain reaches 1.8, the deformed grains of the alloy are further
elongated, and more grains participate in the coordinated deformation,
and severely deformed grains are evident. As the strain value increases
to 2.2, the deformed microstructure becomes finer. With further in-
creases in strain value from 2.9 to 3.9, the grain boundaries and
deformed structures became blurred, resulting in a dense ultrafine
fibrous microstructure.

3.3.1. EBSD analysis

Fig. 8 displays the IPF (Inverse Pole Figure) and KAM (Kernel
Average Misorientation) of the rotary swaged Cu-15Ni-8Sn alloy with
strain € = 0.4. As observed, the grains did not experience significant
tensile deformation during the initial stage of rotary swaging. Mainly
composed of annealed twins, accounting for only 1 %, and no deformed
twins were detected. Additionally, combined with the distribution of
grain boundary positions in Fig. 8(a) and (b), it can be found that
numerous Geometrically Necessary Dislocations (GNDs) are generated
within the grains to accommodate intragranular deformation [23]. We
define the orientation difference of adjacent grains greater than 15° as
high-angle grain boundaries (HAGBs) and less than 15° as low-angle
grain boundaries (LAGBs). The proportion of the low-angle grain
boundaries in Fig. 8 (c) is 77 %.

Fig. 9 is the EBSD analysis of the rotary swaged Cu-15Ni-8Sn alloy
with strain e = 1.3. It can be seen that when the strain increases to 1.3,
plenty of deformation twins [21] appear on the close packed plane (111)
(Fig. 9 (b), the proportion of twins is 52 %), and the twins cross each
other at an included angle of 60°. The twins contain a high density of
dislocations. According to the KAM diagram of Fig. 9 (c), the
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Fig. 14. TEM images of the rotary swaged Cu-15Ni-8Sn alloy with strain € = 2.2: (a) Bright field image; (b) Enlarged view of the white boxed area in Fig. (a); (c)
High-resolution images of nanotwin ends; (d) SADE and dislocation distribution diagram of nanotwin; (e) Electron diffraction and dislocation distribution diagram of

matrix selection at the end of nanotwins.

accumulation of dislocations within the twins is due to the restricted
movement of dislocations within the twin interiors.

Fig. 10 is the EBSD analysis of the rotary swaged Cu-15Ni-8Sn alloy
with strain € = 1.8. It can be clearly seen from Fig. 10 (a) that the alloy
has obvious texture. When the strain e = 1.8, the alloy presents double
texture, in which <111 > orientation is strong and <100 > orientation is
relatively weak. Compared with strain € = 1.3, the microstructure of
alloy with strain € = 1.8 is obviously refined, and the denser deformation
structure appears, and a mass of small LABGs and twins are distributed
in the deformation zone. The proportion of small angle grain boundaries
increased from 39 % to 61 %.

Fig. 11 is the EBSD analysis of the rotary swaged Cu-15Ni-8Sn alloy
with strain € = 2.9. When the strain increases to 2.9, the twin charac-
teristics are obviously different from the staggered distribution at € =
1.8, but parallel to the RD direction of rotary swaging. Fig. 11 (c) is a
GOS diagram, and the GOS (Grain Orientation Spread) diagram can be
used to distinguish recrystallized grains. The recrystallized grains
generally have lower GOS values because they undergo lattice rear-
rangements during recrystallization, have less internal strain and are
more uniformly oriented [25]. In Fig. 11, blue indicates recrystallized
grains, red indicates deformed grains, and yellow indicates substructure.
It can be seen that when the rotary swaging strain is 2.9, recrystalliza-
tion occurs inside the alloy, and the average size of recrystallized grains
is 220 nm according to statistics.

Fig. 12 is the EBSD analysis of the rotary swaged Cu-15Ni-8Sn alloy
with strain € = 3.9. The layered structure was further refined and ul-
trafine grains were formed. According to statistics, the average grain size
is 1.23 pm. A multitude of rainbow color distributions appear inside the

layered structure, indicating that the dislocation motion causes lattice
rotation [26]. The dislocation wall formed by dislocation pile-up forms a
small angle grain boundary in the process of continuous pile-up, and the
small angle grain boundary accounts for 56 %. It can be seen from
Fig. 12 (b) that the dislocation wall formed by intragranular pile-up
further segments the layered grains. The continuously increasing stress
concentration further promotes the occurrence of recrystallization. Ac-
cording to the GOS diagram shown in Fig. 12 (c), it can be found that the
recrystallized grains are obviously smaller and distributed more.

3.3.2. TEM analysis

Fig. 13 presents the TEM images of the rotary swaged Cu-15Ni-8Sn
alloy with strain € = 2.2. As observed, the alloy microstructure is mainly
composed of lamellar subgrains, which contain a high density of dislo-
cations and deformation twins. Both the lamellar subgrains and the twin
boundaries act as barriers to dislocation motion, resulting in dislocation
pile-ups. Moreover, the twin boundaries are all straight interfaces.
Fig. 13 (b) shows the low-angle grain boundaries (LAGBs) formed by
dislocation pile-up, while there is a quantity of stacking faults. And the
stress will lead to the further evolution of stacking faults into twins [27].
As shown in Fig. 13 (c), there are still many stacking faults and dislo-
cations distributed in the twin. Fig. 13 (d) depicts the copper matrix,
which can be determined as a fcc structure by selecting electron
diffraction calibration, and no phase transformation structure is found.
In addition, it can also be found from Fig. 14 that the fine twins are
hindered by dislocations at the growth front and terminate. The crys-
tallographic orientation relationship between the twins and the matrix is
determined. The spatial distribution characteristics of twins and matrix
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Fig. 15. TEM images of the rotary swaged Cu-15Ni-8Sn alloy with strain ¢ = 3.2: (a) Bright field image; (b) Nanocrystalline selective electron diffraction; (c)
Nanocrystalline bright field image; (d) HRTEM and SADE of nanocrystals in blue frame region in Fig. (c); (e) High-resolution image of nanocrystal boundary in yellow
box region and SADE in Fig. (c). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

during rotary swaging, showing 15-35° from RD direction (Fig. 14).

Fig. 15 is the TEM image of the rotary swaged Cu-15Ni-8Sn alloy
with strain € = 3.2. It can be seen that when the strain reaches 3.2, the
core region of the alloy exhibits a high density of dislocations, which are
intertwined and pile up to form deformation bands [28]. Large defor-
mation also induces numerous nanotwins, and the twin interface is
relatively straight (Fig. 15 (a)). It is worth noting that the SADE in the
orange region in Fig. 15 (a) (as shown in Fig. 15 (b)) presents concentric
rings, which indicates that nanocrystals appear in the internal structure
of the alloy [29]. A detailed analysis of the nanocrystals is shown in
Fig. 15(c). The nanocrystalline size is below 100 nm, and the angle of
grain boundaries between nanocrystals is 7.5° (Fig. 15 (d)), which is a
low-angle grain boundaries (LAGBs).

Fig. 16 shows the TEM images of the rotary swaged Cu-15Ni-8Sn
alloy with strain ¢ = 3.9. As observed in the images, the deformed
microstructure is significantly refined, and the direction is basically
parallel to the RD direction. Fig. 16 (d) indicates that the width of
lamellar grains are bounded by high-angle grain boundaries (HAGBs).
The measured size of the lamellar grains in Fig. 16(a) is 45 nm.
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Secondary nanotwins are formed within the lamellar grains (Fig. 16(b)),
with a twin layer thickness ranging from 1 to 10 nm. Fig. 16(c) is a dark-
field image, revealing a high density of dislocations. High-resolution
observation of nanotwins is performed, as shown in Fig. 16 (d). Nano-
twins interact with a high density of dislocations, and numerous stack-
ing faults are distributed. Therefore, it is revealed that after rotary
swaging at large-strain (¢ = 3.9), the whole matrix of the alloy pre-
dominantly exhibits a multiscale microstructure characterized by high-
density dislocations and layered fine grains, while locally, nanotwins,
and nanocrystals are also established.

However, according to the TEM images of the RD surface of the alloy
shown in Fig. 16, it can be speculated that the nanometer-sized layered
grains and twins of the RD plane may all be nanocrystalline on the TD
plane. Therefore, TEM analysis of TD surface core of Cu-15Ni-8Sn alloy
with rotary swaging strain € = 3.9 is carried out. The results are shown in
Fig. 17, polycrystalline rings appear, indicating the formation of
numerous nanocrystals in the alloy.

In order to make a more detailed exploration of the nanocrystals in
the core of TD plane of the rotary swaged Cu-15Ni-8Sn alloy
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Fig. 16. TEM images of the rotary swaged Cu-15Ni-8Sn alloy with strain € = 3.9: (a) Bright field image; (b) Fig. (a) Bright field image of nanotwin region; (c) Dark
field image corresponding to fig. (b); (d) High-resolution image of the blue boxed area in Fig. (b). (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)
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Fig. 17. TEM images of TD surface core of rotary swaged Cu-15Ni-8Sn alloy with strain € = 3.9: (a) Bright field image; (b) Dark field image; (c) the orange region in
Fig. (a) corresponds to the selected area electron diffraction. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

corresponding to the strain 3.9, the nanocrystalline region in the alloy is
analyzed with HRTEM and SADE, as shown in Fig. 18. And we can see an
abundance of nanocrystals, including spherical, rhombic, rectangular,
irregular patterns, etc (Fig. 18 (a)). The average grain size of nano-
crystals is 18 nm statistically calculated by Image J software. Fig. 18 (b)
is a dark field image, and it can be seen that there are a quantity of

11

dislocations and a small number of twins inside the grain. The high-
resolution image of nanocrystalline transmission electron microscope
is shown in Fig. 18 (c). The white dashed line in the figure outlines the
nanocrystalline interface. We perform Fourier changes on the position
around region 1 to obtain the FFT image. It can be seen that the angle
between regions 2, 3, 4, 5 and region 1 is between 2 and 7°, which is a
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Fig. 18. TEM images of TD surface core of rotary swaged Cu-15Ni-8Sn alloy with strain 3.9: (a) Bright field image; (b) Dark field image; (c) High-resolution images
of nanocrystals.
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Fig. 19. EBSD analysis of the rotary swaged Cu-15Ni-8Sn alloy with strain € = 1.3: (a) Partial view of white frame line in Fig. 11 (a); (b-c) Point-to-point orientation
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Fig. 20. EBSD analysis of the rotary swaged Cu-15Ni-8Sn alloy with strain € = 1.8: (a—c) Point-to-point orientation distribution diagram of lines 1, 2, and 3 in
Fig. 11 (a).

small-angle grain boundary. 4. Discussion

4.1. Mechanism of microstructure evolution

The evolution law of typical microstructure characteristic nodes of
Cu-15Ni-8Sn alloy under large strain rotary swaging can be

12
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Fig. 21. TEM images of the rotary swaged Cu-15Ni-8Sn alloy with strain ¢ = 2.2: (a) Bright field image; (b) Nanotwin selective electron diffraction; (c) High-
resolution image and Fourier transform diagram of the interaction position of nanotwins and LAGBs.

rainbow color, which represents that the grain tilts during the
deformation process. This tilt helps to coordinate the deformation.

summarized as follows: Dislocation — Cross twins (¢ > 1.3) — Layered
fine grains (¢ > 1.8) — Nanotwins (¢ > 2.2) — Nanocrystals (¢ > 3.2).

Stage 1: Dislocation-dominated deformation mechanism. At the
initial stage of rotary swaging of Cu-15Ni-8Sn alloy (¢ < 0.4), a great
deal of geometrically necessary dislocations occur in the coarse
grains, thus forming high-density dislocation walls [26]. In Fig. 10
(a), the color gradient appears inside a single grain, showing a

13

Stage 2: Cross-twin coordinated deformation mechanism. When
the rotary swaging strain € = 1.3, combined with Figs. 9 (a) and
Fig. 19, it is found that with the further increase of rotary swaging
strain, twins become the main mechanism to coordinate the defor-
mation of Cu-15Ni-8Sn alloy on the basis of dislocation motion. The
cross twinning can effectively disperse the stress and improve the
deformation ability of the alloy [4,24,30].
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Fig. 22. TEM diagram of the rotary swaged Cu-15Ni-8Sn alloy with strain € = 3.2: (a) Bright field image; (b) High-resolution images of tilt twin boundaries; (c1-3)

Select electron diffraction in regions 1, 2, and 3 in Fig. (b).

Stage 3: Formation of layered fine grain. By analyzing Figs. 10 (a)
and Fig. 20, we find that fine cross-deformation twins appear in the
Cu-15Ni-8Sn alloy with the increase of the rotary swaging strain.
This result makes the deformed microstructure of the alloy further
refined, forming layered fine grains [31].

Stage 4: Further coordinated deformation of nanotwins. When
the rotary swaging strain ¢ = 2.2, as depicted in Fig. 21, nanotwins
indeed emerge within the core grains of RD plane of Cu-15Ni-8Sn
alloy. These nanotwins exhibit spacings ranging from 1.7 to 95 nm,
with their growth fronts arrested by low-angle grain boundaries
(LAGBs) formed through dislocation pile-ups. The synergistic effect
of LAGBs and nanotwins can also achieve multiple refinements of
microstructures at submicron and even nanometer scales [32,33].
Stage 5: Local formation of nanocrystals and continuous
refinement of layered structures. Previous studies have shown
that high temperature will inevitably be generated in the rotary
swaging process, and shows that local heating of several hundred
degrees Celsius will be generated in the high-frequency loading
process, and the heat will be dissipated in a very short time [34-36].
The instantaneous high temperature and high strain rate may trigger
the dynamic recrystallization mechanism [37,38]. When the strain is
2.9, the continuously increasing strain energy provides a driving
force for recrystallization, resulting in local nanocrystals in
Cu-15Ni-8Sn alloy, as shown in Fig. 11. The formation of recrys-
tallized grains makes the microstructure inside the alloy more uni-
form, thereby improving the coordinated deformation ability of the
alloy.
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When the rotary swaging strain reaches 3.2, the dislocation density
continues to increase, and the interaction between dislocations and
deformation zones, twin boundaries and stacking faults continues to
increase. However, when the accumulated deformation of rotary
swaging is large enough, we find that unlike the nanotwins with the flat
and straight interface in Fig. 15 (a), the twin boundary has tilted, as
shown in Fig. 22. A detailed analysis of the HRTEM of the tilted nano-
twin interface (Fig. 22 (c)) shows that the lattice on both sides of the
twin boundary is deflected at equal angles. As we have observed in
Fig. 23, when the rotary swaging strain reaches 3.9, the layered struc-
ture is further refined. The layered grain boundaries have not only high-
angle grain boundaries (HAGBs) but also low-angle grain boundaries
(LAGBs) (as shown in Fig. 23(e and f)). The dislocations inside the
nanotwins will rearrange to form dislocation wall with the bamboo-like
morphology (as shown in Fig. 23 (d)), thus dividing the twins into nano-
sized slender blocks, which also provides conditions for the formation of
nanocrystals (see Fig. 24).

4.2. Analysis of strengthening mechanism

As demonstrated in Fig. 4, the yield strength of Cu~15Ni-8Sn alloy is
1156 MPa when the rotary swaging strain ¢ = 3.9, which is 3.22 times
higher than that of the solid solution alloy of 274 MPa. The observed
strengthening primarily arises from the synergistic contributions of high
dislocation density, grain refinement, and solution strengthening. And
then the contribution of various strengthening methods to the yield
strength of rotary swaged Cu-15Ni-8Sn alloy is discussed, and its
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Fig. 23. TEM images of the rotary swaged Cu-15Ni-8Sn alloy with strain € = 3.9: (a) Bright field image; (b) Dark field image; (c) The orange region in Fig. (a)
corresponds to the selected area electron diffraction; (d) An enlarged view of the green boxed area in Fig. (b); (e—f) The blue region in Fig. (b) Corresponds to the
high-resolution image and selected area electron diffraction patterns. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)
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Fig. 24. Schematic diagram of microstructure evolution after rotary swaging of Cu-15Ni-8Sn alloy.

dominant strengthening mechanism is clarified.
The contribution of yield strength of Cu-Ni-Sn alloy comes from so-

lution strengthening (css), grain boundary strengthening (cgp,), disloca-
tion strengthening (c4), and precipitation strengthening (o), etc.

According to the above results, it is evident no phase transformation
occurs after rotary swaging, so the contribution of precipitation
strengthening is no longer considered. The formula for calculating the

yield strength contribution is as follows [39,40]:

15
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Cu

Fig. 25. TEM images of the rotary swaged Cu-15Ni-8Sn alloy with strain ¢ = 3.9: (a) Bright field image; (b—d) The EDS elemental mapping of Cu, Ni, and Sn.

Table 3
EDS results (at.%) of the corresponding point positions in Fig. 11.

Spectrum Cu Ni Sn

1 80.28 16.24 3.48
Oy =0 + Ogs + Ogp + Od 3)

Where oy is the yield strength of rotary swaging Cu-15Ni-8Sn alloy with
strain € = 3.9, and o is the friction stress of pure copper (~52 MPa) [6].

The strength increment of solution strengthening is usually calcu-
lated by the following formula [41,42]:

cl/2 (4)

Where M is the Taylor impact factor; G is the matrix shear modulus; & is
the strain energy caused by the lattice distortion of solute atoms solid in
the matrix; c is the concentration of alloy atoms solid in the matrix. In
view of the fact that the initial state of Cu—15Ni-8Sn alloy in this paper is
a completely supersaturated solid solution (as shown in Fig. 1), when the
rotary swaging strain € = 3.9, there is still no segregation and precipi-
tation (as shown in Fig. 25). The EDS analysis results of blue region 1 in

Fig. 25 (a) are shown in Table 3, and the atomic percentages of Ni and Sn
in the solid solution in the matrix can be obtained as 16.24 at.% and
3.48 at.%, respectively. Table 4 gives the relevant parameters and
calculation results of solution strengthening. Therefore, the solution
strengthening increment is 52.58 MPa.

Acg, =K,d;"? 5)

Where K, is the Hall-Petch constant (180 MPa pml/ 2) [22], and d; is the
average grain size (um). According to the statistics of Fig. 12, the
average grain size of the alloy is 1.23 pm. From formula (5), it can be
calculated that the grain boundary strengthening increment is 162.30
MPa.

The contribution of the dislocation density to the strength of the
alloy can be estimated using the Bailey-Hirsch formula [43]:

Aoy =aMGbp!/? 6)

Where a is the geometric constant (copper alloy a ~ 0.3); M is the Taylor
factor (M =~ 3.06)[49]; G is the pure copper shear modulus (G = 45.5
GPa); b is the Burgers vector (b = 0.2556 nm); p is the dislocation
density. According to Fig. 6, when the strain reaches 3.9, the dislocation
density of Cu-15Ni-85n alloy is 6.97 x 10'® m™, and the contribution of
dislocation strengthening to the alloy strength is 891.32 MPa.

Table 4

Calculation results of related parameters and solution strengthening.
M G(GPa) eni Esn Cni (at.%) Csn (at.%) Aoy Aogy Oss
3.06 45.5 0.599 0.577 16.24 3.48 36.32 16.26 52.58

The strength increment of grain strengthening is usually expressed by the Hall-Petch formula [43].
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Fig. 26. Strengthening contribution percentage for the yield strength of rotary
swaged Cu-15Ni-8Sn alloy with strain ¢ = 3.9.

It should be further explained that we mentioned in the above
analysis that some ultrafine grains are present in the alloy. The presence
of ultrafine grains also contributes to the strength. However, this part of
ultrafine grains is not ubiquitous, and considering that these ultrafine
grains are divided into LAGBs formed by a large number of dislocation
plugging, this can be regarded as a dislocation structure. Therefore, the
contribution of this part is included in the dislocation enhancement.

In summary, the accumulative contributions of the aforementioned
strengthening mechanisms to the yield strength of rotary swaged
Cu-15Ni-8Sn alloy at € = 3.9 total 1158.2 MPa, closely matching the
experimentally measured value of 1156 MPa. The relative contribution
of each strengthening mechanism to the yield strength is shown in
Fig. 26.

5. Conclusion

(1) The evolution of typical microstructure characteristic nodes in
Cu-15Ni-8Sn alloy under the large-strain rotary swaging is
proved: Dislocation — Cross twins (¢ > 1.3) — Layered fine grains
(e > 1.8) — Nanotwins (e > 2.2) — Nanocrystals (¢ > 3.2).
After rotary swaging at large-strain (¢ = 3.9), the matrix of the
Cu-15Ni-8Sn alloy predominantly exhibits a multiscale micro-
structure characterized by high-density dislocations and layered
fine grains, while nanotwins and nanocrystals are also established
locally.

(3) When the accumulative strain ¢ = 3.9, the tensile strength and
yield strength are 1200 MPa and 1156 MPa, which are 1.58 times
and 3.22 times higher than those of the undeformed state (¢ = 0),
respectively. Through the calculation and analysis of strength-
ening mechanism, the dominant mechanisms of strength
improvement are high-density dislocation strengthening and
fine-grain strengthening, which contribute approximately 91 %
to yield strength.

(2
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