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A B S T R A C T   

Although nanocrystalline (NC) metals and alloys have been studied for nearly 40 years, their preparation is 
limited to the laboratory as large-scale; low-cost commercial production remains a challenge. In this study, high- 
strength bulk NC Cu–Al alloys were prepared from coarse-grained Cu–Al alloy rods via rotary swaging. Rotary 
swaging is characterized by the low cost and infinite length of the processed samples; therefore, it can advance 
the industrial application of bulk NC alloys. Core–shell-structured Cu–Al alloy rods with a hard NC core 
(diameter of 2.2 mm) wrapped in a soft ultrafine-grained (UFG) shell with a thickness of 1.75 mm were prepared 
using a rotary swage. Tensile tests revealed that the hard NC Cu–Al alloy core exhibited an ultimate tensile 
strength of 1034 MPa, which surpassed current strength records. Microstructural characterization showed that 
the hard NC core was composed of NC fiber grains with widths of 45 nm and lengths of 190 nm. The edge of the 
rod contained numerous low-angle grain boundaries and shear bands, which provided it with a lower strength 
and higher elongation than those of the center. During swaging, strong (200) and (111) fiber textures perpen
dicular to the cross-section were produced during the early stages of deformation. In the latter deformation 
stages, the polar densities of the (200) and (111) textures weakened, and some complex textures were formed 
along with high-angle grain boundaries. The grain refinement mechanisms were dominated by multiple defor
mation twinning, stacking faults, and dislocation slips. Finite elemental analysis showed that triaxial compressive 
stress and a high strain rate were applied to grain refinement. In addition, the softer shell protects the harder core 
during deformation, preventing fracture. This study verified an effective preparation technique for bulk NC 
materials via rotary swaging because it is a simple process with low cost and broad industrial prospects.   

1. Introduction 

Nanostructured (NS) metals, including nanocrystalline (NC) mate
rials with an average grain size of less than 100 nm, and ultrafine- 
grained (UFG) materials with an average grain size of 100–1000 nm, 
have been studied for 40 years [1]. The strengthening of NC metals is 
achieved by refining the microstructure of the material without chang
ing their composition. Therefore, NC metals significantly reduce the 
dependence on alloy elements and show potential for industrial appli
cations. Significant progress has been made in the preparation, struc
tural characterization, and mechanical, physical, and chemical property 
tests of NC materials. However, a combination of low cost, easy control, 
high purity, and large product volume through a single preparation 

method has been challenging to obtain despite the development of 
multiple methods of preparation [2]. Therefore, the large-scale appli
cation of NC materials is still limited. To address this challenge and 
facilitate the industrialization of NC materials, advanced preparation 
technologies must be developed that simultaneously possess the above 
characteristics [3]. 

In general, the methods for preparing bulk NC materials are divided 
into two categories according to the order of formation: the "bottom-up" 
two-step method and the "top-down" one-step method [1,2]. The "bot
tom-up" two-step process includes an inert gas condensation and solid
ification method [1], as well as a mechanical alloying method (ball 
milling plus powder metallurgy sintering) [4], which stacks small 
structural units (nanoparticles or micron particles containing 
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nanograins) into macroblocks. Generally, the target metal is initially 
refined into micro-powders, then the microunits are densified and 
formed into large blocks by hot pressing. This method can be used to 
synthesize bulk NS materials with a grain size of less than 100 nm; 
however, the sample size is relatively small, and the pressing process 
leaves unavoidable preparation defects, such as residual pores, impu
rities, and microcracks in the sample (although optimized processes 
such as electric field assistance promote densification [5]), which cause 
stress concentrations and brittle fractures during service. The “top-
down” one-step method directly refines coarse grain (CG) units into 
ultrafine grain units using severe plastic deformation (SPD) [2]. This 
method can be used to prepare highly dense and pure bulk NS metals. 
Currently, the most commonly used SPD technologies [3] include 
high-pressure torsion (HPT) [6], equal channel angular pressing (ECAP) 
[7], accumulative roll bonding (ARB) [8], multiaxial forging [9], and 
twist extrusion (TE) [10], as well as derivative approaches that are based 
on these methods. 

SPD exhibits high hydrostatic pressure and high strain, with the 
former ensuring the smooth progress of the latter [11]. SPD methods 
typically exhibit significant grain refinement capabilities [12,13]; 
however, there are some disadvantages to using these methods, such as 
the small product size for ECAP and HPT [14], high precision control 
requirements for multi-axial forging, and possible poor interface 
bonding for ARB. In addition, there are some common issues such as 
high time costs, complex processes, and high maintenance [15]. Under 
constant temperature and strain rate, the stress state determines the 
upper limit of grain refinement, and a three-directional restricted stress 
state can prevent free plastic flow and accumulate more defects [11,16]. 

In addition, an appropriate strain must be applied to the sample. The 
strength of many materials is gradually saturated after a specific level of 
strain. Furthermore, excessive deformation results in lower returns in 
refinement, and even some NC alloys exhibit detwinning and grain 
growth phenomena in HPT [17]. Therefore, using an optimized stress 
state, low-cost, and large-scale continuous preparation method to 
appropriately deform the workpiece and obtain excellent performance 
products is an optimal solution for solving the industrial application 
limitations of NC materials. 

Recently, bulk high-strength Mg–Gd–Y–Zr and AZ31 alloys [18,19], 
high-conductivity Cu and Cu–Cr–Zr [20,21], high-toughness Al and Al 
matrix composites [22,23] as well as commercially pure Ti [24] were 
successfully prepared by rotary swaging (RS). RS is a widely used in
dustrial method that facilitates the high-throughput mass production of 
metals with enhanced mechanical properties. This near-net forming 
process uses a high-speed pulse hammer (multi-hammer) to process 
solid shaft parts or hollow tubes with variable cross-sectional areas [25, 
26]. As the RS process can enable large hydrostatic stresses and facilitate 
the accumulation of large strains, it has also been employed to improve 
the mechanical properties of refractory metals and alloys [26]. 

In this study, RS was used to address the previously mentioned 
challenges and produce low-cost NC materials on a large-scale. An NC 
alloy, with a diameter measuring on the millimeter scale and a theo
retically infinite length, was prepared by deforming the coarse-grained 
Cu–15 at% Al alloy with low stacking fault energy (SFE). The grain 
refinement mechanisms and the characteristics of RS deformation were 
systematically studied using microstructure characterization and finite 
element simulation. This resulted in the recommendation of the 

Table 1 
Chemical compositions of the Cu–Al alloy analyzed using a direct-read spectroscopic analyzer. The elements detected in excess of 0.01 % are listed.  

Elements Al Te Sb Se S Fe Total others Cu 

at%  15.20  0.05  0.01  0.01  0.01  0.01 < 0.02 balance  

Fig. 1. (a) Image of the rotary swaging Cu–Al samples with ε=0, ε=0.5, ε=1.0, ε=1.5, ε=2.0, and ε=2.5; the inset image explains the sampling location and 
perspective. (b) Electron back-scattering diffraction inverse pole figure, (c) grain size distributions, and (d) pole figure of the homogenized Cu–Al alloy (ε=0). 
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following three characteristics of RS deformation: triaxial compressive 
stress, high strain rate, and a low deformation increase in temperature. 

2. Materials and methods 

2.1. Preparation of bulk NC Cu–Al 

A rectangular Cu–Al alloy bar with dimensions of 50 mm ×50 mm ×
300 mm was vacuum-melted and cast and then hot-forged. The chemical 
compositions of the Cu–Al alloys tested using a direct-read spectroscopic 
analyzer-Q4 TASMAN 130 (Bruker, Germany) are listed in Table 1. 

The Cu–Al alloy bar was first homogenized at 1073 K for 2 h in an air- 
circulated furnace, then machined into Ø20 × 200 mm rods for subse
quent RS processing. The homogenized CG Cu–Al alloy had an average 
grain size of 660 μm (Fig. 1b,c), a random grain orientation, and no 
discernable texture (Fig. 1d). The RS process was then performed at 
room temperature through multiple iterations. Subsequently, the Cu–Al 
rods were thinned to diameters of 15.6, 12.1, 9.4, 7.4, and 5.7 mm, 
which corresponded to the equivalent strains (ε) of 0.5, 1.0, 1.5, 2.0, 2.5. 
The formula, ε=ln(A0/A), was used to calculate ε, where A0 and A are 
the initial and final cross-sectional areas, respectively. The macroscopic 
images of samples with different ε values are shown in Fig. 1a. In this 
study, the planes in the two directions (top view and side view) of the RS 
sample were defined for representation purposes. Because the structural 
differences between the center and edge of the RS rod were significant, 
the position of the center and edge of the rod were also defined, as 
shown in the inset of Fig. 1a. 

2.2. Mechanical property tests 

Vickers microhardness tests were performed using an HMV-G 21DT 
(Shimadzu, Japan) tester with a load of 1.96 N and a dwell time of 10 s. 
The sample surface was mechanically polished to freshness, and 10 in
dentations were tested to obtain reliable results. 

Uniaxial tensile tests were performed at room temperature using an 
Instron 5982 tester with a strain rate of 1 × 10− 3 s− 1. The cross section of 
the tensile specimen gauge was circular, and the ratio of the section 
gauge diameter to the gauge length was uniform at 1:5 owing to the 
change in the diameter by swaging. All tensile specimens were obtained 
with a gauge length parallel to the swaging direction. The tensile spec
imens of the rod center had gauge dimensions of ϕ4.4 × 22 mm for ε=0, 
ϕ3.2 × 16 mm for ε=0.5, and ϕ1.2 × 6 mm for ε>0.5; in addition, the 
gauge dimensions of the edge and center + edge of ε=2.5 were ϕ1.2 ×
6 mm and ϕ4.0 × 20 mm, respectively. The tensile strain was measured 
using a standard noncontact video extensometer. Three tensile speci
mens were tested to obtain reliable results. 

2.3. Microstructural characterizations 

Electron backscattering diffraction (EBSD) analysis was performed 
using a Zeiss Auriga focused ion beam/scanning electron microscope 
equipped with a fully automatic Oxford Instruments Aztec 2.0 EBSD 
system. The samples used for EBSD were first sandpaper-polished and 
mechanically polished, and then electropolished on a Buehler Electro
Met@4 with an electrolyte containing H3PO4 (25 %), absolute alcohol 
(25 %), and deionized water (50 %) at a voltage of 8 V and polishing 
time of 30–60 s. Software Channel5 was used to process the EBSD data. 

Fig. 2. Microstructure of the center of the swaged Cu–Al sample at ε=2.5. (a) STEM bright field image and (b) dark field image of the top view. (c) Grain width and 
length distribution. (d) Bright-field image of the side view. (e) High-resolution TEM image of (d). 

K. Zhou et al.                                                                                                                                                                                                                                    



Journal of Materials Processing Tech. 330 (2024) 118489

4

Texture was tested on a SmartLab diffractometer (Rigaku) using the 
Schulz back-reflection method. The working voltage and current were 
set to 40 kV and 40 mA, respectively. Three incomplete pole maps, 
(200), (220), and (111), were collected in 5◦ increments at α and β 
measurement ranges of 0◦ to 70◦ and 0◦ to 360◦, respectively. 

Transmission electron microscopy (TEM), high-resolution TEM 
(HRTEM), and scanning transmission electron microscopy (STEM) ob
servations of the materials were performed using a Titan G2 60–300 at a 
voltage of 300 kV. The tested samples were machined and sanded to 
obtain 50 μm thick discs, then twin-jet polished in an electrolyte con
taining H3PO4 (25 %), absolute alcohol (25 %), and deionized water 
(50 %) at approximately 265 K. 

2.4. Finite element (FE) analysis 

In this study, deform V11 commercial software was used to simulate 
the first-pass RS of homogenized Cu–Al (from 20 mm to 19.7 mm in 
diameter), and the entire component was meshed using tetrahedron 
elements. The initial temperature of the workpiece and dies was 20 ◦C; 
additionally, the friction coefficient between the workpiece and die was 
0.12. The behavior of the material was determined by the stress–strain 
curve generated by the tensile test of the CG Cu–Al. 

3. Results 

3.1. Microstructures of the Cu–Al alloy at ε=2.5 

3.1.1. Microstructure of the center of the Cu–Al alloy at ε=2.5 
The top view of the STEM-bright field (BF) and -dark field (DF) 

images of the Cu–Al alloy at ε=2.5 showed that the hard core or the 
center of the swaged Cu–Al rod was composed of equiaxed relatively 
uniform NC grains (Fig. 2a,b). The average grain size was approximately 
45 nm (Fig. 2c). The side view showed that the NC grains had an average 
length of 190 nm and were marginally elongated along the RS direction 
(Fig. 2c,d). In addition, a high number of twin boundaries (TBs) were 
observed from the top and side views; however, this was more promi
nent from the side view, where most TBs were parallel to the axis of the 
rod. HRTEM and the corresponding fast Fourier transform (FFT) images 
show that TB (green line) contained irregularities within its structure 
and stacking faults (SFs), which were caused by marginal atomic mis
alignments (white arrows), in some areas. Approximately seven atomic 
layers of fine twin lamellae (yellow and red lines) were also observed 
(Fig. 2e). 

3.1.2. Microstructure of the edge of the swaged Cu–Al sample at ε=2.5 
The top-view inverse pole figure (IPF) map of the edge of the Cu–Al 

sample at ε=2.5 shows that the preferred orientation was obtained by 
deformation; additionally, the randomness of the orientation of the 
grains refined in the shear band was higher (Fig. 3a). The grain 
boundary (GB) map shows that the sample contained many low-angle 
GBs (LAGBs), as shown in Fig. 3b. Based on the analysis of the GB 
misorientation distribution of adjacent grains, the quantities of TBs, 
HAGBs, and LAGBs were 1 %, 22 %, and 77 %, respectively, and the sub- 
grain was composed of LAGBs with an approximate size of 0.3 μm 
(Fig. 3c). 

The TEM-BF images of the ε=2.5 edge are shown in Fig. 3d,e. A 
marginal misorientation was observed within the diffraction zone (inset 
in Fig. 3d). The network structures composed of LAGBs were consistent 

Fig. 3. Top-view electron backscatter diffraction map and TEM image of the edge of the Cu–Al sample at ε=2.5. (a) Inverse pole figure. The legend of (a) is shown in 
the inset image. (b) Map of the grain boundaries. (c) Grain boundary misorientation and grain size distribution. (d) TEM image. (e) High-magnification TEM image. 
The insets of (d) and (e) are the selected area electron diffraction patterns of the yellow circles. 
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with the EBSD results (green arrows in Fig. 3e). Moreover, there were 
numerous SFs inside the sub-grains, which resulted in the tailing of the 
diffraction spot (Fig. 3e). 

3.2. Mechanical properties of swaged Cu–Al alloys 

Fig. 4 shows the mechanical properties of the swaged Cu–Al alloys. 
Fig. 4a shows the microhardness distribution along the radial direction 
of the circular section from the top view. The initial CG sample was 
homogeneous as the hardness was kept constant at approximately 88 
HV. When ε=0.5, the hardness distribution in the center (~180 HV) was 
marginally lower than that of the edge (~200 HV), indicating that the 
deformation strengthening at the edge was greater during the early 
stages of deformation. Increasing ε from 1.0 to 2.5 resulted in a signif
icant increase in overall hardness; the hardness distribution of the center 
was higher than that of the edge. In addition, an increase in the ε 
increased the hardness of the center and edge; however, the rate of in
crease at the center was higher than that at the edge (Fig. 4b). The main 
factors behind these differences are discussed in Section 4.1 . 

The quasi-static tensile curves of the Cu–Al alloy at the center are 
shown in Fig. 4c. The initial CG sample exhibited a yield strength (σ0.2) 
of 72 MPa, ultimate tensile strength (σUTS) of 255 MPa, uniform elon
gation (εu) of 74.1 %, and elongation to fracture (εf) of 81.5 %. When 
ε=0.5, σ0.2 and UTS increased to 320 and 434 MPa, respectively, 
whereas εu and εf decreased to 11.2 % and 21.2 %, respectively. At ε 

values higher than 0.5, the Cu–Al alloy necked immediately after 
yielding. Nevertheless, its strength continued to increase as the ε value 
increased. The σUTS value was 1034 MPa at ε=2.5. Fig. 4d shows the 
tensile curves of the individual center and edge and a combination 
center and edge with ε=2.5. The σUTS of the edge is 777 MPa, and the εf 
is 14.0 %. Owing to the role of the mixture, the strength and ductility of 
the center and edge (887 MPa and 9 %, respectively) were between 
those of the individual center and edge. Only samples of ε=0 and ε=0.5 
have specific uniform deformation abilities because the RS deformation 

Fig. 4. Mechanical properties of the RS Cu–Al alloys. (a) Vickers microhardness measured from the center to the edge along the radial direction; the error bars 
represent the standard deviation of hardness. (b) Relationship between the average hardness of the center and edge versus ε. (c) Quasi-static tensile curves of the 
center of the RS Cu–Al alloys against ε. (d) Quasi-static tensile curves of the individual center and edge, and a combination of center and edge at ε=2.5. 

Table 2 
Tensile properties of RS Cu–Al alloys. σ0.2, σUTS, εu, and εf are the yield strength, 
ultimate tensile strength, uniform elongation, and elongation to fracture, 
respectively.  

Samples σ0.2 

(MPa) 
σUTS 

(MPa) 
εu (%) εf (%) 

ε¼0, ϕ4.4£22 mm (center) 72 255  74.1  81.5 
ε¼0.5, ϕ3.2£16 mm (center) 320 434  11.2  21.2 
ε¼1.0, ϕ1.2£6 mm (center) 805 833  1.3  5.7 
ε¼1.5, ϕ1.2£6 mm (center) 815 879  1.7  6.7 
ε¼2.0, ϕ1.2£6 mm (center) 918 960  1.5  6.8 
ε¼2.5, ϕ1.2£6 mm (center) 1016 1034  1.5  4.8 
ε¼2.5, ϕ1.2£6 mm (edge) 707 777  3.1  14.0 
ε¼2.5, ϕ4.0£20 mm 

(centerþedge) 
800 887  2.2  9.0  
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of samples at ε>0.5 results in internal defects that tend to saturation. 
Additionally, defects cannot be accumulated during the subsequent 
stretching process and the occurrence of strain concentration is easier, 
which results in macro shear bands and premature necking [27]. The 
tensile performance parameters are listed in Table 2. 

3.3. Grain refinement process 

Comprehensive TEM observations on RS Cu–Al alloys at ε=0.5, 1.0, 

1.5, and 2.0 were performed to determine the refinement mechanisms of 
the alloy. The microstructure of the sample at ε=0.5 is shown in Fig. 5. 
During the initial stages of deformation, the RS Cu–Al alloy contained 
many SFs in the (111) and (111) planes within the coarse grains. Mul
tiple SFs intersected to form a network. 

Numerous nanotwins were formed in two (111) planes of the Cu–Al 
sample when ε was increased to a value of 1.0. This resulted in CG grains 
that were cut by SFs and TBs and contained sub-GBs (green arrow in  
Fig. 6a). In other regions, a higher density of nanotwins and SFs were 

Fig. 5. Top-view TEM images of the center of the sample at ε=0.5. (a) Low magnification; the inset is the corresponding diffraction spot. (b) High magnification of 
the local area of (a) at g=200. 

Fig. 6. Top-view TEM images of the center of the Cu–Al sample at ε=1.0. (a) and (c) Low magnification and bright-field images. (b) Dark-field image corresponding 
to (a). (d) and (e) Magnified images of regions A and B in (c), respectively; the insets are their corresponding selected area electron diffraction pattern. (f) Magnified 
TEM image showing the intersection of numerous stacking faults that further refined the coarse grains. 
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observed (Fig. 6c–e). 
Fig. 6d,e show local enlarged images of regions A and B in Fig. 6c, 

respectively. Fig. 6d shows numerous TBs in the two (111) planes, 
whereas Fig. 6e shows high-density and fine (less than 20 nm) unidi
rectional twin lamellae. Fig. 6f shows a magnified region where a sub- 
grain obtained by deformation is cut by numerous SFs, which can pass 
through the sub-GBs. The sub-GBs have a tendency for continual 
refinement. Deformed TBs and SFs cut and further refined the CG grains 
at a deformation strain of 1.0, resulting in the formation of some sub- 
grains. 

Numerous staggered SFs and TBs were observed in the grains at an ε 
of 1.5, as shown in Fig. 7. In addition, new GBs were observed along a 
nonparallel direction to the TBs or SFs; these GBs formed elongated 
grains (Fig. 7a). Fig. 7b,c show magnified TEM images of regions A and 
B in Fig. 7a. Multiple TBs subdivided grains at ε=1.5, which was similar 
to that observed at ε=1.0. Additionally, some TBS were bent and 
transformed into HAGBs at ε=1.5 (green arrow in Fig. 7a) because of the 
accumulation of strain. Fig. 7d shows an SF bundle and nanotwin with a 
width of ~20 nm. 

Some regions still contained numerous intersected SFs at ε=2.0 
(Fig. 8a–c). However, the other regions consisted only of uniformly sized 
NC grains, as shown in Fig. 8a,d–f. NC grains are formed by the accu
mulation of numerous dislocations on TBs or SFs, resulting in their 
curvature and transformation into normal HAGBs [28]. At an ε value of 
2.5, uniformly sized NC grains were formed (Fig. 2). The results of above 
grain refinement during RS explain the evolution of microhardness and 
yield strength, as shown in Fig. 4a,c. 

As shown in Figs. 5–8, the generation and interaction of SFs, dislo
cations, and TBs were observed during early deformation; however, the 
formation of HAGBs in the coarser grains was not observed. Defects in 
grains gradually transformed into HAGBs after ε reached a value of 1.5. 

Therefore, BF-STEM was used to measure the sizes of the grains and sub- 
grains with different orientations to reflect their microstructural char
acteristics (Fig. 9a-e). A reduction in the grain/sub-grain size was 
observed as the value of ε increased (Fig. 9f). The sizes of the grains/sub- 
grains of the samples at ε=0, ε=0.5, ε=1.0, ε=1.5, ε=2.0, and ε=2.5 are 
listed in Table 3. 

3.4. Texture evolution 

In general, the deformation of RS results in a fiber texture perpen
dicular to the cross-section of the material owing to the action of radial 
compressive stress. Compared with the sample at ε=0, the (200) and 
(111) grains faced towards the axial direction; however, they were not 
identical (Fig. 10). The pole figure of (220) was not unique as multiple 
sets of spots were observed and there was a tendency towards ring for
mation. The orientations of <200> and <111> were concentrated at 
ε=1.0, with a maximum polar density of 13.62. Simultaneously, the 
diversity of the pole figure of <220> increased, forming a more 
continuous ring. This phenomenon was more pronounced at an ε value 
of 1.5. This texture evolution was similar to that of face-centered cubic 
metals and alloys deformed by RS or cold drawing [21,29]. 

As ε increased to 2.0, the highly oriented texture was marginally 
disrupted, the polar densities of (200) and (111) decreased, the rings of 
(220) became incomplete, and some complex textures deviated from the 
<200>, <220>, and <111> direction; this phenomenon was more 
pronounced when ε was at 2.5. As shown in Figs. 5–8, the extensive 
formation of HAGBs caused by deformation mainly occurred between ε 
values of 1.5 and 2.5, which was related to the destruction of highly 
oriented textures. Compared with the deformation mechanism domi
nated by the dislocation slip in CG materials, the generation, movement, 
and absence of dislocations in NC materials were significantly affected 

Fig. 7. Top-view TEM images of the center of the Cu–Al sample at ε=1.5. (a) Low magnification. (b) and (c) Magnified TEM images of regions A and B in (a), 
respectively; the insets are their corresponding diffraction. (d) Magnified TEM image showing high-density nanotwins. 
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by GBs during the deformation process [30]. GB slip, migration, and 
diffusion became important deformation mechanisms [31], which 
influenced the secondary evolution of texture in the later stages of 
deformation. 

3.5. Processability evaluation 

RS is a near-net forming process, and product rods can be directly 
applied to components in various industries. Further evaluation of the 
processability of the NC Cu–Al rods obtained in this study (Fig. 11a) will 
help expand their scope of use. Therefore, sample ε=2.5 was further 
deformed by cold rolling, compression, turning, and RS, as shown in 
Fig. 11b–e. No cracking failures were observed after further treatments 
although the sample ε=2.5 had NC grains and extremely high strength. 

4. Discussions 

4.1. Preparation of nanocrystalline Cu–Al alloys 

4.1.1. Working principle and parameter of the RS process 
The RS deformation technique is a traditional forming process 

through which the diameters of rods and tubes can be reduced [32,33]. 
Recent studies have used this technique to perform the SPD process [34] 
to strengthen materials [35,36]. In the final forming process, the surface 
quality of the material deformed by RS was high, and the requirement 
for surface polishing or other treatments was limited [37,38]. Moreover, 
the material lost during the RS process was insignificant [25]. 

Based on the size of the equipment, reciprocating process of the die, 
and feeding process of the workpiece, the detailed parameters of the RS 

are listed in Table 4. The process parameters of RS can be divided into 
single pass and single forging. A single pass describes the process that 
uniformly reduces the diameter of the entire workpiece by 0.3 mm, 
whereas a single forging process describes the simultaneous closure of 
the four dies that act on the workpiece. Multiple forging processes form 
one pass, and multiple passes form the entire RS process. According to 
the estimates, a single forging required 0.0054 s, and the interval be
tween the two forgings was 0.0405 s. The contact distance for the single 
forging was 0.025 mm; therefore, the diameter of the sample decreased 
by approximately 0.05 mm during the single forging process. The ε 
value for each forging varied between 0.0051 and 0.0178 based on ε=ln 
(A0/A). Using the contact duration and ε, the average strain rate was 
estimated as 0.94–3.29 s− 1. Because each pass experienced the same 
diameter reduction (0.3 mm), the equivalent deformation for each pass 
was between 0.2 and 0.12 under the previously mentioned deformation. 

4.1.2. Stress states of the rods during swaging 
Applying large plastic strains to workpieces is challenging. Tradi

tional forming methods are affected by internal defects and cracks in the 
workpiece, which can cause the material to fracture under specific 
strains. Research has shown that the workability of a given metal is 
significantly improved owing to its highly compressive stress state [39]. 
The workability parameter (β) is the ratio of the hydrostatic stress (σm) 
to the effective stress (σ) [11]. 

β =
3σm

σ (1) 

For the three-dimensional stresses on the material, σm and σ are 
expressed as: 

Fig. 8. Top-view TEM images of the center of the Cu–Al sample at ε=2.0. (a) and (d) Low magnification TEM images. (b) and (e) Dark-field TEM images corre
sponding to (a) and (d), respectively. (c) Enlarged image of the local area in (a). (f) Electron diffraction pattern of the selected area in the circular region of (d) with a 
diameter of 800 nm. 
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σm =
σ1 + σ2 + σ3

3
(2)  

σ =
1̅
̅̅
2

√ [(σ1 − σ2)
2
+ (σ2 − σ3)

2
+ (σ3 − σ1)

2
]
1/2 (3) 

The β value in the basic forming tests of tension, torsion, and 
compression are 1, 0, and − 1, respectively. The more negative the value 
of β, the more favorable the stress state is for plastic deformation. 
Therefore, compared with traditional molding methods, SPD often 
prevents the free flow of materials during deformation by designing 
special molds while applying high hydrostatic pressure and enabling 
them to withstand higher strain, resulting in the successful preparation 
of UFG and NC materials [11]. 

An et al. [40] showed that the workability of the alloy was more 
stringent as the SFE decreased. During the ECAP process, high SFE 
materials (~ 24–200 J/m2) can be refined through dislocation subdi
vision, medium SFE materials (~ 8–24 J/m2) can be refined through 
twinning fragmentation, and macroscopic fractures of alloys below 
8 J/m2, such as Cu-16Al (similar composition to the alloy in this study), 
only occurred in three passes (ε ~ 3); the latter was caused by the 
saturation of the shear bands. However, the ε of materials with the same 
composition can surpass 100 under HPT deformation [41]. The stress 

state is the main reason for the different behaviors of the same material 
in the processes of ECAP and HPT; however, the two SPD methods 
mainly rely on shear deformation, and the hydrostatic pressure applied 
by HPT was higher. 

RS deformation also exhibited an optimized stress state. Based on the 
RS parameters, an FE simulation of the first-pass deformation was con
ducted, as shown in Fig. 12. There was a significant difference in stress 
distribution between the center and the edge during the deformation 
process. The center was subjected to triaxial compressive stress, whereas 
the edge was subjected to tensile and compressive stresses in different 
directions and positions, which were attributed to the uneven direct 
contact between the rod and dies (Fig. 12a,b). These findings were 
similar to the FE simulation results of RS on the deformation of rod- 
shaped workpieces from previous studies [42]. In addition, direct con
tact with the dies resulted in a marginally higher Mises strain and 
effective strain rate at the edge than those at the center (Fig. 12c,d). This 
resulted in the variation of hardness distribution with ε during the RS 
process. Therefore, a marginally higher strain and strain rate in a ho
mogenized alloy with low dislocation density resulted in a higher 
deformation strengthening of the edge, which gradually saturated as the 
crystal defect density increased (up to ε=0.5). At this time, the free 
plastic flow of the material during deformation is avoided as much as 
possible in the three-dimensional constrained in center. Additionally, 
the action of axisymmetric force from the dies and the accumulation of 
multiple passes of strain increased the forging permeability, providing a 
hardness distribution that was higher in the center than the edge 
(ε>0.5). 

The die directly acted on the surface. Because of the higher volume 
ratio of GBs, the fracture toughness of NC grains is often low (as shown 
in Fig. 4; after necking, the elongation of the center is lower than that of 
UFG at the edge), making them prone to fracture when subjected to non- 

Fig. 9. Typical scanning transmission electron microscopy images of (a) ε=0.5, (b) ε=1.0, (c) ε=1.5, (d) ε=2.0, and (e) ε=2.5. (f) Average grain/sub-grain size versus 
ε. The red dotted line indicates the contour of some grains/sub-grains. 

Table 3 
Average grain/sub-grain size of samples at ε=0, ε=0.5, ε=1.0, ε=1.5, ε=2.0, and 
ε=2.5.  

Samples ε¼0 ε¼0.5 ε¼1.0 ε¼1.5 ε¼2.0 ε¼2.5 

Grain/sub-grain 
size 

660 
μm 

2.7 μm 650 nm 180 nm 65 nm 45 nm  
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three-dimensional confinement deformation. By wrapping in a shell 
with better plasticity, direct conduction between the dies and the NC 
grains was avoided, thus facilitating further deformation. 

4.1.3. Balanced strain and increase in temperature 
In addition to the stress state, the minimum saturated grain size in 

SPD is affected by the temperature, strain rate, strain, composition of the 
metal, and pre-strain [11]; additionally, sufficient strain is required to 
obtain the minimum grain size. The temperature increase caused by 
external deformation during cold deformation must be addressed, 
particularly in NC materials with low thermal stability. Considering the 
uniaxial case as an example, the heat generated during plastic defor
mation (dQ) can be calculated using the following equation [43]: 

dQ = βT • σ • V • dεp (4)  

where βT is the Taylore–Quinney coefficient, which describes the frac
tion of plastic work converted into heat. σ is stress, V is volume, and dεp 

is the increment of plastic strain. Therefore, more heat is generated 
when the dεp of one plastic deformation increases. Generally, the process 
is considered adiabatic when the strain rate exceeds 1 s− 1; therefore, 
heat is not transferred to the surroundings, which likely increases the 
temperature. 

The average strain rate (ε̇), ε, contact duration (t) has the following 
relationship during one plastic deformation [44]: 

ε̇ =
ε
t

(5) 

From Equ. (4) and Equ. (5), it can be concluded that in order to 
achieve high strain, high strain rate, and low plastic deformation tem
perature rise for grain refinement, only a small quantity and rapid 
deformation in one pass was required, and sufficient time between 
passes to cool the material. According to Table 4, the ε of a single pass 
was between 0.03 and 0.11, and the strain rate can vary between 0.94 
and 3.29 s− 1. This is an important factor in the preparation of NC 
materials. 

Fig. 10. Pole figure of the top view of samples at ε values ranging from 0.5 to 2.5 in the (200), (220), and (111) planes based on X-ray diffraction analysis.  
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4.2. Grain refinement mechanisms 

A schematic of the grain refinement process (Fig. 13) was generated 
based on the TEM results (Fig. 2 and Figs. 5–8). The processes with 
increasing ε from 0 to 2.5 correspond to Fig. 13a–f, respectively. The 
refinement of the NC grains in the rod center can be divided into the 
following steps: I. Generation of numerous SFs. II. Formation of twins. 
III. Transformation of TBs into GBs and formation of secondary TBs. IV. 
Formation of numerous NC Grains. V. Continual refinement to form NC 
grains that are uniform and/or relatively uniform in size. The refinement 
of NC grains depended on the interaction between SFs, TBs, and dislo
cations; however, the impact of twinning was dominant. 

The deformation strengthening rates of the center and edge of the rod 
were higher at ε values in the early stages (ε<0.5) than those in the later 
stages (0.5<ε<2.5) (Fig. 4), it can be observed that both the center and 
edge of the rod have better deformation strengthening rates with ε in the 
early stage than in the later stage, correspondingly, the refinement ef
ficiency of grain/sub-grain size is also more pronounced in the early 
stages (Fig. 9). This is due to that in the early stages of deformation, the 
number of dislocations and SFs inside the material rapidly increases, and 

the interaction between them leads to an increase in material hardness 
and strength. As ε increases, due to the limited ability of defect accu
mulation inside grains, the rate of dislocation annihilation increases, in 
addition, the later stage of deformation involves the transformation of 
TBs to HAGBs, both of the TBs and HAGBs have a pinning effect on 
dislocations to contribute strength. Therefore, the deformation 

Fig. 11. Processability evaluation of a sample at ε=2.5. Image of (a) sample at ε=2.5 and its subsequent (b) cold rolling, (c) axial compression, (d) turning, and (e) 
rotary swaging. The thickness reduction for each rolling pass was 0.3 mm until the thickness reached 1 mm. The strain rate for axial compression was 1×10− 3, and 
the specimen was compressed from a height of 11.56–3.73 mm. The above treatments did not inflict material fracture. 

Table 4 
Parameters for rotary swaging deformation used in this study.  

Index Value 

Feed rate 17 mm/s 
Rotation speed 654◦/s 
Reduction in diameter per pass 0.3 mm 
Equivalent strain for one pass 0.03–0.11 
Single forging contact duration 0.0054 s 
Two forging interval duration 0.0405 s 
Single forging diameter reduction 0.05 mm 
Single forging equivalent strain 0.0051–0.0178 
Single forging strain rate 0.94–3.29 s− 1  

Fig. 12. Finite element analysis of the rotary swaging process in the first pass of 
this study. Distributions of (a) axial direction stress (AD), (b) radial direction 
stress (RD), (c) Mises strain, and (d) effective strain rate. In (a) and (b), positive 
and negative values represent tensile stress and compressive stress, 
respectively. 
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strengthening is more obvious in the early deformation stage. 
The slope of the hardness versus ε of the center was more positive 

than that of the edge when ε varied between 1.0 and 2.5 (Fig. 4b) 
because of the different stress states between the center and edge. 
During the early stages of the deformation of CG alloys with middle or 
low SFE values, the slip of full dislocations was often dominant; addi
tionally, an increase in stress concentrations was observed inside the 
material as the dislocation density increased [45]. Twinning may occur 
when the dominant slip system changes and the critical shear stress for 
twinning is attained [46]. Therefore, the ease of twinning activation in 
this instance was greater because the critical shear stress was lower than 
the full dislocation slip. This introduced the critical dislocation density 
(ρn). When the dislocation density value caused by deformation in the 
material is higher than ρn, twinning will be promoted as follows [47]: 

ρn =
γ2

G2b2
1

•
1

(nαb − b1)
2 (6)  

where γ is the SFE of the alloy, G is the shear modulus, n is the stress 
concentration factor, and b1 and b are the Burgers vector of Shockley 
partial dislocations and full dislocations, respectively. The ability of 
dislocations to accumulate varies under different stress states. In this 
study, the direction of stress given by the dies was more random at the 
edge, and the microstructure exhibited coordinated deformation 
through dislocations and SFs rather than twinning; however, the center 
of the sample achieved the condition for twinning and produced 
numerous TBs. TBs facilitated significantly more grain refinements than 
those of dislocations, which resulted in different deformation and grain 
refinement mechanisms between the center and the edge. Additionally, 
this resulted in more noticeable differences between the hardness and 
microstructure at the interface with increasing ε. 

5. Conclusion 

In this study, high-strength bulk nanocrystalline Cu–Al alloys were 
prepared from coarse-grained Cu–Al alloy rods using rotary swaging. 
The final deformation strain of ε was 2.5. Rotary swaging is character
ized by the low cost and infinite length of the processed samples and can 
be implemented to advance the industrial application of bulk nano
crystalline alloys. The findings of this study are summarized as follows.  

1. After multiple passes of swaging deformation, nanocrystalline grains 
with a width of 45 nm and a length of 190 nm were obtained at the 
center of the rod. The ultimate tensile strength was 1034 MPa, and 
numerous low-angle grain boundaries and shear bands were con
structed at the edge of the rod with lower strength and higher 
elongation than that of the center.  

2. Finite elemental analysis showed that the center exhibited triaxial 
compressive stress and lower plastic flow. The edge was subjected to 
stress in a more random direction and exhibited a high plastic flow.  

3. The grain refinement mechanism of the NC grains included the 
following steps: I. Generation of numerous stacking faults. II. For
mation of twins. III. Transformation of twin boundaries and stacking 
faults into GBs and formation of secondary twin boundaries. IV. 
Formation of numerous nanocrystalline grains. V. Continual refine
ment to form uniform and randomly oriented nanocrystalline grains.  

4. Early deformation mainly produced strong (200) and (111) fiber 
textures perpendicular to the cross-section. Under larger de
formations, accompanied by the formation of high-angle grain 
boundaries, the polar densities of the (200) and (111) textures 
weakened, and some complex textures were formed.  

5. Three characteristics of the RS deformation are recommended: 
triaxial compressive stress, high strain rate, and a low rate of increase 
of the deformation temperature, which can inspire the development 
of infinite-length NC materials. 
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