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ABSTRACT

We subjected an aged Cu-24wt%Ag ingot to cold drawing to create a high-

strength nanostructured composite wire with both Cu-rich proeutectic and Ag-

rich eutectic components. During the drawing, a fine lamellar structure (average

spacing 20 ± 6 nm) developed in the proeutectic component, which contained a

high density of Ag fibers (average width below 5 nm) embedded in the matrix.

In the eutectic component, a relatively coarse structure developed, with an

average Ag grain size around 100 nm. The result of such a bimodal size of Ag

fibers was ultra-high bending plasticity, i.e., the drawn wire tolerated 59%

bending strain at the outermost edge, 15 times its tensile elongation (3.6%).

During our bending test, dynamic recovery and partial recrystallization occur-

red more near the inner edge than near the outer edge and primarily in the

eutectic component. High bending strain caused some of the thicker Ag fibers to

become discontinuous and lose their original alignment. This structural evolu-

tion increased local plasticity, resulting in an unexpectedly high achievable

bending strain, which is unusual in nano-sized, Ag fiber reinforced high-

strength composites.
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GRAPHIC ABSTRACT

Introduction

The generation of high magnetic fields requires

highly conductive magnet winding materials with

high strength to withstand the substantial Lorentz

forces acting on the wire [1–6]. Cu-based nanocom-

posites are excellent candidates for this application,

because of their high electrical conductivity and high

mechanical strength [7–9]. Heavily cold-drawn CuAg

and CuNb nanocomposite wires exhibit higher

mechanical strength when compared not only to their

bulk constituent metals, but also to the rule-of-mix-

ture prediction [10–22]. These materials are termed

nanocomposites due to the small size of different

phase elements and to the very fine grain size

obtained in each phase in the transverse cross section

because of the severe plastic deformation (SPD)

[8, 13, 23–36]. The substantially improved mechanical

strength stems from the high density of nano-scale

fibers, which results in the unique plasticity mecha-

nisms that is not commonly found in bulk materials

[10, 37–41].

To achieve high strength with limited electrical

conductivity compromise, SPD is an effective

approach [14, 42, 43]. SPD techniques such as cast-

ing–forging–cold drawing, accumulative drawing

and bundling (ADB), accumulative roll bonding

(ARB) have been extensively studied in polycrys-

talline metals and alloys [14, 15, 41, 44–52]. In SPD-

processed materials, high defect density is essential

for obtaining high strength, but also increases stored

energy and driving force for boundary migration,

while reducing the thermal stability [29–31, 35, 36].

For instance, incorporating a high density of twin

boundaries with spacing of * 15 nm in polycrys-

talline Cu grains, a tenfold increase in mechanical

strength is achieved over coarse-grained Cu [53].

However, the thermal stability of Cu with a high

density of nanotwins is low. Nanotwins were repor-

ted to recrystallize after long-term storage at room

temperature under moderate rolling deformation

[54, 55], and high-purity Cu (99.96%) deformed by

equal-channel angular extrusion to a high strain was

partially recrystallized after long-term storage at

room temperature [56]. Researchers observed twins

in heavily deformed eutectic Cu–Ag composites

[57–59]. Therefore, in heavily cold-drawn nanocom-

posites, investigation the stability of nano-scaled

fibers is significantly important for their application.

Nanocomposite wire winding is a crucial proce-

dure for constructing high-field pulsed magnets.

Previously [60, 61], we note that the maximum

bending strain is almost ten times the tensile elon-

gation for a CuNb wire bent on a 6.4-mm-diameter
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mandrel. Nanocomposite materials produced by

different SPD methods exhibit very high strengths,

but tensile elongation is often low (* 3–4%). There-

fore, the conventional tensile elongation cannot be

used to predict bending strain.

To predict the bending behavior of nanocompos-

ites, the main challenge is understanding the prop-

erties of the high density of nano-scaled fibers. In this

work, we have studied the extreme high bending

plasticity in the cold-drawn CuAg nanocomposite

and the stability of the nano-scale fibers in the wire

under extreme deformation.

Materials and methods

Wire fabrication

A Cu-24 wt% Ag (Cu-16 at.% Ag) ingot with a

diameter of 50 mm and length of 250 mm was cast by

Ames Lab. The ingot was homogenized at 700 �C for

1 h in 1% hydrogen–99% argon and subsequently

aged at 310 �C for 36 h in 99% Argon. After the heat

treatment, the ingot surface was machined to remove

the surface oxidization layer with high porosity. The

machined ingot was swaged from 36.8 to 31.8 mm in

diameter. Subsequently, the swaged rod was gradu-

ally cold-drawn to a rectangular profile of

3.0 mm 9 6.0 mm. The total drawing true strain of

the CuAg wire was 4.1.

Tensile test

Tensile tests of the CuAg wire were performed in

accordance with the ASTM E8-93 on an MTS test

machine at 295 K in displacement control mode at a

rate of 0.5 mm/min, see Fig. 1. A wire extensometer

was used to record the applied strain.

Bending test

A Knoop indenter was used to mark the samples for

bending strain measurement. An as-drawn wire was

ground and polished on the 3.0 mm thick side. Sub-

sequently, Knoop indents were made on the polished

surface, with the Knoop indenter geometry being an

extended pyramid with length to width ratio of 7:1.

To understand the influence of the Knoop indent size

on the measured strain, we aligned one set of indents

(#1, #3, and #4 in Fig. 2a) with their long diagonals

parallel to the wire axis and another set (#2 in Fig. 2a)

with their long diagonals perpendicular to the wire

axis. We used a 6.4-mm-diameter mandrel to bend

the wire to angles of 20�, 37�, 56�, 73�, 84�, 107�, 143�,
and 173� (taking spring back into account). We

compared the length of the long and short diagonals

of each indent before and after bending in order to

determine bending strain (Fig. 2b–d). We then veri-

fied the resulting bending strain values by measuring

relevant microstructural features near these indents

(Fig. 2e, f).

Hardness test

Micro-hardness tests were performed on a Tukon

2100 tester with a Vickers diamond pyramid indenter

on the as-drawn and as-bent wires along the 3-mm-

thick cross section with a load of 300 g and a dwell

time of 10 s. Six to ten tests were conducted for each

measurement.

Microstructure characterization

Scanning electron microscopy (SEM, Zeiss 1540 ESB)

was used to measure the Knoop indent size on the

wire before and after bending, while SEM was used

to observe the morphology evolution of proeutectic

and eutectic components.

Figure 1 Tensile stress–strain curves of the as-drawn wire and

forged rod [10] at room temperature. The rounding part in the

stress–strain curve is marked on the as-drawn wire. The stress–

strain curve of our as-drawn wire appears more rounded than that

of the forged rod after elastic stage [10]. The rounding is related to

the low-strain anelasticity in composite materials.
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To prepare TEM samples, small slices (* 500 lm
thickness 9 3 mm width 9 4 mm length) with their

surface parallel to the 3.0 mm thick side of the wire

were cut from as-drawn and as-bent wires along the

wire axis. Two slices from as-bent wires were placed

with the maximal tension edge side by side and then

glued on a copper ring with the maximal tension

edges in the ring center. Another set of two slices

from as-bent wires were placed with the maximal

compression edge side by side and then glued on a

copper ring with the maximal compression edges in

the ring center. Both the sliced samples from the as-

Figure 2 SEM characterization of the bending strain by Knoop

indents evolution. a distribution of indents across the 3.0 mm side.

The indents are marked by #1, #2, #3, and #4. The #1 indent is the

closest to the outermost edge. The long and short diagonals of the

#1, #3, and #4 indents are parallel to the wire length direction and

width, respectively, while the long and short diagonals of #2 indent

are perpendicular to wire length direction and width, respectively.

b to d diagonal’s evolution of the #1 indent at bending angles of

0�, 84�, and 173�, respectively. The white arrows indicate the long
diagonal length. The black arrow indicates an Ag feature nearby.

This feature is enlarged in e and f. By measuring this feature size,

or the distance between the labeled numbers in e and f, the

bending strain was determined and compared to that measured by

Knoop indent. (Before bending, the average long and short

diagonal lengths were 152 ± 4 lm and 22 ± 2 lm, respectively.)

g Plot of the measured true strain from #1 indent and the Ag

feature with the bending angle. h The #2 indent before bending.

i A pronounced local plastic deformation at the #2 indent after

173� bending is observed.
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drawn wires and glued samples from the as-bent

wires were then ground to * 150 lm in thickness.

Subsequently, the samples were dimpled and ion

milled on a liquid nitrogen stage at * 2.5 keV using

an incidence angle of 5�–7�. These TEM samples were

examined in a JEOL JEM-ARM 200CF electron

microscope operating at 200 kV.

XRD

Standard h–2h scans were obtained from the longi-

tudinal cross sections of as-drawn and as-bent spec-

imens using Cu Ka radiation on a Scintag 2-circle

diffractometer.

Model description

The computational periodic cell contains one fcc

copper grain with lattice constant 3.632 Å. The CuAg

composite was modeled using the embedded atom

method (EAM) potential [62]. The Ag fiber (approx-

imately 9.23 nm, width 9 11.3 nm, thickness) was

embedded in the center of a Cu rectangular prism.

The cell dimensions along the x-, y-, and z-directions

were approximately 43.1, 29.6, and 31.3 nm, respec-

tively. The initial composite structure was relaxed via

conjugate gradient energy minimization. Figure 7a

shows the relaxed configuration of the model, in

which the atoms at the perfect fcc sites are shown in

green, and the interfaces atoms are made visible as

various other colored atoms, i.e., red and white.

Visualization of the atoms was done using OVITO

[63]. This periodic simulation volume contains

approximately 3,211,246 atoms, and the relaxed

grains contain dislocations at the phase boundaries.

The cell volume was oriented with the [11-2] axis

along x, the [-110] axis along y, and the [111] axis

along z. Periodic boundary conditions were applied

in all three directions.

Computation procedure

A parallel molecular dynamics program, LAMMPS,

was used to simulate the behavior of the CuAg

composite structure under approximately uniaxial

tensile deformation. At the beginning of the simula-

tion and before applying tensile deformation, a

Gaussian distribution of the velocities of all the atoms

for a specific temperature was generated using a

random number generator at a specific temperature.

The structure was then deformed by applying a

constant tensile engineering strain rate along the x-

direction. The other two directions were allowed to

shrink to keep the periodic cell volume constant. The

simulations were performed in a constant NPT

ensemble. Atomic positions, velocities, and accelera-

tions were updated at each time step using the

Velocity Verlet algorithm. The total simulation time

was set at 160 ps with a time step of 0.001 ps. This

short time period resulted in a very high strain rate,

inherent to every MD simulation, but was necessary

to obtain a significant amount of deformation within

a reasonable simulation time. For our simulations, the

applied strain rate was 1010 s-1. The temperatures of

the simulations were controlled using a Nosé–

Hoover temperature thermostat set to a constant

temperature of 300 K.

Results

Tensile properties

After having first passed through a yielding stage at

the beginning of plastic deformation, the wire

reached its ultimate tensile strength (UTS) at a level

of strain less than 1%. We observed yield strength as

high as 891 ± 12 MPa and UTS as high as

903 ± 1 MPa in our as-drawn CuAg wire, indicating

strain hardening effect (Fig. 1). Our wire showed

early instability, i.e., it began to ‘‘neck’’ during tensile

testing much earlier than the forged rods of similar

material previously studied by Han et al. [10]. This

instability in our wires, along with their higher yield

strength values, meant that, beyond strain of 1%, we

were not able to directly observe evidence of signif-

icant strain hardening. The true strain values of

elongation and area in reduction (Ar) in our wires

were 3.6 ± 0.3% and 14 ± 5%, respectively. Even

though the wire remained ductile throughout our

tests, such a large difference between these two val-

ues demonstrates that local instability must have

occurred at relatively low strain.

Tensile tests of our composite wires revealed the

presence of low-strain anelasticity, which we had

identified in previous work as an indicator of internal

stresses [64]. These internal stresses are likely to have

resulted from incompatibility between Cu-rich and

Ag-rich phases during cold deformation [13].
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Bending strain

In the as-bent wire with a bending diameter of

6.4 mm, we measured bending strain at various

bending radial planes (Fig. 2a and Table 1). Tensile

strain occurred at the outer edge, compressive strain

at the inner. Using the strain measurements (Table 1),

we established a relationship between the axial true

strain (e) and the distance from the outermost edge

(X). The resulting equation was e = - 0.30X ? 59%,

based on an assumption of linear distribution of

strain. Using this equation, we extrapolated the value

of e at the outermost edge as 59%, which is much

higher than the true strain of the reduction in area at

fracture (14% ± 5). Our extrapolated e values were

not symmetric. Compressive strain at the innermost

edge was 30%, about 50% of the tensile strain. We

calculated that, after bending by an angle of 173�, the
neutral plane of 3.0-mm-thick wire was located about

2.0 mm away from the outer edge. In other words,

the neutral plane moved 0.5 mm toward the com-

pression side, i.e., 17% of the thickness of our 3.0 mm

wire.

Bending strain values measured using the indents

with the long diagonal parallel to the wire axis were

confirmed by bending strain values measured using

surrounding microstructural features (Fig. 2e–g).

This implies that our strain values measured from

indents #1, #3, and #4 are representative and that

stress concentration is not sufficient to cause any

evident local deformations.

By contrast, bending strain value measured using

the indents with the long diagonal parallel to the

bending radius (e.g., #2 indent in Fig. 2a) was much

greater than those measured from nearby

microstructural features and was therefore not rep-

resentative. The reason for this is that highly local-

ized plastic deformation occurred after bending,

especially along the short diagonal (Fig. 2h, i), which

was twice the original size after bending to an angle

of 173�. The short diagonal stretched under bending,

whereas the long diagonal was shortened because of

the transverse strain due to the Poisson’s ratio in this

material. The measured strain at indent #2 is 77%,

significantly larger than average strain.

Bending strain is not only relative to the distance

from the outer edge, but also depends on the bending

angle. Figure 2i indicates a two-stage behavior of the

#1 indent on the bending strain vs. bending angle. In

the first stage (\* 70�), the true strain increased

rapidly to 34%; in the second stage (70�–173�), the
true strain increase slowed, and reached 11% only.

The strain vs. bending angle curve exhibits a loga-

rithmic function relationship, consistent with the

theoretical prediction. According to the solid beam

pure bending theory, the bending true strain on the

outer edge with respect to the bending angle (a) fol-
lows a logarithmic function [65]: e / lnð1þ haÞ,
where h is the wire thickness. An important feature of

the logarithmic function is the rapid increase as the

variable is small, but a very slow increase as the

variable becomes large.

According to the beam bending theory, the defor-

mation strain is a function of the distance y from the

neutral axis and the radius of curvature ! ? h/2

(measured to the neutral axis of the beam) of the

longitudinal axis of the element [66], e ¼ y= !þ h=2ð Þ,
where ! is the radius of the mandrel and h is the wire

thickness. Consequently, the maximum tensile strain

occurs on the outer edge, while the maximum com-

pressive strain occurs on the inner edge where the

wire contacts the bending mandrel. Plane strain

conditions are assumed to prevail throughout the

deformation process. Though the beam pure bending

theory is valid only for elastic and inelastic action

under the condition that the beam does not twist or

buckle, it serves as a reference for estimating the

maximum bending capacity. For a wire with

Table 1 Indent positions and strains, assuming the outermost edge of bending as starting position

Indents Unstrained distance

from outer edge (lm)

Measured true

strain from indents

Extrapolated true strain

Y = - 0.30*X ? 0.59

Outer edge 0.0 0.53

#1 0.4 0.45

#2 0.6 0.77 0.41

#3 1.4 0.22

#4 2.3 - 0.12

Inner edge 3.0 - 0.30
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thickness h wound into a coil with an inner diameter

of 2!, the engineering strain can be expressed

as:e ¼ h= 2!þ hð Þ. The tensile true strain on the outer

edge of the coil can be expressed as:

eo ¼ ln 1þ h= 2!þ hð Þ½ �[60] and the compressive strain

on the inner edge as:ei ¼ ln 1� h= 2!þ hð Þ½ �. With a

wire thickness of 3 mm and mandrel diameter of

6.4 mm, both our calculated engineering strain values

at the outer and inner edges were identical, with a

value of 32%, based on the assumption that the

neutral axis was at half the wire thickness. The true

strain values at the outermost and innermost edges

were calculated to be 28% and - 39%, respectively.

By contrast, the outermost bending strain extrapo-

lated from the Knoops indent was 59%, which was

higher than that estimated by the pure bending

theory.

For metals, the elastic limit is usually very

small,\ 0.02%. Considering the limit of beam pure

bending theory, researchers developed an empirical

equation to estimate the minimum bending diameter

(2!) using area in reduction (Ar) for bars under

plastic deformation: 2! = (60/(Ar*100) - 1)*h, where

h is the bar thickness [65]. For a 3-mm-thick wires

with an Ar of 14%, the minimum bending diameter is

estimated at 19.8 mm. We were able to bend our

wire, however, to a much smaller diameter of

6.4 mm, demonstrating that we achieved ultra-high

bending strain in our nanocomposite. This ultra-high

bending strain exceeds not only the one estimated

from the pure bending theory but also the value

derived from the empirical relationship.

Location-dependent hardness distribution

Microhardness on the as-bent wire demonstrated

that, after an angle of 173� bending, hardness around
the neutral plane (234 ± 7) was similar to that of the

wire before bending (235 ± 5), as shown in Fig. 3.

The hardness near the wire outer edge (i.e., tension

side) was hardened by 3% to 243 ± 5. In contrast,

hardness near the wire inner edge (i.e., compression

side) was softened by 10% to 212 ± 7. The hardness

evolution after bending implies location-dependent

strain hardening behavior, i.e., work hardening took

place on the outer edge while work softening occur-

red on the inner edge.

Structure evolution near outer and inner
bent edges

After aging heat treatment at 310 �C, some Ag phases

presented as precipitates (* 10 nm) in the Cu-rich

proeutectic component; others formed the Ag-rich

eutectic component (micron scale) in the ingot [10].

Through the cold drawing, all the elements became

fine and aligned along the wire drawing direction. In

the as-drawn wire, the Ag-rich eutectic component

was lamellar-like embedded between original

proeutectic Cu dendrites along the drawing direction,

as seen in SEM images. The eutectic component

appeared aligned along the wire axis. After bending,

the material near the outer edge underwent tension.

The eutectic component was observed to become

finer and break to short pieces under a certain

extended bending strain (Fig. 3b). Parts of the

eutectic component became curved and lost the

original alignment feature. The component spacing

near the outer edge became narrow at some locations,

with an average spacing of 1.5 ± 0.2 lm near the

outer edge. Near the neutral plane, the eutectic

component remained continuous and well aligned

with the wire axis (Fig. 3c), with an average eutectic

component spacing of * 1.9 ± 0.3 lm. The eutectic

component became coarse and discontinuous under

compression (Fig. 3d), and the average spacing

increased to 2.1 ± 0.5 lm near the inner edge of the

bending wire.

X-ray characterization

To understand the evolution of the microstructure

with respect to the drawing strain, XRD was carried

out on both as-drawn and as-bent wires. In the as-

drawn wire, the intensities of both (111) and (220)

peaks were stronger than the rest (Fig. 4). After

bending deformation, the intensity of the (200)

reflection was higher than before deformation, and

the Full Widths at Half Maximum (FWHM) was

lower. Previous research has indicated that residual

stress and strain often coexist in as-drawn Cu-Ag

composites [64]. We chose the Williamson–Hall (WH)

formula to analyze grain sizes, and we took into

consideration the dependence of peak broadening on

both residual strain and crystallite size (Appendix).

The average grain size was 27 ± 6 nm in our as-

drawn wire and 50 ± 10 nm in our as-bent wires.

This indicated that grain growth occurred after
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bending deformation, thus causing a 10% decrease in

hardness (from 235 ± 5 to 212 ± 7) at the inner edge

of the bent wire (Fig. 3).

Dynamic recovery and recrystallization

SEM observation in Fig. 3 discovered the break and

coarsening of Ag-rich eutectic component. To reveal

the deformation mechanism and understand the

thick Ag fibers morphology evolution, transmission

electron microscopy (TEM) was conducted. TEM

observations exhibited a bimodal distribution of Ag

fibers in the as-drawn wire: thin fibers in the proeu-

tectic component (the fine lines in Fig. 5a and b, and

the faint lines in Fig. 5c) and thick ones in the eutectic

one (marked ‘‘Ag’’ in Fig. 5c). Silver fibers in the

proeutectic component were fine and embedded in

Cu matrix forming a lamellar structure parallel to the

drawing direction. Their size varied from a couple of

atomic layers thickness to * 5 nm (Fig. 5a, b). The

Cu lamellar width was between 6 and 27 nm, with an

Figure 3 Hardness and

microstructure in the as-bent

wire. a micro-hardness

distribution on a cross section

of the as-bent wire (3 mm

side). The hardness values of

the as-bent wire are 243 ± 5

near the outer edge, 234 ± 7

near the neutral plane and

212 ± 7 near the inner edge.

The hardness of the unbent

part is 235 ± 5 in the straight

wire area. b Outer edge:

discontinuous Ag-rich eutectic

component (light contrast)

after bending deformation;

dark contrast area is the Cu-

rich proeutectic component.

c The neutral plane: eutectic

component is continuous and

well aligned to the wire axis.

d Inner edge: coarse and

discontinuous eutectic

component under

compression.

Figure 4 XRD pattern comparison of the structure evolution with

the bending deformation. The intensity of (200) became stronger

and sharper after the wire bending.
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average of 20 ± 6 nm. Each lamella was often a sin-

gle grain within the grain. The lamellae had almost

an infinite length, and no boundaries intersected the

lamella interfaces. By contrast, Ag fibers in the

eutectic component had a coarser structure than in

the proeutectic component, corresponding to the light

contrast in Fig. 3. Most eutectic lamellae were sub-

divided by elongated Ag and Cu grains with dislo-

cation tangles (Fig. 5c). The lamellar width was

approximately 100 nm. Interconnecting boundaries

between the lamellae typically were low angle grain

boundaries.

In the vicinity of the outer edge in the as-bent wire,

the microstructure of the eutectic and proeutectic

components evolved differently. In the proeutectic

component, the lamellar structure remained in most

of the area. The lamella width, however, was reduced

by 25% to 15 ± 4 nm (Fig. 6a). Only a few Cu grains

with an average size of 200 nm were observed in

proeutectic component (Fig. 6b) implying recrystal-

lization initiation. In these recrystallized Cu grains,

most Ag presented as precipitates rather than as solid

solutes in the Cu matrix (see the selected area dif-

fracted pattern (SADP) in Fig. 6b inset). Under the

extreme high bending deformation strain, Ag fibers

may be broken and spheroidized to reduce the

interface energy [68]. With diminished grain bound-

ary pinning by Ag fibers, grain boundary migration

occurred in the Cu lamellae.

In the eutectic component, lamellar boundaries

were connected by triple junctions (‘‘A’’ area, Fig. 6c),

dividing the lamellae into elongated grains. Most Ag

grains were larger than Cu grains, but retained a

width of 100 nm. Under a different tilting view in

TEM, both Ag and Cu grains appeared free of dis-

location tangles, which were present before bending.

The Ag grains exhibited obvious boundary migration

within lamellae (Cf. the Ag grain morphology in

Fig. 6c, d), which may be related to the triple junction

motion in lamellae. The above observations sug-

gested dynamic recovery and grain boundary

migration.

Compared to the outer edge, the inner edge region

demonstrated more dynamic recovery and recrystal-

lization in the proeutectic and eutectic components.

The recrystallized proeutectic component exhibited

submicron-scale recrystallized Cu grains, with a size

of 100–200 nm (Fig. 6e). The weak Ag spots in the

SADP indicated that Ag precipitates formed as a

separated phase (Fig. 6e inset). In the eutectic com-

ponent, recrystallized Ag grains with a size of

200–300 nm replaced the original elongated grains

(Fig. 6f). The SADP revealed no Cu precipitates in Ag

grains (Fig. 6f).

Molecular dynamics (MD) simulation demon-

strated that the relaxed composite was free of dislo-

cations in both Cu and Ag grains, while some misfit

dislocations remained at the Cu/Ag interfaces

Figure 5 TEM observation of the microstructure in the as-drawn

wire. a bright field image showing the Cu/Ag lamellar structure in

the proeutectic component with Zone axis close to\ 011[ .

b dark field image from the same region in a showing the {111}

Ag fibers. c evident strain field around Ag-rich eutectic

component. Dislocations were observed at the Cu/Ag interfaces.

The inset indicates no cube-on-cube orientation relationship

between Cu and Ag phases in eutectic region, consistent with

Han et al.’s previous work [10]. This is, however, different from

previous observed results in lamellar eutectic composites

[47, 57–59, 67]. The dash lines represent the fine Ag fibers in

the proeutectic component. The poor contrast in the proeutectic

component is the result of the orientation difference between the

proeutectic and eutectic components.
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(Fig. 7a). As the tensile deformation proceeded, dis-

locations began to propagate into the Ag and then

burst into both the Ag core and the Cu matrix

(Fig. 7b). As the dislocation density increased, dislo-

cation started to pile up against the Cu/Ag interfaces,

reaching a maximum density value at a strain of 0.1,

and saturated with further strain. The dislocation

density at a strain of 0.1 and 0.3 (Fig. 7c) showed no

evident difference, and therefore, it became satu-

rated, while at a strain above 0.4 (Fig. 7d), the dislo-

cation density began to drop. At the same time, some

dislocation-free zones started to appear. These

Figure 6 TEM images from

the outer edge a-d and inner

edge e–f of the as-bent wire.

a the Cu/Ag lamellar structure

in the proeutectic component

with zone axis close

to\ 011[ . The inset

indicated the well-maintained

cube-on-cube orientation

relationship of\ 110[ Ag//

\ 110[ Cu and {111}Ag //

{111}Cu in Cu matrix.

b recrystallized Cu grains in

the proeutectic component.

The areas marked with two

circles are the selected regions

for the diffraction patterns in

the insets. Distinct Ag spots

indicate the existence of Ag

precipitates. c wide lamellar

structure in Ag-rich eutectic

component. The lamellar

boundaries are connected by

triple junctions, marked ‘‘A.’’

A selected area diffraction

pattern (SADP, inset) served to

identify the Cu or Ag phases.

d grain 1 appears coarser than

both the grains 2 and 3. The

grains 2 and 3 have the same

strain and misorientation

contrast. Therefore, the grain 1

may have grown toward the

grains two and three to reduce

the total interface energy. The

boundary (black arrows) may

migrate toward the grains 2

and 3. e Cu-rich recrystallized

grains in the proeutectic

component under

compression. f recrystallized

Ag grains with sizes of

200–300 nm.
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simulation results are consistent with our experi-

mental observation, i.e., dynamic recovery takes

place under high strain, which in turn assists the

progress of further deformation. CuAg nanocom-

posites is able to endure 0.4 strain without failure.

Discussion

Based on our SEM and TEM observations, we

believed that the microstructure evolution (Figs. 3b,

d) near the outer edges was a combined result of

work hardening, dynamic recovery, and dynamic

recrystallization. The close elastic constants of Cu and

Ag (in particular their shear moduli) [69] and their

cube-on-cube orientation relationship gave rise to co-

deformation compatibility in the proeutectic compo-

nent under tension strain during bending and the

conservation of the initial geometry of the reinforcing

phase. Since dislocations were difficult to accumulate

at interfaces, Ag precipitates evolved into Ag nano-

fibers. Reduced lamellar spacing contributed to the

increased hardness (Fig. 3a). The strength difference

between the yield strength and the ultimate tensile

strength confirmed the work hardening behavior in

our wire as well.

However, in the Ag-rich eutectic component, the

large Ag and Cu phases often showed no cube-on-

cube orientation relationship (see inset in Fig. 5c).

Therefore, the bending deformation was not com-

patible between the Ag and Cu phases [1], leading to

a large residual strain in the eutectic component.

Excessive stored energy in the system eventually

triggered the initiation of dynamic recovery and

recrystallization in the eutectic component, where

alignment was lost (Fig. 4a). This results in softening.

Because of the low volume fraction of the eutectic

component, the softening was counteracted by the

work hardening that resulted from the structure

refinement near the outer edge.

Near the inner edge, both the lamellar spacing (in

the proeutectic component) and the grain sizes (in the

eutectic component) increased during bending, pro-

viding more space for storing energy as dislocations.

Researchers have observed significantly enhanced

interface diffusion in nanostructured materials pro-

duced by different SPD routes with respect to those

in coarse-grained samples [70–72]. Such enhance-

ments were related to their deformed state due to the

increased number of dislocations located at the

boundaries [72]. Consequently, both dislocation dif-

fusion and interface diffusion contributed to the

structure stability. By contrast, near the outer edge,

Figure 7 MD simulation of

CuAg composite at various

strains. a relaxed configuration

of the computational periodic

cell showing dislocations at

Cu/Ag interfaces. Dislocation

distribution at a strain of 0.1 b,

0.3 c, and 0.4 d. Dislocation

density at strains of 0.1 and 0.3

remains the same and is

reduced at a strain of 0.4.

Some areas free of defects

gradually appear with a strain

above 0.3, indicated by the

arrows in c and d.
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the microstructure of the proeutectic component,

with its closely spaced interfaces, was too fine to

maintain a stable internal dislocation structure. These

phase interfaces acted as a barrier against dynamic

recovery and recrystallization. This explains why

more of the dynamic recovery and recrystallization

occurred near the inner rather than the outer edge.

Because the recovered and recrystallized grains were

small (* 200 nm) near the inner edge, hardness there

decreased by 10%.

Furthermore, higher Ag content in the eutectic

component was another factor for the eutectic com-

ponent being a favorite site to initiate dynamic

recovery and/or recrystallization, since Ag has a

lower recrystallization temperature than Cu [73–75].

Hoffman et al. [76] found, in high-purity Ag, the

absolute grain boundary diffusion coefficients fit the

equation, DB ¼ 3� 10�6e �20200=RTð Þ m2 s-1, where R is

the gas constant, 1.987 cal mol-1 K-1, T is the temper-

ature, K. Sommer determined the dislocation diffusion

coefficient was lower by a factor of 5–10 than the

boundary diffusion in the temperature range of

353-455 K [77].Using1-dimensional diffusion, d ¼
ffiffiffiffiffiffi

Dt
p

(where D is the diffusion coefficient and t is the diffu-

sion time), we estimated diffusion distance. The bend-

ing time in thisworkwas approximately 5 min in order

to avoid a large temperature increase. Our estimation of

DB indicated that the diffusion distance length for Ag at

room temperature was approximately 2 nm in

a * 100 nmAg grain, and 0.9 nm in an average * 20-

nm-wide lamella. This implied that, at room tempera-

ture, the migration distance of Ag (via boundary and

dislocationdiffusion)was limitedboth in theboundary-

and dislocation-rich eutectic component and in the

interface-rich proeutectic component.

Apparently, a temperature increase accelerated the

dominant interfacial diffusion in proeutectic compo-

nent. If the temperature reached 363 K in the material,

the diffusion distance increases to 25 nm in the

proeutectic component, exceeding their average

lamella width (20 ± 6 nm). If the temperature reached

383 K, the diffusion distance increases to 52 nm,

accordingly. The break and spheroidization of Ag

fiber shown in Fig. 6b suggested that the temperature

rise induced by the bending strain should have been

above 363 K, which was also consistent with the

experimental observation in Hong’s work [78, 79].

It was worth noting that with a decrease in the fine

lamellar width to below 10 nm, the volume diffusion

kinetics cannot be neglected. Schumacher et al. [24]

reported diffusion coefficients: 0.3 9 10–18,

3.1 9 10–18 and 1.2 9 10–17 for the diffusion of Ag in

nanocrystalline Cu at 303 K (30 �C), 353 K (80 �C),
and 373 K (100 �C), respectively. The values of cor-

responding diffusion distance of Ag in proeutectic

component were estimated to be 9 nm, 30 nm, and

60 nm. This estimation demonstrated that the inter-

face diffusion significantly impacted the lamellae

stability in the heavily drawn CuAg composite with

lamella spacing below 10 nm. Slight temperature

increases or higher deformation strain in the material

would therefore lead to recovery and recrystalliza-

tion in our composite.

Conclusion

In our cold-deformed and high-strength CuAg wire,

we achieved ultra-high bending plasticity—up to

59% bending strain on the outermost edge, a value

that exceeded both the tensile elongation (3.6%) and

the area in reduction at fracture (14%) of this wire.

This ultra-high plasticity allowed us to bend a 3-mm-

thick wire into a diameter as small as 6.4 mm without

causing instability. The high bending strain induced

dynamic recovery and recrystallization in this wire,

especially in the Ag-rich eutectic component. Thick

Ag fibers in the eutectic component became finer in

the tensile region and coarser in the compressive

region. Dynamic recovery and recrystallization

occurred more frequently in the compressive region

than in the tensile region. In the proeutectic compo-

nent, most of the thin Ag fibers remained thin and

most of the fine lamellar spacing remained fine. The

presence of fine matrix lamellae contributed to high

hardness, which indicates high strength. Meanwhile,

dynamic recovery and recrystallization produced

ultra-high bending plasticity.
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Appendix

Peak broadening due to crystallite size, bL, was cal-

culated using Debye–Scherrer’s formula:

bL ¼ K � k= size� cos hð Þ ð1Þ

where h is the Bragg angle, K is the Scherrer con-

stant (0.9 for integral breath of spherical crystals with

cubic symmetry), k is the wavelength of Cu ka
radiation.

The strain induced broadening, bs, due to crystal

imperfection and distortion was calculated using the

formula:

bs ¼ 4� strain� sin h= cos h ð2Þ

Williamson–Hall (W–H) analysis is a simplified

integral breadth method where both size-induced

and strain-induced broadening were deconvoluted

by considering the peak width as a function of 2h
[80, 81]:

btot ¼ bL þ bS
¼ K � k= size� cos hð Þ þ 4� strain� sin h= cos h

ð3Þ

where btot is the total peak broadening. By rear-

ranging the above equation, we got

btot � cos h ¼ K � k=sizeþ 4� strain� sin h ð4Þ

Comparing Eq. 4 to the standard equation for a

straight line (y ¼ cþmx, c = intercept; m = slope), we

obtained the size component from the intercept

(Kk/size) and the strain component from the slope

(4 9 strain) by plotting btot cosh versus sinh.
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