
Abstract The tensile behaviors of the ultrafine-

grained (UFG) pure copper prepared by cold rolling

have been investigated. The UFG-Cu exhibited high

strengths and low ductility. The ductile dimple-like

fracture surfaces and persistent-slip-bands (PSBs)-like

local shear bands in the tension-deformed UFG-Cu

were observed, both of which typically spanned tens of

grain sizes. This observation indicated that the fracture

mechanisms operated at a larger scale than the grain

size and eventually involved collective grain activities.

Moreover, localized shear bands provided the experi-

mental evidence to the localized plastic deformation,

which was the one of the dominant reasons, causing the

low ductility in the UFG-Cu.

Introduction

Nanocrystalline (nc) and sub-microcrystalline (ultra-

fine-grained, UFG) metals and alloys have attracted

much attention in recent years [1–10], due to their ul-

tra-high yield and fracture strengths, superior wear

resistances in comparison to conventional microcrys-

talline materials. It was reported that nc copper pro-

duced by the surface-mechanical attrition treatment

(SMAT) exhibited a yield strength as high as 760 MPa

[1]; the Al-1.71 atomic percent (at.%) Fe alloy pro-

duced by the electron-beam deposition showed an

abnormally high tensile strength of approximately

950 MPa [2]; and the yield strength of the nc vanadium,

prepared by the high-energy ball milling and followed

by the consolidation, reached 2.0 GPa [3]. However,

the literature survey also showed that most of nc/UFG

metals and alloys exhibited relatively poor ductility,

and their ductility decreased with decreasing grain

sizes, which limited their applications [11].

It is now generally accepted that the limited uniform

deformation results from the restricted dislocation

activities in the nanosized/ultrafine grains and localized

deformation [12–14]. A dominant surface feature of

the localized deformation is the appearance of shear

bands. Shear bands in the compressively deformed

nanostructured Fe were reported by Wei et al. [15].

The persistence of shear bands as persistent slip bands

in the cyclically-deformed UFG copper was observed

by Agnew and Weertman [16], and verified by other

investigators [17–19]. However, in the tensile test of nc/

UFG metals, the local shear bands are very difficult to

be observed and so little reported. In this paper, the

local shear bands in the tensile-deformed UFG-Cu,

whose morphologies are similar to those of persistent-

slip-bands (PSBs)-like local shear bands in the cycli-

cally deformed UFG-Cu, are reported, and, then, its

deformation and damage-evolution mechanisms are

explored, based on the microstructural examination of

the fracture surfaces and side faces of the fractured

UFG-Cu.

Experimental procedure

The UFG copper sample was synthesized by rolling a

pure commercial Cu (99.99%) bar 20 passes to 900%

deformation, with the liquid-nitrogen-temperature
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(LNT) cooling of the samples between consecutive

rolling passes [4]. The degree of deformation was

defined by e ¼ ðd0 � dÞ=d; where d0 (= 10 mm) and d
(= 1 mm) are the initial and final thicknesses of

samples, respectively.

The microstructure of the cold-rolled copper was

characterized by means of the X-ray diffraction (XRD)

analyses and transmission-electron-microscopy (TEM)

observations. Quantitative X-ray diffraction measure-

ments of the UFG copper were carried out in a Philips

X’pert X-Ray Diffractometer with the Copper Ka
radiation at 40 kV and 30 mA. The average grain size

was determined in terms of the diffraction-line broad-

ening of the five single Bragg reflection peaks: (111),

(200), (220), (311), and (222), according to the Scherrer

equation and Williamson–Hall method [20], while

correcting for the instrumental-line broadening, using

the standard Si sample.

The TEM experiments were performed on the

H-800 transmission-electron microscope at an operat-

ing voltage of 100 KV. The TEM samples were pre-

pared by the conventional electrochemical-polishing

technique. First, the samples, 3 mm in diameter, were

punched from the cold-rolled copper plate. These

samples were ground to about 100 lm in thickness,

using sandpapers ranging from 200 to 800 grit, and,

then, the samples were thinned by electrochemical

polishing, using a 25 volume percent (vol.%)

H3PO4 + 25 vol.% C2H5OH + 50 vol.% H2O solution

at 22 V. TEM images are quantified in two methods. In

the first method, the well-defined, large-angle grain

boundaries are drawn into a contour map. The Heyn

Linear Intercept Procedure according to the American

Society for Testing and Materials (ASTM) Standard

[21] is used to produce the bar graph of the size

distribution and mean grain size. In the second meth-

od, typical grains in a good contrast orientation are

selected and finer contour maps are produced. These

contour maps were also quantified by the same Linear

Intercept method to obtain the average subgrain size.

The grain-size distribution is expressed by the grain

size versus the relative number of grains, which is de-

fined by the number of grains in a size range, divided

by the maximum number of grains, in the all size range.

For the mechanical-property measurements, all the

samples were cut and polished to a width of 2 mm, a

thickness of 0.8 mm, and a gauge length of 9.525 mm.

Note that the previously reported tensile tests of

nanostructured metals typically used a gauge length in

the range of 1–5 mm. Uniaxial tensile tests were done

under a constant nominal strain rate of 1 · 10–4 s–1

using the Material Test System (MTS) Model 810 load

frame at room temperature. Following the material

testing, the fracture surfaces and side faces were

carefully examined, using a scanning-electron micro-

scope (SEM) and optical microscope, respectively.

Results and discussions

Microstructures

Figure 1(a) is the metallograph of the as-received

coarse-grained (CG) copper, whose grain sizes are in

the range of 100–200 lm. The typical TEM bright-field

image and selected-area-diffraction (SAD) pattern of

the as-rolled copper are shown in Fig. 1(b) and (c),

respectively. From Fig. 1(b), we can see that grains are

ultrafine and somewhat inhomogeneous, as indicated

Fig. 1 (a) Metallograph of the as-received CG-Cu, (b) TEM
bright-field image of the as-rolled UFG-Cu, (c) Selected-Area-
Diffraction (SAD) pattern corresponding to Figure 1 (b)
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by the SAD pattern presented in Fig. 1(c) with non-

uniform and discontinuous rings, which suggest that

the majority of the angles between grain boundaries

are fairly low. All diffraction rings in the SAD pattern

were identified as the face-centered-cubic (fcc) Cu, and

no other phases were detected.

The grain-size distributions obtained from the large-

angle grain boundaries contour in TEM images and

from XRD method were shown in Fig. 2, which shows

that the grain size (164 nm) obtained by large-angle

grain boundaries and size distribution are much larger

than that obtained by the X-ray method. The average

size (91 nm), obtained from the finer contours corre-

sponds to subgrains or dislocation cells, is close to that

(86 nm) determined from x-rays. This trend indicates

that in a bulk specimen, the crystallite size obtained by

the X-ray method is closer to the subgrain or disloca-

tion-cell size. It is noted that the later-mentioned TEM

grain size means the value obtained from the large-

angle grain boundaries contour in TEM images.

Tensile behavior

Figure 3 shows a tensile engineering stress-strain curve

for the cold-rolled UFG-Cu in comparison with that

for the as-received CG-Cu, obtained under uniaxial

tension at a strain rate of 1 · 10–4 s–1. The cold-rolled

UFG-Cu exhibits little uniform deformation with a

nearly perfect plastic behavior when strains are above

12%, while the CG-Cu shows a large uniform defor-

mation up to a 46% strain. A uniform deformation

appears to decrease with decreasing grain sizes and is

largely inhibited in the heavily cold-rolled copper. The

limited uniform deformation in the UFG-Cu may be

attributed to the limited dislocation activity in the

ultrafine grains. For coarse-grained polycrystals, the

plastic deformation is carried by dislocations, which are

continuously nucleated at sources within the grains. In

the ultrafine crystalline regime, the spatial confinement

of the much smaller grains inhibits the operation of

dislocation sources inside grains, limiting the disloca-

tion activity and, therefore, the uniform plastic defor-

mation [23].

Deformation mechanism

The scanning-electron micrograph of the fracture sur-

face of the UFG-Cu made by cold rolling is shown in

Fig. 4. The image indicates that the local failure pro-

cess is ductile in the UFG-Cu, with the mechanism of

failures arising from the nucleation, growth, and linkup

of voids. The dimple sizes on the fracture surface in

UFG metals are in the range of 2–6 lm. However, the

mean grain size is 164 nm for this material, which re-

sulted from a TEM grain-size distribution analysis.

Fig. 2 Grain-size distribution obtained by the TEM images and
the XRD method
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Fig. 3 Tensile engineering stress-strain curves for the
as-received CG-Cu and cold-rolled UFG-Cu at a strain rate of
1 · 10–4 s–1

Fig. 4 Scanning-electron microscopy of typical dimple-like
features on the fracture surface of the UFG-Cu
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This observation suggests that fracture mechanisms

may operate at a larger scale than the grain size and

eventually involve the collective activity of tens of

grains. Similar dimple-like features with an average

dimple size of several or tens of grain sizes have also

been observed in electrodeposited nanocrystalline

metals [24, 25] and cold-rolled UFG Ti [26].

The view of the side flat faces of the tensile-frac-

tured UFG-Cu is shown in Fig. 5. The shear markings

(some indicated by white arrows), oriented 55–65o

away from the tensile axis, may be called persistent-

slip-bands (PSBs)-like shear bands only because their

morphologies are similar to those of PSBs in coarse-

grained metals after fatigue tests [27]. It should be

noted that PSBs-like shear bands formed in cyclic

deformation might be attributed to both oriented dis-

tributions of defects along shear planes and reversible

cyclic deformation [19], which is not the case of

PSBs-like shear bands formed in tensile deformation.

The PSBs-like shear bands formed in tensile defor-

mation generally appear in groups and are approxi-

mately parallel to one another. The spacing between

shear bands is in the range of 2–6 lm, and the lengths

of shear bands are tens of micrometers. Since the grain

size of the sample is about 164 nm, there are at least

tens of ultrafine grains between shear bands, which also

indicates that the localized plastic deformation repre-

sented by shear bands may operate at a larger scale

than the grain size and eventually involve the collective

grain activity.

The importance of local shear planes in the defor-

mation mechanism of nanocrystalline metals has been

proposed in the model of Hahn and Padmanabhan

[28]. According to the model, local shear planes were

concentrated around their neighbouring planes, creat-

ing a cluster of grains embedded in a sliding environ-

ment because of the presence of grain boundaries

(GBs) that are resistant to sliding, such as low-angle

GBs and twins. Thus, a plasticity-length scale, corre-

sponding to the dimensions of the dimple structures

and the spacing distances between local shear bands

observed in the tensile-deformed surface, emerges on

the order of several or tens of grain sizes. Our exper-

imental results are consistent with the simulations and

provide the experimental evidence that dimples on

ultrafine/nano crystalline fracture surfaces can be

evidenced for the shear-plane formation [23].

Moreover, the localized shear deformation in the

UFG-Cu can lead to early failures, especially in tension

where spatial confinements are absent. And the

intrinsic material ductility will be limited in UFG

metals because their dislocation generation and

movement are largely inhibited. Therefore, the frac-

ture is expected at little deformation and concentrated

in severely localized deformation bands.

Summary and conclusions

The tensile behaviors of the UFG-Cu in comparison

with the CG-Cu have been characterized. The obser-

vation of fracture surfaces and side flat faces in tension-

deformed samples showed that the UFG-Cu is ductile

during the tensile fracture. However, ultrafine grains

inhibited the dislocation activities. Thus, the PSB-like

local shear bands appeared, the UFG-Cu exhibited low

ductilities, and its fracture mechanisms operated at a

larger scale than the grain size and eventually involved

the collective grain activity.
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