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Abstract The fully dense electrodeposited nanocrystal-

line Ni sample with dimensions at tens of millimeters was

characterized under quasi-static uniaxial tensile load.

During testing, the sample exhibited high strength simul-

taneously with a decrease in tensile strain. To inspect this

early failure of the nanocrystalline Ni sample in this article,

the strain fields of the sample were quantified with digital

image correlation algorithm, and strain localization phe-

nomenon in the form of shear band was captured suc-

cessfully. Meanwhile, the failure mode and fracture surface

of the Ni sample were examined in detail. The results

suggest that the shear banding is a main deformation mode

in nanocrystalline Ni sample, and it is an important factor

to induce the early failure of the sample during plastic

deformation.

Introduction

Nanocrystalline (NC) metals have been a source of great

interest currently due to their unusual mechanical prop-

erties, such as high yield and fracture strengths [1–3],

better wear resistance [4, 5], improved magnetic proper-

ties [6], and superplasticity at some special cases [7, 8].

However, it should be noted that the strength increases

simultaneously with a decrease in tensile strain due to

high propensity of NC materials to deformation locali-

zation [9], and it has been a major obstacle in the

development and application of the materials. While the

limited ductility was previously attributed to be pre-

existing flaws, such as impurities and porosity [10], recent

examples of good quality still show a little ductility in

tension [11–13]. Thus, the ductility issue remains an

important subject of present research. Several scientists

[12–22] have associated the limited ductility with plastic

flow localization in the form of shear band in a wide

range of deformation operations based on their novel

experimental and numerical investigations. From their

results, shear localization is an important deformation

mode in NC metals, and it will develop with strain and

contribute to the early failure during plastic deforma-

tion. Meanwhile, it is affected by many factors, such as

grain size and its distribution, strain rate, temperature, and

grain boundary angle. However, quantitative experimental

studies for explaining and describing the critical condition

for shear localization nucleation and propagation have not

previously been reported. Motivated by this consideration,

a quantitative experimental study on the shear localization

of NC Ni sheet subjected to quasi-static uniaxial tensile

load was carried out in this article. Commercially avail-

able NC electrodeposited Ni was chosen for the reason

that its mechanical properties reported in the literatures

vary over a very small range [23, 24] and the electrode-

position method is capable of producing relatively larger

dimension of a full-dense metal for conventional tensile

test in a single batch. Meanwhile, digital image correla-

tion (DIC) technique, which is an in situ, noncontacted,

non-destructive correlation method, was used to measure

surface strain fields of the NC Ni during deformation

R. Zhu � J. Zhou (&) � H. Jiang

School of Mechanical and Power Engineering, Nanjing

University of Technology, Nanjing, Jiangsu 210009, China

e-mail: zhouj@njut.edu.cn

D. Zhang

Department of Mechanics, Shanghai University, Shanghai

200444, China

D. Zhang

Shanghai Institute of Applied Mathematics and Mechanics,

Shanghai 200072, China

123

J Mater Sci (2010) 45:759–764

DOI 10.1007/s10853-009-3997-3



process. Evolution of strain localization in the NC Ni

sample was imaged through the DIC algorithm at differ-

ent strain value, and the strain localization zones were

examined through field emission scanning electron

microscope (FESEM). Finally, the failure mode and

fracture surface of the sample were investigated in detail.

The results show that the strain localization in the form of

shear banding is a main factor resulting in the early

failure of the NC Ni sample.

Experimental

Larger dimension (76.2 mm 9 76.2 mm 9 0.2 mm thick)

commercially available NC electrodeposited fully dense Ni

sheets with a purity of 99.9% were purchased from Inte-

gran Technologies Inc. (Canada). Their nominal grain sizes

are about 20 nm. The sheets had an initial thickness of

about 200 lm and were polished on one side using SiC

paper with diamond suspensions of 3, 1, and 0.25 lm grain

sizes, respectively. After the polishing procedure, the

thickness of the sheets reached 150 lm.

First, dog-bone-shaped tensile samples were electro-

discharge machined from the polished NC sheets for DIC

studies. The width and length of the tensile sample gage

section are 10 and 30 mm, respectively, while thickness is

approximately 150 lm. These tensile samples have cen-

timeters in gage section that allow conventional tensile

tests.

Second, the tensile sample was loaded at room tem-

perature with Zwick BZ2.5/TS1S universal test machine at

a quasi-static strain rate of 10-4 s-1. To minimize out-of-

plane loading and displacement, two grips of the test

machine were carefully aligned. Moreover, the knurl grips

were used to minimize slippage between grips and sample.

Meanwhile, at the normal of the sample, a video camera

(Model JAI CV-A1) was used to acquire images of the

sample surface during loading and linked to computer to

record the images. Sequential images were acquired at a

constant frequency of 0.5 Hz during loading. Data acqui-

sition stopped when the sample was fractured.

Finally, DIC algorithm was used as an optical strain

gage to measure strain developed on the sample surface

with the increase of loading. This method has been applied

to deal with the mechanics of materials [25–27] due to the

relative simplicity and low cost. Each subset represented a

square region approximately 210 lm 9 210 lm. The step

size that defined the number of pixels over which the subset

is shifted in longitudinal and transverse directions to cal-

culate the next result was 1 pixel. Moreover, the strain

localization zones and the fracture surface of the tested NC

sample were examined with a JEOL 6400 FESEM operated

at 20 kV.

Results and discussion

Figure 1 shows engineering stress–strain curve of the NC

Ni obtained during quasi-static tensile loading at a strain

rate of 10-4 s-1. It is clear that the NC Ni exhibits a rel-

atively higher strength, but the ductility is limited com-

pared with the coarse-grained counterpart. Moreover, lack

of strain hardening behavior after an initial stage of strain

hardening over a small plastic strain regime is exhibited for

the NC sample. Similar results were reported by several

other groups for NC metals [28–30]. The small or negative

strain hardening behavior can be attributed to the fact that

the extremely small grains in NC metals cannot store dis-

locations to increase defect density by orders of magnitude

as normally possible in coarse-grained metals and thus the

nonhomogeneous plastic deformation occurs in NC metals.

Obviously, the engineering stress–strain curve of the NC Ni

in this experiment can be divided into three stages. As

shown in Fig. 1, stage I corresponds to elastic deformation

(before yield point), and stage II, corresponding to strain

hardening regions, holds about 2% plastic strain (after yield

point). In stage III, the apparent negative slope in the

tensile engineering stress–strain curve can be observed.

This may suggest the appearance of nonhomogeneous

plastic deformation in the NC Ni sample.

To monitor the plastic deformation process of the NC Ni

sample, the in situ DIC method that based on direct,

observational, quantitative evidence was used and some

critical points, such as shear localization nucleation,

broadening process, and failure point were recognized.

Figure 2 shows strain maps of the sample in longitudinal

and transverse directions calculated by the DIC algorithm,

which correspond to consecutive points taken at different

strain values indicated by the data signs (a, b, c, d, e, and f)

on the stress–strain curve in the Fig. 1. Apparently, strain

Fig. 1 Engineering stress–strain curve of the fully dense electrode-

posited NC Ni. The data signs (a, b, c, d, e, and f) present the strain

values; the numbers beneath the data points are the strain value
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distribution is uniform at initial range after the yield point

(point a). When the strain reaches the value of 5.22%, the

evidence of strain localization begins to occur (point b).

Although the onset of strain localization was observed in

the strain hardening stage (stage II), its development is

very slow in this stage. In contrast, rapid evolution of the

strain localization is exhibited in the strain softening stage

(stage III). In longitudinal direction, at early stage of strain

softening, deformation of the sample becomes more con-

centrated on several local regions (c1). With increasing

strain, the strain localization zones shown in the following

strain map (d1) become dense, and the existing zones begin

to bend into middle area of the sample. These zones on the

two sides of the middle line of the sample form a sym-

metric pattern. The following map (e1) corresponds to the

further softening in stress–strain curve. In this map, new

strain localization zones do not develop continually, but the

existed strain localization zone have become more inclined

and have seemingly evolved to two conjugate direction

banded structures across the overall surface of the sample.

The last strain map (f1) precedes failure point of the

sample, at which one of the two conjugate strain locali-

zation zones is clearly dominant compared to the previous

maps. At the same time, in transverse direction, strains

appear to be concentrated within back-to-back ‘‘V’’ pattern

zones at early stage of softening (c2). Similar to the strain

maps in longitudinal direction, the following maps (d2)

show that the strain-concentrated zones of the ‘‘V’’ patterns

developed gradually from upper and lower boundary of the

sample to the center of the field, respectively, which also

leads to the intensification of the strain localization zones

on the middle side of the sample. Eventually, the connec-

tion of the upper and lower concentrated zones forms two

conjugate shear localization zones that also can crossover

completely the sample (e2). In the last map (f2), one shear

localization zone is clearly dominant too, which have a

good agreement in inclination with the fully formed strain

localization zones in longitudinal direction.

Comprehensive investigations of the evolution of strain

localization in longitudinal and transverse indicate that the

pattern of multiple, conjugate-banded structures is pro-

duced in the NC Ni sample under uniaxial tensile loading.

The evolution process of plastic deformation in the Ni

sample reveals that the strain localization can propagate

with two different patterns: a number of parallel shear

bands with oppositely direction and many shear bands

oriented along the conjugate direction. In the early stage of

softening region, the strain localization only appear in local

area, thus there is no clear path for shear band to evolve

and the sample cannot fail immediately. However, when

the conjugate strain localization zones form across the

overall surface of the sample, a competition between

opposing directional tendencies of the conjugate-oriented

strain localizations occurs during the plastic deformation

process of the Ni sample. It is only after one of the strain-

banded structure wins the competition or single strain

localization zone is dominant in plastic deformation, the

fracture of the sample will be observed.

More detailed structures of the strain localization zones

were revealed by FESEM to determine the fracture

mechanism of the sample, which was shown in Fig. 3. In

this figure, a series of parallel shear lines which can also be

called bundle of shear band were shown. The majority of

individual shear band lines have a width in sub-micrometer

range (0.3–0.8 lm). Wei et al. [15] have also observed

experimentally dense network of multiple shear bands in

nanostructure Fe under quasi-static compression test.

Meanwhile, the inclination of shear band lines is very close

to that of strain localization zones mentioned above. So we

Fig. 2 Strain maps of the NC Ni sample in longitudinal (a1, b1, c1,

d1, e1, and f1) and transverse (a2, b2, c2, d2, e2, and f2) directions

calculated by DIC algorithm corresponding to consecutive points

taken at different strain values indicated by the data signs (a, b, c, d, e,

and f) on the stress–strain curve in Fig. 1
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can treat the localized deformation zones as an assemblage

of dense shear band lines.

In this article, abundant data calculated from the DIC

algorithm can be used to infer the failure model of NC Ni

sample based on distribution of maximum in-plane shear

strain, cmax, for the full formation shear localization zone.

The maximum in-plane shear strain cmax can be expressed

as

cmax ¼ ex � ey

� �2þ4c2
xy

h i1=2

: ð1Þ

Figure 4a shows the distribution curves of maximum in-

plane shear strain for the point f in Fig. 1 at different

position along transverse direction. It is clear that the pri-

mary peak of maximum in-plane shear strain shifted to the

center step by step, and the shear strain reached maximum

at the center of the sample. This indicates that the sample

will fail first in the middle of the sample and shear strain is

dominant in full formation shear localization zones. This

behavior can be verified by more solid evidences. Fig-

ure 4b shows the image captured prior to the fracture of the

sample. From this figure, crack initiates in the center of the

sample, which have a good agreement with the experi-

mental results calculated by the DIC method. Figure 5

shows the fracture pattern of the NC Ni sample. It is clear

that the angle of the failure plane of the NC sample with

respect to the loading axis was very close to 63�. The

inclination of failure plane is very close to that of strain

localization zones monitored by DIC method and the shear

band bundle observed by FESEM. This indicates that shear

banding is the main deformation mode in NC Ni sample.

To inspect the failure mechanism of the NC Ni sample

further, the facture surface was examined by FESEM too.

Figure 6 shows the FESEM micrographs of details of the

fracture surface after tensile test. A low-magnification

Fig. 3 FESEM micrograph of the strain localization zones of NC Ni

under quasi-static tensile loading

Fig. 4 a Distribution of in-plane maximum shear strain at different

position along transverse direction. b The image prior to the fracture

of the sample, the crack initiates in the middle of the sample

Fig. 5 Fracture pattern of the fully dense NC Ni
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SEM micrograph (Fig. 6a) exhibits a symmetry pattern

of fracture structure. Furthermore, enlarged image of

the micrograph shown in Fig. 6b exhibits a ‘‘sandwich’’

structure. Within the fracture surface, three different

structures, marked by the symbols I, II, and III, could be

clearly observed. Sliding planes, in which several sliding

bands can be observed, appear at left edge of this image,

while ductile facture with dimpled features was observed in

right edge of the image. Meanwhile, apparent striations

were found in the middle of the fracture surface. This

fracture morphology suggests that a mixture of micro-

mechanism play a role in the deformation of NC sample.

First, the dislocation pile-up mechanism is dominant in

strain hardening stage [31], which exhibits ductile fraction

as characterized by the dimple feature. Then, the shear

banding mechanism initiates. With the development of the

strain softening behavior, this mechanism become domi-

nant gradually and the dislocation mechanism may cease.

Eventually, the region II of fracture surface suggests that

the tensile sample may have been torn apart in a rather

brittle manner because the sample cannot sustain the more

plastic strain when the full formation shear localization

generates.

Conclusions

The electrodeposited fully dense NC Ni sample has high

strength but poor ductility during the tensile test. The limit

ductility is attributed to the strain localization in form of

shear band lines. To monitor the plastic deformation pro-

cess of the NC Ni sheet subjected to quasi-static uniaxial

tensile load, the DIC method was used in this article.

Evolution of surface strains in the sample was imaged by

the DIC algorithm and some critical points, such as shear

localization nucleation, developing process and failure

point were recognized. First, the onset of shear localization

was observed at the tail range of strain hardening stage

after the uniform deformation in initial range. At the strain

softening stage, the propagation of the shear localization is

very rapid and multiple, conjugate banded structures was

produced in the NC Ni sample. Finally, when the prime

full-developed banded structure wins the competition

between opposing directional tendencies of the conjugate-

oriented strain localization zones, the fracture of the sam-

ple can be observed. Moreover, the detailed structures of

the strain localization zone were examined. The result

shows that the strain localization zone is an assemblage of

dense shear band lines. Meanwhile, the failure mode and

the fracture surface were investigated to verify the fracture

mechanism in the NC Ni sample. The results indicate that

crack initiates first in the middle of the sample, and the

shear banding is an important factor to induce the failure of

the sample.
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