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The nature of deformation in a polycrystalline metal

changes with grain size. In a coarse-grained metal with

a grain size larger than 1000–100 nm, plastic deforma-

tion occurs due to intragranular dislocations which are

continuously nucleated from Frank-Read sources.

When the grain size is smaller than 1000–100 nm,

nucleation of dislocations from Frank-Read sources is

suppressed because the stress required for their oper-

ation is inversely proportional to the size of sources.

Molecular dynamics (MD) simulations [1–4] and

experiments [5, 6] revealed that partial or perfect

dislocations are emitted from grain boundaries, and

deformation twinning and stacking faults are formed in

ultrafine-grained and nanocrystalline metals with a

grain size of 1000–10 nm. Such ultrafine-grained and

nanocrystalline metals often exhibit an extraordinary

combination of high strength and high ductility [7]. In

coarse-grained and ultrafine-grained metals, an intra-

granular dislocation-based deformation process is

dominant and the strength increases with decreasing

grain size (the ‘‘Hall–Petch effect’’). However, MD

simulation [8–10] suggests that below a critical grain

size, which is approximately 10 nm, the dominant

deformation process is an intragranular grain-bound-

ary-based process such as grain boundary sliding, and

the strength decreases with decreasing grain size (the

‘‘inverse Hall–Petch effect’’). Some experimental

results [11–13] also verified existence of the inverse

Hall–Petch effect. However, most of the experiments

on nanocrystalline metals with a grain size below the

critical size were conducted by hardness testing.

In this letter, we show the tensile properties of

nanocrystalline Ni with a grain size of approximately

6 nm. In metals with a grain size above the critical size,

tensile ductility is controlled by plastic instability

involving strain hardening [14]. However, the present

letter shows that in a nanocrystalline metal with a grain

size below the critical size, tensile ductility is not

affected by plastic instability, but is strongly affected

by an accommodation process for thermally activated

glide of grain-boundary line defects.

To elucidate the nature of plastic deformation in the

intragranular grain-boundary-based process region, the

ability to distinguish a nanocrystalline metal whose

grain size is below the critical size from a nanocrystal-

line metal whose grain size is above the critical size is

required, because their respective deformation mech-

anisms are intrinsically different. The mechanical

properties of nanocrystalline metals whose grain size

is above the critical size have been investigated

experimentally by tensile testing [15, 16], and it was

demonstrated that high strength and high ductility are

often obtained [7]. For a nanocrystalline metal whose

grain size is below the critical size, however, there have

been a very limited number of experimental results

obtained by tensile testing [17, 18]. Experimental

investigation by tensile testing on a nanocrystalline
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metal whose grain size is below the critical size leads to

elucidation of deformation and fracture mechanisms in

the intragranular grain-boundary-based process region.

It is known that ductility is often reduced by internal

flaws in nanocrystalline metals [23]. In the present

study, a nanocrystalline Ni–22at.%W without flaws was

prepared by an electrodeposition technique with an

electrolyte of NiSO4�6H2O: 0.06 mol/l, Na3-

C6H5O7�2H2O: 0.25 mol/l, Na2WO4�2H2O: 0.14 mol/l,

(NH4)2SO4: 0.25 mol/l, at a temperature of 333 K and a

current density of 0.05 A/cm2, using a Pt mesh anode

and a Cu substrate. Because an amorphous phase

partially existed in the as-deposited specimen, anneal-

ing was conducted at 353 K for 24 h in vacuum to

complete crystallization and Additional annealing is

also carried out to it at 353 K for 24 h (total 48 h). The

microstructure of both the materials was observed by

high-resolution transmission electron microscopy

(HRTEM). The numbers of vacancies for both the

materials were measured by positron annihilation

measurements. Tensile tests were carried out at room

temperature and over a wide strain rate range of

3 · 10–7 – 1 · 10–1 s–1, using specimens with 8 mm in

gage length, 2 mm in gage breadth and 20 lm in gage

thickness.

Figure 1a shows an image of the microstructure of

the nanocrystalline Ni obtained by high-resolution

transmission electron microscopy (HRTEM). Flaws

and pores with the size of the order of a nanometer

and above were not observed. The grain size

determined from HRTEM observation was 6.5 nm.

Additional annealing was carried out at 353 K for

24 h in vacuum to change the grain boundary

structure [20]. The microstructure of the nanocrys-

talline Ni after additional annealing is shown in

Fig. 1b. The grain size of the annealed specimen was

determined to be 6.7 nm by HRTEM observation.

Figure 2 shows X-ray diffraction patterns of the

nanocrystalline Ni materials. For both the materials,

only broad peaks are observed, and the widths of the

peaks are same, which shows that the grain growth

induced by additional annealing was minor. Positron

annihilation measurements revealed that the number

of vacancies was decreased by additional annealing.

This suggests that the specimen without additional

annealing retained a vacancy-rich defect structure in

its grain boundary [20], compared to the specimen

with additional annealing. The critical grain size

below which the inverse Hall–Petch effect holds in

Ni is 7–9 nm from hardness tests [12] and around

10 nm from MD simulation [19]. Thus, the nano-

crystalline Ni prepared was a nanocrystalline metal

whose grain size was below the critical size.

The stress–strain curves for the specimen with

additional annealing (at 7 · 10–7 s–1) and the specimen

without additional annealing (at 3 · 10–7 s–1) are

shown in Fig. 3. The plastic elongation to failure was

nearly 1% for the specimen without additional anneal-

ing and much less than 1% for the specimen with

additional annealing. It has been reported that in

ultrafine-grained or nanocrystalline metals with a grain

Fig. 1 HRTEM images of microstructure of nanocrystalline Ni:
(a) a bright-field micrograph of the specimen without additional
annealing and (b) a bright-field micrograph of the specimen with
additional annealing. Additional annealing was conducted at
353 K for 24 h in vacuum

123

J Mater Sci (2006) 41:8372–8376 8373



size above the critical size, plastic instability strongly

affects tensile ductility [14, 21]. For example, a large

elongation of 65% was attained in nanocrystalline Cu

due to a decrease in plastic instability caused by a

strain hardening mechanism [22]. However, contrary to

significant strain hardening (Fig. 3), tensile ductility

was very poor in nanocrystalline Ni with a grain size

below the critical size. Clearly, the mechanism that

achieves high tensile ductility in a nanocrystalline

metal with a grain size below the critical size is

different from that in a nanocrystalline metal with a

grain size above the critical size.

The variations in fracture strength, elastic limit and

plastic elongation to failure as functions of strain rate

for both specimens with and without additional

annealing are shown in Fig. 4. The plastic elongation

to failure depended on the strain rate and additional

annealing (namely, the grain boundary state).

Swygenhoven and Derlet [9] showed by MD simula-

tion that two atomic processes, that is, atomic shuffling

and stress-assisted diffusion can be distinguished in the

interface during sliding. Moreover, MD simulation [20]

revealed that the plastic strain is reduced when grain

boundaries approach conditions of greater equilibrium

and that similar atomic activity within the grain

boundary region exists under both annealing and

straining; for example, when the grain boundary

structure is disordered, an increase in plastic strain

occurs in the early stage of deformation, however, after

a while, plastic straining is difficult. This indicates that

a vacancy-rich defect structure in grain boundaries

promotes the atomic processes in the interface during

sliding, resulting in plastic strain; however, when

vacancies are consumed in the atomic processes with

straining, plastic straining is difficult. Therefore, it is

suggested that the majority of plastic elongation is

obtained in a transient region when moving from a

nonequilibrium state to an equilibrium state in grain

boundaries in a nanocrystalline metal with a grain size

below the critical size. Inspection of Fig. 3 reveals that

the fracture strength was hardly dependent of the

strain rate and annealing. This suggests that fractures

occur when vacancies are consumed and grain bound-

ary sliding is not accommodated, irrespective of the

strain rate and the amount of vacancies. This is likely

to be responsible for poor ductility in a nanocrystalline

metal with a grain size below the critical size.

Another important result shown in Fig. 4 is that

the elastic limit depends on the strain rate. Using the

theory of a thermally activated process [22], the

activation volume can be given by

v � ¼ kT
d ln c

�

ds
;

where v* is the activation volume, s is the shear stress,

and c
�
is the shear strain rate. The activation volume

was calculated to be 0.213 nm3 for the specimen

without additional annealing from the data in Fig. 4,

where s = r/M (M = 3.06 for fcc metal). Also, from the

short-range obstacle concept in the thermally activated

process, the activation volume may be given by

v� ¼ bLd�;

where L is the length of a defect and d* is the size of a

short-range obstacle. Assuming that L is half the grain

Fig. 2 X-ray diffraction patterns of nanocrystalline Ni

Fig. 3 The stress–strain curves for nanocrystalline Ni: (a)
specimen without additional annealing and (b) specimen with
additional annealing at 353 K for 24 h. The testing temperature is
room temperature. The strain rate is 3 · 10–7 s–1 for the specimen
without additional annealing and 7 · 10–7 s–1 for the specimen
with additional annealing
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size (=6.5/2 nm) and b is the Burgers vector of Ni

(=0.25 nm), the obstacle size is calculated to be

0.26 nm, which is in agreement with or nearly equal

to the atomic size of W (=0.27 nm) or the grain

boundary width (2b) in Ni (=0.50 nm). This means that

deformation at a grain boundary results from the

gliding of line defects on the grain boundary; a line

defect such as a dislocation plays an important role in

grain-boundary-based processes and also the rate-

controlling process is related to short-range obstacles

such as solute atoms or high Peierls potential due to

triple junctions or grain boundaries. Therefore, it is

likely that vacancies are consumed for line defects to

glide in the grain boundary region, resulting in strain

hardening; however, after a while, vacancies are

exhausted and grain boundary sliding cannot be

accommodated, and finally, fracturing occurs. The fact

that the specimen without additional annealing exhib-

ited a larger plastic elongation to failure and a larger

strain rate dependence of elastic limit than the spec-

imen with additional annealing supports the hypothesis

that vacancies promote accommodation for grain

boundary sliding.
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