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Abstract Engineering nanostructures in metallic materials such as nanograins and nanotwins
can promote plastic performance significantly. Nano/ultrafine-grained metals embedded in coarse
grains called bimodal metals and nanotwinned polycrystalline metals have been proved to possess
extensively improved yield strength whilst keeping good ductility. This paper will present an
experimental study on nanostructured stainless steel prepared by surface mechanical attrition
treatment (SMAT) with surface impacts of lower strain rate (10 s−1–103 s−1) and higher strain rate
(104 s−1–105 s−1). Microstructure transition has been observed from the original γ-austenite coarse
grains to α′-martensite nanograins with bimodal grain size distribution for lower strain rates to
nanotwins in the ultrafine/coarse grained austenite phase for higher strain rates. Meanwhile, we will
further address the mechanism-based plastic models to describe the yield strength, strain hardening
and ductility in nanostructured metals with bimodal grain size distribution and nanotwinned
polycrystalline metals. The proposed theoretical models can comprehensively describe the plastic
deformation in these two kinds of nanostructured metals and excellent agreement is achieved between
the numerical and experimental results. These models can be utilized to optimize the strength and
ductility in nanostructured metals by controlling the size and distribution of nanostructures. c© 2012
The Chinese Society of Theoretical and Applied Mechanics. [doi:10.1063/2.1202101]

Keywords nanostructured metal, bimodal grain size distribution, nanotwinned metal, yield strength,
ductility, strain hardening

I. INTRODUCTION

The combination of high strength and moderate
ductility has been emerging as an essential challenge
in the application of metals and alloys in modern
technologies.1 Materials possessing higher strength can
be prepared by several widely used strategies such as
the refinement of grain size, solid solution alloying and
plastic straining, but most of the existing strengthen-
ing technologies often lead to low tensile ductility.2,3

With the development of nanoscience and nanotech-
nology, there are two kinds of methodologies appear-
ing to efficiently achieve high strength and good duc-
tility at the same time in metallic materials by in-
volving nanostructures such as nanograins and nan-
otwins. The first methodology is to embed the coarse
grains into the nanograined matrix phase to construct
nanostructured metals/alloys with bimodal grain size
distribution.4 In these materials, the high strength
comes from the nanograined matrix phase, and the
coarse grains provide the tensile elongation by prevent-
ing the propagation of the nano/microcracks that arise

a)Email: llzhu@zju.edu.cn.
b)Corresponding author. Email: jianlu@cityu.edu.hk.

in the nanograined phase. The second is to engineer co-
herent internal boundaries such as the twin boundaries
at the nanometre scale in polycrystalline metals.2,5,6 By
decreasing the twin spacing to the nanometre scale, the
yield strength and ductility are both improved in these
kinds of metals. In the past ten years, nanotwinned
metals and bimodal metals have stimulated researchers
to investigate their attractive mechanical performance
experimentally and theoretically.

The pioneering work in bimodal materials was re-
ported by Tellkamp et al.7 and Wang et al.4 respectively
in relation to aluminium alloys and nanostructured cop-
per, with regard to which high strength and high duc-
tility, were both achieved. Since then, various experi-
ments have been carried out to explore the mechanical
performance of bimodal nanostructured metallic ma-
terials prepared through different technologies,8–12 in-
cluding a methodology involving cromilling and quasi-
isostatic foging,13 dynamic plastic deformation to in-
duce static recrystallization14,15 and a method com-
bining the internal oxidation process and hot powder
extrusion method.16 These studies demonstrated that
nano/ultrafine grains contribute to strengthening while
good ductility is due to the coarse grains. With re-
gard to bimodal materials, the existing dendrites,8,17–19

cavitations on the surface of the deformed samples10
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and microcracks arising in the matrix phase9,20 are
thought to be responsible for the fracture of these ma-
terials. The existing dendrites retard the propagation
of the shear band and microcracks, and the cavita-
tions and microcracks release the elastic stress at the
interface between the large grains and nano/ultrafine
grained phase. Theoretically, there have been some ef-
forts to describe the constitutive behaviour and fail-
ure properties of bimodal metals/alloys.21,22 Several
continuum approaches have been adopted to simulate
the stress-strain relationship in bimodal materials, in-
cluding the Ramberg-Osgood formula combined with a
finite-element method,23 the secant Mori-Tanaka mean
field approach24 as well as the self-consistent scheme for
elastic-viscoplastic materials.25–27 Besides, a microme-
chanical model based on the analysis of localized defor-
mation bands was presented to investigate the tough-
ness behaviour of dual-phase composites including bi-
modal metals.28 Unfortunately, there is no theoretical
model that can capture completely the yield strength,
strain hardening and ductility of bimodal metallic ma-
terials.

The maximum strength of nanotwinned copper was
recently observed by experiment and the strain hard-
ening and ductility were both significantly enhanced by
decreasing the twin spacing.29 In a similar way to grain
boundaries (GBs) for strengthening materials, the twin
boundaries (TBs) act as an effective barrier against dis-
location motion and are potent strengtheners. The dis-
locations accumulated along the TBs facilitate a more
uniform plastic deformation that in turn benefits the
ductility of nanotwinned metals. However, there ex-
ists a fundamental difference in the plastic deforma-
tion affected by GBs and TBs. Atomistic simulations
have confirmed that dislocation-TB interactions are the
underlying mechanism for strengthening, strain hard-
ening and toughening in nanotwinned metals.30–34 For
example, the pinning effects of TBs on dislocation con-
tribute to the increase of yield strength,35,36 and the
gradual loss of coherence of TBs during deformation re-
sults in the high ductility of nanotwinned copper.37 Fur-
thermore, large-scale MD simulations were performed
to give an insight into the softening mechanism in
nanotwinned copper by further decreasing the twin
spacing.38 Besides these theoretical deformation mecha-
nism studies, the continuum models were also presented
to simulate the mechanical behaviour of nanotwinned
polycrystalline metals. For example, two- and three-
dimensional crystal plasticity models were developed
by considering plastic anisotropy and rate-sensitive
anisotropy to calculate the stress-strain relationship
of nanotwinned metals.39,40 Through incorporating the
softening mechanism, a discrete twin crystal plasticity
model was established with a focus on modelling the
strengthening-softening yield transition in nanotwinned
copper.41 More recently, a unified mechanistic model
was developed to characterize the size dependence of
flow stress, activation volume and strain-rate sensitiv-
ity of nanocrystalline metals and nanotwinned metals.42

The grain-size dependent critical twin spacing for the

maximum yield strength in nanotwinned metals was
also discussed by the MD simulation38 and the contin-
uum model.43 Even though the twin-spacing dependent
yield strength in nanotwinned metals has been captured
by these continuum models, a quantitative description
for strain hardening and tensile elongation still remains
absent.

Recently, the authors and coworkers performed sur-
face mechanical attrition treatment (SMAT) to prepare
nanostructured metals with bimodal grain size distri-
bution and nanotwinned polycrystalline metals in 304
stainless steels under various strain rates.44 A good
combination of high yield strength and high ductility
was achieved in the proposed process. The dislocation-
based plastic models were also developed to model the
mechanical behaviour of bimodal nanostructured met-
als and nanotwinned metals.45,46 The proposed model
for the bimodal metal accounts for the impacts of the
nano/microcracks in the nano/ultrafine grained phase
during plastic deformation. The contribution of par-
tial dislocations is taken into account in the model of
nanotwinned metals as well as the competition of plas-
tic deformation between the grain boundaries and twin
lemallae. These models enable one to successfully de-
scribe the plastic deformation of these nanostructured
metals. In the following, Section II briefly introduces
a recent experimental study of nanostructured stainless
steels with high strength and high ductility prepared
by SMAT technology. Section III summarizes the re-
cently developed theoretical models for bimodal metals
and nanotwinned metals. Section IV presents the con-
clusion.

II. EXPERIMENT

Surface mechanical attrition treatment (SMAT) is
an alternative top-down approach to produce nanos-
tructured surface through the high-strain-rate defor-
mation acting on the surface layer of a material.
The nanostructuring mechanism and technology de-
tails involved in this approach have been extensively
explored.47,48 Here, an experimental study is introduced
to shed some light on the relationship between the mi-
crostructures and mechanical properties of 304 stainless
steel treated by SMAT over a wide range of strain rates.

A. SMATed sample with low strain rate

For austenitic stainless steel deformed under low
strain rate ranging from 10 s−1 to 103 s−1, the de-
formation mechanism varies from dislocation glid-
ing to martensite transformation, leading to ultra-
fine/nanograins formed near the surface of the sam-
ples. Nanograins arising on the surface are α′-matensite
with random crystallographic orientations as shown in
Fig. 1(a), and the grain size is in the range of 2–100 nm
with a mean grain size of 10 nm as shown in Fig. 1(b).
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Fig. 1. Nanostructures of SMAT-L stainless steel with the bright-field TEM image (a), statistical distribution of grain size
on the surface (b), statistical distribution of grain size of α′-martensite and γ-austenite phase (c), and the grain size/DC
distribution (d).44

At a depth of 50 μm from the surface, the α′-martensite
nanograins and the γ-austenite ultrafine grains are ob-
served. These nanograins and ultrafine grains are uni-
formly distributed, as a result of the bimodal grain size
distribution formed in these areas (see Fig. 1(c)). With
increasing depth of the sample, the grain size grows from
several nanometres to hundreds of nanometres within
150 μm (Fig. 1(d)). The microstructures of the SMAT
sample with low strain rate can be regarded as a multi-
model grain size distribution with a dual-phase struc-
ture.

B. SMATed sample with high strain rate

Under high strain rate in the range of 104 s−1 to
105 s−1, martensite transformation is restrained and de-

formation twinning becomes the dominant deformation
mechanism in the 304 stainless steels. As a consequence,
there are numerous austenite nanotwins formed in the
γ-austenite coarse grains as shown in Fig. 2(a). Mean-
while, a small fraction of α′-matensite and ε-matensite
are also observed in the samples (Figs. 2(b) and 2(c)).
At a depth of 300 μm, a typical twin-twin intersection
can be observed as shown in Fig. 2(d), with the angle
between the primary and the conjugate twins around
70.5◦. The important feature on the microstructures
in these samples is the high density of twins in the en-
tire thickness with twin spacing from a few nanometres
in the subsurface to a depth of hundreds of nanome-
tres. Figure 2(e) shows that the twin spacing and twin
density varied with depth from the surface. The twin
spacing changes from 20 nm to 350 nm corresponding to
a depth from 50 μm to the centre, and the twin density
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Fig. 2. Nanostructures in SMAT-H stainless steel with nanoscale twins (a), ε-martensite platelets (b), α′-martensite
morphology (c), bright-field TEM image of intersection of twins (d), and twin density and twin thickness distribution (e).44

is from 65% to 40%.

C. Mechanical properties

The depth-dependent hardness is measured in the
SMAT samples with low strain rate and high strain
rate, as shown in Fig. 3(a). It is noted interestingly
that the maximum hardness of the SMAT-L samples at
502 MPa is comparable with that of the SMAT-H sam-
ples at 495 MPa. The former is mainly contributed by
the strengthening of nanograins and the latter by the
nanotwins in the surface range. Due to a great number
of deformation twins existing in the middle layer, the
hardness of the SMAT-H sample at the centre is greater
than that of the SMAT-L sample. Figure 3(b) further
shows the stress-strain curves of the as-received, SMAT-
L and SMAT-H samples. A good combination of high
yield stress and high ductility is achieved in the SMAT
samples. In the SMAT-L samples, the microstructure

of nanograins provides high strength while the bimodal
grain size distribution provides significant strain hard-
ening capacity. With regard to the nanotwinned SMAT-
H samples, the deformation twins block the dislocation
motion and then strengthen the material, and the coarse
grains remain able to maintain the good ductility of the
material.

III. THEORETICAL MODELS

A. Bimodal metals

Experiments have demonstrated that nano/micr-
ocracks can be generated in the nano/ultrafine grained
phase during plastic deformation and the density of
these cracks increases with further deformation. In-
spired by these observations, the impacts of the
nano/microcracks on the plastic deformation of bi-
modal metals will be considered. Firstly, the
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Fig. 3. Hardness distribution with depth (a) and engineer-
ing stress-strain curves (b) of the SMAT samples and as-
received stainless steel.44

nano/microcracks release the elastic stress around
the cracks to alter the stress-strain statics in the
nano/ultrafine grained phase. Secondly, the increase
of these cracks drive more dislocations stopped along
the grain boundaries, giving rise to the back stress ef-
fect in the nano/ultrafine grained phase. Here, the mi-
cromechanical composite model49 is adopted to simulate
the global stress-strain response, and the strain gradient
plastic theory is applied in each constituent phase. In
the following, we summarize the formulae of the model.

Since bimodal metals are considered to be composed
of the nano/ultrafine grained phase and the coarse
grained phase (see Fig. 4(a)), the modified mean field
approach is utilized to determine the overall stress and
stress in bimodal materials. The relationship between
the hydrostatic and deviatoric strains and stresses of the
constituent phases and those of the composite follows

ε
(0)
kk = (A0 +A2)ε̄kk, ε′(0)ij = B2ε̄

′
ij − c1B1ε

p(1)
ij ,

ε
(1)
kk = A0ε̄kk, ε′(1)ij = B0ε̄

′
ij + c0B1ε

p(1)
ij ,

σ
(0)
kk = 3κ0(A0 +A2)ε̄kk,

σ′(0)ij = 2μs
0[(B0 +B2)ε̄

′
ij − c1B2ε

p(1)
ij ],

σ
(1)
kk = 3κ0A1ε̄kk,

σ′(1)ij =
2μs

0

βs
0

B2[ε̄
′
ij − (1− c0β

s
0)ε

p(1)
ij ],

(1)

where

A0 =
κ0

c0αs
0(κ1 − κ0) + κ0

,

A1 =
κ1

c0αs
0(κ1 − κ0) + κ0

,

A2 =
αs
0(κ1 − κ0)

c0αs
0(κ1 − κ0) + κ0

,

B0 =
μs
0

c0βs
0(μ1 − μs

0) + μs
0

,

B1 =
βs
0μ1

c0βs
0(μ1 − μs

0) + μs
0

,

B2 =
βs
0(μ1 − μs

0)

c0βs
0(μ1 − μs

0) + μs
0

.

(2)

Here, ci is the volume fraction of the ith phase, and
κi and μi are the bulk and shear moduli of the ith
phase, respectively. αs

0 and βs
0 are the components

of Eshelby’s tensor for spherical inclusions following
Ss
0 = (αs

0, β
s
0), in which αs

0 = (1 + νs0)/3(1 − νs0) and
βs
0 = 2(4− 5νs0)/15(1− νs0). The secant bulk and shear

moduli of the ith phase are taken to satisfy the isotropic
relations as kSi = ES

i /[3(1− 2νSi )], μ
S
i = ES

i /[2(1 + νSi )],
where the secant Young’s modulus is written as ES

i =

Ei/[1 + (Eiε
(i)/σ

(i)
flow)(σ

(i)
11 /σ

(i)
flow)

m0−1] and secant Pois-
son’s ratio is νSi = 1/2 − (1/2 − νiE

S
i /Ei) for the

ith phase. Therefore, the dilatational and deviatoric
stresses and strains of the composite are connected by

σ̄kk = 3κ0 [1 + c1(A1 −A0)] ε̄kk,

σ̄′ij = 2μs
0

[(
1 +

c1B2

βs
0

)
ε̄′ij −

c1B1

βs
0

ε
p(1)
ij

]
. (3)

It should be pointed out that the flow stress in the
coarse grained phase is different from the one in the
nano/ultrafine grained phase. The flow stress in the
coarse grain phase is expressed as

σ1
flow = σ0 +Mαμb

√
ρI + σb. (4)

Here, α, μ and M are the empirical constant, the shear
modulus and the Taylor factor, respectively. σ0 is the
lattice friction stress, σb is the back stress and ρI is the
density of dislocations in the crystal interiors which can
be obtained from Kocks and Mecking’s model.50 The
flow stress of the nano/ultrafine grained phase can be
expressed by

σ0
flow = σ0 +Mαμb

√
ρI + ρGB, (5)

where ρGB = kGBηGB/b is the density of dislocations
and kGB = 6dGBDPZ/φ

GBdG.
For the sake of accounting for the impact

of nano/microcracks on plastic deformation, the
nano/microcrack-matrix-effective-medium approach51

is utilized to model the overall stress and strain in the
nano/ultrafine grained phase of bimodal metals. Thus,
the corresponding effective moduli follow

E1 = E0

[
1 +

16(1− ν20)ρ

3

]−1

,
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Fig. 4. Schematic drawings of the proposed model for bimodal metals (a) and nanotwinned polycrystalline metals (b).45,46

G12 = G0

[
1 +

8(1 + ν0)ρ

3(1− ν0/2)

]−1

, (6)

where ρ = ρ0P (fW) = ρ0(1 − fW(εp))is the density
of nano/microcracks, ρ0 represents the maximum den-
sity of nano/microcracks in the nano/ultrafine grained
phase, fW(εp) = exp[−(εp/ε0)

m] is the strain-based
Weibull distribution function, ε0 is the reference strain
and m is the Weibull modulus. The arising back stress
in the nano/ultrafine grained phase can be expressed by

σ∗b = M
μb

dG
N∗. (7)

Here, N∗ is the number of dislocations stopped at
the grain boundaries, following the evolution law of
N∗ = N∗

0 {1− exp[−ζ∗εp/(bN∗
0 )]} where ζ∗ is the mean

spacing between slip bands that results from the gen-
eration of nano/microcracks, and N∗

0 is the maximum
number of dislocation loops at the grain boundaries in
the nano/ultrafine grained phase.
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Fig. 5. Comparison of the stress-strain relationship be-
tween the theoretical results and the experiments for bi-
modal metals (a), and relationship between strength and
uniform elongation with different Weibull moduli for bi-
modal nickel (b).45

B. Nanotwinned metals

During plastic deformation in nanotwinned poly-
crystalline metals, a great number of dislocations accu-
mulate along the grain boundaries and twin boundaries.
Therefore, the dislocation pileup zones nearby the GBs
(GBDPZ) and the TBs (TBDPZ) are introduced in the
proposed model as shown in Fig. 4(b). In these regions,
the strain gradients are involved to define the disloca-
tion density of the GBDPZ and TBDPZ. By decreasing
the twin spacing in the nanotwinned metal, the number
of partial dislocations is increased in turn, leading to
the deformation mechanism changing from dislocation-
TB interactions to twinning partial dislocations. Con-
sequently, the contributions of partial dislocations are
taken into account in our analysis in the strain harden-
ing and strain gradient in the TBDPZ. We summarize
the formulae of the proposed model for bimodal metals
in the following.

Due to the existence of the strain gradient in the
GB/TBDPZ, strain gradient plasticity is utilized here
to describe the stress-strain response in the materials.
According to the Taylor model, the flow stress in the

Fig. 6. Predicted yield stress (a) and ductility (b) of nano-
twinned copper as functions of twin spacing in comparison
with experimental data.46

nanotwinned metals can be expressed by

σflow = σ0 +Mαμb
√
ρ+ σb, (8)

where α, μ and M are the Taylor constant, shear mod-
ulus and Taylor factor, respectively; σ0 is the lattice
friction stress and σb denotes the back stress that in-
duces kinematic hardening; ρ = ρI + ρTB + ρGB is the
total density of dislocations; ρTB, ρGB and ρI denote
the dislocation densities in the TBDPZ, GBDPZ and
crystal interior, respectively. The dislocation density
in the TBDPZ is written as ρTB = kTBη̃TB/b, where
kTB = 12dTBDPZ/φ

TBπdTB, and the local strain gradi-
ent in the TBDPZ η̃TB is expressed as

η̃TB = η1dTB + η0 − ηP /dTB. (9)

Here, η1 = φTBN0b/(dTBDPZd
2
G) and η0 =

φTBn′pb/[(dTBDPZdG
√
3)ηP ] =

√
3πφpb/(12dTBDPZ),

n′p being the number of initial twinning partials in the
TBDPZ, N0 the maximum number of inclined dislo-
cations in a grain, dTB the twin spacing, dTBDPZ the
thickness of TBDPZ, and φp and φTB are geometric
factors.

To evaluate the ductility of nanotwinned metals, a
new failure criterion is proposed as follows

τflow ≥ τcrit. (10)
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It is assumed that the unit twin lamella or grain
boundaries start to fail as soon as the local flow stress
exceeds the critical stress for spontaneous nucleation
of dislocations in these regions. The local shear flow
stress in the unit twin lamella and the GBDPZ can be
presented as

τTB
flow = αμb

√
ρunitI + ρunitTB + τb,

τGB
flow = αμb

√
ρGB + τb. (11)

The critical stress to nucleate a new dislocation
has been determined in the framework of a continuum
model described by Asaro and Rice.52

C. Numerical results and comparisons

After identifying the parameters of the models
through extraction from the literature or comparison
with the experiments, the numerical results of bimodal
metals based on the proposed model are shown in
Fig. 5(a) as well as the experimental data. Clearly noted
from the figure is that the proposed model can success-
fully describe the yield strength, strain hardening and
ductility, and good agreement is obtained in compari-
son with the measurements. The further predictions for
yield strength and ductility as the functions of the vol-
ume fraction of coarse grains are plotted in Fig. 5(b).
By decreasing the volume fraction of coarse grain, the
strength of bimodal metal is reinforced while the duc-
tility becomes weaker. Based on the developed model
for the nanotwinned metals, the predicted yield strength
and ductility of nanotwinned copper are shown in Fig. 6
as the functions of twin spacing. The experimental data
are also plotted in the figures. The predictions are in
good accordance with the experimental data, including
the critical twin spacing for maximum yield strength
of 13 nm consistent with the measurement of 15 nm.
Another interesting finding is that the failure occurs in
the twin lamellae for the large twin spacing while the
grain boundaries prefer to fail when the twin spacing is
very small. Furthermore, the proposed model of nano-
twinned metals indicates that the critical twin spacing is
dependent on the grain size linearly, which agrees with
the results from MD simulations.38

IV. CONCLUSION

Generating internal boundaries in polycrystalline
metals and mixing various microstructures of differ-
ent size in nanostructured materials have been sub-
stantiated as alternative methodologies to achieve high
yield strength and high ductility. Surface mechani-
cal attrition treatment (SMAT) as an efficient tech-
nology for nanostructuring the surface of a material,
can be used to prepare nanostructured metal with bi-
modal/multimodal grain size distribution and the nan-
otwinned polycrystalline metals. The mechanism-based

plastic models developed recently for nanotwinned met-
als and bimodal metals enable the provision of theo-
retical approaches for designing the microstructures in
nanostructured metals, leading to optimizing the me-
chanical performance of such materials. Inspired by
these studies, various new nanostructured metals can be
engineered theoretically and experimentally in the fu-
ture by involving nanotwins, bi/multi-modal grain size
distribution and phase transformation, in which a good
combination of high strength and good ductility can be
achieved.
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