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Abstract. In this paper, the mechanical properties of nanostructured materials, defined hereafter
as having a mean grain size that falls in the 50-200 nm ranges, is reviewed and the underlying
mechanisms are discussed. Particular emphasis is placed on nanostructured materials that
are processed via two synthesis approaches: consolidation of nanocrystalline powders and
electrodeposition. The present review demonstrates that processing history significantly influ-
ences mechanical behavior as revealed by the following observations. First, a low strain harden-
ing behavior is usually observed during the plastic deformation of nanostructured materials
processed by milling (also known as mechanical milling or attrition). The phenomenon can be
attributed to the process of dislocation annihilation or dynamic recovery during plastic deforma-
tion. Second, the reported asymmetry of yield strength between tension and compression can be
rationalized based on the existence of porosity or the presence of a bimodal phase distribution.
Third, significant strain hardening behavior is generally observed in nanostructured materials
processed by electrodeposition. The observation of strain hardening in nanostructured materi-
als can be explained on the basis of dislocation multiplication. Fourth, the low ductility that is
frequently reported for nanostructured materials is related to an absence of dislocation activity.
Recent work reviewed suggests that this limitation may be surmounted by implementing the
concept of multiple length scales in the microstructure.

1. INTRODUCTION

Nanostructured materials reportedly exhibit unique
microstructures and enhanced mechanical perfor-
mance [1,2]. As a result, they have attracted con-
siderable attention in recent years and offer inter-
esting possibilities related to many structural ap-
plications. Although nanostructured materials are
traditionally defined as those with grain sizes that
are smaller than 100 nm, grains in excess of 100
nm are typically present in the microstructure pri-
marily as a result of the broad distribution of grain
sizes that evolves during processing. Therefore, we
heretofore define nanostructured materials as those

with grain sizes smaller than 200 nm and with an
average grain size of less than 100 nm.

The successful synthesis of large-scale
nanostructured materials with grain sizes in the range
of 10 � 200 nm represents a major achievement in
the emerging field of nanotechnology [3]. Inspection
of the scientific literature indicates that there are
many techniques that can be used to produce
nanostructured materials, including inert gas con-
densation or chemical vapor condensation [1,4],
pulse electron deposition [5], plasma synthesis [6],
crystallization of amorphous solids [7], severe plas-
tic deformation [8], and consolidation of mechani-
cally alloyed or cryomilled powders [9,10]. However,
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only a few of these techniques, such as electro-
deposition [5,11] and consolidation of mechanically
alloyed/cryomilled powders [9,10], generate
nanostructures with sufficient thermal stability to
permit the fabrication of bulk materials.

The present review will specifically address the
mechanical properties, primarily room temperature
tensile and compressive behavior, of nanostructured
materials, since the topic of creep and superplastic
behavior of nanostructured materials has been com-
prehensively presented in an earlier review [12]. The
purpose of the present study is two-fold: (a) to re-
view current experimental data reported for mechani-
cal performance of nanostructured materials, and
(b) to discuss the deformation mechanisms of
nanostructured materials.

2. MECHANICAL PERFORMANCE OF
NANOSTRUCTURED MATERIALS

2.1. Mechanical properties of
nanostructured materials
processed by consolidation of
nanostructured powders

Inert-gas condensation. Nanocrystalline materi-
als can be manufactured by the consolidation of
powders from inert-gas condensation techniques
[4,13,14]. For instance, nanocrystalline Cu and Pd
alloys with grain sizes of 10 - 22 nm and 16 � 54
nm, respectively, were made by compaction of pow-
ders from an improved technique of inert-gas con-
densation, with a density of 98-99% in the
nanostructured Cu and Pd alloys [15], which is much
higher than that (97 � 72%) reported in a previous
study [16]. Tensile tests of nanocrystalline Cu and
Pd alloys were investigated [15]. Inspection of ten-
sile results of the nanocrystalline Cu reveals that
the tensile behavior of the nanostructured Cu and
Pd alloys is significantly influenced by the residual
porosity after compaction and values of Young�s
modulus of the nanostructured Cu and Pd alloys
increases with decreasing fraction of porosity. Be-
cause of the existence of porosity, all the
nanostructured specimens failed in the strain-hard-
ening region. The residual porosity also has an in-
fluence on the compression behavior of
nanostructured Cu and Pd alloys [17]. For example,
nanostructured Cu and Pd alloys with a low density
(92.5% and 95.3% theoretical density, respectively)
also exhibit a low strength (compressive yield
strength of 650 MPa and 750 MPa, respectively). A
prolonged compressive plastic deformation as well
as apparent strain hardening ability is observed in

the nanostructured Cu and Pd alloys (compressive
yield strength of 850 MPa and 1100 -1130 MPa, re-
spectively) with a higher density (~98%). In addi-
tion, it is noteworthy that the reported tensile yield
strength is lower than the corresponding compres-
sive value. Hence, the asymmetry of yield strength
in nanostructured Cu and Pd alloys can be attrib-
uted to the presence of residual porosity and in-
complete bonding during compaction [17]. There-
fore, eliminating the porosity in nanostructured ma-
terials processed via inert-gas condensation and
condensation is a critical challenge for the improve-
ment of tensile properties.

In other related studies, the mechanical proper-
ties of nanocrystalline Al-Zr alloys processed by
compaction of inert-gas condensation were investi-
gated [18]. There is only a short elongation of 0.3%
in the specimen of a nanocrystalline Al-6.4%Zr al-
loy with grain sizes of ~10 nm. In contrast, a high
elongation of ~ 2.5%, as well as significant strain
hardening behavior were noted during tensile defor-
mation of a bimodal nanocrystalline Al-0.6%Zr al-
loy. This apparent discrepancy was attributed to the
heterogeneous distribution of solute in the micro-
structure, which effectively led to the formation of a
bimodal distribution of grain sizes: some parts of
the specimen was nanocrystalline, while other re-
gions contains grains that were > 100 nm in size
[18]. High ductility and strain hardening behavior were
attributed to the dislocation activity in the larger
grained regions.

Ball milling. Ball milling is a widely used approach
for the preparation of nanostructured powders. Dur-
ing milling, the materials experience severe plastic
deformation, resulting in grain refinement. As indi-
cated by Fecht [19], grain size in powders decreases
with increasing milling time and ultimately reaches
a saturated minimum grain size. The minimum grain
size obtainable by milling has been attributed to a
balance between the grain refinement introduced by
severe impact deformation of milling and its thermal
recovery due to the material itself [19-21]. These
studies have led to following important observations
and findings: (1) grain size obtainable in milling de-
creases with increasing milling time, reaching a
minimum grain size, that is characterized by each
metal, (2) the minimum grain size scales inversely
with the melting point or the bulk modulus of each
metal, (3) there is a linear relationship between the
minimum grain size and the critical equilibrium dis-
tance between two edge dislocations in FCC met-
als, and (4) limited experimental evidence suggests
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that smaller grain sizes are achieved at lower mill-
ing temperatures.

Most recently, Mohamed developed a disloca-
tion modeling to quantitatively describe the mini-
mum grain size obtainable in milling [22]. Accord-
ing to this model, the minimum grain size is gov-
erned by a balance between the hardening rate in-
troduced by dislocation generation and the recov-
ery rate arising from dislocation annihilation and
recombination. By balancing the rate of grain size
decrease and the rate of grain size increase, the
minimum grain size (d

mini
) is given by [22]
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dislocation velocity, k is Boltzmann�s constant, γ
is the stacking fault energy and σ is the applied
stress. The model predicts that the minimum grain
size depends on hardness, stacking fault energy
for recovery, and an exponential function of the acti-
vation energy for recovery.

These predictions quantitatively agree reason-
ably well with experimental results and trends as
demonstrated by Fig. 1. The data of normalized
minimum grain size, d

min
/b, obtained by milling for

FCC metals (Al, Cu, Ni, Pb, Rh, and Ir), as a func-
tion of the normalized hardness, H/G, show an in-
verse trend on a logarithmic scale, fitting very well
with predictions, as shown in Fig.1a. The data of
normalized minimum grain size, d

min
/b for both FCC

metals and BCC metals, are plotted as a function
of the Q, showing a exponentially decreasing trend,
which is consisted with the theory prediction in
Fig.1b. The data of normalized minimum grain size,
d

min
/b on FCC and BCC metals as a function of the

normalized stacking fault energy, γ/Gb, on a loga-
rithmic scale are shown in Fig.1c. The data points
for all metals, with the exception of Ag, fit a straight
line as predicted by the theory [22].

Fig. 1. (a) Normalized minimum grain size, d
min

/b, obtained by milling as a function of the normalized
hardness, H/G, (logarithmic scale); (b) Normalized minimum grain size, d

min
/b obtained by milling as a

function of Q; and (c) Normalized minimum grain size, d
min

/b obtained by milling as a function of the
normalized stacking fault energy, γ/Gb, (logarithmic scale) [22].
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After consolidation under appropriate conditions,
bulk nanostructured materials can be obtained from
nanostructured powders. There are several popular
approaches for consolidation: high-temperature sin-
tering, hot isostatic pressing (HIP) at elevated tem-
peratures or cold isostatic pressing (CIP) at ambi-
ent temperatures, in which HIP is a more effective
means for generating high density bulk. Following
consolidation, secondary processing is sometimes
performed to remove any remaining porosity of the
consolidated billets and improve mechanical prop-
erties since the consolidated materials usually have
a density lower than the theoretical density. Sev-
eral examples of mechanical properties of
nanostructured materials prepared by milling are
analyzed herein.

Nanostructured Fe-10Cu alloys were prepared
by ball milling, followed by HIP and forging at differ-
ent conditions [23]. Grain size values in the range
of 30 nm to 1.7 µm were obtained. Shear fracture
immediately following yielding was observed in com-
pression of nanostructured Fe-10Cu alloy with grain
sizes less than 150 nm. In comparison, elastic-per-
fectly plastic deformation and finally shear bands
were observed in compression of nanostructured Fe-
10Cu alloy with grain sizes larger than 300 nm. The
compressive yield strength of the Fe-Cu alloy was
reported to be approximately 30 pct higher than the
tensile yield strength. The tension-compression
asymmetry of the yield strength observed in the
study was attributed to the effect of hydrostatic pres-
sure dependence or a normal stress dependence
(Mohr-Coulomb) of the yield criterion [23].

In other studies, nanocrystalline Al was prepared
by means of sintering of nanocrystalline Al pow-
ders with a grain size of 53 nm by the active H

2

plasma evaporation method [9]. A low strain-hard-
ening region (work softening) after yielding was ob-
served in the tensile deformation of the bulk
nanocrystalline Al. In addition, both ductility of the
nanocrystalline Al increases and the stress drop
behavior are improved after further cold deformation.
Although there is no reasonable explanation on the
deformation mechanisms of nanostructured Al, it
appears that the secondary processing, cold defor-
mation after sintering, has contributed to the elimi-
nation of processing residual defects, which have a
significant influence on the low strain hardening
behavior.

A high value of compression strength of 692 MPa
is observed in nanocrystalline Al-5at.%Ti alloy with
grain sizes of 50 � 100 nm, which is consolidated
by plasma activated sintering from reactive ball mill-
ing [24]. However, the material is rather brittle and

there is only about 5% plastic strain at the com-
pression condition. Similar behavior is also observed
in nanostructured V with grain sizes of ~ 100 nm,
which was prepared by consolidation of mechani-
cally alloyed powders [25]. Compression strength
of higher than 2000 MPa was observed. A stress
softening behavior was observed and the materials
failed at a low strain level of 5%.

Near-perfect elastoplasticity, with a ductility of
approximately 12 pct and without apparent neck-
ing, is observed in tensile deformation of
nanocrystalline pure Cu processed via sintering of
nanocrystalline powders [26]. Transmission elec-
tron microscope observation indicates that the
nanostructured Cu produced is composed of grains
with sizes of 50 � 80 nm, arranged in agglomerates
with sizes between 200 and 300 nm. Because there
are no strain hardening and necking, the phenom-
enon is difficult to explain using Considere crite-
rion, which predicts plastic instability at dσ/dε≤σ
when necking should have occurred soon after yield-
ing. The phenomenon is different from the low strain
hardening behavior observed in ultrafine-grained Ti
and Fe, which are prone to plastic instability [27,28].

Cryomilling. Cryomilling has been developed into
an effective means for manufacturing bulk
nanostructured Al alloys in recent years. The pro-
cessing of nanostructured Al alloys via cryomilling
technique usually includes several steps [10,29].
The first step is cryomilling, i.e., the spray-atom-
ized Al alloy powders are mechanically milled us-
ing stainless steel balls in a liquid nitrogen slurry.
During cryomilling, ~0.2 wt.% of stearic acid is typi-
cally added into the powders to prevent the powder
welding on the milling media. The cryomilled pow-
der normally reveals a grain size of ~20 nm, as de-
termined by X-ray diffraction (XRD) patterns and
microstructure observed by TEM [30,31]. The sec-
ond step is degassing. The milled powders are
packed in Al cans in an inert gas atmosphere, fol-
lowed by vacuum degassing at elevated tempera-
tures to evaporate any organic phases in the pow-
ders (e.g., stearic acid). The third step is consoli-
dation. The canned powders are then consolidated
via hot isostatic pressing (HIP) at elevated tempera-
tures or cold isostatic pressing (CIP) at ambient
temperatures. The final step is secondary process-
ing. Since the consolidated materials usually have
a density lower than the theoretical density, a sec-
ondary processing at high temperatures, for in-
stance, extrusion or forging, has to be performed to
remove any remaining porosity of the consolidated
billets and improve mechanical properties.
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The microstructure of a nanostructured Al-Mg
alloy after consolidation and extrusion [32] is shown
in Fig. 2a. In the longitudinal direction, inspection of
large areas parallel to the extrusion direction (Fig.
2a) reveals a homogeneous microstructure com-
prised of equiaxed grains, in which, however, the
extrusion direction is evident from the preferred ori-
entation of grains. Continuous rings of selected area
electron patterns (SAED) indicate that the grains
are separated by high-angle grain boundaries. The
presence of five primary rings in the diffraction ring
patterns is consistent with the lattice structure of
aluminum matrix. The existence of dispersoids in
the microstructure is not discernable from the dif-
fraction ring patterns. This observation is most likely
due to the extremely low volume fraction of disper-
soids. The average grain size obtained based on
individual measurement of 70 grains is approximately
120 nm. Dislocations are observed in some grains
but were absent in others. There are a few small
particles, with a size from 5 to 10 nm, expected to
be dispersoids, in the bright field images with higher
magnifications, as shown in Fig. 2b. The equiaxed
grains without a preferred orientation of grains were
observed in the microstructure viewed normal to the
extrusion direction, as shown in Fig. 2c. The aver-
age grain size on the basis of 20 grains is approxi-
mately 90 nm.

The tensile behavior of several Al-Mg alloys, i.e.,
a cryomilled nanostructured Al-7.5%Mg-0.3%Sc
alloy [29], bimodal cryomilled Al-7.5%Mg alloys [33],
a cryomilled UFG Al-7.5%Mg alloy [34], and a
coarse-grained Al-6.64%Mg alloy [35], is shown in
Fig. 3a. The cryomilled Al-Mg-Sc alloy and Al-Mg
alloy have a grain size of about 200 nm and 300
nm, respectively. The near-nanostructured Al-Mg-
Sc alloy exhibits a yield strength of 630 MPa, an
ultimate tensile strength (UTS) of 730 MPa, and an
elongation-to-failure of approximately 2.7 pct. Al-
though the material consolidated from fully
cryomilled nanostructured Al-Mg powders has a high
strength (yield strength of 642 MPa and UTS of 847
MPa), it fails in the strain-hardening region, result-
ing in a low ductility (only 1.4%). Inspection of the
curves reveals a brief strain-hardening region from
yielding to the maximum stress and a low strain-
hardening region. The strain hardening exponent, n
(n = dlnσ/dlnε), is very low or negative in the
cryomilled Al-7.5Mg alloy, whereas, the strain-hard-
ening exponent is relatively high (about 0.36) in the
coarse-grained Al-Mg alloy. In addition to the pres-
ence of low strain hardening behavior, the localized
shear bands (Lüders band) and a macroscopic neck-

a)

b)

c)

Fig. 2. Microstructure of an extruded nanostructured
Al-Mg alloy in (a) (b) longitudinal and (c) transverse
directions [32].
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ing, especially in the plate thickness direction, were
observed.

Inspection of published results reveals that in
some cases, bimodal Al-Mg alloys [33] have higher
strength but lower ductility than those of similar
ultrafine-grained Al-7.5%Mg alloy [34] and conven-
tional Al-Mg [34]. Moreover, there is a trend of de-
creasing strength and increasing elongation with
increasing fraction of submicron-grained regions
occurs, as shown in Fig. 3b [33,36]. The
nanostructured regions of bimodal Al-7.5%Mg alloy
have grain sizes of 100 � 300 nm and submicron-
grained bands have a grain size of ~ 1 µm [33]. The
optical microstructure of an extruded cryomilled Al-
Mg alloy containing 30 % unmilled submicron grains
is shown in Figs. 4a and 4b. The dark areas are
cryomilled nanostructured regions and the grayscale
regions are the unmilled submicron-grained regions,
which are distributed along the extrusion direction.
A good combination of strength and ductility is ob-
tained in the cryomilled Al-Mg alloy with 30% of
submicron-grained regions.

In an effort to enhance our understanding of the
mechanisms that are responsible for the behavior
of bimodal materials, a number of numerical stud-
ies have been published [37,38]. A two-dimensional,
self-consistent embedded unit-cell model, which is
based on fundamental continuum mechanics at the
meso-scale and extracted from a random array of
particles in the case of a composite material, pro-
vides an ideal approach that is used to simulate the
stress distribution and deformation behavior in metal
matrix composites [37,38]. In one example, the unit-

Fig. 3. (a) Tensile behavior of cryomilled Al-Mg-Sc [29], bimodal cryomilled Al-Mg alloys [33] and cryomilled
UFG Al-Mg alloy [34] compared to an Al-Mg alloy [35]. (b) The effect of volume fraction of unmilled submi-
cron-grained materials on strength and ductility of bimodal cryomilled Al-Mg alloys [33,36].

cell model was employed to model the uni-axial ten-
sile behavior during elastic-plastic deformation of
bimodal nanostructured Al-Mg alloys [36]. It is ob-
served that the meshes still remain intact when the
applied stress reaches the yield strength, and, in
addition, that the stress/strain distribution remains
uniform immediately after yielding since there is no
distortion in any domain. With the onset of plastic
deformation, the stress field becomes heteroge-
neous and the plastic strain tends to be concen-
trated in the vicinity of interfaces at the lateral sides
of submicron grains. Von Mises stress distribution
for the Al-Mg alloy with 30% submicron grains after
fracture initiation is shown in Fig. 4c. It is observed
that the stress heterogeneity is even worse after
the failure of elements, resulting in higher stress in
the lateral areas than that in the axial direction [36].
The fracture surface of the bimodal Al-Mg alloy with
30 pct submicron grains is shown in Fig. 4d. Delami-
nation at interfacial areas between nanostructured
regions and submicron-grained regions occurs in
both cases, indicating large deformation occurs at
interfaces during nucleation and propagation of
cracks. The necking deformation and the dimple
morphology are also observed in the submicron-
grained regions, which indicate that there is signifi-
cant plastic deformation in the submicron-grained
regions via a ductile bridging mechanism [36].

In related studies, the tensile behavior of
nanostructured Al-10Ti-2Cu alloy, processed via
cryomilling technique, was reported [39,40]. Exami-
nation of many representative micrographs indicated
that the microstructure of the nanostructured Al-10Ti-

a) b)
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a) b)

c) d)
Fig. 4. Optical microstructure of cryomilled Al-Mg alloy containing 30% submicron-grained regions in (a)
longitudinal and (b) transverse directions. (c) Von Mises stress distribution for the Al-Mg alloy with 30%
submicron grains after fracture initiation [36]. (d) Fractography of the bimodal Al-Mg alloys with 30% submi-
cron grains.

2Cu alloy consists of two phases, approximately
90% nanostructured regions containing grains of 30-
70 nm and 10% coarse-grained phase around bound-
aries of the former regions, which appear as �islands�
in the matrix of the nanostructured phase, are dis-
tributed along the extrusion direction with a width of
about 2 mm. Compression behavior of the as-ex-
truded Al-10Ti-2Cu alloy is compared with its ten-
sile behavior in Fig. 5 [41]. Inspection of the figure
reveals that there are a strain softening behavior in
the compression of the nanostructured Al-10Ti-2Cu
alloy and a small asymmetry of yield strength be-
tween tension and compression, with an ultimate
strength ratio of 0.90-0.92. The asymmetry behav-
ior of the nanostructured Al-Ti-Cu alloy was attrib-
uted to the presence of two spatial domains in the

microstructure rather than the intrinsic behavior of
the nanostructured Al-Ti-Cu alloy [41].

In summary, ductility of nanostructured materi-
als processed via milling decreased with decreas-
ing grain size. The plastic deformation of
nanostructured materials is characterized by a short
region of strain hardening, followed by a region of
low strain hardening or work softening behavior. Al-
though dislocation movement is expected because
of relatively large grain size (50 � 200 nm), strain-
hardening region is very short, resulting in the value
of yield strength very close to that of ultimate ten-
sile strength. Ductility in the nanostructured mate-
rials with bimodal microstructure is increased, as
manifested with a longer low strain hardening or work
softening region.
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Fig. 5. The tension-compression asymmetry of
nanostructured Al-Ti-Cu alloy [41].

2.2. Mechanical properties of
nanostructured materials
processed by electrodeposition

Electrodeposition is an effective approach to manu-
facture sheets of nanocrystalline materials, such
as sheets of Ni, Cu and several other nanocrystalline
metals with grain sizes of 10 � 40 nm and a thick-
ness of 100 � 300 µm [11,42]. The success of elec-
trodeposited nanocrystalline materials with grains
in the range of several nanometers makes it pos-
sible to investigate mechanical properties of mate-
rials in the nano-scale range, such as the validation
of negative Hall-Petch relationship and the transi-
tion of deformation mechanisms from dislocation
plasticity to grain boundary sliding (GBS).

Nanocrystalline Ni. A nanocrystalline Ni with gain
sizes of 40 � 50 nm was prepared by a pulse elec-
trodeposition technique and inspection of tensile
tests reveals that there is a significant strain hard-
ening region from yielding to the ultimate tensile
strength with a tensile ductility of 1 � 3 pct [11].
Inspection of the strength results indicates that the
Hall-Petch relationship is maintained well up to ap-
proximately 10 nm grain size. Therefore, the strain
hardening is attributable to the accumulation of dis-
locations and eventually formation of dislocation
cells. A strong temperature dependence of strength
in nanocrystalline Ni is observed. The ratio of
strength obtained at � 196 °C to strength obtained
at room temperature in nanocrystalline Ni is much
higher than that in coarse-grained Ni. Multiple de-
formation mechanisms are suggested to operate in
nanocrystalline Ni and the high activation energy

deformation mechanism is suggested to be dislo-
cation transmission through grain boundaries. How-
ever, because the grain size was characterized by
X-ray diffraction techniques, the grain size distribu-
tion, grain boundary misorientation and the disloca-
tion variation during plastic deformation were not
reported. Therefore, there is no available experimen-
tal evidence that can support their explanation re-
garding the deformation mechanisms.

Similar tensile ductility of 2 � 4 pct and signifi-
cant strain hardening behavior are observed in an-
other nanocrystalline Ni with a grain size of 30 nm,
which is prepared by a pulse electrodeposition tech-
nique [43]. In this study, grain boundary migration
is proposed to be the dominant deformation mecha-
nism at room temperature [43]. However, it is diffi-
cult to rationalize the observation of significant strain
hardening behavior on the basis of the deformation
mechanisms involving grain boundary migration.

In another report, tensile behavior of
nanocrystalline electrodeposited Ni with grain sizes
of ~ 20 nm was investigated at a wide range of strain
rates from 10-5 to 103 s-1 [44]. In the low strain rate
regime (10-5 to 10-2 s-1), the maximal strains that
can be obtained decrease from 2.2% to 0.4% with
increasing strain rate, while the ultimate tensile
strength remains almost approximately constant.
In the high strain rate regime (100 to 103 s-1), the
ultimate tensile strength increase significantly with
increasing strain rate, while the maximal strains
range between 1.2 and 1.8%. The tensile ductility
obtained in electrodeposited nanocrystalline Ni is
usually less than 3%. The low ductility is argued to
be attributable to the possible grain boundary con-
tamination by impurity, especially sulfur, and/or the
presence of cavities or pores along grain boundaries
and probably also inside some grains [44]. Together
with the pronounced increase in the UTS at high
strain rates, a change in fracture characteristics is
observed, as represented by the fracture surface at
55 - 65° corresponding to the angle of maximal shear
under plain strain condition and the appearance of
necking.

Recently, the influence of annealing and impuri-
ties on tensile properties of electrodeposited
nanocrystalline Ni was investigated in detail [45].
The as-deposited Ni has grain sizes in the range of
5 � 50 nm and an average grain size of 29 nm. An-
nealing at 373K for 1 hour has a slight influence on
the gain size. Abnormal grain growth was observed
after annealing at 473K for 1 hour, generating the
microstructure with a bimodal distribution of grain
sizes, average grain size of 70 nm and 300 nm.
Further annealing at 573K caused the growth of
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most grains to the range of 1 � 2 µm. It is interest-
ing to note that annealing treatment at temperatures
of 373 and 423K enhanced tensile strength. This
observation is rationalized in terms of relaxation of
the non-equilibrium grain boundaries after anneal-
ing, resulting in more resistant of grain boundaries
to dislocation activity [46]. Tensile strength de-
creased, as expected, after annealing at tempera-
tures of higher than 473K. Tensile ductility only in-
creased slightly after annealing at a temperature of
373K, and then decreased with increasing anneal-
ing temperature. It is interesting to note that although
grain size is small in the as-deposited nanocrys-
talline Ni and the nanocrystalline Ni after annealing
at 373K, there is a significant strain hardening be-
havior. The strain hardening behavior became ap-
parent after annealing at temperatures of 423K and
473K due to the existence of submicron grains. There
is almost no ductility in Ni after annealing at tem-
peratures higher than 523K. Both strength and duc-
tility decrease after annealing at the higher tempera-
tures was attributed to the segregation of impurity
sulfur along the grain boundaries [45].

The temperature dependence of strength of the
electrodeposited Ni and Co alloys was investigated
by comparing tensile strength at room temperature
and at cryogenic temperature [47]. Very low value
of activation volume (~10 b3) is observed in nc Ni
and nc Co, compared to that (800 � 1000 b3) in the
coarse-grained Ni and Co. Therefore, the thermal
activated deformation mechanism in nc materials
might be different from that in the coarse-grained
materials. It was argued that the forest spacing of
dislocations in the nc Ni might be a couple of na-
nometers because of the small activation volume,
excluding the accumulation of dense dislocations
in the grain interior. Dislocations are emitted from
grain boundary sources and travel though the grain
to be incorporated into the opposing grain bound-
ary, resulting in a rather small activation energy [47].

A nanocrystalline Ni-W alloy with a grain size of
8.1 nm was prepared by direct current electrodepo-
sition [48]. Although there is a low value of elonga-
tion to failure (<1%), a dimple pattern of the fracture
surface is observed. The microstructure of the
nanocrystalline Ni-W alloy after tensile deformation
is observed by high resolution electron microscopy.
The observation of microstructure at the immediate
vicinity of fractured surface reveals that there are
many nano-sized grains with various contrasts. Both
stacking faults and twins are observed in a few grains.
It is interesting to note that there is a long wide
curved band of linear defects along grain boundaries.
Inspection of structural defects described above

suggests that grain boundary sliding might be the
dominant deformation mechanism. In this case, each
grain boundary undergoes different degree of slid-
ing. A group of neighboring nanograins, rather than
individual grain, slides together as grain clusters,
as reflected by the dimple morphology [48].

Nanocomposites consisting of submicron size
SiC particulates (~ 0.4 µm) in a nanocrystalline Ni
matrix with grain sizes as small as 10 nm were
manufactured by the technique of pulse electrodepo-
sition [49]. It is interesting to note that not only the
tensile strength but also ductility of the
nanocomposites with low SiC content (<2%) is
higher than those of nanocrystalline Ni with the same
grain size. The ductility of 3.4% was observed in
the nanocomposite Ni with 0.7% SiC. However, at
higher SiC content (>2%), the strength and ductil-
ity of the nanocomposites were found to be worse
due to the particle clustering in the microstructure.

Nanocrystalline Cu and Co. The mechanical prop-
erties of electrodeposited nanocrystalline Cu have
been recently reported. In this study, the
nanostructured Cu processed by means of the elec-
trodeposition technique has a grain size of ~ 28
nm, however, further observation by means of high
resolution electron microscopy indicates that the
as-deposited sample consists of ultrafine crystal-
lites with sizes ranging from a few nanometers to
about 80 nm, separated by low angle grain bound-
aries (with a misorientation of 1 � 10°) that com-
prised of dislocation arrays [50,51]. High values of
strain to failure (15% - 55%) along with an obvious
strain hardening behavior are observed in tensile
behavior of the nanostructured Cu at strain rates of
6.10-5 s-1 to 1.8.103 s-1. Yield strength and ultimate
tensile strength as well as ductility increase with
increasing strain rate. It is interesting to note that
although the grain sizes of the nanostructured Cu
are much smaller than the corresponding coarse
grained Cu, the value of flow stress in the former is
much less than that in the latter. Superplastic ex-
tensibility during cold rolling is also observed in a
nanostructured Cu prepared by electrodeposition
[52]. A deformation mechanism dominated by grain
boundary deformation, rather than by dislocation
activity in the lattice was considered to be domi-
nant.

The tensile behavior of nanocrystalline electrode-
posited Co with an average grain size of 12 nm was
investigated [53]. Not only flow strength, but also
ductility increased with increasing strain rate dur-
ing the tensile deformation. Elongation to failure of
9% is obtained at a strain rate of 10-4 s-1. A smaller
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work hardening exponent in nanocrystalline Co than
in nanocrystalline Ni with a similar grain size is ob-
served. The experimental observation in this study
is different from the findings in electrodeposited
nanocrystalline Ni with a similar grain size, which
are usually explained by the dislocation slip behav-
ior. On the basis of the observation of high concen-
tration of stacking faults/microtwins in the micro-
structure, it was proposed that mechanical twinning
plays an important role in the plastic deformation of
nanocrystalline Co [53]. Twinning requires a higher
activation stress than dislocation slip but then pro-
ceeds with relatively smaller stress increments, re-
sulting in a lower work hardening exponent [53].

In summary, results of above several examples
of electrodeposited nanocrystalline materials indi-
cate that there is a significant strain hardening re-
gion after yielding before reaching the ultimate ten-
sile strength and a region of low strain hardening or
work softening after the maximum strength is not
observed. It is interesting to note that although the
grain size (~30 nm) in nanocrystalline materials pro-
cessed by electrodeposition is rather smaller than
that by milling, a significant strain hardening region
is widely reported.

Nanostructured Al-Fe alloys. There are several
bulk nanostructured materials processed using ap-
proaches, other than consolidation of milled pow-
ders or electrodeposition. For instance, bulk
nanostructured Al-Fe alloys can be prepared by elec-
tron-beam deposition [54] when the atom fraction of
Fe is higher than 2 pct. The tensile strength of de-
posited Al-Fe alloys increases with increasing Fe
content, reaching 1000 MPa at 2.5 at.% Fe frac-
tion. However, the ductility of deposited Al-Fe alloy
decreases with increasing Fe content and is brittle
at atomic fractions higher than 2.5. A good combi-
nation of strength and ductility is observed in the
nanostructured Al-1.7Fe alloy processed by e-beam
deposition [55]. The average sub-grain size of 85
nm was observed in the microstructure of an Al-
1.7Fe alloy with an average grain size of 2 µm with
high-angle misorientations. Since there is no evi-
dence of Fe-bearing second-phase particles in the
Al-1.7Fe alloy, as manifested by only five Al peaks
in X-ray diffraction patterns and only Al circles in
SAED patterns in TEM observation, it was concluded
that the Al-1.7Fe alloy is a supersaturated solid
solution. Furthermore, lattice distortions in the nano-
scale range were observed in high resolution elec-
tron microscopy (HREM), which might be attributed
to the possible presence of defects, clusters of the
alloy atoms, or nano-scale precipitates in the inte-

rior of grains. The lattice mismatch and lattice bend-
ing in the vicinity of lattice mismatch were also ob-
served in the Al-1.7Fe alloy by HREM. A better
strength and ductility balance is considered to arise
from the nano-scale grain size and the absence of
detectable levels of second-phase particles [55]. The
low strain hardening or work softening behavior is
observed in the material.

3. DISCUSSION

3.1. Effect of processing history on
mechanical properties

The aforementioned results indicate that there is a
significant effect of processing history on mechani-
cal properties of nanostructured materials. Consoli-
dation of nanostructured materials from milled pow-
ders is usually accomplished at lower temperatures
in order to avoid significant grain growth. As a re-
sult, the possibility of porosity or incomplete bond-
ing usually exists, unless proper processing param-
eters are selected. Porosity, like the lack of dislo-
cation activity, in nanocrystalline materials is argued
to be responsible for poor tensile performance
[15,17]. An example in support of this argument can
be provided by comparing the tensile yield strength
to the compression yield strength in nanocrystalline
Cu. For this metal, tensile yield strength, compres-
sion yield strength and third of microhardness
(H

v
/3) as a function of (grain size)-1/2 for

nanocrystalline Cu are shown in Fig. 6a [15]. The
values of tensile yield strength are clearly lower than
those of compression yield strength and third of
microhardness. It is suggested that the asymmetry
of yield strength between tension and compression
is attributed to the existence of porosity in the con-
solidated nanostructured materials. A similar asym-
metry of yield strength due to the processing de-
fects is also observed in a nanostructured Al-
7.5%Mg alloy [32]. In this case, the existence of a
few micron-size inclusions in the microstructure is
thought to be responsible for the fact that the yield
strength and ductility in tension are lower than those
in compression.

Nanostructured materials processed via consoli-
dation of milled powders usually contain contami-
nation elements and nanoscale dispersoids that are
generated during milling. For example,
nanostructured Al alloys processed via cryomilling
processing usually contain other elements, in addi-
tion to their alloying elements [10,29]. Fe, Ni, Cr
and Mn were contaminants from the milling media
(stainless steel balls and vial) used in the milling
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a) b)

c) d)
Fig. 6. (a) Tensile yield strength, compression yield strength and H

v
/3 as a function of (grain size)-1/2 for

nanocrystalline Cu, taken from [15]; (b) and (c) comparison of mechanical properties of a cryomilled Al-Mg-
Sc alloy with conventional 5083 Al [29]; and (d) Segregation of sulfur at grain boundary is evident, taken
from [45].

process. N, O, C and H were introduced into the
material by a process control agent (0.2 � 0.3 wt.
pct of stearic acid CH

3
(CH

2
)

16
CO

2
H) during

cryomilling. In this particular study, Si, Cu, Zn and
Ti are thought to have originated from the starting
powder materials. The existence of extraneous ele-
ments influences both the microstructure and the
mechanical performance of the cryomilled Al alloys.
Some of the extraneous elements form nanoscale
dispersoids during processing, as shown in Fig. 2b.
Dislocations and their interactions with nanoscale
particles were observed in a few grains. For
nanostructured Al alloys processed via cryomilling
processing, although porosity can be significantly
eliminated by implementing carefully-chosen pro-

cessing routes, contamination cannot be totally
avoided, which can have a significant effect on me-
chanical properties. The segregation of extraneous
elements was considered to be one of reasons for
the poor mechanical properties at elevated tempera-
tures of a near-nanostructured Al-Mg-Sc alloy, com-
pared to conventional 5083 Al alloy, as shown in
Figs. 6b and 6c.

Contamination also exists in processing of
nanocrystalline materials by electrodeposition [45].
Segregation of various elements to grain boundaries
has a significant effect on mechanical properties of
electrodeposited nanocrystalline materials, result-
ing in the intergranular embrittlement behavior. Al-
though it appears that contamination has a negli-
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gible effect on the mechanical properties of the as-
deposited nanocrystalline materials, segregation of
contamination elements to grain boundaries after
annealing will embrittle the material when deformed
at room temperature. As shown in Fig. 6d, there is
an evidence of segregation of sulfur at grain bound-
ary of nanocrystalline Ni after annealing at a tem-
perature of 523K [45].

3.2. Strain hardening behavior

Based on the Hall-Petch relationship, the strength
of nanocrystalline materials increases with decreas-
ing the grain size. It appears that the Hall-Petch
relationship in electrodeposited Ni material is kept
to a finest grain size of approximately 10 nm [11,56].
Therefore, for most of nanocrystalline materials pro-
cessed by electrodeposition with grain sizes of 10
�40 nm, the dislocation-mediated plasticity plays a
dominant role in plastic deformation. A long strain-
hardening region after yielding observed in the
nanostructured materials processed by electrodepo-
sition could be explained by the theory of disloca-
tion multiplication [57]. The nanostructured materi-
als processed by electrodeposition usually fail after
reaching the maximum strength.

In the nanostructured materials processed by
milling, a short strain-hardening region after yield-
ing is usually observed. It is interesting to note that
although the grain size of nanostructured materials
processed by milling is larger than that of nanostruc-
tured materials processed by electrodeposition, the
strain-hardening region after yielding is shorter in
the former material. After the maximum stress, there
is an evidence of stress-drop. Similar phenomenon
of stress drops is also observed in other MA Al al-
loys [58-60], in which the stress drop was attrib-
uted to the collective movement of large numbers of
mobile dislocations that were previously pinned by
a complex network of fine dislocation cells. The
subsequent flow stress plateau was attributed to
the reduced resistance to glide of unpinned dislo-
cations. Since there are small amounts of nanoscale
dispersoids in the nanostructured materials pro-
cessed by milling, the detachment of dislocations
from nanoscale oxide or nitride dispersoids is con-
sidered to be one possible explanation for the phe-
nomenon of stress-drop. During yielding, disloca-
tions can accumulate around nanoscale disper-
soids. When the accumulated dislocations annihi-
lated in the vicinity of nanometric dispersoids under
high applied stresses, a stress-drop may occur in
the stress-strain curve [34].

In many cases, stress drops in nanostructured
materials are associated with the initiation of Lüders
bands on the surface of tensile specimens [61].
During Lüders band formation, propagation of the
Lüders band is limited by the presence of glide ob-
stacles and does not extend across the gage sec-
tion of the alloys. Therefore, the deformation strain
after the maximum strength in nanostructured ma-
terials is mainly related to the formation and propa-
gation of Lüders strain. In the case, ductility of
nanostructured materials is attributed to two parts,
which consist of the uniform deformation (ε

u
) and

the occurrence of Lüders strain (ε
L
). The total strain

can be expressed as ε = ε
u
 + ε

L
.

In previous investigations of Lüders bands in UFG
Al-Mg alloys processed via thermomechanical
routes [62-65], serrated yielding in the stress-strain
curves has been attributed to the interaction of dis-
locations with Mg solute atoms. Recent investiga-
tions of Lüders bands in UFG Al-Mg alloys [66] have
revealed that Lüders band formation is influenced
not only by Mg solute pinning and grain size, but
also by the material processing history and the de-
formation conditions. In particular, the presence or
absence of Luders effect is related to grain bound-
ary structure. According to one study [66], the
Lüders effect is observed when dislocation-free
boundaries are formed during processing. Con-
versely, if a high concentration of grain boundary
dislocations is formed during processing, the Lüders
effect may be absent.

Following the initiation of Lüders band (in flat dog-
bone specimens) or necking (in cylindrical dog-bone
specimens), the phenomenon of the low strain hard-
ening or work softening behavior is often observed
in the stress-strain curves. This trend is manifested
in the presence of a longer steady-stage extending
from the ultimate stress to the failure point. A low
strain hardening or work softening behavior is an-
other characteristic that is often observed in the ten-
sile deformation of many materials [9,10,29,39,
55,58-60,67-69]. In the investigation of MA alumi-
num alloys, the work softening behavior was ex-
plained by the modified theory of low energy dislo-
cation structure (LEDS) [59,70]. It was proposed
that the work softening was accomplished through
the reduction of dislocation density or the reduction
of the Hall-Petch strengthening. It is widely accepted
that the strength of crystalline materials in terms of
the critical resolved shear stress (t) on the opera-
tive glide systems is correlated with the dislocation
density (ρ):

τ τ α ρ= +
0

Gb ,  (2)
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where τ
o
 is the friction stress acting on the disloca-

tion sliding and a equals to 0.4 within a factor of two
or so. During straining, the critical shear stress in-
creases with increasing dislocation density. Never-
theless, in nanostructured materials processed via
milling, it is quite possible that exceptionally high
dislocation densities have been introduced during
the course of mechanically milling. For instance,
the high dislocation densities of 1.3.1017 m-2 are
observed in the cryomilled Al-Mg powders with a
gain size of ~25 nm [30,71]. After consolidation,
the dislocation densities in the cryomilled Al alloys
might be still high, since dislocations were clung to
the nanoscale dispersoids in the microstructure,
which were generated during the milling. Such high
dislocation densities might be higher than those
under equilibrium conditions. The subsequent plas-
tic deformation will reduce the initial dislocation
density and thus the flow stress, since every new
glide dislocation loop will give rise to the annihila-
tion of more than its own length, resulting in the
work softening [59]. Work softening may also be
due to a reduction in the friction stress of the Hall-
Petch strengthening as in dislocation unlocking from
impurity or alloying atmosphere, or the breaking of
barriers in grain or dislocation structures [57].

Another explanation for the low strain hardening
or work softening behavior is the occurrence of dy-
namic recovery during plastic deformation [34,57].
Mobile dislocations can be trapped by both impen-
etrable obstacles and forest dislocations, forming
additional obstacles to glide that contribute to strain
hardening. On the other hand, immobile dislocations
may annihilate due to cross-slip or rearrange to form
sub-boundaries of relatively low energy, contribut-
ing to dynamic recovery [72,73]. Dynamic recovery
was considered to take place in the low-strain-hard-
ening region of the tensile and compressive behav-
ior of UFG AlFeVSi alloy [74]. Although solute ad-
ditions usually retard dynamic recovery by increas-
ing lattice frictional stress, inhibiting dislocation slip,
a high disorder region as well as the associated
high vacancy concentration in cryomilled Al alloys
may facilitate recovery, causing low strain harden-
ing and a relatively high ductility.

3.3. Ductility of nanostructured materials

Although the strength increase follows the Hall-Petch
relationship in most of the nanostructured materi-
als reviewed in the present paper, a ductility de-
crease with decreasing grain size is evident, de-
spite considerable scatter in the data [75,76]. The
processing approach has an influence on the value

of elongation. For instance, for the same grain size,
the values of elongation in nanostructured alumi-
num alloys by severe plastic deformation are higher
than those by consolidation of mechanically milled
powders [76]. As reported elsewhere [18,77], the
low tensile ductility of many nanostructured materi-
als is often attributed to processing defects and flaws
(porosity or poor interfacial bonding). The low duc-
tility in nanostructured materials by milling may also
be related to the lower density of mobile disloca-
tions (ρ

m
). The value of uniform strain (ε

u
) can be

expressed as:

ε ρ
u m

bL= ,  (3)

where b the Burgers vector and L is the average
distance of dislocation movement. In nanostructured
materials processed via consolidation of mechani-
cally milled powders, most of the dislocations are
most likely to be immobilized due to their strong
interactions of dislocations with nanoscale disper-
sions.

In order to overcome the low ductility problems
in nanostructured materials, several bimodal
cryomilled Al-Mg alloys are processed with both the
same processing routes and the parameters except
containing the different volume fractions (15 and 30
wt. pct) of unmilled submicron-grained powders [33].
After consolidation, they were extruded using the
same parameters to eliminate the residual porosity
and improve mechanical properties. The grain size
in the nanostructured regions and in the submicron-
grained regions is 100 � 300 nm and 1 µm, respec-
tively [33]. According to previous studies on two-
phase cryomilled Al alloys, there is no much change
in the microstructure of nanostructured regimes af-
ter extrusion [78]. However, there is a directional
distribution of submicron-grained regions after ex-
trusion, which is elongated along the extrusion di-
rection [39-41,78].

There is a decrease in strength while ductility
increases with increasing fraction of submicron-
grained regions in cryomilled nanostructured mate-
rials, as shown in Fig. 3b. The observed decrease
in yield strength of the bimodal Al alloys with in-
creasing coarse-grain fractions is attributed to the
load transfer to softer constituents. The relationship
between yield strength (σ

0.2
) and volume fraction (V

u
)

of unmilled powders can be approximated by a
simple rule of mixtures,

σ σ σ
0 2

1
.

( )= − +V V
u c u u

, (4)

where σ
c
 and σ

u
 are the yield stress of nanostructured

materials processed with 100 pct cryomilled pow-
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ders and 100 pct unmilled powders, respectively.
Adding submicron grains into the nanostructured
matrix will bring both enhanced dislocation activity
as well as longer distance of dislocation movement
in the materials, resulting in a higher ductility. Al-
though there is a significant increase in ductility in
bimodal cryomilled materials, the duration of strain
hardening region (uniform strain) is not increased
as expected and a longer low strain hardening be-
havior (or work softening behavior) is observed.

The microstructure of nanostructured materials
with the bimodal grain size distribution processed
via powder metallurgy routes is analogous to short-
fiber metal matrix composites, in that the submi-
cron-grained bands are distributed parallel to the
extrusion direction. The bands tend to be discon-
tinuous when the volume fraction of coarse gains is
low, and continuous when the volume fraction of
coarse gains is high. Metal matrix composites usu-
ally have lower fracture toughness and low ductility
than unreinforced matrix materials although they
possess higher specific stiffness and strength. Lami-
nated metal composites with ductile layers are de-
veloped for the purpose of improvement of the duc-
tility and toughness [79,80]. Several toughening
mechanisms have been proposed to explain duc-
tile-phase toughening of composite microstructures,
such as crack bridging, crack blunting, crack de-
flection, stress distribution of crack tip, crack front
convolution and local plane stress deformation, etc.
[79,81].

On the basis of microstructural characteristics
of bimodal nanostructured materials, a model of
crack blunting combined with the concept of delami-
nation has been developed, as illustrated in Fig. 7
[61]. The figure shows the propagation of a micro-
crack in a nanostructured material with a bimodal
lamellar structure. In the bimodal Al alloys,
microcracks are expected to nucleate first in the
harder nanostructured regions and propagate along
grain boundaries. When a microcrack meets a sub-
micron-grained band, the band will retard propaga-
tion by blunting the crack and/or by delamination of
interfaces between submicron-grained and
nanostructured-grain regions, as shown in Fig. 7a.
When more dislocations are emitted into the sub-
micron grain, a new slip surface may be formed,
eventually leading to necking and cavitation within
the submicron-grained bands, as shown in Fig. 7b.
Finally, dimples on the submicron-grained regions
and delamination at interfaces will be generated on
fracture surface (as revealed in Fig. 7c). The delami-
nation at interfaces and the necking deformation of

Fig. 7. Delamination and bridging mechanisms in a
bimodal microstructure [61].

ductile submicron-grain regions will cause signifi-
cant energy loss, resulting in an enhanced tensile
ductility.

4. SUMMARY AND CONCLUSIONS

The mechanical properties of nanostructured mate-
rials processed by consolidation of nanocrystalline
powders and by electrodeposition are reviewed. The
nanocrystalline materials obtained by consolidation
of powder of inert-gas condensation contain pro-
cessing defects � that have a significant effect on
mechanical properties, resulting in low ductility. The
nanostructured materials processed by cryomilling
have a good combination of strength and ductility.
However, because of experiencing several thermo-
mechanical routes, grain sizes in cryomilled
nanostructured materials usually grow to the range
of 100 � 200 nm. A short region of strain hardening,
followed by a long region of low strain hardening or
work softening behavior is usually observed in the
plastic deformation of nanostructured materials pro-
cessed by milling. The nanostructured materials
processed by electrodeposition have a grain size of
10 � 40 nm. Although the grain in nanocrystalline
materials processed by electrodeposition is smaller
than that by milling, significant strain hardening re-
gion is observed in the former materials.

The processing history has a significant effect
on mechanical properties of nanostructured materi-
als. Asymmetry of yield strength between tension
and compression is attributed either to the exist-
ence of porosity or to the bimodal phase distribu-
tion. Strain hardening in nanostructured materials
can be explained by the theory of dislocation multi-
plication. The low strain hardening behavior in
nanostructured materials processed by milling can
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be attributed to dislocation annihilation or dynamic
recovery during plastic deformation. Low ductility in
nanostructured materials can be overcome by add-
ing submicron grains into nanostructured region for
the formation of bimodal microstructures.
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