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Abstract. This overview outlines the current state of the nanotwinned structures studies in metal-
lic nanomaterials. The various processes of twin generation, such as the pulse electrodeposi-
tion technique, magnetron sputtering and different variants of severe plastic deformation (equal
channel angular pressing, high pressure torsion, accumulative roll bonding, and surface me-
chanical grinding/rolling treatment, etc.), are described. The structural characterization of the
growth/deformation twins by transmission electron microscopy methods, including high-resolu-
tion one, is discussed. Special attention is given to a surface mechanical grinding/rolling treat-
ment for the gradient structure formation with a high content of low-angle twinned boundaries.
The influence of nanotwinned structure on the nanomaterials strength, ductility, fatigue proper-
ties, electrical conductivity, especially under extreme conditions (such as high temperatures,
irradiation and corrosion actions) is discussed in details. A significant increase of these proper-
ties as compared with conventional nanomaterials is underlined. In many cases, the
nanomaterials with the nanotwinned and gradient structure remain tolerant to the various ex-
treme conditions, such as high temperature heating, irradiation, deformation and corrosion
actions. Some poorly researched aspects are also put into considerations.

1. INTRODUCTION

It is well known that the twin formation is connected
and accompanied  with the plastic deformations and
can manifest itself in the growth of crystals, for ex-
ample, in the processes of electrodeposition and
physical vapor deposition coatings (so-called defor-
mation and growth twins). Interest in the
nanotwinned structures in metal base nanomaterials
has increased significantly in connection with re-
sults of Lu, Zhang, and co-authors [1-3]. The most
interesting information of these investigations was
obtained using Cu samples with nanotwinned struc-
ture and can be formulated as follows:
U it was discovered that these samples had the high
values of strength and electrical conductivity, con-
sidering that nanotwinned boundaries present an
effective blockage for the dislocation motion, but at
the same time remain permeable for conduction elec-
trons [1];

U it has been shown that from the high strength com-
bination with a good ductility there follows a known
Hall–Petch relation by ta]ing the twin lamellar thic]-
ness ( ), being equivalent grain size (d) [2];
U it was noted that sputtered films have remarkable
thermal stability after annealing at 800 °C (0.74 T

m
,

where T
m
 is the melting point of Cu) much on this

indicator superior to  conventional copper
nanomaterials [3].

These results seem to be interesting for the de-
velopment of such areas as the identification of
nanomaterials with the high level of physical/me-
chanical stable properties and the establishment of
appropriate theoretical approaches. In our previous
studies [4], some problems of the nanomaterials
tolerance under extremes were analyzed, but the
need of more detailed considerations and continu-
ous updating of the data seem to be compelling
reasons to return to these issues.
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2. GENERAL INFORMATION ON
TWINNED STRUCTURES AND
METHODS OF THEIR PRODUCING

2.1. Growth twins

Fig. 1 shows typical bright field transmission elec-
tron microscopy (TEM) images for three as-depos-
ited copper samples (a1, b1, and c1) with the same
average grain size (d = 400–450 nm , but with differ-
ent average twin lamellar thickness (15 nm <  <
100 nm). There are also shown the histograms of
the grain size and lamella thickness distributions
(a2, b2, c2, a3, b3, and c3), respectively. The range
of lamellas density is from 0.8 to 5.3x107 m-1. Ac-
cording to X-ray diffraction (XRD) analysis, all elec-
trodeposited objects have texture (110). As you can
see from TEM images (a1, b1, and c1), lattice dis-
locations inside the lamellas are not observed. The
use of high-resolution TEM (HRTEM) has allowed
the establish the fact that most twinned boundaries
are coherent with the lattice  with coincidence of 3

Fig. 1. TEM images (a1, b1, and c1), histograms of grain size distributions (a2, b2, and c2) and twin
lamellar thickness distributions (a3, b3, and c3) in three as-deposited Cu samples (A, B, and C), respec-
tively (adapted from [2]).

interface, associated with the Shockley partial dis-
locations presence, as indicated in the insert of Fig.
2b.

From general thermodynamic considerations,
the formation of twins leads to a total interface en-
ergy decrease, because the excess energy for co-
herent twinned boundaries is much smaller than this
energy in the case of the samples with conventional
high-angle grain boundaries. Some high purity cop-
per samples  (99.995%) in the form of a foil (thick-
ness and length of 30 m and 10–20 mm, respec-
tively) with nanotwinned structure (Figs. 1 and 2)
were obtained by pulsed electrodeposition from a
solution of CuSO

4
 [1,2,5], and in contrast to con-

ventional modes of direct current, these pulsed elec-
trodeposition allows the use of high current density
with a short period time of 0.02 s to achieve a very
high deposition rate (up to 10 nm/s) contributing to
the nucleation sites increase and their growth.

Let us consider other examples of growth twins.
Fig. 3 shows the cross-sections of sputter-depos-
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Fig. 2. TEM and HRTEM images of as-deposited Cu sample with the finest twins (a and b, respectively)
and the distribution of the twin lamellar thickness (c)  (adapted from [5]).

(c) (d)

(a) (b)

Fig. 3. Cross-section TEM images of Cu films in as-deposited state (a) and after annealing at 800°C (b) as
well as corresponding statistical distributions of twin lamellar thickness of as-deposited (c) and annealed
(d) samples (adapted from [3]).

ited Cu films in the as-deposited state and after
annealing at 800 °C; the histograms of the twin
thickness are also shown in Fig. 3.

As is evident from Figs. 3a and 3c, the as-de-
posited films with a thickness of 33 m have a co-
lumnar structure with a (111) texture along the di-
rection of growth (an average grain size d ~ 43 nm)
and are characterized by a high density of twins,
oriented parallel to surface deposition, with the mean
value  of about 4 nm. Some fixed planar defects

were identified to be stacking faults. HRTEM has
allowed establish the fact that the boundaries be-
tween the lamella surfaces and columnar interfaces
have low-angle grain boundary, approximately 9°.

As it can also be seen from Figs. 3b and 3d, an
annealing at 800 °C leads to a broader distribution
in the twin thickness with the average value of 
changing up to ~16 nm, but the general columnar
structure remains valid. Films, demonstrated in Figs.
3a and 3b, were fabricated by magnetron sputtering
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of Cu (99.999%) target at the deposition rate of 2
nm/s on Si (100) substrate with a native SiO

2
 layer

[3]. Annealing of freestanding films was carried out
in vacuum 5 10-7 torr for 1 hour.

The study of interfaces in Ag/Ni, Ag/Al, Cu/Fe,
and Cu/Ni multilayer films prepared by magnetron
sputtering allowed receive the basic criteria for for-
mation of growth twins in high stacking fault energy
face-centered cubic (FCC) metals [6]. These two
criteria can be formulated by following: (1) a low
stacking fault energy buffer layer that facilitates the
occurrence of twin seeds and (2) global coherence
between the coherent similar interfaces or local
coherence between coherent dissimilar interfaces
that permits twins to propagate across layer inter-
faces.

2.2. Deformation twins

Fig. 4 shows the basic schemes of severe plastic
deformation (SPD) used for deformation effects in
nanomaterials: equal channel angular pressing
(ECAP), high pressure torsion (HPT), accumulative
roll bonding (ARB), surface mechanical grinding/at-
trition treatment (SMGT/SMAT), and surface rolling
treatment (SRT). Traditional technological schemes

Fig. 4. Schematic illustration of some SPD techniques: (a) ECAP; (b) HPT; (c) ARB (a conventional sign*
is a designation for initial sample; adapted from [7]); (d) SMGT (adapted from [8]); (e) SRT (adapted from
[9]).

of ECAP and HPT are aimed at creating a more or
less uniform nano- and ultrafine-grained (UFG) ma-
terials and lead to a significant increase in strength
due to of lattice dislocations number increase and
the high-angle boundaries formation [7].

General regularities of the deformation twins for-
mation in nanomaterials, including experimental
data and results of simulation by molecular dynam-
ics (MD), are discussed by Zhu, Liao, and Wu in
detail [10]. It is emphasized that the metals with
FCC structure are the most studied and objects with
hexagonal close-packed (HCP) and body-centered
cubic structure need in further investigation. In ad-
dition, it is important to note that the twins forma-
tion in FCC nanometals, flowing much faster com-
pared to their coarse-grained counterparts, reveals
a dependence on energy of stacking faults ( , mJ
m-2). Thus in the case of Ag (  ~ 15), Cu (  ~ 40),
and Ni (  ~ 120), a higher density of twins (particu-
larly having the smallest thickness of twin lamella)
is observed for silver. It is also interesting to note
that in polycrystalline Ni (d ~ 40 m) after SMAT,
deformation twins were only observed when the grain
size is d < 100 nm, while the larger grain sizes
were fixed dislocation plasticity [11]. The propen-
sity for twinning increases with decreasing grain size
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and deformation temperature as well with a strain
rate increasing. The inverse grain size effect on twin-
ning is observed in Ni samples with a grain size
less than 50 nm [12].

Fig. 5 shows deformation twinning occurring in
a Ni grain of ~80 nm. It is assumed that the twin
formation is occurred due to the heterogeneous
emission of Shockley partial dislocations with
Burgers vector of type a/6 [112 ].

Comparison of various SPD methods in relation
to the nanotwinned structures formation in a model
alloy Cu–30 wt%%Zn with low energy of stac]ing
faults (  ~ 7 mJ m -2, that is, with a high degree of
the deformation twins formation) was conducted in
Ref. [13]. The original samples (diameter of 10 mm
and thickness of 0.8 mm), were subjected to of ECAP
and HPT treatments as well as additional rolling af-
ter ECAP with a thickness reduction of 75% and
95%. The main results of the determination of grain
size, thickness and density of twins, as well as
matrix spaces are given in Table 1.

It is evident from Table 1 that the ECAP and HPT
processing leads to low values of 

t
 and the highest

density of twins, as is observed after ECAP+ 95%
rolling, that does not depend  monotonically on the

Fig. 5. TEM image of deformation twins in the
nanostructured Ni grain. Arrows indicate the twin
boundaries; the inset shows a HRTEM image of the
framed area enclosing a twin boundary (adapted from
[11]).

Table 1. The values of average grain size (d), twin lamellar thickness (
t
), matrix width (

m
), and twin density

(
t
  of the ECAP, ECAP + 75% rolling, ECAP + 95% rolling, and HPT  Cu–30 wt%%Zn samples (adapted

from [13]).

Treatment d (nm)
t
 (nm)

m
 (nm)

t
 (106 m-1)

ECAP 3000 90 177 3.5
ECAP+75% rolling 355 17 32 6.9
ECAP+95% rolling 110 12 24 11.2
HPT 70 11 31 8.3

values of grain size and thickness of twins and matrix
spaces.

Here, we will shortly describe the possibilities
SMGT and SRT methods [8,9], deliberately de-
signed to form the gradient structures with a high
content of low-angle twinned boundaries. Fig. 6
shows typical bright-field cross-sectional and longi-
tude-sectional TEM images of the structure at dif-
ferent distances from the sample surface Ni pro-
cessed by SMGT; the corresponding histograms of
the distribution of grain sizes are also shown
(adapted from [8]). It is clearly visible from Fig. 6
that the grain structure change depends on the dis-
tance from the surface of the processing (h). The
structure study by various methods, including elec-
tron back-scattering diffraction (EBSD), has showed
that the nanostructured layer (d < 100 nm) extends
to a depth of about 80 m. At the very top-layer (h <
10 m), the value of d is about 11 nm, and at h =
10–50 m, the average value of d was equal to 18±5
nm. The grains disorientation varied in a small an-
gular range from 1° to 8°. The low-angle boundaries
part at the depth h = 40 m in the transverse grain
size d = 20 nm is about 100%. UFG structure was
observed in the layer of 80–140 m and the pres-
ence of defects (dislocations and subgrains) was
detected up to 1 mm depth (that corresponds to
about 20% of the deformed zone magnitude for the
original radius size). The share of low-angle bound-
aries at the depth of h = 120 m in the transverse
grain size (d = 180 nm) is about 20%  also.

A detailed study of gradient structures in HCP Ti
produced by SRT was performed using XRD, TEM,
EBSD, and scanning electron microscopy (SEM)
[9]. Fig. 7 demonstrates the effect of distance from
the surface for the processed sample (initial radius
of 8 mm) on the size of grains (subgrains).

As can be seen from Fig. 7, the nanostructured
layer with grain/subgrain size d < 100 nm is ob-
served to a depth h < 70 m. In region I, deforma-
tion is carried out predominantly due to a formation
of deformation twins with texture type
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{1012}<1011>. With distance h increasing (regions
II and III) and enhancement of grain/subgrain size d,
deformation attains more and more dislocation char-
acter with transformation of low-angle boundaries
to the high-angle ones. At a distance h > 800 m
(region IV), the original grain size is observed.

A comparison of deformation effects in FCC Cu
and HCP Ti, processed by SMGT and SRT [8,9],
shows that these results have much in common: a
gradient distribution of grain size, a primary forma-
tion of nanotwins with low-angle boundaries in sur-
face layers, the relatively small extent of surface
nanostructured layers (70–80 m) and total defor-
mation zones (approximately 10–20% of the initial
radius). Being similar in texture and size the result-
ing new twins are naturally different: Cu {100}<001>
and Ti {1012}<1011> as textures typical for FCC
and HCP metals.

(a) (b)

Fig. 6. Cross-sectional (a) and longitude-sectional (b) TEM images of ultrafine-grained (UFG; 110 m deep
from the surface  structure and nanometer-thic] laminated (NL; 40–50 m deep from the surface) structure
of the Ni sample processed by SMGT. Inserts in (a) and (b) are the corresponding distribution of boundary
spacing (adapted from [8]).

Fig. 7. The grain/subgrain size (under XRD, TEM,
EBSD, and SEM data) vs. distance from surface of
Ti sample processed by SRT% The region (I–IV  des-
ignations see in text (adapted from [9]).

The possibility of such SPD method as ARB (Fig.
4c) to create nanotwinned layers in two-phase sys-
tems consisting of immiscible (or partially soluble
in each other) components should also be noted.
This is especially evident in the example of Cu/Nb
multilayer nanocomposites, electron microscopic
images of which are shown in Fig. 8.

At ARB processing, the original many layered
Cu/Nb billet is subjected to high degrees of defor-
mation, during which the initial individual thickness
is reduced from 2 mm to 10–20 nm% As can be seen
from Fig. 8, the Cu/Nb nanocomposite in the final
form has a layered structure, and nanoscale facets
form with a zigzag-like morphology.

3. PROPERTIES OF NANOTWINNED
STRUCTURES

3.1. Mechanical and electrical
characteristics

Mechanisms of the twins influence on the
nanomaterials strength and ductility are discussed
in many papers (see references in the review [10],
among which results [15–17] are the significant and
interesting). The schemes of different strengthen-
ing mechanisms (with solute atoms, dispersed par-
ticles, the dislocation forest, and grain/twin bound-
aries) are presented in Fig. 9.

While traditional methods of the material strength
increasing (Figs. 9a and 9b) are accompanied with
a plasticity decrease, the increase due to nanotwins
number is beneficial for both strength and ductility.
In this case (Fig. 9c), it is assumed [1] that the
interaction between full dislocations and twins leads
to the formation of Shockley partially dislocations
(with the Burger vector b=1/6[121]), easily moving
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Fig. 8. TEM (a; monolayer thickness is of 20 nm) and HRTEM (b; monolayer thickness is of 10 nm) images
of the Cu/Nb nanocomposite produced by ARB (adapted from [14]).

Fig. 9. Schematic illustration of different strengthening metals and alloys: (a) solid solution, solid nanoparticle
and dislocation forest; (b) traditional grain boundary strengthening and (c) nanotwinning strenghthening.
Incoherent high-angle boundaries and coherent low-angle those are shown at (b) and (c), respectively
(adapted from [16]).

on the coherent boundaries, and no non-glissile
Frank dislocations (b = 1/3[111]) under dislocation
dissociation reactions, such as

1/ 2[101] 1/ 6[121] 1/ 3[111].

It is believed that glissile Shockley partial dislo-
cations provide plasticity and non-glissile Frank dis-

locations are responsible for the strength. The for-
mation of Shockley partial dislocation is confirmed
by the HRTEM results (Fig. 10, adapted from [2]).
However, a comprehensive analysis of experimen-
tal data, results of the MD methods simulation and
other techniques have shown [15,17] that some of
the details of the dislocations interaction mecha-
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nisms with nanotwins and their influence on the
strength and ductility still require further investiga-
tion.

It was established experimentally that the de-
crease of the twin lamellae thickness leads to the
increase of strength and ductility as well as to the
increase of the coefficient of rate sensitivity m =
( ln / ln ), where  and  are the stress of deforma-
tion and strain rate, respectively. Fig. 11 demon-
strates the influence of the value of d and  on these
characteristics for the electrodeposited copper
samples (Figs. 1 and 2).

As can be seen from Figs. 11a and 11c, the in-
fluence of the of d and  values on the strength and
the rate sensitivity has as a whole a similar charac-
ter. In contrast, the dependences of the elongation
have the opposite forms (Fig. 11b), reflecting the
significantly different nature of dislocation behavior,
as can be seen also at Figs. 9b and 9c. The depen-

Fig. 10. HRTEM image of the structure close to the
failure of electrodeposited Cu sample C (Fig. 1c3)
with Shockley partial dislocations at the nanotwinned
boundaries (adapted from [2]).

Fig. 11. Effect of grain size (d – blue lines,  ) and
of twin lamellar thickness (  N red lines, ) on prop-
erties of nanomaterials: (a) strength/hardness, (b)
elongation-to-fraction, and (c) rate sensitivity
(adapted from [16]).

Fig. 12. Plots of tensile yield strength of Cu (a) as well as of hardness of Ni (b) and Fe (c) as a function of
the boundary spacing for samples processed by different methods such as electrodeposition (Cu); high
pressure torsion and surface mechanical grinding treatment (Ni); surface mechanical attrition treatment,
accumulative roll-bonding and surface mechanical grinding treatment (Fe). NL is nanolaminated structure
with the strongly textured twins (an average lamellar thickness about 20 nm); CR is coarse-grained Ni
(adapted from [2,8,18]).
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dences of hardness and strength on d ( ) follow to a
known ratio of the Hall-Petch relation which is dem-
onstrated on the example of copper, nickel and iron
in Fig. 12 (adapted from [2,8,18]).

It is believed that nanolaminated structures in
the surface areas of Ni and Fe with the  values of
10–20 nm are formed due to the large deformation
gradient, which are accompanied by a significant
dislocation activity and correspondingly high values
of hardness superior to those for samples treated
by conventional SPD methods [18]. It is interesting
to stress that in initial iron samples of 10 mm diam-
eter and grain size of about 27 m, the content of
high-angle boundaries was about 92% [18]. In this
case, after the SMGT, the total length of the defor-
mation zone was approximately 400 m and a twin
lamellae thickness less than 100 nm was observed
at a distance from the surface to about 20 m.

Table 2.   Mechanical properties of Ti before and after different technology treatments (
UTS

 is an ultimate
tensile stress, 

Y
 is an yield  stress, and  is an elongation to fracture).

Treatment Sample Grain size (nm)
UTS

 (MPa)
Y
 (MPA) (%)

SRT [9] Initial 3 104 451 380 24
Final See Fig. 7 495 437 21

ECAP [19] Initial 3 104 700 530 25
Final ~ 200 1240–1250 1000–1250 11–13

ARB at low Initial n/d 420 300 26
temperatures [20] Final 35–70700– 945 665–860 6–11
Screw and sizing Initial n/d 490 376 29
length-wise Final 180–190 850–905 670–722 10–12%5
rolling [21]

Fig. 13. SN0 curves of different samples of  Cu (a) processed by SMGT (  CG is initial coarse-grained
sample;  GNG is gradient nanograined one) and AISI 316L stainless steel (b) processed by SMRT (  CG
is initial coarse-grained sample;   are SMRT-3 and SMRT-6 samples with diameter 3 mm and 6
mm;  are SMRT-6 and CG samples  after an uniaxial tensile strain of 3%, respectively (adapted from
[22,23]).

It should be noted that high values of hardness
in samples, subjected by the SMAT, SMGT, and
SRT deformation, are fixed only for the surface layer
and the overall strength increase is not so high as
compared with that of counterparts after usual meth-
ods of SPD and pulse electrodeposition. Table 2
summarizes the mechanical properties of the Ti
samples in initial state and after different treatments.

As can be seen from these data, the increase in
the overall mechanical properties as a result of
nanostructuring in the case of the SRT is much lower
than in the case with other methods of SPD due to
the small length of the deformation zone. However,
these samples with gradient structure have wholly
satisfactory parameters of plasticity and, in addi-
tion, are characterized by a high resistance to cy-
clic fatigue actions. Fig. 13 shows the fatigue re-

(a) (b)
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sponse of copper and AISI 316L austenitic stain-
less steel with a gradient nanograined surface layer
(adapted from [22,23]).

Fig. 13 shows the so-called Weller SN0 curves
reflecting the effect of the number of cycles to fail-
ure at stress amplitude (Cu) and at half of the am-
plitude of the stress (316L). It is clearly seen that
the surface deformation processing (such as SMGT
and SMRT) significantly improves fatigue properties
as compared with those for coarse-grained samples.
It is important also that this improvement is observed
both in the low- and in the high- cycling fatigue re-
gimes. It is significant that, for example, in the case
of conventional ultrafine-grained copper (d~200 nm)
processed by ECAP, the fatigue strength improve-
ment was found to decrease markedly in the high-
cycle fatigue range [24].

The most detailed study of the SMRT effect on
the fatigue properties improvement has been per-
formed as applied specially to the gradient
nanostructured surface layer of AISI 316L stainless
steel [23]. The following main results can be pointed:
1) The sample diameter decrease was found to be
more effective in the fatigue strength enhancement
than in the preliminary deformed samples (Fig. 13b).
2) Detailed microstructural characterization of the
surface layers using TEM, XRD and selected area
electron diffraction permitted to reveal some varia-
tions of d and values of martensite phase forming
from the prior austenite one. Fig. 14 shows varia-
tions of grain size and twin lamellar thickness as
well as of martensite phase content with depth in
the SMRT sample.

As can be seen from Fig. 14, the nanosized
martensite grains (d < 100 nm) formation begins
from the top of 40 m surface layer, and then these
martensite grains are increasing with depth in the

Fig. 14. (a) Grain size ( )/lamella thickness ( ) and (b) volume fraction of martensite vs. depth in the SMRT
316L stainless steel sample (adapted from [23]).

(a)
(b)

top 100 m up to 170 nm. In the subsurface layer
(with a depth from 150 to 270 m) the twin lamellar
thickness of dominant austenite phase is about 25
nm.
3) The variations of microhardness with distance from
treated surface and in-depth residual stress distri-
butions are demonstrated in Fig. 15 (adapted from
[23]). The data of Fig. 15a shows that the
microhardness reaches a maximum value of ~ 5.5
GPa at the topmost surface and decreases gradu-
ally to the matrix value of about 1.8 GPa at a depth
of ~ 1 mm. The maximum value of ~5.5 GPa is
more than those in the case of other SPD actions
and connected with both the grain refinement ef-
fects and higher concentration of martensite phase.
Remarkable high compressive residual stresses at
the topmost surface layers are fixed for both mar-
tensite and austenite phases (Fig. 15b), but they
are relaxing under deformation and changed signifi-
cantly because of their tensile character.
4) The detailed analysis of all obtained results, in-
cluding the surface morphology studies, tends to
the statement, that this high fatigue strength of the
SMRT samples is explained by the absence of per-
sistent sleep bands or cracks on the surface during
cyclic deformation, owing to the surface morpholo-
gies remain unchanged even after 1.8 105 cycles.
The gradient nanostructured surface layers improve
the material fatigue properties due to a suppression
the cracks initiation of and accommodation of a
considerable cyclic plastic strain amplitude by re-
ducing strain localization. The effect of the remark-
able compressive residual stresses is insignificant.
It was also found that the general tensile strength
increase in the case of the SMRT 316L samples is
not so high,  compared to counterparts processed
by the ECAP, likely to the Ti samples (Table 2).
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Fig. 15. (a) The microhardness value of 316L stainless steel as function of distance from treated surface of
the as-SMRT sample ( ) and the SMRT one after fatigue at /2 = 325 MPa ( ) and (b) in-depth residual
stresses distributions in martensite ( ) and austenite ( ) phases for the as-SMRT samples ( ) and
those after an uniaxial tension strain of 3% ( ), respectively (adapted from [23]).

(a) (b)

Table 3. Properties of nanotwinned/nanocrystalline cubic BN [25] and diamond [26].

Subject Structure characteristics H
V 
(GPa) K

IC
 (MPA m1/2) T

oxid
 (°C 

Grain Twin lamellar
size (nm) thickness (nm)

Nanocrystalline c-BN ~ 14 – 85 6.8 ~ 1100
Nanotwinned c-BN – 3.8 ~ 110 12.7 ~ 1300
Nanocrystalline 10–30 – 110–140 5–15 ~ 800
Diamond
Nanotwinned – ~ 5 175–204 9%7–14%8 ~ 1000
Diamond

It is of interest to note the influence of
nanotwinned structures in the improvement of the
mechanical and physical and chemical properties
in the case of classical superhard materials-based
cubic boron nitride and diamond. Table 3 provides
information about the microhardness (H

V
), fracture

toughness (K
IC

) and the temperature of the begin-
ning of oxidation (T

oxid
) for nanocrystalline and

nanotwinned samples of cubic boron nitride (cBN)
and diamond [25,26].

Samples c-BN and diamond with nanotwinned
structure were obtained by the method of high pres-
sures and high temperatures (P = 10–25 GPa and
T = 1800–2000 °C) using the original nanoparticles
with primary onion-like structures [25,26]. As can
be seen from Table 3, the advantages of nanotwinned
structures are quite obvious. Fig. 16 shows the fea-
tures of the nanostructure of cubic boron nitride,

the twin lamellar thickness distribution and the ef-
fect of the values of (d) on hardness (adapted from
[25]). In many respects, the data shown in Fig. 16
are similar to the earlier mentioned analogous re-
sults for metallic nanomaterials, but the improve-
ment of characteristics, such as H

V
, K

IC
, and T

oxid
,

has yet to be clarified in further research as applied
to superhard brittle materials.

Undoubtedly, the most important feature of the
nanotwinned materials is connected with the high
electrical properties, being very close to their coarse-
grained counterparts. Fig. 17 shows the tempera-
ture dependence of resistivity for the copper samples
having different structure.

These data indicate that the values of electrical
resistivity at 293K and below are very near for both
coarse-grained and nanotwinned samples, because
for these objects the main contributions to the elec-
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(a) (b) (c)

Fig. 16. (a) HRTEM image of nanotwinned cBN showing Shockley partial dislocations (red triangles) emit-
ted from grain boundaries (GB) and a high density of stacking faults (SF) in twin domains. (b) Thickness
distribution of the twins with an average twin thickness of 3.8 nm. (c) A Vickers hardness (H

V
) as a function

of average grain size (  is d) or twin lamellar thickness (  is ) for polycrystalline cBN bulk materials
(adapted from [25]).

Fig. 17. The temperature dependence of electrical
resistivity for the as-deposited nanotwinned Cu
sample as well as coarse-grained one and
nanocrystalline one (nc; with a mean grain size of
15 nm) (adapted from [1]).

tron scattering can be attributed to atomic thermal
vibrations and impurities. Electron scattering on
crystal defects, such as dislocations and grain
boundaries, plays a significant role only in the case
of nanocrystalline samples (nc Cu). Simple evalua-
tion also showed that the resistivity of small-angle
twinned boundaries is almost two times lower than
that for conventional high-angle boundaries. The low
resistivity of nanomaterials with nanotwinned struc-
ture (in combination with high strength and good
plasticity) opens wide prospects for their use in elec-
trical engineering. In that respect, the example of
polyfunctional nanocomposite  Cu/Nb wire is very
indicative [27,28]. Such wire usage in solenoids al-
lows create the super strong (>60 T) magnetic field
pulses with following parameters: strength not be-

low 1 GPa (for to resist to a great Lorenz force aris-
ing in magnetic fields); electrical conductivity not
below 0.6 of the value for pure copper (for the ohmic
losses minimization ; operational temperature in 77–
673K range; fatigue durability over 5000 cycles; the
radiation stability up to He ions flow densities above
1015 ions/cm2. The material structure (Cu matrix with
about 21 vol.% Nb nanotubes, diameter of ~ 140
nm) meeting these tough demands was created by
a complex SPD treatment, including repeated hot
extrusion/rolling processing, cold drawing, and bun-
dling cycles.

3.2. Thermal and irradiation stability

Fig. 3 has already demonstrated the stable behav-
ior of columnar nanotwinned Cu structure. The tem-
perature effect on the hardness and the grain size/
twin lamellar thickness of Cu samples [3] and the
temperature change of  of Ni samples [8] are shown
in Fig. 18. As follows from Fig. 18, compared with
conventional nanomaterials, the advantage of
nanotwinned copper and nanolaminated nickel is
quite obvious, and it can be clearly associated with
low grain boundary energy and small mobility of
small-angle boundaries, as well as the influence of
the columnar shape of the lamellaes [3,8,29]. Co-
herent nanotwinned boundaries are characterized
by much lower stored energy than conventional high-
angle grain boundaries, and hence have a signifi-
cantly reduced driving  force for the coursing of twins
[29].
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Fig. 18. Effect of annealing temperature on grain size and twin lamellar thickness (a) and hardness (b) of
Cu samples as well as on boundary spacing of Ni those (c). UFG is ultrafine-grained sample (d ~ 200 nm);
NC and NG are nanocrystalline and nanograined those; NL is nanolaminated sample (h ~ 20 nm). The inlet
in (a) shows the average lamellar thickness as a function of temperature clearly. The arrows in (c) indicate
the onset temperatures for  obvious grain coarsening which for NL sample, NG one and UFG one are of ~
506 °C, ~ 443 °C, and ~ 467 °C, respectively (adapted from [3,8]).

As was mentioned earlier, nanotwinned struc-
ture in Cu/Nb multilayer nanocomposites  (Fig. 8)
is also characterized not only by a high thermal
resistivity (remaining stable with no signs of viola-
tions during annealing up to 500 °C [14, 30]), but
also by a high resistance with reference to the ex-
treme plastic deformation and ion irradiation.
Nanolaminated layered structures (with thickness
of individual layers about 20 nm) remain stable after
great plastic strains, and a formation of pores and
dislocation defects was not detected in these ma-
terials after the He ion irradiation [30]. Positive ef-
fect of nanotwinned structure on the irradiation sta-
bility increase has been observed in many other
studies related to metals (Ag, Cu, and Nb) as well
as SiC (e.g., [31-37]). In these cases, numerous
twin boundaries are effective sinks for radiation de-
fects type of stacking fault tetrahedra (vacancy clus-
ters), that was experimentally shown for Ag
nanotwinned films irradiated by Kr ions [31,32]. The
radiation defects absorption was fixed using in situ
TEM examination of coherent 3{111} and incoher-
ent 3{112} twin boundaries including their migra-
tion. The comparison of the behavior of the
nanocrystalline Cu and nanolaminated Cu/Nb
samples under He irradiation  revealed that the
heterophase interfaces facilitate the removal of ra-
diation defects much more [35] .

The study of irradiated nanostructured films-
based wide band gap semiconductor -SiC has also
identified that objects with a high density of planar
defects in the form of stacking faults and twins are
more resistant to amorphization compared to single
crystal SiC [36,37]. The presence of these layers
significantly enhanced   recombination of interstitials
and vacancies, leading to self-healing irradiation-in-
duced defects and increasing resistance to
amorphization.

3.3. Corrosion action

From a general view point, the presence of large
numbers of interfaces, on one hand, must have an
affect on the materials corrosion performance, be-
cause these sites (with their disordered structure)
are subjected to selective interactions with an ag-
gressive media. On the other hand, the diffusion-
controlled formation of the protective surface films
(that is, surface passivation) at these interfaces can
proceed more intensive, and this fact can prevent
the further spread of corrosion. General effect for
the many material interaction with an environment
can be determined by relation of these two factors
and depends on reaction parameters (their kinetic
rate constants) as well as on the nanostructure
parameters. In this situation, the nanomaterials can
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be both more or less corrosion-resistant in com-
parison with their coarse-grained counterparts, and
this non-trivial situation has led to many conflicting
results, related to the nanomaterials corrosive and
electrochemical behavior, as was especially noted
in recent reviews [38-42].

The opposite effect of grain size on oxidation of
Fe–Cr alloys and pure Ni has been observed in the
case of micro- and nanocrystalline samples
[41,43,44]%  Oxidation of nanocrystalline Fe–10Cr
sample was accompanied by intensive formation of
dense protective Cr

2
O

3
 film due to an increased Cr

diffusion mobility in nanograins and this is favorable
to the decrease of oxidation rate in nanoalloys. For
the nanocrystalline nickel samples, it was demon-
strated that the accelerated NiO film formation is
also explainable with Ni boundary diffusion but this
film is not a passivating one and microcrystalline
samples are oxidized in smaller degree as com-
pared with nanocrystalline counterparts.

As far as we know, the effect of nanotwins on
corrosion properties of nanomaterials was studied

Fig. 19. Focused ion beam cross-sectional micrographs of Cu foils: (a) as-prepared with highly nanotwins;
(b) partially those; (c) non those; (d) microcrystalline samples (adapted from [45]).

Table 4. Summary of corrosion tests of nanotwinned and microcrystalline Cu foils with common thickness
of ~ 25 m (adapted from [45]).

Designa- Grain % of grains Area fraction Polarization Corrosion  Passivation
tion in size with of grains resistance current  current
Fig. 19 ( m) nano-twins of (111) (k  cm2) density  density

orientation ( A cm-2)  (mA cm-2)

a 0.52 90 0.88 28%6 ± 7%1 0%34 ± 0%09  1%15 ± 0%20
b 0.41 60 0.33 10%2 ± 4%4 1%08 ± 0%39  1%14 ± 0%23
c 0.34 5 0.08 10%4 ± 0%5 1%26 ± 0%06  1%08 ± 0%27
d 8.6 0 0.02 9%2 ± 2%1 1%92 ± 0%42  1%27 ± 0%18

only in several works. The most detailed investiga-
tion was performed for Cu foil corrosion in artificial
sea water (3.4% NaCl, pH ~ 8.0) [44]. A structure of
investigated high-purity Cu (99.999%) samples pre-
pared by magnetron sputtering is shown in Fig. 19
and results of corrosion tests are demonstrated in
Table 4.

The data of Table 4 clearly shows that the great-
est corrosion resistance have a film with a high con-
centration nanotwinned grain boundaries and the
fraction of (111) texture (Fig. 19a), although the cur-
rent density of passivation is approximately the
same for all objects. The study of the protective
passivation layer, including both electrochemical and
immersion corrosion tests, showed the presence of
columnar Cu

2
O crystals with (111) texture, and the

pitting smaller presence was found in films with the
highest number of nanotwins (Fig. 19a). It is also
interesting that, despite the great difference in the
grain size (by more than an order of magnitude),
corrosion characteristics of films c and d differed
very little, that means, that the effect of grain size



118 R.A. Andrievski

was not the determining factor in results [45] and
the main contribution to the change in corrosion
resistance made namely notwinned structures.

3.4. Some theoretical approaches and
modeling

In the main, the above mentioned examples of the
nanotwinned structure impact on the nanomaterials
properties included the experimental results.  It
should be noted in short that a sufficient number of
theoretical approaches and MD simulation includ-
ing a multi-scale version (see, for example, only
some recent studies [46-56]). The following situa-
tions have been examined in these papers:
Uthe dislocation nucleation governed strength-soft-
ening regimes in nanotwinned Cu [46];
Uthe effect of 3 twin low-angle boundaries on the
formation of radiation-induced defect clusters in
nanotwinned Cu [47];
Uan universal scaling law of planar fault energy bar-
riers in FCC metals [48];
Umechanisms of energy minimization for semi-co-
herent interfaces [49];
Udifferent theoretical models describing plastic de-
formation and fracture processes in
ultrafine-grain and nanocrystalline metallic
nanomaterials [50-53];
UMD simulation  of the mechanical properties of
crystalline/crystalline and crystalline/ amorphous
nanolayered objects [54];
UMD simulation of the fracture behavior of twinned
Cu nanowires including cases of ductile and brittle
fracture as well as ductile-to-brittle transition [55];
Uan atomic scale view of change of the crack-tip
events from crack cleavage to dislocation activity in
nanotwinned FCC crystals under low temperatures
[56].

However, a detailed analysis of these data with
comparison of numerous experimental results is
beyond the scope of our overview and requires sepa-
rate consideration.

4. CONCLUSIONS

As follows from the above, twinned structures play
a big role in the properties of metallic nanomaterials.
It should be also noted the significant information
about high-strength  steels with transformation-in-
duced plasticity (TRIP) and twinned-induced plas-
ticity (TWIP) (e.g., [57,58] ), which in our review
were not considered.   Discussion of the twins fea-
tures is found to spread and apply in other types of
materials, in particular titanates and aluminates (e.g.,

[59]). The presence of twins makes nanomaterials
tolerant to almost many extreme conditions, asso-
ciated with high temperatures as well as with irra-
diation, deformation and corrosion actions or their
combined influence. Nevertheless, existing data on
high temperature creep, high-cycle fatigue, high ir-
radiation doses, and different corrosion actions are
needed for significant enlargement. Of course, the
continuous progress of modern technique demands
also stimulates and requires additional experimen-
tal and theoretical studies, especially in synergetic
effects and forecasting capabilities.

The gradient/lamellar structure perspectives are
highlighted in many recent publications (e%g%, [60–
63]). In addition, some new their producing routes,
such as laser shock peening, ultrasonic nanocrystal
surface modification, formation of twins during pri-
mary recrystallization, mixed carbide synthesis,
nanolaminate Ti

3
SiC

2
-based material prepared by

self-propagating high-temperature synthesis, and so
on  are appearing (e%g%, [64–68] % In line with this,
the comparison of different methods for producing
effective nanomaterials tolerating different extremes
seems to be very important and urgent.
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