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Fracture and toughening mechanisms 
in nanotwinned and nanolayered 
materials
Huaizhi Zhao,┼ Zhi Li,┼ Huajian Gao,* and Lei Lu*

Hierarchical nanotwinned and nanolayered structures, which are specially designed by 
introducing multiple interfaces, have exhibited superior resistance to fracture and failure. 
In this article, some recent advances in computational and experimental studies aimed to 
understand the fracture behavior and toughening mechanisms in these materials are reviewed. 
New stratagems on manipulating both microstructure (such as the size of nanotwin bundles) 
and mechanics (mainly related to loading orientation with respect to twin boundaries) to 
mediate the deformation and toughening modes provide promising paths to further optimize 
the properties of nanotwinned and nanolayered materials.

Introduction
Most engineering designs call for structural materials that have 
both high strength and high fracture toughness, but these two 
properties are usually mutually exclusive in metals. Strength-
ening without losing toughness is a major goal in the field of 
engineering materials research. One way to meet this goal is 
grain refinement, but this becomes increasingly challenging as 
the grain size is refined down to the nanograined (NG) regime, 
where strengthening is inevitably accompanied by a dramatic 
drop in toughness.1 This deterioration is typically associated 
with two limitations in NG metals: (1) suppressed dislocation 
slip and reduced strain hardening leading to limited crack-
tip blunting;1,2 (2) high-density incoherent high-angle grain 
boundaries (GBs) providing abundant potential sites for nucle-
ation of voids and nano-cracks.3,4 In parallel, the high strength 
of nanostructured metals often makes them more sensitive to 
crack size than the conventional low-strength materials.5 As 
estimated in the Kitagawa–Takahashi diagrams,6 only when 
the crack length is less than a small transition size of  about 
several tens of  microns5 can the high flow strength of nano-
structured materials be fully functional; otherwise, their actual 
load-bearing capacity may be highly limited by the fracture 

toughness and the crack length.5 Therefore, developing strat-
egies to toughen high-strength nanostructured materials are 
essential for their practical applications.

Materials can be toughened either by intrinsic mechanisms 
that increase the inherent microstructural resistance to crack 
initiation or by extrinsic mechanisms (such as crack bridging 
and deflection) that shield the crack tip and locally reduce the 
driving force for crack extension.7 To date, one effective strat-
egy is to build numerous internal interfaces to strengthen and 
toughen the material,8 such as architecturing nanotwinned (NT) 
or nanolayered structures, and these interfaces play an impor-
tant role in increasing the resistance to dislocation glide and 
crack growth.9–12 For nanotwinned materials, which are subdi-
vided into nanometer-thick twin/matrix lamellar structures by 
the special kind of coherent twin boundaries (TBs) with low 
energy and high symmetry not only act as effective barriers to 
dislocation motion and thus substantially strengthen metals, 
but also can store plenty of mobile dislocations, maintaining 
ductility and strain hardening.13 Nanotwins, as a typical two-
dimensional (2D) microstructure with large disparity in length 
scales of nanotwin units (tiny twin thickness at nanoscale 
while large twin length at submicrometer, micrometer, or even 
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millimeter scale), lead to strong anisotropy in plastic deforma-
tion and fracture behaviors.14–16 The dominant deformation 
mechanism can be effectively switched among three dislocation 
modes, namely dislocation glide between the twins, disloca-
tion transfer across twin boundaries, and dislocation-mediated 
boundary migration, by changing the loading orientation with 
respect to the twin planes.14 As a similar 2D lamellar structure, 
nanolayered composites that combine metals, ceramics, or even 
2D materials also have excellent hardness,17,18 ultrahigh tensile 
strength,18 and damage resistance,19,20 owing to the massive 
internal hetero-phase interfaces.9

Compared with the great efforts exploring the plastic 
deformation mechanism in NT metals, less information is 
presently available on their damage tolerance characteristics. 
In situ transmission electron microscope (TEM) observations 
shed light on the operative mechanisms of crack propagation 
in NT thin films. It was observed that when a crack propa-
gates through TBs, it can become substantially blunted due to 
the emission of different types of dislocations from the crack 
tip,21,22 while the crack growth can be hindered by either 
microcrack bridging via nanoscale  twins22 or zig-zag fracture 
paths arising from periodic deflections of cracks by TBs.23

It is essential to understand the damage evolu-
tion and toughening mechanisms for the engineering 
applications of NT metals from safety concerns. Vari-
ous modeling methods have investigated the role of TBs 
and their interactions with other microstructures on the 
fracture behavior from nano- to macroscales.12,22,24–34  

Specifically, the results of large-scale molecular dynamics (MD) 
simulations demonstrated the complex interactions between 
TBs, cracks, dislocations, and GBs at the nanoscale. Crack 
prorogation near the TBs can exhibit brittle or ductile behavior 
depending on the local crystal orientation, geometry of the TBs, 
and temperature.25–27 Continuum scale modeling suggested that 
the geometry of nanotwin bundles has a significant impact on 
the damage evolution process in bulk metals.34

In the following sections, some recent progress and the 
potential challenges in both computational and experimental 
studies aimed to understand the underlying toughening mecha-
nisms in NT and nanolayered materials are discussed, with 
particular emphasis on the specifics of crack–interface interac-
tions and quantitative evaluation of the toughening effect by 
experimental fracture mechanics testing using miniaturized 
specimens.

Computational study on the toughening effects 
of nanotwin boundaries
Low-energy TBs have been shown experimentally to mod-
ify the crack propagation behavior and increase the fracture 
toughness in various materials.16,21–23 Here, we will first dis-
cuss MD simulations on the nanoscale crack-dislocation–TB 
interaction in single crystals and then review some of the 
research efforts on predicting the macroscale mechanical prop-
erties of nanotwin-enhanced metals through the finite element 
method (FEM).

MD simulations 
have shown that dis-
locations emitted from 
the crack tip can inter-
act with TBs and acti-
vate multiple toughen-
ing mechanisms.22,29,30  
In Figure 1a, the TB 
ahead of the crack 
tip is transformed to 
impenetrable dislo-
cation walls through 
complex dislocation 
reactions at the TB, 
including dislocation 
trapping, slip trans-
mission, and disloca-
tion disassociation at 
the TB. This disloca-
tion wall can harden 
the material by block-
ing further dislocation 
activities, and effec-
tively confine crack 
nucleation and resist 
crack propagation.29 
For cracks propagating 
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Figure 1.  Computational studies of fracture in nanotwinned metals. (a) Twin boundary (TB) transforming 
into a dislocation wall ahead of the crack tip, blocking further crack propagation.29 (b) Zig-zag mode of 
crack growth due to periodic deflection of the crack path by TBs.30 The edges of the growing crack are 
along the 〈110〉M and 〈110〉T directions in the matrix (M) and twin (T) crystals, respectively. (c) Grain bound-
ary (GB) cracking induced by prominent GB sliding in columnar-grained nanotwinned Ni polycrystals.32  
(d) Distribution of equivalent plastic strain (PEEQ) in nanograined (NG) Cu with embedded nanotwinned (NT) 
regions when the overall stress drops suddenly due to crack propagation.33
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along the coherent TBs, the competition between the cleavage 
fracture and dislocation emission is altered by various factors, 
including crystallographic orientations of the adjoining twins, 
twin spacing, and temperature. Due to the directional anisot-
ropy as discussed in the classical Rice–Thomson model,35 
cracks along a twin plane favor cleavage in one direction and 
ductile fracture in the opposite direction.27 When twin spacing 
is sufficiently small, the large shear stress at the crack tip can 
induce homogenous nucleation of twinning partial dislocations 
on neighboring TBs, facilitating further dislocation activities 
and extensive plastic deformation.26 At higher temperatures, 
thermally activated atomic displacement at the crack tip leads 
to the formation of ledges followed by emission of disloca-
tions resulting in ductile facture.25 For cracks inclined to the 
TB,30 as shown in Figure 1b, periodic crack deflection by TBs 
and zig-zag fracture path has been observed in Cu thin films, 
which is facilitated by the screw dislocation-mediated local 
thinning ahead of the crack tip. This zig-zag crack path can 
increase the effective crack length and energy dissipation lead-
ing to enhanced fracture toughness. Similar crack–TB interac-
tions can also be found in alloys with more complex TB struc-
tures. Recent work of Neogi and  Janisch28 has further revealed 
the critical role of local lattice orientation and atomic structure 
on the brittle and ductile responses of crack advance in γ-TiAl 
alloys, where multiple types of TBs, namely true-twin, rota-
tional boundary, and pseudo-twin, exist. The brittle/ductile 
behavior of inter-lamellar fracture depends on the propaga-
tion direction, while trans-lamellar crack advancement exhib-
its enhanced plasticity and fracture toughness for all types of 
TBs. Stacking faults energy (SFE) could also influence the 
complex crack-dislocation–TB interaction and is worth fur-
ther numerical studies. It has been shown in low-cycle fatigue 
experiments that lower SFE can promote TB cracking, which 
is attributed to the increased number of blocked dislocations 
at the TBs with decreasing SFE.36

Large-scale MD simulations of polycrystalline NT 
 metals31,32 have identified additional TB-meditated fracture 
mechanisms. Zhou et al.31 demonstrated multiple toughening 
mechanisms in NT Cu, including crack blunting through dis-
location accommodation, intragranular crack deflection, crack 
shielding through daughter crack formation, and TB planes 
curving from excessive pileups of geometrically necessary 
dislocations. These toughening mechanisms can be activated 
simultaneously by adequately designing the orientation and 
spacing of the TBs for enhanced fracture resistance. Recent 
work of Fang and  Sansoz32 (Figure 1c) also revealed the role 
of GB deformation on the plasticity and fracture of columnar-
grained NT metals, and identified a TB-dependent GB cracking 
mechanism induced by prominent GB sliding in NT metals. 
This GB cracking behavior limits the strength of NT metals with 
small twin spacing and demonstrates the necessity of tailoring 
GB properties for enhanced fracture resistance of NT metals.

Finite element modeling has also been adopted to evaluate 
the macroscopic properties of bulk NT metals.33,34 Figure 1d 
shows the crack propagation in nanograined (NG) Cu with 

strengthening NT regions where different constitutive laws are 
adopted in NG matrix and NT regions, respectively, and a strain 
gradient plasticity model is used to account for dislocation pile-
ups at the interfaces. The fracture process primarily initiates 
with the crack nucleation at the interfaces of the two regions and 
is followed by microcrack coalescence and propagation. There 
is a strong dependence of the fracture process on the properties 
of the NT regions, including twin spacing, volume fraction, and 
distribution characteristics. Uniformly distributed NT regions 
with small twin spacing generally show better ductility.

To date, accurate computational evaluation of the fracture 
toughness of nanotwin-enhanced metals is still lacking due to 
the complex crack-dislocation–TB interactions across various 
scales. A multiscale modeling framework might be required 
to incorporate nanoscale deformation and toughening mech-
anisms into the macroscopic constitutive laws and fracture 
models. Experimental results on the fracture process associ-
ated with NT regions will provide valuable information and 
cross-validation for computational studies.

Experimental insights into the toughening 
of nanotwins in bulk metals
The detailed crack–TB interactions during the damage process 
of NT metals have been preliminarily recognized by the MD 
simulations and the in situ TEM observations in NT thin films 
(with thicknesses of a few hundreds of nanometers at best),22,23 
which provided a qualitative understanding of the toughening 
mechanisms of nanotwins, but quantitative fracture mechan-
ics evaluations of the toughening effect (i.e., quantifying the 
fracture toughness) of TBs in bulk metals are currently scarce, 
and it is also questionable whether the toughening mechanisms 
revealed in thin films are operative in bulk NT metals, given 
their different stress state ahead of the crack tip (plane stress 
state in the film versus plane strain state in the bulk).

There are two main limitations to extending the standard 
fracture toughness testing protocols to NT metals: (1) current 
existing techniques for preparing NT metals cannot deliver 
sufficient specimen volume required for the valid plane strain 
fracture toughness test as per ASTM E1820;37 (2) the elas-
tic–plastic fracture mechanics (EPFM) in terms of J-integral 
method can be adopted for samples with miniaturized geom-
etries, where the load-line displacement (LLD) must be pre-
cisely measured to monitor the instantaneous crack advance-
ment via elastic compliance method. However, the traditional 
clip-on crack opening displacement (COD) gauges are not 
applicable for the miniaturized samples for their limited crack 
mouth spaces and face the challenge to achieve sufficient reso-
lution to record the small changes in compliance as the crack 
grows. Therefore, the prerequisites of quantitative investiga-
tion on the toughening effect of nanotwins are preparing bulk 
samples sufficiently large in three dimensions and creating 
devices with sufficient accuracy for LLD measurement in min-
iaturized fracture tests.

To address the previously discussed issues, a contact-
less video COD gauging system based on the digital image 
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correlation (DIC) technique has been established to measure 
the LLD of miniaturized specimens precisely,38 which can 
be used to obtain both crack initiation and growth toughness 
of NT metals with a relatively small sample volume. On the 
other hand, recently developed fabrication methods for bulk 
NT metals, including direct-current electrodeposition and 
dynamic plastic deformation (DPD), offer samples with suf-
ficient dimensions for standard fracture toughness tests. These 
provide a pathway for determining the intrinsic fracture tough-
ness of NT metals and quantitatively investigating the influ-
ence of microstructure parameters (such as grain size and TB 
orientation) on fracture resistance.

The NT Cu samples synthesized by direct-current electro-
deposition exhibit a homogeneous microstructure with highly 

oriented nanoscale growth twins embedded within the micro- 
or submicron-sized columnar grains (Figure 2a–c). Accurate 
fracture toughness measurements based on the contactless video 
COD gauging system showed that the fracture resistance of this 
homogeneous NT Cu is dependent on both the specimen geom-
etry and the microstructural parameters. The critical J-integral 
(JC) increases with increasing specimen thickness below a criti-
cal thickness value of  ~1.0 mm; while further increasing speci-
men thickness above this critical thickness, the JC decreased 
from a peak value (JC = 15.6 kJ  m−2) to a thickness-independent 
intrinsic value (JC = 8.4 kJ  m−2).39 The fracture mode changed 
from transgranular shear fracture (thin specimens) to flat inter-
granular fracture (thick specimens) (see Figure 2d). This can be 
attributed to distinct dislocation modes that are activated in the 

nanotwins to accom-
modate the crack-tip 
deformation under dif-
ferent stress states.39 
The J-integral resis- 
tance (J–R) curves (Fig-
ure 2e) for two samples 
with an average grain 
size of 6 μm (NT-Cu-
A) and 16 μm (NT-Cu-
B) show that both the 
crack initiation tough-
ness (JIC) and growth 
toughness (rising frac-
ture resistance curve 
behavior) for NT-Cu-B 
with coarser grains are 
much higher than those 
for NT-Cu-A.38 This 
can be rationalized by 
the improved crack-
tip plastic deformation 
and reduced density of 
crack nucleation sites 
at GBs as grain size 
is increased, and the 
crack propagation path 
becomes more tortu-
ous for coarser grains, 
which consumes more 
irreversible energy dur-
ing the crack extension.

Effective toughen-
ing can be achieved 
not only when the 
nanotwins are uni-
formly introduced into 
the grains, but also 
when they are het-
erogeneously embed-
ded into the matrix of 
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Figure 2.  Fracture toughness measurements in nanotwinned (NT) Cu synthesized by electrodeposition.  
(a) Schematic of the miniaturized compact tension specimen, in which the expected crack plane is normal 
to the electrodeposition plane, while the crack propagation direction is expected to extend in the electro-
deposition plane. (b) and (c) SEM observations on the transverse and plane microstructures of the bulk 
NT Cu synthesized by the direct-current electrodeposition. (d) Characteristic fracture surface of the NT Cu 
specimen with a thickness of 2.5 mm, on which plenty of ridges and grooves along the electrodeposition 
direction can be identified. The crack propagation (CP) and electrodeposition growth direction (GD) are indi-
cated by arrows. (e) Typical J–R curves for the NT-Cu-A and NT-Cu-B with 6-µm and 16-µm grain sizes.38,39
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nanograins (i.e., the DPD samples with mixed microstructure 
composed of nanotwin bundles (NTBs) and nanograin matrix), 
where most of the TBs are perpendicular to the DPD direc-
tion, as shown in Figure 3a–d. Here, the NTBs can act as an 
ideal strengthening and toughening “phase,” which not only 
intrinsically enhances crack-tip plasticity by suppressing the 

strain localization and void nucleation, but also serves as crack 
bridges behind the crack front to extrinsically resist the fracture 
by shielding the crack tip.40 Consequently, increasing the size 
and percentage of NTBs will improve fracture toughness. Frac-
ture mechanical measurements on a single orientation of N–P 
(see caption of Figure 3a for definition of the designation) for 

three samples with dif-
ferent average longitu-
dinal NTB lengths of 
16 μm (DPD Cu-A), 
31 μm (DPD Cu-B), 
and 84 μm (DPD Cu-C) 
show that both fracture 
initiation toughness 
(JIC) and crack growth 
toughness (reflected 
by the different slopes 
of the J–R curves (Fig-
ure 3e) in the stable 
crack growth regime) 
remarkably increase 
with the increase in the 
NTB length, while only 
a marginal decrease in 
strength.40 Increasing 
the volume fraction of 
NTBs results in a simi-
lar trend of enhanced 
fracture resistance.41 
These findings demon-
strate the feasibility of 
toughening nanostruc-
tured metals without 
sacrificing their desir-
able high strength by 
controlling the size and 
density of NTBs.

Considering the 
h e t e r o g e n e i t y  o f 
length scales of NTBs 
as well as their ani-
sotropic deforma-
tion and mechani-
ca l  behav ior, 14 ,15  
the toughening of NTBs 
in the hybrid micro-
structure is expected 
to be strongly influ-
enced by their orien-
tation with respect to 
the cracking direc-
tion.  Investigation42 
on this aspect shows 
that, dependent on the 
orientations of NTBs 
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Figure 3.  Fracture testing of dynamic plastic deformation (DPD) synthesized metals with a mixed micro-
structure of nanotwin bundles (NTBs) and nanograined matrix. (a) Schematic illustration of the compact ten-
sion (CT) specimens and their orientations, as well as the microstructural components (i.e., nanotwins [NT] 
and nanograins [NG] in the DPD disk). The CT specimens were labeled with two-letter codes based on 
the crack plane orientation and crack growth direction with respect to the twin boundaries (TBs) inside the 
NTBs (i.e., parallel [P], normal [N], and 45° inclined [I] to the TBs, respectively) (i.e., P–P, N–N, I–I, and N–P), 
where the first letter designates the orientation of the expected crack plane with respect to the TBs, and 
the second letter designates the crack propagation direction with respect to the TBs. (b) Scanning electron 
microscope images are projected on a cube to visualize the microstructure of DPD Cu in three different 
viewing directions. (c, d) Typical cross-sectional microstructure showing NT in the form of bundles embed-
ded in a matrix of NG. (e) J–R curves for the three DPD Cu samples: DPD-Cu-A, DPD-Cu-B, and DPD-Cu-C 
with the average longitudinal NTB lengths of 16 μm, 31 μm, and 84 μm, respectively. (f) J–R curves for the 
DPD Cu samples under different cracking orientations.40,42
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(or the alignment of elongated nanograins), the heterogeneous 
microstructure shows significant anisotropic fracture behaviors. 
When both the crack plane and crack growth direction are per-
pendicular to the NTBs (i.e., N–N orientation in Figure 3a), the 
heterogeneous nanostructured Cu exhibits the highest fracture 
toughness (JIC), which is roughly three times higher than that in 
the case of both crack plane and crack growth direction parallel 
to the NTBs (i.e., P–P orientation in Figure 3a), as demonstrated 
by the J–R curves for different cracking orientations in Figure 3f.

This orientation-dependent fracture toughness is attributed 
to the anisotropic crack-bridging toughening of NTBs and 
crack deflection induced by the elongated nanograins. When 
cracks advance in N–P and N–N orientations (Figure 4a–b), 
the NTBs can act as uncracked ligaments, which bridge 
cracks, carrying load, and resisting crack propagation; while 
for P–P and I–I cases (Figure 4c–d), incompatible deforma-
tions between the NTBs and surrounding NG matrix result 
in high strain  gradients43 and thus large tensile traction at the 
NTB/NG interfaces, which causes premature interfacial dam-
age nucleation (inset of Figure 4c), making the NTBs detach 
easily from the NG matrix during the crack extension and 
thus the toughening effect is greatly reduced.42 The significant 
crack deflections in the N–N and I–I orientations (Figure 4b, 
d) are caused by deviation of the main crack plane from the 
nonequilibrium longitudinal GBs of nanograins, which fur-
ther enhances the fracture resistance to bulk NT Cu. Combin-
ing both toughening mechanisms of crack bridging and crack 
deflection, as well as the effective strengthening of nanotwins, 
the unique N–N orientation achieves a superior synergy of 

fracture toughness (KIC ~ 90 MPa  m1/2) and yield strength 
(535 MPa) (see Figure 4e). It appears that simultaneously 
strengthening and toughening can be achieved by adjusting the 
orientation of the nanotwins in the mixed microstructure, mak-
ing it reliable for practical application in a critical direction.

Fracture and toughening mechanism 
in nanolayered composites
As another lamellar structure, the nanolayered composites with 
a high density of interfaces also exhibit intriguing interface-
driven deformation and fracture behaviors. The hetero-phase 
interfaces in multilayered systems can be coherent, semi-coher-
ent, or even incoherent, depending on the lattice mismatch, 
elastic mismatch, and other factors among the constituent lay-
ers.44,45 These interfaces can offer significant resistance to the 
crossing of glide dislocations but for different reasons. For the 
case of TBs, dislocations interact with TBs and can eventu-
ally cross them. Barriers to dislocation transfer arise from the 
sharp changes in slip plane and direction at  TBs46,47 as well as 
their various interactions with slip dislocations.48,49 Whereas in 
multilayer, barrier strengths arise mainly from coherent/semi-
coherent interfaces where the coherency strains are required 
for the matching of adjacent lattices,50,51 or from the incoherent 
interfaces with limited shear strength.9,17 The different interfa-
cial behavior between nanotwinned and nanolayered systems 
makes them behave differently during deformation and fracture.

Multilayering has been known to not only improve hard-
ness/strength by several reinforcement mechanisms depend-
ing on the thickness of individual layers,9,52 but also modify 
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Figure 4.  Schematic illustration of the failure process in nanotwinned (NT) Cu under different cracking orientations: (a) N–P,  
(b) N–N, (c) P–P, and (d) I–I. The anisotropic toughening behavior of nanotwinned bundles (NTBs) and the crack propaga-
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The inset scanning electron microscope image in (c) shows a microcrack (indicated by the white arrow) initiated at the longi-
tudinal interface between the NTB (outlined by the white dashed line) and NG matrix. (e) The relationship between the yield 
strength (σys) and the initial fracture toughness (Ki) for NT Cu (dynamic plastic deformation [DPD] Cu with accumulation strain 
ε = 1.5) under different cracking orientations, which are compared with the equal channel angular pressing (ECAP) Cu under 
different cracking orientations with respect to the grain elongation plane (GEP), high pressure torsion (HPT) Cu, and DPD Cu 
(ε = 2.0) with different NTB lengths in N–P orientation.42
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damage tolerance by the toughening mechanisms associated 
with their multitudes of internal interfaces.11,19 Nanolayered 
TiN/CrN thin films with superlattice structure (Figure 5b) 
tested by in situ micromechanical cantilever bending (Fig-
ure 5a) show simultaneously enhanced toughness and hard-
ness with decreasing bilayer period (Λ) (Figure 5d) until Λ 
drops below 6 nm due to loss of the superlattice structure in 
ultrathin layers (Figure 5c).53

Ductile metallic interlayers can also bring about substan-
tial toughening when stacked with metals, brittle amorphous, 

or ceramic, which is 
closely related to the 
properties of the con-
stituent nanolayers. 
Micromechanics anal-
ysis of energy release 
rate at the crack tip has 
demonstrated strong 
crack shielding effects 
in the soft compliant 
layer where the crack 
can be arrested due  
to the large reduction  
in  c rack  d r iv ing 
force.54,55 A larger  
modulus mismatch 
between the alternat-
ing layers and smaller 
modulus variation 
wavelength will gener-
ally enhance the crack 
shielding effects. How-
ever, the crack driving 
force is increased in 
stiff layers, and the 
crack arresting capac-
ity of the plastic layers 
will be weakened due 
to the suppression of 
dislocation activities 
when the layer thick-
ness is reduced below 
a critical value.56 
Additional toughening 
mechanisms can be 
triggered in nanolami-
nates depending on the 
properties of the het-
ero-interfaces. Atom-
istic simulations sug-
gested that the weak 
Cu–Nb interface can 
hinder crack propaga-
tion by releasing the 
stress concentration 

through dislocation nucleation and blunting of the crack tip 
through interface shearing.57 In an Ag/Cu-Zr crystalline/amor-
phous nanolaminate (Figure 5e), fracture proceeds through 
interconnection of microcracks initiated in the amorphous 
Cu-Zr layers, while the Ag layers serve as ductile phases con-
tributing to plastic energy dissipation, crack-tip blunting, and 
crack bridging (Figure 5f–g).58 Distinct from the coherent TBs 
that are more resistant to direct void nucleation, the hetero-
interfaces in multilayers may serve as potential sites for crack 
initiation, especially in the presence of large elastic–plastic 

TiN/CrN

F

b

1 µm 5 µm

50 nm

l

l lever arm
film thickness
cantilever width
initial crack length

Necking of Ag

Ag
Cu-Zr

Si substrate

Brittle fracture
of Cu-Zr

u = 1380 nm

Ag

Amorphous

2 1/nm

Ag(220)

Ag(200)
Ag(111)

G
ro

w
th

 d
ir

ec
tio

n

CrN

TiN

10 nm

2.2

2.0

1.8

1.6

1.4

1.2

1.0
0 5 10 15 20 25 160

Λ (nm)
180 200

H
ardness (G

Pa)

K
IC

 (
M

Pa
   

m
)

Y
oung's M

odulus (G
Pa)

16

18

20

22

24

26

Young's modulus
Fracture toughness
Hardness

340

320

300

280

260

10 nm

w
b
α

α

w

Ag/Cu-Zr

a

b

d

c

e

f

g

Figure 5.  (a) Pre-notched single cantilever specimen used for micro-fracture testing. The inset is a 
postmortem scanning electron microscope image of the fractured surface. High-resolution transmission 
electron microscope (HRTEM) images showing the nanolayered structure of the TiN/CrN superlattice films 
with large bilayer periods of 13.2 nm (b), while the interdiffusion areas between TiN and CrN and loss of the 
layer structure can be seen from (c) for the smallest bilayer period of 1.8 nm. (d) Fracture toughness KIC, 
indentation hardness H, and moduli E for TiN/CrN superlattice thin films as a function of their bilayer period 
Λ.53 (e) Typical cross-sectional TEM microstructures of the as-deposited Ag/Cu-Zr crystalline/amorphous 
nanolaminate with the corresponding selected-area diffraction patterns inserted. (f) Fracture behavior in Ag/
Cu-Zr. (g) Schematic images of fracture mechanism in Ag/Cu-Zr, demonstrating the interaction of the crack 
with the constituent layers and crystalline/amorphous interfaces.58
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mismatch across the interfaces, which can be an advantage in 
a composite of brittle constituents by promoting crack kinking/
branching and thus preventing catastrophic failure.59,60

Concluding remarks and perspective
This article briefly reviewed some recent computational and 
experimental studies on the fracture behaviors and toughen-
ing mechanisms of nanotwinned and nanolayered materials. 
The nanotwins can effectively toughen single-crystal NT films 
by obstructing dislocation movement, triggering crack deflec-
tions, and serving as crack-bridging ligaments. These mecha-
nisms are different from those found in bulk polycrystalline 
metal counterparts, owing to the coherent TBs being more 
resistant to nucleation of voids/cracks than the general inco-
herent GBs, evidenced by the fact that all initial micro-voids/
cracks are nucleated in the NG matrix or at the NT/NG inter-
faces, rather than within NT regions in the hybrid structure of 
nanotwins and nanograins.42 Consequently, in homogeneous 
bulk NT metals, the cracks often extend preferentially along 
GBs,38,39 instead of advancing through grains and directly 
interacting with the confronted TBs.

Manipulating the microstructure (such as the grain size, 
nanotwin density, TB orientations, type of constituents, and 
layer thickness) can mediate the deformation and toughen-
ing modes in NT and nanolayered materials, providing mul-
tiple ways to further optimize the comprehensive properties 
of these materials. Despite the considerable progress made 
in understanding the fracture and toughening mechanisms in 
these materials, there are still several unsolved issues, some 
of which are listed next:

• It is still challenging to synthesize bulk homogeneous NT 
samples with sufficient size in three dimensions to scruti-
nize their anisotropic fracture behaviors.

• Computational modeling of fracture processes in bulk NT 
samples requires further development of multiscale mod-
eling frameworks and validation from in situ micro-/nano-
mechanical fracture experiments.

• Exploring the intrinsic fracture toughening and cracking 
behavior in bulk NT metals under extreme conditions, such 
as low temperatures and high loading rates.

• Further optimization and design of NT and nanolayered 
materials by tailoring their spatial structure or interface 
types for superior mechanical properties and fracture 
resistance are desired.

• Currently, toughening by nanotwinning has been realized 
in many kinds of materials in addition to metals, including 
 diamond61,62 and biological materials,63 while extension to 
still more varieties, such as NT hcp or bcc metals, ceram-
ics, and composite materials, is also desired.

• There is still a huge experimental challenge to quantita-
tively assessing the intrinsic fracture properties of small-
size ductile metal/metal nanolayered films due to their 
increasing plastic zone size.
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