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a b s t r a c t 

Evaluation of the fracture toughness of nanostructured metals is largely limited by the incapability of current 

techniques to process samples sufficiently large for standard fracture tests. Here, a custom designed contactless 

crack opening displacement gauging system is presented for accurately measuring load-line displacement and 

instantaneous crack length during fracture tests with miniaturized specimens, which is in particular suitable for 

determining the fracture resistance of nanostructured metals. For illustrating the application of this gauge, the 

J -integral fracture resistance curves were determined for an ultrafine grained Cu processed by equal channel 

angular pressing and a nanotwinned Cu synthesized by electro-deposition. The ultrafine grained Cu exhibits a 

fracture toughness of 66 MPa m 

1/2 ; while the fracture toughness is 39 and 55 MPa m 

1/2 for the nanotwinned Cu 

with an average grain size of 6 and 16 μm, respectively. The underlying damage mechanisms responsible for the 

measured fracture toughness are discussed. 
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. Introduction 

Over the past three decades, the extraordinary mechanical behavior

f nanostructured metallic materials with characteristic microstructural

engths falling in the nanometer scale has been extensively explored

1–3] . The nanostructured materials are much stronger than traditional

oarse-grained counterparts and promising for engineering structural

pplications [4,5] . However, they have also been recognized to display

ramatically reduced tensile ductility and fracture toughness [6,7] . A

ast amount of studies have been devoted to deal with the trade-off

etween strength and ductility in nanostructured materials and to de-

elop strategies to mitigate it [8–11] . On the contrary, much limited

ttention has been paid to their fracture properties [7,12,13] , although

olding sufficient damage tolerance is a critical prerequisite for the po-

ential applications. As an estimation in the context of the Kitagawa–

akahashi diagrams [14] , the transition crack size, above which the

earing stress is dependent on the embedded crack size, decreases from

round 100 mm for low-strength conventional materials to only 30 μm

or high-strength nanostructured materials [7] . Therefore, once with a

resence of small cracks either arising from material processing or gen-

rated in services, the real bearing capacity is limited by the fracture

oughness and the crack length, rather than solely by the flow strength.

herefore, accurately assessing the fracture toughness and developing

oughening strategies for the high strength nanostructured materials is

f enormous engineering importance for their future development. 
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The current lack of fracture mechanics investigations originates from

he difficulty to produce bulk nanostructured samples with sufficient di-

ensions for standard fracture tests [7] . As a corollary, miniaturized

racture specimens were in general utilized instead. Currently, most

vailable data were retrieved on nanostructured metals produced by

evere plastic deformation (SPD). For instance, Pippan et al. have per-

ormed miniaturized compact tension (CT) fracture tests on ultra-fine

rained (UFG) Cu [15] , Ni [16] , irons [17] , and pearlitic steel [18] pro-

essed by high pressure torsion (HPT). Qin et al. [19,20] and Xiong et al.

21,22] studied the advantageous toughening effect of nanoscale defor-

ation twins embedded in a matrix of nano-grains produced by dynamic

lastic deformation (DPD). 

Inspection of the available fracture toughness measurements of the

anostructured metals reveals that several critical points are still un-

olved or not sufficiently noticed for quantifying the fracture toughness.

irst, due to the limited specimen size, the small scale yielding condi-

ions of the linear elastic fracture mechanics (LEFM) no longer prevail

23,24] ; and therefore, the elastic plastic fracture mechanics (EPFM),

n terms of critical J -integral or critical crack tip opening displacement,

hould be adopted [15,17] . For the EPFM fracture tests, the load-line

isplacement should be accurately measured to quantify the total en-

rgy input into the tested specimen. However, this is still a grand chal-

enge for miniaturized fracture specimens, because the commercial clip-

n crack opening displacement (COD) gauge is not suitable owing to

he limited crack mouth space. Second, crack tunneling is present with
. 

https://doi.org/10.1016/j.mtla.2019.100430
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Fig. 1. (a) Contactless COD gauging system 

based on digital image correlation technique. 

(b) Schematic drawing of the CT fracture 

specimen. (c) Captured image of a random 

speckle pattern sprayed on both sides of the 

crack mouth, the subsets of pixels enclosed by 

squares are tracing markers to calculate the 

load-line displacement. 
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uch more pronounced crack front extension in the center than on the

urfaces of the specimen, which could exert increasingly more signifi-

ant influence on the fracture resistance as the specimen size is reduced

23] . Third, the detection of crack initiation and the determination of

nstantaneous crack advancement also become more difficult for small

pecimens. Directly measuring the crack length on the surface makes

ittle sense considering the crack tunneling effect. Finally, a complete

nderstanding of the fracture behavior not only demands the measure-

ent of crack initiation toughness, but also calls for knowledge on how

he fracture resistance evolves with crack extension [25,26] . Currently,

he valid data on the crack growth toughness is even scarcer than on the

rack initiation toughness for the nanostructured materials [27] . 

The objective of this paper is to present a contactless COD gaug-

ng system based on digital image correlation (DIC), which solves the

roblems indicated above. The developed COD gauge enables precise

eterminations of the load-line displacement and the entire fracture re-

istance curve in miniaturized fracture tests. The fracture toughness of

 bulk UFG Cu processed by equal channel angular pressing (ECAP) and

 bulk nanotwinned (NT) Cu prepared by electro-deposition are deter-

ined by employing the COD gauge and the mechanisms responsible

or the exhibited fracture resistance are discussed. 

. Methodology 

.1. Contactless COD gauge 

Fig. 1 (a) shows the setup of the developed contactless COD gauging

ystem, which comprises a NAVITAR ZOOM 6000 optic lens with a work

istance of ∼110 mm, a SENTECH CMOS camera, a LED ring light and a

omputer with a custom-designed software for automatically grabbing

nd analyzing images. Depending on the specimen size, the magnifica-

ion of the lens can be switched from 1 × to 4 ×. The camera has a resolu-

ion of 2048 ×1088 pixels and a physical pixel size of 5.5 μm. Fig. 1 (b)

isplays the geometry of the utilized CT fracture specimen, where W

s the specimen width, and B is the specimen thickness. Two flat ter-

aces above and below the crack mouth were purposely machined along

he common plane connecting the centers of the two pin holes, which

nables direct measurement of the load-line displacement without fur-

her geometry modification. Prior to the test, a random speckle pattern

as generated by first painting a white background on the two terraces
nd then spraying random black ink spots using a medical atomizer.

ig. 1 (c) displays a typical captured speckle pattern. At the start of a

ew test, a pattern was grabbed as reference image and several sub-

ets of pixels (25 ×25 pixels) above and below the crack mouth were

anually picked on it as tracing markers, as schematically shown in

ig. 1 (c). During the test, the software continuously grabs images from

he camera and computes in real-time the sub-pixel updated positions

f the selected markers based on the DIC technique [28,29] . The aver-

ge opening displacements of the two groups of markers with respect

o their original spacing in the reference image were output as instan-

aneous crack mouth opening displacement (CMOD). The accuracy and

esolution of the COD gauge depend on magnification of the lens, qual-

ty of the produced speckle pattern and environmental vibration. For a

ens magnification of 2 × used in this work, the opening displacements of

 static crack without loading were recorded to scatter within a band of

 0.06 μm (namely, ± 0.02 pixel) in the experimental environment. Such

 small scatter can represent the good runtime accuracy of the COD

auge and must be checked before starting each test to guarantee the

easurement accuracy. 

.2. Calculation of crack length 

To measure crack extension during the fracture tests, the elastic

ompliance method involving partial unloading and reloading was em-

loyed. The crack length a at an unloading point is computed as follow

30] : 

𝑎 

𝑊 

= 1 . 000196 − 4 . 06319 𝑢 + 11 . 242 𝑢 2 − 106 . 043 𝑢 3 

+ 464 . 335 𝑢 4 − 650 . 677 𝑢 5 (1) 

 = 1∕ 
(√

𝐵 𝐸 𝐸 𝐶 

∗ + 1 
)

(2)

here E is the Young’s modulus, 𝐵 𝐸 = 𝐵 − ( 𝐵 − 𝐵 𝑁 

) 2 ∕ 𝐵 is the corre-

ponding effective thickness, B N is the net thickness for side-grooved

pecimens, and C 

∗ is the rotation corrected elastic unloading compli-

nce. 

Fig. 2 displays the force P versus displacement v curve for an

nloading segment, which as expected presents a quite good lin-

ar relationship. Through a linear regression, the elastic compliance
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Fig. 2. Force versus load-line displacement curve for an elastic unloading stage, 

the inverse of its slope measures the compliance of the fracture specimen and 

can be used to compute the crack size. The inset in (a) displays the measurement 

of the corresponding crack length by an optical microscope. 

C  

a  

t  

m  

o  

p  

c  

t  

i

2

 

t

a

a  

i  

F  

c

𝐽  

w  

a

𝐾  

w  

a

𝑓

 

i  

t

𝐽  

w  

𝑎  

c  

p  

𝑣

𝐴  

2

 

i  

0  

r  

t  

p  

fi  

B  

T  

c

𝐾

w

3

 

l  

a  

n  

w  

E  

a  

c  

c  

1  

t

 

c  

T  

t  

r  

i  

a  

i  

m

4

 

n  

[  

o  

s  

i  

e  

s  

e  

c  

t  

g  

t  

T  

c  
 = ∆v/ ∆P is calculated as 0.08496 μm/N, and the corrected compli-

nce C 

∗ is 0.08380 μm/N. Using Eq. (1) , the crack size is calculated

o be 4.085 mm, which is in good agreement with the optic measure-

ent (4.064 mm) shown in the inset of Fig. 2 . This consistency not

nly demonstrates the accuracy in the measurements of load-line dis-

lacement using the developed gauging system, but also proves that the

ompliance method is sufficiently accurate to determine the crack ex-

ensions, which is critical for EPFM evaluation using miniaturized spec-

mens. 

.3. Calculation of J -integral resistance curves 

To construct the J -integral resistance (J-R) curve, namely, the varia-

ion of J -integral as a function of crack extension ∆a i = a i – a 0 where a 0 
nd a i are the initial and instantaneous crack sizes, data pairs of P i , v i 
nd a i should be recorded by conducting a series of unloading/reloading

n the course of the fracture test, as schematically shown in Fig. 3 (a).

or each crack length a i , the corresponding J -integral, J i , can then be

omputed as follows [30] : 

 𝑖 = 

𝐾 

2 
𝑖 

(
1 − 𝜈2 

)
𝐸 

+ 𝐽 
pl 
𝑖 

(3)

here K i is the stress intensity factor and calculated for a CT specimen

s: 

 𝑖 = 

𝑃 𝑖 (
𝐵 𝐵 𝑁 

𝑊 

)1∕2 𝑓 
( 𝑎 𝑖 

𝑊 

)
(4)

here 𝑓 ( 𝑎 𝑖 
𝑊 

) is a geometry factor determined by the ratio of crack length

 i to the width W : 

 

( 𝑎 𝑖 

𝑊 

)
= 

(
2 + 𝑎 𝑖 

𝑊 

)[ 
0 . 886 + 4 . 64 

(
𝑎 𝑖 

𝑊 

)
− 13 . 32 

(
𝑎 𝑖 

𝑊 

)2 
+ 14 . 72 

(
𝑎 𝑖 

𝑊 

)3 
− 5 . 6 

(
𝑎 𝑖 

𝑊 

)4 
] 

(
1 − 𝑎 𝑖 

𝑊 

)3∕2 

(5) 

For an advancing crack, the total crack growth corrected plastic J -

ntegral 𝐽 
pl 
𝑖 

at point i is recursively calculated from the following equa-

ion [30] : 

 

pl 
𝑖 

= 

( 

𝐽 
pl 
𝑖 −1 + 

𝜂𝑖 −1 
𝑏 𝑖 −1 

𝐴 

pl 
𝑖 
− 𝐴 

pl 
𝑖 −1 

𝐵 𝑁 

) ( 

1 − 𝛾𝑖 −1 
𝑎 𝑖 − 𝑎 𝑖 −1 
𝑏 𝑖 −1 

) 

(6)
here 𝜂𝑖 −1 = 2 . 0 + 0 . 522 𝑏 𝑖 −1 ∕ 𝑊 , 𝛾𝑖 −1 = 1 . 0 + 0 . 76 𝑏 𝑖 −1 ∕ 𝑊 and 𝑏 𝑖 = 𝑊 −
 𝑖 is the uncracked ligament size. The quantity 𝐴 

pl 
𝑖 
− 𝐴 

pl 
𝑖 −1 is the in-

rement of the plastic work A 

pl . As shown in Fig. 3 (b), it can be ap-

roximately computed from the force versus plastic displacement 𝑣 
pl 
𝑖 
=

 𝑖 − 𝑃 𝑖 𝐶 𝑖 curve as: 

 

pl 
𝑖 
− 𝐴 

pl 
𝑖 −1 = 

(
𝑃 𝑖 + 𝑃 𝑖 −1 

)(
𝑣 
pl 
𝑖 
− 𝑣 

pl 
𝑖 −1 

)
2 

(7)

.4. Determination of critical fracture toughness J IC and K IC 

Once a J-R curve is constructed, a provisional critical J integral, J Q ,

s generally defined as the intersection point of the J-R curve with the

.2 mm offset crack blunting line ( 𝐽 = 2 𝜎Y Δ𝑎 , where 𝜎Y is the flow stress

epresented by the mean value of the yield strength 𝜎ys and the ultimate

ensile strength 𝜎uts ). The J Q value can be regarded as a size-independent

lane strain fracture toughness, J IC , only when the requirements for J -

eld dominance and the plane strain conditions are satisfied, namely,

 N , b 0 > 10 J Q / 𝜎Y , where b 0 is the initial uncracked ligament length [30] .

he fracture toughness represented by critical stress intensity factor, K IC ,

an then be calculated from J IC by the following relationship: 

 𝐼𝐶 = 

√ 

𝐸 𝐽 𝐼𝐶 

1 − 𝜈2 
(8) 

here 𝜈 is the Possion’s ratio. 

. Fracture tests 

For the purpose of demonstrating the application of the contact-

ess COD gauging system, fracture specimens with W = 8 mm, B = 4 mm

nd an initial notch of ∼3 mm depth were machined from two different

anostructured metals by electrical discharge machining. The specimens

ere then fatigue pre-cracked under tension-tension mode in an Instron

3000 electro-dynamic test instrument at a frequency of 30 Hz to obtain

n initial sharp crack tip. After the fatigue pre-cracking, the total initial

rack size a 0 falls in the 0.45 W < a 0 < 0.55 W range. In order to suppress

rack tunneling and make the crack front uniformly extend, grooves of

0% B deep was additionally machined on both specimen sides after fa-

igue pre-cracking. 

The fracture tests were performed on an Instron 5982 tensile ma-

hine with a load cell of 5 kN capacity under displacement control.

he loading displacement rate is about 0.25 mm min − 1 . The forces from

he tensile machine and the displacements from the COD gauge were

ecorded continuously at a rate of ∼3 Hz through the tests. Unload-

ng/reloading sequences were conducted at an interval of 0.05 mm with

n unloading displacement of 0.1 mm min − 1 . To ensure the reproducibil-

ty, the fracture tests were repeated at least three times for each speci-

en. 

. Fracture toughness of ultra-fine grained copper 

The ultra-fine grained (UFG) copper was produced by equal chan-

el angular pressing (ECAP) via route B C , as described in detail in Ref.

31] . The ECAP treatment was repeated eight passes at a pressing speed

f about 2 mm s − 1 at room temperature. Fig. 4 illustrates the typical re-

ulted microstructure observed in the transverse direction (TD), which

s slightly inhomogeneous in terms of grain morphology. In some ar-

as grains or subgrains are still elongated and occupied by high den-

ity of accumulated dislocations; while in other regions well-recovered

quiaxed grains with fairly fewer dislocations are formed. These mi-

rostructural features are in good agreement with previous reports on

he UFG Cu similarly treated [32,33] . Measurements revealed that the

rain size ranges from 500 to 1000 nm with an average of ∼800 nm. In

his work, as an example, the fracture toughness was evaluated along the

-E orientation, namely, the crack plane is normal to the TD, while the

rack propagation direction is parallel to the extrusion direction (ED).
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Fig. 3. Schematic representation of (a) load–displacement curve 

with partial unloading segments for determining the compliance 

C and the crack size; (b) incremental plastic area of load versus 

plastic displacement curve from step i -1 to i . 

Table 1 

Summary of the fracture experiments for the UFG Cu with the non-side-grooved (NSG) and the 

side-grooved (SG) specimens with W = 4 and 8 mm. B N , net specimen thickness; J Q , provisional 

critical J -integral; 𝜎Y , effective flow strength; K IC , critical stress intensity factor; J 1mm , J -integral 

at a crack extension of 1 mm. 

Sample B N (mm) 10 J Q / 𝜎Y (mm) J Q (kJm 

− 2 ) K IC (MPa m 

1/2 ) J 1mm (kJm 

− 2 ) 

NSG 4 2.19 ± 0.06 87 ± 2 – 222 ± 8 
SG ( W = 4 mm) 3.2 0.83 ± 0.08 33 ± 3 66 ± 3 60 ± 5 
SG ( W = 8 mm) 6.4 0.85 34 67 53 

Fig. 4. TEM bright field micrograph showing the UFG microstructure in the Cu 

subjected to 8 passes of ECAP. 
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Fig. 5. (a) Force versus displacement curves for the non-side-grooved (NSG) 

and the side-grooved (SG) miniaturized fracture specimens of the UFG Cu; (b) 

corresponding J-R curves showing stable crack growth. The J-R curve for the 

UFG Cu processed by HPT is included for comparison [15] . To demonstrate the 

size independence, the J-R curves for specimens of 4 and 8 mm thickness are 

compared in (b). 
n addition, to demonstrate the strong influence of crack tunneling on

he exhibited fracture resistance, fracture tests using specimens with and

ithout side grooves were carried out and compared. 

Fig. 5 (a) displays the experimental force versus displacement curves,

ith several partial unloading segments readily visible for measuring

ompliances and crack extensions. The curves significantly deviate from

he initial linear elastic relationship before reaching a maximum force,

ndicating substantial crack tip plasticity prior to crack initiation. There-

ore, the LEFM method cannot be applied for the fracture toughness eval-

ation here. After the maximum load is reached, the non-side-grooved

ample exhibits slower force reduction with loading and appears to be

ore stable than the side-grooved counterpart. Fig. 5 (b) shows the con-

tructed J - R curves of the UFG Cu and Table 1 summaries the obtained

racture parameters. The J -integral value for the non-side-grooved sam-

le increases significantly from ∼25 kJ m 

− 2 at the onset of crack ini-

iation to ∼222 kJ m 

− 2 at a crack extension of 1.0 mm. This trend is

uite similar to that reported for the HPT copper with slightly smaller

rains [15] , which is included in Fig. 5 (b) for comparison. However,

his pronounced rising fracture resistance curve behavior should not be

egarded as an inherent feature associated with the UFG structure. As

isplayed in Fig. 6 (a), the crack front delineated by post fatigue is rather

urved for the non-side-grooved sample. There is almost no crack ad-

ance on the specimen surfaces, whereas the crack front in the specimen

enter has propagated for a very long distance ( ∼2 mm). Caused by the
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Fig. 6. Overall fracture surfaces for (a) the non-side-grooved and (b) 

the side-grooved specimens, a verification that the crack tunneling as 

shown in (a) can be suppressed by side grooving. 
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Fig. 7. Typical engineering stress–strain curves for the NT-Cu-A with an average 

grain size of 6 μm and the NT-Cu-B with an average grain size of 16 μm, both 

samples have a similar twin spacing. 
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resence of crack tunneling, the uncracked trailing segments strongly

rag the broken surfaces, leading to the observed rapid J -integral grow-

ng as the crack propagates. 

On the contrary, for the side-grooved sample, the crack front is kept

oughly straight during crack extension, see Fig. 6 (b), an indication that

he crack advances uniformly through the thickness. Accompanying this

hange is a substantial flattening of the J-R curve with crack extension,

s shown in Fig. 5 (b). There is only a J -integral increment of ∼30 kJ m 

− 2 

s the crack extends to 1 mm. Since it was proven that the specimen

ize met the requirement for plane strain conditions ( B N = 3.2 mm >

0 J Q / 𝜎Y , Table 1 ), the obtained critical fracture toughness J IC (33 ±
 kJ m 

− 2 ) and the corresponding K IC (66 ± 3 MPa m 

1/2 ) are size inde-

endent according to the ASTM standard [30] . This point is further ver-

fied by fracture tests using specimens of double thickness ( B = 8 mm).

s shown in Fig. 5 (b), the J-R curve of the B = 8 mm sample overlaps

ith that of the B = 4 mm sample, an indication of the negligible effect

f specimen thickness. Therefore, the obtained fracture toughness can

e regarded as a valid property of the UFG Cu. 

The fracture resistance of the UFG Cu is much reduced com-

ared with the coarse grained counterpart ( ∼200 MPa m 

1/2 ), although

till superior to many engineering Al alloys and some Ti alloys

30 − 50 MPa m 

1/2 ) [34] . The reduced fracture toughness is believed to

e relevant with the incorporated high density grain boundaries (GBs)

12] . The GBs and triple junctions at the sub-micron scale are considered

s the primary initiation sites for micro-voids [15,35,36] . As a conse-

uence, the void spacing is much smaller in the UFG and nanocrystalline

etals than that controlled by particle spacing in conventional metals,

uppressing the resistance to ductile tearing [37] . To get over this draw-

ack, additional toughening mechanisms should be incorporated. For

nstance, toughening arising from crack deflection, crack delamination

r crack divider has been reported to significantly increase the frac-

ure toughness in certain orientations of UFG Ni and Fe with elongated

rains [17,38] . Analogous toughening associated with substantial crack

eflection in the ECAP Cu will be presented in a forthcoming paper. 

. Fracture toughness of nanotwinned copper 

There have been numerous studies on nanotwinned (NT) metals with

n average twin thickness less than 100 nm which offer an excellent

alance of high strength, considerable tensile ductility and enhanced fa-

igue performance [8,9,39–42] . Nevertheless, limited attention has been

aid on their fracture behavior [13,43] . Singh et al. revealed a larger

racture toughness in high density NT Cu ( K IC = 17.2 MPa m 

1/2 ) than in

ow density NT Cu ( K IC = 14.8 MPa m 

1/2 ) [44] . However, the electrode-

osited samples they tested were too thin to satisfy the plane strain con-

itions and thus the results were thickness dependent and could not

eflect the inherent fracture resistance of the NT structure. 

Recently, we successfully developed a direct-current electro-

eposition technique that enabled the preparation of bulk NT Cu of sev-
ral millimeters thick [45] . The NT Cu consists of columnar grains with

 high density of nanoscale growth twins preferentially oriented paral-

el to the electro-deposition plane [45,46] . As a consequence, there is a

trong {1 1 1} out-of-plane fibrous texture along the deformation direc-

ion [45] . Luo et al. studied firstly the effect of specimen thickness on the

racture toughness of the NT sample [46] . The crack front line was per-

endicular to the deposition plane and aligned with the fibrous texture,

hile the crack propagation direction is in the deposition plane, con-

trained by the limited thickness of the deposited samples. The results

how that below a critical specimen thickness of ∼1.0 mm, plane stress

tate prevails ahead of the crack tip and the critical J -integral ( J C ) de-

reases with decreasing thickness. With increasing thickness above the

ritical value, J C is reduced from a peak value of 15.6 kJ m 

− 2 and settles

radually to a thickness-independent value (8.4 kJ m 

− 2 ) when the crack

ip is primarily under plane strain state [46] . The corresponding plane

train fracture toughness K IC is 33 MPa m 

1/2 [46] . 

In this study, in order to further unveil the grain size effect on the

racture resistance, two samples with different grain sizes and almost the

ame twin thickness were prepared by adjusting the electro-deposition

arameters [31] . Statistics of the microstructure via scanning electron

icroscope (SEM) and transmission electron microscope (TEM) reveals

n average grain size of 6 μm and a mean twin thickness of 51 nm for

he first sample, referred to as NT-Cu-A hereafter. While for the second

ample, denoted as NT-Cu-B, the average grain size and twin thickness

re 16 μm and 65 nm, respectively. Most TBs are coherent and devoid

f pre-existing dislocations. The microstructure of the as-deposited sam-

les has been presented in more detail elsewhere [45] . Fig. 7 shows the

orresponding engineering stress-strain curves. In good agreement with
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Table 2 

Microstructural parameters and mechanical properties of the columnar-grained Cu with nanoscale twins. d , average 

grain size; 𝜆, average twin thickness; 𝜎ys , 0.2% offset yield strength; 𝜎uts , ultimate tensile strength; 𝛿u , uniform 

elongation; 𝛿f , elongation to fracture. 

Sample d (μm) 𝜆 (nm) 𝜎ys (MPa) 𝜎uts (MPa) 𝛿u (%) 𝛿f (%) J IC (kJ m 

− 2 ) K IC (MPa m 

1/2 ) 

NT-Cu-A 6 51 312 ± 13 366 ± 7 8.7 ± 1.6 11.2 ± 2.0 12 39 

NT-Cu-B 16 65 210 ± 15 278 ± 14 20.5 ± 2.1 28.0 ± 2.8 23 55 

Fig. 8. Typical J-R curves for the NT-Cu-A with an average grain size of 6 μm 

and the NT-Cu-B with an average grain size of 16 μm, both samples have a sim- 

ilar twin spacing. 

Fig. 9. Characteristic fracture surfaces of the NT-Cu-A with an average grain 

size of 6 μm, on which plenty of ridges and grooves can be identified along the 

electro-deposition direction. The crack propagation (CP) and electro-deposition 

(ED) directions are indicted by arrows. 
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ef. [45] , the yield and the tensile strengths of the NT-Cu-A with smaller

rains are larger than those of the NT-Cu-B, but the uniform and the

racture elongations turn out to be smaller. 

The obtained J-R curves for the two NT Cu samples are shown in

ig. 8 . Obviously, increment in grain size enhances the resistance to

racture. For the NT-Cu-B with larger grains, the J -integral increases

rom ∼15 to ∼35 kJ m 

− 2 as the crack stably extends to 1 mm, displaying

 pronounced rising fracture resistance curve behavior; on the contrary,

he J -integral increment is only 5 kJ m 

− 2 for the NT-Cu-A (from ∼10

o ∼15 kJ m 

− 2 ). The critical fracture toughness J IC of the NT-Cu-B is

3 kJ m 

− 2 ( K IC = 55 MPa m 

1/2 ), much larger than that for the NT-Cu-A

 J IC = 12 kJ m 

− 2 , K IC = 39 MPa m 

1/2 ). The tensile and fracture properties

re summarized in Table 2 . 

Fig. 9 displays the typical fracture surface morphology for the NT

u with highly aligned TBs. There are plenty of obvious ridges and
rooves aligned with the deposited columnar grains, a good reminis-

ence of crack growth along the GBs. As mentioned above, the crack

ront line is normal to the deposition plane and the TBs. Constrained

y the plane strain state at the crack tip, the strain perpendicular to

he TBs is negligible. As a result, the crack tip deformation should be

ominantly accommodated by threading dislocations with Burgers vec-

or parallel to TBs and moving inside the twin/matrix lamellar channels

45,46] . These threading dislocations gradually accumulate against the

onfronted GBs with increasing deformation, giving rise to pronounced

ack-stress [47] and significant local stress intensification in the vicinity

f GBs [48] . Eventually, micro-voids nucleate and grow preferentially

long the GBs, leading to crack extension. This failure mode is differ-

nt from the in-situ TEM observations (under plane strain state) that

racks extend in an intragranular manner and interact with confronted

Bs [43,49–51] . The stress state and TB orientation must strongly in-

uence the underlying failure mechanism and the fracture resistance of

he NT materials, which deserves further in-depth investigations. 

The higher fracture toughness of the NT-Cu-B compared with that

f the NT-Cu-A can be rationalized by several effects. First, increment

n grain size enhances the strain hardening and deformation capability

f the NT metals [45,52] , which is beneficial to improve the crack tip

lasticity. Second, the density of crack nucleation sites along the GBs is

educed for coarser grains. Third, larger grains make crack propagation

ath more tortuous, which consumes more irreversible energy to extend

he crack front. 

. Summary and perspective 

The developed contactless COD gauging system has been proven to

ccurately measure the load-line displacements of miniaturized fracture

pecimens and thus to enable the crack size determination via elastic

ompliance method, which is particularly advantageous for the fracture

oughness evaluations of the nanostructured metals of limited sample

olume. Provided that the requirements of straight crack-front line, J -

eld dominance and plane strain state are all satisfied, the obtained

racture toughness values are size-independent and comparable among

iverse materials or different microstructures. This feature is of special

cientific and engineering importance for microstructural design target-

ng for optimizing the balance between fracture toughness and strength.

The COD gauge has been utilized to evaluate the fracture resistance

f the ECAP UFG Cu and the electrodeposited columnar-grained NT

u in this study, and of DPD NT Cu [23] and NT 316 L stainless steel

24] previously as well. The UFG Cu with a mean grain size of ∼800 nm

xhibits a critical fracture toughness K IC of 66 ± 3 MPa m 

1/2 in the T-E

racking orientation and diminishing fracture resistance curve behavior.

he reduced fracture resistance is in general proposed to result from the

igh density GBs that provide nucleation sites and shorten spacing of

icro-voids. The fracture toughness of the NT Cu is elevated from 39 to

5 MPa m 

1/2 with increasing grain size from 16 to 65 μm while almost

eeping the same twin thickness. Because the crack front line is aligned

ith the columnar grains and the TB normal, the plane strain constraint

eads to threading dislocation accumulation along GBs and micro-void

ucleation and growth therein. Coarser grains enhance plasticity, re-

uce micro-void nucleation sites, and promote crack path tortuosity, all

ositively contribute to the fracture resistance. 
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Currently, compared with the large amount of diverse nanostruc-

ured materials emerging over the past years, the available fracture

oughness data are still far too scarce to establish a consolidated relation-

hip between the various nanostructures and their inherent sensitivities

o crack-like defects. Fairly more experimental data remain to be accu-

ulated to clearly elucidate the influences of microstructural parame-

ers such as grain size/twin thickness/lamellar spacing, grain morpholo-

ies, crystallographic texture, GB characteristics, chemical impurities,

olume fraction and spatial distribution of precipitates or second-phase

nclusions, etc. The thermal and mechanical microstructural stabilities

hould also be noticed because the microstructural evolution could in-

eract or compete with void nucleation and growth processes and make

hem behave rather differently from those in the microstructure stable

etals. 

In addition, there has been a growing interest in recent years in het-

rogeneous and gradient nanostructures, where spatially varying mi-

rostructures were introduced to promote strain hardening [11,42,53–

5] . It has been demonstrated that the synergy of strength and ten-

ile ductility can be enhanced via optimized architectural tailoring and

ence is advantageous for the structural applications. However, the in-

estigations on the fracture properties of these unique nanostructured

etals are still lacking. For instance, it should be clarified beforehand

hether the purposely incorporated boundaries between the hard and

oft domains are also beneficial to the fracture resistance, or they con-

ersely act as stress raisers and promote damage development. The es-

ablished valid EPFM experiment based on the J -integral, as presented

ere, offers many opportunities for improving the fundamental under-

tanding of how the damage/failure process associated with the various

anostructures influences the macroscopic fracture toughness. 
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