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a b s t r a c t 

With a considerable amount of commonly used material systems consisting of individual, rather con- 

fined layers, the question for mechanical behaviour of their individual interfaces arises. Especially, when 

considering varying interfacial structures as a result of the processing environment. Furthermore, the in- 

teraction between pronounced plasticity and fracture processes can lead to challenges with regards to 

separation between sole interface- or bulk properties. 

The present work investigates the interfacial fracture characteristic of a WTi-Cu sytem commonly 

found in the microelectronics industry as a heterogeneous model material with pronounced plasticity 

in the Cu phase. To study this behaviour on a rather limited scale ( < 6 μm), microcantilever experiments 

were conducted and evaluated using a continuous J - �a curve evaluation scheme with classical elastic- 

plastic considerations in mind. A change in interface chemistry, resulting from air exposure between pro- 

cessing steps, was probed and found to show distinct crack propagation along the interface opposed to 

crack tip blunting as encountered in the vacuum processed sample. Complementary density functional 

theory calculations also showed a strong reduction of interface cohesion upon oxygen accumulation and 

a model framework based on classical dislocation plasticity considerations revealed the transition from 

plasticity to fracture processes to be a result of shielding and following change in mode mixity. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

A considerable amount of technologically relevant material sys- 

ems consists of multi-layered structures, where individual con- 

tituents meet different demands with regards to, e.g. electrical 

 1 , 2 ] or thermal [3–5] insulation/conduction, wear protection [6] , 

emi-conducting [7] or optical properties [8] . These systems are of- 

en confined to only a few hundred nm up to tens of μm, which

ives rise to significant challenges with regards to evaluation of 

tructural properties. However, as the resulting stresses during ser- 

ice that arise due to thermal conditions and/or external loading 

re commonly non-negligible, it is necessary to investigate me- 

hanical threshold values, e.g. yield onset or critical fracture pa- 

ameters. First steps to meet these challenges were made in recent 

ears, facilitated by the development of various small scale test- 

ng techniques, such as nanoindentation [ 9 , 10 ], micropillar com- 

ression [ 11 , 12 ] or microtensile testing [13–15] for plasticity val- 

es and notched microcantilever bending [ 16 , 17 ], double cantilever 
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E-mail address: markus.alfreider@unileoben.ac.at (M. Alfreider). 

u

n

p

ttps://doi.org/10.1016/j.actamat.2022.117813 

359-6454/© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia I

 http://creativecommons.org/licenses/by/4.0/ ) 
edging [18] or pillar splitting [19] for fracture toughness val- 

es. Especially, microcantilever bending has been successfully ap- 

lied to a wide field of systems with either spatially limited ge- 

metries, i.e. thin films [20] or very confined local features of in- 

erest, such as grain boundaries [ 21 , 22 ] or interfaces [23–25] , to

ddress fracture properties of confined material conditions. How- 

ver, while most of the recent literature addresses the experimen- 

al evaluation within the framework of linear-elastic fracture me- 

hanics (LEFM) [ 16 , 26 , 27 ], the application of elastic-plastic fracture 

echanics (EPFM) [28–30] is only rarely found due to more chal- 

enging experimental conditions. Given that a high failure toler- 

nce is generally desired, and many application relevant systems 

lready show pronounced plastic deformation around the fracture 

rocess zone, it is necessary to incorporate EPFM into small scale 

esting, especially if subtle changes of mechanical response due to 

ocal fluctuations in chemistry or structure are to be probed. 

In the present work, we focus on the fracture characteristics 

f a WTi-Cu interface in a thin ( < 6 μm) multilayer system as a

niversal model system for a heterogeneous interface with sig- 

ificant differences in elastic properties amongst the phases and 

ronounced plasticity in one of them. The interface was deliber- 
nc. This is an open access article under the CC BY license 

https://doi.org/10.1016/j.actamat.2022.117813
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tely altered by air exposition between processing steps to induce 

hemical changes due to oxide formation, leading to a comparative 

et of samples with and without an interfacial oxide layer, while 

eaving everything else unaltered. Microcantilever experiments and 

PFM evaluation schemes were conducted to investigate the inter- 

ace fracture properties, and pronounced changes with respect to 

ir exposition were evidenced. In conjunction with density func- 

ional theory (DFT) simulations and classical dislocation plasticity 

onsiderations, we present a reasoning for the observed behaviour, 

hich we suggest as an explanatory foundation for the general be- 

aviour of elastic-plastic bi-layer materials systems at the micron 

cale. 

. Experimental 

.1. Materials and sample preparation 

The multi-layered material system studied herein is based on 

ommon wafer processing technologies and consists of the follow- 

ng constituents: (001) oriented single crystalline Si substrate, 50- 

0 nm thermally grown SiOx, 270-300 nm WTi layer ( ∼100 nm 

rain size) and 5 μm electrodeposited Cu film ( ∼2.7 μm grain size). 

fterwards the structure was annealed at 400 °C for 30 min, which 

eads to an incorporation of the Cu seed layer into the galvanically 

eposited film and therefore a homogeneous grain size distribution 

n the μm regime and no residual obvious texture. This material 

ombination is a common base structure in the microelectronics 

ndustry and was studied previously, e.g. by Wimmer et al. [31] , 

igl et al. [32] (Film A) and Alfreider et al. [33] , where further in-

ormation can be found. 

Usually, such specimens are entirely processed in vacuum. 

owever, to obtain a different chemical environment at the inter- 

ace between WTi and Cu, the specimens were deliberately ex- 

osed to atmosphere after the WTi deposition step for a short 

mount of time ( ∼10 min), which resulted in the formation of an 

ndefined surface oxide layer before Cu deposition was continued. 

hus, this layer stack allows the investigation of mechanical differ- 

nces at the WTi-Cu interface as a consequence of oxygen exposi- 

ion. 

To probe the interface fracture properties of the standard vac- 

um processed as well as the air-exposed interface, micron sized 

antilever shaped specimens were fabricated by focussed ion beam 

illing (FIB, LEO 1540XB, Carl Zeiss AG, Oberkochen, Germany) on 

echanically broken platelets of the multilayer stack as shown in 

ig. 1 a. First, a smooth 90 ° corner was fabricated using higher FIB 

illing currents (10 nA) as shown in Fig. 1 b, followed by subse- 

uently decreasing currents down to 50 pA for polishing the final 

hape as depicted in Fig. 1 c. An initial notch a 0 was produced also

ith 50 pA and positioned manually between the Cu and the WTi 

ayer before the final polishing step to reduce curtaining artefacts. 

.2. Microcantilever fracture experiments and evaluation 

All microcantilever deflection experiments were conducted in 

he same FIB, utilizing a Hysitron PI-85 system (Bruker Corpora- 

ion, Billerica, USA) equipped with the nanoDMA III upgrade to al- 

ow for continuous measurement of stiffness changes during test- 

ng. To achieve a line contact between transducer and specimen, a 

 μm wide conductive diamond wedge tip with an opening angle 

f 60 ° (Synton-MDP AG, Nidau, Switzerland) was used. The speci- 

ens were loaded in open-loop, load-controlled mode with a su- 

erimposed sinusoidal amplitude of 5 μN at a frequency of 80 Hz 

nd a nominal loading speed of 10 μN/s, based on previous investi- 

ations [30] . To reduce any contact issue with the inherently load- 

ontrolled transducer, the specimens were elastically pre-loaded to 

0 μN before the start of each experiment. 
2 
As the Cu part of the fracture specimen is prone to a ma- 

or amount of plastic deformation, it is necessary to conduct 

n elastic-plastic fracture mechanical evaluation based on the J - 

ntegral concept, as described in detail in previous works [ 30 , 33 ].

ue to the heterogeneous nature of the specimens it is not pos- 

ible to apply the common splitting of elastic and plastic com- 

onents of the J -Integral [ 34 , 35 ], as the Young’s modulus of the

ultilayer stack is not properly defined. Therefore, we consider an 

lder calculation for the J-Integral evaluation as [ 36 , 37 ]: 

 n = 

2 A tot,n 

B ( W − a n ) 
(1) 

here J n is the J -Integral at point n , A tot,n = 

u n ∫ 
0 

F du is the total area

nder the measured load-displacement ( F - u ) curve up to point n, 

 n is the current crack length at point n and B, W are geomet- 

ic parameters as defined in Fig. 1 c. The current crack length a n 
s calculated from the experimentally gathered compliance signal 

30] as: 

 n ∫ 
0 

a 

W 

Y 

(
a 

W 

)2 

da = 

(
c n 
c 0 

− 1 

)
L 3 

18 π
(
1 − ν2 

)
L ′ 2 

(2) 

here Y ( a / W ) is a geometry factor [16] , ν = 0.3 is Poisson’s ratio,

 n is the measured compliance of the cantilever at point n and c 0 
s the compliance of the unnotched cantilever. The detailed deriva- 

ion of Eq. (2 ) is provided in [38] . The compliance of the unnotched

eam is initially unknown, but can be evaluated from the stable 

ompliance level c ( a 0 ) after initial contact is established [30] and 

efore crack extension occurs as [33] : 

 0 = 

c ( a 0 ) 

1 + 

18 π( 1 −ν2 ) L ′ 2 
L 3 

∫ a 0 
0 

a 
W 

Y 
(

a 
W 

)2 
da 

(3) 

All integration was done numerically using the trapezoidal rule 

nd the crack length a n was found by interpolation. Furthermore, 

s both Eqs. (2 ) and (3) are independent of any material parame- 

ers with the exception of Poisson’s ratio, they can be considered 

pplicable for the given heterogeneous material system. 

.3. Density functional theory simulations 

As the aim of the DFT calculations was to study the difference 

f interface cohesion with and without air exposure, it was feasi- 

le to simplify the investigated system and reduce computational 

ffort by considering single phase body centred cubic (bcc) W in- 

tead of WTi and a single layer of O instead of varying air com- 

ositions. While the precise chemical species will locally (atom by 

tom) have different bonding strengths to Cu, it was found that all 

ommon oxides (WO 3 , WO 4 , TiO 2 ), some oxidation states which 

eem to be in between WO 3 and WO 4 , as well as carbon-oxygen 

nvironments, metal-hydroxyde and metal carbonate environments 

re all present in roughly equal amounts on the surface of the as 

eposited WTi surface [39] . Furthermore, even in the vacuum pro- 

essed state residual oxygen containing states remain [40] . There- 

ore, the DFT simulations were simplified to systems with and 

ithout a single oxygen layer, as a full investigation on all differ- 

nt environments would justify a study of its own, rather than be- 

ng an explanatory tool in conjunction with experimental results 

nd analytical considerations. The simulation system consisted of 

8 W atoms (valence electron configuration: 5p6 5d4 6s2) on top 

f 60 Cu atoms (valence electron configuration: 3d10 4s1) in a 

ishiyama-Wassermann [ 41 , 42 ] configuration ( Fig. 2 ). In the case

f the air exposed system a single layer, consisting of 8 O atoms 

valence electron configuration: s2 p4) was inserted between the 

u and W slab. The DFT calculation were done for various inter- 

ace separation distances d , using the Vienna Ab-Initio Simulation 
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Fig. 1. (a) The 90 ° corner of an as-broken wafer platelet. (b) The same 90 ° corner after coarse FIB processing reveals the individual constituents of the multilayer stack. (c) 

The final shape of a microcantilever specimen on the same corner before testing, with indication of all necessary geometric dimensions for further evaluation. 
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ackage (VASP) [43–45] using Perdew–Burke-Ernzerhof (PBE) func- 

ionals [ 46 , 47 ] and the projector augmented wave method (PAW) 

 4 8 , 4 9 ]. The KPOINT mesh was 3 × 8 × 1 and periodic boundary

onditions were applied in x and y direction ( Fig. 2 ). 

The binding energy E b as a function of d was calculated as: 

 b ( d ) = 

E sys ( d ) − E sy s ′ 

A 

(4) 

With E sys ( d ) being the energy of the whole system at separation

 and E sys’ denoting a system with sufficient amount of vacuum 

etween the Cu fcc and W bcc slab to have no remaining interac- 

ion ( E sys ( d → ∞ )). In order to probe only the cohesive properties of

he interface excluding any elastic contributions from the individ- 

al slabs, the individual Cu and W atom positions remained fixed 

n z direction, while the O atoms were allowed to relax freely af- 

er each separation increment. Plotting the binding energy over a 

arge separation range gives us a traction separation curve. A sim- 

lar, more in depth calculation of traction separation curves with 

ocus on the effect of C impurities on Mo grain boundaries can be 

ound in Ref. [50] . 

. Results 

The challenging nature of the individual sample preparation on 

he edges of such platelets does not allow for a large statisti- 

al assessment, but rather serves an in depth evaluation of each 

pecimen specifically. Therefore, two specimens of each process- 

ng route (full vacuum processing or air exposure) are shown in 
3 
etail in the following. All geometric parameters were measured 

efore testing using ImageJ 1.54s, with the exception of a 0 , which 

as measured after failure at the fracture surface. Error estimates 

or all non-specified measurements can be considered as ±30 nm, 

hich corresponds to ±3 px. The error estimates of a 0 are based 

n the standard deviation of 10 evenly spaced measurements over 

he whole width of the fracture surface. All data is summarized in 

able 1 . 

.1. Fracture experiments 

The raw load and dynamic compliance data with respect to 

oad-line displacement is given in Fig. 3 for all specimens. Evi- 

ently, the vacuum processed specimens ( Fig. 3 a,b) show only mi- 

or decrease in load after the linear elastic regime, while the air 

xposed specimens ( Fig. 3 c,d) depict a distinct decrease of load 

ith increasing displacement. This is also represented in the dy- 

amic compliance data (red), where the vacuum processed speci- 

ens exhibit a very minor increase in dynamic compliance, which 

ettles after roughly 10 0 0 nm of displacement ( Fig. 3 a,b), while the

ynamic compliance of the air exposed specimens continuously in- 

reases with displacement. This difference is specifically apparent 

s the plotted range of dynamic compliance is 2 nm/μN for the 

ir exposed specimens, whereas it is only 1 nm/μN for the vac- 

um processed ones. To address whether a systematic influence of 

ifference in sample geometry is present, Fig. 3 e shows the condi- 

ional stress intensity K [16] of all specimens up to a deformation 
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Table 1 

Geometries of all cantilevers used for evaluation. 

L [μm] L’ [μm] a 0 [nm] W [μm] B [μm] L’/L a 0 /W L’/W 

vacuum 1 6.79 4.20 1120 ±252 2.02 1.14 0.62 0.55 2.08 

vacuum 2 5.08 4.73 1540 ±115 2.36 2.22 0.73 0.65 2.00 

air 1 4.42 3.67 1410 ±150 2.31 1.87 0.83 0.61 1.59 

air 2 5.81 3.98 900 ±76 2.19 1.66 0.68 0.41 1.82 

Fig. 2. Simulation system in initial and separated positions. Blue spheres corre- 

spond to bcc W atoms, yellow spheres to fcc Cu atoms and the smaller red spheres 

to O atoms. 
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f 10 0 0 nm. As K is based only on linear elastic fracture mechanics

onsiderations, it is definitely not valid beyond the elastic loading 

egime. However, the deviation from the linear elastic slope (onset 

f plastic deformation or fracture processes) is between 0.7 and 1.4 

Pam 

1/2 , without any distinct trend between vacuum processed or 

ir exposed specimens. Furthermore, also the stress intensity val- 

es after onset of plasticity do not show any specific trend with 

egards to specimen type, which emphasizes again that no system- 

tic error with respect to specimen geometry is present and that 

inear elastic concepts are definitely not sufficient to evaluate the 

iven experiments. 

The calculated J over crack extension �a data for all specimen 

s summarized in Fig. 4 a, where the difference between the air ex- 

osed and vacuum processed specimens is clearly evident. While 

he vacuum processed specimens resemble no comparability to the 

lassical concave-down “R”-curve behaviour as observed commonly 

n fracture mechanical evaluation [ 51 , 52 ], the air exposed speci- 

ens depict an evident transition from a similar blunting regime 

o a nearly linear increase of J with �a . 
4 
Fig. 4 b,c show the in situ SEM micrographs of the initial and fi- 

al shape of the second air exposed specimen, respectively. There 

t is evident that no pronounced crack extension took place. In- 

tead the whole deformation was governed by plasticity in the Cu 

hase, which is in agreement with the corresponding J - �a data, 

here no major crack extension was detected. The initial notch in 

he first air exposed specimen was fabricated quite far in the Cu 

hase ( ∼100 nm away from the interface) as seen in Fig. 4 d. Nev-

rtheless, after some major amount of plastic deformation a small 

etachment of the Cu phase from the WTi layer was observed in 

he in situ images ( Fig. 4 e) up to a final full crack extension in the

nterface as evident in Fig. 4 f. However, correlating the images with 

he data, one finds that the first occurrence of this detachment is 

lready far into the linear regime of the J - �a curve, while the tran-

ition between blunting and linear regime is considerably earlier 

t J = 103.1 ±1.8 J/m 

2 (errors are based on the standard deviation 

f ±100 data points). This leads to the conclusion that the crack 

id extend in the specimen interior before it was visible on the 

uter specimen surface. This is also reasonable considering the ini- 

ial two faster crack extensions ( J = 11.5 ±0.3 and 58.4 ±2.8 J/m 

2 ) in

his specimen as evident in the blunting part of the data ( Fig. 4 a),

s the crack needed to grow towards the interface in the specimen 

nterior before it could grow towards the visible surface. The notch 

n the second air exposed sample was positioned precisely at the 

nterface ( Fig. 4 g). However, the transition from blunting to crack 

xtension at J = 74.3 ±0.6 J/m 

2 as depicted in Fig. 4 h is again not

vident. Even far in the linear regime the in situ images still show 

 major amount of crack tip blunting without any evident surface 

rack extension ( Fig. 4 i). Only at a crack extension of 526 nm did it

row large enough to create a visible interface detachment ( Fig. 4 j) 

p to a nearly complete detachment of the Cu phase from the WTi 

ayer ( Fig. 4 k), while still a lot of plastic deformation in the Cu was

vident. 

To visualize the difference between the two interface states in 

ore detail, Fig. 5 shows the post mortem fracture surface of a vac- 

um processed and an air exposed specimen in comparison. The 

pecimens were bent down further after the experiments to better 

xpose the fracture surfaces, and the images are taken under an 

ngle of 30 °. The vacuum processed specimen ( Fig. 5 a) shows no

istinct extension of the crack from the initial notch, while the air 

xposed specimen ( Fig. 5 b) clearly depicts a surface pattern on the 

Ti side, which appears imprinted as a negative on the Cu side. 

hese surface patterns are resultant of the faceted WTi layer, as 

hown for comparison in Fig. 5 c in pristine condition before any 

urther deposition took place. It is likely that the faceted nature 

f the WTi surface acts as superimposed stress concentrators on 

op of the initial FIB induced notch, which suggests that locally the 

hreshold for crack extension can be overcome rather easy. 
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Fig. 3. Raw load-displacement (black) and dynamic compliance-displacement (red) data of (a,b) the two vacuum processed specimens and (c,d) the two air exposed speci- 

mens. (e) The conditional stress intensity of all specimens shows a deviation from the linear elastic regime between 0.7 and 1.4 MPam 

1/2 , without any trend with respect to 

processing conditions. 
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Table 2 

Calculated parameters based on the DFT simulations for the 

W/Cu and W/O/Cu system, respectively. 

E b,max (WOS) [J/m 

2 ] σ max [GPa] δ [pm] 

W/Cu 3.471 22.67 56.5 

W/O/Cu 0.429 3.72 42.5 
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Taken together, these observations are a strong evidence that 

he crack grew explicitly at the interface between the layers, as 

his very detailed pattern still remains intact on both sides of the 

antilever ( Fig. 5 b). 

.2. Atomistic interface binding energy 

The results of the DFT simulations are summarized in Fig. 6 a, 

here the binding energy E b as a function of interface separation 

 of the W/Cu system and the W/O/Cu system are depicted as blue 

lled circles and orange open squares, respectively. To investigate 

he traction-separation behaviour of the two interface states the 

niversal binding energy relation (UBER) fit, proposed by Rose et 

l. [53] was utilized as: 

 b = −E b,max 

(
1 + 

d 

l 

)
e −

d 
l (5) 

here E b,max is the largest absolute value of the potential well, 

ommonly also referred to as “Work Of Separation” (WOS), and 

 is a fitting parameter, commonly correlated with the Thomas- 

ermi screening length [ 53 , 54 ]. The non-linear least-square fitting 

rocedure was conducted using the lmfit package (version 1.0.0) 

ithin the Python programming environment (version 3.7.7). The 

erivation of E b with respect to d gives the traction σ perpen- 

icular to the interface, necessary to pull it a distance d apart, 

s shown in Fig. 6 b. It is evident from the peak heights that an

pproximately six times higher normal stress would be neces- 

ary in the pure W/Cu system compared to the W/O/Cu system 

o pull the interface apart. It should be noted that both the vac- 

um processed as well as the air exposed systems have a consid- 

rably lower WOS than individual W grains (6-7 J/m 

2 ) [55] , calcu- 

ated with the same method, which further supports the indica- 

ion that any crack would grow along the interface. Furthermore, 

he respective peak positions δ show that the point at which the 

eparation becomes unstable for a given stress is reached earlier 

 δW/O/Cu = 42.5 pm) in the oxygen containing system than in the 

ristine system ( δW/Cu = 56.5 pm). All calculated values are sum- 

arized in Table 2 . 
5 
. Discussion 

Based on the experimental data there is little doubt that the 

ir exposure has a very strong influence on the fracture behaviour 

f the WTi-Cu interface. While both processing states show a ma- 

or amount of plastic deformation in the initial loading, the air ex- 

osed specimens failed by nucleating and extending a crack at the 

nterface, which was not observable in the vacuum processed sam- 

les. This suggests a different threshold for the accumulation of 

rack tip plasticity before fracture processes occur. To rationalize 

he observed behaviour, we will on the one hand take a detailed 

ook at the crack tip-dislocation nucleation interaction model pro- 

osed by Jokl et al. [56] . On the other hand, we will regard the

hange in local stress fields due to piling-up of dislocations (as a 

ubstitute for the global accumulation of plasticity) and conclude 

hat while both models are in reasonable agreement, the pile-up 

odel suggests a change in mode mixity with increasing plasticity 

hich better elucidates the transition from deformation to crack 

xtension. 

.1. Crack extension vs. dislocation nucleation 

The commonly applied Orowan modification [57] to the classi- 

al Griffith criterion [58] states that: 

 c = 2 γ + γp (6) 

here G c is the critical energy release rate to extend a crack, γ is 

he surface energy and γ p is the dissipated work during the pro- 

ess, e.g. plasticity or phase transformation. Usually γ p is consid- 

red a scalar material specific parameter. However, in 1980 Jokl et 
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Fig. 4. (a) J- �a curves of all specimen, showing a distinct difference between the vacuum processed and air exposed versions. In situ SEM images showing the (b) initial 

and (c) final shape of a vacuum processed specimen and the evolution of crack geometry of the (d-f) first and (g-k) second air exposed specimen with notches close to and 

exactly at the interface, respectively. 
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l. [56] argued that instead of a scalar value, γ p should be con- 

idered as a function of γ as well, due to the fact that generally 

bserved embrittling phenomena based on segregation, e.g. P in 

teels [59] , S in Cu [60] , would not affect dislocation mobility but

ather cohesion and therefore γ . Their basic assumption is that 

islocation emission and crack extension are simultaneous events, 

hich leads to the mechanistic second order differential equation 

f motion as: 

 ̈x = −4 γ b 2 

δ2 
x + b 2 τ ( v 0 , n, G, k, t ) (7) 

here m is the mass of a single atom, x is the displacement per-

endicular to the crack plane, b is the magnitude of the Burger’s 
6 
ector, δ is the critical separation distance (see Table 2 ) and τ is 

he shear stress along the crack plane as a function of terminal 

islocation velocity v 0 , velocity exponent n , shear modulus G , local 

tress intensity k and time t . A schematic of the crack tip structure 

or this model is shown in Fig. 7 a. Solving Eq. (7 ) for different val-

es of k and searching for the first time at which x >δ leads to a

unction of the bond breaking time t B ( k ). From this, one can calcu-

ate the resulting work of dislocation emission w p ( γ ,k ) up to time 

 B ( k ), and with that and the thermodynamic criterion: 

k 2 
( 1 − ν) + 2 γ + w p ( γ , k ) ≤ 0 (8) 
2 G 
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Fig. 5. SEM micrographs of the fracture surfaces of (a) a vacuum processed and (b) an air exposed specimen. (c) The plain WTi surface without any further deposited layers. 

Fig. 6. (a) Binding energy as a function of interface separation for the W/Cu interface (blue dots) and the W/O/Cu interface (orange squares) with the corresponding UBER-fits 

as dotted lines (red, green). (b) The traction-separation relations for both interfaces. 
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nd the local stress intensity upon fracture k G . The plasti- 

ally dissipated energy as a function of surface energy is then 

p ( γ ) = w p ( γ ,k G ). The detailed derivation of all given formulae is

ot in the focus of this investigation and would exceed the present 

anuscript, but the interested reader is encouraged to read Jokl et 

l.’s original work [56] . 

The given mathematical framework was solved numerically for 

u considering a full 〈 110 〉{ 111 } dislocation ( b = 256 pm) instead

f partials, with a terminal dislocation velocity v 0 = 1600 m/s 

 61 , 62 ] and a velocity exponent n = 1.8 [63] . The calculations were

onducted using the LSODA algorithm [64] within the scipy library 

version 1.2.1) using Python 3.7.7, with the boundary conditions of 

he differential Eq. (7 ) (initial position x 0 , initial velocity ˙ x 0 ) set to

. 

The k G (half symbols) and resulting γ p (filled/open symbols) 

alues were calculated as functions of the work of separation in 

.1 J/m 

2 steps for both critical separation distances δW/Cu = 54.5 

m and δW/O/Cu = 42.5 pm, respectively, and are shown in Fig. 7 b. 

here, it is evident that the W/Cu system has a steeper increase in 

lastic dissipation and an earlier point at which no bond breaking 

an be detected (2.7 J/m 

2 ), in comparison to the W/O/Cu system 

here the bond breaking becomes undetectable at 4.3 J/m 

2 . This 
7 
ccurs due to the fact that the thermodynamic criterion becomes 

on-negative over the whole k -range, which means that dissipated 

nergy by dislocation emission dominates over the released energy 

y crack extension. Comparing this with the work of separation 

WOS) from the DFT calculations (dotted lines), one finds that for 

he pure W/Cu system the point at which no bond breaking can 

e detected is far below WOS W/Cu , suggesting that only dislocation 

lasticity and no crack extension would take place, while in the 

/O/Cu system the point at which bond breaking terminates is far 

bove WOS W/O/Cu , which means that both plasticity and fracture 

rocesses are occurring. 

However, the quantitative values should be taken with care, as 

n this model the amount of plastic dissipation would only be 

oughly 0.4 J/m 

2 , which results in a critical J -integral value for 

rack initiation of J i ≈0.8 J/m 

2 for the air exposed specimens, while 

e find values of up to J i = 103.1 J/m 

2 ( Fig. 4 a). This discrepancy

f over two orders of magnitude is a result of considering only 

he very near crack tip region with rather simplified assumptions, 

.g. neglecting crystallography, thermal activation, dislocation split- 

ing or cross slipping. Nevertheless, although we only consider the 

u phase for the calculation of plasticity-fracture process interac- 

ions, the model gives an astonishing qualitative agreement with 
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Fig. 7. (a) Schematic of the atomistic crack tip model depicting the perpendicular deflection x and the direction in which the dislocation emitting shear stress τ is acting. 

(b) Calculated plastic dissipation γ p and local stress intensity for unstable fracture k G over work of separation 2 γ for the W/Cu and W/O/Cu system, respectively. The last 

point at which bond breaking occurs is depicted for both models. At higher WOS only dislocation emission takes place. 
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he experimental data, where again the vacuum processed speci- 

ens (correlate to W/Cu) show only plastic deformation, while the 

ir exposed specimens (correlate to W/O/Cu) show both, plasticity 

nd crack extension. 

.2. Dislocation activity prior to crack extension 

As the air exposed specimens do not show an initially brittle 

ehaviour, but rather a distinct transition from plastic deformation 

o crack extension, it can be argued that this initial accumulation 

f plasticity creates an essential change to the specimen struc- 

ure, which subsequently enables the fracture process. The most 

traightforward explanation is that continuous dislocation nucle- 

tion would lead to classical forest hardening, which inhibits sub- 

equent nucleation and leads to an increased threshold for plas- 

icity. However, in specimens as small as the present ones, the 

ecessary dislocation entanglements would be limited to a very 

onfined volume, which means they need to remain in the near 

icinity of the crack tip ( < 1 μm). Independent on how these dis- 

ocations arrange, such a high density of dislocations close to the 

rack tip would lead to a shielding effect on the crack tip and fur- 

her to a reduced local stress intensity [ 65 , 66 ]. Given that such an

ccumulation would reduce both, the driving force for dislocation 

lasticity as well as for crack extension, it is difficult to understand 

t which point one overtakes the other (in the case of the air ex- 

osed specimens) if such a point even exists (considering the vac- 

um processed specimens). 

Thus, in the following we will present a 2-dimensional model 

ased on piling up of edge dislocations in front of the crack tip 

nd investigate the resulting local shielding behaviour. All geomet- 

ic arguments will be presented in a r , 	-polar coordinate system 

s common in fracture studies, with r = 0 at the crack tip and

= 0 along the WTi-Cu interface ( Fig. 8 a, shown representatively 

or the 8 th dislocation). 

Consider a single slip plane in the Cu phase under an angle 	

hat passes through the crack tip. Neglecting the actual nucleation 
8 
rocess at the crack tip and any subsequent cross-slip or climb 

echanisms, the force equilibrium along the slip plane of the i -th 

islocation in a pile-up of n dislocations is [ 67 , 68 ]: 

 τi = F image + F crack + 

n ∑ 

m = 1 

m � = i 

F m 

d (9) 

here τ i is the total shear stress acting on the i -th dislocation 

classical Peach-Koehler force F i = b τ i [69] ), F image is the image 

orce, F crack is the force resulting from the stress field of the loaded 

rack and F m 

d 
is the force resulting from the stress field of the m -th

islocation acting on the i -th dislocation. Finding these force com- 

onents is rather challenging due to the fact that the present study 

ocuses on a heterogeneous material system. This leads to the fact 

hat the local stress fields are not static, but a function of the elas- 

ic mismatches between the constituents and are changing with 

espect to the point of investigation as the point-specific mode I 

 k I ) or mode II ( k II ) components change. This is known as an oscil-

atory singularity and the detailed derivation is beyond the scope 

f this work, but the interested reader is referred to a very thor- 

ugh review by Hutchinson and Suo [70] . For the sake of concise- 

ess, we will be taking the fact that the mode mixity angle ψ is 

 measure for the ratio between local mode I and mode II loading 

tan( ψ) = k II / k I ) and that it is given by: 

 = arctan 

( 

Im 

(
K l iε 

)
Re 

(
K l iε 

)
) 

(10) 

here K = K 1 + i K 2 is the complex loading stress intensity fac- 

or, ε = 

1 
2 π ln ( 1 −β

1+ β ) is a function of the second Dundurs’ param-

ter β [71] and therefore the individual shear moduli and Pois- 

on’s ratios G W 

= 157 GPa , νW 

= 0.28 [72] and G Cu = 45 GPa , 

Cu = 0.35 [73] , and l is an arbitrary reference length. The elastic 

arameters are taken for W instead of WTi for a better compari- 

on with the DFT results. For simplification it is further assumed 
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Fig. 8. (a) Schematic interface crack tip showing the dislocation distribution for n = 10, 50, 100 dislocations on a slip plane at 	 = 22 °, where the last dislocation is 

pinned at r = 880 nm. (b) Local k I and k II stress intensities for a shielded crack with varying applied stress intensities K applied = 1, 2, 3 MPam 

1/2 and for varying amounts 

of dislocations ( n = 0-100) in the pile-up. (c) Detail of grey region in (b) showing the loading slope, dislocation emission threshold and respective crack growth thresholds 

after Lin and Thomson [80] . 
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hat the applied loading is purely mode I, i.e. has only a real com- 

onent K applied = K 1 . With these assumptions and the radial shear 

tress solutions for mode I τ r 	,I and mode II τ r 	,II [ 52 , 74 , 75 ], F crack 

quates to: 

 crack = b ( τr	,I + τr	,II ) = b 
K applied √ 

2 π r 
cos 

(
	

2 

)[
cos ( ε ln ( l ) ) sin 

(

As the full generalized treatment of the following will lead to a 

ery exhausting and incomprehensible set of interactions, we will 

t this point specify the characteristic reference length as l = 820 

m (the ligament length of the second air exposed specimen), 

hich leads to a maximum of F crack at 	 ≈ 22 °( Fig. 8 a) and further 

onsider only this slip plane. The image forces on a dislocation in 

he vicinity of a crack are also more complicated when an interface 

s involved, as an additional term perpendicular to the interface is 

ntroduced. Zhang and Li [76] have derived a full framework for the 

tress field of an edge dislocation in the vicinity of a crack tip at 

 bi-material interface based on Muskhelishvili’s complex poten- 

ial treatment [77] . They found that considering an edge disloca- 

ion within the Cu phase and a Burger’s vector parallel to the slip 

lane the image force F image is: 

 image = 

[(
α + β2 

1 − β2 

G Cu 

4 π( 1 − νCu ) 

)
− G Cu G W 

2 π

(
1 

G Cu + G W 

( 3 − 4 νCu ) 

where α is Dundurs’ first parameter [71] . 

Furthermore, the individual dislocation interaction forces F m 

d 
an be calculated using the same potential method [76] . The de- 

ailed derivation can be found in Appendix A , to continue with the 
9 
os 

(
	

2 

)
+ sin ( ε ln ( l ) ) 

(
1 − 3 sin 

2 

(
	

2 

))]
(11) 

1 

 

+ G Cu ( 3 − 4 νW 

) 

)]
b 2 

r 
(12) 

rgument from this point onwards. With all terms known in Eq. 

9 ) it is now possible to calculate the acting shear stress τ i of any

 -th dislocation in a pile-up in front of the crack tip. This enables 

he calculation of the actual distribution of dislocations by itera- 

ively moving the individual dislocations along the slip plane until 

he resolved shear stress drops below the lattice friction, which is 

aken to be the Peierls-Nabarro stress [78] , τ p = 0.28 MPa for Cu 

79] . One can now argue that at some point the interaction of dis- 

ocations with each other or with occurring grain boundaries leads 

o a pinning of these dislocations, which creates a barrier for fur- 

her dislocation motion. To obtain a lower bound estimate for the 

esulting pile-up behaviour, we kept the furthest dislocation ses- 

ile at a maximum distance of 820 nm/cos( 	) = 880 nm (as if 

he pinning point would be as close to the lower free Cu surface 

s possible), while all other dislocations where allowed to move, 

tarting from an evenly spaced distribution of dislocations. As the 

ending of the cantilever would lead to a transition from tension 

o compression, the maximum distance would be definitely shorter 

han the 880 nm. However, due to the superposition of the crack 
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ip field and the bending field an exact calculation of the position 

f the neutral fibre is far from trivial. 

The equilibrium positions of the individual dislocations are 

hown in Fig. 8 a for K applied = 1 MPam 

1/2 and n = 10, 50 and

00 dislocations, respectively. It is evident from the fact that the 

hortest pile-up ( n = 10) is condensed at the furthest possible po- 

ition that without any pinning the driving force from the loaded 

rack would move them even further away from the tip. However, 

ith a pinning point a number of n = 100 dislocations leads to 

 nearly completely filled slip-plane up to the crack tip. With the 

ctual equilibrium positions of the dislocations now known, one 

an estimate the local shielded crack tip stress intensities k I,shield , 

 II,shield , as [80] : 

 j,shield = k j −
n ∑ 

i =0 

k i j,dislocation (13) 

here j = I,II and k i 
j,dislocation 

are defined in Appendix B . 

The shielded stress intensity is depicted in Fig. 8 b in k I - k II space

or varying applied stress intensities K applied = 1,2,3 MPam 

1/2 and 

arious numbers of dislocations, respectively. From there it is evi- 

ent that the shielding effect is stronger for mode II than for mode 

 and independent of K applied , as the slopes of all points for a given

 applied are equally 1.59. Similarly, the slopes for a given number 

f dislocations are nearly constant with only a very minor increase 

rom 0.82 ( n = 0) to 0.87 ( n = 100). This means that, while con-

tant loading increases k I faster than k II , constant dislocation emis- 

ion on the other hand decreases k II faster than it decreases k I . 

his holds true for shorter lengths of the dislocation pile-up, e.g. 

maller grains or neutral bending fibres, as a shorter length only 

owers the amount of dislocations in the pile-up at which a certain 

hielding stress is active. Therefore, all conclusions with regards to 

ode mixity in the simplified tensile stress field assumption re- 

ain valid also for a more complex bending stress field. 

Lin and Thomson developed a framework for comparison of dis- 

ocation emission with cleavage under general loading [80] , and 

rom there one finds a threshold for dislocation emission as a line 

ntersection between k Ie and k IIe (neglecting k III ), with: 

 Ie = 

G Cu b 

( 1 − νCu ) 
√ 

2 π r 0 

(
sin ( 	) cos 

(
	

2 

))−1 

 I I e = 

G Cu b 

( 1 − νCu ) 
√ 

2 π r 0 

(
2 cos 

(
3	

2 

)
+ sin ( 	) sin 

(
	

2 

))−1 

(14) 

There, r 0 is the dislocation core cut-off radius commonly ap- 

roximated by r 0 = b [ 81 , 82 ], which leads to k Ie = 1.204 MPam 

1/2 

nd k IIe = 0.253 MPam 

1/2 for the given system, respectively. Lin 

nd Thomson furthermore argued that based on the differences in 

heoretical strengths of materials in tension and shear, the major 

ontribution to cleavage should be due to mode I loading, which 

eads to the simple approximation: 

 Ic = 

√ 

2 Eγ(
1 − ν2 

) (15) 

or a threshold to crack extension. Given that our crack is in the 

nterface, it is not entirely clear whether to use E = E Cu = 124 GPa,

= νCu = 0.35 [73] or to use E = E W 

= 403 GPa, ν = νW 

= 0.28

72] for evaluation. Therefore, it is reasonable to consider a range, 

ather than a single value, which leads to k Ic,W/O/Cu = 0.242-0.436 

Pam 

1/2 for the oxygen containing system and k Ic,W/Cu = 0.688- 

.240 MPam 

1/2 for the pristine system. 
10 
Fig. 8 c depicts the dislocation emission threshold (gray line), 

he two crack extension threshold regimes (orange-W/O/Cu, blue- 

/Cu) and the pure elastic loading without any shielding (pale 

lue line) in conjunction with the shielded values for K applied = 1 

Pam 

1/2 (black squares, numbers correspond to n ). To elaborate 

n what happened in the experiment one can now artificially in- 

rease K applied in the graph as follows. The specimen is initially 

oaded along the pale blue line (slope 0.82), until it reaches the 

islocation emission threshold, where dislocations nucleate and 

tart shielding the crack tip (slope 1.59) until it drops below the 

mission threshold again. This process does not have to be reg- 

lar, but can be stochastic due to dynamic dislocation emission 

ffects [83] . However, with continued loading it will repeat and 

ove the local stress intensity in close proximity to the dislo- 

ation emission line up to a point where it drops below the 

mission threshold, but is above the threshold for crack exten- 

ion ( Fig. 8 c, black zig-zag line to red cross). Thus, changing the 

ehaviour from pure dislocation plasticity, through an intermedi- 

te regime where both processes can occur, as indicated by the 

nterplay between crack extension and plasticity in the blunt- 

ng regime of the first air exposed specimen ( Fig. 4 ), to crack

xtension. 

To establish a link to the J -integral evaluations, one can calcu- 

ate the plastically dissipated work during the process by summing 

p the work done by each individual moving dislocation. How- 

ver, this would lead to a full simulation type approach with re- 

ards to time and amount of dislocation nucleation. Nevertheless, 

e can estimate the magnitude of the plastically dissipated work 

rom the given static data by considering that geometrically adding 

ll of the individual loading segments followed by all the unload- 

ng segments leads to a triangle with an endpoint above the crack 

xtension threshold, but below the dislocation emission threshold, 

imilar to the triangle in Fig. 8 c drawn by the loading slope and

he shielding data for K applied = 1MPam 

1/2 . There, the first point 

elow the dislocation emission line is n = 70, and the sum of the 

issipated work of all 70 dislocations moving from the crack tip 

o their respective positions normalized by their distance from the 

rack tip is: 

 diss = 

n =70 ∑ 

i =0 

b 

r i 

r i ∫ 
0 

τi ( r ) dr (16) 

here τ i is the shear stress calculated by Eq. (9 ), but taking only 

nto account the dislocations which were emitted before the i -th 

islocations (from i + 1 to n ). Calculating this quantity for n = 70

quals J diss,n = 70 = 6.14 J/m 

2 when considering only a single slip 

lane with a pile-up that begins with the first emitted dislocation, 

hich is an order of magnitude larger than obtained with Jokl et 

l.’s model [56] , while still lower than the experimentally observed 

 = 74.3 J/m 

2 . However, such a single pile-up is very unlikely to 

ccur, as many dislocations would move out of the free surface 

t the bottom of the Cu phase [84] before an event occurs that 

ould lead to dislocation entanglement, e.g. jog formation, to initi- 

te a pile-up behaviour. Furthermore, as differently oriented grains 

xist in the Cu phase, the actual crystallographic orientation of in- 

ividual slip planes could lead to different behaviour, inhibiting the 

hange in mode mixity (position in k I - k II space) necessary to initi- 

te crack extension. All of these very likely processes would add to 

he dissipated work, which means that J diss,n = 70 = 6.14 J/m 

2 is only 

 lower bound estimate. Comparing the air exposed with the vac- 

um processed specimen in the light of this argument one could 

hink that even the vacuum processed specimen should show crack 

xtension given enough dislocation accumulation. Therefore, one 

an use the same geometric consideration as before, i.e. shifting 

he loading line and the crack tip shielding line parallel to intersect 

ith the first point at which crack extension should occur for the 
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/Cu specimen ( k I = 0.688 MPam 

1/2 ; k II = 0.108 MPam 

1/2 ). The in-

ersection points of these shifted lines with the original ones allow 

o read out the necessary applied stress intensity K applied = 1.66 

Pam 

1/2 and amount of dislocations n ≈118 for fracture to occur in 

he W/Cu specimen. However, when taking a detailed look at the 

quilibrium dislocation spacing after iterative relaxation for these 

alues, one finds that the distance between the last two disloca- 

ions drops below the magnitude of the Burger’s vector b , which 

s physically impossible and suggests that the model breaks down 

t that point. As a matter of fact, this behaviour starts already 

ith K applied = 1 MPam 

1/2 and n = 80, which gives reason to as-

ume that the W/O/Cu system is at the very brink of physically 

ossible crack extension, resultant of accumulation of dislocation 

lasticity. 

Nevertheless, this simplified model mimics the observed be- 

aviour very closely and suggests that the accumulation of plastic- 

ty in these specimens leads to a change in mode mixity towards a 

elatively higher mode I component, which facilitates crack exten- 

ion over dislocation nucleation. 

. Summary and conclusion 

Micromechanical cantilever fracture experiments have been 

onducted on a Cu-WTi-SiOx-Si multilayer stack with the focus on 

nalysing the interface between the plastically deforming Cu phase 

nd the quasi-elastic WTi layer. To address the influence of inter- 

ace chemistry, one set of specimens was deliberately exposed to 

ir between the deposition steps of the two constituents, which led 

o the formation of an undefined interface oxide layer. While the 

tandard vacuum processed samples showed only plastic deforma- 

ion in the Cu phase without any crack extension along the inter- 

ace, the air exposed specimens exhibited evident crack extension 

fter an extended plastic regime. Continuous J - �a curves depict a 

ery distinct transition from a concave upwards crack tip blunt- 

ng to a linear crack extension behaviour, with an onset J -integral 

alue of J = 74.3 ±0.6 J/m 

2 and J = 103.1 ±1.8 J/m 

2 for the two air

xposed specimens, respectively. Complementary DFT simulations 

f a W/Cu interface revealed that upon introduction of a single 

ayer of oxygen the work of separation of the interface drops by a 

actor of eight from WOS W/Cu = 3.471 J/m 

2 to WOS W/O/Cu = 0.429 

/m 

2 . Independent of whether the nucleation of dislocations op- 

osed to crack extension or the change in local mode mixity as a 

esult of dislocation pile-ups is considered, the higher work of sep- 

ration in the pristine interface suggests that static crack extension 

s impossible in this system. However, the reduced work of separa- 

ion through oxygen exposition leads to physically plausible results 

n both model assumptions. Given that the crack extension in the 

ir exposed specimens is preceded by a non-negligible amount of 

lastic deformation, the argument based on accumulation of dislo- 

ation plasticity, leading to a change in local mode mixity towards 

 relatively higher mode I component (opening mode) seems to be 

he more probable case for the change from dislocation mediated 

lasticity to crack extension along the interface. 

To conclude, the presented experimental approach on elastic- 

lastic fracture mechanics on spatially limited structures, i.e. thin 

lms, was able to resolve changes in interface toughness in a het- 

rogeneous system due to chemical differences. While one con- 

tituent showed a major amount of plastic deformation, the tech- 

ique was still able to detect crack extension even before it was 

vident in the in situ SEM images. In conjunction with the DFT re- 

ults and analytical arguments, this provides a quite complete pic- 

ure of the occurring plasticity-fracture process interactions in the 

iven system, which can act as a starting point for further inves- 

igations on similar elastic-plastic material combinations, e.g. ther- 

al barrier-, wear- or bio-functional coatings. 
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ppendix A 

The force acting on the i -th dislocation by the m -th dislocation 

n a glide plane F d 
m is a result of the magnitude of the stress 

eld of the m -th dislocation at the position of the i -th disloca- 

ion, as F d 
m = σ r 	( z i ,z m 

)/ b . There, σ r 	( z i ,z m 

) is the resulting shear

tress along the glide plane in polar coordinates as a function of 

he positions of the individual dislocations z i ,z m 

. In a two dimen- 

ional model these positions can be addressed by complex num- 

ers ( z = x + i y ), which enables the use of Muskhelishvili’s complex

otential approach [77] , leading to: 

rr + σ		 = 2 
[
φ′ ( z i , z m 

) + φ′ ( z i , z m 

) 
]

		 + i σr	 = φ′ ( z i , z m 

) + φ′ ( z i , z m 

) + 

[
z i φ

′′ ( z i , z m 

) + ψ 

′ ( z i , z m 

) 
]
e i 2	

(A1) 

here φ and ψ are two complex potentials, the prime denotes dif- 

erentiation by z i and the bar denotes complex conjugation. The 

otentials for dislocations in the vicinity of an interface have been 

eveloped by Zhang and Li [76] and the respective derivations for 

he given system and both dislocations inside the Cu phase are: 

′ 
Cu = 

1 

1 − β2 

[ (
1 − β2 

) γCu 

z i − z m 

+ ( α − β) ( 1 − β) [
γCu 

z i − z m 

− γCu 
z m 

− z m 

( z i − z m 

) 
2 

]]
(A2) 

′′ 
Cu = 

1 

1 − β2 

[(
1 − β2 

) −γCu 

( z i − z m 

) 
2 

+ ( α − β) ( 1 − β) 

[
−γCu 

( z i − z m 

) 
2 

+ 2 γCu 
z m 

− z m 

( z i − z m 

) 
3 

]]
(A3) 

 

′ 
Cu = 

1 
1 −β2 

[ (
1 − β2 

)(
γCu 

z i −z m 
+ 

γCu z m 

( z i −z m ) 
2 

)
+ 

(
α + β2 

)(
γCu 

z i −z m 
+ 

γCu z m 

( z i −z m ) 
2 

)
+ ( 1 + α) β

(
γCu 

z i −z m 
− γCu z m 

( z i −z m ) 
2 

)
−( α − β) ( 1 − β) 

[ 
( γCu − γCu ) 

z m −z m 

( z i −z m ) 
2 + 2 γCu z m 

Z̄ m −z m 
( z i −z m ) 

3 

] 
(A4) 
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hereby α, β are again Dundurs’ first and second parameter 

71] and: 

Cu = 

G Cu b Cu e 
i 	

2 iπ( 1 − 2 νCu ) 
(A5) 

ppendix B 

Lin and Thomson [80] derived their framework for dislocation 

hielding in a 2D model with dislocations being able to lie on any 

lip plane, i.e. varying contributions of the Burger’s vector on the 

eal and imaginary axis. As in the present model the emitted dis- 

ocations lie on a crack tip intersecting slip plane in the Cu phase, 

e can simplify the shielding terms for the i -the dislocations for 

oth modes k i I,dislocation , k 
i 
II,dislocation as: 

 

i 
I,dislocation = 

G Cu b Cu 

2 ( 1 − νCu ) 
√ 

2 π r i 

[
sin ( 	) cos ( 	) cos 

(
3	

2 

)

+ 2 sin ( 	) cos 

(
	

2 

)
+ si n 

2 ( 	) sin 

(
3	

2 

)]
(B1) 

 

i 
I I ,dislocation 

= 

G Cu b Cu 

2 ( 1 − νCu ) 
√ 

2 π r i 

[
2 cos ( 	) cos 

(
	

2 

)

− sin ( 	) cos ( 	) sin 

(
3	

2 

)
+ sin 

2 
( 	) cos 

(
3	

2 

)]
(B2) 
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