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Polydimethyldisiloxane (PDMS) substrates were coated with thin layers of gold varying in thickness between 40 nm and 160 nm.  
Arrays of parallel cracks formed when a tensile strain was applied to the coated system, with the spacing between the cracks being 
approximately inversely proportional to the strain.  When the crack profiles were examined, it was noted that the cracks extended deep 
into the substrate – to depths up to two orders of magnitude greater than the film thickness.  This extension of the cracks into the 
substrate is the result of the large mismatch in elastic properties between the metal and soft substrate, and plays a role in the development 10 

of the cracking pattern.  Despite the relatively large strains that can be applied through the elastomeric substrate, there was no evidence 
of macroscopic plasticity in the metal films, and numerical analyses showed that the crack profiles were consistent with elastic 
deformation of the metal.  A quantitative comparison of the crack depth and spacing with the predictions of a companion mechanics 
analysis indicated that the observed spacing and depth were consistent with the metal film being much tougher than the elastomeric 
substrate.  However, for this level of toughness to be exhibited in a metal film would require plastic deformation over a scale much larger 15 

than would be expected in such a geometry.  This inconsistency may be resolved by recognizing that rupture of a thin metal film can be 
associated with shear localization that results in a mode-II failure, rather than by classical mode-I crack propagation.  This results in a 
failure mechanism for a metal film that is a high-strain, but low-energy process, with substrate cracking absorbing the excess elastic 
energy available upon rupture of the film.  Such a failure mechanism is consistent with earlier observations for the failure of thin metal 
films, and this work suggests that failure of an elastomeric substrate may contribute to an additional loss of constraint enhancing this 20 

localization.  

Introduction 
Understanding the mechanics of deformation and failure of a stiff 
film supported on an elastomeric substrate is important for a 
number of potential applications.  These include the design and 25 

fabrication of flexible electronics,1,2 sensitive skins for 
machines,3,4 elastomeric actuators,5,6 and the use of patterns for 
fabrication systems.7,8,9 Under a compressive loading, it is well 
known that the stiff film deforms by a surface-buckling 
phenomenon.10,11,12 Conversely, the film can rupture in response 30 

to a tensile strain.13,14,15,16,17,18,19,20 Two basic mechanisms for the 
rupture of stiff films on elastomers have been discussed in the 
literature; one based on instabilities (flow instabilities associated 
with plastic deformation of a ductile film);21,22 the other based on 
fracture of brittle films (with or without accompanying 35 

delamination).6,16,17 The discussions of these models have all 
been predicated on the assumption that the failure process does 
not extend into the substrate.  In this paper we have identified and 
characterized a new failure mechanism in which failure of the 
film is coupled with fracture of the substrate.  We have shown 40 

that when a metal film on an elastomeric substrate fractures, the 
cracks can extend into the substrate to depths up to two orders of 
magnitude greater than the film thickness.  In other words, a 
metal film that is only 100 nm thick can control cracks extending 
10 µm into the substrate.  45 

Linear-elastic fracture mechanics can be used to show that a 
crack can channel across a film supported on a substrate upon the 
application of a critical tensile strain.23,24  If the crack remains in 
the film, the critical strain, εc, required to introduce a single crack 
into a stiff film of thickness h, toughness Γf and plane-strain 50 

modulus 

€ 

E f  on a very thick compliant substrate of modulus 

€ 

E s  
is approximately given by24 
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Above this critical strain, a series of approximately periodic 
parallel cracks can channel across the film.26,27,28,29 While details 55 

of the spacing between the cracks often depend on stochastic 
effects,26 fracture-mechanics analyses indicate that the 
characteristic spacing between the cracks in these arrays is 
approximately inversely proportional to the strain and increases 
with film thickness.27,28,29 It also increases as the stiffness of the 60 

film increases, since the length over which strains build up from a 
crack surface increases with modulus-mismatch ratio.30  

When the surface of an elastomer such as 
polydimethylsiloxane (PDMS) is oxidized, a stiff brittle layer is 
formed.  The periodic channel cracks that can be formed upon the 65 

application of a tensile strain have been shown to be useful for 
various nano- and biological applications.7,8,31,32,33 However, the 
ambiguity associated with the parameters of an oxidized surface 
layer (thickness, modulus, property gradients, and variability of 
oxidation conditions) prompted an interest in exploring the 70 

fracture behavior of a film with relatively well-controlled     
properties, and a well-defined interface between film and 
substrate (thickness, modulus, property gradients, and variability 
of oxidation conditions) prompted an interest in exploring the 
fracture behavior of a film with relatively well-controlled     75 

properties.  For this reason, a system consisting of PDMS coated 
with gold was chosen for study.  Gold films are also of practical 
interest as they have the advantage of providing additional 
control of the surface chemistry for biomedical applications such 
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as using self-assembled monolayers (SAMs) for controlled cell 
adhesion.34 

 

 (a) 
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(b)  

 

(c) 

      

Figure 1 (a) PDMS substrate fastened to silanized glass slide 10 

with a thin layer of spin-coated PDMS.  (b) Coated system with 
3.5 mm thick PDMS substrate, 10 nm Cr bonding layer, and 
40/80/160 nm thick Au layer.  (c) System in mechanical testing 
device results in a series of cracks upon the application of tensile 
strain.   15 

 
While the modulus mismatch between gold and PDMS is 

about two orders of magnitude greater than the range studied in 
many studies of thin-film cracking, the observations in this study 
were superficially consistent with what would have been 20 

expected by extrapolation from the analyses based on fracture 
mechanics, with crack spacings up to four orders of magnitude 
greater than the film thickness.  However, a more careful 
examination of the experimental results indicated that the PDMS 
also fractured as the crack arrays channeled across the gold film.  25 

In this paper we give experimental details of this phenomenon, 
and discuss it in the light of a general fracture-mechanics analysis 
presented in a companion paper that was originally motivated by 
the observations described here.35 

30 

 (a) 30 

 

(b) 

 

Figure 2 (a) Optical micrograph of sectioned replica showing 
typical profiles of a crack generated at a strain of 25% for a 35 

specimen with a 160 nm Au layer.  The replica is at the bottom of 
the image.  (b) AFM images of a replica showing a typical profile 
of a crack generated at a strain of 10% for a specimen with a 
40 nm Au layer.  In subsequent figures, the crack opening is 
defined as the distance between the points of maximum rise at the 40 

crack mouth, and the crack depth is defined as the distance 
between these two points and the crack tip.  The crack spacing is 
defined as the distance between neighbouring crack tips in a 
relaxed state. 
 45 

Experimental Methods 
An elastomeric substrate was made for these studies using 
polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning) 
mixed at a ratio of 3 parts polymer base to 1 part curing agent by 
weight.  The pre-polymer was poured into a dish to form a slab of 50 

thickness 3.5 mm, and cured in an oven at 60 °C for 4 hours.  
After curing, the slab was cut into strips 50 mm long and 10 mm 
wide.  The strips were placed onto silanized glass slides covered 
by a thin spin-coated film of PDMS pre-polymer (Fig. 1a).  This 
PDMS pre-polymer was cured at 60 °C for 4 hours (to give a total 55 

curing time of 8 hours for the slabs).  This step allowed the slabs 
to be held flat during handling and coating, but permitted 
relatively easy removal for subsequent testing.  The PDMS was 
then coated by 10 nm of evaporated Cr to function as an adhesion 
layer; this was followed by evaporation of an Au layer that was 60 

either 40, 80 or 160 nm thick (Fig. 1b). The thickness of the two 
layers was controlled to within 2 nm using an Inficon® XTC/2 
film deposition controller, calibrated according to the procedures 
specified by the manufacturer.  In addition, we also verified the 
calibration process by using a Dektak 6M stylus profiler to 65 

measure directly the thickness of a 10 nm Cr/ 80 nmAu bi-layer 
deposited on a PDMS substrate along an edge formed by 
shielding from the deposition process. While the results presented 
in this paper were taken from systems with evaporated films, 
similar results were obtained with sputtered films, although it was 70 



	  

This	  journal	  is	  ©	  The	  Royal	  Society	  of	  Chemistry	  [year]	   Soft	  Matter,	  [2011],	  [vol],	  00–00	  	  |	  	  3	  

noted that a higher compressive stress existed with the sputtered 
films, as demonstrated by the increased tendency of sputtered 
films to buckle. 

 
Figure 3. An example of an optical micrograph showing the 5 

formation of periodic cracks in a sample with an 80 nm 
evaporated Au and 10 nm Cr adhesion layer on PDMS at a 
nominal strain of 15%.  Periodic buckles, induced by Poisson 
contraction, run perpendicular to the direction of the cracking.   
 10 

The modulus and toughness of the PDMS substrate were 
determined using tension and compact-tension tests,18 ensuring 
that the test specimens had undergone the same total curing cycle 
as the substrates used in the tests.  The modulus of the PDMS was 
found to be 3.8 ± 0.5 MPa.  With the assumption of 15 

incompressibility for an elastomer, this is equivalent to a plane 
strain modulus of   

€ 

E s  = 5.1 ± 0.7 MPa.  The mode-I toughness of 
the PDMS, Γs, was found to be 460 ± 50 J/m2. 

The gold-coated samples were removed from the glass slide 
using ethanol to wet the interface between the spin-coated PDMS 20 

film and glass slide.  The samples were then fastened into a 
mechanical micro-tensile tester, mounted in an optical 
microscope (Fig. 1c) that enabled the system to be stretched at a 
nominal-strain rate of approximately 0.005 per second.  Periodic 
cracks were observed to channel across the system during these 25 

tensile tests.  The spacing between neighbouring pairs of cracks 
was measured as a function of strain using in-situ optical 
microscopy.  At pre-determined levels of applied strain, the strain 
was held fixed and replicas of the surface were made using 
PDMS prepared by mixing the curing agent and polymer base in 30 

a ratio of 1:3 by weight.  Prior to replica formation, the surface 
(thin metal film and exposed PDMS cracks) of the system was 
silane treated according to a protocol described by Mills et al.18  
This silane treatment prevented the PDMS replica from cross-
linking with native PDMS and ensured complete removal 35 

following polymerization.  These replicas were stripped from the 
cracked surface after being cured at room temperature for 24 
hours, and sectioned in a longitudinal direction.  Optical 
microscopy was used to determine the crack profiles from these 
sections for the 80 and 160 nm thick Au films (Fig. 2a).  40 

However, the limitations of optical resolution required the 
profiles for the 40 nm Au films to be determined by atomic-force 
microscopy (AFM) of the top surfaces of the replicas (Fig. 2b). 
The profiles obtained by these techniques were subsequently 
summarized in terms of a crack opening (distance between the 45 

peaks on either side of the crack) and crack depth (distance from 

peak to trough).  The three points used for these definitions are 
indicated on the AFM trace of Fig. 2b. 

Experimental Results 
It was noted that there was a small residual compression in the 50 

film, as indicated by a periodic array of buckles, before beginning 
the tensile tests.  As the buckles appeared only after the PDMS 
was released from the glass slide, it is believed that this 
compressive stress was induced by the thermal-expansion 
mismatch between the PDMS substrate and the glass slide to 55 

which it was bonded before the evaporation of the metal film‡.  
For a system with 80 nm Au and 10 nm Cr, the wavelength of 
these buckles was very regular and equal to about 45 µm.  The 
buckles were aligned perpendicular to the tensile axis of the 
specimen (the long axis of the specimens - the presence of free 60 

surfaces appears to have relaxed the compression in the 
orthogonal, narrower, direction).  Upon the initial application of a 
tensile strain, these buckles disappeared.  However, after the 
cracks formed, a different set of buckles were formed.  These 
new buckles were parallel to the tensile axis and perpendicular to 65 

the cracks (Fig. 3), as has been observed in earlier studies for 
oxidized PDMS.18  It is believed that these buckles formed from 
an induced compressive stress arising from the interaction 
between the Poisson contraction of the substrate below the cracks 
and the relaxation of the applied strain in the region between the 70 

cracks.  The average wavelength for these buckles was about 
32 µm.  A difference in wavelengths between the buckles 
associated with a relaxed tension and the buckles associated with 
cracking was a very consistent feature of these studies, and earlier 
studies on oxidized PDMS.36  Furthermore, both sets of 75 

wavelengths were much larger than that which is predicted by 
standard results for buckling on a compliant substrate, in which 
the wavelength, λ, is related to the film thickness, h, by:37 

     

€ 

λ = 2πh E f / 3E s( )
1 / 3

 ,  (2) 
which would indicate a wavelength of about 9 µm for a gold film 80 

of 80 nm (compared to the experimentally observed wavelength 
of approximately 45 µm for the uncracked system). Even 
recognizing that the experimental configuration is a bi-layer, this 
discrepancy is outside the range of what can reasonably be 
explained by experimental uncertainty, precluding the use of 85 

these buckling equations in further analysis, such as estimation of 
residual compression.‡‡ 

Figure 4 shows a plot of the average crack spacing as a 
function of applied nominal strain.  The average spacing at a 
given strain εo was determined from the average of in-situ optical 90 

measurements of the distance between individual pairs of 
neighbouring cracks, and corrected by a factor 1/(1+εo) to 
compensate for the stretching.  The error bars represent one 
standard deviation in the crack spacing from multiple pairs of 
cracks.  At high strains, each datum point in the figure 95 

corresponds to an average from up to 100 crack pairs.  Cracks 
were observed down to nominal strains of just below 1%.  

                                                
 
‡ An initial compressive strain of about 0.5% in the metal film was 
estimated from the quoted values for the coefficient of thermal expansion 
for PDMS and glass, and the curing temperature of 60 ºC. 
‡‡ A similar discrepancy has been reported elsewhere for an Au/PDMS 
system.12  In this earlier report, it was suggested that a possible origin for 
the discrepancy was a high temperature during the evaporation process 
forming a surface layer.  However, in the present case, the temperatures 
during evaporation were measured with thermocouples; they never 
exceeded the curing temperature of the PDMS. 
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However, at these lower strains, the number of cracks in the 
gauge length was so low that the use of distances between 
neighbouring cracks to determine the average crack spacing had a 
statistical effect of slightly under-estimating the average spacing 
that would be observed in a longer specimen.  There was also 5 

some ambiguity in these very low strain ranges as to whether any 
cracks had been introduced by handling prior to straining.  Data 
sets corresponding to less than five observed cracks have not 
been included in Fig. 4.  

 10 

Figure 4. Average crack spacing as function of applied nominal 
strain.  The error bars represent one standard deviation in the 
crack spacing.   
 

Fig. 5 shows a plot of the average crack depth as a function 15 

of nominal strain.  These values were determined from between 
10 and 20 crack profiles obtained from replicas taken at each 
strain, as described in the previous section.  Of particular 
significance is that the depth of the cracks is in the range of 5 to 
15 µm, compared to a total film thickness of between 50 nm and 20 

170 nm.  Since the replicas were taken under strained conditions 
(so the cracks were relatively open) the crack profiles were 
probably fairly faithfully replicated. Direct images of the cracks 
were obtained using a 3D measuring laser microscope (Olympus 
OLS4000) at 50x magnification to validate that these crack 25 

profiles were not artifacts of the replica process.   

While an average crack spacing could be determined for a 
given strain, the stochastic nature of the cracking process meant 
that the cracks were not uniformly spaced across the film.  
Furthermore, there was no uniformity in the depth and opening of 30 

the cracks.  This is illustrated by the data plotted in Fig. 6.  The 
profiles of a series of cracks were measured from the replicas 
along with the distance to the nearest neighbouring cracks on 
both sides.  The depth and opening of the cracks is plotted in 
Fig. 6 as a function of this average spacing, with the width of the 35 

error bars indicating the distance to the nearest crack (so a small 
error bar in this figure corresponds to a more symmetrical crack).  
It should be noticed that openings of many tens of microns are 
consistent with the fact that the cracks are clearly visible by low 
powered optical microscopy (Fig. 3), and is consistent with the 40 

very deep cracks.  Had the cracks remained within the metal 

layer, with the layer bonded to the substrate, the crack openings 
would have been much smaller than actually observed.  

 

Figure 5. Average crack depth as function of applied nominal 45 

strain.  The uncertainties represent one standard deviation of 
depths from all.  The crack depth is an underestimate, because it 
has not been corrected for the applied strain (which makes the 
cracks wider and shallower). 

 50 

 
Figure 6.  Dependence of the crack opening and crack depths on 
the average distance to the nearest neighbour for one particular 
value of applied nominal strain.  The range of the uncertainties 
for the spacing in this plot represents the maximum and minimum 55 

distances to the nearest crack.  A small uncertainty indicates a 
crack more nearly in the middle of two neighbours. 

Discussion 
The most striking aspect of the experimental results was the 
relatively great depth to which the cracks propagated within the 60 
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substrate.  This was apparent from the replica studies and from 
the optical observations of the crack opening.  As discussed 
below, finite-element calculations showed that the profile of the 
crack surface could only be explained by these deep cracks.  
Furthermore, it should be noted that it is actually a well-known 5 

mechanics result that a crack within a stiff layer should be drawn 
across an interface into a more compliant material.24,38  However, 
despite the fact that, in retrospect, crack propagation in an 
elastomeric  substrate might be expected, this phenomenon has 
not been previously noted or analyzed.  Prompted by the 10 

observations described in this paper, a general linear-elastic 
fracture-mechanics analysis of cracking in stiff films on 
compliant substrates was developed and has been presented 
elsewhere.35  Here, the experimental results presented above are 
discussed in the light of the insight provided by this general 15 

analysis.   
 
Strain level in the metal film 
The nominal strains applied to the substrate are sufficiently large, 
being in excess of 20%, that there is an immediate question about 20 

the validity of a linear-elastic analysis.  As detailed elsewhere18 
and verified again for this study, the PDMS itself behaves in a 
linear fashion at nominal strains up to about 40%.  The cracks, 
and the depth to which they propagate, reduce the strain in the 
film to a level well below the nominal strain applied to the 25 

substrate.  The extent of this reduction can be deduced by a finite-
element calculation that accurately includes the crack spacing, 
depth, and elastic properties.  The PDMS was modelled with a 
modulus of 3.8 MPa and an assumed Poisson's ratio of 0.4995 
using hyper-elastic elements in the commercial finite-element 30 

program ABAQUS.  The metal films were modelled using 
incompatible-mode elements.  The modulus and Poisson's ratio of 
Cr were assumed to be 279 GPa and 0.21; the elastic properties of 
Au were assumed to be 78 GPa and 0.44.38  Initially, the films 
were assumed to deform only in an elastic fashion.  35 

Owing to the huge modulus mismatch between the PDMS 
and metallic layer, the full depth of 3.5 mm for the substrate was 
modelled (along with the correct thickness of the Cr and Au 
layers).  A segment of the system containing a set of cracks that 
had been observed experimentally was modelled. While periodic 40 

boundary conditions were used at either end of this segment, the 
crack spacing within the segment were set according to the 
experimental observations. The mesh was reduced to 10 nm 
around the crack tips within the PDMS, and a mesh-sensitivity 
analysis was conducted to assure that any uncertainties from the 45 

numerical procedure was less than the uncertainties from the 
experimental observations.  The calculations were done for a 
number of different sets of data that formed the plot given in 
Fig. 6 to verify consistency between the results, but one particular 
set will serve for illustrative purposes.  Table 1 lists experimental 50 

details of a set of five contiguous cracks, with the measured 
spacing, depth and opening at a nominal strain of 25%.  The 
periodic boundary conditions were imposed on the plane at the 
centre of the first and last cracks of the series, and the appropriate 
level of strain was introduced by the imposition of a uniform 55 

displacement between these boundaries under plane-strain 
conditions. 
 

Figure 7 shows the deformed mesh that results from the 
crack distribution given in Table 1.  While the crack depths and 60 

spacings were chosen a priori to match the experimental 
measurements, the crack openings were left as parameters to be 
determined as outputs from the numerical calculations.  A 
subsequent comparison with the experimental observations 

(Table 1) shows that these completely elastic calculations 65 

describe the openings very well.  The fact that the crack profiles 
predicted from an elastic calculation matched the experimental 
observations so well, indicates that the metal film does not 
deform plastically to any significant extent.  (Plastic deformation 
of the film would have reduced the crack opening).  The 70 

calculations indicated that the strain in the film increased with 
distance from the cracks, and reached a maximum of between 
about 0.4% and 0.6% halfway between neighbouring cracks.  
This maximum level of strain was obtained in a reproducible 
fashion from several related calculations with different 75 

experimental data sets, and was therefore taken to be an 
approximate measure of the strain required to rupture the film.   

 
Figure 7. Output from a finite-element calculation for a system 
with 10 nm of Cr, 80 nm of Au and a nominal strain of 25%, with 80 

crack depths and spacing set by experimental observations. The 
peaks to either side of the cracks (which match the experimental 
profiles as shown in Fig. 2) are the result of a Poisson's ratio 
effect.  The stress is relaxed near the crack surfaces, causing the 
out-of-plane displacement to be relaxed.   85 

 
 Observed   

(± 1 µm) 
Calculated 

crack 1 opening (µm) 
depth (µm) 

19 
8 

16 
8 

space (µm) 
maximum computed strain 

68 
 

70 
0.45%±0.05% 

opening (µm) 15 13 crack 2 
depth (µm) 7 7 

space (µm) 
maximum computed strain 

46 49 
0.41%±0.05% 

crack 3 opening (µm) 
depth (µm) 

14 
6 

15 
5-6 

space (µm) 
maximum computed strain 

129 123 
0.60%±0.05% 

crack 4 opening (µm) 
depth (µm) 

17 
7 

21 
7 

space (µm) 
maximum computed strain 

86 88 
0.50%±0.05% 

crack 5 opening (µm) 
depth (µm) 

18 
7 

18 
7 

Table 1. A comparison between observed crack data and the 
finite-element calculation shown in Fig. 7 that was used to 
estimate the strain level in the metal film (nominal strain applied 
to the system = 25%,;10 nm Cr and 80 nm Au) 90 

 
Comparison of observations with related elastic fracture-
mechanics analysis 
A major conclusion of the finite-element calculations described 
above is that the metal film deforms elastically up to strains of 95 

about 0.6% before fracture occurs.  This level of elastic strain, 
indicating a yield stress of 475 MPa or more, is consistent with 
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what might be expected for gold films of this thickness.40 
Furthermore, elastic deformation of the metal film indicates that 
the problem should be amenable to a linear-elastic fracture 
mechanics (LEFM) analyses, which allows one to invoke the 
concept of a fracture toughness for the thin metal film and 5 

substrate, as described in the companion analysis.35  

The LEFM analysis of Ref. [35] is a general one appropriate 
for a single film of modulus   

€ 

E f , toughness Γf, and thickness h on 

a compliant substrate of modulus   

€ 

E s , toughness Γs, subjected to a 
nominal applied tensile strain of εo.  This analysis indicates that 10 

cracking of the substrate enhances failure of the system in that it 
reduces the critical strain for propagating a channel crack to 
below that given by Eqn. 1.  Furthermore, above this critical 
strain, the crack spacing, S, is predicted to be approximately 
inversely proportional to the applied strain:  15 
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In this relationship, the constant of proportionality is a function of 
the ratio of Γf/ Γs, with the normalized crack spacing increasing as 
the toughness ratio increases.35  As can be seen in the non-
dimensional plot of Fig. 8, the experimental data is quite well 20 

described by the functional form of Eqn. 3, despite the fact that 
the experiments involved a bilayer consisting of two different 
metals.  It is noted that the use of a slightly more compliant 
substrate with a 10:1 ratio of polymer:curing agent resulted in a 
slightly larger crack spacing for a given nominal strain.  This is 25 

consistent with Eqn. 3. 

 
Figure 8.  The experimental data of Fig. 4 replotted in non-
dimensional form, to make a comparison with the LEFM 
analysis.35 30 

The LEFM results indicate that the crack spacing is 
dependent on both the modulus mismatch and the toughness ratio 
between the film and substrate.35  Specific examples of the 
general results from the mechanics calculation are given in Fig. 9, 
which shows how the predicted crack spacing varies with applied 35 

strain for different levels of toughness ratio between film and 
substrate. The calculations of Fig. 9 were computed for a 

modulus-mismatch ratio of 2x104, which is a good approximation 
for the mismatch between Au and PDMS.  It will be observed 
that the crack spacing increases for a given level of strain as the 40 

toughness ratio film increases.  The depth of the crack has also 
been shown to increase with this ratio.35 

Superimposed on Fig. 9 is the approximate range for the 
experimental data for the Au/Cr bi-layers on PDMS.  It will be 
see that the LEFM models provides a reasonable agreement with 45 

the experimental results for the crack spacing if the toughness of 
the metal film is taken to be about 10-50 times greater than that 
of the substrate.  While this toughness of about 4.5-22 kJ/m2 
(corresponding to a fracture toughness, KIc of about 21-46 
MPa√m) is reasonable for bulk metal specimens, it is 50 

considerably in excess of what might be expected for a thin film 
because it would require a plastic zone size much larger than the 
film thickness.  An approximate estimate for the toughness of a 
thin film is given by the product of the thickness and yield 
strength.41  Such a calculation would indicate a toughness of no 55 

more than about 50 J/m2 for a Au film of 80 nm.  This is only 
about 10% of the toughness of the PDMS.  Such a low value of 
toughness would correspond to a very "brittle" film, and the 
cracks would be expected to penetrate only a little distance into 
the substrate.  Furthermore, the predicted spacing would be 60 

considerably more than an order of magnitude less than observed, 
and the onset of cracking would occur at a relatively low strain. 

 
Figure 9. The results of the LEFM analysis of Ref. [35] 
calculated for a bilayer, with a modulus mismatch ratio between 65 

the film and substrate comparable to the value appropriate for Au 
on PDMS.  Results for different values of the ratio of the film 
toughness to the substrate toughness, Γf / Γs, are presented.  A 
comparison to the range of experimental results, indicates that 
they match the LEFM model for a toughness ratio in the range of 70 

10 to 50. 
The apparent paradox where a thin metal film on a soft 

substrate that should behave in a relatively brittle fashion, but 
actually exhibits cracking behaviour consistent with a much 
tougher material, may perhaps be resolved by recognizing that 75 

there is evidence thin gold films do not rupture by a classical 
mode-I fracture mechanism.  In 1960, Pashley performed in-situ 
tensile tests of thin gold films in a transmission electron 
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microscope.40 These experiments revealed that free-standing thin 
gold films deform elastically until failing at relatively high strains 
by rupture associated with shear localization.  For thin films, this 
rupture mechanism dissipates much less energy than a mode-I 
fracture mechanism.  It is probably related to the well-known 5 

fracture-mechanics phenomenon that, while the toughness of 
metals increases from plane-strain values to plane-stress values as 
the thickness decreases, the fracture mechanism changes to a 
shear mode and the toughness drops with sample thickness below 
a critical thickness.42 Furthermore, it has been shown for metal 10 

films on polymeric substrates that while this shear localization 
can be suppressed if the substrate is reasonably stiff,21 the 
constraint may not be sufficient to suppress the localization if the 
substrate is an elastomer such as PDMS.22 The results presented 
in the present work are consistent with these results from the 15 

literature.  Furthermore, we have shown that there may be an 
additional loss of constraint suppressing this localization 
mechanism associated with fracture of the substrate. 

Conclusions 
When metal films supported on a very compliant substrate 20 

such as PDMS rupture, they can induce fracture of the underlying 
substrate, with the cracks growing to significant depths below 
into the substrate.  It has been shown in an accompanying paper 
that this reduces the critical strain at which crack propagation can 
occur.35  Despite the large nominal strains that can be imposed on 25 

the Au/PDMS system, the strain in the metal film may remain in 
the elastic regime.  This is both because thin films tend to have 
relatively high yield strengths, and because cracking limits the 
strain transfer from the substrate to the film.  While elastic 
deformation of the film and substrate implies that the techniques 30 

of fracture mechanics may be a valid means to analysis the 
fracture, the results reinforce the notion that the concept of 
toughness for such a thin metal layer is ambiguous.  The observed 
strains required for fracture and the corresponding crack spacing 
seem to be consistent with toughness much higher than is 35 

appropriate for an elastic thin film.  Rupture of the metal appears 
to be controlled not by the toughness of the film, but by a critical 
stress or strain level in the film.  Once the film has ruptured, then 
the cracks can propagate into the substrate.  This view of the 
process is consistent with existing results in the literature that 40 

metal films fail by shear localization, and that while a stiff 
polymer may provide a constraint to suppress this mode of 
failure, a soft polymer such as PDMS does not provide a 
sufficient constraint.  Fracture of the substrate further reduces any 
constraint on this failure mode. 45 
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