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Abstract
Tavares da Costa, M. V. 2020. Mechanical characterization and modelling of the fracture
behaviour of thin brittle coatings on polymer films. Digital Comprehensive Summaries of
Uppsala Dissertations from the Faculty of Science and Technology 1924. 65 pp. Uppsala:
Acta Universitatis Upsaliensis. ISBN 978-91-513-0922-4.

Thin brittle coatings with thickness of a few nanometres deposited on flexible polymer substrates
form an interesting material combination for food packaging and flexible electronics. This
combination may enhance the barrier performance in carton packages. In flexible electronics,
coatings could conduct electricity despite their small thickness. However, cracking is a concern
when brittle coatings are subjected to tension and bending in the manufacturing process or in
final products with curved shapes. Therefore, the fracture behavior of potential coatings for
such applications was studied by a combined use of experimental, analytical and finite element
methods.

In the experimental work, the input parameters for nanometre-scale models were quantified.
These parameters represent properties of the coating and of the interface between substrate
and coating. The Young’s moduli of the coatings were estimated by use of three independent
experimental methods: nanoindentation, buckling of coatings, and atomic force microscopy
(AFM). The advantages and drawbacks of these methods were addressed for each material
system. Then, multiple cracking of coatings subjected to uniaxial tensile loading was examined
in situ by scanning electron microscopy using high magnification and resolution. The strain
fields of the coated substrates were measured up to large tensile deformations by use of digital
image correlation. Statistical micromechanical models were adapted and used for the multiple
cracking behaviour of the coatings. Adhesive and cohesive properties, such as interfacial
shear strength and coating strength, were determined. The multiple cracking behaviour was
investigated also by using linear fracture mechanics and finite elements models to obtain energy
release rates. The interfacial energy release rates were quantified also from local delamination
of the coatings due transverse Poisson contraction of the substrates loaded in tension.

Nanoindentation turned out to be a useful technique for measuring the Young’s modulus of
coatings. Suitable indentation depth was found to be around 10% of the coating thickness. AFM
was found to be the best method because it was found to minimize the viscous effect of the
polymer. Because of delamination, buckling of coatings was not suitable for estimation of the
Young’s modulus. However, ensuing ridged cracks were suitable to estimate interfacial energy
release rates. The progressive crack density was examined in detail, and in high magnification
details of the cracks were observed, such as the crack-opening displacements needed for
prediction of barrier properties. Measured material properties on nanometre are useful for
industrial implementation of coating technology and selecting coating materials for sustainable
product design.
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1. Introduction 

1.1 Background and motivation 
Carton packages are indeed used in the daily life of our society. They serve as 
containers of liquid food, which allow us to transport water, juice, milk etc. 
around the word. These containers were introduced as tetrahedron-shaped car-
tons in beginning of 50s [1]. Today, billions of packages are produced, and a 
wide variety of products suitable for different kinds of food. Now there is need 
of the next generation of carton packages, prioritizing sustainability. 

The layered structure of a current package is shown in Fig. 1. The new 
design of carton packages aims to remove the aluminium foil by depositing 
oxide coatings of a few nanometres thick on the laminate polyethylene film 
[2]. Despite its tiny thickness [3], the coatings is capable of providing en-
hanced barrier properties of the coated polymer and of taking over the alumin-
ium foil function. The addition of a thin coating in the design reduces material 
and production costs and also the use of non-recyclable coating materials. 

 
Figure 1. The layered structure of a carton package [4]. 

Another interesting example of the use of thin coatings is in the field of flexi-
ble electronics [5]. Here, thin oxide coatings can act as transparent electrodes. 
The properties of flexibility and transparency are welcome for electronic dis-
plays and solar cells [6] which are becoming more curved and having less 
weight. For solar cells, the demands on coating properties is high. They are 
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normally exposed to environmental conditions that can reduce their function-
ality prematurely due to, e.g., environmental corrosion. Now, coatings can 
take the role of protecting the cells. To fulfil this role, they should have good 
mechanical properties, which can be achieved by the addiction of, e.g., carbon 
[7]. 

For both food package and solar cells, the implementation of coating tech-
nology in the final product is challenging. In the first case, the barrier coatings 
are generally brittle and as a consequence they are sensitive to cracking when 
subjected to mechanical loading [8, 9]. This is critical in the manufacturing 
process. Carton packages are fabricated by filling machines [10] and the ma-
terials are subjected to tension and folding by rollers in the process. 

Cracks deteriorate permeability, which is the main function of coatings in 
the food package. Oxygen transmission rate (OTR) is a common indicator for 
permeability. A considerable change of this indicator from uncracked to 
cracked coated polymer films has been observed. It is driven mainly by crack 
density (CD) and crack opening [11, 12]. 

For electronic displays and solar cells, cracks are undesirable. In these ap-
plications, coatings are deposited on flexible substrates, which means that they 
must resist large deformations before they break. The presence of cracks in 
the coatings may provoke undesirable changes in electrical resistance [13, 14]. 
Clearly, cracks are detrimental also for corrosion protection. 

The ability to understand and control cracking mechanisms is important for 
the development of new coatings materials that are adequate for the function-
ality of products. Mechanical models for fracture of coatings on compliant 
substrates have been developed to explain fracture behaviour, e.g.,  statistical 
micromechanical models of coating strength [14, 15], physical models from 
classical linear fracture mechanics of coatings [17–20], and numerical ap-
proaches using finite element (FE) simulations [21–23]. However, many of 
these models were designed for relatively thick coatings in comparison to na-
nometric oxide coatings. Consequently, some adaptations are needed. Further-
more, important material parameters (e.g. Young’s modulus and fracture 
toughness of the coating) must be quantified at the nanoscale. Due to size ef-
fects, the same value as in bulk materials cannot be used [24–26]. 

The work presented in this thesis therefore sought to improve and adapt 
key mechanical models of fracture of coatings to ultrathin oxide coatings de-
posited on polymer films, which can be used by engineers and scientists as a 
tool in development of improved coating materials. The specific advantages 
and limitations of such coatings are also discussed. In addition to the models, 
we developed experimental setups for the mechanical characterization of thin 
oxide coatings/polymer materials, from which mechanical properties were ob-
tained.  

In this thesis, the research approach is first presented, in which the order 
and relation of the underlying paper are explained. Then the vacuum deposi-
tion processes of coatings is briefly described for the tested samples, as well 
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as a background to the mechanics of coatings. Then experimental tests are 
presented together with the equipment used. Finally, the results and conclu-
sions are presented. Also, some future perspectives are pointed out for the de-
velopment of thin coatings on polymer films for industrial applications. 

1.2 Research approach 
The main objective of this thesis is obtain material parameters through the 
fracture behaviour of thin vacuum coatings. We delivered the study in four 
steps corresponding to a series of papers, each building on the previous one, 
which hopefully makes the study more digestible and consistent for the read-
ers. The steps are illustrated in sequential blocks in Fig. 2. The first step (Pa-
per I) aimed to measure experimentally the stiffness of the coatings, where we 
encountered three independent test methods to quantify the Young’s modulus 
of the coating. The Young’s modulus is the first and usually the most im-
portant engineering parameter and input when comes to mechanical model-
ling. The second step (Paper II and III) explored the particular fracture behav-
iour of coating when applying continually uniaxial tensile deformation to ob-
tain cohesive and adhesive properties. Statistical micromechanical models 
were implemented to determine the interfacial shear strength and the coating 
strength. In the third step (Paper IV), we observed interfacial delamination of 
the coating from the substrate caused mainly by compressive deformation due 
to the transverse Poisson contraction. We used this to estimate the interfacial 
fracture energy or the energy release rate. In the last step (Paper V), we cal-
culated numerically the energy release rate of the coating during the accumu-
lation of cracks when increasing the uniaxial tensile deformation. 

 
Figure 2. Sequential blocks showing the research strategy adopted in this thesis. 
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2. Vacuum deposition processes of coatings 

In vacuum technology, there are several ways to deposit coatings (or com-
monly called thin films), where the most known groups of deposition pos-
sesses are chemical vapour deposition (CVD) and physical vapour deposition 
(PVD) [27]. Recent development of those have permitted deposition of coat-
ing of few nanometre thick on large areas of flexible polymer substrates, 
which has sparked new applications. The main difference between the above 
processes is the source or target material. For CVD processes, a source mate-
rial in gas phase is pumped in the vacuum chamber, where the substrate is 
placed, to react to the substrate surface and thus form the coating. In contrast 
for the PVD processes, a solid target material is placed inside the vacuum 
chamber to be either melted or evaporated. The released atoms from the source 
are driven toward the substrate surface to form the coatings. In this PhD study, 
two branch techniques from each were chosen that are suitable for temperature 
sensitivity substrate like polymers. They are roll-to-roll atomic layer deposi-
tion (R2R ALD) and magnetron sputtering, respectively. 

2.1 Roll-to-roll atomic layer deposition 
Atomic layer deposition (ALD), which is a branch of CVD, has constantly 
grown during the last couple of decades as shown in a review by Alvaro and 
Yanguas-Gil [28]. Their study shows how prominent this process is by report-
ing a rapidly increase of number publications of ALD papers from year 2000 
to now. In this process, two gases are inserted in the vacuum chamber one 
after another. The first gas is inserted until its atoms occupy all reaction spots 
of the substrate surface. This process is self-terminating i.e. the same gas does 
not build a coating on top of itself explaining an existence of two gases in the 
process. The first gas is then shut down and an inert gas is used to purge the 
atoms that did not reacted. Next, the second gas is pumped in to react to the 
atoms of the first gas, already on top of the substrate. Finally, excess molecules 
of the second gas are pumped away to finish a cycle. This is only a single cycle 
and has be repeated in order to achieve a desirable coating thickness.  

Although this deposition process provides a high quality coating and con-
formity, it is relatively slow for the industrial situation. The new development 
of this technique is R2R ALD. This method has instead a continuous setup, 
but keeps the sequential steps as mentioned above. Coatings made of titanium 
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oxide (TiO2) and mixed oxide (here denoted MOX, composed of TiO2 and 
Al2O3 of approximately equal amounts) were deposited on the surface of a 
biaxially-oriented polyethylene terephthalate (BoPET) film from Dupont Tei-
jin Melinex ST504 for being studied in the papers I, II, IV and V. The BoPET 
was coated by a patented technology Tranflex ALDTM R2R from Lotus ap-
plied technology [29]. Fig. 3 shows the scheme of Tranflex ALDTM R2R, 
where the polymer film travels from roll to roll in serpentine path through 
three different zones. The gases are pumped separately in each zone and main-
tained separated by differential pressure. The top zone is fed with trimethyl-
aluminum (TMA), the central zone with an oxygen-containing gas and the 
bottom zone with titanium chloride (TiCl4). The new feature here is the plasma 
in the central zone, which has the role to activate  chemical reactions between 
the gases and substrate since the substrate is held at low temperature. This 
allows the process to achieve higher substrate speeds. Further information of 
experimental parameters can be found in detail in the appended papers and 
refs. [2, 29]. 

 
Figure 3. Illustrations of Tranflex ALDTM R2R process. 

2.2 Magnetron sputtering 
Sputtering is classified as PVD process and it is ideal for polymer substrate 
since the coating deposition can be done in room temperature. This technique 
is usually less complex and more cost efficient than R2R ALD. In general, this 
process consists of two parallel plates in a vacuum chamber. One is the cath-
ode where the target material sits, and the other is the anode where the sub-
strate sits. An inert gas (argon for instance) is pumped in the chamber and 
ionized to create plasma by either direct-current (DC) or radio frequency (RF) 
near the cathode. The ions from the plasma are then accelerated toward cath-
ode in order to kick out atoms of the target material. Finally, ejected atoms 
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from the target material travel to the substrate to form the coating. Fig. 4 il-
lustrates a modern version of this technique called magnetron sputtering, 
where its setup contains two target materials and a rotational sample holder 
for different coating compositions. The main target is made of CoCrFeMnNi 
or simply high entropy alloys (HEAs) and secondary is made of graphite to 
deposit carbon content. The rotational sample holder is to obtain a more ho-
mogenous mix from the two targets atoms. The magnetic field (red dashed 
lines) is induced in the process to create a higher density of the plasma, which 
consequently ejects more atoms from the target materials. This feature pro-
vides a higher deposition rate for magnetron sputtering. We used this experi-
mental setup in Paper III to deposit high entropy alloys (HEAs) in different 
carbon contents on UPILEX®-50S polyimide films. Despite the capability of 
depositing difference compounds by two targets this is still a regular magne-
tron sputtering, but it is worth mentioning that this technique is also compati-
ble to roll-to-roll setup [30] for higher productivity. 

 
Figure 4. Illustration of magnetron sputtering process. 
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3. The mechanics of coatings 

The fracture behaviour of thin coatings on substrate is generally induced by 
either thermal or mechanical loads. Thermal loads are mainly originated from 
thermoelastic mismatch and a temperature change, e.g. deposition processes 
where the substrate needs to be heated to improve the adhesion of the coating 
material. In our case, this is not a concern since the temperature was relatively 
low. We therefore imposed a mechanical load by stretching the coated poly-
mer substrates uniaxially to cause cracking in the coating. Thin coatings at-
tached to a relatively thick substrate have a particular fracture behaviour when 
they are under tension, where straight cracks are formed perpendicularly to 
the loading direction [8, 15]. The formed cracks appear sequentially by in-
creasing tensile strain. In the literature, this type of cracking is named differ-
entially, for example, parallel cracking [31], periodic cracking [32], channel-
ling cracks [33] and etc. In this thesis, we try to use the term channelling cracks 
for the sake of consistency.  

During our investigation, we adopted two ways to interpret and model the 
accumulation of channelling cracks. One is through an empirical statistical 
distribution describing the formation of channelling cracks as a function of 
applied tensile strain. Thus, one can determine the coating strength and inter-
facial shear strength (IFSS). The strengths reflect, in general terms, not a true 
material property since it shows a marked volume effect. Another is a more 
physical approach through fracture mechanics that may provide a more suita-
ble parameter with the critical energy release rate (or fracture toughness) to 
describe the load-carrying limit in the presence of flaws. 

In addition to multiple channelling cracks, we observed another damage 
mechanism termed ridge cracking delamination [34] in a direction transverse 
to the tensile loading. It occurs through local interfacial delamination of the 
coating from the substrate caused mainly by compressive deformation due to 
the transverse Poisson contraction [35–37]. Through such a mechanism, inter-
facial adhesion can be quantified, e.g. in terms of the critical energy release 
rate. 

Both multiple channelling cracking and ridge cracking delamination occur 
at large deformations when the substrate is no longer a linear elastic material. 
The non-linear stress-strain response of the substrate can be accounted for us-
ing numerical solutions. We implemented our substrate material model into 
finite element (FE) formulations to improve the accuracy of the estimated 
fracture energies from both cases mentioned. This chapter contains important 
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damage mechanisms of the coating under tension. To facilitate the understand-
ing we define the stretching directing along the y-axis, the transverse direction 
to the loading along the x-axis and the out-of-plane direction with respect to 
the top coating along the z-axis.  

3.1 Statistical analysis of channelling cracks          
(Paper II and III) 
The multiple cracking that occurs in brittle coating can be interpreted by use 
of the weakest link model [38], according to which the strength exhibits a 
Weibull distribution ( ) =  1 − exp −     (1) 

 
where  is the fragment length,  is the normal stress in the coating, and the  
and  are the Weibull shape and scale parameters, respectively. The normal-
ization length  is set to 1 µm in our case, to reflect a suitable order of mag-
nitude of the coating thickness and crack dimensions. This distribution func-
tion has been used in different studies of composite materials, e.g., brittle fi-
bers embedded in a polymer matrix [39]. Later, the distribution function was 
also used to describe strength of brittle coatings [15, 16] due to the similarity 
of the multiple cracking behaviour with that observed in tensile testing of sin-
gle fiber composites [40]. A frequently used approach using weakest link 
model in coating is here termed the Andersons model [15,41–45] from one of 
the main authors. The Andersons model is practical and straightforward to 
implement, which is useful in an industrial setting. However, we identified a 
simplifying assumption in the Andersons model that affects the parameter es-
timation procedure. Initially, this model was developed based on a correction 
factor by Kimber and Keer [46] to compensate variability of fragment lengths 
between channelling cracks (e.g. it is not uniformly distributed in the experi-
ments as shown in Paper II) that will affect the estimated coating strengths. 
Latter, the correction factor by Kimber and Keer [46] was improved for fiber 
fragmentations by Henstenburg and Phoenix [47] through Monte Carlo simu-
lations. Hui et al. [48] refined this correction factor with an analytical model. 
The next step of the Hui model was the inclusion of the effect of the strength 
variability [49, 50], which resulted in the present correction factor  which 
depends on the Weibull shape parameter . The Hui model was also adapted 
to coating fragmentation in this thesis, since it accounts for the variability in 
coating strength. 

Fig. 5 schematically shows the stress profile at the interface between the 
cracked coating and substrate adopted for Andersons and Hui models in this 
work. The normal stress  in the coating is assumed to be constant along the 
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fragment, except near the crack where  decays gradually to zero. Here Kelly 
and Tyson [51] assumption is adopted. This assumes a constant shear stress 
along the interface in the so-called ineffective length from the crack to the 
point where the maximum normal stress is attained. From simple force equi-
librium, the interfacial shear strength (i.e. maximum interfacial shear stress) 
and the tensile stress  can be related to each other as 

 =  ℎ dd  (2) 

 
where h is the coating thickness and y is the coordinate in the load direction.  

 
Figure 5. Assumed stress profile along the cracked brittle coating on a ductile sub-
strate for Andersons and Hui models. 

3.1.1 Andersons model 
The main point of this model is essentially to estimate the Weibull parameters. 
In the approach of Andersons [41–43], the linear regime in the initial portion 
of the experimental fragmentation data of crack density versus tensile strain is 
used. In the case with small deformations, Hooke’s law is applicable, i.e. =  with  as the Young’s modulus of the coating. Then, the Weibull pa-
rameters can be determined by fitting 〈 〉/ = ( ⁄ )  to the linear part in 
a diagram of log ( ⁄ ) with respect to log  [42]. The average fragment length 
is denoted 〈 〉. Once the Weibull parameters are determined, the coating 
strength at saturation =  ( )⁄ ⁄ Γ(1 + 1 )⁄  (3) 

 
can be calculated [43], where  is the idealized ineffective length of a frag-
ment at saturation, with /2 at each side of the coating crack. 
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In the idealized elastic-perfectly plastic situation (cf. Fig. 5), the maximum 
normal stress   is reached at a distance of 2⁄  from each side of the 
cracks. During the course of the fragmentation process, stress is transferred 
from the substrate to the coating over the interface up until saturation, which 
is manifested by a plateau region of the fragmentation diagram (crack density 
vs. applied stress) where no new cracks form even though the applied stress is 
increased. At this saturation stage, yielding takes place along the entire inter-
face due to the dense multiple cracking. To reach the saturation level, the An-
dersons model uses a perfectly plastic behaviour assumption originally pro-
posed by Kelly and Tyson [51]. Assuming that the critical stress transfer 
length  has a linear relation to the fragmentation length at saturation , Eq. 
(2) becomes 

 =  1.337 ℎ  
 (4) 

 
where = 1.337 /2 [15, 46]. The factor 1.337 has been numerically de-
termined, based on the assumption of sequential cracking excluding ineffec-
tive lengths [46], which is an improvement from the original factor 3/4 of the 
ACK model (named from the authors Aveston, Cooper, and Kelly [52]) based 
on solely on the assumption of an even distribution of fragment lengths.  

3.1.2 Hui model 
Like for the Andersons model, the Weibull parameters need to be estimated a 
priori [49]. For Hui model, the shape and scale parameters can be obtained by 
fitting the linear lower tail of the Weibull plot [53], i.e. log [− log(1 −  )] 
vs. log  where the empirical cumulative distribution function (or probability 
of failure) 
 =  CD( )/CD   ≈ 1 − exp[−( /  ) ] (5) 
 
where 
  =   ( /  ) / . (6) 
 
Note that the Weibull scale parameter for a reference length at saturation, , 
is estimated directly from experimental fragmentation diagram. To scale the 
problem, the fragment length at saturation can be expressed as  
 =   (7) 
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where  is the critical stress transfer length below which no further fracture 
can occur and  is a dimensionless scaling parameter, tabulated as a function 
of a discrete number of values of the Weibull shape parameter ρ [49]. Alt-
hough analytical expressions are given in the Appendix of Ref. [49], it may 
be more convenient to use a simpler but sufficiently accurate formula to de-
termine values of . These data pairs in the mentioned table have here been 
fitted a truncated Prony series  
 ( ) = + exp(− ) + exp(− ) (8) 
 
as shown in Fig. 6. The best fit was obtained for  = 1.496,  = -0.2051,  
= -0.4496,  = 0.0009645 and  = 0.2055, with a near perfect goodness-of-
fit in terms of the coefficient of variation r2 = 0.9999. As shown in Fig. 6, the 
fitted exponential function extrapolates towards the deterministic asymptote, 
ρ → ∞, represented by  given by Hui et al. [48]. The remaining coefficients 
were determined by the least-square fitting of the data pairs from Monte Carlo 
simulations [49].  In the deterministic limit, the Hui model approaches the 
Andersons model, since  approaches a value of 0.668, which is half of 
the numerical factor 1.337 used by Andersons, based on the limit fragmenta-
tion length determined by Kimber and Keer [46]. From the scaling in Eq. (7) 
and the force equilibrium in Eq. (2), the interfacial shear strength becomes 
 =  2 ℎ ( ) / = 2ℎ 

 (9) 

 
where = ( ) ( )/  (10) 
 

 is a correction factor derived by Henstenburg and Phoenix [47] as men-
tioned previously. 
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Figure 6. Values of the scaling parameter  as a function of the Weibull shape pa-
rameter ρ [49], with a fitted exponential function ( ) = + exp(− ) +exp(− ). The dashed line is the asymptote when ρ → ∞. 

3.2 Fracture mechanics of coatings                         
(Paper II, III, IV and V) 
Crack growth is initiated when the load is such that the strain energy released 
is equal to the energy consumed per unit area in crack extension. This process 
allow us to quantity the strain energy release rate, ERR, denoted . The ERR 
or fracture toughness can be regarded as a material property, although for 
small specimen and crack dimensions, there may be a scaling effect due to a 
relatively large process zone [54] and grain size effects [55]. In mechanical 
design involving brittle materials, the fracture toughness is one of the main 
performance parameters [56]. 

In the coating mechanics community, considerable efforts have been made 
to obtain both the critical ERR of the coating , where the crack propagates 
across the coating, e.g. channelling cracking [19, 57], and the interfacial ERR 

 , i.e. when the cracks cause delamination between coating and substrate 
[58]. To measure  experimentally for ultrathin coatings, the fragmentation 
test [16] has been used, examining channelling of parallel coating cracks, as 
well as the nanoindentation test analysing a formation of ring-like cracks [59] 
for . For the interfacial fracture toughness , nanoindentation can be used 
where detached chips can be observed by scanning electron microscopy 
(SEM) [60]. Microscratch tests have also been used to estimate  [61]. 
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3.2.1 ERR of the coating 
During the course of stretching the coated polymer, two situations present 
themselves for multiple channelling cracks in the coating, namely onset (first 
crack) and ultimately saturation (no more cracking). Some useful models pro-
posed in the literature [19, 57, 62] to estimate the fracture toughness at these 
stages will be presented in the following. For this case, the critical energy re-
lease rate of the coating is normally first obtained at coating crack onset 
through [19, 63] 

 ,   =  2   ℎ   ( , ) (11) 
 
where = (1 − )⁄  is the effective plane-strain elastic modulus of the 
coating with  as the Poisson ratio of coating,  is the strain when first 
cracks appear, and ( ,  ) is a dimensionless function of the Dundurs pa-
rameters  and , which can be calculated directly from the elastic param-
eters of the effectively isotropic substrate and coating [64]. Since the  is 
expected to show considerable scatter, depending on the variability of the larg-
est and most severe defect in any test sample, the evolution of the ERR all the 
way to saturation could provide a more representative material parameter. As 
mentioned above, new cracks are appearing progressively up to the saturation 
level. The process of sequential cracking on coatings has been analysed before 
[20, 57], where expressions for the critical energy release rate at saturation can 
be formulated as 
 = 2 , −  ,            =     2 tanh 2 −  tanh  (12) 

where 
 =  2  ℎ  ( ,  ) (13) 
 
L is the crack spacing. Fig. 7 shows the formation of sequential cracks between 
existing cracks. 
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Figure 7. Growth of sequential channelling cracks due to an increasing strain ε, con-
trolled by the fracture toughness , at a distance of L in the middle between existing 
cracks in the coating spaced 2L apart. 

3.2.2 Interfacial ERR for local ridge cracking delamination 
This section is based on a small coating fragment with ridge cracking. The 
fragment length is l and corresponds to the width of the ridge crack. The length 
of the ridge crack is a. Fig. 8 shows the final configuration of a cross section 
of the ridge crack. The difference of lateral Poisson contraction in the substrate 
and the coating gives rise to a compressive transverse stress component = +  − +    (14) 

in the coating  [8, 65]. Here,  is the transverse strain in the substrate and   
is the tensile strain in the coating, i.e. in the stretching direction. The residual 
stress  in the coating was neglected due a relatively low processing temper-
ature close to ambient conditions. In Paper I, ridge crack onset occurred at the 
saturation stage of the fragmentation process. Therefore, we used the statisti-
cal model by Hui et al. [49] to approximate the coating average stress at satu-
ration ( ) = , (15) 

where  and  are Weibull shape and scale parameters, respectively, for the 
tensile strength distribution of the coating. The parameter  is the normalised 
average coating stress, which can be determined from the shape parameter ρ 
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and is tabulated in Ref. [49]. Evaluation of Eqs. (14) and (15) for this case 
gives the compressive coating stress at saturation  =  − +     . (16) 

Thouless [34] analysed ridge cracking based on Euler buckling instability,  
regarding the delaminated coating as a beam fixed at the crack tip and a  
subjected to a compressive force on the ridge end. The critical compressive 
stress is = − 48(1 − )  ℎ   (17) 

 
and the general energy release rate is [18] 
 = 6 (1 − )ℎ   +  ℎ ∆12   (18) 

where ∆ = ℎ( −  )  (19) 

is the compressive load and  = −   ℎ .   (20) 

is the bending moment. 
The propagation of the ridge cracks along the interface under the loading 

conditions shown in Fig. 8 occurs in mixed modes I and II. Once the fracture 
toughness has been determined, it can be partitioned into its mode I and mode 
II components. The mode mixity in terms of the stress intensity factors of the 
interfacial delamination can be calculated as [18] 

 tan =   =  √12 cos + ℎ ∆ sin−√12 sin + ℎ ∆ cos  , (21) 

 
where the phase factor ( , ,  ) depends on Dundurs’ parameters of elas-
tic mismatch  and  [64], as well as the thickness ratio  between coating 
and substrate, all defined in Ref. [18]. 
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Figure 8. Illustration of the cross section of ridge crack for the model.  

3.2.3 Finite element formulation  
Finite element method is a powerful numerical tool extensively used in solid 
mechanics to solve partial differential equations (PDEs) [66]. This tool be-
comes more attractive when the problem consists in complex geometries and 
distinct material properties in the studied domain, where there are no analyti-
cal solutions. The fundamental approach of FEM is to simplify the domain by 
discretizing it into small simple geometries (elements) such as triangles, quad-
rilateral and etc. The small geometries are connected to each other in their 
vertices (nodes), where they have the same displacement. The PDEs here is 
converted in a weak form, which is an integral form from variation formula-
tion [67]. The whole problem is thus resolved as a global linear system of all 
elements by numerical integration or quadrature.  

The analytical models described earlier have the advantage that material 
properties can be determined in a relatively straightforward manner, but are 
limited by the simplifying assumptions necessary to arrive at a direct method 
not involving any numerical solutions. However, in the case of thin brittle 
coatings on polymer films or other ductile substrates, the strains are frequently 
in the excess of 20% for fragment saturation, which is beyond the area of ap-
plicability of finite deformation analysis. Furthermore, the substrate material 
frequently deforms inelastically (yielding, viscoelastic deformation etc.), 
which is not accounted for in the elastic finite-deformation models. In this 
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section, we present FE formulations by using COMSOL Multiphysics that in-
clude the inelastic deformation of the polymer substrate for calculating ERRs. 
This process can be visualised better in Fig. 9, where (a) the first step is to 
obtain the stress-strain response of the substrate. Then, the substrate model is 
used in localized FE models for (b) a channelling cracking and (c) ridge crack-
ing delamination modelling that occur at high strains in the non-linear regime 
to calculate the energy release rate. In addition, the substrate model is used in 
(d) a FE model for the total crack-opening displacement (COD) after the frag-
mentation process, which is of high engineering importance since it controls 
the barrier properties. 

 
Figure 9. FE formulations for each situation in the cracked coating: (a) A simple ten-
sile testing model (a) is used to calibrate the material model of the polymer substrate. 
The substrate material model is then implemented in FE models of local damage 
mechanism of the coating/substrate system: (b) channelling cracking, (c) ridge crack-
ing delamination and (d) crack-opening displacement. 

3.2.3.1 Material model of the substrate 
Due to the orthotropic nature of the BoPET [68–70], the material of the sub-
strate was defined as orthotropic for the initial linear regime, where the elastic 
constants were calibrated in paper III. For the plastic deformation, a simple 
isotropic albeit non-linear model was chosen. The model is integrated in the 
COMSOL Multiphysics software, and only the non-linear material model 
needs to be implemented. All steps are described in paper III, where one of 
the key steps is the implementation of the average of yield stress governed by 
isotropic hardening  
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 =  + , 
 

(22) 

where  is the initial yield stress and  is the nonlinear hardening function 
with respect to the effective plastic strain . A user-defined hardening func-
tion  ( ) =  [ exp − exp  ]  
 

(23) 

was implemented by fitting to experimental results. The fitting parameters  
and  were identified by comparison of the experimental stress-strain curves. 

It should be noted that the adopted elastoplastic model was originally de-
veloped for ductile deformation of metals. However, it was found to fit the 
experimental curves of the polymer films very well, and could therefore rea-
sonably well capture the material response without too many material param-
eters. The time-dependent viscous behaviour of the polymer has been ne-
glected, and the predictions should therefore be limited to strain rates and tem-
peratures close to the ones used in experiments. 

The boundary conditions for the tensile test simulations are illustrated in 
Fig. 9 (a), where the bottom edge is fixed while prescribed displacements    
are imposed along the upper edge. Plane stress conditions are assumed, since 
the thickness of the film is much smaller than all other dimensions of the sam-
ple. A 2D plane stress approximation is considered here since the thickness of 
the substrate is smaller compared with the width and height of. 

3.2.3.2 FE model for a channelling crack 
Generally, the ERR of steady-state channelling cracks on coatings can be ex-
pressed as [33] 

 = 12ℎ ( ) ( )  (24) 

 
under plane strain conditions behind the crack front. Here, the strain energy is 
determined by the work done by the normal stress ( ) in the coating needed 
to produce a crack-opening displacement ( ) through the coating thick-
ness ℎ . In paper V, the superposition principle was used to compute Eq. (24), 
where ( ) is assumed to be the same for the cracked and uncracked coating 
configurations under steady-state crack conditions [17]. The geometry and the 
boundary conditions of this model is shown in Fig. 9 (b). Because of symmetry 
(blue line), it is sufficient only to model half of a fragment length /2 [14,22, 
71], where the lighter areas illustrate the other mirrored half of the fragment 
length. The fragment lengths were experimentally quantified throughout the 
coating fragmentation test, where the average value is determined as the in-
verse of the measured crack density = 1/CD( ). The fully bonded system is 
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imposed by continuity conditions at the interface. Refined four-node quadri-
lateral elements were used for the coating and the substrate near interface as 
Huang et al. [71], rather than default choice eight-node serendipity element 
[72]. Four-node elements are known to perform better near crack-tip singular-
ities and for non-linear materials found in multilayer structures [73]. The brit-
tle coatings were considered as linear-elastic isotropic materials, where the 
elastic properties were measured and estimated in Paper I. 

Typically, the coating thickness is negligible compared with that of the sub-
strate. As pointed out by Begley and Hutchinson [33], the ERR is sensitive to 
the relative thickness of the substrate to that of the coating, e.g. ℎ /ℎ , in par-
ticular for the case of large elastic mismatches. For computational reasons to 
reduce the number of degrees of freedom, one would like limit the amount of 
substrate material in the model while still obtaining accurate estimates of the 
ERR without any edge effects. Therefore, a sensitivity analysis of thickness 
ratio ℎ /ℎ  in Paper V, was performed in the FE model to avoid any edge 
effects from the reduced thickness before computing the final values for the 
ERR. 

3.2.3.3 FE model for ridge cracking delamination 
There are various methods to calculate the energy release rate at the crack tip 
of the interface as reviewed by Matos et al. [74]. Varying the potential energy 
has been found to be advantageous to determine the energy release rate for 
cracks grown at bimaterial interfaces [33]. The crack extension method was 
adopted in the present fracture simulations, where a high mesh density was 
used at the crack tip to obtain an accurate and convergent solution. The mesh 
and geometry are shown in Fig. 9 (c). This simulation was carried out in plane 
strain [18, 58], since the crack front length was large compared to other di-
mensions. 

The energy release rate 
 = − 1 ΔΠΔ  (25) 

 
was calculated from the variation ΔΠ of the potential energy Π of the delami-
nated coating due to a crack length increment Δ . A step size of Δ  = 2 nm 
showed convergence for the present configurations. The potential energy 
 Π = 12 :    (26) 

 
was determined for prescribed displacements. An initial deformation was set 
to account the transverse strain obtained experimentally from the PET film. A 
symmetric boundary condition (blue line) was chosen along the right edge, 
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roller boundary conditions along the upper edge of the substrate, continuity 
boundary conditions along the yellow edge and free boundary along the pink 
edge (initial crack length) at the interface, as shown in Fig. 9 (c). For these 
ultrathin and well-bonded coatings, we did not observe any interfacial slipping 
ahead of the crack tip. The coating and substrate elements are assumed to be 
perfectly bonded ahead of the crack tip, and free to separate in its wake. The 
initial transverse strains are applied in the substrate, and locally shear defor-
mations are accounted. 

3.2.3.4 FE model for COD 
The COD is substantially larger after the fragmentation process than during 
crack growth. The increased COD arise from the deformation of the substrate, 
especially near the crack. To allow for this substrate deformation, contact el-
ements are introduced at the coating-substrate interface. These elements are 
equipped with linear cohesive springs, which can incorporate local defor-
mations at the interface not captured for shared nodes and displacement con-
tinuity used in instantaneous cracking in Fig. 8 (b). Since no opening debond-
ing at the interface was detected in the SEM analyses, only the shearing mode 
contact penalty stiffness, , was used as a tuning parameter with the substrate 
and coating constantly remaining in contact. The contact penalty stiffness was 
calibrated in this simulation.  
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4. Experimental characterization 

This chapter describes briefly experimental setups that were needed to obtain 
the input parameters for modelling and to validate the numerical simulations. 
Further detail can be found in the in the appended papers. 

4.1 Young’s modulus of the coating                          
(Paper I) 
Three experimental methods have been used to obtain values of the Young’s 
modulus, namely: Nanoindentation, mechanical buckling measurement, and 
the so-called PeakForce Quantitative Nanomechanical Property Mapping 
Technique (PF-QNM) used in atomic force microscopy. Since the ultrathin 
coatings (thickness in the order of 10 nm) do not allow for conventional stiff-
ness characterization by in-plane tensile testing, all three methods are based 
on local out-of-plane deformations. Using three complementary characteriza-
tion methods for the same material also gives the opportunity to compare the 
methods in practice, and identify the different advantages and drawbacks of 
the methods for the present class of coating materials. For the carbon content 
coating the characterization was done only by nanoindentation.  

4.1.1 Nanoindentation 
The main principle of this technique is the nanoscale indentation of a rigid 
indenter into the surface of a deformable material. From the load-deflection 
curve of the unloading phase, the elastic properties close to the surface can be 
obtained [75]. The CSM Ultra Nano Hardness Tester with a diamond cube 
corner indenter of 40 nm tip radius was used for all ALD samples. The inden-
tation depth was up to 30 nm. A holding time of 10 seconds before unloading 
was chosen to let the material set, and thus avoid viscous effects in the un-
loading curve [76]. The sample size was around 5 mm × 5 mm and 10 inden-
tations were made for each sample from which the average Young’s modulus 
of the coating was calculated. The same apparatus was used for the carbon 
coatings with the maximum depth of 50 nm, which is approximately 10% of 
the films thickness. 
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 4.1.2 Strain induced elastic buckling instability for mechanical 
measurement (SIEBIMM) 
The phenomenon of elastic buckling instability of a superficial coating sub-
jected to in-plane compressive strains can be instrumental in estimating the 
stiffness of the coating. The principle is to measure the buckling wavelength 
caused by an applied or residual compressive strain on coating/substrate film. 

A removable rig was designed and manufactured to fit the Deben tensile 
stage in the vacuum chamber of the table-top SEM in paper I. When the buck-
ling was clearly observed in-situ during tensile testing in the SEM, the loading 
was stopped and the applied strain in the sample was fastened by tightening 
two fixation screws in the removable rig. The compact rig was then detached 
and taken to the high-resolution SEM. The removable rig can thus swiftly be 
taken out from the micro-tensile stage and moved to a high-resolution SEM 
while maintaining the tensile strain at buckling onset . 
4.1.3 AFM peak-force measurements 
The Young’s modulus of the coatings was also estimated using a Multimode 
8 Atomic Force Microscope, Bruker, in the Peak Force Quantitative Nanome-
chanical Mapping (PF-QNM) mode [77]. A silicon probe was utilized with 
the tip radius of 8 nm. PF-QNM mode is a technique to quantitatively measure 
the surface mechanical properties of the sample by recording the force-sepa-
ration feedback loop in the AFM. The Young’s modulus, the adhesion force, 
energy dissipation and the sample deformation can be extracted from this loop, 
where the Young’s modulus can be estimated by fitting the retraction part of 
the force-separation loop to the Derjagin-Muller-Toropov (DMT) model [78]. 

4.2 Fragmentation testing                                                     
(Paper II) 
Fragmentation tests were performed using a tabletop scanning electron micro-
scope (SEM) Hitachi TM-1000 equipped with an in situ Deben micro tensile 
stage to monitor multiple cracking throughout the test as the tension was con-
tinuously increased. Quantitatively, the crack density, CD, is logged as a func-
tion of applied strain, ε. The main parameters in the CD-ε relation are the nom-
inal strain when the first flaw appears (crack onset strain, abbreviated COS), 
the strain at which no more cracks appear (crack saturation strain), and the 
crack density at saturation. 

Three tests were carried out for each specimen type, where several hundreds 
of cracks were detected in each specimen. The sample sheets were cut into elon-
gated rectangular samples by using a scalpel and a ruler to comply with the ge-
ometrical constraints of the miniature tensile stage fitted into the SEM. These 
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samples were gripped at each end about 5 mm from the ends to avoid slippage. 
The samples were stretched up to 40% tensile strain using a displacement rate 
of 0.1 mm/min. Micrographs were acquired in the SEM operating at an accel-
eration voltage of 15 kV for small steps in strain increase. For improved imag-
ing, the samples were coated with a very thin Au-Pd conductive layer to mini-
mize charging effects. The conductive layer was found not to influence the 
cracking of the metal oxide coatings as reported in Paper I. 

4.3 High-resolution scanning electron microscopy 
(Paper IV and V) 
Two experimental setups were performed with Zeiss 1530 field emission gun 
equipped with an in-lens secondary electron detector and operating at 5 kV of 
acceleration voltage: One for measuring the total crack-opening displace-
ments from the channelling cracks, and another for the opening delamination 
of the ridge cracking. 

For the channelling cracks, the samples were prepared as described above 
and stretched using a Deben tensile stage with a deformation rate of 1.0 
mm/min up to crack saturation. Before the tests, the samples were also coated 
with an Au-Pd conductive coating. The stretched samples were then brought 
to the Zeiss 1530 to examine in detail the opening of the channelling cracks. 
The close-up SEM images were taken randomly from different cracks located 
throughout the sample surface. The images were binarised in Matlab to meas-
ure the crack opening. The threshold value was adjusted by comparing the 
greyscale images with the binarised black-and-white images and making sure 
that all cracks were well-defined with their proper openings. A script was 
made to count the number of black pixels, corresponding to the crack opening, 
along five lines extending over the image and perpendicular to the cracks. 

For the opening of ridge cracking delamination, similarly, the samples were 
stretched up to the ridge cracking onset strain. The stretched samples were 
brought without delay to a Zeiss 1530 for imaging. To observe the ridge cracks 
closely, the specimens were tilted 50° on the sample holder. 

4.4 Digital image correlation (DIC) for measuring the 
strain field                                                                
(Paper III) 
Four ALD samples each were prepared with same dimensions as for the tensile 
fragmentation tests. The mechanical tests were performed in a Shimadzu Au-
tograph AGS-X tensile machine with a crosshead speed of 1 mm/min. The 
tests were carried out up to 30% of tensile strain. 



 36 

The strain field was measured in situ with a DIC GOM Aramis stereo sys-
tem 5M. The measurement distance was 270 mm and the images were cap-
tured by 1 frame per second synchronized with the tensile test. All samples 
were spray painted with black speckles using an airbrush to obtain a high-
quality contrast [79]. The strain field was calculated as the average strain com-
ponents over a virtual gage area of 2 mm2 in the centre of the sample [80]. The 
Young’s modulus was estimated as the initial slope of the stress-strain curve, 
and the Poisson ratio as the ratio of the lateral compressive strain to the longi-
tudinal tensile strain in the elastic regime. The influence of the coating stiff-
ness on the elastic properties of the samples was negligible since the substrate 
was more than four orders of magnitude thicker than the coatings. 
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5. Results and discussion 

5.1 Young’s modulus of the coatings 
5.1.1 Nanoindentation 
Force-indentation depth diagrams for ALD coatings are shown in Fig. 10. For 
some indentations, in particular for the thinner coatings, viscous effects due 
to the polymer substrate were apparent. This resulted occasionally in nearly 
vertical unloading curves in the diagrams. For the high-entropy alloy coatings, 
the effect of the substrate was not considered since the indentation depth was 
substantially smaller than the coating thickness. Furthermore, those coatings 
were deposed on Si [100] substrates for nanoindentation measurements, which 
are stiff enough to avoid any viscous effect, which may occur on polymer 
substrates. The average of the indentations are summarised in Table 1. 

 
Figure 10. Force versus indentation depth in nanoindentation of R2R ALD coatings. 

5.1.2 SIEBIMM 
A high tensile strain at buckling onset was observed for the thinner TiO2 and 
MOX coating of 0.31 and 0.42, respectively. The 20 nm coatings the buckling 
was perceptible at tensile strain of 0.1 for both coatings. Occasionally, cracks 
were found along the ridges of the larger buckles, which later was analysed as 
ridge cracking delamination. The wavelength of the cracked buckles was how-
ever found to be the same as the uncracked ones. If a band of adjacent buckles 
could not be found, the local wavelength of localized buckles was measured. 
As shown in paper, the buckling onset strain and the wavelength are used to 
calculate Young’s modulus of the coating, where the average values of each 
ALD coating are reported in Table 1. 
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5.1.3 AFM peak-force measurement 
The indentation depth in AFM was controlled within few nm by a sharp AFM 
tip (radius of 8 nm), resulting in a limited influence from the substrate, which 
is suitable for ultrathin coating measurement. Fig. 7 shows the effective 
Young’s modulus maps of an area approximately 1 µm2 for each barrier coat-
ings. Each image is made up of more than 250 000 measurements. The meas-
ured force-deformations for all pixels were used to determine the average 
Young’s modulus of the coating. The average values of each coating are re-
ported in Table 1. 

 
Figure 11. AFM mapping of the effective Young’s modulus of ALD coatings. 

5.1.4 Comparison of results 
The results from the various characterization techniques are summarised in 
Table 1, where the scatter is the standard deviation of these values. The buck-
ling method, SIEBIMM, showed higher Young’s moduli for both TiO2 and 
MOX coatings, compared with AFM and nanoindentation. The sensitivity and 
accuracy of this method is adversely affected by the relatively low coating-
substrate stiffness ratio and inelastic deformations at high strains. The AFM 
test method showed the lowest scatter among the three methods for ALD coat-
ings. This can attributed to its sharper indenter tip and shallow indentations 
into the coating surface. The presented methods showed higher stiffness for 
the TiO2 coatings than for the MOX coatings. For the HEA coatings, the ad-
dition of carbon did not drastically change the Young’s modulus measured by 
nanoindentation. 

5.2 Fragmentation testing 
The coating cracks, represented by horizontal black stripes in the SEM im-
ages, have been examined as shown in Figs. 12 and 13. These examples show 
the accumulation of cracks with increasing strain for the TiO2, MOX and HEA 
coatings. The cracks propagated perpendicularly to the stretching direction for 
all samples.  
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Figure 12. SEM images showing the crack accumulation at 5, 15 and 30% tensile 
strain for ALD coatings. 

For HEA coatings with carbon content, the saturation level was reached much 
earlier, at about 2% of tensile strain. For the HEA coating with non-carbon 
content, the cracks went instantaneously through as shown in microscope im-
ages. Whereas for carbon-containing alloy coatings, the cracks mainly initi-
ated at the edges and grew progressively. 

In general, the average distance between cracks increased as expected with 
increasing coating thickness. The strain was increased in very small incre-
ments in the beginning, to accurately detect the crack onset strain (COS). 

Figs. 14 and 15 show the fragmentation diagrams with crack density, CD, 
versus tensile strain, . For ALD, the crack density at saturation of the thinner 
coatings was higher than the thicker 20 nm coatings for each material, with a 
slightly higher density of cracks for MOX coatings compared with pure TiO2 
coatings. The Weibull parameters were estimated up to 6-8% of nominal strain 
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for both models, where linearity between crack density and strain were ob-
served for all samples. 

 
Figure 13. SEM images showing the crack accumulation at 1, 1.7 and 2.5% tensile 
strain for the HEA coatings. 

For HEA coatings in Fig. 15, the dots are experimental data and solid curve 
correspond to the empirical distribution function Eq. (5). Higher density of 
cracks were found for non-carbon coating and lower crack onset strain than 
for carbon containing coatings. The saturation level was also postponed when 
increasing the carbon content. The fragmentation diagrams in Figs. 14 and 15 
are used to estimate the Weibull parameters, which in turn are used in the Hui 
and Andersons models to quantify the coating and interfacial strengths. 
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Figure 14. Fragmentation diagrams: Relation between crack density CD and tensile 
strain  of (a) TiO2 and (b) MOX coatings. The error bars indicate the standard devi-
ation for the tested samples. 

 
Figure 15. (a) Fragmentation diagrams of 0% carbon, 6% carbon, and 11% HEA coat-
ings with their correspondent (b) Weibull plots. 

5.3 High-resolution scanning electron microscopy 
A set of SEM images for ALD coatings are presented in Fig. 16. The white 
vertical features correspond to ridge cracking delamination originating from 
the difference in lateral Poisson contraction in the substrate and the coating, 
respectively. In the close-up images, wavy cracks for the thinner MOX coating 
can evidently be seen. The MOX coatings are relatively heterogeneous and 
this is more apparent for very thin thicknesses. SEM images also reveal 
smaller crack opening for cracks formed at later stages close to saturation, and 
others with larger crack opening formed at earlier stages after crack onset 
strain. This is more evident for SEM images from thicker coatings. The image 
post-processing to measure COD is shown Fig. 16 from (a), the stretched 
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thicker MOX at saturation with its close-up image of the COD, to (b), where 
the crack pixels are counted along five separate lines. 

Fig. 17 shows high-magnification SEM images of ridge cracks from the 
thicker TiO2, (a) and (c), and mixed TiO2/Al2O3 coatings, (b) and (d). The 
ridge cracks could not be seen along edges, even if carefully cut by a focused 
ion beam due to local melting of the polymer substrate. The only way to meas-
ure the opening of the ridge cracks was by observation along the tensile frag-
ment cracks. The ridge cracking appeared uniformly throughout the coatings 
as shown in (a) and (b). It can be seen that ridge cracks may have only one 
crack along the top of the ridge, as schematically drawn in Fig. 8. Through the 
high-resolution SEM images, such as those in Figs. 17(c) and 17(d), a simple 
approximation can be made for the crack opening. The average crack opening 
found to be related to the thickness as ≈  2.5ℎ for the TiO2 coating and ≈ 2ℎ for the mixed oxide coating. The debonded coatings had a beam-like 
shape viewed from the edge, without any significant bridging ligaments close 
to the crack tip. The average crack length for a large number of ridge cracks 
were found to be a = 120 ± 10 nm for the TiO2 coating and a = 112 ± 10 nm 
for the mixed oxide coating. The measured crack openings here are one of the 
main input parameters for modelling of the ridge cracking delamination in the 
coming sections.  
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Figure 16. Set of SEM images from the samples stretched up to 16% of tensile strain, 
where crack saturation has been reached. (a) Close-up of a cracked 20 nm MOX coat-
ing, (b) from which a binarised image is used to determine the COD in terms of pixels. 
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Figure 17. High-magnification SEM images of the ridge cracking in the 20 nm ALD 
coatings. 

5.4 DIC strain field and fitting to FE simulations 
The transverse Young’s modulus of the coated BoPET film was determined 
to be 5.2 ± 0.2 GPa and the corresponding Poisson ratio to be 0.24 at initial 
linear strains from the red curves in Fig 18 and 19. The yield point or proof 
stress at 0.2% offset was found to be 60 ± 4 MPa. The scatter is presented in 
terms of the standard deviation.  The transverse direction is the cross direction 
in the roll of biaxially oriented PET, where the tensile testing was performed. 
Fig. 19 shows DIC images of the transverse strain . The strain field was 
found to be higher and relatively uniform in the center of the samples com-
pared with that in areas close to the edges. It is also in the centre where ridge 
cracking first appears and shows a higher concentration. There was only lim-
ited scatter between the experimental tests, as can be seen from the red lines 
in Figs. 18 and 19. Young’s moduli and Poisson ratios in the remaining direc-
tions were estimated based on the other studies (e.g. Refs [69, 70, 81])on a 
similar BoPET in paper IV. 

The purple triangles in Figs. 18 and 19 are the calculated values from the 
numerical simulations using Eq. (23), the fitting parameters  and  of which 
were found as .75 and -205, respectively. There is a general good agreement 
with experimental results in the stress-strain fit in Fig. 18 and the predictions 
of the transverse strains in Fig. 19. This indicates that the elastoplastic model 
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is applicable for our polymer film, although this empirical model has origi-
nally been to describe the non-linear ductile deformation of metals. It can be 
noticed in Fig. 19 that there is a considerable difference between the elastic 
predictions ( = − ) and those from the model accounting for the non-
linear deformation. It is therefore not advisable to use a linear-elastic model 
to predict the transverse elastic strains needed in the analysis of the ridge 
cracks and channelling cracks for ultra thin brittle coatings. 

As expected, stress concentrations occur at the clamping ends close to the 
edges, which is shown in the FEM result inserts for   in Fig. 18. In the centre 
of the specimens, however, where the ridge cracking and channelling cracks 
were observed, the stress state was found to be uniform. This calibrated sub-
strate material model is used in the local models such as ridge cracking de-
lamination and channelling cracks for calculating the energy release rates 
more precisely compared with the case of an elastic substrate. 

 
Figure 18. Stress-strain curves from DIC experiments (red lines) and from the FE 
simulation (triangles) of the coated films with ALD coatings. 
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Figure 19. Relation between tensile and compressive strains of coated substrate: DIC 
experiments (red lines) and FE simulation (purple triangles) of the coated films with 
ALD coatings. The inserts show the measured transverse strain field according to the 
colour scale legend. 

5.5 Cohesive and adhesive properties of coatings 
The cohesive and adhesive properties calculated from the fragmentation data 
are summarised in Table 1. The statistical models were compared using the 
fragmentations diagrams from ALD samples. The values of interfacial shear 
strength  from the Andersons model were consistently lower than those from 
the Hui model. The difference between the models was particularly large for 
the coatings with a wide scatter in strength, i.e. a low value of shape parameter 

. Both models showed higher  for higher thickness values, and for TiO2 
coatings compared with MOX coatings. A fair comparison of those values to 
other coating materials was made in Paper II to show the feasibility of finding 
values. 

The cohesive tensile strengths of the coatings were in the same range for 
the two models, although the value form the Hui model ( ) was consistently 
higher. The strengths for the TiO2 coatings were the same for the two thick-
nesses, whereas the thicker MOX coating showed twice the strength of that of 
the thinner coating. This is believed to be an effect of the nano-defects  mate-
rial heterogeneity and the relative high surface roughness, which also mani-
fested itself in erratic crack patterns in the thinner coating clearly seen in Fig. 
16. 
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The scatter in strength can be described by the Weibull shape parameter . 
The ratio of the expressions for  from the two separate procedures, given in 
Eqs. (4) and (9), becomes =  0.668 /( )  Γ 1 + 1

 (27) 

 
where 0.668 is the correction factor from Kimber and Keer [46], and correc-
tion factor ( ) is from Eqs. (8) and (10). Fig. 20 shows how the interfacial 
shear strength ratio varies with respect to the Weibull shape parameter ρ. The 
Hui model converges to Andersons for much high values of , although it 
would require unrealistically high values, essentially corresponding to a de-
terministic strength, for the two models to give the same value of . In practice, 

 has been found to vary from about 1.5 to 14 for the Weibull strength of 
various brittle coatings (present study and e.g. Refs. [16, 81, 82]). In this 
range, the difference in  is at least 20%. The difference here was about 80% 
for the TiO2 coatings and 40% for MOX coatings.  

 
Figure 20. Ratio of the interfacial shear strength from the Andersons and Hui models, 
as a function of the Weibull shape parameter . The green field shows a typical range 
of ρ for different coating materials reported in the literature [16, 81, 82]. The TiO2 
coatings are indicated by red circles, and MOX coatings by blue squares. 

The difference in  between the two methods is particularly notable for low 
values of , as is the case for many thin coatings, and especially for sub-mi-
cron coatings such as in the present study. From a theoretical point of the view, 
the Hui model has the advantage of including the effect of strength variability 
in the estimation of , which is not the case for the Andersons model. 
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The Weibull parameters for the carbon content coatings were estimated by 
the Hui model only. The non-carbon content coating had lower scatter and 
behaved similarly for all three tested specimens than the carbon content coat-
ings. This can be verified from its higher value of the Weibull shape parameter 
reported in Table 1. On the other hand, 6% and 11% carbon coatings showed 
to be stronger with higher Weibull scale parameters. Quantifying such coating 
properties could be useful for ranking and selecting coating materials.  

5.6 The ERR of channelling cracks 
The onset ERR in Table 1 were determined using Eq. (12), at the strain where 
the first crack appeared for both ALD and HEA coatings. For ALD coatings, 
the ERR of the more homogenous TiO2 coating is higher than that of the more 
heterogeneous MOX coating. The thinner coatings have lower fracture tough-
ness than the thicker ones. For the thinner coatings, the dimensions of the het-
erogeneities may be in the same scale as the thickness. For the HEA coatings, 
the ERR increases proportionally to addition of carbon caused by postponing 
the COS. The 11%-carbon coating were higher than 6%-carbon and twice 
higher than the non-carbon content. This indicates that the more carbon con-
tent, the more ductile the coatings become. 

 
Figure 21. Calculated ERR for (a) TiO2 and (b) MOX coatings with respect to tensile 
strain.   

Fig 21. shows the final calculations for ERR of the coatings with respect to 
applied tensile strain, where the FE calculations for elastic and inelastic cases 
are compared to the analytical solution. The FE elastic solutions in red are 
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slightly higher than the analytical solutions due to the orthotropic substrate 
used in the simulations. For isotropic substrates, the FE and analytical solu-
tions would overlap. The notable difference in ERR is when the substrate is 
inelastic, shown in blue, where the ERR is much higher than elastic solutions 
for large strains. This highlights the need for numerical approaches to account 
for the non-linear behaviour of the substrate. These results show that ERRs of 
the coating are affected by the substrate material model. For design using an 
energy approach as fracture mechanics, one should take into account the com-
plete stress-strain behaviour of the substrate. 

5.7 Calculated COD with respect to far-field applied 
tensile strain 
Fig. 22 shows how COD for ALD coatings increase to respect of tensile strain 
up to saturation level. The contact stiffness was 4 × 1016 N/mm3 as calculated 
in Paper V. The TiO2 coatings tend to have larger COD, presumably due to 
their higher elastic mismatch, similarly to the effects on ERR. In addition, 
there is a colour plot of the local shear stress on the top-left of this diagram 
from the thicker TiO2 showing the calculated cross section of the crack.  

 
Figure 22. Calculated COD for (a) TiO2 and (b) MOX coatings with respect to tensile 
strain. 

 
The crack has a vanishingly inclined edge down to the interface. Along the 
interface there is no delamination because the imposed roller boundary condi-
tions. In the experiments, no opening of any interfacial crack was observed. 
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The calculated COD was measured at the node on the vertices of crack and 
coating surface, to be compared with the corresponding COD observed in the 
experimental SEM images. 

A bar diagram in Fig. 23 presents a comparison between experimental and 
FE CODs, where error bars represent the standard deviation. There is a rea-
sonable agreement with the thicker coating, but for thinner the difference is 
higher. Thinner coatings are more difficult to obtain a close-up SEM image 
due charging effects. Furthermore, the thinner MOX exhibited wavy cracks, 
which is not accounted in the FE models in this study. 

 
Figure 23. Comparison of the crack opening displacement from FE simulation and 
SEM images at saturation. 

5.8 Interfacial ERR from ridge cracks 
The interfacial ERR was calculated using the non-linear FE model and the 
micromechanical model (based on predicted elastic deformation and meas-
ured deformation) while keeping the crack opening and coating thickness con-
stant. These results of ALD are presented in Fig. 24, where a stable crack 
growth with decreasing Gi with increasing crack length was confirmed for the 
investigated crack configurations and materials. The FEM calculations  re-
sulted in Gi = 2.5 J/m2 for TiO2 interface and Gi = 1.6 J/m2 for mixed oxide 
interface. Incidentally, a stronger interfacial adhesion was also found for the 
TiO2 in terms of the interfacial shear strength determined from the fragment 
density at saturation in Paper II. The analytical estimates in Fig. 24 are about 
10% lower than the numerical predictions, although there is a converge ten-
dency for longer cracks, as is expected since the beam model becomes increas-
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ingly accurate for longer cracks. The fracture toughness from the microme-
chanical model based on the measured transverse strains are closer to the more 
accurate FE results than that based on linear elastic predictions of the trans-
verse strains.  

 
Figure 24. Fracture toughness at interface Gi evaluated in range of a = 120 ± 10 nm 
for TiO2 and a = 112 ± 9 nm for mixed oxide coatings. The black line indicate the 
average of the measured crack length values. 

The mode mixity phase angle ψ using Eq. (21) was found to be 45° for the 
TiO2 coating and 42° for the mixed oxide coating. This ridge crack test can be 
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considered to measure more opening (mode I) than shear (mode II) cracking 
for configurations such as those presented. Crack growth criteria normally re-
quire the energy release rates or stress intensity factors to be partitioned in 
mode components. The fracture energy is sensitive to size and scaling down 
from macro to nanoscale cracking is generally not possible. A practical ap-
proach is to conduct the fracture characterization on the same length scale as 
for the intended application. If opening (mode I) crack growth on the submi-
cron level is of interest, the present method may provide insight and quantita-
tive estimates of the fracture toughness.  
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6. Conclusions and future work 

6.1 Conclusions 
Regarding characterization of the Young’s modulus of the thin coatings, 
nanoindentation gave crude measures of the coating Young’s modulus, since 
the radius of the indenter tip was higher than the coating thickness. Viscous 
effects were observed, in particular for the thinly coated samples. The viscoe-
lastic polymer substrate then affects the estimated coating stiffness. For rigid 
substrate and shallow indentation depth of 10% of coating thickness this 
method provide a consistent measuring with lower scatter. The buckling 
method, SIEBIMM, has the advantage of being straightforward, not requiring 
an advanced apparatus to measure local loads and displacements. In our case, 
the buckles appeared at relatively high strains, where the polymer substrate is 
subject to some inelastic deformation. Since its theory is based on small elastic 
strains, the moduli estimated using this method were much larger than those 
from the other methods, as well as the error. The AFM method showed the 
most consistent results compared with the other methods. In this case, the tip 
radius was much smaller than that used in nanoindentation, which provides 
better local deformation. The indentation depth in AFM is small enough to 
have only a limited influence of the viscoelastic polymer substrate, which is 
ideal for ultrathin coatings as ALD ones. A considerable amount of stiffness 
data is generated, since the AFM equipment automatically maps a given area. 
This leads to average values of higher statistical confidence compared with a 
few pointwise measurements in nanoindentation. 

The use of a tabletop SEM together with tensile tester has shown to be an 
effective and relatively inexpensive way to observe multiple cracking of very 
thin coatings, which can provide important material properties of the coating 
and its interface to a substrate. The statistical analytical approaches have the 
advantage that material properties can be determined in a relatively straight-
forward manner, but are limited by the simplifying assumptions necessary to 
arrive at a direct method not involving any numerical solutions. The estima-
tion of the interfacial shear strength , however, showed different results. The 
Hui approach [48, 49] accounts for effect of the variability in strength, which 
is used to determine the interfacial shear strength. Also, a normalizing seg-
ment length  does not have to be chosen, but incorporated in the expression 
of the scale parameter, . On the other hand, the Andersons model [41–43] 
is more direct and involves fewer calculation steps. For a material system 
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showing limited scatter in strength and focusing on ranking of coatings per-
formance, the Andersons approach has its advantages. To determine coating 
parameters to be used in simulations and design, especially for coatings with 
a relatively large scatter in strength, the Hui approach is preferred.  

The use of high magnification SEM images revealed detail of the channel-
ling cracks and ridge cracks delamination and provided useful inputs for frac-
ture mechanical models. The ERR of channelling cracks is very sensitive to 
the constitutive behaviour of the substrate material. Plasticity in the substrate 
increases significantly the ERR. 

The interfacial ERR from the analytical model are comparable to results 
from FEM simulations, with a difference of about 10% for the ridge cracks 
observed in this work. The accuracy is improved if the transverse strains are 
determined experimentally rather than predicted by linear elastic Poisson con-
traction. For polymer films, which show a significant non-linear stress-strain 
behaviour at ridge crack onset and all course of fragmentation process, it can 
therefore be recommended to include the complete stress-strain behaviour of 
the substrate in the analyse. 

6.2 Future work 
This thesis presented a consisted work using experimental techniques, analyt-
ical models and FE modelling to quantify mechanical properties of thin coat-
ings on polymers substrates. This was successful achieved and materialized in 
Table 1. These microstructural parameters can be used to predict crack accu-
mulation during deformation e.g. in the manufacturing process. The crack 
density and the crack openings can be used to predict barrier properties, e.g. 
the oxygen transmission rate, which is of key importance in food packaging. 
However, the implementation of this technology in food package applications 
necessitate further work. As potential investigations to continue this work to-
ward the sustainable development of new food packages, we recommend the 
following approaches: 
(i) Experimental validation of a predictive model from deformation to crack 

density, and further to oxygen-transmission rate, based on microstructural 
input parameters quantified by the methods suggested in this thesis. The 
ultimate aim is a design tool based on the actual physical mechanisms, 
which can be used for simulations and/or virtual testing to develop mate-
rials with improved performance.  

(ii) The manufacturing process is fast and consequentially the polymer sub-
strate is stretched rapidly. Therefore, a complete material characterization 
of substrate including the viscous behaviour is needed. This will give an 
output how the crack density varies as a function of strain rates. 

(iii) In the filling machine, the package material is folded between roller as 
well as in the final product, e.g. at the corners of the box like shape of 
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liquid food packages. These zones with high biaxial strains are more prone 
to damage accumulation and reduced barrier function. To complement the 
uniaxial fragmentation testing, we suggest a study similar material sys-
tems in folding using the device developed by Marcus Tavares and a Mas-
ter thesis student under his supervision, Lucas Guilié [84] in the course of 
his PhD study. 

(iv) The package material is also heated during the process to glue each other’s 
layers. It would be useful to verify the effect of raising the temperature in 
the coating/polymer system to the crack density. The temperature treat-
ment could wither mitigate or boost crack formation. 

(v) The FEM model showed its capability to capture the COD in Fig. 22. 
Since it is a fundamental input to OTR models, a study of OTR models in 
the literature using our results is very welcome to link mechanics to ap-
plications. 
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Svensk sammanfattning 

Tunna spröda beläggningar med några nanometers tjocklek deponerade på 
böjliga polymersubstrat är intressanta kombinationer för matförpackningar 
samt för böjlig elektronik. En sådan kombination kan förbättra barriärpre-
standa för kartongförpackningar, och i böjlig elektronik kan beläggningarna 
leda elektricitet trots obetydlig tjocklek. Sprickbildning är emellertid ett be-
kymmer när spröda beläggningar dras eller böjs i tillverkningsprocessen, eller 
när de slutliga produkterna deformeras. Därför studerades brottsbeteendet för 
möjliga beläggningar i förfarallt barriärfilmer genom kombinerad användning 
av experimentella, analytiska och finitelement-metoder. 

Huvudsyftet med denna avhandling är att erhålla materialparametrar utifrån 
brottbeteendet hos tunna vakuumbeläggningar utsatta för dragbelastning. Stu-
dien utfördes stegvis svarande mot vetenskapliga artiklar som bygger vidare 
på varandra. Härigenom blir studien förhoppningsvis mer lättsmält och sam-
manhängade för läsaren. ”Roll-to-roll” atomlagerdeposition (ALD) och mag-
netronsputtertekniker användes för att bereda proven. Fyra prov bereddes med 
ALD. Materialen i dessa var TiO2 och MOX (blandade oxider sammansatta 
av lika delar TiO2 och Al2O3). Beläggningarnas tjocklek var 20 nm för tjockare 
beläggningar av båda materialen, 4 nm för en tunn MOX-beläggning och 6 
nm en tunn TiO2-beläggning. Substratet, tvåaxligt orienterad polyetenterefta-
lat-film (PET), var detsamma för alla beläggningar. Metoden har även exemp-
lifierats för högentropilegeringar (HEA) med olika kolinnehåll deponerades 
på polyimidfilmer med magnetronsputtring. HEA-beläggningarna var ungefär 
600 nm tjocka. 

I Artikel I var avsikten att experimentellt bestämma beläggningens styvhet. 
Tre oberoende provningsmetoder användes för att bestämma beläggens elas-
ticitetsmoduler. Vid ett intrycksdjup på cirka tio procent av beläggningens 
tjocklek visade sig nanoindentering vara en lämplig metod även om resultaten 
visade relativt stor spridning. På grund av delaminering visade det sig att 
buckling av beläggningarna inte var en lämplig metod för att för att bestämma 
elasticitetsmodulen. Emellertid visade sig metoden fungera för att bestämma 
energifrigörelsehastighet vid spricktillväxt i gränsytan mellan beläggning och 
substrat. Atomkraftsspektroskopi befanns vara den bästa tekniken på grund av 
att den minimerar effekten av substratets mekaniska egenskaper.  

I Artikel II observerades beläggningens brottbeteende vid enaxlig dragbe-
lastning. En provningsmetod, som i litteraturen kallas ”fragmenteringstest”, 
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användes för att ge indata till mikromekaniska modeller. Två modeller imple-
menterades för att bestämma skjuvhållfasthet vid gränsytan och beläggnings 
dragstyrka för ALD-materialsystemen: (i) den så kallade Andersonsmodellen, 
som är den mest använda för beläggningar, och (ii) Huis föreslagna modell, 
som inte tidigare har använts vid fragmentering av beläggningar. Huis modell 
beaktar variationen i hållfasthet för beläggningar. Den tjockare TiO2-belägg-
ningen uppvisade störst hållfasthet och lägst spricktäthet. Den tunnare MOX-
beläggningen uppvisade vågformade sprickor, vilket indikerar att belägg-
ningen inte kan betraktas som ett homogent kontinuum. Sprickorna förefaller 
följa korngränser. 

I Artikel III utfördes fragmenteringsprov på HEA-beläggningar med tre 
olika innehåll av kol. Hållfastheten uppskattades med hjälp av fragmente-
ringsdiagram och en Weibull-fördelning av draghållfastheten. Tillskott av kol 
visade sig fördröja sprickbildningsprocessen, men spridningen i kritisk ener-
gifrigörelsehastighet vid begynnande sprickbildning ökade. 

I Artikel IV användes svepelektronmikroskopi för att i hög förstoring ob-
servera delaminering av beläggning från substrat. Delaminering förorsakades 
främst i tryck på grund av tvärkontraktion. Denna skademekanism användes 
för att uppskatta energifrigörelsehastigheten vid gränsytan med en analytisk 
modell baserad på balkteori. Skadorna, som på engelska kallas ”ridge cracks” 
(på svenska ungefär ”åssprickor”) observerades vid stor dragtöjning. Eftersom 
polymersubstratet är starkt olinjärt vid stora töjningar föreslogs en finite-
lementformulering för att ta hänsyn till substratets olinjära samband mellan 
spänning och töjning. Det kompletta sambandet mellan spänning och töjning 
för substratet bestämdes experimentellt med hjälp av digital bildkorrelation 
och implementerades i finitelementkoden genom en användardefinierad 
funktion. Energifrigörelsehastigheten vid gränsytan bestämdes till ~2.5 J/m2 
för TiO2/PET gränsytan och ~ 1.6 J/m2 för gränsytan blandad oxid (TiO2 and 
Al2O3)/PET. 

I Artikel V användes en samling experiment från Artiklarna I, II och IV för 
att finna en praktisk väg att numeriskt bestämma energifrigörelsehastigheten 
vid ansamling av sprickor (annars normalt endast vid begynnande sprickbild-
ning) vid ökande dragtöjning. Det visas också hur förskjutningen vid sprick-
öppning kan förutsägas. Resultaten validerades genom experimentella obser-
vationer. Plasticitet i substratet visade sig leda till en signifikant ökning av 
energifrigörelsehastigheten.  

Det arbete som presenteras i denna avhandling utgör ett försök att förbättra 
och anpassa mekaniska modeller för brott i beläggningar till brott i ultratunna 
oxidbeläggningar deponerade på polymerfilmer. Modellerna avses kunna an-
vändas av ingenjörer och forskare för att utveckla nya beläggningsmaterial. 
Specifika fördelar och begränsningar för sådana beläggningar diskuteras. För-
utom modeller utvecklades experimentella uppställningar för mekanisk karak-
tärisering av tunna oxidbeläggningar på substrat av polymera material. 
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