
 
 
 
 
 
 
 
 
 

 
DEGREE PROJECT FOR MASTER OF SCIENCE IN ENGINEERING 

MECHANICAL ENGINEERING WITH EMPHASIS ON APPLIED MECHANICS 
 

 
 

Supervisor: Sharon Kao-Walter, Department of Mechanical Engineering, BTH   
  

Measuring material properties 

of thin films with DIC and 

tearing test of laminate 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

Peter Nilsson 

Blekinge Institute of Technology, Karlskrona, Sweden 2017 
 



 

 

 
 

 

 



i 
 

Abstract 
Thin polymer materials are today widely used in industry and production. An ordinary food 
package can have around six different layers of materials laminated together to obtain the desired 
protection. To obtain an efficient usage of these materials simulations are often required. But the 
simulations require precise and good material models and properties. To obtain these properties 
through standard tests are difficult as normal strain gauges or extensometers can’t be used. Much 
research has been done on this kind of material. But still, the knowledge of the behaviour in 
certain cases is limited. One such area is the tearing of a laminated material. 
 
The first objective of the work is to test a new measurement method, Digital Image Correlation 
(DIC), for thin polymer films and test if the method is applicable. DIC is a non-contact 
measurement technique that measure the deformation of a stochastic pattern. The strain is then 
calculated from this deformation. These strains can then be used to obtain material properties and 
behaviour. The second objective is to test the tearing behaviour of a laminate. 
 
The material used is a laminate between a PET (100 μm) and LDPE (25 μm) film. When testing 
the single layers they were carefully delaminated with a plexiglass staff. As the material can be 
anisotropic the materials were tested in five directions: Machine Direction (MD); 22,5˚; 45˚; 
67,5˚ and Cross Direction (CD). The work and tests were performed at BTH Campus Gräsvik.  
 
An experimental setup for DIC with the usage of chalk spray and backlight was tested. Five tests 
were performed with and without DIC pattern. It was calculated that the DIC specimens were 
within standard deviation of the reference tests. GOM Correlate was used to evaluate the strains 
and visualise the distribution. The strains obtained were also used to calculate the true stress of 
the specimens and estimate the Poisson’s ratio.    
 
Through testing it was concluded that the tearing of the laminate led to delamination in one of 
the legs. The delamination always appears in the leg where the LDPE film will experience 
tensile forces. The crack also angels towards 45˚. By testing single layers it was found that the 
PET film angles when teared, likely caused by the anisotropy of the material.     
 
An experimental setup for the use of DIC for thin polymer has been developed. This method can 
be used for future measurements and improvement of material models. The behaviour of 
laminated tearing was observed and some conclusions could be drawn about its behaviour. 
However, a lot more work is required on this subject. 
 
Keywords: DIC, thin polymer films, laminated tearing 
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Sammanfattning 
Tunna polymerfilmer används mycket inom produktion och industri. En vanlig förpackning för 
livsmedel kan ha runt sex laminerade materiallager för att få önskade egenskaper. För att 
effektivt använda dessa material måste ofta datorsimuleringar användas. Dock kräver dessa 
simuleringar bra och noggranna materialmodeller och egenskaper. Att experimentellt mäta dessa 
egenskaper med standardtests är svårt då töjningsmätare inte kan fästas på materialytan. Mycket 
forskning har gjorts på dessa material men fortfarande finns beteenden som vi inte vet mycket 
om. Ett av dessa är vad som händer vid rivning av ett laminerat material. 
 
Första målet med arbetet är att testa en ny mätmetod, Digital Image Correlation (DIC), för tunna 
polymerfilmer och testa om metoden är applicerbar. DIC är en icke-kontaktbaserad mätteknik 
som mäter deformationen av stokastiska mönster. Materialtöjningen kan sedan beräknas från 
deformationen. Dessa töjningar kan sedan användas för att beräkna materialegenskaper och 
beteende. Det andra målet är att testa vad som händer när ett laminerat material rivs.  
 
Materialet som används är ett laminat av PET (100 μm) och LDPE (25 μm) filmer. När de 
separata lagren testas separeras laminatet försiktigt med en plexiglasstav. Eftersom dessa 
material ofta är anisotropiska testas de i fem olika riktningar: Maskinriktning (MD); 22,5˚; 45˚; 
67,5˚ and tvärriktning (CD). Arbetet och testerna genomfördes på BTH Campus Gräsvik. 
 
En mätmetod för DIC med kalkspray och bakgrundsbelysning testades. Fem tester genomfördes 
och jämfördes med och utan det stokastiska mönstret. Resultatet för DIC-metoden var inom 
standardvariation för referenstesten. GOM Correlate användes för att beräkna töjningen och 
visualisera fördelningen. Med den mätta töjningen kunde den sanna spänningen beräknas och 
Poissons tal estimeras. 
 
Genom flera testrivningar av laminerat material observerades att avlaminering endast inträffade 
på en sida av sprickan. Denna avlaminering inträffade alltid på den sida där LDPE kände av 
dragspänningar. Sprickan vinklades också mot 45˚ när det revs. Genom att testa de separata 
lagren visade det sig att PET-filmen också vinklades när den revs. Troligen pga. de anisotropiska 
materialegenskaper.  
 
I slutändan kunde en fungerande mätmetod med DIC för tunna polymerfilmer utvecklas. Denna 
metod kan användas i framtida materialprov för att förbättra materialmodeller. Beteendet av ett 
laminerat material som rivs granskades och några slutledningar kunde dras. Dock krävs mer 
arbete på denna punkt.    
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NOMENCLATURE 

Notations 

Symbol Description 

b Width (m) 

E Young´s modulus (Pa) 

F Force (N) 

L Effective length (m) 

n Number (per unit) 

s Estimated standard deviation 

t T-distribution 

v Poisson’s ratio 

α Quantile 

δ Extension (m) 

ε Engineering Strain (1) 

σ Engineering stress (Pa) 

𝑙3 Total length (m) 

𝑥0 Expected value 

�̅� Mean value 

εT True strain (1) 

σT True stress (Pa) 

Acronyms 

CAD Computer Aided Design 

CD Cross Direction 

DIC Digital Image Correlate 

DSMS Digital Speckle Measurement System 

FE Finite Element 

ISO International Organization for Standardization 

LDPE Low-Density Polyethylene 

MD Machine Direction  



 

 

SEM Scanning Electron Microscopy   

PET Polyethylene Terephthalate 

PP Polypropylene 

RMS Root Mean Square  
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1 INTRODUCTION 
 
1.1 Introduction 
Today laminated materials are used in various applications, e.g. food storage, protection and 
construction material. Especially the food industry uses thin laminated materials for packages 
and storage of food and liquids [1]. These materials can have a thickness around 10-100 
micromillimeters.  
 
Despite the wildly use of laminated materials the behaviour of them in certain conditions are 
limited. One of these is what happens when a laminate is teared and how it delaminates during 
crack propagation.  
 
To improve the design and reliability of products FE-modelling is used to predict the material 
behaviour. The FE-models needs real world values and measurements to be modelled after. 
One way to obtain information from experiment is with the aid of Digital Image Correlation 
(DIC) [2]. DIC is used for strain measurement in material and construction tests and is used 
among other things on sheet metal around 1-5 mm thick. With some adoption, it should be 
applicable for thin film material.  
 
1.2 Background 
When designing products with thin film materials simulations are often required to obtain the 
desired outcome or an effective product. It is difficult to simulate these materials as the 
material models needed differs from the classic curves obtained from tensile tests. To get the 
correct local behaviour in a simulation can be time consuming and hard. Then validating the 
simulated results are also difficult as it´s hard to obtain the information needed from 
experiment. It would be beneficial if the local strains could easily be obtained through DIC. If 
the method is applicable it could be valuable for other possible experiments too. 
 
When a laminated material is teared some delamination between the layers might appear. This 
delamination will be asymmetric and only appear in one side of the crack [3] for a single layer 
laminate. Why and how this happens are not fully clear. 
 
1.3 Objectives 
The objective is to evaluate if there is a suitable method to obtain the stochastic pattern 
needed for DIC test. The different application methods will be compared with reference tests 
to find any differences. 
 
Through tearing testing, the mode III (see chapter 2.2) behaviour of a single side laminate is 
obtained. Since the material can be anisotropic the material will be tested in five different 
directions: Machine direction (MD), 22,5˚, 45˚, 67,5˚ and cross direction (CD).      
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1.4 Delimitations 
The work is imitated to five directions with an increasing angle of 22,5˚ when testing the 
material behaviour. A complete anisotropic test would require more angles ranging from 0-
180 degrees.  
 
Only one laminated material is tested (LDPE and PET) and the single layer of it. The 
influence of different adhesive levels is not tested. 

1.5 Thesis question 
1. Can DIC be implemented on thin film material without altering the material 

properties? 
2. Why does only one side of the crack delaminate when a laminate is teared in mode 

III?  
3. Is there a reason behind why the crack angles when teared and what does it say about 

the material properties and how does this affect the laminated tearing? 
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2 THEORETICAL FRAMEWORK 
 
2.1 Theories related to material properties 
A common way to obtain the material properties of a material is through a tensile test. During 
a tensile test a specimen with standard dimensions is subjugated to an increasing displacement 
until failure. During the tensile the specimen will elongate and deform until failure.  
 
Depending on the material properties of the plastic the failure can be brittle, with a sudden 
failure, or though (elastic) with or without yielding point [4]. The force and displacement are 
measured and recorded during the test. 
 
From this data, the engineering stress [4], σ, can be calculated by 
 

 𝜎 =
𝐹

𝐴0
  (2.1)  

 
dividing the tensile force, F, with the original cross-area A0 of the test specimen. The strain ε 
is calculated by dividing the elongation, δ, with the original length L [4]. 
 

 𝜀 =
𝛿

𝐿
  (2.2)  

 
Young´s modulus E is a measure of the slope of the curve in the elastic region. It is calculated 
as the ratio between the engineering stress and strain   
 

 𝐸 =
𝜎

𝜀
  (2.3)  

 
 If MATLAB is used the following command 
 

 𝐸 = 𝜀\𝜎  (2.4)  
 
is suitable if there are multiple measurement points in the elastic region as it averages the 
slopes over multiple points. [5]  
 
Poisson’s ratio, v, describes how much a material deforms in other directions when loaded. It 
is calculated with the ratio between the transverse and axial strains as [6]: 
 

  𝑣 =
𝜀𝑡𝑟𝑎𝑛𝑠𝑣

𝜀𝑎𝑥𝑖𝑎𝑙
  (2.5)  

 
Poisson’s ratio has a theoretical max and minimum value of 0.5 and -1. 
  



 

4 
 

2.2 Fracture mechanics 
From solid mechanics, we have the concept of stress concentrations. The stress increases 
around corners. As notches become sharper the stresses increase further. This does not work 
when the notches become cracks. Then fracture mechanics is needed as it describes what 
happens to materials with sharp notches or cracks. 
 
In fracture mechanics, there exists three different ways of loading a crack. These are mode I, 
mode II and mode III, see Figure 2.1. These describes the three unique ways a crack can be 
loaded. All other cases are some combination of these [7].   
 

 
Figure 2.1: Illustration of the three fracture modes. 

Mode I occur when the crack is loaded so the new surface is separated from each other  
(y-direction). Mode II is when the surfaces are sheared against each other in the crack’s plane 
(x-direction). Mode III occurs when the crack surfaces moves in out of plane shear (z-
direction). 
 
During a tearing test will crack will grow mostly in mode III. For elastic materials, it´s often a 
combination of mode I and III.   
    
2.3 Digital Image Correlation 
Digital Image Correlation, DIC, is an optical measurement technique that evaluates the 
deformation and displacement of a test specimen through a stochastic pattern [8]. When a test 
is preformed it´s recorded with a camera that captures the deformation.  
 
During the analysis, a software can identify unique points from the stochastic pattern that it 
follows through the different recorded images [9]. The difference of the points coordinates 
between the images can then be used to calculate the local strain, ( Figure 2.2) displacement 
or deformation in all directions of the specimen. 
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Figure 2.2: Strain localisation in an aluminium tensile test right before fracture. 

DIC is a non-contact measurement technique that compared to traditional methods does not 
require surface attached gauges [10].  
 
When measuring material properties such as Poisson’s ratio the strains must be measured. 
This is normally done with an extensometer or strain gauge. But these are often stiffer than 
the film material. Therefor they are not suited for these materials. DIC presents an alternative 
way to easy measure these strains without the problems associated with extensometers. 
 
2.4 True stress calculation from strain 
True stress, σT, can be calculated from the engineering strain [11] with  
 

 𝜎𝑇 = 𝜎(1 + 𝜀)  (2.6)  
 
and is normally valid until the necking point. 
 
From DIC the local strain (true strain), εT, can be measured. Using the local strain the true 
stress is calculated before, and after the necking point as 
 

  𝜎𝑇 = 𝜎(1 + 𝜀𝑇)  (2.7)  
   
with the engineering stress calculated with (2.1).  
 
2.5 Statistical equations and testing 
When experiments are performed, there will be a natural spread in measuring data. 
Comparing data from two different experimental setups the data needs to be evaluated to see 
if there is a difference between them. The difference between the experiments comes mainly 
from two things: 
 

 Normal deviation 
If the test setups are equivalent with the same to little impact on test results, the 
differences can be caused of natural deviation. 
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 Systematic difference 
The difference can also be because of the experimental setup or specimen preparation 
will alter the test results and give different results.  

 
When evaluating if the implementation of the stochastic pattern needed for DIC changes the 
properties of the thin film, these two differences should be tested. From plane testing 
(unprepared specimens) the standard variation (s) for the material property data (xi) can be 
calculated [12] as  
 

 𝑠2 =
1

𝑛 − 1
(∑ 𝑥𝑖

2
𝑛

𝑖=1
−

1

𝑛
(∑ 𝑥𝑖

𝑛

𝑖=1
)

2

)  (2.8)  

 
for n tests. 
 
With the estimated standard deviation of the plane tests the DIC results can be evaluated too 
see if they are within the standard deviation of plane tests. If the test data can be assumed to 
be normal distributed this can be done with a t-distribution [13] 
 

 
𝑡 =

𝑥 − 𝑥0

𝑠
√𝑛⁄

 

 
 (2.9)  

that compares the mean value �̅� with the data point x0.  
 
The hypothesis (test) is rejected on the percentile level (α) if the t-value is higher than the 
predefined values for t-distribution. For a two-sided test [13], the value can be either higher or 
lower than the mean, the criteria is 
 

 
|𝑡| > 𝑡𝛼

2⁄ (𝑛 − 1) 
 

 (2.10)  

Some values for the t-distribution are shown in Table 2.1. 
 

Table 2.1: Some values for the t-distribution [14]. 

df 
Quantiles 

0,05 0,025 0,01 

3 2,353 3,182 4,541 

4 2,132 2,776 3,747 

5 2,015 2,571 3,365 

6 1,943 2,447 3,143 

…
 

…
 

…
 

…
 

∞ 1,645 1,96 2,326 
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2.6 Related work 
L. Yang et al. have in their report [11] compared DIC with traditional measurement methods. 
They go through the theory behind DIC and the influence of resolution on the measurement 
size on the specimen. As they evaluate 2D strain only one camera is needed during the 
measurements. To compare DIC results extensometers are used as reference values for the 
extension. The material tested were sheet steel dog-bone specimens in different material 
directions. They find that DIC can measure the true strain at any point in the specimen and 
can follow the straining well into necking region.   
 
A. Jesús, et al. tests in their paper [15] the influence of the paint thickness on the results 
during DIC testing. They tested the strain underestimation that can occur if the paint thickness 
is too thick. This happens because the full paint coat doesn’t follow the material surface. The 
tests were done with SS304 steel sheet dog-bone tests. The paint thicknesses tested ranged 
from 10 μm to 110 μm. They could observe a maximum of 4 % derivation in strains between 
the thinnest and thickest paint layer. Giving an expected maximum derivation of 4%, which 
they note is usually below relative standard deviation for most of the tests. They conclude that 
paint thicknesses below 30 μm has no influence on the strains given. A thickness between 30-
80 μm might give a relative error of 3-4 %. Lastly, they note that the average paint thickness 
of experienced DIC users are around 11.98 μm. 
 
In [10] Jian-Wei Zhou et al. investigates the problem with material testing on packaging 
materials. Due to the difficulties of measuring their material properties with conventual 
methods, strain gauges and extensometer as they are stiffer than the material tested. This gives 
the material “additional reinforcement” during the measurements. To solve this, they 
developed a new prototype measurement instrument, Digital Speckle Measurement System 
(DSMS) based on existing DIC. Their approach is to mark the test specimen on chosen 
locations with small speckles of paint. These speckles can then be tracked through the images 
taken during the test. In their tests, they used a PP film that was 0,7 mm thick. Using this 
method, they could get the stress-strain curves and material properties as Poisson’s ratio. They 
summarise that DIC is an advantageous method for measuring material properties. Especially 
for flexible materials like package films.  
 
In their research paper [16] E. Andreasson et al. investigates the anisotropic tearing behaviour 
of two thin film polymers, PP and LDPE. With 2-leg trouser tests the two materials were 
tested in three directions: MD, CD and 45˚. They confirm a clear difference between the 
response of the two materials. The PP is solely being teared in mode III and gives a constant 
load response during tearing. The LDPE on the other hand has a mixed mode case between 
mode I and III. This gives a steadily increasing response during the tests. They state that when 
highly extendible films are teared it is accompanied by significant plastic deformation. From 
tearing PP they can clearly see the anisotropic material properties where the response varies 
between the directions. They also show the fracture surfaces with a SEM analysis were the 
plastic deformation in the LDPE is clearly visible.  
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S. Kao-Walter et al. tested in their paper [3] the fracture of a laminated material. They used a 
two-layer laminate between PET (100 μm) and LDPE (27 μm) films. The tests were 
performed with 2-leg tearing specimens. During tearing they observed that the LDPE and 
PET only delaminates on one side of the crack. Through stopping the tearing with even 
intervals, they could capture how the crack and delamination progressed.   
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3 METHOD 
 
3.1 Material 
The material used was a single side laminate between PET and LDPE films. The PET is 100 
μm thick and 250 mm wide and the LDPE is 25 μm thick and 200 mm wide. The laminate is 
stored as a long continuous roll. The material was provided by Tetra Pak. 
 
3.2 Delaminating the materials 
To test the single layer properties of the material the layers had to be delaminated. When the 
layers are delaminated the LDPE film stretches and can easily deform and curl due to the 
residual stresses. Before delamination a 250 mm long piece is cut away from the roll as it is 
more manageable. To minimize the curling the LDPE was delaminated with the aid of a 
plexiglass staff, see Figure 3.1. 
 

  
Figure 3.1: A section of laminated film being delaminated with the plexiglass staff. 

As it is unavoidable to affect the material during this delamination every piece was 
delaminated the same way. First 10-20 mm of the film was carefully peeled by hand to expose 
some of the LDPE. The plexiglass staff was then placed between the layers and the two layers 
were pinned together behind the staff. By gently pressing the LDPE on top of the staff and 
rolling the staff clockwise the layers could be delaminated. This method gives a repeatable 
delamination that should give the same influence on the layers each time.   
 
To keep track of the material orientation the “LDPE-side” of the laminated was defined as up 
or top. When delaminated, each layer was marked with the MD on the top side. For the PET 
film the side were the LDPE was laminated on is also marked. This enables one to keep track 
of different specimen and material orientations.  
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3.3 MTS tensile test machine 
The machine used for the tensile tests was the MTS tensile test machine, model: QTest 
100Elite, located at BTH Campus Gräsvik. Two different load cells were used, 100 N and      
2 kN MTS load cells, to measure the data. The measured data was recorded with the QTest4 
software.  
 
All specimens were mounted using a set of air hydraulic grips. To ensure that the grips were 
in level and not angled a short steel ruler was used. The ruler was placed beside the closed 
grips and checked that the centrelines of the two grips are in line. If this is the case for both 
sides the grips are in level. When the grips are adjusted and in level the upper tightening 
screw for the load cell is tighten with a tool. When this ring is tightened the loadcell 
connection to the machine becomes rigid. The tightening rings on the hydraulic grips are also 
tighten. The rigidness of the setup can be tested by a very light tap on the grip to see how it 
vibrates. If the 100 N cell is used grate care must be taken so not to damage it. It is also 
tightened less as the forces involved are low.    
 
3.4 Anisotropic material and tested directions   
To find any anisotropic behaviour of the material specimens must be prepared in various 
directions. The directions tested were MD; 22,5˚; 45˚; 67,5˚ and CD defined as shown in 
Figure 3.2. 
 

 
Figure 3.2: The specimen orientation used when cutting and defining the directions. The 
LDPE-side of the laminated is defined as top. 

Only the positive directions were tested and to complete the anisotropic test the corresponding 
negative side should be also be tested.  
 
To crate the specimens in the angled directions, an angel ruler was used to draw a reference 
line on the film. The specimens can then be cut from that reference line.     
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3.5 Tensile test: Dimensions, preparation and testing 
 
3.5.1 ISO 527-3: Test dimensions and requirements 
The tensile tests were performed according to the standards specified in ISO 527-3 [17]. This 
standard specifies the recommended dimensions and procedure for tensile testing thin film 
plastics (<1 mm thick).  
 
The standard specifies a minimum of five test specimens for each required direction. 
Specimens that fail due to obvious imperfections or display slippage in the grips should be 
disregarded. Also, test specimens that fails within 10 mm from the grips are invalid and 
should be repeated. It is noted that if most of the specimens fail to meet these requirements 
the data can be analysed statistically, but the result should be used conservative [4].  
       
For thin films that are anisotropic, it´s recommended to test specimens from both the principal 
axes to catch the anisotropic behaviour [17].   
   
The dimensions specified in the standards are shown in Figure 3.3. 
 

 
Figure 3.3: Specimen 2 defined in ISO 527-3, without gauge marks.   

With the initial distance between the grips, L, 100 mm. The width, b, between 10 to 25 mm 
and the overall length of the test specimen, 𝑙3 ≥ 150 mm. If one has a material that extends 
beyond the measurement devises range the initial distance between the grips, L, can be 
reduced to 50 mm.          
 
The data obtained from the tensile tests are reported per the specified format in the standard 
[17]. For example: ISO 527-3/2/20 
This means that the test was performed with the requirements specified in ISO 527-3. With 
dimensions according to specimen 2, (Figure 3.3) and with the test speed 20 mm/min. 
 
3.5.2 Specimen preparation and cutting 
The specimens were prepared according to the ISO 527-3/2 standard. The width chosen is 25 
mm as this will make the DIC implementation easier. The specimens were cut with a carpet 
knife. To get the right dimensions a 25x300 mm ruler was used as a templet.  
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The templet is placed on the film in the desired orientation and pressed firmly down. The 
knife is hold with a low angle and is pulled along the templet with an even speed to get a nice 
cut. 
 
After the specimen is cut out of the film markings for the grips are added. Markings of the 
specimen direction and orientation are added.   
   
3.5.3 Mounting and test configuration 
When mounting the specimens, the top is mounted first. The specimen is placed between the 
grip surfaces and gently pressed against the back grip so the mark just touches the edge. By 
doing this the film won´t be pulled inside the grip when it closes. When the top is mounted the 
load cell is cero channelled. The bottom bit is mounted in a similar way as the top.  
 
When the specimen is mounted, it should be stretched so it´s not slaking but also not in 
tension. For LDPE it´s stretched until the load cell show between 0-0,1 N, and for PET 
between 0,5-5 N. The extension is then cero channelled and the specimen is ready for the test.  
 
The 100 N load cell is used for LDPE tensile test and the 2 kN cell for PET. 
 
3.6 Tearing test: Dimensions, preparation and testing 
To find any reason behind how the laminated tearing behaved, single layer tearing was done 
for both PET and LDPE. At least three tests were done in each direction for both single layer 
and laminate.  
  
3.6.1 Two-leg trouser test 
To test the tearing properties and behaviour of the film two-leg tearing tests were used. This is 
a standard test used to determine the tear resistance of a material [18].   
 
The dimensions used for the specimens was an effective length (between grips) of 95 mm and 
a width of 30 mm [3]. The two “legs” are 15 mm wide and cut from 60 mm through the rest 
of the length, see Figure 3.4. 
 

 
Figure 3.4: The dimensions for a two-legged trouser test specimen. ## represents text 
describing the material orientation and the side LDPE is/was on. The dotted line 
represents the cut for the legs.    
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The specimens were prepared by first cutting out a 30x130 mm piece of the film in the desired 
direction. The film was placed underneath a templet ruler (30x600 mm) and cut along the 
sides with a carpet knife with a decisive cut. The distance from the edge to 60 and 95 mm are 
marked and guide lines are drawn for the mounting and leg-cut. Dots are placed on the 
specimen along the centreline so the cut for the legs becomes straight. 
 
The length of the grip area varies depending on material orientation but a minimum of 25 mm 
was used. The material orientation and specimen orientation were marked in the bottom right 
corner. It means that when the test piece is orientated like that, the “LDPE-side” is up.   
 
3.6.2 Mounting and test configuration 
Before the specimen is mounted the legs are marked with north (N) and south (S) to mark 
what leg is mounted up and down. The Up leg is mounted first in the top grip along the 
marked line. When the up leg is mounted, the load was zero channelled and the bottom leg is 
mounted.  The crosshead is now moved up until just before the crack would propagate, and is 
zero channelled.  
 
The test speed used in the tearing tests were 1 mm/min. The test was performed until the 
crosshead moved 20 mm (10 mm crack propagation). The test speed will influence the results 
of the experiment but when faster speeds were tested (10 and 20 mm/min) the noise from the 
sensor drown the response. Faster speeds like the recommended 200 mm/min [18] is not 
suited for these tests as it was only done until the crack had grown circa 10 mm.    
 
3.7 DIC: preparation and setup 
To analyse the local strains with DIC the specimens needs to be prepared with a stochastic 
pattern. 
 
Normally, specimens for DIC are prepared with a thin prime of spray paint, usually white, and 
then sprinkled with black paint to obtain a good stochastic pattern [8]. This method ensures a 
good contrast in the pattern that the software can detect. It is recommended that the pattern 
size represent the scale of what is tested [8]. For example, a tiny tensile test requires a finer 
pattern than a construction beam. 
 
The influence of the paint thickness on the material properties can generally be neglected as 
the paint thickness, around 5-30 um [15], usually is a lot thinner than the test piece. 
 
But for thin film materials that paint thickness can be between 5-50% of the materials 
thickness. Especially for LDPE the adhesive between the paint layer and material surface can 
mean that we are changing the material properties. Therefor a pattern application that won´t 
affect the material and that can´t, or very little, take up tensile forces is required.           
 
Two methods were tested to apply the stochastic pattern to the test specimens.  
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3.7.1 Method one: Graphite powder  
The first method was to use graphite powder that was attached to the surface of the film with 
the aid of oil (raps oil was mainly tested), water (also tested) or similar liquid. The films were 
smeared with a thin layer of the oil. The graphite powder was then sprinkled on top into a fine 
pattern with the aid of a finely meshed strainer (see Figure 3.5). To protect the grip areas of 
the specimen they are covered so no oil or powder gets stuck to them. This will prevent the 
grippers from getting polluted. It will also protect the specimen from being damaged from a 
powder grain being compressed into the film.  
 

 
Figure 3.5: A PET specimen prepared with graphite powder and raps oil, photo taken 
in monochrome. 

The point with this method is that a non-reactive powder can be used to obtain the pattern 
needed. This powder should not affect the tensile properties of the material as it will not be 
fixated to an area of the surface but only following a small point. The powder was obtained 
from a graphite rod that was milled down to a powder with a knife.  
 
The downside is that a suitable adhesive should be found that won’t change the material 
properties of the film. The raps oil tested worked for PET but made the LDPE brittle as the 
material absorbed the oil.  
 
The pattern quality obtained with this method was poor to ok.  
 
3.7.2 Method two: Chalk spray paint 
Special chalk spray paint [19] was also tested. This spray paint is different from normal 
acrylic spray paint as it is made of coloured chalk powder that does not bond to the surface or 
hardens after application [20]. The powder is diluted in alcohol inside the spray can.  
 
To apply the pattern the test pieces were placed on a board with the grip areas covered by 
paper. The spray was applied from a distance around 30-50 cm with a series of quick strokes 
over the board until a fine pattern was obtained (Figure 3.6).  
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Figure 3.6: An example of a LDPE test specimen prepared with chalk spray, picture is 
taken in monochrome.   

The spray distance ensures that the paint can disperse before impact, giving a fine pattern. The 
pattern quality obtained varied from ok to excellent, depending on background light and 
deformation.   
 
3.7.3 Specimen mounting and camera setup 
The prepared specimens are mounted as described in 3.5.3. For recording of the DIC tensile 
test an OLYMPUS e-420 camera was used. 
 
To get good pictures the camera in mounted on a tripod perpendicular [8] to the test specimen. 
The contrast in the pattern was increased with a backlighted surface that is used as a 
background during the tests. This was achieved with a lamp shining through two pieces of 
paper, with a 20 mm space between them, to obtain a soft background lighting, see Figure 3.7. 
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Figure 3.7: Experimental setup with a DIC specimen mounted in the hydraulic grips, 
the test specimen was prepared with chalk spray (green).  

The camera is set into manual control and focus, so all pictures taken in the image series are 
the same. Manual focus was used since the autofocus will re-focus between each image and 
delay the time between photos. The focus is controlled with test images until a satisfying 
result and sharpness is obtained. The camera settings used depends on the lighting in the test 
room.  
 
For the images taken in the experiments a low noise was strived for. This mean the ISO value 
was set to 100 or 200. The shutter speed was set to a minimum of 1/60 of a sec. to not get 
motion blur. To get a good exposure the f-number had to be set to a lower value to let in 
enough light.  
 
After achieving satisfactory camera settings, they do not have to be adjusted during the 
experiment. Since the software does not look at colures and recognises pattern based on 
contrast inside the pattern [9] the photos were taken in monochrome.      
 
During the test pictures are taken ones per sec. to be able to connect the images with the stress 
strain curve.  
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3.8 Comparing DIC values with reference values 
To see if the pattern application changes the material properties three specific values from the 
material curves are compared between reference tests and DIC test values: 
 

1. Young´s modulus:  
If the Young´s modulus remains unchanged, the pattern does not affect the elastic 
properties of the material. The elastic region can in that case be investigated without 
issues. 

 
2. Force maximum:  

This point is used when calculating the yield limit of the material [21]. If this point 
does not change with the DIC pattern the material should be unaffected until the 
necking. 
 

3. Maximum extension: 
After the yield limit the material damages and deteriorates until failure. The maximum 
extension can be used as an indicator of the damage evolution of the material. If this 
value remains unchanged this part might also be unaffected by the pattern. 

 
If one or more of these points are unaffected by the pattern DIC can be used to that point and 
still give relevant information of the material. 
 
3.9 Standard variation 
The differences between the mean values between Plane and DIC test specimens might be 
because of standard deviation or a systematic difference. Therefor the following hypothesis is 
tested. 
 
Hypothesis: The mean values from DIC test are within standard variation for the plane test. 
 
For the statistical test the spread in test data is assumed to be normal distributed and a two-
sided test will be performed.  
 
The DIC with method one for the LDPE film the negative effect were so obvious that no 
statistic test was done.  
 
3.10  GOM Correlate software 
GOM Correlate is a free software for 2D DIC measurement. Correlate can evaluate surface 
deformation and strains from stochastic pattern applied to the object. It can also perform 2D 
motion captures with the aid of reference points [2] [8].  
 
The software can be used to calculate the strain over the whole prepared surface. Data can 
only be exported from specific points or lines. To export the whole surface data the GOM 
Correlate Pro version is required. 
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The images recorded during the experiments are imported and analysed in GOM Correlate. It 
is important that the images have rising numbering at the end of its name so the software can 
sort them correctly. Also, the numbering must be continuous as any discontinuity will end the 
import.   
 
The imported images are checked for any bad or unfocused pictures that are disabled in the 
set manager, this will make the analysis to skip that frame. The reference length of the 
specimen is defined for the first frame as 25 mm at the top grip, Figure 3.8. Anywhere the 
length is known can be used, but the grip is suitable as that line will be perpendicular to the 
specimen.   
 

 
Figure 3.8: Editing the reference length in Correlate, done in stage zero.  

For the software to know where it should calculate the strains a surface component must be 
created. When creating the component, the facet size and point distance should be chosen. 
The facet size determines how many pixels the software uses to find points to track. The 
smaller this value is the closer local strains can be traced. But there will be harder to find the 
points through the different images. The facet size was kept as low as possible but large 
enough for the software to track them over the whole test. Due to the large deformations, the 
facet size often had to be around 25-35 pixels in size. The point distance determines the 
overlapping of the facets. It is recommended to have between 20-50 % overlap [9], see Figure 
3.9. 
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Figure 3.9: The definition of the surface component (left), defined in stage 130. Right 
shows the pattern quality. 

In some cases, were the deformation are large, it is better to define the surface component at 
the later stage of the tests. This is because the software creates a standard mesh at the stage its 
created that is then compressed or extended with the pattern, see Figure 3.10.  
 

 
Figure 3.10: Example of the standard mesh generated in Correlate. The mesh was 
defined at stage 130 (middle image), to the left the deformation in stage zero and right 
stage 260. 
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If the first step is used to define the surface component the mesh becomes so stretched that 
gaps appears towards the later stages.  If the facets are hard to track there exist an option of 
allowing Correlate to interpolate values where it can´t track. The default setting is zero and 
the recommended max is two.    
 
There are two different methods for Correlate to track the pattern, called facet matching: 
 

1. Against definition stage 
The facets are compared to the stage where it was created. Reduces errors but makes it 
more difficult to track in large deformations. 
 

2. Against previous stage 
The facets are compared to the stage before. This is recommended when having large 
deformations as it makes it easier to track. But the errors accumulate across the stages. 

 
Because the material has large strain i.e. large deformations the analysis is set to track the 
pattern against the previous stage. A complete work scheme for GOM Correlate can be found 
in Appendix A. 
 
3.11  Processing measurement data 
The data from the MTS tensile machine was exported in columns containing the load (N), 
extension (mm) and time (s) to .txt format. All the processing was later done with MATLAB 
scripts. 
 
3.11.1 Tensile test 
To visualize the anisotropy of the material the load and displacements were plotted against 
each other for the different directions. To see any possible connection to the tearing the 
energy was underneath the curve was calculated with the MATLAB function trapz [22].  
 
3.11.2 Tearing test 
The tearing response for PET was calculated by taking the Root Mean Square (RMS) value of 
the steady state part of the response. This is done for the latter half of the signal since the 
specimen needs to be tensioned before the crack grows, see Figure 3.11 The average of the 
RMS load between the three tests for each direction can then be compared.  
 
LDPE does not reach a steady state tearing as it changes increasingly to mode I as it is teared. 
Therefor the curves are only compared visually. 
 
When tearing, especially PET and laminated, it was noted that the crack angels when it 
propagates. This angle was measured with as angel ruler. 
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Figure 3.11: The region of the signal used to calculate the steady state RMS value of the 
amplitude. 

 
3.11.3 DIC  
After analysing the images in GOM Correlate the results should be exported. From the DIC 
the strain distribution over the whole length is obtained by a cross line. The cross line collects 
the strain values over the stage range and plots them over length across time.  
 

 
Figure 3.12: The cross-line used to collect the strain distribution. The points are placed 
where the strain localisation will appear. Multiple points are used to gain an average. 
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To get the strain localisation, point data are collected over the width were the specimen will 
fail, see Figure 3.12. 
 
This data can also be exported to Excel as a matrix containing the strain over time for all the 
points. If one of the points loses track of the surface the empty space in Excel is replaced with 
NaN. This enables MATLAB to import the data as a matrix instead of a cell. The true strain 
from DIC can now be used in MATLAB together with the measurement data. 
 
Correlate can produce automatic PDF reports containing the surface strains and diagrams 
showing the data plotted. One can obtain PDF movies, single image or a flipbook containing 
all stages. To view the PDF movie Adobe Acrobat is required.  
      
3.11.4  Poisson’s ratio 
The strains needed for Poisson’s ratio was measured through DIC. The strains were measured 
between two inspection points in xx and yy direction [10], see Figure 3.13. 
 

 
Figure 3.13: The optical extensometers used to measure Poisson’s ratio for a LDPE 
specimen. 
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4 RESULTS 
 
4.1 Test of DIC compliance with 25 μm LDPE 
 
4.1.1 LDPE Reference tensile test 
To compare if the application of the stochastic pattern influences the material properties 
obtained from tensile testing, base values of the data is needed. These was obtained through 
normal tensile tests that was repeated until five acceptable curves was obtained [4], Figure 
4.1.   

  
Figure 4.1: The data obtained from tensile test. The data curves come from standard 
LDPE (MD) specimens. 

4.1.2 Test of Method 1: Graphite powder 
Four tests were done with method 1 by fixing graphite powder on the specimens with the aid 
of raps oil. In test 1 and 2 a mixture of talc and graphite powder was used and in test 3-4 only 
graphite powder was used, see Figure 4.2.  
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Figure 4.2: Data from the tensile tests using DIC method 1 on the 25 μm LDPE film 
(MD). All tests were done with raps oil and graphite powder. Test 1 and 2 had talc 
added. 

4.1.3 Test of method 2: Chalk spray 
Five tests were done for specimens that had been prepared with the chalk spray to obtain the 
stochastic pattern, Figure 4.3. 
 

 
Figure 4.3: Data from tensile test with DIC prepared specimens from 25 μm LDPE 
(MD). The pattern was obtained with the chalk spray. 



 

25 
 

4.1.4  Influence of pattern on material properties 
The data obtained from the curves from section 4.1.1 and 4.1.3 for the three values: Young’s 
modulus (E), max force (Fmax) and max elongation (δmax) are shown in Table 4.1 for the 
reference values and Table 4.2 with the pattern applied. These values are used to compare the 
data from the two measurements.  
 

Table 4.1: Data from Figure 4.1 (Plane tensile test) for each test. The three values, E, 
Fmax, δmax and the mean value is shown. 

Plane LDPE test specimen 

Test: 1 2 3 4 5 Mean 

E (GPa) 0,185 0,168 0,183 0,173 0,165 0,175 

Fmax (N) 6,2 5,8 6,3 5,8 5,9 6 

δmax (mm) 81,8 70,9 75,9 83,9 68,4 76,2 

 
 

Table 4.2: Data from Figure 4.3 (DIC Method 2) for each test. The three values, E, 
Fmax, δmax and the mean value is shown. 

DIC LDPE test specimen (Method 2) 

Test: 1 2 3 4 5 Mean 

E (GPa) 0,164 0,176 0,165 0,179 0,173 0,172 

Fmax (N) 5,7 5,7 5,8 6,1 5,9 5,8 

δmax (mm) 76,6 72,2 82,1 93,7 87,6 82,4 

 
 
To compare the difference between the mean values the percentage difference between them 
are shown in Table 4.3. 
 

Table 4.3: The percentage difference between the  
mean values from Table 4.1 and Table 4.2. 

Percentage difference between 

mean values 

E 1,70% 

Fmax 7,80% 

δmax 3,40% 
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4.1.5 Statistical test of material differences with LDPE DIC 
The standard deviation for the LDPE tests are estimated with equation (2.8) for each of the 
three parameters E, Fmax and δmax, see Table 4.4.  
 

Table 4.4: The estimated standard variation for the three parameters used for 
comparison. 

Estimated standard variation (s)  

for LDPE plane test 

E (GPa) 0,009 

Fmax (N) 0,21 

δmax (mm) 6,7 

 
These values can now be used together with equation (2.9) to calculate the value off               
t-distribution to be compared with. The following hypothesis are tested if they are within 
standard variation:  
 

 Young´s modulus: 𝐻0
′  

 
 Force max: 𝐻0

′′ 
 

 Extension: 𝐻0
′′′ 

 
Giving the following values of the t-distribution:  

 
𝑡′

𝑡′′

𝑡′′′

=
=
=

0,754
2,069
0,065

} < 𝑡𝛼
2⁄ (4) 

 
When comparing these against different confidence intervals (Table 2.1), it is shown that the 
hypothesis cannot be rejected at either level 0,05 or 0,1. It is possible that the material is 
unaffected by the applied pattern. 
 
The calculation of the standard variations are shown in Appendix B. 
 
4.2 Test of DIC compliance with 100 μm PET 
 
4.2.1 PET Reference tensile test 
Five tests were performed for the reference values for PET (MD), they are displayed in Figure 
4.4.  
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Figure 4.4: The reference curves used for evaluating DIC on the PET film. Specimens 
done in MD. 

 
4.2.2 Test of Method 1: Graphite powder 
DIC method one was tested for the PET film. Raps oil were used to fixate graphite powder to 
the surface of the film. Four tests were performed with this method, Figure 4.5. 
 

 
Figure 4.5: The result from DIC method 1. Graphite powder and raps oil were used to 
apply the pattern. PET (MD) 
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4.2.3 Test of method 2: Chalk spray 
Two tests were done with specimens prepared with the chalk spray and tested, Figure 4.6. 
Only two tests were performed to obtain images for DIC evaluation. The method is assumed 
to work for PET as it seems to work for the more sensitive LDPE.     
 

 
Figure 4.6: Two tests were performed with chalk spray and PET (MD)  

4.2.4 Influence of pattern on material properties 
The data obtained from the curves from section 4.2.1, 4.2.2 and 4.2.3 for the three values: E, 
Fmax and δmax are shown in Table 4.5-Table 4.7. 
 

Table 4.5: Data from Figure 4.4 (Plane tensile test) for each test. The three values, E, 
Fmax, δmax and the mean value is shown.  

Plane PET test specimen 

Test: 1 2 3 4 5 Mean 

E (GPa) 1,57 1,56 1,53 1,55 1,55 1,55 

Fmax (N) 171,4 162 157,4 173,2 174,1 167,6 

δmax (mm) 93,4 82,5 80,7 97,5 102 91,2 

 
  



 

29 
 

Table 4.6: Data from Figure 4.5 (DIC Method 1) for each test. The three values, E, 
Fmax, δmax and the mean value is shown. 

DIC PET test specimen (Method 1) 

Test: 1 2 3 4 Mean 

E (GPa) 1,57 1,56 1,54 1,57 1,56 

Fmax (N) 165,6 163,3 178,9 188,8 174,2 

δmax (mm) 88,1 89,7 107,1 115,9 100,2 

 
 

Table 4.7: Data from Figure 4.6 (DIC Method 2) for each test. The three values, E, 
Fmax, δmax and the mean value is shown. 

DIC PET test specimen (Method 2) 

Test: 1 2 Mean 

E (GPa) 1,42 1,69 1,56 

Fmax (N) 180,2 183,3 181,7 

δmax (mm) 106,1 110,1 108,1 

 
 
The percentage difference between the means for the different tests are also calculated, Table 
4.8. It should be noted that the PET film experience deformation inside of the grip pads as the 
contact pressure is not sufficient to stop this. Therefor the values for maximum displacement 
should be viewed sceptically, see Appendix D. 
 

Table 4.8: The percentage difference between the mean values from Table 4.5 with the 
ones from Table 4.6 and Table 4.7. the values for δmax should be viewed sceptically.  

Percentage difference between mean values 

with the plane test 

 Method 1 Method 2 

E 0,64 % 0,64 % 

Fmax 3,9 % 8,1 % 

δmax 9,4 % 17 % 
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4.2.5 Statistical test of material differences with PET DIC 
The standard deviation for the PET tests are estimated with equation (2.8) for each of the 
three parameters E, Fmax and δmax, see  
Table 4.9 
 

Table 4.9: The estimated standard variation for the three parameters used for 
comparison. 

Estimated standard variation (s)  

for PET plane test 

E (GPa) 0,015 

Fmax (N) 7,47 

δmax (mm)  9,31 

 
These values can now be used together with equation (2.9) to calculate the value off the t-
distributions. The t-distribution is calculated for the two pattern applications for the three 
points, E (𝐻0

′ ), Fmax (𝐻0
′′) and δmax (𝐻0

′′′). 
 

Giving the following values of the t-distribution:  
 

Method 1 Method 2* 
 
𝑡′

𝑡′′

𝑡′′′

=
=
=

1.508
1.97

2.208
 

 

 
𝑡′

𝑡′′

𝑡′′′

=
=
=

1.508
4.22

4.105
 

 
 
* When method two was tested the settings for the hydraulic grips had been changed. 
This will change how much of the PET that deforms inside the grip and make it not 
comparable with the reference values. 

  
These values are compared with the confidence intervals given in Table 2.1 to determine if 
the difference is from standard variation or not. Method one is within the standard variation 
for Young´s modulus and maximal force for level 0.1. The maximum extension is rejected on 
this level but not level 0.05.  
 
Method two is only within standard variation for Young’s modulus. But when the 
measurements for method two was done the settings had been changed for the hydraulic grips. 
Making a systematic error appear for the max force and elongation. 
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4.3 DIC result from tensile tests 
 
4.3.1 LDPE: Strain visualisation 
Using GOM Correlate the local strains could be evaluated for a test specimen. The 
engineering stress strain curve for the specimen is shown in Figure 4.7. 
 

 
Figure 4.7: The engineering curve of the specimen investigated with DIC. The 
numbered marks show the connections between the stages in Figure 4.8 and the stress 
strain curve.  

The numbered markings (1-6) show which instance of the loading the sections in Figure 4.8 
are from.  
 
The scale on the side show the strain values and a histogram also shows the strain amount. 
Through the images the strain evolution is visualised for the tensile test. The images are 52 
seconds apart to give an even representation of the evolution.    
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Figure 4.8: The strain evolution and distribution in a LDPE test specimen (MD) during 
a tensile test. The images are taken at time: 0, 52, 104, 156, 208 and 260 sec.  
(Eng. Strain: 0, 8.82, 8.85, 9.12, 8.81 and 8.2 MPa). 

 
The local strain distribution is visualised with the vertical cross-section for the different 
frames (1-6). These together with the local strain (A) at the necking point are displayed in  
Figure 4.9.   
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Figure 4.9: The strain distribution over the different frames. (A) shows the point strain 
for the eight points used in the necking region. The red lines shows were (1)-(6) are in 
regard to the point data.  

 
4.3.2 LDPE: True stress from true strain 
By exporting the local strain given by Correlate the true stress can be calculated to, and 
beyond the necking point. The strain values are collected in the necking point to capture the 
hardening. To get an average eight points are used when calculating the strain vector. 
 
With equation (2.7) the true stress is calculated and plotted against the engineering, see Figure 
4.10. 
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Figure 4.10: The True stress strain plotted against the engineering curve for the DIC 
specimen. The true strain from DIC is used to calculated the true stress. 

 
4.3.3 PET: Strain visualisation 
The engineering stress strain curve for the PET specimen tested with DIC is shown in Figure 
4.11. 
 

 
Figure 4.11: The engineering curve of the specimen investigated with DIC. The 
numbered marks show the connections between the stages in Figure 4.12 and the eng. 
stress strain curve. 
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The numbered markings (1-6) shows which instance of the loading the sections in Figure 4.12 
are from. The scale on the side show the strain values and a histogram also shows the strain 
amount. Through the images the strain evolution is visualised for the tensile test. The 
displayed images are 65 seconds apart to give an even representation of the evolution.  
 

 
Figure 4.12: The strain evolution and distribution in a PET test specimen (MD) during 
a tensile test. The images are taken at time: 0, 65, 130, 195, 260 and 325 sec. 
(Eng. Strain: 0, 44.5, 52.1, 58.8, 65.3 and 72.6 MPa) 

The local strain distribution is visualised with the vertical cross-section for the different 
frames (1-6). These together with the point inspections evenly distributed over the length, are 
displayed in Figure 4.13.   
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Figure 4.13: The strain distribution over the different frames. (A) shows the point strain 
for the five points used distributed over the length. The red lines shows were (1)-(6) are 
in regard to the point data. 

 
4.3.4 PET: True stress from true strain 
By exporting the local strain given by GOM Correlate the true stress can be calculated. The 
strain values are collected from the five evenly distributed points. To get an average of the 
five points are used when calculating the strain vector. 
 
With equation (2.7) the true stress is calculated and plotted against the engineering, see Figure 
4.14. 
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Figure 4.14: The True stress strain plotted against the engineering curve for the PET 
DIC specimen. The true strain from DIC is used to calculated the true stress. 

 
4.3.5 Poisson’s ratio 
The strains from DIC were used with equation (2.5) to calculate the Poisson’s ratio for the 
two materials. To visualise it was plotted against the engineering strain, see Figure 4.15. 
 

 
Figure 4.15: The Poisson’s ratio of LDPE and PET.  
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4.4 Tensile test multiple directions  
To find any anisotropic behaviour of the single layer material tensile tests were performed in 
five directions. Three tests were performed in each direction and the “middle” curve were 
picked as an average to visualize the direction in the comparisons. All tests can be found in 
Appendix C. 
 
4.4.1 LDPE anisotropic test 
In Figure 4.16 one test from each direction are shown. The energy for the different curves 
together with an average value between all tests are shown in Table 4.10.   
 

 
Figure 4.16: One specimen from each direction plotted together to visualize any 
anisotropic behaviour for the LDPE.   

There is difficult to see any clear anisotropic behaviour as the spared in data is so large even 
in the same direction, see Appendix C.  
  

Table 4.10: The energy required when tensile the specimens. Calculated both for the 
curves displayed in Figure 4.16 and an average from all test curves. The energy is 
calculated from the area. 

Direction MD  22,5Deg  45Deg 67,5Deg CD 

Energy Figure (J) 0,429 0,383 0,241 0,223 0,209 

Energy Average (J) 0,413 0,358 0,262 0,324 0,216 
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4.4.2 PET anisotropic test 
The result for the anisotropic test for PET can be seen in Figure 4.17.  
 

 
Figure 4.17: The anisotropic test for PET. One test from each direction are plotted 
together. 

The energy required for the displayed tensile tests and an average between multiple tests are 
shown in Table 4.11. From these it is shown that least energy is required for the 45˚ and CD 
directions.  
 

Table 4.11: The energy required during the tensile of the specimens. Calculated both 
for the curves displayed in Figure 4.17 and an average from all test curves 

Direction MD 22,5Deg  45Deg 67,5Deg CD 

Energy Figure (J) 14,33 10,82 9,84 11,9 9,9 

Energy Average (J) 12,66 11,05 10,75 11,29 10,17 
 
 
4.5 Tearing test multiple direction 
When tearing single layer, different mountings were tested (left leg up or right leg up) and no 
difference was observed or measured between them. Therefor the mounting orientation for 
single layer tests are omitted. 
 
In Appendix D images of the teared specimens are shown. 
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4.5.1 LDPE 
As can be seen in Figure 4.18, LDPE does not reach a steady state when teared. Instead the 
response steadily increases as the crack propagates. There is no notable difference between 
the material orientations.     

 
Figure 4.18: The force displacement response from tearing LDPE in different 
directions. 

As the crack propagates it moves more into mode I and becomes a mixed case between mode 
I and III. Giving the crack surface a crescent shaped look. 
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4.5.2 PET 
Figure 4.19 shows the tearing results for PET in multiple directions. 

 
Figure 4.19: The results from tearing PET in the different directions. 

 
The RMS value of the curves and an average for each test are shown in Table 4.12.  
 

Table 4.12: The steady state force level for the PET film when teared. Shows both an 
average from three tests and the RMS for the ones displayed in Figure 4.19. 

Direction MD 22,5Deg 45Deg 67,5Deg CD 
RMS (N) Figure 0,128 0,13 0,118 0,118 0,134 

RMS (N) Average 0,135 0,143 0,115 0,113 0,133 
 
When teared it was noted that the crack angles from its initial strait cut when teared.  This 
angle was consistent through all specimens from the same direction and does not change with 
leg orientation. Table 4.13 shows the angle, local and globally, the crack took in the different 
material orientations.   
 

Table 4.13: The angle the crack diverted to during testing. Displayed both the measured 
value and the corresponding global direction. 

Direction MD  22,5Deg  45Deg 67,5Deg CD 
Crack angle 12 ̊ 2 ̊- 4 ̊ ≈1 ̊ -(3 ̊- 4 ̊) -6 ̊

Global angle 12 ̊ 25 ̊ 45 ̊ 64 ̊ 84 ̊
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4.5.3 Laminated 
For the tearing test of the laminate three tests were done in each direction with the mounting 
orientation: LDPE side up, Left leg up. The response is shown in Figure 4.20.  The curves 
compared in the figure are chosen as the “average” curve between the three tests. 
 

 
Figure 4.20: The force displacement response when tearing the laminate. All specimens 
were mounted the same way, LDPE and left led up.   

To see if there were any difference if the legs were switched one test were done for each 
direction with right leg up, see Figure 4.21. As only one test was done in each direction the 
curves might not be representative of the “normal” behaviour. 
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Figure 4.21: Tearing test for the different directions. Mounted LDPE side up, right leg 
up. 

 
For the left leg up tests (Figure 4.20) the angle of the crack in the PET film were measured. 
The measured angles are shown in Table 4.14, both the local and global angle. 
 

Table 4.14: The angle the crack diverted to when teared (Left leg up).  

Direction MD  22,5Deg  45Deg 67,5Deg CD 

Crack angle 7 ̊- 8 ̊ 6-̊ 7 ̊ ≈1 ̊ -(1 ̊-2 ̊ ) -(4 ̊- 6 ̊ ) 

Global angle 7 ̊- 8 ̊ 29 ̊ 45 ̊ 66 ̊ 85 ̊
 
It was observed that if the tearing continues long enough the PET crack will start to change 
angle towards the delaminated area. 
 
During the tearing, delamination only happens in one of the legs (one side of the crack). 
Through multiple tests with various mounting orientations it could be determined that the 
delamination only occurs in the leg where the LDPE film gets into tension. For LDPE side up, 
left leg up this condition is fulfilled on the leg down. Also, the leg where delamination 
appeared during the tests.  
 
As the crack propagates the layers delaminate and the layers are free to propagate on its own. 
Depending on the material orientation the PET crack can angle so that the LDPE is forced to 
follow it. An example of this is if MD, LDPE side and left leg up, is teared. The PET film will 
angle and as LDPE cannot delaminate on the up leg it´s forced to follow the angle PET gives. 
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On the other hand, if a CD specimen is mounted the same way the PET will angle the 
opposite way and LDPE is free to delaminate. The LDPE crack will now go straight instead of 
following the PET.  
 

 
Figure 4.22: Showing how the LDPE film will follow the PET crack if it interferes with 
the LDPE path (left specimen). In the right specimen the PET angles away from the 
delamination and the LDPE is free to go straight 
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5 DISCUSSION 
 
5.1 Test of DIC compliance with 25 μm LDPE 
To compare if the DIC is applicable to thin films reference curves had to be obtained. Due to 
imperfections in the material and when the specimens are cut the curves differs a lot. 
Specimens that failed too early due to obvious imperfections were disregarded. The five 
curves presented represents the “normal” tensile curves for the material (MD). 
   
5.1.1 Method 1: Graphite powder 
The first method that was tested for apply the stochastic pattern were to use a powder of any 
kind. Graphite powder was used as it can be easily obtained, the powder used were milled 
from a graphite staff. The powder is also non-reactive and soft so it wouldn´t damage the 
material.  
 
The powder need to be attached to the surface in some way. The adhesion should be so that 
the grains only get stuck to the material at only one point. Different ways were tested but raps 
oil seemed to have the properties needed for a good adhesive. As it could be easily applied to 
the material in a thin, even layer.   
 
When tested, it can bee see from Figure 4.2 that the oil reacted with the material and made it 
brittle or weak. Test 1 and 2 had talc powder added to the surface and it likely absorbed some 
of the oil, making it less affected than the pure graphite tests. 
 
The method can give a usable pattern but another medium is required as adhesive for LDPE.  
   
5.1.2 Method 2: Chalk spray 
The chalk spray has the desired properties needed by the pattern. It does not bind to the 
surface like normal paint and does not create a surface that can take up tensile forces. The 
density of the pattern can easily be adjusted during preparation. The only question is if the 
alcohol the powder is diluted in will affect the material. From Figure 4.3 we can see that the 
curves seem unaffected by the pattern application.  
 
To compare if the pattern affects the tensile properties three values were used to compare the 
curves. Young´s modulus (E), The maximum force (Fmax) and the maximum displacement 
(δmax). There are more values that can be used to compare. But these are easily obtained and is 
used to represents the three main parts of the tensile curve: Elastic region, plastic region and 
the material degradation. In Table 4.1 and Table 4.2 these values are compared to see how 
much they differ from each other. Because no test is the same an average is used over the five 
tests to get a mean value. There is a difference between the means as shown in Table 4.3. 
 
The difference between the means can come from, among other things, standard variation or a 
systematic difference. Therefore, a statistic test is performed to see if the hypothesis “The 
difference between the means are from standard variation” can be rejected or not. The test 



 

46 
 

data is assumed to be normal distributed as both material, preparation and mounting 
imperfections should be normal distributed. With this assumption, a student’s t-distribution 
can be used to estimate the variance in test results. As the DIC values can be either larger or 
smaller than the plane tests mean, a two-sided test is performed.  
 
From the test, it is not possible to reject the hypothesis: The mean values from DIC test are 
within standard variation for the plane test, at level 0,1. It is therefore possible that the 
material is unaffected by the chalk powder. Making this application method usable for these 
kinds of materials. As the material display such a large variation in material properties more 
tests would be required to get more certain values.          
 
5.2 Test of DIC compliance with 100 μm PET 
The thicker PET film was also tested with DIC. This was mainly done to see if there was a 
thickness limit to the pattern application if it didn´t work with the thinner LDPE. 
 
Due to the thickness of the PET and that the clamping force from the grips were insufficient 
the specimens deformed inside the grips. This makes the curves, especially the extension, 
uncertain. As the error should be the same, or similar, between all specimens they should still 
be comparable. But the values obtained might not be sufficient for other things.  
 
When method two was tested the settings for the hydraulic grips were accidentally changed. 
Making it non-comparable with the other tests.   
 
5.2.1 Method 1: Graphite powder 
Comparing the reference curves in Figure 4.4 with the DIC curves in Figure 4.5 shows that 
the PET has not been affected by the raps oil as LDPE was. By comparing the values for 
Young´s modulus, max force and the maximum extension the percentage difference was 
calculated. Table 4.8 shows the percentage difference between these values. To see if this 
difference comes from standard variation or not, the standard variation for the reference 
values (plane test) are estimated,  
Table 4.9. The estimated variation can now be used to compared if mean values from DIC 
method 1 are within standard variation.  
 
Both the Young´s modulus and the maximum force are within the limits for level 0,1 
(<2,132). The maximum extension on the other hand is rejected on this level but is still valid 
for 0,05. It is likely that the deformation within the grip is the cause of this difference. 
 
The method can obtain a usable pattern, but to get the pattern density fine enough is difficult 
with the chosen application method. But the concept works for PET and by refining the 
powder and application process good results can be obtained.     
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5.2.2 Method 2: Chalk spray 
When DIC method two was tested the settings for the hydraulic pump had accidentally been 
changed. This mean that the deformation inside the grip changes from the reference values 
and these tests. The change in boundary conditions means that the differences shown in Table 
4.8 does not only come from standard variation.  
 
When comparing the mean values of Young’s modulus, Fmax and δmax only young´s modulus 
is within standard variation. The other two are rejected until level 0,01. This is likely because 
the change in boundary condition only becomes noticeable at higher load levels. 
As the pattern obtained with this method is better, the following parts are done with 
measurements from this method.  
 
5.3 DIC result from tensile tests 
Using GOM correlate the strain evolution during the tensile test can be visualized. It is 
recommended by GOM to use a USB 3 camera capable of monochrome 8 picture. But as this 
equipment were not available a system camera with a monochrome filter were used.  
    
5.3.1 Strains in LDPE 
In Figure 4.7 the engineering stress strain curve for a DIC specimen is shown. To compare the 
engineering curve with the results from DIC, six evenly spaced points from the curve are 
compared with the corresponding strain distribution from Correlate in Figure 4.8.  
 
Image (1) shows the initial stage before any tensile force is applied. This stage is defined to 
have zero strain. In (2) the elastic region has been left and the specimen has just reach the 
plastic zone. The specimen already shows the beginning off strain localisations were the 
necking will start. This localisation is much sooner than the expected localisation around 
point (4) were the maximum load is taken.  
 
Between point (2) and (4) we can see an even increase of strain were the localisation further 
increases but the specimen overall experience an increase in strain. Around point (5) a rapid 
increase in the localisation can be seen. Between stage (5) and (6) all the straining is localised. 
After (6) the specimen fail due to localisation around an edge crack. 
 
Figure 4.9 further visualizes the straining over time by plotting the cross-section strains 
against the specimen length. From stage (2)-(4) an even increase in localisation can be seen in 
the whole specimens length. The strains at the localisation are approximately 1.5 times larger 
than for the rest of the specimen throughout these stages. The distribution over the length also 
stays essentially the same in this region. After stage (5) all straining is happening within a 
limited area of the specimen, around 60-80mm wide, and increases rapidly. 
 
The LDPE shows a large capability to distribute the strain over the length, this implies a large 
strain hardening. This can be seen through the true stress strain curve shown in Figure 4.10. 
The true stress is calculated from the strains obtained from Figure 4.9 (A). The true stress 
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strain is needed for material models when performing simulations. Good material models are 
needed to for successful simulations and would reduce the number of physical tests needed 
during development. In the end this can lead to reduced material waste during development 
and production.      
      
5.3.2 Strains in PET 
In Figure 4.11 the engineering stress strain curve for the DIC PET specimen is shown. To 
compare it with the results from DIC six evenly spaced points are shown corresponding to the 
images in Figure 4.12.  
 
Image (1) shows the initial stage before any tensile force is applied. This stage is defined to 
have zero strain. In (2) the specimen has left the elastic region and reach the plastic zone. 
Between point (2) and (5) an evenly distributed increase in strain over the full specimen is 
shown. After (6) the PET suddenly fractures without any signs of strain localisation. The 
failure is typically brittle with a sudden and sharp failure. Any localisations can be rapid and 
occur within a second, the time between two frames, and cannot be captured with the used 
method.       
 
The cross-strains shown in Figure 4.13 neither shows any sign of localisation. In the images 
(3)-(6) a lowering in the strain close to the lower grip can be seen. This can be from the new 
material appearing from inside the grip. (A) also shows that the strain is equivalent over the 
time at the five points along its length.  
 
5.3.3 Poisson’s ratio 
The Poisson’s ratio measurement worked fine for LDPE and yield a Poisson’s ratio around 
0,45. This value is around what can be expected for LDPE. The value increases rapidly in the 
beginning when the tensions build up in the film and the specimen “stabilizes” itself in the 
mounting. The sudden drop in the slope appears around the time of localisation in the film. 
 
When the ratio was measured for PET the vale exceeded the upper limit of 0,5.  This is likely 
caused by that the camera was not set up perpendicular to the specimen during that test and 
introduced so called pseudo strains [8].  
 
Only a few tests were done for Poisson’s ratio measurements to test out the application of 
DIC. More should be tried and improved for this part to find a suitable way to measure 
Poisson’s ratio and compare it over multiple specimens.    
 
5.4 Single layer testing 
To understand the behaviour of the laminate the single layers were tested separately. They 
were tested with tensile tests to find the material properties. Also, they were teared to find 
how the tearing response in the different directions looked like for the material.  
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5.4.1 LDPE tests 
In Figure 4.16 the five tested directions: MD (0˚); 22,5˚; 45˚; 67,5˚ and CD (90˚) are 
compared. The presented curves were picked out from all tests, see Appendix C, as they 
represent the “middle” curve. Because the variation in the tests results are so big the energy 
required depends a lot on the specimens. But a tendency can be seen from the curves and 
Table 4.10 that the material is more elastic closer to MD. To be sure more tests should be 
performed in each direction. 
 
The LDPE were expected to be more anisotropic than what was observed. The material is 
sensitive and does easily brake to strain concentrations around imperfections. Also, the 
material can have been degraded as it has been stored for a long time.  
 
When the LDPE were teared in the difference directions no clear difference was observed 
between the directions (Figure 4.18). The response increases as the crack propagates. The 
material causes this as it is changed from mode III to mode I and a blunting of the crack tip. 
Also, giving a crescent shape of the crack edges.   
 
5.4.2 PET tests 
As shown in Figure 4.17 the PET film is highly anisotropic. Ranging from thought in MD to 
stronger but more brittle in 45˚ and then going tougher again towards CD. When compared 
it´s important to remember that the specimen deformed inside the grip.     
 
In Figure 4.19 the tearing response for the different directions are shown. Because the tensile 
machine used is designed for larger loads the responses are noisy. To compare the steady state 
responses more easily the RMS value was calculated. The RMS is calculated over the second 
half of the response. This ensures that the tensioning of the legs is not included and lowers the 
RMS value. Table 4.12 shows the RMS value for the different directions.  
 
During the PET tearing tests it were discovered that the crack angles when it propagates. This 
angle was repeatable through multiple tests. It also didn´t change with how the specimen were 
mounted. Table 4.13 shows how the crack angled after the initial tearing. The coordinate 
system used to represent the angles are the same as shown in Figure 3.2, with MD as 0˚ and 
CD as 90˚. The angles seem to converge towards 45˚ were the angle was below one degree. 
Compeering the tearing with tensile tests it seems the angle goes towards were least energy is 
required in tensile, as shown in Table 4.11. The angling is probably caused by the anisotropic 
material properties as the crack takes the way that requires the least energy [16]. 
 
5.5 Laminated tearing behaviour 
When the laminate is teared the crack will also angle. By comparing the angles in Table 4.14 
with the single layer PET angles in Table 4.13, it is seen that the laminate angles the same 
direction as the PET. The LDPE layer does influence the angle as they are not the same. If the 
tearing goes on long enough it was observed that the crack in the PET layer will divert 
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towards the delaminated area. This is likely caused by the forces building up in the blunted 
LDPE crack tip diverting the crack propagation.  
 
The delamination always appears in the leg were LDPE experience tensile forces. This is 
caused by the LDPE layer being pushed towards or away from the PET film. With these two 
materials, the PET film becomes like a base, or table, from which the LDPE film can 
delaminate. Because the PET film will angle as it´s teared the LDPE will either be free to go 
straight or must follow the PET’s angle, see Figure 4.22.      
 
The delaminated area seems to increase somewhat linearly when the crack propagates. As the 
crack only was propagated around 10 mm it is unknown if this will continue or if a steady 
state delamination will appear.   
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6 CONCLUSIONS 
 
During the work a method of applying DIC to thin polymer films were developed. With the 
use of chalk spray a pattern that did not significantly alter the material properties was 
obtained. To enchant the image quality and the contrast in the pictures backlighting was used. 
This approach is suitable for transparent material and specimens such as LDPE and PET.  
 
DIC can give valuable information of the strain distribution from experimental measurements. 
These can be used to compare, not only the global response but also the local behaviour of an 
experiment with simulations.  
 
Material properties that otherwise are difficult or require special equipment to measure can be 
obtained with DIC. From the pattern the Poisson’s ratio were successfully measured for 
LDPE but not PET. This shows the importance of proper experimental setup to avoid errors. 
With further improvements, the method can be used to measure strains in various 
experiments. Giving a relative cheap and fast measurement method of obtaining strains in an 
experiment.  
 
During single layer testing PET were found to be highly anisotropic between the different 
tensile tests. The anisotropy was not as noticeable during tearing except that the crack angles 
towards 45˚. The LDPE film only showed small anisotropic behaviour during testing. When 
teared it moved more into mode I as the crack progressed, giving the teared surface a crescent 
form.  
 
When the laminate was teared delamination only happens in the leg were the LDPE layer 
comes into tension compared to PET layer. The crack will initially angle the same direction as 
the single layer PET but at different magnitudes. After a certain point the crack will start to 
diverge from its path and angle towards the delaminated area. 

  



 

52 
 

7 RECOMMENDATIONS AND FUTURE WORK 
 
In this study, a method and implementation of DIC for material testing of thin film material 
was developed. The DIC experiment setup used can be improved in many ways for future 
testing. The use of a proper softbox to obtain the backlight will give a more even and 
controllable background lighting. This will eliminate the problems where the images would be 
too dark in the corners after long elongation. With the use of other lenses, like micro 
objectives, even more local strain measurements can be done, such as at crack tips. The use of 
a usb 3 camera, with support for monochrome 8, will allow the sampling frequency to be 
easily changed to suit the experiment.   
 
As the tearing was stopped after a certain length it´s hard to calculate the energy used. An 
easy way to measure this would be to tear each specimen completely. The energy required for 
the different directions can then easily be compared. This also makes it easier to measure the 
total delaminated area, something that was not measured in the performed tests.  
 
It is impossible to test each combination of laminate and adhesive level. Therefor a working 
simulation of the laminated tearing should be developed. This will give insight how the 
material behaves and can be used to improve packages and products. DIC should be 
implemented to tearing tests, especially in the laminate, around the crack tip. This can give 
valuable information about the strain distributions and can be used for the simulations.  
 
With SEM analysis the fracture surface of the teared specimens can be observed. The 
influence of lamination on the plastic deformation of the LDPE film can then be measured. 
This will show how much influence the lamination has on the delaminated layers.   
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APPENDIX A: GOM correlate workflow 
 

1. New project 
 Import images/video 

2. Reference length 
 Actual Elements; Measurement series; Deformation 1; Edit Creation Parameters 
 Edit calibration: Define Scale 

3. Define time step (Time between images) 
 Right click “Time line”; Manage stages 
 Ctrl+A; Edit time stamp 

4. Disable bad stages (images) 
 Right click “Time line”; Manage stages 
 Click on stage; Disable stage 

5. Define surface component 
 Define component; Surface Component…;  
 Select/Deselect Polygon; Mark area for investigation (left click); Hold right click; 

Add/Remove/Cancel 
 Facet size 
 Point distance 
 Computation; More Points 
 Expert parameters; Facet matching; Against previous stage 
 Interpolation size; Chose 0,1 or 2 

6. Calculate strains 
 Check Of All Visible Actual Elements; Chose investigation 
 Strain representation; Technical/True/ Green´s strain/Stretch ratio 

7. Point data inspection 
 Pointwise Inspection; Point Inspection…; Ctrl+left click: Place points in interested 

points 
 Geometries; Points; Select points 
 Check Of All Visible Actual Elements; Chose investigation 

8. Cross inspection 
 Pointwise Inspection; Section In Viewing Direction…; Ctrl+left click to place two 

points 
 Geometries; Sections; Select cross line 
 Check Of All Visible Actual Elements; Chose investigation 

9. Plot Inspection data 
 Diagram 
 Geometries: Select/de-select visibility of Points and Sections 

10. Export Plotted data (Exports to excel) 
 Diagram 
 Export Diagram Contents 
 Parameters 
 Delimiter for values; Semicolon 
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 Decimal character; For import to MATLAB select Point. For plotting in excel 
select comma 

11. Create GOM Correlate report 
 Create Report Page 
 Chose style/Page layout/Report type (Flipbook, Video, Image) 
 Type headline/additional information  

12. View report pages 
 Workspace selection; Report 
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APPENDIX B: Statistic calculations of variation for LDPE tests 
 

 Young´s modulus: 𝐻0
′  

 
�̅� = 0,175 𝐺𝑃𝑎 (Mean E plane test) 
 

∑ 𝑥𝑖
2

𝑛

𝑖=1
= 0,1852 + 0,1682 + 0,1832 + 0,1732 + 0,1652 = 0,153092 

 

(∑ 𝑥𝑖

𝑛

𝑖=1
)

2

= (0,185 + 0,168 + 0,183 + 0,173 + 0,165)2 = 0,8742 

 

𝑠2 =
1

4
(0,153092 −

1

5
0,8742) = 7,92 ∗ 10−5 

 

𝑡′ =
0,175 − 0,172

√7,92 ∗ 10−5

√5

= 0,754 

 
 Force max: 𝐻0

′′ 
 
�̅� = 6 𝑁 (Mean Fmax plane test)  
 

∑ 𝑥𝑖
2

𝑛

𝑖=1
= 6,2112 + 5,8162 + 6,2442 + 5,8232 + 5,8632 = 179,672 

 

(∑ 𝑥𝑖

𝑛

𝑖=1
)

2

= (6,211 + 5,816 + 6,244 + 5,823 + 5,863)2 = 29,9572 

 

𝑠2 =
1

4
(179,672 −

1

5
29,9572) = 0,0469 

 

𝑡′′ =
6 − 5,8

√0,0469

√5

= 2,065 

 
 
 Extension: 𝐻0

′′′ 
 
�̅� = 76,2 𝑚𝑚 (Mean extension plane test)  
 

∑ 𝑥𝑖
2

𝑛

𝑖=1
= 81,82 + 70,92 + 75,92 + 83,92 + 68,42 = 29196,63 
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(∑ 𝑥𝑖

𝑛

𝑖=1
)

2

= (81,8 + 70,9 + 75,9 + 83,9 + 68,4)2 = 380,92 

 

𝑠2 =
1

4
(29196,63 −

1

5
380,92) = 44,917 

 

𝑡′′′ =
76,2 − 82,4

√44,917

√5

= −2,069 
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APPENDIX C: All tensile test curves used 
 

 
Figure C.1: All tensile curves for LDPE used for the averaging of energy not presented 
in text.  

  
 

Figure C.2: All tensile curves for PET used for the averaging of energy.  
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APPENDIX D: Pictures of test specimens 
 

 
Figure D.1: A PET tensile specimen showing the in-grip deformation. The specimen 
was mounted so the black line was just at the grip edge. 

 

 
Figure D.2: The crescent shaped fracture surface at a LDPE teared test 
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Figure D.3: Teared LDPE specimen,. one from each direction. From left: MD; 22.5˚; 
45˚; 67,5˚ and CD. 

 

 
Figure D.4: Teared PET specimen, one from each direction. From left: MD; 22.5˚; 45˚; 
67,5˚ and CD. 
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Figure D.5: Teared laminated specimen, one from each direction. From left: MD; 
22.5˚; 45˚; 67,5˚ and CD.
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