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Abstract  
 
The thesis aimed to identify fracture strain for multiaxial loading for laminate material 
of Al and LDPE that is mostly used in the food packing technology specially in liquid 
packaging industry. These materials are thin and flexible which make it difficult to 
handle and test it. The investigation was through applying new Nakajima test setup on 
such a material by designing a custom setup and 3D printing the Nakajima setup 
prototype to be able to use it in this study. DIC technique was used to get the results 
from the Nakajima test and the software used to apply the DIC technique is GOM 
correlate. As a validation for measurement from such a technique, a tensile test has been 
done and measured strains were compared with those from the specimen from the 
Nakajima that has smallest width as it was close to a uniaxial loading. One more 
validation technique was by creating a FE-model using (Abaqus software) for the biaxial 
loading and comparing it to the biaxial loading results that obtained from the DIC 
analysis.    
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1. Introduction 
 

1.1. Background 
 
Food packaging industry is very interested in thin laminated material especially in storing 
liquids materials such as Aluminum (Al) as thin foil and Low-density polyethylene (LDPE) 
as thin-film [1]. Packaging durability and opening are being compromised in many cases 
because of the cost of the cutting technique in designing it, and the production of opening 
the packages. To be able to introduce the new opening technique, material or geometry 
forces new design measurements that require a large number of prototypes developments 
and experimental work. It’s very important to gather as much information and knowledge 
about the properties of the material. These materials are widely studied during the lifetime 
opening of the packages. One of the most popular techniques used to test materials is tensile 
test technique which is testing the material in uniaxial loading with different material 
orientation [2][3].To be able to achieve more rapid and accurate design, the finite element 
method (FEM) simulations are widely used in packaging industries to complement and 
reduce the amount of physical testing and the manufacturing cost for experiments [4]. To 
succeed in building a FE-model, a lot of data about that material should be known, before 
starting with the FE-model. It is necessary to test the material in multiaxial loading which 
identify different fracture strain for each type of loading. And then using them in the 
simulation. Certainly, that FE-model will help in manufacturing. generally, for design. 
Specifically, for opening the package since the user break or damage the material when 
opening the package.  
 Nakajima tests are well-known technique that used for steel material (plates) that identifies 
forming limit curve in multiaxial loading [5] [6]. The information in the forming limit curve 
provides the fracture strain or the failure of the material with different loading [7]. There are 
some investigation for Forming limit curve for Aluminum sheet [8] [9]. Apparently, no such 
studies have been tried on LDPE. Furthermore, using a method as digital image correlation 
that used to analyze a huge number of images or video to investigate the specimen through 
the random sprayed pattern using chalk spray is a benefit. since, it calculates the 
displacement of the pattern from the original position or from the previous stage. And by 
that calculations fracture strain can be identified. After applying the method on different 
specimen dimensions, it will be easy to have the forming limit curve for the material. 
However, such studies are not found to be used on LDPE it is also not found for thin 
Aluminum foil. That made the work in this thesis interesting and challenging to try to 
achieve results from this technique on such a difficult material (thin flexible LDPE film and 
laminate material).  
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1.2. LDPE Polymer 
 

Low-density polyethylene is a thermoplastic made from monomer ethylene, it’s a  tough, 
flexible and relatively transparent and it has strong resistance against vegetable oils and 
acids, its widely used in food packaging technology with different layers as shown in the 
figure below also based on MarketWatch it announced that it will be very strong growth 
for such material by 2028 and will be used in many sections like electronics and 
agricultural [2] [10] [11]  [12]. 

 

 

1.3. Aluminum 
 

Aluminum is a silvery-white metal, it is the most spread metal on earth, and it is the most 
common chemical element after oxygen and silicon. The aluminum foil is produced by rolling 
aluminum slabs cast from molten aluminum in a rolling mill to the desired thickness. 

It is 88% reflective and widely used for heat insulation the aluminum foils not only reflect heat 
but also protect vapor barrier. 

The material is ductile, corrosion-resistant, alloying with other elements is necessary to 
provide higher strength. It can be deformed severely without failure. 

As seen in (Figure 1) it has been used in food packaging as it acts as preventing the light and 
oxygen which protect the food or anything inside the package from becoming rancid or 
oxidize, flavors and moistness [13]. 

Figure 1 Packaging material from Tetra Pak cartoon package [11]. 
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1.4. Nakajima test 
 
It’s a measurement technique used to determine the forming limit curve for metal sheet, 
which gives the strain measurement for the specimen. 
The technique used is to deform the specimen by a hemispherical punch (Figure 4) until a 
fracture occurs with different specimen width (Figure 3) starts from biaxial loading till it 
tends to be uniaxial loading [14] [15]. 

  

 
The results taken by the camera as shown in (Figure 4), it can be taken as images or video 
and then take it to a DIC software that analyze the data through random patterns marked on 
the specimen and gives a result based on the data submitted from that results for each 
successful experiment to build the FLC which will be discussed in the next headline 

 

1.5. Aim and Objective 
 
The aim and purpose of this thesis is to succeed in applying Nakajima test technique on thin 
flexible film and laminate material which will lead to identify fracture strain by the DIC 

Figure 4 Nakajima setup
[16]. 

Figure 3 Different specimens’ width for the 
Nakajima test technique to determine the FLC 
[16]. 

Figure 2 Another geometry for punch 
test used [17]. 
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method. By applying such Nakajima technique and the DIC method for a multiaxial loading 
will achieve to have the forming limit curve for that materials. Which will assist more in the 
packaging technology since it identifies different strains for different loading and that will 
let the designing process easier. also, it will allow to build more robust FE-model that can 
be used for testing the design and save much more time and cost that spent for designing an 
experimental model to investigate such material. 
 

1.6. Strategy 
 
The thesis strategy was as follows: 

1. Designing a Nakajima test model that can be suitable to be used in the experiments. 
2. Printing the model in 3D and check what parts may need to be edited. 
3. Replacing the 3D punch with another material which will decrease the friction between 

the punch and the specimen. 
4. Learning how to have a good random pattern using chalk spray on the specimen. 
5. Using Digital Image Correlation technique to analyze the images or video taken from the 

experiments and check the strain measurements for different specimen dimension. 
6. Figuring how this measurement can be validating since there are no previous studies on 

such experiments. 
7. Building FE-model that can be used also as a validation and in the future as a reference 

for such technique to be able to optimize the dimensions and saving time and cost for 
such experiments. 

 

1.7. Thesis question: 
 

 How to apply Nakajima tests and DIC on thin flexible LDPE film and Al-LDPE 

laminate? 

 How to validate the results from the Nakajima test? 

 How to simulate a FE-model that can be used as a validation to the experimental work? 
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2. Theoretical study 
 

2.1. Forming Limit Curve 
 
Forming limit curve and also knowing as forming limit diagram, it’s graph of major strain 
and minor strain represents the fracture strain for different specimen width started from 
biaxial loading until uniaxial loading commonly used for sheet metal [15]. while the major 
strain always has positive values and plotted on the vertical direction and the minor strain 
could have negative values and plotted perpendicular to the major strain on the horizontal 
direction (Figure 2) [15]  

Figure 2 Representing the FLC (Major, Minor strain) 
[15]. 
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2.2. Digital Image Correlation 
 
Digital image correlation is an optical non-contact method used to analyze a stochastic 
patterns or markers by tracking huge number of images or video taken during the test, which 
the beginning of the images or the video is correlated to each consecutive one, which allows 
measuring full-field the strain and displacement between the patterns that are obviously seen 
on the pattern  which is made by chalk spray randomly sprayed on the specimen as shown in 
the figure below [10] [18]. 

While using 2D DIC it is simple and straight forward, using a high-resolution camera and 
record the outcome by two ways either by imaging them and use a remote to control the 
imaging or record as a video. One of the benefits of using GOM correlate is the size of the 
subsets of the pattern that containing several dots made by the spray is adjustable. Each 
subset in the specimen is expected to be unique with a collection of different number of 
dots/marks in different sizes and it becomes the identity of the that subset [19]. To perform 
the tracking, each subset is shifted until the pattern in the deformed image matches the 
pattern in the reference image as closely as possible; this match is calculated as the total 
difference in grey levels of the image at each point. When a match is found, the software 
decides that will be the new position of the subset after deformation. The relation between 
the deformed and the un-deformed images is illustrated in (Figure 4) [10]. 

  

Figure 3 Elaboration for how the DIC works [18]. 
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As mentioned in “Islam, M. S. (2019) (Doctoral dissertation”. “The DIC technique is 
enabled by stochastic speckle pattern on the surface of the specimen. To create the pattern 
in the studies in this thesis, Montana Gold, Montana Black and MTN chalk spray paint were 
used as appropriate. Chalk spray could be effectively used for thin polymer film without 
affecting the material properties. The patterns were spray painted with the nozzle held at 
different distances from the specimen. Spraying on a paper board and bouncing the spray 
back to the specimen was found especially effective. To achieve good correlation, the 
speckle pattern must possess several qualities and the reason for this is rooted in the way 
DIC works. A good practice is to make the pattern random and non-repetitive but still 
relatively isotropic. The pattern in (Figure 6)(a) is repetitive and in (Figure 6)(b) is not 
isotropic and hence are unfavorable [10].  

 

  

Figure 4 Relative location of sub-images of the deformed and the 
undeformed patterns on the surface [10]. 
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one on top of another produces better results. Difficulties may arise if the pattern is too large; 
because then a subset may only contain one large dot making the grey scale level matching 
with other large dots/marks and may produce uncertainty regarding the new position of the 
subsets. This problem can be solved by increasing the subset size which will lower the 
resolution of field measurement. This trade-off is illustrated in (Figure 5). When the pattern 
is too small, the camera resolution may not have enough pixels to accurately represent the 
specimen. Additionally, too fine patterns are very sensitive to camera focus; and out of focus 
regions may simply become grey” [10].  

Figure 5 Selection of subset for DIC, (a) too small subset can cause [10]. 

Figure 6 Some examples of improper patterns, (a) repetitive and (b) [10]. 
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2.3. Constitytive relations from tensile test 
 
  The tensile test is a physical test that applied to the material to know how it will react or 

behave under tensional load. Usually, the material attached to lower and upper crossheads 
as shown in the (Figure 19) below, the material is fixed to the lower part and the upper part 
in pulling the material up with the velocity you give for the test [2] [3]. 

  After applying the test, this data can be obtained: 

  (Force per unit area) 
 The amount of force applied to the specimen. 
 elongation of the specimen. 
  percentage change in length. 

 After having that information from the tensile test, you can identify some material properties 
such as: 

 Elastic deformation. 
 Young’s modulus. 
 Plastic deformation. 
 Yield point.  
 Ultimate tensile strength (UTS). 
 Failure. 

Material properties calculations 

Engineering stress  , while the F is the tensile force, A is the original cross area. 

Engineering strain  ,  is the elongation of the specimen and the L is the original 
length of the specimen. 

Young’s modulus  . 

True stress  ,  the cross-sectional area of the specimen at that instant. 

True strain ,  successive value of the length as it changes. 
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2.4. Fracture mechanics 
 

Failure of materials has been an area of interest in the engineering field because if the 
properties of material are gathered it can prevent damages and, in some cases, prevent chaos 
from occurs. 
The fracture mechanics studies identify three modes of crack propagation as shown in (Figure 
7)  

 
The first mode occurs when it's loaded while the second mode occurs when it has been 
sheared against each other and as seen mode three when it's out of the plane. 
 

2.5. Fracture stain 
In the ductile damage model in FEA software like Abaqus some parameters are required to 
define the damage initiation such as fracture strain, stress triaxiality  and strain rate. In 
(Table 1) show some of them with the real values used in the FE-model in (Figure 39) and 
(Figure 41).  

  

Figure 7 Fracture mechanics modes of crack propagation. 
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Table 1 Parameters of ductile damage model in substrate. 

While the formulation is based on scalar damage approach as showing in (Figure 8). The 
damage evolution law describes post-damage-initiation response. That is, it describes the rate 
of degradation of the material stiffness once the initiation criterion is satisfied [6].                   

 
  

Al-foil (Aluminum foil) LDPE (Low-density polyethylene) 

Fracture 
strain 

Stress 
triaxiality Strain rate Fracture 

strain 
Stress 

triaxiality Strain rate 

0.2 -5 0 0.9 -5 0 

0.2 -5 0 0.9 -5 0 

Figure 8 Schematic diagram of elastic-plastic material with progressive damage [6]. 
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3. Preparations 
 

3.1. Nakajima test 
 

To be able to do the Nakajima test, it is required to customize the model of the test setup 
first, so based on some previous researches and experiment used that kind of test, a range 
of dimensions are taken for the upper grip and lower die that is going to hold the specimen 
during the test time. 

Also based on that dimension a housing for the lower die are designed to be able to hold it 
with legs, the length of the legs chosen at the earlier stages to be able to fit the good focus 
range for a GoPro hero 5 cam which were used at the early stages to record the specimen 
movement from the beginning of the test till the failure of the material. 
As described in the theoretical study the punch is pushing the specimen from above most 
in the center of the specimen and a camera placed under the specimen capturing the 
movement of the specimen until a fracture occurs. 
The custom model was built first in Inventor software then 3D printed using Cura software, 
the figures below show the dimensions in hundreds but it’s not as in parameters table, the 
thing that made it designed like this in Inventor is the 3D software was printing the models 
with ratio 1:10. 

   Modeling the test setup 
       Die 

 Table 2 Die Parameters 

  

 

Model 
parameters mm 

d1 50 

d2 70 

E 7.5 

f 1 

Minor d3 2.3 

Figure 9 Die model in Inventor. 
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Grip or (male part) 
 Table 3 Grip parameters 

 

 Legs 

Table 4 Legs Parameters 

 

 
  

Model 
parameters mm 

d1 50 

d2 70 

Model 
parameters mm 

L1 42,6499 
L2 8 
L3 32,7499 
L4 8 
E 12 

Figure 10 Grip (male-part) model in Inventor. 

Figure 11 Legs in Inventor. 
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Die holder (supporter) 
 
Table 5 Supporeter parameters. 

 
 
  

Model parameters mm 

d1 20 

d2 10 

d3 35.2 

d4 & d5 12 

d6 & d7 44.5 

E 8 

d8 15 

d9 82.6 

d10 20 

d11 5 

d12 108 

d13 12.7 

Figure 12 Supporter model in Inventor. 
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 Punch extender 
Table 6 Extender parameters. 

 

 
 

Punch 
In the earlier tests, the punch was 3D printed but it didn’t work because it doesn’t have a 
smooth surface so when it touched the 
specimen it breaks it and the 
experiment fails. also, one more 
obstacle with the printed punch was it 
reflects the light on the specimen 
which gives very bad recording that 
doesn’t show the movement of the 
punch to be able to define it through 
the DIC software. So, a glass punch 
was ordered with 40 mm diameter and 
cut from the top with 5 mm depth to 
make a flat surface from the top of it to 
attach it to the extender and making 
sure it is attached well, glue gun was 
used to attach the punch to the 
extender. 
 

 
  

Model 
parameters mm 

d1 30 
E 120 
d2 10 
H 15 

Figure 13 Extender model in Inventor. 

Figure 14 Punch was made from glass and transparent, that 
model is just to elaboration, this model to show the dimension and 

how the punch was cut. 
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Mounting the punch 
To be able to mount the punch to the load cell on the upper crosshead as in (Figure 19) the 
punch should firstly attached to the extender the with the hole of the extender it get in the 
holder that is connected to the load cell and fix it by metal pen that get through the two 
holes (extender hole and the holder that is connected to the load cell), to be able to attach 
the punch to the extender the punch has been cut from the upper-side by the knife sharper 
machine and get cleaned by sun-paper to get a flat and smooth surface then by using the 
glue gun it attached to the extender and let them dry till the glue get strong to be able to use 
the parts. 

 
  

Figure 15 The punch attached to the extender. 
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   Nakajima test Assembly 

 
 
 

 
 
 
 
 

 
 
 

Figure 16 Nakajima test setup. 
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3.2. Specimens preparation 
 
To be able to perform the FLC as mentioned above, many experiments should be done in 
with different width starting from a biaxial loading and start cutting till it seems to be 
uniaxial loading as shown in the figures below. the cutting of the specimens was done by 
the same blade used in the tensile test, the extra thing here is the models were designed in 
Inventor then 3D printed and placed above the material then used the blade to cut the 
specimen to make it with the dimensions needed. 
The specimens have fixed diameter 52 mm with different width as shown  
W= 40,30,20,10. 

 

 
 

 

Figure 17 Showing the specimens diameters. 
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3.3. Tensile test 
 

The tensile test results are used in this thesis as a validation for the results obtained from 
the Nakajima tests of the specimen with width 10 mm because it gives the shape of the 
uniaxial load so they should give close results to each other. 
a) Tensile machine & software used 

the used machine is Qtest 100-Elite MTS tensile test machine with 100 N load cells also 
the grips system is hydraulic controlled be air compressor to be able to hold the material 
with right tension without damaging it, the machine connected to a computer has a 
TestWorks4 software to be able to record the results. 
b) Specimen preparation 

The dimensions used to perform the tensile test were the standard dimensions specified in 
ISO 527-3 [20] which used for the tensile testing thin film under 1-mm thickness. 

The specimen cut by a sharp scalpel blade with total =150, L=100, and W=25. As 
shown in the figure below. 

The two squares with the X shape in the length used in the grips while the remaining 100 
mm is the length that the test runs in it. 

c) Mounting the specimen 

As shown in (Figure 18) the X shape squares are used to be inserted in the grips, to be able 
to insert the specimen in the grips there are simple procedures to follow 

 Make sure that the upper and lower grips do not tighten, you can make them lose the air 
inside by releasing the valve switch at each grip. 

 Start by installing the upper part of the specimen into the upper grip till the last line of 
the x square which can easily determine by marking the end if both squares my any color 
to be able to define it and close the grip switch to hold the specimen. 

 Then move to the lower part and follow step 2. 
 Make sure that the grips are holding the specimen. 

Figure 18 The dimensions for the specimen used in the tensile test. 
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 Use the controller for the tensile test to stretch the specimen make sure that it's not 
tension nor slake, you can check if it's in good condition by checking the force from the 
software, it should be between 0-0.1 N [2]. 

 Before starting the test make sure the results showing in the software gives 0 
displacements for the cross-head and the force at the previous step. 

In the next figure, there is a picture for the machine with the grips used in the test and the 
controller to edit the location of the grips [2]. 

 

3.4. DIC preparation 
 

As mentioned above in the theoretical study DIC is a technique used to measure the strain 
till fracture which later after gathering all fracture strains from all results of the specimens 
and shapes, the forming limit curve can be defined. 

To best way to use this application is to prepare the specimen with stochastic pattern with 
chalk spray as advice from the GOM correlate web site [18] [2] and also there are previous 
studies shows the difference between the chalk spray and for example the graffiti powder 
and shows that the chalk spray works much better than the powder. 
The difference between the spraying in the tutorial and the one is done in this thesis is the 
black spray in the only sprayed used to do the random stochastic pattern since the material 
is very thin. 

Figure 19 Tensile test machine with the grips [2] 
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Since the Nakajima setup and the machine have no area to be able to use a professional 
camera so a phone camera with high resolution 16:9 ultra HD 60 fps 3840*160 and the 
phone is Samsun s9. 
DIC for the Tensile test is a certain area is chosen as shown in (Figure 20) in the software 
to be analyzed which covered the whole specimen during the tensile test and while the 
displacement increased till a fracture occurs [18]. 

 
DIC for Nakajima test same way used in the tensile test, as shown in (Figure 22) below that 
the specimen has been sprayed with black chalk spray to do random stochastic pattern while 
in (Figure 21) but make sure the spraying part in the part that faced the aluminum  face, not 
the polymer show the chosen area of interest to be analyzed to give the data needed. 

Figure 20 Example of sprayed specimen to be prepared for the DIC 
application [17]. 

Figure 22 Example of sprayed specimen for 
Nakajima test to be prepared for the DIC 

application. 
Figure 21 Example of the shaded 
area of interest. 
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4. Experimental work 
 

4.1. Nakajima test 
 
An average result is taken from three experiments for each specimen size which means 15 
experiments results are taken to get the results for the Nakajima test, but the overall 
experiments done for such test exceeds 27 experiments with an average of five experiments 
for each specimen size. 

After installing the test setup as shown in (Figure 16) the punch is punching from upwards 
moving downwards to push the material down and the camera is placed under the setup 
between the legs focusing on the specimen and recording it as a video then later after 
importing the video in the DIC software it split the video into stages. 
Biaxial loading 

As seen in (Figure 23) this how the camera used to capture the movement of the specimen as 
the highlighted area is the area of interest used to be analyzed by the DIC to get the strain till 
fracture. 
 Moving from biaxial loading towards almost uniaxial loading by cutting the specimen as 
seen in (Figure 17) and in (Figure 24) it will show how they looked like with the different 
width sizes W= 40,30,20,10 mm. 

Figure 23 Full-size specimen for the experiment. 
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Figure 24 Showing the cutting specimen inside the Nakajima setup before the test
begins. 
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In order to do the Nakajima test, there are some things as mentioned before are used in the test 
setup:  

a) the Nakajima model as shown in (Figure 16). 
b) The punch after attached to the extender as in (Figure 15). 
c) The tensile test machine Qtest 100-Elite MTS as in (Figure 19) but remove the pneumatic 

holder and just leave the 100N load cell. 
d) A computer connected to the machine with software TestWorks4 to be able to control the 

test speed and monitoring the analysis. 
e) Camera to record the specimen during the test which will be imported to the DIC software 

to analyze it. 

There are some steps used to be successful in the experiment: 

a) Cut the specimen and spray it and seen in (Figure 24) after that let it dry a little bit and while 
drying prepare the next steps. 

b) Check the tensile machine by the remote control that attached to it and make sure that the 
load cell is attached well then go to the software on the computer then check in the software 
that the movement of the crosshead in to down not up and fix the speed limit to be  15 
mm/min it can be lesser or little faster but this speed was sufficient to the recording camera 
used to make sure that everything is going good. 

c) Attach the punch extender to the upper crosshead of the machine by the metal pen. 
d) Collect the Nakajima model as seen in (Figure 16) but don’t insert the upper die until putting 

the specimen on the lower die and make sure that the sprayed part is from the down part since 
it’s the camera view the after making sure that the specimen is installed correctly close the 
upper die to hold the specimen. 

e) After collecting the Nakajima setup put it on the metal part that was used to attach the 
lowercase of the tensile test as seen in (Figure 19) and make sure it is in the center of it to be 
stable. 

f) Use the remote control to take down the punch to the level just before it touches the specimen. 
g) Place the camera just between the legs of the Nakajima model and make sure it covers the 

specimen also make sure that the punch is in the middle of the specimen before the test 
begins. 

h) Then start recording and press the start button from the software to start the test, after the 
punch penetrates the specimen and the failure occurs to stop the test let the punch go back to 
the origin place stop the recording and remove everything. 

i) Later take the record and import in DIC application to check the result, further details about 
how to import and the procedures to get the results from the DIC application will be discussed 
later. 
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As seen before there are 5 different sizes for the Nakajima test specimens moving from biaxial 
loading till it tends to look like the uniaxial loading, but since there are no previous studies or 
research done on such a material for Nakajima test, there is an idea that it may help to have 
some validation for the work done. 

As there is a specimen with width 10mm and it looks like a uniaxial loading, so it may be good 
to do tensile tests for the material and compare it to the results from the specimen with the width 
10mm. so 5 tensile test experiments have been done and took the best two of them and compare 
them with the results from Nakajima test width specimen 10mm width. 

But before doing this it was better to check the influence of the chalk spray on the material 
through the tensile test. So, two different experiments have been done in the specimen one was 
without the spraying and the other was with the spray. The results of those once checked through 
the analysis of the TestWork software. since the chalk spray doesn’t have a big influence on the 
material reading so now it is a green light to move forward and compare the results from the 
tensile test by the results from the Nakajima test. For more elaboration about the influence of 
the chalk spray-on material, check this thesis work [2]. 

Since it is mentioned before that there are some tensile test experiments have been done so there 
are some procedures also to be used to do the experiments. Same as we did before remove the 
Nakajima setup and the punch extender then install the upper and lower pneumatic grips. After 
preparing the specimen as mention in the preparation part. start install the specimen in the lower 
grip first so when it is time to install it to the upper grip it won't be a problem to fix the specimen 
in the middle of the grips. Make sure that the grips closed on the line of the square that show in 
the preparation section. The speed used in that test is the same as in Nakajima test 15 mm/min 
and the phone in place parallel to the specimen and covering the whole specimen as shown in 
(Figure 20). 

In the next section, it will be described how to use the DIC application GOM correlate to get 
the analysis from it.  
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4.2. GOM Correlate 
It’s a free 2D digital image correlation analysis by importing a serials of digital images or a 
recorded movie and the software will evaluate them and automatically change them to stages 
which are arranged based on the numbering of the serial images, it’s very important to have 
unfocused images or changing in lighting during the test because the software will skip them 
[19][20]. 
So, the data that are imported to GOM correlate is used to define the strain through the surface 
and the measurements that have been taken are the measurements at when the fracture strain 
occurs in the aluminum than in the polymer. 
 

As shown in (Figure 25) after importing the images, a surface component should be chosen to 
be able to choose the area you want to analyze. In the surface component menu, there are 
options that you can use to make the patterns small by increase or decrease the pixels but the 
most important thing since we are discussing the experiment analysis is the three options that 
the black arrows are looking for them computation, facet matching, and the pattern quality. 
Since the chose computation here is more points that means to have more chosen points to be 
analyzed on the specimen, in the matching it was chosen to be against the previous stage to 
analyze each stage to the just previous one to make it more accurate and the last one was to 
check the quality of the pattern before creating the surface component.   

Figure 25 Showing how to create surface component. 
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then choosing from the all visible actual elements menu, since the interesting in to know the 
major and minor strain at fracture strain for both materials so one time choose the major strain 
to be analyzed as in (Figure 26) and the other one choose the minor strain. In (Figure 27) 
shows that the fracture strain when it occurred and that is when the results are taken for 
aluminum material. 

Figure 26 Choosing from the all visible actual elements. 

Figure 27 Showing when the fracture strain occurs on Aluminum. 
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Figure 28 Fracture strain on polymer. 

As seen in (Figure 28) after the fracture occurred on the Aluminum the polymer was still in 
the elongation stage but with no fracture till the stress increased till the fracture occurred as 
in (Figure 28) and the black arrow shows where on some points the fracture started to occur 
and propagate on the Polymer. 
These procedures have been done in all experiments for the Nakajima test and results have 
been taken this way, also the same procedures have been used in the tensile test also for the 
uniaxial load and for further details about the tensile test check [2]. 
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5. Results: 
 
As mentioned before five different sizes for the Nakajima test have been made to build the 
forming limit curve and for each size an average of three experiments are taken to be used in 
the thesis to be presented. 
For biaxial loading as shown in (Figure 29), the results for Aluminum and Polymer were 

 

Table 7 Aluminum results. 

 
 

 

 

 

Table 8 LDPE results. 

Aluminum Exp1 Exp2 Exp3 

Major strain 0.227 0.278 0.264 

Minor strain 0.127 0.126 0.138 

Polymer Exp1 Exp2 Exp3 

Major strain 1.054 0.832 0.833 

Minor strain 0.206 0.164 0.215 

Figure 29 Biaxial loading. 
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Results for the specimen with 40 mm width in (Figure 31) and for 30 mm width in (Figure 31)  

Table 9 Aluminum results for 40 mm width. 

 

 

 
 Table 10 Polymer results for 40 mm width. 

  

 
 

Table 11 Results on Aluminum  for 30mm width 

 

 
   
 

Table 12 results on polymer for 30 mm width specimen. 

 

Aluminum Exp1 Exp2 Exp3 

Major strain 0.246 0.16 0.231 

Minor strain 0.116 0.006 0.1 

Polymer Exp1 Exp2 Exp3 

Major strain 0.701 0.762 0.707 

Minor strain 0.105 0.125 0.127 

Aluminum Exp1 Exp2 Exp3 

Major strain 0.174 0.188 0.191 

Minor strain 0.091 0.093 0.079 

Polymer Exp1 Exp2 Exp3 

Major strain 0.551 0.567 0.67 

Minor strain 0.132 0.12 0.094 

Figure 31 Specimen with 30 mm width. Figure 30 specimen 40 mm width. 
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Results for the specimen with 20 mm width as shown in (Figure 33) and for the specimen with 
10 mm width as shown in (Figure 32) 

Table 13 Aluminum results for 20 mm in width. 

 

 
 
  

 Table 14 Polymer results for 20 mm width. 

 
 

 

 

  

Table 15 Aluminum results for 10 mm in width 

 
 

 

Table 16 Polymer  results for 10 mm in width 

 

Aluminum Exp1 Exp2 Exp3 

Major strain 0.256 0.243 0.251 

Minor strain 0.08 0.089 0.084 

Polymer Exp1 Exp2 Exp3 

Major strain 0.6 0.615 0.61 

Minor strain 0.107 0.089 0.081 

Aluminum Exp1 Exp2 Exp3 

Major strain 0.211 0.239 0.23 

 Minor strain 0.043 0.067 0.07 

Polymer Exp1 Exp2 Exp3 

Major strain 0.424 0.446 0.49 

Minor strain 0.07 0.077 0.101 

Figure 33 Specimen with 20 mm width. Figure 32 Specimen with width 10 mm. 
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Results of the tensile test using DIC method 

After applying same procedures used in Nakajima test to check the major and minor strain for 
the tensile test five experiments have been done for the tensile test and best two results are taken 
to be compared with the Nakajima test with width 10 mm as it is the nearest one that looks like 
the uniaxial loading one of the tests on DIC can be shown in (Figure 34) and (Figure 35) and 
the results are showing in (Table 17) and (Table 18).  

 

 

 

 

Figure 35 Minor fracture strain on Aluminum. 

 

 

Figure 34 Major fracture Strain on Aluminum in GOM correlate. 
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Table 17Results for the Major strain on Aluminum. 

 

 

 

Table 18 Results for the minor strain on Aluminum. 

 

 
 

Once the Aluminum breaks and fracture occur the polymer starts to elongate but not for long 
time since the area on the polymer between the opening of the Aluminum is very small as 
seen in (Figure 36) and the results can be seen in (Table 19).                                                                         

 

 

 

Table 19 Table 19 Results for the major and minor strain on Polymer. 

 

 

 

 

 

  

Aluminum Exp1 Exp2 

Major strain 0.246 0.261 

Aluminum Exp1 Exp2 

Minor strain 0.058 0.059 

Polymer Exp1 Exp2 

Major strain 0.409 0.51 

Minor strain 0.076 0.08 

Figure 36 Crack propagation on Polymer. 
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By taking the three results for each specimen width and get the average of each one, a forming 
limit curve can be obtained then, with two-axis the minor strain is placed on the horizontal axis 
while the major strain is placed on the vertical axis as shown in (Figure 37) and (Figure 38).  

 
  

Failure 

Safe design 

40 mm 

30 mm 

10 mm 

20 mm 52 mm 

Failure 

Safe design 

52 mm 

40 mm 

30 mm 20 mm 

10 mm 

Figure 37 Forming limit curve for Al 

Figure 38 Forming limit curve for LDPE 
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6. Simulation 
The 3D model has been created in FE-software (Abaqus) to analysis each material 
separately and introduce its fracture strain, the model created was an axis symmetry model 
one for the punch and it was introduced to the software as a rigid body and the specimen 
introduced to the software as a deformable part. 

The units used in the model was SI (mm) so the given parameters were 
 
         Table 20 Parameters in SI-mm used in Abaqus. 

 

 
 
 
 

The material properties that have been introduced in Abaqus were taken from previous 
studies in Aluminum and LDPE material [19]. So, the material properties used was (density, 
elastic, ductile damage and plastic). 
Ductile damage for Aluminum 
 

            Table 21 Ductile damage for Aluminum. 

 

 
Also, the young’s modulus for the Al is 71700 MPa and the Poisson's ratio was 0.33 with 
density 0.0028 tone/  
 

 
 
 
 

 

Quantity SI-(mm) 

Length mm 

Force N 

Mass tone ( ) 

Time s 

Stress Mpa (N/ ) 

Energy MJ ( ) 

Density Tone/  

Fracture strain Stress-triaxiality Strain rate 

0.2 -5 0 

0.2 5 0 
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The plastic properties For Aluminum were: 
 Table 22 The yield stress and plastic strain used for Aluminum. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Ductile damage for LDPE 

Table 23 The ductile damage initiation values for LDPE. 

 
 
 

 
Also, the young’s modulus for the LDPE is 126.1 Mpa and the Poisson's ratio was 0.33 with 
density 9.1e-10 tone/  
  

Yield stress Plastic strain 

36.19 0 

42.54 0.0001096 

45.12 0.000211 

48.13 0.0003004 

51.16 0.0004633 

54.11 0.0007017 

57.38 0.001147 

60.35 0.00182 

62.95 0.003004 

64.77 0.004132 

66.56 0.005547 

68.58 0.007468 

70.63 0.009318 

72.12 0.01117 

73 0.01246 

Fracture strain Stress-triaxiality Strain rate 

0.9 -5 0 

0.9 5 0 
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The plastic properties For LDPE was: 
Table 24 The yield stress and plastic strain used for Polymer. 

 Yield stress Plastic strain 

5.332 0 

5.444 0.00134 

5.68 0.0022 

6 0.00427 

6.16 0.00569 

6.3 0.0065 

6.459 0.0079 

6.511 0.0083 

6.62 0.0093 

6.78 0.01107 

6.90 0.0124 

7.08 0.0147 

7.14 0.0148 

7.21 0.0164 

7.328 0.0184 

7.412 0.0193 

7.553 0.0227 

7.638 0.0246 

7.80 0.0278 

7.92 0.0330 

8.20 0.0330 

8.136 0.0365 

8.26 0.04 

8.34 0.0425 

8.73 0.0696 
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As mentioned before the model was created as an axis symmetry model as showing in (Figure 
39). 

The meshing for the model was explicit meshing control and was focusing to be fine as much 
as it possible for the specimen with Bias to the part that in contact with the rigid body (the 
punch) all the element was structured elements. Also, the fracture strain happened on the 
Aluminum as shown in (Figure 40) the max plastic strain is 0.2648. 

Also, the plastic strain for LDPE material is captured from the FE simulation (Figure 41). 

 

Figure 39 Axis symmertric model created  in Abaqus 
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Figure 41 Fracture strain on LDPE material in Abaqus. 

Figure 40 Fracture strain on Al material in Abaqus 
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7. Validation 
As a validation for this thesis work two methods are used to check the results achieved from 
the experimental work. 
First method was tensile test. Since, a certain dimension of one of the specimens (w=10 mm) 
in Nakajima test will produce same loading as the specimen in the uniaxial tensile test. 
Second method was to create a FE-model for the specimen with the full diameter and check 
where the fracture and the high strain will occur. And compare the results to the specimen 
with the biaxial loading from the Nakajima model. 
Moreover, more studies should be done related to the work accomplished by this thesis before 
starting use this achievement in the market, such as building a FE-models for all specimen’s 
dimensions. And one more way to validate the work in Nakajima test with the FE-model is 
to the displacement of the punch used till the fracture occurs. 

 
Comparing between DIC analysis for 10 mm width specimen and uniaxial loading tensile 
test for Aluminum material 
Table 25 Comparing DIC results with Tensile results for Aluminum. 

 
 

 
 
 

As seen in (Table 25) the results are very close to each other but still as mentioned before 
more studies should be done and more validation ways should be explored to be clearly sure 
from such studies. Also, in (Table 26) will show the results for LDPE material 
Table 26 Comparing DIC results with Tensile results for LDPE. 

 
 

 
 

 
The results for both in (Table 25 & Table 26) are showing that the validation could be 
successful while comparing the DIC results to the Tensile test results but this is just a 
comparison between one width type of specimen and 3 more specimen dimensions need to 
be validated.  

Aluminum 
DIC analysis 
(avg result) 

Tensile test 
Avg of 2 tests 

Major strain 0.224 0.253 

Minor strain 0.06 0.0585 

LDPE 
DIC analysis 
(avg result) 

Tensile test 
Avg of 2 tests 

Major strain 0.453 0.4595 

Minor strain 0.082 0.078 
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Also, another way used to check the validation of the results from the Nakajima test is to 
compare the biaxial loading test results from the FE-model to the DIC analysis taken from the 
biaxial loading as showing in (Table 27) for Aluminum and in (Table 28) for LDPE and check 
where the fracture will occur as in (Figure 42). 

 
Table 27 Comparing between DIC and FE-model for Aluminum. 

 

 
 
 
 
Table 28 Comparing between DIC and FE-model for LDPE. 

 
 
 

 

The results for the Aluminum and the LDPE material from the Nakajima test and the FE-
model are still close. Also, it is showing in (Figure 42) that the fracture occurred in the center 
of the specimen which can be used as a validation.  

Aluminum 
DIC analysis 
(avg result) 

FE-model 

Major strain 0.264 0.2490 

LDPE 
DIC analysis 
(avg result) 

FE-model 

Major strain 0.9063 0.9592 

Figure 42 Comparing where the fracture occurred in Nakajima test and FE-model. 
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8. Discussion 
 

At the first stages of the thesis the main point was to investigate a thin flexible LDPE 
material only, so the experimental work was on LDPE with thickness 14 , unfortunately 
it wasn’t successful due to many obstacles such as: 

 The material was almost transparent, so it reflects the punch shadow which lead to no 
achievement in the records due to punch’s shadow. 
 The elongation of the material was so long while the camera placed under the material 

between the setup legs, so it leads to decrease the distance so much between the specimen 
and the camera which lead to lose the focus of the records and couldn’t cover the specimen 
from all points. 
  Since the material was almost transparent it was so hard to fix the lighting since if the 

light was from above it penetrates the material and hit the camera lens, and if it was from 
down it didn’t give clear vision of the recording. 

In the laminate material, it will be recommended to use a professional camera which will 
have a better focusing and capturing technique let the investigation be more advanced also 
it needs to build a real Nakajima test setup which will prevent any problem with the size of 
the setup and placing the camera as it faced in this thesis. 
As a recommendation which may help more in capturing the biaxial fracture strain is using 
a ring rather than using the punch as it will distribute the force on the whole specimen rather 
than only in the middle region. 
One more way used to judge the work done in this thesis was checking previous FLC for 
Al material and compare it to the FLC achieved for Al in this thesis and the checking wasn’t 
bad so far. Check (Figure 44) and (Figure 43) it easy to see that the two curves are close to 
until specimen with width 20mm width. There is no reason to discuss that, it may be because 
of the thickness of the material or any other influence but still the results achieved are 
satisfying. 

Also, in the FE-model, it will be better to simulate all the specimen’s sizes which will allow 
determining the forming limit curve for both material which will be able to investigate and 
validate it with the whole FLC from the analysis of the DIC. 
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Figure 43 FLC for Al from previous study [21]. 

Figure 44 FLC for Al . 
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9. Conclusion 
 

This thesis is an accomplishment of using an old technique (Nakajima test) on new material 
(thin flexible film and laminate material) while exposing to different types of loading. It 
succeeds to present a forming limit curve for both material (LDPE and Al) which can be 
considered as a first study that presents FLC for thin flexible LDPE material.  
The procedures were designing the Nakajima test setup in CAD (Inventor) and then process 
the design through Cura software that allowed to 3d printed through Ultimaker printers. 
The printed setup leaks to do the Nakajima test technique and investigate it by DIC 
software (Gom correlate). 

However, the work done in the thesis was investigating in many different areas such as 
experimental work to identify new material properties (Fracture strain), validating the 
results taken from the Nakajima test by analyzing them through DIC software (GOM 
correlate) with two methods. First was a tensile test and comparing the results with the ones 
from the specimen with 10 mm width. Second was creating a FE-model that investigate the 
strain on biaxial loading and compared with biaxial loading results from the experimental 
work. Still need more deep studies to be able to introduce this result to companies that are 
interesting in such studies such as packaging technology. 

    The achievement done in the thesis motivates to investigate more such laminate material      
and try to identify more of multiaxial loading on it to get the forming limit curve for such 
material. furthermore, creating a FE-model with all multiaxial loading that may allow to 
obtain the forming limit curve from the simulation itself and compare it to the one from the 
experimental work.    
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10. Future recommendation  
 

 Using two professional cameras while doing the Nakajima tests to be able to cover all 
the sides of the specimen while it is elongate from the punch to be able to apply it to 3D 
view and analysis it in the professional version of the software. 
 Design a real Nakajima set up as a machine that can be controlled by a desktop computer 
that is able to be used for laminate material. 
 Having a more transparent punch that does not reflect any kind of lights. 
 Validate all the specimen’s sizes with the FE-model has different sizes as Nakajima 
specimens. 
 Investigate more on polymer by itself to be sure that Aluminum fracture has no influence 
on the polymer fracture.  
 Try to avoid the direct lighting to the specimen or from the bottom which will lead to 
have some unclear area on the recording. 
 As a validation it will be better also to compare the displacement the moved by the punch 
till the fracture occurs in Nakajima test and compare it with the created FE-model. 
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