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Abstract: 

This subject mainly uses Aluminum sheet metal material as the research 
object which is used in Volvo XC90 door, the elastic plasticity 
deformation within the different material angles and notch shape 
investigated with MTS tensile test equipment under uniaxial tensile. The 
local strain curve studied by using DIC method to obtain the conventional 
physical quantity. Combining ABAQUS to analyze the distribution of 
stress in elastic and plastic regions, also use MATLAB to combine 
various parameters, and finally analyze the desired experimental results 
to find a relatively stable notch shape based on the yield curve and stress 
concentration factor. 
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1. Notation 
 

 Elastic strain  

 Plastic strain  

 Poisson’s ratio  

E Young’s modules   

 Elongation   

Z Reduction in area  

 Tensile strength  

 Yield stress  

 Nominal stress at notch   

 Anisotropy coefficient   

 After tensile specimen break length   

 Specimen original gauge length   

 Tensile test original cross-section area  

 Tensile test breaking area                      

 Tensile test original cross-section area  



Abbreviations 
DIC Digital Image Correlation 

GOM GOM correlate 

FEM Finite Element Method  

 

  



2 Introduction 
2.1   Background and purpose 
Aluminum plate 160139 is used in Volvo XC90 (figure 1) right rear door 
because of its good mechanical properties and light weight. Material test in 
different orientation and geometrical shape may express different properties. 
The orientation of material and geometrical shape is important for car 
industry because it is express different material strength at different 
orientation. Due to different shape, it may influence the strength of the 
components. Thus, the material test with different shape in experiment and 
simulation is necessary.  

 

Figure 1 Sheet metal in vehicle [1] 

Young’s modulus and Poisson’s ratio always represent physical properties 
for material test and expressing behavior of material movement. One useful 
point is getting real Poisson’s ratio and Young’s modules from experiment 
test, which can be used in the theoretical model.  

The stress concentration and yield criterion represent the difference in 
material strength between different notch shapes and material orientation. 
During this study, by using the results of simulations from FEM method 
and observation from DIC method, real behavior of specimen deformation 
will be obtained accurately. Also results will be compared with theoretical 
method, and calculation result will be verified.  



2.2   Literature review 
Tensile test are used to investigate material’s properties such as strain stress 
has been studied by lots of projects. But most of them are mainly investigate 
steel or LDPE material. In the earlier study L.Yang et al[3], a Digital Image 
Correlation method was used to analyze the strain distribution of steel. 
Compare with the traditional method, it has the advantage of high accuracy 
for displacement and strain measurements. The DIC method will be used in 
this thesis and serval places has been improved to make higher accuracy.  

The behavior of LDPE and PET was investigated in this report [4] by using 
paint spray method which is written by Pranay Raj Reddy Maddala. He stated 
that the properties of material will not be changed by using painting spray 
method. In his research, a backlight was used to improve the image quality, 
DIC method was used to obtain material properties that are difficult or 
require special equipment measurements. During single layer testing, PET 
was found to be anisotropic between different tensile tests. The anisotropy 
was not pronounced at the time of tearing, but the crack angle was 45°. The 
LDPE film showed only a small anisotropic behavior during the test. Seems 
like it is an efficient method, but it is only applied polymer type of material 
in their report. 

The experimental and numerical study for orthotropic material such as 
Aluminum, LDPE and PET was developed by K.K.Ram[5]. According to 
these literature reviews, we will apply some of their experimental method to 
our material, aluminum plate which is quite different from their material to 
identify some important factors related with material properties. 

This research will study and identify orthotropic materials and simulate them 
using orthotropic material model in ABAQUS with FEM method. The 
numerical method will be used in this thesis, and how does notch shape effect 
stress concentration and yield strength will be analyzed. 

  



2.3   Used method  
To be able to better extract information and better analysis experimental data 
from tensile test we used DIC (Digital Image Correlation) method. DIC lead 
the project to a certain extent to map the real behavior of specimen 
deformation. Since the specimen is deformed by the stretching, it is difficult 
to obtain the true strain and its distribution throughout sample simply by 
relying on the tensile data registered from the tensile test machine. Through 
the analysis of DIC, it’s easy to obtain parameters accurately used to 
calculate the Poisson's ratio, the amount of cross-section reduction, and the 
elongation for anisotropic yield criteria.  

Second finite element method (FEM) used to compare with analytical 
calculation and experimental results. In the FEM the whole specimen 
considered was divided into small local region and help to solve it by using 
differential equations quickly, which are too hard by analytically. Therefore, 
stress distribution and stress magnitude around the notch can be calculated 
by FEM. It is the main method to study the stress concentration factor in this 
thesis. Overall research process shown in figure 2. 

 
 

Figure 2 Method Flow chart 
 



Two mechanical parameters will be investigated during the project, 
anisotropy angel and notch shape should be determined before the research 
begin. To decrease the influence of cutting-edge burr (since the cutting-edge 
burr can also consider as a kind of small notch shape), the watering cutting 
method will be adopted. Compare with the normal cutting method which 
produces more smooth incision and doesn’t produce rough, burring edges. 
Excessive heat will not be generated during the processing and the influence 
on the properties of the material is relatively small. 

The experiment will be held on with tensile test machine MTS. Another 
camera equipment will monitor the whole tensile process as well under 0.5 
seconds’ interval. Before the experiment starts, the specimen was sprayed 
with speckle pattern. Displacement and load can be obtained after the 
experiment, and the change in position of speckle points will be obtained 
which called DIC method in the report. DIC method is mainly used for 
analyzing the strain during tensile and MATLAB can be used as a calculator, 
it extracts all the data from the software and transforms the data to 
engineering stress and true stress.  

Then finite elements method is used to investigate the details of stress 
distribution for every element along with the horizontal of the notch. Finally, 
some anisotropy yield criterion and stress concentration method will be 
developed to do the comparisons. 

 
2.4   Objective and aim 
Due to the design or the requirement of installing parts, the shape of the sheet 
metal usually has geometric discontinuities. The stress concentration caused 
by the notch shape has an important influence on the strength of the parts and 
materials. Determining the stress concentration at the notch edge is the key 
to its design and use. In this project, we also analyzed the stress concentration 
factor. 

Most research determines the anisotropy properties of the material by using 
biaxial tensile test, however, in this project, we use uniaxial tensile test for 
testing one material direction and by using ‘‘Digital Image Correlation’’ 
method to determine the anisotropy coefficient. 

Determine the yielding curve of different notch shape (with three different 
material direction 0,45 and 90 degrees) by using yield criterion which is suit 
for the anisotropy material. The following are main objectives of this thesis:   



 Investigate different anisotropy angles have different properties such as 
Young’s modulus and Poisson ratio in the elastic region? 

 Which are the main reasons effect specimen fracture behavior and safety 
factor?  

 Which notch shape has a better cross section reduction rate, elongation 
and yield point value? 

 

2.5  Limitations 
 The uniaxial tensile test machine provided by BTH causes the output 

Displace/Force curve to show a jagged oscillation because of vibration 
during the stretching process, it is hard to get a satisfied value of force.  

 Since the top and end of the test piece need to be fixed to the stretching 
machine. It is difficult to judge the level and angel when fixing the 
specimen by using mechanical grip and level instruments. 

 DIC measures displacement and strain requires a stable camera. The 
GoPro camera's continuous shooting frequency of 2HZ does not fully 
record all the details of the experiment, and it requires manual activation, 
resulting in partial delay with the stretching machine timeline.  

 The experimental specimens were cut by the Ronneby waterjet cutting 
laboratory. Excessive cutting temperatures may affect the physical 
properties of the metal material, may resulting in errors in the 
experimental measurement data. 

  



3 Preliminary experimental studies 
Before the notch shape and anisotropy angel decided, some preliminary study 
has been carried out. One is circular notch shape with different material 
directions. The following figure show the specimen situations after tensile 
test experiment.  

 
Figure 3 Pervious specimen 

As shown in figure 3, six specimens with same notch shape and different 
material direction tested to see how the material direction influence the 
displacements and force. 

Figure 4 Machine diagram 
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This diagram from figure 4 shows the output from tensile test machine, X-
axis is the displacements length and Y-axis is the grip load.  

In the elastic zone, material direction does not influence too much. Six curves 
basically coincide, that indicate Young’s modules are the same. 

In the plastic zone, the curve already goes to three different regions. The 
curve with same material direction close to each other. But a strange case 
occurs on the 0 degree. That is because there has been a problem during doing 
the experiment. The data (red line) cannot consider as a reasonable data. 

That means the maximum load occurs when the material direction is 90°, the 
same as displacements length. Then lower load occurs when the material 
direction is 0°, the lowest one occurs when the material direction is 45°.  

Then we did a scaling to get a stress-strain diagram, result shown in figure 5. 
The 90° degree have the largest stress and strain, which means during the 
same time it has the largest longitudinal displacement.  

 
figure 5 Stress-strain diagram 

As it is indicates from these experimental results, the material direction 
influences a lot to the stress and strain. Then further experiments are 
performed to see how the stress concentration factor change with the sheet 
mental anisotropy.  
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4 Experimental methods and numerical 
simulations 

4.1   Experiment methods 
4.1.1 Tensile test setup 
The physical element which relates with stress concentration and anisotropy 
tested by using MTS tensile test machine. In the tensile test it is easy to give 
a tensile force to the specimen, and software which controls the machine can 
output the force—displacements data for analyzing after collecting the 
experimental data. Base on the force-displacements diagram, Many 
parameters and physical value can be determined to create the mathematical 
model. 

 
Figure 6 All the specimen 

The tools which are necessary for doing test contents are MTS tensile test 
machine, LED round light, accelerometer sensor, Go pro camera, black 
background and printing with white and black (black color can be instead of 
other color). 

Specimen of Aluminum plate has 150 mm totally length, and 100 mm 
effective length at middle area for experiment and 25 mm insert in the grips, 
20 mm width, and the thickness is 0.9 mm. 

There are two grip model, which are mechanical grips and hydraulic grip. 
The hydraulic grips only can handle the force under the 1000N, and 
mechanical grips can easily handle the tensile force above the 10KN.  

The type of accelerometer sensor has three different range. The most suitable 
sensor range is 1KN—10KN, which can define the force-displacements 
diagram. 



The Go pro camera is used for record process of experiment, from the start 
of these test to the end of the test, which is until the break of the specimen. 
The frequency is 2HZ, and the distance between specimen and camera is 100 
mm, which has the best zoom in effect for the image.   

 
Figure 7 Sandpaper preparation  

The specimen needs glue with two pieces of sandpaper shown in figure 7 
because the Aluminum plate only has 0.9 mm thickness and the mechanical 
grips cannot hold the plate very hard, which lead the slip movement between 
grips and the specimen. If this slip movement included in the calculation by 
force-displacements diagram, it makes quite an error for analyzing. If two 
pieces of sandpaper used, it can add thickness and friction then slip will 
disappear, which keep the accuracy of the experiment. 

 



4.1.2 Specimen preparation for DIC 
  

 
Figure 8 Specimen printing  

DIC method will use GOM correlate software and it is proposed to determine 
some parameters in this research, the specimen will need some printing 
preparation since GOM only recognize dark and white color. White color 
used for background, and black color used for setting up reference points as 
shown in figure 9. Paint material shown in figure 8. 

 
Figure 9 Specimens preparation for DIC 

Between the grips and specimen there need two pieces of sandpapers in order 
to increase the thickness of specimen and avoid slip movement since 
aluminum plate only has 0.9 mm thickness. The slip movement will cause 
error on force-displacement diagram without this step. 

 



 
Figure 10 Experiment set up 

A complete experiment set up is shown in figure 10 with a black background 
to give a better analyzing environment for GOM correlate. A round shadow 
less LED light is used. The camera is located at the middle center of the 
specimen. 

The speed of machine displacements is 12 mm/ min, the width of plate is 
around 21 mm and length is around 100 mm (experimental measurement 
area),  input parameters decide from the tensile test specimen standard 
shown in figure 11. 

 
Figure 11 Tensile test specimen requirement standard[6] 



 
Figure 12 Specimen polished 

All the test specimen was cut by waterjet in Ronneby Swedish Waterjet Lab. 
There are lots of glitch exist around edges from the cutting. Each recessed 
glitch can be seen as a small defect. Since we are analyzing how the middle 
notch shape effect properties of specimen, other factor which influence to the 
test results should be avoided to obtain the accuracy of the result. As shown 
in figure 12, all the specimens are polished for this consideration. 

 
Figure 13 Comparison between polished with unpolished 

From figure 13, the result is easy to see that difference between polished 
specimen and unpolished one. Since only two parameters which are different 
notch shape and anisotropy will be investigated in this report, other effect 
parameter should be same. So, the polished process is necessary for research. 

 

 



4.2   Engineering stress-strain curve 
The input of simulation model for ABAQUS derived from experimental 
investigation data by using single axis Tensile test. In this test, the strain only 
represents global strain which cannot used for calculation, 

local strain will be obtained from DIC result 

From the MTS single axis tensile test machine force-displacement expression 
will be obtained from single axis tensile test which can be transformed into 
stress-strain relationships by using formula 1 and 2.  

 

Where the R is defined as engineering stress and  is defined as engineering 
strain as shown in figure 14. 

 
Figure 14 Stress-strain curve[7] 

 
4.3   True stress strain curve 
Only true stress-strain will be used in ABAQUS since engineering stress-
strain not consider the reduction of cross-sectional area, also true stress-strain 
curve can find the yield point which is necessary to convert into plastic strain. 

The total strain can be divided into  (elastic strain) and  (plastic strain). 



 
Figure 15 Elastic region in stress-strain region[8] 

The specimen is loaded from the deformed state (ep) (loading step 2 in figure 
15) and it will plastically deform when it reaches current yield point. Due to 
the strain hardening effect, the yield strength of the material increases during 
plastic deformation.  

 

 

 

4.4   DIC method  
4.4.1 GOM setup 
The Poisson's ratio is an important input parameter for ABAQUS when 
analyzing elastic behavior, it will be obtained by using GOM software. A 
GOPRO camera was setting up to capture the experiment process. 



  
Figure 16 GOM correlate set up 

By using GOM to study the DIC method, it is concluded that Poisson's ratio 
is a current advanced method, replacing the old-fashioned resistive method 
using strain gauges. 

As shown in figure 16, the initial set up of GOM depends on the module 
setting of facets that 25% overlap of the two-viewing interference is the most 
ideal state. 

First set surface components to observe the Y-axis strain distribution of the 
entire aluminum plate. 

 



 

Figure 17 AL plate strain distribution 

The local and global strain distribution shown in figure 17. In this result, not 
only the magnitude of the local strain can be observed, but also the overall 
strain trend can be predicted. 

 
4.4.2 Virtual extensometer in DIC  
GOM software can also add virtual extensometers to simulate real stain 
gauges in experiment, it’s has same function by measuring the local length 
change. 



 

Figure 18 Major strain and minor strain 

The virtual extensometer can observe the local displacement changes from 
formula 6 with timeline in figure 18. The result of transverse contraction 
strain and longitudinal extension strain will be saved into MATLAB and 
calculate Poisson’s ratio by using formula 5. 

 

 
4.5   ABAQUS simulation 
A  specimen will be built in ABAQUS. Young’s 
module is 3.82E4 MPa and Passion ration is 0.3. Fix the end of specimen, 
add a velocity on the top to simulate the real machine tensile direction. 
ABAQUS show a finite element method to get the stress distribution. The 
area which close to notch were mashed to some uniform small elements so 
that the result can show every elements stress along with the notch horizontal 
direction.  



 
Figure 19 Specimen deformation through the time in ABAQUS 

From figure 19, the first and second images present the stress concentration 
during elastic region, stress is mainly concentrated in the gap. Once the load 
increase to enough value to cause a plastic yielding, a significant change has 
taken place with stress concentration, the stress started to spread toward the 
middle position. Along with the increase of nominal stress, stress 
concentration become less and less obvious. Finally, when the stress arrives 
at ultimate stress point, the stress distributed uniformly on the horizontal line 
of cross section.  

The following figure 20 present a detail stress distribution under an ultimate 
stress, the color is same along with the notch cross section which means stress 
concentration factor should become one in the end.  

 
Figure 20 Plastic deformation 



In order to get the average stress of net section, a numerical method will be 
undertaken. Selecting all the node points along cross section as shown in 
figure 21 can present all the stress with a true distance along the path, the 
path means stress distribution path. 

 
Figure 21 Path for notch section 

After getting the stress distribution through the path, integral stress can get 
the average stress on the net section. Do the path integration of stress curve 
of below figure 22, the nominal stress on the net area can be obtained by 
dividing the integral value by the path true distance. 

 
Figure 22 stress distribution through the path 

  



5 Results 
The physical parameters for specimen such as Young's modulus and 
Poisson's ratio, they cannot be obtained from a notched specimen since the 
notched specimen exist stress concentration. Young's modulus and Poisson’s 
ratio are basic property of the material, they will be quite constant under the 
specific temperature, so they was measured without notch shape in order to 
get an accurate value. 

 
5.1   Mechanical properties and calculations 
The comparisons of different material directions for the stress-strain diagram 
is shown in figure 23. These curves are outcome from tensile test, thus it 
indicates engineering stress-strain curve. Within one diagram, the different 
lines show different material orientations under same notch sizes.  

 
Figure 23 Different material direction comparison 

It can be seen from the image that under the condition of different orientation 
but the same size of the notch, the stress-strain curves between the images 



are difficult to distinguish and interlace, and there is no regularity between 
each other.  

Therefore, it is necessary to change the research variables and become the 
same research perspective and different size of notch. Then try to find the 
regularity again. 

 
Figure 24 Different notch shape comparison 

It is easy to distinguish the different notch curves at the same material angle 
from the illustration, so it is correct to set the variable to notch size as variable. 
It can be preliminarily determined from the figure that notch size is a direct 
factor which effect the strength of the material. 

The engineering stress-strain curve which shown in figure 24 assumes that 
the fracture cross-section is constant. But in reality, the cross-section become 
smaller when the tensile displacement increase. So it is necessary to convert 
the engineering stress-strain diagram into a true stress-strain diagram. 



Under the uniaxial deformation of the sample, the measured engineering 
stress (R) and strain (e) can be converted into true stress ( ) and true strain 
( ). 

 
Figure 25 True stress strain curve in AL plate 

It can be seen from figure 25 that the true stress-strain curve does not fall 
after the necking point like the engineering stress-strain curve. This is 
because the pulling force used on the machine after the fracture occurs is less 
than previous fracture, but the stress at the fracture point should increase then 
the fracture section decreases, so the stress-strain curve is always increasing. 

The notched aluminum plate also transformed the engineering stress-strain 
diagram to the true stress-strain diagram.  

Here just show one of the specimen engineer stress-strain diagram with true 
stress strain diagram (45-degree notch 10 mm). 



 
Figure 26 True stress strain and engineering stress strain 

Figure 26 show that the true stress-strain curve is very similar with the 
engineering stress strain.  

 
5.2   Tensile test method 
5.2.1 Extensibility 
The elongation A and the reduction in area Z [9]are indicators of the plastic 
properties of the material, indicating the ability of the material to undergo 
plastic deformation prior to fracture. In the uniaxial tensile test of the material, 
the greater the measured elongation and reduction in area, the greater the 
degree of plastic deformation that the material can achieve is also greater, 
and the better the formability, so that various shapes can be processed. The 
value can be determined by the following equation: 

 

 



 

Figure 27 Extensometer setup and result 

Where, 

  

 

       

       

The figure 27 present how to obtain elongation A and reduction Z in notch 
area from GOM, table 1 present how these two parameters varies between 
different material orientation and geometrical shape.   

Table 1 Result for section reduction and elongation

 5mm 10mm 20mm 

A% Z% A% Z% A% Z% 

 10.663 1.939 13.582 3.473 10.812 9.074 

 11.168 1.342 14.029 3.119 11.746 7.419 

 12.049 1.789 8.923 1.380 10.525 7.348 



5.2.2 Tensile strength  
Tensile strength indicates the maximum stress that the material can withstand 
before plastic fracture. After the material yields, the rearrangement of the 
internal grains increases the deformation resistance. 

After that, the deformation increases with the stress being pulled up. As the 
stress reaches the maximum value, the deformation resistance is significantly 
reduced until necking and cracking occur. The greater the tensile strength, 
the higher the ultimate load carrying capacity of the sheet during stamping, 
and vice versa. 

 
Figure 28 Tensile strength in stress strain diagram [10] 

 

After transforming the machine displacements-force diagram to strain-stress 
diagram, the tensile strength can be obtained by picking the highest point D 
(figure 28) which can be implemented in MATLAB from maximum value. 



 
Figure 29 Comparison with different notch shape tensile strength 

 

The figure 29 shows how tensile strength differ with different material 
orientation (each direction has two test specimens), these three lines show 
how the different geometrical shape’s tensile strength influenced by material 
orientation.  

Within the same notch shape, the larger angle has higher tensile strength. For 
same material orientation, the high radius notch (20 mm) has lower tensile 
strength. 

  



5.3   Elastic model 
The stress- strain diagram for AL plate (without notch) will be used for 
calculating Young’s modulus and Poisson’s ratio. Under the uniaxial 
deformation of the specimens, engineering stress (R) and strain (e) can be 
converted into true stress ( ) and true strain ( ). 

 

5.3.1  Young’s modulus 
Material movement within the elastic region is always described by Young’s 
modulus (E), Poisson's ratio and yield stress (REL). The Young’s modulus 
is the slope of the initial linear portion of the stress-strain diagram. Since the 
data from the tensile test usually contains multiple data points in the elastic 
region. Separate the elastic region from the elastoplastic region is especially 
important. 

 

This is an estimate of modulus.  

Negative values and shake at the beginning of the diagram shown in figure 
30 are considered due to slight slip at the ends of the grips or preload is not 
fillet requirement. The value of Young’s modulus has some offset in this area. 

 
Figure 30 Noise and compressed region need remove 



According to equation 5.3. The Young’s modulus can be described in three 
angels and average value. 

 0 degree 45 degree 90 degree Average  

E (GPA) 38.3 36.2 40.1 38.2 

Table 2 Young's Modulus between different angel 

The Young's modulus calculation result is 40GPA, which is quite different 
from the normal aluminum parameter. The reason comes down with 2 points. 

The sampling frequency of the experimental instrument is too small (12HZ), 
and the elastic process of the test piece is very fast in the experiment, which 
leads to the experimental sensor not collecting enough elastic area data, and 
the gaps between each sampling point is too large, resulting case in large 
experimental error. 

The starting time of the experimental tensile machine and the sampling 
sensor is not very synchronous, and the test piece has a slight slip, which 
causes the experimental sampling piece to be delayed, so that the plastic 
zone experiment is recorded in the elastic range, because the plastic zone 
stress is relatively smooth, so that the calculation of Young's The modulus 
results are overall become quite small. 

 
5.3.2 Poisson’s ratio 
Poisson's ratio is the ratio of the transverse positive strain to the absolute 
value of the axial positive strain when the material is subjected to single 
direction tensile or compression. It is also called the transverse deformation 
coefficient, which is the elastic constant reflecting the lateral deformation of 
the material. 



 

Figure 31 Poisson ratio curve through tensile test 

The figure 31 presented how the Poisson's ratio varied with time, since 
GOPRO records the entire process of stretching, including the elastic and 
plastic regions, so it is referred to herein as the elastoplastic Poisson's ratio. 
the linear deformation is less than or equal to 10% of the total deformation, 
called elastic-plastic material, the elastic deformation time is about 2 seconds, 
and the GOPRO continuous shooting frequency is 2HZ, which totally about 
three photos are recorded in the elastic deformation process. Under the 
influence of various error factors, it is difficult to accurately find the 
Poisson's ratio of the elastic part. 

In the plastic region, the Poisson's ratio tends to be stable and gentle. 
Therefore, the RMS value of the elastic-plastic Poisson's ratio curve is used 
as the finial value: 

 

  



5.4   Plastic model 
One of the purposes for this experiment is to observe the specimen’s behavior 
within plastic deformation. The plastic region is more difficult to obtain, no 
matter in simulation or mathematical expressions compared with the elastic 
region.  

The plastic deformation begins after the stress reaches the yield point, so that  
yield point is the key to separating elastic region and plastic region. 

 

because in the elastic region,   

so that the totally strain can be described as: 

 

and in the plastic region: 

 

Only elastic strain existing before yielding. Therefore, the yield strength of 
the material can be determined when the plastic strain is zero. Here is 
example of specimen with notch radius 10 mm and 45-degree material 
orientation. 

 
Figure 32 Plastic strain 



As shown in the figure 32, the curve starts at the elastic region, before the 
plastic region starts, the total strain is only elastic strain and the plastic strain 
does not exist. From equation 12 totally strain  smaller than , therefore, 
the plastic strain has negative value and the yield point should be point 14. 
After setting up the yield point 14, the plastic yield stage can be separated 
from the true stress-strain curve matrix. 

 
Figure 33 Effect stress-strain diagram 

The blue curve in the figure 33 is called the effect stress-strain curve, the 
ordinate is yield strain, and the abscissa is plastic strain. This curve is one of 
the important parameters of ABAQUS in the calculation of stress 
concentration factor. 

 
5.5   Notch-stress concentration 
Based on the requirement of car design, there are usually geometrically 
discontinues existed in the component, that is the generalized notch. The 
stress concentration which is caused by the notch has a very important effect 
on the strength and fatigue life of components. 

 
5.5.1 Stress concentration factor 
The stress concentration factor can be determined by: 



 

Where,  is stress concentration factor;  is the maximum true stress at 
notch; S is the nominal stress at notch.  

The maximum stress at notch will be obtained from real measurements, the 
average net section stress at notch can be obtained from ABAQUS. 

 
5.5.2 Analytical method 
Barrata-Neal 

Barrata-Neal method and Flynn method are used as analytical method for the 
comparison. 

The expression of Barrata-Neal method [11]: 

 

Where, the t is depth of notch; r is radius of notch and D means width of 
specimen. 

Flynn method 

Flynn method for calculating stress concentration factor with semicircular U 
notch. 

 

5.5.3 Comparison between theatrical and numerical  
When R=5mm, which means the notch shape is r=2.5mm and t/r=2. The 
constant coefficient should be: 

=3.8604 

=-5.2149 

= 3.1166 



=-0.7579 

Three methods of getting stress concentration factor will be present below. 
The numerical method contains of elastic stress concentration factor and 
plastic concentration factor. Constant period means elastic stress 
concentration factor, and decease period means plastic concentration factor.  

The blank circle means experimental stress concentration factor which 
calculated by finite element method. Before the specimen state exceed 
yielding point, which is around 1.27s, stress concentration factor keep 
constant then start to decrease while nominal stress increase. Finally, when 
specimen arrive at ultimate point, stress concentration factor become 
constant again and it goes to one.  

Two other constant lines show stress concentration factor with two different 
methods. And Flynn method is closer to the experimental stress 
concentration factor. From stress distribution 3D version, a clearer stress 
distribution will be present. Looking from the distance perspective, the stress 
which close to notch side will be higher than the middle part within the plastic 
period. 

 
Figure 34 Stress concentration factor in 5 mm notch 

When R=10mm, which means the notch shape is r=5mm and t/r=1. The 
constant coefficient should be: 

=3.065 



=-3.472 

= 1.009 

=0.405 

The same stress distribution tendency with the previous one, but different 
thing is Barrata-Neal Method will be closer to the experimental stress 
concentration factor. And both analytical method value are larger than the 
experimental value. 

 
Figure 35 Stress concentration factor in 10mm notch 

When R=20mm, which means the notch shape radius r=10mm and . 
Here is different value for constant coefficient. Where, 

=2.4482 

=-3.902 

= 3.9388 

=-1.4915    



Barrata-Neal Method become less effective when the notch shape is large, 
and it less than the experimental stress concentration value, but Flynn method 
is very coincident with experimental value.   

 
Figure 36 Stress concentration factor in 20 mm notch 

In order to select an analytical method which fit to the notch shape better, all 
the stress concentration factor will be present and the comparison will be 
made. The first column is the diameter of notch shape, then is the stress 
concentration factor which obtained from Abaqus, third column is Barra-
Neal Method and forth column is the stress concentration factor calculated 
from Flynn Method. Finally, is the error which compare the Flynn method 
with numerical method. When the notch size become larger, the error will 
decrease.  

Notch 
shape  

Kt 
(Numerical) 

Kt (Barrata-
Neal) 

Kt (Flynn) Error 

5mm 1.794 2.039 1.937 7.3% 

10mm 1.5137 1.5595 1.6319 2.94% 

20mm 1.2933 1.2206 1.296 0.2% 

Table 3 comparison Kt factor in different method 



A comparison between experimental value and Flynn method will be 
presented in figure 37.  

 
5.6   Yield criterion and yield curve 
Yield Criterion is one of the basic equations of plastic mechanics, it is an 
important criterion for judging material entering the plastic region from 
elastic region. 

When the stress  is very small, the material is in an elastic state. That 
means, there is an elastic deformation region around the origin coordinate in 
the principal stress space. The elastic region is surrounded by a plastic region. 
The boundary between the elastic zone and the plastic zone is the yield 
surface. 

The cross-section locus between  plane and yield surface, which is called 
yield curve or yield locus. And for the isotropic materials, the rotation of the 
coordinate axis shown in figure 38 does not affect the yielding of materials. 

.  
Figure 38 Material direction explanation[12] 

Figure 37 Elastic Kt factor in different notch shape 



5.6.1 Isotropic Criterion 
Tresca 
Tresca yield criterion said that when maximum shear stress in the sheet metal 
reaches a certain value, the material will yield, which means, when the sheet 
metal is in the plastic region, the maximum shear stress will be a constant. 
That also called the maximum shear stress invariant condition.   

 

C is the constant of material performance. 

In the uniaxial tensile material stresses are 

 

 

Subscribe the material stressed into equation 6.1, obtain: 

 

 

So, K is the limit of the maximum shear stress that leads to yield, because 
this limit is independent of the stress state, the yield of material will be caused 
if    reaches K at any stress state. 

 

Equation 6.2 and 6.3 is the mathematic expression of Tresca yield criterion  
K means the maximum shear stress when material yield or shear yield 
strength. 

Von Mises 

Von Mises criterion[13]consider that in any stress state, the material will 
yield if the distortion energy density  (It is the strain energy density stored 
when the volume of object is constant and change from a cube to a cuboid) 
reaches a certain limit value which related to the properties of the material. 

 



Where the E and  are the elastic constant of material. 

In our case, the experiment is uniaxial tensile, the yield stress is  
corresponding to distortion energy density  

 

Subscribing equation 6.5 into equation 6.4, we obtain the yield criterion: 

 

The above equation presents the stress relationship with yield stress. Within 
this experiment,  equals to zero. To get yield curve, three points should 
be determined first:  ;  

 
Figure 39 Comparison between von Mises and Trsca in different notch 

shape 



 
The yield curve for the specimen with Von Mises and Tresca method was 
presented in figure 39. Along the diagonal direction, all the points follow 

 principle. Since the yield criterion is developed under isotropic 
material, the rotation of the coordinate axis does not affect the yielding of 
materials and graph should be symmetric towards diagonal line. 

When the stress point located within the yield which means the point does 
not reach yielding point. If the stress point is just on the curve, it means the 
point is the yielding process. Once point go out of the curve, it will exceed 
the yielding point. 

 
5.6.2 Anisotropy Criterion 
Some certain physical properties of matter show different behaviors with 
different measure directions can be expressed as anisotropy. The anisotropy 
can influence a lot to the sheet metal forming, but many studies solve the 
problem by ignoring the anisotropy to simplify the model. 

The anisotropy of sheet metal will appear during the pre-working and rolling 
process. It has a significant influence of the forming of sheet metal. During 
the process of drawing and forming, the sudden appearance of earring, the 
change of fracture position of stamping parts and the change of ultimate 
forming height are all caused by the anisotropy of sheet metal and the change 
of plastic flow in forming process. 

 
5.6.3 Uniaxial Anisotropy Coefficients 
The plastic strain ratio is a value to describe the difference plasticity between 
in-plane and thickness direction of plane. As shown in figure 40, the R is 
defined as the ratio of the true strain in the width direction of the specimen 
to the true strain in the thickness direction when the sheet metal specimen is 
uniaxial stretched of produce uniform plastic deformation.  



 
Figure 40 Explanation for displacements length and reduction width[14] 

 

Which  and  reflect the current and initial length of specimen in gauge 
segment, the  and  means current and initial thickness of specimen.  

Compare to the width, thickness of specimen is very small. Considering the 
characteristic that volume will be constant when specimen have deformation. 
The r can be changed to: 

 

The above equation can be used for experimental calculating the anisotropy 
coefficient. Due to the in-plane anisotropy of sheet metal, the plastic strain 
ratio on different orientations id different. Therefore, the weighted average 
plastic strain ratio can be used to calculate the in-plane and thickness 
anisotropy of sheet metal plasticity. 

 



 
Where digital subscript represents the orientation between sampling 
direction of specimen and the rolling direction. The average r value can be 
called as normal anisotropy coefficient which obtained from three different 
directions in the plane of sheet metal. 

Table 4 Section reduction and length change 

 5 mm 10 mm 20 mm 

 W W0 L L0 W W0 L L0 W W0 L L0 

0  10 9.825 10 10.964 10 9.687 10 11.222 10 9.09 25 27.703 

45 10 9.86 10 11.117 10 9.688 10 11.403 10 9.258 25 27.936 

90 10 9.821 10 11.205 10 9.86 10 10.892 10 9.265 25 27.631 

 

Table 5 Anisotropy coefficient 

 5 mm  10 mm  20 mm 

  0.1795 0.3031 0.5023 

 

5.6.4 Anisotropy yield criterion 
During the deformation process of metal sheet, elastic deformation, uniform 
plastic deformation, plastic instability and fracture are usually required. 
Therefore, to accurately describe the deformation behavior of sheet metal, it 
is necessary to determine the yield criterion. 

Hill yield criterion 

In 1948, Hill proposed an anisotropic yield criterion hill48, and used a 
quadratic yield criterion to describe the plastic behavior of orthotropic 
materials. 

 [14] 

Where the F G H L M N are constant of anisotropic material. 



We assume the tensile yield stresses in the main anisotropy direction is 
represented by X Y and Z, then it proves: 

 

Then assume R, S and T are the shear stress corresponding with the same 
direction. 

 

In our uniaxial load case, we simply that deformation out of plane should be 
zero.  

Then we have =0, the yield function become: 

 

The relationship between anisotropy coefficients and constant coefficient G, 
H, F and N. 

 

The relationship between yield stress and the anisotropy coefficient  

 

The last term of equation 6.7 gives: 

 

Based on the equation 6.5 and 6.9, it gives: 

 

Finally, we got: 

 



The hill’1948 yield criterion assumes that the axis of orthogonal reference 
coordinate must coincide with anisotropic spindle, that means, the geometry 
is axisymmetric, and load is also axisymmetric. At the meantime, the stress 
spindle should coincide with anisotropic spindle.  

 
Figure 41 Hill criterion between different notch shape 

At the same time, in finite element simulation, the Hill'48 yield criterion is 
used to simulate the sheet metal with R > 1, which have a good agreement 
with the experiment. For sheets with R < 1 (such as aluminum alloy), the 
simulation results are not ideal. The anisotropy coefficient R in this thesis is 
larger than one and the yield surface can be obtained with Hill’48 yield 
criterion. It was present by the figure 41 which shows real line represent the 
biggest notch shape, dot line means middle notch and blue line means 
smallest notch shape.  

 



 
Figure 42 Comparison between Hill with Von Mises 

  



5. Conclusion 
Through this experiment, the aluminum sheet metal provided by Volvo xc90 
is defined as an elastoplastic material, the material is assumed to have 
anisotropy and is divided into three directions of 0°, 45°, and 90°. The 
specimen geometry of notch size is defined as 5 mm, 10 mm and 20 mm. 
During the experimental process and data analyzing, it was found that the 
Young's modulus was very similar in different orientation, so the average 
value was taken. Comparing with other normal metals, the Poisson’s ratio 
that we got in elastic region is quite different. We got two reasons to explain 
with it: one is for these kinds of elastoplastic material which have large 
deformation, the elastic period is quite short and hard to record since the 
camera shooting frequency. With quite little points which captured from 
camera cannot describe a good experimental parameter. However, by 
analyzing the trend for plastic Poisson's ratio in the plastic deformation 
region, the value is set to 0.5 (when the metal gets plastic, then the Poisson's 
ratio considered to be 0.5). Therefore, the Poisson's ratio experiment for such 
elastoplastic materials requires the more accurate strain gauges, or clarity and 
frequency.  
 
By classifying two variables (material orientation, notch shape). It can be 
found that the experimental data of different orientations are overlapped and 
interlaced in the same notch shape, and there is no any regularity. The data 
of different notch shapes at the same angle is very clear, and the notch shapes 
of the same size are gathered together. It can be seen from the data that the 
material is an anisotropic material, but under the influence of the notch shape, 
the anisotropy performance is very weak, because the stress concentration is 
the main factor of the fracture, and the stress concentration factor decreases 
as the notch shape increases. The stress concentration factor decreases with 
plastic deformation in plastic deformation until it becomes 1. The stress 
concentration factor only considers the influence of notch shape in this paper 
without considering the influence of anisotropy. So geometry notch shape is 
main reason effect specimens behavior. 

Through the DIC method, set up the virtual extensometers is not just used for 
measuring the transverse longitudinal strain to obtain the Poisson's ratio 
curve, but also record the section reduction rate and elongation. The 20mm 
section has a smaller shrinkage and a higher elongation. By if the material is 
an isotropic material, the yield curve is plotted using the von Mises and 
Tresca yield criteria, so that the yield points at different locations can be 
predicted. Because the Tresca criterion considers the maximum shear force, 



the constraints on the yield curve are more stringent and safer than the von 
Mises curve. By assuming that the experimental material is an anisotropic 
material, the Hill yield criterion is chosen. Setting different Notch shape 
anisotropy coefficients, and comparing with the von mises criterion, it can 
be found that the Hill yield criterion is closer to the reality. Based on the 
orientations of different experimental materials, the comparison of the yield 
curves shows that the 20 mm notch shape has better yield values and limit 
value.  



6. Future work 
Based on the experimental material as an anisotropic material, add more 
orientations such as 22.5 and 67.5 degrees, which can increase the accuracy 
of the yield curve. Study the Barrlet and BBC yield criteria, which can be 
compared with Hill, and use the criteria closest to the experimental results as 
the experimental standard.  

A camera with a continuous shooting frequency greater than 5 Hz can be 
used to record the complete elastic region experiment and verify the Young's 
modulus and Poisson's ratio. Using the DIC method, Research strain fields 
in strain concentrations in different notch shapes. differentiating the strain 
field rule of different notch shapes.  

Find the functional relationship between stress concentration and strain 
concentration. More precise control of the camera and tensile machine 
starting and ending time, so that the time axis match each other. Combining 
the DIC local strain parameters with the stress parameters of the stretching 
machine results in a more accurate true stress-strain curve. 
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6 Appendix  
 

 
Figure 43 CAD drawing for waterjet preparation 

 
Figure 44 Waterjet machine in Ronneby 

 
Figure 45 Related work for hole test 

 



 
Figure 46 Old light and background equipment for DIC test 

 
Figure 47 Major strain test for 5 mm notch 

 
Figure 48 10 samle points strain distribution 

 






