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Abstract 

This study investigates the effect of strain rate on fracture properties of Ferritic-

Pearlitic Ductile Iron.  

A series of dynamic three point bending tests, with various load application rates, are 

conducted on Charpy V-notch specimens, in room temperature and approximately     

-18 °C. 

The tests are performed in a custom-made fixture and during the tests, force and 

displacement data are recorded. A XFEM (Extended Finite Element Method) model 

of the test setup has been established and material data from the tests are used as 

input to the model.  

The test results show a strong dependency of the strain rate regarding the force 

needed for crack initiation. Moreover, it can be concluded that low temperature 

makes the material very brittle, even at low load application rates.  

 

Keywords:  Ductile Iron, Dynamic Three Point Bending Test, Strain Rate, Fracture 

Energy.  
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1. Introduction 

1.1 Background and problem description 

Throughout history, the casting process has played an essential role in the 

evolution of the human civilization. As a matter of a fact, this process has 

been used to manufacture parts and tools from various metallic materials for 

more than 5000 years [1].  

The casting process can be defined as a method to manufacture objects by 

pouring a liquid material or a mixture of several materials into a mold, 

which has a cavity of the desired shape. This liquid is contained in the mold 

for solidification in controlled conditions, e.g. temperature and humidity. 

After the solidification phase, the solidified material is extracted and could 

be post-treated by grinding or machining [2], [3]. 

At present time, casting provides designers the freedom and flexibility 

needed to meet the changing and varying industry requirements. Moreover, 

casting has many advantages regarding cost-efficiency, and performance 

enhancement [3], [4]. 

The term “cast iron” refers to a family of materials and not to a single 

material. These materials are Ductile Irons, Grey Irons, White Irons, 

Malleable Irons and Cast Steels. The main component in all these materials 

is iron in addition to certain amounts of carbon, silicon and alloy 

materials [5]. 

Each material of the cast iron family has a unique microstructure, which 

mainly depends on the silicon and carbon content, see Figure 1. The 

microstructure of the material depends also on solidification conditions, the 

subsequent heat treatment and percentages of the trace elements, e.g. 

Arsenic, Antimony, Tin, Lead, Bismuth, Titanium and Aluminum [6]. 
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Figure 1. Cast Iron different types according to silicon and carbon content. 

During the first half of the 20th century, Gray and Malleable Irons were 

frequently used when casting different components. However, in 1943 an 

American inventor called Millis added a ladle of copper-magnesium alloy, 

which changed the microstructure and gave us ductile iron. The ductile iron 

casting properties are similar to gray iron. However, ductile iron has 

superior mechanical properties compered to malleable iron [3].   

Compared to other cast irons, Ductile Iron has superior mechanical 

properties, e.g. high ductility and tensile strength. Moreover, Ductile Iron 

has high surface roughness, defect and fatigue resistance and it is also cost 

efficient. Consequently, it quickly overthrew other types of cast irons in 

many industrial fields [6]. 

The term Ductile Iron actually refers to an entire family of materials, with 

different and various properties that are obtained through microstructure 

control. The most commonly used types in as-cast condition are; Ferritic 

Ductile Iron, Ferritic-Pearlitic Ductile Iron and Pearlitic Ductile Iron. Other 

types of Ductile Iron are obtained through alloying and/or heat treatment, 
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e.g. Martensitic Ductile Iron, Bainitic Ductile Iron, Austenitic Ductile Iron 

and Austempered Ductile Iron (ADI). Figure 2 illustrates the different 

microstructures of the Ductile Iron family and their approximate tensile 

strengths [6]. 

 

Ductile Iron Family 

Ferritic 
Grade 5 

Ferritic-
Pearlitic 
Grade 3 

Pearlitic 
Grade 1 

Martensitic 
(With 

ratained 
austenite) 

 400MPa 550MPa 700MPa 600MPa 

 

 

 

 

Ductile Iron Family 

Tempered 

Martensitic 

ADI Grade 

150 

ADI Grade 

230 
Austenitic 

800MPa 1050MPa 1600MPa 300MPa 

 

 

 

 

Figure 2. Microscopic photos illustrating the different micro structures of the Ductile Iron family and 

the approximate related tensil strengthes. 

A few years ago, Volvo CE began to use a certain type of Ductile Irons, 

which, according to the specifications, has a high ductility before failure. 

However, a serious concern has been raised, since many components are 

subjected to impact load and some failures at customers’ sites have been 

noticed. The hypothesis is that the material becomes brittle for high strain 

rate [11]. 

1.2 Aim and purpose 

The aim of this study is to investigate the relation between strain rate and 

fracture mechanical properties. The report will investigate how the fracture 

energy is affected by the speed of which the load is applied, i.e. the strain 
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rate in the material. The aim is to find a limit when the transition from 

ductile to brittle behavior appears.  

This research will provide the designers and mechanical engineers a deeper 

understanding and insight of how Ductile Iron behaves when subjected to 

loads applied in various speeds. 

1.3 Hypothesis and limitations 

The hypothesis is that the speed of the applied load affects the deformation 

before failure, meaning the material ductility decreases significantly for high 

strain rates. 

As mentioned in the background and problem description, there is a large 

variety of Ductile Irons. However, this study only focuses on one type, i.e. 

Ferritic Ductile Iron. All test specimens will be manufactured from the same 

material batch and hence have the same chemical composition and 

microstructural characteristics. In fact, when changing the chemical 

composition, especially silicon content, the nodule count, average nodule 

diameter, nodularity and other microstructure characteristics change and 

therefore influence the mechanical properties. Moreover, the temperature of 

the specimens has a remarkable effect on the mechanical properties. 

Therefore, the tests in this study will be conducted at room temperature 22 
⁰C and approximately -18 ⁰C.  

1.4 Reliability, validity and objectivity 

The tests are conducted under the supervision of researches and test 

engineers, who are experienced in testing procedures. At least two 

specimens are investigated for each load application rate. 

A 3D Cad software has been used to design a model of the three-point 

bending test fixture. The drawings and specifications have been sent to a 

specialized company to manufacture the model according to specified 

dimensions. 

A MTS machine model 810 is used in the laboratory. This machine 

accurately measures forces and deformations. Likewise, the FEM software 

(ABAQUS) is used to model the test setup and the test results are used to 

calibrate the model later on. 

The results are objective and uninfluenced by those who conduct the tests 

and the finite element analysis. Also, the tested material is taken from a 

casted component currently in production, i.e. not a special batch of casted 

test specimen. 
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2. Literature Review 

2.1 Tensile tests conducted on Ductile Iron 

In all reviewed literature, unless it is stated otherwise, tensile tests were 

conducted in room temperature, in a displacement controlled uniaxial 

tension test, on cylindrical specimens with a diameter of 6.35 mm and a 

gage length of 31.5 mm according to ASTM E8M/88/04 standards, 

see Figure 3.  

 

Figure 3. Specimen dimensions. 

All tests were conducted using different models of the universal testing 

machines INSTRON, illustrated in Figure 4 [7]. 

 

 

Figure 4. universal testing machine INSTRON model 8501. 

Martínez, R.A., 2010 tested one type of Ferritic Ductile Iron with chemical 

composition according to Table 1. The results obtained for ultimate tensile 

strength, yield strength and elongation are illustrated in Table 2 [7]. 



6 

F. Almaari & E. Aljbban 

Table 1. Chemical composition of the Specimen. 

Content % 

C Si Mn S P Mg Cu Ni CE 

3.52 3.21 0.46 0.02 0.02 0.04 0.94 0.04 4.48 

 

Table 2. Ultimate tensile strength, yield strength and elongation of the specimen.  

 

M. S. Soiński & A. Derda, 2008 tested several materials of Ferritic Ductile 

Iron of the EN-G1S-400-IRU-LT grade according to 10 PN-EN 1563 

Standard. The materials had varying chemical composition according 

to Table 3. The mechanical properties of ultimate tensile strength, yield 

strength and elongation are listed in Table 4 [8]. 

 

Table 3. Chemical composition of the Specimens.  

 
 

Table 4. Mechanical Properties of the Specimens. 

 

 

 

 

González-Martínez et al., 2018 also conducted tensile tests on 52 specimens 

with varying chemical composition. However, the aim of their tests was to 

investigate the effect of silicon content on the stress-strain relation [9]. 

Figure 5 demonstrates how the specimens with high silicon content have a 

substantially lower ductility. Each curve has been shifted to right by the 

value in brackets to illustrate each curve without overlapping. 

Figure 6 shows how the increase in the silicon content has a positive effect 

on the mechanical properties until the silicon percentage reaches 4.8%. 

Beyond this value, ultimate tensile strength (UTS) decreases as the silicon 

content increases. Similarly, the yield strength (Y) increases as the silicon 

content increases until it reaches 5%. At 5% silicon content, the yield value 

drops to zero causing a substantially brittle behavior, in which the material 

Si Mn P S Cr Ni Cu Mg

2,09-2,71 0,10-0,28
0,21-

0,052

0,004-

0,051

0,02-

0,12

0,01-

0,15
0,01-0,14

0,031-

0,104

Ranges of content %

 
UTS YS A% 

Ferritic 517 MPa 374 MPa 25% MPA 

Ranges of mechanical properties 

Rm (MPa) Rp.0,2 (MPa) A5 % 

397-464 236-321 12-35,6 
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fails without showing any deformations. The material hardness, attained 

form Brinell test (HBW), shows a gradual growth as the silicon content 

increases [9]. 

 

 

Figure 5. The stress-strian relation for different silicon content. 

 

Figure 6. Ssilicon content effect on specimens mechanical properties. 

 

Ikeda, T. et al., (2016) tested Ferritic and Ferritic-Pearlitic Ductile Iron.   

The specimens had four different chemical composition and silicon content, 

see Table 5. The diameter of all specimens was 14 mm and the gage length 

was 50 mm according to JIS-Z 2241 standard [10], [11]. 
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Table 5. Chemical composition and silicon content of the Specimens. 

Material C Si Mn P S Cu Mg 

4% Si 3,22 4,01 0,34 0,03 0,008 0,01 0,044 

3,7% Si 3,2 3,72 0,32 0,02 0,008 0,02 0,044 

3,3 Si 3,28 3,31 0,25 0,02 0,002 0,01 0,039 

3% Si 3,42 3,02 0,32 0,03 0,004 0,01 0,043 

 

Figure 7 and Figure 8 demonstrate the effect of silicon content on 

elongation, tensile and yield strength. As the silicon percentage increases 

from 3% to 4%, both yield strength and ultimate tensile strength increase. 

However, the elongation decreases simultaneously [10]. 

 

 

Figure 7. The effect of silicon content on elongation 
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Figure 8. The effect of silicon content on tensil strength and proof stress. 

2.2 Dynamic three-point bending test 

Ikeda also conducted three-point bending tests on a set of specimens which 

had 4% Si content, see Table 5. An electro hydraulic servo testing machine 

(Shimadzu: E100kN) was used on Charpy V specimens with a nominal cross 

section of 10x10 mm and a total length of 55 mm. The tests were performed 

with a span length of 40 mm as illustrated in Figure 9 [10]. 

 
Figure 9. Specimen dimension. 



10 

F. Almaari & E. Aljbban 

The temperature was fixed at 22 °C and the test was conducted four times 

with different strain rates as shown in Figure 10 [10]. 

 

 

Figure 10.   Load-displacemnet relation for different strain rates in 22 °C environmnet. 

 

In Figure 11, the temperature was fixed at -20 °C and the test was conducted 

three times at different strain rates [10]. 
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Figure 11.   Load-displacemnet relation for different strain rates in -20 °C environmnet. 

 

2.3 Discussion and summary of the literature review 

Most research found in the literature review only conducted tensile tests. 

The only exception is Ikeda’s dynamic three point bending test, which was 

conducted to investigate the effect of strain rate on the material behavior. 

Ikeda concluded that when the strain rate increases, the material becomes 

more brittle, meaning that it suddenly breaks without considerable 

deformation.  

Ikeda also studied the influence of temperature to the strain rate and 

ductility. The results obtained indicate that the material was significantly 

more brittle at low temperatures. All reviewed research literature provides a 

reference to the expected results. 
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3. Theory 

3.1 Ductile Iron family 

As stated earlier in the introduction, Ductile Iron is an entire family of 

materials. However, the focus in this thesis is on Ferritic Ductile Iron. The 

two main components in Ferritic Ductile Iron, which control the mechanical 

properties, are Ferrite and Graphite. 

Ferrite, the purest iron phase in cast iron, is responsible for increasing 

ductility and toughness and decreasing hardness and strength. Graphite, the 

stable form of carbon in cast iron, exists in the ferrite matrix as spheroids 

and regarded as an essential factor influencing the Ferritic Ductile Iron 

mechanical properties. The graphite spheroids control the high ductility and 

impact resistance. Additionally, they contribute in obtaining tensile and 

yield strength equal to the ones in low carbon steel [6]. 

3.2 The graphite nodules 

The main characteristic, which defines the Ductile Iron and gives it its 

superior qualities, is the spherical shape of the graphite nodules. These 

nodules behave as “crack-arresters” and are present in the microstructure as 

illustrated in Figure 12 [6]. 

 

Figure 12.   Graphite spheroids acting as "crack-arresters." 
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During Ductile Iron solidification process, the formation of graphite gives an 

internal expansion, thereby reducing shrinkage defects significantly, unlike 

other cast irons solidification process. For other cast irons, attached 

reservoirs (feeders or risers) are required to eliminate the presence of pores 

due to shrinkage [6]. 

3.3 Ductile and brittle failure 

For a ductile material, when carrying out a displacement controlled test, the 

strain becomes higher, until the material reaches the yield point and the neck 

starts developing and therefore reducing the cross section area. Beyond this 

point, the neck area decreases until the failure occurs at load value that is 

considerably smaller than the maximum load, which initiated the neck. For 

brittle materials, necks are not formed and therefore the failure happens 

suddenly, when the maximum load is reached, see Figure 13 [12]. 

 

 

Figure 13.   Force-displacement diagram showing the brittle and ductile behavior and  

the maximum force obtained. 
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3.4 Ductility and elongation [12] 

The ductility reflects the capability of the material to plastically deform 

when a load is applied. Elongation determines the material ductility by 

measuring the gage length before and after a uniaxial tensile test.  

The engineering strain is defined as 

00
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l

l

l

ll
e







 

,         (1) 

where l and l0 are the gage length after and before conducting the test, 

respectively. The stretch λ is the ratio between the current length and the 

initial length as 

e
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Moreover, true strain is defined as 
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and the true stress is defined 

A
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  , (4) 

where F is the applied fore, A is the actual area section and σ is the stress. 

Since plastic deformations in metals do not cause any change in the volume, 

AllA oo  , or 
l

lA
A oo  (5) 

where Ao and A are area of section before and after conducting the test, 

respectively. 

By substituting, (5) to (4), the following equation is obtained. 
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where S is the stress related to the initial cross section area Ao  
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0A

F
S   

 

(7) 

and e is the elongation acquired from (1) 

3.5 Strain rate and bending stress equations  

Strain rate can be defined as the change of the deformation of a material 

with respect to time, i.e. 

dt

d
 


 (8) 

 

Figure 14.   Displacement causing inner moment and force in simply supported beam. 

 

Considering the simply supported beam in Figure 14 and acccording to 

elementary cases, the deformation in the middle section of the beam, 

see Figure 15, can be written as a function of the reaction forces.  

 

Figure 15.  Displacement causing inner moment and force in the middle section of the beam. 
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3)2/(

3

L
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where   is the displacement, I is the moment of inertia and L is the length. 

Moreover, the bending moment in middle section of the beam is 
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hence the bending stress can be expressed as; 
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By the Hooke law, the corresponding strain can be calculated from 
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and consequently, the strain rate becomes  
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  (13) 

where v is the velocity of the mid-span deflection. Moreover, the maximum 

nominal bending stress is calculated as; 

2

max
max

2

3

bh

LP
b   (14) 

Before yielding (13) is used to calculate the strain rate and (14) is used to 

calculate the maximum bending stress, where Pmax is the maximum applied 

force, L is the beam length, b is the beam width and h is the beam height. 

Compared to a homogenous beam, the strain rate in the notch radius of the 

notched beam in the test can be calculated from  

vQ
L

h
2

6




  (15) 

where Q=1.94 is a factor taking the particular geometry of 

the notched beam into account. 
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3.6 Effect of Temperature 

The mechanical properties of metallic materials are significantly affected by 

the surrounding temperature. For high temperatures, the modulus of 

elasticity, yield strength and tensile strength are decreased, whereas ductility 

is increased. On the other hand, for low temperatures the ductility is 

decreased, meaning the material behavior becomes brittle. 

For most metallic materials, there is a transition temperature as illustrated 

in Figure 16. Below this temperature, the material becomes substantially 

more brittle [12]. 

 

 

 
 

Figure 16. Example of how impact strength and the brittle/ductile behaviour of the material are 

effected by temperature  
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4. Methods 

4.1 Three point bending tests 

To determine the fracture mechanical properties of the Ductile Iron, a three-

point bending tests, see Figure 17, will be carried out in the laboratory using 

an electro hydraulic MTS testing machine model 810, see Figure 18 [12]. 

 

Figure 17.   Three point bending test, moment diagram and the maximum bending moment 

 

 

Figure 18. MTS testing machine model 810 
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4.2 FEM 

The abbreviation FEM stands for finite element method, which is a method 

to attain approximation for partial differential equations. The FE method can 

be described as an engineering tool, in which differential equation are 

entered as an input in order to attain the solutions for these equations as an 

output. FE method can be used in hand calculation to solve simple problems, 

by starting from the weak and strong differential equations of the problem to 

eventually attain a reasonable approximation of the solution. However, for 

real life problems, which are quite complicated, a variety of commercial 

software programs can be used such as ABAQUS [15]. 

Despite the wide-spread FEM applications in numerous fields and its 

popularity, the method is in fact unable to deliver accurate solutions to some 

problems, due to the fact that FEM relies mainly on the approximation 

properties of polynomials. Therefore, using the FEM in situations, where the 

solutions have a non-smooth behavior, could be unpractical and 

computationally expensive.  

For non-smooth problems, the accurate solutions are mainly obtained 

through refining the mesh locally. Consequently, the number of DOF is 

drastically increased, especially in real life 3D problems, e.g. fracture 

simulation problems [15]. 

The shear band localization in ductile metals and the discrete crack 

discontinuities in brittle materials will have a very local behavior. As a 

result, to capture the non-continuous displacement near the crack tip using 

the FEM requires an enormous number of DOF. Additionally, remeshing is 

often required for the incremental computation of the crack growth. Hence 

the FEM, in its classical form, is not a very efficient tool to solve the 

fracture mechanics problems in an accurate and practical manner. Therefore, 

an improvements and modifications were applied on the classical FEM 

which resulted in XFEM [15]. 

 

4.3 XFEM 

XFEM refers to an extended theory of the finite element method stated 

earlier. The XFE method is basically a numerical method in which a local 

enrichment provides a better approximation. Such enrichment is attained 

through the partition of unit concept. Usually, the XFE method is used 

instead of FE method when the later method is unable of providing accurate 

results, e.g. crack modeling. For the purpose of acquiring better solutions of 

the discontinuous field, an improvement was made on partition of unity 

(PU) based enrichment method in the PhD dissertation by Dolbow (1999) 

[17]. Based on the framework of the partition unit concept, new functions 

were introduced and added to the classical FEM [16], [17]. 
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For the purpose of modeling the crack growth without remeshing, a 

discontinuous function, i.e. Heaviside step function, can be added. Also 

other functions describing the singularity of the crack frontier can be added 

to the space of admissible functions. Hence no explicit remeshing of the 

crack surface is needed. As a result, the XFEM allows to accurately model 

strong displacement discontinuities, e.g. cracks [17].      
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5. Implementation 

5.1 Dynamic three point bending test: 

5.1.1 Preparing the specimens 

Fourteen specimens were made from a cross stay specimen of an articulated 

hauler. According to the hardware specification, the material is 

predominantly Ferritic Ductile Iron of the VISG500/14 grade according to 

Volvo Group STD 310-0004 standards, meaning that this material has an 

ultimate tensile strength and elongation higher than 500 MPa and 14%, 

respectively. According to uniaxial tests carried out on this specific material, 

the actual mechanical properties are given in Table 6. 

 

Table 6. Mechanical Properties of the Specimens   

 

 

 

The machined specimens have a Charpy V-notch shape with dimensions as 

illustrated in Figure 19, i.e. the same as in Ikeda’s tests. However, the 

chemical composition was different and according to the standard 310-0004, 

the chemical composition should fulfill the requirements in Table 7 [10]. 

 

Figure 19. Specimen dimension. 

Table 7. Chemical composition and silicon content of the Specimen 

C % Si % Mn % Pmax % Smax % Mg % 

3,2 - 4 1,5 - 2,8 0,05- 1 0,08 0,02 0,03 - 0,08 

Tensile strength 540.5 ± 1.2% MPa 

Elongation 16.63% ± 1.0% 

Yield strength 465.5 ± 1.3% MPa 
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5.1.2 Preparing the test fixture 

In order to perform the dynamic three point bending test, a special fixture 

was modeled according to the test specification and standards described 

in [11] and [13], see Figure 20. 

 

Figure 20. Test fixture model using soild work software. 

The test fixture is composed of two movable supports, two cylinders and a 

steel plate equipped with two T-shaped machined extrusions. Each one of 

the supports has a circular shaped top surface, in which the cylinders are 

laying. By bolting the two metal cubes to the steel plate, the distance 

between the two cylinders can be controlled. See Figure 21 and Figure 22. 

 

Figure 21. Cross section of the specimens and test fixture. 

Drawings of the test fixture were created and sent to a company where it 

was manufactured. Figure 22 demonstrates the test fixture when assembled. 
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Figure 22. Test fixture 

5.1.3 Preparing the test set up 

In order to keep the rolling supports in place, two springs with low stiffness 

were attached to the cylinders. The distance between the two supports is 

adjusted to 40 mm, which is equal to the distance in the Charpy V-test. 

Moreover, the position of the supports is adjusted to be aligned with the 

puncher. The complete setup of the fixture and the puncher are illustrated 

in Figure 23.  

 

 

Figure 23.  The three point bending test fixture 
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5.1.4 Preparing the testing machine 

The MTS 810 testing machine is used to perform the dynamic three point 

bending test with different stroke speeds and at two different 

temperatures. Table 8 summarizes the complete test campaign conducted 

regarding specimen temperature, stroke speed, and data acquisition 

frequency.  

Table 8. Specimens’ temperature, stroke speed, excited displacement and data acquisition                   

frequency. 

Specimen 

Number 

Specimen 

Name 

Specimen 

Temperature 

(°C) 

Stroke 

Speed 

(mm/sec) 

Data 

Acquisition 

Frequency 

(Hz) 

1 ONE_1 22 0.0172 10 

2 ONE_2 22 0.0172 10 

3 TWO_1 22 0.172 10 

4 TWO_2 22 0.172 10 

5 THREE_1 22 1.72 512 

6 THREE-2 22 1.72 512 

7 FOUR_1 22 17.2 1024 

8 FOUR_2 22 17.2 1024 

9 FIVE_1 22 89 1024 

10 F_1 -18 17.2 1024 

11 F_2 -18 0.172 1024 

12 F_3 -18 1.72 1024 

13 F_4 -18 17.2 1024 

14 F-5 -18 9 1024 

 

The MTS 810 testing machine has two hydraulic grips were equipment can 

be attached. The machine is also equipped with 100 kN load cell. However, 

the maximum force needed is estimated to be around 12kN. This estimation 

is based on similar testing done by Ikeda [10] and Volvo CE.  

To measure the forces accurately, a load cell with capacity of 20 kN was 

installed into the machine. The V shaped steel puncher was attached to the 

load cell and used to apply displacement to the specimen. The puncher 

dimensions are according to ASTM D7972-14 standard with a radius equal 
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to 2 mm and a tip angle of 30
o
. The complete test set up, including the lower 

and the upper grips, is illustrated in Figure 24 [14]. 

 

Figure 24. Test set up includeing upper and lower grips. 

 

5.1.5 Calculating the machine acceleration and distance needed to reach 

the required speed 

In order to assure that the puncher reaches the surface of the specimen at the 

target speed, the minimum distance required for accelerating the setup was 

estimated from testing of various speeds and performing hand calculation on 

the collected data. 

The data collected from the machine software provided time and 

displacement of the lower grip. This data was acquired according to the 

chosen data acquisition frequency. 

By calculating the distance and time between each data acquisition, the 

speed at each data point was calculated from  

ii

ii

tt

dd
V










1

1  (16) 



26 

F. Almaari & E. Aljbban 

where v is the velocity, d is the measured distance and t is the measured 

time. 

When the v shaped metal puncher begins its movement, it has an initial 

speed of 0 mm/sec. The machine controller opens the hydraulic valves such 

that the puncher accelerates until it reaches the target speed. Table 9 

illustrates the minimum acceleration distance needed to reach the target 

speed for different speed values. 

 

Table 9. Minimum distance needed for acceleration for different stroke speeds.  

 

Stroke 

Speed 

(mm/sec) 

Minimum 

distance 

needed for 

acceleration 

(mm) 

1 0.002 

2 0.01 

5 0.2 

10 0.6 

20 1.3 

30 2.1 

40 3 

50 4.3 

80 7 

100 10.6 

From Table 9, it can be concluded that for very low stroke speeds the 

acceleration distance needed for reaching the required speed is negligible. 

However, as the required speed is increased, the minimum distance needed 

for acceleration is also increased and cannot be neglected and must be taken 

into consideration when placing the puncher above the specimen.  

 

5.1.6 Performing the test 

For every test, the puncher was placed above the specimen at a certain 

distance and the stroke speed was entered to the test software 

The test was performed 14 times on 14 specimens and data from each test 

was collected. Each data file provided time, displacement and forces in the 

20 kN load cell and the built-in MTS 100 kN load cell. Figure 25 shows the 

state of the specimen before and after the test. 
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Figure 25. Specimen and test set up before and after applying the load . 

5.2 ABAQUS model of the testing. 

When the specimen is subjected to a dynamic impact load, large strains, as 

well as high strain rates occur. In order to have a proper response, large 

displacement, as well as dynamics, have to be taken into account when 

modeling the setup. The dynamic effects are of course just relevant for the 

high load application rates.   

A solid part of the specimen was created with geometry according the 

specimen dimension. Partitions were made in order to have a dense mesh in 

the center, which is essential when performing the Charpy V test. 

Geometrical entities were generated in order to apply boundary conditions 

and control the meshing of the specimen as demonstrated in Figure 26. 
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Figure 26. Modeling the specimen in ABAQUS 

The puncher dimension and geometry including the tip angle were modeled 

according to ASTM D7972-14 standard. See Figure 27. 

The puncher is considered to be elastic, with young modulus 210000 MPa 

and Poisson ration of 0.28. 

 

Figure 27. Modeling the puncher in ABAQUS 

The specimen and the puncher were assembled such that the puncher was 

positioned to be above the notch, just touching the top surface of the 

specimen. The specimen middle part has been meshed using an element size 

of approximation 0.2 mm. The global seed gives an element length of 

approximation 0.8 mm for the specimen. The puncher mesh has element size 

of 0.3 mm close to the top and 0.8 mm for the rest. See Figure 28. 
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. 

Figure 28. Specimen assembled and meshing specimen and puncher 

 

Simple supported conditions were applied at both ends of the specimen to 

simulate the two roller supports. Likewise, a third boundary condition 

controlling movement of the puncher at different speeds was applied to a 

control node located on the top surface of the puncher. 
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6. Results and Analysis. 

6.1 Dynamic three point bending test 

For each specimen, a data file was generated by the test machine software. 

This file provides displacement of the puncher and measured forces form 

both the 100 kN load cell and the added 20 kN load cell. 

6.1.1 Displacement-Load diagram: 

A graph of the load-displacement relation was made from the acquired data 

for each tested specimen. These graphs were assembled into two groups 

according to temperature; first group was at 22° C, whereas the second 

group was at -18 °C. Table 10 demonstrates the first group of the specimens 

and the corresponding result.  

 

Table 10.  The first group specimens, their stroke speed, maximum measured force, and displacement.  

Specimens’ temperature=22° C.   

 

 V mm/sec 


  (s-1) Pmax (kN) δmax (mm) 

1 0,0172 0.001 9,59 7,99 

2 0,172 0.01 9,95 5,98 

3 1,72 0.1 10,39 5,96 

4 17,2 1 10,67 5,33 

5 86 5 10,51 2,99 

In the table, v is the stroke speed (mm/sec), 


  is the strain rate calculated 

from (16), Pmax is the maximum load measured by the load cell, which is the 

force needed to initiate the crack. 

Figure 29 shows the load displacement relation of the first group of 

specimens and the force for initiating the crack tabulated. 
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Figure 29. Load-displacemnet for group one specimens T=22 °C 

 

From the results, it can be noted that the force needed to initiate the crack 

increases as the stroke speed increases, which is logical because the material 

resistance for high speed impact load is higher. Consequently, the nominal 

bending stress, according to (15), is also increased. 

In similar fashion, Table 11 and Figure 30 demonstrate the result of the 

second group of specimens. This group of specimens was tested at 

temperature -18 °C. 

 

Table 11. The second group specimens, their stroke speed, strain rates, maximum measured force and 

displacement. Specimens’ temperature -18 °C.   

 

 V mm/sec 


  (s-1) Pmax (kN) δmax (mm) 

1 0,172 0.01 10,26 6,00 

2 1,72 0.1 10,27 5,96 

3 9 0.523 10,44 5,66 

4 17,2 1 10,74 5,33 
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Figure 30. Load-displacement diagram for group two specimens T=-18° C 

 

For very low stroke speeds, i.e. strain rates, the material maintains a ductile 

behavior. On the other hand, as the stroke speed is increased, the material 

quickly changes its behavior and becomes brittle. For high stroke speeds and 

strain rates, the material acts brittle and fails directly after the crack is 

initiated. 

 

6.1.2 Absorbed Energy diagram 

The total energy Et can be divided into two parts; Ei which is the elastic/ 

plastic energy needed to initiate the crack and Ep the fracture energy, which 

is the energy required for the specimen to fail starting from the moment at 

which the crack is initiated, see Figure 31. From the load-displacement 

graph, these energies can be calculated by computing the area under the 

load-displacement curve. The total energy is the sum of both energies and 

can be calculated from 

pit EEE   (17) 
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Figure 31. Energy absorbed by the specimen in the load displacement diagram. 

 

Table 12 summarizes absorbed energy for the first group of specimens, i.e. 

at temperature T=22 °C. Similarly, Table 13 shows the results for the second 

group of specimens. 

As stated earlier, two specimens were tested at each speed. However, the 

results obtained were almost identical. In Figure 29 and Figure 30, it can be 

noted that curves for the same speeds were overlapping and cannot be 

separated without excessive zooming. 

  
Table 12.   Absorbed energy for the first group of specimens, when the temperature is T=22° C. 

 
V (mm/s) 



 strain rate  (s-1) Ei (J) Ep (J) Et (J) 

1 0.0172 0.001 3.69 5.418 9.114 

2 0.172 0.01 3.85 5.418 9.27 

3 1.72 0.1 3.73 5.449 9.176 

4 17.2 1 3.85 5.731 9.584 

5 86 5.23 3.66 4.667 8.331 
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Table 13.   Absorbed energy for the second group of specimens, when the temperature is T=-18°C. 

 
V (mm/s) 



 strain rate  (s-1) Ei (J) Ep (J) Et (J) 

1 0.172 0.01 3.981 4.428 8.32 

2 1.72 0.1 3.454 0.857 4.311 

3 9 0.523 3.257 0.873 4.13 

4 17.2 1 3.18 0.897 4.076 

 

Figure 32 and Figure 33 show the strain rate-absorbed energy diagrams for 

temperatures 22°C and -18
 
°C, respectively. 

 

 

Figure 32. Strain rate-Absorbed energy diagram, when the temperature is T=22 °C. 

 

 

Figure 33.  Strain rate-Absorved energy diagram, when the temperature is T=-18 °C. 
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For room temperature specimens, it can be noted that the absorbed energy 

almost remains the same as the stroke speed increases. However, for very 

high stroke speed, the absorbed energy starts to decrease slightly, due to the 

fact that the fracture energy decreases, as expected. 

For specimens tested in -18 °C, the absorbed energy decreases as the strain 

rate increases, due to the decrease in fracture energy. This can be attributed 

to the material brittle behavior, resulting to a smaller deformation before 

failure and therefore smaller absorbed energy.  

6.1.3 Bending stress-Strain diagram. 

Table 14 and Table 15 list the nominal bending stress, strain rate and stroke 

speed for temperatures 22
 o 

C and -18
 o
C, respectively. σb(max) is the 

maximum nominal bending stress calculated from (14). Figure 34 

demonstrates the strain rate-bending stress diagram for temperatures 22
 o
C 

and -18
 o
C, respectively. 
 

 

Table 14.   Stroke speed, Strain rate, and bending stress for temperature 22 °C. 

  V (mm/s) 


  (s-1)  σbmax (N/mm) 

1 0.0172 0.001 899.37 

2 0.172 0.01 932.48 

3 1.72 0.1 973.88 

4 17.2 1 1000.2 

5 86 5.23 985.31 

 

 

Table 15.   Stroke speed, strain rate and bending stress for temperature -18°C.  

  V (mm/s) 


  (s-1)  σbmax (N/mm) 

1 0.172 0.01 961.5 

2 1.72 0.1 963.187 

3 9 0.523 978.469 

4 17.2 1 1007 
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Figure 34. Bending stress- strain rate daigram when T=22°C and T=-18 °C 

6.1.4 Comments on the 100kN load cell results. 

As stated earlier, data is acquired from both 100 and 20 kN load cells. 

Theoretically, the forces measured should show the same value. However, 

for high speeds, there is a small difference because of the large mass of the 

grip attached to the 100 kN MTS load cell. This difference is clearly 

observed when rapid changes of the force value occur, i.e. when the 

specimen at low temperature fails. During those events, the 20 kN load cell 

is able to measure the forces accurately since it is mounted close to the 

puncher unlike the 100 kN cell, which is affected by the inertia force. 

6.1.5 Identification of the material parameters in ABAQUS modeling. 

In order to simulate the test and model it properly in ABAQUS, certain 

material parameters related to fracture energy and yield stress are required as 

an input into the software. These parameters were acquired as following:  

From Table 12, for the fourth specimen with stoke speed 17.2 mm/sec and 

temperature 22
 o 

C, the facture energy Ep was 5.7 J. However, in ABAQUS 

model, the units N, mm and s are used. Therefore, the fracture energy value 

was multiplied by 10
3
 and divided by the beam mid-section cross area, 

which is 10x 8 mm
2
, hence 

mmNE p /71
108

107.5 3





  

 

(18) 
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The yield and ultimate tensile stress are taken from Table 6. These values 

are obtained from the material tests previously carried out on four specimens 

of the same material.  

At the yielding point, the strain can be calculated; 

3

3
102.2

10210

470 


  (19) 

At this point there are no plastic deformations; therefore the equivalent 

plastic strain is equal to zero.  

The hardening of the test specimen material is assumed to follow the graph 

in Figure 35, where the yield stress is shown as a function of the equivalent 

plastic strain.  

 

Figure 35. Tensile Stress- Plastic Strain relation. 

 

The crack initiation condition is assumed to trigger on the normal stresses 

perpendicular to the crack propagation direction. The condition is set to 

stress value of 525 MPa. 
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6.2 Results From ABAQUS Modeling: 

Due to time limitations, just one simulation of the test was done in 

ABAQUS. The simulation corresponds to a test with a stroke speed of 17 

mm/sec at room temperature. 

The resulting force-displacement diagram was extracted from the software 

and is shown in Figure 36. 

 

 

Figure 36. Bending stress- strain rate diagram when T=22 °C from ABAQUS model. 

 

The load-displacement diagram from ABAQUS is quite compatible with the 

corresponding test result. It can be seen how the force increases until it 

reaches the maximum value at which the crack is initiated. After this point, 

the force starts to decrease as the crack propagates. 

For the purpose of comparing the results from the test and ABAQUS model, 

both curves are illustrated in Figure 37. It can be noted that the curves are 

quite similar. However, in the ABAQUS model, the crack force and the 

absorbed energy are higher, whereas the displacement needed to initiate the 

crack is lower. 
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Figure 37. Bending stress- strain rate diagram when T=22 °C 

Table 16 illustrates the difference between results obtained from the test and 

the ABAQUS model. A relatively small difference in the peak force can be 

noted, the model gave a higher value of approximately 7%. 

The stiffness of the beam in the phase before crack initiation is different 

between the model and the test. This can be attributed to the fact that the 

MTS machine takes into account the deformations in the fixture and the 

puncher, whereas the ABAQUS model does not include these parts. 

After the crack initiation occurs, the fracture energy Ep is higher in the model 

than in the test. Since a plasticity model is used in the uncracked region, 

energy is dissipated both when plastic deformation develops and when the 

crack opens. To avoid this mixture, traction –displacement relation of the 

crack also allowing for plastic deformation while the crack is opening should 

be used. However, to develop such model is beyond the scope of this thesis.         

Table 16. Comparison between the facture force, the elastic energy and the plastic energy attained 

from the MTS 810 and the ABAQUS model 

 MTS 810 ABAQUS Model 

Pmax (kN) 10.7 11.5 

Ei (J) 3.9 2.9 

Ep (J) 5.7 10.7 

Et (J) 9.6 13.6 

Figure 38  illustrates the progress of the crack propagation in the ABAQUS 

model and how the crack starts at the notch and grows upwards, towards the 

top surface. Moreover, the figure shows the von Mises stress value in 

different areas of the beam and how it develops as the crack propagates. 
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Figure 38. The crack progress and stress distribution in the ABAQUS model. 
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7. Discussion 

7.1 Dynamic three point bending tests 

When comparing test results for 22 °C and -18 °C specimens, the later ones 

require larger force to initiate the crack and had negligible deformation 

before failure, thereby a more brittle behavior.  

When comparing the -18 °C temperature specimens with the 22 °C ones, the 

frozen specimens had lower absorbed energy due to the decrease in the 

fracture energy, whereas the elastic energy did not change much. 

In room temperature, the maximum bending stress increases as the strain 

rate increases, as explained earlier. However, for the fifth specimen with a 

stroke speed of 86 mm/sec and strain rate of 5.23, the bending stress 

decreased unexpectedly compared to the fourth specimen with strain rate of 

1 s
-1

. This can be attributed to the fact that the machine data acquisition 

frequency is limited to 1024 Hz, this means that only 1024 data can be 

collected per second. Therefore the load most likely reached its peak at a 

value higher than 10.67 kN, see Figure 39 and Figure 40.  

 

 

Figure 39. Corrected P max- strain rate diagram when T=22 °C 
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Figure 40. Data acquisition in Load displacement diagram for T=-18 °C 
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8. Conclusions 

 

In room temperature, the tested predominantly Ferritic Ductile Iron has high 

ductility even for high strain rates; therefore no transition from ductile to 

brittle behavior can be identified from the tests. Moreover, peak force and 

the crack initiation stress are somewhat dependent on the strain rate. 

A clear transition from ductile to brittle behavior can be noted at -18 °C. 

Only at very low strain rates the tested Ductile Iron remains ductile. 

For a constant strain rate, the fracture energy at -18 °C is lower than in room 

temperature, whereas the elastic energy and the crack force remain almost 

unaffected. 

ABAQUS model results are compatible with the test to a high extent. 

However, the resulting peak force and beam stiffness are slightly higher due 

to the fact the model does not take into account the deformations in the 

fixture and the puncher. 
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