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ABSTRACT

In automobile and aerospace industries, thin-walled tubular structures have been widely

used as key components to improve energy absorption capacity under axial compressive

loads, which play an important role in improving the vehicle crashworthiness without

increasing body weight. In this project, low carbon steel has been used to study the

effect of loading rate onto sheet metal. Metallurgical study carried out to identify

microstructure, chemical composition and hardness test of low carbon steel. From

tension test at 0.001/s strain rate, stress-strain curve develop to identify the mechanical

properties. Johnson –Cook model technique is adopted and parameters of Johnson –

Cook model (A, B, C, m and n) have been extracted and use in FE simulation. Strain

gauge rosette inserted on the center of the tube to determine strain at specific points on

the structure. Wood of 10mm inserted at the top and bottom of the tube to avoid

localized buckling. Then, axial compression test has been conducted experimental and

FE simulation to validate the results.
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ABSTRAK

Di dalam industri automobil dan aeroangkasa, struktur tiub berdinding nipis telah

digunakan secara meluas sebagai komponen yang penting untuk meningkatkan

keupayaan penyerapan tenaga di bawah beban mampatan paksi, yang memainkan

peranan penting dalam meningkatkan kebolehpercayaan kemalangan tanpa

meningkatkan berat badan kenderaan. Dalam projek ini, keluli karbon rendah telah

digunakan untuk mengkaji kesan kadar bebanan ke atas kepingan logam itu. Kajian

Metalurgi dijalankan untuk mengenalpasti mikrostruktur, komposisi kimia dan ujian

kekerasan untuk keluli karbon rendah. Lengkung tegasan-terikan dihasilkan daripada

ujian ketegangan pada kadar 0.001/s untuk mengenalpasti sifat-sifat mekanik. Teknik

model Johnson-Cook digunakan dan parameter seperti (A, B, C, m dan n) juga diestrak

dan digunakan untuk proses simulasi. Tolok tekanan roset diletakkan di tengah-tengah

tiub untuk menentukan tekanan pada titik tertentu pada struktur tersebut. Kayu

berukuran 10mm dimasukkan di bahagian atas dan bawah tiub untuk mengelakkan

lengkokan setempat. Kemudian, ujian mampatan dijalankan sebagai eksperimen dan

simulasi adalah untuk pengesahan keputusan.
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CHAPTER 1

INTRODUCTION

1.1 Background of Study

Automobile structures as shown in figure 1.1 are usually made up of thin-walled,

steel plates and metal sheets, subjected to complex loading in a crash event. These

structures are widely adopted as main energy absorber for crashing protection

attributable to their deformation pattern and energy absorption capacity. The energy

absorption capabilities of such structures play an important role due to their high

efficiency and cost- effectiveness. With the aid of Finite Element simulation and

accurate constitutive model is employed, deformation and failure of sheet metal

structures can be characterized after considering careful designed aspects while

performing the simulation [1-2].
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Figure 1.1 Structure of automobile

1.2 Problem Definition

Thin-walled metal tubes with different cross-sections are widely used as energy

absorbing structural components in high-volume industrial products such as cars, trains

etc. Large deformation occurred when exposed to the crash event. However, expensive

apparatus need to conduct an experiment to analyze the behavior after subjected certain

loading rate. Thus, finite element simulation is utilized and validates the results with

experiment.
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1.3 Objectives

The objectives of the project are as follows:

1. To develop a validated FE model of thin-walled steel tube.

2. To establish large deformation characteristics of thin-walled tubular structures

when subjected to axial compressive load.

1.4 Scope of Study

The scope of study covers the following points which are as follows:

1. Tension test conducted of extracting Johnson-Cook parameters extraction.

2. Deformation behavior of thin-walled tubular structures involving large plasticity,

stress analysis, damage models for metallic materials.

3. Abaqus Finite Element software for simulation of deformation and failure of

thin-walled steel structures.

4. Low carbon steel applications consist of axial compression test of thin-walled

tube.
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1.6 Significant of results

The significance of result is to design a car structure to ensure passenger’s safety

during crashworthiness and is the desire for cost-to-weight effectiveness. And to

demonstrate the results from FE simulation using material Johnson Cook model with

experimental results. Predictive capability of the model is measured to establish the

behaviour of sheet metals when subjected to various rate of loading.



53

REFERENCES

1. Huh, H., Song, J. H., Crashworthiness Assessment of Auto-body Members

Considering the Fabrication Histories, Department of Mechanical Engineering,

2003.

2. Frontal Impact Testing Protocol, European New Car Assessment Programme

(NCAP), Version 5, 2009.

3. Kumar, S. R., Design of Steel Structures, Indian Institute of Technology Madras,

2006.

4. Roylance, D., Stress-Strain Curves, Department of Materials Science and

Engineering, 2001.

5. Johnson, W., Mellor, P. B., Engineering Plasticity, Ellis Horwood Limited, 1972.

6. Johnson, G. R., Cook, W. H., A Constitutive Model and Data for Metals

subjected to Large Strains, High Strain Rates and High Temperatures, Proc.

Seventh Int. Symp. on Ballistic, pgg. 541-547, 1983.

7. Abdelraouf, A. S., Behaviour of Thin-walled Structures under combined Loads,

Loughborough University of Technology, 1985.

8. Mohri, F., Bouzerira, C., Lateral buckling of Thin-walled Beam-column

Elements under Combined Axial and Bending Loads, Thin-walled Structures,

Vol. 46, pg 290-302, 2008.



54

9. Derrick, C. Y., Yap, B. E., Interaction Buckling and Post buckling in the

Distortional Mode of Thin-walled Sections, Centre for Advances Structural

Engineering, 2006.

10. Teter, A., Static and Dynamic Interactive Buckling of Isotropic Thin-walled

Closed Columns with Variable Thickness, Thin-walled Structures, Vol. 45, pg.

936-940, 2007.

11. Nina, M. A., Torsional Analysis of Open Section Thin-walled Beams, FME

Transactions, Vol. 40, pg. 93-98, 2012.

12. Lee, J. H., Local Buckling Behaviour and Design of Cold-Formed steel

Compression Members at Elevated Temperatures, Queensland University of

Technology, 2004.

13. Charles, L. M., Glow Discharge Atomic Emission Spectrometry, ILAP

Conference, 2008.

14. Glow Discharge Spectroscopy, Leco, 2004.

15. Ogawa, K., HREM Observations of Continuously Changing Intermediate

Structures between f.c.c and b.c.c at the Austenite-Martensite Interface, Journal

de Physique IV, 1997.

16. Greer, J. R., Comparing the strength f.c.c. and b.c.c. sub-micrometer pillars:

Compression Experiments and dislocation dynamics simulations, Materials

Science and Engineering, pg. 21-25, 2008.

17. Johnson, W., Mellor, P. B., Engineering Plasticity, Ellis Horwood Limited, 1972.

18. Standard Test Methods for Tension Testing of Metallic Materials, E8/E8M-11,

ASTM, 2012.

19. Lagace, P. A., Plane Stress and Plane Strain, Fall, 2002.

20. Development of the Plane Stress and Plane Strain Stiffness Equations, Finite

Element Methods in Structural Mechanics, CIVL, pg 244-285.



55

21. Niechajowicz, A., Apparent Young Modulus of Sheet Metal after Plastic Strain,

Archives of Metallurgy and Materials, Vol. 55, pg 409-420, 2010.

22. Alan, C. T., High Strain Rate Characterization of Advanced High Strength

Steels, 2006.

23. Schwer, L., Optional Strain-Rate Forms for the Johnson Cook Constitutive

Model and the role of the Parameter Epsilon_01, LS-Dyna Anwenderforum,

Impact, 2007.

24. Armstrong, R. W., Walley, S.M., High Strain Rate Properties of Metals and

Alloys, International Material Reviews, Vol. 53, pg 105-128, 2008.

25. Rohr, I., Nahme, H., Material Characterization and Constitutive Modelling of

Ductile High Strength Steel for a Wide Range of Strain Rates, International

Journal of Impact Engineering, Vol. 31, pg. 401-433, 2005.

26. Reyes, A., Hopperstad, O.S., Modeling of Textured Aluminium Alloys Used in a

Bumper System: Material Tests and Characterization, Computational Materials

Science, Vol. 37, pg 246-268, 2006.

27. Jonas, A. Z., Nicholas, T., Impact Dynamics, John Wiley and Sons, 1982.

28. Lin, Y. C., Chen, X. M., A Modified Johnson-Cook Model for Tensile Behaviors

of Typical High-Strength Alloy Steel, Materials Science and Engineering A, Vol.

527, pg. 6980-6986, 2010.

29. Meyrick, G., Physical Metallurgy of Steel, 2001.

30. Kumar, S. R., Design of Steel Structures, Indian Institute of Technology Madras,

2006.

31. Sullivan, J. F., Technical Physics, Wiley, 1998.

32. Samsudin, M. S., Investigation on the Different Types of Materials of Joining for

Automotive Panel, 2007.



56

33. Hollow Structural Sections Dimensions and Sections Properties, Steel Tube

Institute, AISI.

34. Compression mounting, Pace Technologies.

35. Donald, C. Z., Metallographic Specimen Preparation Basics, Ph.D. dissertation,

Pace Technologies.

36. Choi, Y., Walter, M. E., Observations of Anisotropy Evolution and Identification

of Plastic Spin Parameters by Uniaxial Tensile Tests, Mechanics of Materials

and Structures, Vol. 1, pg. 303-325, 2006.

37. Klepaczko, J. R., Quasi-static and Dynamic Shearing of sheet metals, Eur. J.

mech. A/Solids, Vol. 18, pg 271-289, 1999.

38. White MD, Jones N. Experimental quasi-static axial crushing of top-hat and

double-hat thin-walled sections. Int J Mech Sci 1999;41(2):179–208.

39. White M D, Jones N. Experimental study into the energy absorbing

characteristics of top-hat and double-hat sections subjected to dynamic axial

crushing. Proc Instn Mech Engrs, Part D, J Automobile Engineering

1999;213(3):259–78.



viii

TABLE OF CONTENTS

CHAPTER TITLE PAGE

DECLARATION

DEDICATION

ACKNOWLEDGEMENT

ABSTRACT

ABSTRAK

TABLE OF CONTENTS

LIST OF TABLES

LIST OF FIGURES

LIST OF ABBREVIATIONS

LIST OF SYMBOLS

ii

iii

iv

vi

vii

viii

x

xi

xiii

xiv

1 INTRODUCTION 1

1.1 Background of study 1

1.2 Problem definition 2

1.3 Objectives 3

1.4 Scope of study 3

1.6 Significant of findings 4

2 LITERATURE REVIEW 5

2.1 Metallurgy of steel 5

2.2 Stress-strain behavior of low carbon steel 8



ix

2.2.1 Plane stress and plane strain 13

2.3 Johnson-Cook material model 15

2.4 Compressive behavior of thin-walled structure 18

3 RESEARCH METHODOLOGY 21

3.1 Project execusion 21

3.2 Material & metallurgical characterization 23

3.3 Tension test 24

3.4 Johnson-cook parameters 24

3.5 Axial compression test on thin walled tube 28

3.6 FE simulation 30

3.6.1 Axial compression test on thin-walled

tube

30

4 RESULTS AND DISCUSSION 32

4.1 Introduction 32

4.2 Material and metallurgical characterization 33

4.3 Stress-strain curve 36

4.4 Johnson-cook model parameters 37

4.5 Validation test data 40

4.6 Mesh convergence study 41

4.7 Axial compression test 42

4.7.1 Unloading condition of axial

compression test

46

4.7.2 Instrumented(Rosette) 47

4.8 Summary 49

5 CONCLUSION AND RECOMMENDATION 51

5.1 Conclusion 51

5.2 Recommendation 51

REFERENCES 53



x

APPENDIX 57



xi

LIST OF TABLES

TABLE NO. TITLE PAGE

2.1

2.2

4.1

4.2

JC model parameters for 4340 steel

JC model parameters for A36 steel

Chemical composition of LCS

Parameter values for JC model of LCS

16

17

33

39



xii

LIST OF FIGURES

FIGURE NO. TITLE PAGE

1.1

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

2.10

2.11

2.12

2.13

3.1

3.2

Structure of automobile

Atomic arrangements in metallic crystal structure

Iron-Carbon diagram

Tension test

Engineering stress-strain curve of LCS

Initial portions of engineering stress-strain curve of LCS

Necking formations for tension test specimen

Comparison between engineering stress-strain curve and

true stress-strain curve of low carbon steel

Loading and unloading in a tension test

Plane stress and plane strain states

Comparison between JC model and experimental result

for 4340 steel

Comparison of JC model with A36 steel at nominal strain

rate 1 /s and quasi-static strain rate 1.9 x 10-4 / s

Load-displacement curves for (a) a perfect column and

(b) a thin plate

Buckling modes of thin-walled structures

Operational plan of the project

Geometry of tension test coupon (Dimension in mm)

2

6

7

8

9

10

11

11

13

14

16

17

19

19-20

22

24



xiii

3.3

3.4

3.5

3.6

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15

4.16

4.17

Flowchart to determine JC material model parameters

Geometry of the thin-walled tube in axial compression

test setup

Strain gauge rosette

Geometry, loading and boundary condition

Microstructure of LCS

Hardness test of LCS sheet across the welded region

Stress vs. strain

Parameter A, B and n for JC model

Parameter C for JC model

Comparison of experiment and model fitting

Variation of Von mises stress fiel with mesh size

Load displacement curve

Comparison of results

Energy absorption from FEM

Thin-walled tube under compression loading

Maximum stress and PEEQ

Unloading Condition of Axial Compression Test

Von-misses Stress vs. Displacement of Unload Condition

Strain-displacement curves till 22mm

Principal Strain-displacement curves till 2mm

Von misses stress-displacement curves

25

28

29

31

34

35

36

37

38

40

41

42

43

44

45

45

46

47

48

48

49



xiv

LIST OF ABBREVIATIONS

FE

FEM

FCC

BCC

HCP

LCS

HSLA350

TRIP590

HSLA-65

JC

SHS

GDS

AES

ASTM

ETOTAL

ALLIE

ALLKE

PEEQ

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Finite Element

Finite Element Method

Face centre cubic

Body centre cubic

Hexagonal close packed

Low carbon steel

High strength low alloy 350

Transformed-induced plasticity 590

High strength low alloy 65

Johnson-Cook

Square Hollow Section

Glow Discharge Spectrometer

Atomic Emission Spectroscopy

American Society for Testing and Materials

Total Energy

Internal Energy

Kinetic Energy

Equivalent Plastic Strains



xv

LIST OF SYMBOLS

E - Young’s modulus

s - Engineering stress

e - Engineering strain

σy - Yield stress

ߪ - True stress

ߝ - True strain

P - Load

A - Current cross-sectional area

Ao - Original cross-sectional area

L - Current length

Lo - Original length

δ - Controlled displacement

݀ ௧߳ - Logarithmic strain

ܮ݀ - Change in displacement

ܸ݀ - Change in volume

௫ߪ - Normal stress at x-direction

௬ߪ - Normal stress at y-direction

௭ߪ - Normal stress at z-direction

௫߬௬ - Shear stresses at x-y plane

௫߬௭ - Shear stresses at x-z plane

௬߬௭ - Shear stresses at y-z plane



xvi

௭ߝ - Normal strain at z-direction

௫௭ߛ - Shear strain at x-z plane

௬௭ߛ - Shear strain at y-z plane

PC - Euler load or critical buckling load

α - Ferrite

γ - Austenite

ߝ̇ - Strain rate

T - Temperature

௠ܶ - Melting temperature

A - Johnson-Cook material constant

B - Johnson-Cook material constant

n - Johnson-Cook strain hardening

C - Johnson-Cook strain rate sensitivity

m - Johnson-Cook temperature sensitivity

∗ߝ̇ - Johnson-Cook dimensionless strain rate

଴̇ߝ - Johnson-Cook nominal strain rate

ܶ∗ - Johnson-Cook homologous temperature

௥ܶ - Johnson-Cook reference temperature




