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Abstract of thesis presented to the senate of Universiti Putra Malaysia in fulfillment
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AUTOMOTIVE BUMPER BEAM

By

MAJID DAVOODI MAKINEJAD

January 2012

Chairman: Mohd Sapuan Salit, PhD, PEng

Faculty: Engineering

Bumper is one of the important safety components of the passenger car. It has to

withstand the low-impact collision from the external objects without severe damages

as well as absorb the significant impact load during crushing. The estimated annual

car productions show 76 million vehicles until 2020, so the End of Life Vehicles

(ELV), which is being driven by European Union regulations, enforced the car

manufacturers to consider the environmental impact by shifting from synthetic

materials to agro-based materials. Hybridization of natural fibres with glass fibres

provides a method for mechanical property's improvement. Kenaf is extracted from

the bast of the annual fast-growing plant named Hibiscus cannabinus, which is

considerably grown in Malaysia. The research initially commenced by investigating

the bumper beams in local and imported passenger cars in Malaysia to find geometry

(overall dimension, thickness, longitudinal radius), material (type, estimated

ingredient, estimated production method) and energy damping system (five damping

mechanism). Consequently, the hybrid kenaf/glass epoxy as composite and modified

sheet moulding compound (SMC) as manufacturing method is selected. After some
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preliminary trial, it is concluded that material makes from 2 plies of kenaf and 3 plies

of fibre glass, with fibre orientation (0, 90, 0, 90, 0). The fibres are fixed onto a thin

steel frame, while they were stretched by a fixture. Epoxy and hardener with 100: 14

wit % sprayed on them and pressed into a controlled heat and pressure sealed steel

mould. The results indicated that, apart from impact property, other mechanical

properties such as tensile strength, Young's modulus, flexural strength and flexural

modulus are comparable with glass mat thermoplastic (GMT). Since the impact

property did not fulfill the common bumper beam material GMT, in second step, 5

wit % polybutylene terephthalate (PST) was used to improve the epoxy toughness

and impact properties with a low thermo-mechanical drawback. The impact property

was improved by only 54%, which was lower than the GMT. The third part of the

research concentrated on improving the geometrical structure by selecting the best

bumper beam concept to fulfill the safety parameters of the pre-defined product

design specification (POS). The mechanical properties of the developed hybrid

composite material are considered for whole bumper beam concepts with the same

frontal curvature, thickness, and overall dimensions. The low- speed impact test was

simulated under the same condition in ABAQUS V 16R9 software. Six weighted

criteria consisted of deflection, strain energy, mass, cost, easy manufacturing, and

the possibility of the ribs were analyzed to form an evaluation matrix. TOPSIS

method was employed to select the best concept. It was concluded that double hat

profile (OHP) is a more suitable concept for bumper beam. Finally, the low impact

test was carried out to the selected bumper beam concept (OHP) when the vertical

strength ribs were added. The results showed that the deflection decreases by 11%

and the strain energy increased by 11.3% compare with unribbed bumper beam.

Overall, it was concluded that the mechanical properties of the PBT toughened
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hybrid kenaf/glass epoxy composite under controlled SMC manufacturing method

can enhance the structural strength and could be potentially employed in the

automotive structural component.
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RASUK BAM PER AUTOMOTIF
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MAJID DAVOODI MAKINEJAD

Januari 2012

Pengerusi : Mohd Sapuan Salit, PhD, PEng

Fakulti : Kejuruteraan

Bamper adalah salah satu komponen keselamatan penting bagi kereta. la perlu

menahan pelanggaran hentaman rendah daripada objek luar tanpa kerosakan teruk

dan juga menyerap bebanan hentaman yang signifikan semasa penghancuran. Oleh

kerana anggaran pengeluaran kereta tahunan menunjukkan 76 juta kenderaan

sehingga tahun 2020; Kenderaan Akhir Hayat (EL V), yang didorong oleh peraturan

Kesatuan Eropah, menguatkuasa pengilang mempertimbangkan impak persekitaran

and peralihan daripada bahan sintetik kepada bah an asas tani. Penghibridan gentian

asli dengan gentian kaca memberikan satu kaedah untuk penambahbaikan sifat

mekanikal, Kenaf diekstrak daripada kulit bagi pokok yang cepat membesar tahunan

bernama Hibiscus cannabinus, yang ditanam di Malaysia. Penyelidikan ini pada

mulanya tertumpu kepada kajian rusuk bumper dalam kereta tempatan dan import di

Malaysia bagi mendapatkan geometri (dimensi keseluruhan, ketebalan, jejari

longitud) bah an Genis, rumuan anggaran, kaedah penbuatan anggaran dan sistem

redaman tenaga (lima mekanisme redaman. Seterusaya, epoksi kenaf/kaca hibrid
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sebagai komposit dan sebatian pengacuan keping (SMC) yang diubahsuai sebagai

kaedch pembuatan telah dipilih. Selepas beberapa ujian awal, bahan yang dibuat

daripada 2 lapis kenaf dan 3 lapis gentian kaca, dengan penghalaan (0,90,0,90,0)

telah dipilih. Gentian dipasangkan ke kerangka keluli nipis, di mana bahan ini telah

diregangkan oleh satu lekapan. Epoksi dan pengeras dengan nisbah 100: 14 mengikut

peratusan berat telah disembur ke atas bahan tersebut dan ditekan ke dalam sebuah

acuan keluli kedap yang dikawal haba dan tekanannya. Keputusan menunjukkan,

selain daripada sifat hentaman, sifat mekanikal yang lain seperti kekuatan alah,

modulus Young, kekuatan lenturan dan modulus lenturan adalah setanding dengan

termoplastik tikar kaca (GMT). Oisebabkan ketidakupayaan memenuhi sifat

hentaman bagi bahan rasuk bam per GMT, berikutnya, penguatan polibutilena

tereftalat (PBT) sebanyak 5 % mengikut berat telah digunakan bagi meningkatkan

sifat keliatan dan hentaman epoksi dengan kelemahan termo-rnekanikal yang rendah.

Sifat hentaman telah meningkat sebanyak 54%, yang mana lebih rendah daripada

GMT. Bahagian ketiga penyelidikan memberi tumpuan kepada pemilihan geometri

yang terbaik bagi konsep rasuk bamper bagi memenuhi parameter keselamatan

spesifikasi reka bentuk produk (POS) yang telah ditetapkan. Sifat mekanikal bagi

bahan komposit hibrid yang dibangunkan telah dipertimbangkan untuk pelbagai

konsep rasuk bam per dengan kelengkungan frontal, ketebalan dan dimensi

keseluruhan yang sarna. Ujian hentaman kelajuan rendah telah disimulasi di bawah

keadaan yang sarna dalam perisian ABAQUS V16R9. Enam kriteria berpemberat

terdiri daripada pesongan, tenaga terikan, jisim, kos, pembuatan mudah, dan

kemungkinan untuk memasukkan rusuk telah dianalisis bagi membentuk satu matrik

penilaian. Kaedah TOPSIS telah digunakan bagi memilih konsep yang terbaik.

Kesimpulannya, konsep profil topi duaan (DHP) dengan model bahan yang ditakrif
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adalah lebih sesuai untuk rasuk bamper. Akhirnya ujian hentaman rendah telah

dijalankan ke atas konsep rasuk bumper terpilih (DHP) setelah rusuk kekuatan tegak

ditambah. Keputusan menunjukkan bahawa pesongan berkurangan sebanyak 11%

dan tenaga terikan bertambah sebanyak 11.3% berbanding dengan rasuk bumper

tanpa rusuk. Secara keseluruhannya, dapat dibuat kesimpulan bahawa sifat

mekanikal komposit kaedah pembuatan SMC terkawal boleh meningkatkan kekuatan

struktur automotif ..
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CHAPTER 1

INTRODUCTION

1.1 Background

Automotive productions have grown in recent century while environmental,

economic and technological reasons enforced car manufacturer and engineers to look

for new materials which will decrease cost, fuel consumption, and increase

performance while, maintaining their competitive edge and profit margin (Hess, et

aI., 1996; Mair., 2000). The energy consumption and emissions was decreased by the

automotive weight reduction. Moreover, new regulation "End-of-Life-Vehicle-

Directive" led car manufacturers to substitute renewable natural resources, which

produce green product, reduce CO2 emissions as well as save the conventional fossil

resources (Mohanty, et aI., 2002). Expectations were that about 70% of the energy

consumption and C02 emissions were caused by the car (ACEA, 2002). Besides, if

25% weight of the vehicles are reduced, it is capable of saving up to 250 million

barrels of crude oil (Mair, 2000).

Scientists and technologists recently concerned about natural fibres due to low

density, cost, low production energy requirement, lower tool wearing rate, good

formability, suitable acoustic, renewability and thermal insulating as well as no

splintering functions. Therefore, the application of bio-composite's is rapidly

growing in past two decades (Wambua, 2003), but low mechanical properties limit

their use in automotive non-structural and semi-structural components. Natural fibre

hybridization with glass is capable of enhancing the strength of the composite and
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impact on different stress modes which depend on the construction and design (Ray

and Rout 2005). The low-impact property of composite materials can be enhanced by

incorporation of discrete layers of tough resin (interleaving), introduction of z-

directional fibre (stitching) and addition of whiskers or short fibres to the inter-

laminar zone (supplementary reinforcement). Moreover, thermoplastic (PBT) epoxy

toughening improvement may assist to overcome the desired deficiency of composite

material with structure-less morphology under SMC controlled manufacturing

condition.

Studies on the comparison between metal bumper beam with impact analysis of

common bumper beam, metal, sheet moulding compound (SMC), glass mat

thermoplastic (GMT) and the effect of design parameters in energy absorption have

been reported (Hosseinzadeh, et al., 2005; Marzbanrad, et al., 2009). Moreover,

improvement of the epoxy toughness was used in synthetic composite toughness

improvement. In the present study is aimed at developing a hybrid kenaf/glass epoxy

composite and design parameters, which can be compared with GMT. In addition,

the toughness improvement of the hybrid bio-composite epoxy, with kenaf

temperature limitation, was also investigated. The thermoset matrix composites are

not as easy recyclable as a thermoplastic composite, but the demand for improved

recycling concepts of thermoset material can substitute it by thermoplastic matrix

(Bruijn,2000).

2
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1.2 Problem statement

Automobile productions have increased in the last 20 years. According to estimation

of the Organization for Economic Cooperation and Development (OECD), the total

number of vehicles was expected to grow by 32% from 1997 to 2020. The concerns

of End of Life Vehicle Recycling, which was driven by European Union regulations,

have forced car manufacturers to look for new materials (natural resources) for their

upcoming product with 95% (biodegradable) and 85% (recyclable) until 2015.

Furthermore, the low density of natural fibers compare with synthetic fibers reduces

the car weight between I0% to 30% and will reduce fuel consumption. It is estimated

a weight reduction up to 25% in each vehicle cause an equal reduction in carbon

dioxide (C02) discharged and saving 250 million barrels of crude oil (Mair, 2000).

So, car manufacturers focused on natural fibre composite in place of traditionally

used steels.

Limitation of the world's petrol based resource as a main raw material for car

manufacturers and possibility of escalation of price rate in the future, is another

major factor to utilize bio-composites for price and weight reduction of vehicles.

Moreover, abundant resources of natural fibres in many nations as well as the low

cost encouraged manufacturers to use more natural resources in their future products.

Occupational health benefits compared with petrol based material during production.

No off-gassing of toxic compounds (in contrast to phenol resin bonded wood and

3
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recycled cotton fibre parts) is another issue of production of polymer based material

compared with natural fibres (Claudette, 2006).

Kenaf reported a high modulus 40-53 GPa due to rich cellulose content (about 53-57

wt. %) (Akil, et al., 2011). It has a very high capability to absorb carbon dioxide

about 3 - 9 times more than average and generate extra oxygen. It herbaceous annual

plant can grow to 3-4 m in less than in 5 to 6 months in many regions with less water

than traditional crops and have a good performance to price ratio (Nishimura, 2006).

Low mechanical properties of the natural fibers confine their application to

automotive non-structural and semi structural components. The impact properties of

the bio-composite material can be enhanced by fibre (hybridization), matrix

(toughened epoxy) and manufacturing (SMC) improvements. Hybridization of

natural fibre with glass fibre (Samal, et al., 2009) (Mehta, et al., 2005) and Z-

direction reinforcement method can improve the impact property, delamination

resistance and fracture toughness (Nashed, et aI., 2011), but Z-direction

reinforcement needs special equipment for stitching the fibre in the laminate (Tong,

et al., 2002). The main deficiency of epoxy (impact property) can be significantly

increase by toughening (double phase morphology) and tlexibilisation (single phase

morphology) method. Toughening offers impact enhancement without deterioration

of thermo mechanical properties. Thermoplastic toughening presents lower

degradation of epoxy stiffness and modulus compare with liquid rubber toughening

and rigid particle toughening. Low molecular weight and unreactive thermoplastics,

polyether sulfone, (PES), did not increase fracture toughness significantly (C. B.

Bucknall and Partridge, 1983). Crystalline thermoplastics (PBT) present significant

epoxy toughening improvement with elevated temperature. (Nichols and Robertson,
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1994) found 5 wt. % PBT was able to increase the fracture energy (Glc) of a brittle

epoxy from 180 to 2000 J/m2 with proper control of morphology.

This study focused on improving the mechanical properties of kenaf fibre by

hybridization with glass fibre and improving the impact property of epoxy by

thermoplastic (PBT) toughening as well as using modified SMC manufacturing

method. The possibility of utilization the developed material for automotive

structural components (bumper beam) is investigated by simulating the low impact

test.

1.3 Research objectives

The general objective of this research is to explore the possibilities of using

toughened hybrid kenaf/glass epoxy composite in automotive structural components

and comply with the low speed impact test, which is defined in product design

specification (POS). The specific objectives of this study can be summarized as

follows:

• To develop a hybrid kenaf/glass epoxy composite material for automotive

structural components (bumper beam).

• To improve the impact properties (toughness) of developed hybrid

kenaf/glass epoxy composite by thermoplastic toughening (PBT).

• To improve the geometrical property of the bumper beam by selecting the

best concept and adding strengthen ribs and verify it by finite element

method based on bumper safety standard.
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1.4 Significance of study

The significance of this study is on the use of hybrid kenaf/glass fibre reinforced

composites for use in automotive structural components, instead of typical bumper

beam material, glass mat thermoplastic (GMT). Kenaf has a process limitation

temperature. Investigation was performed to improve the epoxy toughness by the use

of 5 w/t% polybutylene terephthalate (PBT) in developed hybrid material by

structure-less morphology to produce the hybrid sheet under controlled SMC

manufacturing condition. Moreover, the effect of geometrical parameters in the

desired application was analysed using ABAQUS FEA software.

1.5 Scope and limitation of study

This study involves improvement of the main mechanical properties of the hybrid

bio-composite material for use in automotive structural components by hybrid

kenaf/glass fibre. The product design specification was organized based on the

available data, and the low-impact test was simulated by ABAQUS V 16R9 software

in order to comply with the safety mode of defined product design specification

(POS). There are various parameters for structural improvement (cross-section,

thickness, fixing method, frontal curvature and strength ribs).

This study focused on concept selection within six studied parameters (deflection,

strain energy, product weight, adding rib possibility, easy manufacturing and

material cost). The real low speed impact test comprises all bumper components,

which is not possible for the author to model all components. The simulated test was

conducted in assembled bumper beam and energy absorbers as main bumper safety
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components. The research, did not develop a real manufacturing method rather, the

available processes were modified in order to enhance a better quality.

1.6 Thesis layout

This research is divided into three steps.

The first part emphasized on developing a hybrid composite, manufacturing method,

and fibre orientation. The second part was on improving the impact property with

epoxy thermoplastic toughening. The third stage evaluates the geometrical

improvement that selects the best concept of a car bumper beam, which complies

with the product design specification (PDS) and finally is concerned with low impact

test analysis for the selected geometry and possibility of structural improvement to

increase the impact strength.

This thesis is divided into rune chapters; following this chapter is the literature

review, which reviews related publications to the bumper components, composite

material, hybrid material, and analysis method. Chapter 3 comprised of systematic

approach and methodology used in the research.

Chapters 4 to 8 are the published journal articles during this study, which form the

major contribution of this research. Chapter 4 presents the first article entitled

"Mechanical properties of hybrid kenaf/glass reinforced epoxy composite for car

passenger bumper beam". The first article reports on the developed hybrid material

and its mechanical properties compared with GMT. Chapter 5 presents the second
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article entitled "Effect of polybutylene terephthalate (PBT) on impact property

improvement of hybrid kenaf/glass epoxy composite". This article discusses on the

epoxy toughness improvement by using 5% PBT. It presents the impact property

enhancement in comparison to the first batch and GMT. Chapter 6 presents the third

article entitled "Concepts selection of car bumper beam with developed hybrid bio-

composite material". This article investigated eight different bumper beam concepts

with six criteria. All concepts were subjected to the low impact test to determine the

deflection and energy absorption. The TOPSIS method has been used to come up

with the best concept. The double hat profile has been appointed as the best concept.

Chapter 7 present the forth paper "effect of the strengthen ribs in hybrid toughened

kenaf/glass epoxy composite bumper beam". Finally, conclusions and

recommendations for future work are presented In chapter 8.
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