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NOMENCLATURE

Deflection
Elastic modulus

Poisson‘s ratio

v

h Thickness of plate

D Composite plate rigidity

P Uniform distributed loading

e Ly/ L

Ié; L/L,

o, Normal stresses in x direction

o, Normal stresses in y direction

Tey Shear stress

E, Elastic modulus in x direction for isotropic material
E, Elastic modulus in y direction for isotropic material
VsV, Poission‘s ratio in x and y directions

a, Thermal expansion coefficient in x directions

a, Thermal expansion coefficient in y directions

P In plane forces

G Shear modulus

M,, M, Bending moments per unit length on surface normal to x and y axes
M,, Twisting moment per unit length

Q, Shear forces per unit length on surface normal to x
Q, Shear forces per unit length on surface normal to y
V, Equivalent shear force per unit length acting on planes normal to x

V, Equivalent shear force per unit length acting on planes normal to y
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ABSTRACT

A Study on Structural Design and Manufacturing of Natural Fiber Composites
Automobile Body Panel Considering Impact Load

by Park, Kil-Su
Advisor : Prof. Kong, Chang-Duk, Ph. D.
Department of Aerospace Engineering,

Graduate School of Chosun University

Lightweight materials and design have always been an important topic in automotive
industry. The reason why such a factor must be considered first of all is that it would
lead to the improvement of such basic functions of cars as the acceleration force and the
breaking power, the need to improve fuel efficiency based on the emergence of the
various environmental regulations and the era of high oil prices, and the constant necessity
for the weight reduction of EVs (electrical vehicles), the next-generation type of vehicle.

For the lightweight of structural components, a lot of composite materials are used
instead of metallic materials. The composite materials are used for various structural
components throughout the world. Instead of the metallic materials which were used
before, the newly-introduced composite materials with light weight can be used in such
high-performance fields as the aviation field and the automobile field with the same effect.

Generally, there are a lot of synthetic chemical substances and poisonous substances
created following the lifespan of the products used in the field of composite materials,
making it almost impossible to recycle them. As a result, they are discarded. Recently, the
level of interest for natural fibers in the process of designing and manufacturing composite

materials has increased. Compared to the ones made following the chemical composition

— viii —



process, the natural fibers can be recycled with relatively low costs and the capacity of
providing fibers continuously. [1-2] Among the previous researches, the one which was
carried out by P.J Herrera-Franco focused on the investigation and research of the
mechanical characteristics of the Henequen natural fibers. In the research, the mechanical
operation of HDPE (high density polyethylene) reinforced with the Henequen fibers was
continuously studied. [3] M. Zampaloni studied the kenaf natural-fiber reinforced
polypropylene composite materials. The study about the kenaf natural-fiber reinforced
polypropylene which can be thermoformed in various fields focuses on the manufacturing
process. With the characteristics equal to those of the previous synthetic composite
materials, it can be used in various ways. [4] Vincent Placet studied the mechanical
characteristics of Hemp. The study focused on the thermal-mechanical analysis and the
dynamic-mechanical analysis of Hemp. [5] A number of researches have been recently
carried out to investigate the characteristics of the natural fibers.

In this study, structural design and analysis of the automobile bonnet is performed. The
flax/vinly ester composite material is applied for structural design. The Vacuum Assisted
Resin  Transfer Molding-LighttVARTML) manufacturing method is adopted for
manufacturing the flax fiber composite bonnet. The VARTML is a manufacturing process
that the resin is injected into the fly layered-up fibers enclosed by a rigid mold tool under
vacuum. A series of flax/vinyl ester composite panels are manufactured, and several kinds
of specimens cut out from the panels are tested to obtain mechanical performance data. In
modeling the adult head model to assess the safety by the collision analysis on the panel.
To produce a test specimen after the collision by comparing the C-Scan analysis up to a
site of injury an damage in the experiment verified the validity of the analysis. Results of
the structural design, examined the structural safety through structural analysis and

structural testing.
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Table 1 Properties of Natural fibers

Fiber type Density[g/cm3] Stiffness[GPa] Strength[MPa]
Hemp 1.5-1.6 30-60 300-800
Flax 1.5-1.6 50-70 500-900
Jute 1.3-1.5 20-55 200-500
Sisal 1.2-1.4 9-22 100-800
Cotton 1.5-1.6 6-10 300-600
Soft wood 1.2-1.4 10-50 100-170




Fig. 1 UD and 2-D Fabric Flax
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Fig. 2 Natural fiber classification :

Wood Fiber

into tow segments wood and non wood fibers[6]
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Table 2 Properties of Resins

Property Poly esters Vinyl esters Epoxies Phenolics
Tensile strength (MPa) 34-105 73-81 55-130 50-60
Tensile modulus (GPa) 2.1-3.5 3-3.5 2.7-4.1 4-7
Flexural strength (MPa) 70-110 130-140 110-150 80-135
Flexural modulus (GPa) 2-4 3 3-4 2-4
Specific gravity 1.1-1.4 1.1-1.3 1.2-1.3 1.2-13
Cure shrinkage (%) 5-12 5-10 1-5 2-4
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Table 3 Mechanical Properties of UD Flax/vinyl ester specimen
Modulus (GPa)

Test type Strength (MPa)
Tension 227.2 22.3
Flexure 252.1 14.3
In Plane Shear 27.6 -




Table 4 Mechanical Properties of 2-D fabric Flax/vinyl ester specimen

Test type Strength (MPa) Modulus (GPa)
Tension 109.83 10.07
Flexure 163.04 10.12

In Plane Shear 20.95
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¢, =—0.003591 + 0.5091 8+ 0.058745* — 0.1445 5
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Table 5 Specification of automotive steel panel
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Fig. 8 Structural configuration of automobile bonnet



A3 A Hd FxHA

o Al AdA Aol tdAd HES
MSC. NASTRANS #8&3lo] Txa4g Fadstgrt. T2 A= 5 4
F27F 200km/he] He2 AL uf AEste FHFTS wAse] A&k
e Awst 30°0) 2= Ao} glvka s, AEA7E 200km/he] SER
T4 W side] #Aga= e < 1L5uE melstel 1932N/m* S 4 -&-8tirh.
T AN A, WgeA, FEeA, 2RAET AN, 2 F 57149

2
34 S a3tk Figure 99 frete s mdy Ay}

[«
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MSC Patran 2006 r2 01-Oct-14 16:00:30
Fringer Default. Al-Static Subcase. Stress Tensor, . X Cornponent, Layer 1 2.04-001

default_Fange
Max 3 76-001 @Nd 1377
Min-9.03-001 @Nd 3931

Fig. 10 Stress analysis result of flax/vinyl ester composite panel
e
MSC Patran 2006 12 01-Oct-14 16:02:39 304001

Fringe: Default. A1 Static Subcase. Displacements: Translational, Magritude, (NON-LAYERED) 2 82-001]
Deform: Default. Al Static Subcase. Displacemenits. Translational.

default_Frings
Max 3.26-001 @Nd 2623
Min 0. @Nd 1
w L 7 ‘ default_Deforrnation
5 Max 3.26-001 @Nd 2628

Fig. 11 Deformation of flax/vinyl ester composite panel
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Deform: Default, A2 Mode 1 - Factor = 17.913. Eigenvectars. Tranglational.

default_Fringe
Max 1.00+000 @Nd 2636
Min 0. @Nd 1
default_Deformation
Max 1.00+000 @Nd 2636

Fig. 12 Buckling analysis result of flax/vinyl ester composite panel



MSC Patran 2005 r2 01-Oct-14 164358
Fringe: Default, Al :Static Subcase, Stress Tensor, . X Corponent. Layer 1

Max 4 25-001 @Nd 1376
Min -8 92-001 @Nd 3526

Fig. 13 Thermal stress analysis result
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default_Fringe
Max 4.25-001 @Nd 2623
Min 0 @Nd 1
default_Deformation
Max 4 26-001 @Nd 2623

Fig. 14 Displacement analysis results due to thermal stress
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Fig. 16 Model of headform impactor
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Fig. 18 Impact deformation of Flax/vinyl ester composite panel
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Fig. 19 Impact stress analysis result of Flax/vinyl ester composite panel
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Table 6 Mechanical properties of steel
Material Young's Bulk Modulus | Shear Modulus | Poisson's | Density
ateria
Modulus[GPa] [GPal [GPa] Ratio [kg/m’]
Steel 200GPa 166.6GPa 76.9Gpa 0.3 7850
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Fig. 20 Impact deformation of steel panel
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Fig. 21 Impact stress analysis result of steel panel
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Table 7 Comparison of panel performances

Steel panel Flax/vinyl ester panel Comparison[%]
Panel mass 6.48kg 4.4267kg -31.7
Thickness 2mm 6mm 200
Deformation 53.995mm 54.603mm 1.13
Stress 260.15MPa 151.09MPa -41.92
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Fig. 22 Specimen manufacturing process
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Fig. 24 View of Flax/vinyl ester specimen
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Table 8 Specification of impact test machine
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a4 Aztolar, Fig. 29, 30, 31 314 ZAzjo]rh

Table 9 Result of specimen impact analysis

V[m/s] 1.76 1.86 1.96

E[J] 8 9 10
Deformation[mm)] 4.4665 4.925 5.2255
Stress[MPa] 117.84 134.07 142.8

g0 5000 10000 {mem)
=00 7500

Fig. 26 Impact analysis result of Flax/vinyl ester specimen : Total deformation(8J)
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Fig. 27 Impact analysis result of Flax/vinyl ester specimen : Total deformation(9J)
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Fig. 28 Impact analysis result of Flax/vinyl ester specimen : Total deformation(10J)
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Fig. 29 Impact analysis result of Flax/vinyl ester specimen : Stress(8J)
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Fig. 30 Impact analysis result of Flax/vinyl ester specimen : Stress(9J)
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Fig. 31 Impact analysis result of Flax/vinyl ester specimen
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Table 10 Result of specimen impact test(8J)

Maximum Velocity Impag:t Total Impact Energy to Dr'op
No. load[kN] slow down | velocity energy energy max load Weight
[%] m/s] J] [kg]

1 3.4423 61.6189 1.7335 4.5331 7.5824 6.6134 5.0466
2 3.4423 38.2251 1.7756 5.0988 7.9556 5.0500 5.0466
3 3.3135 72.4200 1.7756 4.9869 7.9557 7.5172 5.0466
Average 3.3994 57.4213 1.7616 4.8729 7.8312 6.3935 5.0466
Median 3.4423 61.6189 1.7756 4.9869 7.9556 6.6134 5.0466
Minimum 3.3135 38.2251 1.7335 4.5331 7.5824 5.0500 5.0466
Maximum 3.4423 72.4200 1.7756 5.0988 7.9557 7.5172 5.0466
Coef. of Var. 2.1865 30.4410 1.3815 6.1482 2.7517 19.5233 0.0000
Std. Dev. 0.0743 17.4796 0.0243 0.2996 0.2155 1.2482 0.0000
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Fig. 36 Result of Impact test(9J)
Table 11 Result of specimen impact test(9J)
. Velocity Impact Total Impact Energy to Drop
No. I;gzﬁl[nﬁlﬁ? slow down | velocity energy energy max load Weight
[%] [m/s] [J] [kg]
1 3.4255 64.1120 1.8837 5.8446 8.9532 7.9729 5.0466
2 3.2983 78.9142 1.8779 5.8033 8.8984 8.6849 5.0466
3 3.6399 71.7484 1.8685 5.4760 8.8093 8.2758 5.0466
Average 3.4546 71.5915 1.8767 5.7080 8.8870 8.3112 5.0466
Median 3.4255 71.7484 1.8779 5.8033 8.8984 8.2758 5.0466
Minimum 3.2983 64.1120 1.8685 5.4760 8.8093 7.9729 5.0466
Maximum 3.6399 78.9142 1.8837 5.8446 8.9532 8.6849 5.0466
Coef. of Var. 4.9976 10.3397 0.4087 3.5382 0.8171 4.2996 0.0000
Std. Dev. 0.1726 7.4024 0.0077 0.2020 0.0726 0.3573 0.0000
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Fig. 37 Result of Impact test(10J)

Table 12 Result of impact test(10J)

Maximum Velocity Impact Total Impact Energy to Drop
No. load[kN] slow down | velocity energy energy max load Weight
[%] [m/s] [J] [J] J] [kg]

1 - 3.5206 61.2597 1.9949 6.7659 10.0418 8.7124 5.0466

2 - 3.4383 59.6124 1.9855 6.5412 9.9469 8.5024 5.0466

3 - 3.3919 49.6133 1.9890 6.7208 9.9828 7.6189 5.0466
Average 3.4503 56.8285 1.9898 6.6760 9.9905 8.2779 5.0466
Median 3.4383 59.6124 1.9890 6.7208 9.9828 8.5024 5.0466
Minimum 3.3919 49.6133 1.9855 6.5412 9.9469 7.6189 5.0466
Maximum 3.5206 61.2597 1.9949 6.7659 10.0418 8.7124 5.0466
Coef. of Var. 1.8895 11.0905 0.2397 1.7807 0.4796 7.0104 0.0000
Std. Dev. 0.0652 6.3026 0.0048 0.1189 0.0479 0.5803 0.0000
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Fig. 39 Flax/vinyl ester specimen observed using microscope of impact test(8J)
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Table 13 Result of compressive strength after impact

No damage 8J 9J 10
Compressive 89.87 81.987 74.519 63.5698
Strength[MPa]
Stre.ngth 0 -9.55 -17.08 -29.26
reduction[%]
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Fig. 43 Load-displacement curve of compression specimen



A6 AAF Az}

Al4: 200km/he] g e w o]

=3

el

.
o

&t At

S

A A EL VARTML(Vacuum

Assisted Resin Transfer Molding-Light) A Z& &¥H o2 A2}
AVeFe A9l # E(resin Viscosity),

[oi3
=

RTM &AM 4 =4 A aigfsofof

Al1AFA FEAY

1o
o

N

0

1
fite)
N

o

Awrel 927k A4

N

)

¢+

—~
fite)

=z

o

é_

A

ER

5 4

T(Injection port)/®l &7 (vent port) A4

]

[e)

=
-

&gl

3

1ol A= RTM A& A3

O
i

=

o],

S

-

[e))]
AN

41 (resin flow analysis)S €4

[

Al S+

23 RTM-Worx=

$gz

Aot

I

R

4
ol
A

o

T4

[e)

R

1t} Fig. 44

2R

o

Ao BY FA e

P
T

=1
s

=

A

1

L

Az Aol A7 wapm Y

4

& =
R

P
T

T

hs

3L
o

3l A (resin flow analysis)®] 2=}

33
S

g

°] RTM
A FE
239 TEE E

1

=

R

™
N

o

)
£
X

o

Ho
o



Fabric Properties W

Flow Vf, Permeabilities, Orientation
Characteristics
Resin Properties
Viscosity wrt Temperature
L%
\ Part Geometry
Modeling & Surface & Thickness

Meshing

(Pre_processmg) Injection, Vent & Chan
— L nels

l —[ Flow Front Progression ]

Solving & Post ' _
. —{ Velocity Profil
- Processing i J

- —{ Pressure Profile ]

Fig.44 Process of resin flow analysis
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Table 14 Condition of injection port of flax/vinyl ester panel

Injection pressure 2bar Fiber permeability 4e-10m*
Vacuum pressure 1bar Resin viscosity 100cP
Thickness 8mm Resin gel time 3000s
Channel area 15mm® Volume fraction 35%

Fig.45 Flow analysis result of flax/vinyl ester panel
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Fig. 46 Structural configuration of automobile panel mould

Fig. 47 Stiffener attached to the back of the mould



Fig. 49 Mould curing



Fig. 50 Automotive panel mould
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Fig. 51 Flax laying-up

Fig. 52 Resin infusion



Fig. 54 Demolding of flax/vinyl ester panel



Fig. 55 Automotive panel prototypes
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Fig. 56 Panel fixed and attach strain gauge
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Fig. 58 Maximum displacement of the panel
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Fig. 60 Load application
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Fig. 61 The upper surface strain analysis
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Fig. 64 Impact test of panel

Fig. 65 Damage configuration of panel after impact test
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