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Abstract—A drive shaft, also known as a propeller shaft or
cardan shaft, it is a mechanical part that transmits the torque
generated by a vehicle's engine into usable motive force to propel
the vehicle. Now a day’s two piece steel shaft are mostly used as a
drive shaft. The two-piece steel drive shaft consists of three
universal joints, a center supporting bearing and a bracket, which
increases the total weight of an automotive vehicle and decreases
fuel efficiency. This work deals with the replacement of
conventional two piece steel drive shafts with a one piece Hybrid
Aluminum E glass/epoxy composite drive shaft for an automotive
application. The basic requirements considered here are torsional
strength, torsional buckling and bending natural frequency. A
hybrid of Aluminum and E-glass/epoxy as in which the aluminum
has a role to transmit the required torque, while the E-Glass epoxy
composite increases the bending natural frequency . An
experimental study was carried out to study the static torsion
capability .Four cases were studied using aluminum tube
wounded by different layers of composite materials. Results
obtained from this study show that increasing the number of
layers would enhance the maximum static torsion approximately
66% for [+45/-45]3 laminates higher than the pure aluminum
and mass reduction of 42% compared with of steel drive shaft. A
one-piece hybrid composite full drive shaft is optimally analyzed
using Finite Element Analysis Software and simulation results
were compared with the existing steel drive shaft .

Index Terms— One-piece hybrid aluminum/composite drive
shaft, Static torque capability, buckling torque capability ,bending
natural frequency, E-glass fiber ,Static Analysis , Modal Analysis,
ANSYS.

I. INTRODUCTION

An automotive drive shaft transmits power from the engine
to the differential gear of a rear wheel drive vehicle as shown
in Fig.1 [1].In the past many researchers have investigated
the use of hybrid drive shafts. For automotive application, the
first composite drive shaft was developed by the spicer
U-Joint division of Dana Corporation for Ford econoline van
models in 1985. The General Motors pickup trucks which
adopted the spicer product enjoyed a demand three times that
of project sales in its first year, i.e. in 1988, [1,3]. The two
main functional requirements for power transmission
rotating shafts such as drive shafts of machinery and
automotive propeller shafts are the transmission of static
and dynamic torsional loads and the high fundamental
bending natural frequency to avoid whirling vibration at a
high rotational speed.
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Long shafts made of conventional material such as
aluminum and steel cannot satisfy easily these two
functional requirements simultaneously because they have
lower specific stiffness, which limits the magnitude of
fundamental bending natural frequency[2]. The static
torque capability of the drive shaft for passenger cars should
be larger than 2700Nm and the fundamental bending natural
frequency should be higher than 9200rpm to avoid whirling
vibration [1]. Since the fundamental bending natural
frequency of one-piece drive shafts made of steel or
aluminum is normally lower than 5700rpm when the length
of the drive shaft is around 1.2m [1], the steel drive shaft is
usually manufactured in two pieces to increase the
fundamental bending natural frequency because the bending
natural frequency of a shaft is inversely proportional to the
square of beam length and proportional to the square root of
specific modulus. The two-piece steel drive shaft consists of
three universal joints, a center supporting bearing and a
bracket, which increases the total weight of automotive
vehicle and decreases fuel efficiency. Since high modulus
carbon fiber epoxy composite materials have more than 10
times specific stiffness (E/p) of steel or aluminum materials,
it is possible to manufacture composite drive shafts in one
piece without whirling vibration over 9200rpm [1].

Hybrid shafts composed of aluminum and glass fibers
can withstand more torque. The composite drive shaft has
many benefits such as reduced weight, less noise and
vibration [1]. Hybrid shafts composed of aluminum and glass
fibers can withstand more torque. However, because of the
high material cost of carbon fiber epoxy composite, rather
inexpensive aluminum materials and glass fiber may be used
combined partly with composite materials to make a hybrid
type aluminum/composite drive shaft, in which the aluminum
has a role to transmit the required torque while the glass fiber
epoxy composite increases the bending natural frequency.
Furthermore a one-piece propeller shaft for rear wheel drive
automobiles was designed and manufactured with carbon
fiber epoxy composites based on the specifications, such as
static torque transmission capability, torsional buckling
capability and fundamental natural bending frequency. The
composite propeller shaft had about 40% weight saving
compared with a two-piece steel propeller shaft.[7]. In
another study, genetic algorithm (GA) was used to minimize
the weight of one-piece propeller shaft for rear wheel drive
automobiles [8], which is subjected to constraints such as
torque transmission, torsional buckling capacities and
fundamental of natural frequency.
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Differential gear box
Transmission ‘ ]

Universal joint

Fig 1 .Schematic diagram of the conventional two - piece steel drive shaft for
rear wheel drive vehicle

I1. SPECIFICATION OF THE PROBLEM

The torque transmission capability of the drive shaft for
passenger cars, small trucks, and vans should be larger than
3500 Nm (Tmax) and fundamental natural bending frequency
of the drive shaft should be higher than 6500 rpm (Nmax) to
avoid whirling vibration. The drive shaft outer diameter do
should not exceed 100 mm due to space limitations. Here
outer diameter of the shaft is taken as 90.5 mm and length L
of the drive shaft considered here is 1320 mm. The drive shaft
of transmission system was designed optimally to the
specified design requirements

I1l. DESIGN OF STEEL DRIVE SHAFT

Presently, steel (SM45C) is used for making automotive
drive shafts. The material properties of th e steel (SM45C)
are given in Table 1 [10]. The steel drive shaft should satisfy
three design specifications such as torque transmission
capability, buckling torque capability and bending natural
frequency.

A . Torque transmission capacity of the steel drive shaft

Torque transmission capacity T of a steel drive shaft is given

by:

;g 7ldi-d?)
o 16d,

where S is the shear strength, d, and d; represent outside and

inside diameter of the steel shaft.

)

Table 1.Mechanical properties of steel
Mechanical properties Symbol Steel
Young’s modulus (GPa) E 207.0
Shear modulus (GPa) G 80.0
Poisson’s ratio v 0.3

3
Density (Kg/m ) p 7600
Yield strength (MPa) S, 370
Shear strength (MPa) S, 370

B. Torsional Buckling Capacity of steel drive shaft

1 L*r
Vi @r)?
wise it is called as short & medium shaft [11]. For a long
shaft, the critical stresst,, is given by:

>5.5, it is called as long shaft other

E
3W2(1—v2)3 )
where E, and v represent steel properties. L, t and r are the
length, thickness and mean radius of the shaft respectively.
The relation between the torsional buckling capacity Tcr and

(r r)3."’ 2

T. =

critical stress is given by:
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C. Lateral Vibration of steel drive shaft

The shaft is considered as simply supported beam undergoing
transverse vibration or can be idealized as a pinned-pinned
beam. Natural frequency f,; is calculated using Timoshenko
beam theory [12]. It considers both transverse
sheardeformation as well as rotary inertia effects. Natural
frequency based on the Timoshenko beam theory is given by:

~ 30m° (B
S =BT\, 4)

L
where f,,; is the natural frequency and p is the first natural
frequency. E and p are the material properties of the steel
shaft, and K; is given by:

1 2(_ 2.2 E
1. 277 [l+f’—ﬂ}

5
K% 272 G ©

where G is the rigidity modulus of the steel shafts and f, = 2
for hollow circular cross-sections.

Critical speed of steel Drive shaft given by:

6
Nere = 60fy ©)
I11. DESIGN OF THE ALUMINUM/COMPOSITE
DRIVE SHAFT

The aluminum/composite drive shaft should satisfy three
design specifications such as static torque capability,
buckling torque capability and bending natural frequency.
The major role of the aluminum tube is to sustain an applied
torque while the role of the glass fiber epoxy composite is to
increase bending natural frequency. The aluminum used in
this work is AA 6063.Table 2 and 3 mechanical properties of
Aluminum (T6-6063) and E Glass/Epoxy respectively.

Table 2.Mechanical properties of Aluminum (T6-6063)

Mechanical Properties Symbol Units Steel
Young’s Modulus E GPa 72
Shear modulus G GPa 27
Poission Ratio \% - 0.33
Density P Kg/m® 2700
Yield Strength Sy Mpa 131
Shear Strength Ss Mpa 150

A. Selection of cross-section and materials

The following assumptions were made in calculations:

e The shaft rotates at a constant speed about its
longitudinal axis;

e The shaft has a uniform, circular cross section;

e The shaft is perfectly balanced, i.e., at every cross
section, the mass center coincides with the geometric
center;

e All damping and nonlinear effects are excluded;

The stress-strain relationship for composite material is
linear & elastic; hence, Hook’s law is applicable for
composite materials;

e Since lamina is thin and no out-of-plane loads are
applied, it is considered as under the plane stress.
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The aluminum used to make hybrid drive shaft can be solid
circular or hollow circular. In this work hollow circular
cross-section was chosen because the hollow circular shafts
are stronger in per kg weight than solid circular and the stress
distribution in case of solid shaft is zero at the center and
maximum at the outer surface while in hollow shaft
stressvariation is smaller. In solid shafts the material close to
the center are not fully utilized.

T C T C
E E G o ,0 ,0 _ando _representlamina propertiesin
11, 22, 12, 1 1 2 2
longitudinal and transverse directions respectively. VTP
and Vf are the Poisons ratio, shear stress and fiber volume
fractions.

Table 3 .Mechanical properties of the E-Glass Epoxy

Mechanical Properties Symbol | Units E-Glass
poxy
Longitudinal Young’s Modulus En Gpa 52.36
Transverse Young’s Modulus E,, Gpa 8.02
Major Poisson Ratio Vip 0.24
Inplane Shear Modulus Gz Gpa 3.097
Ultimate Longitudinal Tensile .
Strength (61)un Mpa 954.8
Ultimate Longitudinal c
Compressive Strength (©)w | Mpa 69.2
Transverse Tensile Strength (62 )un Mpa 27.29
Ultimate Transverse Compressive c
Strength (o2 )u/t Mpa 38.66
Inplane shear strength (t12)unt Mpa 12.72
Density P Kg/m® | 1980

B.Design procedure for composite

a) Stress-Strain Relationship for Unidirectional Lamina
The lamina is thin and if no out-of-plane loads are applied, it
is considered as the plane stress problem. Hence, it is possible
to reduce the 3-D problem into 2-D problem. For
unidirectional 2-D lamina, the stress-strain relationship in
whereterms of principal material directions is given by:

[-61 O G 0 ‘-3 ]
1021=1Gn On 0 2 [ (7)
L-ll 0 0 O l J

!

N2

where o, 1, y and € represent stresses and strains in material

directions. The matrix Q is referred to as the reduced stiffness

matrix for the layer and its terms are given by:

0, = Vi :

I—vyvy
Ey

On RSN =

—V12Vn

Ogs =Gz -

b) Stress strain relation in arbitrary orientation

For an angle-ply lamina, where fibers are oriented at an angle
with the positive X-axis (longitudinal axis of shaft), the stress
strain relationship is given by:

o ®
T | ¥z 22 26 [} €y
dle e

T G s Dos U xy

- w

where ¢ and ¢ represent normal stresses and strains in X, Y
and XY dirctions respectively and bar over Qij matrix
denotes transformed reduced stiff nesses.
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C. Force and moment resultants
For a symmetric laminate, the B matrix vanishes and the in
plane and bending stiffnesses are uncoupled.

-Nx . Ay A A || el

Nyir=|dn 4y Ay e;’_ 9)
_ij'_ | dig Az Age | /;

-M\' | _Dn Dy, Dy 1 Ky

M, t=|D;y Dy Dy |ix, (10)
_M_r_r_ [ Dis Das D ’L;

where NX, Ny, ny and MX, My, Mxy in (9), (10) referred as
forces and moments per unit width.

Ay = Z (O (e —hey) : (11a)
k=1
1& — 5 s
By == (0, (hf =hiy) (116)
k=1
1 n —
D, - ;kz@y )2 =0 (11c)
=

where represent Aij, Bij and Dij are extensional, coupling and
bending stiffnesses having i, j = 1, 2...6 respectively, hk is the

th
distance between the neutral fiber to the top of the K layer.
Strains in the reference surface is given by:
a1s VN.\- 1

‘5.\- l app dp
T€0r=lay, a N

) 2 Oy N8V 1
A, o T
Vi dyg Gys dgs || Ny ‘

—_
2

=

(12)

(=]

where
A A 71
Ay dyy dyg Ay Ay Ay
Ay Ay Gy [=| Ay, Ay Ayg
g dzs Ugs A1g Ars  Ass

4.2.4 Elastic constants for the composite shaft

Elastic constants for the composite shaft are given by:

1 A 1 42
E; =7 '11_i . EJ' ==\ 4y - 12 >
t Ay T Ay

where EX and Ey are the Young’s modulus of the shaft in axial
and hoop direction:

G = Ass . . _ 4o
v = Vi = .
t Ay,

When a shaft is subjected to torque T, the resultant forces Ny,
Ny , Ny in the laminate by considering the effect of
centrifugal forces are:

T

2
2

T " el gl T
N, =2pr-o~ N, =

(13)

where p is the density, t is the thickness, r mean radius and
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is the angular velocity of the composite shaft knowing the
stresses in each ply, the failure of the laminate is determined
using the first ply failure criteria. That is, the laminate is
assumed to fail when the first ply fails. Here maximum stress
theory is used to find the torque transmitting capacity.
D.Torque transmitted by the hybrid drive shaft

The torque transmitted by the hybrid drive shaft, Tis the sum
of the torque transmitted by the aluminum tube, T, and that
by the composite layer, T, [11, 13]:

T=Ta+ T (14)

Considering geometric compatibility and materialproperties

of each material, the torque transmitted bythe aluminum tube
is calculated as follows:

Gal 'Jal

_ (15)
Gal 'Jul + chm 'Jmm

Tal

where G is shear modulus, J is the polar moment of inertia,
and subscripts al and co represent the aluminum tube and the
composite layer, respectively. The shear modulus Gaand the
polar moment of inertia of the aluminum tube Ja are much
larger than those of the composite layer because only thin
layer of unidirectional composite can increase sufficiently the
natural frequency of the hybrid drive shaft. Therefore, the
torque transmitted by the aluminum tube only is almost same
as the torque transmitted by the hybrid aluminum/composite
shaft. From now on, the static and buckling torque
capabilities of the aluminum/composite shaft will be
calculated neglecting the composite layer as follows [11]:
(16)

2 -
Titatic = 2m - R + Ssal

e

H\/E'Eal / z
= e )
T R

where Tggic and Tpuaing are the static and buckling
torquecapabilities of the hybrid aluminum/composite
shaftrespectively, and r,, is the average radius of the
aluminum tube, t is the thickness of the aluminumtube, Ss 4
is the shear strength of the aluminum, E, isthe elastic
modulus of aluminum, and mal is the poisson’s ratio of
aluminum. The static and buckling torque capabilities of the
aluminum/composite shaft are shown in Fig. 2 and Fig .3
with respect to the outer diameter (2.ra, + tyyyand thickness
(ta) of the aluminum tube. Since the outer diameter of the
drive shaft is normally limited to 200 mm for passenger cars,
the outer diameter and thickness of the aluminum tube were
determined to be 90 mm and 2 mm, respectively.

Tbucklmg = (17)

Static Torque

10000

9000 -
=, 8000
E 7000
E 6000 //0
g 5000 /v =+=Thickness 2
E :moo/ == Thickness 1
|E iig T = i! Thickness 3

1000
0

70 75 80 85 90 95 100
OQuter Diameter(mm)

Fig 2 Static Torque capability of the aluminum tube with respect to the
outer diameter and thickness t; of the aluminum tube calculated from Egs.
(16) (Design torque >3500 Nm).
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Buckling Torque

6000 —+—Thickness 2
== Thickness 1

Torque

4000 g—i— —i- i n

Thickness 3

& & & »> +- »> +
+ + + +

70 75 80 85 90 95 100

Outer Diameter

Fig 3 Buckling Torque capability of the aluminum tube with respect to
Theouter diameter and thickness t; of the aluminum tube calculate from
Egs. (17) (Design torque >3500 Nm)

E. Fundamental bending natural frequency of drive shafts

The fundamental bending natural frequency of drive shafts f,
was calculated by the following equation with the simply
supported boundary condition on the both ends [14].

9869 |Euly + Ecolo

(17)
L \'I Pal T Peo

[

where E is the elastic modulus in the axial direction of drive
shaft, | is the sectional moment of inertia, q is the mass per
unit length, and L is the length of the drive shatft.

E. Lay-up selection

It is well-known that the shear modulus of many
fiber-reinforced composites is lower than that for steel. Thus
for an equivalent torsional stiffness, a fiber-reinforced
composite tube must have either a larger diameter or a greater
thickness than a steel tube [15]. Among the various laminate
configurations, [+45]s laminates possess the highest shear
modulus and are the primary laminate type used in purely
torsional applications [16]. Therefore, the lay-up selected
consists of [+457] glass fiber layers.

IV. EXPERIMENTAL WORK

The prospective results of experimental work are aimed to
irrecusably investigate the torsional strength of the composite
drive shaft. The behavior of composite tube under fiber
orientation angle [£45] with different layers should be
investigated. Glass mat fabrics are used with epoxy wounded
with aluminum to manually fabricate composite tubes with
dimensions scaled down from the designed drive shaft.

A. Geometry and Materials

The aluminum tube (AA6063) used for this investigation.
The size of the torsion showed in table 4. The torsion
specimen dimension has the outer diameter and the
thickness (22 and 3) mm, respectively. The fiber used for the
hybrid aluminum/composite tube is of glass fibers type. The
epoxy resin and hardener types used in this study were of
MW 215 TA and MW 215 TB respectively, Table 6 shows
the physical properties of epoxy and hardener. E-glass fibers
were used in this work.

Table 6 Physical Properties of Epoxy and Hardener

Item Unit WM-215TA WM-215TB
Appearance White Viscous Liquid | Colorless Liquid
Viscosity Cps@ 30C | 5500 30

Mixing ration | - 100 25
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B. Fabrication of a Hybrid Aluminum/CompositeDrive
Shaft torsion

Six layers glass/epoxy were wrapped around aluminum
tubes of length equal to 410 mm and outside diameter equal
to 22 mm for torsion specimen. Resin system was prepared
by mixing epoxy, and hardener with the volume fraction ratio
of 4:1. The torsion specimen images are shown below in
figure 4

a)Aluminum tube

c¢) Aluminum with 4 layers

d)Aluminum with 6 Layers

Fig 4 Torsion specimen images of Hybrid DriveShaft
] /]

Fig 5 Lathe machine used to cut the specimen ends to its final dimensions

The specimens were fabricated in such a way that the stress
level in central gauge section must greater that in all other
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structure points. This will be done by paying a particular
attention to end effect problem which is a point of
concentration stresses at the aluminum/composite drive
shaft. The aim of the reinforced ends is to avoid failure within
the end regions and eliminate or, at least, minimize
concentration of stresses. This additional stresses may cause
end failure for loads smaller than those tolerated by the same
drive shaft with uniform stress distribution. The selection of
specimen tube size for static torsion test is dictated by the
capacity of the machine test[9] .After the solidification and
the curing time is done, the lathe machine would be used to
cut the specimen ends to its final dimensions. The lathe
machine used is shown in fig.5

C. Static Torque Test of the Hybrid Shaft:

Torsion test machine was used to perform the test. The testing
machine with a specimen mounted on it, is shown in Fig. 6.
The torque was applied manually by a handle at a geared
head. This torque is reacted by a transducer and displayed
digitally.The angle of twist was measured over a specified
gauge length. Four cases with different number of layers used
for the hybridaluminum glass fiber shaft as shown in Table 5.
The maximum static torsion was obtained after the failure of
the specimens and torque- angle of twist relations were
obtained for different cases.

Table 5 Torsion specimen dimensions of Hybrid shaft

spcinn puer | DA e | Numberolayes | | Fier
Aluminum(mm) | Alominm(mm) | P (mm) | Of composte the composite orientation

Specimen - 2 19 410 - -

Specimen-T | 22 19 410 2 013 1]

Specimen-11 | 22 19 410 4 03 4

Specimen-IV | 12 19 410 b 2N

11

Fig 6 Torsion testing mchine holding hybrid drive shaft spécimen

‘\-‘_

Fig 7 Digital Torsion Indicator image on Torsion Testing machine
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D. Failure modes on hybrid drive shaft specimen during
torsion testing

Here ductile failure occurred on torsion specimen due to the
shear stresses applied. The ductile failure produces the
fracture surface along the plane of the maximum shear stress
and more frequently normal to the longitudinal axis of torsion
specimen of drive shaft. The torsional failure of shaft
occurred when the shearing stresses attain the yield stress of
the shaft. The greatest shearing stresses in a hollow shaft
occur in a cross-section and along the length of the shaft.

L ——————

a) Bucking of aluminum tube during torsion testing

Failure Mode

Specimen before torsion testing Specimen after torsion testing

Fig 8 Failure mode of Drive shaft torsion specimen

Hybrid shaft specimen failed by breaking off over a normal
cross-section .1t was found that the aluminum tube initially
yielded first, followed by the crack propagation in composite
shaft along the fiber direction. This eventually caused the
delamination of composite layers from the aluminum tube,
and then the white regions appear in composite layers and
finally the fiber breakage and the catastrophic failure took
place as shown in fig 8.

V. RESULTS AND DISCUSSION

In this section, both finite element analysis and experimental
results were presented. FEA used to validate date the
experimental results and used to compare design of full-scale
drive shaft with the existing steel drive shaft. Finite element
analysis utilized to study the mechanical behavior of
composite drive shaft. The experiments oriented to study the
torsional stiffness with its relation to the type of material,
fibers orientation angle and number of layers increased.

Studying failure modes were another intension of
experimental work.
b) Delamination of composite layers from the aluminum tube A. Results of torsion testing
1000 1000
> " &
X 600 =" ¥ 600
£ _— =
3 400 ¥ $ 400
g g
2 200 e 200
0 0
0 20 40 60 80 100 0 20 40 60 80
Angle of twist(¢)° Angle of twist(¢)°
a) Aluminum b) Aluminum with 2 layers
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1500 1500
; 5 )
Q S
£ / 2 1000
qg. 500 - é 500
S 5
0 = 0
0 50 100 0 50 100
Angle of twist(¢)° Angle of twist(¢)°
c) Aluminum with 4 layers d) Aluminum with 6 layers
Fig 9 Angle of twist (®)° vs Torque in Kg-cm for Aluminum with six layers
Twist angle vs togrue for increasing layers of Hybrid shaft
120
110 \
To | 100 =
rq /
ve | 90 ~ ~
(N
-m 80
) 70
60
=
50 -/
40 /
0 20 40 60 80 100 120
== Aluminum =ll=2 Layer 3 Layer ==¢=6 Layer

Angle of twist (¢) °

Fig 10Relationship between Angle of twist(®)° vs Torque (N-m) for increasing layers of composite over aluminum tube

torque for Aluminum and Aluminum with two layers
[x45],and six layers [£45]srespectively. Angle of twist vs
torque (Kg-cm) values for each cases plotted in fig 12. The
behavior of hybrid shaft till 40° angle of twist is the same all
layers, at this region the Aluminum tubes still in elastic limit
and a linear relation between the applied torque and angle of
twist, after this point the aluminum tube material enter in
non-elastic region. The static torque capability of the
aluminum will be calculated follows as per formula 16
discussed in section 4.3

T . =27r> 1,5

static ave " al "= §,al

From this formula the static torque is 41.03 N.m for
aluminum tube. After this limit the static torque of 45° higher
than the glass fiber till the point of failure.Failure mode of
drive shaft specimens during torsion testing already
discussed in section 4.3.The maximum torque obtained in
torsion testing before failure for aluminum with six layer
[£45]sis 114 N-m which is 66% higher than the aluminum

163

tube. Fig 10 shows the relationship betweenAngle of twist vs
Torque (N-m) for increasing layers of composite over
aluminum tube.Also it can be seen from Fig. 11 the shear
stress values indicate that by increasing the by increasing the
number of layers can enhance the static torsion capacity for
the hybrid aluminum glass fiber composite shaft.

Shear Stress
= 150
IS
£ 100
<
L
& 0
5 Aluminu | Alwith2 | Alwith4 | Alwith6
% m Tube layer layer layer
| B Shear Stress 77 9 112 128

Fig 11 Comparison of shear stress values of Aluminum with increasing
layers of composite over aluminum tube
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B. Validation of finite element analysis

The devising of a mathematical model in finite element
analysis requires a reliable input data to predict the physical
behavior of this model. The data about geometry, element,
loads, boundary conditions and material properties is the
source of uncertainty in the FEA results validity. In this study,
analysis for full-scale Hybrid drive shaft was carried out and
it is compared with existing steel drive shaft for the same full
scale dimensions. The software used to perform FEA analysis
is ANSYS. Type of analysis performed for full scale drive
shaft is Static, Modal and Harmonic analysis. The shaft is
fixed at both ends and is subjected to torque at the end for
static analysis and middle for the modal analysis. Here the
design torque taken is 3500 Nm and critical speed of shaft is
taken as 6500 rpm (108 Hz) to avoid whirling vibration.

The element used for analysis is SHELL 181. SHELL181 is
suitable for analyzing thin to moderately-thick shell
structures. It is a four-node element with six degrees of
freedom at each node: translations in the X, y, and z directions,
and rotations about the x, y, and z-axes. (If the membrane
option is used, the element has translational degrees of
freedom only). SHELL181 may be used for layered
applications for modeling composite shells or sandwich
construction. The accuracy in modeling composite shells is
governed by the first-order shear-deformation theory (usually
referred to as Mindlin-Reissner shell theory).

a) Results of static Analysis

A Static Structural
Fgre

Type: Equvalent (vor Mises) Stress
Lnt: wes

Time: 1
1079}2012 2:22 &M

a) Von Mises stress of Hybrid Shaft

Fig 12Static Analysis of Hybrid shaft and steel shaft

Deformation steel vs composite for applied torque 3500
Nm

£ 0.6
5 0.2 I
g Deformation Deformation
5 of steel of composite
R

B Tarque 3500 Nm 0.5 0.2

a) Deformation of steel vs hybrid shaft for Design torque >3500 Nm.
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Shear strength of composite vs steel for torque 3500 Nm

Shear stree (Mpa)

Shear stress of
composite

51.7

Shear stress of steel

= Torque 3500 37.63

b) Shear stress of steel vs hybrid shaft for Design torque >3500 Nm.

Fig 13 Results of static analysis

In the static analysis for the applied torque 3500 Nm, the
Design Von Mises Stress obtained for hybrid drive shaft is 6
times the allowable stress and higher than that of steel drive
shaft. Shear stress obtained for hybrid shaft is 37% higher
than steel drive shaft and for the same torque applied the total
deformation of the hybrid shaft is 60% less than steel drive
shaft. So the newly developed Hybrid Aluminum E Glass
Epoxy Drive shaft will satisfy the torsional capabilities
requirements and safe as steel drive shaft.

b) Results of modal Analysis

The drive shaft rotates with maximum speed so the design
should include a critical frequency. If the shaft rotates at its
natural frequency, it can be severely vibrated or even
collapsed. The modal analysis is performed to find the natural
frequencies in lateral directions. The mode shapes for all
material combinations are obtained to their corresponding
critical speeds. A number of fundamental modes, which all
are critical frequencies, are obtained. If the shaft's
frequencies correspond to these ones, it may be collapsed.

.452244
.565305

.678366 .904489

.113061 “ .339183 791427 1.01755

Fig Deformation of a Hybrid drive shaft for 4th Mode (293.613Hz (17616.78

rpm)
B:Modal Z/-\\_‘:\\_FSYS
Totd Defomation :@E
Type: TokalDeformation 5
Frequency: S08. 33 He
Unk:mm
101912012251 4

0m 4000
2000 60000

800.00 (mm)

Fig 14 Deformation of a steel drive shaft for first mode 508.33 Hz (30499
rpm)
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Maximum Bending Natural Frequency of Hybrid
Shaft vs Steel drive shaft
600
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Fig 15 Maximum bending natural frequency of steel vs. composite

The bending natural frequency is the frequency of the shaft in
which it becomes unstable. Bending natural frequency for
steel drive shaft is one and half times higher than the hybrid
composite drive shaft. But the requirement is only 108 Hz
(6500rpm) as per design specification in which the hybrid
shaft can withstand 293 Hz (17616 rpm). So the Hybrid Drive
Shaft satisfies the vibrational requirements of the drive shaft.

VIl. CONCLUSION

In this work, a one-piece hybrid aluminum/composite drive
shaft for a rear wheel drive automobile was designed and
manufactured ,tested and analysis by FEA have been done.
Static torsion test was carried out for a hybrid aluminum glass
fiber composite drive shaft. Hybrid shaft having stacking
sequence [+45] with differentnumber of layers were studied.
The conclusions obtained in this experimental study are
summarized as follow:

1. Failure modes of both torsion were studied

2. Fiber orientation and number of layers strongly affect the
static torsion capacity of a hybrid aluminum/composite
drive shaft.

3. The torque capacity is increased for Hybrid shaft
[+45/-45]5 laminates, approximately 66% higher than
the pure aluminum tube

4. Increasing the number of composite layers would
increase the fatigue strength for a hybrid
aluminum/composite drive shaft;

The conclusions obtained in FEA analysis of full scale hybrid

shaft are summarized as follow:

1. The Design Von Mises Stress obtained for hybrid drive
shaft is 6 times the allowable stress

2. Shear stress obtained for hybrid shaft is 37% higher than
steel drive shaft

3. Total deformation of the hybrid shaft is 60% less than
steel drive shaft.

4. The highest bending natural frequency obtained for

Hybrid shaft is 293.613 Hz (17616.78 rpm) which is 63 %

higher than required bending natural frequency 108
Hz(6500rpm)
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