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Abstract

High performance composites are being used increasingly for
engineering applications such as space vehicles, aircrafts, road
transportations, fishing-rods, golf-club shafts and yachts because
of their two major advantages, namely, the higher specific
strength and specific modulus. From these viewpoint, the advent
of advanced fiber reinforced composites has been called the
biggest technological revolution.

Filament winding process is a comparatively simple operation in
which continuous reinforcements in the form of roving are wound
over rotating mandrel. The filament winding method is affected
by several parameters such as pot life of process time, viscosity
of resin, filament winding temperature, curing condition, etc.

It 1s known that the composite material shafts using on small
boats have various advantages comparing to forged steel shafts,
for examples; high specific strength, high fatigue strength, high
corrosion resistance, etc.

The purpose of this study i1s to analyze and design the stress
of hollow shaft composites, and to evaluate the characteristics of
hollow shaft composites which i1s wound by filament winding
method.

The analysis of the stresses and strains in the hollow shaft
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composites made by filament winding method is presented in this
paper. Classical laminated plate theory was applied on the patch
cut from the hollow shaft composites. The classical laminated
plate theory was used for analyzing the stress, and for structure
design. The diameter and thickness of composite shaft were
calculated by this theory, and were considered the criterion of
class rule in design.

It is verified that the hollow shaft composites of diameter 40
mm 1S the most optimum when the ratio of diameter is 0.4 and
winding angle is 45° It is also proven that the shear strain does
not change seriously between 30°and 60° of winding angles. It
1s dangerous when the winding angle is over 75°because the
values of shear strain and stress produced on the shaft are too
high, and so it must be avoided to wind the filament by the
angle over 75°

The performance test of hollow shaft composites made by
filament winding method 1s presented in this paper.

The results showed that the fiber content was 60.1 % and the
resultant void content was 1.1 2. The fiber content was proper
and the void content was very low.

The tensile tests were performed to verify strength of
composite shafts according to the number of layers, and also the

torsional tests were performed to verify strength of composite
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shafts and adhesive joints.

The results of tensile tests according to the number of layers
were changed greatly from 2 layers (thickness; 1.5 mm) to 4
layers (thickness; 3.0 mm). Also in the case of more than 5
layers (thickness; 3.75 mm), it was found that the tensile strength
becomes a constant value. This shows that the effect of fiber is
bigger than effect of matrix. It was found that the elongation
according to the number of layers has little change in the layers
of 5 or more. The result of torsional static test for the hollow
shaft composites was measured 2316 N-m at 0.505 radian (28.99,
and the fracture happened in adhesion department with slip in
higher stress than 1in calculated torsional stress. Adhesion
strength by the adhesive was about 450 N-m at 0.046 radian
(2.69.

It i1s found that the hollow shaft composites had 76% weight

saving effect comparing with a traditional metal shaft.



Nomenclature

o; + Vertical stress

r; - Shear stress

y; * Shear strain

g; - Vertical strain

E; * Stiffness

x,v,z - Direction of axis

sz . Reduced stiffness

Q;; + Transformed reduced stiffness
S; © Compliance

[ - cos @

m - sin@
N : Positive resultant forces
M, + Positive resultant moments

¢t Total thickness of laminate

k; * Bending curvature

¢ Midplane tensile strain

A, ¢ Extensional stiffness

B;; + Coupling stiffness

_Vi_



. Bending stiffness
PS : Horse power

T, * Torque

D : Diameter of shaft
R : Ratio of diameter

5. © Average stress of shaft direction

~.

Ty Average shear stress

(Txy) u - Average shear stress of shaft

- Vil -



]_

)

=

=

o
e A

[e)

=
1

0.
H

X

=

of uhe}A]

A) (characteristic)

E
=]
=

7}

=

(e}

T
T+

A1 A&

(function)

o]

[

T

=

=

7]
B Aokl M= E =

=

o))}
(autoclave)

H

=

&3+ & (composite materials) & +
j=q]

e o]

of

1.1 974

=]
RUN
=
=

i
&
=
2l

K]

o

e,

S

3}

=
ar

3+ A

T

=k

72 Edl2y &Y (Resin transfer molding ; RTM)A

§3to]

W ol

s
0

0

,QO

0

wj
G

Ry

~
fite)

x
B



3}

wol

% o] 31

1.

°
Sk

93 gk ey A Roel A=
Fejolol A 3}

ol

]

7} 7]

[©]

]

3

45, 1

o]
<

Shfj = L

=

2

Aol ARgol

H

0,

Hy, =

Al

el

o
;&

o
E

—_—

ﬂ
Ton

EE[RNE

7ol

el

R

ﬂ
fite)
olo

olo

o

—~
fite)



e} 2

3l
=

HNCAL

al

SEER

=
-

177} A9 o

g 2 el A

gtq 17)"’20)’ q ;%]'7]

O

—_
fi’e)

i

i

7ol

i

=K

wy

AR oRA A

A

ol
Hlo

A, A3

-

1

Dz

17+ 2

A

7+

=

o

shel kA wlo] 2 o

Mo

Ho

I~
T

)

7ok
g

o
™

dr
Me



3 ZeAee Az ARE 5 glon oo wa A4 2 Pt
o] o Ao & ol

ek Ao A=

Table 1 Comparison of characteristics between forged steel
shaft and composites shaft

Kind of shaft| Forged steel X
Composites shaft
Characteristics shaft
Materials Forged steel Remlf)(l):s:zcisﬁber
Weight 1 (100%) 0.3 (30%)

Anti - corrosion Bad Good

Specific strength Low High

Specific elongation Low High

Absorption of vibration Bad Good

Number of bearings Many Few

Maintenance Bad Good

Joining for metal Good Bad

Recycling Good Bad
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2.1 EgdAz9 N&

EdAQess T2 stss g9sts B4 Al (reinforcement) 9}, H7F
TS BAA ALstes 7|AASE(matrix) = T

Zkzre] Hojd 5A4& Ae 53T HE AA wEE ABEA
H%E714 B3 A 8 (metal matrix

composites), A2t 71 A &3+ Z(ceramic matrix composites) 2

AEA71 A B3 A 5 (polymer matrix composites)® & ¥ o}
2.1.1 B 7 A (Reinforcement)

AFAZA] B A RAAE BAAR FE AF7F AMEEEE
2 A - (glass  fiber), ®ErAA-F(carbon fiber), 7E2+A - (kevlar
fiber), B2 (boron fiber) @ A=Al AH< g2 Jiufol=
(silicon carbide)®} &FW|v 4 fr(alumina fiber) o] = AF&H
1:}_29).

Table 2= 784 g2 249 nast 2ol
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Table 2 Properties of reinforcing fiber

Materials Glass Carbon Polyaramid
Ultr Bo- | Silicon
High High M8 g evlar | Kevlar | ron |carbide
E|S high
strength | modulus il 29 49
Properties modulus
Specific gravity |26(25| 18 19 20 | 144 | 144 | 25| 26
Tensile modulus| 7, | o7 | o 370 520 83 [124-131 400 | 180-200
(GPa)
Tensile strength), 1,01 o5 18 10 | 23 | 23 |28] 24
(GPa)
Strain to failure |, 1oq| 4 05 02 | 28 | 18 |o07| 12
(%)
CTE
o 50(56| -04 05 11 - | =20 |49]| 31
10 °%/C
¥ E : E-glass

¥ S @ S—glass
¥ CTE : Coefficient of thermal expansion

= JFARGsilica), A1 3)4 (limestone), A} 5o FZ5 o|Fw 1 Hj
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Table 3 Chemical composition of glass fibers

]_
A% ANAZA el Eh
H

w ke HE Aol

S

Types
E-glass |C-glass|A-glass |T-glass M-glass AR-glass
(YM-31-A)
Compositions(%)
SiO, 52~56 | 60~65 72 64.3 53.7 55~62
Al;03 12~16 2~6 0.6 24.8 1~5
CaO 15~25 10 <0.01 129
MgO 0~6 10720 25 10.3 9 o=l
NazO+K:0 0~1 8~12 14.2 0.27 13~18
Fex0s3 0.2 05
LiOg 3
BeO 8
TiO; 2
ZnO 3
B:0s 2~7 <0.01 0~4
ZrO, 12~21
SOs 0.7
Characteristics | fslleﬁgg 0 %%i%g c(;? egf;(;r; tgrléﬁe rnogélg_élg of al}‘gggfcy
wool |strength| elasticity
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Table 4 Properties of typical epoxy-glass fiber laminates at

room temperature

Glass cloth Filament
) ) Glass cloth
Properties Glass mat (tooling (fabric) wound
cloth) glass fiber
Specific gravity 16~18 16~18 1.8~20 1.8~19
Extent of reinforcement 40~50 5055 6570 7585
(%)
Tensile strength (MPa) | 82.7~1724 | 172.4~241.3 |344.7~413.7| 551 .6~ 1379
Compressive strength |, .o o)1 3l 9758 3447 |3447~4137|3447~517.1
(MPa)
Flexural strength ;4,4 179 4| 90682758 |482.6~551.6| 689.5~1379
(MPa)
Modulus of elasticity in| |4 15, | 138 170 | 241-276 414
flexures (GPa)
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Table 5 The using patterns of reinforcing

glass fiber

General glass

General General content of Typical
. . Process . o
form description typical application
laminates(%)
continuous filament winding, pipe, automobile
strands of glass |continuous panel, bodies, rod stock,
Rovings |[fibers preforming (matche 25~85 rocket motor cases,
d die molding), ordnance
spray—up
woven cloth hand lay-up, aircraft structures,
Woven from glass fiber |[vacuum bag, marine, ordnance
tabrics yarns in 38-, autoclave, 50~70 hardware, electrical
44- and 60-in |high-pressure flat sheet, tubing
widths laminating
woven glass hand lay-up, wet marine, large
Woven fiber strands; system containers, tooling
rovin coarser and 40~70
g heavier than
fabrics
strands cut to |premix molding, electrical and
Chopped |lengths of 1/8 |per—slurry appliance parts,
. . 15~40
strands |to 2in preforming ordnance
components
continuous or |matched die translucent sheets,
Reinforcing |chopped strands |molding, hand 20~45 truck and
mats in random lay—up, centrifugal automobile —body
matting casting panel, marine
. nonreinforcing |matched die where smooth
Surfacing .
random mat molding, hand surfaces are
and . . .
overlaying lay—up, filament 5~15 required ;
winding automobile bodies,
mats .
some housing
Non unidirectional hand lay—up, aircraft structures
d | fil indi
woven an ) parr.e tlament winding 60~80
. rovings in sheet
fabrics

form

_12_




2.1.2 71 A A & (Matrix)

Hu A k= d 434 A (thermosetting resin)¢t 7FE 3 Wy 73}
AL WHE ST 7t ukSo] dojutE d7tAA $A (thermoplastic

resin) & W7ol A ™ Table 69 1 545 YEeERAST

Table 6 Comparison of properties between thermosetting and
thermoplastic resins

Thermosetting Thermoplastics
chemical reaction no chemical reaction
irreversible process reversible process

] low viscosity high viscosity
Properties i . .
D high fluidity low fluidity
long curing time short curing time
sticky prepreg stiff prepreg
) good toughness
low process time
ood fiber impregnation recycle
Merits g low price
complex form process .
) . long shelf life
low viscosity . .
high resistance
] short process time low chemical resistance
Demerits . . )
discomfort shelf life very high temperature
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Table 7 Comparison of properties for thermosetting resins

Properties Epoxy Polyester Phenolic
catalytic condensation
Cure mechanism pqumerlzatlon of copol'ymenzatl'on polymerlgatlon of
resin plus hardener |of resin and vinyl| resin, aided by
monomer catalysts
Wet impregnation liquid resins plus styreqe—m0d1f1ed liquid pheqohcs
(typical system) amine hardeners TESINS plus plus acid
peroxide catalysts catalysts
Contac.t pressure for to 15 to 15 to 15
laminating (psi)
Typical temperature 25~150 25~100 25~170
for cure (C)
Typical cure time 60~ 180 10~60 60~ 180
(min)
Shelf stability of .
S . excellent fair poor
liquid resin (alone)
Shrinkage pf resin low high high
system during cure
Adhesion to metal . .
excellent fair fair
substrates
Adhesion to wood good good fair
Adhesion to concrete excellent fair fair

Impregnation to a
dry stage (B-staged)

solid epoxy plus an

hydride or latent
cure agent in

solvent or hot melt

solvent—dispersed
polyester plus
peroxide catalyst

solvent dispersed

peroxide catalyst

polyester plus

Pressures for

o . 25~100 25~100 25~1,000psi1
laminating (psi)
Ty‘?gflcfiﬁﬁﬁg‘m 100~ 150 100~ 150 100~ 150
Shelf stability of
impregnated glass at limited limited limited
25C
e e | excellent excellent | EO0POOF B¢
Physical propgrtles excellent excellent exceller}t(best
of cured laminate heat resistance)
Cost moderate low low
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Table 8 Comparison of kinds and properties for epoxy resin

Specification

Properties

Remarks

Bisphenol A

plasticity, impact strength,

compressive strength,

epoxy resin : .
poxy chemical-resistance

. . chemical-resistance, thermal
Cycloaliphatic . .
. deformation temp., electric
epoxy resin . ; . : )
insulation, impregnation, molding
Multi- Tri- low viscosity, low temp. curing, | insulation varnish, tar
; i . . g .
function . nondiscoloration, plasticity, low epoxy, FRP, molding
functional o
al volatility
€poxy Four- curing, thermal endurance , CFRP, thermal endurance
resin |functional mechanical strength paints, adhesives
Dimer plasticity, low volatility, molding of electric parts,
Thermo modified anti-impact, adhesive strength, plastic paints
plastic dimension stability
€poxy Polyglycol plasticity, low viscosity, paint, adhesives, potting,
resm 1 odified [anti-impact, percentage elongation molding
self-extinguishing additives, |PCB, incombustible paint,
Brominated incombustibility, dimension

incombustible adhesives,

epoxy resin acrylate materials

stability, mechanical strength,
incombustibility, size stability

thermal endurance,
chemical-resistance, adhesive
strength

forming,
thermal endurance

Novolac epoxy
resin

Polyol modified

low temp. curing, plasticity,
epoxy resin

chemical-resistance
low viscosity, reactivity, low
temp. curing, plasticity

anti—corrosion paints, tar
epoxy
low temp. curing paints,
mortar, molding,

impregnation, adhesives

magnetic tape binder,
electric cable enamel,

Bisphenol F
epoxy resin

adhesive property, self-fusion
promoters, plasticity, corrosion
resistances, anti—-impact

Phenoxy resin

primer, can coating
Urethane low temp. curing, adhesive structural adhesives,
modified strength, plasticity sealing, paints, molding
Other elasticity, plasticity, thermal structural adhesives,
resin Rubber | endurance. mechanical strength, electric molding
modified| modified reactivity additives, sealant, plastic
€poxXYy paints, grouting
resin Sil; thermal endurance, thermal endurance paints,
! g:f[.).nz chemical-resistance, plasticity, flexibilisers
modthe anti-impact, simplicity

_16_



2.1.3 7 3} A (Hardeners)

rfo

BAl FRe obuA 9 frIARFEAR dEEY dAe A
T T2 AR AFSHA A a2 A3AlE AREET o] 9

% we TR AFAL dor grel wehd Aus Au sl

B2 A 24 = 7FA2A (plasticizer), AFSPRIA] A, ZFe] A S4A, WA A
(flame retardants), ZFA Al (colorants), =% A (fillers), U

o] 9lth. Table 9 2 Table 1092 Zee% 2 ststzio] upz
B3AlE mlalske] Zb2b yEriith
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Table 9 Comparison of various hardeners according to the

curing temperature

T
emperature Hardeners
range
* polymercaptan, mercaptan additives and
their derivatives
Low temperature 5 * special amine additives
~10 C . .
hardener e mannich reaction substances
e curing promotive materials for aliphatic
amine, aromatic amine, alicyclic amine
Room . polyamide amine
o o  aliphatic amine, derivatives
temperature 10C ~40TC ) . A
* aromatic amine, derivatives
hardener . X . .
 alicyclic amine, derivatives
Medium * imidazole
temperature 60C ~100C |+ alicyclic amine inducing substances
hardener * tri—amine
Medium  DICY
high temperature 100C ~ e BF, amine base
hardener * imidazole derivatives
High . * aromatic Polyamine
temperature 140C ~ . X
* acid anhydride
hardener

Table 10 Comparison of va

rious hardeners according to the

chemical formation

Hardeners

Aromatic amine base

aliphatic polyamine
chemical modified aliphatic amine
tri—amine modified aliphatic amine

Polyamide amine and
amidoamine

polyamide amine
polyamide/epoxy adduct

Alicyclic amine Base

alicyclic amine
adduct reaction substances
tri—amine derivatives

Aromatic amine

aromatic amine
modified aromatic amine

Etc.

DICY
BF
imidazole

_18_
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Table 11 Properties of filament winding process

* Highly repetitive and accurate in fiber placement
* Can use continuous fibers over the whole component area
* Large and thick-walled structures can be built

Merits |, Mandrel costs can be lower than other tooling costs

* Lower cost for large numbers of components

* Costs are relatively low for material

» Shape of the component must permit mandrel removal
* Cannot generally wind reverse curvature

Demerits|| * Cannot change fiber path easily(in one lamina)

* Needs a mandrel

* (Generally poor external surface
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e oy dEHe dAAA ¢4 % HAHES Fig 1 =

Fig. 2] YERAT

Continuous strand roving

/ Carriage

K?“

T Mandrel
Resin bath

Fig. 1 Scheme of filament winding process.

Design of mandrel

. 4

Mixture of resin

. 4

Fixing of mandrel

2 4
Winding
2 4
Curing

. 2

Remove of mandrel

Fig. 2 Flow chart of filament winding process.
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Fig. 7oA A== ol 24N (D, /D)7t 04°lstdd w= =7

T

Table 12 Design condition for composite materials shaft

Horse power 196 PS

RPM 6,000 rpm

Tensile elastic of modulus glass/epoxy composites( £,)| 42,770 MPa

Tensile elastic of modulus glass/epoxy composites( Ez) 11,720 MPa

Poisson’s ratio( p |, ) 0.27

Shear modulus( G,,) 4,130 MPa
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Fig. 10 Variation of shear strain with diameter and

winding angle ( D, / D, = 0.4).
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Stern tube shaft 1.15
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Table 14 Diameter ¢ of shaft and coefficient C,

d (mm) 30 40 50

C, 0.8210 0.7947 0.7753

A F AR 4 HALAFFE] T, 590 Nmmrol 7HE 2
B® o] gt Zmde Hel #F S C, = 0568 919 A, ¢y,
kg A @Dell disisted e AltstE A (0 o] Ha

Table 145 o] g3}o] ofe] 7}x 29 AA o W3t HES F3hd

Table 159} Zt}.

7, = 68.75C, (N/mm?) (40)

Table 15 Diameter ¢ of shaft and maximum value of

torsional vibration stress acceptability limit of ¢

d (mm) 30 40 50

r, (N/mm’) 56.4 54.6 53.3
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hgoll WAy Hed AdwesEs Fatojol stEz 4 (400

2 (390 R g2 TaE the A% gol Hu

o, = 157.6C, (N/mm?) (41)

< AAbetH Table 1639 2t}

il
i

oAe 7HA Sl A4 gol i @&

Table 16 Diameter 4 of shaft and maximum value of

torsional vibration stress acceptability limit of 7,

d (mm) 30 40 50

r, (N/mm?) 129.4 125.2 122.2
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43 Z=2d89 HEH Y

slo] A 7HEsk HUgE S Fakstolok s d o] HugH S
(41) = Table 16914 WEld= ¢, et aejnz xz Ay

of A 73 A AdeHS A (42)7F =Y

7+ 1, = 40.0+157.6C, (N/mm?) (42)

el 7k = A4 gol Wate] Aitstw Table 173 2t

Table 17 Diameter 4 of shaft and maximum shear

stress T/ + Ty

d (mm) 30 40 50

T+ 1T, (N/mm?) 169.4 165.2 162.2
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Fig. 13 Photograph of filament winding machine.
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Table 18 Specifications of filament winding machine

Specifications
Winding Dia. 25 ~ 300 mm
Winding length 1,200 mm
Weight of mandrel Max. 20 kg
Number of spindle 1 Axis
Height of spindle 1,000 mm

Number of axis

—-. X axis : Mandrel rotation
pm - 0 ~ 200 rpm
—-. Y axis : Carriage traverse
stroke of traverse: 0 ~ 1,400 mm
speed of traverse: 0.3 m/sec
-. Z axis . Cross feed
stroke of cross feed: 0 ~ 300 mm
speed of cross feed: Max. 0.3 m/sec

Winding Angle

0~ 90

Number of roving

2 rovings
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Table 19 Properties of fiber used in this study

. Tensile strength|Diameter .
Kinds Tex (N/Tex) (im) Service
ERS 2310FW |2,310 > 0.196 13 |Filament winding
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Table 20 Properties of matrix used in this study

) E.E.W | Viscosity [Weight )
Kinds . i Service
(g/eq) |(cps at 25C)| ratio
Epoxy resin Filament winding
170-190| 5,000-6,000 100 o
(KBR-1729) Laminating
Curing agent Filament winding
30-60 80 o
(KBH-1085) Laminating
Catalyst t
e s 300-700 | 3
(BDMA)

% E. E. W(Epoxy Equivalent Weight) : ol & A] @ako]gt o ZA]7] 17}
st FF(gleg)ol™ B EAHFES 134T Y dFHA7]19 2 U

o]},
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Fig. 15 Photograph of tension control.
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Fig. 17 Scheme of helical winding.
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Fig. 19 Photograph of curing in curing oven.
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Fig. 20 Cycle of cure.
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Table 21 Uncured adhesive properties of the epoxy paste

adhesive used in the joints

Epoxy paste

Curing agent

Brookfield HBT 20 rpm or 2.09 rad/sec

(Part A) (Part B)
Mix ratio by
Weight 100 22
Viscosity
@ 955C 300 Pa - sec 0.05 Pa - sec
Spdl 7 @ Spdl 1 @

100 rpm or 2.09 rad/sec

Shelf life 1 . 1 .
@ 25 yea yea
Color Off-white Blue

¥ Pa - sec = 10 Poise©] t}.
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Table 22 Fiber volume fraction
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Fig. 22 Photographs of void content(x50).
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Fig. 23 Scheme of mandrel for tensile test.
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Fig. 24 Configuration of the specimens of tensile test.
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Table 24 Results of tensile test

Lay-up thickness
(mm)| 15 [ 225| 3.0 |375| 45 | 525
Mean tensile strength |, 171 6000 5038 44,69 4379 44.49
(MPa)
Strain at(;‘)lto break |\, \7al14751115.989/16.774/17.006 17.424
(0]
110 ~
100 o "
90 \
g a0
= 70-
5 BO-
5 i
% 50 —_ h\-\_\-\-\_\-\-\-\_‘-\—\.. . .
o a0
E a0
& ap
10
0 e LA E S D B B S N S S e B S p—
1.0 1.5 2.0 25 3.0 3.5 4.0 45 5.0 5.5

Lay-up thickness {mm)

Fig. 26 Tensile strength curve on each thickness.
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Section A-A Section B

Section B

(b) 5-layers(lay—up thickness; 3.75 mm)
Fig. 27 Photographs of after fracture.
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Elongation (%)
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Fig. 27 Continued.
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I: Hollow shaft composites

Bolt M10x70

Fig. 29 Specimen and zig of mechanical joining

for torsional test.

Table 25 Spec. of torsional test machine used in this study

Dynamic torque 5565 N-m
Maximum angular + 50°

Line accumulator in HSM 3.8 liters
Flow capacity of servo valve 1,121 pm
Maximum control channel of digital controller 8 channels

Accuracy of load cell

1 % of full range

Non-linearity and hysterisis of torque cell

0.1 % of full range
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Fig. 31 Specimen of torsional test.
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Fig. 34 Torsional test apparatus for adhesive joining.
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Table 26 Comparison of weight for transmission shaft by

forged steel and composite materials

Shaft C it terial

. a4 Forged steel shaft OmpOsite materiais
Weight shaft
Weight 2,630 g 620 g
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