ENGINEERING TRIPOS PART IIB

Tuesday 26 April 2005  2.30to 4

Module 4C2

DESIGNING WITH COMPOSITES

Answer not more than three questions.

All questions carry the same number of marks.

The approximate percentage of marks allocated to each part of a question is
indicated in the right margin.

Attachment: Module 4C2 datasheet (6 pages).

You may not start to read the
questions printed on the subsequent pages

of this question paper until instructed that
you may do so by the Invigilator
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1 A glass fibre-epoxy laminate is loaded as a beam in 3-point bending with a central
load F. The span of the beam between inner and outer supports is £, the widthis w
and the thickness is ¢.

(a) Identify likely failure modes and corresponding failure locations for a [i 45]5

laminate? Sketch the expected load versus displacement response. Describe how you
would calculate the expected failure load. [30%]

(b) A simple approach to design of the beam assumes that the stresses are

uniform either side of the beam centre-line, with the top and bottom halves of the beam
carrying equal and opposite line loads N, , as illustrated in Fig. 1. Show that the line load

N, at the centre of the beam, using this approach, is given by:

N =t [10%]

Y uw

(c) Find a suitable ply mix and thickness of laminate which minimises the weight

of a beam of dimensions ¢ =2m and w=0.1 m, carrying a central load ¥ = 2 kN.
In addition the beam must have a shear modulus G,, at least two-thirds of that for a

[i 45]s laminate. Carpet plots for GFRP are given in Fig. 2. [40%)]

(d) How might you improve and verify the suitability of your beam design found

in part (c)? [20%]
F
v:;l
Ny« crr__ —+N,
£
Fig. 1
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2 The hollow shaft of a canoe paddle is to be made from a [:t 30]3 glass fibre-epoxy
pre-preg laminate, with elastic properties £ = 0.2E;, Gjp =0.2E; and vj,=0.2. Each
ply is of thickness .

(a) Obtain expressions for the laminate extensional matrix [A] and the laminate
coupling stiffness [B] for the laminate in terms of the material properties. [65%]

(b) The [+ 30]s laminate is made into a circular tube of mean diameter D, and
wall thickness 4¢.

(i) Calculate the axial strain and hoop strain in the tube wall due to an
axial force P. [20%]

(ii) Calculate the twist per unit length of the tube due to a torque Q. [15%]

3 A [0/90/0] cross-ply laminate is made from three plies, each of thickness
0.125 mm, of AS/3501 carbon fibre epoxy material (material data on the data sheet).
The [Q] matrix for a 0° lamina of this material is given by:

139 27 0
[0l=127 90 o0 |GPa
0 0 69

(a) The laminate is subjected to biaxial line loading N, = 0.1 N,, where the x

axis coincides with the 0° direction.

(i) Use the Tsai-Hill failure criterion to estimate the line load N, at first
ply failure. What would you expect the failure mode to be? [65%]

(i) Estimate the percentage reduction in the laminate stiffnesses E, and E,
associated with first ply failure. [15%)]

(b) Briefly describe how you might develop a micromechanical model to estimate
the spacing of transverse cracks in the 90° ply. [20%]



4 (a) Explain briefly what is meant by “the simultaneous design of
(i) an engineering composite structure and (ii) the configuration of the composite
laminate from which it is to be made”. [25%]

(b) Why are the majority of design problems associated with composite laminates
attributed to their poor “secondary material properties™? Give three examples of design
problems associated with these properties. ’ [25%]

(c) Briefly describe one method of manufacturing large integrated composite
structures for the automotive industry, identifying any additional requirements of this
method, as compared with conventional methods using steel. - [25%]

(d) A single section of fuselage of the new Boeing 7E7 Dreamliner aircraft is 7 m
long, 6 m wide, and contains a door and windows. Propose a suitable composite
material system from which to manufacture this part, giving your reasons. Outline a
manufacturing route for making this part, and give an example of a critical issue
involved in the manufacturing process. [25%]

END OF PAPER
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The in-plane compliance matrix [S] for a transvérsely isotropic lamina is defined by

&1 O11 Where[S]= l/El —V71 /E2 0
e |=1S] 022 -valE  YE; 0
2 o12 0 0 1/Gyp

[S] is symmetric, giving v,,/E, = v, /E,. The compliance relation can be inverted to give

o 0. 0 01 (e where Oy = Ey/(-viava1)
a" Ql ' Q’ 0 " On = Eyf(1-vipvy)
= E.
“ ’ 2 “ On = B /(1-vipvay)
ail 0 O Q66 12 Q66 - C‘;12
Rotation of co-ordinates

Assume the principal material directions (x,, x, ) are rotated anti-clockwise by an angle & ,
with respect to the (x, y) axes.

X2 y
0
X
Then, O11 O xx and n Exx
T
oy |=IT Oy &x [=[T] Eyy
012 Oxy Y12 Yxy
where [T]= cos? 6 sin? @ 2sin @ cosd
sin? 6 cos’6  —2sinfcosd
—sinfcosf sinfcosd® cos’@—sin?d
and [T]_T =| cos’@ sin 6 sin & cos@

sin? @ cos? @ —sin @ cosé
—2sinfcosf  2sinfcosé (cosZB—sinZB)



The stiffness matrix [Q] transforms in a related manner to the matrix [ when the axes are
rotated from (x,.x,) to (x,y)

loHrT ol

In component form,

On = 01C* +0558% +2(0y5 +2066 )52 C?
bk, 2. o 012 = (i +Q22—4Q66)52C2+Q12(C4+S4)
OF Q1 Qn G 022 = OnS* +02C* +2(015 +2066 )5%C?
Oz O (| where —- 5 3
O O Oes Oi6 = (011 — Q12 — 2066 )SC> (022 - Q13 - 2066 )S°C
026 = (011 — 012 — 2066 )5°C ~ (022 — 012 — 2066 )SC*
Oss = (011 + 022 — 2013 — 2046 )S%C? +Q66(S4 +C4)

with C =cos@ and S =sing.

The compliance matrix [S]= [0]™ transforms to [S]= [0 ]'l under a rotation of co-ordinates

by @ from (x,,x,) to (x,y), as
ST IsTr]

and in component form,

81y =83,C* + S328% + (285 + 8¢ )S2C2

Si2 =5'1;>.(C4 +S4)+ (511 + 822 — Sgg)52C?

Sy =S118* +85,C* +(28), + Se6 )S2C2

S16 =(2811 — 2815 ~ S JSC* ~ (2833 — 281, - Sgs )°C
826 = (2811 — 2813 — Se6)S°C ~ (2825 — 281, — S5 )5C°
See = (4811 +485; — 881, —286)S2C2 + S“(C" +S4)
with C =cos8, S =sin@



Laminate Plate Theo

Consider a plate subjected to stretching of the mid-plane by (b‘g £ ,6‘%,)1 and to a curvature
(Kx,K‘y,ny)T . The stress resultants (Nx,NyJny)T and bending moment per unit length
(Mx,Mnyy)T are given by

NY[4 : BY¢

M)|B : Dl«x
In component form, we have,
- - ( 0
(N, [47 42 4 By B Bl )
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where the laminate extensional stiffness, 4;j, is given by:

t/2_ N,
4= | ©; )kdz = Z(Qij)k(zk - Z4)
——t/2 k=1

the laminate coupling stiffnesses is given by

t/2__ N,
B = I(Qij)kZdz=';—?:l(Qij)k(zl% —Z%—l)
-t/2 =



and the laminate bending stiffness are given by:

2 - 1 &
Dy = I(Qﬁ)kzzdz=§Z(Q-y-)k(zz - le—l)
-1/2 k=1
with the subscripts i,7=1,2 or 6.
Here,
= laminate thickness
z,, = distance from middle surface to the inner
surface of the k - t2 lamina
z, = distance from middle surface to the outer
surface of the k - th lamina

Quadratic failure criteria.

For plane stress with o3 = 0, failure is predicted when

2 2

.. 1 0102 A O3
Tsai-Hill: > T T3 +—+
SL SL ST SLT

2
12 54

Tsai-Wu: FilO'IZ +F220'§ +F56‘t'122 +Fi0'1 +F20'2 +2Fi20'10'2 21

1 1 1 1 1 1 1
where Fyy=——, Fp=—"— H=—"-—, Fp=—-—,F¢ =——
SLSL STST S SL st St SiT

F12 should ideally be optimised using appropriate strength data. In the absence of such data,
a default value which should be used is

(F1F2 )1/2

Fay=- 2



Fracture mechanics

Consider an orthotropic solid with principal material directions x; and x5. Define two
effective elastic moduli £’ and E} as

\V2

- 1+
Ey

\Su) U 2ySuSy )

2 Y2r V2
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where Sy etc. are the compliances.

L

Then G and K are related for plane stress conditions by:
crack running in x; direction: G;E) = K}" :GnEg =K 121
crack running in x; direction: G;Ep =K?:GpEy=K2.

For mixed mode problems, the total strain energy release rate G is given by

G =61+ G



Approximate design data

Steel Aluminium | CFRP | GFRP | Kevlar

Cost C (£/kg) 1 2 100 5 25
E1 (GPa) 210 70 140 45 80

G (GPa) 80 26 ~35 ~11 ~20

p (kg/m3) 7800 2700 1500 1900 1400
et (%) 0.1-0.8 0.1-0.8 04 0.3 0.5

e (%) 0.1-0.8 0.1-0.8 0.5 0.7 0.1

e 1 (%) 0.15-1 0.15-1 0.5 0.5 0.3

Table 1. Material data for preliminary or conceptual design. Costs are very approximate.

Aluminium | Carbon/epoxy Kevlar/epoxy E-glass/epoxy
(AS/3501) | (Kevlar 49/934) | (Scotchply/1002)
Cost (£/kg) 2 100 25 5
Density (kg/m3) 2700 1500 1400 1900
E; (GPa) 70 138 76 39
E3 (GPa) 70 9.0 5.5 8.3
V12 0.33 0.3 0.34 0.26
G12 (GPa) 26 6.9 2.3 4.1
. s} (MPa) 300 (yield) 1448 1379 1103
ST (MPa) 300 1172 276 621
ST (MPa) 300 483 27.6 27.6
ST (MPa) 300 248 64.8 138
Sy (MPa) 300 62.1 60.0 82.7

Table 2. Material data for detailed design calculations. Costs are very approximate.

M. P. F. Sutcliffe
N. A. Fleck
Qctober 2002




	
	
	
	
	
	
	
	
	
	
	
	

