ENGINEERING TRIPOS PART IIB

Tuesday 25 April 2006  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).
STATIONERY REQUIREMENTS SPECIAL REQUIREMENTS

Single-sided script paper Engineering Data Book
CUED approved calculator allowed

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




1 A [i 45]5 glass fibre-epoxy laminate is constructed from 1 mm thick plies of
unidirectional Scotchply/1002 material, with material properties as given on the datasheet.

(a) Obtain the in-plane stiffness constants for the laminate. [45%]

(b) A sandwich beam is constructed with the glass laminate as face sheets, as
illustrated in Fig. 1. Calculate the axial and effective bending stiffness of the beam, per

unit width. The stiffness contribution from the foam core can be neglected. [30%]
(¢) Discuss how such a beam might be constructed. [25%]
) glass laminate ) 3 4mm
L foam core ? 10 mm
' glass laminate | § 4mm
Fig. 1

2 (@) Describe how strain allowables can be used to design against failure of
composite laminates. Explain the differences between the numerical values of strain
allowable, for the various fibre composites and three loading directions quoted in Table 1
of the datasheet. [25%]

(b) Fora [i 9] g laminate, explain why the use of strain allowables may not give

an accurate estimate of the failure load. Would you expect design using strain allowables
to be conservative in these circumstances? [25%)]

(c) Use strain allowables to estimate a suitable ply mix and total thickness for a
CFRP laminate containing only 0°, +45° and 90° plies, designed to carry in-plane line
loads of N,=2MNm~!and N,=-1MN m~! without failing, [25%)]

(d) Without doing detailed laminate plate theory calculations, estimate the
maximum axial and bending stiffnesses consistent with your beam design found in (c). [25%]



3 (a) Propose a physical model for the principal mode of failure of a multi-
directional carbon fibre-epoxy laminate plate containing a hole under compression
loading. Illustrate the dominant failure mechanism by a simple sketch. [35%]

(b) Propose a linear-softening crack tip cohesive zone law that accounts for the
strain energy release rate G for compression cracking at the edge of the hole. What is
this law capable of predicting? [20%]

(c) The critical crack closing displacement v, for the micro-buckling of a carbon
fibre composite at the edge of a hole in a plate under compression loading is given by

1
ﬂdf VfEf 3
778 |2,

where df is the fibre diameter, Vf the fibre volume fraction, Ef the fibre Young's
modulus and 7, the in-plane shear yield strength of the laminate. Choosing appropriate
values for the terms in the equation above (with justification) and, given that the
theoretical un-notched compressive strength of the laminate is 740 MPa, estimate the
toughness G, of the laminate. [25%]

(d) Account for any discrepancy that is likely to be observed between the
prediction of the un-notched compression strength of the laminate plate and that
measured by experiment. [20%]

(TURN OVER



4  The CFRP wing panel of an aircraft carries an axial line load N, and a shear line

load Ny, The panel is made of eight plies of AS/3501 carbon fibre epoxy material

(material data on the data sheet) each of thickness 0.5 mm, and has a laminate lay-up
of [02, + 45] g- The x axis lies in the 0° direction. The [Q] matrix for a unidirectional

lamina of this material and the [4] matrix for the laminate are as follows:

139 27 0 368 68 0
[0]=]27 90 0 |GPa, [4]=|68 109 0 |GPamm
0 0 69 0 0 85

(a) For a fixed axial line load N, = 1.6 MN m., calculate the maximum shear
load N, that the panel can carry for first ply failure. Use the maximum strain criterion

and assume that failure is due to transverse tension in one of the 45° plies. [55%]
(b) For the case where both N, and N,, can vary, sketch the failure surface of

the laminate in the N, — N, plane, for positive N,, marking salient points and
identifying expected failure modes. [45%]

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

11 o11 where [S]= l/El — Va1 /E2 0
e22 |=IS] 022 -viplEy  VE, 0
712 o1 0 0 1/Gyp

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

where Q1 = E/(l-vipva)
O-II Qll QIZ 0 8“ -
B 0 On = Efl-vipvy)
On| = le sz 2 _
O = vipEy/(l-vigvay)
% © 0 Gl 966 = G2

Rotation of co-ordinates

Assume the principal material directions (x,, x2) are rotated anti-clockwise by an angle 8 ,
with respect to the (x,y) axes.

X y
? X,
0
X
Then, { oq; Oy and (& Exx
-7
(o) =[T] O'yy €79 =[T] 8},y
C12 Oy Y12 Vxy
where [T]= cos? 6 sin @ 2sin@cosé
sin? @ cos? 6 —2sinfcosd

~sinfcosf sinBcosd cos’@—sin? @

and [T]_T = cos? @ sin @ sinfcos@
sin? @ cos? @ —siné cosd
—2sinfcos® 2sinfcosd (cos’ @ -sin’ )



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

o}t el T

In component form,

oML Ga B
_Q_lz gzz gzs where
O Qs Yoo
O11 = 01C* +008* +2(0) +2066)5°C?
012 = Q11 + 0 ~ 4046 )S2C? +Q12(C4 +S4)
02 = OnS* +00C* +2(01 +2066)5°C?
O16 = (011 — Q12 —2066)SC° - (022 - Q12 ~206)5°C
O26 = (011 — Q12 ~2066)S°C ~ (022 - Q12 ~ 2066 )SC°
Dse = (011 + 020 201> ~2056)52C% + 05 +C*)

with C =cos@and S =siné.

The compliance matrix [S]=[Q] transforms to [§ ] = [@ ]_1 under a rotation of co-ordinates

by & from (xl,xz) to (x,y),as
(ST [s]r]

and in component form,

§11 =SHC4 +S2284 +(2SIZ +S66)S2C2

S 4, o4

SIZ =512(C +S )+(Sll +S22 _S66)S2C,2

§22 =SllS4 +S22C4 +(2$12 +S66 )S2C2

Sis = (2811 — 2515 — Sg6 )ISC? = (25, — 285 ~ Se6)S>C
Sa6 = (2511 = 2815 ~ S¢6)S°C — (282, — 2515 — Se6)SC
Sec = (451, + 4S8y, — 885 — 2S¢ )S2C? +S66(C4 +S4)
with C =cos@, S =siné



Laminate Plate Theory

Consider a plate subjected to stretching of the mid-plane by (Sx £yE xy)T and to a
curvature (K 2Ky oKy )T . The stress resultants (N xNVy Ny )T and bending moment per
unit length (M xMy.My, )T are given by

NY[4 i BYé°

In component form, we have,

(N:)[41 42 46 By Bn Bl e
0

Ny | |42 4 4 Bz By By | g
Ney | |46 46 4es Bis Bas Bes | ry,
M, ||By By Bg Dy Dy Dglx,
My | |Bz Bxn By D Dy Dk,
My, ) |Bis By Bes Dig Dy Des | xy,

where the laminate extensional stiffness, 4j;, is given by:

12, N,
Ay = f(Qy)de Z(Qij)k 2k — z4-1)
-1/2 k=1

the laminate coupling stiffnesses is given by

(Q,,) (2 -224)

t/2

Bl] = _[(QJ )kZdZ =

~t/2

T?“Mz

1
2



and the laminate bending stiffness are given by:

t/2__ N ,
Dy = I(Qy)k22d2=%Z(Qy)k(Zi _ZI::-—I)
—I/2 k=1

with the subscripts i,j=1,2 or 6.

Here,
t = laminate thickness

z, , = distance from middle surface to the inner
surface of the & - t2 lamina

z, = distance from middle surface to the outer
surface of the & - th lamina

Quadratic failure criteria.

For plane stress with 3 = 0, failure is predicted when

2 2
R o) 0102 O3 72
Tsai-Hill: T +———2 +—2 >1
S Sy St SLT

Tsai-Wu: FHO'IZ +F220'§' +F667122 +,F10’1 +F20'2 +2F‘120'10'2 >1

1 1 1 1 1 1 1
where Fy; = + - Fp = + = Fl:T_—’ F2=_+_—?’ Fes T2

SISL STST Sp Sp 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

Fo s Y2
F12=_( 1 222)



Fracture mechanics

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

12 12 \\V2
Ey 2 (\Su/) U 28112 )
1/2 12 12
1 =/511322J/ [& 14+ 2512+ Ses
Ep \ 2 Sn) | 2481182

where S etc. are the compliances.

Then G and K are related for plane stress conditions by:
crack running in x| direction: G;E/ = K12 G Ep = KIZI
crack running in xp direction: G;E3 =K }2 GpE)y = K121 .

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

G=G1+Gqp



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 1960 1400
et (%) 0.1-0.8 0.1-0.8 0.4 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
E; (GPa) 70 9.0 5.5 8.3
vi2 0.33 0.3 0.34 0.26
G12 (GPa) 26 6.9 2.3 4.1
s7 (MPa) 300 (yield) 1448 1379 1103
s; (MPa) 300 1172 276 621
57 (MPa) 300 48.3 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
October 2002




Engineering Tripos Part 11B: Module 4C2
Designing with Composites
Numerical answers 2005/6

68.8 36 0
1@ A=| 36 686 0 |MN/m
0 0 43.6

(b) Axial - 137.6 MN/m, Bending - 6900 Nm

2 (c) e.g. 5.55mm total, with mix of 65%:25%:10% of 0:90:45,
(d) Axial 500 MN/m, bending 1900Nm approx

3. 8 J/m approx

4. 0.76 MN/m






