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Q1.

a) A finite element analysis of a knee replacement part (shown in Figs Q1a to Qic
inclusive, shown on the following pages) estimated the following stress at one_of the
critical positions: Direct stresses: xx= 70 MPa tensile, yy= 15 MPa tensile. :zz='35 MPa
compressive accompanied by two shear stresses: xy= 38 MPa and yz= 23 MPa. Using

this information:

(i) Sketch the elemental cube representing the state of stress. (3 marks)

(i) Show that the characteristic equation representing the state ofstress at this point is
given as: o3 — 5002 — 38980 + 23240 = 0 and“show the:largest stress acting at
this point is 90.3 MPa.

(7 marks)

(iiif) Calculate direction of the largest stress and show this by a simple sketch.
(6 Marks)

b) If the yield stress of the material is 580 MPa determine the factor of safety at this
point based upon the von Mises:criterion.
(5 Marks)

c) The component was manufactured by stamping along the y direction. Explain how this
would influence the choice of yield criteria and how this would change the von Mises
criterion'currently used. (4 Marks)

QUESTION 1 CONTINUES OVER THE PAGE...

Please turn the page...
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QUESTION 1 CONTINUED....

Stress=90.3 MPa

hﬁiq 615 P1 stress plot
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Plot type; Staticnodal stress Stressd

Stress = 5.6MPa

Fig Q1b P2 stress plot

P1 (N/mm*2 (MPa))
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QUESTION 1 CONTINUES OVER THE PAGE... Please turn the page...



Page 4 of 20
School of Engineering
B.Eng (Hons) Mechanical Engineering
Semester 1 Examination 2023-24
Advanced Materials & Structures
Module No. AME6012

QUESTION 1 CONTINUED....

Plot type: Static nodal stress Stress3

Stress= -5.9 MPa

'Fid Q1c P'é'stl:‘es's plot

S

_ -174
-9.41
=

-24.7

40.1

477

Total 25 Marks

Please turn the page...
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Q2.

a) A cryogenic chamber has a 25 mm wall thickness pipeline connected to it. The
pipeline operates at -183°C. The pipeline can be susceptible to internal cracks
at low temperatures. The material properties are given in Table Q2. The pipe.is
subjected to cyclic stresses ranging from 250MPa tensile to 150 MPa
compressive every 30 minutes for fifteen hours per day on 6 days per week. The

pipe is monitored regularly; however, the equipment used can only detect cracks
larger than 3mm.

Using the above information and the material data in table Q2, determine the
time taken for the crack to grow to 6mm.

(11 Marks)

Table Q2
Yield Strength 650 MPa
Young’'s Modulus 208 GPa
Poisson’s Ratio 0433

Fracture toughness at
temperature T Kelvin

86-0.1T. MPa.m?%°

Paris coefficients M & C

3.1 & 1.2x1072

Shape factor Y

1.15

b) Also estimate how much longer life the pipe has under these conditions.

(8 marks)

c) Explain briefly why-this estimate is conservative and what other factors could
be considered to improve the life predictions

(6 Marks)

Total 25 Marks

Please turn the page...
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Qs.

a) Figure Q3 shows schematically a portal frame representing a roll cage with worst
case scenario load case with a horizontal load of 25 KN and a vertical load of 10
KN. Joints A, B and D can be assumed to be welded whilst joint C is a safety pin.
Use this information to determine a suitable tubular section manufactured from
steel with a yield stress of 640 MPa and a factor of safety of 4.

Assume for the analysis the material is rigid-perfectly plastic.

Take Zp as D2t where: D is the nominal bore and t the thickness of a tubular

section.
(12 Marks)
10k
B 0.4m
C
f A
1.2m
0.6 m
0.9m Y
25kN
06 D v L» x
om Yoz
A

Fig Q3 frame set up

b) Analternative proposal is also considered with the same size tubing, but this time
the 25KN load is acting 0.9m from A.and the safety pin is now at position D.
Determine the new factor of safety.

(10 Marks)

c)" Describe two other material models that could be used in place of the rigid
perfectly plastic one stating in each case whether they would produce a higher or
lower factor of safety. (4 Marks)

Total 25 Marks

Please turn the page...
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Q4.
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a) A stage show musical has lifting mechanism for one of the actors (Figure Q4). In
order to disguise the mechanism a beam fabricated from a rectangular cross section
composite component using a high modulus carbon fibre reinforcement with_an
epoxy matrix in the form of a prepreg skin bonded to a 20mm thick balsa wood core
to replace an existing metallic structure. The component is subject to both flexure
and torsion; these loads are shown in Table Q4. Using this information determine
a suitable lay up for the composite and illustrate this by a sketch.

(20 marks)
Fibre Volume | Safe Bond strength of Lamina
Modulus fraction | working skin Thickness
GPa % strain MPa mm
%
380 65 0.5 12 0.125

Table Q4

b) If the component was to be used in varying temperatures due to the lighting system
other factors, / you would need to consider.

conditions describe what
(5 marks)

2KN

2.5m

UDL: w = 100N/m

A

T=2.0KNm

Fig Q4 schematic of the beam

Total 25 Marks

Please turn the page...
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Q5.

a) A medical robot arm is manufactured from aluminium with a Young’s modulus of 69
GPa and v = 0.32 is to be evaluated for future use.

It is also expected that the component under its normal usage would be subjected to
repeated cyclic loading with a maximum bending moment of 60Nm along with a lower load
of 25Nm. Therefore a provisional FEA has been carried out and results for the P1.are
shown in fig Q5a below.
Assuming at the position of largest stress, the 2" moment of area_i§ 3x10® mm* and
maximum depth is 20 mm, hence, estimate the maximum stress and‘predict.the life of the
component under this condition. Given the S-N curve for material is shown in Fig q5b
(shown on the following page). You can also assume for this geometry,K: = 1.4 based on
historic photoelastic test data and the notch sensitivity factor'q= 0.8

(10 marks)

Z

P1 (N/mm*2 (MPa))
302
l 266
R
L 105

L 159

. 124

[=3x10% mm?*

Loading point

Educatighal Product. For Instructional Use Onlv.

FigQ5a FEA plot of predicted P1 stress values

QUESTION 5 CONTINUES OVER THE PAGE...

Please turn the page...
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QUESTION 5 CONTINUED....

350

Fatigue S-N Curve for 2024 Aluminium (R=-1)

300

T

&\

=]
o
o

Stress (MPa)

100
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O T T T T T T 1
0 3.50E+05 4.00E+05 1.00E+06 6.00E+06 1.00E+07 1.00E+08 No of Cycles

Fig Q5b Aluminium 2024 S-N curve.for a fully reversed fatique loading condition

b) In order to verify this design strain gauge techniques were used to evaluate the
calculations. This was-done.wusing a strain gauge rosette consisting of three gauges in
the pattern shown in figure Q5¢ (shown on the next page) bonded to the surface at an
angle of 15° to the axis of symmetry. The gauges had a gauge length of 2mm and
bonded using.an epoxy adhesive. The output results under the maximum load condition
for the three'gauges are given below

€0 =3100 x 10 mm/mm (0°)
€45 =2055 x 10 mm/mm (45°)
€90 = -2779 x 10° mm/mm (90°)

Using this data calculate the maximum strain obtained and compare with the predicted
experimental stress that was obtained using the finite element method. Explain also why
there is a difference between the two results and where the main source of error is likely
to occur.

(15 Marks)

QUESTION 5 CONTINUES OVER THE PAGE...
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QUESTION 5 CONTINUED....

Fig Q5c.Strain Gauge set up

End of the Questions

Formula sheet follows over the page
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FORMULA SHEET

Formulae used in Structures and Materials Module

Elasticity — finding the direction vectors

s, ]

S, | =(Stress Teusor){m

S, n
R

Na'+b +¢

Where a, b and c are the co<factors of the eigenvalue stress tensor.

[ =ak | = cosa,
m = bk m = coso,
w= ok n = cos¢.

Principal stresses and Mohr’s Circle

c,—0,
= -
2
_ 0,0,
T3 =
2
o, -0,
T, =—2
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Yield Criterion
Von Mises

g

1

von Mises — \/_ |:(O-l -
2

Tresca

O, 20, 20,

Otresca = 2. Tiax

o-von Mises, \/g

Ofyesca 2

Fracture mechanics

Table: Y values for plates loaded in tension

(1) Through crack of length 24 in an infinite
plate

=

(2) Edge crack of length a in an infinite plate
¥ =112
Because plane strain and plane stress have
identical stress fields, this calibration is also
for an edge scratch of depth a on a large
body carrying tensile stress .
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(3} Through crack of length 24 in a plate of
width w,

'3
Wi (scc E) 24 .01

wl Tw

=

(5} Pennyveshaped internal crack of radius a.

2
Y = <gma < D
b4

Life Calculations
d m
= - c(AK)

dN

o T

.,

e
.
-

\.iﬁ/
(4) Edge crack of length a in a plate of width w.

PA* 0875 + 0265w
¥ = 0.265]— -
( ) ':ba'lw}a'll

W

Please turn the page...
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{(6) Semi-elliptical surface flaw

Y=1£

I!i:l"z
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1 4

CY??IGGH’I” 2 an a 2

JV =

Composite materials

Please turn the page...

Er:.'ﬂ:rnpﬂsife — EfibTeribre + Ema.frix(l _ Vfibre)

Fracture Toughness

Table: Fracture toughness of some engineering materials

Material Kic (MNm=2) | E (GN/m?) | Gic(kl/m?)
Plain carbon stéels 140 - 200 200 100 - 200
High strength steels 30-150 200 5-110
Low to medium strength steels 10-100 200 0.5-50
Titanium-alloys 30-120 120 7-120
Aluminium alloys 22-33 70 7-16
Glass 0.3-0.6 70 0.002 - 0.008
Polycrystalline alumina 5 300 0.08
Teak — crack moves across the grain 8 10 6
Concrete 0.4 16 1
PMMA (Perspex) 1.2 4 0.4
Polystyrene 1.7 3 0.01
Polycarbonate (ductile) 1.1 0.02 54
Polycarbonate (brittle) 0.4 0.02 6.7
Epoxy resin 0.8 3 0.2
Fibreglass laminate 10 20 5
Aligned glass fibre composite — crack across fibres 10 35 3
Aligned glass fibre composite — crack down fibres 0.03 10 0.0001
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‘ Aligned carbon fibre composite — crack across fibres ‘ 20 185 2

Please turn the page...

Strain relationships

We know normal strain in any @isection (8 is given by
1 1 Xy
€n= 5 (Ex+Ey) +35 (Ex& Ey) cos 207+ }’2_ Sin 20

where €y = norfmalstrain at'a point in x-direction

€y~ normal strain at a point in y- direction

Yy = shear strain at a point on x face in y direction

yxy
. _ | & 5
2D Strain tensor =
yﬂ £
2 y

Hooke’s Law in 2D
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E
o, = m(ﬁ'l +UE, )

E
g, = —2}(51 +VE,)

Please turn the page...

lﬂkbﬂ‘liﬂm in Circular

TABLE 13.2 Formulas for Values of the Maximum Principal
Plates as Obtained by Theory of Flaxure of Plates”®

Support and loading Principal stress (o, strass M"‘d"‘:“: ":'W
A
Edge "'imn:"' - qpnne:l:l; W i .—!'l i-vip a4 D VILE + vJE"_':
o (rg = 8 g e 16 R
i 1 pat
Edge Tixed; load unifarm (g = &} Eage" e LB
13 Eh’
Edge simply supporied; "
losd at center. P= ®rg P, fy— Center I L-w){3 *1 viPa
but g =0 dmEN
Cantar M1=-w)Pa
Ambh

amustbe = 1.7r

"2 = radius of pfate, §y sWedics of centra’ loadec area; b - Ih{ﬂﬂﬂﬂs of plate; o= uniform load oer unit area; v = Paisson’s ratio

wer plad w0, the dePecrion ig w,, = O 1_:. 17 - vl pa® EN, whare the constant C degends on the sario A/a os fallows:
T

42
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d l d ‘f’ aw
dr| r dr\

0,

(1’.1; D

Hooke’s law is expressed in terms of w, as follows

E EF- (dw vdw
o, = ,,(EJ_—UEH]:— +—
1-u° 1—1° ﬂ’r rodr
Ez [1ldw d'w
G, = (£, tVE,)=——5 ——+1—
—v 1-v\ rdr i

Please turn the page...

Bending moment and shearforce

jl.,fllz_Dde +iﬂlD—L—
dr = Ayt | 120-v*
M,=-D Ldv, 4 ”W
_Fdr dr * ,-'
]_ = 2T -r.
0, =+ N Jn Jb grdrd 6 = ;_Ia qrd

Governing equation

- A 2 |
oy .:'.F iiﬁn‘ I(FJ q
rodr ) .
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Related Mathematics

Cubic Equations-General form

0%+ F1 0%+ Fo0 + F3=.0 where: F1, F2, & F3 are constants then the
solution has'three roots, say a, b & c, giving: (0-a).(o-b).(o-c) =0,

hence;
o3=e? (a¥b+c) + o (a+c)b —abc =0
as a'general form.

If either a, b or c is known a simple quadratic equation based upon
the other two unknowns can derived and solved.
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Position of the Maximum moment of a propped cantilever
length L is given by:

(\/2-1 ) L from the prop end

Please turn the page...

Finding determinants using cofactors

A=
Find determinants
0 4 1 4 1 O
2 - -3
A= -1 2 2 2 2 -1
2[(0x2) = (=1xd)]—-4[(1x2)—=(2x4)]-3[(1x=1) = (0x2)]
8+24+3=35
A=|1 0
2 -1 1|2
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