Selection of Material and Shape



A few examples on the shape — performance relationship...

How shape can be used to modify the ways in which materials behave?

Whis glass is used to
consume a cold
beverage?

Heat Sink???




A few examples on the shape — performance relationship...

How shape can be used to modify the ways in which materials behave?

Metamaterials




Can a sheet of paper carry load?

\ectorStock

https://www.vectorstock.com/royalty-free-vector/white-sheet-of-paper-
background-vector-3726748
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Macrostructure — Efficiency

Designer vs. Materials Engineer

| LT

_] FLATTENED HEM
T

OPEN e Does the elastic modulus change
e when a sheet of metal is folded?

Load

maximum distance maximum distance
of 25 mm to centroid if 100 mm to centroid

http://www.snobarcolorbar.com/technical-data/
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Structural sections

When materials are loaded in bending, in torsion, or are used as slender columns,
section shape becomes important

Shape = cross section formed to a

= Tube O

= [-section I Simple shapes

= Hollow box

Complex shapes (relatively higher efficiency)

Aluminiom
Honeycomb Core




Shape Factors

-+

( ]
/ Material Macro-shape Shaped material

Normalized!

Mechanical efficiency is obtained by combining material with macroscopic shape. The

shape is characterized by a dimensionless shape factor, ¢». The schematic is suggested by
Parkhouse (1984).



Shape Factors
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Common modes of loading and the section-shapes that are chosen to support them: (a) axial
tension (b) bending (c) torsion and (d) axial compression, which can lead to buckling.



Shape Factors

Mass distribution and stiffness.
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TR Area A=A, Area A=A_/4
Second moment /=25 |, Second moment /= L.




Shape Factors

SxEI/L3 Mass distribution and stiffness.

Area A_
Second moment /,,
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Shape Factors




Shape Factors

SxEI/L3 Mass distribution and stiffness.
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- height h
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https://en.wikipedia.org/wiki/Second moment of area .
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Elastic Bending of Beams

Moments of sections, and units
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Elastic Bending of Beams
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Elastic Bending of Beams

4 49 — - ee—— o2 =
[ b _A o o
LA

| 2 2 DOES NOT DEPEND ON

SCALE!!!
.S EI 121
¢ —

B—- Pl —_

Se EI, A?
BE CAREFUL ABOUT (©) O O dp=12
SIMPLIFICATION!!!

(a) A set of rectangular sections with 2

(b) a set of |-sections with 10; and
(c) a set of tubes with ¢} 2. Members of a set differ in size but not in shape

¢" the shape factor for elastic bending.
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Shape efficiency factors

Section shape Bending factor, Torsional factor, 5 Bending factor, &, Torsional factor, 7 Bending factor, ;‘,:
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Solid equiaxed sections (circles, squares, hexagons, octagons) all have values very close
to 1 — for practical purposes, they can be set equal to 1.
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Structural Elements

-

In which direction
Why in | shape? should it be loaded?
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force
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Elastic bending
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FIGURE 9.6

The second moment of area / plotted against section area A Efficient structures have high values
of the ratio //4°; inefficient structures {ones that bend easily) have low values. Real structural
sections have values of /and A that lie in the shaded zones. Note that there are imits on A and
on the maximum shape efficiency ¢ that depend on material.

Is stiffness always required?
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Elastic Twisting of Shafts

Moments of sections, and units

Section shape Area A
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Shape Factor for Elastic Twisting

The shape tactor for elastic twisting is defined, as before, by the ratio of the
torsional stiffness of the shaped section, Sy, to that, S¢ , of a solid square shaft

of the same length L and cross-section A, which, using equation (11.5), is:
51 K |
f.'f === {116)
‘ l .S'l“ I\(. . .

The torsional constant K, for a solid square section (Table 11.1, top row
with b=h) is

K,= 0.14A%
giving
K
"1 A2 kit)
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What about failure?

8, Mises

(Avg: 75%)
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- AI} m A'I Three-Point Bending Fracture Properties of Multilayer Metal
b = I o Z Hot Forging Die Specimen, Huajun Wang et al 2019 IOP Conf.
Ser.: Mater. Sci. Eng. 472 012033
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Moments of sections, and units

Section shape Area A Moment | Moment K Moment Z Moment Q Moment Z,
(m) (m*) (m®) (m*) (m®) (m®)
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Strength Efficiency

The strength-efficiency of the shaped beam, ¢}, is measured
by the ratio Z/Z,, where Z, is the section modulus of a reference beam of
square section with the same cross-sectional area, A:

b.l A.3,~"l
Zn = =t =

(11.9)

6 6

Thus:

(11.10)

Like the other shape-efficiency factor, it is dimensionless and therefore inde-
pendent of scale, and its value for a beam with a solid square section is unity.
Table 11.3 gives expressions for other shapes derived from the values of the
section modulus Z, which can be found in Table 11.2. A beam with an failure
shape-ethiciency factor of 10 is 10 times stronger in bending than a solid square

section of the same weight.
25



Section Modulus

10
oh=100 101 . A beam with a failure shape

efficiency factor of 10 is 10
times stronger in bending
_______ than a solid square section
of the same weight.

BB ARLL

103

LB

Section modulus Z (m3)
=3

|
| uud_ 1411111;[ A |||““| LA LA
104 103 102 10! 1
Section area A (m2)

The section modulus, Z, plotted against section area A. Efficient structures have high
values of the ratio Z/A""; inefficient structures (ones that bend easily) have low values.
Real structural sections have values of Z and A that lie in the shaded zones. Note that
there are limits on A and on the maximum shape efficiency 'B that depend on material.

26



Evaluating shape factors

A beam has a square-box section with a height h = 100 mm, a width b= 100 mm, and a
wall thickness t = 5 mm. What is the value of its shape factor ¢?

27



Evaluating shape factors

A beam has a square-box section with a height h = 100 mm, a width b= 100 mm, and a
wall thickness t = 5 mm. What is the value of its shape factor ¢?

Answer v

The shape factor for the box section, from Table 9.3, is ¢} = - \/é 4 = 447. The
(1+4)

box section is stronger than a solid square-section beam of the same mass per unit length

by a factor of 4.5.
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Failure in Torsion

T Torsional stress

T =Torque
r,, =radial distance

J = Torsional moment of
area

Q=J/r,
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Limits to Shape Efficiency

102 1{ Blastic bending | ‘\'&.- S o
T o
E o
’§: 10741
o
% 1001
°
2 1081 -

E \Qp
2 -
3 O, D Alumnum
1§ ~10 @ Steet
107 N ,Q’ @ Soft wood
© Pultruded GFRP
10 1074 1079 107 10"
Section area A (m?)
FIGURE 9.8

Log (/) plotted against log (4) for standard sections of steel, aluminum, pultruded GFRP, and wood.
Contours of ¢ are shown, illustrating that there is an upper limit. A similar plot for log (Z) against
log () reveals an upper limit for ¢

Empirical upper limits for the shape factors ¢ 0% .0 and ¢

Material (DB) e (D7) e (Pg | e () L
Structural steel 65 25 13 7
6061 aluminum alloy 44 3l 10 8
GFRP and CFRP 39 26 9 7
Polymers (e.g. nylons) 12 8 5 4
Woods (solid sections) 5 | 3 |
Elastomers <6 3 - ~

30




Limits to Shape Efficiency

Empirical limits.

Limits imposed by local buckling.

31



Buckling

A column of length L, loaded in compression, buckles elastically when the load
exceeds the Euler load.

32



Buckling
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Second moment of area (major), lpay (M¥)

Limits to Shape Efficiency
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Exploring Material Shape Combination
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Exploring Material Shape Combination

Llog E

o Chose a material tor the section and mark its modulus E and dersity p onto

LogA

Mawdal Constrant
Muminum e__-b____‘ .
: w D NEI=10" Nt
1 g |
Sotwooa : - :
®------ L :
] | |
' | |
v | |
! Logp | Log |
' | |
| |
| 'lluum\q
: B
| |
|
|

ncrsasing
mass [ langh

Perfosmance

LogA

Shape

Log p

Logl

the meaterials chart n the hrst quadrant of the hgure,

o Choose the desired section stitfness (E1); itis a constraint that must be met by
the section. Extend a borzontal line from the value of E tor the material wo
the appropriate contour in the constraint chart in the second quadrant,

o Dropa vertcal from this point onto the shape chart in the third quadrant wo
the line describing the shape factor ¢ for the section. Values of Tand A

outside the shaded bands are torbidden.

o Extend a borizontal line from this point w the performance chart in the final
quadrant (the one on the bortom lett), Drop a vertical trom the material
density o in the material chart. The intesection shows the mass per unit

length of the section.
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Exploring Material Shape Combination
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Material Indices That Include Shape

" :\n’.l‘

s bending stif bness is
-\" (.< ; ' ll-l‘.'

where C; 5 a constant that depends only on the way the loads are distribured

on the beam, Replacing I by ¢ wsing equation (11.3) gives
: Cy E . =
H 127 ' "."I (11 .26)

" [ | L4 - (11.27)
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Material Indices That Include Shape

1020 Sted

606 1. T4 A
GFRFP (sovrope)
Wood (cak)

(Mg/m’)

785

175
a9

L{GPa)

205 X
N 15
28 j
135 2

|8
31
29
4.1

12.0
as
58
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Material Indices That Include Shape

KG

where G is the shear modulus, Replacing K by ¢5 using equation (11.7) gives

Cs )
§t = i A° 30
= 5131 A (11.30)

Using this to eliminate A in equation [ 11,24) gives

= .\‘ ) " /2 i)
m= (7014~ LV—E— (1131)
\ }‘l' 1 0

The best material-and-shape combmation is that with the greatest value of
)

(W& () /p . The shear modulus, G, is closely related to Young's modulus E,

For the practical purposes we approximate G by ¥BE; when the index

Iye co s

My =+ (11.32)
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Graphical Coselecting Using Indices

u“l -
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Young's modulus E (GPa)
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Density (Mg/m3)

The structured materad behaves ke 2 new matenal with a modubus E£° = E/a§ and
a derusty | jr/0g. moving it from a pasition below the broken selection Ine to
one above A simdar procedure can be apphed for bending strength, as desorbed

the text
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Architectured Materials:
Microscopic Shape
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Architectured Materials:
Microscopic Shape
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Architectured Materials:
Microscopic Shape
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wy as the microscopic shape factor for elastic bending
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Architectured Materials:
Microscopic Shape
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