
48 Chapter 4 Elastic stiffness, and weight: atomic bonding and packing 

 

48.1 Introduction and synopsis 

Stress causes strain. If you are human, the ability to cope with stress without undue strain 
is called resilience. If you are a material, it is called elastic modulus. 

Stress is something that is applied to a material by loading it. Strain e a change of 
shape e is its response. The strain depends on the material, on the magnitude of the stress 
and the way it is applied e the mode of loading. The cover picture illustrates the common 
modes of loading. Ties carry tension e often, they are cables. Columns carry compression e 
often they are hollow tubes. Beams carry bending moments, like the wing spar of the plane 
or the horizontal roof beams of the airport. Shafts carry torsion, as in the drive shaft of cars 
or the propeller shaft of the plane. Pressure vessels contain a pressure, as in the tires of the 
plane. 

Stiffness is the resistance to elastic shape change, ‘elastic’ meaning that the material 
returns to its original shape when the stress is removed. Strength (Chapter 6) is its resis- 
tance to permanent distortion or total failure. Stress and strain are not material properties; 
they describe a stimulus and a response. Stiffness (measured by the elastic modulus E, 
defined in a moment) and strength (measured by the elastic limit sy or tensile strength sts) 
are material properties. Stiffness and strength are central to mechanical design, often 
in combination with the density, r. This chapter introduces stress and strain and the 
elastic moduli that relate them. These properties are neatly summarised in a material 
property chart e the modulusedensity chart e the first of many that we shall explore in 
this book. 

Density and modulus are microstructure-insensitive properties. They derive directly from 
the atomic weight and packing, and from the nature of the bonds that bind the atoms of the 
material together. This distinguishes them (and a number of other such properties) from 
microstructure-sensitive properties like strength and toughness that depend strongly on the 
way that the material has been processed. In this chapter, we explore atomic bonding and 
packing, giving insight into the way modulus and density vary across the rows of the 
periodic table of the elements and the way they change when elements are combined to 
form ceramics, glasses, polymers and elastomers. There is not much you can do to change 
the weight, packing and bonding of atoms, but there are two ways in which modulus and 
density can be manipulated: by combining two materials together to make a composite, or 
by dispersing space within them, making foams. Property charts are a good way to show 
how this works. 

 
48.2 Density, stress, strain and elastic moduli 

Density  Many applications (e.g. aerospace components, automotive bodies, sports 
equipment) require stiffness and strength at low weight, and this depends in part on the 
density of the materials of which they are made. Density is mass per unit volume, measured 
in kg/m3. 
 

The density of samples with regular shapes can be determined using a precision mass bal- ance 
and accurate measurements of the dimensions (to give the volume), but this is not the best way. 
Better is the ‘double weighing’ method: the sample is first weighed in air and then, when fully 
immersed, in a liquid of known density. When immersed, the sample feels an upward force equal 
to the weight of liquid it displaces (Archimedes’ principle1). The density is then calculated, as 
shown in Figure 4.1. 

 

 

 



 

 
 
Modes of loading  Most engineering components carry loads. Their elastic response depends on the 
way the loads are applied. As explained earlier, the components in both structures shown on the 
front page of this chapter are designed to withstand different modes of loading: tension, 
compression, bending, torsion and internal pressure. Usually one mode dominates, and the 
component can be idealised as one of the simply loaded cases in Figure 4.2 e tie, column, beam, 
shaft or shell. Ties carry simple axial tension, shown in (a); columns do the same in simple 
compression, as in (b). Bending of a beam (c) creates simple axial tension in elements on one side 
of the neutral axis (the centre-line, for a beam with a symmetric cross- section) and simple 
compression in those on the other. Shafts carry twisting or torsion (d), which generates shear 
rather than axial load. Pressure difference applied to a shell, like the cylindrical tube shown in (e), 
generates bi-axial tension or compression. 

Stress  Consider a force F applied normal to the face of an element of material, as in Figure 
4.3 on the left of row (a). The force is transmitted through the element and balanced by an equal but 
opposite force on the other side, so that it is in equilibrium (it does not move). Every plane normal 
to F carries the force. If the area of such a plane is A, the tensile stress s in the element (neglecting 
its own weight) is 

 

𝜎𝜎 =  
𝐹𝐹
𝐴𝐴

 
 

 
 

 
1 Archimedes (287e212 BC), Greek mathematician, engineer, astronomer and philosopher, designer of war 

machines, the Archimedean screw for lifting water, evaluator of p (as 3  1/7) and conceiver, while taking a bath, 
of the principle that bears his name. 

 

 
 
 
 
 
 
 
 
 
 
 

 



 

 
 
 
 
 



 
If the sign of F is reversed, the stress is compressive and given a negative sign. Forces2 are 

measured in newtons (N), so stress has the dimensions of N/m2. But a stress of 1 N/m2 is tiny e 
atmospheric pressure is 105 N/m2 e so the usual unit is MN/m2 (106 N/m2), called mega- pascals, 
symbol3 MPa. 

If, instead, the force lies parallel to the face of the element, three other forces are needed to 
maintain equilibrium: an equal and opposite force on the opposing face, for force equilibrium, and 
a complementary pair of forces on the other two faces, for moment equilibrium (Figure 4.3, 
row (b)). This creates a state of pure shear in the element. The shaded plane, for instance, carries 
the shear stress τ of 

 

𝜏𝜏 =  𝐹𝐹𝑠𝑠
𝐴𝐴

 

The units, as before, are MPa. 
One further state of multi-axial stress is useful in defining the elastic response of materials: that 
produced by applying equal tensile or compressive forces to all six faces of a cubic element, as in 
Figure 4.3, row (c). Any plane in the cube now carries the same state of stress e it is equal to the force 
on a cube face divided by its area. The state of stress is one of hydrostatic pressure, symbol p, again 
with the units of MPa. There is an unfortunate convention here. Pressures are positive when they 
push e the reverse of the convention for simple tension and compression. 

 
 

 

2 Isaac Newton (1642e1727), scientific genius and alchemist, formulator of the laws of motion, the inverse-
square law of gravity (though there is some controversy about this), laws of optics, the differential calculus and 
much more. 

3 Blaise Pascal (1623e1662), philosopher, mathematician and scientist, who took a certain pleasure in 
publishing his results without explaining how he reached them. Almost all, however, proved to be correct. 
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