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All our science, measured against reality, is primitive and childlike­
and yet it is the most predons thing we have. 

Before we start 

Albert Einstein 
(1879-1955) 

Why do biomedical engineers need to know about materials science? Mostly, books 
about materials science are concerned with constructing bridges or building planes, 
and involve the use of concrete and steel. Newer applications of matenals science 
are found in the solid-state devices for micro-electronics, where one needs to know 
how to work with semiconductors, or the development of advsneed polymerie 
materials fora variety of purposes. 

From an engineering viewpoint, the human body is a (magnificently complex) 
construction with an advsneed control system built-in. lf we want to understand this 
construction, how it is built, how it behaves, and especially if we want to modify, 
repair, or imprave it, we need to know sarnething a bout the basics of the materials 
that are found in the hu man body and of the materia Is that we want to put in there. 
We will see that we can use a lot of knowied ge that mechanica! engineers have 
acquired, but that we will also need etherareasof science (chemistry, biochemistry, 
biology) in order to understand the human body trom a mechanica! engineering 
viewpoint 

General informaHon 

In this book we will look at the relation between the structure of materials and their 
mechanica! properties. This needs parts of various scientific disciplines: chemistry, 
physics, mechanics, and biochemistry. Unfortunately this information was up to now 
not available in one textbook. The present book is based on several books that are 
worth studying by themselves for further explorations in materials science (listed in 
Appendix D ). 

Words that are printed bold (except this one, of course) are lisled in the Glossary 
(Appendix A). Usually, bold is only used in the section where the term is defined or 
discussed in most detail. 

In formulas, units of quantities will be given between square brackets if necessary 
to avoid misunderstanding, e.g. energy: E [J]. 
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Overview of the book 

As mentioned in the previous section, the main objective of this book is to show the 
relation between the structure of a material and its mechanica! properties. We will 
see that we need to look at the structure, not only at the level of atoms and bonds 
(microscale ), but also on a larger scale where we can see the imperfections in the 
material (mesoscale). As engineers, you must be able not only to explain the relation 
between structure and properties, but also to perform calculations on saveral aspects 
of both structures and properties. 

After an introduetion to matenals and the definition of various terms in Chapter 1, 
we will first take a look at the relevant machanical properties (Chapter 2). Then, in 
Chapter 3, we will look at the only mechanica! proparty that can be derived from the 
atomie (microscale) structure: the modulus of elasticity. 

In the rest of the book, we need to look at both the micro- and mesoscale 
structure in orderto understand the mechanica! (macroscale) properties. Therefore, 
there will always be a Chapter on structure, foliowed by a Chapter on properties. 

First, we will look at the materials that are based on strong covalent or ionic 
bonding, and that usually form crystalline structures: the inorganic materials (Chap­
ters 4 and 5). 

Then, we will study the materials that are based on macromolecules with weak 
intermolecular bonds: the polymers and biopolymers (Chapters 6 and 7), which are 
usually partry crystalline and partry amorphous. 

In the final two Chapters, we wllllook at ways to change the properties of mate­
rials: various processing techniques to change the structure (Chapter 8), and the 
making of composita matenals (Chapter 9). Also, we will take a first look at bio­
composites, which occur a lot in the human body. 

Most Chapters have probrems associated with them, and answers are given in 
Appendix 0. Problems indicated with * are typical for the degree of difficulty to be 
expected in examinations. Th ere are a lso various Appendices with important data 
that you will need for making the problems, so take a look at them. 

There are various lntermezzos in the text: these are extra, and do not belong to 
the material that will be tested. 



1 Introduetion 

Materials are in general all solids, so this book will deal with 
various kinds of solid materials. 

Materials can be looked at from various perspectives, and in 
this chapter we will take a look at the ones that are most useful 
to US. 

By doubting we come at truth. 

Marcus Tullius Cicero 
(106-43 BCE) 
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1.1 Length scales 

Materials of course have many types of properties (electrica!, magnetic, optical, 
thermal... ), but in general it is possible to assign them to typical classes: metals, 
(bio)ceramics (and glasses), and (bio)polymers. Here, we will concentrale on the 
relation between the mechanica! properties of a material and its structure. 
Mechanica! properties will include elasticity and strength in terms of tension and 
compression, twisting, shearing, and bending. 

In order to understand the relation between the mechanica! properties of a 
material (macroscale: a length scale of> 1 mm) and its structure, we will see that we 
need to look at the structure not only at the level of atoms and bonds (mlcroscale: 
length scale of ca. 1 nm), but also on a larger scale where we can see the imperfec­
tionsin the material (mesoscale: length scale of ca. 1 f.llll). This is illustrated in 
Figure 1.1. 

Figure 1.1. From macroscale to mesoscale to microsca/e. 

1.2 Materfals classlflcatlon 

There are saveral ways to classify materials, but notall are useful for us here: e.g. 
the chronological classification (wood and bone, stone, copper, bronze, iron, steel, 
plastics). In the following paragraphs we wUilook at some important classifications 
and aspects of materials. 

1.2.1 Natura/ vs. synthetlc materfals 

Nature uses a rather restricted set of building blocks for materials. Synthetic 
matenals in general are stronger and stiffer than natura I materials, but they also have 
a higher density. Composites can combine the best of these properties. Natura! 
matenals have a highly optimized construction compared to synthetic materials, they 
can grow in place instead of being manufactured, and they can be repaired. 
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1.2.4 Types of chemica/ bonds 

Atoms or molecules have to stick together to form materials. Th is can occur via 
strong chemicaf honds, or via weaker secondary interactions. The strong bonds are 
either based on electrostatic attraction between oppositely charged ions, or on 
shared electrons in covalent bonds. 

The secondary interactions are all based on permanent or transient dipoles. The 
waakest interaction is the van der Waals attraction, which is always present, even 
between completely apolar molecules. A stronger attraction is caused by dipole­
dipole interactions between polar molecules. The presence of an 0-H or N-H 
group leads to hydrogen bonds, which are the strongest secondary interactions. 

Atoms can form bonds via electrostalie (Coulomb) interactions when they lose or 
gain electrons to form ions. This leads almost always to crystalline compounds 
(salts) where the cations and anions are stacked in a regular lattice. Salts are a form 
of caramie materials. 

Atoms can also form covalent bonds by overlap of orbitals. This can lead to: 
(i) the formation of small or large molecules {see below), or (ii) the formation of a 
covalent network, which is already a material (e.g., diamond; silicon). These latter 
materials are also ceramics. 

A special kind of covalent network is seen for the metals: they do not form indivi­
dual bonds between atoms, but form one large molecular orbital for all atoms in a 
piece of material: the metallic bondor electron "sea". 

Small and large molecules can form a material via intermolecular interactions: van 
der Waals, dipole-dipole, hydrogen bonding and electrostatic interactions. Since 
these secondary interactions are rather weak, this will not lead to useful materials, 
unless the molecules are very large (macromolecules) and there are many 
interactions that add up. These materials are the (bio)polymers. 

1.2.5 8/omedica/ aspects 

For biomaterials there are a number of aspects that are not important for the normal 
engineering materials: biocompatibility, sterilization, cell-and protein-adsorption, 
biodegradation/erosion, bioinertness, bioactivity, toxicity, carcinogenicity, thrombo­
genicity, immunogenicity. These aspects require knowledge of biology and biochem­
istry besides materials science. We will not be able to treat them all here, but in 
saveral places we will mention material properties that are important in biomedical 
engineering. 

1.2.6 Bulk vs. surface 

There are large ditterences in composition, and therefore also in properties, between 
the surface of a material and its bulk (the "interior'' or average ). For biomaterials, this 
is especially important, since the interaction between material and human body 
occurs at the surface of the materiaL Therefore this is important for a lot of the 
biomedical aspects mentioned in the previous section. 
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properties 

In order to be able to speak about properties as strength and 
stiffness, we should first look at a bit of mechanics. We shall 
see that especially the term "strength" is very vague, and should 
always be replaced by sarnething more specific. 

We will only discuss machanical behaviour of deformation in 
one direction. 

Science is a long history of learning how not to fooi ourselves. 

Richard Feynman 
(1918-1988) 
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2.1 Elastic behaviour 

Elastic deformation occurs when a force deforms a material, but after the force is 
removed, the original shape returns: it is reversible. 

2.1.1 Definitions of stress and strain 

Deformation of a material can occur in various ways, depending on the direction of 
the force applied to it. As can be seen in Figure 2.1, forces on a material (F [N]) can 
lead to various types of deformation. 

D 

D D 
A B c D 

Figure 2.1. Different orientations of the force on a material can lead to fension or 
elongation (A), compression (B}, bending (C) or shearing (D). 

However, the force depends on the size of the material objects we are testing 
(thinner test bar: less force necessary). Therefore we always use stress, which is 
force per unit of area. Fortension and compression, the area in question is 
perpendicular to the force, and we use: 

F 
cr=- [Pa] 

Ao 

Ao is the area of the original cross section of the tested materiaL In Figure 2.2 we see 
a typical elangation due to a tension stress. The cross section may have a different 
area after the elangation (A), but we wiJllook at that effect later in detail. 

In order to describe what is happening to the dimensions of the material when a 
force is applied, we look first at the length change during lension or compression: 

AL= L -L0 [m] 
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2.1. 3 Po/ss on ratio 

The Poisson ratio (v) is used to measure the change in cross-sectional area during 
deformation, since there is also strain (usually negative: compression) in the x- and y­
direction when we stretch a material in the z-direction. For isotropie materials, we 
can write: 

V= 

{Fora cylinder, the change in the diameter is used: Ex= Ey = tJ.d/d0.) 

-
.. 

Figure 2.4. Change of all dimensions after deformation due to a tensile stress. 

The volume of the material after deformation can be calculated now, since we 
know howthe dimensions change (see Figure 2.4): 

Lx = Lx,o(1 +Ex) 

Ly =Ly,0 (1+ey) 

Lz = Lz,o(1 + Ez) 

V= LxLyLz = Lx,oLy,OLz,0 (1+Ex)(1+Ey )(1+ez) 

Using the Poisson ratio this becomes: 

For small values of ez (as is usually the case for elastic behaviour) this gives 
approximately: 

l!.V =V-Vo =(1 2 \r 
V l"'z 

Vo Vo 
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This means that for v = 0.5, the volume of the material will notchange during tension 
or compression, which is aften assumed to make things easy. This is typical for 
rubbers: they ean easily change shepe. 

lf v = 0, then .:\V is large, since you can stretch the material while its cross­
sectionat area stays constant. Th is usually means that the bands between atoms are 
very streng, so you cannot stretch very far. 

For most matenals v = 0.2-0.3: an intermediale situation where .:\VIVo is ca. 0.4ez 
to 0.6ez. Since most matenals cannot be stretched elastically very far, this is nota 
large effect. 

Example: Aluminium alloys have v = 0.3, and can be stretched elastically only up to e 
= 0.005. This means: .:\VIVo= 0.002 at most (0.2%). 

The following relation holds for the various measures for stiffness: 

G= E 
2+2v 

Th is means that for the usual assumption of.:\ V= 0 (v = 0.5), we get: E = 3G. 

2.2.4 flostic energy 

When we plot stress versus strain, elastic deformation will be a straight line (cr = Ee). 
The area under this line is the energy that is necessary to deform 1 m3 of the material 
up to strain e: 

Since the deformation is reversible, this energy is stored in the material like in a 
spring: it is released when we remove he force. The maximum elastic energy that can 
be stored in a material is called its resilience. This maximum is reached upon 
fracture or yield (see next section). 
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2.2 Tensile test: plastic behavlour, fracture 

Soma materials, like ceramics, break when they reach the limit of elastic deformation. 
Most metals and polymers can be deformed further, but this deformation will not go 
away when the force is removed: it is a permanent, plastic deformation. We are 
then breaking chemica! bonds in the material, and forming them again in a different 
position. To do this costs more energy, and is not reversible. However, it does not 
break the materiaL 

The change from theelastic region to the plastic region is called yield. In the 
strass-strain curve there is a stress where yield occurs, which is called the yield 
strengthor yield stress (cry), and an associated yield strain (ey). What is the 
ditterenee here between stress and strength? The stress is sernething we apply from 
the outside, but seen as a material proparty it is called strength. 

The stress-strain curves for the different types of materials are quite different: in 
Figure 2.5 we can see how caramies show brittie fracture after elastic deformation 
(A); some metals and polymers will show yield and then fracture (B); other metals 
and polymers can be plastîcally deformed very far after yîelding (C); and rubbers can 
be stretched elastically, but the relation between stress and strain is not linear (D). 

A 
cr 
[Pa] 

c 

D 

e [-] 

F/gure 2.5. Different types of behaviour during tension: e/astic (A), plastic (B, C), 
and rubber-type e/astic (D). 

Another important ditterenee can be seen when you observe the behaviour of 
materials during first stretching and then relaxing again. As depicted in Figure 2.6, 
materials can be completely or linearly elastic (A) like ceramics; elastic-plastic, 
where a part of the deformation is reversible (B), like most metals; complete/y plastic 
(C) as polymers can be; and visco-elastic, where the deformation is completely 
reversible, but the curves are not the same for tension and release (0). During this 
latter process energy is lost. In general this last type of behaviour is called 
hysteresis. 
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A B 
0' 

c D 
0' 

Figure 2.6. Different types of behaviour during a tensi/a test where force is first 
applied and then removed: complete/y reversible (A), partly irreversible (B), 

completely irreversible, and reversible with /oss of energy (D). 

When a rnatal or polymer undergoes a tensile test, it will first show elastic 
stretching, and then yield and plastic deformation. lt does not start flowing like a 
liquid: the stress still rises, so the material continues to resist deformation. This is 
called strain hardening or work hardening, and the causa for it will ba explained in 
Chapter8. 

However, at a certain strain, a maximum stress is reached: the (ultimata) tensile 
strength (cr-r, see Figure 2.7). Usually, the material can be stretched a bit further, 
until it breaks, at the maximum strain (emax). lt may seem strange that the material 
breaks at a lower stress than the tensile stress, but this is an artefact of our 
definitions, as will be explained in the next section. 

The length of the (two combined pieces of the) material after breaking is used to 
calculate the ductlllty: 

Lfinal- Lo (often in%, so then multiply with 100) 
Lo 

Also, the reduction in cross-sectional area is used to indicate ductility: 

Th is is easily related to the change in length when A V= 0. 
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Figure 2.7. A tensile testfora material showing yield. 

Intermezzo 
Usually the transition from elastic to plastic behaviour is not very clear. Often, the 
yield point is then defined as the 0.2% offset yield: a line is drawn parallel to the 
linear part of the curve, starting at & = 0.002. The intercept with the curve is then 
defined as the yield point. 

cr 

cry 
! 
! 
/ 
! 
! 
I 
: 
/ 
: 
i 
I 

t 

0.002 E 

15 

Since there may besome elastic recovery after breaking (elastic-plastic behav­
iour), the ductility can be smaller than expected from &max· In Figure 2.8, crv. 1 is the 
yield stress at the first elongation. At higher stressesthereis plastic deformation, and 
after release of the stress elastic strain recovery is seen. The double-headed arrow 






































































































































































































































































































































































































































