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76 77Temperature and materials

Heat storage in materials

Even when eating a simple bitterball, a burnt 
tongue can reveal that a large amount of heat is 
stored in the fi lling, while the crispy crust feels 
a lot cooler. Even though the entire bitterball 
has been subjected to the same heat treatment 
in the deep fryer or oven, there is more heat in 
the fi lling than at the outside. A painful - and 
perhaps recognisable - way to fi nd out that dif-
ferent materials apparently can store - and re-
lease - diff erent amounts of heat ...

  Heat capacity
If you supply heat to a (solid) material, for ex-
ample in an oven, then the material takes over 
the heat from the oven and the atoms of the 
(solid) material vibrate harder and harder in 

their position, which manifests itself in a higher 
temperature. Th e absolute amount of material 
is important here: 2 kilograms of material can 
absorb twice as much heat as 1 kilogram of the 
same material. Moreover, diff erent materials re-
spond in diff erent ways to this heat supply. If 
you supply the same amount of heat to diff erent 
materials, you will observe that the temperature 
of these materials rise, but to a diff erent extent 
for each material. Th e heat capacity is the abil-
ity or capacity of a material to store heat. Th e 
specifi c heat - also known as  specifi c heat ca-
pacity - is a materials property that indicates 
how much heat you have to supply to 1 kilo-
gram in order for the material to rise 1 degree 
Celsius in temperature. Th e word 'specifi c' here 

refers to the kilogram of material to which the 
heat capacity relates. Th e fact that this specifi c 
heat capacity is material dependent has little 
to do with the diff erence between the types of 
atoms, but indeed with the amount of atoms. 
For example, 1 kilogram of the 'light metal' 
magnesium contains more than 8 1/2 times as 
many atoms as 1 kilogram of the 'heavy' lead. 
By way of comparison, the specifi c heat capacity 
of magnesium is 1023 and of lead 129 J/kg.C at 
room temperature. At the same temperature, 1 
kilogram of magnesium can therefore retain al-
most 8 times as much heat as 1 kilogram of lead. 
But this factor of 8 in both cases is obviously not 
coincidental. Heavy metals - i.e. high-density 
metals - have a lower specifi c heat capacity than 
lighter metals. Because heavy atoms are associ-
ated with a low specifi c heat capacity, you can 
understand that normalised to the number of 
particles - so expressed per atom or per mole of 

atoms - the heat capacity has a constant value. 
And indeed, around and above room tempera-
ture many solids have a constant specifi c heat 
capacity of about 25 joules of absorbed heat en-
ergy per mole of atoms per degree Celsius tem-
perature rise. 
If you compare a pure metal with its alloy182, 
then their specifi c heat capacities do not dif-
fer much. Aft er all, the specifi c heat capacity 
depends on the amount of atoms per kilogram 
of metal, and that amount will not change sig-
nifi cantly when a few percent of 'foreign' metals 
or other atoms are added. On the other hand, 
the thermal conductivity73 of a pure metal 
changes largely when you make an alloy out of 
it. Metals are good heat conductors if they have 
a regular lattice, and any distortion of this lat-
tice - here due to the incorporation of foreign 
atoms - reduces the (heat) conductivity.

Heat storage in materials

Th e Debye temperature
At the beginning of the 19th century, French 
physicists Pierre Louis Dulong and Alexis Th é-
rèse Petit experimentally discovered that for 
many solids at room temperature the heat ca-
pacity is about 25 J/mol.C - equal to three times 
the gas constant R. With an average atomic vol-
ume of the elements, in the order of 10 cm3/mol 
atoms, this can be converted to 2.5 J/cm3.C.
Th is constant value for the specifi c heat capacity 
of 25 J/mol.C is valid above a certain tempera-

ture of the material which is called the Debye 
temperature. We'll dive a little deeper into this 
matter.
Th e more heat you supply to a material, the 
harder the atoms will vibrate around their equi-
librium position in the material lattice. But 
something more happens, because the vibrat-
ing atoms in the lattice infl uence each other as 
they are connected by atomic bonds. If an atom 
moves slightly to the left  during the vibration, 
then he repels his left  neighbour a bit while at-

Buildings that heat up in the sun during the day 
in the summer - as here in New York - retain 
this heat and slowly radiate it back to the colder 
surroundings in the evening and at night. For a 
material with a high heat capacity, you have to 
make a lot of eff ort - so supply a lot of heat - to 
increase the temperature of the material. On the 

other hand, such a material - once it is hot - can 
release heat to the (colder) environment for a 
long period of time. 

You can make good use of this phenomenon 
by using the heat capacity of (stone) materials 
to store heat for a long time. In summer, use 

direct solar heat or indirect 
heat from an electric heating 
element powered by a sur-
plus of solar energy141 to 
heat such a material. Make 
sure that this material is well 
thermally insulated, and ex-
tract the heat from it when 
you need it. For example, in 
winter, fl ows of water or air 
can pass this material and 
carry the heat to the place 
where it is released, such as 
(underfl oor) heating in a 
house.

'individual' vibrations

'collective' vibrations

Materials are the building bricks of everything that we see around us. Where would smart-
phones, cars, buildings or solar cells be without the right materials? They are so self-evi-
dent that we almost forget how special they are. This book is about the 'hidden strength' 
of materials.

The basics
In this book, we will meet materials and understand the technology behind them. Why is 
that peculiar material suitable for that application? And which knobs do we have to turn 
to get better materials - if the current ones do not satisfy? In addition to understanding the 
current materials, we can use the basic knowledge of materials technology from this book 
also to understand and follow new material developments. And these developments are 
on the move, as topics such as graphene36, plastics for flexible electronics99, self healing 
materials231, nanotechnology29, 3D printing201 and materials of biological origin43 
are discussed in this book.

Book of ideas
This book contains a lot of examples of material applications all around us. This is partly 
to make material behaviour easier to understand - as we take the known world as a basis, 
with material applications that we see around us - but also to gain new ideas for our own 
activities, or just to MacGyver.

For whom?
This book is meant for people who are working in, or together with, the technical sec-
tor, but who do not have a background in materials science. For example purchasers, 
sales(wo)men, management, administrative support, people working in maintenance, 
legal people, new employees, students, clients or suppliers. With the aim to be able to dis-
cuss matters 'in whole numbers' with experts that are familiar with it 'behind the decimal 
point'.
Of course this book is also useful for technical people and materials scientists themselves 
- even if it's only to read about the matter again, as a reference book. For example for ma-
terials scientists within one discipline area who'd like to know what is possible in another 
area. In brief: for everyone who would like to meet materials (again).
To be able to understand the information in this book, basic physics and chemistry on 
secondary school level is sufficient. And common sense is very useful ...

Preface How to read this book?

Seven chapters form the basis of this book. Chapters in the middle discuss the relation 
of materials with light, temperature, electricity and mechanical loads (forces). The first 
chapter deals with materials as such, and the final chapter deals with manufacturing 
processes for materials, and the ways in which materials come to their end - and what can 
be done to counteract that. Special attention is for materials that play a role in the energy 
transition from fossil fuels to a sustainable energy supply.
Each chapter consists of short pieces of a few pages, that can be read independently from 
each other. An alternative way of reading, as with surfing on the internet, is to interactively 
follow the links5 to a page with more information on the subject.

Eddy Brinkman
May 2021
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element powered by a sur-
plus of solar energy141 to 
heat such a material. Make 
sure that this material is well 
thermally insulated, and ex-
tract the heat from it when 
you need it. For example, in 
winter, fl ows of water or air 
can pass this material and 
carry the heat to the place 
where it is released, such as 
(underfl oor) heating in a 
house.
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Heat storage in materials

Even when eating a simple bitterball, a burnt 
tongue can reveal that a large amount of heat is 
stored in the fi lling, while the crispy crust feels 
a lot cooler. Even though the entire bitterball 
has been subjected to the same heat treatment 
in the deep fryer or oven, there is more heat in 
the fi lling than at the outside. A painful - and 
perhaps recognisable - way to fi nd out that dif-
ferent materials apparently can store - and re-
lease - diff erent amounts of heat ...

  Heat capacity
If you supply heat to a (solid) material, for ex-
ample in an oven, then the material takes over 
the heat from the oven and the atoms of the 
(solid) material vibrate harder and harder in 

their position, which manifests itself in a higher 
temperature. Th e absolute amount of material 
is important here: 2 kilograms of material can 
absorb twice as much heat as 1 kilogram of the 
same material. Moreover, diff erent materials re-
spond in diff erent ways to this heat supply. If 
you supply the same amount of heat to diff erent 
materials, you will observe that the temperature 
of these materials rise, but to a diff erent extent 
for each material. Th e heat capacity is the abil-
ity or capacity of a material to store heat. Th e 
specifi c heat - also known as  specifi c heat ca-
pacity - is a materials property that indicates 
how much heat you have to supply to 1 kilo-
gram in order for the material to rise 1 degree 
Celsius in temperature. Th e word 'specifi c' here 

refers to the kilogram of material to which the 
heat capacity relates. Th e fact that this specifi c 
heat capacity is material dependent has little 
to do with the diff erence between the types of 
atoms, but indeed with the amount of atoms. 
For example, 1 kilogram of the 'light metal' 
magnesium contains more than 8 1/2 times as 
many atoms as 1 kilogram of the 'heavy' lead. 
By way of comparison, the specifi c heat capacity 
of magnesium is 1023 and of lead 129 J/kg.C at 
room temperature. At the same temperature, 1 
kilogram of magnesium can therefore retain al-
most 8 times as much heat as 1 kilogram of lead. 
But this factor of 8 in both cases is obviously not 
coincidental. Heavy metals - i.e. high-density 
metals - have a lower specifi c heat capacity than 
lighter metals. Because heavy atoms are associ-
ated with a low specifi c heat capacity, you can 
understand that normalised to the number of 
particles - so expressed per atom or per mole of 

atoms - the heat capacity has a constant value. 
And indeed, around and above room tempera-
ture many solids have a constant specifi c heat 
capacity of about 25 joules of absorbed heat en-
ergy per mole of atoms per degree Celsius tem-
perature rise. 
If you compare a pure metal with its alloy182, 
then their specifi c heat capacities do not dif-
fer much. Aft er all, the specifi c heat capacity 
depends on the amount of atoms per kilogram 
of metal, and that amount will not change sig-
nifi cantly when a few percent of 'foreign' metals 
or other atoms are added. On the other hand, 
the thermal conductivity73 of a pure metal 
changes largely when you make an alloy out of 
it. Metals are good heat conductors if they have 
a regular lattice, and any distortion of this lat-
tice - here due to the incorporation of foreign 
atoms - reduces the (heat) conductivity.

Heat storage in materials

Th e Debye temperature
At the beginning of the 19th century, French 
physicists Pierre Louis Dulong and Alexis Th é-
rèse Petit experimentally discovered that for 
many solids at room temperature the heat ca-
pacity is about 25 J/mol.C - equal to three times 
the gas constant R. With an average atomic vol-
ume of the elements, in the order of 10 cm3/mol 
atoms, this can be converted to 2.5 J/cm3.C.
Th is constant value for the specifi c heat capacity 
of 25 J/mol.C is valid above a certain tempera-

ture of the material which is called the Debye 
temperature. We'll dive a little deeper into this 
matter.
Th e more heat you supply to a material, the 
harder the atoms will vibrate around their equi-
librium position in the material lattice. But 
something more happens, because the vibrat-
ing atoms in the lattice infl uence each other as 
they are connected by atomic bonds. If an atom 
moves slightly to the left  during the vibration, 
then he repels his left  neighbour a bit while at-

Buildings that heat up in the sun during the day 
in the summer - as here in New York - retain 
this heat and slowly radiate it back to the colder 
surroundings in the evening and at night. For a 
material with a high heat capacity, you have to 
make a lot of eff ort - so supply a lot of heat - to 
increase the temperature of the material. On the 

other hand, such a material - once it is hot - can 
release heat to the (colder) environment for a 
long period of time. 

You can make good use of this phenomenon 
by using the heat capacity of (stone) materials 
to store heat for a long time. In summer, use 

direct solar heat or indirect 
heat from an electric heating 
element powered by a sur-
plus of solar energy141 to 
heat such a material. Make 
sure that this material is well 
thermally insulated, and ex-
tract the heat from it when 
you need it. For example, in 
winter, fl ows of water or air 
can pass this material and 
carry the heat to the place 
where it is released, such as 
(underfl oor) heating in a 
house.
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'collective' vibrations
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Th e importance of material properties
Here we enter the essentials of materials science 
& technology: the manufacturing - structure - 
properties - application chain, and the relations 
between them. Materials science & technology 
as a discipline area tells us which infl uence mi-
crostructure - so the structure on the smallest 
scale - has on the ultimate properties of a mate-
rial, and therefore on its applications. By turn-
ing the knobs on a small scale during manufac-
turing, it will be possible to establish or improve 
the properties of a material - and of products 
that are made of these materials.
If you want to choose the most suitable material 
for a particular application, then go through the 
chain from right to left . Start with the require-
ments that are set by the application: should 
the material be light, or strong, or fl exible, or 
corrosion-resistant, should it conduct electrical 
current or not, what is the maximum service 
temperature? - just to mention a few. Prefer-
ably with the most important requirement fi rst. 
Aft er that, make sure that these requirements 
match material properties, with the desired ma-
terial as a result. If the result is not completely 
satisfactory, then you have to adapt the manu-
facturing process.

Th is linear materials chain is converted into a 
cycle by incorporating materials recycling or re-
use228. When a product is at the end of its ap-
plication (economical end-of-life), the materi-
als of which it is composed can be recycled into 
the manufacturing process. So the input for the 
manufacturing step - in the original or adapted 
form - can be raw materials, recycled materials 
or a combination of both. 

A helicopter view of some material properties

Generally polymers have the lowest density, 
followed by ceramics and then metals. In addi-
tion, you can make materials lighter by making 
them porous, so by incorporating empty space. 
As a rule of thumb, a low density is desirable for 
dynamic applications (movement), and a high 
density for static applications (stand still).

Th e freely moving  electrons in metals are re-
sponsible for the electrical conductivity of met-
als, but also cause heat conductivity and light 
refl ection of metals, and their ability to deform 
plastically (‘toughness’) upon mechanical load.

 Materials are not perfect. Indeed: the pres-
ence of imperfections or  defects in a material 
- whether or not introduced on purpose - form 
the basis for many material properties. Point 
defects in the form of vacancies (empty lattice 
spaces) are responsible for diff usion101 or mass 
transport within crystalline materials. Silicon 
works well as an electrical semiconductor110 
only when silicon atoms have been partly re-
placed by other atoms. Line defects such as dis-
locations179 determine the strength and tough-
ness of metals. 

Materials that come into contact with light can 
refl ect this light such as in metals, enable it to 
pass through such as in glass, or absorb it. Fur-
thermore, materials can emit light themselves, 
for example by heating them or because they 
are able to convert (invisible) energy into vis-
ible light.

Each material responds diff erently to an in-
crease in temperature, because each of them has 
a diff erent capacity to absorb heat, each expands 
in a diff erent way at temperature increase, each 
conducts heat in a diff erent way and each has a 
diff erent maximum service temperature.

Th ere is a limit to the mechanical  strength of 
materials: the yield strength - the end of the 
elastic regime - is a practical limit, and the ten-
sile strength is the ultimate limit, where the 
materials eventually breaks. In brittle materials 
as glass and ceramics, the surface quality deter-
mines the tensile strength. You can make these 
materials tougher by hindering the propagation 
of the crack. Inherently tough materials such 
as metals and some polymers absorb energy 
when they are subjected to (too large) mechani-
cal loads, en they deform accordingly. In addi-
tion to fracture, a material's life ends by wear or 
chemical degradation. 

Meet materials A helicopter view of some material properties

Properties of polymers, ceramics and metals in a nutshell

Polymers  Metals   Ceramics

Light

Flexible

Weak

Weak

Soft 

Insulating

Insulating

Heavy

Stiff 

Strong (tensile)

Strong (press.)

Hard

Conducting (electrical)

Conducting (heat)

Max. service temp.
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Crystalline or amorphous - order or chaos?

Crystalline or amorphous - order or chaos?

The microstructure of materials - that is the 
structure on a small scale - largely determines 
the final properties of a material and thus of a 
product. By turning the right knobs on a small 
scale, it will be possible to improve the proper-
ties of the product or discover a less expensive 
manufacturing route. Is the material crystal-
line - with neatly arranged atoms - or is it rather 
amorphous, that is a 'solid liquid' without any 
arrangement at the long distance? The arrange-
ment of atoms in a material plays an important 
role in the final properties.
Materials - whether hard, stiff, tough or strong 
- are virtually always solids when used. Liquids 
at most play a role in manufacturing process-
es196, such as casting of polymers, liquid met-
als, cement or glass, or in the event of attack217 
by aggressive solvents. Also gases or vapours 
play a very small role in materials science, 
mainly at the 'birth' and the end of a product. 
In manufacturing processes such as CVD210 
(chemical vapour deposition) vapours react at 
a surface and form a solid coating onto that sur-
face. And a gas such as oxygen plays a major 
role in corrosion223 of iron.

Crystalline, polycrystalline and amorphous
Solid materials exist on a microscopical scale 
in three forms: crystalline, polycrystalline and 

amorphous. A crystalline material or single 
crystal can be considered as a virtually per-
fect, regular, repeating arrangement of atoms in 
three directions. A large number of Lego bricks 
above and next to each other, so to speak, but 
then on a very small scale. Imagine one Lego 
brick as a 'basic block' consisting of one or 
more atoms, then the entire crystal consists of 
many of these blocks above and next to each 
other. Diamond36, sapphire57 and silicon 
wafers109 for computer chips are examples of 
single crystals.
A polycrystalline material consists of a large 
number of grains or crystallites, each several 
nanometers to a few microns in size, and which 
are crystalline in itself. Each grain is more or 
less randomly oriented towards the others. Ce-
ramics and metals are usually polycrystalline.
In an amorphous material there is no longer 
a regular arrangement of atoms or molecules. 
Perhaps at a very short distance - a few atoms - 
but not at the longer distance. In fact, you can 
see it as a 'solid liquid' whose molecules are 
suddenly frozen in their place. Most glasses are 
amorphous materials. 
Glass and diamond have much in common: for 
example, they are both transparent and they 
can refract light55. On a microscopic level, 
there are indeed differences between glass and 

diamond. Apart from the fact that glass con-
sists largely of silicon dioxide and diamond is 
made almost entirely of carbon, glass is an ex-
ample of an amorphous material and diamond 
is a typical crystal. And to make the confusion 
between glass and crystal even bigger, 'crystal' 
glasses and carafes aren't crystalline at all. The 
term 'crystal' is incorrect here, because this 
crystal is a type of glass that contains more than 
10 % lead(II)oxide. 'Lead glass' is a better name 
for this material.

Structure determination with X-ray diffraction
X-ray diffraction (XRD) is an analysis tech-
nique to determine the crystal structure of crys-
talline materials. You do this by bombarding 
the material with X-rays. This is radiation with 
a wavelength of about 1 Angstrom (10-10 m), in 
the same order of magnitude as the distance be-
tween atoms in a crystal. Where a normal mir-
ror reflects visible light, the crystal planes act as 
a mirror for X-rays. In most directions, these 
reflected rays cancel each other, but in certain 
directions they reinforce each other. This hap-
pens at a suitable combination of the incident 
angle θ under which the X-rays hit the plane, 
the wavelength λ of this radiation and the spac-
ing d between adjacent lattice planes.
If you bombard a stationary crystal with X-rays 
from different incident angles, then there will 
be different crystal planes, each with their own 
crystal plane spacing, that successfully reflect 
the X-rays. A recorder measures the intensity 
of the reflected radiation, and this is expressed 

in a pattern with peaks at certain angles (2θ) or 
crystal plane distances. This X-ray diffraction 
pattern is characteristic for the crystal structure, 
a fingerprint indeed. For many known crystals, 
these patterns are available in a library, and by 
comparing a newly recorded diffraction pattern 
with the patterns in the library, you can find out 
which crystalline material you are dealing with.
X-ray diffraction can be carried out with single 
crystals, but also with polycrystalline materials 
that are ground into powders. Using X-ray dif-
fraction, you can determine so much more than 
only the crystal structure. For a polycrystalline 
material, you can also say something about the 
crystallite size - smaller crystallites cause wider 
peaks - or about a possible preferred orienta-
tion of the crystallites. With a certain preferred 
orientation, certain crystal planes will reflect 
X-rays much more often than in the case of a 
random orientation, so that the peak associated 
with that crystal plane becomes larger. 
X-ray diffraction also allows you to check 
whether a material is subjected to mechanical 
stress160. After all, atoms in the lattice - and 
therefore crystal planes as well - are slightly 
pulled apart or squeezed together under stress. 
Stress can result in broader peaks as well as in 
peak displacement towards a larger or smaller 
crystal plane spacing. So X-ray diffraction is a 
technique to demonstrate mechanical stress 
in crystalline materials. In addition to e.g. po-
larisation to actually 'show' stress in transparent 
materials62.

crystalline polycrystalline amorphous

d
2θ

θ
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Shape memory alloy

The transition from austenite to martensite 
- and back again - can also be found outside 
steel86, in the case of shape memory alloys. 
These are smart materials that you can me-
chanically deform around or below room tem-
perature - for example by bending - and that 
can return to their original shape by heating. 
The metals have the original shape in their 
memory, so to speak. 

The nickel-titanium alloy is the best known 
example of a shape memory alloy. It consists 
of nickel and titanium in an atomic ratio of ap-
proximately 50/50. By only slightly varying this 
ratio, you can significantly change the transi-
tion temperature of the shape memory alloy 
from austenite to martensite - from far below 
0 °C until somewhat below 100 °C.

How can a shape memory alloy 'remember' its 
original shape?  This is because at temperatures 
higher than the transition temperature, the cu-

bic austenite structure is the most stable crystal 
structure, while below this transition tempera-
ture, the monoclinic martensite structure is 
the most stable. A memory metal can switch 
between these structures by playing with the 
temperature. It's a reversible process, so you can 
repeat this many times. 
Although shape memory alloys consist of two 
structures - austenite and martensite - the 
martensite structure consists of many differ-
ent versions. 'Normal' martensite has a regular, 
'harmonica-like' structure. If you deform this 
shape memory alloy in the cold state, then it 
changes from the 'normal' martensite structure 
to 'deformed' martensite. The secret of a shape 
memory alloy lies in the unique crystal struc-
ture of martensite. This is because this material 
can undergo limited deformation without actu-
ally breaking atomic bonds. The atoms always 
keep the same neighbours. In fact, entire lattice 
planes can 'fold over' in the direction of defor-
mation, and if that happens frequently enough, 

Shape memory alloy

the material can stretch by a few percent. 

When heated above the austenite-martensite 
transition temperature, the 'deformed' mar-
tensite transforms to the austenite structure. 
Because there is only 'one austenite structure', 
all 'deformed' martensite structures will trans-
form into this one austenite structure when 
heated. That is what the memory effect is all 
about. However, this material does suffer from 
some memory loss. Because if you cool down 
the shape memory alloy from the austenite 
structure, it jumps back to 'normal' martensite. 
So the 'deformed' martensite structure is no 
longer present in the memory - it is not such 
a good memory. You can, of course, bend or 
stretch the metal again in the cold state.

Just as you can train your own memory, you can 
also 'learn' a new shape to the shape memory 
alloy. This is done by bending or stretching the 
material in the desired shape and then - held 
in this form - heating it up to about 500 °C. 
The austenite structure is now forced to take 
this new shape, so to speak. If you cool down 
the shape memory alloy to below the transition 
temperature, deform it here again and then heat 
it to above the transition temperature, then the 
alloy takes the new, learned form again.
By the way ... there are more ways to go from 
the austenite to the martensite structure than by 

cooling down the material. What appears to be 
the case here? If you mechanically load the ma-
terial sufficiently high just above the transition 
temperature - i.e. in the austenite area - it will be 
transformed to the martensite structure. At this 
transition - and again using the nickel-titanium 
alloy as an example - the volume of the mate-
rial increases by as much as 7 %. At this high 
temperature, however, martensite is metastable. 
As long as you load the material, the deforma-
tion persists. But when the load is removed, the 
material 'springs' back into its original austenite 
structure, and its original volume is restored. 
Because through these transitions it seems as if 
this shape memory alloy undergoes an elastic 
deformation of 7 %, this phenomenon is called 
super-elasticity. The material behaves like a su-
per-spring - but only in a narrow area just above 
the transition temperature. Compare this to the 
elastic deformation161 of 'ordinary' metals and 
alloys, which is limited to about 1 %.

Let's go back to where we came from: steel. 
This material itself has no memory properties. 
This is because the rapid cooling of steel in the 
austenite area to the martensite structure is an 
irreversible process with diffusion of atoms - 
whereas with shape memory alloys it is a revers-
ible process, without diffusion of atoms.

te
m

pe
ra

tu
re

load

bending

heating
cooling

austenite

martensite Applications of shape memory alloys
That’s all very well, this theory about shape 
memory alloys, but what can you do with them 
in practice?
Well, quite a lot actually, because a mechanical 
force or deformation that is 'released' at a cer-
tain temperature can be used in many places. 
Imagine a fire breaks out near an automatic 
fire detector containing a shape memory alloy. 
Then the high temperature is a trigger for the 

shape memory alloy to deform and thus close 
a (electrical) circuit to make an alarm bell ring, 
or to open a water valve so that a sprinkler can 
spray water. The other way around, you can also 
mount a valve made of a shape memory alloy 
into a water pipe, that closes at too high a tem-
perature - for example 50 °C - to prevent burns 
caused by too hot water. And if the temperature 
is lower than 50 °C again, the valve opens auto-
matically. 

‘normal’ ‘deformed’
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Solar energy: from sunlight to electricity

Solar energy: from sunlight to electricity

Just outside the earth’s atmosphere, the sun 
shines with a power of 1367 watts on a square 
meter of surface facing the sun. This sunlight 
radiates continuously from the sun to the earth. 
On a cloudless day in summer, 1000 watts per 
square meter arrive at the earth’s surface in the 
Netherlands - the earth’s atmosphere has ab-
sorbed52 the rest. But power does not say any-
thing about the amount of energy you can gen-
erate with it. After all, for this you need to know 
how many hours the sun is actually shining. If 
you take into account day and night, the sea-
sons and the clouds, in the Netherlands we have 
an average of 1000 of these hours of full sun-
shine each year. In summer of course we have 
more sun than in winter, and the Dutch weather 
is also characterised by many cloudy days, but if 

we convert this all into hours of full sun, then 
the amount of sun in an entire year is the 1000 
hours mentioned here. By way of comparison: 
in the Sahara, at the level of the equator, there 
are around 3000 effective hours of sunshine per 
year, which is (only) three times as much as in 
the Netherlands.
Measured over an entire year, approximately 
1000 hours of 1000 watt = 1000 kWh  ‘solar 
energy’ is irradiated on a square meter of sur-
face in the Netherlands. Which part of your do-
mestic energy consumption can you cover with 
this? An average Dutch household consumes 
around 3000 kWh of electricity per year. In ad-
dition, an average Dutch household consumes 
about 1300 m3 of natural gas per year, mainly 
for heating purposes. With an energy density of 

31 MJ per m3 natural gas, the gas delivers a little 
bit more than 11,000 kWh of ‘cosy warmth’ in 
that year - so almost four times as much ther-
mal energy as electrical energy.

Let’s dive somewhat deeper into the electrical 
part, and the role of solar cells. The currently 
popular solar cells made of polycrystalline 
silicon convert sunlight with an efficiency of 
15 % into useful electricity. 1000 kWh of so-
lar energy therefore corresponds to 150 kWh 
of useful electricity. So if you have 20 m2 of 
surface area available on your roof - prefer-
ably facing south where the sun shines most 
powerfully - you can theoretically get all your 
family’s electrical energy from the sun by using 
solar cells. Apart from the fact that not every 
Dutch family has such a large roof, there are still 
a few hurdles to take in practice. The moment 
that the energy becomes available may not be at 
the same time as the moment that the energy is 
needed - which is an important hurdle. For ex-
ample, solar cells do not work in the evening or 
at night when you want to watch TV or be able 
to read this book. And the sun shines more in 
summer than in winter, while in winter there is 
a greater need of electrical artificial lighting. To 
bridge this gap, energy storage96 is important, 
for example in the form of batteries148. As an 
alternative, you can deliver any surplus of elec-
tricity to the power grid, in order to be used by 
other people. 

Solar cell
A solar cell converts (sun)light directly into 
electricity via the photovoltaic effect - abbre-
viated to ‘PV’. Light particles or photons from 
sunlight fall on a solar panel, where semicon-
ductor materials110 such as silicon absorb these 
light particles. Due to this absorption electrons 
are, so to speak, released from their (silicon) at-
oms so that they can move freely through the 
material. And moving charged particles form 

the definition of electrical current. In a sense, 
a solar cell and an LED68 (light-emitting di-
ode) are each other’s opposite: with an LED 
lamp, electrical energy is converted into light, 
whereas a solar cell converts light into electrical 
energy.

Crystalline silicon solar cells
Silicon has always been the preferred material 
for solar cells. The basis for this is formed by 
slices of monocrystalline34 or polycrystal-
line silicon with a thickness of approximately 
0.3 millimeter. For silicon, the minimal en-
ergy gap that has to be crossed in order to re-
lease an electron from a silicon atom (known 
as the band gap) is 1.1 electronvolt (eV), after 
which this electron can move freely through 
the material. Visible sunlight has a wavelength 
between 400 and 800 nm with corresponding 
energy levels of the light particles between 1.5 
and 3.1 eV, so sunlight has sufficient energy for 
such a crossing. After this ‘liberation action’, a 
positively charged electron hole stays behind 
in the silicon atom. Such an electron hole can 
move through the material if that hole is filled 
by an electron nearby - and in turn that particu-
lar electron will leave a hole behind. In short, 
when a light particle is absorbed by the silicon, 
the energy of that light particle is transferred to 
the combination of the mobile electron and the 
mobile electron hole. If this electron releases its 
energy outside the solar cell, then you can em-
ploy this energy in a useful way - the principle 
of solar energy. 

The p-n junction
But there is one problem ... The electrons and 
electron holes generated this way have the abili-
ty to immediately ‘recombine’ to light or energy, 
making the absorption action up to now mean-
ingless. Therefore, it is necessary to separate the 
electrons from the electron holes, and this is the 
role of an essential part of the solar cell: the p-n 
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Manufacturing processes for materials

If you want to make a product 'from scratch' 
out of raw materials, you will have to include 
a number of manufacturing steps. At first you 
have to mine the raw materials and convert 
them into a material that has to be processed in 
one or more steps into the right shape. A post-
processing step - such as applying a protective 
coating at the outer surface - may be part of the 
manufacturing process. And for products that 
consist of several materials, joining steps are 
included.

Do's and don'ts in shaping
You won't be able to process every material in 
any way you'd like. Metals have the desirable 
property that they slightly deform when sub-
jected to mechanical loads, which is useful 
when rolling or forging. But you can't do this 
with ceramics or glass - they behave brittle, 
breaking into pieces when you try to process 
them that way. In ceramics, powders are the ba-
sis, which you press or cast - with or without 
additives - into the desired shape. Then you use 
a heat treatment to bake the ceramic powder 
grains to each other into a product that obtains 
its strength in this way. In the case of glass and 
also (thermo)plastics, on the other hand, you 
make use of the property that the material be-
comes more fluid - and therefore more castable 
- at higher temperatures, and solidifies in the 
desired shape during cooling. 

Polymers
Although materials of biological origin form 
the basis for bioplastics43, (natural) oil137 is 
the raw material for most plastics - also known 
as polymers. More than 90 % of the oil extracted 
is used as an energy source - because burning it 
generates heat - and the rest is used as a raw ma-
terial for the chemical industry. First, you 'crack' 
large oil molecules into smaller molecules such 

as ethylene and propylene. Next, large quanti-
ties of the monomer ethylene chemically react 
to the polymer polyethylene185, or propylene 
to polypropylene (polymerisation). Plastics can 
also be composed from different monomers. 
For example, the well-known Lego cubes are 
made of acrylonitrile butadiene styrene or ABS, 
a co-polymer of the monomers acrylonitrile, 
1,3-butadiene and styrene.

These polymers are loose - albeit enormously 
long - thermoplastic37 macromolecules in 
close proximity to each other, in the form of a 
viscous mass, powders or grains. These semi-
finished products can be shaped into a final 
product in a subsequent step by increasing the 
temperature slightly using techniques such as 
extrusion or injection moulding199. This plas-
tic deformation step gives the name to the re-
sulting products: plastics. Even objects with a 

complex shape can be shaped in just one step 
out of the semi-finished products - with just the 
right size and without any finishing.

For thermosets38, polymerisation and shaping 
must be conducted simultaneously. After all, 
polymerisation already creates a three-dimen-
sional network in which the cross-links can no 
longer be broken by raising the temperature. A 
thermoset retains its shape. If you heat these 
materials to too high a temperature, they no 

longer change shape but decompose.

An epoxy resin as an example of a thermoset 
can best be imagined as a two-component ad-
hesive, where a 'resin' and a 'hardener' react 
together to form an epoxy resin. The 'resin' 
consists of large molecules - or short poly-
mers - with epoxy groups and benzene groups 
in the main chain. This component is viscous 
or sometimes solid - depending on the size of 
the molecules. The 'hardener' is usually a liquid 

Manufacturing processes for materials

Metal Ceramics/glass Plastic Composites

Raw material
processing

processing of 
crude iron86

crystal draw-
ing109

clay extraction
powder prepara-

tion

oil cracking
polymerisation
tapping rubber

growing 
(wood42)

fibre manufac-
turing186

Shaping rolling199

casting

pressing203

slipcasting
sintering204

extrusion199

injection
moulding

3D printing201

fibre weaving
matrix casting

Surface
treatment

carburising88

galvanising223

glazing212

CVD210

PVD
glaze

painting209

Joining
soldering213

welding
screwing

clamping glueing214 glueing

hardener resin fabric of fibresepoxy resin

Examples of manufacturing processes
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