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1. Introduction¢g K 6 Qa4 dGKAa LI O11F3IS FYyR gKIFG OFy A
Experience suggests that learning is better achieved by discovery

for oneself than by passive listening. The CES EduPack Materials Structure

Science and Engineerify) S&E)Package is a set of resourcisat

allows students to explore the relationships between Processing,

Structure and Properties. Thestimulate discovey and pose Properties

questions: why does th property change in that wawhen the

material is processed Why is this other property unchanged? The

package includes data for the elements, data for structural, functional

and biological materialsfor processes for shaping, joining and

finishing,tools to aid understanding of phase diagrams and resources

that focus explicitly on the procesdructure-property relation. The

package includes a set of 41 migmmjects that stimulate discoverjt ~ Figurel. The ProcesStructure

is visual (almost all the charts in tihWhite Raper were made with the PropertiesPerformance tetrahedron

package) and it is backe withdownf 2 F RF 6t S daO0AcC, cc , cucace ., .

teaching and learningesources from which many of the schematics shdwere were exported.

Processes

Performance

Theapproach adopted here flowfsom the unifyingthemeof MS&Ethe relationship betweelprocessing
structure, properties and performance(Figure 1) It involvesinformation and undestandingthat spansa vast
range of scaleangingfrom the submicroscopic to the massive (Figle The package is designéalengage
student interest ando supportthe teachingof MS&E both when takingscienceft SR X  Gdalaédsii 21 YLILINE | OK
as in textbooks by Callister, Shackleford and otl{€igure 2, read from left to rightpr adesignf SR>- & i 2 LJ
R26y £ | LILINRIF OK (& LJA T-brigriRed texds ofilfefer aMc2ANIBY eB4Figukey2 Si§hd v 3
left). The White Papes an intoductionto the packagglinks withinit take youto other documensthat explore
subsections of it in greater depth

WA

Figure 2 Length scales and the structures and properties associated with.tAgnottomup approach to
teaching MS&E flows from letid right in this diagram; a toplown approach flows from right to left.

Hd 2KFGQa AY GKS /79{ 9Rdzt I 01 a{99 LI O1FISK
The package is a set of interrelated resources.

This White Paper.

PowerPoint sets to helpresentit to students.

Exercises multiple choice questionand micro projects that stimulate sddarning.
Interactive tools to explore phase diagrams, and environmental audits

The MS&Edatabaseitself. It needs a little explaining

=A =4 =8 -4 A

1 %e Section 7, references.
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The MS&E databasis a set of linked dattables Quter ring ofFigure 3) that connect key information
and concepts from the atomic to engineering scale, from processing to performance, and from science to
application. Some dattables arean expanded version of thosareadyfound in the Level Zintermediary)
editions of the CES EduPack; others are unique to the MS&E Package.

The Materials and Processegslatatables lie at the heart of the sefhe first contains records for the
properties of structural, dnctional and biological materialSfhe £cond gives access to records for shaping,
joining and finishing processes, with schematics and imaggsaziesses TheElementsdatatable contains
records for the basic properties of the elements of fReriodicTable; they are linkedwhere appropriateto
records inthe other tables giving onelick access to relevant fundamental atomic properties. Phase
Diagrans datatable contains the mostised phase diagramand an interactie tool to illustrate how to
interpret them. TheProcessProperty Profies data-table allows the effect of processing on properties to be
explored and the associateéstructure andMechanismNotesgiveinsight into structural changes thare used
to manipulateproperties. Dataables ofProducersand Referencegnot shown in Figure 3) give accesshe
sources of the data and commerciahterialssuppliers

Elements

Materials

Structura

Properties

Processes

Processes

Performance

Phase Process-
Diagrams Property
Profiles

& Science Notes

Material Science notes »

Selection

Figure 3 The datastructure of the CES EduPack MS&E database. This schematic appears as the Hom
of the database. Clicking on any one of theixs takes the user to that component of the database.

The Homepage (Figui®, acts as @ interactiveportal to the datatables and the associated student
resourcesand tools The content, in more detail, takeselfiollowing form.

TheElements datatable provides fundamentatlataabout the elements of the Periodic Table: nuclear,
electronic, atomic and crystallographic data, and mechanical and thermal properties, environmental
characteristics and global gewonomic and critality standing. It is linked to the other datables giving
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direct access from their records to the relevant elemestords. Like the other dat@ables itis fully
documented in a separate White Paper which you can access by cliekiag

TheMaterials datatable has the same format as the Level 2 MaterialUniverse database, with two major
expansionsThey are:

1 Recordsfor functional materials including magnetic, magnetaloric, piezo/pyro/ferroelectric,
semiconducting and thermoelectric materials. The functional properties are described in embedded
Science Notes and fully documented in a sepavitdéte Papemhich you can access by clickingre.

1 Records and data fdriological materials including molecular building blocks, natural fibers, tissues
(both soft and mineralized), woods and wotike materials. Itoo is fully documented in a separate
White Papemwhich you can access by clickimgre.

TheProcess datdable contains 109 shaping, joining and surface treatment procefsam the Level 2
ProcessUniverse available, updated to incladditive manufacturingand schematics and images of the
process and the things they can doc@st modelallows the costs of alternative processes to be compared.
Links between Materials andProcesses allow selection of materials by their processing options anderisa.

ThePhase Diagram dattable gives access to phase diagraims12 of the most widely use engineering
alloys It is further supported by aimteractive teaching toowhich works irthree modes:

1 theglossarymode explains the terminology of phase diagrams,

1 the microstructure mode explores the microstructural development during solidification through
sketches, annotations and text

1 the Lever Rulemode helps students visualise the weight fraction of two phases, while at the same
time reviewing the Lever Rule calculation.

The tool useswo common phase diagrams to illustrate features of phase diagram$iGor the leverrule
and thePh-Sn for euectics. A1 ¢ S+ OK |, 2 dzZN& St BookleKehchuBages mdemeNdent |&agnigy
it can be accessed by clickingre.

TheProcessProperty Profiles dataable illustrate control of properties by processingf.containssets of
records chosen to illustrate how processegh aslloying, heat treatment, mechanical working, sintering and
foaming,change mechanical, thermal and electrical propertieach set iscompanied by a folddevel record
describingthe underlying structural changesSuggested mifprojects prompt students to explorsignificant
property trajectories. Likeother Granta resources, this datable encouragesiearning by discovegyand can
be used for independent study dor a structured lesson. The Procd3soperty Profiles database and its
contents are described in detail in another Granta Design White Rapecan be accessed by clickimgre.

Comprehensive sets &cience Noteareaccessed from the Home Pagigégure 3, bottom lejt They give
background to material properties, to processes attributes, and to the mechanisnutiaktrlie properties and
the way processes change them.

With that background, we can move on and explore what the database can do.

3. What can the CES EduPack MS&E package do?

The database and teaching resources support teaching across the great range oflsgalesn Figure 2.
This part of the White Paper gives some illustrations of how it can be used, covering

Nuclear properties

Bonding and bondlependent properties
Crystal structures and related properties
Phase diagrams

Processing and proceggpendent poperties
Natural materials and their properties
Functional materials and their properties

=A =4 =4 -4 -4 -4 -
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The CES EduPack Materials Science and

i Materials selection

We distinguish groups of properties (Figdie

Engineering Package

1 Microgructure-insensitiveproperties, determined mainly by the interatomic bonding, and

1 Microgructure-sensitiveproperties, strongly influenced by microstructure and

We next explore what the MS&E edition can tell us about each.

thus by processing.

v Y

Microstructure-insensitive properties Microstructure-sensitive properties

1 Density 1 Strength

1 Melting point 1 Toughness

T Modulus 1 Elongation

1  Specific heat 1  Thermal conductivity

1 Expansion cefficient 1 Electrical conductivity

1 Saturation magnetization 1 Coercive field, energy product

Figure 4t N2 LISNIIAS& GKFd R2y QG RSLISYR aiNRy3fe

3.1Bonding dependent properties and thElements datatable

The Elements dattable contains data for the nuclear and atomic characteristics of 1
elements of the Periodic Table (Figseand the microstructuréndependent properties

that depend on these.

Increasingelectronegativity ———————————»

1

. . Nonmetals . Metalloids

3 Alkali metals Halogens

2 L . . Alkaline Earth metals . Noble gases .lll
. Transition elements Lanthanides

. Other metals . Actinides lll

l ERBNNRNEN- - k-

s(:eI'I'IIIII'l'lS!nE!.IGllTIll)yIIllErTll"IlI.ll

-

wn

~

Increasing electronegativity ——»

Figure 5.The Periodic Table. It acts as the home page for the Elementdatdéa
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2 K I (i Q&Thd Bfeménis Idattable contains records for the elements of the periodic table, including

Nuclear characteristics

Electronic properties

Crystal structure and parameters

Physical, mechanical, thermal and electrical and magnetic properties
Diffusion parameters and surface energies

Geoeconomic data (abundance, countries of origin, annual production)
Environmental propeies and

7 Criticality status

=A =4 =4 -4 -4 -4 -4

What can you do with itHere are examples of how the Elements dtthle can be used to explore the
origins of microstructuréndependent properties.

Nuclear properties. The nucleus of an atom is made up of protons and neutrons, ne"“u'#c'fngf;id
known collectively as nucleons (Figusg Records in the Elements ddtase protons
contain data for the nuclear properties of the elements: the binding energy per N
nucleon, thermal neutron absorption cse section, thermal neutron scattering

cross section, and, for fuels, the hiifé. These properties are defined more fully

in the Science Notes attached to the property names in the-titée. Additional

records are included for isotopes of particulaterest: deuterium (2), tritium (3),

the four isotopes of plutonium (239, 240, 241, 242), the three isotopes of uraniu‘:plgure 6 The nuclear core

(233, 235, 238), the two of thorium (232, 233) and one each of protactinium (233),
samarium (149), xenon (135) and boron (10).

The CES EduPack system allows the data to be presented in ways that bring out features of interest.
Figures7 and 8 show two of these. The first is a plot of binding energy per nucleon against atomic number.
The most stable nuclei (those with the greatbstding energy) cluster around iron. Elementset areabove
iron in atomic number can release energy by fission while those below iron can do so by fusion, and that fission

releases, at most, a few hundred keV per event, whereas fusion can release¢hnasgnds.
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Sticon l f\ Zine zZrconium, .

99 i \ f ,/.“.__/, . Cadmium samarium Thori
o~ et il Gopber Rl Y Y, Iridium orium
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g o~ Aluminum Molybdenum  Barium A AN
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c 7{° \Nitrogen
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o Lithium — 5
e nucleus = iron
o 49
=
2

Tritium
O 33
o
£
T 2]
'E Deuterium
@ i
Hydrogen Binding energy per nucleon
04 I MEAIT
0 10 20 30 40 50 60 70 80 90 100

Atomic number

Figure 7. The binding energy per nucleon, a measure of nuclear stability.
(Made with the Elements dateble of the MS&E database.)

hyS YAIKG SELSOG GKIFG GKS vYz2ad adrotsS StSySyida
Figure8 shows that, broadly speaking, this is true. Silicon, aluminum, iron, calcium, sodium and magnesium
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and oxygen, between them, account for over?8@fthe content of the crust. The high atomic number
platinum group, by contrast, accowsfor only 107%(1 part in 16).
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Figure8.¢ KS | 0dzy R yOS 2F G(KS St SySydaa &
(Made with the Elements dattable.)
More examples of what this datimble can do are giveninttiea I G SNA £ & T2 NJ b dzOf SI NJ t 2

t | LISvNi&hyou can access by clickingre.

Interatomic bonding When atoms bond, it is because the
electrons in the outermost shell of electron orbitals interact (Figu
9). Thecohesive energgeasures the strength of this bondindt.
is defined as the energy per mol (a mol6i©22 x 18° atoms) 7
required to separate the atoms of a solid completely, giving neut\\\\
atoms at infinity. Equally it is the energy released if the neutre
widely spaced atoms are brought together to form the solid. T
greater the cohesive energy, tletronger are the bonds between
the atoms and the higher is the modulus and the melting

Pt

-

—

temperature. Surfaces and vacancies both involved broken bonds
with the consequence that the surface energy and the activation
energy for diffusion scale approximateijth the cohesive energy.

Figure 9. Atomic bonding

All these correlations can be explored using the Elements-iddite of the Materials Science and
Engineering package. Figure 10 is an example: the correlation between Melting Temp@&rghere multiplied
by the gas constanR) and cohesive energyk. It shows the linear relationship between the two, and that the
thermal energyRh at the melting point is about 3% of the cohesive energy.

www.teachingresources.grantadesign.com
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Figure 10.Melting temperature and cohesive energy of the elements. (Made w

the Elements datdable.)

Electronegativityis a measure of the tendency of an atom to attract a bonding pair of electiims Pauling
electronegativity scale assigfisorine, the most electronegativelement the value 4The values range down

to caesium and francium, the least electronegatdfghe elements with the

value of 0.7Kigure 1}. An atom

with low electronegativity tends to lose electrons to becongoaitive ion; one with high electronegativity tends

to gain eletrons to become a negative ion

Electronegativity of Elements

3.5+

(%]
L

Electronegativity (Pauling)

057 Row2 Row3 Row4 | Rows

S - - S S N S S

o i . T T 1 1 i i T T

1] 10 20 30 40
Atomic number

Figure 11.Electronegativity of the elements. (Made with the Elements datze.)
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Crystal structure and atom sizeThe Elements dattable has schematics for
the crystal structures of each of the elements. Figu2éslan example.
When the element exists in more than one allotropic form thare separate
recordsand structuresfor each.

Figure Bis an example of a chart made with the dagdole. It is a plot
of atomic volume across the periodic table, made with this eatde and
color-coded row by row. The atomic volume depends on the paettergsity .
of atoms in the crystal (and thus on theystal structure), but the plot shows Flggre 12.The facecentered
that the position in the row has a much greater influence: in any row, t cubic crystal structure
FG2YAO @2ftdzvYS A& F YAYAYdzYy Ay (G4KS YARRE SO CKAA A& 0S8
valence shell of electrons. Alse atomic number increases across a row, the positive charge on the nucleus
increases and this charge is incompletely screened out by the inner shells of electrons, causing the valence shell

to contract. The imperfect screening is a maximum in the reidéithe row, leading to the minimuin atomic
volume

2wdir2e

Row 6
{28 Row 5 " Cesium
] Row 4 & Rubidium

5- Potassium
_é 1? Xenon -d

Bxin e Row 3 SRy
g Sodium._, me5
: T | 1 I
e | | Q o
g Row2 ol %—, 1 &o
E Zepye | Lifhium -m :.Jq-" T..9

1 . b .'I
o E ne < [ S
- AIhEninum %@ Silver
‘t ", \M LI
1028 | Oxygen Ruthenium
) ] chel
Beryillun:‘s |
Boron | |
— Carbori® ‘ Atomic volume - Atomic number
AT
0 10 0 a0 50 80 70 20 a0 100

40
Atomic number

Figure 13.Variation of atomic volume across the rows of the Periodic
Table. (Made with the Elements datable.)

Other properties vary across the rows of the periodic table in a similarkigyre # shows an example:
L 2dzy3Qa Y2RdzZ dza z LI 2 { Th8 Rodllud peakg dt the deriie? of dach rofv oiatlingS NIb
sharply at the end of one row and the start btnext.
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| Modulus - Atomic number

Row 6

Young's modulus (GPa)

0 0 20 an 40 ) a0
Atomic number

Figure 14.x  NA | GA 2y 2F | 2dzy3 Q& Y2 RdzZ dz
Table. (Made with the Elements datable.)

Explore for yourself Microgtructure-insensitiveproperties
Explore (and then explain) the folling correlations, using the Elements datble to make charts of

1 , 2dzy 3Qa EGPRai Ceaesive eneidy(kJ/mol)

Activation energy for lattice diffusio@u (J/mol) and Cohesive energly(kJ/mol)

Surface energy (J/m?) and Cohesive enerdy (kJ/mol)

Heat of vaporizationiry (J/kg) and Cohesive enerbly(kJ/mol)

Specific heat capacity per unit volurGg J/m®.K(specific heat capacii§times density ) and
Atomic volumeVin (md)

Thermal conductivity (W/m.K) and Melting temperaturém (K)

Latent head of melting kx(J/kg) and Specific he@} (J/kg.K) times Melting temperatur®, (K)
Thermal conductivity (W/m.K) and Electrical resistivitgé m @ Y 0

First ionization energy and electronegativity

Specific heat capacity per unit volume (specific lezgdacity times density) and atomic volume.

= =4 =4 =4

=A =4 =4 -4 A

3.3 Exploring microstructur@ependent properties with the ProcesBroperty Profiles
data-table

The microstructuresensitive properties of a material are manipulated by processin
Some of the procesimducel property-changes are desired (the increase in strength achiev
by alloying or workhardening, for example); others change in ways that may be less desir
(reduced elongation and toughness, for instance); still others do notgghahhe CES EduPac
ProcessProperty datatable is a det-yourself kit that allows students to explore how the
processes it contains change the properties of selected metals, polymers and ceramics. The database stimulates
discovery and it poses questions: why does the prgpehange in that way? Why is this other property
unchanged?
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The Procesproperty profiles dataable contains seven sets of records chosen to illustrate how processes
influence properties. All the records have a full Level 2 property listing allaléngffect of the process to be
explored across the entire propergpectrum. The seven sets are:

Alloying and working: copper alloys

Heat treatment: carbon steels

Alloying and heat treatment (1): stainless steels
Alloying and heat treatment (2): aluminuafioys
Filling and reinforcement: thermoplastic polymers
Powder processing: sintered ceramics

Foaming: polymers, metals, ceramics

NoogaprpwdN R

The full set and what can be done with them are described in a White Paper that can be accessed by clicking
here. Here we give two examples.

Set 1. Alloying, precipitation and working: coppenickel alloys.
Pure, anneked metals are good thermal and electrical conductors b
they are soft. They can be strengthened by whékdening (as in cold
rolling, cold forging and wire drawing). They aésobe strengthened
by alloying (as in brass and bronze). And they castreagthened by
precipitation hardening (as in agerdening aluminum alloys anc
stainless steels) (Figur&)l All three change the properties of metals,

but in different waysThis set of records illustrates the effect of work ~ Figure 15.Aspects of structure:
hardening, soliesolution (alloy) hardening and precipitation solute, defects, precipitates, grains.
hardening on the mechanical, thermal and electrical properties ot

copper.

2 K| (i Gét I Ahe folder contains 19 records covering

Pure copper, in the soft, ¥ hard, ¥ hard, % hard and fully hard condition, and

Coppetrnickel alloys, ranging in composition from pure copper to pure nickel

Copperberyllium alloys in the solution treated, worked, aged, and aged plus worked states. The symbol

Goé YSIya HNBdziASRYT KSIKE  YrEatey and woskK IR SYWS KB d o LIE Y S
soluionK S & GNBFGSR FYyR FT3ISR (G2 |tf2¢ -tSh&OwWotkdA (I GA2Y
hardened and aged.

= =4 =4

What can you do with it?The recordset allows students to explore the effect of the three hardening
mechanisms on proptes. Figure 16 shows an example of their effect on two properties of importance for heat
exchangers: strength and thermal conductivity. Increasing cold work increases the yield strength of copper
dramatically but has very little effect on conductivityolutionhardening, by contrast, gives strength but greatly
reduces conductivity. Precipitation hardening gives the most desirable combination of high strength with good
conductivity.
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Figure 16 The effect of processing on thermal conductivity atrdrgyth of copper.
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(Made with the ProcesBroperty Profiles datgable.)

T ,2dzy3Qa
solution-hardening?
9 Yield strength plotted against Copper content (chose a tineat log, scale for the copper content
At what copper content is the strength a maximum?
1 Elongation plotted against Yield strength. Does wuakdening affect elongation more strongly tha
solution-hardening?

Explore for yourselt Alloying, precipitation and working

Use Set 1 of th€rocessProperty Profiles datsable to create the following charts. Read the Science ng
attached to the property fields in the datable and the Structure and Mechanism notes linked to the mate
records for insight into the trends you observe.

1 Themal conductivity plotted against Electrical resistivity. Is there a relationship?
I-rArdeniggachiange thé md@ulud?iDié

Y2RdzA dza LI 20 GSR

Set 5.Filling and reinforcement of thermoplastic polymerBolymers have low elastic moduli and moderate
strength. They can be stiffened (raising the modulus) by blending them with fillers such as talc, calcium
carbonate or other minerals; and they can be bestiffened and strengthened by reinforcing them with chopped

or long fibers of glass or carbon (Figurd.1 The fillers and reinforcements affect not only the stiffness and
strength, but all the other properties as well. This set of records allows tketedf fillers and fibers on polymer
properties to be explored.
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2 K| ( CB&t ®A The folder contains a record for the mechanical, thermal and‘

electrical properties of Polypropylene (homopolymegnd for the same
polypropylene filled or reinforced with a variety of fillers

1 Four weight fractions of talc (hydrated magnesium silicate; $4g010 (OH))

particles
Four weight fractions of calcium carbonate (ch&llaCg) particles

il
1 Six weighfractions of glass fibers, both chopped and Idiger
il

Two weight fractions of EPDM (an elastometticylene propylene dienean E] e

elastomericterpolymer).

What can you do with it? Figure B shows the way in which Yield strength and KAICEN (g

L 2dzy3Q4a Y 2 Rulapytzde hé@rbpolyrirt change with filler type an Figure 17.A polymer with
content. All the fillers raise the modulus; only glass fibers significantly increase particulate and fiber fillers

strength as well.

&

403 glass fber

o

Glass fiber |
filled '\‘H @-Iﬂi glazs fber
H

i | ¥
N P .2.!:'*.".1"’!'!’.'5?’. I |
FPImlmpﬂ[]lm;H =
] — 1IZH'|.|;|I||nI!II::r
i - — b=
i 'i'am Q —Tale ﬁﬂed

. g 0% Take |

0% _/6)% Ca[-‘ﬂgﬁh'eu'
! " 2k Cacoy o o
1 2 § T a0
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g
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Figure 18.Polypropylene, shown in green, with particulate and fiber fillers. (Made
with the ProcessProperty Profiles datsable.)

Use Set 5 of the ProceBsoperty profiledatatable to create the following charts and answer th
questions. Read the Science notes attached to the property fields in thetalsliaaand the Structure and
Mechanism notes linked to the material records for insight into the trends you observe.

1
AUATTYySaa o0Y2RdzZ dzak RSyaadeok ! OKI NI 27
reveals how these combinations of properties change with filler content.

1 What do fillers do to the thermal properties of polymers? A chart of Thermal conductivity ag

Explore for yoursel Filling and reinforcement of thermoplastic polymers

Fillers increase the modulus but they also increase the density. What happens to the sy

Thermal expansion coefficient shows what happens.
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3.4 Comparing natural and mamade materialsusingthe Biological materials subset of
the MaterialsUnivese datatable.

The materials of nature wood, bone, shell, horn, for examptéhave properties that can
compete with or exceed those of manade materials. The Biological materials folder in tl
MaterialsUniverse dattable of theMS&EPackage contasrecords for 88 of them.

2 KFGiQa Ay (GKS . A 2?2 Fnke Gdtehories bfinhatbidals in e Biadagié

materials folder are listed in Table 1. The mechanical, thermal and electrical propetigsdgical materials
records are the same dkose in the rest of the MaterialsUniverse datbles, allowing direct comparison of
natural materials with those of engineering.

Table 1. Biological materials (88 records)

Category Examples
Molecular building blocks Chitin, Collagen, Elastin, LigninS f f dzf 2
Soft tissues I NISNBEX /FNILAEFASS |
Mineralised tissues Antler, Bone, Coral, EggK St f > a2 f
Natural fibers 2002y YSYIFF3 {Af 3
Woods and woodike materials | Oak, Pine, Bamboo, Nut,f @ 62 2 RS

What can you do with it? The ensemble enables a numb#rinvestigations. Here are a few:
1 Retrieval of the properties of natural and mamade materials in a consistent framework.

1 The construction of material property chartsr both engineering and biological materials allowing
direct comparison between them.

1 Exploration of the ways in which the basic structural building blocks of the natural world (minerals,
polysaccharides and proteins) combine to give exceptional perfocaan

Figuresl9and Dillustrate what can be done with it. Tensile strengthy and elastic moduluds are key

properties for mechanical performance in both engineering design and in nature. The first of the uves fig
chartsthese properties for engineering material&ach small bubble encloses the rangesefand E for one
material. Large envelopes enclose material classes: metals, polymers, elastomers, ceramics, arid feigone

20 the same two properties for natural materials are plotted on the same@xiges. Again, the little bubbles
describe single materidypes while the larger envelopes enclose classes: soft tissue, mineralized tissue, wood
like materials and fibers. Forgsentational reasons, no envelope has been created for the basic molecular
building blocks (yellow bubbles).

Charts like these allow a direct comparison of the properties of natural andmzatte materialsThey can
set the scene for discussions of fmomicry and for materials selection for medical applicatiomhis pair shows
that natural materials have properties that cover a range almost as large as those of the engineering materials
we use today even though their chemical and structural magearevery different. Any subset of the numeric
properties in the database to be plotted and compared in this way.

The quantityU:sé/ E is a measure of the maximum elastic energy that the material can store

important in the design of springs drenergyabsorbing structures. The contour (blue diagonal line) on Figures
19 and 20 lies at the valu&l = 10 MJ/n?. Materials above this line store more energy, those below, less.
Among engineering materials elastomers (on the rigint) high strength steels (on the left) have high values of
U. Among natural materials elastin, collagen and keratin haveWiglscid spider silk is outstanding with higher
U-values than any mamade material.
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Mineralize tissueg bone, shell, tusk; are composites of hard, brittle minerals (calcite, aragonite,
hydroxyapatite) cemented with a protein such as collagen. The resulting structural materials are remarkably
tough and resistant to cracking. Resistance to crack propagaiomeasured, in engineering terms, by the

fracture toughness,.. Toughness ability to absorb impact, is measured by the toughness,; = K2 | E

. Toughness helps organisms survive the bumps and shocks of life and it Hassiderole atough shell is
harder for a predator to penetrate than a shell that is brittle.
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Figure 19.Strengtho,, and modulusEof engineering materials, with a
contour of maximum elastic energy storadémax.
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Figure 20.Strength o, and modulus€Eof natural materials on the same

axes Figure 20, with a contour of maximum elastic energy stotage,
(Made with the MaterialUniverse datable.)
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Figure 24 is a chart withK;, and Eas axes for natural materials. Contours@f. plot as diagonal lines

with a slope of Z; one with a value oG, = 0.1 kJ/mis shown in blueAntlers are used for fighting; a brittle

antler is not a good idea. Antler, dense bone and dentine are between three and ten times more resistant to
crackpropagation and ten to a hundred times tougher than the hydroxyapatite with which they are
mineralizel. Calcite, aragonite and hydroxyapatite lie well below g contour; mollusc shell, cortical bone

and dentine, largely made up of these minerals, lie far above it. The gain in toughness derives from the way

the mineral is depositedrad configured in the tissue.

More information and charts can be found in two White Papers describing another p&E&duPack
databases devoted to biomateridlsThey can be accessed by clicKiege.
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Figure 21.Fracture toughneskicand modulusE of natural materials with a
contour of toughnessGic. (Made with the MaterialUniverse datable.)

24 ¢ KBEEduPakBio EngineeringDatabase. Part 1:Introduction to Biological and Bl SR A O f

MedranoGranta Design, Cambridgg2015)

4 ¢ KBEduPakBio EngineeringDatebase. Part 2: BIiR SNA SR YI G SNA | f &

and Harriet CrawfordGranta Design, Cambridge (2015)
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https://teachingresources.grantadesign.com/Type/Papers/PAPBBBEN15

Explore for yoursel€ Properties of Natural Materials
Use the MaterialsUniverse datable to explore the following questions.

1 126 R2Sa (KS Edoaygrd and sofv\BoRddztlepsind on density? Make a chart
with Eon one axis and~ on the other. Does the transverse (t) moduluthe one across the grair
¢ depend on density in a different way from the longitudinal () modulus parallel to the grain?
L26SNI 1 g G2 SIFIOK o0& LIX2G0§0Ay 3 N bffl (adlifehrs
dependence), 2 (quadratic dependence) and 3 (cubic dependence) to see which best match
data.

1 ltis sometimes claimed thatspiderdeigh Yy S aAf {1 Aa A0GNRY3ISNI (KI
wire) has a tensile strengtls,; of 3800 MPa and a density of 7900 kg/nd. Find data for these
two properties from the record for draljne silk to establish whether the claim is true. Do t
Of FAYIFyYy(da LISNKILBE YSI ys dadNRY d8ENLIS KT dzy)R d:

1 Badly broken bones are often repaired with stainless steel implants. Ideally an implant shoul
properties that match those of bone as closely as possible. Compare the strepgihd modulus

E of stainless steel and cortical (de#) bone, drawing data from the database. Is there a g
match? Can you suggest a better one?

1 Innature, as in engineering, specific strength and stiffness{ » and E/ r ) are more important

than just strength and stiffnesss(; and E). (Herer is the density.) Make a pair of charts lik

those of Figures 19 and 20 for specific strength and stiffness and exammadtural and man
made materials now compare.
1 Imagine yourself to be a ¥Zentury Viking seeking light, tough materials to make shields to pro

@2dNBESE T G6KAES &2dz LIACE | 3SGJ=KRR/ELWhdey IR Siblibe
fracture toughnessan@A & . 2dzy3Qa Y2 RdzZ dza® " @& [ A13KS 60 S
facility to make a chart of bimaterials with G;; on the yaxis and” on the xaxis. Apply &

selection line with a slope of 1 describing light, tough materi@g. ( r ) and use it to find the two

best natural materials for shields. Then do a quick we#rch to find out if these two material
were eve, in the past, used in this way.

3.5 Exploring functional properties with the Functional
materials subset of the MaterialsUniverse datable.

Functional
materials

Ferromagnetics
Soft and hard magnets

Semiconductors

Thermo-
electrics

Figure 22 Classes of functional materials

Although there is no standard definition of functional materials,
AG Aa Oz2yyzyteée G118y (2 YSIy Yl |
that allow them to do more than simply support loads or conduct
heat or electricity. Functional materials respond to apglstimuli in
non-intuitive ways, for example generating a voltagken strained,
or cooling on application of a magnetic field. Records for functional
materials contain fields for properties that do not appear in the other
records in the MaterialUnivees to capture these unusual
characteristics.
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2 K 6Qa Ay GKS Cdzy Qi Rigurg R lists the ciasSadiiundticnal madediadisatiappear in it.
The subset contains 46 records.

What can you do with it? Here we give two examples ositise.

Selecting magnetic materialsTwo key characteristics of a magnetic material are its remanent induddipn,
and its coercive fielth: (Figure 3). Soft magnetic materials have low coercive fields and narrow hysteresis
loops. Hard magnetic materials have high remanence (making them powerful magnets) and high coercive
fields (making them resistant to demagnetization).
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Figure 23.Remanent inductin and coercive force for common magnetic materials.
Soft magnetic materials lie on the left of the chart, hard magnetic materials on the r
(Made with the Functional materials subset of the MaterialUniverse -tiaitée.)

Neodymiumiron-boron alloyshave the best combination of hardpermanent) magnetic properties,
followed by Samariuncobalt, and, significantly less good, the Alnicos. Soft magnetic materials are used for
transformer cores and electromagnets, where thag used to trap and guide magnetic flux. Materials for these
applications are chosen to have a large permeability, giving large inductance for a given applied magnetic field
¢ amorphous iron alloys and silicéron are particularly good. Eddy currentsliuced in the core by the
magnetic field cause energy loss through resistive heating. Eddy currents, are reduced by high resistivity. Here
the ferrites, colored blue on Figure2are a good choice.

Thermo-electric materials.To provide power a
thermoelectric material must have a high
Seebeck coefficient to generate a voltage, a
high electrical conductivity kct0 reduce
resistive losses and a low thern@inductivity
/ to maintain a steep temperature gradient
between the hot and cold side of the generator.

This combination is captured by the figure (¢

www.teachingresources.grantadesign.com 18 @ Granta Design 2018



