by Harry Bhadeshia*

It is often creative design that leads to significant

he teaching of design
in materials science
generally takes the
form of Galileo's
square—cube law. The
weight of a structure in-

wealth creation. How can it be incorporated into

materials science courses?

10 an invigorating outcome.
Woody Flowers of the
Massachuseltls Institute of
Technology has developed
methods which have been
proven to inspire engineer-

creases with the cube of its
dimensions, but the area of
the load bearing sections in-
creases only with the square
of the dimensions. Conse-
quently, an elementary
structure which 1s  scaled
upwards may eventually
fail under its own weight.

Modern versions of this )
kind of teaching involve the S
quantitative analysis of
measurable material vari-
ables such as yield strength
oy and Young's modulus
E. Therefore, the best mate-
rial to design a leal spring to
tolerate a given deflection
without yielding would be
one which has the highest
ratio of oy/E. Such think-
ing is routinely expected of
any trained materials scien-
tist. This statement, never-
theless, requires some qual-
ification.

A materials scientist must understand
the methodology behind the derivation of
these square-cube type laws. In elemen-
tary cases, knowledge of the actual equa-
tions may even be required. However, in
most cases, it is likely that the scientist
can consult an engineer for help with the
quantitative rule, or may be able to access
computer programs for such calculations,
It is casy to imagine some menu driven
malerials selection program with facili-
ties for yield, deflection, weight ete, con-
trolled design and even combinations of
design criteria.

There are many cases in science and in
enterprise, where it is not technological
design, but creative design which leads to
significant wealth creation. A perfect ex-
ample is the Sony Walkman. It is not the
technology of the tape recorder which led
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ing undergraduates, so
much so, that his scheme
has now been internation-
ally applied. This article
contains suggestions for
adapting some of his ideas
for materials science.

It is stated in learned re-
ports that elements of de-
sign should link all of the
engineering courses that are
taught at a degree level. En-
gineering courses are, how-
ever, significantly different
from materials  science
courses in lerms of goals
and the nature of the stu-
dents that they attract. Most
of the research on design
has focused on the engi-
neering subject, sometimes
with derisory comments
about materials science and
in general about the role of
science in engineering. It is

Figure | Design in the context of materials science

to an immense increase in its sales, but
rather an artful manipulation of format.

There have been a number of detailed
studies and recommendations about the
teaching and practice of design in the en-
gineering profession. The general princi-
ples are therefore well researched. Cre-
ative design nevertheless remains ex-
tremely difficult to teach, primarily be-
cause the principles are abstract whereas
applications develop more rapidly from
examples.

Most of the design exercises in mate-
rials science tend to focus on materials
selection, which is a means to an end, ic
a tool, more than something which leads
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necessary therefore to have

a look at design from the
point of view of materials science. which
is after all more interdisciplinary than en-
gineering or the more common natural
sciences. This could be a major advan-
tage as far as design is concerned; in par-
ticular, a well trained materials scientist
should be able to communicate effec-
tively with technologists and scientists
alike.

Figure 1 summarises some of the obvi-
ous aspects of materials science in which
an element of creative design may be use-
ful. We may often be called upon to de-
sign experiments either to rank new ma-
terials or to develop them. The current
trend in the highly competitive aircraft
industry is to reduce the time taken from
the point where a new engine or airframe
is conceived to its manufacture and certi-
fication. Well designed experiments are
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therefore necessary to en-
sure that materials, which
can make or break particu-
lar manufacturers, do not
form the rate limiting stage.
It is rare indeed to find an
undergraduate  materials
course in which the design
of an experiment is the core
of a practical class; the nor-
mal way is for students to
perform tried and tested
SCTIpLs.

[t is not difficult to dis-
tinguish between a well
crafled experiment and one

which is based on brute force. For exam-
ple, in cases where a tensile stress affects
transformation, most reported experi-
ments have involved the manufacture of
a series of parallel gauge length tensile

specimens. These are then
lested at different loads, so
that the resulting mi-
crostructure can be corre-
lated against a number of
discrete values of applied
stress. On the other hand, a
single tensile specimen with
a slightly tapered gauge
length could be pulled to
failure. Continuous infor-
mation is thus obtained,
{rom a single test, of the in-
fluence of stress on mi-
crostructure. It is probable
that materials scientists are
more involved in the design
of experiments than their en-
gineering colleagues.
Materials scientists often
play a key role in the making
of new manufacturing
processes, usually as a part
of ateam. The subject is al-
ready taught widely in a va-
riety of guises — for exam-
ple. most materials under-
graduates at some stage do a
comparative study of ingot
and continuous casting.
Case studies like these are
important, but on their own,
probably not sufficient to in-
spire thinking in all but the
best of students. For that it is
necessary (o present an un-
solved problem. For exam-
ple, any realist would argue
that there are many out-
standing and serious prob-
lems with the use of alu-
minium in the mass produc-
tion of car bodies. Price, of
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Table 1: Possible routes for teaching design in materials science

Conventional Unconventional
Practical

Example classes

Inter-departmental project
Inter-university project
Literature survey Market research

Industrially organised brainstorming
Student originated research project
Involvement in real industrial design
Real failure investigation

Software design

Role play

Case study

Research project
Industrially based project
Investigation of artifact
Computer-aided design
Selection exercise

course, is one of the major factors. Those
in the know will tell you that a more en-
ergy efficient process than clectrolysis i
required in order to extract aluminium
from the ore. Smelting is a serious though

1: A practical class

The task proposed here has not been tested by any staff, nor
by students from previous years. There is no unique solution fo
the problem posed. You do not have access to a graduate
supervisar.

The task: you are provided with samples of steel, aluminium
and copper. Use an appropriate method to efficiently and
economically produce a grain structure of size 25 um in each
SGmp‘e‘

Facilities: you have access to the class laboratory, to the
departmental library, and to some fabrication facilities. For
safety reasons, fabrication facilities can only be used with
supervision.

Timing: you have a maximum of two weeks to complete the
task, including the submission of a single group report. The
planning is otherwise up to you. Marks will not normally be
given fo those groups who fail to meet the deadline, which is a
week affer the completion of the experiments.

Suggested method: begin with a brainstorming session
within your own group. This means a free floating and listing
of ideas, without worrying about the soundness or practicality
in the first instance. Formulate a reasoned plan on paper. You
can then consult a  member of the academic staff. Each such
consultant will only deal with one group, and will discuss the
matter for no more than 30 minutes. The academic consultant
will also ensure the safety of whatever you propose fo do.
Implementation: implement the plan af will, making appro-
priate adjustments as necessary.

Report: produce a group report which should include: proof
of success M cost analysis of the optimum methods proposed B
science in sufficient detail to enable o reproduction of your
work.

Assessment: the project will carry the usual mark for a sin-
gle practical and all undergraduate members of a team will
receive the same mark. Each member of the most successful
team (including the academic consultant] will be rewarded with
a ‘materials designer’ Tshirt. Note that it is in your inferesis to
avoid discussing your work with any other team.

unestablished alternative; it
would be educational and
interesting to consider the
design of such a process,
taking into account thermo-
dynamic, economical and
capital cost factors. Such an
exercise would also involve
a survey of existing litera-
ture.

The design of materials
per se is probably already a
major component of current
degree courses — alloy de-
sign (using quantum me-
chanical to microstructural

techniques). the molecular design of
polymers, the fabrication of ceramics, de-
is signer glasses and composite manufac-
ture are all familiar and important buzz
words. What appears to be lacking how-

ever, is an ability to analyse
what could be done once a
new material is invented.
For example, successful re-
search in the steel industry
led to the manufacture of
what could be a revolution-
ary steel for rail applica-
tions. Whereas the acade-
mic partner of this work
was satisfied with the suc-
cess, the industrial partner
had the vision to nstitute a
series of studies involving
wear resistant materials in a
number of applications
which have nothing to do
with railways.

It is difficult to see how
students could be involved
in a good, exciting exercise
on the design of a novel
structure or component. In
industry, projects like these
are carried out by large
teams consisting of many
disciplines. For example, to
design a novel geometry for
steel beams of the type used
in the construction of mul-
tistorey buildings, requires
wide ranging expertise.
Structural engineers  are
able to analyse for stability
to buckling under a variety
of complex loads, and to
advise on safety factors.
The knowledge of fire engi-
neers is necessary in order
to ensure, as the standards
require, that the building
does not collapse within a
specified period of time,
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due to a loss of strength in the steel as it is
heated by the fire. Rolling technologists
have to make the actual sections from stan-
dard ingot shapes — they may insist that
their machines cannot cope with odd
shapes without large scale capital invest-
ment. Finite element modellers may pre-
dict whether it is possible even in principle
to roll certain shapes while at the same
time ensuring uniform properties, Metal-
lurgists are required both to test any new
sections and to develop steels designed to
transform to uniform microstructures on
cooling, in spite of non-uniform deforma-
tions encountered during rolling. Accoun-
tants arc essential to cost the research, to
trek the costs during the project, and to in-
dicate the level of benelicial change nec-
essary before it becomes viable (o invest in
a new manufacturing process. Market re-
scarch plays a key role in such a venture.

Most degree courses do not have the re-
sources, especially in terms of time, to
support such an approach. The practical
suggested earlier is in this sense a feeble
attempt. Role play on the scale of an entire
class may be an approach worth trying.

Many undergraduate courses involve
the study of artifacts in the form of a man-
ufactured article. The students are required
to disassemble a component, examine the
materials using a variety of techniques,
and then make some recommendations on
how the componenl might be manufac-
tured better. The difficulty with such exer-
cises is that the subject of materials sci-
ence is now so hroad, that there is a dis-
tinct lack of depth in what is taught, Stu-
dents are therefore not sufficiently capable
of systematically investigating the com-
plex industrial materials present in com-
mercial components. Because such com-
ponents are usually well manufactured and
designed (otherwise they probably would
not be available) there is little, within the
scope of their knowledge, that students can
do to suggest realistic improvements. Arti-
fact based projects have therefore become
less interesting to students.

Some ways in which creative design is,
or may be incorporated in the materials
science degree curriculum are presented in
Tablel. Both conventional and unconven-
tional approaches can be pepped up using
the rules described earlier. It should be ob-
vious that the task is not simple, and that
time and other resources would have (o be
diverted from other aspects of teaching
and learning. But the subject is certainly
useful, challenging and worthy of further
discussion,

The features which make the teaching
of design distinctive can be summarised as
follows:
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2: Examples class

1. A new material recently discovered is steel which is transparent, but
which otherwise has all the properties of a normal steel. Find applications
capable of exploiting this material, in the manufacture of: an item suitable for
popular consumption B an expensive item which could be regarded as a
work of art B an expensive ifem which has tangible use B an item which
cannot otherwise be made.

2. Buckminsterfullerenes are large carbon molecules with interesting topolo-
gy. They can be in the form of, for example, footballs, tubes or baskets.
Describe ways in which this kind of carbon might be exploited in the fields
of: tribology M catalysis M alloying M basic research.

3. A new device allows the high resolution (= 10 nm) measurement of elastic
modulus. Discuss potfential applications in materials technology and science.
4, What are the chances of commercial success for each of the following
products: perfume costing £2 per bottle B breakfast cola M a neck-tie with a
packet for credit cards B a credit card sized torch costing £4.

5. What could you invent with the knowledge that a transparent polymer
sirip clouds when overstreiched?

6. What are the costs of filing and defending a patente What are the alter-
natives fo patenting an invention?@

7. Are the following items subject to patent protection? The sound that a car
door makes when it is closed B nickel-base superalloys B a mathematical
formula which predicts whether an alloy should exhibit reversible (shape
memory) martensitic transformation.

8. A solid-state phase transformation is induced by the application of a stress
at ambient temperature. What is the most economical experiment you could
design to: measure the fraction of transformation as a function of the magni-
tude of tensile stress, the maximum value of which should be the ultimate ten-
sile strength of the alloy B measure the fraction of transfermation as a func-
tion of the shear stress, the maximum value of which is kept below the shear

yield strength?

# The act of bringing ideas into being is
exciting: a lask must therefore be set
which is genuinely perceived to be new.
This also means that the task must be dil-
ferent for each year that the course runs.

@ There should be no unique answers 1o
the design problem. It otherwise reduces
the problem to the more barren scientific
design.

@ The task should be stated with brevity.
The aim is not to lead the students but to
allow the ideas to originate freely.

# There must be a considerable element of
education hidden in the form of [un.

@ Issues of safety may require some su-
pervision. There is an educational element
in this. The student may be required to
carry out Control of Substances Hazardous
to Health (COSHH) assessments of any
chemicals used. This is not a part of the
normal undergraduate curriculum.

These rules and the general concepts
propounded by Woody Flowers are illus-
trated with two specific cases for materials
science. The first is a practical class which
is attempted by students in teams of three
or four, box 1. The second is an examples
class in which students can work in small
groups or as individuals, box 2. These

cases are stated in a form suitable for pre-
sentation to students.

The practical class in particular encour-
ages leam effort. The group has to produce
a single report, with cach member of the
lecam getting the same mark after assess-
ment. It also mirrors the sort of situation
which might arise in industry, where a
markel manager sets a task and a deadline
without giving expert guidance. As in in-
dustry, there is limited access (o a consul-
tant. Efficiency and cost are important
considerations which are also featured.
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