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Introduction

Starting with stone in prehistoric times followed by copper and
then iron and steel by the 19th century, the number of materi-
als available to engineers was perhaps a few hundred. Today,
this number stands at about 160,000, most of which were
discovered or developed in the past 100 years.> Figure 1
shows an example of this extraordinary growth of materials
choice in strength—density space in three Ashby maps.?

The precursors to the discipline of materials engineering
were established in the distant past. Metal forming emerged
around 3000—4000 Bc with the heating of native copper to
make tools and other items. In approximately the same period,
copper was smelted from its ore in Timna in Israel. The third
great innovation, alloying, appears to have occurred between
2000 Bc and 3000 Bc in Egypt, where the earliest bronzes have
been found. Together, this triad of events laid the foundations
for the paradigm on which materials science is based: the
relationship among composition, processing, structure, and
properties.

In this article, we explore the impact of the expanding
choice of materials and the related processes of making, shap-
ing, and joining; the evolving integration of materials devel-
opment with the design of products and systems; and attempts
to accelerate materials insertion. We also discuss the emerging
topography of scarcity and sustainability, which will drive the
use of materials in the future.
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The evolution of materials; their synthesis, shaping, and performance; and the engineering
of artifacts and systems to meet societal demands are inextricably interwoven. In this article,
we describe an evolving scenario of the relationship between materials and engineering that
provides a framework for the articles that explore various facets of this theme in this special

The role of materials in engineering

The relationship between artifacts and materials can be indirect.
As Mark Miodownik, the author of one of the articles in this
issue, points out in his book Stuff Matters,* the pyramids
could not have been built without copper tools (Figure 2),
which resulted from civilizations’ entry into the metal age
with the extraction of copper from malachite. Certainly, the
emergence of the blast furnace in China in about 200 Bc, cul-
minating in large-scale steel production through 1900 ap, laid
the platform for the industrial use of materials that have revo-
lutionized the way we travel, produce energy, and inform and
interact with each other.

The increased capability of commercial aircraft, for exam-
ple, as measured by range and operating cost, has “shrunk”
the world. Figure 3a shows the dramatic decrease in fuel con-
sumption per passenger achieved in air travel over the past
few decades. Improvements in the durability and reliability of
engines used on commercial aircraft have transformed flight
in ways that most of us do not realize. When the Boeing 707,
the first large, commercial, jet-powered aircraft, entered ser-
vice in the late 1950s, the goal was for the engines to stay “on
wing” between major maintenance procedures for 500 flight
hours. Today, engines used on long-haul commercial aircraft
routinely stay on wing for 20,000-25,000 h.

Aircraft can now fly nonstop as long as 15-20 h, including
long segments over water or other terrain within single-engine

Dipankar Banerjee, Department of Materials Engineering, Indian Institute of Science, India; dbanerjee@materials.iisc.ermet.in
James C. Williams, Department of Materials Science and Engineering, The Ohio State University, USA; williams.1726@osu.edu

DOI: 10.1557/mrs.2015.280

© 2015 Materials Research Society

https://doi.org/10.1557/mrs.2015.280 Published online by Cambridge University Press

MRS BULLETIN - VOLUME 40 - DECEMBER 2015 - www.mrs.org/bulletin 1 999


https://doi.org/10.1557/mrs.2015.280

" f,; MATERIALS AND ENGINEERING: AN EVOLVING LAN

100,000 3

10,000 4

ceramics x
and glasses metals

1000 1

100 3
natural
material

Strength, o, (MPa)

10 1

1]

woods.
perpandicular to grain

0.1

0.01- v T v
10 100 1000 10,000 100,000

Density, p (kg m™)

2]

100,000 1
ceramics damaond,
Mgy
10,000 +
10.000 3 tymers andse ey
elasiomerns Jay
T matnals
s 1000 1
=
£ 100
g
@ 1
0.14
0.01 - . v -
10 100 1000 10,000 100,000
E, Density, p (kg m™)

Strength, o, (MPa)

001 4+— - — T
10 100 1000 10,000
Density, p (kg m™%)

Figure 1. The rapidly growing choice of materials available to
structural engineers illustrated in strength—-density space:®

(a) prehistory, (b) present day, and (c) present day with architected
materials whose properties emerge from the interaction of
materials with their shape. Note: CFRP, carbon-fiber-reinforced
plastic; GFRP, glass fiber-reinforced polymer; PA, polyamide;
PC, polycarbonate; PEEK, poly(ether ether ketone); PMMA,
poly(methyl methacrylate). Reproduced with permission from
Reference 3. © 2010 Royal Society.
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Figure 2. Egyptian copper tools from Giza (undated). Figure
obtained from Wikimedia Commons.®

flying range of a suitable airport. This is due to the vastly
reduced frequency of in-flight engine shutdowns and increased
fuel efficiency and thrust/weight ratio of engines that power
twin-engine commercial aircraft. Although it is essentially
impossible to disaggregate improvements to most products
into specific contributions from any engineering discipline, the
article in this issue by Boyer et al. demonstrates how materials
have played a significant enabling role in driving aircraft per-
formance. Figure 3c—e illustrates cast nickel-based superalloy
airfoils in the equiaxed, directionally solidified, and mono-
crystal forms, which have enabled significant increases in the
turbine entry temperature of jet engines through a remarkable
combination of processing and chemistry. The chemistry of
these nickel-based alloys has evolved from solid solution-
strengthened alloys of nickel and chromium (used in the
first Whittle jet engine) to precipitation-hardened alloys
strengthened by intermetallic Ni;Al with complex composi-
tions involving the addition of cobalt, aluminum, titanium,
tantalum, molybdenum, tungsten, niobium, rhenium, rutheni-
um, and other elements that balance the diversity of properties
required in various applications, together with processability
in the form of the investment casting process.® The casting
processes that have evolved to manufacture these intricate,
hollow, internally cooled turbine blades were used in South
India as the “beeswax process” to cast idols of gods with bronz-
es during the 9th to the 12th centuries (Figure 3b), a remarkable
illustration of the transformation of craft to science referred to
in the editorial of this issue.

As another example, nuclear power, although still contro-
versial from a policy perspective, is attractive as an efficient
and low-emission source of power, given that energy genera-
tion accounts for 66% of all greenhouse-gas emissions, and
nuclear energy provides 13% of the world’s electricity supply.’
The modern nuclear power plant represents a highly complex,
materials-enabled technology. The durability of modern nucle-
ar reactors provides a notable example of teamwork among
mechanical designers, neutronics experts, and materials spe-
cialists. An impressive range of material types and property
requirements is necessary to build an economical and safe
nuclear reactor for power generation (Figure 4).
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Figure 3. (a) Improvements in aircraft efficiency as illustrated by the decrease in aircraft
fuel burned per passenger seat.® Note: A, Airbus; B, Boeing; DC, Douglas. (b) Bronze
casting made by the beeswax process in the 12th century.” (c) Equiaxed, (d) directionally
solidified, and (e) single-crystal castings made by the investment casting process.

(a) Reproduced with permission from Reference 6. © 1999 Intergovernmental Panel
on Climate Change. (c—e) Courtesy of the Defence Metallurgical Research Laboratory,

a design environment in which there is much
less feedback from current products in the
field to guide product improvement.

The previous two examples of materials
applied to aircraft and nuclear reactors illustrate
the engineering impacts of “bulk” materials.
The articles in this issue by Taub and Luo and
by Kurtis address others, focusing on automo-
bile engineering and the use of cement for infra-
structure applications, respectively.

Our third example, semiconductors, moves
us toward the nanodomain. Two notable books
describe the players and events that led to the
birth of the information age: The Coming of
Materials Science by Robert Cahn'® provides
the materials perspective, whereas Crystal
Fire: The Birth of the Information Age" by
Riordan and Hoddeson describes the events
that led to the discovery of the transistor. The
emergence of a reliable transistor was driven
by a partnership among physicists, chemists,
and metallurgists: the invention of the transis-
tor in the 1940s by Bardeen, Shockley, and
Brattain; the isolation and chemical identifi-
cation of the p and n regions by Scaff and
Theurer; the growth of dislocation-free crys-
tals by Dash; and the purification of the crys-
tals by Pfann.'

Apart from more conventional damage mechanisms that
arise from high temperature, stress, and a chemically corro-
sive environment, radiation fluxes affect material properties
in nuclear reactors in unusual ways.’ For example, radioactive
bombardment can make a material stronger but less fracture
resistant. Various radiation-induced phases of materials can be
formed, each of which affects the mechanical behavior and
microstructural stability of the reactor. Spatial variations in
neutron flux can cause uneven swelling of the fuel-rod clad-
ding as a result of void formation along the length of the fuel
rod, resulting in bowing of the fuel rod. This can cause block-
age of the cooling channel that contains the fuel rod, and in
the extreme case, reactor shut down would ensue. Swelling in
the current generation of light-water reactors, which operate
at temperatures of about 300°C, is minimal, but it could pose
serious challenges in the next generation of reactors, which
will operate at 400—500°C.

These examples of changes to the properties of reactor-
core materials occur over the lifetime of the component,
which typically exceeds 25 years. A major challenge for
nuclear materials experts is to develop predictive capabilities
that provide the designer with information regarding the extent
and consequences of these and many other changes during
service. This is particularly so because the small number of
reactors being designed and built, coupled with long service
lifetimes and limited access to core components, creates
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It is quite intriguing that the prelude to great
discoveries is typically enormous initial skepticism. For exam-
ple, Frank Whittle’s concept of the jet engine was rejected by
the UK air ministry,'? and Wolfgang Pauli wrote in a 1931 letter
to his student, Rudolf Peierls: “One shouldn’t work with semi-
conductors, that is just a mess (eine Schweinerei); who knows
whether semiconductors exist at all.”'° Indeed, Robert Mehl,
one of the fathers of modern metallurgy, dismissed the move
to materials science “as a hollow gimmick to obtain funds.”"®

Choosing a material composition for an application is only
part of the story, however. We have to process the material to
shape, join, finish, and repair it at scales varying from a few
atomic dimensions to the width of a human hair, a few tens of
microns, to the most extraordinarily sizes. The performance
of a material in an engineering application is the sum of the
processes of synthesis, shaping, and joining. Certainly our
progressive ability to manipulate, characterize, and design at
the nanoscale or even with single atoms has transformed the
landscape of materials choice in virtually every engineering
discipline (see Figure 5). The articles in this issue by Mahajan
(microelectronics), Dionne et al. (plasmonics), Awschalom
and co-authors (quantum computing and spintronics), Gogotsi
(carbon), Stupp and co-authors (polymeric biomaterials), and
Crabtree et al. (energy storage) address many of these engi-
neering disciplines. Figure 6 provides examples of the signifi-
cant increases in characterization capabilities at the nanoscale:
In their article in this issue, Kaufmann and co-authors describe
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Figure 4. The materials used in the primary and secondary circuits of a pressurized water nuclear reactor. The primary circuit transfers
heat from nuclear fission to the flowing water coolant. The secondary circuit is used to generate steam that drives a turbine for power
generation. Reproduced with permission from Reference 9. © 2013 Elsevier.

Secondary Circuit

Turbine:

« Rotor: low alloy steel

* Blades: 17-4PH, 403 SS

+ Blade attach: low-alloy steel
+ Diaphragm: Cr steel

Electric
Power -

439 ferritic steel

Moisture
= Generator:

+ Retaining ring:
high strength, high
toughness

power | COPPEr conductors

ransformer

- Condenser tubes:
+ Tior SS tubes

[ ———— Condenser tubesheet:

+ Cathodic protection
Cooling or titanium clad
Water

Condenser structural:
Water side: carbon steel

Condenser pm,.p@
Pump

| Cooling Water: River or
. Sea r, Cooling Tower

Preheater tubing:

the progress in characterization capability and how this has
played into advances in engineering applications.

We have also learned that the architecture of material artifacts
can be manipulated to enable hitherto unexplored multidimen-
sional property spaces (Figure 1¢). These aspects are explored
in this issue in the articles by Greer and co-authors (architected
materials), Babu et al. (additive manufacturing), Bose and
co-authors (three-dimensional [3D] printing of soft materials),
and Someya et al. (large-area, ultraflexible 3D electronics).

Design of materials and products

Interpretation of the relationships among materials discovery, the
underlying science, and the design of a product is not straight-
forward. Our favorite example is the early application of alu-
minum alloys in aeronautics and the serendipitous discovery of
precipitation-hardened aluminum by Alfred Wilm in Germany in
1909.'¢ Predating this discovery by almost six years, the Wright
Brothers used aluminum—copper alloys with 8 wt% copper in the
engine that powered their first historic flight in 1903.!7 Based on
Wilm’s discovery, Zeppelins employed in World War I used
duralumin, an alloy of aluminum and copper, and the first metal
biplane design by Junkers, made of duralumin, flew in 1917. It
was only in 1919 that Merica discovered the basis for precipi-
tation hardening. The mechanical basis for hardening emerged
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in 1922 with concepts proposed by Jeffries and Archer of slip
interaction with precipitates. The idea of dislocations followed in
1934 from the work of Orowan, Polanyi, and Taylor, and the first
observation of dislocations in 1956.!° Aluminium alloys grew
steadily in use in airframe structures as the understanding of their
strength, fatigue, and stress corrosion improved (see Figure 4 in
the article in this issue by Boyer et al.).

In conventional product development, the design process
typically stops at component design, with the material being
selected from a range of choices. This selection process is
followed because the materials development cycle has tradi-
tionally used an empirical trial-and-error approach based on
the composition—structure—processing—performance paradigm
(Figure 7a). This process increasingly takes into account sta-
tistical methods such as the Taguchi design of experiments
or a process window approach to account for uncertainties in
materials behavior in structure, properties, and performance
as manufacturing processes are scaled from laboratory con-
cepts to application. Nonetheless, the trial-and-error approach
leads to enormous disparities in time scales between the
design of a system and its parts and materials development.

Schafrik and Walston'® point out, as an example, that the
new composite fan blade shape for the General Electric GE90-
115B engine, which powers the Boeing 777 extended-range
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Figure 6. Examples of characterization at the microscale and nanoscale: (a) Atomic
structure of precipitates in aluminum alloys imaged by high-angle annular dark-field
transmission electron microscopy in aerospace aluminum alloys; (b) microfabrication
and testing of fracture samples enables the assessment of the mechanical behavior
of coatings on the nickel-based superalloy used in gas turbines; (c) electron energy-
loss spectrum imaging of plasmon surface resonances of metal nanoparticles; and
(d) measuring the thermal conductivity of a single nanotube. (a) Reproduced with
permission from Reference 13. © 2011 American Institute of Physics. (b) Courtesy of
Vikram Jayaram and Jaya Nagamani, Indian Institute of Science, Bangalore, India.
(c) Reproduced with permission from Reference 14. © 2013 Nature Publishing Group.
(d) Reproduced with permission from Reference 15. © 1975 Springer.
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family of aircraft, was designed using a 3D
aerodynamic code in 72 iterations within a
few weeks in the late 1990s. This component
marked the first successful use of a composite
fan blade in an aeroengine that is currently the
world’s largest turbofan engine. Contrast this
to the time scales for the development of inter-
metallic y-TiAl, an intermetallic compound in
the titanium—aluminum system, one of the few
new materials to be introduced into jet engines
in recent years (along with polymer-matrix
and ceramic-matrix composites). In principle,
intermetallic compounds have the capability of
being used at higher temperatures than conven-
tional nickel or titanium alloys. Unfortunately,
the rate of maturation of any individual inter-
metallic compound has been exceedingly slow.
Kessler and McAndrew first recognized and
studied y-TiAl in the 1950s. However, it was
not until the late 1990s that y-TiAl was actu-
ally introduced into production in low-pressure
turbine airfoils in jet engines. Gilchrist and
Pollock have summarized the intervening his-
tory of development.”

At low temperatures, TiAl fails by cleav-
age, which is a stress-controlled fracture mode.
This fracture mode and the attendant low duc-
tility have been responsible for the extended
time period between the inception and first com-
mercial application of y-TiAl. It was not until
the mid-1990s that the promise of this material
became sufficiently clear, prompting renewed
interest in the material and warranting serious
considerations of ways to design with low-
ductility materials in critical applications.
Designers and materials engineers had long
been familiar with the use of ductile materials
in critical load-bearing applications in which
damage occurs by accumulation of strains, and
therefore, control of strain distribution in parts
was an intrinsic part of the design exercise.

The promise of y-TiAl led to new thinking
about the design of the attachment between
a relatively ductile nickel-based alloy turbine
disk and low-ductility turbine airfoils made of
v-TiAl. Recognition that y-TiAl fails by stress-
controlled fracture stimulated thinking about the
distribution of stresses as opposed to strains in
the attachment region. When completed, the new
attachments had a different geometric shape to
spread the reaction forces (stresses) between the
disk and airfoil. The new shape reduced the max-
imum stress by redistributing the contact stresses
over a wider area of the disk slots into which the
airfoils are attached in the rotating turbine.
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to achieve accelerated materials insertion,'® as
shown in Figure 7d, such that the constraints
imposed by external factors not intrinsic to the
material capability are understood fairly early
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permission from Reference 24. © 2004 National Academies Press.

ICME is a powerful concept but not a panacea.
Materials researchers and applications devel-
opers will need to maintain a realistic and hon-
est dialogue about the evolution of ICME into
materials design practices. The process of
selection and application of materials into an
engineering product involves both an assess-

This new design was first tested in a successful full-scale
factory engine test in the mid-1990s, leading to a decision
to introduce two stages of y-TiAl airfoils into the last two
stages of the low-pressure turbine (LPT) in the new GEnx
turbofan engine that is used to power the Boeing 787 aircraft
and into the last LPT stage of the GEnx model used on the
newly modified Boeing 747-8. The result of this decision was
a weight reduction in each low-pressure turbine stage of about
200 1b (90 kg). Cooperation between design engineers and
materials technologists enabled this application, including new
integrated design and development.

The goal of integrated computational materials engineering®
(ICME) is to enable a faster materials development cycle to
accelerate materials discovery, development, and application
by increasing modeling and simulation-based decisions in
each of these steps, as indicated in Figure 7b. The multiscale
modeling approach enables a path toward the accurate predic-
tion of properties starting with composition through process-
ing and structure. The materials selection process then maps
properties and performance, for example, through Ashby
maps.'? The idea behind these maps is to create material and
process selection charts that incorporate design criteria that
can simplify the initial survey for potential candidate materi-
als and subsequently examine tradeoffs involving conflicting
design objectives in as much detail as necessary. The interac-
tion between material and shape and many other aspects such
as cost and sustainability can be built into the method.

However, the path-dependent behavior of materials leading to
the final product, the role of extreme value distributions in influ-
encing properties such as fatigue, and the requirement of multi-
property optimization substantially increase the complexity of
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ment of acceptable risks and learning from past
failures. “For a successful technology,” Feynman concluded on
the Challenger disaster, “reality must take precedence—for
nature cannot be fooled.””

Materials, products, and society

The “valley of death” that lies between the proof of concept
of a technology and its transition to a product is applicable
to the synthesis and processing of a material, as well as its
transformation into engineering artifacts. Making correct
choices from myriad possibilities and transforming the choice
into a successful engineered application are business deci-
sions that involve the assessment of acceptable risks in a com-
plex and dynamic environment. This is an environment of
risks that derive from uncertainties in performance in scaling
from the laboratory to the product or system environment;
risks that derive from a combination of uncertainties in design,
operational, and environmental envelopes; risks that derive
from economic, legal, intellectual property, scarcity, regulatory,
and health and safety issues, as well as supplier bases and raw
material and human resources (see Figure 8).

The myth of Daedalus and Icarus captures wonderfully the
uncertain relationship between operational envelopes, design
intent, and materials capability. To escape imprisonment on
an island, Daedalus built wings for himself and his son Icarus,
fashioned from feathers held together with wax. Daedalus
warned his son not to fly too close to the sun, as it would melt
his wings, and not too close to the sea, as it would dampen
them and make it hard to fly. Icarus in his youthful enthusiasm
flew too high and too close to the sun.

The cost to produce the material is a fundamental param-
eter in the value analysis that most potential users perform
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one key feature in common, which is to discard
the technology-transfer process as a one-way
Proof of concept Application process and to consider it instead as a dynamic
of multiply directed interchanges among
entrepreneurs, manufacturers, financiers, and
e researchers, and to provide an appropriate en-
vironment where this back-and-forth com-
posin S5, oo munication can prosper creatively.? In their
T articles in this issue, Ball and Galvin et al.
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Figure 8. The risk environment in transitioning technology from concept to product included omy that support societal demands and needs.
technical, economic, and sociopolitical factors. The role that materials play in the economy

before doing any exploratory evaluation of a new material that
appears to be attractive but is completely unproven in the mar-
ket place. Often, the more innovative the new material, the
less data are available to support a cost analysis.

An important issue is an accurate estimate of the mar-
ket size for the new material as a function of time. This is
an essential piece of information that allows the seller of the
material to determine the time required to realize a positive
return on investment for all of the upfront costs. These costs
comprise production costs, including capital costs for newer
manufacturing facilities if a new material demands it, costs
to qualify a new material with representative and design data
generation, marketing costs, and so on. It is these costs that
often lead to the entrenchment of an older material within a
system. Most manufacturing companies are extremely reluc-
tant to obtain material from a sole-source supplier. There are a
number of reasons for this, including the dis-

must consider increased use of materials with
increasing population to sustain growth bal-
anced against scarcity of resources and environmental effects.?>%
A typical materials flow cycle is shown in Figure 9. A total
life-cycle analysis of material use evaluates the flow of a
material from extraction to manufacturing and product utiliza-
tion to recycling, analyzing discards and environmental and
other societal effects at every step along the way. Clearly also,
materials are nonrenewable resources at least in time scales
involving human endeavor. Mineral resources could approach
exhaustion, lie undiscovered, or remain inaccessible because
of geopolitical factors. An aspect of life-cycle analysis is the
scarcity and security of the materials supply balanced against
its projected demand. These are not easily defined terms, and no
standard methodologies to assess them exist today. However,
they must include geological abundance in relation to a defined
time horizon, geopolitical factors, and substitutability on the
supply side. Assessment of demand must estimate technology

ruption that would be caused by a work stop-
page at the material supplier, an event such
as a fire that damages the production facility,
an unexpected shift in quality of the product,
or an attempt by the supplier to obtain a price 1
increase.

The “valley of death” is also as much a cul-
tural divide: Researchers in a university see
their task as complete with a proof of concept,
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. Utilization
supply. manufacturing
. \ i
Consumer
discards

=
>

whereas industry expectations are of a mature €
prototype with a detailed manufacturing docu-
ment. A significant issue for materials-related

I Recycling -

Landfills

technology transfer is that materials in them-

: ; Renewable and Water body
selves. lie at the back ?,nd of V.ar.lous manu- . nonrenewable Environment disposal v
facturing steps that go into realizing the final resources
product or system that can be directly linked Releases to air,
. land, and water

to societal needs.

The variety of government-originated and

. y 24g & . Figure 9. The sustainable application of materials will demand a materials flow analysis of
business models* that have been directed the life cycle associated with product manufacture. Adapted from Reference 25.

toward bridging this valley of death all have
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Figure 10. A life-cycle analysis must include analysis of the
security of the materials supply in defined time horizons. An
example is shown for materials for clean, renewable energy.
Reproduced with permission from Reference 26. © 2013
European Union.

penetration of the market among other factors. A typical analy-
sis for supply risk of materials for clean energy is shown
in Figure 10. A sustainable materials strategy will need to
incorporate an alternative set of design strategies that include
design for ecology, substitution, recycling, life extension, and
disposability; security of supply; and energy recovery.”’

In conclusion, we ask how these relationships among
materials, processes, and engineering and society will evolve.
In his article in this issue, Mark Miodownik peers into the
crystal ball 50 years into the future at technological advances
and their impact on engineering, society, and culture.
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