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Computational Design of Engineering Materials
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physical properties, first-principles calculations, mesoscale simulation methods, and
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enough to consider their applicability and assess the results. In particular, the import-

ant role of CALPHAD and its scientific databases in materials design and the

integration of simulation tools at different levels are highlighted. Case studies for

designing a wide range of materials, including steels, light alloys, superalloys,

cemented carbides, hard coating, and energy materials, are demonstrated in detail

through a step-by-step methodology. Ancillary materials provide the reader with

hands-on experience in simulation tools. This book is intended for professionals in

design of engineering materials and other materials, being also an invaluable reference

to graduates, undergraduates, researchers, and engineers who use various computa-

tional tools in their study, research, and/or development of materials.
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Foreword

A revolution has been under way for several decades, transforming materials engin-

eering from a much-discredited slow and costly process of trial-and-error experimental

“materials by discovery” to one of true design enabled by predictive science inverted

to exploit the system of CALPHAD fundamental databases now known as the

materials genome. Driven by a systems approach to control of hierarchical microstruc-

ture, university research initiated in the 1980s integrated materials science, quantum

physics, and continuum mechanics to bring materials into a new age of computational

engineering design. Moving beyond the reductionist philosophy of traditional aca-

demic research, these efforts tested the accuracy limits of density functional theory

(DFT)-based quantum mechanical methods in demonstrating particular utility in the

prediction of surface thermodynamics, while continuum micromechanics of heteroge-

neous systems brought new insights to the unit processes of fracture and fatigue where

quantitative structure–property relations had previously been lacking. Paramount to

the achievements was a synthetic philosophy that can be traced back to the founding

of the international CALPHAD collaboration by the work of Kaufman and Cohen in

1956. Rather than the “calculation of phase diagrams,” as implied by the CALPHAD

acronym, their work actually entailed the opposite – reducing the information in the

Fe–Ni equilibrium diagram to its underlying thermodynamics for the specific purpose

of controlling behavior far from equilibrium, as represented by martensitic transform-

ations. It is this recognition of the importance of thermodynamics in defining the

forces driving dynamic systems, and the attendant expansion of CALPHAD data to

incorporate kinetic parameters, that has given CALPHAD such power in enabling the

application of our fundamental knowledge of materials dynamics in a quantitative and

system-specific form. Just as the human genome functions as a database directing the

assembly of the structures of life, the CALPHAD genome embodies the fundamental

parameters driving the dynamic assembly of multiscale materials microstructures – the

defining concept of the materials genome metaphor.

Successful demonstrations of efficient CALPHAD-based parametric materials

design in the 1990s led to the founding of QuesTek Innovations as the first computa-

tional materials design company. This was soon followed by the US Defense

Advanced Research Projects Agency–Accelerated Insertion of Materials (DARPA-

AIM) initiative aiming to accelerate the full materials development and qualification

cycle. Here full simulation of microstructural evolution in complex processing

enabled a probabilistic science approach to accurately forecast manufacturing
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variation with minimal test data. Ultimately, that was applied to full flight qualification

of two computationally designed aircraft landing gear steels. Achievements of the

DARPA-AIM program were highlighted in a 2004 US National Research Council

report Accelerating Technology Transition, which outlined a national initiative to

promulgate this technology, ultimately undertaken in 2011.

The rare event of a speech by a US president announcing this materials research

initiative immediately attracted the attention of apex corporations, which brought their

resources to its efficient implementation, enabling for the first time the incorporation

of materials design and development into concurrent engineering. Here, a historic

milestone was the announcement of four new alloys with the Apple Watch in 2014,

designed concurrently with the product in less than two years of acquiring the design

technology that enabled it. Further migration of the technology led to Elon Musk’s

announcement of the novel SpaceX SX500 fire-resistant Superalloy as a vital enabler

of the Raptor engine of the Mars Starship, integrated at an early stage of development

into a highly accelerated concurrent engineering process. A major innovation in

automotive technology was Tesla’s rapid development of aluminum structure Giga-

Casting technology enabled by a novel Al casting alloy designed through tight control

of eutectic phase fractions, also delivered concurrently with its casting pilot plants in

under a two-year cycle, now in production in the Tesla model Y. With the efficiency

and efficacy of CALPHAD-based materials design clearly established by these major

successes, Tesla announced the formation of a materials applications group to accel-

erate the replacement of legacy alloys with designed alternatives to enable a higher

level of full-system optimization. We thus find ourselves at the start of another

technology revolution whereby the rest of engineering is being retrained to embrace

the new opportunity of materials concurrency.

Written by Rainer Schmid-Fetzer and Yong Du (both world-level outstanding

scientists) along with four Chinese scientists, this unique book offers a compendium

of the full computational toolset enabling this revolution.

Choose wisely.

G. B. Olson

Massachusetts Institute of Technology

Cambridge, MA

xvi Foreword
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Preface

Recently, with the rapid development of computational techniques at different scales

and various materials databases, materials design has become a research hotspot in

different disciplines, including materials science, metallurgy, physics, chemistry,

geology, biotechnology, and more. The most important trend is the integration of

multiscale computational techniques for materials design, such as the CALPHAD

technique, first-principles calculations in atomistic scale, mesoscale phase-field simu-

lation, and finite element analysis in macroscale. However, most of the relevant books

published so far do not reflect this important trend. Moreover, contributors of previ-

ously published books have focused on only one or two computational tools and,

therefore, could not cover the tools in different scales. Thus, there is a need to publish

a new book on this topic.

About half of this book presents for the first time a wide spectrum of various

computational methods used in the design of engineering materials. An important

feature of this part of the book is the methodology to establish thermodynamic and

thermophysical databases for multicomponent and multiphase systems. Such data-

bases are critical for an effective design of various engineering materials, which are

usually multicomponent and multiphase alloys. This theoretical part of the book

should be very useful for researchers, engineers, and students from materials sciences,

metallurgy, physics, mathematics, and chemistry.

The other half of this book features a step-by-step demonstration of the design of

engineering materials. This demonstration covers a very wide range of materials,

including steels, light alloys, superalloys, cemented carbides, hard coatings, and

energy materials.

The major motivation to write this book originated from a long-term cooperation

between Professor R. Schmid-Fetzer and Professor Yong Du, which dates back to

November 1994, when Dr. Du joined Professor Schmid-Fetzer’s group as Alexander

von Humboldt Research Fellow. Subsequently, they have established a close collabor-

ation through several channels, such as mutual visits, attending conferences simultan-

eously, supervising PhD students together, and publishing papers jointly. Through

many discussions and their individual experiences, both Professor Schmid-Fetzer and

Professor Du have wondered why there is no book on the market that introduces the

design of engineering materials via a step-by-step methodology. This book tries to fill

that gap.
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We believe that researchers, engineers, and graduate and undergraduate students in

materials science and engineering, including ceramics, metallurgy, and chemistry, will

find the book to be of great value. Moreover, we feel that even other fields, including

computational biomaterials science, where modeling approaches have been used

extensively for the research and development of various engineering materials, might

substantially benefit from the methods and design methodology presented in

this book.

Computational techniques and software have developed rapidly in recent times, and

new concepts such as machine learning and artificial intelligence have emerged in the

past few years. Consequently, it has been a tremendous challenge to keep the content

of the book up to date. In addition, we do not expect the book to be error-free. Your

comments and feedback on the book are highly appreciated and will enable us to

address any shortcomings through the book’s website or during the book’s

next revision.

Figure 0.1 Five authors (Jianchuan Wang, Jincheng Wang, Rainer Schmid-Fetzer, Yong Du, and

Shuhong Liu, from left to right) discussing the overall structure of the book in Changsha on

September 21, 2018. A black and white version of this figure will appear in some formats. For

the colour version, please refer to the plate section.

xviii Preface
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