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INTRODUCTION

Computational Materials Science and Engineering



I. What is CMSE
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What is CMSE?
Computational Materials Science and Engineering 
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The application of computational tools to 
materials discovery, characterization, 

design, testing, and optimization.

Integrated Computational Materials Engineering 

Integration of materials information, 
captured in computational tools, with 

engineering product performance analysis 
and manufacturing process simulation.

- NAE ICME Report (2008)



What is CMSE?
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The Theory

The Will

The Way



Materials are governed by (mostly known) physical laws

We can probe materials behavior in three ways:

Does it work?
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The third pillar
Computation presents a third way to do science by 
performing in silico experiments

Computer models of materials governed by physical laws 
allow us to answer similar questions as “real” experiments

properties   behavior   hypothesis testing   “what if...”
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MatSE is multiscale
Physics, chemistry, chemical engineering, mechanical 
engineering all have long-standing computational traditions

The “action” in these disciplines tends to be confined to a 
single scale (smallest - quantum - or largest - continuum)

7http://www.icams.de/content/research-at-icams/index.html

http://www.icams.de/content/research-at-icams/index.html


MatSE is multiscale
MatSE is inherently multiscale and multiphysics 

Relative latecomer to mature computational approaches

8http://drodneygroup.webs.com/

http://drodneygroup.webs.com/


MatSE is multiscale

9http://web.ornl.gov/sci/cmsinn/talks/10_allison.pdf

http://web.ornl.gov/sci/cmsinn/talks/10_allison.pdf


But CMSE is catching up!

10https://www.xstackwiki.com/index.php/ExMatEX

https://www.xstackwiki.com/index.php/ExMatEX


And enabling ICME

11https://icme.hpc.msstate.edu/mediawiki/index.php?title=File:Titanium_armor_length_scale_Bridging_plot.png&limit=20

https://icme.hpc.msstate.edu/mediawiki/index.php?title=File:Titanium_armor_length_scale_Bridging_plot.png&limit=20


II. Why CMSE / ICME?
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Moore’s Law

13http://www.eeweb.com/blog/alex_toombs/the-potential-for-the-end-of-moores-law

Gordon Moore’s 1965 prediction (just) continues to hold

Modern computation is cheap and powerful

http://www.eeweb.com/blog/alex_toombs/the-potential-for-the-end-of-moores-law


What is driving CMSE?
Industry, government, and academia are united (!)

CMSE will drive innovation and discovery 

Critical to:

address national goals
(mineral security, military hardware, biomedicine)

bring new products to market
(renewable energy, advanced electronics, prosthetics)

train next-generation workforce 
(knowledge economy, domestic competitiveness)
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Public policy
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Public policy
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16 Materials Genome Initiative for Global Competitiveness

Conclusion

In summary, advanced materials are essential to human well-being and are the cornerstone for emerging industries. 
Yet, the time frame for incorporating advanced materials into applications is remarkably long, often taking 10 to 
20 years from initial research to first use. The Materials Genome Initiative is an effort that will address this problem 
through the dedicated involvement of stakeholders in government, education, professional societies, and industry, 
to deliver: (1) the creation of a new materials-innovation infrastructure, (2) the achievement of national goals with 
advanced materials, and (3) the preparation of a next-generation materials workforce to sustain this progress.  Such 
a set of objectives will serve a more competitive domestic manufacturing presence — one in which the United 
States will develop, manufacture, and deploy advanced materials at least two times faster than is possible today, 
at a fraction of the cost.

8 Materials Genome Initiative for Global Competitiveness

 1.  Developing a Materials 
   Innovation Infrastructure
The Materials Genome Initiative 
will develop new integrated 
computational, experimental, and 
data informatics tools. These 
software and integration tools will 
span the entire materials 
continuum, be developed using an 
open platform,†  improve best-in-
class predictive capabilities, and 
adhere to newly created standards 
for quick integration of digital 
information across the materials 
innovation infrastructure. This 
infrastructure will seamlessly 
integrate into existing product-
design frameworks to enable rapid 
and holistic engineering design.

† An open platform aims to accommodate 
open access and open source software, with 
mechanisms for independent software 
developers to retain proprietary rights.

2.      Achieving National Goals 
With Advanced Materials
The infrastructure created by this 
initiative will enable scientists and 
engineers to create any number of 
new advanced materials, many of 
which will help solve foundational 
science and engineering problems 
and address issues of pressing 
national importance. The Federal 
government intends to host 
interagency workshops with all  
relevant stakeholders to  identify 
high priority material problems, 
which will be used to develop and 
coordinate the Initiative and to 
sustain the long-term process of 
accelerating materials development 
outlined in this vision document.

3.  Equipping the NextBGeneration 
Materials Workforce 
Success of this initiative cannot be 
measured by the tools alone, but 
rather by the pervasiveness of 
their use and the outcomes they 
enable. Equipping our next-
generation workforce with the 
tools and approaches necessary 
to achieve our national goals will 
require stakeholders in government, 
academia, and industry to embrace 
the scope and contents of the 
materials innovation infrastructure. 
This will be achieved with a focus 
on education, workforce 
development, and a generational 
shift toward a new, more integrated 
approach to materials development.

Accelerating the Materials Continuum 

Figure 3: Initiative overview

Materials)Innovation)
Infrastructure

Experimental
Tools

Hu
ma
n1W

elfa
re Clean1Energy

Next1G
ene
rat

ion
1W
or
kf
or
ce

N
ational1Security

Computational
Tools

Digital
Data

The Materials Genome Initiative would create a materials innovation infrastructure to exploit this unique opportunity. 
The full Initiative is captured in Figure 3.

White House Materials Genome Initiative for Global Competitiveness (June, 2011)



Industry
Global competitiveness of manufacturing firms requires 
accelerated materials development and deployment

CMSE can compress development pipeline by eliminating 
laborious, costly, and lengthy experimental “trial and error”

Validated computational models to perform: 
prototyping screening materials selection 
materials design failure analysis forensics 
virtual analysis optimization reliability testing
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Figure 1: Materials development continuum

In much the same way that silicon in the 1970s led 
to the modern information technology industry, 
advanced materials could fuel emerging multi-billion-
dollar industries aimed at addressing challenges in 
energy, national security, and human welfare. Since 
the 1980s, technological change and economic 
progress have grown ever more dependent on new 
materials developments.1,2 To secure its competitive 
advantage in global markets and succeed in the 
future of advanced materials development and 
deployment, the United States must operate both 
faster and at lower cost than is possible today. 

At present, the time frame for incorporating new 
classes of materials into applications is remarkably 
long, typically about 10 to 20 years from initial 
research to first use. For example, the lithium ion 
battery, which is ubiquitous in today’s portable 
electronic devices, altered the landscape of modern 
information technologies; however, it took 20 years to 
move these batteries from a laboratory concept 
proposed in the mid 1970s to wide market adoption 
and use in the late 1990s.3,4 Even now, 40 years later, 
lithium ion batteries have yet to be fully incorporated 
in the electric car industry, where they stand to play 
a pivotal role in transforming our transportation 
infrastructure. It is clear that the pace of development 
of new materials has fallen far behind the speed at 
which product development is conducted.

As today’s scientists and engineers explore a new 
generation of advanced materials to solve the grand 
challenges of the 21st century, reducing the time 
required to bring these discoveries to market will be 
a key driving force behind a more competitive 
domestic manufacturing sector and economic growth.5 

The lengthy time frame for materials to move from 
discovery to market is due in part to the continued 
reliance of materials research and development 
programs on scientific intuition and trial and error 
experimentation. Much of the design and testing of 
materials is currently performed through time-
consuming and repetitive experiment and 
characterization loops. Some of these experiments 
could potentially be performed virtually with powerful 
and accurate computational tools, but that level of 
accuracy in such simulations does not yet exist.

An additional barrier to more rapid materials 
deployment is the way materials currently move 
through their development continuum (see Figure 1), 
which is the series of processes that take a new 
material from conception to market deployment. It 
comprises seven discrete stages, which may be 
completed by different engineering or scientific teams 
at different institutions. This system employs 
experienced teams at each stage of the process, but 
with few opportunities for feedback between stages 
that could accelerate the full continuum.

In the discovery stage it is crucial that researchers 
have access to the largest possible data set upon 
which to base their models, in order to provide  
a more complete picture of a material’s  
characteristics. This can be achieved through data 
transparency and integration. Another factor limiting a 
scientist’s ability to model materials behavior and 
invent new materials is their knowledge of the 
underlying physical and chemical mechanisms of a 
material system. There is currently no standard 
method for researchers  to share predictive algorithms 
and computational methods. 

White House Materials Genome Initiative for Global Competitiveness (June, 2011)



Industry
Case Study: Ford Motor - Virtual Aluminum Casting (VAC)

Integrated computational tools for design of Al powertrain

Reduced experimental iterations and optimized processing
Development time shortened by 15-20% 
Cost savings of $10-20M p.a.

18J. Allison, M. Li, C. Wolverton, and X. Su Virtual Aluminum Castings: An Industrial Application of ICME JOM 11 28 (2011)



Academia
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Academia
Role of academy to develop CMSE tools (research) 
and train practitioners in their use (education)

Studies have identified a role for formal undergraduate 
and graduate CMSE training to support: 
- graduate placement in industry and national labs  
- improved employee productivity and expanded skill set 
- provision of expertise for post-graduate research

Other key findings: 
- academic / industrial mismatch in software focus 
- industry privileges software skills, not programming 
- familiarity and competency with range of CMSE software 
- “hands-on” experimental labs, but not computational 

20
K. Thornton and M. Asta Current status and outlook of computational materials science education in the US Modelling Simul. Mater. Sci. Eng. 13 R53 (2005)
K. Thornton, S. Nola, R.E. Garcia, M. Asta and G.B> Olson COmputational Materials Science and Engineering Education: A survey of trends and needs JOM 61 10 12 (2009)



Academia
ABET - Materials Engineering Programs:
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R64 Topical Review

• National laboratories and industry clearly value CMS education, with an added focus on
validation, among other points related to applications to complex engineering problems.

• Opportunities for hands-on projects in computational materials science are found to be
effective as a recruiting tool for future PhD candidates.

• A computational materials science course may be a good addition to an undergraduate
curriculum for those seeking a position in the materials processing industry.

• Educators may consider adopting computational materials science tools as an active
learning platform in the teaching of more traditional MSE topics.

• Some universities are clearly in the process of making ambitious and important changes
in their curricula that in many cases include novel integration of computational methods.

One difficulty encountered in implementing extensive changes to curricula required in the
advancement of computational materials science is that the accreditation of an engineering
programme requires traditional sets of course offerings, leaving limited room for new
offerings. However, the Program Criteria for Materials, Metallurgical, and Similarly Named
Engineering Programs published by the Accreditation Board for Engineering and Technology
(ABET) states (italics added) the following:

The program must demonstrate that graduates have: the ability to apply advanced
science (such as chemistry and physics) and engineering principles to materials
systems implied by the program modifier, e.g., ceramics, metals, polymers, composite
materials, etc.; an integrated understanding of the scientific and engineering principles
underlying the four major elements of the field: structure, properties, processing, and
performance related to material systems appropriate to the field; the ability to apply
and integrate knowledge from each of the above four elements of the field to solve
materials selection and design problems; the ability to utilize experimental, statistical
and computational methods consistent with the goals of the program.

In this statement, computational methods are clearly included in the accreditation criteria.
Therefore, it can be argued as well that emphasizing physics-based understanding and
computational basics will enhance consistency with the accreditation guidelines.

The question of how best to prepare future materials scientists and engineers remains
a debatable topic. At the undergraduate level, the consensus in the current survey was
an emphasis on basics such as math, physics and chemistry. However, the usefulness of
students’ exposure to today’s computational materials science methods and applications cannot
be discarded, especially as a recruiting tool for graduate studies in computational materials
science. As the number of computational faculty members increases, this may become an
important issue. Even though it is possible to draw candidates from other disciplines (such as
physics, or mechanical or chemical engineering), the best policy for sustaining the discipline is
to educate the candidates in our own discipline to succeed. In fact, there may be an increasing
trend that positions that require independent research, such as university faculty positions
and research positions at national labs and some industry labs, are offered to those with
educational background in physics and other disciplines instead. If we desire a more well
rounded background, enough to evaluate others’ work and investigate a new tool if necessary,
the best solution may be to create a materials science oriented physics or math course. This is,
in effect, what is happening in many of the CMS courses where basic physics and mathematics
are covered as a part of the course.

To our knowledge, this is the first publication to provide survey results from multiple
institutions regarding the status of computational materials science education. This is only
a first step. Advances in computational materials science education must be monitored
periodically since the changes are occurring rapidly. Further surveys similar to that performed

K. Thornton and M. Asta Current status and outlook of computational materials science education in the US Modelling Simul. Mater. Sci. Eng. 13 R53 (2005)



MSE 404 CMSE
MatSE departments have / are incorporating CMSE into 
the undergraduate and graduate curriculum 
 

(MIT, Purdue, Cornell, Berkeley, UNT, UVa)

CMSE provision by incorporating into existing courses or 
establishing a new course offering

MSE 485 - Atomic-Scale Simulations offers deep 
exposure to classical simulation and statistical mechanics

MSE 404 - Computational MatSE MICRO + 
MACRO, ELA + PLA offers broad hands-on exposure 
to industrial CMSE tools

22



III. CMSE tools
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CMSE resources
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http://iweb.tms.org/forum/

http://nanohub.org/

http://www.mcc.uiuc.edu/

http://matdl.org/

http://iweb.tms.org/forum/
http://nanohub.org/
http://www.mcc.uiuc.edu/
http://matdl.org/


Software tools
So many...

Electronic structure 
(http://en.wikipedia.org/wiki/List_of_quantum_chemistry_and_solid_state_physics_software)

Molecular simulation 
(http://en.wikipedia.org/wiki/List_of_software_for_molecular_mechanics_modeling)

Finite element 
(http://en.wikipedia.org/wiki/List_of_finite_element_software_packages)

Phase equilibria 
(FactSage, MTDATA, PANDAT, MatCalc, JMatPro, Thermo-Calc)

CAD 
(http://en.wikipedia.org/wiki/Category:Computer-aided_design_software)
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http://en.wikipedia.org/wiki/List_of_quantum_chemistry_and_solid_state_physics_software
http://en.wikipedia.org/wiki/List_of_software_for_molecular_mechanics_modeling
http://en.wikipedia.org/wiki/List_of_finite_element_software_packages
http://en.wikipedia.org/wiki/Category:Computer-aided_design_software


MSE 404 ELA (Elasticity)
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MSE 404 PLA (Plasticity)
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IV. Surveys
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Entrance Survey
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https://illinois.edu/fb/sec/3019895


