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The design of materials and devices often requires multiscale microstructure and property 
details ranging from micro- to atomic (or electronic) level. Multi-physics based multiscale 
modeling is expected to provide comprehensive and quantitative description on structure and 
property of materials at all length scales. The modeling information can then be used for 
computer-aided materials design and manufacturing. This is nowadays called Integrated 
Computational Materials Engineering (ICME). It is becoming a more and more important 
tool for materials design (e.g. materials discovery) and manufacturing (e.g. microstructure 
engineering) thanks to the recent advances in computational algorithms and computer 
capacities as well as nanoscale imaging and spectroscopy which have led to unprecedented 
capabilities for investigating materials structural, dynamical and functional characteristics. 
Along with these advances, an explosion of high-resolution data has emerged, which paves 
the road for the development of computer-aided material design or ICME. 
 
Aim 
The current proposal aims to establish a strongly interdisciplinary research and educational 
collaboration amongst the Department of Mechanical Engineering (ME) and San Diego State 
University (SDSU) dedicated to: 1) provide a comprehensive framework for the multiscale 
materials modeling and design with reliable and unique structural and electrochemical 
performances, and 2) educate graduate students and postdocs to become first-class 
professionals in the strategic field of the computer-aided materials design. This proposal is 
built on the synergy of experimental and theoretical research on different scales of the 
problem, which together complete the understanding from atomic to continuum, thus 
enabling the design of materials with tunable properties for varied applications. The research 
goals and plans are: 

• Develop a multiscale platform that integrates multi-physics modeling at all length 
scales; 

• Perform thorough microstructure characterization and quantification analysis at 
multiscale (micro, nano, and atomic levels) to re-construct the micro- or nano- level 
microstructure architecture with atomic details in local/full region of materials, then 
the image-based multi-physics and multiscale modeling will be performed;  

• Apply the developed multiscale platform to design the high capacity and high 
performance Li ion rechargeable batteries as the next-generation energy storage 
solution for portable electronics, power tools, and hybrid/full electric vehicles.  
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Challenges in Multiscale Modeling 
Modeling at certain scale has been well established for each length level for most material 
systems. In addition to that, important advances in multiscale computer simulation techniques 
for computational materials science have been achieved in the past decade. One major class 
of multiscale models directly couples a region described with full atomistic details to a 
surrounding region modeled using continuum concepts (e.g. finite element method). These 
multiscale models describe continuum-based models with more realistic details at atomistic 
and/or quantum scales. However, in order to perform all length scales multiscale simulations, 
a ‘physics-based’ transition between different multiscale models should be addressed 
properly. For example, the transition between multiscale modeling of continuum-to-atom and 
atom-to-quantum has not been established.  
 Currently, the applicant is focusing on atom-to-continuum multiscale modeling 
coupling the finite element analysis (FEA) and molecular dynamics (MD) in collaboration 
with Prof. Lilian Davila at UC Merced. Prior to this, the applicant has gained valuable skills 
and research experiences from leading/participating a number of computational materials 
science projects for solving a variety of complex issues at multiple length scales, including 
continuum mechanics, molecular dynamics and first-principles simulations. These research 
experiences will largely benefit the current proposed project.  
 
Challenges in Microstructure Characterization and Quantification Analysis  
ICME integrates multiscale modeling on material structures and properties. It strongly relies 
on the development of high fidelity material property models that often requires multi-
dimensional (from 2D, to 3D, and to 4D) information of material structures and chemical 
compositions at all length scales, such as the distribution of phases, grains and defects. The 
information on orientation and spatial distribution of elements may also be essential. 
Acquisition of such information in appropriate representative volume elements is a major 
challenge. Advanced microscopy especially the combination of electron microcopy and X-
ray microscopy enables the thorough characterization and quantification analysis of 
microstructure and composition distribution of materials from atomic-scale to nanoscale, and 
to microscale.  

Previously, the applicant employed the scanning electron microscopy (SEM) and 
electron back scattering diffraction (EBSD) techniques to characterize the 2D microstructure 
of a number of metal-ceramic composite materials, provided extensive insight to the failure 
mechanism of composite materials. The applicant also used extensively the transmission 
electron microscopy (TEM) technique to characterize the microstructure of a large variety of 
nanomaterials and provided comprehensive 2D information of material microstructure from 
nanometer scale to atomic scale (via. high resolution TEM). Additionally, in the past 3 years, 
the applicant employed significantly the X-ray microscopic techniques (e.g. X-ray computed 
tomography) using facilities at Diamond Light Source (DLS) and Manchester X-ray Imaging 
Facility (MXIF). For example, the applicant designed and performed in-situ X-ray micro-
radiography and micro-tomography experiments of Li ion battery electrode materials during 
charge/discharge cycling at DLS. The key common electrochemical failure mechanisms of Li 
ion batteries during (dis)charge cycling were investigated and revealed.  
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ICME Collaboration for Designing Next-Generation Energy Storage Materials 
SDSU has strong expertise in both advanced microscopy and computational materials 
modeling. Especially, a large number of research groups at the department of ME led by Prof. 
Randall German, Prof. John Abraham, Prof. Ilenia Battiato, Prof. Samuel Kassegne, Prof. 
Ronald Kline, Prof. Morteza Monte Mehrabadi, Prof. Eugene Olevsky, Prof. Khaled Morsi, 
Prof. Joaquin Camacho, etc. have developed internationally reputed scholar and education 
programs in these two fields. These existing researches create an excellent platform for the 
development of ICME and its application in various aspects of materials science and 
engineering especially in the field of materials selection, e.g. the nanoscale design of energy 
storage materials.  

With strong background in both computer-aided materials modeling and advanced 
microscopy techniques, the application intends to build a highly interdisciplinary research 
project that take full advantage of existing microscopic and modeling techniques within the 
department of ME, and develop multi-institutional and international collaborations amongst 
SDSU and a number of external universities and industries: 
• Computational modeling: Professor at UC Berkeley – Mark Asta (US); Professor at 

UC Merced – Lilian Davila (US); Senior Reader at Imperial College London – 
Andrew Horsfield (UK).  

• Advanced Microscopy: Professor at Manchester X-ray Imaging Facility – Peter Lee 
(UK); Principle beamline scientist at Advanced Light Source – Alastair MacDowell 
(US); Professor at Beijing University of Technology – Xiaoyan Song (China); 
Professor at University of Jena – Markus Rettenmayr (Germany). 
 

Summary 
The main tasks of the current proposal are: i) develop high fidelity multiscale modeling 
framework across all length scales from continuum to quantum; ii) characterize thoroughly 
the microstructure of selected energy storage materials at multiscale levels providing 
quantitative data and analysis of material microstructure; iii) perform image-based all length 
scales multiscale modeling of selected material systems, based on which, a reliable and cost-
effective ICME approach will be developed and applied for the design of next-generation 
energy storage materials and devices. 


