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What is Model Based System Engineering?
The core MBE tenet is that models are used (rather than documents) to drive all 
aspects of the product lifecycle and that data is created once and reused by all 
downstream data consumers. ... Engineers use models to convey product definition or 
otherwise define a product's form, fit and function. (www.3dcadworld)

INCOSE defines MBSE as “Model-based systems engineering (MBSE) is the formalized 
application of modeling to support system requirements, design, analysis, verification 
and validation activities beginning in the conceptual design phase and continuing 
throughout development and later life cycle phases.”

WIKIPEDIA: Model-based systems engineering (MBSE) is a systems 
engineering methodology that focuses on creating and exploiting domain 
models as the primary means of information exchange between engineers, 
rather than on document-based information exchange. More recently, the 
focus has also started to cover aspects related to the model execution in 
computer simulation experiment, to further overcome the gap between the 
system model specification and the respective simulation software. 

DEFINITIONS OF MBSE, MBD, MBE AND MODEL BASED DEVELOPMENT 
(https://www.lifecycleinsights.com)

Model Based Definition (MBD) is a mechanical engineering initiative where a 3D model with 
Product Manufacturing Information (PMI) augments or replaces a 2D engineering drawing as 
design documentation. Model Based Enterprise (MBE) is a company wide initiative to augment 3D 
models with additional information to create new documentation deliverables beyond 
engineering.
Model Based System Engineering (MBSE) is a system engineering initiative to create a digital model 
of a system that is used by all engineering disciplines and other functional organizations within a 
company.
Model Based Development is a embedded software initiative where a two-sided model is used to 
verify control requirements and that the code runs on target electronic hardware.

Influence And Interaction Of Various Materials And System 
Engineering Software Products

CAD – computer aided design, CAE – computer aided engineering, MAT – material 
properties, PDM – product data management, SDM – simulation data management, 

MLM – material lifecycle management, PLM - product lifecycle management



Integrated Computational Materials Engineering (ICME) Is The Future 



2040 Ecosystem Revolutionizes Design Paradigm



Vision 2040: A Roadmap for Integrated, Multiscale 
Modeling and Simulation of Materials and Systems



Study Identified 9 Key Element Domains



Identified Critical Gaps & Possible Subset of  Actions 
Required To Close Each Gap



Ten Crosscutting Streams Identified To Help Organize Gaps 
And Recommended Actions Across Key Elements

1. Data Management 
2. Data Analytics and Visualization 
3. Information Sharing and Reusability 
4. Multidisciplinary Collaboration 
5. Institutional Paradigms 
6. Benchmarking and Business Case 
7. Scalability and Computational Efficiency 
8. Linkage and Integration 
9. Input / Output Confidence and Reliability 
10. Behavior of Materials and Structures 

These streams aim to show similarities among the challenges facing the various disciplines within 
the multiscale modeling and simulation community and the actions needed to overcome them:



Gaps Associated with Linkage and Integration Stream 



#5: ••• produce, maintain, and disseminate “gold-standard” datasets with which the community can develop, 
characterize, verify, validate, and certify datasets, models, tools, and other aspects of the 2040 ecosystem.

Major Recommendations: Vision 2040

#2: NASA and other relevant federal agencies should form an interagency coordinating body •••

#1 Federal agencies and industry both should fund sustained R&D programs to address the critical gaps and actions 
identified in this report.

#3: NASA should engage with government, industry, and academic stakeholders to develop an agreed-upon 
interoperability framework ••• 

#4: NASA should partner with other government agencies and professional societies to identify and pursue 
benchmark materials, systems, and applications •••

#6: NASA should lead demonstration projects that document and publicize the broad benefits •••

#7: ••• should increase fundamental research efforts to develop, characterize, and validate improved physics-
based and data-driven materials models..



#9 NASA, with support from academia and professional societies, should stimulate widespread cultural change
by encouraging researchers to meaningfully share and work collaboratively on the data and models needed 
to increase progress toward the 2040 vision

Major Recommendations: Vision 2040

#8 NASA should work with industry, academia, and professional societies to update education and training 
programs* to reflect the skills needed to achieve the 2040 vision •••

#10 NASA and other federal agencies should support the growth of small businesses working in ICME to strengthen 
U.S. manufacturing competitiveness and establish U.S. leadership in this emerging field.

#11 NASA should engage with academia and industry stakeholders to regularly update this study and/or conduct 
follow-up studies •••



Suggested Nine Multidisciplinary Engineering Challenges (MECs)
1. Mitigation of high-temperature environmental damage, oxidation, and hot corrosion 

of high-temperature turbine engine components
2. Development and optimization of polymeric matrix composites for aerospace 

applications
3. Design and lifing of aerospace components with 20 percent weight reduction using 

location-specific design methodologies, including tailoring of component properties 
using chemistry or microstructural modifications

4. Optimization of structures and materials for mitigation of thermomechanical fatigue
5. Design and development of unique materials such as shape memory alloys and 

high-entropy alloys in aero structures and components
6. Automated re-adaptation and updating of computer software suites to 

infrastructure changes (moving away from manual recoding of software to take 
advantage of new computer architectures such as GPUs or CPU+GPU)

7. Development and optimization of ceramic matrix composites for aeronautic 
applications

8. Application of microstructure definition tools and methods to enable model-based 
material and probabilistic component definitions

9. Electrification of aircraft propulsion



Design “Of” The Material

Design “With” The Material

Data driven-based

Combine “design of the materials” (material scientist viewpoint) and “design with the materials” (structural analyst viewpoint) 
approaches into a concurrent transformational paradigm

Revolutionary Tools & Methods (RTM) Swim Lanes Tightly 
Aligned with 2040 MECs 

Strategy aligned with Vision 2040 and supporting ARMD priorities
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RTM - Materials and Structures Technologies
Will Address These Vision 2040 Gaps



Building and Validating a Vision 2040 Ecosystem
RTM M&S Contribution Areas 



NASMAT: NASA’s State-of-the-Art Multiscale Analysis Tool



Multiscale Modeling: Atomistic to Effective Properties



Is A Framework That Can 
Couple Materials + Structures For ICME

Specializing in gradient based optimization with 
analytic derivatives 

Capable of integrating large scale PDE solvers 
(CFD, FEA)

Has been used to solve coupled multi-physics 
topology optimization problems

http://openmdao.org



Material Designer Currently Under Development



Material Designer Applications
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OBJECTIVE
• Apply high fidelity, first principles methods to predict thermodynamic properties of ternary shape 

memory alloys including phase behavior and phase transitions

SIGNIFICANCE
• First-of-its-kind computations for ternaries performed to date

RESULTS
• Full thermodynamic analysis performed for Ni0.5 Ti(0.5-x) Hfx and Ni0.5 Ti(0.5-x) Zr for x=[0, 0.5]
• Phase diagram generated as a function of composition (x) and temperature (T)
• A full analysis was performed including phase stability for the major phases (B2, B19’, B19, B33) for 

each x and as a function of T
• Computational models use perfect, defect free single crystals.  Therefore, they overpredict the 

experimental transition temperature.  Similar behavior was seen with the binaries.
• Correct trend of increasing TM with x reproduced

POC: John Lawson (ARC)

First Principles Thermodynamics for SMA Ternaries 

FUTURE WORK
• Complete description of phase diagram; other ternaries; mixed ternaries; predict mechanical 

properties, e.g. cycle life, work output, etc.; screening/design with ML

APPROACH
• Computational method based on thermodynamic integration and ab initio molecular dynamics 

(AIMD) utilized to compute free energies of phases
• Ternaries are challenging because they are fundamentally random systems whereas previous 

work on binaries was ordered. 
• Special quasi-random structures (SQS) were generated for each x as representative random 

structures to reduce computational cost

T(
o C

)  
  B2

B19’

Computed 

Projected: Still to be completed 
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OBJECTIVE
Evaluate the effect of recently observed atomic-scale stacking fault phase transformations have 
on creep strength in Ni-base Superalloys.

APPROACH
• Through state-of-the-art characterization and modeling techniques two different Ni-base 

superalloys with minor changes in refractory content were explored.
• Density functional theory (DFT) models provided groundbreaking insights into new atomic 

scale high temperature deformation mechanisms active for these alloys.
• Scanning transmission electron microscopy (STEM) confirmed the analysis performed using 

DFT.

SIGNIFICANCE
It was discovered that higher amounts of Tungsten facilitated a solid-state phase transformation 
along intrinsic stacking faults within the strengthening γʹ precipitates. Density functional theory 
models demonstrated that this phase transformation would inhibit further shearing of the precipitate 
improving the overall creep properties of the alloy. This is one of the first studies to explore the effect 
stacking fault segregation has on the creep properties for this class of alloys and this finding may 
have strong implications in how future high temperature alloys are characterized and designed.

POC: Tim Smith, Brian Good, Tim Gabb, Laura Evans, Steve Arnold (GRC)

Discovery of a Novel Strengthening Mechanism for High 
Temperature Superalloys

Figure 1: Creep performance of current state-of-the-art disk 
superalloys ME3 and LSHR compared to the TTT developed 

superalloys at 1400°F and 80 Ksi. Alloy 1 represents a 3x 
improvement in creep life for this environment

Figure 2: (a) Experimental and (b) simulated HAADF image 
of a intrinsic fault in LSHR. (c) Experimental and (d) 

simulated averaged intensity of the atomic columns moving 
down the fault as highlighted the boxes in (a) and (b).

Experimental

Simulationl
New TTT alloy represents a 3x improvement in creep life for this environment over 

SOA LSHR alloy, also performs as good as single crystal (CMSX4) alloy!!!

*
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Building and Validating a Vision 2040 Ecosystem
RTM M&S Contribution Areas 

Development/Research Areas
Data, ML, Visualization (KE2)

Data Management
• Granta MI (ICME schema)
• CMC
• EBC
• CMAS

Machine Learning
Optimal Experimental Design
• Deep Learning NN (Neural Network)
•MAC/GMC - Laminate (Tensile & 

Fatigue)
• Atomistic (Anharmonic Energy)
• Polymers for Rapid Manufacturing
• Physically-Informed NN EAM 

Potentials
• Estimation Theory
• Stochastic Optimization

Visualization
•Multiscale
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Information Management Enabling Multiscale Modeling 
Within ICME Paradigm

Significance for Vision 2040
DATA, INFORMATICS, & VISUALIZATION
Coupling data management libraries and visualization software suites will drive the ecosystem for generating fundamental 3D/4D datasets, thereby enabling 
the validation of crucial physics-based models.

CHARACTERIZATION
Robust model-structure-response definitions will provide the foundation for reliable methods of managing error and uncertainty 

WORKFLOW & COLLABORATION FRAMEWORKS
Database and optimization software suites will enhance workflow functionalities and facilitate cross-organizational sharing of data, tools, and models.

COMPUTATIONAL INFRASTRUCTURE
Machine learning and analytical tools will help design software suites take advantage of novel HPC paradigm and various hardware configurations.

ICME infrastructure for 
housing both modeling 
and testing information

Arnold, et al.; “Combining Material and Model Pedigree is Foundational to Making 
ICME a Reality”, IMMI, 4:4, 2015.



Established Data Scheme for ICME that Enables Linkage of  Test Data 
with Simulation Data at Different Length Scales 

To accomplish this introduced Model Tables in addition to Microstructure and Software Tools Table

Arnold, S.M., Holland, F. and Bednarcyk, B.A.; (2014). Robust Informatics Infrastructure Required For ICME: Combining Virtual and Experimental Data, 55th AIAA/ASME/ASCE/AHS/SC 
Structures, Structural Dynamics, and Materials Conference, National Harbor, Maryland, 13 - 17 January 2014, AIAA-2014-0460 

Arnold, S. M., et. al (2015). ;  “Microstructural Influence on Deformation and Fatigue Life of Composites Using the Generalized Method of Cells”, 56th AIAA/ASME/ASCE/AHS/SC 
Structure AIAA SciTech 2015, ICME Special Session, Kissimmee, FL,  2015; AIAA 2015-0202 

Arnold, S.M., Holland, F.A., Bednarcyk, B.A., and Pineda, E.J.;(2015)  “Combining Material and Model Pedigree is Foundational to Making ICME a Reality”, Integrating Materials and 
Manufacturing Innovation, IMMI, 4:4 DOI 10.1186/s40192-015-0031-2.
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Granta MI Software Coupled with GRC’s MAC/GMC to Enable 
ICME of Composites

Simulation results, including nonlinear curves, are captured and stored in 
Granta MI database, along with all relevant metadata

Coupling between testing and simulation data is key to realizing ICME

• Linkage to Granta MI software done in collaboration with Granta 
Design Ltd.

Linkage Established through Workflow and Python Scripts
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Workflow captures GRC’s MAC/GMC simulation data, with full model pedigree, 

within Granta MI

Workflow enables full traceability

GRC’s Multiscale Analysis Approach Links 

the Behavior of a Multi-phased 

Material/Structure to the Behavior of its 

Constituents 
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Future 2040 Funding Opportunities 

• NASA Research Announcement (NRA) due to be released Fall 2019 –
see https://nspires.nasaprs.com/external/solicitations/solicitations.do

• SBIR/STTR  - see  https://sbir.nasa.gov/prg_sched_anncmnte

• Anticipating a new $8 Mil funding wedge to begin in FY21 (Oct 2020) 
targeted toward revolutionary materials development

NASA CR 2018-219771
https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20180002010.pdf

https://nspires.nasaprs.com/external/solicitations/solicitations.do
https://sbir.nasa.gov/prg_sched_anncmnte
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Thank You!

Contact: Steven.M.Arnold@nasa.gov
28
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Numerical Simulation
Pyramid

Virtual Testing Can Enable Significant Cost Savings in 
Certification Process

Experimental Test 
Pyramid

$$ Savings!
A robust validated computational platform 
is essential for sustainable, cost-effective 
technology development program 
Ø reduced  testing and time to certify!

Experimental 
Building Block 

Approach

Model
Building Block 

Approach
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Rapid Manufacturing and Qualification Supporting 
Commercial and Urban Aviation
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Computational Materials Enables Next Generation Qualification of AM

Process-
Microstructure

Configurable Architecture 
Additive Testbed

Engineering Capabilities 
for Material Qualification

Microstructure-
Performance

Unitized Structures are Enabling to Rapid Manufacturing of Commercial and UAM Vehicles
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Simulation Software 
for Bond-Performance 
and Defect Assessment

Computational NDE-
Informed Inspection 

Capability

Laser Ablation 
Techniques for Surface 

Preparation

Rapid Manufacturing of Unitized Commercial 
and UAM Vehicle Components Vision for UAM


