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Major Goals: A new approach for modeling phonons will be developed and the modeling errors will be estimated
and determined numerically. The approach targets the study of non-equilibrium processes and is based on
fundamental principles of quantum field theory as applied to phonons. The new computational methods will be
developed and their solutions compared to solutions from an equilibrium-based approach which is representative of
methods based on the Boltzmann Transport Equation. The possible advance enabled by capability of studying non-
equilibrium phonons is the modeling of mechanical processes such as shock loading at mesoscopic length scales
built-up from nanoscopic information.

1. Develop a novel computational method for modeling phonons

2. Perform analysis of computational and numerical errors.

3. Investigate phonons in Army-relevant materials.

4. Develop novel computational method for studying phonons in materials with defects
5. Develop capabilities for the modeling of phonon devices.

Accomplishments: 1. Develop a novel computational method for modeling phonons

We developed a new full-Brillouin zone method that successfully predicted anisotropic effects in ballistic AND
diffusive carriers. The method could account for Brillouin zone anisotropy as well as anisotropy due to socalled
Born von Karman boundary conditions. The results were published in "Computer Methods in Applied Mechanics
and Engineering". Another article is currently planned that examines the physics implications in real materials
through a more careful examination of the anisotropy predictions and validation.

A review article was published in the "Journal of Materials Science". The article describes many of the
computational techniques presently available along with extensive discussions of the benefits and limitations that
are important for future developments.

2. Perform analysis of computational and numerical errors.
In the study of the novel computational method for objective 1, we examined the mathematical convergence

properties of the algorithm as well as the error estimates for solutions to the phonon Boltzmann Transport Equation.
These results were also published in the article in "Computer Methods in Applied Mechanics and Engineering".
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3. Investigate phonons in Army-relevant materials.

Phonon mechanisms were studied in the material molybdenum disulfide in collaboration with ARL scientists Dr.
Madan Dubey and Dr. Raju Namburu. A journal paper was published in "Nano Research".

Collaborative research was performed with ARL scientist Dr. Sina Najmaei on a material of significant Army interest
in Hafnium Disulphide. Numerous joint conference papers have now been submitted and accepted. Several
journal articles are planned for the near future (in 2019).

We also investigated phonons in the energetic material RDX. It has led to the first phonon-based cook-off study of
an energetic. A refereed conference paper was accepted for publication.

4. Develop novel computational method for studying phonons in materials with defects

In the last year of the project, we have continued the examination of phonon modeling for defects using neural
network modeling approaches. This research has been presented at the World Congress in Computational
Mechanics this year. An archival publication is pending.

5. Develop capabilities for the modeling of phonon devices.

A novel design for a phonon filtering device was developed using the code written during this project. The work
was published in the International Journal of Heat and Mass Transfer and has drawn interest from ARL to fabricate
and experimentally examine the design ideas. A CRADA is in preparation to work collaboratively with the ARL
research team developing the experiments.

Training Opportunities: Mr. Efrem Perry and Mr. Mark Butrico were supported during the school year as paid
undergraduate interns during 2018. Mr. Mark Butrico went on to intern for ARL during the summer of 2018 and
contributed to an journal paper in Scientific Reports.

Results Dissemination: In the final year of the research:

1. Undergraduate intern sponsorship of Efrem Perry and Mark Butrico during the spring semester of 2018.
2. Published 1 journal article in International Journal of Heat and Mass Transfer.
3. Biweekly teleconference collaborations with Army Research Laboratory Scientists
a. 1 journal article with ARL co-authors in progress.
b. CRADA in progress (likely to officially start in 2019)
c. 2 joint conference papers submitted and accepted to appear in 2019.
4. 1 referreed conference paper to International Detonation Symposium presented and published.
5. 1 invited lecture at TMS2018 in Phoenix.
6. 2 talks delivered at WCCM 2018 in New York, NY in July 2018
7. 2 talks submitted and accepted to appear at MRS Spring Symposium and APS March Meeting both in 2019.

Honors and Awards: 1. Invited lecture at 2018 TMS Meeting in Phoenix, AZ in June 2018.
Protocol Activity Status:

Technology Transfer: Extensive biweekly interactions have been occurring with researchers in the Sensors and
Electron Devices Directorate at ARL (Dr. Sina Najmaei and Dr. Adam Wilson). Several joint conference papers
and joint archival papers are currently in preparation but none are expected to appear before 2019.

Dr. Najmaei is also an (unfunded) co-Pl on a proposal that has been submitted to NSF on follow-on work to build
the actual device whose design was enabled by the code written from this effort.
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