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Project Objectives

q Manufacturing and pre-characterization of nanocomposites

q Neutron irradiation of nanocomposites in a test reactor

q Microstructure characterization by SEM/FIB/TEM

q Mechanical properties characterization by uniaxial tensile testing

q Mesoscale modelling of neutron irradiation of nanocomposite materials

q Establishing a general theory of neutron-nanocomposite interactions
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Scope of work
Neutron radiation of three capsules in High Flux Isotope Reactor (HFIR). 
TEM evaluation of 39 material conditions as summarized in Table.
Mechanical testing of 39 materials conditions as summarized in Table.
Atom probe tomography of 13 materials conditions as summarized in Table. 
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Dispersion Densification Melt Blending Solidification

Powder Metallurgy Casting

B/M system SPS system Induction funace casting

>500 kg

With Prof. Young Hee Lee at Sungkyunkwan University:
“Ton-scale metal-carbon nanotube composite: The mechanism of strengthening while 

retaining tensile ductility,”
Kang Pyo So et al, Extreme Mechanics Letters 8 (2016) 245



Melt blending

CNT was successfully dispersed in Al melt

Failed !!

CNT dispersed!!
Introduce 

SiC coating !!

+

http://www.acusim.com/
images/gallery/startup.gif

10 nm
CNT

SiC layer

Wettability is Critical for Dispersion of CNT into Al

http://www.acusim.com/
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pure Al:  pore size 5~50 nm 0.5wt%CNT/Al: no pore observed

100keV He ion, fluence 1017/cm2, peak dose 3.5 DPA 



Al+CNT 72 DPA-Al ion
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Voids
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Al self-ion 
radiation

Nano Energy 22 (2016) 319
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L-C

① ② ③ ④ ⑤

Edge dislocation 
- CNT

Screw dislocation 
- CNT

Enhanced Creep Resistance

• Unlike 0D obstacle, dislocation cannot climb over 1D obstacle even at high 
temperatures

• 1D/2D obstacles pin GB differently from traditional Zener pinning theory
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Enhanced Creep Resistance

Extreme Mechanics Letters 8 (2016) 245



16

Screw
dislocation

in Al
interacting
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Our work

Advanced Science (2018) 1800115
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Argonne IVEM:  
Kangpyo So, Mingda Li, Yang Yang, 

Meimei Li, June 2016 

Hitachi-9000 TEM
150 keV e-beam;

70keV-1MeV Kr ion 

25ºC to 400ºC

We studied
Al+CNT

Ni based alloy

Ion irradiation

70 o



2 vol% CNT in Al CNT is clearly visible 
inside Al grain 

In-situ irradiation of Al+CNT composite in IVEM

100 KeV
Kr ion irradiation

22 dpa

CNT

CNT wall

CNT

Before irradiation After irradiation

CNT
Kr bubble

3.3 Å



1.56 dpa

In-situ observation of CNT-dislocation interaction during irradiation

1. Dislocation buildup 2. Disl.-CNT contact

3. Disl. separation

4. Disl. shrinkage 5. Disl. disappear



Away from CNT Near CNT

Acta Materialia 203 (2021) 116483
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Technical Progress/Accomplishments
• Summaries of technical progress/accomplishments for FY-19

• Setting up the Composites Lab at MIT for sample processing and testing

• Synthesis of specific samples

• Establishment of protocols for safety

• Characterization of the preliminary physical properties for test reactor: Concentration, 

Thermal conductivity, Specific heat, Melting point, Density, Thermal expansion.
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List of the nanocomposites for neutron irradiation test
# Materials DPA Temperature (°C) Number of dog-bone 

samples
Number of TEM 

discs

1 Aluminum 0, 0.7, 1.4, 2.1 300 16 4
2 Aluminum + 1D 

CNT/nanowires
0, 0.7, 1.4, 2.1 300 16 4

3 Zirconium 0, 0.7, 1.4, 2.1 300 16 4
4 Zirconium + 1D 

CNT/nanowires 
0, 0.7, 1.4, 2.1 300 16 4

5 Copper 0, 0.7, 1.4, 2.1 300 16 4
6 Copper +2D Graphene 0, 0.7, 1.4, 2.1 300 16 4
7 Al4SiC4 0, 0.7, 1.4, 2.1 300 16 4
8 Steel 1 0, 0.7, 1.4, 2.1 300 16 4
9 Steel 2 0, 0.7, 1.4, 2.1 300 16 4

10 Steel 1 + oxides/carbides 0, 0.7, 1.4, 2.1 300 16 4
11 Steel 2 +  

oxides/carbides
0, 0.7, 1.4, 2.1 300 16 4

12 Nickel 0, 0.7, 1.4, 2.1 300 16 4
13 Nickel + 1D 

CNT/nanowires
0, 0.7, 1.4, 2.1 300 16 4

Total number of test samples 
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Physical Properties of materials for irradiation vehicles 

Materials Concentration
Thermal 

conductivity 
(W/m·K)

Specific 
heat(J/g·K)

Melting point 
(oC)

Density 
(g/cm3)

Thermal 
expansion
(um/m·K)

Aluminum 1 vol% CNT(0.5
wt%)

193
(LFA) ~0.9 660 2.7 <23.1

Zirconium ~2vol %( 
4.4wt%) CNT

9.892
(LFA) ~0.27 1855 6.5 <5.7

Copper +2D 
Graphene ~1vol% graphene <401 ~0.385 1084 8.96 <16.5

Al4SiC4 80 >2700 3.03 6.2
Steel 1 + 

oxides/carbides ~2wt% Y2Ti2O7 ~24.9 ~0.46 1510 7.78 ~9.9

Steel 2 +  
oxides/carbides ~2wt% Y2Ti2O7 ~15 ~0.5 1673 7.9 ~17

Nickel + 1D 
CNT/nanowires ~1 vol% CNT <90.9 ~0.44 1455 8.9 <13.4

https://www.kvastainless.com/pdf/KVA_mech_props.pdf
http://www.worldstainless.org/Files/issf/non-image-files/PDF/Euro_Inox/Tables_TechnicalProperties_EN.pdf
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Few changes

• No.3 (Zr) and No.4 (Zr/CNT) → No.3 (Fe-16Cr-2Si) and No.4 (Fe-20Cr-2Si)
The oxygen concentration of No.3 (Zr) and No.4 (Zr/CNT) was too high (0.9 at%) which 
resulted in the brittle phase of Zr matrix. Thus, we replaced Zr and Zr/CNT in the test 
matrix with Fe-16Cr-2Si and Fe-20Cr-2Si

• No.7 (Al4SIC4) → No.7 (Single Crystal Ni) 
The thermal conductivity of the No.7 (Al4SiC4) at high temperature was not fit to the 
neutron test vehicle. We have changed to Single-crystal Ni. 
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Technical Progress/Accomplishments
• List technical progress/accomplishments for FY-20

1. Design and Assembly of Rabbit Capsules for Irradiation of Prototype Metal and 
Nanocomposite Specimens in the High Flux Isotope Reactor (ORNL)

2. Stability of the dispersoids under irradiation and designing new interface to enhance long 
term radiation performance
- Investigation of selection criteria of dispersoids: wetting, high temperature stability, 

reactivity
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1. Design and Assembly of Rabbit Capsules for Irradiation of Prototype Metal 
and Nanocomposite Specimens in the High Flux Isotope Reactor (ORNL)



ANSYS analysis



Part layout for capsules

Neutron irradiation completed!! 



Stress and Stress curve (unirradiated)



Stress and Stress curve (unirradiated)





Load-frame machine compliance need to be corrected
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2. Selection Criteria of dispersoids

i) high-temperature stability 
ii) Good wettability
iii) Reactivity

=> investigated different types of oxides, carbides, nitrides
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ZrC in Ni TiO2 in Ni

ZiC can create side reaction to Zr2Ni17 + C with Ni TiO2 doesn’t have a side reaction with Ni

Reactivity: reaction path
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Formation energy and possible other reaction in Ni. 
Data is obtained from the materials projects (https://materialsproject.org/ ). 

38

NT/NW Formation/decomposition (eV) Possible reaction in Ni Melting temperature(oC)
Al2O3 -3.442 None 2,072

BN -1.472 None 2,973
Cr3C2 -0.11 None 1,895
ZrN -1.87 None 2,952 
TiO2 -3.523 None 1,843 
AlN -1.595 None 2,500

Y2O3 -3.99 None 2,425 
SiC -0.205 SiNi13, Si12Ni31, SiNi2, SiNi 2,830 
ZrC -0.808 Zr2Ni7 3,420
TiC -0.808 TiNi3 3,067

Ti2CN -1.392 Complex
WC -0.122 Ni4W 2,870
HfC -0.943 HfNi3 3,928

Mo2C -0.103 Ni3Mo, Ni2Mo 2,520
V2C -0.475 VNi2, VNi3, V6C5 >2,810 
Nb2C -0.46 NbNi3 3,608 

https://materialsproject.org/
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Modeling and Machine Learning prediction

• Preparation of Data: Experimental data from literature (~2300 data points)



Featurization
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L. Ward et al., npj Computational Materials 2 (2016) 16028.  

• Generate features using Matminer

Y0.9Ba0.1Cu1O4
Elemental 
properties

Compound properties
(average, range, std, max, min)



Training and Testing of the Wetting Angle Model
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• Divided the collected experimental data into subsets
• Took a subset with ~1000 data points of metal-oxide/fluoride 

wettability
• Used 70% of this subset for the training of the model

Prediction score = 0.85
12 features



Search for Candidate Materials
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List of pairs Featurization
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Raw pure Ni 
powders (50 μm)

TiO2 nanowires 
(industrial grade, 
Φ < 10 nm, 
length ~ 100 nm)

High energy ball milling
(600 rpm,
30 mins in total)

Powder mixtures
Sintering 
(Hot press: 85 MPa
45 mins, 1100 C)

Fabrication of Ni-Titanium oxide nanowire composite

Press

Induction heater 
coil

Graphite 
die

Isolation 

Sintering facility

Φ 20 mm, ~10 gram

Experimental validation



Cross-sectional view of
TiO2 nanowire

longitudinal sectional view of
TiO2 nanowire

TiO2 nanowires dispersed in Ni matrix
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Project Impacts
• 7 Journal Publications to date 
[1] Nanotube/nanowire as effective defect sinks in metals: atomistic simulations and in situ ion 
radiation transmission electron microscopy, Acta Materialia 203 (2021) 116483
[2] Additive manufacturing for energy: A review, Applied Energy 282 (2021) 116041
[3] Superconducting Cu/Nb nanolaminate by coded accumulative roll bonding and its helium 
damage characteristics, Acta Materialia 197 (2020) 212
[4] Radiation-resistant metal-organic framework enables efficient separation of krypton fission 
gas from spent nuclear fuel, Nature Communications 11 (2020) 3103
• Conference Papers: nothing to report
• Conference Presentations:
Kang Pyo So, P. Cao, Y. Yang, J. G. Park, M. Li, Y. Long, J. Hu, M. Kirk, M. Li, E. M. Bringa, Y. 
H. Lee, M. P. Short, J. Li “Nanotube/nanowire as effective defect sinks in metals: atomistic 
simulations and in situ ion radiation transmission electron microscopy,” TMS (2019), MiNES
(2019), MITAB (2020) -> invited in journal Applied Energy
• Patents: nothing to report 
• Involvement: nothing to report
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Milestones
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Milestones and Deliverables for FY-20

Deliverables Status Start Date Finish 
Date

Revised Finish 
Date

Actual Finish 
Date

Synthesis and preliminary characterization 
of 13 types of samples

Completed 
Late 10/1/2018 9/30/2019 12/30/2019 3/31/2020

Provided Four quarterly reports Completed 01/01/2020 10/30/2020

Published two papers Completed 01/01/2020 11/27/2020
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Issues and Concerns
• MIT create a protocol for rapid response to the COVID-19 crisis. The MIT administration

established policies to significantly scale back research activities on campus.

Response to this project: we have been continuing our research activities through 
remote meetings, literature surveys, data analysis, modeling, theoretical 
approach, and limited lab activities during COVID periods. 
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Milestones and Deliverables for FY-21
• Deliverables:

Technical reports Date
Final Technical Report on Nanodispersion Strengthened Metallic 

Composites with Enhanced Neutron Irradiation Tolerance
12/29/2021

Revealing of the mechanical and thermal properties 9/30/2021

Radiation properties and mechanism characterization 9/30/2021

Characterization of the microstructure: dispersion of 1D and 2D 
reinforcement

9/30/2021

Optimization of the composite structure: grain and interface 9/30/2021
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Possible Areas/Industries/Programs (and Readiness) for 
Adoption
• Include estimated Technology Readiness Level (TRL)

We have been working on the market discovery and 
commercialization for this technology (TRL 4 to 5) to 
transfer to the industry. The 3D printing market could be the 
lowest hanging fruit and most impactful industrial areas.
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Special thanks to our Oak Ridge National Lab collaborators
Kory Linton
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Cheng Sun
Mitch K. Meyer



AMM TECHNICAL REVIEW MEETING (FY-20) DEC 2 – 3, 2020

Contact Information and Questions

• PI: Ju Li, liju@mit.edu
• Technical lead: Kang Pyo So, kangpyo@mit.edu

mailto:liju@mit.edu
mailto:kangpyo@mit.edu

