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Naval Nuclear Propulsion Program:
A History of Success



Presenter
Presentation Notes
The reactors of the NR program have safely steamed over 167 million miles on nuclear power.  The program currently operates 97 reactors (80+ nuclear-powered ships) and has accumulated over 7,200 reactor years of operations.  

The Naval Nuclear Propulsion Program comprises the military and civilian personnel who design, build, operate, maintain, and manage the nuclear-powered ships and the many facilities that support the U.S. nuclear-powered naval fleet.  The Program has cradle-to-grave responsibility for all naval nuclear propulsion matters.  



Naval Nuclear Laboratory (NNL)
Research Laboratory Sites

o O

Two Laboratory Sites:

e Headquarters for NNL Operations

e Centers for Design and Engineering

e Laboratory, Testing and Experimental Facilities
e Operated by FMP
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Research, development, and support laboratories 
Two Laboratories—Bettis & Knolls Atomic Power Laboratory (KAPL)
 Headquarters for Prime Contractor Operations
 Centers for Design and Engineering
 Labs/Computers/Experimental Facilities





Naval Nuclear Laboratory Expertise

NNPP Reactor and Propulsion Plant Designs, Equipment, and
Support Require Expertise In:

e Acoustics

e Materials Science

e Reactor Engineering

e Instrumentation & Control

ENGINE ROOM

e Power Electronics and
Distribution

e Experimental Engineering
e Scientific Computations
e Information Technology
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R&D facility with state of the art equipment
Engineers and scientists work in exciting areas
Design steam generators, propulsion systems
Develop materials technology


	


NNL Interests in Metal Additive Manufacturing (AM)

« The capabilities of metal AM processes have spurred changes to
fabrication methods in industries such as aerospace and medical

« More modest changes to date in other areas such as the nuclear industry

* Prospective benefits include manufacturing and performance gains
« Delivery time, hard-to-source parts, part consolidation, improved design
« Tooling, rapid prototyping, repairs, hard-to-fabricate parts, tailored design

Materials of interest include 316L SS and Alloy 625
Components of interest include valves and pump hardware



Presenter
Presentation Notes
Read words on slide




Laser Powder Bed Fusion (L-PBF)

» L-PBF 316L contains long grains and crystallographic texture in the
build direction due to epitaxial growth across layers

Epitaxial Growth

Laser Direction

BuildI

'~ | Direction

Epitaxial
Growth

Build up
Direction

Base Metal
(substrate)
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L-PBF 316L contains long grains and crystallographic texture in the build direction due to epitaxial growth across layers

Each layer grows from the prior layer, and an elongated microstructure forms in the build direction as shown in the schematic and in the scanning electron microscopy image.  



Build Parameters and Chemistry for 316L Build

External Vendor (EV) Build
40 um layer
EOS M290

Naval Nuclear Laboratory (NNL) Build
20 pym layer

EOS M290
Hot Isostatic Press (HIP)

Porosity — Witness cylinder <0.03%

Hot Isostatic Press (HIP)
Porosity — Witness cylinder <0.05%

NNL

ASTM F3184 ASTMA182 EV As-Built . Bar Stock
As-Built
Iron Balance Balance Balance Balance Balance
Chromium 16.0- 18.0 16.0-18.0 17.88 - 17.92 17.64 - 17.58 16.68
Mickel 10.0-14.0 10.0-15.0 12.95-12.99 13.15-13.40 10.62
Carbon 0.030, max. 0.030, max. 0.013 0.015 - 0.017 0.018
Copper - - 0.02 0.03 0.36 Test Block
Manganese 2.00, max. 2.00, max. 1.22 0.84 - 0.BY 1.38
Molybdenum 2.00-3.00 2.00- 3.00 2.37 238-243 2.05 /
Mitrogen - 010, max. 0.083 - 0.084 0.090 - 0.091 0.045
Cheygen - - 0.014 - 0.015 0.020 - 0.026 -
Phosphorus 0.045, max. 0.045, max. 0.009 0.005 - 0.007 0.026
Sulfur 0.030, max. 0.030, max. 0.004 - 0.005 0.004 - 0005 0.0285
Silicon 1.00, max. 1.00, max. 0.78- 0.80 070-0.72 0.28
Cabalt - - 0.02 0.03 0.28
Baoron - - =0.005 <0.005 --
- - <0.01 <001

Tantalum
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Two builds – one was built at NNL and one at an external vendor. Both builds were HIP’d and had porosity less than 0.05% following HIP. The builds consisted of valve bodies and test blocks. Our discussion will focus on properties from analysis of the test blocks but we will also compare to specimens machined from the valve bodies.  Control material is a wrought 316L stainless steel bar.  


Microstructure Grain Sizing
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« Similar grain size and structure between builds
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Microstructure comparison between the two build types appeared relatively similar. Both sample sets had similar grain size and structures (a bimodal structure in the XY orientation with larger grains surrounded by smaller grains, all being equiaxed. Grains were elongated in the Z direction for both build types.  The oxides in both builds had similar sizes and locations, found both along grain boundary / cell boundaries and distributed within the grains. No evidence of recrystallization was found in any of the four samples. One notable difference was in the texture comparison. The NNL build had a stronger {110} texture along the build direction; while {110} texture was present in the EV build, the texture was more diffuse.



Tensile Testing
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Consistent with literature, L-PBF material is strongest in the X/Y-directions and most ductile in the Z-direction (to test in the Z-direction, the specimen is pulled in the same direction as the build up direction during fabrication as shown in the schematic).  Specimen strengths from this program are well behaved and tightly clustered based on orientation. Total elongation values cover the expected range. Surfaces show extensive evidence of ductile dimples, indicative of a microvoid coalescence failure mechanism.  Arrows show particles in the base of some dimples, these are oxides in the microstructure.


Tensile Testing
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Tensile testing of specimens machined from the valve body component showed similar results to those from the test blocks. The test results are grouped by orientation as opposed to vendor or test piece from which the specimen was machined from.


Charpy Impact Toughness
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Specimens tested where the specimen axis ran along the Z direction (ZX/ZY) had higher impact energies than the specimens tested where the specimen axis ran along the X or Y orientations. Grains are elongated in the build-up direction. In the ZX or ZY orientations, the crack extension direction is parallel to the base plate and thus cracking occurs through the long grains in a typically higher energy process. In the X and Y orientations, the crack extension direction is perpendicular to the base plate and thus cracking occurs parallel to the long grains, which can require less energy, in part due to the fact that oxides can be located on grain boundaries. Orientation effects were less significant at elevated temperature.

While wrought materials are often thought of as isotropic, there can be directionality in properties such as toughness. Wrought materials can have elongated grains in the working direction. As L-PBF materials have a second phases preferentially oriented along grain boundaries, wrought stock has secondary phases, ferrite and manganese sulfides, preferentially oriented in the working direction.  The data from the L-PBF material was generally bounded by the wrought bar impact energies.  Scanning electron microscopy (SEM) images show that the material exhibits predominantly ductile dimple failure when impact tested.  


480°F Air Fatigue Crack Growth Testing
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Testing according to ASTM E647-15¢1
Temperature: Precrack 70 °F air, Test 480 °F air
Stress Ratio: Precrack R = 0.1, Test R=0.3

Clip gage compliance method used
ASME Boiler and Pressure Code, Section Xl, Article C-8410 for Austenitic Steels
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Rates for the wrought bar specimens were slightly higher than for the L-PBF specimens. The FCGRs for NNL and EV material were similar. The open symbols represent specimens in the ZX or ZY orientation, which have slightly lower FCGRs than specimens tested in orthogonal directions. This is consistent with the other tests in which a crack running along an in-plane direction exhibits increased resistance to cracking as compared to cracks running along the build direction. FCGR properties of the 316L bar stock and this batch of L-PBF material are consistent with expected behavior based on ASME curves for conventional processing. The supplier of the L-PBF build had little to no impact on the FCGR properties. FCGR data appeared to group by orientation, consistent with the expected impact of microstructure on crack resistance.



Fracture Toughness
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Fracture toughness testing was performed on 0.6T C(T) Specimens. Here we are reporting the KJQ as tests did not meet all validity criteria to qualify as KJC which will be discussed more in the next slide. Overall Z orientations had higher toughness compared to X and Y orientations. This is consistent with expectation as in the Z orientation cracking occurs through the long grains which can be a higher energy process. AM material had superior toughness compared to wrought bar tested along the bar axis. Fracture surfaces are shown in the top right. It is interesting to note the difference in fracture surface as well as the fatigue apart. In general the XZ fracture surfaces were very planar whereas the Z orientations had more topography.  Again, this difference is considered to be related to the anisotropic grain structure of the material.  The reported fracture toughness values of the L-PBF material were high in both orientations.  



Fracture Toughness
E1820 Validity Criteria
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The high toughness performance of 316L made it difficult to qualify KQ as KJC due to failures of one or more validity criteria. Failure criteria typically failed is outlined here. The Z orientations exhibited the highest toughness which caused validity failures due to not enough qualified data points in regions A and or B and also the specimens needed to be larger sized as it failed criteria based on thickness and JQ. All AM specimens failed the crack extension validity requirement in that the compliance predicted and end of test crack lengths were in agreement but the predicted crack lengths at the start of the test were on the order of 10 mils shower than the 9 point measurement. Despite these validity criteria failures, the toughness values provide useful information in evaluating use of post-processed AM SS materials.  Larger specimens are needed to obtain ASTM E1820-valid fracture toughness KJC data points.  


Summary

« Similar microstructure and properties were observed across vendors and
when comparing test blocks to components

 Orientation effects caused by deposition process could be traced back to
microstructural differences and texture in material

» Despite orientation effects, AM material performed as good as or better than
wrought material

 Satisfactory performance of AM material gives confidence in qualification of
methods for component fabrication and use of this material in applications
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