STATEMENT OF WORK

Component-scale In-Service Simulation:  Thermal-Mechanical Fatigue Testing of the Epoxy-Bonded Magnet-Stator Assembly
Scope:
This Statement of Work (SOW) outlines the experimental work requirements to conduct the component-scale thermal-mechanical fatigue (TMF) simulation and residual adhesion strength determination testing of the epoxy (3M Scotch Weld™ 2216 B/A or other candidates)-bonded magnet-stator assembly for the Stirling convertors for the Stirling Radioisotope Generator (SRG).  Test specimens with a fixed geometric shape (but the dimensions to be optimized) will be prepared and provided by the NASA Glenn Research Center (GRC) and its collaborators. Development of a test fixture and a driving system, either by modifying existing, standard test devises or by designing a new system, will be the first phase of this work. With an optimized and validated test system, various mechanical tests as specified in this SOW will be the second part of this work.
Background:
The work to be done under this SOW is part of a GRC effort to evaluate and validate candidate organic adhesive materials for the SRG application.  Principles and some functional details of the Stirling convertor can be found in NASA-GRC public website, http://www.grc.nasa.gov/WWW/tmsb/stirling.html.  The epoxy bonded stator-magnet assembly, specifically the adhesive bond line is under a multi-axial electro-magnetic field when the convertor is operational.  The test fixture should be developed to simulate such loading conditions at predetermined operating temperatures and gas environment as specified in this SOW.  The experimental data obtained will be used for the adhesion performance and life-time prediction modeling of the epoxy-magnet-stator assembly. 
Note:  The information described in this SOW and the data generated from this program falls under the purview of the U.S. Munitions List (USML), as defined in the International Traffic in Arms Regulations (ITAR), 22 CFR 120-130, and is export controlled. It shall not be transferred to foreign nationals in the U.S. or abroad, without specific approval of a knowledgeable NASA export control official, and/or unless an export license/license exemption is obtained/available from the United States Department of State.  Violations of these regulations are punishable by fine, imprisonment, or both.
Objective:
The Contractor shall develop a practical and reliable test fixture to simulate various TMF loading conditions and to determine residual adhesion strength of the component-scale, epoxy-bonded magnet-stator assembly for the Stirling convertor application.
Contract Tasks: 
The Contractor shall perform the following two (2) tasks:
1. Test Fixture Development:  
Design a new fixture or redesign existing tooling and fabricate the necessary hardware for a servo-hydraulic test stand to conduct bi-axial thermal-mechanical fatigue testing of the component-scale epoxy-bonded magnet-stator assembly [Figure 1; test specimens to be furnished by NASA-GRC (ready to test without additional preparation)]. The test stand shall provide the following specifics/capabilities:
· Shear fatigue loading on the curved bond-layer with 82 Hz frequency

· Constant normal loading of 0 to 40 N on a single magnet or 0 to 18 psi (0.124 MPa) on the unit area of the curved bond-layer

· Isothermal control within a temperature range of 20 to 150 ºC in dry argon environment

· Thermal cycling from 30 to 150 ºC at 50 ºC ± 5 ºC/min rate for both heating and cooling with a constant hold time (2 to 5 minutes) at each end temperature
· Load measuring sensitivity of 0 – 20 N.
· A second unit shall be fabricated for a dead weight test stand to conduct static creep testing at GRC in argon with a temperature range of 20 to 150 ºC; this rig shall also provide the capability for isothermal fatigue testing at GRC.
· The final dimensions of the test specimen (specifically the number of laminates per stack) and the test fixture shall be determined based on the system sensitivity/accuracy in terms of load control and measurement and on maintaining test specimen dimensions similar to the current magnet-stator assembly to be used in the SRG.  The test specimen is expected to have the same bond line curvature as the current magnet-stator assembly. Testing with two magnets (of the exact same dimensions as those to be used in the SRG) per test specimen will be considered as will testing with just one longer magnet. The final design of the test fixture shall be approved by GRC prior to fabrication.
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Figure 1 Suggested Test Specimen Preparation Procedure and Loading Configuration (no coils will be used on these test specimens – only laminations and magnets)
2.
Mechanical Testing:  
With the fixture and driving system developed in task 1, conduct various static and dynamic mechanical testing and simulation conditioning based on the specific test conditions and procedures suggested below. Overall test matrix including the number of repeat test required is summarized in Table I.
2-1
Determination of base-line adhesion strengths in both static and dynamic loading modes
· The static adhesion strengths by static force ramp tests such as:  

· Monotonic increase of the axial shear loading while under a constant normal loading up to failure. The normal load should be maintained at 15 to 20 N, which is approximately an average value expected over the Stirling convertor cycle,
· Test at both room temperature and Tmax (120ºC)
· The dynamic adhesion strength by dynamic force ramp tests such as:  

· Monotonic increase of the axial shear loading while under a constant normal loading of 15 to 20 N,  but in dynamic mode with 82 Hz frequency (could also possibly using a step-wise loading with a short step interval, e.g., a couple of seconds), up to failure

· Test at both room temperature and Tmax (120ºC); 2 ~ 3 repeats

· Use as a reference curve to select the stress levels for the isothermal fatigue testing

2-2
Isothermal fatigue testing to determine the adhesion endurance strength as follows:
· Isothermal runs at Tmax (120ºC) (Figure 2)
· Bi-axial loading mode consisting of a constant normal force (15 to 20 N on a single magnet or 7 to 9 psi on the curved bond layer) and the oscillating shear force along the axial direction

· Fatigue testing up to failure or a pre-determined time interval (e.g., 4 days) as a function of axial shear load or stress level
· Monitor time-temperature-stress profiles and the number of cycles; this information will be used to develop the master fatigue curve for the epoxy-magnet-stator assembly to allow an estimation of bond life under isothermal fatigue at the Stirling convertor design operating conditions
2-3
TMF simulation conditioning and residual strength determination as follows:
· TMF runs by combining both thermal cycling from RT or 30 ºC to Tmax (120ºC) and dynamic shear loading (Figure 3)

· Bi-axial loading mode consisting of a constant normal force (15 to 20 N or 7 to 9 psi on the curved bond layer) and the oscillating shear force along the axial direction; minimum value for the oscillating shear force will be set at a constant value of either 0 or 5 N for all TMF tests

· TMF testing up to a pre-determined time interval (up to 1,500 cycles) as a function of axial shear load or stress level

· Monitor time-temperature-stress profiles and the number of cycles

· After TMF testing, determine residual adhesion strength using the “Static force ramp test” procedure in section 2-1
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Figure 2 Typical Isothermal Mechanical Fatigue Profile
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Figure 3 Typical TMF Profile
Table I Summary of Overall Test Matrix
	Test Type
	Test Temp. ºC
	Force Ramp (# of Test) 
	Fatigue Shear Stress Level w/ 82 Hz:  % of  (df **                          (under a constant normal stress of 7-9 psi or 15-20 N normal load)  (# of Test)
	Total # of Samples

	
	
	
	10
	20
	30
	40
	50
	60
	70
	80
	90
	

	Static force ramp
	RT
	3
	
	
	
	
	
	
	
	
	
	3

	
	Tmax
	3
	
	
	
	
	
	
	
	
	
	3

	Dynamic force ramp
	RT
	3
	
	
	
	
	
	
	
	
	
	3

	
	Tmax
	3
	
	
	
	
	
	
	
	
	
	3

	Isothermal fatigue
	Tmax
	
	
	1
	1
	2
	2
	2
	2
	1
	1
	12

	TMF 
	30ºC ( Tmax 
	
	2
	2
	2
	2
	
	
	
	
	
	8

	TMF residual; Static force ramp
	Tmax
	8
	
	
	
	
	
	
	
	
	
	

	Creep at GRC
	Tmax
	
	
	2
	2
	2
	2
	
	
	
	
	8


Note: **  (df = failure stress determined from dynamic force ramp test
Deliverables:
The Contractor shall furnish the following deliverables:

· Schematic drawings including dimensions and photographs of the completed hardware of the test fixture
· The second unit of the test fixture hardware for testing at GRC
· A final report detailing test results including load-displacement curves, time-temperature-stress profiles, and all raw data in ASC II format
· All tested specimens

Test Schedule:
Table II shows a suggested test schedule based on the program milestones, PDR (Preliminary Design Review) and FDR (Final Design Review).
Table II Project Time Table
	Task
	Months

         1          2          3         4          5          6          7          8          9          10  

	LM SRG design reviews- assume Oct. 1 start
	
	
	PDR
	
	
	
	
	FDR
	
	
	

	1. Test Fixture Development
	
	
	
	
	
	
	
	
	
	
	

	1. Test Specimen Preparation
	
	
	
	
	
	
	
	
	
	
	

	2-1. Determination of Base-line/Control Adhesion Strength
	
	
	
	
	
	
	
	
	
	
	

	2-2. Isothermal Fatigue Testing
	
	
	
	
	
	
	
	
	
	
	

	2-3. TMF Testing 
	
	
	
	
	
	
	
	
	
	
	

	2-3. TMF Residual Strength; Static force ramp
	
	
	
	
	
	
	
	
	
	
	


Items to be Furnished:

· Total 40 test specimens (ready-to-test state).
Period of Performance:  

The Period of Performance for this effort shall be one year after award.
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