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ATTACHMENT J-1

Specification for Fabrication of Molybdenum Alloy Heat Pipe Units
Material:
Wick assemblies supplied by MSFC (unless otherwise specified in the specifications) 
Quantity:
18 units
Delivery:
16 to 20 weeks ARO

Heat Pipe Layout Specification:

Heat pipe units shall be fabricated from Molybdenum-Rhenium (Mo-Re) alloy with a baseline Rhenium composition of either 44.5% or 47.5%.  The engineering drawings provided in figures 1 and 2 detail the hardware layout.  The completed wick assemblies shall be supplied by MSFC or its representative.  The heat pipes shall also be equipped with a getter pack located in the evaporator plug.  The Zirconium materials required for construction of the getter shall be purchased by the contractor as part of this contract.  The final output is a full assembled and cleaned heat pipe unit which is ready for loading with a alkali metal working fluid.  
It is a significant technical benefit if the vendor has previous experience manufacturing similar material shapes from various Mo-Re alloys.  The vendor shall state relevant experience, capability and manufacturing specifications/guidelines in their response.
1. Material and assembly specifications include:

a. Straightness and Ovality – ASTM A269 (or equivalent)

b. Molybdenum Alloy (rod, bar, wire) – ASTM B387 (or equivalent)
c. Other applicable machining techniques/specifications – determine ductility of final product, procedure/specification to be provided by the vendor
d. Sample electron beam welds (or other applicable process) - performed to verify room temperature ductility of final closeout welds vendor shall supply methods to test and verify. 

2. Dimensional – the material stock should conform to the following target  requirements (as provided by MSFC material vendor):

a. Permissible variations in outside diameter +/- 0.005”.
b. Permissible variation in wall thickness for tubing is +/- 10%.
c. Permissible ovality variations in tubing diameter at any cross-section cannot exceed the variation in outside diameter given above.

d. Permissible straightness is 0.010”/foot length for 5/8” diameter tubes and 0.050”/foot for 1/4" tubes.

e. The use of center-less grinding provides for a permissible variation in the outside diameter to +/-0.003”; however the permissible variation in wall thickness must be maintained in the case of tubing.  

Deviations shall be documented and discussed with MSFC for determination of course of action by the heat pipe fabrication vendor (machining, straightening, material rejection, etc.)

3. Surface roughness - all tube and rod stock provided by MSFC shall have a 64 to 125 micro-inch surface finish in the as received condition.  The contractor during fabrication shall machine the outer surface of all heat pipe components (tube and rod) to a surface finish of 64 micro-inches or better.  The inner surface of all heat pipe components (tube and rod) shall be machined to a surface finish of 32 micro-inches or better.  The exception is the inner surface of the heat pipe outer tube (dwg no 100-HEAT PIPE Item 104) which shall be honed to a surface finish of 1 to 16 micro-inches.
4. Wick Assembly Verification – the wick assemblies shall be received in ready to install condition from either MSFC or a specified contractor (each assembly shall include a residual wick piece 2” or longer to be used in purity tests). These assemblies will be provided by MSFC in a clean condition and contained in inert gas carriers with the Mo-5%Re wick material in an un-crystallized condition.  The wick assemblies shall be visually inspected once received by contractor to identify potential shipping damage.  During inspection the wicks shall be handled in a clean inert environment to minimize potential for contamination. After inspection the wick shall be stored in the inert gas carries in a safe location.  Two specific tests on the as received completed wick assemblies shall be conducted by the contractor:
a. Bubble point testing shall be performed using pure ethyl alcohol with a maximum acceptable pore radius of 35 microns. Any wick assembly that does not meet the pore size requirement shall be identified and set aside.  This process shall be documented and results provided to MSFC.

b. Material chemical analysis shall be performed on a section of residual wick material provide with each lot of wick assemblies - residual material (serves as a witness sample) should be marked to identify which assembles it belongs with (using LECO, glow discharge mass spectroscopy or other suitable methods); the composition documented and results provided to MSFC. The maximum acceptable and target concentrations of each impurity for the MSFC supplied wick assemblies is listed in Table 1.  The as received wick assembly chemical analysis shall be available to the vendor for comparison.
Table 1. Impurity Chemical Composition (Acceptable) - Wick Assembly (wppm)

	Element
	Maximum Acceptable
	Target

	O
	220
	<25

	C
	85
	<20

	N
	100
	<5

	H
	50
	<3

	Ca
	7
	<7

	Fe
	130
	<50

	Ni
	160
	<50

	W
	300
	<100

	Si
	30
	<10

	Mg
	10
	<10

	Mn
	4
	<4

	Co
	30
	<30

	Sn
	20
	<20

	B
	20
	<10


5. Chemical Composition - Material purity sampling shall be performed (all but getter pack/wick) during the assembly development phase for the first several heat pipe units processed.  Material purity tests (measured in weight parts per million) shall be performed on components at major assembly steps to determine introduction of impurities and quality of the final product. The test method shall be LECO, Glow Discharge Mass Spectroscopy (GDMS), or other acceptable methods to examine bulk and surface impurities (shall be discussed with and approved by MSFC). The maximum acceptable and target concentrations of each impurity for the MSFC supplied materials is listed in Table 2.  The as received material chemical analysis shall be available to the heat pipe assembly contractor and serve as a baseline to monitor the fabrication process (objective is to have no to minimal pickup of impurities during processing).  Sampling intervals during development of the process (first several heat pipe units) includes the potential steps:

a. Random sampling of supplied stock (based on lots) -recommended
b. Surface sampling of assembled heat pipe components prior to final assembly (just prior to welding) – required
It is recommended that a sample material item to serve as a witness piece (subjected to similar machining, cleaning and other processing) be carried through the initial production sequence and monitored to get an idea of any contamination pickup.
Sampling interval for heat pipe production:

a. Surface sampling of complete assembled heat pipes (random locations) after final cleaning and just prior to packaging for shipment.

The fabrication process shall be devised so as to introduce no additional impurities above the as received condition.  Error limits for purity measurements shall be within 10 percent of measured value.

Table 2. Impurity Chemical Composition (Acceptable) - Final Heat Mo-Re Alloy Material (PM), wppm

	Element
	Maximum % by Weight 
	Target % by Weight 

	O
	20
	<10

	C
	20
	<10

	N
	30
	<3

	H
	25
	<1

	Ca
	7
	<5

	Fe
	75
	<20

	Ni
	50
	<20

	W
	300
	<100

	Si
	30
	<10

	Mg
	10
	<10

	Mn
	4
	<4

	Co
	30
	<30

	Sn
	20
	<20

	B
	20
	<10


6. Cleaning – each of the heat pipe components and completed assembly shall be chemically cleaned and/or vacuum-hydrogen fired as specific in procedures (to be discussed with and approved by MSFC).  A sample general Mo-Re chemical cleaning specification is provided in Attachment A.     Each individual part shall be cleaned by vacuum/hydrogen firing (doesn’t include the wick/getter pack) once final machining is completed and prior to electron beam welding.  The final heat pipe configuration with installed wick assembly shall be cleaned by hydrogen firing (to be discussed with and approved by MSFC). During any heat treatments that involves the wick assembly the unit shall be kept within the cumulative time-temperature envelope shown in Attachment B to prevent re-crystallization of the Mo-5%Re material (this includes multiple heat treat steps at different temperatures and past history).  Total number of heat treatments and temperature/time of exposures must be discussed with and approved by MSFC.  After final cleaning of the complete heat pipe units, they shall be charged (internally) with one atmosphere dry oil free argon (99.999% pure) and the fill stem sealed using a Swagelok compression type fitting.  Specific chemical cleaning procedures for the Zirconium getter pack with to be approved process that shall be discussed with and approved by MSFC

7. Leak checking – shall be performed to verify leak tightness of all heat pipe components.  Tubing and welded assemblies shall be checked with a helium mass spectrometer leak detector with a sensitivity capable of detecting leaks rates of 1x 10-10 std-cc/sec of helium or lower.  All components (100% of the heat pipe units) shall be leak tested and any defective units identified.  Corrective action to repair units identified to leak shall be discussed with and approved by MSFC.  A minimum of three leak check intervals (to be used on all heat pipes) are identified:
a. After electron beam welding of the heat pipe outer tube (dwg no 100-HEAT PIPE, Item 104) to the evaporator plug (dwg no 100-HEAT PIPE, Item 101), the wick assembly has not been installed.
b. After electron beam welding of the fill stem tube (dwg no 100-HEAT PIPE, Item 103) to the condenser plug (dwg no 100-HEAT PIPE, Item 102).
c. After close out of the complete heat pipe assembly - the final electron beam weld of the heat pipe outer tube (dwg no 100-HEAT PIPE, Item 104) to the condenser plug (dwg no 100-HEAT PIPE Item 102).

8. Final acceptance and packaging – documentation shall be generated for all specific process steps/operations including how they did it (no proprietary processing), results of purity, dimensional tolerances checks, leak testing, cleaning and final assembled weight; documentation for each completed heat pipe shall be provided to MSFC for final review/acceptance.  The complete heat pipe units, after acceptance, shall be packaged inside inert gas protective transport carriers (type of transport shall be discussed with MSFC); the Mo-5%Re wick assemblies shall remain in the un-crystallized condition (cumulative time/temperature heat treatments that have involved the wick structure have not exceeded limits to be discussed and approved by MSFC).  Additionally, Attachment C lists a sample process flow for the fabrication and assembly process.
Price Quotation:

When quoting the total price for the proposed statement of work please break down into categories itemizing materials parts, cleaning, purity measurements, other measurement, documentation, shipping and other significant items (identifies cost drivers).
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Figure 1 Heat Pipe Unit Layout
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Figure 2 Heat Pipe Getter Pack
Attachment A: General Cleaning Procedure for Mo and Mo-Re Parts.

1) Wash piece in PF solvent until all signs of grease have been removed.

2) Soak piece for 1 to 2 minutes in 1 part by volume HCl and 1 part by volume de-ionized water to remove residual iron surface impurities.

3) Soak piece for five minutes in caustic cleaning solution consisting of 11 parts by volume de-ionized water, 1 part by volume NaOH, and 1 part by volume H2O2. Remove piece from caustic bath.  Replenish or replace solution as required.

4) Wash part in hot de-ionized water for at least five minutes.
5) Repeat step 3 and 4 three times.
6) Rinse piece for five minutes in ethanol inside an ultrasonic cleaner.
7) Vacuum-fire or hydrogen fire part as appropriate using not to exceed time-temperature relation given in Attachment B.
Attachment B: Time-Temperature Relation for Mo-5%Re Material.

To prevent re-crystallization of the Mo-5%Re wick materials the cumulative time at temperature must be assessed for all expected heat treatments. For multiple heat treat steps at different temperatures the relation Sum[tau_i/tau_m(T_i)] <1 shall apply where tau_i is the time at temperature T_i for a given step and tau_m is the maximum time at temperature for the given step.
	Temperature (K)
	Maximum time at temperature (minutes)

	T
	tau_m(T)

	1000
	2049.0

	1010
	1448.9

	1020
	1031.6

	1030
	739.3

	1040
	533.2

	1050
	387.0

	1060
	282.6

	1070
	207.6

	1080
	153.3

	1090
	113.9

	1100
	85.1

	1110
	63.9

	1120
	48.2

	1130
	36.5

	1140
	27.9

	1150
	21.3

	1160
	16.4

	1170
	12.7

	1180
	9.8

	1190
	7.7

	1200
	6.0

	1210
	4.7

	1220
	3.7

	1230
	2.9

	1240
	2.3

	1250
	1.9

	1260
	1.5

	1270
	1.2

	1280
	1.0

	1290
	0.8

	1300
	0.6


Attachment C: Sample Process Flow for Heat Pipe Fabrication/Assembly 

Simplified Process Flow 
1. Inspect and layout supplied materials (received condition).

2. Machine parts.
3. Chemically clean and or vacuum-hydrogen fire materials.

a. Required - random material chemical/purity sampling of supplied material or sample witness pieces carried through the operations (during development process of first several assemblies)

4. Fabricate getter pack and assemble in evaporator plug.

5. Weld heat pipe assembly except for condenser/fill stem plug to heat pipe body.

6. Insert wick structure.

7. Final weld of condenser/fill stem plug to heat pipe body.

8. Clean unit with hydrogen firing.

a. Required – material chemical/purity sampling of surface or sample material pieces carried though the assembly operation.

9. Pack unit for shipment to MSFC.

Specification for Molybdenum based Refractory Material
Material:
Refractory material of Mo-44.5%Re or Mo-47.5%Re 

Quantity:
Listed in specification section.

Material Specification:

Molybdenum - Rhenium alloy tube and rod stock shall be produced with a baseline Rhenium composition of either 44.5% or 47.5% (weight percentage) – the final composition to be specified by MSFC.  The material for the rod and tube products can be formed by powder metallurgy or arc cast provided that the final drawn/swaged and machined tube and rod stock is fully dense. It is a significant technical benefit if the vendor has previous experience manufacturing similar material shapes from various Mo-Re alloys.  The vendor shall state relevant experience, capability and manufacturing specifications/guidelines in their response.
9. Material processing specifications shall include:

a. Straightness and Ovality – ASTM A269, A213 (or equivalent)

b. Molybdenum Alloy (rod, bar, wire) –  ASTM B387

c. Estimating the Average Grain Size of Metals – ASTM E112

d. Density measurement/microstructure technique/spec – determine ductility of final product, procedure/specification to be provided by the vendor

e. Porosity measurement technique/spec – determine ductility of final product, procedure/specification to be provided by the vendor

f. Bending Test technique/specification - determine ductility of final product, procedure/specification to be provided by the vendor

10. Dimensional – the material stock shall conform to the following requirements (vendor shall state what they are capable of providing):

a. Permissible variations in outside diameter +/- 0.005”.
b. Permissible variation in wall thickness for tubing is +/- 10%.
c. Permissible ovality variations in tubing diameter at any cross-section cannot exceed the variation in outside diameter given above.

d. Permissible straightness is 0.010”/foot length for 5/8” diameter tubes and 0.050”/foot for 1/4" tubes.

e. Surface roughness on all tube and rod stock shall be 64 to 125 micro-inches.

f. The use of center-less grinding results in a permissible diameter reduction of the outside diameter to +/-0.003”; however permissible variation in wall thickness must be maintained in the case of tubing.

11. Metallurgical – the Mo-Re alloy material for both tubing and rod stock shall be processed to conform to the following requirements:

a. All material stock shall have no interconnecting porosity which would serve as a leak path to helium.

b. All material stock shall be uniform and free of defects/imperfections such as draw marks, cracks, splits, voids, dimples, etc. on both the inner and outer surfaces impacting the use and performance of the parts.

c. All material stock shall be free of surface and embedded contamination such as residues and films that might be introduced during the fabrication processes, handling, furnace treatments, and chemical cleaning/rinsing.

d. All material stock shall be furnished in the annealed temper condition with a hardness range to be provided by the vendor to MSFC for approval.

e. All material stock can show no more than 1% microstructure as deformation twins of platelet morphology.  For the Mo-47.5%Re alloy it can contain up to 5% nodular sigma phase (hard and brittle intermetallic compound).  For the special alloy Mo-44.5%Re no sigma phase is present.

f. The vendor shall provide details regarding the smallest average grain size they are capable of providing in all products (a maximum average grain size of 0.0015” or smaller is desirable).  The vendor shall identify a method to be used to quantify the grain size and discuss with MSFC. 

g. Ductility tests shall be performed to verify ductility of product (from material batch(es)) – for tubing this could possibly consist of cutting out a piece of the wall and then bending to a specification. The vendor shall determine method and then discuss with the MSFC.

h. For all Mo-Re alloys the percentage of Rhenium shall be +/-0.3% by weight or better.

12. Material Density sampling – random sampling shall be performed for each material batch(s) from which the tubing and rod stock is produced.  In addition, density sampling shall be performed on all final drawn/swaged tube and rod stock to determine affect of processing - documenting the final product density with a target of fully dense.  The vendor shall provide technique/specification and discuss with get approval from MSFC.
13. Chemical Composition - random material purity sampling shall be performed for initial material batch(es) from which the tube and rod stock is produced.  In addition, purity tests on all final drawn/swaged and cleaned tube and rod stock (of drawn length) shall be performed - documenting the final purity of the product.  The test method shall conform to LECO and Glow Discharge Mass Spectroscopy (GDMS) or other acceptable methods (shall be discussed and approved by MSFC) to examine both bulk and surface compositions. The maximum acceptable and target concentrations of each impurity for powder metallurgy material is listed in Table 1. Error limits for purity measurements shall be within 10 percent of measured value.   The balance of material shall be Mo and Re with the weight percentage of Rhenium at +/-0.3% of the prescribed composition (44.5% or 47.5%).

Table 1. Impurity Chemical Composition (Acceptable) - Final Heat Mo-Re Alloy Material (PM), wppm

	Element
	Maximum % by Weight 
	Target % by Weight 

	O
	20
	<10

	C
	20
	<10

	N
	30
	<3

	H
	25
	<1

	Ca
	7
	<5

	Fe
	75
	<20

	Ni
	50
	<20

	W
	300
	<100

	Si
	30
	<10

	Mg
	10
	<10

	Mn
	4
	<4

	Co
	30
	<30

	Sn
	20
	<20

	B
	20
	<10


For arc cast Mo-Re alloy material the concentration of oxygen shall be maintained at 20 ppm while that of carbon can range from 40 to 80 ppm.

14. Cleaning – shall be performed as necessary during processing to ensure the purest material stock possible.  The material can be chemically, vacuum/hydrogen fired, or other to accomplish this task.  Specific selection and documented procedures shall be provided by the vendor and discussed with MSFC for approval (a general sample chemical cleaning specification is provided in Attachment A).  

15. Leak checking – shall be performed to verify leak tightness of all heat pipe components.  Tubing and welded assemblies shall be checked with a helium mass spectrometer leak detector with a sensitivity capable of detecting leaks rates of 1x 10-10 std-cc/sec of helium or lower.  All (100% of the tubing) shall be leak tested and any defective units identified.  Corrective action to repair units with leakage shall be discussed and approved by MSFC.  

16. Final acceptance and packaging – all tube and rod stock shall be verified to conform to required size, quantity, purity, density, leak tightness and microstructure.  Process controls shall be in place that document these items and enable tracing of material lots.  This documentation shall be provided to MSFC for acceptance.  All materials shall be packaged in containers that are accepted by common carriers for safe transport and provide 1) sufficient protection to protect against damage during shipment, 2) cleanliness of the product and prevention of oxidation, and 3) safe transport at the lowest cost rate.  All items shall be shipped to either MSFC or a designated contractor facility. 

Material Size and Quantity Specifications:

The quantity for all items has been increased above the required estimate by 5% to account for production waste and machining (total pricing estimated on best available data). 

Item 1:
Qty=246 inches - final product in 13.25” lengths or multiples


OD= 0.625” Tube

Wall = 0.05”

Item 2:
Qty=38 inches - final product lengths in multiples of 2” 


OD= 0.625” Tube

Wall = 0.03”

Item 3:
Qty=86 inches - final product lengths in multiples of 1.5” 


OD= 0.5” Tube

Wall = 0.03”

Item 4:
Qty=114 inches - final product lengths in multiples of 6.0” 


OD= 0.25” Tube

Wall = 0.03”

Item 5:
Qty=48 inches - final product lengths in multiples of approx 12”


OD= 0.625” Rod

Item 6:
Qty=20 inches - final product lengths in multiples of approx 12”


OD= 0.5” Rod

Item 7:
Qty=20 inches – final product length in multiples of approx 12”


OD= 0.050” Rod

Item 8:
Qty=20 square inches - minimum size to cut out 1 square inch items


THK= 0.030” sheet

Price Quotation:

When quoting the total price for the proposed statement of work please break down into categories itemizing materials parts, cleaning, purity measurements, other measurement, documentation, shipping and other significant items (identifies cost drivers).

Attachment A: General Cleaning Procedure for Mo and Mo-Re Parts.

8) Wash piece in PF solvent until all signs of grease have been removed.

9) Soak piece for 1 to 2 minutes in 1 part by volume HCl and 1 part by volume de-ionized water to remove residual iron surface impurities.

10) Soak piece for five minutes in caustic cleaning solution consisting of 11 parts by volume de-ionized water, 1 part by volume NaOH, and 1 part by volume H2O2. Remove piece from caustic bath.  Replenish or replace solution as required.

11) Wash part in hot de-ionized water for at least five minutes.
12) Repeat step 3 and 4 three times.
13) Rinse piece for five minutes in ethanol inside an ultrasonic cleaner.
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