Beth'sAtvmic Power Laboratory
P.0. Box 79
Wert MMih, PA 1512.-0079

Bechtel Bettis, f nc.

Manager, Pittsburgh Naval Reactors Office
U. S. Department of Energy
Post Office Box 109
West Mifflin, Pennsylvania 15122-0109
Subject: Processing of Refractory Metal Alloys for JOYO Irradiations
Dear Sir:
Attached is a summary of the refractory metal processing experienced by candidate Prometheus
materiats as they were fabricated into specimens destined for testing within the JOYO test reactor, exreactor testing at Oak Ridge National Laboratory (ORNL), or testing within the NRPCT. The
processing is described for each alloy from the point of inception to the point where processing was
terminated due to the cancellation of Naval Reactor's involvement in the Prometheus Project. The
alloys included three tantalum-base alloys (T-1 11, Ta-1OW, and ASTAR-81IC), a niobium-base alloy,
(FS-85), and two molybdenum-rhenium alloys, one containing 44.5 wlo rhenium, and the other 47.5
wlo rhenium. Each of these alloys was either a primary candidate or back-up candidate for cladding
and structural applications within the space reactor. Their production was intended to serve as a
forerunner for large scale production ingots that were to be procured from commercial refractory metal
vendors such as Wah Chang.
INTRODUCTION:

Refractory metal alloys under consideration for cladding and core applications within the Prometheus
Project included tantalum-base, niobium-base and molybdenum-base alloys. Candidate tantalumbase alloys included T-111, Ta-lOW, and ASTAR811C; niobium -base candidates included only FS85; and the molybdenum base candidates included molybdenum-high rhenium alloys with rhenium
contents ranging from 41-47.5 weight percent (wlo).
Each of these alloy classes displays different strengths and weaknesses. The tantalum and niobiumbase alloys readily can be formed into complex shapes and welded with little difficulty. The Ductile-to
Brittle-Transition-Temperature (DBlT) of wrought and welded components fabricated from these
alloys remains well below room temperature, an important attribute during fabrication and system
start-ups. However, a major concern with both niobium and tantalum-base alloys is their propensity to
become contaminated by oxygen, nitrogen, and other interstitials. Contamination can occur during
processing operations, including vacuum annealing and welding. It could also occur during space
reactor operations as a result of contact with oxide or nitridebased fuels, or as a result of contact with
an impure gas coolant. If contamination is severe enough, the alloys can become significantly
embrittled.

PRE-DECISIONAL- For planning and discussion purposes only

Manager, PNR

B-MT(SRME)-51

-2-

Molybdenum alloys exhibit a significantly lesser tendency to become contaminated. However,
fabricability of molybdenum and most of its alloys is appreciably poorer than that of niobium and
tantalum-base alloys. Weldments made within pure molybdenum and most of its atloys exhibit DBTTs
that are well above room temperature. Simple forming operations are also more problematic for
molybdenum compared to niobium and tantalum alloys. These fabrication concerns can be partially
overcome by the inclusion of rhenium as an alloying constituent. Additions of this element to
molybdenum at levels approaching 50 wlo result in significant improvement in the ductility of
molybdenum with respect to both forming and welding operations. These high rhenium levels,
however, can result in the formation of rhenium-rich phases during processing or thermal exposures.
Furthermore, in-reactor exposures cause additional rhenium-rich precipitates to form. As a
consequence, microstructural phase instability is a major concern for the Mo-Re alloys. Decreases in
rhenium content should reduce the propensity to form rhenium-rich precipitates during processing or
in-reactor exposure, but this reduction comes at the expense of fabricability. The optimum rhenium
level needed to maintain good fabricability white minimizing formation of rhenium-rich precipitates is
not certain and indeed was under active investigation at the time of Prometheus Project restructuring.
The uncertain impact of irradiation on molybdenum-rhenium behavior is a concern that applies to all of
the refractory metal alloys. The high melting point of these alloys, usually denoted as an advantage,
can lead to irradiation damage below 1000 K. This damage can lead to irradiation creep rates during
irradiation that can rival thermal creep rates observed at much higher exposure temperatures. The
low temperature damage can also lead to irradiation embrittlement, an issue during post irradiation or
transient conditions. Irradiation testing of these alloys has been limited. The testing that has occurred
usually has been conducted at temperatures or fluence values that were significantly different from
those considered for Prometheus.
Testing within JOYO-1 was intended to eliminate these uncertainties in irradiation behavior.
Specimen types were to include biaxial creep specimens, tensile specimens, and tensile and density
and conductivity discs. From these specimens, information would have been gained on irradiation
creep properties, strength, micro-structural stability, swelling, and thermal conductivity.
Except for Ta-1OW and powder metallurgical versions of several molybdenum-rhenium alloys, none of
these alloys are available commercially. As a point of reference, the last time ASTAR-81I C was
melted by a commercial vendor was more than 30 years ago. FS-85 was melted 10 years ago. The
lack of recent experience, combined with the long lead times required for procurement of large ingots,
made it necessary to melt most JOY0 refractory metal candidates on a laboratory scale if insertion
dates were to be met. Consequently, most of the candidate alloys were melted as small laboratory
ingots at Pittsburgh Materiats Technology Inc. (Large, PA), a local vendor with extensive experience
in melting and processing of these alloys. The production of these laboratory scale ingots was
intended to serve as a forerunner for large production ingots that were to be procured from
commercial refractory metal vendors such as Wah Chang (Albany, OR). Melting and processing of
these large ingots were believed to be necessary steps in re-establishing the commercial
infrastructurefor these alloys.

-

Space limitations within JOYO-1 made it necessary to limit in-reactor testing to one alloy from each of
the three classes. ASTAR-811C was chosen to represent the tantalum-base alloys primarily because
of its exceptional strength and creep behavior. The presence of 250 ppm carbide resulting in the
formation of small carbide precipitates is the primary reason for this strength. The T-1 11 and Ta-1OW
alloys remained as back-ups. Ta-t OW, as noted, is the only commercially available tantalum

-
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candidate alloy. Both are simpler alloys than ASTAR-811C and derive their increased strength
relative to pure tantalum from solid solution strengthening by their major alloying constituents.
FS-85 was selected to represent the niobium-base alloys. Previous efforts during SP-100 [Reference

(I)] focused on the Nb-IZr alloy with PWC-11 (Nb-4Zr + 1000 ppm carbon) as a back-up. However,
NRPCT evaluations of SP-100 efforts concluded that the strength of Nb-1Zr was too low to merit
consideration for JOYO-1. Furthermore, it appeared that the alloy lacked reproducibility because
there was a wide variation in creep behavior generated from various Nb-1Zr ingots melted either
during or before the SP-100 era. This difference in creep behavior occurred despite simiiar chemistry
levels among ingots. A subsequent NRPCT review of niobium alloys developed during the last 30
years concluded that the FS-85 solid solution strengthened alloy was the best choice to represent the
niobium alloys for JOYO-1 testing. The alloy provided the best blend of fabricability and hightemperature strength.

For the final class of materials, the molybdenum alloys, the molybdenum-47.5 rhenium alloy was
selected. This level of rhenium will cause the greatest amount of rhenium-bearing precipitates to form
during fabrication or in-reactor exposures. However, the level also ensures the highest level of
ductility in wrought product and ensures that as-welded components will exhibit a DBTT well below
room temperature. The lower rhenium (molybdenum-44.5 rhenium) alloy was chosen as the back-up.

Atl of the alloys, with the exception of the molybdenum-44.5 rhenium alloy, were double consumable
arc melted as 3-inch diameter ingots at Pittsburgh Materials Technology Inc. The Mo44.5Re alloy
was obtained from Rhenium Alloys (Cleveland, OH) in the form of a 3-inch diameter billet
manufactured via powder metallurgical (PM) methods. All of the alloys were intended to be
processed through a series of fabrication steps that began with extrusion into either flats or rounds,
and were then to be processed further by swaging, rolling, tube drawing, or machining.
Several of the alloys were processed into final sheet product. From this material, small sub-size
tensile and creep specimens were machined. Others were processed into thin-walled tubing and
biaxial creep components that were welded into small biaxial creep specimens at the Pacific
Northwest National Laboratory (PNNL) located in Hanford, WA. The welding of these specimens was
an abbreviated qualification effort that originally had been intended to supply small pressurized biaxial
creep specimens for testing within the JOY0 test reactor in 0-arai, Japan. A summary of the
processing for each alloy is provided in flow sheets 1, 2, and 3.
The enclosed report contains details on the processing of these refractory metal alloys. The report is
divided into three sections. Section I describes the major processing steps experienced by these
materials. Section II expands upon the detail and rationale for many of the individual process steps.
The final section (Ill) discusses the proper processing approaches for these unique materials. The
report is intended to: 1) allow future engineers to complete the processing of archived materials that
were stopped in mid-process, and 2) allow future engineers to test final processed specimens and
remain confident about the individual specimen's pedigree. Equally as important, all of the sections
are written from the perspective of a processing engineer. Sufficient details are provided that will
enable future metallurgists to understand how to properly process these high potential materials and
avoid many of the common processing pitfalls.
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This report is provided to satisfy TACOM 2996155.

Very truly yours,

R. F. Luther, Advisory Engineer
Space Reactor Materials Engineering
MT- Advanced Materials Technology

M. E. Petrichek, Associate Engineer
Space Reactor Materials ~ n ~ i n e e r i n ~
MT- Advanced Materials Technology

Approved by:

R. Baranwal, Acting Manager
Space Reactor Materials Engineering
Materials Technology
Reference:

(1)

Enclosure:

Basic Processing Methods of T-111, Ta-1OW, FS-85, Mo-47.5 Re and ASTAR-811C
Sample Production

Peter Ring, "SP-100 Materials and Fabrication Technology Lessons Learned," SP100 Program Information Release # I 199, March 1994.
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Basic Processing Methods of T-I II,
Ta-I OW, FS-85, Mo-47.5Re, and
ASTAR-81 1C Sample Production
R. F. Luther
M. Petrichek

ABSTRACT:
Documented herein is a description of refractory metal processing of specimens destined for testing
within the JOY0 test reactor, ex-reactor testing at Oak Ridge National Laboratory (ORNL), or testing
at other facilities within the NRPCT. The processing is described for each alloy from the point of
inception to the point where processing was terminated due to the cancellation of Naval Reactor's
involvement in the Prometheus Project. The alloys included three tantalum-base alloys T-111, Ta10W, and ASTAR-81 1C, a niobium-base alloy, FS-85, and two molybdenum-rhenium alloys, one
containing 44.5 wlo rhenium, and the other 47.5 wlo rhenium. Nominal compositions are listed in
.Table 1.
Prometheus Project- Nominal Refractory Metal Compositions
Table I:

Each of these alloys was either a primary candidate or back-up material for cladding and structural
applications within the space reactor. The majority of the processing occurred at Pittsburgh Materials
Technology (PMTI), a small vendor with extensive experience in processing of refractory metals.
Other vendors included Wright Patterson Air Force base, Rhenium Alloys, True Tube, and numerous
local machining vendors. Final product configurations include as-melted final ingots, sheet-bar and
round extrusions, swaged solid rod stock, thin as-rolled sheets, 0.250-inch diameter tubing, biaxial
creep components, as well as sub-size tensile specimens. Final inventory of the reactor specimens
and in-process material can be seen in Table 2.
The production of these alloys was also intended to serve as a forerunner for large scale production'
ingots that were to be procured from commercial refractory metal vendors such as Wah Chang
(TWCA) of Albany, OR.
INTRODUCTION:
This document describes in detail the processing of each alloy listed in Table 1 prior to the termination
of the Prometheus project. All of the alloys, with the exception of the molybdenum-44.5 wlo rhenium
alloy, were melted as laboratory size ingots at Pittsburgh Materials Technology, Inc. (PMTI). The
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molybdenum-44.5 rhenium alloy was obtained from Rhenium Alloys, Inc. in the form of a 3-inch
diameter billet manufactured via powder metallurgical (PM) methods. Rhenium Alloys is the major
supplier of both pure rhenium and molybdenum-rhenium alloys in the U S . The five melted alloys and
the single PM alloy were intended to be processed through a series of fabrication steps that began
with extrusion into either flat or rounds, and were to be further processed by swaging, rolling, tube
drawing, or machining.
Several alloys were processed into final sheet product. From this material small sub-size tensile and
creep specimens were machined. Others were processed into thin walled tubing and biaxial creep
components that were welded into small biaxial creep specimens at the Pacific Northwest National
Laboratory (PNNL) located in Hanford, WA. This welding trial was an abbreviated qualification effort
that had been intended to supply small pressurized biaxial creep specimens for testing within the
Japanese JOY0 test reactor. A complete listing of materials fabricated for this effort is provided in
Table 2. The table specifies both the material configuration and metallurgical condition of each piece.
The vendors used for major fabrication and processing steps are listed in Table 3.

I

Fabrication step

Vendor

Eledrode Fabrication
Ingot Melting
Ingot conditioning and billet assembly
Extrusion
Decladding
Tube drawing of niobium and tantalum alloys
Rolling/ Swaging
Machininq of tensiles and biaxial creep end plugs
Machining, pickling, and final annealing of biaxial creep components
Final assembly of biaxial creep specimens

Pittsburgh Materials Technology Incorporated (PMTI), Large, PA
Pittsburgh Materials Technology Incorporated (PMTI), Large, PA
Pittsburgh Materials Technology Incorporated (PMTt), Large, PA
Wright-Patterson Air Force Base, Dayton, OH
Pittsburgh Materials Technology Incorporated (PMTI), Large, PA
Tiue Tube, Paso Robles, CA
Pittsburgh Materials Technology Incorporated (PMTI), Large, PA
Kin-Tech, North Huntington. P N Vangura, Clairton. PA
P~ttsburghMaterials Technology Incorporated (PMTI), Large, PA
PNNL. Hanford, WA

Table 3: List of Vendors used for Major Fabrication Steps
The report is divided into three separate sections. Section I provides a description of the major
processing steps experienced by these materials. The section begins with the details of electrode
construction that were used in melting and continues through fabrication of the respective alloys into
their final configuration and metallurgical condition. A summary of the processing for each alloy is
also provided in flow charts in Figures 1-3.
Also included in this section is a description of processing difficulties experienced during the
fabrication effort as well as the status of product and material characterization. Section II expands
upon the detail and rationale for many of the individual process steps. A discussion of the proper
processing approaches for these unique materials is provided in Section Ill.
.PROCESSING OF REFRACTORY ALLOYS FOR PROJECT PROMETHEUS
A. Electrode Fabrication and Melting

All of the alloys with the exception of the PM Mo-Re alloy were arc melted at PMTI as small laboratory
size ingots using an alternating current (AC) Leybold-Heraeus melter. This is a unique melting
method compared to the typical direct current (DC) melting method employed by most research
facilities or commercial vendors. AC melting produces a more homogeneous ingot than DC melting.
A further description of AC melting and the actual melting practices employed for these ingots are
provided in Section II.

-
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Flow C11a1-t 1 . Processing of MoRe Alloy
Processing of Mo-47.SRe Flat Stock
Double vacuum arc melt

1
Extrude without molybdenum canister at 1800°C

4
Section and machine

1M.Anneal in H2 @ 1600v for 15 mins

1

2M Preheat at 1 4 2 5 t and reduc e the
material by rolhng 10-20% each
reduction. Heat before each roll and
reduce material to a total reduction of
50?/,.

I

-

for 15 minutes

4MRcpeat for another 50% rchction

Cut in half

2R. Cold Roll 5-10Yopasses untd a total oE200h
reduction is reached.

3R. Anneal in E2 h a c e at 1600°C for 15 minutes
4R. Repeat cold roll and anneal process da
thickness of 0.080inches is reached.

/ I 5R

Ron to 0.040 inches

1 6R Machine into tmsiles

5M. h a 1 in= funacc at 1600%
for 15 minutes

7M.Machine into tmsiles

Figure I:Flow Chart for Processing of Mo-Re alloys

Note-The PM Moly-44.5 Rhenium alloy was processed oniy through extrusion.
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Flow Cl1a1-t 2. Processing of Tantalum Alloys
P ~ . O C ~ofST-1
U 11
~ ~~d .UTT4R-811C
1 Double vacuum arc melt 3-inch diameter by 10-inch hgh ingot

4

2 Section ingot m hatf and machine to remove imperfections

4

3 Encapsulate in molybdenum c anista
6

IT. Preheat @ 1700'C
and
txhude at a 5:1 ratio into
rmmd stock
2T.Dtclad by picklug
and machmna
JT.Vacanneal @ 150f~

for l hour
4T. Heat to 2 5 0 y in air
FT. Swage to -0.450 inch diameter
fl.Centerless gmd to 0.400 inch
diameter

Flat Stock

B m d End Caps
1E. Preheat @ 170U'C and extrude
at a 5:l ratio into round stock
2E. Declad by p i c k g and machrmng
3E. Vacuum anneal @ 1 5 0 0 for
~ ~1 hour

4E. Heat to 2SUv m air

IF. Preheat @ 17000Cand m d c
at a 5: 1 ratio into flat stock.
2F. Dtclad by picking and machvling
3F. Vac-

anneal @I 165dO~for 1 hour

4F. Heat ta 250°C in air

5F. Coldroll to 0.125 inches except
fm hitidpasses heated to 250°C
6F. Pickle

T.
Picue

5E. S w a ~ cto 4 . 4 5 0 inch diameter

anneal @ l 5 0 f ~
9T. EDM center forming a tube hollow anth
0.400 inch O.D. and 0.300 inch I.D.
LOT. Hone I.D.
1 IT. Pickle
1n.
Vacuum degas at 10 0 0 ~ ~
13T. Draw into tubmg
141. Cut and dcburr into final length

6E.Rclde

7F.Vacuum anneal @ 1 6 5 0 ~ ~

7E. Vacuum Armed @. 1 5 0 f ~

8F. Cold roll to 0.52 inches

8T. Vac-

8E. Swage to -0.270 inch diamcttr

9F. Pickle

9E.M a c h e into h a 1 product
10F.Vacwm anneal @ 1650'~
l lE Cold roll to 0.040iachcs

12L Machine to h a l tensile drmensicns

Figure 2: Flow Chart for Processing of Tantalum-base alloys T-111 and ASTAR-811C

Note- Ta-1OW was extruded into both flats and rounds identical to T-I11 and ASTAR-811C. The flat extrusion was left in the
as-clad condition. A portion of the round extrusion was processed into 0.450-inch diameter rod and 0.275-inch rod and left in
tbese conditions. Processing parameters to these process steps were identical to those used for T-1 11 and ASTAR-81IC.
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Flow Chart 3. Psoceushg of Niobi~unAlloy
Processiiq of FS-85
1 Melt two double meit ingots

P I

2 Encapsulate both m molybdenum canister

/

IT.Preheat @ 1 4 0 0 " aad
~
c x t ~ ~ at
d ca 5:l ratio into
round stock
2T.Declad by pi&g
and machmq
3T. Vacuum anneal @ 1300"C
for 1 hour
4T. Heat to 250DCin iz
5T.Swage to -0.450 mch diameter
6T.Ccnterless $nd to 0.400 inch
diameter
7T. Picklc
8T.Vacuwn anneal @ 1 3 0 0 " ~
97'. EDM center forming a tube hollow with
0.400 mch 0.D.and 0.300 inch I.D.
10T.Hone I.D.
1 IT.Piclde
12T. Vacuum degas at ~ O D O ~ C
13T.Draw into d i n g
14T.Cut and debm into &ELI
length

Biaxial End Caps

1E.Prehcat @ 1 4 0 0 ° ~and e m d e
at a 5:l ratio into round stock.
2E. Dcclad by picktng and maclnnmg

3E.Vacuum anneal @ 1 3 0 0for
~ ~I hour
4E. Heat to 2 5 0 T m air

5E. Swage to -0.450 inch diameter

+

Flat Stock

1F. Preheat @ 1 4 0 0 ° ~and erttrudt
at a 5:1 ratio into flat stock.
2F. Declad by picldrng and machining
3F. Vacuum anneal @ 1 4 0 0 ~for~ 1 hour
4F. Heat to 25pC

in air

5F. Cold roll to 0.125 inches except
for initial passes h e a d to 25D°C
6F. Pickle

6E.Pdde

7F. Vacuum anneal @ 1 4 0 0 ' ~

7E. Vacuum Anneal 1300'~

8F. Cold YOU to 0.52 inches

8E.Swage to -0.270 inch diameter
9E.Machme into h a 1 product

9F. P i c k

kOF. Vacuum anneal @ 1 4 0 0 ~ ~
11F Cold roll to 0.040 inches

12E Machine to ha1 t e d e dimensions

Figure 3: Flow Chart for Processing of the Niobium-base alloy, FS-85

Despite the employment of the AC furnace, all alloys were double consumable arc melted to ensure
that they were homogeneous. The electrodes were assembled in a sandwich configuration, a method
developed to improve alloying homogeneity within melted refractory-base ingots, Reference (1). The
sandwich was comprised of the respective alloying ingredients in the form of either thin sheet or rod
stock that were first clamped together and then welded. Simple tack welding is not adequate.
Welding must produce an electrode that is both straight and robust enough to allow the electrode to
be loaded into the furnace. However, most importantly welding must form an electrode that is capable
of carrying a current of 3000-5000 amps over its entire length. The alloying constituents were evenly
distributed along the entire length of the respective electrodes for each alloy. Electrode welding was
performed in a high quality glove-box evacuated into the mid-10" torr range prior to backfilling with
helium and subsequent GTAW welding. No filter metal was used during assembly. All metal
components were pickled prior to electrode assembly and welding. Vendors that supplied the starting
materials included the commercial refractory metal producers Wah Chang, Rhenium Alloys, and H.C.
Starck, and are listed in Table 4 along with the metallurgical condition of each starting electrode
component.

-
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Both initial and final melts were conducted in vacuum for all of the tantalum-base and molybdenumbase alloys and in either argon or helium for the niobium-base alloy, FS-85. For Ta and Mo alloys,
the melt chamber was evacuated into the mid
torr range or lower before the arc was struck.
When melting FS-85, the chamber was first evacuated into the mid 10-5torr range or better. Inert gas
was then introduced into the chamber to a levet of approximately 113 atmosphere before the arc was
struck. Starting pads used for arc initiation for both initial and final melts always represented the base
material (Ta, Nb, or Mo) and sometimes the actual alloy that was to be melted. Once the melt was
completed, the starting pad was sectioned from the ingot bottom before further melting or processing.
This would avoid alloy dilution along the ingot bottom or possible contamination. Complete melting
parameters for the final melt ingots are provided in Table 5. A photograph of a typical final melted
ingot is provided in Figure 7.
Table 5: PMTl Melting Parameters For Final Melt -3.0-inch Diameter Ingots

I
Ingot ID(^)

Avg.Vottage

Avg. amps

Melt time
minutes

T-I 1I
ASTAR81 1C

CVAM 1600

24

4750

5.9

25

4500

6.1

28

4600

3.3

28

4500

3.3

26

4500

3.3

FS-85

CVAM 1601
CVAM
1619(~)
CVAM
1621")
CVAM
1602(')
CVAM
1603(2)

28

4500

3

Mo-47.5Re

CVAM 1603

Ta-1OW
Ta-I OW
FS-85

/

I

Alloy

1

30

1

4700

1

Melting
Environment
Vacuum
2 x 10" torr
Vacuum
5 x lo3 torr
Vacuum
5 x lo4 torr
Vacuum
5x104torr 113 atm
helium
113 atm
helium

3.3

(1)- Extruded into round
(2)-Extruded into flat
(3)- Those alloys with a single CVAM number were sectioned in half and extruded into a flat and a
round.
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Table 6: Major Alloying Ingredients and lnterstitials for the Inventoried Refractory Metal Alloys at Various
Alloy
target
Ta-1 OW

Re
wlo

Ingot
I.D.

N/A

NIA

CVAM
1602

Extruded
Round

FSBS

CVAM
1602

FS-85

CVAM
1602
CVAM
1603

Inprocess
tubing
Final
tubing
Extruded
Flat

CVAM
1603

0.040inch

CVAM
1613

0.040inch
hot rolled
0040inch
cold
rolled
Round
Extrusion

FS-85

Mo-Re
Target
Mo- Re
Mo-Re

CVAM
1613

Mo-Re

CVAM
1613

Mo-Re

CVAM
1613

1

wlo or

s.m

1

0.475inch
diameter
rod

FS-85

1

WIO
or
PPm

24 ppm

12 ppm

14ppm

CVAM
1619

FS-85
Target
FS-85

or
PPm

W/O

'

I

0.275inch dia.
rod

I

68ppm

1

<0.005.

1

~0.10
ppm
0.0047.

48.3 ppm

I

3.2 pprn

]

4 ppm

1

0.0014.

I

I 38.9 ppm

As a comparison, the acceptable alloying bands for large commercial ingots of several ,of the tantalum
and niobium-base ingots are also listed in Table 7.

-
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Table 7: Tentative IngoVBiliet Chemical Composition
Requirements in Weight Percent for Large Commercial Ingots
that were to be Procured from Wah Chang

1II

CLASS 1

CLASS 2

CLASS 3

Ta-1OW

FS-85

MAX %/Min%

II ASTAR-811C 11

Ta

Balance

Balance

W
Hf

9.00-10.15

-----

8.500/7.500
0.75112 5

H

0.002
0.100
0.005
0.020
0.020
0.005
0.005

0.002
0.100
0.005
0.020
0.020
0.005
0.005

ELEMENT

II
I

Nb
Fe
Ti

Mo
Si
Co

I

MAX O/olMin%

I

MAX%/Min%

I11

1I

29.0126.0
1 1 .0/9.00
0.0200

0.0015
Balance

0.005
0.020
0.010
0.005
0.005

* Carbon aim point for ASTAR-81 1C (not a requirement).
Values are maximum unless a range is specified
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These latter levels had been tentatively agreed to by Wah Chang during negotiations, since
terminated, for a contract to melt and fabricate commercial scale ingots of the Ta-1OW, ASTAR-81 1C,
and FS-85 alloys. For the most part, the alloying constituents fell within the tolerance bands that were
to be employed for melting of the large ingots. There were several exceptions; each is discussed
below:
Carbon at one portion of the ASTAR-81 1C ingot was well below the 250 ppm aim point.
However, the accuracy of an analysis taken from the outer skin portions of an ingot can be
suspect and may not accurately represent the ingot interior. Later analysis for this ingot
conducted after further processing indicated acceptable carbon levels.
With respect to the interstitials of oxygen, nitrogen, and carbon for other alloys, the only major
concern appears to be oxygen in the molybdenum-47.5 rhenium ingot. Analysis at the ingot
stage as well,as at later points in the process revealed oxygen levels of 40 ppm, a level well
above the <20 ppm target. This will be further discussed in a later section.
A final issue is the level of rhenium in the Mo-47.5 rhenium ingot. The target rhenium value
was 47.5 w/o. The actual level measured at the ingot stage and at later stages in the process
was slightly lower. The chemical analysis revealed rhenium contents ranging from 46.2-46.5.
These marginally lower levels are not expected to be an issue. The level is high enough to
ensure that sufficient ductility is present to ensure excellent weldability and processing
characteristics similar to that provided by 47.5 wlo. At the same time, the rhenium level
remains high enough to ensure that if tested in-reactor, the alloy would still provide a valid test
of the concern that high levels of embrittling sigma and chi phases may be generated in MoRe alloys with high concentrations of rhenium.

C. Extrusion
Ingot breakdown for all alloys was conducted at Wright Patterson Air Force Base (WPAFB). Their
facility employs a large 700 ton horizontal extrusion press for this process step. Each alloy was
extruded into both a sheet bar extrusion and a round extrusion, with the exception of the PM
molybdenum-44.5 rhenium alloy. This latter alloy was extruded only into sheet bar. Preparation for
extrusion depended upon the final ingot height and the alloy composition. Melted ingots that had
a
'
final height of 9-10-inches were sectioned in half. Each half was machined either to fit into a
molybdenum extrusion canister or machined to duplicate the shape of the extrusion canister. The
ingots were always oriented and machined so that the top portion of the ingot would be extruded first.
The rationale for this orientation is discussed in Section II. The two final melt ingots of Ta-1OW and
FS-85, both 4.5-5.5-inches in height, were machined to fit into canisters. All other tantahm-base
alloys as well as the PM molybdenum-44.5 rhenium alloy were also encapsulated within molybdenum
canisters. The arc cast molybdenum-47.5 rhenium alloy was not encapsulated and was machined to
the same configuration and dimensions as the canister. Only a thin layer of commercial glass
compound called Corning Glass 7052 was applied to the as-machined molybdenum-47.5 rhenium
alloy prior to extrusion. It should be noted that minimal material was removed from the outer walls of
this latter alloy when machining to shape. The result was that numerous pits were present on the
outer walls prior to extrusion. This resulted in much rougher as-extruded surfaces for both extrusions
of the molybdenum-47.5 rhenium alloy.
The molybdenum canister serves two functions during extrusion: 1) it protects the encapsulated
refractory metal from interstitial contamination, and 2) it serves as a lubricant for the extrusion
process. Encapsulation of the Mo-Re arc cast alloy was avoided because of the differing nature of
PRE-DECISIONAL - For planning and discussion purposes only

Attachment A to
B-MT (SRME)-51
Page 20
wing extrusion, the outer surface of the molybdenum cladding covering the encapsulated ingots
relatively smooth for all alloys. Conversely both molybdenum-47.5 rhenium extrusions that were
uded without a canister exhibited much rougher surfaces. The pitted nature of the as-machined
:r billet, noted above, caused much of the difference. However, the different nature of rhenium
e as opposed to molybdenum oxide may have played a role.

)e-Cladding for Niobium and Tantalum-Base Alloys
extrusion process mechanically and metallurgically bonds the molybdenum canister to the
uded wrought product forming a thin molybdenum cladding entirely covering the extruded alloys.
cfadding is removed by a combination of pickling and machining. The initial step consists of
.ling in a bath of nitric acid (HN03). Nitric acid attacks only the molybdenum clad and leaves the
erlying tantalum or niobium alloys intact. The cladding removal proceeds very slowly within the
I bath, typically taking 24-48 hours to complete. The technician monitoring the process must
odically refresh the acid bath as the chemical reaction slows. The surface (of the now revealed
uded alloy) after this initial pickle process is very dull in appearance and is combined with a rough
dike surface. This surface is then exposed to a second pickle solution which attacks and
loves approximately 0.002-0.003 inches of additional material. This second pickle ensures that all
lding remnants and potential contaminants have been removed. The composition of the second
I depends on the alloy composition. Typical compositions are provided in Table 9.

Table 9: Acid Compositions
Pickling Acid Composition
Alloy
ASTAR-8 11C
45HF:45HN03:10H2S04
-~

FS-85
Mo-47.5Re
Ta-I OW

.

- " ~
-~

c-

-

-,

1:l: t ratio HN03, HF, H2P04
40HN03:40H20:20H2S04
45Hf:45HN03:I0H2S04

erial removal during this second pickle is relatively rapid. When the acid is fresh the process can
:ompleted in 5-10 seconds.
PM molybdenum-44.5 rhenium alloy was processed only through extrusion and left with its clad
ct. If the cladding had been removed, the identical procedure would have been used. However,
:his alloy the final portion of the nitric acid pickle step would have to be closely monitored. The
c acid pickle will not stop at the interface between the molybdenum cladding and the Mo-Re base
:erial but will penetrate the interface and beyond, continuing to attack the underlying Mo-Re.
vever, the pure molybdenum cladding and the underlying Mo-Re exhibit subtle but distinctive
xences in both texture and appearance. This makes it relatively easy for the technician to discern
?nthe interface has been breached and the piece should be removed from the acid bath.
!

! two molybdenum-47.5 rhenium extrusions were extruded bare except for a thin layer of a Corning
ss compound so that removal of the clad was not an issue. However, as previously noted, the
?rsurfaces of both of these extrusions were relatively rough. These surfaces were machined and
;led to remove the majority of this roughness. However, many of the pits extended to depths that
siuded their total removal. This may have played a role in the higher than specified oxygen levels
?dearlier.
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f. In-Process Anneals
In-process 1-hour vacuum anneals for the Nb and Ta alloys are typically performed after extrusion
and at periodic points during secondary processing. The in-process vacuum anneals are intended to
recrystallize and soften the material. This allows further reductions in thickness or diameter to be
made without fear of cracking due to excessive work hardening. A secondary function is to remove
any hydrogen that is absorbed during acid pickling, a step that is intended to clean the surface and
remove any contamination. If the sole function of the vacuum anneal for the Nb and Ta alloys is to
remove absorbed hydrogen, then the temperature of the vacuum anneal can be reduced to
approximately 800 "C.In-process annealing temperatures employed for the Nb and Ta alloys are
listed in Table 10.
Table 10: In-Process Vacuum Annealing Temperatures for Nb and Ta Alloys. Initial Annealing
Temperature for the Molybdenum-47.5 Re Alloy is Also Listed.
Alloy
In-process Vacuum Annealing Temperature
("C)
T-l 11, Ta-I OW, ASTAR-811C (all extrusions)
1500
FS-85 (flat extrusion)
1400
FS-85 (round extrusion)
1300
Mo-47.5Re round and flat ( initial anneal only)
1600 (vacuum or H2)
'

Two different temperatures were used for the in-process anneals of FS-85. The in-process anneals
for the round extrusion were all conducted at 1300 "Cwhereas those used for the flat were conducted
at-1400 "C.The round extrusion was processed first. The 1300 "Cannealing temperature had been
selected for FS-85 by the undersigned based on previous processing experience that indicated that
1300 OC should recrystallize this material during normal processing. However, following the
processing of the round FS-85 extrusion into rod stock and tubing, it was determined that 1300 "C
only partially recrystallized material from this particular FS-85 ingot. The reasons for this discrepancy
in annealing response are not clear. Significant differences in the levels of either the major alloying
elements or interstitial content were not apparent between the two ingots. Nevertheless, the inprocess annealing temperature for the flat extrusion was increased to 1400 OC. The lower
temperature may have played a role in the cracking obsewed during formation of FS-85 tubing, as will
be discussed later in this document.
In-process annealing is also a necessary process step for the Mo-Re alloys. Similar to the Group VB
alloys, annealing softens the material and allows further material reductions. However, there are two
differences to note between the annealing practices for the Group VB and Group V1B alloys. These
differences include: 1) annealing of molybdenum and other molybdenum alloys such as TZM and MoRe can be conducted either in a flowing hydrogen furnace or a vacuum furnace; the hydrogen
atmosphere will actually reduce oxides present on the material surface, and 2 ) the tendency of the
VIB alloys to adsorb hydrogen during the pickling process is much less than for the Nb and Ta alloys.
A further discussion of the differences between the Group VB and VIB alloys is provided in the next
section.

F. Swaging or Rolling
The mode of secondary breakdown was established by the configuration of the extruded product.
The flat extrusions of all alloys except Ta-1OW and PM molybdenum-44.5 rhenium were rolled into
0.040-inchthick sheets that were to be converted to sub-size flat tensiles or creep specimens. Ta1OW and PM molybdenum-44.5 rhenium flat extrusions were left in the as-extruded condition. The Ta
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and Nb round extrusions were swaged to either 0.450-inch diameter rod or 0.275-inch rod. The
0.450-inch diameter Ta or Nb-base rods were converted into tube hollows that were subsequently
formed into thin walled 0.250-inch diameter tubing. The 0.275-inch diameter swaged stock was
machined to form 0.250-inch diameter end plugs for biaxial creep specimens. The arc cast Mo-47.5
rhenium round was swaged to -0.780-inch diameter rod for tube hollow formation as well as thinner
0.275-inch diameter rod for end plug formation.

The details of these swaging and rolling steps are described more fully in sections H, I, and J below.
However, the difference in behavior between the Group VB and VIB alloys that was alluded to in the
previous section needs to be re-emphasized for a better understanding of the processes and
parameters used. The Group VB (Nb and Ta) alloys typically exhibit Ductile-to Brittle-Transition
Temperatures (DBTT) well below room temperature in the wrought condition. In fact, the D B I T of
pure tantalum is near 0 K as can be seen in Figure 10, Reference (2). The DBTT for pure niobium is
not as low but still remains well below room temperature. The addition of alloying constituents to
increase strength or creep behavior usually degrades the DBlT of both niobium and tantalum alloys
relative to their pure base-element. Welding causes additional degradation. Nonetheless, previous
testing conducted in the late 1960s indicates that current JOY0 candidate Ta and Nb alloys display
DBTTs that remain below room temperature following welding, Reference (2). Tantalum alloys are
especially forgiving to welding and display little degradation in their DBTTs (Reference (2)).

Templrrtufe. 'F

Figure 10: D u c k to Brittle Transition Temperature for Pure Refractory Metals (Reference 2).
Although it is not critical for an understanding of the processing rationale for these alloys, it is
important to note from a usage and testing perspective that there are some subtle differences in the
fracture mechanics between Nb and Ta alloys. Niobium alloys typically "display unarrested cracking
and a classic, abrupt transition from ductile to brittle cleavage behavior," ~eferences(3 & 4). The
tantalum alloys and their weldments in the aged condition do display shifts in transition behavior, but
they usually fracture in a ductile intergranular mode and not in a brittle cleavage mode. Again, a
transition exists for tantalum alloys, but it is gradual and would not require imposing a design limit,
Reference (4). '
'

While subtle differences in fracture behavior between niobium and tantalum-base alloys do exist, both
of these elements and their alloys still exhibit a large measure of ductility in the wrought and welded
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Initial process used to roll a 2-inch inqot of Mo-Re
1)
2)
3)
4)
5)

Preheat in hydrogen furnace to 1200 "C.
Reduce material using -10% passes (actual reduction significantly less).
Reheat after each pass at 1200 "C.
After material is reduced a total of 50% lower furnace temperature to 1050 "C.
Continue -1 0% passes with reheats after each pass at 1050 "C.

Following this breakdown scheme, a 2400-1500 OC anneal produced a partially recrystallized and very
heterogeneous microstructure. The structure contained a mixture of both large and fine grains. This
was not the equiaxed microstructure desired for final processed Mo-Re. As a result, Rhenium Alloys
was contacted for suggestions on how to improve the final structure for the JOY0 material. (Note that
pure molybdenum, as well as most of its alloys, is typically placed into service with a stress relieved
as-rolled or worked final microstructure.)
The technical director of Rhenium Alloys [Reference (6)]suggested one of two paths to improve the
final microstructure. Both of these paths are used by Rhenium Alloys for the processing of
commercial PM Mo-Re. One path consisted of cold rolling intermixed with short high temperature
anneals at 1600 OC in a hydrogen furnace. This anneal is to be conducted when reductions in
thickness total 20%. A second path consisted of rolling at 1400 "C intermixed with an identical inprocess anneal. Total rolling reductions for this path should be limited to approximately 50% before
conducting the in-process anneal. These two paths were used during rolling of the 3-inch diameter
molybdenum-47.5 rhenium ingot. In addition, a third path was added by the NRPCT that combined
portions of each of the other two. This third variant began with high temperature rolling using the
second path parameters and then switched to the cold rolling process at a thickness of 0.080-inches.
Cold rolling then continued until reaching the final thickness of 0.040-inches. These process
variations are displayed in the flow sheet depicted in Figure 1.
Materials representing all three paths were successfully processed to a final thickness of 0.040-inches
on the STANAT mill at PMTI. Minimal edge cracking was observed in each processing path as
opposed to that sometimes observed for rolled pure molybdenum or molybdenum alloys such as
TZM. Following the final passes, material representing each process path was annealed at 1550 "C
to recrystallize the product. The 1550 OC anneal produced equiaxed microstructures that extended
across the entire cross sectional thickness for each process. Resulting grain sizes after annealing
were ranked in the following order: 1) mixed path (largest), 2) cold worked, and 3) hot or warm
worked.
Initially it was believed that annealing of the final cold rolled material would form the smallest equiaxed
grained structure. It was assumed that the un-annealed cold rolled structure would consist of
elongated and very fine grains. Recrystallization of this structure was expected to produce a finer
grain size than either of the other processes. This proved to be only partially true. In retrospect this is
consistent with our understanding of cold and warm or hot working. Cold working typically introduces
more dislocations and stored energy into a structure than does warm or hot rolling. The more stored
energy imparted to a structure the lower is the starting temperature for recrystallization. In addition,
the greater the dislocation density, the larger is the quantity of nuclei for recrystallized grain formation.
Conversely, high temperature rolling imparts less energy to the piece and fewer dislocations. It also
allows the material to partially recover during the preheating conducted prior to each pass. All of the
paths used for rolling molybdenum- 47.5 rhenium appeared to result in the introduction of work that
was both sufficient and equally spread throughout the thickness of each piece. However, the larger
stored energy present within the cold worked structure apparently more than compensated for its own
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smaller starting grain size as well as the much larger starting grain size of the entirely warm worked
material. At the same time, both the mixed path and the cold worked path experienced the same total
reduction at room temperature following the last in-process anneal. Thus the material processed via
the mixed path contained the same amount of stored energy as did the entirely cold worked material.
Combining this with an apparently larger starting grain size resulted in the largest grain size upon final
annealing.
Note that the high temperature rolling schedule allows for a greater reduction for each individual pass
as welt as a greater total overall reduction before an in-process anneal is required. Rhenium Alloys
also noted that the 1600-1625 O C in-process anneal should be limited to 15 minutes. Longer
annealing times could result in abnormally large grains and cause cracking during subsequent
passes. Rhenium Alloys also suggested monitoring of the hardness during rolling to ensure that
process was correctly performed.
K. Preparation of Niobium and Tantalum Alloys for Tube Drawing

There are numerous methods that can be used to form tubing. The method selected for these alloys
employed a cold drawing process that pulls a tube hollow through a circular die during a series of
passes. A steel mandrel is encased within the tube hollow for all but the last 1-2 passes. The method
was employed by True Tube, Inc, a vendor with considerable experience in forming niobium and
tantalum-base refractory metal tubing.
The dimensions of the starting tube hollow are a function of several factors including: 1) annealing
capability both at the tube drawing facility and at PMTI, and 2) total percentage reductions to produce
the desired wall thickness. Existing furnace capability at PMTI dictated that the initial length of the
tube hollow should be a maximum of 10-inches. Furthermore, the lack of any vacuum furnace
capability at True Tube suggested that the process selected should not include an in-process anneal if
an expedited process was desired. As a result, the dimensions of the starting tube hollow were set at
a length of 10-inches, an outer diameter of -0.400-inch, and an inner diameter of 0.300-inch.
Processing this size tube hollow into thin walled 0.250-inch diameter tubing should produce tubing
with lengths exceeding 24-inches and with total wall reductions less than 80%. This percentage
reduction should enable the draw sequence to be completed without shipping to an off-site vendor for
an intermediate vacuum anneal although this premise still needed to be confirmed for these specific
ingot melts. Note that longer tubing of a similar diameter could be formed at True Tube if larger
diameter and longer tube hollows were formed and if additional annealing vendors were contracted for
in-process vacuum annealing.

-

The 10-inch tube hollows for all of the niobium and tantalum alloys except Ta-1OW were prepared
from the round declad extrusions. Five to six tube hollows were formed for each alloy. fa-IOW was
left in the as-swaged condition when the program was terminated. A detailed summary of the
preparation of the tube hollows is described below. A supplement of this is located in Figures 2 and 3.
Formation of Nb and Ta-base Tube hollows

I.Vacuum anneal the declad & pickled round extrusions: Ta- alloys @ 1500 OC,FS-85 @ 1300
O C (1 hour).
2. Machine to remove bark-like surface on exterior.
3. Swage to a diameter of -0.450-inch. No heating with the exception of initial passes where
material was heated to 500 O F .
4. Cut to 10-inch lengths.
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5. Centerless grind solid 10-inch long rods to a diameter of 0.400-inch.
6. Pickle & vacuum anneal as stated in step #I.
7. Electro-Discharge Machine (EDM) to remove inner plug thereby forming a
a. cylinder with an inner diameter of 0.300-inch and an outer diameter of 0.400-inch.
8. Remove recast layer formed during €DM process by honing inner diameter to remove -0.0020.003-inches from the radius.
9. Pickle to remove -0.001-inch additional from the diameter.
10. Vacuum anneal at 800 OC-1000 OC for 1 hour to remove any hydrogen absorbed during
pickling.
L. Tube Drawing.at~rue
Tube, Inc for Nb and Ta-base alloys
Much of the following discussion is based on NRPCT observations occurring during a visit to the True
Tube facilities located in Paso Robles, California, to witness tube drawing of an initial set of tube
hollows representing T-1 1l, ASTAR-811C, and FS-85, Reference (7).

rue

The formation of tubing at
Tube extended over two campaigns. The initial campaign consisted
of the formation of tubing from tube hollows representing T-111, ASTAR-81 1C, and FS-85. Two tube
hollows representing each alloy were processed during this initial campaign. Objectives for the initial
campaign included the following: 1) to determine if the reduction schedule selected was optimum for
all alloys, 2) to acquaint new members of the NRPCT materials team to the True Tube process, and
3) to ensure that the total reduction process could indeed be conducted without including an inprocess anneal. Prior to this effort, True Tube personnel had indicated that the niobium alloy, FS-85
might require an in-process anneal based on their experience years ago with fabrication of Nb-1Zr
tubing for the SP-100 program. As will be discussed later, problems did occur with several of the tube
hollows representing this alloy, but the reduction scheme was not believed to be a factor.
The observations detailed below for each alloy were based on direct observations by NRPCT
engineers. With regard to the question of the appropriateness of the selected scheme for each or all
alloys, the evidence suggests the reduction schedule was applicable for all alloys. Individual
observations on each alloy suggested that minor differences in response may be present but that they
were so slight that no process changes appear to be warranted when changing from one alloy to
another.
True Tube personnel initiated the process by swaging one end of each tube hollow to form a short
nose. The nose allows the tube hollow to be gripped and pulled through the tube drawing die. The
nose of the tube hollow is under the highest amount of stress during the drawing process. It is likely
that if cracking does occur, it will occur in the nose of the material.
Following formation of the nose, the tubes were cteaned and lubricated. Lubrication is a critical part of
the process. It allows the tubing to be pulled through the die and prevents metal to metal contact
between the die and the outer surface of the tube. Most tubing vendors employ their own so-called
'witches brew" concocted and applied using methods that each considers proprietary. True Tube is
not an exception. Much of their lubrication practice is based on lubricants manufactured by
Hangstefers, a well known lubricant supplier. The initial lubrication was applied by dipping the tube
hollow in a vat of lubricant and then hanging it vertically by the swaged nose to dry. Drying normally
takes an hour and is followed by a quick visual inspection to ensure proper lubricant coverage for the
entire part. A mandrel is then lubricated and inserted into the tube hollow. The lubricant applied to
the mandrel had a consistency similar to motor oil. The composition of the mandrel was different from
what has been used in the past. Typically a bronzelcopper mandrel is employed; however, it had a
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tendency to contaminate the tubing. Consequently, a steel mandrel was used in its place. A final
lubricate consisting of "Ivory soap" was rubbed onto the outside of the tube hollow just before each
pass. The same lubricants in the same sequence were applied to the tube hollow and mandrel, if
used, prior to each pass.
Once the last lubricant was applied, the material was pulled through the die (drawn). The size of the
die was varied for each pass depending on the percentage reduction desired. The same mandrel was
used for the first four passes and was then changed for the fifth pass. The percentage reduction
varied from -16% to -20% for each of the first five passes. The final pass (#6) involved only a 10%
reduction. The first five passes reduced both the diameter and wall thickness of the tube hollow.
Reductions for all six passes totaled approximately 68%. All three alloys were processed using the
same reduction schedule. For each pass, the nose end of the tube hollow and the encased mandrel
were simultaneously gripped allowing both to be pulled through a circular shaped tool steel die using
a hydraulically operated draw bench. The mandrel was removed following each draw by slowly
passing the tube hollow between two rotating hardened steel wheels also known as a reel roll. The
wheels, both rotating counterclockwise, struck the tube hollow uniformly around its entire
circumference and along the entire length of the tube hollow. This resulted in a very slight stretching
of the'tube wall so that the mandrel could be easily removed. After every reel roll, a very slight
burnishment or polishing could be seen on the outer diameter of the tube.
After the first draw, rings were observed on the outer diameter of several of the tube hollows. True
Tube indicated this was caused by direct contact with the die as a result of lubrication breakdown.
This problem was easily solved by belt-sanding the outer diameter of the tube and polishing the die.
Belt-sanding slightly roughened the outer surface and allowed more lubricant to be loaded onto the
surface. This problem was specifically found on a tube of ASTAR-81 1C. Belt-sanding also was an
effective way of removing small surface defects on the outer surfaces. As the tubes representing
each alloy elongated, they would slightly warp. It was necessary that the tube be straight each time it
was drawn. Therefore following each pass, the tubes were hand straightened, sanded, cleaned, and
then lubricated. It was also necessary to re-swage the end after the nose began to straighten and
narrow. This newly swaged end allowed the tube to draw without severe cracking.
The last pass for all alloys omitted the mandrel. This limits most of the reduction on the last pass to
the overall diameter and causes little change in final wall thickness. Its omission also eliminates the
need for reel rolling and thereby improves the final surface finish and reduces the variation in final
tube dimensions.
One final general observation arose during this initial campaign. Following its completion, True Tube
personnel indicated that some of the minor cracking observed near the nose areas of several tubes
might have been due to lubrication breakdown. They suggested using a modified lubrication process
that employs the thicker or more viscous lubricant that True Tube uses for nickel base tube formation.
The modified lube was indeed used on several of the second campaign tube hollows. However, no
change in behavior was noted. Minor cracking around the nose area was still observed at the same
frequency noted during the first campaign.
FS-85 tube formation

FS-85 (Nb -1 1W - 27.5Ta- 0.85 Zr) was the only material to experience severe cracking during the
initial campaign: After the second draw, one tube hollow cracked at several places at the nose of the
tube and one of the cracks then propagated halfway along the length of the tube. The crack actually
led to the severing of the tube in half. The remaining half remained intact and was processed
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Table 15: Tube Forming Parameters used by True Tube for T-11I , ASTAR-811C, and FS-85
Tube production
All alloys
Draw #I Draw #2
Draw #4
Draw #3
Draw #5
Draw #6
Die size dia.
0.345
0.33
( inches)
0.316
0.25
0.304
0.275
Mandrel
0.25
0.225
None
0.25
0.25
size dia.
0.25
(inches)
% reduction
19.25
17.91
19.49
19.92
per pass
16.43
10.00
Total %
reduction
-47
-57
-20
-36
-64
-68
Wall
thickness
0.0475
0.0400
0.0250
0.0250
0.0270
0.0330
(inches)

1

1

M. Tube Drawing at Rhenium alloys for Arc Cast Mo-47.5 Re
~henium
Alloys formed the arc cast molybdenum-47.5 rhenium into thin walled tubing at their facilities
using equipment they had acquired approximately two years earlier from TECOMET. The latter
vendor had previously been the major supplier of LCAC tubing within the U.S. but had exited the
business. The acquired TECOMET facilities supplemented an existing Rhenium Alloys tubing tine
that produced pure molybdenum and Mo-Re tubing with similar dimensions but yielding much poorer
surface quality along with much larger dimensional variations.
The tubing was formed as a development project by Rhenium Alloys since this was the first time this
material (Arc cast Mo-Re) had been tube drawn. They employed two slightly different processes.
The first, denoted as plug drawing, employs a small plug that is inserted into the inner diameter of the
tube hollow. During tube drawing, the plug is maintained in a position just before the die as the tube
hollow is pulled from through the die. The drawing bench for both processes is hydraulically operated.
for both processes the individual operating the draw bench also uses a torch to heat the tubing as it
passes through the die. Estimated temperature of the heated tubing is -500 O F . The temperature of
the tubing is periodically checked with a temple stick. The second process employed plug drawing for
the first two passes and then switched to drawing with a mandrel. Similar to the True Tube process
used for the Nb and Ta alloys, a mandrel is encased within the tube as it passes through the die.
Both of the Rhenium Alloy processes are outlined below:

-
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Process Path #I to form molvbdenum-47.5 Rhenium tubina at Rhenium Alloys

Starting size-0.750-inch O.D. X 16-inches solid rod

1

1) EDM rod to form cylinder with 0.375-Inch I.D.

1

2) Centerless Grind O.D. to a 0.625-inch dia.

.1

Remove recast layer on 1.D. by pickling, machining

I
4) -25% reductions per pass using plug drawing.
Manually heat material with a torch during drawing.

1

5) Reduce 25% on 2"dPass using plug drawing.
Manually heat with torch.

1

6) Anneal in H2at1625 OC for 20 minutes.

1
7) Repeat steps #4, #5 & #6 until at final diameter (0.250-inch O.D.) and wall thickness( 0.030-inch).
Process Path #2 to form molvbdenum-47.5 Rhenium tubinq at Rhenium Allovs

Repeat steps #1 through #6 of Process #1

i

insert mandrel and continue same reduction
and annealing sequence as above.
(Different size mandrels are employed after each pass or series of passes.)
Both processes produced acceptable tubing. The first process, employing plug drawing, formed
tubing with a slightly better surface finish on the interior diameter.
N. Machining and Final Preparation of Tensile Specimens:

A limited number of sub-size tensile samples were sectioned and machined from the final as-rolled
strip representing T-1 11, ASTAR-811C, FS-85, and molybdenum-47.5 rhenium. The quantities are
listed in Table 2. No samples were tested. The tensile specimens were left in the as-rolled condition.
In addition, a small number of flat creep samples were sectioned and machined from the as-rolled
molybdenum- 47.5 rhenium alloy. A copy of the tensile machining drawing is provided in Figure 16.
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Figure 16: Tensile Specimen Drawing
End plugs for several of the alloys were machined from the swaged 0.275-inch diameter rod stock.
The end plugs were machined according to Figures 17 and 18. Figure 19 illustrates the assembly of a
biaxial creep tube. Figure 20 shows a flow chait of biaxial creep sample processing. Following
machining, a significant number of end plugs had small cracks typically located near the center of
each plug. The problem is further described in the next paragraph.

-
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I

Figure 17:Top End Plug for Biaxial Creep Specimen According to Drawing 5D15996 (NRPCTiJOYO1 Biaxial Creep Specimen Assembly)

-
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Figure 18: Bottom End Plug for Biaxial Creep Specimen According to Drawing 5D15996
(NRPCTIJOYO-1 Biaxial Creep Specimen Assembly)
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Figure 19: Assembly drawing of a biaxial creep sample
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1.) Cracked end plugs for Biaxial Creep Assembly
The end plugs from several different alloys exhibited small cracks following final machining and
pickling. The cracks were usually located near the center of each plug. Although a definitive cause
has not been established, an SEM evaluation of several failed ASTAR-811C end plugs strongly
suggests that ingot pipe present at the top of the final melt ingots was the probable cause. A shortage
of material resulted in usage of portions of the as-extruded rounds that represented material originally
located very near the ingot top. The top of the ingot containing pipe is usually discarded to prevent the
pipe from being processed into product and leaving a defect in the middle of the product. However,
removal of the portion of the rounds containing pipe is a judgment call based on the apparent depth
visible from the nose end of the extrusion. If a portion of the ingot containing pipe was inadvertently
swaged into bar stock and then machined into end plugs, the defect location would be consistent with
this location. Radiography of the extrusions prior to sectioning would have minimized this problem,
Reference (8).
2) Cracked FS-85 tubing and tube hollows
Several FS-85 tube hollows cracked during initial passes at True Tube, Inc. A metallographic
evaluation indicated the two following probable causes that either singly or in combination may have
caused the cracking. 1) The 1300 OC annealing temperature, employed in tube hollow formation, was
too tow to fully recrystallize and soften the microstructure prior to the room temperature tube drawing
reductions. 2) The appearance of several of the cracks suggested that the EDM recast layer produced
during tube hollow formation may not have been completely removed. This would have left an as-cast
somewhat brittle structure that may also have been contaminated with copper. See Reference (8) for
a detailed evaluation.
3) Cracked plate of ASTAR-811C

One plate of ASTAR-81 1C severely cracked during rolling. The cause is not clear. Other ASTAR81f C plates were successfully rolled. Furthermore, tubing representing this same ingot was
successfully drawn. Chemical analysis did not detect any abnormalities. A local chemical inhomogeneity or other defect or inclusion may have initiated the crack.
P. Final Machining, Processing, and Assembly of Biaxial Creep Specimens at Vangura, PMTl
and Hanford Facilities.

A major objective of the JOY0 test program was to determine the in-reactor creep behavior of the
primary candidate alloys employing pressurized biaxial creep samples. The 0.250-inch diameter
tubing formed either at True Tube or Rhenium Alloys was to form the basic building block for these
specimens. A finished biaxial creep specimen consists of a 1.25-inch long piece of 0.250-inch
diameter tubing from one of the candidate alloys plus two 0.250-inch diameter end plugs welded onto
each end of the tube. The top end plug contains a small through hole that is used to pressurize the
specimens with high purity helium and then is seal welded shut. Drawings of the respective
components are included as Figures 17, 18, and 19. A photograph of the actual biaxial creep
components as well as a final welded specimen is included in Figure 21.
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Guidelines and issues reaardin~end pluq machininq, tube sectionina, and biaxial creep component
processina at Vanqura and PMTI.
I) The biaxial creep components consisting of a top and battorn end plug plus a 1.25-inch long
section of tubing need to be final processed as a matched set. This will ensure the biaxial
creep components can be assembled and fixtured in the weid glovebox with the tight fit-ups
necessary to form high quality EB weldments. Preferably the components should be supplied
to the welding rig so that a "snap fit" is required to insert the plugs into the end of the tubes.
2) In addition to a "snap fit," both the tube and the end plug should exhibit sharp corners
extending circumferentially around their outer surfaces at their points of contact. This is the
point where the €0 weld beam first impinges on the specimen. An examination at I x with the
final processed end plugs fully inserted into the final processed tube should reveal little
evidence of a visible juncture between the end plug and tube section. Note that these corners
must be machined to a greater sharpness than is invoked by the standard drawing tolerances
that specify machining of a sharp corner. Sharp corners will minimize weld concavity.

3) Furthermore, the end plugs should be machined slightly oversize to allow final pickling of the
end plugs to a size so the "snapfit" is achievable. However, the amount of metal removal
must be minimized to ensure that the as-machined "sharp" corners remain so. It is thereby
critical to balance the amount of material needed for adequate clean-up against the need to
maintain sharp corners and a tight fit. Inadequate metal removal during pickling of end plugs
for weld development on this program may have contributed to the inconsistent appearance of
laser seal welds observed during the abbreviated weld qualification effort.
4) The narrow diameter hole included in the top end plug for final specimen pressurization must
be a drilled hole and not one formed by an EDM process. The hole is too narrow to allow
cleaning processes to remove the recast layer formed by the €DM process. In addition, many
EDM vendors employ a copper electrode, a contaminant which can lead to embrittlement of
many of the refractory metal welds at test temperatures. The presence of either the recast
layer or copper contaminant makes it impossible to consistently close the hole using laser
welding.
5) The end plugs and tube sections used for weld development were pickled as matched sets at
PMTI. The make-up of the pickling solution depended on the alloy (see Table 9). The end
plugs and the matched end plugs always represented the same alloy. However, if Phase 111
had been initiated, scarcity of end plugs for the ASTAR-811C alloy as a result of cracking
would have required the substitution of Ta-1OW end plugs. This should not have caused a
problem during fabrication or testing. The similar Ta-IOW and ASTAR-811C alloys are readily
weldable and interchangeable. The weld formed between the Ta-1OW end plug and the
ASTAR-81 1C tube should have been comparable in strength to an all ASTAR-81 1C weldment.
Furthermore, the biaxial creep specimens are designed so that the stresses occurring within
the welded regions are much less than those occurring within the tube body. Therefore some
degradation in weld strength would still be acceptable. An evaluation of calculated stresses
present in a welded and pressurized Haynes 230 biaxial creep specimen confirmed that the
weld region experienced a much reduced stress level than that of the tubing, Reference (9). A
final point to note is that a refractory metal weldrnent typically exhibits strengths that are
comparable to a similar sized wrought product of the same alloy, Reference (10). Thus there
is not a reduction factor that must be incorporated into the calculated strength of a refractory
metal weldment, as required for'many other metals.
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Results of abbreviated weld qualification at PNNL
1) The vendor was successful in developing EB welding parameters for the three refractory alloys
they were provided. These included the Nb alloy, FS-85, and the Ta-base alloys T-111, and
ASTAR-811C. Processing of the Ta-IOW material did not proceed to the point where a weld
qualification could be conducted. However, the expectation is that the EB weld parameters
developed for the two tantalum alloys, ASTAR-811C and T-111, would also have been
applicable to Ta-1OW.
2) The EB weld parameters developed for the FS-85 alloy included a final cosmetic pass to form
a smooth outer weld surface. The employment of this "repair weld" would not have been a
problem for production weldments of this alloy since it is highly weldable and typically exhibits
an as-welded D B l T well below RT. Similarly, weldments of the tantalum-base alloys in this
program exhibit DBTTs well below RT and could have been repair welded, if needed.
However, the cosmetic pass is not desirable for either of these alloy types or the biaxial creep
concept. These specimens were intended to be inserted in an environment where a
premature failure resulting from a poor weld was not an option. The PNNL welding engineer
and weld technician both indicated that with further effort and development of weld
parameters, EB weldments of this alloy, which would not require a cosmetic pass, could most
likely be formed.

One should note that it is not clear if a cosmetic or repair weld could be employed for welding
of biaxial creep components fabricated from the molybdenum-rheniumalloys. The DBTTs of
weldments representing either pure LCAC molybdenum or alloys such as TZM are typically at
or above RT. Repair weldments within these molybdenum-base materials are thus very, very
difficult to make without forming cracks in the actual weld or adjacent HAZ. However,
weldments of the molybdenum-rheniumalloys, especially those with higher rhenium contents,
may not have this limitation. Unfortunately, work to evaluate this issue had just been initiated
when the program was terminated.
The effort to form laser closure weldments was not as successful. Many of the seal welds
exhibited by the alloys yielded a variety of shapes. ranging from flat to sloping to the expected
cone shape. Severat exhibited cracks or incomplete fill. The reason(s) for the inconsistency is
not clear. PNNL suggested that inadequate cleaning or oversize drilled holes could be
causes. It is known that several sets of end plugs employed were only flash pickled for this
effort suggesting that the surfaces and especially the interior of the small filling hde
experienced minimal cleaning to remove surface oxide and other contaminants. If these
contaminants are not removed, successful welding would be highly problematical.
Q. Characterization of Material

Limited characterization was performed prior to termination of ,Naval Reactors' effort on the project.
This effort consisted mostly of chemical analysis of some but not all of the final product as well as a
limited metallographic and recrystallization study.
1) Chemical analvsis
Completed chemical analysis is provided in Table 6. The final alloying and interstitial levels appear to
be satisfactory with the exception of oxygen in the arc cast molybdenum-47.5 rhenium alloy.
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The final product contained oxygen in the 40 ppm range higher than the <20 ppm desired. This level
appeared at the ingot stage and continued through to the final product. The evidence suggests that
the added oxygen may have been introduced at the melting stage although this is not clear. The lack
of an extrusion canister combined with incomplete removal of sidewall defects may have played a
role. Starting oxygen levels of the rhenium and molybdenum used in initial electrode fabrication were
both less than 20 pprn. Melting, if properly performed, should not increase these levels. There were
no apparent crucible leaks during any of the initial or final melts although a trace output of the vacuum
levels present during the final melt revealed a very erratic behavior. At the time the behavior was
attributed to a faulty vacuum gage.
Regardless of the cause, the effect of this level of oxygen on Mo-Re is not understood totally. For
pure LCAC molybdenum the desired oxygen level is -1 0 ppm, which should be combined with a
carbon level that produces a C/Oatom ratio greater than 2: 1. If this is achieved, then the LCAC
molybdenum exhibits good welding characteristics. The Mo-Re material contained oxygen at the
much greater level of 40 ppm and was combined with a similar carbon level to produce a C/0 atom
ratio very close to I.
To provide some idea of the quality of the high oxygen Mo-Re with respect to welding, bend samples
representing weldments of this alloy were fabricated and tested. A Bead-on-Plate (BOP) weldment of
the suspect material was formed along the length of a I-inch wide 0.040-inch thick plate centered on
the plate width. Small bend samples with dimensions of 1T X 12 T X 24T (i.e.,T= plate thickness)
were then sectioned from the plate with the BOP oriented parallel to the length of each specimen and
again centered on the width. The bend samples were then tested in accordance with Reference (11)
to provide a rough approximation of the D B l T of the weldment. The test procedure entails cooling a
bend sample to a specific temperature using liquid nitrogen while the specimen is suspended over a
gap in the bend fixture shown in Figure 22.

Figure 22: Schematic of Bend Test Fixture
The specimen ends are free. Once the sample has been stabilized at the test temperature, a punch is
lowered at a slow, predetermined rate until it contacts the specimen at its midpoint and causes the
specimen to bend. Testing is continued (lowering of the punch) until either the specimen breaks or
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developed on these ingots compared favorably to the previous T-1 I1 and ASTAR-811C. There were
some exceptions; they are discussed below along with general observations:
The ASTAR-811C microstructure in either the annealed or the rolled condition exhibits a large density
of precipitates that are presumed to be mainly carbides. This is consistent with the addition of 250
ppm carbon to the base alloy. The carbides are further assumed to be of the type Ta2C based on a
review of the pseudo phase diagram (Figure 58) taken from Reference (12).

Figure 58: Ternary Phase Diagram
Furthermore, microstructures of heat treated ASTAR-81 1C, provided in this 1967 review, were very
similar in appearance to those of the current effort.
The carbides are located both at the grain boundaries and within the matrix. A one hour
recrystallization study of final rolled plate and final processed tubing, conducted over the temperature
range of 1500 OC to 1700 OC,resulted in minor changes in the carbide structure,for both rolled plate
and tubing. Both products experienced identical changes in both carbide morphology and increases in
carbide density as the annealing temperature was increased.
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Note that the carbide solvus temperature for 250 ppm carbon is reported to be well in excess of the
highest temperature, which these specimens experienced, Reference (12).
The T-1 I1 alloy is essentially a solid solution strengthened alloy. Carbon is not included as an
alloying addition. Thus the expectation is that the structure should be relatively clean with an
occasional carbide or oxide precipitate resulting from combination of hafnium with the small amounts
of carbon, oxygen, and nitrogen present within the starting material. Aging of T-111 will modify the
clean structure and cause additional precipitates to form at grain boundaries and at dendrites. A
study of aged and un-aged T-111 weldments and base metal suggested that the precipitates
observed at the grain boundaries were of the type Ta2Cand those at the dendrites were of the type
W2Hf. However, the authors indicate that the evidence was inconclusive as to their actual
composition, Reference (4).
Regardless, the expectation was that a relatively clean microstructure should be normal for this T - I l l
material following a short term anneal. Indeed, the microstructures representing the center of the thin
rolled plates fabricated for JOY0 met this expectation. They were essentially clean with only an
occasional precipitate. However, near the edges of final processed and annealed plates, as well as
the edges of annealed tubing, increased levels of precipitation were observed (Figures 37-44), The
increase extended inward several mils from the outer surfaces of the two products. This suggests
that the final anneal may have been conducted in a poor atmosphere, or that insufficient material was
removed during the previous pickle operation. Both sample types were processed through pickling at
the same times and were annealed within the same series of furnace runs thus providing some
evidence that the rationale is plausible. Note that the as-machined surfaces of the tensile specimens
machined from these same plates were well below the surface of the final rolled plates. Thus,
whether the problem occurred during the anneal for this heat treatment study, or occurred as a result
of insufficient pickling, the contamination would not have been an issue for tensile samples machined
from the mid-thickness of these same plates. The same statement cannot be made for the tubing
samples. The surface of the as-drawn tubing minus material removed during a subsequent pickle
operation is the final surface of a biaxial creep specimen. However, a metallographic evaluation of a
T-I 11 biaxial creep sample that experienced the abbreviated weld development reported above did
not reveal any surface contamination. The photomicrograph (Figure 45) includes both weld and HAZ
within the tubing, as well as within the attached end plug. The respective outer surfaces, admittedly
viewed at a relatively low magnification, do not exhibit surface contamination. This observation
suggests that the problem was a final processing one, and thus limited solely to the material
processed for the heat treating study. Nevertheless, future users of this material should carefully
evaluate the surfaces of both T-111 tubing and plate product for evidence of contamination.
FS-85 is essentially a solid strengthened alloy although the addition of the reactive element zirconium
causes a small amount of dispersion strengthening. Zirconium will combine with the small levels of
the interstitial elements present in the as-melted material to form low levels of carbides, oxides, and
nitrides. Despite their presence, a final processed and annealed structure should be relatively clean.
Again as noted above for T-111, aging can cause additional precipitates to form in FS-85 weldrnents
and base material. The same study referenced for T-I 11, (Reference 4), postulated that the
precipitates formed during aging were of two types. Those at the grain boundaries were believed to
be NbaCand those at the dendrites were believed to be W2Zr. However, for the short term annealed
FS-85 of the current study only isolated precipitates were expected.
That expectation was met. The only controversy with this alloy was the temperature required to
recrystallize this material. A photomicrograph of the as-honed tube hollow for this alloy, Figure 50, is
shown to be in the as-worked condition. A 1300 OC anneal conducted two steps earlier was expected
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The microstructure shown in Figure 62 reveals the elongated grain structure that forms at the top of
the ingot with the grains angled towards the top of the ingot. The grain structure at the ingot bottom or
tail can be seen to diverge away from the ingot bottom. The ingot should thus be extruded nose first
so that the compressive forces of the extrusion process continue to push the grain structure in the
same direction that they are currently oriented. If the ingot were extruded tail first the compressive
forces of the process would not be so aligned and the ingot could fray apart during extrusion.
Therefore, when loading the ingot into the canister, it is important to have the top of the ingot as the
nose of the extrusion.
C. Comparison of Processing Experienced by these Laboratory Size Ingots to that Expected
for Larger Commercial ingots of the Same Compositions

A major concern for any testing program predicated on small laboratory size ingots is that test results
obtained from material representing these ingots may not be representativeof results generated from
testing of larger commercial ingots of the same alloys. Differences, if they occur, may be caused by
differences in melt practice, by cooling rate differences during final ingot solidification as well as at
later process steps, by differences in material breakdown procedures because of equipment
limitations or because of a lack of a general understanding of proprietary commercial practices. This
program was intended to evaluate these issues since these smaller ingots were to serve as
forerunners for larger size commercial ingots that were to be procured for most of the alloy
compositions listed in Table 1. Comparison of results and behaviors between laboratory and
commercial alloys was intended to be a primary objective of the program.
Documented below is an incomplete listing of the key differences in manufacture that were expected
between the small ingots of this report versus the larger wmmercial ingots that were to be procured '
by the NRPCT for testing, evaluation, and fabrication studies. The listing is incomplete because the
procurement process for the large ingots had only just been initiated when Naval Reactor's effort was
terminated. A better understanding of the differences would have been possible once production of
these ingots had ensued and NRPCT personnel had witnessed their melting and processing. The
listing below is based on limited discussions with Contracting personnel at the commercial vendors as
well as with other knowledgeable individuals in the limited refractory metal community. The discussion
below also provides a snap shot of existing US refractory metal infrastructure in the 2005 -2006 time
frame.

C1) Melting practice for Nb- and Ta-base ingots
Wah Chang is the only US refractory metal vendor with the capability to arc melt complex niobium and
tantalum-base refractory alloys such as FS-85 and ASTAR-811C. They purify the starting refractory
elements (Ta, Nb, and W) with an electron beam (EB) melting process to reduce the interstitial
contaminants to single digit levels. The refractory elements are then combined with lower melting
constituents such as hafnium or zirconium and double arc melted using DC current to form 10-inch
diameter or slightly larger ingots. Other vendors such as Cabot have the capability to EB melt an alloy
based solely on refractory alloys such as Ta-lOW, but they do not have the capability to arc melt an
alloy containing lower melting point constituents as would be needed for FS-85 and ASTAR-81 1C.
The laboratory size ingots were arc melted using AC current as 3-inch diameter ingots as has been
discussed. The starting stock used in electrode fabrication was obtained from Wah Chang and is
presumed to have experienced the same processing as would have been employed for starting stock
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employed by Wah Chang for large size ingots. The employment of AC melting is not believed to be an
issue. AC melting, as noted, improves the chemical homogeneity of small ingots relative to the same
size DC melted ingots. However, the much larger molten pool present during DC melting of the 10inch diameter commercial ingots would serve the same function.
One difference that can't be discounted is that of the cooling rate occurring during solidification of the
final melt ingot. This was already alluded to in a previous discussion concerning the historical basis for
extrusion where it was noted that hafnium segregation is an issue for large diameter ASTAR-81 1C
ingots but apparently not for smaller diameter ingots. There may be other unknown chemical
elementat differences resulting from the size differences. Previous experience indicated that later
ingot breakdown and secondary processing should erase these differences occurring at the melt
stage, but that was still to be determined.
The Ta-1OW laboratory ingot was arc melted at PMTl using EB melted W and Ta as electrode
constituents. Negotiations hadn't been finalized, but the large Ta-1OW ingot that was to be procured
from Wah Chang most likely would have been final melted using EB melting. The Ta and W would be
melted and homogenized solely within the EB melter. This should not have been an issue because
the AC consumable melt process should have little effect on this binary alloy where each element is
mutually soluble within the other. The microstructures of the laboratory and commercial size ingots
could be different following melting, but the overall elemental homogeneity would have been similar.
Later processing would be expected to obliterate any ingot microstructural differences.
C2) Melting or formation practice for Mo-Re alloys

The primary US producer for molybdenum -rhenium alloys is Rhenium Alloys located in Elyria, Ohio.
Another vendor, Schwarzkopf, located in Holliston, MA is limited strictly to production of molybdenum41 rhenium in addition to a number of other molybdenum and tungsten alloys. Both vendors fabricate
their respective Mo-Re alloys using a PM process. The major concern with employment of a PM
product as a structural material is that welding of PM material to form structural joints may result in
significant weld porosity, Reference (16). As a consequence, the NRPCT was evaluating both arc
melted molybdenum-47.5 rhenium and PM molybdenum-44.5 rhenium for structural applications. The
expectation was that an arc melted material would be required if this alloy type continued as a
candidate. However, both vendors have only PM capability. The only US vendor with the capability
and experience to possibly melt a commercial size ingot of molybdenum-rhenium is probably H.C.
Starck at their facilities located in Coldwater, Michigan. They currently are the only US based melter of
pure molybdenum and molybdenum alloys. It is believed that H.C. Starck would not have any serious
technical reservations with regard to melting and processing of Mo-Re. Potential contamination of the
Coldwater facilities by rhenium, an element they do not normally handle, would most likely be their
major concern. However, it must be emphasized that this is only conjecture because H.C. Starck has
not been approached officially about their interest or capability in melting this alloy.
C3) Ingot breakdown procedures for Ta- and Nb-base alloys

All of the ingots included in this program were broken down using extrusion at WPAFB. The majority
were clad in molybdenum during this procedure. However, Wah Chang took partial exception to this
procedure during preliminary contract discussions for the large ingot order. They recommended
forging for the initial breakdown of the Ta-1OW and FS-85 alloys. They indicated that they currently
break-down large 10-inch diameter Ta-1OW ingots using forging and were confident it would provide
an acceptable product. Furthermore, they believed that they have sufficient experience with Nb alloys
such as Nb-1% Zr so that they would also recommend forging for the initial breakdown of the FS-85
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alloy. Later processing for tubing to be formed from all alloys would employ extrusion albeit at much
smaller diameters.
Wah Chang also noted that if a molybdenum canister were to be employed for ASTAR-81IC, as
specifred in the original inquiry, then this would cost considerably more than had been estimated.
However, it was recognized by all that extrusion was the only viable method for breakdown of the
ASTAR alloy for the reasons previously listed. Wah Chang Jacks this process capability and would
have to subcontract this step to H.C. Starck at their Coldwater facilities. Wah Chang has dealt with
t similar efforts and did not expect any contractual issues for this route. However,
Starck in the ~ a sfor
attempts by ah Chang to find a vendor that wouid encapsulate the ASTAR-811C in molybdenumfor
extrusion at 3000 O F were only partially successful. Recent cost increases by molybdenum suppliers
as well as material scarcity resulted in vendor responses to the Wah Chang inquiry that approached
$100,000 (2005 dollars). As a result, it had been tentatively agreed by both parties that a much
cheaper mild or stainless steel canister could be substituted. The substitution would cause the
extrusion temperature to be lowered to 2200 OF-2300 O F because of the lower temperature capability
of the steel. Furthermore, the ingot would have to be wrapped in molybdenum foil prior to
encapsulation to prevent contamination by the elemental constituents within the steel. Technically
these modifications were not expected to be an issue because several early developmental ingots of
ASTAR-811C had been successfully extruded using a similar approach during much earlier
development efforts for this alloy. The undersigned had also successfully extruded a 4-inch diameter
ingot of this alloy in the late 1990s using these same modifications.

Do's and Don'ts for Refractory Metal Processing
The refractory metals when processed correctly possess unique capabilities. However, they'are
prone to contamination from a variety of sources during processing or usage that can drastically
degrade their properties. There sources include but are not timited to the following: 1) employment of
a less than pristine atmosphere during welding and annealing resulting in interstitial contamination
with oxygen, nitrogen or carbon, 2) contact with non-refractory metals during welding and annealing
with the resultant transfer of non-refractory metals to the refractory metal, 3) copper wntamination
occurring during melting or Electro-Discharge-Machining (EDM) for those refractory alloys containing
zirconium or hafnium, 4) improper cleaning of these alloys prior to annealing or welding operations,
and 5) omission of a vacuum anneal for the niobium and tantalum-base alloys following acid pickling
thereby causing hydrogen absorption and contamination. Each of these areas is briefly described
below. Note that all of the vendors employed in this effort had extensive experience in processing of
the refractory alloys and were familiar with the precautions required for their processing discipline.
A) Vacuum Annealing, Hydrogen Annealing, and Inert Gas Exposure Practices

Annealing of the refractory metals is a critical step in the fabrication of these materials, required either
to allow continued processing of the alloys or to place them in the optimum metallurgical condition for
final usage. However, if this process step is not correctly conducted, severe degradation in the final
product properties will occur. Interstitial contamination with oxygen or nitrogen leading to
embrittlement may be the primary concern, but it is not the only concern. Contamination with other
elements such as carbon can occur from use of non-refractory heating elements or from small oil
leaks from vacuum diffusion pumps. Furthermore, contact need not be direct for the contamination to
occur. Thin films of non-refractory metals deposited during previous annealing runs and not removed
by a furnace bake-out can cause wntamination of refractory metals annealed at later times.
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The problem of interstitial contamination with oxygen or nitrogen is most severe for the refractory
alloys based on the Group VB refractory elements (Nb and Ta), but it is also a concern for those
based on the Group VIB elements ( W & Mo). The contamination can occur at vacuum levels that
many commercial annealing vendors employ for annealing of non-refractory metals. The sources of
contamination include system leaks, out-gassing of the furnace hot systems, or out-gassing from the
metal being annealed. The problem is a complex one and has been the subject of many studies that
are beyond the intent of this paper. However, a brief prospective is warranted because of its
importance. An excellent review was conducted by H. lnouye of ORNL in the late 1960s and is
documented in Reference (17). The paper indicates that the contamination process for refractory
metals is a function of the incident rate of the potential contaminant on the metal's surface multiplied
by the sticking probability. The sticking probability is a small fraction of the incident rate and
decreases as the system (metal and contaminate) approach equilibrium. System pressure, the
interstitial equilibrium content within the metal, furnace temperature and pressure, and even the
alloying constituents within the base metal all have an impact. For instance, if an element lowers the
solubility level of an interstitial within an alloy, then most probably the element will form a precipitate
with the interstitial. This would result in relatively greater contamination than that for the pure element
annealed under the same furnace conditions. The paper also notes that contamination is not the only
issue for improper annealing of refractory metals. Degassing or decarburization are also possibilities
starting interstitial levels within the material, 2) system pressures, and 3) annealing
depending on I)
temperatures. Again the subject is complex; however, more than a superficial understanding of the
subject is required ifthese alloys are to be annealed successfully.

-

While the overall subject may be complex, the explanation for the relative difference in behavior
between the Group VB Nb and Ta alloys and the Group VIB alloys is easier to understand. The much
greater tendency for the Nb and Ta alloys to become contaminated during annealing can be
rationalized in terms of their relative solubilities for C, 0,N, and H as listed below in Table 17. The Nb
and Ta alloys are observed to exhibit large solubilities for the respective interstitials, whereas Mo and
W exhibit almost no solubility.

Table 17: Interstitial Solubility within Refractory Metals based on Estimates of Equilibrium Solubility at
the Temperature where Diffusion D= 10-"cm2 Is, Reference (18).
Nb

Ta

Mo

W

1000 ppm
300
100
9000

300 ppm
I000
70
4000

I.0 ppm
1.O
4 .O
0.1

1.0 ppm
~0.1
cO.1
N.D

ElementInterstitial

1
Oxygen
Nitrogen
Carbon
Hydrogen

This difference in affinity has a significant impact on both the quality and type of environment that the
two refractory metal Groups can be exposed to either during the annealing process, long-term high
temperature testing, or during final deployment. The consequences include the following:
1) Molybdenum and its alloys can be annealed for either short periods or exposed long term
when the vacuum level is maintained in the mid-10" torr regime with little risk of
contamination.
2) Likewise, molybdenum can be exposed for long periods at high temperatures within inert gas
environments with little risk of contamination as long as moisture and oxygen levels are
maintained in the low single digit ppm levels.
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3) Whereas Nb and Ta can be exposed for short term anneals in the mid-10" torr tevel with
minimal increases in interstitial contamination, long term vacuum anneals or extended testing
require appreciably better vacuum levels. Both require vacuum levels to be maintained at or
below lo8 torr if interstitial contamination is to be avoided. The consequences of long term
exposure at only marginally lower levels in the 10" torr range versus that in the 10" range
were noted in Reference (19) for T-111. A relatively short 200 hour exposure in an unbaked
system at 1370 OC evacuated with a diffusion pump resulted in appreciable increases in both
carbon (from oil in the vacuum pump) and oxygen levels. In contrast, a T-111 specimen
tested in high vacuum evacuated with a sputter ion system maintained a constant interstitial
level.
4) tong term exposure of Nb and Ta alloys in a flowing and replenished inert gas system is also
to be avoided. As noted by lnouye in Reference (17), to prevent contamination of Nb and Ta
and their respective alloys within an inert gas environment at high temperatures, it is
necessary to maintain oxygen and nitrogen at amounts that are below the level of detection for
available instrumentation. This statement made in the 1960s is still valid today. It should be
acknowledged that long term exposure of Nb and Ta elements and their respective alloys can
be made within a closed inert gas system where the total contamination is limited by the initial
starting contaminant level within the inert gas if the initial burden or contamination level is not
too high.
More detailed guidelines are listed below to ensure that all sources of contamination are minimized
during vacuum annealing of these materiats.
1) All refractory metals to be vacuum annealed shall be freshly pickled.
2) The furnace heating elements shall be of a refractory metal composition.
3) The furnace atmosphere for short term anneals when at temperature shall be 5 x
torr or better. For longer anneals involving testing of thin niobium or tantalum
specimens, the vacuum level shall be at or below 104 tom.
4) The furnace leak rate should be checked prior to use to ensure that a small system
leak is not present, which could be masked by an excellent or oversized vacuum
pumping system. The leak rate shall be checked with the vacuum system shut-off and
shall be less than 5 x lo3 tor-literslmin.
5) All products shall be completely wrapped in thin refractory metal foil during annealing
to further reduce any chance of contamination. Note that rather than acting as a getter,
the main function of the foil is to slow the rate of contact, Reference (17). Thus it is
critical to tightly wrap.
6) Refractory and non-refractory materials shall not be annealed in the same furnace run.
It is also desirable that refractory metals be annealed in a furnace limited solely to
refractory metals. If this is not possible, then before annealing refractory metals, the
furnace shall be baked out for 1 hour minimum at a temperature 100-200 OC hotter then
is intended for the annealing of the refractory metal.
7) An ultra-high vacuum unit (lo8 torr or better) that employs a sputter ion system for
maintenance of the final vacuum atmosphere shall be sealed and placed under a
vacuum when the system is not in use. This will minimize absorption of moisture within
the vacuum pumping system and shorten the time required to achieve test temperature
when placed in usage. This practice will also appreciably extend the lifetime of
pumping components.
PMTl employs two different types of vacuum furnaces for annealing of refractory metals. The
first is a so-called brew furnace employed for anneals requiring only moderate vacuums
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Table 18: Eutectic Melting Points for Various Metals in Contact with Refractory Metals

LOWEST MELTING POINTS(*C) IN VARIOUS BINARY SYSTEMS

Many of the listed eutectic temperatures are well below intended usage temperatures for these alloys.
This suggests that failure via a large number of potential mechanisms is possible if inadvertent and
undetected contamination of these refractory alloys does occur. Numerous examples of a processing
faux pas for the Nb-1%Zr alloy are provided in Reference (24), which provides an excellent
description of what happened during processing of this alloy for the SP-100 program.

D) Hydrogen Removal for Tantalum and Niobium-Base alloys
The niobium and tantalum-base alloys have a large affinity for hydrogen even at room temperature.
Consequently, they may absorb an appreciable amount of the hydrogen generated during acid
pickling. The hydrogen should be removed prior to further processing via a one hour vacuum anneal
at 800 OC or hotter.

E) Copper contamination of niobium or tantalum alloys containing hafnium or zirconium
1) Copper contamination during melting

Niobium and tantalum alloys containing zirconium or hafnium as allaying constituents can
have their high temperature mechanical properties drastically degraded if they are
inadvertently contaminated by small levels of copper. The hafnium or zirconium will combine
with the copper contaminant to form low melting eutectics that embrittle grain boundaries. The
copper levels at which these properties can be degraded are so low that they lie below the
detection limits for most chemical analytical procedures. The levels at which problems occur
are also less than current specifications allow.
Thus, if it is suspected that the electric arc has strayed and struck the side of the copper mold
during either the initial or the final arc melt, then the integrity of the ingot is suspect. Indeed if
the arc has struck the side wall, copper contamination will most likely have spread throughout
the ingot. The only solution is to re-melt the ingot using Electron Beam (EB) melting to remove
the copper. This must be followed by chemical reanalysis, re-addition of alloying constituents,
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and double consumable arc melting to both homogenize the ingot and to ensure that the lower
melting alloy constituents (i.e., Zr, Hf) depleted during the EB remelting have been returned to
their intended levels.
2) Copper contamination during Electro-Discharge-Machining(EDM)

Copper electrodes are typically employed in this process although other alloys or elements
such as molybdenum can be used. Regardless of what electrode material is employed, the
recast layer has to be removed by a combination of honing, machining, and pickling. If not,
and especially for refractory alloys containing zirconium and hafnium, as noted above, the
copper contamination occurring with use of a copper electrode will dramatically degrade high
temperature mechanical behavior. As was previously discussed, incomplete removal of the
recast layer and associated copper may have played a role in the cracking of several FS-85
tube hollows during early passes at True Tube, Inc.

Summary:
This report describes in detail the processing experienced by the refractory metals T-I 11, ASTAR811C, Ta-IOW, FS-85, and several molybdenum-rhenium alloys prior to termination of Naval
Reactor's effort on the Prometheus Program. Sufficient detail is provided to allow an understanding of
the rationale for many of the processing steps unique to these materials as well as how these steps
are to be conducted to avoid material contamination. The report was written from the perspective of a
processing engineer to aid this understanding. Additional objectives are to: I ) allow future engineers
to complete the processing of archived materials that were stopped in mid-process, and 2) allow
future engineers to test final processed specimens and remain confident about the individual
specimen's pedigree.

,

ACKNOWLEDGEMENTS:
The assistance of many individuals was crucial in the effort necessary to melt and process these
materials on an expedited basis. Thanks especially to Jim Car, Tim Delahanty, Harry Grubich, and
Bal Patil of PMTI. However, beyond these individuals there is a special individual who for a number of
years has provided the advice, wisdom, and special expertise required to understand and successfutly
process these unique but touchy materials. Thanks Bill (i.e., R. W. Buckman).

-

PRE-DECISIONAL For planning and discussion purposes only

Attachment A to
B-MT (SRME)-51
Page 82

REFERENCES:
1) R.L. Ammon and R.T. Begley, "Pilot Production and Evaluation of Tantalum Alloy Sheet,"
Summary Phase Report, Part I!, WANL-PR-M-004, June 15, 1963, Prepared under Navy, Bureau
of Navy Weapons, Contract NO w 62- 0656-d
2) W.R. Clough and A.S. Pavolic, Trans. Am. Soc. Materials, Vo1.52, 1960.
3) G.G. Lessmann, "Determination of Weldability and Elevated Temperature Stability of Refractory
Metal Alloys," NASA-1607 dated August 1970.
4) G.G.Lessmann and R.E. Gold, "Determination of Weldability and Elevated Temperature Stability
of Refractory.Metal Alloys," NASA CR-1608, September 1970.
5) "Refractory Metals Fabrication Technology as Applied to Fusion Reactors," BNWL-2053 dated
July 1976
6) Private communication with Todd Leonhardt of Rhenium Alloys on June 24, 2005
7) "Witnessing of trial fabrication runs of FS-85, T-1 11.. and ASTAR-81 1C tubing at True Tube lnc.,
" B-MT (SRME)31, issued June 2005.
8) "Failure Analysis of Cracked FS-85 Tubing and ASTAR-811 C End Caps," B-MT (SRME)-58, dated
February 9, 2006.
9) "Biaxial Creep Specimen Fabrication Close-out Report "B-MT (SRME)-50, dated February 9,
2006.
10) G.G. Lessmann and D.R. Stoner, "Welding Refractory Metal Alloys Space Power System
Applications" WANL-SP-009 dated November 15 1965.
11) Evaluation Test Methods for Refractory Metal Sheet Material, MAB-192-M dated April 22, 1963, .
Issued by Materials Advisory Board to the National Academy of Sciences- National Research
Council
12) R.W. Buckman and R.C. Goodspeed, "Development of Precipitation Strengthened Tantalum Base
Alloys," WANL-PR (QO -017 for period 6119/63 to 8120167).
13) R.E. Gold, "Investigation of High Temperature Fracture of T-I 1Iand ASTAR-81 IC," WANLPRVVV-003 ,datedApril 1971
14) J.C. Carlen and B.D. Bryskin, "Concerning Sigma Phase in Molybdenum-Rhenium Alloys," Journal
of Materials Engineering and Performance,Vol 3(2), April 1994, ASM International
15) Private communication with R. W. Buckman on 1U2OO5
16)A.J. Bryan, "Joining of Molybdenum Base Metals and Factors Which Influence Ductility", Bulletin
.
312, February 1986, Welding Research Council
17) H. Inouye," Interactions of Refractory Metals With Active Gases in Vacua and Inert gas
Environments"from Proceedings of A Symposium on Metallurgy and Technology of Refractory
Metals in Washington D.C. in April 1968
18) R.W. Buckrnan, "Alloying of Refractory Metals," From "Alloying," ASM book edited by Walter,
Jackson and Sirns
19) R.W. Buckman, "Operation of Ultra High Vacuum Creep Testing Laboratory," Transactions of
Vacuum Metallurgy Conference, 966, American Vacuum Society, 1967
20) J. Shields and J. Dahl, "Heat Treating of Refractory Metals and Alloys," Vol. 4, ASM Handbook
21) G.G. Lessmann and D.R. Stoner, "Measurement and Control of Weld Chamber Atmospheres,"
Welding Journal Supplement, 44(8), 337-S to 346-S August, 1965
22)T. J. Moore, P.E. Moorhead, and K.J. Bowles, " Specifications for Cleaning, Fusion Welding and
Post-heating Tantalum and Columbium Alloys, NASA Technical Memorandum-NASA TM X-67879
dated July 1971
23)A. J. Moorhead, J.R. Distefano, and R.E. McDonald, "Fabrication Procedures for Unalloyed
Molybdenum," Nuclear Technology, Vol. 24, October 1974
24) Peter Ring, "SP-100 Materials and Fabrication Technology Lessons Learned, "SP-100 Program
Information Release # I 199 dated March 31, 1994
PRE-DECISIONAL - For planning and discussion purposes only

Attachment B to
BMT ((SRMQ-51
Page 1

Attachment 6: Raw Material Certifications

PRE-DECISIONAL

- For planning and discussion purposes only

.L

Attachment B to
BMT ((SRME)-51
Page 2

Starck(Ohio),lnc.
S:reet
Coldwater, Mii 4 9 0 3 6
Tel: (517) 279-9511
r a : ( 5 3 7 ) 279-9512

W.C.

4 6 0 Gay

-

Customer PO
S . O . Number

Line Number
Part N d e r
Description

.

.

I'

MATERIAL CERTIFICATIOH REPORT
DATE ;21-AUG-01 PAGE 1
OF 1
:

I1

2110290

: 21-36026-3-2
: 1

.I

.
: 32200.'62500RLBA
: csn ABL-4 MO BAR LC.

.i,:

j
.!..

Pye ~enttrmt- PASS
Dimensi~nal.- PASS

Surf ace ; f i n i s h

-

PASS

DPW

> 2 3 5 c 240

~ o n ~ i t u d i n aTensile
li
Test

YIELD S!TlUWGTW

8 5 c 86

KSI

,

,:

The u n d e r a i j c d authorized representatives of H.C. Starck(0hiol.I n d i .
c e r t i f y chaq the above i n f o m t i o n is correct and t h a t a l l reguiretnFnts
.
. .
of the above specifications have been met.
2..

e*uA
:: .
,!.

,

prepared By.

Approved

*

.t':

BY:
2
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L
:
,

- - =.. stref:

.

,,J

..-'Csljveter,M;

LCC36
T e l : ( 5 1 7 ) 279-9511
Fax: (517) 279-9512

....

SECHTEL BETTIS INC.

PITTSBURGH MATERIALS TECH.
1801 RT 51 SOUTH

PA

15025

Dye Penetrant

-

Customer PO
S . 0 . Number
Line Number
Part Number
Description

: 2110290

21-38026-1-1
1
: 32200.625OORLBA
: CSM ABL-4 MO BAR LC
:

:

PASS

Dimensional - PASS
Surface F i n i s h
PASS

-

ST-WARD CHEM IS TRY

C

>

=

NI <
02
SI c
IjFH 1 OKG LOAD
'

%
%
%
%
.OD03
-001 %

.0002 k
-001 0

DFH lOKG LOAD

Lon~itudinalTensile Test

DPH

# : 44178

Heat/Lot#: C25629-0

DPH

241

> 236 c

LTEN # : 44379

ELONGATION

> 34 : 35

ULTIMATE STRENGTH
Y I ELEI STRENGTH

> 99.4
> 84.7

,

.

Heat/Lot#: C25629

.a06
.001
99.97

=

FE
MO
'N2

STDC # : 13822

Heat/Lot#: C25629-0.625
%

< 104.3
c

88.6

KS 1
KSI

The undersigned authorized representatives of CSM Industries, I n c . ,
certify t h a t the above information is correct and that all requirements
of che above specifications have been met.
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1329 Taylor St.
P.O.Box 245
EIyna,Oh 44036-0245
Voice (440)365-7388
F a (440)366-9831

MATERIAL CERTIFICATION
DATE:
9

August 29,2004

.

SOLD TO:
.

Bechtel Betris Inc.
81 4 Pittsburgh-McKeegportBfvd.
West Mifilin, PA I5122
1

PURCHASE

ORDER:

3002177

M A T E W : Rhenivm Rod

v

.

This is a shipment against your order NO02 177 which completes rbc requirement for the
Rhenium rod 0.500" diameter. The Rbcnium rod meus the requiremcna to your
attachment specification on P I 0 3002177 for pure rhenium.

Lot number R-1455

Todd LtonhaKit
Director of Technology
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Dam: 8110104
Report Na: ?It008

W Ma: 10974

Clknt Osrabtbn: R. Rod

MePhods
LscoFumacs

,

L e a Furnace

Icms
1CPtt.e

IcPm
Lam Fwnace
ICPrnS

DC ARC

Lcco F u w
DC ARC

CP/M$
tCP/MS

rcwus
ICPtMs
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PRODUCT CERTIFICATION

mAI

C

V

IN

CHEMIST&
PE~CENT
TOP MI&E 6 0 n O M
~ p h Spec.
a
Spsc. Max.
0.010
0.004 0 . m
0.005
0.015
0 . a 0.007
0.006
4.0020 4.0020 9.ODtO
0.010

Cu

M10

Fo
H

0.m
0.ww
0.0020
0,010

Mo
N
Nb

0.010
(xOQ60

Ni
0
SI
Sil
fa

0.040
0.010
0 . W

0.020

Ti

0.010

U

0.OQlO
O.M)50
0.0150

V
W

t
Wf

4.0025 4.0025 4.0025
0.022 0.022
0.021

4.0003

.
4.0003
41,0010 4.0010 4.0010
4.0020
.
~.O[rm
4.0050 am50 4.0050
4.0025 Q).OO25 4.0025
0.028
0.029

4OQSc0.0026 zD.QOZS
4.0010 4.0010 4.W10
4).010(3 cOR1OO 4.0100
OA03 0.004 0.m

4.00010
4,0010 4 . C Q l O 4.0010
~.011104.0010 4.010
2.40
2.35
2.42

BALANCE

Wah Chang Is A R~gisteredI Certified IS0 9001 :2000 Company.
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Doc. 207868 M r . 1 APPROVED. Page 1 off
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ch,

utmmytathnabg'a
Pa. b 4 L O
~ ~ Oregon
r y ,U ~ - M #
'
( 5 4 4 ) M l FUI(~J¶87.pby

PRODUCT CERTIFICATION

HOOT UIWSTRY IN PPM
mnidni Alpha S w Spa. Max.
C
tOO

Fe

100

n

15

Ma

200

N
Nb
M

1M1
lo00

0

150

Si
T1
W
fa

SO

loo
100

w

TOP M I W 80TW-4

~20 QO
0.010
0.110
4
G
0.133
0.160
23
26
I$.@17.M)
7&00

QO
-4.065
4
0.1 to
QO

4.~5
QLPZ

a

om

w

e

0.W 0.001
4 . W t 4.00;
4.900 d390

0.010
4.001
0.S10

BAUVJG

w
l
i
c
s wem m

d by outside vendor Shivs.

Wah Chmg Is A Rqbbrd I Cert1R.d I S 0 #01;2000 Company.
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PIMBURGH MATERIALS f ECHNOLOCY INC
To:
~ d r e m : 1801 R&M 51
Bldg 9
JeifemmHills,PA 15025
AtteJlrionOt. Aawntr Peyam

PRODUCT CERTlFlCATldN

INGOT CHEMISTRY RESULTS ON PAGE 2

Wah Chmg Is A Roghhmd I Cowed IS0 80019000Com(rmy.
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ME TEST REPORT FOLLOWS:
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