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Case Background on the GOTAHAV Aircraft

What happened:

Mr. B. Moore was Killed as the civillian test pilot for the first prototype of an
experimental hypersonic stealth aircraft designed by engineers at Drummin
Aerospace named “Global Orbital Tactical Arsenal Hypersonic Aerospace
Vehicle” (GOTAHAV).

The Air Force Investigative Corps (AFIC) investigated the aircraft identifying
the primary reason for the Killing of Mr. B. Moore is from exhaust bleed seal
rings failing during the flight.

Drummin Aerospace hired Marathon Manufacturing and Anticlimax
Molybdenum as subcontractors.



Statement on Behalf of Marathon Manufacturing

Marathon Manufacturing did not contribute to the failure of the seal ring
based on negligence that caused Mr. Moore’s death.

Comparing our company’s involvement with both Drummin Aerospace and
Anticlimax Molybdenum, we can confidently state that our machining
schedule for the part did not affect the seal under the extreme conditions
experienced during flight, but rather the negligence of design and stress
analysis, material choice, and material processing led to the failure of the ring
and ultimately, the Mr. B. Moore’s death.
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Claims Against Drummin Aerospace



Drummin Aerospace

1. Neglected that the seal material, TZM, had to be capable of undergoing rapid
thermal stresses from -75°C up to 1260°C and continued to use it.

2. Neglected to use a sufficient analysis of TZM material properties, instead

proceeded to only look at the room temperature properties when the material
would realistically be exposed higher.
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STRESS ANALYSIS:

(EBTU)

Evidence

Drummin Aerospace: Design &
Stress Analysis

are due to a radial




DRUMMIN AEROSPACE "/

The main property of concern is the tensile ductility.

Available data are:

Iemperature sile Ductility

Room Temp. 5-30% (elongation)
| Room Temp. 40-42% (elongat
rov I e Room Temp. 60-80% (R/A)
Minimum duct ty is 5%; actual ductility is probably

greater.

Evidence

Hoop Compression - _Buckling

" "
Drummin Aerospace: Material S
- Maximum possible thermal strains are lower (by an order
of magni ductility; thus thermal strain

Properties

Certified by:




Provided
Evidence

Marathon Manufacturing:
Machining Schedule in Relation
fo the Provided Schematic from

Drummin Aerospace

Marathon Manufacturing
We may be slow but we do the job right

Customer: Drummin

Project: GOTAHAV

P/N: ME153-1

Material: TzZM, Round R{

Procedure:

1. Cut to length require for several pieces
2. Turn 0.D.

. Bore out I.D.

. Cut piece to length

. Grind sides, I.D., O.D. to size

. Polish all surfaces

Approved by: ? ﬂ . j %
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SEM Evidence

Drummin Aerospace

HV curr HFW mag [ | mode | det WD tilt 100 pm
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Feather Pattern




What is Feather Pattern?

NOTE: Image above is from a different source

Failure site of the seal ring
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SEM Evidence

Drummin Aerospace

ﬁ ‘ det wo tilt |
® | 10.00kV |6.3pA | 63.8pym | 3250x | SE | ETD  59mm |0° |

River pattern
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What is River Pattern?

8 HV
# | 10.00 kv

{ : { I
‘ curr HFW mag FH | mode ‘ det WD tit | 20 pm
6.3pA 63.8pm | 3250x | SE | ETD | 59mm [0° |

NOTE: Image above is from a different source Failure site of the seal ring
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What is River Pattern?

NOTE: Image above is from a different source

Liu, C., Anderson, S., &amp; Inouye, H. (1978). Effect of oxidizing environment on mechanical
properties of molybdenum and tzm. Oak Ridge National Laboratory. doi:10.2172/6580614
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20l tdvmen loses itx ductility after 200 h exposure, At clovated to
perotures, the strength is virtually wnaffected by exposwre: however,
the Juctilicy shows an initial drop at 1000 aad 1150°C but not ar 830°C.
Eviond 100 h exposure, the ductility at elevated temperatures ix not
fuzeher affected (Fig. 3).
Figure 6 shows the similar plot for the wolvbdenss control specinens

g~d at 1i50°C in high vacwsm. The primary effect of the vacwum aging is
tive lowwring of the ductility and stresgth at rove temporature. Howover,
the drop in ductility In this case ix mot as severe as in the oxidizing

wircament, where molybdenwm lost its ductility within 200 h exposure
(Fig. 5). The censile propercies at elevated Temperatures do not appear
to he affected by vacwsm aging.

The embrictlement due to cxygen exposure can be best demomstrated
comparfng tensile elongation and veduction of arca as functives of Cost
tesperature (Fig. 7) for molybdenum specisens exposed for abowt 100 h
in oxygen aad vacuum. An cxposwre time of 100 h was selected for this
comparison since lomgor wxposures to oxvion produced no furthor chamke
in ductility (Fig. 5). As compared with vacwws aping. the oxygen exposure
ratscs the ductfle-to-brittlc tramsformation temperature (DBTT) by about
200°C, ana alse sharply decreases dwetility above 950°C. The ductility

drops to 4 minisus value of 102 at 1350°C ote that the ductility in

only slightly affected fn the intermedlate temperature range, 400 to
900°C.

Fracture Behavior

Scanalng clectron aicroscope (SEM) examisatlion of the fracture of
unexposed TZM specimens tested at room temperature showed (eatures
characteriscic of brittle fracture [Fig. 8(a)], even though the ductility
At fractere vaw 45 to 482, The (requency of ¢leavage (racture, as
characterized by riwer patterns and steps, appears to Increase with
lowering ductiifty and Increaning oxyRen content In the xidized TZM.

The axidized wpefmens vxhibited very 162els graln-boundsry meparatfon
below 40 ppm 05, Further increane in oxvien content wiznlflcantly

promotes the Intergranular fracture, and the dominant fracture mode for
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What is River Pattern?

NOTE: Image above is from a different source

Fracture Bebavior

Scanning electron microscope (SEM) examination of the fracture of

unexposed TZM specimens tested at room temperature showed features

characteristic of brittle fracture [Fig. 8(a)], even though the ductilfty

at fracture was 45 to 482. The frequency of cleavage fracture, as
characterized by river patterns and steps, appears Lo increase with
lowering ductility and increasing oxygen content in the oxidized TZM.
The oxidized sperimens exhibited very 1ittle grain~boundary separation
below 4U0 ppm O;. Further increase In oxvgen content sfignificantly

promotes the [ntergranular fracture, and the dominant fracturce mode for



Claims Against Anticlimax Molybdenum
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Anticlimax Molybdenum

1. Neglected using the recommended temperatures for thermal processing TZM
and continued with higher ranges.

2. Neglected the extreme pressure and temperature conditions experienced
during flight and tested material at one stagnant temperature (room
temperature) and did not attempt to contact Drummin Aerospace to warn
them of this error.
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Anticlimax
Molybdenum

Material Processing Schedule

Material: TzZM Molybdenum Alloy
Size: 44 mm dia. Round Bar

P u d d . Vacuum-arc cast into 250 mm dia. ingot
I OVI e 2. Hot extrude (1150°C) to 108 mm dia. bar
Anneal at [1500°C/2hrs.

m s
VI e n ' e . Hot rotary forge (1150°C) to 70 mm dia. bar

Stress relieve at

Roll to 44 mm dia. bar

Anticlimax Molybdenum:
Material Processing Schedule

Stress relieve at

Guaranteed Minimum Properties at Room Temperature
Yield Strength = 550 MPa

U.T.S.= 600 MPa

% Elongation = 20 Q Z ! : l
Certified by: A .




Provided
Evidence

Anticlimax Molybdenum:

Material Processing Schedule

DRUMMIN AEROSPACE %

Customer: Dr

UNCTION:

Material/Sourc ) )
To force the exhaust bleed tubes al tight

aust bleed thr 1 3TU 1ile the engine i
. . elded to t
Application: E
- g thermal transients lead to 1d
lacing the exhaust bleed seal ring (EBSR) in the hot

ust gas, the EBSR reaches a higher temp n the

ansion,which achie

LOAD!

Hoop
Test Results: fit at full power.

Thermal

gradien

tre and strains be in the
tion since they are due to a radial

gradient.
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SEM Evidence

Anticlimax Molybdenum

High Temperature
Rupture

curr HFW mag F3 | mode ‘ det
2 vy L2 O 2250 Sh el -~

Melted Grain
Boundaries

19



EDS Evidence

Anticlimax Molybdenum
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4. Auger electron spectroscopy examination of in situ
fracture surfaces ©
It has long been recognized that oxygen can severely , ' ;
embrittle Mo by segregation to grain boundaries.” The re- Fig. 4 — Scanning electron photomicrographs of the fracture surface of a

e P T . O (e ael: A transversely-oriented tensile-tested Mo sample of 44 mm diameter bar
cent work by Kumar and Eyre,” briefly discussed carlier, has stock. (a) The ongin of fracture can be traced from cleavage patterns,

emphasized this point. In their work, it was shown that (b) grain boundary (showing subgrain facets) at the origin, and (c) fractured
carbon is effective in reducing the driving force for oxygen carbide-crack stringers at the grain boundary

METALLURGICAL TRANSACT] "v'()Llf.\uf ISA, SEPTEMBER 1984 — 1745
— |
10 um

Fig. 5— Scanning electron photomicrographs showing the ongin of frac-
tre in a transversely-oniented Mo sample from an extrudate (108 mm
diameter). Massive fractured carbide-crack stringers are observed at this
grain boundary origin

segregation to grain boundaries. In this manner, carbon pro-

motes ductile behavior. By varying the amount of carbon

(from 0.6 to 320 at, parts per million) with respect to an

approximately constant oxygen level (about 6 to 8 at. ppm),

Kumar and Eyre® showed that at C: O atomic ratios of over

about 2:1, oxygen segregation was severely limited during

recrystallization or slow cooling from elevated tempera-

tures. Alternatively, they were also able to show that as little

as 6 at. ppm of O can totally embrittle Mo grain boundaries

if Cis very low (e.g., 0.4 at. ppm). In the case of commer-

cial Mo, this atomic ratio of C:0 is 4.4:1 if the alloy

contains the maximum allowable C and O levels. However, Wadsworth, J., Packer, C. M., Chewey, P. M., &amp;
the more typical ratio is greater than this (often about 6: 1) Coons, W. C. (1984). A microstructural investigation of
although for the cases where O is high and C is low, atomic the origin of brittle behavior in the TRANSVERSE

ratios of as low as 2: 1 can be encountered. For the case of i ;
j SRR 3 : g g direction in MO-BASED alloy bars. Metallurgical
TZM the situation is more complicated because of the pres- Transactions A, 15(9), 1741-1752.

doi:10.1007/bf02666357

1746 — VOLUME 15A, SEPTEMBER 1984
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Concluding Remarks

Marathon Manufacturing’s machining schedule for the exhaust seal ring did
not affect the seal under the extreme conditions experienced during flight
because of company neglect.

Both Drummin Aerospace and Anticlimax Molybdenum neglected the
design and stress analysis, material choice, and material processing that led
to the failure of the seal ring and ultimately, the Mr. B. Moore’s death.

For the justice of Mr. B Moore and his family, both Drummin Aerospace and
Anticlimax Molybdenum should be charged the 75/25 on the basis of

neqglect.
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