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1. INTRODUCTIONAND

OBJECTIVES

This report finalizes the lessons learned, that was
initially reported on in a preliminary report on 29
May 1992, from a propulsion system flight nozzle
failure during a flight test at White Sands Missile
Range (WSMR), New Mexico on 4 September
1991.

The Army Tactical Missile System (Army
TACMS) propulsion system nozzle assembly (see
Figure 1) included a graphite throat insert, a silica
phenolic throat insert (MX-2675), and a throat
insert insulator (Fiberite MX-4926), supported by
an epoxy and a throar assembly bonded with an
EA-934 adhesive.

This report contains material obtained through
interviews with current and former Army TACMS,
Research, Development and Engineering Center

(RDEC), and support personnel associated with
the program; reviewing documents generated by
the Army TACMS Project Office, LTV and
Southern Research Institute (SRI); and open lit-
erature regarding the use of graphite.

The objective of this report is to thoroughly delin-
eate the cause of the failure, document the lessons
learned and make widespread dissemination of
the information in order to help other project
offices avoid a similar occurrence. There is no
intenton in this docurnent to cast blame on any
Government organization or private Coniractor.

-

-

BACKGROUND

The Army TACMS is an inertially guided missile
systemn designed to attack enemy forces at ranges
beyond the capability of existng cannons and
rockets (Figure 2).
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Figure 2. Army TACMS Missile

A competitive Request For Proposal (RFP) from
industry for Full-Scale Development (FSD) of the
Army TACMS Missile Launch Pod Assembly
(M/LPA) and a sole source RFP for integration of
the M/LPA with the M270 launcher were released
in June 1985. LTV Corporation's Missiles and
Electronics Group was the winner of the competi-
tion for the development of the M/LPA. In March
1986, firm fixed price contracts were awarded to

LTV for both the development and integration
efforts.

Developmental testing of Army TACMS began
at WSMR in April 1988 and ended in March
1990. Operational testing followed immediately

after developmental testing and was completed in
June 1990.

The contract for Low Rate Initial Production
(LRIP) for 66 missiles was awarded in February
1989. A second LRIP for 104 missiles was autho-
rized by an Army Acquisition Executive Panel
Review and a contract was awarded to LTV in
February 1990. The first production missiles were
accepted in March 1990. In November 1990, the
Defense Acquisition Board approved Army
TACMS for Full Rate Production (FRP), and the
contract for the first year of FRP was awarded to
LTV.

Lessons Learned From Propulsion Failure on
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Atlantic Research Corporation (ARC) has
manufactured Army TACMS rocket motor nozzles
using two grades of graphite that meet the chemical
and mechanical requirement of Missile Interim
Specification (MIS) 29147. During the FSD and
qualification program phases, graphite manu-
factured by Union Carbide (UC) Corporation
(designated TS-1792) was used. TS-1792 is the
UC grade of graphite that has replaced their ATJ
grade. TS-1792 is isostatically molded and has
relatively uniform and isotropic material properties.
Late in the FSD delivery program phase and
continuing into the LRIP-1 and LRIP-2 program
phases, the nozzle inserts were manufactured using
graphite manufactured by Great Lakes Carbon
(GLC) Corporation (designated H-489). GLC
H-489 is not isotropic primarily due to the aspect
ratio of the particles. Table 1 provides information
obtained from ARC production records on graphite
lot mechanical property comparisons.

The Army TACMS product drawing for the solid
rocket motor is Part Number 13287245, This
drawing specified the matenial to be graphite in

accordance with (TAW) MIS-29147. MIS-29147,
“Missile Command Specification for Graphite,
Molded, for High Temperature Application™ is
dated 7 November 1979, and was the specifica-
tion used for purchase of graphite. This MIS was
originally developed for the Chaparral Missile
Program. The chemical and physical properties
(See Table 2) Listed in the specificanon are to
conform to values of apparent density, specific
resistance, with the grain and across the grain
flexural strength, and ash content. The
specification’s suggested source is ATJ Graphite
produced by UC. Both UC and GLC manufac-
tured graphite met the requirements of this speci-
fication. See Appendices A and B.

The material purchased to the MIS specification
has been tested approximately 127 times. Testing
started in September 1986 with the heavy wall
development motors. These include a total of 92
nozzles (Lot A7C25819) using UC TS-1792
graphite. Of the 92 nozzles, 72 have been tested
.successfully, including 19 during the qualification
testing. In additon, during the LRIP-1 program,

TABLE 1. GRAPHITE LOT MECHANICAL PROPERTIES COMPARISON

= APPARENT | ELECTRICAL, | FLEXURAL
GRAIN DENSITY, RESISTIVITY, | STRENGTH. ASH
PROGRAM | wMFG ARG IR # LoT DIRECTION {eoo)  Jionmcmxn™) sy %) INSERTS
WITH 13.0 Max. 2600 Min.
MIS-29147 VALUE FAGARET ] 1.70 1o 1.83 170 Max. =300 Min. 0.25 Max.
FSD UCAR ATC25819 C-T8 WITH 1.75 10.16 4362 0.0635 100
1.78 ER:] 4254
C-74 WITH 1.77 5.45 4243 0025
AGAINST 1.4 11.28 3937
75 WITH 1.73 10.87 4208 Q.043
AGANGT 1.73 11.67 3502
LAIF | GLG ADCZra5] 14736 WITH .72 T3.95 3975 029 100
1.71
: b
AGAINST — 16.21 3108
| 15Y3 WITH 172 1258 3953 Ba7
1.71
AGAINST — 1552 3307
LRIP N GLC ACC29012 ECTTEE] WITH 1.71 11.61 4092 0.3 "7
AGAINST = 15.50 Bagl =
FIWET WITH 1.73 11,6558 4377 0.20
ACANET 1 RIEE]
A CEZa0a-0 08 ©-130 WITH .75 |%_§ 2270 0.o5a 125
FSP1 UCAR AGAINET 1021 a0
A1CEZI08-01-03 =114 WITH 1.76 = 4254 0094 4
AGAINGT — 4408
AYCEZIe0T-01 21ws2 WiTH 1.72 12.40 3881 Q.18 ]
GLG = AGAINST 1647 T R
FETTER WITH 172 12.50 3601 0.4 120
s AGAINST — 1320 .--EEE-...--.W::
A1C52208-01-02 43W14 — 1.73
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TABLE 2. CHEMICAL AND

PHYSICAL PROPERTIES
VALUES
gt MINIMUM  MAXBAUM
APPARENT DENSITY, 1.70 1.82
GRAMS/CUBIC CENTIMETER

SPECIFIC WITH THE GRAIN - 130
RESISTANGCE,
OHM-CM X 10 -4 | ACROSS THE GRAIN - 170
FLEXURAL WITH THE GRAIN 2600 -
STRENGTH,
PSI ACROSS THE GRAIN 2400 --
ASH CONTENT, PERCENT - 0.25

92 nozzles were manufactured from GLC graph-
ite lot AOC27351. From this lot of H-489 graph-
ite, 40 motors have been test fired successfully.
27 times in Southwest Asia, 12 flights at WSMR
and one static test. The H-489 graphite was used
in a ground test static firing to verify the Norris
case for Army TACMS use. This motor test was
successfully conducted on 25 October 1989. Based
on this demonstrated experience, graphite from
both suppliers was considered to be qualified for
motor insert use.

A second lot of H-489 graphite, AOC29012, was
delivered and used to manufacture 114 nozzles.
A total of eight motors from this lot has been
tested. Seven tests resulted in the motor meeting
all performance requirements and/or successful
completion of its mission. An eighth nozzle
manufactured from this lot of graphite was used in
the flight test burmnthrough failure. The motor, S/
N 215098, was used in missile P-1170.

3. DISCUSSION OF FLIGHT
NOZZLE FAILURE

An Ammy TACMS Missile (P-1170) was fired
from a 5 ton truck with a modified Honest John
launcher on 4 September 1991. During the early
portion of the flight (approximately 6 seconds into
the burn stage) a large quantity of debris expelled

from the nozzle (Figure 3). This was followed by
a small quantty of debris at approximately 7
seconds (Figure 3), and a medium to large quan-
tity of debris at about 8.5 seconds (Figure 3). The
flight accelerations and velocities appeared nor-
mal until 23 seconds, when deceleration occurred
and loss of telemetry data happened at 23.2 sec-
onds. At23 seconds hot gas (aproximately S000°F)
had entered the boattail (Figure 4) area via
burnthrough and eliminated power to the missile
guidance system by damaging the electronic bat-
tery and cables. After the loss of data at 23.3
seconds, the missile continued on a ballistic flight
path for an additional 10,000 feet. At the end of
burn the missile spiralled to earth and landed 10
miles short of the target.

Close examination of the recovered hardware re-
vealed:

a. A two inch hole burned through the
nozzle at the joint between the insert insulator and
the exit cone insulation. Burn through appeared
as a “V" shape with the wide part of the “V” at the
head of the exit cone and the tip of the “V” ending
just below the threaded area. (See Figure 5a).
Another view is shown in Figure 5b with the
nozzle section adjacent Figure 5c provides an
inside view of the burnthrough along with a head-
on view of the aft closure. The entire Solid
Rocket Missile (SRM) without the nozzle is shown
in Figure 6 (note the burnthough on the lower side
of the exit cone).

b. All of the graphite throat was missing.

¢. The insert insulator was broken into sev-
eral pieces (gjected forward into the case on impact).

d. The motor case and insulation looked
normal.

On 10 October 1991, a motor (S/N 215109) that
was manufactured on the same day as the failed
motor was static tested at ARC and met all

Lessons Learned From Propulsion Failure on
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Figure 5c. Inside View of Exit Cone Burnthrough
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Figure 6. Solid Bock Motor Without Exit Cone Nozzle
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specification requirements. The results of that test
was: (1) No hot spots were on the exterior of the
exit cone, however, (2) Pieces of graphite were
ejected at approximately 6 seconds and at various
points of time during the static firing very similar
to the flight of 4 Sep 91. Erosion of the throat was
excessive in comparison to the TS-1792. The
erosion occurred approximately 120 degrees apart
and on the down stream side of the throat. The
exit cone and necessary parts of the missile were
disassembled to install the destruct package, and
the correct installation of the zinc chromate putty
was in question.

4. DISCUSSION OF ROOT CAUSE

A root cause failure investigation was ordered by
the Army TACMS Project Office immediately
after the failure. LTV and ARC performed this
detailed analysis with active involvement by Army
TACMS Project Office, RDEC, and support con-
tract personnel. The basic plan developed for
armiving at the root cause of the failure included:
(1) recover and examine failed parts, (2) collect
and review video and telemetry data, (3) collect
and review nozzle manufacturing, inspection and
handling records, (4) review nozzle history, (5)
generate fault tree, (6) eliminate low probability
failure modes based on review of existing data,
(7) identify/collect/generate additional data, tests,
and analyses needed to confirm or refute remain-
ing failure modes, (8) rank candidate root causes
identifying most probable cause(s), and (9) deter-
mine and implement corrective action.

Hardware was collected and video and telemetry
data were reviewed [AW the basic plan to assistin
determining root cause of the failure.

The process and inspection review revealed the
following:

a. Adhesives - All adhesives used were
“A" status (acceptable) and met shore hardness
requirements. Cure times were recorded on all

bonded parts, and the presence of adhesives was
verified on all bonded parts.

b. O-rings - All O-rings were “A” status.
The O-rings were verified to be within shelf life
and had been coated with silicon grease per pro-
duction procedures.

c¢. Igniter Enclosure - Raw material was
verified acceptable before use and there was no
significant variation in raw material physical
properties. In addition, there was no change in
molding processes. Parts were inspected and
cleaned after machining per drawing and all parts
were proof pressure tested.

d. Graphite Inserts - All parts were re-
ceived from the vendor on a certificate of com-
pliance. All inserts were bought to Missile Com-
mand (MICOM) Specification, for Graphite,
Molded for High Temperature Application, MIS-
20147 dated 7 November 1979. Graphite was
purchased from UC and GLC.

e. Throat Insulator - FSD throats were
made primarily by American Automated and all
throats were molded from the same mold. Spe-
cific gravity and density on all parts were verified
and recorded and there was no significant varia-
ton.

f. Exit Cone - All raw materials were
determined to be acceptable and there were no
changes in the molding process. Specific gravity
and density on all parts were verified. There were
no significant changes in the assembly processes.
Coverage of adhesive was verified and all cure
times were recorded.

g. Throat Assemblies - All materials were
verified as being acceptable and the process had
no significant changes. Adhesive coverage verified
prior to assembly and the throat assembly was
covered with EP-56 epoxy. All throats were leak
checked prior to acceptance.

Lessons Learned From Propulsion Failure on
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Members of the Root Cause Team went to GLC
and Machined Graphite Products to gain greater
insight into possible causes of the failure. The
Team determined: (1) grain direction is clearly
marked on each piece of graphite, as well as the
lot and piece number, (2) GLC graphite supplied
was not isotropic primarily due to the aspect ratio
of the particles, (3) samples are taken from the
ends of a block for the Army TACMS program,
(4) a lot of graphite is a sequential production of
material between mixer cleanout, and pieces from
the same lot may not be graphitized at the same
time or in the same furnace, (5) Machined Graph-
ite Products can not identify from what block of
graphite a throat came from, if more than one
block of graphite is used in a shipment for the
Army TACMS program (indicates a requirement
for serialization), and (6) Machined Graphite
Products rejects approximately 1 percent of in-
serts for another program due to flaws found dur-

ing X-ray. GLC encouraged a switch from H-489
graphite to another graphite product (GLC 490).

An Army TACMS Nozzle Failure Tree was de-
veloped (See Figure 7). The following rationale
was provided for elimination of failure modes:

a. Graphite Failure

(1) Billet Size - Data indicates
billet size does not significantly affect properties.

(2) Igniter Mount - Material meets
specification. Eject pressure met design require-
ments. No structural damage to graphite insert.

(3) Initial Defect - X-ray of greater
than 100 parts shows no defects.

NOZZLE BURN THRCOUGH
[ | | I [ ]
GRAPHITE O-AING INADEQUATE INTSZTE%N cEgrluTE HANDLING
FAILURE FAI BON AMAG
ABLNIE s FAILURE FAILURE DAMAGE
EXIT CONE GRAPHITE
MATETIN O-AING INSULATCR ] MATERIAL | MATERAL
e ~ BOND
sIZE | |
MATEHIAL DEFECTIVE PACOCESSING| |~ PROCESSING
MATERIAL ADHESIVE
PROPEATIES | [mapEcuaTe
CELER SR PROCESSING | 1 ASSEMELY ASSEMBLY
THERMAL
| sTRUCTURAL i) INADECUATE TNITIAL INITIAL
NOT PRESENT COVERAGE | (- ATRL BN i)
GNITER —
MOUNT | | AFT HEAD/
C-RING H Frodiprtced | [ Excesswe | [ excesswe
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| [ wima
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Figure 7. Army TACMS Nozzle Failure Tree
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(4) Assembly Gaps - Inspection
records show all dimensions and gaps meet drawing
TequireInents.

(5) Assembly Damage - Review of
processes show no evidence of any anomalies.

b. O-Ring Failure

(1) Exit Cone O-Ring - Zinc Chro-
mate Putty (ZCP) present. All materials meet re-
quirements. Thermal analysis shows insignificant O-
ring or throat insulation temperature rise at 6.0 sec-
onds if ZCP was absent.

(2) Throat Insulation O-Ring - O-
Ring present after test. Material meets specification.
No indication of flow between parts.
¢. Inadequate Bonds

(1) Graphite/Insulator Bond - No
indication of gas flow between parts.

(2) Aft Head/Insulator Bond - No
indication of gas flow between parts.

d. Throat Insulation Failure - Material meets
all requirernents. All parts manufactured in same

mold with the same processing parameters. Test
show as-molded strengths meet requiremnents. Resin
volatiles equal 2 percent or less. Lack of chamfers
has no significant structural effect.

e. Exit Cone Failure - Review of all process-
ing and inspection records show no anomalies. Re-
covered hardware shows no evidence that failure
initiated in exit cone.

f. Handling Damage - Process had no
significant changes and all materials used were verified
acceptable. Adhesive coverage was verified prior to
assembly. The throat assembly was covered with
EP-epoxy, and all throats were leak checked prior to

acceptance.

ARC conducted a series of laboratory tests from
graphite samples cut from inserts supplied by both
UC and GLC. Results of that testing are shown in
Table 3. Results of the testing clearly indicated that
graphite supplied by UC has greater flectural and
compressive strengths and that wide variations ex-
isted among GLC lot numbers.

Following testing, ARC conducted a thermal analy-
sis using SAAS I finite element computer code (See
Figures § and 9). Thermal gradients of 2, 4, and 6
seconds were used based on 70°F nominal firing data.

TABLE 3. GRAPHITE LABORATORY TEST RESULTS/SAMPLES CUT FROM INSERT

ARC BLOCK PROGRAM/ | FLEXURAL (PSI) | COMPRESSICN (PSI)
MFG IR# NUMBER | INSERTS |ACROSS GRAIN| W/GRAIN | A/GRAIN
uc A1062308-01-04 | C-130 FSP 1 (125) 4975(3) 89645(3) 9753(3)
A1C62308-01-03 | C-114 FSP1(4) 3820(3)" as550* 8e62"
uc A1CB2308-01-01 | 51W52 FSP 1 {50) 3489(3) 7880(3) 7515(3)
GLC | A1C62308-01-02 | 49wW21 FSP 1 (120) 3429(3) 6048(3) | 6057(3)
ADC29012 Jsws2 LRIP Il (117) T8O
GLC 31W27 32853 | 8026(3)| 8198(3)"
ASC2T7351 14Y36 LRIP 1 {100) TBD*"™
GLC 15Y3 l
*  UNION CARBIDE DATA FROM BLOCK
" FIRED INSERT, INDENTIFIED BY FLEX TEST
*** MATERIAL NOT AVAILABLE
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Figure 9. Throat Insert O.D. and Surface Temperature @ 6 Sec.

Stress - strain curves, modulus, coefficient of
thermal expansion, and strengths were considered.

The structural analysis pointed out that the critical
stress state is comnpression stresses at the inner
surface of the insert and down stream of the throat.
The analysis also determined that the safety factor
is reduced by 22 percent when GLC graphite is
substituted for the UC ATJ graphite.

Table 4 provides predicted insert safety factors for
both UC and GLC graphite. The numbers shown
are based on vendor and ATJ variability data.

ARC concluded that the root cause was compres-
sive failure of the graphite throat insert. The
failure mode scenario is shown in Figure 10.

Lessons Learned From Propulsion Failure on
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TABLE 4. PREDICTED INSERT SAFETY FACTORS

ALLOWABLE
COMPRESSIVE SAFETY
STRENGTH (PSI) FACTOR
MATERIAL 70 F (4500°F)""
UNION CARBIDE
MIN. STRENGTH" 8000 1.45
MAX. STRENGTH" 10000 1.81
BLOCK C-13390 (FSP-I) g700 1.76
GREAT LAKES CARBON
MIN. STRENGTH" 6000 1.08
MAX. STRENGTH" BOOO 1.45
BLOCK 51W52 (FSP 1) 7700 1.39
BLOCK 35W52 (LRIP 1l) TBD TBD
BLOCK 31W27 (LRIP 1l) 8100 1.47
BLOCK 14Y36 (LRIP 1) TBD TBD
BLOCK 15Y 3 (LRIP I) TEBD TBD
* BASED ON VENDOR AMD ATJ VARIABILITY DATA
** BASED ON ATLANTIC RESEARCH ANALYSIS

M

5.58
7.06

8.58

6.0
TO
22.0

22.0

23.0

N

EVENT

GRAPHITE INSERT FAILS
NON-SYMMETRICALLY DUE
TO COMPRESSION STRESSES

HOT PARTICLES EJECTED

DISTURBED GAS FLOW
CAUSES ABNORMAL EROSION
OF THE THROAT INSULATCR

O-RING SERVICE
TEMPERATURE EXCEEDED AND
ESCAPING GASES BURN
THROUGH STEEL COMPONENTS

Figure 10. Failure Mode Scenario
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The corrective actions recommended by ARC
and LTV and approved by the Project Manager
included both short- and long-term solutions. The
short-term actions were:

1. Discontinue use of GLC inserts in motor
e

2. Deliver all future motors with UC inserts.
3. 100 percent x-ray of throat inserts.

4. Get flexural and compressive strength
measurements on current graphite throat inserts.

The long-term actions were:

1. Continue investigation to determine the
minimum acceptable properties for graphite inserts.

2. Improve lot traceability by serializing
individual

3. Revise MIS-29147 specification for Army
TACMS to include additional samples and compre-
hensive strength.

4. Change drawing to impose 100 percent x-
ray of graphite throats.

The Propulsion Directorate, on 21 October 1991,
expressed concern that the ARC analysis did not
accurately define the structural integrity of the
throat insert under static/flight test conditions.
They stated, “Minimal mechanical property data
points, improperly extrapolated high temperature
data, and incorrect application of data to analysis
by ARC have resulted in positive safety margins
that are fictitiously high.” Propulsion Directorate
recommended that they be funded to perform
thermostructural analysis to define the state of
stress and safety factors in the throat insert.

Chief, Army TACMS, Technical Management
Division expressed reservations regarding the ARC
analysis. He was concerned that the analysis may
have in-fact improperly extrapolated the high

temperature data. This concem was based upon
the considerable amount of test data on graphite
that was generated by SRI in support of the Na-
tional Aeronautics and Space Administration
(NASA) castor motor program. He agreed that
the Propulsion Directorate should conduct an in-
dependent analysis and further recommended that
SRI be tasked to conduct tests of compressive and
tensile strengths at ambient and elevated tempera-
tures. Army TACMS Project Office subsequently
funded both of these efforts.

The significance of the test and further analysis
was that if the safety margins were proven to be
inadequate, at the higher temperatures, another
material other than graphite could be required and
all of the fielded Army TACMS missiles might
require retrofit.

Following a series of meetings and discussions,
on 26 November 1991, LTV and ARC presented
information and rework plans for all LRIP II
and FSP nozzles containing GLC H-489
graphite. They recommended the rework of
117 motors containing H-489 graphite from
lots 35W52, 31W27, 51W52, 49W14, and
49W21. They did not recommend that the LRIP
I motors containing H-489 lots 14Y36and 15Y3
be reworked. LTV's test data and extensive
flight program results proved it to be an accept-
able lot. In addition, data presented 15 Apr 93
to Program Manager and Deputy Program
Manager summarizing all accumulated infor-
mation and data showed a positive margin of
safety in excess of the structural requirements
for the 14Y36 and 15Y3 lots.

Program Manager Army TACMS, Col David
Matthews, directed that the plan to rework the 117
motors that was recommended by LTV and ARC
be implemented. Eighteen motors were to be
retumed to ARC. Two motors had already been
reworked to support testing. Forty-six were to be
reworked at WSMR, 40 were to be reworked at
Weilerbach, and 31 were to be reworked at
Anniston Army Depot. The three thought to be in
long-term storage in Panama and Sececa were not

Lessons Learned From Propulsion Failure on
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to be reworked at the time; however, three new aft
closure kits were to be provided to Redstone Ar-
senal. Subsequently it was determined that the
three rounds had not been shipped to Panama and
Sececa and would be reworked.

5. GENERAL INFORMATION ON
GRAPHITE

The properties of graphite differ widely, not only
between different grades, but between lots. Addi-
tional variations in properties may be found be-
tween different pieces in a given lot as well as
between locations and orientations within a single
block. This wide variation is due to the sensitivity
of graphite properties to many variables. These
variables include differences in starting materials,
particle size, forming method, condition of the
first bake, and graphitzing conditions. In short,
the properties and uniformity of the final graphite
products are greatly influenced by manufacturing
and material variables.

AT]J graphite is a molded graphite with fine grain
having good strength up to S000°F. Its disadvan-

tages are that it is brittle, anisotropic, and shows
large variations in a single piece. Its uses are for
refractory structures, blocks, strips, and sleeves.

Specifications dealing with graphite normally ad-

: 2 i i
trical resistivity, The material data book devel-
oped for the NERVA PROGRAM, dated 30 June
1968, provides insight into the mechanical prop-
erties of ATJ Graphite (see Figures 11a and 11b).

Note that tensile strengths increase through tem-
peratures of approximately 4600°F, but drop dras-
tically beyond that point. A graph is shown (see
Figure 11b) for compressive, shear, bearing, and
flexural strengths for ATJ Graphite. Note that
ultimate compressive strength continues to in-
crease as temperatures are increased to S000°F.
However, ultimate flexural strengths begins to
level off as temperatures approach S000°F. Test-
ing conducted by SRI for NASA indicates that
compressive strength of ATJ 1792 starts to de-
cline sharply after S000°F.
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Figure 11a. Tensile Strengths of ATJ Graphite
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Figure 11b. Compressive, Shear, Bearing and Flexural Strength of ATJ Graphite
6. MISSILE INTERIM
2 MIS-29147 was cancelled on 13 October 1988.
SPECIFICATION (MIS) FOR Future procurements were to be made IAW MIL-
GRAPHITE G-47316 (MI). There were no technical differ-

MIS-29147 is a MICOM Specification, devel-
oped in November 1979, for graphite, molded, for
high temperature applications. The specification
identifies the minimum and maximum values for
apparent density, specific resistance, flexural
strength and ash content. It does not address
requirements relating to tensile strength, com-
pressive strength, modulus of elasticity, or ther-
mal expansion. Test specimens are to be taken
from each block by obtaining one test slab and
from that slab obtain a minimum of three test
specimens both with and across the grain. MIS-
29147 provided a suggested product — ATJ
graphite as manufactured by the Union Carbide
Corporation, Carbon Products Division, 270 Park
Avenue, New York, New York

ences between MIS-29147 and MIL-G-47316
(MI). MIL-C-47316 (MI) does require a first
article inspection, consisting of 10 units. Army
TACMS Drawing Number 13287245 was not
changed to reflect the cancellation of MIS-29147.
Since the technical requirements were not changed
it is possible that a decision was made within the
Army TACMS Project Office not to incur the cost
of changing the drawing.

MIS 29147 was replaced by MIS 40130 in April
1993. A summary of the revised chemical, elec-
trical, and mechanical properties that were incor-
porated in MIS 40130 is listed in Table 5. All
properties shown in Table 5 are for room tem-
perature. The recommended graphite material is
the grade of ATJ currently qualified or an ap-
proved equivalent.
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TABLE 5. ADDITIONS TO MIS-<40130

VYalues
Property Minimum | Maximum
Density (g/cc) 1.73 1.79
Specific Resistance With Grain - 12.0
{ohms-cm x 10-4) Against Grain ——— 13.5
Flexural Strength With Grain 3500 ———
(psi) Across Grain 3500 ——
Ash Content (%) 0.15
Compressive Strength With Grain 8000 —
(psi) Across Grain 8000 -
Modulus of Elasticity In | _With Grain_ 1.3x106 S
Tension (psi) Across Grain 1.1x106 amna
Rockwell Hardness (L. Scale) 60 e

7. TESTING BY SOUTHERN
RESEARCH INSTITUTE

A contract was awarded to SRI to evaluate me-
chanical, thermal and physical properties of ATJ
and Great Lakes bulk graphite materials.

7.1 Mechanical and Thermal Evaluations of
AT) and Great Lakes Graphite For
Army TACMS

The two grades of bulk graphite evaluated for this
effort were Union Carbide ATJ 1792 and Great
Lakes Graphite H489 lot 51W52. The molded
materials were compressed hydrostatically into
13" x 13" x 72" logs where the radial and cir-
cumferential directions correspond to the with-
grain orientation and the across-grain orientation
is axial. Three billets were removed from each
log. The ATJ billets were taken from two differ-
ent logs while the GL H489 billets were all re-
moved from the same log.

The test matrix for this effort is shown in Table 6.
It consists of across-grain and with-grain
mechanical, thermal, and physical properties. Tests

were selected to correspond to key events in the
materials.

The tensile properties: Ultimate strength, elastic
modulus and strain-to-failure and stress-strain
curves were obtained using a gas-bearing tensile
machine,

The compressive properties were measured using
a gas-bearing compressive facility.

The dimensions and weights were determined on
the fully machined blanks to obtain bulk densities.
The bulk density of each test specimen is included
in appropriate mechanical tables from each billet.

The break and peak velocities were determined on
the fully machined blanks in the test orientation.
The inverse relationship between resistivity ver-
sus peak velocity showed the ATJ material has a
higher resistivity and lower peak velocity while
the GL material has a lower resistivity and higher
peak velocity. All else being equal, this would
indicate that the ATJ is a more graphite material
while the GL H489 is more glassy.
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TABLE 6. TEST MATRIX FOR ATJ AND GREAT LAKES GRAPHITE

SPECIMEN RT 2000 4250 5000 NO. TEST
TN - AG (AX) 3 5 3 3 16
TN - WG (CIR) 3 3
CM - AG (AX) 3 3 3 9
CM - WG (CIR) 3 3 9
TE - AG (AX) 2 - - 2
TE - WG (CIR) 2 - - - 2
TE - WG (RAD) 2 = - - 2
Density All Mechanical
Radiography All Mechanical
Sonic Velocity All Mechanical
Electrical Restivity All Mechanical
Microscopy All Mechanical
Billet NDC: Slab Radiography

Computed Tomography

AG: Across Grain AX: Axial
WG: With-Grain RAD: Radial
CIR: Circumferencial

Computer Tomography (CT) scans were taken in
the axial and radial orientations for both bulk
graphite materials. CT scans were used to deter-
mine the materials density profile and to detect
larger defects, greater than 20 mils. Samples of
the scans, indicate the density variations of AT]
billets are greater than density variations of the
GL billets. The strong defective zone in ATJ-2
has an indicated density of 1.52 gms/cc.

Radiographs were performed for all mechanical
specimens. The radiographs typically showed
greater density variations for the ATJ billets than
for the GL billets. However, the radiographs also
showed noticeable density variations within each
billet with respect to nozzle location. These sug-
gest that the location of the individual cored nozzle
may also have an effect on the nozzle perfor-
marnce. :

The bulk graphite materials were microscopically
investigated using a Nikon Epiphot microscope.
Samples from each billet were epoxy impreg-
nated and polished. The porosity of the ATJ
billets appeared to be greater in magnitude and

size than for the Great Lakes billets. The maxi-
mum pore size of the ATJ material was approxi-
mately 4 mils and approximately 2 mils for the
GL material. Evaluations of the micrographs also
showed the typical large defect size for the ATJ
and GL materials to be approximately 16.5 muls
and 9.5 mils, respectively. Micrographs of AJT
and Great Lakes carbon are shown in Figures 12
and 13.

Across-grain tensile evaluations were conducted
for both ATJ and GL H489 bulk graphite at room
temperature, 2000, 4250 and 5000 degrees F.
With-grain tensile tests were conducted only at
room temperature. Specimens were loaded at 10
Kpsi/min heated at 10 degrees F/sec where appli-
cable.

The individual cross-grain tensile evaluations are
tabulated in Tables 7 and 8. These evaluations
show good replication for each material. The ATJ
graphite yields greater material properties (strength
and strain-to-failure) than the Great Lakes evalua-
tions from RT to 5000 degrees F for both grain
orientations.
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TABLE 7. TENSILE EVALUATIONS OF ATJ AND GREAT LAKES GRAPHITE

MATERIALS TO 5000°F
L BREAK PEAK | INT. ELASTIC | ULTIMATE |ULTIMATE | FAILURE
BILLET EPECIMEN | TEMP. | DENSITY | VELOCITY] YELOCITY | MODULUS STRAIN STHESS MODE
NUMBER | TYPE F (G/CC) | (INFUSEC) | (IN/USECD) [MSI) (INANY (PSIy LOCATION REMARKS
ATEL | TH-AG-] n £.763 0092 002 162 0.0047 3800 0.498
ATl | TH-AGS ] 1.746 Q0es et 148 00082 3650 0T
ATHZ | TH-AG2 ] 1762 [T T Q083 1.3% Q04 ] 3505 [ E1F:]
ATIZ | TH-AGS 0 1.758 0093 [T, L4l 00049 3800 0.108
ATI3 | THN-AG-T 0 1.743 00296 0081 147 00058 3343 [ ¥L]:]
AVERAGE T4 [T [T T2 [ T 571]
AIT-1 | Th-AG2Z 2000 1.762 [T 7] 0051 1.E6 0000 FrTT)
ATEL | TN-AG-6 2000 1.746 0.0817 0091 1.87 00038 4257 0308
ATI2 | TN-AG3 200 1.766 00852 Q085 1.76-1.95 00033 4404 0558
ATI2 | TN-AGT 2000 1,765 CLOED 0095 146 007 430 00T
ATI3 | TN-AG2 2000 1742 [iTi k) (70 1.5% 0003 3800 0458
ATI-3 | TH-AGS 20 1.751 0.082] 0.09] 1.58-1.59 00034 068 0.50T
[AVERADE = Byt (i3] [T ] (I EFEE]
ATl | TN-AGS 4250 1.75% 00939 0053 143 0.050 GEBD 0418
ATIZ | TN-AGS 42%0 L7857 0.0931 0091 137 00%0 6200 045 T
ATE3 | ™M-AGS 4250 1,750 0.0908 0.090 1.06 00254 6516 045 T
= = .1 0 X1 [l (TN iR
AT | TN-AGH S000 1.747 0095 0091 056 =612 6306 0358 Sran Seake Mot Reser
ATL2 | TH-AG-5 5000 1.751 RS 0091 051 » 0567 5798 0ns Los Flags
ATE3 | TH.AG-4 SO0 1.747 ESS 0.089 053 » 0632 5300 0.50 B Serain Scals Not Reset
AVERAGE RZT] [N 090 057 [THRAH 501
GL-1 | TN-AG-1 i) 1722 00882 0087 1.13-130 00027 2260 0158
GL-2 TH-AG-5 E.) 1.739 O.0RE% OoET 1.28-136 0UD0GE2 2467 0458
GL-2 TH-AG-T E.!] L.740 oo 00s0 122 UD02R 2452 045 T
GL-3 TH-AG-1 o L731 O.08TS QUIBS 1.13-135 OUD0ZE 2400 0558
GL3 | TH-AGS ] 1.733 00889 0088 1.5 00033 2680 0258
AVERAGE 1.733 _CLORES [T ] Domo |- 2ad3
GL-1 | TN-AG-2 2000 1.726 Qu0Es 0.087 128 0.0028 3000 0458
GL-1 | TN-AG-7 2000 1.731 00863 0.085 134 0.0031 n 0.458
GL-2 TN-AG-2 2000 1.747 CLOB08 0.0ES 1.58 0.0030 3450 045 T
GL3 | TN-AG2 2000 1.733 0087 0086 1.56 0.0026 2559 0408
GL3 | TH-AGT 2000 1.735 00891 0058 1.2 00091 3343 0WT
[AVERADE | .7= TERT GET T.55 s Yk
GL-I | TN-AGS 4250 1.731 0.0E5 00 0.38 0144 4730
GL-1 TH-AG3 42%0 1746 0.0050 Ll i 100 0171 5475 Q0T
GL-3 TH-AG-3 4250 .72 00ETR QOEE 099 D005 4373 02T
TAVERALGE 737 TTEET TIET T TUT35 Y
GL1 TR-ALL L 111] Lol [T e [I77 (VT3 50 (TN
GL-2 TH- AG-4 S000 1.742 QUL QED 045 CuSED 4512 OS5 T
GL3 | TN-AG4 5000 1.729 0.0882 D08 0.59 00516 4296 eRB
AVERAGE 134 Q.08 L D087 0.53 00539 4119

TABLE 8. TENSILE EVALUATIONS OF ATJ AND GREAT LAKES GRAPHITE
MATERIALS AT ROOM TEMPERATURE

BREAK FEAK INT. ELASTIC | ULTIMATE |ULTIMATE | FAILURE
BILLET EN | TEMP. | DENSITY | VELOCITY] VELOCITY MODULUS STRAIN STRESS MODE
NUMBER | TYPE en | oo | muuseg| ovuseg (MST) NI (PS) | LOCATION REMARKS
ATIL | TN-WG-1 o 1.738 0.1017 0.10t 1.5 funas 4456 0.s1B
AIT2 | TH-WG- 0 1769 0.1025 0.102 208 0.0042 4514
ATES | TH-WG-1 ™ 1.738 0.0971 0096 1aa 0,004 3908 035 T
[ AVERAGE = 15 01008 [N & [T Tk
GL-1 TH-WO-1 o 1.728 [aXe] 0,093 1.67 0.oE2 159 [EEN]
GL2 | TN-WG-1 0 1.745 0.5067 0.9 160 0.0030 3010 0128
GL-3 TH-W3-1 L 1.733 Q0555 Qe L&1 0.0035 3114 0T
[AVERAGE Brick (IS 0= TEs (L5 e

The across-grain and with-grain tensile properties
of the ATJ and H489 materials are compared to
historical Graphite and Graphnol materials in Table
9. Historical comparisons show that ATJ billets
to yield lower than historical material properties.
However, the ATJ still has tensile properties greater
than the H489 billets.

Failure analysis of the tensile specimens showed
random fracture surfaces with the failure initia-
ton side along the specimen’s outside diameter.
Failure location is recorded in Tables 7 and 8 with
respect to the specimen’s gage centerline. These
data show a balanced number of top and bottom
failures indicating proper alignments and loading.

Lessons Learned From Prapulsion Failure on
Army TACMS



TABLE 9. SUMMARY OF TENSILE STRES-STRAIN DATA FOR THE AVERAGE CURVES OF
GRAPHITE AND GRAPHNOL MATERIAL

Bilinear Fis Lo Stress-Strain Curves
Stress | Imitlal Ultimate | Ultimate |Frimary |Secondary] Theld | TI6d | Sirain vaiue 1 hat
Temp | Rate | Modules |Pobssoa®s | Stress | Sirain | Modulus) Modulus | Strain | Siress | Fidls Extended Lo
Madertal Property | Oricatstion | (°F) |(psimin)| (Ms) | Ratio | (psi) | (infin) |“(Msi) | (Msf) e | (psi) {infin)

GREAT LAKES  |Tension | AcrossGeain | 70 10000 1.5 - 2443 0.0030 - = - - -
ATI Tension | AcossGrain | 70 10000 148 - 3620 00044 - - - - -
ATI (TS 1792} Tension | Acoss Grain | 70 - 135 012 3538 0.0040 = = = = =
ATLS (W5) Tension | Acoss Grain | 70 10000 113 - - = - 0.5930 | 0.0019 | uT7 -
ORAPHNOL N3M | Tersion | Across Graln | T0® 10000 1.24 - 5Te2 00054 | 1.1520 | 04290 | 0.0027 | 3086 0.01
ES |Tension | AcossGeam | 2000 | TO0DO 140 = 3177 | 0009 = - = = -
AT Temsion | Acoss Grain | 2000 | 10000 1.69 - 4245 | 0.0034 B - - - -
ATI(TS 1792) Tension | Across Gein | 2000 - 1.4 - 4777 | o009 - - - - -
ATI-S (W5) Tensicn | Across Grain | 2000 10000 1.3 = - - - 0.6290 | 0.0029 | 353 =
GRAPHNOL N3M | Tension | Across Grain | 2000 100 1.45 = 6350 00088 13210 | 03880 | 0.0035 | 4557 Ui
[ATI(IS 1792)  |Tenswn | Acoss Gran | 4000 - .17 = BTD | 0000 = = - - -
ATI-5 (W5) Tension | Across Grain | 4000 10000 1.13 - - - - 0.29%0 { 0.003% [ 4380 =
GHEAT LARES lensaon [ Acoss Tmin | 4150 TOOEF (1% = E Ll U038 = - - - -
ATI Tension | Across Grain | 4250 L0000 1.29 - 6536 0.0211 - - - B
[ETIas 179a] Toswn | ATes Ghn | S0 = T8 = TIR | UUET = = = = =

GRAPHNOL N3M | Tension | Across Grain | 4500 10000 1.20 - 9193 00430 | 1.1630 | 03100 | 0u0033 | 3890 0.0
GHREATLAREE |Touoms | Acoss Gram | 5000 | 10000 | 033 - TN | 00539 - - -
ATI Tension | Across Grain | 5000 10000 kT - i3 =060 - - -
ATI(TS 1799 Tension | Acoss Grain | 5000 - 0.44 = 6557 = - = = -
GREAT LAKES [Tensmon | Wilh Gram 70 10000 153 - W62 [T Tird . = = = =
ATI Tengion | With Grain 0 10000 1.63 - 4326 QU3 - - - =
ATI(TS 1792) Tension | With Gmin 0 = 142 oi2 4438 000 = = = - -
AJT-5 (W35) Tension | With Gain o 110000 1.6 - - - - 0.9350 | 00015 | 2525 -

GRAPHNOL N3M | Tension | With Grin | 70** 10000 1.26 - 19 00088 L2110 | 04700 | 00028 | M2 om

"Average across-grain Poisson’s ratio = D.0046

** Average with-grin Poission's ratio = 0,140
Investigations also showed no evidence of
anomalies in the fractured surfaces.

Across-grain compressive evaluations were con-
ducted for both ATJ and GL H489 bulk graphite
at room temperature, 4250 and 5000 degrees F.
With-grain samples were tested only at room tem-
perature. Specimens were loaded at 10 Kpsi/min
and heated at 10 degrees F/sec where applicable.

The individual compressive across-grain and with-
grain evaluations are tabulated in Table 10. These
evaluations showed good replication for each ma-
terial. The ATJ graphite yields greater material
properties than the GL evaluations from RT to
5000 degrees F for both grain orientations.

The across-grain and with-grain ATJ and H489
materials are compared to historical Graphite and
Graphnol materials in Table 11. Historical
materials show the ATJ billets to yield lower than
historical material properties. Both materials have
very high compressive strains to failure at 4250
and 5000 degrees F and were only tested to an
axial deformation of 150 mils/inch. This limit
was. selected to yield the most accurate stress-

strain in the elastc region of the curve. Above the
selected limit, the calibrated strain gages yield
nonlinear strains.

Failure analysis of the compressive specimens
showed the principal mode of failure to be shear
along a 45 degree plane. The elevated temperature
specimens did not fail catastrophically but yielded
in “plastic” deformation in the axial direction
resulting in circumferential expansion.

Thermal expansion evaluations were conducted
for both ATJ and GL H489 bulk graphite from
room temperature to 5000 degrees F. Across-
grain (axial) and with-grain (radial and circumnfer-
ential) thermal specimens were evaluated in the
quartz test facility to 1800 degrees F and in the
graphite test facility to 5000 degrees F.

The individual thermal expansion across-grain and
with-grain evaluations are shown in Figures 14
and 15. These evaluatons show good replication
and good agreement between the two techniques.
The ATJ graphite has lower thermal expansions
than the H489 evaluatdons from RT to 5000 de-
grees F for both grain orientadons.

Lessons Learned From Propulsion Failure on
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TABLE 10. COMPRESSIVE EVALUATIONS OF ATJ AND GREAT LAKES GRAPHITE

MATERIALS TO 5000°F
Break Peak Sonic
Material | Specimen | Temo. r ¥elocity | Velocity | Modulus E 5 €
ID D CF | (gmfed) (infusec) | (infusec) (msi) {msd) (psi) (infin) Comments
AJT-1 CM-WG-1 RT 1.7597 0.1016 0.1003 1.7075 L.25 10060 0.0300
AIT-2 CM-WG-1 RT 1.7686 0.1025 01012 1.7466 1.16 10580 0.0350
AIT-3 CM-WG-1 RT L7179 0.0970 0.0958 1.5371 Li7 RTR0 0.0258
AVERAGE 1.7554 0,100 0.0591 1.6637 1.1% Q807 0.0303
GL-1 Cvi-Wi-1 RT 1.7264 0.0538 D823 14218 1.10 EI71 00230
GL-2 CM-WG-1 RT 1.7451 0.0959 0.0943 1.5086 L2 B6GD 0.0253
GL-3 CM-WG-1 RT 1.7345 0,054 0093 14864 109 BOG0 0.0207
AVERAGE Ci 1.7353 0.0549 0.0933 1.4683 1.14 B297 0.0233
ATJ-1 CM-AG-1 RT 1.7505 0.0923 0.0912 1.4018 1L.00 10150 0.0370
ATI-1 CM-AG-4 ET 1.7474 0.0910 00899 1.3602 1.01 o400 0.0335
ATI-2 CM-AG-3 RT 1.7685 0.0850 0.0939 1.5003 1.09 10560 0.0400
AVERAGE 1.7555 0.0928 Q0917 1.4208 1.03 10037 0.0368
ATI-T TWM-AG-Z | 3250 | 17549 TEE R T3I50 T 12560 0. L0
AT]-2 CM-AG-1 4250 1.7705 0.0961 Q.0947 15370 D42 =11760 =0.1000
ATI-2 CM-AG-4 | 42% | 17575 0.0925 00915 1.4135 0.03 >11780 | =0.1000
AVERAGE 1.7610 0.0840 00827 14632 | 103 =203 | >0.0000
ATl-1 CM-AG-3 | 000 | L7519 0.0926 00518 14121 0.69 > 1820 =0.1000
ATI-2 CM-AG-2 5000 1.7727 0.0957 0.0946 1.5261 0.68 >3250 =, 1000
ATI-2 CM-AG-1| 5000 | 1.74%0 L0911 0.0899 1.3613 0.67 =R000 =0, 1000
AVERAGE _ 1.7565 00931 0.0920 1.4332 0.68 >B023 01000
GL-1 CM-AG-1 RT 1.7307 DL08GY 00876 1.3002 1.00 TiEQ 0.0176
GL-1 CM-AG4 RT 1.7333 QLO8T] 0.08355 1.2332 0.97 8132 0.0275
GL-2 CM-AG-3 RT 17444 0.0806 0.0879 13164 L0 TRIZ 0.0206
AVERAGE 1.7361 0.0887 0.0870 1.2833 0.99 TIEL 0.mie |
GL-T CM-AG-Z | 8430 | LTI .07l T T.2335 = =T0540 SO0 |
GL-2 CM-AG-1 | 4250 | 17433 0.0914 0.0893 13650 1.00 =10749 »0.1000 |
GL-1 CM-AG-1 4250 1.7339 00880 00855 1.2622 07 =540 =0.1000 |
AVERAGE 1.7361 0.0888 0.0867 1.2885 0.3 =10333 =0.1000 |
GL-1 CM-AG3| 5000 | L7311 00857 0.0820 1.1851 040 6100 >0.1000
GL-2 CM-AG-2 5000 1.7458 0.0806 0.0878 13175 0.53 =5873 =0.1000
GL-3 CM-AG-2 | 5000 | 1.7346 0.0007 00838 L3413 0.53 6320 =4}, | 0040
AVERAGE 1.7372 00837 0.08469 1.2846 049 | 6431 »0.1000

TABLE 11, SUMMARY

OF COMPRESSIVE STRESS-STRAIN DATA FOR THE AVERAGE CURVES
OF GRAPHITE AND GRAPHNOL MATERIAL

Bilinear Fits Lo Siress-Strain Curves
Primary | Siress | Stress | Stres | Sirain Primary | Sccondary | Yield | Yild | Fid Extended
Stress | Elastic |ALL2S | ALIS al M Modulus | Modulus | Strsin | Sires | Lo Percind
Temp Grain Rate | Modulus | Offset | Strain | Ultimste] Ultimate |Poimon'si  (E} n 5 nn Strain
Material {*F} | Direction |{paifmin)| (MsD (ps) {psi} | fpal) | (lnfim) | Rato | (Masi) iMsd | (infin) | (paid %
GREAT LAKES 0 | Across Graia {{aieid .59 1552 4330 Tial 00218 - - - - - -
ATT M | Acreas Grain | 10000 103 145 | 4625 | 0037 | QuGsR = e i i« i E
ATI(TS1792 MW | Across Grain - 133 = - 13245 | QUS04 - - - - e -
AIT-5 (WE) M | Acreas Grain | 10000 1.06 - - - - - 1064 0,453 00027 | 215 -
GRAPHNOLNIM | 70 |Accss Grazm | 10000 L8 S170 659 | 14410 - 0132 1027 0529 00053 i 10
ATT{TS1T9D) 4000 | Acress Grain | 10000 171 - - 25108 | »0.1320 - - - - - -
ATI-S (W3} A000 | Across Grasn | 10000 1.28 - - - - - 1281 0.24 00037 | 4T3
GREAT LAKES 4250 | Acrcss Gram | 10000 053 3300 5116 | »10832 | »00000 - = - - - -
ATT 4350 | Acreas Grasn | 10000 103 3733 5267 | »12093 | »0.1000 - , = a & E;
ATHTSIT9Y 4500 |Across Gram - 134 - - | >x2875 | 02803 - - 2 &= Z &
ATI-5 (WS) 4500 | Acrons Gesan | 10000 120 - - - - - L19% 0463 Q0032 | 3860 -
CRAPHNOL NIM | 4500 |Acoss Gran | 10000 147 6136 | TRAD - - - 1532 0330 Do031 | 5L Lo
GREAT LAKES 5000 | Acoss Grain | 10000 04g 1766 3249 | »8431 | 00000 - - - - - -
ATI 5000 |Across Grain | 10000 048 2417 | 4133 | =B023 | =Ou1000 - i - = A i
ATI(T51792) 5000 | Acrods Grain - 070 - = B62S - - - - = = -
ATI-5 (W5} 5000 | Acoss Graie | 10000 nge - - - - = 0981 0353 00028 1765 -
GRAPHNOL N3IM | 5000 |Acoss Grai | 10000 048 4068 | 5500 - = N 0849 0.296 00028 | 2485 10
GREAT LAKES w0 With Grain 10000 114 paii] 4832 | 8297 00133 - - = - - -
ATI ol With Graln 10000 L1e 1550 5le6 | 980T Q0303 - - - - - -
ATI (T51792) 0| Wit Grain = 137 - - 12635 | 00044 - - S e 2 -
ATI-2(W3) 0 With Grain 10000 139 - - = - = 1386 Q0378 Qui0zs 1854 -
CRAFHNOLNIM | 70 With Grain 10000 1.2% e 10005 | 14175 - 0.147 1.208 0516 Qe 512 10
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Figure 14. Across and With-Grain Thermal Expansion of ATJ Graphite to S000°F (ATJ-3)
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The across-grain and with-grain ATJ and H489  have greater thermal expansions than historical
materials are compared to historical ATJ Graphite ~ material. However, the ATJ material still has
and Graphnol materials in Figures 16 and 17.  expansions lower than the H489 material.
Historical comparisons show the ATJ material to
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Figure 16. With-Grain Thermal Expansion Comparison of ATJ and GL Graphite to
Historical Graphite and Graphnol
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72 Mechanical and Thermal Evaluations of
Great Lakes H489 Lot 14Y36/15Y3
Graphite for ATACMS

The bulk graphite evaluated for this effort was
Great Lakes Graphite H489 Lot 14Y36/15Y3.
The material was compressed hydrostatically into
13" x 13" x 72" logs where the radial and circum-
ferential directions correspond to the with-grain
orientation while the across-grain orientation is
axial. The test billet was removed from one of
several logs. Locations of the individual billets
within the logs were not recorded.

The test matrix for this effort is shown in Table
12. It consists of compression in across-grain and
with-grain orientations and thermal properties in
the with-grain orientation only. Test tempera-
tures were selected to correspond to key events in
the materials.

The procedures for this effort are the same as the
procedures listed under the previous topic entitled
“Mechanical and Thermal Evaluations of ATJ
and Great Lakes Graphite for ATACMS".

Details of this evaluation and the results obtained
from the evaluation are contained in Southemn
Research Institute report SRI-MME-92-1072-7775

titled “Mechanical and Thermal Evaluations of
Great Lakes H489 LOT 14Y36/15Y3 Graphite
for ATACMS”, dated December 1992.

73 Summary

The Union Carbide ATJ 1972 has superior
thermostructural properties compared to the Great
Lakes Graphite H489 lot 51W52 despite the fact
that this is a poor grade of ATJ. The H489 is
reported to be of typical quality compared to his-
torical materials. Both materials have very high
compressive strains to failure at 4250 and 5000
degF. These strains to failure exceeded the strains
that are possible in a pure deformation loaded
environment. “Typical” defect free AT] probably
has acceptable properties based on pure thermal/
stress loading only. Superior properties are avail-
able in other products, but these are expensive.

The Great Lakes H489 Lot 14Y36/15Y3 Graph-
ite has slightly stiffer compressive properties
compared to the Great Lakes H489 Lot 51W52
Graphite material. However, the ATJ (ATACMS)
material still has greater compressive stffness
and strength compared to the Great Lakes materi-
als. All materials have very high compressive
strains to failure at 4250, 4500, and 5000°F. These
strains to failures far exceed the strains that are

TABLE 12. TEST MATRIX FOR GREAT LAKES H489 LOT 14Y36/15Y3 GRAPHITE MATERIAL

SPECIMEN RT 2000 4250 4500 5000 NO. TEST
CM - AG (AX) 2 2 2 3 9
CM - WG (CIR) 2 2
TE - WG (CIR) (1) (2) - - - 2
Density All Mechanical
Radiography All Mechanical
Sonic Velocity All Mechanical
Electrical Restivity All Mechanical
Billet NDC: Computed Tomography
AG: Across-Grain AX: Axial
WG: With-Grain RAD: Radial
CIR: Circumferencial

Lessons Learned From Propulsion Failure on
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possible in a pure deformation loaded environ-
ment.

Thermal expansion evaluations show this lot of
GL H489 material is equivalent to the historical
GL H489 Lot 52W52 material. However, the
ATJ material still has expansions lower than the
GL H489 materials.

8. SUMMARY OF FINDINGS

A comprehensive process and inspection review
of the nozzle failure was made on the adhesives,
O-rings, igniter closure, graphite inserts, throat
insulator, exit cone, and throat assemblies. No
abnormalities were surfaced. The graphite throat
insert (GLC), however, had significantly lower
mechanical properties than graphite used in FSD.
Samples were taken from manufactured inserts
and tests confirmed this difference.

The root cause of the flight failures was compres-
sive failure of the graphite insert. The corrective
actions that have been taken are: (1) discontinued
use of GLC inserts, (2) current motors are being
delivered with UC motors, (3) 100 percent X-ray
of throat inserts, (4) flexural and comprehensive
strength measurements have been made on UC
and GLC motors, and (5) motor rework program
is in process that will replace all of the suspect
GLC graphite inserts.

Propulsion Directorate did not conduct indepen-
dent analyses in the early stages of the Research
and Development Program (1986-1988). After
the nozzle failure, Propulsion Directorate (RDEC)
was tasked to conduct an independent
thermostructural analysis to define the state of
stress and safety factors in the throat insert. Pro-
pulsion Directorates of RDEC feel that they should
be tasked to provide an independent assessment
of the work being performed by the Prime Con-
tractor and their subcontractor early in a program.

MIS-29147 is a specification that covered one
type of molded graphite that was developed for
the Chaparral Missile Program. Conversations

with various individuals associated with the Army
TACMS program did not provide any indication
that a detailed analysis was performed prior to the
selecton of this specification for its applicability
to the Army TACMS program. Properties of
graphite are known to differ widely, not only
between different grades, but between different
lots. Additional variations in properties may be
found berween locations and orientations within a
single block. Vendor specification sheets dealing
with graphite normally address its range of prop-
erties (tensile strengths, compressive strength,
flexural strength, modulus of elastcity, thermal
expansion, thermal conductivity, density, and
electrical resistivity). MIS-29147 only addressed
apparent density, specific resistance, flexural
strength, and ash content. It did provide a sug-
gested source as being ATJ graphite as manufac-
tured by the UC.

Interviews with MICOM personnel indicated the
switch from UC ATJ graphite inserts to GLC
inserts was done to create a savings of $14.75 per
motor. Additionally, it was stated that motor
firing tests were not performed on GLC 489 before
it was accepted for production motors. Any static
testing at ARC was perfromed after FCA and
PCA of the SRM.

Numerous individuals confirmed that SRM
nozzles are always one of the most critical parts of
a missile. For example, an ambient temperature
static test on a Army TACMS SRM was per-
formed at Redstone Arsenal on 12 October 1938.
An inspection of the motor exit cone after
completion of the static test revealed a hot gas
burn through on the exit cone wall. An investiga-
tion concluded that the' primary cause for the
degraded exit cone performance was variations in
the raw material properties and molding processes.
Subseguent evaluations were conducted, and ma-
terials and processes were changed to correct the
problem.

Mr. Charlie Borum, former Chief of Configura-
tion Management in the Pershing Project Office
provided an interesting insight into a SRM nozzle

Lessons Learned From Propulsion Failure on
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failure on the Pershing Missile System relating to
the use of graphite. The Pershing rocket motor
manufacturer decided to change to a better grade
of graphite. Detailed thermostructural analysis
was assumed to be unnecessary. Pershing experi-
enced a motor burnthrough. Results of the Root
Cause Investigation revealed that the problem was
a change in the Modulus of Elasticity of the newer/
improved graphite which caused a buckling that
provided space for the burnthrough.

After extensive analysis and testing by both the
Government and Contractors, MIS-40130, Mis-
sile Command Specification Material Specification
for Graphite, Isostatically Molded was accepted
on 27 April 1993 for use on the Army TACMS
Program. This specification changes/adds chemi-
cal, electrical, and mechanical properties (Bulk
Density, Electrical Resistivity, Flexural Smength,
Ash Content, Compressive Smength, Rockwell
Hardness, and Elastic Modulus) to coincide with
the requirements of the Army TACMS Missile.
Besides aligning the technical requirements, MIS-
40130 eliminates the administrative loopholes
found in the old specification. For example, any
significant change in methods or process of
manufacturing, manufacturing source, or reloca-
tion of a manufacturing or process facility of a
qualified product shall require qualification as a
new product. In addition, the test procedures and
administrative procedures such as identification
and marking, block serialization, and workman-
ship have been modified to eliminate problems
identfied during the failure investigation. A copy
of MIS-40130 is attached as Appendix C.

9. CONCLUSIONS

There were two major causes of the Army TACMS
flight nozzle failure. The major causes were:

1. MIS-29147 was a poorly written speci-
fication that was produced for the Chaparral Mis-
sile System. Technically, the specification was
incomplete in that it principally addressed flex-
ural strength. Apparently, no one involved in the
specification writing process understood the com-

plexities of graphite nor the Army TACMS SRM
characteristics. For example, the suggested source
for graphite in MIS-29147 was UC AT]J graphite.
The properties of UC ATJ graphite far exceeded
the specification requirements. The properties of
GLC Graphite H-489 more closely resemble the
requirements of the specification. However, the
variability between lots raises the issue of safety
margins.

2. The contractor simply did not do an
adequate analysis before switching to another
(cheaper) graphite.

RDEC should be tasked to perform independent
assessments of the work being performed by the
prime contractor and subcontractors where critical
parts/processes are involved such as graphite
inserts, adhesives, etc. However, the conclusion
drawn by the authors of this report is that their
involvement in the program might not have
prevented the 4 September 1991 flight failure.
The rationale for making this statement is (1)
RDEC was responsible for writing the MIS and
would have provided support to the project office
based on the wording of the specification, (2)
GLC graphite met the specification and resulted
in a cost savings, (3) drawing did not require LTV
to submit an Engineering Change Proposal (ECP)
in order to change graphite vendors as long as the
graphite meets specifications, and (4) RDEC did
not demonstrate a good understanding of graphite.

The inherent properties of graphite suggest that
multiple samples from several locations within a
graphite block are required for acceptance testing.
(MIS-29147 required three specimens be tested
from one slab out of a block and that selection
criteria be centered more around the mean than
the extremes).

Since the properties of graphite are known to
differ widely, not only between different grades,
but between different lots, it is imperative that
testing and x-raying of samples be given high
priority.

Lessons Learned From Propulsion Failure on
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Specifications should be periodically reviewed to
determine if they are still applicable to the specific
program based on new technological break-
throughs, changes in mission requirements, and
incorporation of new standards.

MIS-40130, Material Specification for Graphite,
Isostatically Molded aligns the graphite technical
requirements with the requirements of the Army
TACMS Rocket Motor Nozzle, implements a more
comprehensive test procedure for identification
and elimination of use of marginal graphite, and
closes the administrative loopholes for changing
vendors to save a few dollars, The latter is accom-
plished by requiring qualification as a new prod-
uct any change in methods of manufacturing,
manufacturing source, or relocation of a manufac-
‘turing or process facility.

10. LESSONS LEARNED

(1) When dealing with critical compo-
nents/materials contractors should not arbitarily
change to a new material after completing the
design phase without proper review by respon-
sible engineers even if existing specifications are
written in such a manner to allow substtution.
Finite element analysis and material testing are a
must to verify material requirements.

During FSD the adequacy of the specification
should be determined (i.e., ensure that the specifi-
cation matches the requirement).

(2) RDEC should be tasked to provide
independent assessments of work being performed
by the prime contractor and subcontractors. Highly
competent technical personnel should be involved
in monitoring, analysis, and observation of con-
tractor testing/decisions regarding selection of
highly critical missile components/materials.
However, if they are to perform this function they
must be responsive to Project Office schedules.

(3) Government drawings, where highly
critical parts/processes are involved such as the
graphite insert, should either be source controlled
or the specification should require requalification
as a new product due to any changes of manufac-
turing, manufacturing source, or relocation of a
manufacturing or process facility. Government
should demand the prime contractor conduct very
detailed analysis to justify the change and highly
competent technical personnel should conduct an
independent analysis. Minor cost savings must
not be the overriding factor in selection of critical
manufacturing process COmponents.

(4) Configuration Management must
provide material lot traceability by vendor serial-
ization or as a minimum, material lot control and
lot traceability.

(5) Graphite is a complex material. New/
different specification is required for each weapon
systemn application.

Lessons Learned From Fropulsion Failure on
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TECHNICAL

INFORMATICN

UNION CARBIDE CORPORATION
CARBON PSO0UCTS CiVISION
P 0. Box 5118, Cleveland, Ohig 44101

Page 1 of 2

June 15,

19858

UCAR® Graphite Properties

Grade ATJ (TS-1752)
General: Isostatic Molded Rectangles 16 x 16 X 12"
Maximum Grain Size: 0.006" (O0.15mm)

Property Units Std. Units std.
(Room Temperature)  English Typical Dev. Hetric Typieal Dev.
Full-Piece
Bulk Density 1bs/£t3 108 1.4 Mg /m .73 .022
Specific Resistance - 10-%ghm-in 4.6 0.4 usm 11.8 1.0
Core Piecs
Bulk Density 1bs/£t3 109 - 1 ug/m> 1.74 .018
Specific Resistance 10~%ohm--in 4<m

WG 4.0 .033 10.1 083
AG &= .032 11.3 083
Young's Modulus psi x 108 Gpa
WG 1.41 g.7
AG 1.38 9.5
HModulus of Rupture  psi Kpa s
WG 3963 307 27311 21142
AG 3522 364 24270 2519
Compressive Strength psi kpa
WG 8280 g9l 57052 £300
AG 8155 831 55890 5725
Tensile Strength psi Kpa
Ic 3920 27012
AG 1631 25015
cTe 10-8/°F 1076/°¢
WG 1.39 .08 2.50 .14
AG 171 .11 3.08 -20
Lessons Learned From Propulsion Failure on A-1
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APPENDIX B

GREAT LAKES CARBON
GRADE H-489
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Sales Ottica

320 Ol Snarclilt Rocs

Brorchtt Manor Technical
Mew Yark 10510 G d H- 489 Dat
Telephons. New York Sicte- ?a e a Shﬁ-Ef
(P14 941-7800. AL OtherUs, ﬁﬂlﬂB

Locztions-{800) 828-4401
Telex 233201 GLC 23M

may

Applcoton:

Applications for finegrain graphite such as continuous casting,

hot pressing, diamond wheel production. glass molds, healing

elements and semiconductor jigs and fixtures.

Slze: Rectongular:

Round:
Langths:

8 x 17" (200 x 430 mm). 9 x 247 (230 x 610 mm).
13x 177 (330 x 430 mm}, 13 x 13" (330 x 330 mm),

11 x 25" (280 x 535 mm);
Up to 20" (508 mm) dicmeter

Up to 767 (1900 mum)

Typica! Physical Properties for Grads H-489 Graphite

Property English Units Meatric Units
Maximum Grain Size 0003 in 008 mm
Appcrent Density 108 1b/f2 1.73 g/cc
Electrical WG

53 x 10* ohm-in 13u ohm-m

Resistivity AG &3 x 10" ohm-in l6u ohm-m
Flexural Stength WG -3800 psi 246200 kPo
{tour-peint loading) AG 3000 psi 20700 kPo
Compressive WG 7200 psi 49600 kPo
Strength AG 7200 psi 49400 kPo
Tensile WG 2700 psi 18400 kPa
Strength AG 2100 psi 14500 kPo
Modulus of WG 1.2x10* psi 83x10* kPa
Elasticity AG 10=10* psi 4.9 x 10* kP
Thermal WG 54 BTU/#t-hr'F 97 W/m-'C
Conductivity AG 47 BTU/ft-ha-'F Bl W/m-'C
Coetfficient of WG 13x 1077 per'F 23x 107 per’c
Thermal Expansion AG 17x 107 per °F 30x 107 per'C
0"C{32°F) to 50" (122°F}
Fermegbility WG (Mo English unit 001! dorey

AG equivgient) 0.009 darcy
Hardness, Rockwell “R” 5 95

Scleroscope 38 38
Avgilable Porosity, 17% of bulk 17% of bulk
100-0.07 microns volume volume
Avercge Pore Size 0.000! in 00025 mm
Ash 02% 0.2%

Notes: The coefticient of variction may be as high as 10% for the above listed

property values.

Properties measured ct room temperature unless otherwise noted.

WG - Test specimens cut with the grain
AG'- Test specimens cut against the grain.

Lessons Learned From Propulsion Failure on
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MISSILE COMMAND SPECIFICATION
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GRAPHITE, ISOSTATICALLY MOLDED
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MIS-40130

1. SCOPE

1.1 Scope. This specification covers one type of isostatically molded graphite formed into rectangular
blocks from petroleum coke.

2. APPLICABLE DOCUMENTS

2.1 Government Documents. The following documents of the issue in effect on date of invitation for
bids or request for proposal, form a part of this specification to the extent specified herein.
STANDARDS

Military

MIL-STD-129 Marking for Shipment and Storage

MIL-STD-794 Parts and Equipment, Procedures for Packaging and Packing of

(Copies of specifications, standards, drawings, and publications required by contractors in connection
with specific procurement functions should be obtained from the procuring activity or as directed by the
contracting officer.)

2.2 Non-government Documents. The following documents form a part of this specification to the
extent specified herein. Unless otherwise indicated, the issue in effect on the date of invitadon for bids

or request for proposal shall apply.
OTHER PUBLICATIONS
for Testing

ASTM C-359-85 Bulk Density by Physical Measurements of Manufactured
Carbon and Graphite Articles

ASTM C-651-70 (1977) Flexural Strength of Manufactured Carbon Graphite Articles
Using Four-Point Loading at Room Temperature

ASTM C 695-81 Compressive (Crushing) Strength of Graphite

ASTM C611-84 Electrical Resistivity of Manufactured Carbon and Graphite
Articles at Room Temperature

ASTM C561-85 Ash in Graphite

ASTM C 748-83 (1988) Rockwell Hardness of Fine-Grained Graphite Materials

ASTM C747-74 Moduli of Elasticity and Fundamental Frequencies of Carbon
and Graphite Materials by Sonic Resonance.

Lessons Learned From Propulsion Failure on C-1
Army TACMS



3. REQUIREMENTS

3.1 General Material Requirements

MIS-40130

3.1.1 Character or Quality. The material shall be isostatically molded graphite formed into rectangular
blocks in a 16 by 16 by 65 inches configuration by the molding process from petroleum coke having a
particle size not greater than 0.006 inches combined with a coal tar pitch and shall conform to the
requirements herein. The dimensions of the molded graphite (if other than above) required for delivery

shall be as specified in the contract or purchase order (6.2).

3.1.2 Formulation, Not applicable.

3.1.3 Product Characteristics. Not applicable.

3.1.4 Chemical. Electrical, and Mechanical Properties. The chemical, electrical, and mechanical prop-

erties shall conform to Table L

TABLE 1. CHEMICAL, ELECTRICAL, AND MECHANICAL PROPERTIES

VALUES
PROPERTY .
MINIMUM MAXIMUM

Bulk Density (g/cc) 1.73 1.79
Electrical Resistivity (ohm-cm x 10°%)

With Grain - 12.0

Across Grain - 13.5
Flexural Strength (psi)

With Grain 3500 -

Across Grain 3500 -
Ash Content [%5) 0.15
Compressive Strength (psi)

With Grain 8000 -

Across Grain 8000
Rockwell Hardness - L Scale &0
Elastic Modulus (psi)

With Grain 13x10° -

Across Grain 1.1x 108 -

Lessons Learned From Propulsion Failure on
Army TACMS
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MIS-40130

3.1.5 Environmental Conditions. Not applicable.
3.1.6 Stability. Not applicable.
3.1.7 Toxic Products and Safety. Not applicable.

3.1.8 Identification and Marking, Each rectangular block of graphite shall be color-coded red on each
end. The with-grain direction shall be marked with an arrow and the letters “WG™.

3.1.8.1 Block Serialization, Each block shall be serialized.

3.1.9 Workmanship, The graphite shall be manufactured to assure uniform material free from visual
cracks or other defects that would prevent its use for the purpose intended. All graphite shall be certified
as being “pip free” (see 6.3).

3.2 Qualification Inspection, The graphite furnished under this specification shall be a product which
has been tested and passed the qualification tests specified herein. Any significant changes in methods
or process of manufacturing, manufacturing source, or relocation of a manufacturing or process facility
of a qualified product shall require qualification as a new product.

4. QUALITY ASSURANCE PROVISIONS

4.1 Responsibility for Inspection. Unless otherwise specified in the contract or purchase order, the
supplier is responsible for the performance of all inspection requirements as specified herein. Except as
otherwise specified, the supplier may utlize his own facilities or any other inspection facilities and
services acceptable to the Government. The Government reserves the right to perform any of the
inspections set forth in this specification where such inspections are deemed necessary to assure supplies
and services conform to the prescribed requirements.

4.2 Special Tests and Examination

4.2.1 Qualification Provisions, The qualification shall consist of all the quality conformance inspections
specified in Table II.

4.3 Quality Conformance Inspection. The inspection and testing of the material shall be classified as
quality conformance inspections. The quality conformance inspections shall consist of the examinations
and tests specified in Table II.

4.3.1 Sampling, Samples for property measurements identified in Table I shall be taken on each block
at three locations (front, middle, and aft) as shown in Figure 1.

4.3.1.1 Test Specimens. From each block, obtain a test slab measuring 2 by 16 by 65 inches. From the
test slab, obtain a minimum of three test specimens across the grain and a minimum of three test
specimens with the grain from three locations (front, middle, and back) within each block. See Figure 1
for sample orientation. After testing for electrical resistivity, flexural strength, hardness and compres-
sion strength, the pieces may be composited and tested for ash content.

Lessons Learned From Propulsion Failure on C-3
Army TACMS



MIS-40130

TABLE II. QUALITY CONFORMANCE INSPECTIONS

EXAMINATION OR TEST e ::: g HE“”;E::E” L
Character or Quality 441 3.1.1
Bulk Density 442 3.1.4
Electrical Resistivity 443 3.1.4
Flexural Strength 4.4.4 314
Ash Content 445 314
Comprassive Strength 448 314
Rockwell Hardness 4.4.7 3.1.4
Elastic Modulus 4438 : 314
Identitication and Marking 449 3.1.8
Workmanship 449 3.1.8

4.4 Mﬂs

4.4.1 Character or Quality, The supplier shall furnish certification that the graphite block was formed
by the isostatic molding process from a petroleum coke having a particle size not greater than 0.006 inch
combined with a coal tar pitch.

4.4.2 Bulk Densitv. Bulk density shall be determined in accordance with ASTM C-559-85. Report the
average of the results for each sample location within the block.

4.4.3 Electrical Resistivity, Electrical resistivity shall be determined in accordance with ASTM C 611-
84." Report the average of the results for each sample location within the block.

4.4.4 Flexural Strength, Flexural strength shall be determined in accordance with ASTM C 651-70.
The sample size shall be 1.0 by 2.0 by 8.0 inches. Report the average of the results for each sample
location within the block in the with grain and the across-grain direction.

445 Ash Content. Ash content shall be determined in accordance with ASTM C-561-85. The
following approach is suggested:

a. Procedure. Weigh a composited sample of approximately 25 grams, to the nearest 0.1 milligram,
into a tared 100 cube centimeter platinum or porcelain crucible. Place the weighed sample in the
muffle furnace and heat the sample to a temperature of 800 to 900 degrees Celsius (°C) for a

Lessons Learned From Propulsion Failure on C-4
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MIS-40130

minimurmn of 24 hours. To prevent ash fusion, do not exceed 900 °C. Allow the crucible and
sample to cool to room temperature in a desiccator and examine the residue for traces of carbon.
If carbon is present, the ignition shall be continued until ashing is complete. Transfer the sample
to a desiccator and allow to stand for a minimum of 1 hour before weighing. Then weigh to the
nearest 0.1 milligram. Where there is no further visual evidence of carbon, repeat the ignition for
1-hour periods at 800 °C to 900 °C, until a constant weight is obtained. '

b. Calculation. Calculate percent of ash content as follows:
Ash Content Percent = Ash Weight/Sample Weight x 100

¢. Report the value for each location.

4.4.6 Compression Strength, Compression strength shall be determined in accordance with ASTM C-
695-81 except that the sample size may be a 2.0 inch cube. Report the average of the results for each
sample location within the block.

4.47 Rockwell Hardness. Hardness shall be determined in accordance with ASTM C-748-83. Report
the average results for each sample location within the block.

4.4.8 Elastic Modulus. Elastic modulus shall be determined in accordance with ASTM-C-747. Report
the average for each sample location within the block.

4.49 Workmanship, The material shall be visually examined for conformance to the workmanship and
identification requirements. The material shall be certified as “Pip Free” in conformance with 3.1.9.

4.4.10 Packaging. Packing, and Marking Inspection. Packaging, packing, and marking shall be ex-
amined to determine conformance to the requirements of this specification.

5. PREPARATION FOR DELIVERY

5.1 Packaging and Packing. Packaging and packing shall be in accordance with level C of MIL-STD-
794.

5.2 Marking. Marking shall be in accordance with MIL-STD-129, and shall include but not be limited
to, the following:

a. Title, number, and revision letter of this specification,
Manufacturer’s grade designation,

C. Manufacturer’s name,

d. Lot number,

e. Contract or purchase order number,

4 Size of molded graphite item delivered.

Lessons Learned From Propulsion Failure on C-6
Army TACMS
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6. NOTES

6.1 Intended Use. The graphite is intended for use as a solid rocket motor nozzle insert material.
Individual billets shall be cut from the block and machined to form nozzle inserts.

6.2 Ordering Data. Procurement documents should specify, but not be limited to, the following:
a. Title, number, and revision letter of this specification,
b. Place of delivery,
e Dimensions of molded graphite to be delivered (3.1.1.),
d. Place of inspection,
e. Request for test results (see Table II).
-6.3 Definitions
a. Pip free. Pip free means that internal voids or low density regions were not detected using an
industry ultrasonic inspection method. A “pip” is an ultrasonic signal that is less than the small-
est measurable flaw size, yet still attenuates the signal.
6.4 Suggested Source(s) of Supply. Identification of the suggested source(s) of supply herein is not to
be construed as a guarantee of present or continued availability as a source of supply for the item(s). A

suggested product conforming to this specification is TS-1792 graphite, manufactured at UCAR Carbon
Company, Inc. at Philippi Pike, Anmoore, P.O. Box 2170, Clarksburg, WV 26302.

Lessons Learned From Propulsion Failure on C-7
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