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NOTICES

When U.S. Government drawings, specifications, or other data are used
for any purpose other than a definitely related government procurement
operation, the Government thereby Incurs no responsibility nor any
obligation whatsoever, and the fact that the Government may have
formulated, furnished, or In any way supplied the said drawings, A

specifications or other data, is not to be regarded by Implication or
otherwise, or in any manner licensing the holder or any other person
or corporation, or conveying any rights or permission to manufacture,
use or sell any patented invention that may in any way be related
thereto.
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1.0 INTRODuCrION

Performance improvement for the propulsion systems of future strategic missile systems demand
tnvestigation and ut ilization of new nozzle materials , which provide for performance beyond t he capability of
materials currently used in nozzle designs. These new materials must be superior from a standpoint of their ablation.
therma l, and structural performance. At the same time both weight and cost are very important aspects to be
considered.

This program was undertaken by Atlantic Research Corporation for the U.S. Air Force under Contract
F046l l-7 5-C-0008 as one of several programs investigating PG coatings for solid propellant rocket nozzle throat
inserts. Other prograns, parallel to this program, investigated a particular approach to the utilization of a-b plane
oriented PC for nozzle throat application.

This report describes the efforts of the work done at Atlantic Research Corporation to conceive .
develop, and demonstrate designs for the use of commercially available a-h plane PG inserts in solid propellant
rocket nozzles. As discussed later in this report , considerable difficulties were encountere d in the fabrication of the
throat inserts. It became apparent that the state of the art of PG deposition was not sufficiently advanced to
fabr icate t hroat inserts meeting the requirements as established during the course of the program. Continuation of
the program as conceived would have required that resources be devoted to advance the state of the art of PG
deposition. This was beyond the scope of the program and not consistent with the objectives of using commercially
available materials in the development of nozzles for the high temperature . high performance solid motor booster
applications of advanced ICBM propulsion systems.
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2.0 PROGRAM OBJECTIVES

The objectives of the program were: (II to develop and demonstrate the use of com mercially available
a-b plane pyrolytic graphite throat inserts in solid propellant rocke t nozzles, and (2) to identify an a-b plane
pyrolytic graphite throat insert approach for future MX Advanced Development Program demonstration efforts.

The approach taken to meet the above objectives consisted of an initial evaluation of current state of the
art of a-b plane pyrolytic graphite throat insert technology based upon available materials. This was followed with a
definition of the thermal and mechanical properties and the failure criteria necessary to perform the level of design
analysis required to select and fabricate candidate throat inserts. To be included also was an identification of
dellciencies in the analysis techniques and the failure criteria selection. With this a design and analysis methodology
was estab lished for the application of a-b plane pyrolytic graphite throat inserts for large diameter propulsion
systems. This was then to be followed by a demonstration, through rocket nozzle testing, of the thermostructural
integrity and erosion rates of the throat insert designs in solid propellant environments typical of ICBM propulsion
systems.
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• 3.0 SUMMARY

As originally structured , the program was organized within a framework corlsisti rtg ~f five categ ories of

tec h nical effort. Figure I presents division of effort by phases. Because of the wide variation in types of p~ ri ’ lv t ic
graphite (PC) material which can be produced , the initial activities were concerned with the identitlcation ,f the
specific type of PG considered to offer the greatest potential for achieving the program objectives. Considered here
were the microstructural categories of PG such as substrate nucleated and continuously nucleated material.
l)itTerences in physical, thermal , and mechanical properties were evaluated in an attempt to determine ’ the
desirability of one type of PG over the other relative to design applicability. Fabricability of the PG components
necessaril y was a major point of interest in this initial survey of PG materials.

A considerable amount of literature exists which deals with pyrolytic graphite. Earl y activities
c,~ricentrated on the evaluation of literature and data regarding past and present programs which have direct hearing

~in the a-h plane pyrolytic graphite throat insert program objectives. Particular attention was given to ex i s t i ng

l ite rature which deals wit h specif ic differences in PG microstructurc as related to the tnechanical propel t ICS .

.ihricahility , and the thickness-to-radius ratio for closed shapes. Additionally, emphasis was placed upon
characteristics such as m aterial structure changes or transformations resulting front exposure to the 500O~I and
.shovc tem peratures of the nozzle environment.

The comparison of various design concepts and the selection of one or two of t h e  more f avorable

.ipproaches was addressed early in the program. Among the items considered in this CrunpariSorl arid se’ l ec t mr ’n wer e
the elimination of potential failure m o des, highest potential margins of safety , scata hihrt ~ - simplicity. insensstniiy t r~
st ructural restraints . cosu - and fabricahility.

Based upon the results of these efforts , the analysis and design of a-h plane pyrolytic graphite t h , r~’at
inserts was performed. Included in this were detailed analytical studies which addressed the assessment of tai lu re
criteria arid predictions of margins of safety , thermal response , structural res ponse . and the prediction of c r t si ’ Ii o r

a-h plane PG throat inserts.

Within the framework of the insert analysis and design efforts , PG material representati ve of that
selected fur throat inserts was characterized with respect to the thermal and mechanical properties to obtain design
.irialvsis data.

Concurrent with the design and analysis of the throat inserts , the fabrication of PG components was
iwrtormcd. This activity was accomp lished in three basic steps, The first being the deposition studies to estab lish
process conditions to produce PG having a microstructure which was considered to he representative of the material
selected For nozzle in~~rts . The second ste p was the fabrication of a cylinder of PG to he used to obtain key thermal
and m&-chianica l properties. The third step was the fabrication of actual throat inserts in the required shapes as
determined by the insert analysis and design studies.

3
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The first two of these were successfully accomplished. Tire third one, t ire fabrication of actual t hroa t
Inse r ts , was not accomplished success fully. No throat inserts were fabricated which were defect free and had the
desired thickness.

The program was then redirected to investigate the use of carbon/carbon materia ls as throat inserts Ibr
advanced strategic missile systems.
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4.0 DESIGN CONCEPTS

4.1 Introduction

In the initial ph ase of the program , a number of a-b plane PG throat insert design concepts were
identified which offered the possibility of meeting tire stated design requirements of the program . The concepts
considered included free-standing shapes composed of one or more layers of PG. PG deposited on several different
kinds of substrates were also considered.

In considering the various concepts, active . on-going programs as well as previous work which offered
reasonable relevance was reviewed, The specifi c objective being to identify concepts already addressed and to
ilete riririte probletns . failure m odes , and degree of past success , The following programs were considered:

I. TRW AFML Carbon/Carbon Substrate Program ~ *

2. Hercules l)esign Studies l~
1

3. ARC 7.0-inch Ni ,,le Program 131

4. Aer ot herm Analysis Study of ARC Program 141

5. Ai~C 7.0-inch Sealeup Program (Codeposit) 15 I

b. Royal Propulsion Establishment Efforts (6J

7. Pv rogcnies (PFIZER) AFRPL Pyroid Program l7l

~~. Marquardt Free-Standing Combustion Chamber Programs l8 10.11 .121 a

~~ . Lockheed Missile & Space Company PG Studies ’ 31

The bulk of the e fforts relative to the deposition of PG coatings on substrates have been performed by
tIre Atlantic Research Corporation and the British Royal Propulsion Establishment. Most of this work has been
concentrated on depositing thin (0.050 - 0i00 inch) PC coatings on polycrystalline graphite substrates. The only
publication of specific application is the final report of the ARC Large Nozzle Development Program .1

~
1

The in-progress AFML Carbon/Carbon Substrate Program [ l J  at the time of this present activity had not
addressed the pro blem of PG coating the substrate materials. Thus, it offered no results for consideration in this
prograni relative to PG coatings .

The most significant work on PC deposition of free-standing shapes performed prior to this program was
th,it done by the Marquardt Corporation on free-standing liquid rocket combustion chambers 18,9,10,11 .121 and by
Pfl,cr on Iree.standing PG noiile componcnts .17J

*Nurnhers in square brackets refer tu references listed in Section 9.0,
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4.2 Design Concept Candidates

Based on the findings of the review and evaluation of programs listed previously, candidate concepts
were established, These candidates are identified and discussed in the following paragraphs ,

Shown in Figure 2 is the single layer , free-standing PG insert design concept. The concept as established
identified a 0.30-inch-thick PC insert backed up by polycrystalline graphite or other material as determined to he
appropriate from subsequent detail analysis. Among the early concerns with this concept was the problem of insert
retention because of tire relatively thin section of PG.

Added structural integrity of thicker sections was considered to be desirable. An approach to obtaining a
thicker insert is shown in Figure 3. It includes a dual.layered pyrolytic graphite insert. Each layer of pyrolytic
graphite is approximately 0 30-irrch thick. The outer layer is first deposited in a “free-standing” state. The
deposition process is then interrupted and the inner layer is then deposited. A deliberate weak interface is thus
provided and the structural integrity of each layer is maintained during deposition.

The deposition of the two layers toge ther ensures that at the deposition temperature the interfaces are
matched . The two layers result in -a total thickness of 0,60 inch. This provides adequate thickness to maintain axial
retention as the downstream nozzle component erodes during the firing. The low co nductivity of the p~ rolyt ic
graphite in the c direction maintains backside temperature s at low va lues, The insert backup could be either carbon
phenolic or ATJ graphite.

Variations on this basic concept are shown in Figu re 4 . This concept shows three layers of py rolytic
graphite . Although this concept increases the comp lexity of the design, it results in more design variables which
could aid in increasing niargiris of safety.

In conjunction with the three-layered design shown in Figure 4. a pressure bleed boundary condition is
shown . TIre bleeding of pressure to the backside of the insert resulted in a successfu l test for a 3.5-inch throat
dia rire ter nozzle. A seal such as Grafoil is shown on the downstream face of the coating. Although three layers are
shown , either one or two layers could be used for the pressure bleed concept . Some of the difficulties in tIre past
ef ’foris to successfully fire an a-h plane PG insert have been attributed to the lack ot control and knowledge of the
boundary conditions of the back side of the insert. The pressure bleed concept offers an opportunity for
inrrprovemenl in this regard . The major advantage of this sytem is that the insert can move outwardly under thermal
gri rwtlr and the backside boundary condition is well defined.

Other design concepts were considered . For the most part they involved PG coatings and thus t Ire
tailoring or developing of a substrate which would provide a suitable backup for the PG insert. In each case , the
concept s were considered ti ) require developmental efforts outside the scope of the present program.

The candidates which were selected for additional study and detailed analysis were of the free-standing

~oncc’pt. 0: details of th ese analyses are contained in Sections S.D and 6.0.

7
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- 4~3 Assessment of Past Programs

Before presenting the details of the analyses of the selected design concepts. it is of interest ii’ ie’.rew
hrr ~t1v relevant past progiarns. In air effort to avoid the nsistakes of t ire past , an assessment was made of prev ii) irs a-b
plz r r rc PC nozzle activities, In this , special attention was ~aid to the results and int~ rnrat ion available frorir the ARC
7.0-in ch PG Program,’31 the Pfizer Bulk PC Prograin.17l and the Marquardt Free-Standing Cornhustior r ( ‘hrair rhc r
Program s. ~8,9, 10,11 ,12 1

This review then served as a guideline for an improved approach to tire design and analysis ol a-h plan e
PC throat inserts,

4.3.1 Atlantic Research Corporation 7.0-inch PG Program

During the course of the ARC 7.0-inch PG Program ,’3’ five nozzle firings were conducted . In eac h
notzlc a throat insert comprised of an a-b plane PG coating on an AGSR graphite substrate was used. In cacti of iIi~
tlrings some failure of the PG coating occurred.

A thermostructural analysis of the PG/AGSR throat section was pcrtornwd irs the initial phase of that
pr~grarrr . The analysis utilized tire desrgn methodology and material properties that we ic available at that ti n rr e . In
reviewing tire analysis in reference to todays technology, several areas for irrrprovensents fi r the desigir approac h and
assunriptions were identified. These are summarized below .

• Pyrolytic Graphite Properties

The previous analysis used as property input an average set ut Elastic Moduli and
coefficients of linear expansion data obtained from test results with plate materral . No
attempt was made to distinguish data from CN and SN pyrolytic graphite. Strengtir
data , except for a-b plane strengths , were based on very limited data. Tensile modulr
were used throughout although the PC nrateria l is basically in a state of compressive
stress during firing.

In the present program, the data available in tire literature to gether with test data fronr
SoRt was used to establish the significant properties required for a thermostructural
analysis.

• AGSR Properties

l’he prop er ties of ACSR used in the anal ysis were based on very limited room
temperature values. Strength data was almost nronexistent ,  Again te n sile rrrodrrlus was
used. Subsequent testing of AGSR indicated a vastly different material behavior when
loaded in compression instead of tension . This probably had a significant impact on
the analysis results.

11
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lrr the present program, the “free-sta ndinrg” shell was taken as tine prinnary designr
approach amid flo substrate is required , thus elim inating tire questions relative to t he
properties of a substrate.

• Analysis Technique

Art elasti~ solution was used for determining tIre stresses amrd strains in the previous
prograrni. That resulted ins an overestimation of the stresse s its the problens and made
failure predictions difficult since m ost calculated stress values were above the
allowable properties published in the literature . For the case of PC coatings , the
stresses im posed by mechanical loads are not insignifIcant by comparison with the
thernral loads , making an assessment of failure on the basis of failure strains
questi iirrable as well. Therefore , the interpretation of tIre anralysis results were made on
a comparative basis with successful firings of n ozzles having sniraller throa t diameters.

In tire present progranr , the analyse s were performed , taking the material non l inearities

into accoumrt using computer codes such as SAAS

• Thermal Analysis

The pievrous analysis did not consider tire affects of erosion or axial conductionr into
the substrate due to upstream and downstream components. Only radial conduction
through the coating was considered and the local heating effects , which increase the
substrate temperature , were not included in the structural analysis. In the present
approach, both of these effects were accounted for. The details of the thernsal analyses
and the techniques used are presented in Section 6.2.

• Cooldown Analysis

Throug hout the previous program tire deflection of tire substrate at the 00 due to
residual stresses was underestinrated by 50 percent. This was due to insa~eurate
material properties and probably due to some graphitization of tire PG along w itlr
anal ysis oversinrpliflcation.

In the tree-standing approach taken here . nro substrate was used so that the conditions
leading to residual stresses on cooldown were simplified. Residual stresses still occur
event inn the free-standing case. However, exper inrentally determined residual stresse s
were compared with analytical predictions as discussed in Sections 6.3.3.

12
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• • Buckling

The coating thicknesse s used in the previous progranrn were bO mils or less. These were
deposited on a yen low rssodulus substrate which , in compressions. could provide little
structural support to  the coating. Altlnough stresses were sitnilar to  smaller diameter
nozzles that perfornrrcd successfu ll) - fa ilures occurred. No attempt was made to
perform a stability analysis in t ire previous progranr. In the present program. muclt
thicker coatings were considered. Also , a bucklinrg analysis was performed to h elp
identify and avoid the possibility of this type of failure. TIre results of this effort are
presented in Section (~.3 .5.

• Conclusions

These results , together w itir a reeval t ration of tIre test firing res t r lts of the previous
program,’3 lead ~o the following conclusions:

I ‘t (‘ompressive failures of the coat ing occuued tn all the test firings. The coatings
in the first two firings al~t ’ experienced rrnassi ve dela nirinations due to poor
nnricr ostruc t urc and Stri attOns . Conspressive type failures were confirmed b~
nuicrophotograp irs of the tailed coatings. the stress analysis performed , and by
t ire tact the substrate experienced a reduction inn 0E) alter tire test tiring.

(2) Several sf rornco rnnngs m r  the anta lysis approaclr anrd matern a l properties used were
rd”nitiflcd. h owever , the probable nsajor consl ri htntor to the failures was anr
underest imation of tIre nsagnitude ot conspressive stresses resulting m r  the
inadequate allowance for radial growt h into the design. The coirclusion is based
on data than now sirows the c(~ fticient of linear exp lnusnon for tire Atlantic
Researcln PG to he twice tirat used in tire originah anra lysis and I .5 tmnnes tIne
a verage value found in tire l i te ra ture  for con iirruouc lv ninic leated PG deposited at
vacuum conditions .

(3) There is a strong possibility that pressure hleedmnsg to tire backs ide of t ire
substrate cause d irrassiv e conrpressive failure for sonne cases .

(4) Inn general , the basic inrco nnpati hil itv rn tinernrral exp .ml rsiont cha racnernst ics
hetweenn the AGSR and pyrol yt ic  grapln ite causes conriprr’~ nvc eooidownr st resses

In lire coatings wi nmc ln are addi nise to tine stresses nirduced dnirnnrg nnrotor lirinrg.

4 3 .2 Marquardt Free-Standing Chamber Programs

Marquardt conducted a number of AFRI’l . amid NASA-funded progran rrs ji s .O .l0.l 1 .12 1 over a periosi ot
yea rs nansgm ng trims 1962 to 196K . These programs were ainsred at the development of liquid rocket connhmis nioni
chanrrhem s for long nrperational duratio irs utilizing high temperature propellannts .

13
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Many tubes and chambers were fabricated with both substrate and continuously nucleated
microstructures and with process interruptions. Some of the conclusions which resulted from these programs are:

a. Tire highest rupture pressur es of PG tubes tested were attained with a continuously
nucleated microstructure.

b. Continuously nucleated PG is the best type of microstructure for minimization of
axial residual stresses in the throat region.

c. This nricrostructure was nsot tested in firings because of an inability to control wall
thickness in a linsited number of furnace runs.

d. PC; tubes containing carefully controlled delaminations can currenstly be produced to
carry about 1,000 psig internal pressure at room temperature .

e. When developing new configurations, it is best to make short furnace runs to make
thin deposits for the determination of axial variation of depositions rates.

As with all tire other work performed on tire development of PG rocket nozzle componemrts . the
niit ’ rnnrai- structure analysis techniques were not adequate.

4.3.3 Pfizer Bulk PG Program

Tire results ti n is progranr ii rdncated t i t a t large . tir ick. fre c-stanrd ing a-h plane PC parts could he
fabricated . The s h e  of tine parts fabricated anrd tested ins this effort were nnot adequate to allow tire concept of
inrtc rrn ipned deposition to he successfu lly demonstrated , Ins addition , property data and airalytic techniques were not
available to fully understand the rationale required to convert tire concept to a viable desi gn approach .

14
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5.0 PYROLYTIC GRAPHITE PROPERTIES

5.1 Available Property Data

For the designs analysis of a—h plamn e’ PG throats liii nrozi.les, it is mrec ess:n ry to have avanlahie t Iit ’ lnt ’ rm nm ai
and nrrecisanical properties for tire material. Tire property data which exist or lire liter ature were obt am nn ed oven a
nnt n nr n be r of years. The materials used in those test activities represent a very wide ran ge of types of pyrohynnc grap hite
material s which is not , in genera l, re preseirtative of t i re material produced in tire prograns for throat inrser ts . Also ,
tlnere is only limited data available on some of the properties. In only a few instances , irave stress .straini curves been
rbtained. Described in Seetton 5.2 is tire testing progrann which was conducted to fill ins areas wlnere existing dat a are

incomplete or suspect and to verify which of the existing data is representative of the actual material heim ig
considered for the design.

A review of existing data was perfornrsed . anrd the t’ollowinrg baseline properties were established fo r buth
SN and CN pyrolytic graphite type nrateria ls. Three types of properties are required. These are: ( I) contphianrcc
properties required to predict st ress and strain values in tire materia l. (2) tirermal properties to predict erosnon i anrd
thermal gradients , and (3) uniaxial failure properties to allow t he prediction of margins of safety.

The required properties lor the stress amid strann predictions are modniliis of elasti c ity in te ,rsnirit amrd
coiripression. shear modulus, Poisson’s ratio , and coe ff icient of ’ t hermoal ex pam rsn on in hotir the a-h amid c directionns n~
a function of temperature. To perfornn nonlinear analysis, t ue stress-strain curves in cacti ot’ the directions are also
required. Table I shows tire properties required and tire source front which tire properties were obta inred. As can he
seen , nnost of the data is fronr the TRW thcrnrral stress response nrotebook. 115 1 T h e table also shows t i rat .  in som nre
instances , no distinction between SN and CN properties is made. This occurs when t h e  same reference page is giveir
for both SN and CN materials. Inn reality, the only data in which a distinction between s SN and CN material can he
drawn are the modulus of elasticity and the thermal expansion characteristics.

As can be seen , no data for c direction tenrsi le properties are ava ilable. This is due to tire d it i rcenl ty in
obta inr ing a sufficient gauge len gth for PC. in tire c direction. In order to establislr tin s property for anr a iysns input, min e ’
coi rstituennt relationships of Poisson’s ratios and the a-h direction modulus w iniclr is known are used to solve for the
nrrodulus inn the c direction. l’hat ns :

tka
I: . Ea

TIre above valu e is that to he used in the analysis.

Also, tire c direction compressive data are only for room tensperature conditioi~ . Ann assunnptioir ina~
been mrrade that tire corrrpressive modulus changes as a function of tem nperature proportionate n( r that cr 1 t ire a-h
plane connpressive modulus.
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TABLE I. MATERIAL PROPERTIES PYROLYTIC GRAPHITE.

SN material CN material

Modulus of elasticity
a-b — tension Page lI ,c-4 a Page IiIC.7a
a-b — compression Fig. 4 7 b Fig. 4 7 b

c — tens ion Page lhI C~4a Page lllC .7a
C — compression 1 2_3_ l c

Shear Modulus Page lil C.ga Page lllc .9a

Poisson ’s Ratio Page UIC .lOa Page uIc.~0a

Thermal Expansion

a-b Page lll C.5 a Page lllC .8 a

C Page llIC.5 a Page il lC.8a

Stress-Strain Curves
a-b — tension Page IIIC.3a Page lll C.6a
a-b — compression Fig. 4 9 b Fig. 4~9b

c — tension No Data No Data
c — compressions 12 3, 1 C 1 2.3_I c

a ihermal stre ss response notebook , TRW . 10 January 1975. (
~~~1

bpyrolyt,c Graph ite Final Report , Volume I, Lockheed Missiles & Space Company, 1 June 1962,~ 
161

Cpyro py t ,c Graphite Engineerin g Handbook , Genera l Electric , September 1964. 117 1
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The’ next set of properties required are t ine thernr ra l properties. Table 2 slnows the t lre rnnia l propert ies
pnesemrt ly being used for ATJ , PC/SiC , and pyrolytic grap hite . The ATJ propertnes were obtained from SoRI . ‘Fire
P(;/siC properties were those obtained in the Scale-up Program with the thermal conductivity data being that
backed out of t he TRW thermal stress test data. The SiC content is IS percent. The pyrolytic graphite properties are
those obtained from the TRW notebook.

Finally, a set of strength properties are required. Tables 3 and 4 slsow tIre strengths properties for tire SN
and (‘N nraterials. Since the data for PG have some scatter , bot h a set of nrinimunrr strength properties anrd average
stre n gth properties have been constructed . Factors of safety will he calculated based on both the nsinimunn and
average properties.

The minimum strengt irs for the SN anrd (‘N materials are the same since t h ey represent a lower bound for
all lest results , The minimum tenrsile values were obtained front the TRW notebook , page 11-14 . TIre nr inrr munrn sh n ea m
and compressive properties were obtained from Reference 17 shown on Table I.

The average set of strength properties was taken fronts work published by Gebhardt and Berryil8l

line results represent at least five tests at each of tire individual test tenisperatures. Fronr tirese data t Ire
effect of the different strengt lrs of SN and CN materials can be evaluated .

5 .2 Test ing Program

5.2.1 Data Required for Ana lysis

Thermal and mrreciranica l properties of pyrolytic graphite ntrateria l have been reported in tire literatur e
h owever , much of these data were obtained from test results on plate-type pyrolytic grapirite. Tine data ex inihi f a
large amount o f ”scatter ” due to hotir the metirod o f testing and tir e varied processes used to mira nunfac t ure tire
mr rateria l . Tire material property testing performed in this program was perfornied to obtain certain pe rtimr e nrt
material properties for tire pyrolytic graphite material nsanufactured by the Pfizer Corporation intended for use in
thi s prnrgram. To this end, the processing parameters , configuration , and test methods were defined to tIre point that
the test results are representative of the material actually used to manufacture conrrponents. The individual test
specimens were machined front a 7 .0-inch-diameter tube , approximate ly 6 inches Iorr g and having a nonrinnal 0.20
inch wall thickness .

For tIre analysis of axisymmetric bodies of revo lution, comprised of ant anr isotrop ic nraterial . nine elastic
em ’ nstants required for an analysis are shown below in tire form of tire stress -strair .elatioirsiri ps.

17
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TABLE 2. THERMAL PROPERTIES.

CONDUCTIVITY

Temperature Dens ity cp (10- 2 Btu /f t-sec- °R)

Material (°R) (lb/f t3) (Btu/ib -°R) ab* c~~ — 
Emissivity

460 1 36.5 0.200 5.64 0.0432 0.850

1460 136.5 0.380 3.84 0.0252 0.850

pyrolyt ic 2460 136.5 0.450 2.40 0.01 92 0.850

Graph ite 3460 136.5 0.530 1 .50 0.0228 0.850

4460 136.5 0.540 1 .20 0.0288 0.850

6460 136.5 0.560 1.18 0.0450 0.850

529 146.9 0.160 3.59 0.528 0.850
960 146.9 0.312 2.77 0.440 0.850

1 460 146.9 0.370 2.22 0.343 0.850

1960 146.9 0.404 1.81 0.259 0.850

2460 146.9 0.430 1 .62 0.174 0.850
PG/SiC 

2960 146.9 0.450 1 .38 0.124 0.850

3460 146.9 0.470 L14 0.132 0.850
4460 146.9 0.480 0.90 0.151 0.850

4960 146.9 0.480 0.90 0.151 0.850

7960 146.9 0.480 0.90 0.151 0 850

460 109.0 0.283 1.57 2.080 0.850

960 109.0 0.340 1.18 1.610 0.850

1460 109.0 0.390 0.938 1 .230 0.850

1 960 109.0 0.430 0.759 0.968 0.850

Graphite 2460 109.0 0.462 0.632 0,799 0.850

3460 109.0 0.505 0.509 0.646 0.850

4460 109.0 0.521 0.470 0.579 0.850

5460 109.0 0.525 0.456 0.539 0.850

6460 109.0 0.525 0.444 0.532 0.850

*ACROSS GRAIN CONDUCTIVITY FOR ATJ GRAPHITE
**W ITH GRAIN CONDUCTIVITY FOR AT.) GRAPHITE

L . 
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TABLE 3. SUBSTRATE NUCLEATED PG.

0.
Stress allowable

(psi)
Temperature — Shear
Property Tensile Compression allowable
condition a-b C a-b 

— . 
c (psi)

68°
Minimum 10000.0 420.0 10000.0 42000.0 525.0
Average 18191.0 750.0 11000.0 ; 50000.0 1 522.0

2 000°
Minimum 10500.0 1 75.0 10250.0 50000.0 525.0
Average 17555.0 312.0 11275 0 55000.0 1448.0

3000°
Minimum 12000.0 1 00.0 1 0500.0 60000.0 525.0
Average 16919.0 1 78.0 11551 0 65000.0 1374.0

4000°
Minimum 1 5000.0 90.0 11O ~b.0 60000.0 525.0
Average 22095.0 161.0 1216.0.0 65000.0 1469.0

5000°
Minimum 23000.0 400.0 7500.0 60000.0 525.0
Average 50525.0 714.0 8250.0 65000.0 1620.0

— _ _
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TABLE 4. CONTINUOUSLY NUCLEATED PG.

Stress allowable
Temperature (psi) Shear
Property Tensile Compression allowable
condition a-b C a-b c (psi)

68°
Minimum 1 0000.0 420.0 1 0000.0 42000.0 525.0
Average 17818.0 750.0 14500.0 50000.0 2578.0

2000°
Minimum 10500.0 175.0 10250.0 50000.0 525.0
Averag e 18153.0 312.0 14862.0 55000.0 2615.0

3000°
Minimum 12000.0 100.0 10500.0 60000.0 525.0
Average 18488.0 178.0 15225.0 65000.0 2652.0

4000°
Minimum 15000.0 90.0 11000.0 60000.0 525.0
Average 27525.0 161.0 15950.0 65000.0 3135.0

5000°
Minimum 23000.0 400.0 7500.0 60000.0 525.0
Average 55275.0 714.0 10875.0 65000.0 3155.0
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As sirown . thr e re are severn indepenndent elastic constants when nrnc real m,es thrat

r’ rO ~‘0r ~r, ~‘zr ~‘0i ~~= , — ,

aird t lrree thermal expansion terms. For pyrolytic grapinite . there is a transversc I~ nsotropic plane. and the elastic
constants reduce to fIve , tire thermal expansion coeff icients to two. These are two elastic moduli, two Poisson’s
ratios , and one shear modulus. These material properties must be evaluated for the temperature range 70 to
( .000°I over which the nmaterial is to be utilized. In addition, the material exhibits different properties for tension
and conipression loading.

Stress-strain curves for tire pyrolytic graphite exhibit a degree of nc’ rsl ineann tv . especially at the Irigher
temperatures. Because of this , entire stress-strain curves are required to perfornr an analysis. Also testing mn tine
materials under nrultiaxial stress fle ids is required to establish interaction c ,nn ls ta rr ts for both yield and fa ilure
criteria. tlniaxial and biaxial strength values are required.

The evaluation and deternnnnation of properties over the entire temperature range and in both material
property directions is beyond t he scope of this program. In fact , testing tec hniques for tire evaluation of c direction
tensi le properties in relatively thin coatings where gauge lengths are necessarily very snrrall are essentially nonex istem it.
Multn :rx ial testing techniques are very expensive , if even available. For most suclr tests. testing techmniques would need
to he developed.

l’lrerefore , tire testing perfornsed was linirited to obtaining properties wlniclt lras~ considerable influ ence
4 m m  lire calculated stre ss and strain states and are determinable by relatively straig htforward testing technniques.
Sufhciemrt tests were performed to estab lish represenrtative material properties over tire temperature range of inrteres f
no eaclr of the nrateria l ProPertY direct ionrs. Elastic mrsodu lus , stress-strain curves and uniaxial strain and stre ss
allow.nhles for hotir tension and cmmm n n prcssion loading were measured at a nuirrher nil temperatures. Shear t nimmniul us .
Poisson \ ratio , shear st reirgth . and c direction com pressive strengths were nm r eas n nme d at ansihient tcmp eratuiie
conditions . Coefficients of linear expansion were defcrnnined in both tire a.h annd e directions over a te mfl lw?atn nR ’
range of 70 to 5,000°F.
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The scope of testing performed is shown in the hidhmwing secliomn and is adequate km cha ract erve th e —nn aterial to deternrtnre w inether nt is nnore like existing data for (‘N or SN type nsatertafs . Wit h this msseasu red data and
tire avamlable data from time literature , the properties are available to provide a basis for an engmeer ingjudgeminent on
nine degree of structural success expected for the a-b plane insert .

5.2.2 Testing Accomplished

Based on the need for certain critical properties iden tified in previous analyses, cost effectiveness, and
the availability of testing techniques, a materia l property testing plan was established. Southern Research Institute
perform ed the detailed testing. Table 5 shows the test matrix for the testing at Southern Research Institute.

As shown, tension and cotupression properties in t he a-b plani., coefficient of thermal expansion in both
the a-h anrd c planes and slrear strengths and shear modulus were obtained. These properties have all been showmn tim
irave a Str(nng influence on stress and strann states and resulting failure of a-b plane pyrolytic grapirite compon ents.

5.2.3 Summary of Test Data

The evaluanton matrix presented nn Table t represents the experiments acttnaliy performed for property
det c rnrnnm ration. This is slightly different from tire specifications in the original test matrix presented ins tine previous
section, ‘flrree interlanminar shear evaluations at 1 ,500°

F and two at 3,500°F were added to tire nra~rix . and three
tc nsn ie tests were deleted . Tire additnonal sm ear tests were perform ed to resolve the ambiguity in the resuits uhianired
frommn nests performed on spec rnsrcns wills two dit’ferent gage lengtirs. TIn s will he discussed later. Tire live add m nno iiai
shnear specnniiens were made fronir tine deleted tensile specinrens.

A detailed presentation of t he cut tnng patterns and testing techn iques arc presented in Appetrdix A ,
Sout inern Research Instntu te ’s Letter Report to Atlanr t ic Researcir. A sumnmary of the data obtained is presented
here .

The nomenclature adopted for this program assigns the material a-direction parallel to tine cylinder axis
(i). the h.directjon as cnrcunmferential (0) and the c-direction as radial (r). Since tine nrraterial propernncs are
considered to be the same no the a and b directions and the evaluation of circumferential specimens will presemr n
unmnque specimen problems, all a-b specimens were taken wit ir tIre test direction along the a (z) axis. i-or sm ear
nriodnilus . dctcrnninati umns were made for C02 and G,.~ = Cr0. For axisymmetric problems , t ire shear nroduhtns re’tpnired
for anm.nlysis is Cr,.

I:igure S shows tim e data obtained for the tensile modulus in the a-h directions. Test data are slrownr at  two
len inperanur es , 70 and J.MX)°F, Average values for modulus are 3.3b X iO~ psi at 70°F and 4.49 X I0~ psm at

22
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TABLE 5. PRE-TEST PG CYLINDER EVALUATION MATRIX.

•
Temperature in F

Evaluation
type RT ~~00 3500 5000

Compression — a-b 2 . — 2 2

Compression — c 3 — — —

Tension — a-b 3 —

Unit Thermal
Expansion — a.ba 2 2 2 2

Unit Thermal
Expansion — ~a 2 2 2 2

Shear Strength
Inter laminar 3 — 3 3

Shear Modulus 3 — -- —

TABLE 6. ACTUAL PG CYLINDER EVALUATION MATRIX.

Evaluation Temperature in °F

-~~~~~~~

Compression — a-b 2 — 2 2

Compression — C 3 — — —

Tension — a-b 3 — 3 —

Unit Thermal
Expansion — a~ba 2 2 2 2

(‘nit Thermal
Expansion — 2 2 2 2

Shear Strength
Inter laminar 3 3 5 3

Shear Modulus 3 — — —

aUnit thermal expansion measurements were conducted twice on t hese specimens to evaluate
the effects of a repeated thermal cycle.
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Figure 5. Tensile Modulus for Pyrolytic Graphite, a-b Plane.
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Figure 6 sinows the a.b directionn tensi le strength data res mnits . Suhstantn. nI s~.itter nn n t Ime data is appan t’m rt
anrd is probably due to tirree factors, First the tensile specinmrens m ad sonrre lomrg itnidina l curvature (a  how of
JpproY. imirafehy 0.017 incir at tIre middle of the specimen length~. Secondly. L’\pansi (nn mm s nran cf n hctw ec nm
exfcnsonneter attac hnnensts . and the specimens appeared to cause stress conr cenrtr at ionn s rcsul tin ng inn spee nmrreni fan lure nnr
these regions. Finally at room tem isperature . pyrolytic graphite nodule size seemed to  nnfl nnc nrce failure strc ngtf r snnrce
the two lowest strength values were obtaineu froni specimrrens that fractured near larger t i rams average nodules .

The tensile strengtin results , there fore , indicate thrat test nret lrods need to he unproved arid t inat s nr e mngt i n
resu lts at low temperatures may exhibit large data scatter depending onr surface rouglnnness ammd individual nodule
sties.

Figures 7 and S sirow the test results for compressive modulus and comupressive stre ngt in. linese resul ts
show firat t i m e two data points at cad s nenniperature correlat e well with little scatter.

Table 7 shows tire shear modulus values uhij ined. Botln plate and ten isi on s spec imenrs were used m m
deternn nimrc these values. A detailed discussion of tIne tcs t s iird theoretical development used to obtain these v.iltnes are
presented inn Appendix A.

Figures 9 and 10 slnow tire results of the thermal expansion cx pe rim nne nnts. TIne two cycles refer to first
perfornning threrma l expansions evaluationis ironnr roomni temperature to S .OOC°E. a llt nwnn sg tire specinrsens to cool io

roonin temperature and perfornnning tire same eva luaniomrs durnmrg a second exposure fronnr roonn tenrrpera nure to
5,000°F. Tire purpose of tine two tests is to evaluate to some extent tire effect of “reorder ing” of tire pyroivtn c
graplnite at temperatures above tire deposition tennper ature. The “reorderinrg” pirennonr ienon has beens recognnied onn
otiner programs involving tlncrmal expansion measurenrents on pyrolytic graplrnte anrd is shown graplsicalI~ ins tIne
vat ues obtained in Figures 9 amnd 10. Above 3,500 to 4 ,000°F permanent growt ir in the a~h plane and contraction un
tine c plane occur. These growths and contractions are slrowmn to be both tnnre amid temperature depem ide mrt. For
.inalvsns purposes. especially for coo ldown analyse s, tire second cycle data are expected to  he nrore represe nntat ive of
tire mnnateri al behavior since tinses in a nozzle firing (60 seconds maxinnuns) are much less than tine t m mrne at
tennperature used inn thermal expansion laboratory testing.

The final data results to be reported arc the shear strenrgth data. These data are probably tIre nrost
diff icult to inter pret due to the vastly different results obtained using two different specimen configurations. Figu res

II amid 12 slrow the specinren configuration used to nreasure sh ear strength. This specimen configu ration inas been
used by SoRI inn the past to  evaluate carbon/carbon materials . TIne specinrenn is loadinrg ins compression , amrd the sm ear
s t mt ’mtg t li is deternnined by dividmmrg tire total load by tire gage length area. As slumw,r in t Ire two figures . t ine onnl y
difference in fhe two specimens was ti re gage lengths 0.25 inscin long and 0.~0 incls lomig.

Figure 13 shows the results of the tests , shear streisgt lr versus tensperat ure. The results obtained wit ir an
0.S0- mmnc l r gage lemrgth specimen are represented by opemr circ les while tIre 0.25-inchn gage length specimen results are
represented by solid circles. As sirownr at 3,500°F. the 0.~.incir gage length results are less thran the 0.25-inch results.
At 70 and 1 .500°F the 0.5-inch gage length results are also lower than was expected. At 5 ,000°F the test data using
t he 0.25 gage length is m ore m eanly what was anticipated. One data point was not included in the figure. This was a
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Figu re 6. Tensile Strength for Pyrolytic Graphite . a-b Plane .
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Figure 7. Compressive Modulus for Pyrolytic Graphite . a-b Plane

27



18

16 —______ ________ ________

0.
C,)
0
z. )
I
‘-• 14

> 12  — _ _ _ _  _ _

Ut
Ut
faA

0
0 1 0

8 ____________ ____________ ____________

0 1000 2000 3000 4000 5000

TEMPER A TURE (°F)

Figure 8. Compressive Strength for Pyrolytic Graphite , a-b Plane.

28

I 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- -— — -



TABLE 7. RESULTS OF TORSION AND SHEAR MODULUS PLATE EVALUATIONS.

Initial
Bulk elastic

Load Temperature Specimen density modulus
direction (°F) number gm/cm 3 1o 6 psi

Goz 70 SM (P) .1 2.2194 2.02

Goz 70 SM (P) -2 2.1987 L84

GRZ 70 SM-IA 2.2122 0.19

GRZ 70 SM-2A 2.2048 0.18

GRZ 70 SM-4A 2.2093 0.21
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Figure 9. Unit Thermal Expansion for Pyrolytic Graphite . a-b Plane .
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Figure 10. Unit Thermal Expansion for Pyrolytic Graphite , C-direction.
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shear strength value of 640 psi at 3,500°F obtained using an 0.25-inch gage length specimen. Since this data pnmin i t
was completely out of line in reference to all the other data points and to t ime analysns that follows. ~t represents a
“bad” test and should not be included.

To understand the effect of gage length on the stress results , a finite elenrnen t structural analysis of ti ne
test sample when subjected to a 100-pound load was performed. The TEXGAP computer code was used. amrd t i m e

timte element nodal network used is shown in Figure 14. The analysis was performed using room temperature
properties for the pyrolytic graphite. Figure 15 shows the stress distribution along tIre gage length of the slot ned
specimen. As shown, a stress concentration occurs near the inside corners of the specimens and results in peak stress
value of 2,070 psi for tIre 0.25-inch gage length specimen and 1,700 psi for the 0.5-inch gage length specimen. Using
the average stresse s of 800 psi for the 0,25-inch specimen and 400 psi for tIne 0.5-inch specimen, tire stress
concentrations are:

K015 
= 2.59

K050 = 4.25

Ilenrce tIne results indicate tisat the st re~s concentration factor for the 0.25-inch specimen ns far less than tIre 0,5-incln
spccin nsenn . Therefore, if failure occurs due to a nnaxinsum stress condition (wiincfn is probably true for PG at low
temperatures) , the 0.5.inch specinsen will result in lower apparent shear allowables. As the material is raised in
temperature , the stress concentratio n factor is reduced due to lower stiffness properties and nonlinear effects ,
altisougir detailed nonlinear analyses should he performed at the higher test tennperatures to fully evaluate these
effects . Tin s was beyond the scope of the present prograns. Instead , the assumption was nsade that the strain at the
inner corniers remained approximately the sansie as a function of test temperature hunt t lnat the stress concentration
was reduced due to reduced nnatenals properties at temperature . Witis tin s assu msrp t ioms . the sm ear stress values
ohtainsed directly from tire test results were increased based on the stress concentration factors dcterns ined for each
of the test temperatures. These results are represented by the solid line sirown omr Figure 13. These results compare
well wit h the shear strength values reported in Sections 5.2.1 for CN type PG material . In addition, by the use of
concentration factors , the seemingly large difference in the test results obtained at 3.500°F for tise two gage lemsgf hr
specimens is eliminated . Tine average shear value for the two 0.5-inch specinsens tests hecomnes 2.677 psn and, ior the
0.25-inch specimen, the average value is 2 .898 psi. Before applying concentration facto m , the two values were I .685
psi and 060 psi, respectively.

Thus, it is postulated t hat the actual sm ear strengths values for the PG tested are best repres emnted hy the
solid line shown on Figure 13. It is recommended thrat further study of stress comrcentratiom i e ffects nnr tlnese
specimens be performed and th at a redesign of the specimen be performed to nninimrsnie stress conncennt ration effects .
TIne entire subject of specimen design should be evaluated with detailed analysis of tine specinsen ins question.

35



-~ -~ --~ - ----

.~~

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

It



2200 —

2000 — 
________— —______ ______—---- ——--- --

1800 — — ________ _________ ______— 

~1~
-
~Load r loo lbs

1600 — — 

II ____

1400 —— — _________ — 
~~~

~~ 12O0 — — —____ _ _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _

in
LA

I-
in

~ 1 000 — _______  _______  _______- _______

4 
0.250 in. Gage Length

in g ~ \ o.soo in. c age Length

400 —-— — — —  ~~~- , — —______ _____

— —

200 -- -—-  ——--- --—--- _____—---— _______—— _______ _________

0
0 0.05 0.10 0.15 0.20 0.25 0.30

‘S” DISTANCE (in)

Figure 15. Stress Distribution in Shear Strength Test Specimen.

37

_ _ _ _ _ _  -~~~~--



- -

5.2.4 Assessment of Test Results and Comparison wh ir Litera t ure Data

The results of the material property test inng at SoR1 were presented ins tine preceding sect ion. As
dms~.nisscd tnt ilsat sectioms , tire tensile data results and the shear strength results sh swed considerahie s cat ten , w innmi n
could he conrt rnhuted to either specilnsen design, effects of nodules at low ten isperanure, or the test nnetiiod. Tine need
f or f urther inves ti gat t on of such effects on tire test results is clearly indicated . Nevertheless , the bulk ot tire test
results provided useful inhimratiomr , and the objective of tine test progrann to characterize the material at Irand and
connpare the test data with the existing data for (‘N and SN type nsater ia l was m ss et.

The test results are connpared to literature data for (‘N and SN type PG material in Table 8. Tire table
presents the test value obtained for the property evaluated and values considered represemstative of CN and SN PG
mrsj ter ia l properties. The thermsial expairsion values obtained for tine Pfizer PG comsrpare very well with (‘N PG values .
Aist ’ . tire values of modulus at room temperature and values of tine shear strengths are closer to  CN t l m a tr SN
propcrtnes . The compress ive strengths obtained are very similar to those for (‘N nnaterial over tine entire telinperature
rainge. Tensile strengths values are somewinat lower than the (‘N nnaten~al values: yet , they are nnore nearly like CN
tinars SN nnateriai values. Overall , the property test values appear to be representative of a (‘N type nrateria l.

The shear str t ’nmgt in v:nlue~ and tine conrpressive strai ns vaiucs obta mi netl for time Pfizc r nta neria l ar t ’ yen
emreour agmmig . These va lues nsr een fine design requirements defined by tine analysis won k thr at ttnlknws.

The test data obtained irs tinis program alomng with literature data for UN-type PC nnrateria l are ctm nrs ndered
to he adequate for use ins perforrnhisg the detail analyses that follow. This approacin not only provided a ns r ’amr s to
study , parametrically, tine effects of different properties of PC; it also provided tir e opportunity to consduct a
significant amount of design analysis prior to ohtaininsg property data ons the PG produced later inn the progranrr.
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6.0 DESIGN ANALYSIS

6.1 Introduction

Befbre presenonrsg the :nnralyt ica l results , a brief discussion of time analysis plans and objective s is presemnted
hnere to provide a better Lnmk ierstaflding of tire rationale for the specific analysis tasks that follow .

The program objectives included a ser ies of nozzle tests with nozzle firing durations of IS. 30 and 60
sceo,rds. In Section 4.0. two approacires selected for tire a-b plane pyrolytic graplsite insert design were presented.
These were a dual-layer designs consisting of two 0.30-inch-thick layers of pyrolytic graphite and a single layer design
wh ich included only one 0.30-inch-thnnek pyrolytic grapinite layer.

As poin ted Ilut in the material propenty sect ion , pyrolytic graphite materials exhibit quite varied
properttes depending on the process corndition~ amnd the type of pyrolytic graph ite produced (substrate nrucleated .
SN. or continuously nucleated . CNI. Sin ce representative Properties for the Pfizer produced pyrolytic graphite
would not be available until later in the progranr , a represenrtative set of (‘N and SN properties were obtained frons
the literature to use in the encu nnsg analyses.

One of the parameters that was studied is tire thernral hounrdarv comsd ition . Thermal anal yses lrave been
perh~rmed for the following bounrdary conditions.

a. Insert Out’,, 10 - Axsai conduction ~TOTh upsticam and downstr eam ss components is
assunrred to he zero .

b. Nozzle Assemb ly, NA The em rtl re nsozzle assembly is modeled into tire tirernsa l
analysis . ti nu s allowing conduction ironnr upstrea mrs arid downstream components.

c. Nozzle Assembly with Front Edge Heating, NAFF - Additiotsal hreating fromnr the
exposed lorward edge is allowed as the upstream component erodes away.

Figure 16 shows a typical design connf lguration for the a-b plane pyrolytic graphite inrsert mnozzle design.
The baseline design includes ann lmssert which is 4 .40 mnchses long. The figure also shrows air insert win ch is extended
forward and aft of the baseline length. Residual stresses for larger inserts were detenssined through analysis since
erosion and/or thermal effects nsav indicate that inserts win ch extend over a larger area ratio range could he
beneficial.

The analysis approach included the following activities:

a. Deternninne an erosion profile for the nozzle contour for IS , 30 and 60 seconds w it hs
upstream and downst ream components consisting of ATJ . PG/Si(’ . car bon/ca rbon and
a-h plane pyrolytic graphite materials.
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b. Perform detailed thermal analysis using each of several thermal boundary conditions to
be defined later.

c. Perfornn detailed in-depth conduction and erosion analyses for single- and dual-layer
designs.

d. Perform s residual stress calculations for tire basic 4.40-inch-long Insert and assess the
effect of extending the itssert length.

e. ~~termrr ine tire effect of pyrolytic graphite properties on t he residual stress states .

1. Conspare tire residual stress calculatiunns to residual stress test results.

g. Investngame exist ing failure criteria for applicability for tire predncn mo n of failure oF
manufactured parts .

h. Perfornss firing analysis for both a dual- and single-layer designs using the most
appropriate thermal boundary condit ion . Determimre tine effect of SN or (‘N material
properties on tlsese results .

i. Calculate margins of safety for tire two design concepts using existing failure criteria.

j. Perf-mr nns a stability or “bucklinrg” analysis of the final (lesigmr based on firing
conJ~tiomn s.

k. Investigate tine effe cts of possible PG “reordering” on firing stresses.

I. When propertnes for act inal pyrolytic graphnite material becomes available , assess their
impact on previously calculated stress and strain states.

The above analysis plan was formulated to allow a detailed thermostructural assessnsrent of tine a-b plane
Insert concept. It also includes a number of studies so that t he effects of essential parameters could be available to
establish a rationale for the final design. The comparison of residual stress predictions with a limited number of
residual stress test resnilts and the succe ss or failure of manufactured parts allows an assessment of tire analysis
techniques. Finally, the approac h included the deternnination of sonre representative properties for the actual
pyrolytic graphite material so that the effects of these properties on the analysis results can be quantized.

42

_ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _



6.2 Thermal — Erosion Studies

6.2 . 1 Analysis Techniques

The thernrsal-erosion prediction techniques used in s ti re followinrg anial yses cans bc suninnmanii&’d i-m v tire tiow

c hsa rt slsown in Figure 17. The specific areas slrownr in the clrart are a flow field anralysis , houmidary layer ;mm n d me an
(mnass) transfer coefficient analysis, determination of radiation heat fluxes , surface t lrer msnoc henssistrv a m m a ly sn s . am rd ann
inn-depth conduction analysis.

The flow field analysis is performed by usinrg the Atlantic Research in-house Tranrspott Pnopernnes
Program. TIre essential output is Mach number versus nozzle station.

TIme next step is to determ ine a boundary layer solution for evaltiating the treat transfe r coel tnc ienr t
distribut ions throughout the nozzle . The analysis is performed usimsg the TilL computer program (mnomsnent nnnsr nmmneg r .nI
technique) defined in Reference IQ .

The radiation heat input is in the form-n of a single gas ens-nissivity. The method nt ohtainirng the tota l
em mm issiv ity of an alrnns inumnr oxide particle cloud is described in Reference 20 . w i nd s  reports the work perfornnsed h~
I’rice of Pinilco-I-ord . Basically, tire ennissivity is sisown to be a funnction of the anrsoun t of alunnmnuns os ide . ti~c gas
msro lecu lar weight , gas tensiperature . and the local diansseter.

The GASKET computer code , Reference 2 1 . is used to provide tine mneces sa rv t iiernssot - i ren n istm ~ ,nnid nsa
progra ms ins which the chrenrsical reaction rate for 

~
‘
~ 2’ 1120, and ii-, connh inimm sg w ithr tIne su m la~e ca n l ’ ’ mr .m m c

kmn r ecica liv controlled , rite dimennsionless mass removal rate for camhorr nrraierials is obtainsed as a t nm nr c nn o m i ot
te m mnp e rature fr’inr the input of propellant exinaust specie data. Tin s program provides time necessary inrp mm t fun tine tw o

dinrrensmonsa l erosion consnplnter code , ASTHMA 3, Reference 22.

Briefly, ASTh MA 3 is an axisymmetric tranrsient heating and nsatena ls ahlatiomr program. It solves l i l t

time tlnernsa l response of two-dimensional shapes including variations in local surface regression.

The above metlsodology and technical approacir iras given meam nnng tul t lrernsa l results lot mice m r  mire
t’nsm nnng tine rnnsa l-structtnra i analyses.

6.2.2 Thermal Properties

A thorough discussion amid presentation of pyrolytic graphite properties are presented irs Sections 5.0. Ins
u rns section , the thermal properties for PG/SIC and Au graphite used to analyze tnpstreans and downstr eann n nozzle
compomnents are presented.

- . -~ - 
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Figure 17 . Thermal /Erosion Analy si s Flow Chart .
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•

• The thermal properties for the PC/SiC material are shown in Figures ll~ ansd 19 .

The thermal conductivity in the c direction is shown in Figure ig versus temperature amid SiC co ntet n( .
tin s parameter has been defined by using the TRW thernnal stress testing data. Therm nnoeouple data was obtai mmed l~mr
coatings having 6, Q and IS percent SiC. An inverse thermal analysis was used to predict the thernsal conductivity
based on the thermal gradients which existed in the coating. This technique is described in Reference 23. Hence the
c direction thermal conductivity lsas good experimemnial validations . Tine thernnial conductivity in tine a-h direction is

- slrownr in Figure 19, The specific heat was taken to be sinnilat to titan for pure PG. The density was based ons tire
lollowing formula as a function of SiC content.

~PG
Pcoating 

~
‘

winere

Pp~ 
= 2 .14 g/ee

= 300 (Experimental Coefficienst )

line above lornnsula isas heent validated by ashing te ci mnm i ques over tI re ra mrg c of 10 to 30 percenst SiC. In was  asst nnssed
t im a t van iatnons in density with temperatuse are small.

Figures 20 t hnrough 22 show the thermal properties used for ATJ grap ln ite. The witim- arid acm oc~-g m a n i

t lm e rnrra l conductivities are shown in Figures 20 and 2 1 .  The specific treat versus tenmmpcraturc is slrowns mm i Figure 22.

6 .2 .3 Boundary Conditions

To perfornr the in.deptls thermal anal ysis , tire boundary conditionrs mm iu st he stipulated. These boundary
comrditions include convective treat transfer coefficienrt . radiation flux, surface nlmernns ocl sensistry. and houmsdar)
conditions between individual nozzle connponsents. Tlnc calculation of transfe r coe ti nc ients are presetited in Sectton

For the radiation boundary condition , a gray body model was used. line radiation flux is tlren gmvems by

~ rad = c5 a ~~ - 
~~ a Tw

4

w lncr e

stream emissivity

= wall emissivity
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Figure 18. C-Direction Thermal Conduct ivity for PG/SIC.
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Figure 20. With-Grain Thermal Conductivity for ATJ Graphite.
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a = Stefan-Ito ltzmrsan constant

15 Free.snreamr n ten mi perature

= Wall temperature

The particle laden strea m s emissivitv is det e rnmn ined using tire work of Price. 1 20~

Three geonsetrtc boundary eonditionss wen e studied to dete rmsni ne t h eir imnlluenrce on tIne resulting t hem nnn ai
gradients. Fngure 23 shows graphically tirese boundary coisdit ionns. Figure 23A sinrlss s tire insert onnlv . Model It).
wlrere the influence of upstreans s and downstrcanr components are not inicluded in t h e  mrsodel and. ime mice , no axn a l
cn mn m ducn ion from these consiponenr 5 ’ . is considered .

The nozzle assenshly mnrodel . NA . is shown its Figure 2311. This m m d c l  nnicludes upstrearns arid dow ni ’ .iteamsn
co m nnpom nent s and axial com sductio mr I rotu tisese conssp one m mt s are included.

Figure 23C shows tire nozzle assembly nrnodel wit h a front lace step (line to tine er(~ io mm of t ime upsl reanrs
om nponemm I NA FE). Facim i’ I inese mrrodels will he a mralyied m m  tire the rmsn al ,insaly si ’ . ‘.cc t o 1 mm

Tine surface nime rnnmochenus rry analysis was performed usimn g the Grap hite Sur lace ~ imse tic s (G ASKI:T)
.i’ntputem program. 11w propellant formulation useti Io~ these studies was tire HT1~I3 (t )fl perce mrt solids . 18 perceis t
Al ) propellant. Tire chamber pressure was tak ens to he 1. 1)00 psi.

i-igure 24 sin irwc the basic mrozzle contour and the area ratios where ~nmm a lvscs were perform nsed - Tire
ni p’ .tr cal mr and downstreanrr cors iponrents were assunrsed to be either a.h pla n mc P(;, ..~TJ grap inik’. E~;’sm( cm m atin r g or

eanhiun carbon mater ial. T.m hie ~ shows the matrix ot GASK FT runs pertor mssed. Also shown is the area ratio . Macli
m m mnmmrhet. amrd mass tran sfe r equation used in time anal~ sn c . Tine huiIt .in kimnetic rate ’. m m t ime GASK IT  Progransi were
ric ed inn tine ansal~ srs. Fot A u .  bulk graphite kinetic rates were used. For tine a-h plane pyrolyt ic grap inite and PG Sm(’
immateri a l ’ ., t he layered ansi] edge knmsetic rates were used , respectively. Altinoug ln a d d ntmomn al work omn kinetic rate s or
tine PG SiC materna l was being performed at Aerotherm . this work was not •nvailahle at tine ti m e of tirese ‘.tudtes.

ins t ine ~ucees.s in predicting erosion using pyrol) tic graphite edge kinetncs in tire Atlantic Reseaccis Seale.Up
- . the pyrolytic graphite edge kinetnes were tired in the following analysis.

1-igurec 25 through 27 show the nondimensionalized erosion versus temperatmire at an area ratni ~ ot I .2~ 7
ton t int’ m ir re .t’ n s ul kinetic cim nrta mnts . These curves represent typical results obtained.

2 4 Flow Field and Boundary Layer Analyais

To perform tire flow field analysis , the Atlantic Research Transport Properties computer code was used .
Tire progtam calculates individual specie and gas composition properties based on stat istica l nsreclranics. Also output
is t ine pressure , temperature , and velocity paranreters as a function of nozzle area ratio. The Turbulent Boundary
I .Jycr consiputer code , 191 is used to perfornn a hounda rv layer anal~’ sis. Basic inputs nn to the programni are nozzle
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Figure 23, Thermal Boundary Condition Model Geometries.
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TABLE 9. GASKET RUN MATRIX.

ATJ PG PG/SiC

Area ratio Mach Ch Bulk Layered Edge
A/A* no. Ib/ft 2-sec kinetics kinetics kinetics

-2.405 0.257 0.822 X X X

- -1.386 0.488 1.219 X X X

L00 1.00 1.4567 X

- 1 .04 1.212 1.346 X X X

- 1.267 1.552 1.052 X X X

S
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initial geomnsetry, Mach inumnsber versus nozzle length , and com posite gas properties. Tine starting poimrt for tine
boundary layer analysis is the nose of the subnnerged nozzle. A wall temperature of 5 ,700°F was used in tire amsalys is
annd was based on est imatiorrs from previous analyses. Tine results of the boundary layer analysis are shown in Figure
28 . Tire heat transfer coef ircient versus nozzle area ratio are shown in this figure. As shown , the maximum value for
tire coefficient is 1.46 Ibm/f r- sec occurring slightly upstream of the throat. Tine mass transfer coefficient used in
tire GAS KIT runs were obtained by multiplying the ireat transfer cocfficienst tu n es the Lewis Number to the
two.tinirds power. Tire heat transfer coefficients shown in Figure 28 were used for all of the detailed thermal-erosion
analyse s that follow.

6.2.5 Thermal Analysis Results

t ising tine results f ron ts ti me boundary conditions analyse s , specifically tIne thermoc hnennistry results fronr
GASK1- l , tine m eat  transfe r coelficien its , and the radiative heat flux , a series of one-dininensional ruins were performed
to deter nni nne erosion profiles along the internal surface of tine msozzl e. Figures 29 tirtou~ln 31 show tine erosion prof ile
predicnions. Figure 29 shows the total erosion for tiring tinnses of 5 , IS , 30 and 60 seconds for a nozzle with ATJ
graphite upstream and dow mnstrearn componennts. The sanse results for a nozzle with PG/SiC coated connponensts are
shown ins Figure 30. Tine results indicate t lsat both ATJ and PC/SiC coated conrponents could be used for tire
upstreanr and downstrea mnr components for a IS-second nozzle firing. However, the total erosion for ATJ
components would be too great for a 30- or 60-second firing, A I~~/SiC coating appears to be acceptable for a
30.second iiring. At 60 sc~omsds a large amount of the forward enrd of tire a-b plane dual layer would be exposed to
tine r~ase s hut the substrate mnna ter ia l would not be exposed to tine gases. The predictions for PC/SiC coatings are made
using tire pyrolytic grznplsitc edge kinetic rates built into the program whicir its tire past have provided reasonrahie
predictions of erosion for a 5 percent SiC coating.

Figure 31 shows the results for a high density carbon-carbon (1.9 gm/cnn3). Bulk graphite kinetic rates
and tIne .~ ) g/cc density were used for the predictionns. Since density is not the only parameter influenscing erosion in
car hons.carbon . the predicted erosions may be too high. Still the carbon-carbon material appears to have an erosion
rate t h at  would expose the substrate of a dual-layered design for a 60-seconnd firing.

Figure 32 shows the predicted erosion for the a-b plane pyrolytic graphite insert. The erosion at the
throat is predicted to be 39 rnils for a 60-second firing.

All of the erosion profiles presented were based on the initial ratio win ch was held constant as the
niateria l eroded away. A study of the ATJ connponent (greatest increase in area ratio) was made to evaluate the
affect of the eroding surface by varying the area ratio stepwise with time. The atnalysis using a varying area ratio
predict a 25 percent reduction in total erosion at 60 seconds over that obtained for a constant area ratio analysis at
the station adjacent to the a-b plane insert. Based on these results, upstream and downstream componer”. of ATJ
eraphite are adequate for a 15-second nozzle firing. For the longer times, a PC/SIC coated nosecap and cxnn rung
would be mrecessary .
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The durability of tine nosecap-tinroat insert leading edge protector must be considered . Alt inough the
erosion predictions presenm med are considered to be conservative, the large difference between erosion resistances of
a-b plane PG and the next best nnatersal presents a definite design problem. Better leading edge protection might be
obt~tned with the PG wasirer approach used in the Scale-up Program. However , for a 60-second test using IITPB
propellant , the nosecap will ablate or erode excessively, creating a potentially intolerable flow discontinuity . Based
on the results of the erosion profile study, five nosecap/leading edge protector concepts were considered. These are
showns in Figures 33 througlr 37 .

Figure 33 presents a schematic of an “ideal” throat package which utilizes an integral nosecap and fully
extended tinroat section s . This concept requires a split backup support ring, and, in addition, results in the nosecap
portion having a differens radial back-up stiffness as co’inpared to the throat region which is contained by the steel
housing. This concept is probably impractical from time current state-o f-tine-art of PG processing when considering
the problems of uniform deposition Tate and microstructure .

The second concept shown in Figure 34 utilizes a separate PG nosecap which tennds to ehinnmnraie tine
differential stiffness problem. In addition, a silicon carbide exit insert is used so tinat tine support structure cans be
slipped onto the free-standing PG shells. l’his concept is “m ore producible” than the ideal concept . However, there is
a large risk factor in the design and analysis required to assure prim ary success of the nosecap.

Figures 35 and 36 present two concepts which utilize PG/Sit’ nosecaps. Tire only difTerence in these
concepts is that one utilizes a PG washer to provide leading edge protection assunnmng superior erosion resistance over
tire coating. Three options of coati mng makeup are shown.

The first is a hO percent by weight SiC conte mst inonniogeneous coating. A lower SiC content is desirable
but probably nnot practical from a structural integrity standpoint. Witis this in mm nm nd t he other options consider
graded coatings. The second option grades from 15 to 5 percent SiC which is an approac h which should ensure the
standard needle-like SiC structure throughout the coating. The third option grades fronni IS w/o percent to 0 w/o
percent SiC continuing with a finite thickness of unalloyed PG. A thermal stress specimen similar to this has been
successfully tested by TRW .

Figure 37 shows the fifth concept evaluated. This approach again utilizes a PG washer. However, a
carbon/carbon nosecap is considered in place of a coating. As in concept No. 4 , the PG washer is assumed to be more
erosion resistant than tire higir density carbon/carbons current ly available.

Concept No. 3 . as shown in Figure 35 . was selected as the preferred approach with the options
considered for coating makeup air erosion rate of 5 nnilsfsecond is considered feasible. Hence, this value for erosion
will be used in the ensuing detailed analysis Cot PG(SIC coating. As stated earlier , test results for a 15-second firing
usimrg a PG/SiC coated nosecap will be used to decide upon a final coating configuration.

Calculations were performed to determine the sensitivity of the predicted thermal gradients to a 35
percent increase and decrease in the heat transfer coefficients. Figure 38 shows the thermal gradients obtained for
cacti case . As shown, little difference in the gradients exists , and the study indicates an insignificant affect on the
analysis results.
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Figure 38. Effects of 35% Change in Heat Transfer Coeffich~t on Tempsrature Profile.
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Once the design configurations were selected , detailed thernral analyses were performed to define the
thermal gradients for use in the structural analyses. As discussed earlier, three thermal analysis models were studied
to determine their effects on the resulting thermal gradients. These were as follows:

a. 10 — Insert Only

b. NA - Nozzle Assembly

c. NAFE — Nozzle Assembly with Front Edge Heating

The nnodel which best represents the actual conditions during a nozzle firing is the NAFE model.
However , the complexity and cost of such an analysis is much greater than that for tln’ ‘0 model. The above factors
(cost and complexity) apply not only for the thermal analysis but also for the ensuing ~.:uctural analyses. Therefore ,
a thermal analysis study was performed to determine the relative effects of each model on the predicted tensperature
distributions.

Before presenting the results of the analysis, a discussion of tine technique used to perform the analysis
for front edge heating is given. For this analysis, a special model of t he region in question was created to overcome a
restriction of the ASTHMA computer code. The restriction is that for an eroding inner surface , the second node
from the surface cannot be heated in a back face or sidewall mode. Hence, a nodal network was devised to overconne
this restriction and is shown below.

Su

~~

:e

~~~~~~~~~~I? i
~~~~TTiiiii~

~~ Gas Flow

Sides I and 2 were not heated from the forward face. Side 1 represents a dept h equal to the total erosion
predicted . Side 2 is only 0.005 inch wide and is also modeled to accept the restriction that the second node could
not be heated. Sides 3.4 and 5 were heated by the use of heat transfer coefficient and temperature source boundary
conditions. The heat transfer coefficient was varied as a function of time , being approximate ly zero until the face
was initially exposed, increasing linearly until the face was completely exposed and then remaining constant after
that. Other assumptions for the variation of heat transfer coefficient could be made. For instance, an increase in heat
transfer coefficient with increased erosion and hence greater depth of mismatch. In addition, if a greater number of
nodes were used ,a better time dependence of heating could be effected .
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An attempt was made to account for front edge heating of the insert. Other more sophisticated methods
could be used; however, with the uncertainties involved , the degree of improvement inn accuracy would probably not
be determinate. No attempt was made to enforce conduction from the entrance cap; however, this assumption is
considered to be valid since a gap and filler will be required to account for axial expansion between tine two
components.

A review of related literature indicates that , in subsonic regions, local heat transfer coefficients may be
increased by a factor of 4 to 6 due to local “tripping” of the boundary layer.L24~ Hence, analyses were performed
with an amplification of the local heat transfer coefficient of 1.5 and 6.0. Figure 39 shows the comparison of the
two analyses. The temperature versus distance from the forward end at the backside node and one node frons the
backside of the PG layer is shown at 30 and 60 seconds. The solid line represents the results of the analysis for a heat
transfer coefficient (HTC) multiplied by 6.0 while the dashed line represents the results using a 1.5 factor.

Except for a small region at the extreme forward end of the insert , little increase in temperature results
from the higher HTC. So that even thoug h the real increase in HTC may be difficult to analytically calculate , the
temperature distribution is not significantly changed by a factor of 6.0 increase in heat transfer coefficient.

The results of the thermal analysis for the 10 and NA models are shown in Figures 40 and 41. As shown,
the temperature distributions obtained using the two models are quite different. The figures show the isotherms that
exist at 5 and 15 seconds, respective ly, for the two models. When axial conduction of heat into the insert from the
upstream and downstream components is accounted for, the temperatures in the insert are higher throughout the
insert. Near the ends of the insert , tine increase in temperature with axial conduction is even greater. Figure 41 shows
the temperature reached as a function of insert length at a distance 0.225 inch back from the initial internal surface
for each of the cases. It sinows tine effects of axial conduction on the backside temperature distribution of the first
a-b plane PG layer. The large difference in temperature profiles has a significant affect on the resulting stress states.
This will be discussed in the next section.

For the NAFE model, an analysis was performed that included a 15-second time duration with an ATJ
graphite upstream component which eroded at approximately 16 mils/second. Figs~es 42 and 43 show the isotherms
that exist at 5 and 15 seconds in the PG insert. Comparing these isotherms to those for the 10 and NA models
(Figu res 39 and 40), it may be seen that a much higher axial gradient exists for the NAFE model. The higher axial
gradients tend to increase the shear stresses that are developed during the firing, as w ill be shown in the next section.

Based on the results of the thermal analysis for each of the models, it was decide d that the NAFE model
should be used for determining the temperature distributions since the distributions were significantly different with
this model, and the model is considered to be a more representative description. The significance of model selection
is definitely established with the pievious thermal analyses. To provide temperature profIles for the input to
structural analysis, a detailed thermal analysis was performed using the NAFE model. lii addition to the 15-second
time duration analysis, a second analysis using a 60-second time duration and a PG/SiC coated entrance cap was
performed. The PG/SiC coating erosion rate was assumed to be 5 mils/second. Figure 44 shows the nodal colunsn
network used for the ana lysis. Figures 45 through 54 show the temperature distributions through the first layer of
PG coating at times of 1 , 5 and IS seconds at t he different axial stations defined In Figure I. Al l was used for the
upstream component in t hese calculations. Figures 55 through 57 show the isotherms for each of the firing times.
The temperature distributions for the second layer of PG vary insignificantly except at the ends and are not shown
here.
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Figures 58 through 67 show the distributions at 15 .30 and 60 seconds for the 60-second firing analysis
with a PG/SiC coated entrance cap. The 1 and 5-second temperature distributions m r  this case are not significantly
different from those at I and 5 seconds for the ATJ upstream component case . Figures 68 through 70 show the
isotlierms at 15 , 30 and 60 seconds. The temperature distributions shown here were used in the structural analyses
that tollow.

Two additional thermal analyses were performed. These analyses used the NAF F model for the 15-arid
60-second time duration. Figure 7! shows the results o1 this analysis. The figure present the backside temperature
versus length for a single PG layer and the backside temperature of the first layer for a dual-layer design. The backup
material used for the single layer design is ATJ . The results are shown for 15 , 30 and 60 seconds for the two
analyses. As can be seen, the single layer backed by ATJ results in lower temperatures versus time than the dual
layer. This results in less radial expansion and also higher gradients in the insert.

Also shown is the backside temperature of the first layer for a dual-layer design at IS seconds when ATJ
components are used up and downstream. The increased temperature over t h at at IS seconds with PGISi( up and
downstream is due to the higher erosion of the Au components.

The temperature distributions for the one PG layer case are shown in Figures 72 through 81. Figures 82
through S4 show the isotherms at IS . 30 and 60 seconds for the 60-second. PG1SiC coated component case .

6.3 Thermostructural Studies

6.3.1 Analytical Techniques

In the discussion presented in Section 4 .0, there were several areas with respect to the analytical
approaches and techniques which were identified as being areas of weakness and contributing to the lack of earlier
success iii the attempts to design, build, and fire PG nozzle throat inserts. Therefore , in the present approach . an
effort was made to address those specific areas of the analysis and design in a manner more consistent with the
actual behavior of the PG material. Included in this were not only the consideration of st resses and strains calculated
using nonlinear techniques , but also consideration of the important question of failure and failure criteria.

The SAA S I l l  computer program developed by Crose and Jonesl 141 was the principal analysis tool for
calculating the stresses and strains. The SAAS Ill program is a well-known stress code and a detailed description is
not considered necessary at this time. It is perhaps of interest to note that the code, like all codes, does have certain
ltmi(ation~ which may or may not be significant. The SAAS III program treats nonlinearity in a bilinear elastic
manner. As such, no means of accounting for different loading paths and any resulting effects is possible. Also, no
means is available to treat effects of loading and unloading such as occur in PG from deposition to cooldown to
nonle tiring.

Techniques other than the SAAS Ill code were used where required. The TEXGAP computer code has
already been mentioned in reference to the mechanical properties testing In Section 5.2.3. The treatment of buckling
presented ater in Section 6.3.5 used standard closed form techniques.
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6.3 .2 Failure Cnteria

Professor D.C. Drucker has stated , ‘if the understanding of fracture means a detailed description of the
position of all key atoms at all stages leading to the complete separation of material , the atomistic point of vieW is
the irnI~ one permissible.” lie continues on, however , and states . “If understanding m eans prediction of the behavior
of th e material , the situation is debatable.”

The point which is made here is that when approaching the question of lathire, it must he made clearly
understood what the objectives are. In t he present case , t he purpose of a failure criteria is to be able to predict t he
onset of ’ material fracture and , with this prediction , t o design a structura l component to adequately withs tand t h e
environniental loads. With our present knowledge of material fracture (even with the enormous literature on f racture
iriec hanies and microscopic approaches to fracture), the phenonieno logical approach , which requires t ire rniiuiliiuni

~unoutn of information, t~ the usost practical approach to realistically predicting the adequacy of st ructur es Ii o
ririportant to recognize that the phenonrenological mathematical model, as stated by wu1251 “is intended to aid
experimental design , to facilitate interpolation, correlation , and retrieva l of experi m ental observations: it is not
intended tor extrapolation and interpretation of mechanisms of failure .”

The assumption here is that fracture occurs when the (low curve , or its generalization in more tItan one
dimension, inter sects the corresponding fracture curve. Hence , both knowledge of the stress and strain states along
with the fracture curve arc required. Nonlinear analysis techniques provide the overa ll stress and strain s lates w h ile
the fracture curve must be det ined by a series of multia~ial laboratory tests.

The definition om the fracture surface in three-dimensional space has been defined for Only a vets limited
number of m aterials. The reason for t his is the difficulty of the testing and even the absence of well-defined test
techniques.

Since this data i~ riot available , purely analytical approaches to predicting the fracture curve hiase been
proposed which requ ire a ririninium of test data. Even with these criteria , some of tIme properties have not been
obtained , si’ that additional assumptions based on experience are required.

Therefore , while the validity or accuracy of the criteria cannot he proven , there exists sufficient data to
suggest that fracture of these materials is dependent upon the entire stress state and that a uniaxial criteria is not
sufticien

In this progianr . existing failure theories were reviewed. Sonic of these theories were then programmed
to provide tactors of safety. Assumptions were made , where required , for certain inherent material strength
properties which were not available, and the results obtained can be used to neither justify nor eliminate a theory.
Th is ~an uiily he done by rests  on the specific mate rlalc . The safety factors obtained provide guidelines fo r assessi n g
the adequ acy of the st met nrc under investtgatio’r

The following theories were studied in this program :
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a. Minimum uniaxial stress ratio

b. Puppo and Evensen ’2~
1

c. Interaction theory ’271

d. Tsai.Wu theom~y I2SI

e. Priddy theory [291

The Puppo and Evensen theory was considered as three distinct cri tenm.u since the equations h ave not
been extended to three-dimensional space. The results fur PG wer e very eratic and possibly were due to a violalmon
of certain stability conditions on the magnitude of tire interaction terms. The cause s of this instability was not
pursued in this program, and no further consideration is given here.

The Tsai-Wu theory criteria assumes that there exists a failure surface expressible in the following form:

F~o~+ F 1, cr~o1 
=

where

h / O’g~ 1t °ci

interaction terms obtained from multiaxial or off-axis test results for i ~�rj

~ 
I/a b C  for i i

°T1 
= uniaxial tensile or shear streng th

= urriaxial compressive or shear strength.

Because the data necessary to determine the interaction ternis ~~ have not been obtained, it was necessary to make
certain assumptions. Conditions of stability require that the inequality

F1~ ~~ — F~
2 �0: i & j  not summed.

be satisfied for the constants F~ entering the equation. It was assumed , t herefore , that

F~
2 = 

~~ F11 : i & j not summed .

it m ust he emphasized that this is merely an assumption about the interaction arid that experimental resulis arc
required to determine t he actual value. It is apparent that either a positive value on a negative value for F11 ~ ill he
satisfied by t he above equation. The effect of both positive and negative values wer e considered , with mrnmnim ,m
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factors of s .mte ty being produced by positive values. The fracture theory of Priddy is sim iiml ar to the Tsam-Wu theory
except that it allows the interaction terms for tension-tension and compression-compressions interactions to  he
independent of each other. I The t h eory assumes failure to be describable as follows:

Fioi+F ij aj aj + F ijk oj o.ok = I

As can be seen , a cubic term is added in the Priddy theory, However , additional data are required over that for the
Tsam-Wu theory . For the studies here the following assumptions were made:

a. The ratio of biaxial compressive strength to uniaxial compressive strength was
taken lobe I.

h. The triaxial tensile strength factor was taken to be equal to the biaxial strength
factor.

Both of the above assumptions are thought to he reasonable in light of limited test data on other brittle
materials. With the above assumptions and the six biaxial normal stress condit ions, all of the terms in the theory
were them i calculated,

The following equations for the “interaction theory ” are presented to show that the interaction terms in
this t heory are assumed to be a function of the uniaxial strengths only.

2 2 2
01 Oh 02 02

— — —+  — + —  = 1
‘F 1 T 1 T1 T, 16

2
02 02 03 03
— — ---— — +  — f —-—
12 12 13 13 15

2 2
O 0~~0~ O~
— — —+  I- — ~~lT~ T3 T~ T~ 14

‘The publication by F.M Wu (25 1 has considered the question of representation of failure from the
general point of view of tensor polynomials and therefore includes as special cases most of the
t heories considered here,
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where

= applied stress in the ith direction

strengths in the ith direction

A point to be noted in the interaction theory is that since only uniaxial tension , compression, and shear
strengths appear in the equations, there is no requirement for assumptions about biaxiahity. This does not mean that
the representation of failure of materials is any moos or less reliable than other theories used.

Each of the failure theories were programmed and were used in conjunction with the SAAS Ill stress
program to calculate a safety factor for each of the elements in the component being analyzed. The results of these
calculations are presented in the following sections.

6.3.3 Residual Stresses

The design and analysis of all PC com ponents must be concerned not only with the thermal arid
mechanical loads imposed by the application duty cycle , but with residual stresses that exist in the material in t ire
absence of any applied loads. In closed shapes such as the nozzle throat inserts of Figures 2 , 3, and 4. the residual
stresse s may be on the satire order of magnitude as ti re tiring stresses. The residual stresses may be due to several
factors. Thiese are as follows:

a. Anisotropic material properties

h. Nonhomogeneitv in microstr ricture

c . “Growth stress ” effects due to thermal instability of the material st rucli mne

d. Effect of substrate or mandrel stiffness and thermal expansion cimaracteristics.

The largest factor causing the residual stresse s in closed shapes is the anisotropic material properties
together with the change from the deposition temperature (4 .000°F) to room temperature . The other factors listed
e~n, according to the results of earlier studies ,1301 be significant and should therefore be considered ,
(Jnfortunately, the ef fects of these other factors have been quantitatively evaluated for only a limited number of
cases , and no general procedure exists to treat tire effects analytically.

The approach taken here was to evaluate the residual stresse s assuming that the residuel stress resulting
froiri e ffects other than anisotropy could be ignored. The validity of th is assumption was then checked using results
of str a in gage measurements in residual stress tests and by correhation with manufactured parts. For reasons of this
assumption and for other reasons as well, an objective of the deposition ei’Iects was to obtain a homogeneous
microstructure. Also studies performed and reported in Reference 30 indicate that growth stre ss effects are nminmmnal
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wh en a frangible nmandr el is used and breaks away during the cooldown process. The major unknown was then the
exact microstructure that would be obtained by Pfizer for their pyrolytic graphite material . Two extremes were
considered in the preliminary residual stress calculations. These were the microstructures obtained from a
continuously nucleated and a substrate nucleated deposition process . Material properties, such as modulus and
thermal expansion, were used in the studies that were considered representative of each of these PC types for
calculating the residual stresses. The purpose of these preliminary studies was to define a reasonable bound on tire
thickness-to-radius ratio for both a CN and SN type pyrolytic graphite closed shape representative of an a-b plane
nozzle insert. These thicknesses were to be used as a guideline for beginning the deposition studies. In addition to
determining the stress state , a realistic failure criteria needed to be used for predicting (he allowable thicknesses.

Based upon the data presented in Section 5.0, two sets of stretigth properties were considered. Tire first
set of strength properties was based on average properties found in the literature for CN- and SN-type PG. Tire
second set , in an effort to be as conservative as possible, was based on minimum strength properties reported
irrespective of the test method or the material microstructure .

The failure theories discussed in Section 6.3,2 were used in conjunction with the two sets of strength
properties to define a failure envelope. Once material properties for the particular PG material manufactured by
Pfizer becanie available, a reanalysis of the residual stress state was performed. Limited residual Stress tests using
strain gages were also performed. The interaction of stress states , strength properties , and failure theories were then
evaluated based on the results obtained for the actual manufactured parts.

6,3.3.1 Effects of Insert Length and Shape

The baseline a-b plane insert design was taken to be a ‘7 .0-inch’diameter throat insert 4.40 inches long
and 0.30 inch thick. Tire residual stresses in PG are very much dependent upon the shape of the part. Since insert
designs which were longer than the baseline design were considered, residual stresse s due to cooldown were
determined to obtain the influence of the added length. Similarly, the possibility of using PG for the entrance cap
offered definite advantages over materials. The residual stresses due to cooldown for entrance cap shapes were
calculated to determine the effects of curvature,

Specitleally the following cases were analyzed:

a. 4.40’inch-iong dual-layered insert

b. 7.55-inch-long dual-layered insert

c. Complete length PC shape which includes the entrance cap, insert, and exit piece all in
one PG shape

d. An entrance cap constructed of free-standing pyrolytic graphite.
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Figu re ~5 shows tire typical finite element nodal network used for the analysis. Included in tIre model is a special
node located between the two layers which does not transfer loads. The reference temperature used for ti re airalvsis
is 4,000

0) .

The 4.40- and 7.55-inch long configuration s were analyzed using built (‘N and SN properties. Tire
entrance cap ,nd complete length configurations were anraly,ed for CN material only.

For all the analyses . tim c inner layer exhibited the higher stresse s although the outer layer had stress levels
very similar to the inner layer.

The results of the calculations are sumnrarized in Table 10 which presents tire niaxinrum radial stres s ,
mnaxinruns shear stress, and maximum tensile and compressive hoop stresses which were obtained for each of the
cases . For each of the first two cases . namel y the 4 .40-inch insert and the 7.55-inch insert , lower residual stresses are
developed in the CN material than in the SN material . Increasing the length from 4.40 in ches to 7.55 inches resulted
in lower mirax inrum hoop tension and compression for the CN mrraterial.

The maximum radial stress and maxurrum shear stress was increased . TIre same effect is observed for the
case of the SM material with the exception of the nma~unrum hoop compressive stresse s which showed a very small
inc rease.

In the case of the full length insert , the maximum h oop tension and compression are the same as those
for the 4 .40-inch insert. The maximum radial stress and maximum shear stress are less in the full length insert .

In the last case , entrance cap only, the maximum residual stresses, wit h tire exception of tire shear stress ,
are the lowest of all the cases considered.

Therefore , for the CN material, tire increased length and the emrtr ancc cap shape , result in similar or
lower residual stresse s than tire baseline 4.40-inch insert , with one exception. The maximum radial and the
maximum shear stress in the 7.55-inch insert are higher than the baseline 4.40-inch insert. On the bases of the test
data presented in Section 5.0, all of these values appear to fall within the strength values for the material listed.

These results indicate that on time basis of residual stresses , no additional difficulties would be
encountered by increasing the baseline 4.40-inch leng th.

6.3.3.2 Insert Thickness and Material Effects

As discussed earlier , tire analytical definition of closed shape pyrolytic graphite component geuirlctrv
based on residual stress calculations is dependent on the interaction of marry parameters. An analytical study was
performed whereby the following parameters were evaluated.

a. Material properties — CN. and SN-type PG material.

h. Component thickness — 0.15-inch to 0.45.inch thicknesses for tire basic 4.40’inch-
long insert.
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TABLE 10. STRUCTURAL COOLDOWN RESULTS.

Nucieated Max . Stress Hoop
Configuration Mat.r iai Radial Shear Tensile Compression

4.40” Long Substrate 425 388 12500 9200

Continuous 305 289 8500 7200

7.55 ” Long Substrate 699 625 10500 9500

Continuous 524 520 7500 6500

Full Length Cont tnu ous 258 198 8500 7200

Entrance Cap Only Continuous 175 250 6500 4500
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c. Material strengths.

d. Failure criteria.

The results of the study were used to define a thickness goal for the basic 4.40-inch-long insert assuming tirat the
material exhibited was either (‘N or SN microstructure .

Figures 86 through 91 sirow typical stress distributions that were obtained for each of the an alyses.
Although tIre magnitudes of stress varied as thicknesses and/or material properties were varied, the following figures
sh ow the typical stress types and distributions obtained. The stress values are for a 0.30-inch -thick CN-type material .
Figure 86 shows the axial (SIGN) and hoop (SIGT) stresses at the inner surface o tire first layer. The maximum
tensile stresses occur at tir e inner surface. Figure 87 shows the radiai (SIGM) and shear (TAUMN) stresses at a point
close to the middle of tire inner layer. This is where the nra.xiniuni radial stress and the maximum shear stress occurs.
Finally, Figure 88 shows the hoop and axial stresses at the outer surface. This is the region where the max),mum
conrpressive stresse s occur in tire insert.

It is also of interest to note that the axial stress is of the opposite sign fronr ’thre hoop stress at the inner
and outer surfaces. Although tire maximum stress omi the OD of the insert is compress ive hoop, the maximum tensile
axial stress also occurs at tIre OD.

Figures 89 th rough 91 show the sanre results for a SN-type material. Time stresses are all higher for tire
same thickness for the SN nraterial as compared t i  the (‘N-type material .

One other point will be made about the st ress fields, although it may he obvious. As the thickness is
decreased for the same radius , the stre sses are decreased. The effect of all the parameters considered in the analysis
can best be shown by the set of plots presented in Figures 92 through III. These plots show the safety factor
distribution at the inner and outer surfaces of the insert as a function of both insert thickness and the failure theory
used. The first series of plots are based on minimunr strength values. The second set shows the effect of using an
average set of strength properties as obtained from tire literature.

Four failure theories are presented . These are the minimum stress ratio (MPFM), Priddy (PSFM),
Tsai-Wu (TWFM), and the interaction theory (ITSFM’h. The letter M refers to nrinimum strength properties wh ile the
letter A refers to average strength properties. Referring ~o the figures, several trends about the calculated safety
factors m a y  be observed. -.

First, the Tsai-Wu theory results in the minimum safety factor for any inseri configuration. The
minimum stress ratio theory results in the highest factor — the other two theories being in between. The use of a
minimum stress ratio , therefore , results in a very nonconservative approach to predicting failure. The interactiorr of
stre sses, particularly in the tension-compre~ ion , are shown to have a very significant effect , In fact for a
0.30-inch-thick insert , the MPFM factor is 1.2 while the 1’WFM is 0.91, as shown in Figure 93.

From Figures 92 through 97 another significant result is apparent. The safety factor using the TWFM
theory is less at the OD of the insert than at the ID. For a 0.3-inch-thick insert , Figure 96, the minimunri factor at
tire OD is 0.85 while at the ID the factor is 0.91, Figure 93. This suggests an OD failure for the insert, and this fact
will be discussed later in relation to the manufactured parts.
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The results presented in Figures 98 through 103 show the factors of safety to be less for the SN-type
material than for the CN.type material of Figures 92 through 97.

All of the above results are based on the minimum set of strength properties. Figures 104 through 107
show the safety factor distribution versus insert length at the ID and OD surfaces and as a function of thickness.
These safety factors are shown for the TWFA theory only (the theory predicting minimum safety factors) and are
based on the set of average strength allowables, As shown, the safety factors for a 0.30-inch-thick insert comprised
of CN-type material are higher than the safety factors for an SN-type material with the same thickness. The
minimum factor at the OD is 1.33 for a CN-type material , and only 0.79 for the SN-type material at the OD.

Completely different conclusions can be drawn from the following results depending oii the set of
parameters one uses to define an insert thickness.

A reasonable thickness assuming a CN.type PG and an average set of properties would be 0.30-inch.
This was selected as the basis for beginning the deposition work.

However , based on the large scatter of strength data obtained for pyrolytic graphite and the other
unknowns such as homogeneity of microstructure , type of microstructure , and possible thickness variations , a lower
bond on thickness was desirable. Figures 108 and 109 show the minimum safety factor as a function of insert
thickness using minimum strength properties. Figure 108 is for SN-type PG material while Figure 109 is for (‘N-type
PG m aterial.

The differences in predictions of the differen t failure theories is even more drastically shown in this flgure .
If one accepts a factor of 1.0 since minimum strength properties are assumed , the allowable thickness (Figure 109)
for the CN material using the MPFM theory is approximately 0.43 inch. However , the TWFM theory results in a
minimum thickness of approximately 0.25 inch.

Figure 108 shows the same results for the SN material. For the MPSF theory, the allowable th lLkness is
0.30 inch while for the TWFM theory the allowable thickness is approximately 0.17 inch.

The following study indicates that , based on a conservative approach to determining thicknesses , the
maximum thickness for a CN material insert is approximately 0.25 inch. For a SN material this thickness is 0.170
inch. The analysis has pointed out that many parameters affect the above conclusion, and a foundation has been laid
for a methodology that indicates the need for further study of failure and failure theories.

6.3 .3.2.1 Reanalysis with Properties Obtained for the Pfizer Material

As stated in Section 5.0, the properties obtained for the Pfizer material were very similar to those for a
(‘N material. However, strength data exhibited some degree of scatter. A reanalysis of the 4.40-inch-long insert was
performed using the data obtained from the Pfizer material test program. Figures 110 and Ill show the fa tor of
safe ty results obtained from this analysis.

The Tsai.Wu theory with assumptions as defined in Section 6.3.2 were used for calculating the factors of
safety. Again two sets of strengt h properties were used. The first set was based on the mean strength values obtained
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for the Pfizer material. The second set was based on the -2u variation and is called a minimum set of strength
properties. Sufilcient data was not available to do a meaningful statistical analysis, but a standard deviation was
calculated to indicate the type of strength values one might obtain.

Again the nünimum factor occurs at the outer surface . Based on mean strength values, the mininium
factor of safety for the 0.30-inch-thick insert comprised of Pfize r material is 1. 2 5. Based on the minimum strength
value, the factor is approximately 1.0. The analysis predicts that an 0.30-inch-thick insert is very marginal and is
subject to failure if minor changes in the stress state are imposed.

6.3.3.3 Residua l Str es s Tests

Two residual stress tests were performed using strain gage techniques. The procedure for performing the
test was to bond strain gages to the II) of a pyrolytic grap luk ring and to measure the strain reliel obtained as
material was remosed fiorn the OD of the ring.

Atlantic Research perfo rmed one residua l stress test using a ring machined from the full scale deposited
insert. The material was used from Pf Izei Run number M-220. The ring configuration is shown in Figure 1 12 . Four
biaxial strain gages were bonded to the internal surfac e of the ring approximately 90 degrees apart. Fift y mils were
removed from the external surface of the ring and strain gage readings were recorded. An additional 100 milsv.ere
removed from the external sur face and strain gage readings were repeated. Finally the ring was split and the strain
gages were isolated by machining away all surrounding material. The results of the strai n gage readings are presented
in Figure 113. This figure shows the hoop stra in relief measured as a function . thickness of material removed. One
(h the gages was inoperative and therefore the results represent an average of the three remaining gages.

An analysis oF the strain relief ~crsuc the thickness of material removed was performed using the
SAA S Ill computer pioglam and the properties obtained for the Pfizer niaterial. These results are also shown on the
figure.

Comparing the analytical and strain gage results , one sees that the total strain relief front the analysis was
approximately 0.083 percent while the test indicated a total s~1ue of 0.077 l )erCC T it .  This represents approximately 7
percent difference.

Ilased on the many parameter s involved in the analysis and the stra in gage test itself , this agreement is

very encouraging. In fact the difference is insi gnitlcanl in companson to the scatter that exists in the strength data .
This agreement in results indicates that the assumptions in regard to minimum growth stress e ffects and uniformity
in microst ructure are fair l~ reasonable.

The other strain gage test was performed by the Aerospa~ Corporation. This test was performed on a
I .00-inch-long cylindrical ring with an inner diameter of approximates 1.85 inches and a well thickness of 0.2 inch.
The ring was machined from a cylinder of material made early in the program by Pfizer and the material was not
considered to be representative of the final insert material.
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The results of the strain gage test performed by the Aerospace Corporation were “clouded” by the fact
that the ring shattered during the final machine cut so the total strain relief could not be measured . An extrapolation
of the data was made by Aerospace and a minimum and maximum bound on the total strain relief was projected .
The results for total strain relief were approximately one-half of that predicted by analysis. Possible nonuniformity
in microstructure could explain the above discrepancy. Also, a high degree of scatter in the strain gage readings were
obtained.

6.3.3.4 Comparison of Analys is Results to Manufactured Component Behavior

A total of thirteen deposition runs were made by Pfize r in an attempt to manufacture the free-standing
PG insert. Of the thirteen runs, eight runs were aborted due to processing problems. Run M.220 and Run M- 224
resulted in inserts with abnormalities. In the case of M-220, a local spalling (surface release) of material occurred at
the small diameter end. A longitudinal crack originated in the area of the spall.

A dense soot bridge, which had grown between the separator ring and the ID shape, initiated a crack in

the part made from Run M-2 24. Hence, only the part s obtained from Run M-218 , M.222 , and M-225 can be
discussed in relationship to their structural integrity based on residual stress effects.

Part M-218 was removed from the furnace, and initial visual inspection indicated no cracks. The average
thickness of the part in the usable insert region was approximately 0.32 inch. The procedure at the time provided for
removing the end separator rings by tapping the rings since the ring and insert were joined together by bridging of
the deposited PG. This (eli a “ragged” edge on the insert component. After about 72 hours an OD spi ral-type crack
was observed. The crack initiated from the edge of the component. It was theorized that a flow, caused by the
separation of the end rings from the insert component , grew under the residual stress field to its critical size and

~.aused the crack. Flaw growth under a stress field has been observed in PG and is not uncommon. Based on the
above assumption. a machining procedure was devised in which the ends of the insert were removed as ~‘on as
possible after cooldown of the insert. It should be pointed out that no cracking of the other remaining inserts can he
at t r ibuted to time.dependent cracking. This leaves two inserts which should be discussed: Run M-222 and thin
M-225.

This as-deposited part , M-222 , was examined upon removal from the furnace , and no visual cracks were
found on the ID or OD.

Both end rings were machined off the part , and the 01) was machined to size . At this point , no cracks or
delaminations were apparent. After final OD machining, a cut was made on the small diameter end of the trimmed
part to permit it to fit nsi dc the aluminum fixture. At this time the part cracked longitudinally at the ID. and a
spi ra l crack occurred on the OD.

The as-deposited part , M-225 . also contained no visual cracks upon removal from the furnace. l’pon
io r- ~ a delaririnat irin and two hairline cracks occur -ed at the ID of the insert .

Both of the part s. M-222 and M.225. had average thicknesses greater than 0.30 inch. Based on the
- - recadual s tress stud ies. a maximum insert thickness of 0.27 inch was specified for Runs M-223. M-2 24,

tj. ’wr’~er this reduced thickness was never achieved. (Further discussions of the deposition conditions
iv, issed in Section 7.0.)
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It is clear , based on the residual stress results and the behavior of the manufactured parts, that the
0.32-inch-thick insert was highly marginal. It is also clear that the residual stresses can be reduced by decreasing f lie
insert thickness. The survivability of parts M-218 , M-222 and M-225 indicate that the analysis results adequately
predicted the residual stress fIelds. Also the failure of parts M-222 and M-225 can be attributed, in part , to increased
stresses during ir. c hining.

The conclusion drawn here is that, with a reduced thickness insert (0.27 inch) and improved machining
procedures, the residual stresses can be reduced by approximately 25 percent and a usable, structurally adequate
free-standing insert is feasible .

6.3.4 Firing Stre~ es

6.3.4.1 Throat Insert Analysis

Extensive struct ural analyses were conducted for the baseline nozzle throat insert subjected to the
nozzle pressure and temperature environment of the test firing conditions. The baseline insert was the insert shown
in Figure 3 , Section 4. That insert consists of two layers of pyrolytic graphite. Considered in this analysis ci Tort were
the effects of different temperature distributions (resulting from the different thermal boundary conditions
discussed previously), the effects of material properties , and the effects of using only one layer of pyrolytic graphite
for the insert.

Specifically, the following analyses were conducted:

a. A comparative structural analysis in which the results at 15 seconds for a dual-layer
concept were compared using temperature distributions obtained from : (I) an insert
only thermal analysis, (2) a nozzle assembly thermal analysis , and (3). flozzle
assembly with front edge heating thermal analysis.

b. An analysis of the dual-layer system for firing times of 2,5 . IS , and 60 seconds using
(‘N PG material.

c. An analysis of the above system for IS and 60 seconds using SN material properties.

d. An analysis of a single-layer system for firing times of 15 and 60 seconds using CN PG
properties.

In all of the analyses which were performed, the following assumptions were made:

a. The microstruc ure of th’~ PG is homogeneous and residual stresses are only the result
of anisotropic properties.

b. Gap tiller material s between layers of PG or between the PG and backup comp onents
remain essential ly unchanged up to a temperature of 500°F. The filler materials then
decompose to produce an effective gap equal to 60 percent of t he assembly gap at a
temperature of 1 ,000°F.
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c. The stress and strain states in the inner layer (the layer next to the exhaust gases) of a
dual-layer design are much more critical than those in the second layer. Hence the
analysis includes only one layer of PG with a boundary condition applied at the outer
surface based on the temperatures of the second layer.

d. Effects of microstructure “reordering” are small at temperatures of 5,700°F for the
short nozzle firing times , and therefore may he neglected.

This baseline ab plane “free-standing” pyrolytic graphite insert nozzle design concept used for
thermal-structural analysis is the dual-layer design using CN PG type material. The other cases analyzed are then
compared with the baseline design. The SAA S Ill thermostructura l analysis code was used for all of the firing stress
predictions presented here . The properties used for these calculations are the preliminary properties established from
the various literature sources and presented in Section 5.0. The material properties obtained from the results of the
tests conducted at Southern Research Institute and presented in Section 5.0 were not available at the time these
calculations were performed. The temperature distributions used for these analyses are those based upon the NAFE
thermal model presented in Section 6.2.5. The erosion values for the inserts are the values presented earlier in this
section.

For the nonthermal boundary conditions it was assumed that the bond line between the single layer PG
insert and the ATJ backup material , or the bond line between the first and second PG layers of the dual layer design.
decomposed at 500°F. Above 500°F, therefore , the bond line was assumed to be incapab le of sustaining tensile or
shear loads. In effect a sliding boundary was imposed at bond lines that exhibited temperatures above 500°F. This
was accomp lished by using thin finite elements with the appropriate stiffness characteristics (low shear and hoop
inoduli). Also the skew boundary option of the SAAS III program was utiliied at the bond lines to direct the
backside boundary displacements along the actual geometric shape of the PG layer.

Pressure distributions along the length of the inserts were calculated assuming art Isentropic expansion ot
the gases through the nozzle. The values of pressure app lied to the ends ot the insert were based on the local area
ratio at the particular axial locati on.

The results of the therrnostructura ( analysis of the tiring conditions for tire baseline dual laser insert
configuration with CN pyrolytic graphite are presented in Figures 114 through 145. The results which are shown in
these figures summarize the conditions which arise in the regions of the insert which are or could be critical areas of
the insert from a structural integrity point of view . That is. in certain key regions of the nozzle insert , relatively high
stress (or strain) levels are developed which could lead to failure . For example , excessive compressive stresse s or
strains at the inner surface of the insert are a likely c~ ’jse for failure. Hence . the hoop (SIGT) and axial (SIGN)
stresse s at the ID of the insert versus insert length are shown. The shear (TAUMN) and radial (SIGM) stresses are , on
the other hand. insignificant at the ID of the insert , and therefore are not presented -

Delaminations of the PC represent another likely failure mode . (‘onditions leading to delaminations are
considered to be t hose which cause excessive interlaminar shear stresses within the insert . The peak shear stresses
occur at the entrance and exit ends of the insert at a distance approximately one-half the thickness from the inner
surface. Therefore , the hoop (SIGT), axial (SIGN), shear (TAUMN), and radial (51GM) stresses versus inse rt
thickness are plotted for the regions near the entrance and exit planes t’or each of the firing times.
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Figure 130. Safety Factors at the Entrance End of the Insert
at 15 Seconds in CN PG.
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Figure 132. Shear and Radial Stress at Exit End of the Insert at 15 Seconds for CN PG.
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Figure 133. Safety Factors at Exit End of the Insert at 15 Seconds in CN PG.
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Figure 137. Axial and Hoop Strain Along the Inner Surface of the Insert
at 60 Seconds for CN PG.
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Figure 138. Axial and Hoop Stress at the Entrance End of the Insert
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Figure 140. Safety Facto 1s at the Entr ance End of the Insert
at 60 Seconds in CN PG.
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Figure 141. Shear and Radial Stress at Exit End of the Insert
at 60 Seconds for CN PG.
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at 60 Seconds In CN PG.
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Possible fracture of the insert due to high tensil e stresses at the insert OD is another mode of failure
which must be avoided . The OD isa region of both axial (SIGN) and hoop (SICT) tensile stress states. Therefore , in

the results which are presented in the following sets of figure s. the hoop (SIGT) and axia l (SIGN) stress distribution
along the length of the insert are shown.

In addition to the states of stress and/or th e  strain , factors of sa fety were calculated and these are
presented along with the stress and strain values. For the most part the safety factors presented were determined on
the basis of the interaction failure criter ion or the minim um stress ratio criterion. Safety factors are calculated based
upon min imum strength properties , and they are calculated based upon average strength properties as well.

One other criterion was considered. At the inner surface of the insert , where yielding occurs , a strain
based crite rion was used t o  determine a factor of safety. The reaso n for this is the fact for at temperatures above
5,000°F the stress-strain curves are not well established and the stresses calculated are very dependent upon the
exact shape of the stress-strain curves , Since the stra in  is largely therm ally induced and therefore more accurately
calculated, a strain criterion appears more realistic.

Based on the set of minimum strength prop ert ies . t he low shear strength values greatly influence the
safety factors and hence regions where shear stresses are signi ficant result in the lowest safety factors.

For average strength proper t ies. the regions of max imum compressive stress or stra in result in the lowest
facto r s .

Table I I  shows the summary of safety factors calculated for ~~, 5, 15 , and 60 seconds for the design. The
minimum factors are shown for the ID , OD , ex it , and en t rance pla nes of the insert for each of the fi ring times based
on stress results. Also shown is a safety factor based on allowable strain.

The table shows that the minimum safety factor , based on a minimum set of strength properties. occurs
at 2 to 15 seconds and is 0.33. Thi s safety factor is mostly influenced by the al lowable shear strengt h property used
(525 psi) and occurs at the exit plane of the inse rt . If average strength properties are used , the minimum safety
factor occurs at the inner surface of the insert. This factor is 1 .03. and occurs at 60 seconds based on strength
criteria . However , i f the strain criteria is used , the minimum safety factor is 1.1 and occurs again at the 60-second
time. The strain allowable used is 1 .0 percent. Therefore , 60-second strain states require an allowable strain of
approximately 1.0 percent. Material tests have determined the strain capabi lity of the PG material manufactured by
PfIzer. These values obtained are greater than 1 .35 percent .

Based on the thermal- structural analysis , the dual-layer design will perfom~ adequately if shear strengths
are above 1 ,500 psi and compressive strain allowabies are above I .0. The property data obtained from the test results
on the Pfizer material and presented in Section 5.3.3 indicate that these allowables are indeed satisfied.

Based on the assumptions outlined , t he materia l property data , and the therm al and boundary
conditions inputed , the dual-layer concept provides a reasonable approach.

For comparison , two firing tim e analyses were performed using the properties typical for a SN PG
material. These analyses were performed at firing times of IS and 60 seconds. The same stress, strain , and safety
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TABLE 11. SUMMARY OF SAFETY FACTORS DUAL LAYER DESIGN - CN MATERIAL.

Tim.
(Sic) SFE SFID* SFOD* SFENT * SFEXT*

2 0.6t 0.98 1.05 0.46 0.33
(1.61) (1.42) (1 .58) (1.68) (1.50)

S 0.73~ 0.81 1.0 0.405 0.5
(1.36) (1 .18) (1.5) (1.35) (1.22)

15 0•6
A 0.78 0.52 0.40 0.37

(1.67) (1 .13) (2.67) (1.20) (1.23)

• 60 0.9~ 0.68 0.76 0.48 0.68
(1.11) (1.03) (1.22) (1.16) (1.03)

SFE - Safety Factor Based on Maximum Strain
SFID- Safety Factor at I.D. of Insert
SFOD - Safety Factor at O.D. of Insert
SFENT . Safety Factor at Entrance End of Insert
SFEXT - Safety Factor at Exit End of Insert
( ). Indicate S.F. Based on Average Strength

Prope rtIes/Other Factor Based on Minim um Strengths

* Safety Factor Based on Multi-Axial Stress Failure Crit eria

~ Represents Strain Values & Not Safety Factor
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factor results , as shown for the analysis using CN PG material properties , are presented in Figure 146 through Figure
165 for the SN PG material properties.

Table 12 shows the resulting set of safety factors. Again , based on minimum strength properties , the
minimum safety factor (0.56) exists at the exit end at 15 seconds. The shear stresses developed are the major
contributor to the low safety factors. For the average set of properties , the minimum factor exists at the outer
surface at the exit end of the insert . This factor is 0.79 , and is due to the high compressive stresses at the 01) of the
insert. These compressive stresses are greater than for the CN material case since the residual compressive stresses are
higher for a SN type PG material. The analysis, therefore , shows that , based on ave rage properties , the hoop
compressive stresses result in a factor of safety at 60 seconds which is less than I .0.

Therefore , a SN PG material insert results in a lower factor of safety than for a CN PG material. Further
analyses could be performed , however , with a thinner SN material insert , and a design could resul t that exhibited
acceptable margins of safety. In summ ary , an insert fabricated with SN PG material will result in a more marginal
design than one fabricated with CN PG material .

From a fabrication viewpoint , an insert design consisting of a single layer of a-b plan e PG backed up by
an ATJ substrate is desirable due to its simplicity. Therefore , an analysis was performed for a single-layer concept .
and a comparison of the stress and strain states for the dual and single layer was made.

The resu lts for a single-layer and dual-layer design are presented in Figures 166 through 169. The results
are shown for IS and 60 seconds. Only small differences exist in the results for firing times up to 15 seconds. Figu re
166 presents the hoop stress distributions through the coating thickn ess for a single and dual layer at times of 15 and
60 seconds. These results are shown for the exit plane where the stresses are maximum . The results indicate that  the
hoop stresses at 15 seconds are much higher for the single-layer design than for the dual-layer design . The reason for
this is that the temperature gradients for the single-layer design are greater and the temperatures at the back surface
of a single-layer design are less due to the higher conductiv ity of the All backup material . The lower temperatures
result in no degradation of the gap filler material for a single-layer design while, for the dual layer , the gap tiller
material has completely decomposed. Hence the radial deformation for a single-layer design is less as a function of
tiring time.

For the 60-second fi ring tim e , the hoop stresses for the dual-layer design are greater than those for a
single-layer design due to the higher temperature of the inner layer. However, the stresses are not quite as different
for the two designs as at the 15-second time.

Figure 167 shows the strain distribution throug h the thickness . Due to the higher radial restraint , the
max imum strain at the inner surface of the coat ing occurs at I S seconds for the sing le-layer design . This value is
slightly less than 1.0 percent. The strai n is then reduced to approximatel y 0.8 percent at 60 seconds. For the
dua l-layer design , the strain increases over the total firing time and is a maximum of 0.9 percent at 60 seconds.

The above results are based on an effective gap of 10 mils behind the inner-layer insert and a gap
decomposition temperature of 500°F.
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Figure 147. Axial and Hoop Strain Along the Inner Surface of the Insert
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Figu re 148. Safety Factors Along the Inner Surface of the Insert
at 15 Seconds for SN PG.

199

ill
_ _ _  

__ .~li~
_
~ 



-

*2.5 —_________ 
____________ ___________ ___________

,,-SIGN

0 -  

/~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-

-2.5
.x

~#5
us

.7.5 _  _

-10.0
0 0.1 0.2 0.3 0.4

THICKNESS (in)

Figure 149. Axial and Hoop Streis and the Exit End of the Insert
at 15 Seconds in SN PG.
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Figure 150. Shear and Radial Stress at Exit End of the Inse rt
at 15 Seconds for SN PG.

201



2.00

1.75
MSFM

0_is — — —- — _____

0.50
0 0_ i 0.2 0.3 0.4

THICK NESS (in)

FIgure 151. Safety Factors at Exit End of the Insert at 15 Seconds in SN PG.
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Figure 153. Axial and Hoop Stress and the Entrance End of the Insert
at 15 Seconds in SN PG.
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Figure 155. Axial and Hoop Stress Along Outer Surface of the Inse rt
at 15 Seconds in SN PG.

_ _ _ _ _  

206 

_



TI 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

,~ MSFM

3 5  ii  _ _

I-.
0

~. 
,,_u

(
vs

2.5

2.0

1.5 /
4\
\ 

\
\ ; ::::: s~

1.0 

IFSM~~ 
_ _ _  _ _ _

0.5 —.
0 1 2 3 4 5

LEr~.GTH (In)

Figure 156. Safety Factors Along Oute r Surface of the Insert at 15 Seconds in SN PG.
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Figure 151. Axial and Hoop Stress Along the Inner Surface of the Insert
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Figure 159, Ax Ial and Hoop Stress and the Exit End of the Insert
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Figure 160. Shear and Radial Stress at Exit End of the Insert at 60 Seconds for SN PG.
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Figure 162. Shear Stress and Radial Stress at the Entrance End of the insert
at 60 Seconds in SN PG.
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TABLE 12. SUMMARY OF SAFETY FACTORS DUAL LAYER - SN MATERIAL.

Time
(Sac) SFE SF10 SFOD SFENT SFEXT

15 0.46 1.01 0.97 0.58 0.56
(2.19) (1 .11) (1.19) (1.46) (1.06)

60 0.76 0.86 0.76 1 .22 0.76
(1.31) (1.03) (0.80) (1.33) (0.79)

SFE - Safety Factor Based on Maximum Stra in
SFID - Safety Factor at l.D. of Insert
SF00 - Safety Factor at 0.0. of Insert
SFENT - Safety Factor at Entrance End of Insert
SFEXT - Safety Factor at Exit End of Insert

) - Indicate S.F. Based on Average Strength
Properties/Other Factor Based on MInimum Stren gths
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Figure 166. Comparison of Hoop Stress Distributions for Sing le and Dual Layer Designs.
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Figure 168. Compariso n of Shear Stress Distributio ns for Single and Dual Layer Designs.
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Thus the sing le-layer design results in higher strains earlier in the firin g, but the max imum strain for each
design is approximately the sam e. Figure l68 shows the shear stress distributions for the two designs. The maximum
shear stresses occur at 15 seconds for both designs , and the maxim um shear stresses are very similar in magnitude.
The shear stresses for the single layer are higher at 60 seconds than for the dual layer. This is due to the fact th at
t hermal gradients for the single layer remain somewhat greater during the firing duration.

Figure l6~ shows t he  resulting safety factors for the two designs based on the total stress field. The
interaction failure criteria was used. As shown , all th e safety factors at the inner surface approach 1 .0 since the
material in thi s region has yielded. The sa fety factors for the single layer at IS seconds are lower than for the dual
layer due to the higher compressive stresses that exist . However , these factors are similar to those that exist for the
dual layer and the single layer at 60 seconds. Therefore , again minimum safety factors for the two designs are
similar; but the single-layer design results in lower factors earlier in the firing.

In summary, shear stresses for the single layer and dual layer are of the same magnitude while minimum
strain and stress factors are also similar for the two designs. The basic difference in the two design s is the time at
which minimum factors exist . The stress states presented are hi ghly dependent on the temperature profiles that exist
for the two designs. If the backup material for a single-layer design was a material with a lower therm al conductivity
t han ATJ , then the temperature distributions would approach the dual-layer design . The stress and strain results
would , therefore , be somewhere in between the results presented . The safety factors presented in Figure l6~ were
based upo n stresses. If strains are used to determine the safety factors , the minimum factor is 1 .35 , or about 35
percent higher than the minimum factor based upo n st resses.

Based on t he above resu l ts , current material properties , and strength allowables , a design consisting of a
dual-layer insert appears to offer no great advantage over a sing le-layer concept. Significantly, t he previo us res ul ts for
a single-layer design indicate minimum factors at about 15 seconds, thereby making a IS-second , single-layer nozzJe
tiring a key test milestone.

The results of the detailed stress analysis and the safety factors obtained are presented in Figures 170
throug h 199 ,

o.3.4 2 Buckl ing Analysis

As a first approximation in analyzing the buckling behavior of the insert , the insert was assumed to be
divided into a number of rings with various amounts of axial constraint. For relatively small axial stresses, the
st ress-state in the ring approach a condition of plane stress ; and, for complete constraint , it a pp roaches a conditio n
of plane strain . For the elastic analysis which follows the results are the same except a factor of I — is app lied for
plane strain .
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Figure 170. Axial and Hoop Stress Along the Inner Surface at 2 Seconds for
a Single Layer CN PG Insert.
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Figure 171 . Hoop and Axial Strain Along the Inner Surface at 2 Seconds
for a Single Layer CN PG Inse rt .
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Figure 172 . Safety Factors Alo ng the Inner Surface at 2 Seconds for a
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Figure 173 . Hoop and Axial St ress at Entrance End of the Insert at 2 Seconds
for a Single Layer CN PG.
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Figure 174 . Shear and Radial Stress at Entrance End of the Insert at 2 Second s
for a Single Layer CN PG.
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Figure 175. Safety Factor at Entrance End of the Insert at 2 Seconds for a
Single Layer CN PG.
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Figure 176. Shear and Radial STress at Exit End of the Insert at 2 Seconds
for a Single Layer CN PG.
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Fi gure 177. Axial and Hoop Stress at Exit End of the Insert at 2 Second s
for a Single Layer CN PG.

230



-- .-..~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

6.0 1

5.5 —_____ __________

5.0

4.5

4.0

3.5

~— I FSA
U

3.0
‘CIn

___  

l FSM\~~ 
_ _ _ _ _ _

0.4

THICKNESS (in)

Figure 178. Safety Factors at the Exit End of the Insert at 2 Seconds
for a Sing le Layer CN PG.
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Fi gure 179. Axial and Hoop Stress Along the Outer Surface of the Insert at 2
Seconds for a Single Layer CN PG.
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Figure 180. Safet y Factors Along the Outer Surface of the Insert at 2 Seconds
for a Single Layer CN PG.
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Figure 181. Axial and Hoop Stress Along the Inner Surface of the Insert
at 15 Seconds for a Single Layer CN PG.
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Figure 182. Axial and Hoop Stra in Along the Inner Surface of the Insert
at 15 Seconds for a Sin#e Layer CN PG.
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Figure 183. Radial and Shear Stress at the Exit End of the Insert at 15 Seconds
for a Single Layer CN PG.
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Figure 184. Axial and Hoop Stress at Exit End of the Insert at 15 Seconds
for a Single Layer CN PG.
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Figure 185 . Safety Factors at Exit End of the Insert at 15 Seconds
for a Sing le Layer CN PG.
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Figure 186. Axial and Hoop Stress at th e Entrance End of the Insert at
15 Seconds for a Single Layer CN PG.
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Figure 187. Radial and Shear Stress at the Entrance End of the Insert at
15 Seconds for a Single Layer CN PG.
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Figure 188. Safety Factors at the Entrance End of the Insert at 15 Seconds
for a Single Layer CN PG.
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Figure 191. Axial and Hoop Strain Alon g the Inner Surface of the Insert
at 60 Seconds for a Single Layer CN PG.
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Fi gure 192. Radial and Shear Stress at the Exit End of the Insert at 60 Seconds
for a Single Layer CN PG.
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Figure 193. Axial and Hoop Stress at the Exit End of the Insert at 60 Seconds
for a Single Layer CN PG.
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FIgure 194. Safety Factors at the Exit End of the Insert at 60 Seconds
for a Single Layer CN PG.
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Figure 195. Radial and Shear Stress at the Entrance End of the Insert
at 60 Seconds for a Single Layer CN PG.
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Figure 196. Axial and Hoop Stress at the Entrance End of the Insert
at 60 Seconds for a Single Layer CN PG.

249

-~~ 

_
.i. - - --



- -.- --—.- —_- --—-— ~~~~~~~- -—.-- —~~~~~~~~~~~ - -  --- - --U’

4.C 

1

_-_

~
- IFSA

2.5 —

U
‘CU.
‘C

2.0 - ~~~~
_  L

MSFM

0.50 0.1 0.2 
- 0.3 0.4

THICKNESS (in)

Figure 197 . Safety Factors at the Entrance End of the Insert
at 60 Seconds for a Single Layer CN PG.
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Figure 198. Axial and Hoop Stress Along the Outer Surface of the Insert
at 60 Seconds for a Single Layer CN PG.
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Figure 199. Safety Factors Along the Outer Surface of the Insert
at 60 Seconds for a Single Layer CN PG.
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r0

Ring Under Buckling Load

The condit ion which is analyzed is shown in the sketch above. It is assumed that there exists some critical
combination of ring thickness . t , and pressure 

~~r — P0) which produces bucklin g. (The contribution of tO
va ries with the radius, but is a weak function of the radius. h ence for this analysi s , the  contribution of P0 to 0r is
assu med constant.)

If u is the radial deflection of the ring, then the surrounding material  exerts a resisting force Ku per uni t
outer circumference of the ring. The sprin g constant . K , can be expressed in terms of familiar material piop ertie s hv
using the solution lor a thick cylinder subjected to internal  pressure as shown in the sketch below .

—K

Thick Cylinder Under lnterna~ Pressure
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The solution for the stresses is

a2 Pi 1 1
0 = —r 

a2 b2 r 2

00 =  — _ + _ -

b
2 r 2

b2

where 0r is the radial stress and is the hoop stress. For the insert b >>a and approximately

a 2
0 = -Pi —r 

r 2

00 = P i  —

The hoop strain is

U c’0Co = —  = — — P 0 —

r Eg r E r

where the effect of a~ has been neglected. Substitutin g for the stress and noting that

P1 E0
—

U
l~~ V0r —

Er
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per unit axial length of the ring. For convenience write

E a
= C —

We can now procced to the buckl ing analy sis. The strain energy in the ring is given by

= 
~~~~

_ 
~~~~~~ 

+ u 
2 

d O — a  I — + — udO ( a t

2r
0

3 j  dO2 ds 2 r 0
2

where s is the coordinate measured along the ring center line. T h e  work done by the surrounding medium is

2~

We = - - r 0 dO (b)

Assume that smal l 
r

rturhat lons in the load applied to the r ing m a y  be represeni ed by concent rated forces as shown
in the sketch below

P1 ~~~~~~~~~~~~ ~

I’ *~~ 
. i~ *- ~a mer  tb . ? thcs - lorces may be of negligib le magnitude. They are needed onl y to

‘~~ ‘ ~~~~~~~~ in st ab ilit y .
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The work performed by the concentrated forces is

W 1 + W
2 

= P
1 

(U)  
~ 

= ir/2 + P
2 

(u)  0 = ~~~ , (c)

The general expression lor the radial displacement of the ring is

00 00

u = a cos nO + ~ b si ne nO.
n 1  ~ n 1  r~

h owever . sy mm etry requires that the sine terms be omitted and only even values of the cosines terms are used

u = ~~a0 cos nO (n even ) . (d)

The method of virtual work will be used to solve for the critical value of buckling pressure , q. For a virtual radial
displacement

&u~~~~a~~cos nO

t he st ra in  ener~ ’ must he equal to the work done by the forces , so that

~~~ ~W 2 ~
We óv n~r 3nlr

— + —--— + ~~
— 6a~, = bd~ P1 öa~ cos ‘~~- + cos -

~~~

-

irEI
~ ~‘2 6~ ( cos nil + cos 2nlr ) - iT Qc r0 a0 — (n 2 — 1) 2 an - ir (n 2 - 1) qa~

sol ving for a0,

2( -  1) —  P1 + 2P2

a~ — (e)
t 3 4q r 0 k r 0

— ( n  — i)’ ( 1 —  +

L (~2 1) El El in 2 — if 2
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-. .1
Recalling that a0 ‘s t he coefficient in Equation (d) for radial displacement . u. the disp lacement increase s wi thout
limit when the denominator of Equation (e) becomes equal to zero. Notice that  P 1 and P2 can he very small ,
representing small perturbations in the loading of t h e  ring.

For a0~~~00 , r
1 I 2 2 E l

= -j ---’ kr~ + (n — 1) —

n — i L  r0

The l~ in this equation i~~ F0 or for pyrolytic grap hite E0 fa Ea . Using k c Eako, and I t 3/ 1 2 where
= ring thickness , t he above equatio n beco mes

r 2 3E a I (n 2 — 1 )  t
q — J c +  — If)cr i

n — 1  r 0

lim e %al u C ot c for p~ rol~ t i ~~ gr aphite  is appru ~ i mii i i te ’ h v 1 / 2  and Equation (f) becomes

r 2 3
E I (n 2 - 1)  t

(1 = . ~~~~~ 1 1 4 — —  —cr -
2(n -- 1) r0

l’here are several observations wit h resp ect to Equat ion (I’). First , t he value of the critical buckling pressure takes on
discrete values for each buckling configuration , determ ined by the value of n . which mud be an even number. Second .
for each value of the thickness ratio . t/ r~ . ther e is a value of n for the minimum buckling pressure. This value may be
found by taking

~~cr E a E 5 v~
2 2 1 2 r

- 2(n - i i

or

= 1 -__~L!~ n even
3/2

I
I
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The nondin mensiona h ized critical buckling pressure versus thickness ratio is shown in Figure 200 . The
nondimensional plot is presented since , for a g iven thickness of the insert , th e thickness ratio varies due to a
v ariation in the internal radius along the axis of the insert and the value of ha varies with temperature . The solid
lines in Figure 200 show the minimum values for q~1; t h e  dotted lines representing the pressure require d for buckling
in a given nodal configuration .

Figure 201 shows the buckled configuration as viewed on a plane normal to the axis of the insert for
n = 10 which occurs for a thickness ratio of 0.1.

Figure 202 is a plot of buckling pressure versus thickness for Ea at room temperature and ha at 6,000°F.
The interna l radius at t h e  throat  (3.50 inch) was used for these plots. For the entrance and exit ends of the inserts.
the intern al radii are somewhat greater and , therefore , the values of the buckling pressure are a little less at these two
locations.

The pos sibility of buckling can he assessed if the radial stresses are compared with the critical buckling
pressure as given by Equation (f) .

Using the equat ion for n for critical buckling pressure

= i

r0

a value of n is calculated for each selected value of t / r 0. This value will , in general , not be an even whole number ,
and hence the closest even whole number must be selected. The value of n is substituted into Equation (f) to obtain
the cr itical buckl in g pressu re . The value used for Ea is that for the average temperature across the thickness under
considerat ion. Three locations along the insert axis are selected: the entrance end , minimum cross-section , and exit
end. The results are shown in Figures 203 , 204 , and 205 for a 60-second tiring time. For these conditions the
greatest possibility for buckling exists at the exi t end of the insert .

Referring to Figure 205 . it is apparent that the critical thickness for buckling is approximately 0.10 inch.
Due to the many uncertainties and assumptions relat ed to the buckling analysis , a minimum factor of 1 .5 was
assumed. Hence , an insert thickness greater than 0.15 inch should eliminate structural stability as a possible failure
mode.

It should be pointed out that  the 60-second firing time results in the “worst ” ease condition since the
material is the “hottest ” (minimum modulus), the thickness has been reduced due to erosion , and the radial
compressive stresse s are at the maximum. 

-

The conclusions of the “buckling’~ analysis are as foHows :

1. The critical buckling conditions for the insert is significantl y different as compared to
the case of a ring subjected to pressure with no resistance backup material. For no
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Figure 200. Critical Buckling Pressure vs . Thickness Radios Ratio.
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Figure 202. Critical Buc kl ing Pressure vs. Thickness.
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Figure 203. Critical Buckling Pressure and Insert Stress vs . Thickness
at 60 Seconds for the Entrance End.
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backup material the minimum critical buckling pressure occurs for n = 2 (one
complete sine wave ) and n is not dependent on thickness as it is in the insert situation.

2. An insert thickness greater than 0.15 inch is required to eliminate possible buckling of
the “free-standing ” a.b plane insert,

6.3.4.3 PG/SiC Coated Components

For the 30- and 60-second nozzl e firings , PC/SiC coated components are recommended. No thermal or
structural studies have been performed in this program for these components; however , detailed analyses were
performed in a previous program .E 3h)  Positive margins of safety were predicted for the entrance cap itt these
studies.

6.3.4,4 All Graphite Components

Figure 206 shows the upstream ATJ entrance cap and downstream ATJ component considered for the
lS.second nozzle test , The Au entrance cap was modeled for analysis with the SAAS Ill structural computer code.
Analyses were performed for firing times of 5 and IS seconds (firing duration). The temperature distributions were
obtained from the nozzle assembly thermal analysis.

Figures 207 and 208 show the stress distributions at the inner surface of entrance cap. The sketch below
shows the region where stresses are plotted.

— ____  _ _ _ _ _

f :iglire 207 shows the hoop and axial stresses while Figure 208 shows the radial and shear stresses. Figure s 209 and
210 show the strain distributions. Figure 21 I shows the safety factors for the same inner surface. The interaction
failure criteria is used to calculate the factors of safety based on the average strength properties for A u .  Based on
the average prope rties the minimum factor is 1 .74.
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Figure 207. Axial and Hoop Stress Along the Inner Surface of the
Entrance Cap at 5 Seconds .
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Figure 208. Radial and Shear Stress Along the Inner Surface of the
Entrance Cap at 5 Seconds.

268 

- -‘ . - -- --- — -- —.- ---



0.8

0.4

EPSN-.,

~1.2 _______

-1.6
0 1 2 3 4

LENGTH (in)

Figure 209. Axial and Hoop Strain Along the Inner Surface of the
Entrance Cap at 5 Seconds.
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Figure 210. Radial and Shear Strain Along the Inner Surface of the
Entrance Cap at 5 Seconds.
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Figure 211. Safety Factors Along the Inner Surface of the
Entrance Cap at 5 Seconds.

271



I

Figure 21 2 shows the safety factor results for 15 seconds. Sign ificantly the safety factors are increased at
IS seconds, and the minimum factor based on average properties is 2.25 . Based on these results , the entrance cap
would perform successfully.

Figures 2 13 throug h 224 show the hoop and axial stress and strain distribution s versus length for the ID
and OD of the Au exit component fo~ 2 . 5 , and 15 seconds. The factors of safety calculated for the inner surface at
the 5.second time are shown in Figure 225. The stresses developed at 5 seconds result in the m inimum factors of
safety for the three cases analyzed. Based on average strength values , the minimum salety factor is 1 .45.
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Figure 212. Safety Factors Along the Inner Surface of the
Entrance Cap at 15 Seconds.
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Figure 213. Axial and Hoop Stress Along Inner Surface of the
Exit Ring at 2 Seconds.
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Figure 214 . Axial and Hoop Strain Along the Inner Surface of the
Exit Ring at 2 Seconds.
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Figure 215. Axial and Hoop Stress Along Outer Surface of the
Exit Ring at 2 Seconds.
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Figure 216. Axial and Hoop Strain Along Outer Surface of the
Exit Ring at 2 Seconds.
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Figure 217. Axial and Hoop Stress Along the Inner Surface of the
Exit Ring at 5 Seconds.
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Figure 218. Axial and Hoop Strain Along the Inner Surface of the
Exit Ring at 5 Seconds.
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Figure 219. Axial and Hoop Stress Along the Outer Surface of the
Exit Ring at 5 Seconds.
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Figure 220. Axial and Hoop Strain Along Outer Surface of the
Exit Ring at 5 Seconds.
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Figure 221. Axial and Hoop Stress Along the Inner Surface of the
Exit Ring at 15 Seconds.
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Figure 222. Axial and Hoop Strain Along the Inner Surface of the Exit Ring
at 15 Seconds.
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Figure 223. Axial and Hoop Stress Along the Outer Surface of the Exit Ring
at 15 Seconds.
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Figure 224. Axial and Hoop Strain Along the Outer Surface of the Exit Ring at 15 Seconds.
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7.0 AB PLAN E PG FABRICATION

7.1 Introduction

A total of fifteen deposition run s was conducted by the Pfize r Corp.. Easton , Pa., in an at tempt to
fabricate a nominal 7-inch throat diameter , free-standing, pyrolytic graphite throat insert with a nominal wall
thickness of 0.300 inch.

An objective wi t hin this phase of the effort was to develop a material specification for free-standing a-b
plane pyrolytic gmphite shapes for rocket nozzle applications. The pre liminary specification which was established is
given in Appendix B.

The specified deposition shape is shown in Figure 226 and a typica l th roat in ser t deposition assembl y is
shown in Figure 227. All graphites used were puri fied electrode grade material (to minuni ze metal conta ininatio n ~
except for the mandrel which was machined from Au grap hite.

The first six throat insert deposition runs were conducted to develop process parameters. Two tubular
deposition runs were also conduct ed , during this developmental phase , to fabricate free-standing tubes from which
test specimens could be removed and utilized for characterizing the physical pr operties of the material produced .
The second of these two runs was of the desired microstructur e and was the material used for characterization. The
last seven deposition runs utilized the same deposition conditions as the second materials character ization tube
fabrication run (M.2 17) and nozzle development run (M .2 l8 ’~ and were conducted in an attempt to fabrica te the
required free-standing nozzle shapes for test firing.

7.2 Results

The initial deposition conditions selected yielded a banded microstructure. These hands resulted from
changes in the deposition t~ressure and were in the form of abrupt change s in microstructure from a highly
regenerative to a sooty material .  To eliminate this problem changes were made in the process parameters to reduce
the sensitivity o the deposition process to minor changes in deposition pressure . These changes resulted in a
uniform, moderately regenerative , micros tructure with the desired physical properties.

Minor changes in the initial deposition geometry were required to obtain a un hl orm deposition ~atc along
the axial length of’ the mandrel. The only assembl y changes during the course of the program invo l ved r e la t i ve
srand .o ff distances of the internal baffl e plates and exhaust tube bore.

Although the desired coating microstructure and thickness was achieved , a ll of the throat  In se r tS

fabricated were cracked to an extent  that they were considered to he unsu itable t~ r test firi ng.

7.3 Conclusions

Free-standing PG thr oat Inserts of the required shape , su ffic ient thicknes s and specified n i i c ro s t r i i c t u i c
were fabricated , h ut none survive d the cooldown stresses inherent in the fabricati on process.

The last deposition run made before the program was halted , number M.22 5 . and run numb er M -222
produced shapes which contained no visual cracks upon removal fro m the furnace , hut cracks ‘ccurred in both parts
during the machining operation.
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A ten percent wal l thickness reduction (to 0.270 inch) based on parametric residual stress studies was
speci fied for runs Nl-2 23 throug h M-225 to reduce stresses and increase survivability, but this t hickness reduction
was not achieved as planned. If the proposed 0.270-inch wall (or thinner) part had been fabricated the anal ysi s
desc r ibed in Section 6.0 indicate that the reduced residual stress level would allow the part to survive cooldown and
subseque nt machining opera t ions.

7.4 Developmental Runs

The seven developmental runs are divided into three categories by objectives. The first category is tbr
system checkout and consisted of one run. The second group, consisti ng of t h ree ru ns, was condu cted to establis h
process parameters and produce a continuously nucleated microstr ucture. The third series of developmental runs was
for final system adjustment s prior to producing the scheduled inserts. It consisted of two runs which were made in
conjunction with two other runs used to produce cylinders for microstructura l characteriz ation. Info rmation gained
in t he cylinder runs was used to upgrade the process conditions used for the two final system adjustment lulls.

7.4.1 System Checkout (M.2 1 I )

The first run of the series (M-2 I t )  was conducted to check out the deposition system and to assess
process conditions and resul tant  nh icrostructure. This run was the first attempt at making a full-scale curved shape
a nd no usable part was expected.

Based on previous experience a 1 .00-inch-diameter restriction plug was installed in the exit tube as part
of the procedure for obtaining a continuously nucleated microstructure .

Early terminat ion of this run (after 13. 5 ho urs) was necessary because of soot formation at the exi t
t ube. The 1 .00-inch re str i c t or was responsible for the sooting and was eliminated in f u t u r e  runs.

During cooldown the coating shattered extensivel y (Fi gure 228). Post -deposition measurements showed
the coati ng to be 15-24 mils thick at the ends and 40~ I mil s thick in the throat area.

7.4.2 Establish Process Pirameters to Produce a CN
Microstrucrure (M-2 1 2 . M-2l 3. M-2 14)

The objective of these three runs ( M - 2 l 2 , M -2 l 3  and M-2 14) was to develop a continuousl y nucleated
and uni form nhie ros t ru ct ure using the configuration that was defined by run M-2 I I .  The parameter used to control
the mic r ost r ucture was t he  depo sition pressure. The delicate balance between soot formation and a regenerative
microstructu r e was achieved in run M.2 14 with the deposition of a fairly uniform material of the previousl y
det er mined desired m i cro s t ru . tur e

~ll t h ree part s . cked extensive ly,  both axial ly  and circumferentia l ly during cooldown. Photographs of
t I re  three  pa rts were take n and are shown in Figures 22k) , 230 , and 23 1. Phot omicrographs of polished material
sanip lcs f r o m  M .21 3 and M-2 14 are shown in Figures 232 and 233.
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Figure 230. Throat Insert Fabricated During Run M2 13.
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M-2 12 and M-2 14 were extremely roug h in surface texture indicating a hig h degree of sooting in the gas
phase during deposition. M-2 13 was somewhat smoother but contained many large nodules ; again ai’ indication of
excessive gas phase sooting.

Microscopic examination of the polished coating samples showed the degree of renuc leat ion to have
varied during deposition in all three runs. The most abrupt change occurred about half way through M.2 12 where
the inicr ostructure changed from moderately reg enerative to highly regenerative. A similar but less abrupt change
occurred in M-2 l3 . in which instance the microstructure changed from substrate nucleated to moderately
regenerative about ha lfway through the thickness . M -2 l 4  showed the least change in in i crostructure with deposition
time start ing with a substrate nucleated material and changing gradually to a moderately regenerative structure about
one-fourth of the way through the thickness .

The wall thickness , in a ll t h ree parts , was approximately 0.300 inch in the throat area and 0.150 inch at
the ends.

7.4 .2 .1 Final System Adjustmenta (M-216 , M -2 l 8)

Deposition runs M-2l 6 and M-2 l 8 were made in order to adjust the process as necessa ry to produce the
required 0.300-inch wall throat inserts. Beginning wi t h  run M -2l6  the set-up was redesigned for a 0.300-inch wall
rather than the 0.600.inch wall allowance on niandrels used in the previous runs. Additional changes introduced
successfully in run M-2l6 were modifications of the top and bottom chambers of the set-up to minimize sor t ing.
and addition of baffles within the part to improve axial coating thickness distr ibution.

Post deposition examination of M-2 16 showed the part to be crack.free on removal from the furnace. At
this  tin r e the part was still quite warm . The upstream (large diameter) end of the part released immediately fron t the
end ring. However , the downstream ring would not release and consequently restrained this end of the part causing it
to crack during cooldown to room temperature. Figure 234 shows this part after a section of the downstream end
had been removed. The spiraling crack is evident .

M-2 l 8 was crack-free on removal from the furnace at 110 to 120 °F and both end rings were readily
removed . After subsequent cooldown (100 hours) the part had developed several spiraling cracks starting at ti le
up~f ream end. These cracks initiated at small notches that formed at the edge when the end ring was broken away
from the part. Effo rt s to stop the largest crack by drilling a hole in its path were unsuccess ful . Figure 235 shows the
part after the cracks had fully developed.

A full coating thickness profile was made of both M.2 16 and M.2 18 and this  is shown in Table 13.

Figure 236 shows the coating mi crostru cture achieved in M-2 l8 .

7.4.2.2 Cylinders for Characterization (M-2 l5 . M-2 l6)

To produce material  of the desired regenerative mi cr ostructure for physical properties te sting,  two

deposition runs were conducted in tire furnace used for fabricating the throat insert shapes utilizing similar
deposition parameters. These two runs used cylindrical mandre l s sized such that  processing information gained in
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Figure 234. Throat Insert Fabricated During Run M21 6. Downstream End Removed.
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Figure 235. Throat Insert Fabricated During Run M2 18 .
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TABLE 13. ATLANT IC RESEARCH CORPORATION 0.300” WALL PG SHAPE .

Run Nos. M216 and M218

WALL THICKNESS
STATION NO. M216 M218

1 0.225 0.310
2 0.315 0.355
3 0.310 0.350
4 0.310 0.345
5 0.315 0.340
6 0.330 0.340
7 0.300 0.325
8 0.295 0.315
9 0.285 0.320
10 0.280 0.305
11 0.180 0.260

12.00 —

6.615R 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

4•511R

NOTE:
Stations are 1.0 inch apart .

I I A I I p p p I ~~~~~~~~

tOP 1 2 3 4 5 6 7 8 9 10 11
p4 I~~~~~
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making these cylindrical parts would be of direct use in the final adjustment phase of the developmental runs which
were being conducted concurrently.  Photograp hs of the two tubes fabricated are shown in Figures 237 and 238.

The second of these tubes (M -2 l7 ) was of the desired microstructure and coating thickness. This tube
was sectioned and uti l ized by SoRl to determine the physical properties of a typical r eirucleated pyrolytic graphite
material manufactured by the same techni ques utilized in fabricating the seven subsequent nozzle throa t insert s. The
physical properties data obtained arc reported in Section 5.

7.4.3 Production Runs

The production phase which was intended to produce two throat inserts of 0.300.inch wall thickness
included seven furnace runs , t hree of which were aborted , before the program was hal t ed.  The purpose of the first
and second of t hese runs was to achieve process reproducibility and the purpose of t ir e last five runs was to produce
t he required throat  inser t s. .

7.4.3. 1 Achieve Process Reproducibility (M -2 l9 . M-220)

The object ot conducting Runs M -219 and M-220 was to achieve a hi gh degree ot reproducibil ity in the
process c&tr r t l i t i o ns used to fabricate  the throat inserts. One modificatio n made f r i  these runs was a reducti on in
dia meter i t t  the lower stack ring to improve the wall thickness uniformity. Two r u n s  w ere  neccssa r~ i n this  phase
beca use the tIr st run . M .2 I ~) , was unsuccessful due to an equipment malfunction .

Deposition Run M- 2 It ) washalted after 1.75 hours of deposition due to a vacini m pump m alt unct ion . I’tit

the r un was restarted a sh ort t ime later .  The temperature had dropped to I . l Olt( ’ i l i r r i r i g the down period and was
reestablish ed before resuming tI r e deposition. The resulting part had a double ~ .ill giowt h due to  an u ndetected
mandrel breakage that occurred whi le  the furnace cooled to 1 , 100°

C the first t i m e I’~~i run calcula t i ons es t imated
that the ma ndre l broke at about I ,~00°C during temporary shutdown. Figur e 23° shows the part  a l te r  it was
removed fro nt the furnace.

Run M .22 () was comp let ed as p la nn ed.  but a portion of the ~ deposit adhe red to t he rir andre l and was
tor n from the insert shape . A crack beginning at the torn patch on the ex te rna l  surtace at the smal l end propagated
along the internal surface to within a few inches ~f t ire large end. Figure 241) shows th e crack as viewed from the
large end.

This part was also used to establish machining techniques for t r imming t i re  en d s from the insert s.. Figure
24 1 shows the insert and tire ends that  were trimmed from it .  Also visible in th i s  photog ra p h is the torn patch on the
exte rnal surface at the small end of the pa rt .

7.4.3.2 Produce Deliverable Parts (M .22 1 . M-222 . M.223 , M-224 , M-225)

The last five deposi lion runs were made in air a t tempt to produ ce the s~n’e i t ie d  free-standing P( ilr ,o .u t
inserts. Two t i t  the runs. M .22 2 and M .22 5. produced insert shapes that  were renioved horn the fuina ce in la~t . hut
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Figure 238. Partial S.ctlon of Specimen Characterizat ion Tubs Fabricated
During Run M2 17.
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Figure 239. Throat Inser t Fabricated Duri ng Run M2 19 Showing Separation
Due to Extende d Process Inter upt i on .
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cracked during the subsequent machining process. One run , M.224 , produced a part which was cracked before
remova l from the furnace. The remaining two production runs , M-22 1 and M-223 , were aborted early due to failure
of the mandrel to maintain its structural integrity.

Figures 242 through 246 show the parts fabricated in Runs M-22 1 throug h M-225.

The part fabricated during Run M-224 was sectioned and across thickness photomicrographs were taken
to show tire ty pical moicrostructure achieved during this series. See Figure 247. A definite shift in microstructure
from sli ghtly regenerative to a moderatly regenerative can be seen about 15 percent of the way through the coating
thickness . An axial coating thickness profile was also constructed and is shown in Figure 248.
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Fi gure 243. Throat  Inser t  Fabricated Dur in g  Run  M222 .
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Outside Dia . Wall Thickness
(inches) Delamination (inchss~

8.654 ~ 4— 0.290

8.156 4 0.290

2.940”

7.725 4 0.295

7.556 — 4 0.300 —

7.725 ~~‘ ‘4- 0.315

ND ~~~
. 4 0.320

4 3~~~~If

ND .4
0.325

ND —
~~~~ 4- 0.330

9.717 ••. 4_~~_ 0.335 — —

NOT ES:
1. Measurements taken at 1-inch increm ents from throat (~~) except at end s.

2. DelamInat ion Isc.tsd 0.150 - 0.180 inch from ID su rfac. .

Figure 248. Coating Th ickness Profile of Run M224.
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8.0 CONCLUSIONS AND RECOMMENDATiONS

l’his report has described the efforts of a twelve-month activity to develop and demonstrate the use of
conrmercia lly available a-b plane pyrolytic graphite inserts in solid propellant rocket nozzles. A number of signillcant
accomplishments were achieved ; even though the end item objective of designing, fabricating, and testing a 7.0-inch
throat diameter a-b plane PG in sert was not successfully met. Based upon both the successful and unsuccessful
aspects of the program efforts , several conclusions and recommendations may be given.

8.1 Conclusions

Relative to the design analysis efforts , the major conclusions reached based upon the results are
summarized as follows:

1. The ma terial proper ty data obtained from the thermal and mechanica l property test
results indicate that the material properties of the pyrolytic graphite produced by
Pfizer for this program are very similar to those identified initially for continuously
nucleated pyrolytic graphite.

2. Higher factors of safety for the design concepts considered can be obtained with a
continuously nucleated material than can be obtained with a substrate nucleated
material.

3. The compressive failure strains at 5,000°F (>1.35%) and the interlaminar shear
strengths (>1,500 psi) obtained for the Pfizer material exceed the values established as
being required to maintain structural integrity during nozzle firing conditions.

4. The assumption that residual stress developed during cooldown is a function of only
the material anisotropy is acceptable for this pyrolyt ic graphite material. This is based
upon the good agreement between residual stress calculations and residual stress test
results.

5. The evaluation of the interaction of stress states, strength properties , and failure
theories based upon manufactured components indicates that the 7.0-inch-diameter
pyrolytic grap hite nozzle inserts can be fabricated if the thickness is limited to 0.27
inch.

6. Acceptable factors of safety are predicted for both the dual layer and the single layer
insert design . Min imum factors of safety for the two concepts are very nearly the
same; however , the minimum factor of safety for the single layer design occurs much
earlier in the firing.

7. Based upon the buckling analysis , with PG thicknesse s of 0.150 inch or greater ,
structural stability of the insert will not present a design problem.
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Conclusions relative to the design methodology are summarized as follows:

I . Analytical study and evaluation of the shear test specimens and stress distributions in
the specimens indicate that property data values are much different from those
obtained by assuming an average stress in the gage section.

2. Multiaxial failure criteria , as used in this program , predicted the onse t of fracture
reasonably well. Uniaxial failure criteria predictions were not acceptable. Also
conclusions reached on the basis of past failures together with uniaxial failure theories
are necessarily suspect.

3. For the design concepts considered here , the effects of heat transfer through the
exposed front edge of the insert have a pronounced influence on the predicted
in .depth temperature distributions.

4. Much of the uncertainty in establishing an acceptable design approach was due to the
large scatter in the results of a relatively small number of strength and modulus data.

5. In the case of the pyrolytic graphite inserts investigated here , the significant stress
levels which developed upon cooldown and the subsequent failure due to those
residual stresses provided a means to check certain of the stress and failure predictions
prior to actual firing . Additional confidence in the analytical predictions for the
behavior of the insert for actual firing conditions was there fore obtained.

Several observations may be made with respect to the effort s to fabricate the desired pyrolytic graphite
throat inserts. These are:

1. The state-o f-the-art of fabrication of pyrolytic graphite in free-standing closed shapes
with the double curvature of nozzle inserts is not yet to the point that such parts can
be considered as commercially available “off-the-shelf” items.

2. Continuously nucleated pyrolytic graphite components having fairly uniform
microstructure were fabricated in large sizes with relative ly thick walls in cylindrical
shapes and in nozzle insert shapes, having very similar microstructur es in each. The
degree of renucleation , however , was somewhat less than was originally sought because
of the sensitivity of the tendency to sootirtg to the process conditions. The process
control requirements necessary to produce the highly continuously nucleated
microstructure appear to be outside the limits of those typical for production type
deposition equipment. Even so, the microstructure which was obtained consistently
was judged to be acceptable for the intended application.

3. Relative to the fabrication attempts . then , essentially all objectives of size , shape ,
microstructure and its uniformity were achieved; a crack-free insert with the desired
wall thickness was not achieved , however.
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4 . On the basis of the results obtained in the last two attempts (M-224 and M.225) to
reduce th e insert thickness from 0.32 inch to 0.25 inch maximum , the process
varia bles and their in f ~.ience on deposition rate are not well understood , and the
thickness of the deposits apparently can be determined fin ally only by trial and error.

8.2 Recommendations

Based upon t h e  accomplishments and the conclusions given above , some recommendations about a-b
plane pyrolytic graphite throat inserts and about nozzle design analysis in general can be given and are as follows:

The literature sources for thermal arid mechanical properties for pyrolytic graphite
provide a reasonable starting point as input for analysis. It requires that , in using such
data , care be exercised in distinguishing between the different types of material that
can be produced. Characterization of the material is required , of course , but emphasis
should be placed upon the conduct of tests to obtain data on properties such as
inter lammar shear , and c-direction tension for which the data is either lacking or
suspect.

2. For all the propert ies , sufficient testing should be done to establish a reasonable
statistical basis for behavior and allowables , particularly the critical ones of
compressive strengths and inter laniinar shear strengths. Included here also should be
the muhtiaxia l properties necessary to establish the constants for the multiaxial failure
theories , and to determine the effects , if any, of mul t iaxial loads on the prediction of
stress (and strain )  states.

3. Although the assumption that the residual stress could be determined by considering
only the effects of anisotropy was acceptable for this material , it is known that this
may not be the case in general . Therefore , this assumption should not be used unless it
is substantiated by actual test data. Moreove r , the mechanisms causing residual stress
should be investigated , and a consistent approach to treating residual stress in nozzle
design analysis should be developed for those situations in which effects other than
anisotropy are important.

4. Since the dual-layer insert design offered no real advantage , any future attempt to
produce and test a free-standing a-b plane PG insert should use the single layer
concept. In Fact , since minimum factors of safety were developed early in the firing for
the single layer design , the test firing duration required to validate the design approach
for the single layer design is shorter than that required for the dual-layer design.

S. Although the buckling analysis indicated that structural stability for the insert would
not be a problem for the design concepts presented here , the possibility of
“micro-buckling ” of the pyrolytic graphite remains. Further study of buckl ing at the
micro-leve l is required. Testing approaches developed specifically for this purpose
would be necessary . The approaches could perhaps be app lied to other materials such
as carbon/carbons in which micro-buckling of fibers has been observed .
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6. The value of test specimen design studies was well illustrated by the results obtained
with the finite element analysis of the shear strength specimen. The question of
interpretation of test results for other test specimens is one which needs additional
study using the available tools of finite element codes , micromechanics analysis and ,
where available , closed form solutions.

7 . The question of the right or the acceptable failure criterion for nozzle design analysis
is an important one. The results of this study have shown the inadequacy of uniax .ial
criteria. The nsultiaxial criteria exhibited more realistic predictions but the correct
theory was not defined and fully explored. For rocket nozzle design analysis , a
realistic and reasonably accurate means for predicting potential failure is vital .

8. In the design and analysis efforts conducted here , the problem of residual stresses and
the subsequent failure of parts due to residual stress , was not completely solved.
However, the results of the deposition efforts together with the analysis of cooldown
did provide a means to validate the analysis techniques at a point intermediate
between material characterization and the application of the property test data to the
design of actual hardware. It illustrates the value and advantages which can be achieved
through the availability of information about the deformation and failure of materials
which are to be used in nozzle app lications. The same or similar kinds of information
could be obtained on PG and other materials such as carbon/carbon composites by
developing and using test techniques designed to check the validity of material
properties and analysis methods.

9. The results of the fabrication effort s point up the fact that very few “advanced”
materials can really be considered as commercially availabl e “off-the-shell” items. For
the most part such materials are only commercially available once the)’ have been
made to the required specifications , characterized , teste d , analy7ed , and subjected to
the application for which they are intended. Reaching outside the scope of wha t
curren tly exists must always be approached recogn izing that signi fican t developmental
effort s will very likel y be required.

10. As it exists now , if the design, fabrication , and test firing of a-b plane pyrolytic
graphite nozzle inserts is pursued , several aspects of fabrication should be recognized
at the outse t as requiring specific attention. These include the systematic approach to
determ ining the practical limits of continuously nucleated microstructure and
thickness, the most appropriate methods of termination for the deposit , improved
methods of machining, and other possible mandrel materials.
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10.0 LIST OF SYMBOLS

I . a-b (A-B) . Direction (Parallel-Circumferential)
2. a (subscript) Parallel to Axis
3. A Area
4. M Throai Area

a Angle or with Subscript , Coefficient of Linear Thermal Expansion
6. b (subscript ) Circumferential
7. c (subscript) Radial Direction
8. Cp Specific Heat
9. C(subsaipt) Compression

10. CH Heat Transfer Coefficient
I I .  CM Mass Transfer Coefficient
12. E Modulus
13. EPSN Axial Strain
14. EPST Hoop Strain
15. € Emissivity
16. °F Degrees Farenheit
17. F5 Shear Strength
18. F1 Tensile Strength
19 . Fc Compressive Strength
20. G Shear Modulus
2 1. ID Inner Diameter
22 

~
‘ Poissons’ Ratio

23. OD Outer Diameter
24. P0 External Pressure
25. P

~ Intern ai Pressure
26. P pressure
27. Q

1~~~ 11 Radiation Heat Flux
28. g~ /E~ Critical Buckling Pressure
29. r ltsslial Position
30. R Radius or Coordinate
31. 

~o Inner Radius
32. p Density
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33. SG ‘ Specific Gravity

34. SIGN Axial Stress

35. SIGT Hoop Stress

36. SIGM Radial Stress

37. a Stefan-Boltzman Constan t or with Subscript , Stress

38. T Temperature

39. t Thickness

40. 8 Coordinate

41. ,, Shear

42. TAUMN Shear Stress

43 z Coordinate
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December 31, 1975

Mr. P. A. Tomlinson
Atlantic Research Corporation
5390 Cherokee Avenue
Alexandria, Virginia 22314

Dear Mr. Tomlinson :

This is the final report for work done under Purchase
Order E—06764 of Prime Contract F09611—75-C-008. The
purpose of this program was to evaluate the properties
delineated in Table 1 for a Pfizer Pyrolytic graphite in
cylindrical form. The cylinder provided by ARC was nominally
five inches long (axial dimension) with a 1.8 inch OD and
0.190 inch wall thickness . Examination of the material by
photomicrograph or Scanning Electron Microscope was not
included in this program . Visual inspection revealed a cone
structure evident of some continuc’is nucleation although this
was not dramatic. The structure is best described as between
what is generally considered substrate nucleation and con-
tinuous nucleation . This is consistent with the verbal
description provided by ARC and Pfizer.

As shown on Table 1, several evaluations were required
in the “a-b” plane . The nomenclature adopted for this program
assigns the material “a” direction parallel to the cylinder axis
(Z), the “b” direction as circumferential (0) and the “c” direction
as radial (r). Since the material is considered to be iso—
tropic in the ‘ a-b’ plane and evaluation of circumferential
specimens would present several unique problems , all “a-b ”
specimens were taken out with the test direction oriented
along the “a” (Z) axis. Iriterlaminar shear strength was evaluated
similarly . The shear modulus determination was conducted in
a fashion suitable for determining two values; G0~ 

and Grz =

Gr0• In the material axis system these are Gba and Gca Gcb.

Methodologies will be discussed later.
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Table

PG Cylinder Evaluation Matrix

Temperature in °F
Evaluation

Type RT 1500 3500 5000

Compression-” a-b” 2 
- 

- 2 2

Compression-” c” 3 - - —

Tension-”a-b” 3 — 3 —

Unit Thermal
Expansion_ ” a_bU* 2—

Unit Thermal
Expansion..hI c~* 2

Shear Strength
Interlaminar 3 3 5 3

Shear Modulus 3 . — — —
*Unit thermal expansion measurements were
conducted twice on these specimens to
evaluate the effects of a repeated thermal cycle
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The evaluation matrix presented in Table 1 represents
the experiments actually performed for property determination.
This is slightly different from the specification in the
Statement of Work . At the request of ARC three interlaininar
shear evaluations at 1500°F and two at 3500°F were added to
the matrix and three tensile tests deleted . The five
additional specimens were made from the deleted tensile
specimen blanks.

The cutting plans used to specify locations for removal
of specimens are shown in Figures 1 and 2. Prior to layout
of the cylinder for specimen removal, a series of axial cuts
were made to stress relieve the part and determine the extent
to which it changed dimensionally. This was accomplished
by etching marks approximately one -half inch apart  on the
outside circumference . Single saw cuts were then made between
these marks until the cylinder no longer sprang together after
a cut. The amount the etched marks came together and the
change in ID and OD were then measured . The average OD and
ID ptior to contraction was 7.838 inches and 7.461 i nchcs,
respectively. The measurements were made at four locations
and OD varied by ±0.003 inches while ID varied by ±0.006
inches. After the cylinders were cut the OD and ID measure-
ments were 7.675 ±0.002 inches and 7.301 ±0.006 inches,
respectively. A circumferential contraction of 0.528 inches
was measured .

When cutting began for specimen removal two things were
noted. First a crack was found near one end of the cylinder
which went through the wall. A section about 2-1/2 inches
axially and 1-1/2 inch circumferential].y was made unusable
by the crack. It was necessary to relocate specimens to avoid
the cracked area. The general shape and location of the crack
is shown on Figure 1.
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Another unexpected behavior was noted when the tensile
specimen blanks were removed. When placed against a flat
surface, they exhibited a decided bowing in the axial/radial
plane. The center deflection was measured for the ten specimens
and averaged 0.0178 inches. Actual measurements by specimen
number are given in Table 2. There was no apparent bow in
the shorter blanks with the exception of the torsional (SM—
shear modulus) specimens. These deflected only 0.001-0.002
inches which was considered negligible in the property measure-
ment. The deflection of the specimen center was toward the
axis of the cylinder in all cases.

Specimen Configurations

The axial compressive , tensile, interlaminar shear
strength and torsional specimens used for evaluations in this
program are shown in Figures 3 through 7. Radial compaction
was also evaluated using three 1/4 inch diameter x 0.175 inch
thick disks. Shear modulus in the ZO (“a—b”) plane was deter-
mined from two curved plates, one 2 inches x 2 inches x 0.150
inches and the second 1.5 inches x 1.5 inches x 0.190 inches.
The first plate was more nearly ideal for this measurement but
was inadvertently broken after the first measurement. The
second plate was taken from the remaining material and evaluated
primarily as a check on the single test of the first plate.

Unit thermal expansion specimens for Z direction measure-
ments were 0.175 inches x 0.175 inches x 3.0 inches. Measure-
ment of radial (“c”) direction) expansion was accomplished by
stacking twenty pieces 1/4 inches x 1/4 inches x 0.150 inches
to obtain a three inch specimen.

As reflected by Figures 5 and 6, two gage areas were used
for interlarninar shear strength measurements. Pyrolytic
graphite generated by Continuous nucleation has typically
exhibited an increase in interlaminar shear strength with
increasing temperature . This necessitated a reduction in gage
area to avoid destructing the graphite loading fixture prior
to specimen failure.
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Evaluation Techniques

All tensile evaluations were performed in a gas—bearing
tensile facility . This facility utilizes gas-bearings in
the load train to eliminate kinking and the introduction of
unknown bending stresses in the specimen in order to provide
a true uniaxial load. Clip—on strain gage extensometers
were attached to graphite clamps on the specimen . Two exten-
someters (one on each side) were used. These were balanced
to compensate as much as possible for specimen bending. This
arrangement is shown schematically in Figure 8. The gas-
bearing tensile facility is described generally in Appendix A.

The cylindrical curvature of the specimen required that
special grips be machined from graphite to accommodate them.
The load was introduced into the specimen at the tab lip
(see Figure 4) as interlaminar shear. The grips were hand
fitted to the specimens and worked as anticipated at room

- - tempe~-iture . Some wedging and slipping was encountered at
3500°F due to the mismatch of expansion in the grips and
specimens. This did not substantially affect the data
obtained .

All of the axial compressive evaluations were performed
in the gas-bearing compressive facility . Gas—bearings were
installed on each end of the load train to permit precise
alignment of the load train and the specimen. The gas—bearings
and the load train are shown diagrainatically in Figure 9. A
general description of the gas-bearing compressive facility
is included in Appendix B.

The compressive specimens were loaded via graphite anvils
with curved slots machined to conform to the specimen . Lateral
supports were machined to conform to the convex and concave
faces of the specimen in order to delay the onset of buckling .
Targets for the optical strain analyzer were attached to the
specimen edges via small graphite clamps.
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The interlaminar shear specimens shown earlier were
loaded in compression using graphite anvils slotted to hold
the specimen aligned . The anvils were fitted in a special
graphite loading sleeve to insure alignment and each gage
section was fully supported by close fitting lateral spacers
to prevent bending . The sleeve was loaded in a gas—bearing
tensile facility .

The shear modulus determinations were conducted using
two techniques to isolate individual moduli. Torsion of an
axial rectangular specimen about the Z axis and measurement
of the resulting angular deflection was conducted as
described in our report to ARC under Purchase Order 94561.
The report number was S0RI-EAS-74-068, March 1974. This
evaluation allowed determination of the relationship
between G and G = G . That relationship is given by ’

12 13  2 3

M
— = G ab 3

~~ (c)
o 12

where 
= 

1/2

and ~(c) is the function shown on Figure 9. The other para-
meters and constants are

M = applied moment

o = relative rctat ion of gage
a = width (0 direction) of gage

b = thickness Cr direction) of gage

With G determined from another experiment, G could be
12 2 3

isolated.

t Lekhni tsk i i, S. C. Theory of Elast ici ty of an Anistrop ic
Body, Holden-Day , I n c . ,  1963.
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The plate test specified by ASTM C3044-72 was used to
determine the in-plane (G 12 ) modulus . The geometry of this
arrangement is shown in Figure 10. Data obtained in this
evaluation consisted of load applied (P)  and d i f ferent ia l
deflection between the probes on the diagonals. The

required equation is

G = 3Pd 2 /23 t 3
3 2  d

where d is the radius from the center of the plate to the
probes and t is the plate thickness. A small Iristron Testing
machine was used for loading and a differential deflection
device built at S0RI used for measurement.

Thermal expansion measurements were made from about 70°F
to 1700°F utilizing the quartz tube dilatometer and a dial
gage. The required specimen heat input was obtained from
electric resistance heaters and measured via thermocouple.

Thermal expansion measurements were made from 70°? to
5000°F utilizing the graphite dilatometer with a dial gage.
The specimen was heated radiant]y in a graphite tube furnace.

The uncertainty in measurements for both apparatuses
using the standard 3—inch long specimens utilized in this
program is estimated at ±5 percent. These apparatuses are
described in Appendix C.

Results and Observations

Mechanical Evaluations

The composite results of the tensile , compressive, shear
strength and shear modulus evaluations are presented in
Figures ii. through 15 and Tables 3 through 6. The raw data
curves are included in Appendix D.

A-7
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The tensile data do not exhibit the trend of a highly
substrate nucleated PG which usually has a decrease in modulus
at 3500°F. The increase in tensile modulus at 3500°? shown
in Figure 11 has been noted on some continuously nucleated PG
and seems to depend on process variables since other regener-
ative PG exhibits the opposite character. The average values
obtained here were 3.36 x 10 6 psi at room temperature and
4.49 x 10 6 psi at 3500°F. The data curves do not show any
discerrmable effect due to the bow in the specimen.

The strength obtained from the tensile evaluations is
presented on Figure 12. Substantial scatter is apparent and
probably due to a combination of factors. The stress state
in the specimen was complicated by two external factors:
the longitudinal curvature and the mismatch in expansion
between extensometer attachments and the specimen. This
would cause stress concentrations in the area of the flags.
Nodule size distribution also appeared to influence the
results at room temperature. The two lowest values were
obtained from specimens that fractured around larger than
average nodules .  No s imi lar  characterist ic  was observed
at 35 1)°F since the highest values were obtained from
specimens f rac tur ing  near larger nodules. Examination of
X-Ray , sonic velocity and density data did not reveal any
notable relationships to modulus or strength data.

The modulus and strength measurements obtained from
compressive evaluations are shown in Figures 13 and 14.
The trends of the data obtained are typical of previous
measurements reported in the literature for regenerative
PG. Some problems were encountered in loading two specimens
resulting in breakage prior to test. The third run at 3500°F
was deleted in order to run a fourth tensile specimen.

The results of the interlaminar shear strength evalua-
tions are shown on Figure 15 as a function of temperature.
The increasing strength at elevated temperature is typical
of continuously nucleated PG. Substantial scatter in values
is notable at 3500°? and contrasts to the grouping of the
other ciata. As shown on Table 5, a mixture of two gage
sections (1/4 inch x 1/2 inch and 1/2 inch x 1/2 inch) was
used at this temperature. Specimen numbers IS-14 and IS—iS
were added a f t e r  IS-4 yielded a part icular ly low value .
These yielded intermediate values between IS-4 (1/2 inch x
1/2 inch gage) and IS-2 (1/2 inch x 1/4 inch gage) .

A-8
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Previous work with carbon/carbon using mixes of these
gage sections has always yielded comparable data between
experiments. Since stress concentrations should be largely
load and gage section independent there is no apparent
analytical explanation for a gage area effect. No correla-
tion between density or sonic velocity values and strength
was found. Visual observation of the fracture surfaces of
all specimens revealed one observation of interest. All
room temperature, 1500°F and low value 3500°F specimens
had irregular and random “flecking” (“ a—b” plane peeling).
The high value 3500°F and all three 5000°F specimens ex-
hibited a regularity in pattern and were generally aligned
along lines perpendicular to the load direction. The inter-
mediate 3500°? specimen (IS—15) showed similar characteristics
although the regularity was not as pronounced. It is possible
that a material transition is taking place fairly rapidly at
3500°F, and the exact state of the material during the ex-
periment is unknown. Additional studies to explore this
were not within the scope of this program.

• The shear modulus evaluations were conducted only at
room temperature. Three torsional rods were used and two
plates. The first plate was loaded too high and broke after
one test. The second plate was not near optimum from the
standpoint of side to thickness ratio. It was used primarily

• as a check on the first plate and to evaluate orientation
(i.e. convex up versus convex down) effects on the data. The
measured G modulus was slightly lower than for the larger

plate (1.84 x 10 6 psi versus 2.02 x 10 6 psi) as anticipated .
The G values given in Table 6 were calculated using

2.02 x 10 6 psi for G 12 .

Thermal Evaluations

The unit thermal expansions of pyrolytic graphite from
cylinder S/N M-217 in the “a-b” and “c” directions during
first and second cycles up to 5000°? are shown in Figures
16 through 21 and tabulated in Tables 7 through 18. Duplicate
data for each exposure were obtained in both orientations.
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The two cycles refer to first performing thermal expansion
evaluations from room temperature to about 5000°F, allowing
the specimens to cool to room temperature and performing
the same evaluations during a second exposure from room
temperature to 5000°F.

Initial exposures to 5000°F in the “a-b” direction on
two specimens are shown in Figure 16. During the in i t ia l
exposure the expansion was relatively low up to about 3500°?,
exhibiting a value at that temperature of 4.25 x l0~~ in./in.Above 3500°F the value increased sharply to about 16 x
in./in. at 5000°F , for specimen M-2l7-CTE-1A . The other
specimen exhibited tl3 identical expansion up to about 5000°F ,
but the value at 5000°F was lower, about 15 x l0~~ in./in.
At 5000°? both specimens continued to grow with time indicating
that the growth was time as well as temperature dependent .

The d i f f e r e n c e  in the expansion between the two specimens
at 5000°F is real as indicated by the high f i n a l  return values,
see Figure 16. This d i f f e r e n c e  is permanent as indicated by
the f inal  dial  reading and measured length change by a micro-
meter after the specimen was cooled to room temperature.

Results of the second exposure to 5000°? in the “a-b”
direction on the same two specimens are shown in Figure 17.
During the second cycle the expansion was slightly lower than
that of the first cycle up to about 3500°?. The expansion
increased significantly above 4500°? and again at about 5000°F
the specimens continued to grow with time. This phenomenon has
been recognized on other programs involving thermal expansion
measurements on pyrolytic graphite.

This unstable behavior can be explained , in part, in
terms of the structure of pyrolytic graphite. The graphiti-
za t ion—annealing  temperature of the “as received” material
is not known, but the material probably was not well graphi-
tized-annealed , and could be classed as turbostratic in that
their crystallites are well oriented in the “a” direction
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but are rotated about the c-axis with random translation in
the “a—b” plane .2 Further, i t  probably had “ curved ” “ a-b” p lanes
in the nodules. This is indicated by the fact  that the negative
expansion (or contraction) was not as great as that exhibited
for a well graphitized-annealed and ordered pyrolytic  graphite ,
and the fact  of the s ignif icant  increase in expansion above
about 3500°F.

The material showed slight contraction in the “a-b”
di rection from room temperature to about 900°? . The contrac-
tion on conventional pyrolytic graphite is explained in terms
of Poisson contract ion of the layer planes (basal)  associated
with large expansion perpendicular to the layer planes (c-axis)
as explained by Riley . 3 Above about 1000°F , this effect is
assumed to be counteracted by a true thermal expansion of the
layer planes to produce a small positive thermal expansion.

The increase in expansion at elevated temperatures, in
addition to the time dependence of the elongation and the
large permanent growth also sugqest the process of anneali~ig.
Durin :~ the anneal ing process on a poorly g raph i t i zed  ordered
pyrolytic graphite, a restructuring and straightening of the
crystalli tes joined by t i l t  boundaries or kinks in the basal
plane occur. This creates high growth in the “a” direction
and contraction in the “ c ” direction. This is true of the
material  evaluated on this program as evidence from the
composite plots shown in Figures 20 and 21. The second run
on the specimens also shows the result of graphit izat ion-
annealing, which is the lower expansion at the elevated
temperatures. Note that even during the second run , the
material was apparently altered as evidenced by the increase
in expansion above 4500°F in the “ a—b” direction and the
continued dependence of growth on time.

2 ASD~ TDR 63~~195 , “ Pyro ly t ic  Graphite , I ts  High Temperature
Properties” , March , 1963.

3 Riley , D. P., Phys. Soc. 57, 487 (1945).
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Figure 18 shows the unit thermal expansion of the “as
received” pyrolytic graphite in the “c” direction as a result
of the initial exposure, and Figure 19 shows the same for the
second exposure to 5000°F. The above discussion also explains
the character of the two curves in the “c” direction , large
permanent contraction after the initial exposure , and con-
traction after peak expansion at 5000°F. The thermal expansion
increased almost linearly from room temperature to a maximum
value of about 62 x iO— ~ in ./ in . at about 4500°F , and then a
contraction to about 40 x l0-~ in./ in . at 5000°F. Repeatability
was very good for the measurements as evidenced by the curves.

Figure 20 and 2~. are composites showing thermal expansion
results of both exposures in the two directions.

In pyroly t ic  graphite , the s tructure can range from a
mater ia l  where the growth cone develops from the deposition
sur face  (nonregenera t ive  or substrate  nuclea ted)  to a mater ia l
where the growth cones are regenerated continuously throughout
the thickness of the dt’position (continuously nucleated) . The
material  evaluated on this program exhibited characteristics
of a material  structured par t ia l ly by nonregenerative growth
cones arid pa r t i a l ly by regenerative cones . That is, the data
lies between that generated on other programs where the material
was completely nonregenerative and those where the material was
completely regenerative. The large expansion in the “ a—b”
direction and contraction in the “c” direction at 5000°F repre-
sents a response due to time at temperature and graphitization—
annealing.

Yours very t ru ly ,

Gerald W. Dri ggers
Associate Engineer

Approved b

(~~~~~~
. J)

• D. Pears , Director
Mechanical Eng ineer ing Research

GWD:b ac
SoRI—EAS-75-660
3553 — I—F
(6 : 1 4)  A-12 
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plate (1) (-6O ~ angle ,
ial) Shear Modulus

5 in. inside chord)Specimens (10)
Axi a l Tensile 

/Radial The~~aj Expansion c~~
_ip 

~ 5 1-1/2 in. x 1-1/20.75 in. x 5 in. * t in. plate (1)(inside arc)
2R Specisena (40 pie ces total — 2
specimens) 1/4 in. x 1/4 in. x 0.15
in. radial

Shear Modulus Specimens
(4) 0.875 in. * 3—1 /2 in.

x t ( T O P 3

N
C 

C

Interl amina r Shear Specimens
(9 total) 0.5 in. x 1-1/4 in. *t (Ro rrcz4J

4.

Axial Cosçression Specimens
(9) 0.875 in. x 2.4 i n .  x t
(TOP IF

0 A - A x i a l
R - RadialRadial Cc~ ipre.sion (4)

3/8 in. dim x t
C-jR . C-2R , C-3R , C-4Rg~) p

~~
Radial Compression (4)
C-IS through C-4R

Figure 2. Cutting Plan for PG Cylinder (Top View)
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Figure 3. Axial Compressive Specimen Configuration
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Figure 5. In ter laminar  Shear Specimen with a 0.500 inch
Gage Length
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Table 1

PG Cylinder Evaluation Matrix

Temperature in °F
Evaluation

Type RT 1500 3500 5000

Coxnpression— ” a-b” 2 - 2 2

Compression— ” c” 3 — — —

Tension— ” a-b” 3 - 3

Unit  Therma l
Expansion_ u a_b ” * 2 — —  

~~~

- 

S

Uni t  Thermal
Expansion-” c”~~ 2—

Shear Strength
Interlaminar 3 3 5 3

Shear Modulus 3 — - —
L _ _ _ _  _ _ _ _ _  _ _ _ _ _  _____J

*Unj . t thermal expansion measurements were
conducted twice on these specimens to
evaluate the effects of a repeated thermal cycle
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Table 2

Deflection of Tensile Specimen Center
Relative to Ends S

Specimen Deflection

T—1A 0.0167

T—2A 0.0171

T—3A 0.0188

T—4A 0.0204

T—5A 0.0209

T—6A 0.0141

T— 7A 0.0184

T—8A 0.0 186

T— 9A 0.0170

T—1O A 0.0163
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UL TIMATE STRENGTH , ELASTIC MODULUS AND POISSON’S
RATIO TO 5500°F IN TENSION

A typical tensile facility is shown in the photograph in
Figure 1 and in the schematic in Figure 2. The primary components
are the gas-bearings , the load frame, the mechanical drive system,
the 5500°F furnace , the optical strain analyzers and associated
instrumentation for measurement of load and strain. The load
capacity is 15,000 pounds.

The load frame and mechanical drive system are similar to those
of many good facilities. The upper crosshead is positioned by a
small electric motor connected to a precision screw jack. This
crosshead is stationary during loading and is moved only when
assembling the load train. The lower crosshead is used to apply the
load to the specimen through a precisicn screw jack chain driven by
a variable speed motor and gear reducer.

Nonuriiaxial loading , and therefore bending stresses, may be
introduced in tensile specimens not only from (1) misalignment of
the load train at the attachment to the crossheads, but also from (2)
eccentricity within the load train, (3) unbalance of the load train
and (4) external forces applied to the load train by such items as
electrical leads and clip-on extensometers. Although the bending
moments from some of these sources may seem relatively slight, the
resulting stress distortions are quite significant in the evaluation
of the extremely sensitive brittle materials. Now consider each
individually.

To confirm that  the gas-bearings had eliminated nonuniaxial
loading at the point of attachment of the load train to the cross-
heads , the frictional moment was determined at a load of 5000 pounds
by measuring the torque required to produce initial motion within
the system with the bearings in operation. This torque was found to
be a maximum of 6.6 x iO~~ inch-pounds. The equation

M0 = 

~~! 1R2 3 
— R 1~1 (1)

3 [R2
2 

— R i 2J

was then applied to the system to calculate the kinetic friction
where M0 was the resisting moment due to kinetic friction and ~i

represented the coefficient of kinetic friction . The calculated
value of ~.‘ was then equal to a maximum of only 4.5 x lO’ ’.
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The classic equation

S = M c  ( 2 )

was then employed to obtain the stress that could be induced in the
specimen due to this bending moment. This value was 0.16 psi , or
less than 0 .002 percent of the tensile stress produced within a
typical graphite specimen. These low values clearly indicate the
elimination of problems of bending stress in the specimen imposed
by misalignment at the crosshead attachments, either initially or
during loading .

Emphases in the design of the load train were placed on (1)
large length—to—diameter ratios at each connection , ( 2 )  close sliding
f i t s  (less than 0 .005 inch) of all mating connections , (3) the elim-
ination of threaded connections, (4) the use of pin connections
wherever possible and (5) increasing the size of components to permit
precise machining of all mating surfaces. All members were machined
true and concentric to within 0.0005 inch, and the entire load train
was checked regularly to ensure overall alignment following assembly
of the individual members. This process ensures concentricity and
no kinks in the system.

The problems of unbalance within the load train and of external
forces applied to the load train have been explored and corrected.
The entire load train is statically balanced to less than 0.01 inch-
pound for normal operation.

One configuration of the tensile specimen is shown in Figure 3.
This specimen provides a relatively large L/D ratio in the gripping
area to ensure good alignment. All surfaces in the gripping area
are cylindrical in order to make precision machining easier and re-
peatable from specimen to specimen. This specimen also has double
breakdown radii from the gripping area to the gage section. This
double breakdown allows a uniform transition of the stress pattern
and reduces the frequency of radius (out of gage) fractures. This
specimen provides a uniform gage section which gives a definable
volume of material under stress and permits accurate measurements
of strain. The flags for the measurement of axial strain are posi-
tioned one inch apart so that unit strain is recorded directly. The
flag attachment for measurement of lateral strain is positioned
between the flags for axial strain; see Figure 4.
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A schematic of the precision tensile grip is shown in Figure 5.
The design is much like the jaws of a lathe head or the chuck of a
drill motor made with  precision . Observe from the f igure the long
surface contact of the mating parts and the close fits to establish
precise alignment with the specimen. As the load is applied , the
wedges maintain alignment to fracture.

Figure 6 is a sketch of the 5500°F furnace used for tension
showing the basic components. The furnace consists of a resistively
heated graphite element insulated from a water-cooled shell by therm-
atomic carbon. The furnace and specimen are purged with helium to
provide an inert atmosphere. Ports with visual openings are provided
on opposite sides of the furnace as a means of allowing the strain
analyzers to view the gage flags on the specimen. Specimen temper-
atures are determined by optical pyrometer readings taken through
another small sight port containing a sapphire window. A calibration
curve was established for the loss through the sapphire window , and
since the furnace cavity acts essentially as a bldckbody, true tern-
perature readings are obt.~ined . Power is supplied to the heating
element by means of a 25 KVA variable transformer.

Strain measurement consists of measuring optically the elonga-
tion between two flags, or targets, which are mounted on the specimen
and separated initially by a predetermined gage length. The travel
of the targets is measured by sensing the displacemnt of the image
of the edge of the targets and then electrornechanically following
the image displacement. The relative travel of the two targets
provides the strain. Readout is continuous and automatic on a
millivolt recorder. A schematic of the analyzer is shown in Figure 7.

A brief summary of the mechanical motions of the components
involved in monitoring the strain is helpful in understanding the
detailed performance. A tracking telescope follows the upper target
and carries a second telescope mounted on its carriage. The second
telescope is capable of independent motion to follow the lower target.
The relative displacement between the upper and lower telescope, as
strain occurs, defines the strain. The system usually is operated
so that the tracking telescope follows the upper target and the strain
is monitored by the relative displacement of the aperture rather than
the telescope following the lower target. With this procedure the
maximum range is the maximum displacement available for the lower
aperture , of about 1/8 inch , and the sensitivity is limited by the
optics and the noise level of the detector. Using both telescopes,
the range is about 3/4 inch.
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To provide optical references on the specimens , targets are
affixed to the test specimen as mentioned. When the specimen is
heated to temperature , the targets are self-luminous and are observed
optically. The optics view past the luminous targets into a cooled
cavity in the opposite furnace wall. The self—luminous targets are
then visible against a dark background . To obtain data below 2000°F,
a li ght beam is directed from behind the flags providing a shadow
image for the detection system.

The image of the flowing target is focused through a rotating
shutter (chopper) and onto a rectangular aperture. Small slits in
the aperture pass a portion of the upper and lower edges of the light
beam. A photocell receives the light thus transmitted , and an
electronic circuit detects whether the energy passed by the two slits
is equal. A servo drives the apertures to let a balanced quantity
of light pass through the two slits and thus maintains an optical
null.

To obtain latera-i. strain, a strain analyzer is supported
horizontally on the tensile frame to view the diametrical or lateral
strain of the specimen. A flag attachment, with the general con-
figuration as shown in Figure 8, was developed to follow and transmit
lateral motions of up to a few mils. The three—piece assembly con-
sists of a ring and two rams bearing on the specimen.

Calibrations of the analyzers are performed in various ways
including absolute correlations to precision micrometers, strain
gage extensometers, and direct plots of stress-strain for reference
materials such as steel , plexiglas , magnesium and aluminum. Precis-
ion is within ±0.000020 inch.

Instrumentation includes primarily a stress-strain measurement
system composed of a 1000-pound SR-4 Baldwin load cell , constant
d.c. voltage power supply , two optical strain analyz ers , and two
X-Y recorders. Specimen temperature is monitored with an optical
pyrometer. Stress (load) is measured by a commercial load cell. The
cell receives a constant d.c. voltage input from the power supply and
transmits a millivolt signal (directly proportional to load) to an
X-Y recorder. Simultaneously , the optical strain analyzers measure
both the axial and lateral strain and transmit a millivolt signal
(proportional to strain) to the X—Y recorders. Thus , continuous
plots of stress-axial strain and axial strain-lateral strain are
recorded simultaneously .
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ULTIMATE STRENGTH, ELASTIC MODULUS , AND POISSON ’S
RATIO TO 5500°F IN COMPRESSION

The compressive apparatus is shown in the photograph in Figure
1 and in the schematic in Figure 2 and consists primarily of a load
frame , gas bearings , load train , 50-ton screw jack , variable speed
mechanical drive system, strain analyzers , 5500°F furnace , and
associated instrumentation for the measurement of load and strain.

The load frame is similar to most standard frames. It was
designed to carry a maximum load of 100,000 pounds and to support
the furnace optical strain analyzers , and other related equipment.

Gas bearings are installed at each end of the load train to
permit precise alignment of the loading train to the specimen. The
upper bearing is spherical on a radius of 6.5 inches. This radius
is the distance from the top of the specimen to the spherical bear-
ing surface. The load train, not the specimen, shifts to maintain
radial alignment. The lower bearing is flat and is about 6 inches
in diameter. The lower bearing permits transverse alignment of the
load train. The gas bearings are floated for only a small initial
amount of load so that precise alignment of the load train can be
attained.

The load train near the furnace consists of the specimen loaded
on each side by graphite and water-cooled steel push rods. The
graphite push rods are counter—bored to permit insertion of a pyro-
lyt ic graphite disc which serves as a heat dam and to align the
specimen to the center-line of the load train. Extreme care is
exercised in the preparation of all parts of the load train to
ensure concentricity of the mating parts to less than 0.0005 inch.

The 50-ton jack is a power screw type. The mechanical drive
system consists of a gear reducer driven by a Louis Allis Synchro-
Spede Unit (300-3000 rpm). The gear reducer is connected to the
Synchro-Spede Unit through a chain coupling and to the 50-ton
jack 

~
y a single roller chain and sprocket system . Different  load

rates are obtained by adjustment of the variable speed setting on
the Synchro-Spede and by changeout of sprockets on the gear reducer
and screw jack.
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Figure 3 shows details of the “dumbbell” specimen which maintains
a 0.500 inch diameter over the 1.2 inch long gage section. The
specimen provides sufficient room for the flag attachments that follow
the axial and lateral strains and also minimizes the influence of end
restraint.

The flag attachments for the measurement of axial strain are
positioned one inch apart so that unit strain is recorded directly.
The flag attachment for the measurement of lateral strain is positioned
between the flags for axial strain; see Figure 4. The lateral flag
attachment used in compression is shown in Figure 5. The 4—piece
assembly consists of a ring , two rams bearing on the specimen , and
a screw to adjust the contact pressure. The ring was designed to
track lateral motions as great as 0. 030 inch without breaking .

Figure 6 is a sketch of the 5500°F furnace used for compression
showing the basic components . The furnace consists of a resistivity
heated graphite element insulated from a water-cooled shell by
thermatomic carbon . The furnace and specimen are purged with helium
to provide an inert atmosphere . Ports with visual openings are
provided on opposite sides of the furnace as a means of allowing the
strain analyzers to view the gage flags on the specimen. Specimen
temperatures are determined by optical pyrometer readings taken through
another small sight port containing a sapphire window. A calibra-
tion curve was established for the loss through the sapphire window ,
and since the furnace cavity acts essentially as a blackbody ,  true
temperature readings are obtained. Power is supplied to the heating
element by means of a 25 KVA variable transformer .

Strain measurement consists of measuring optically the elonga-
tion between two flags , or targets , which are mounted on the specimen
and separated initially by a predetermined gage length. The travel
of the targets is measured by sensing the displacement of the image
of the edge of the targets and then electromechanically following
the image displacement. The relative travel of the two targets
provides the strain. Readout is continuous and automatic on a
millivolt recorder. A schematic of the analyzer is shown in Figure
7.

A brief summary of the mechanical motions of the components
involved in monitoring the strain is helpful in understanding the
detailed performance . A tracking telescope follows the upper
target and carries a second telescope mounted on its carriage.
The second telescope is capable of independent motion to follow
the lower target. The relative displacement between the upper and
lower telescope , as strain occurs, defines the strain. The system
usually is operated so that the tracking telescope follows the

A—68 SOUTHERN RESEARCH INSTI TUTE

-



____________________________  __

upper target and the strain is monitored by the relative displacement
of the aperture rather than the telescope following the lower target.
With this procedure the maximum range is the maximum displacement
available for the lower aperture , or about 1/8 inch, and the sensi-
tivity is limited by the optics and the noise level of the detector.
Using both telescopes, the range is about 3/4 inch.

To provide optical references on the specimens, targets are
affixed to the test specimen as mentioned. When the specimen is
heated to temperature, the targets are self—luminous and are observed
optically. The optics view past the luminous targets into a cooled

• cavity in the opposite furnace wall. The self-luminous targets
are then visible against a dark background . To obtain data at be-
low 2000°F, a light beam is directed from behind the flags providing
a shadow image for the detection system.

The image of the glowing target is focused through a rotating
shutter (chopper) and onto a rectangular aperture. Small slits in
the aperture pass a poition of the upper and lower edges of the light
beam. A photocell receives the light thus transmitted , and an elec-
tronic circuit detects whether the energy passed by the two slits is
equal. A servo drives the apertures to let a balanced quantity of
light pass through the two slits and thus maintains an optical null.

To obtain lateral strain, a strain analyzer is supported hori-
zontally on the load frame to view the diametrical or lateral strain
of the specimen.

Calibrations of the analyzers are performed in various ways in-
cluding absolute correlations to precision micrometers , strain gage
extensometers, and direct plots of stress—strain for reference mater-
ials such as steel, plexiglas , magnesium , and aluminum. Precision is
~Q.O00Q20 inch.

Instrumentation includes primarily a stress—strain measurement
system composed of a 20,000—pound SR-4 Baldwin load cell, constant
d.c. voltage power supply, two optical strain analyzers, and two
X-Y recorders. Specimen temperature is monitored with an optical
pyrometer. Stress(load) is measured by a commercial load cell.
The cell receives a constant d.c. voltage input from the power supply
and transmits a millivolt signal. (directly proportional to load)
to an X-Y recorder . Simultaneously , the optical strain anal yzers
measure both the axial and lateral strain and transmit a millivolt
signal (proportional to strain) to the X—Y recorders. Thus,
continuous plots of stress—axial strain and axial strain—lateral
strain are recorded simultaneously .
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APPENDIX C

THERMAL EXP ANSION EQUIPMENT

C-l THERMAL EXPANSION TO 1800°F

C-2 THERMAL EXPANSION TO 5500°F
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THERMA L EXPANSION TO 1800°F

Therma l expansion measurements are made utilizing quartz
tube dilatometers of the Bureau of Standards design . The dial
gages (B. C. Ames Co. ,  Model 212 , Shockless) are graduated in
0.0001-inch divisions with a total range of 0.500 inch . The
manufac turer ’ s stated mechanical accuracy for any given reading
is !0.000l inch at any point in the range . This accuracy has
been checked with a precision micrometer .

Figure 1 shows a schematic drawing of a quartz tube
dilatometer. The dilatomete r head was designed to minimi ze
any extraneous motions that would induce error in the monitored
data. Water cooling was used to prevent temperature fluctuations
and gradients that would induce erroneous ~otion in the dial gage .
The parts were precision machined to allow for proper alignment
and minimize spurious motions from excessive clearance. The core
of a linear variable differential transformer is attached to the
quartz rod, which rests on top of the quartz tube. By feeding
the output of the LVDT into an oscillator-demodulator and
employing an X-Y recorder , a continuous plot of expansion versus
temperature may be obtained . Dial gage readings may also be taken
concurrently.

For temperatures above room temperature , each dilatometer
is heated by an individual heater. The temperature of the heater
is maintained by a manual setting of a variable voltage transformer.

Cold specimen temperatures are obtained by use of a Dewar
flask filled with dry ice and trichioroethylene. The flask
surrounds the dilatometer tubes and the cold liquid level rises
to a height above the specimens.

Liquid nitrogen is used in the Dewar flask for temperatures
down to -300°F. A cooling coil has also been designed to provide
better control of temperatures in the cryogenic range.

Thermocouples are placed at each end and the center of the
specimens to monitor the temperature throughout. The specimens
are nominally 1/2 inch diameter by 3 inches in length with the
ends rounded on a 3 inch radius. Other diameters and cross-
sectional configurations are employed where necessary due to
configuration of supplied material.

To calibrate the dilatometers we employ a primary standard
of fused silica purchased from NBS and designated as SRM 739. A
secondary standard of fused silica developed in house is also
used . From our calibrations and experience we have found no 8

systematic error in this system. Based on the initial calibrations
of this equipment a precision level has been detez-minef~. At 1300°F
the standard deviation is no greater than ±0.025 x 10 in./in .
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THERMAL EXPANSION ‘P0 5 5 0 0° F

Thermal expansion is measured in a griphtte tub. ‘~i1~’tometer
developed by Southern Research Inst it~~t 1:c~.. per formance to 5500°? ,
see Figure 1. The specimen rea’~ir’ d is ~ioout l/2~ diameter and
3” long , although the exact ~~~~ can vary somewhat if it appears
desirable from the standpoint ot specimen availak”.~lity . Specimens
3/4 11 in diameter and only 1/4” thick can be evaluated , but with
a reduced precision. Discs can be stacked to provide more length
in many cases . Of course , specimens can always be pinned together
from smaller pieces to provide both length and columnar strength.

In the dilatometer , the specimen rests on the bottom of the
cylinder with a graphite extension rod resting on ~ .e specimen to
extend to the top of the cylinder. When required , tungsten pads
are inserted at the ends of the specimens to eliminate graphite
diffusion from the dilatometer parts into the specimen. This
entire assembly is inserted into one of the 5000°F furnaces
described in another brochure .

The motion of the specimen is measured by a dial gage attached
to the upper end of the cylinder with the st~, 1us bearing on the
extension rod . The system accurately indicates total motions of
0.0001” — or less than 0 .00004”  per inch of specimen.

Either a helium or an argon environment can be employed . Nitro-
gen has been used on occasion. The equipment will permit operation
at hard vacuums , but this procedure is rarely used.

A CS graphite , which has a fairly low expansion relative to
other grades of graphite, is used as the material for the dilatometer .
Prior to calibrations, the dilatometers are heat soaked to a
temperature several hundred degrees above the maximum temperature
to which they would be exposed during normal service. Dimensional
stabili ty is confirmed by measuring the lengths of the dilatometer
tube and rod after  each run . Past experience has shown that
following the initial heat soak the expansion is reproducible in
subsequent repeated cycles to lower temperatures . Reproducibility
is also confirmed by repeated runs on standards .

To calibrate the dilatometers we have developed in—house primary
and secondary standards of ATJ graphite . ATJ graphite was selected
as a standard because of our vast experience with it, its stability
after repeated exposure to high temperatures, and its relatively
low expansion .
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The true expansion of the primary standard was determined by a
direct optical technique using a traveling Gaertner telescope. The
total error in the telescope readings, based on calibration data,
was estimated to be 0.2 x iO ’~ in./in. For the direct optical
measurements, the 3.5 inch long specimen was heated in a graphite
furnace , and the expansion was determined by sighting on “knife ”
edges machined on the ends of the specimen. Typically a total of
11 runs have been made in two different furnaces both in vacuum
and helium environments. The two environments are used to check
effects  of refraction as reported in the literature. The same
standard was then machined to the configuration of a regular
dilatometer specimen and several runs were made in our precision
quartz dilatometers. The optical expansion data were fitted to
a quadratic equation over the temperature range from 2500°F to
5000°F using the method of least squares and statistically analyzed
to determine the uncertainty (primarily the scatter). Below 2500°F,
the quartz dilatometer data were fitted by hand since the uncertainty
of this apparatus has been well established , and the imprecision is
small (<0.1 x l0-~ in./in.). A typical plot of all data points
with the curve fit is shown in Figure 2.

A check of the expansion of the standard was obtained by
making runs on round robin specimens of various graphites and
synthetic sapphire wh ich had been previously evaluated by others ,
including the National Bureau of Standards. Our data on these

• specimens agreed within a 2.5 percent random difference with the
data reported by the other laboratories.

After establishing the expansion of the ATJ standard , several
graphite dilatometers were then calibrated by making runs on this
standard . These dilatometers were used to establish the expansion
of secondary standards (also ATJ graphite) which are used to
calibrate new dilatometers and to make periodic checks on dilatometers
currently in service. This use of secondary standards thus
minimizes the wear and tear on the primary standard and prolongs
its life.

Table 1 lists the uncertainties in the dilatometer measurements
in i0~~ in./in. Observe that most of the uncertainty is in the
expansion of the standard and includes both random and systematic
uncertainties. Other sources of uncertainty , resulting from such
factors as dial gage and temperature measurement, are small amounting
to less than 0.2 x l0~~ in./in, at any temperature. The precision
in the dilatometer measurements is quite good and amounts to about

• 0.1 x l0~~ in./in. From Table 1, it can be seen that the maximum
total uncertainty , which occurs at a temperature of 4500°F, is
±0.45 x 10 ’ in./in. For a low expansion graphite, such as AT),
this amounts to an uncertainty of ±4.5 percent at 4500°F (see
Figure 2) - For graphites having higher expansions, the percentage
uncertainty would be lower.
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Table 1

Uncertainty in Thermal Expansion Measurements
Made in Graphite Dilatometers — 

-

Uncertainty in Total
Expansion of Uncertainty
Standard Random in Di].atometer

in l0~~ in./in. Uncertainty Measurements
Random Systematic in Dilatometer from all Sources

Temperature Uncertainty Uncertainty Measurements in in l0~~’ in./in.
(See Note 1) (See Note 2) l0—~ in./in. + —

500 ±0.04 0 ±0.03 0.05 0.05

1000 ±0.04 0 ±0.03 0.05 0.05

1500 ±0.05 0 ±0.04 0.07 0.07

2000 ±0.17 +0.03 ±0.05 0.21 0.18

2500 ±0.11 +0.20 ±0.07 0.33 0.13

3000 ±0.12 +0.21 ±0.08 0.35 0.14

3500 ±0.19 —0.02 ±0.10 0.21 0.23 •

4000 ±0.14 —0.09 ±0.12 0.18 0.27

4500 ±0.14 ±0 .25  ±0.14 0 .45  0 .45

5000 ±0.19 —0.12 ±0.16 0 . 2 5  0 . 3 7

Notes : 1. 95% confidence limits.

2. Represents deviation between average measured value and
least squares curve through all data.
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APPENDIX D

RAW DATA FOR MECHANICAL EVALUATIONS (STRESS-STRAIN CURVES)
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MATERIAL SPECIFICATI ON - PRELIMINARY

MS426-O 1 -

1.0 SCOPE
1.1 ~~~~~~~~. This specification covers Pyrolytic Craphite , Free Standing

Shapes) to be used in rocket motor applications (see 6.3).
1.2 Description. The material is a chemical vapor deposited form of

high p~rity graphite. This material shall be produced by
the chemical vapor deposition of carbon in a high temper-
ature furnace. -

2.0 APPLICABLE DOCUMENTS 
-

2.1 The following documents , of the issue in effect on date of invita-
tion bids or request for proposal, form a part of this specification
to the extent specified herein.

Military Specifications

- MIL-T6866 Inspection, Penetrant

TBD Inspection, C-Scan Ultrasonic

MIL-STD-453 Inspection , Radiographic

Military Standards

MIL—STD-129 Marking for Shipment and Storage

• 2.2 Other Publica tions.  The following documents form a part of this
specification to the extent specified herein. Unlesg otherwise
indicated , the issue in effect of invitation for bids or request
for proposal , shall apply.

Publ ica t ions :

American Society for Testing and Materials
- ASTM D79O-66 Flexural Properties of Plastics

ASIM D792-60T Density and specific Gravity of Plastics

AS’N D695-63T Compressive Properties of Plas t ics

ASDt 02344-65T Apparent Horizontal Shear Strength of
Reinforced Plastics by Short Beam Method

(Application for copies sht~uld be addressed to the American Society
for Testing and Materials , 1916 Race Street , Philadelphia, PA 19103)
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3.0 REQUIRDIENTS

3.1 Material Type. The material shall be a pyrolytic graphite which

can be classified as continuously nucleated (see Para. 3.2.2).

3.2 Material Properties.

3.2.1 Basic Process - Parts shall be formed by pyrolytic deposi-
tion of appropriate carbon bearing gases on the internal

form of a high quality graphite mandrel at temperatures

in excess of 2000°C.

3.2.2 Microstructure - The microstr-uctural characteristics of the

continuously nucleated CVD pyroly t ic  graphi te  shall exhibit

visual homogeneity of nucleation sites and shape across the

total thickness of the part as recorded by photomicrographs

at approximately 50X under polarized light. A similar

level of homogeneity mus t be evident at both ends of the

part as determined per Para.  4.4 .7 .
3.2.3 X-Ray Properties — The X-Ray characteristics of the pyrol-itic

graphite are specified by paragraphs 3.2.3.1 through 3.2.3.3.

Paragraph 4.4.8 specifies the methods of making the measure-

ments.

3.2.3.1 d-Spacing - The interlayer spacing (d-spacing) of

parts formed by CVD shall be 3.40 ± 0.02 A .
3.2.3.2 Crystallite Size, Lc~ The crystallite size shall

be 185 ± 35A.
3.2.3.3 Preferred Orientation - The preferred orientation

shall be 60 ± 5° I~~~

3. 2.4 Physical Properties - The physica l properties of the CVD
pyrolytic graphite shall be as specified in Table 1.

TABLE I. PHYSICAL PROPERTIES

Property MIN I/MAX

Density - gm/cc @ 75 ± 5°F - 2 .185/2. 2 05

Flexural Strength , “a” direction psi > 15000
@ 75 1 5° F

Compression Strength , “a” di rectio n psi > 10000
@ 75 + 5°F

Short  Beam Shear , “a” d i r ec t ion  psi @ 75 ~ 5° F > 750

B-2
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3.2.5 Nodule Size and Frequency

3.2.5.1 The diameter of any nodule or cluster of nodules

on the surface shall not exceed 507. of the material
thickness.

3.2.5.2 Nodule distribution shall be such that not more

than two nodules of acceptable size shall be

closer than 1.0 inch apart.

3.2.6 Delaminationg

3.2.6.1 Delaminations as determined from radiographic
analysis or visual inspection of machined edges

- 
are cause for rejection in parts with a maximum
t/r of 0.07.

3.2.6.2 Delaxninations in parts with a t/ r  greater than
0.07 are only acceptab le as de fined in paragraphs

3.2.6.2.1 through 3.2.6.2 .3.

3.2.6.2.1 Maximum Material S~ paration - The max-

imum material separation as determined

from radiographic f i lms  with low magni-

f icat ion (TBD) for an acceptable delam- -

ination is (TBD) inches.

3.2.6.2.2 Delamination Pa t te rn  - An acceptable

delamination shall be parallel to the

outside contour of the part except (TBD).

(see Figure 1)

3.2.6.2.3 Continuous Delaminations - Any delamina-

tion that can be traced for more than (TBD)

percent of the length (both sides) of a

part on the radiographic film in any of

the four views required shall be cause

for rejection.

3.2.7 Deposition Symmetry - The material thickness at any station

along the length of an “as-deposited” part shall not vary

more than (TBD) inches from the minimum material thickness

to the maximum material thickness.

- B-3 
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3.2.8 Dimensions and. Finish - Unless otherwise specified in the

contract or purchase order , dimensions and f inish shall be

as specified on the Design Drawing.

3.2.9 Workmanship - The pyrolytic graphite forms procured under

this specification shall be uniform in qual i ty  and condit ion ,

free from surface defects such as porosity, pits , cracks ,

and chips and internal defects such as voids , cracks and

inclusions.

3.3 Process His~p~y -

3.3.1 The vendor shall record and have avai lable  for each piece
submitted a comp le te process history.

4.0 QUA1~ITY ASSF NCE PF0VISIO~S

4.1 Ins pec t i cn  - The vendor shall be responsible for the performance

of all inspection requirements as specified in para . 4.3. The vendor

shall also r’-iintairi complete inspection records of  dli exa~iinations

and tests as specified on each piece submitted for acceptance.
7 - -

4.2 A lot shall consist of the terial fabricated in cne furnace run.

4.3 Sampling . - Each part fabricated shall have sufficient length to

allow for the removal of a test ring (TBD) inch long from each end .

One po r t ion  of each r ing shal l  be tested b y the  vendor to the re-

quirenients of this specification . The other portion f each ring

will be shipped with the part for verification testing at Atlantic

Research . The tests outlined in Paragraphs ~.-...l , 4 .4. 2 , 4.4 .3 ,
4.4.6 and 4 .4 .8 shal l  be performed on the test ring.

4.4 Accep~anco Test - The following destructive and non-destructive

tests  shj i l  be per formed on each piece.  F a i l u r e  of the m a t e r i a l

to confomi  t.J any requirement of this specification sha l l  be cause
for rejection . -

4.4.1 Visual Examination - Each part shall be visually inspected

for  d e f e c t s  such as poros i ty ,  pits , cracks and chips . Pot-

osity, pits , cracks , and chips are cause for rejection.

4
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4.4.2 Deposition Sy~snetry- The deposition syssnetry as required

in Paragraph 3.2.7 of the specification shall be determined
from radiographs of the “as-deposited” shape. Two radio-
graphs at a 90’ interval shall be submitted with each part

for verification to the requirements of Paragraph 3.2.7.
4.4.3 ~pecific Gravity — The specific gravity shall be determined

in accordance with AS~!4 D-792-60T using deionized water as

the irunersion fluid. Each piece tested for specific gravity

shall be free of cracks and delaminations as determined by

visual inspection and/or dye penetrant inspection.

4.4.4 Flexural Strer ~gth - (TBD)

4.4.5 Compression Stren ~ th - (TBD)

4.4.6 Short Beam Shear Strength - (TBD)
4.4,7 Structure - Photomicrographs shall be made on each piece

of material submitted for acceptance. Sample location shall

be f rom the trim rings unless otherwise specified on the
engineering drawing . These photomicrographs shal l be approx-

imately 50X under polarized light.

4.4.8 X-Ray Character izat ion
4.4.8.1 d-Spacin,g Measuren~evt t (Rotation of 2Q AngIe-~~ Values

of d-spacing shall be obtained using a Phillip ’s

Model 120 X-ray dif f ract ometer  equipped with a scin-

tillation detector. S ince sample alignment for this

type of measurement is critical , each sample will

be removed from the sample holder and the anal ysis

repeated a minimum of three times. Samples will be

examined at the 29 angle of the 002 carbon planes

by rotating the X-ray gonioineter through the angle

25.88 to 26.60 ’ 29. The 002 peak maximum will  be
used as the average angular value. The results of

- this measurement will be applied to the basic Bragg

equation, nX = 2d sin 9, to obtain d-spacing values

where a is untty, 7~ is the wavelength of radiation

being used (CuK2 l.540X) and 9 is the Bragg angle

for the 002 reflexion. Results shall be reported

in angstro~ns (A) .

B- 5 
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4.4.8.2 Crystallite Size - Apparent crystallite size shall
0.89Abe calculated by using the equation L

~ 
= 

~
where A is the wavelength of the radiation being

used, CuK~ = l.540A, B is half-height (002) line

width and 9 is the Bragg angle for the 002 Reflexion.

- B shall be determined by measuring the width of the

carbon peak at one-half its peak height and correct-
ing for instrumental line broadening by substitution

into the equation

- i / 2 \ .  / 2
R = ~~~ i i A  - F

~~\ 0BS
The factor, F, is the instrumental line broadening
factor and BOBS is the measured peak width. Results

shall be reported in angstroms (A).

4.4.8.3 Preferred Orientation Measurements (Rotation of ~
Angle) - Samples shall be prepared for preferred

- orientation measurements by honing rods (across the

a-b planes), 50 mils or less in diameter b y one inch

long out of the material to be examined . The sample
I

will then be rotated in the X-ray beam th rough the ~
direction at 1/3 rpm while the 29 angle is held c~in-

stant at the 002 carbon plane maximum. The data

result ing f rom this measurement shall be a set of
peaks generated each time the 002 plane passes through

the correct orientation with the X-ray beam. Pre-

ferred orientation data will be reported as degrees ~
at one-half peak height at the 002 plane maxitrnwi.

4.4.9 Radiographic Inspection - All parts shall be radiographically

inspected. Four radiographs shall be taken at 4 50  intervals

perpendicular to the longitudinal axis of the part. An~
internal cracks , inclusions of voids are cause for rejection
of part. Delaminations are acceptable only as de fined itt
Paragraph 3.2.6 of this specification.

4.4.10 Process History - The vendor shall record and have available

for each piece offered for acceptance the following process

information.

B-6
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4.4.10.1 Deposition temperature, pressure, flow rate and
gas composition taken at least every 15 minutes.

4.4.lb.2 Any interruptions in the deposition cycle.

4.4.11 Packaging and Marking

4.4.11.1 Each part and its associated trim rings shall be

marked in accordance with the applicable engineer-

ing drawing. Each part shall be indexed at 0° and

90° by a solvent solution ink. Inspection reports

shall reference these indices for location of defects.

4.4.11.2 Each part and its associated trim rings shall be

packaged in conformance to Section 5.0.

5..0 PREPARATION FOR DELIVE RY
5.1 Packaging and Pack~~g

5.1.1 Level C - Unless otherwise specified by the procuring

activity, the packaging and packing shall be in accordance

with the best accepted commercial practice.
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.

b. Manufacturer ’s grade and designation.

C. Manufacturer ’s name.

d. Lot number
e. Part serial number.

6.0 NOTES

6.1 Intended Use — The material covered by this specification is intended

for use in rocket motor applications.

6.2 Ordering Data - Procurement documents shall specify but not be

limited to the following information:

a. Title, number, and date of this specification.

b. Type, grade , and class required , if applicable.

c. Lot size (see 4.3).

d. Sampling requirements, if not specified (see 4.4).

e. Size of container.

8—7
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f. Place of delivery

g. Responsibility for inspection (see 4.1).
h. Disposition of test data.

6.3 Definitions - To insure uniformity of interpretations the follow-

ing items are defined.

6.3.1 Nodules - A single grain growth significantly larger in

size than the surrounding matrix, appearing as a blister

on the deposited surface.

6.3.2 Delaminations - A material separation parallel to the plane

of deposition that is discernible at low magnification from

radiographic film.

6.3.3 ~J~~Ratio - The t/r ratio is the ratio of material thick-

ness at a point to the radius of curvature at tt.at point.
6.3.4 Cracks - Any material separationother than a delamination.

6.3.5 Clusters - Two or more nodules in contact.

6.3.6 “As-Deposited” - The “as-deposited” condition refers to the

condition of the part after it has been removed from the

furnace and the mandrel has been removed from the part but

prior to any internal machining.

6.3.7 Station - Station as used in this specification refers to

any axial location in inches measured from (TBD).

6.3.8 “a” Direction - The direction parallel to the plane of
deposition. Also known as the a-b direction.

6.3.9 “c” Direction - The direction perpendicular to the plane

of deposition.

6.3.10 ~~~~~~~~~~~~~~~~~ 
- In case of discrepancy between Engineer-

ing Drawing and this specification , çhe requirements of the
drawing shall prevail.

I
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