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l . INTRODUCTION 
The stress analysis problems inherent to reentry vehicle nosetip desion 

w re discu ssed in general by Jones [1] in 1967 alonq with numerous specific 
proble s by other authors in the same conference proceedinqs volume. Since 
th n nosetip stress analysis technoloqy ha s been periodically reviewed. In 
1 70 , results of the aborted Graphite Advanced Development Plan were summa-
riz d ro a stre s analysi s and material modelinq point of view [2]. Shortly 
thereaf ter, an extremely valuable interaqency conference was held under the 
auspices of the Ato ic Eneroy Commission [3]. More recently, Schneider et al. 
[4] described o e current thermodynamic and elastic stress analysis procedures for reentry vehicle nos etips. 

The objective of t his report is to review current reentry vehicle nosetip 
s tress analy is capabi l ities and to identify material behavior characterist :cs 
that ~re not correctly tre J ted. We ulti mately aim to establish the material 
ehavior orinciples necessary for adequate engineerinq treatment of reentry 

vehicle nos tip str ss analys is problems. In doinq so, we hope to motivate 
desperately needed research in ma terial beha ior phenomena. Also, we will 
identify many facets of mater·a1 modelino that must be brouqht to bear on the 
prob lem. Obv ious ly, we cannot define a precise material model now, but we will lay out the pa th. 

In acco pli shino this objective, we will first iscuss some of the syste-
ic mo tivations that generate reentry vehicle nosetip stress ~nalysis problems. 

We will then describe current nosetip analysis carabilities. Next, we will 
examine some of the current problem areas that have been identified in the past 
few years. Finally, we will predict some of the nosetip analysis capabilities that we expect to exist within the next five years. 
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2. SYSTEMIC MOTIVATION 

The first cate ory of reentry vehicles that should be described is ballis­
tic reentry vehicles as shown in Fi . 1. Ballistic reentry vehicles are sub­
jected to, if they operate at zero angle of attack, an essentially axisyrrmetric 
pres sure and temperature state. Therefore, the material properties are axisym­
metric if oriqinally they were axisyrrmetric. In addition, the pressure and 
tempera ture loading increases essentially monotonically as we progress alonp 
the trajectory. The second category of reentry vehicles is maneuverin reentry 
vehicles , also shown in Fig. 1. They are subjected to as,Yll1lletric pressure and 
temperature and therefore have asymmetric material properties and asymmetric 
geometry. In addition, they are subjected to cyclic loadinp due to maneuverin9 
of the vehicle during flight. 

-------,,-- ..... , .,,,,,. ..... , .,,,.,,, ' 
~ ',, 

~IIAUISTIC REENTRY VEHIC I 

/- ......... 
/ ', .,,,. __ _,,, ', 

I ' /{\--- ' ~ , ....... 

\_MANEUVERINC: REENTRY VEHICLE 

FIGURE 1 BALLISTIC AND MANEUVERING REENTRY VEHICLES 
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Reentry vehicle nosetips must be desiqned to meet five major requirements: 
(1) avoidance of failure due to thermal and mechanical stresses arisinq from 
rapid reentry as well as blast loads and maneuverin9: (2) avoidance of burn­
through due to ablation; (3) accuracy of the vehicle trajectory ; (4) hardness 
against exoatomospheric nuclear encounter; and (5) resistance to particle en­
cuunter such as rain, dust, and ice. In this report, we will concentrate on 
the thermal and mechanical str ess problem with some perspect i ve added by dis­
cussion of pertinent trends from ablation analysis. 

The geometries common for nosetips are shown in Fiq. 2. First of a·. 1, a 
shell tip generally has very hi 9h thennal stresses because of a thick transi­
tion region from the solid body to the shell region. A shell tip is also quite 
susceptible to burninq through because of the thin walls. Thermodynamicists 
would like as much material as possible in the nosetip to prevent burn-throu~h 
whereas thennal stress analysts want as little material as possible to avoid 
thennal stresses. These two diverse and contrastin9 requirements are the rea­
son for needing very precise prediction capabilities for nosetip desian. For 
example, the design of a shell tip is changed by realigning the internal contour 

SHELL NOSETIP 
PLUG NOSETIP 

FIGURE 2 NOSETIP GEOMETRIES 
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as sh own in Fiq. 2 to lessen the susceptibility to thermal stress failure and, 

at the same ti me, not to vi olate the ablation requirements. 

Plug tips are generally subjected to less severe thermal stresses than 

shell t i ps. However, shel l tips are more effective in resistinq side (aero­

dynamic) loads duri n~ manuevering and have hi gher hardness than plug tips. 

The capability for redesi gning plug tip~ to survive a tra j ectory from a ther­

mal stress versu s ablation point of view is much wider than fr shell t ips. 

For example, with plu ti ps , we would expect to dec rease the ex posed length of 

the plug (the "overhang" ) to decrease thermal stresses. We miqht increase the 

shan k diameter (although it is generally fixed by heatshield thickness require ­

ments due to ablation) an~ simultaneously we miqht chanae the angle of the in­

terface between the plug and the heat shield material (carbon phenolic, carbon/ 

carbon, quartz phenolic, etc . ) surrounding it. 

The principal nosetip materials under consideration are graphites and 

carbon/carbons. Graphites are macroscopically homoqeneous, transversely iso­

tropic, dnd generally fail in a brittle manner. The stress-strain diagram 

shown in Fi g. 3 is nonlinear to fail ure. A typical modulus versus temperature 

relationship is also shown in Fi g. 3 wherein the modulus actually increases 

from its room temperature value until a temperature of about 3500°F is reach­

ed and subsequently decreases to nearly zero as graphite approaches sublima­

tion. In addition, at all temperatures, the axial modulus is lower than the 

modulus in the circumferential and radial directions. Or. the other hand, 

carbon/carbon materials are macroscopically inhomoqeneous because of large 

fibers in, for example, the axial direction of the nosetip. These materials 

can be characterized as orthotropic if the fibers are in orthogonal directions 

but can be anisotropic when fibers at other than 90 ° are inserted in the ma­

terial. Carbon/carbon fails in a progressive manner as shown in the stress-

4 
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FIGURE 3 TYPICAL GRAPHITE NOSETIP MATERIAL (ATJ-S(WS) in Compression 

strain diagram of Fig. 4. In this figure, the material is stressed in the 

direction of some substantial axial fibers which apparently slip rel ative to 

the matrix material as stress is applied. The modulus versus temperature re­

lationship is shown for the circumferential and radial directions in Fig. 4. 

The three curves shl)wn are interpretations of the same experi mental data by 

di f ferent people. Thus, there is considerable disagreement as to the actual 

modulus versus temperature relationship. Note that the axial modulus for this 

particular carbon/carbon material is about tw~ce the circumferential modulus. 

Such a relationship is not unexpected when you realize that there are such 

large fibers in the axial direction. 
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3. PRESENT ANALYSI S CAPABILITY 

The objective of current nosetip stress analysis efforts is to be able to 
predict the behavior of both graphite and carbon/carbon nosetips in ballistic 
as well as maneuvering tra jec tories . In order to accomplish this objective , 
we must have an appropriate hierarchy of computer programs ior use in reentry 
vehicle development during three phases of desiqn: (1) preli minary desion 
analysis where many parametric studies are made, (2) intermediate desiqn anal­
ysis , and (3) final desiqn analysis where we expect all the required character-• -
istics of behavior modelin9 for a particula r system to be taken into account. 

The criteria to select computer programs for these three des ign analysis 
phases are based on three factors. First, the sophistication of the program 
(the approp r iateness of the material model to the problem) . Second, the ease 
of use which involves the avai lability of the program, our fa miliarity with 
it use, and finally the number of man hours to implement the computer pro­
grams. The last factor is t he cost of using the computer. The balancinq of 
the three factors is di fferent for each of the three stages of desion analysi 
For example, crude (i.e., unsophi sticated) programs that are easy to use and 
inexpensive to run would be used in preli minary desi9n analysis. There, the 
sophistication of problem modelin g is sacrificed in order to use proorams that 
require little effort and expense, thereby accomplishin9 paramerric studies 
for many configurations. In final design analysis, on the other hand, all 
stops would be pulled out, and the most sophisticated modelin q necessary would 
be used even if the number nf man hours for input and the comouter cost are 
both high. The balance of fa ctors for intermediate desi~n analysis is more 
nebulously defined as being somewhere between the two extremes just discussed. 
A major point is that only when we know the correct material behavior in detail 
from having used the most sophisticated proqrams can we use the simplified 
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programs intelli gently. That is, an inteqrated learning process mu s t be un­dergone to effectively accomplish a nosetip desi qn. 
The interactions that occur in the nosetip design process between the 

discipli es of materials, the rmodynamic s , aerodynamics, stress analysis, fail-
ure analy is, and de~ign are shown in Fi q. 5. Generally, tr.e materials people 
prov ide prope rti es to the stress analys ts and to the thermodynamicists . The 
aerodynamicists provi de heat rates and or~s su res to the thermodynamici s ts and 
pressures an -' shears to the s trec; s analysts. In turn, the thermodynamicists 
provide temperatures to the stress analysts, who are then in a position to 
determine the stresses and s trains in the nosetip. Those stresses and strains 
are then evaluated with some failure criterion. If the desi gn is judoed to be 
prone to failure, then changes must be made. The first type of change that is 
usually attempted is speci f ication of a new internal geometry for a shell tip 
or a new overhang for a plug tip. The thermodynamicists then do their job 
over again, and so on through another stress analysis and aprlication of the 
failure criterion. Another possi bility in design is that perhaps a new mate-

MATERIALS 

NEW 
MATERIAL 

PROPERTIES THERMOD'fNAMICS 

PROPERTIES TEMPERATURES 

STRESS ANALYSIS 

STRESSES & STRAINS 

FAILURE CRITERION 

DESIGN 

FINAL DESIGN 

HEAT RATES 
PRESSURES AEROofNAMlcs 

/ 
PRESSURES 

AND SHEARS 

NEW 
INTERNAL 

GEOMETRY 

NEW 
EXTERNAL 

GEOMETRY 

FIGURE 5 DISCIPLINARY INTERACTIONS 
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rial or a modification of the old material wou1d be judged more suitable for 
this particular nosetip, and the entire process would start all over aoain. 
The final and least likely alternative is that new external geometry (e.g., 
a new half cone angle or nosetip radius) would be specified and everybody, 
including the aerodynamicists, would do their job all over aoain. The net 
result of cycling through the various interactions shown in Fi9. 5 is that an 
acceptable design is generated. An acceptable design, however, may be quite 
difficult (and perhaps impossible) to obtain if we have trouble providing 
enough material to avo id burn-through yet little enough material to avoid 
excessive thermal stresses. 

In order to make nosetip behavior prediction a rational process, we must 
have appropriate stress analysis tools and failure criteria. We will not dis­
cuss further those other disciplines with which we interact ; rather, we will 
emphasize that for the purpose of stress analysis and the overall prediction 
of nosetip behavior, we must have a prediction tool that i~ ver"fied by use of 
simple laboratory tests; complex laboratory tests (uniaxial throu9h biaxial or 
triaxial tests); proof tests of various types including ground facility tests, 
such as the Philco-Ford hydrogen-fluorine facility; and on up throuqh fli9ht 
tests. Thus, we qualify a nosetip behavior prediction tool for the use throuqh 
an integrated testing and analysis procedure. Only through this procedure can 
we be confident that we have an adequate prediction tool. 

We would like to distinguish between the two types of stress analysis 
necessary for nosetip materials. The firs ·: is a continuum or macromechanical 
approach wherein the characteristic length of the material, such as the qrain 
size in graphite or the fiber spacing in carbon/carbon, is very much smaller 
than the dimension over which stresses chanqe rapidly. This type of analysis 
is more typically applicable to graphites than carbon/carbons because of the 
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ob viou s rela tion between the physical characteri stic s of those material s and 

th ir ap pl ~:ation in nosetips. The second appr·0ach is the noncon ti nuum or 

rn icrom chani cal approach wherein the rr.aterial characteri stic ler1th is about 

t h sa 0 ord r of ma nitude as the dimension ov r whi ch the stresses chanqe 

r id ly. This type of analysis may b req uired for carbon/carhon materia ls . 

J ha ves own a one-s ntence d scrip t ion of the nosetip continuum stres s 

analysi s prob l m i n Fi . 6. In the braces are li s t ed adjectives in increasing 

order of complexi ty as we read down to the hi ghest deq ree of sophisticat i on 

be li eved appl ica ble to the prob lem. We have boxed in those adjectives that 

represen t our present capability. That is, we can now perform stress analysis 

of inhomogeneous orthotropic elastic axisymmetric bodies subjected to static 

axisymmetric thermal and mechanical loads. To a li mited extent, we can also 

cons ider plastic effects, but not sim~ltaneously with asymme tric bodies under 

asymmetric loads. 

{ 
HOMOGENEOUS \f ISOTROPIC } 

THE STRESS ANALYSIS OF IINHOMOGENEOUSIJUORTHOTROPICI 

{

,=----:, IELASTICI } XI M C } 
lflASJl<J OR VISCOELASTIC 'ASYMMETRIC, BODIES 

VISCOPLASTIC ~--------::.I 

SUBJECTED TO { ISTATICI } nA~l~!~~!~CI\ THERMAL 
DYNAMIC l ~lM..'dEJR~] J 

AND MECHANICAL LOADS 

FIGURE 6 NOSETIP CONTINUUM STRESS ANALYSIS 
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The nosetip noncontinuum stress analysis prob lem is described by use of the sentence in Fig. 7. There, we have added two new features: first, a two­phase or multiphase material must be treated, and, also, that material mi~ht ~c anisotropic. None of the adjectives are boxed in because no program exists for analysis of a nosetip with more than nne material phase. Thus, we have a long way to go to solve the real nosetip noncontinuum stress ana lysis problem. The generally available nosetip thermostructural computer programs are listed in Fig. 8 along with their characterization according to w~terial model, typ~ of body, and type of loading. All programs apply to inhomogeneous bodies under sta t ic load. The SAAS III program [5] has an elastic material model with an approx imate deformation theory of plasticity of an axisyrrmetric body under axisyrrmetric load. The SAAS III program is the basis for nosetip stress anal­ysis efforts by most reentry vehicle desiqn contractors. Many contractors modified various versions of SAAS to, for example, automate the chan~ing exter­nal boundary of the nosetip during reentry. The DOASIS program [6] has an im­proved deformation plasticity model over SAAS III for the same type of body 

{ TWO-PHASE} f HOMOGENEOUS } 
THE STRESS ANALYSIS OF MULTIPHASE llNHOMOGENEOUS 

{ 

ISOTROPIC } { ELASTIC } { ORTHOTROPIC PLASTIC OR VIS~OE_LASTIC . AXISYMMETRIC} ANISOTROPIC • VISCOPLASTIC ASYMMETRIC 

BODIES SUBJECTED TOf STATIC } {AXISYMMETRIC} THERMAL lDYNAMIC ASYMMETRIC 
AND MECHANICAL LOADS 

FIGURE 7 NOSETIP NONCONflNUUM STRESS ANALYSIS 
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CHARACTERIZATION 
PROGRAN1 

MATERIAL MODEL BODY LOADING 

SAAS Ill 
DEFORMATION 

AXISYMMETRIC AXISYMMETRIC PLASTICITY 

DOASIS 
DEFORMATION 

AXISYMMETRIC AXISYMMETRIC PLASTICITY 

OASIS 
INCREMENTAL 

AXISYMMETRIC AXISYMMETllC PLASTICITY 

ASAAS ELASTIC ASYMMETRIC ASYMMETRIC 

SAFE 3D ELASTIC ASYMMETRIC ASYMMETRIC 

ALL TREAT AN INHOMOGENEOUS BODY UNDER STATIC LOAD 

FI GU RE 8 AVAILABLE OS ETIP STRE SS ANALYSIS PROGRAMS 

and the same loading. On the other hand, the OA I proqram [7] has an incre­

menta l plastici ty model for axisy metric bodies under ax1symmetric loads. The 

ASAAS program [8,9] has an elastic material model for asyrrrne~ric bodies (asy -

metric material properties, but axisymmetric aeo etr ) un ~er asy 1 etric loading. 

The asymmetric material properties of the body are expanded in a Fourier series 

in the circu~ferential direction. A more riqorous appro1ch to that very co nlex 

problem is given in the vers ion of the SAFE 3-0 proqram adaoted for nosetip 

analysis [1 0]. The material model there i s also elastic fo r as ,~ _tric bodies 

built up of tetrahedra under asymmetric loadin . Crose and McKinley [llJ show 

that predictions with the ASAAS program agree favorably with SAFE 3-0 r~sults 

and are obtained at much lower cost. General purpose programs such as NASTRA N, 

ASKA, etc., including other versions of SAFE 3-0, are not set up for nosetips 
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although they do have other important modeling capabilities that could be 
brought to bear on the nosetip problem. Other nosetip programs are available 
such as the ROHM & HAAS program, the QqTHOSAFE and ASYM programs of General 
Electric Reentry Systems Division, the FINE program of Philco-Ford, and the NDAT program of Lockheed Missiles and Space Co. 
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4. CURRENT PROBLEM AREAS 

Numerous ~roblems have arisen in the mc,deling of the complex response of 

graphitic materials (graphites or carbon/carbons) during desiqn analysis for 

various nosetip env i ronments. The choice of graphitic materials for nosetips 

was based primarily on nonstructural considerations. Moreover, as is ofter. 

the case, design technology was required before it was "ready". The lack of 

a design technique was also eviden t in the lack of criteria by which selection 

and/or improvement of materials could be accomplished. Programs were started 

to define the material responses and the implications of the environment in 

tho; e responses. However, indications of critical areas of study came bit by 

bit and were incorporated in the overall design procedure. Before discussing 

hese effects in particular, we will address the implications of the dilerm,a 

in which this enforced approach has placed us. 

Clearly, the predictive computer proqram, as the mathematical analoq of 

a material, is only as accurate as the model it contains. However , we cannot 

claim that with each additional effect accounted for, the prediction will be 

quantitatively more accurate, because other effects, as yet unaccounted for, 

may be acting in the "opposite direction". This dilemma establishes the need 

for validation tests under thermal loads. These tests can occur on a labora­

tory scale where the deformation and/or failure level is measured with preci­

sion instrumentation. Or, the test~ can involve full-scale simulation in a 

rocket n~zzle exhaust where reentry conditions are approached (but are never 

achieved!). However, in full-scale tests, the only information determined is 

the time to f,,ilure, i.e., the analysis is required to prove the analysis. 

With this per~pective, we proceed to discuss the different phenomena that are 

known and must be incorporated in a precise design technology. 
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4.1 0 thot ro ic Material Pro erties 

The firs t area of concern in developing a model for graphitic materials 

is th eneration of basic data in a manner in which the material is "doing 

its own t hing " . Tha t is , artificial bi as must not be imposed by the testing 

rocedu re . Note that the response of both graphite and carbon/carbons under 

load is th(: res ult of complex interactions of elastic straining, tearinq mech­

anisms , matrix flow, a-b plane slip and opening as well as other phenomena. 

Wi t h t he orthotropic r.ature of the material and these mechanisms in mind, we 

are not surprised that t he bulk response of these material s cannot be modeled 

by clas sical ela tic or elastic-plastic constitutive relations. Therefore, 

the interpre tation of the data derived from tension and compression tests is 

insufficient to characterize the response. 

Great care must be used in interpreting even basic tension and compression 

data. Two considerations which must be incl 1Jded in the reduction of such data 

fo r input to the nose tip behavior program are (1) the model used and its rela­

tion to the nature of the loading in real application an d (2) the type of test 

and instru entation from which the data were derived. For example, in elastic 

and bi linear ela sti c-plastic models, compression data should be input not as 

the data to failure, but only up to a stress-strain level experienced by the 

nosetip. To attempt to directly use modulus data obtained in a flexure test 

would be equally erroneous because such data, as classically reduced, contain 

assumptions of classical elasticity with the same tension and compression be­

havior. A further example is a nosetip for which the response is sensitive to 

the Poisson's ratios , i.e., a reasonable range in variations of the Poisson's 

ratios leads to significant changes in the results of the analysis. Typ1cal 

Poisson's ratios data are generated on specimens for which the precision of the 

instrumentation is of the same order as the signal itself. Therefore, higher 

quality data than presently available must be generated. Moreover, we rrust 
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truly know the behavior of the material before we can reliably measure its properties. 

Variations in reported material properties may be from both real and un­
real sources. Examples of u, ~~al sources come very often when the data have 
been generated at different sources or by inaccurate or inappropriate testing 
techniques. We must, as a prerequisite to analysis, determine the quality of 
the data we are using. Real variations can often be mini mized by usin9 data 
from the same billet as the nosetip and, since the number of specimens wou ld 
then be far too limited, data from the same batch of billet~ . Eventually, we 
hope, improved characterization based on microstructural studies and nonde­
structive testing procedures will aid in determining the correct data to be 
used. In any case, materials with such complex constituents and processing 
as graphites and carbon/carbons will have significant variability; limited data 
packages should be used only for screening and preliminary analysis. Before 
the noseti p design phase for a selected material, complete characterization 
must be accomplished and quality control testing must be continued on all new 
batches of material received. 

Another area of major concern at present is the material properties in 
general. First of all, some engineers are still not convinced that nosetip 
materials are actually orthotropic and that a principal consequence of the 
orthotropy is that the various shear moduli are independent of each other and 
independent of the Young's moduli and Poisson's ratios in a given coordinate 
system {relations between moduli can be obtained if rotations of, for example, 
forty-five degrees are made). Moreover, some engineers still don't understand 
that the Poisson's ratios are independent and not bounded by the value of 1/2. 
That value of 1/2 is valid only for isotropic incompressible materials. An 
incompressible orthot ropic material does not have Poisson's ratios of 1/2; 
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mor over, graphite is not an incompressible material. Generally, we must 
sist that properties be reported in principal material directions instead of 
at some an le to those directions. We should anticipate that a series of 
uniaxial, biaxial, and triaxial tests be ut ' lized t0 characterize materials 
as elastic, plastic, viscoelastic, or whatever is necessary to adequately de­
scribe the material. In the process, we need stress-strain curves to failure 
over the full range of nosetip operatino temperatures . 
4. 2 Different oduli in Tension and Compression 

Many nosetip materials exhibit different elastic moduli in tension than 
in compression, as show;1 in Fiq . 9. The nonlinear stress-strain curve has 
essentially different slopes under tensile stresses than under compre sive 
stresses. Note that the actual behavior is continuous throuqh a zero stress 
level , but, given the requirement to have a simple stress-strain curve in a 
computer program , use of bilinear model does reauire different tens i on and 
compression moduli. For graphites , we find that the differences between the 
tension and compression moduli are about ~20 / . For carbon/carbons, a very 
realistic appraisal of the 1ifference between tension and compress i on moduli 

a 
- BILINEAR MODEL 
- - ACTUAL BEHAVIOR 

FIGURE 9 DIFFERENT MODULI IN TENSION AND COMPRESSION 
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may be on the order of a factor of two. Some data are reported wherein dif ­
ferences of up to factors of three to five occur. 

One of the many problems involved in 1nalyzing material s with different 
mcduli in tension and compression is not very well illu strated by the simple 
uniaxial st:--ess-strain curve on the left of Fig. 9. On the right is a sketch 

of a biaxial stress plot ~1ere in the all-tension quadrant we can easily appre­
ciate that the tension modulus must b·1 used. However, in the mixed tension 

and compre~sion stress state, we really don't know what modulus to use; perhao 
more importantly, we don't know what Poisson's ratios to use. That is, the 

problem is generally one in which we are faced with an orthotropic ma erial 

under a multiaxial stress state, and the moduli depend on the stress level in 

an unknown manner. Models for materials with different moduli in tension and 

compression are discussed by Jones [12] and by Crose and Jones [5]. 

4.3 Nonlinear Orthotropic Behavior of Graphite 

Graphite exhibits nonlinear orthotropic behavior as shown in Fio. 10 . 

Weng [3] obtained a stress intensity - strain intensity relation that passes 

through experimental data for uniaxial and biaxial loadin . Because the mate­
rial is orthotropic, the dilatation or expansion of the material cannot take 

place without distortion and vice versa. Therefore, the imposit i8n of a hydro­

static pressure changes the yield stress of th~ material; this behavioral phe­
nonmenon renders classical plasticity invalid fm · use with graphites. 

A more recently identified characteristic of graphites is called "biax ial 
softening. " In Fig. 11, a stress-strain curve obta~ned under uniaxial loading 

is sketched alongside a stress-strain curve obtained under biaxial loadina. 

For the same stress level, the strains are much larger for the biaxial stress 

state than for the uniaxial stress state. Ordinarily, with the usual Poisson 

effects, we would expect the biaxial curve to fall to the left of the uniaxial 
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FIGURE 10 NONLINEAR ORTHOfROPIC BEHAVIOR OF GRAPHITE 
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FIGURE 11 BIAXIAL SOFTENING OF GRAPH ITE 
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curve. This behavioral phenomenon (which, strictly speakina, should be called 
"multiaxial softening") is attributed to plastic volume change due to micro­
cracking or tearing. The fact that a plastic volume chanqe occurs is another 
reason for rejecting classical plasticity theory for graphites. 

Another way of looking at the biaxial softening problem is shown in Fig. 
12 where biaxial strain sta t es are plotted for hollow tubular ATJ-S graphite 
specimens loaded at 70°F [13]. In all cases, the maximum principal stress is 
3,550 psi. The experimental data are denoted by open circles and are con­
nected by straight lines for various stress ratios. The SAAS II computer 
program [14] was used to evaluate the strains under ave y similar maximum 
principal stress state (3,500 psi), but note that the predicted strains are 
much less than the measured strains. In fact, the actual strains are nearly 
30% higher than the SAAS II prediction in which a bilinear approximation to 
the nonlinear behavior was used and, perhaps more important, in which an in­
appropriate yield function was used. The intermediate result using super­
position of uniaxial stress-strain data is only an approximation to the real 
behavior and would not be expected to agree with the experimental data. 

Other possibly relevent material characteristics which should be, and to 
some extent are being, addressed include (1) the effect of rapid heating on 
overall material response, (2) the effect of stress state on free expansion, 
ad (3) the inaccuracy inherent to applying deformation theories of plasticity 
to what is more correctly an incremental problem. 
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4.4 Carbon/Carbon Nosetips

Carbon/carbon nosetips are made in both shell and plug styles. A typical 

plug nosetip is shown in Fig. 13. This type of nosetip has been examined for 

thermal stress resistance in the Philco-Ford hydroqen-flourine facility [15]. 

Note that this particular nosetip has large axial fibers that you can detect as 

the multiple streaks at the very tip of the nose. Obviously, carbon/carbon 

nosetips are macroscopically inhomogeneous. We also see from the pattern of 

axial reinforcement that we could not describe the material as axisymmet»'ic. 

Moreover, the stress field is discontinuous because of the large axial fibers. 

Thus, if we use an axisymmetric nosetip stress analysis, we predict grossly 

averaged stresses. Accordingly, we might require a three-dimensional finite 

element stress analysis program for micromechanical stress analysis, although 

perhaps a combination of a two-dimensional program and a three-dimensional 

program or a pseudo-three-dimensional program such as ASAAS [8] might suffice.

FIGURE 13 CARBON/CARBON PLUG NOSETIP



Another facet of carbon/carbons is their drastically different tension and 
compression moduli. Moreover, currently, the general material property char­
acterization is quite inadequate; recall Fig. 4 where the modulus versus tem­
perature relationship was interpreted in three different fashions from the 
same data. Thus, carbon/carbon design analysis techno1ogy is in its infancy. 
Another interesting problem associated with carbon/carbon nosetips is that for 
short tension specimens in the axial direction of the nosetip material, the 
fibers will actually pull out if the specimens are less than about eight inches 
long. However, nosetips are much less than eight inches long. Accordingly, 
the stress gradients are very severe and are accompanied by a difficult-to­
represent physical mechanism for fiber motion relative to the matrix. 
4.5 Failure Criteria 

Failure criteria are yet another significant problem area. Two types of 
failure occur for nosetips. First, instantaneous failure is typified by graph­
ite; almost every crack that reaches a critical length is catastrophic since 
it propagates in an essentially instantaneous manner. SJch cracks propagate 
either completely through the tip or to some degree than renders the tip most 
unlikely to survive subsequent loading. The other type of nosetip failure is 
a progressive failure; that is, the cracking is not catastrophic irrrnediately, 
but the cracks can progress with time to cause failure of the nosetip. Also, 
progressive failure cracks degrade the material's capability to endure subse­
quent loading. Progressive failure is often exhibited by carbon/carbons. 

Several methods exist for predicting instantaneous failure: a maximum 
principal stress or strain criterion, a generalized distortional energy theory 
(although orthotropic materials generally have distortional energy coupled to 
dilatational energy) commonly referred to as the Tsai-Hill Theory [16], and, 
finally, a tensor failure theory such as the Tsai-Wu theory [17]. The methods 
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of predicting progressive failure generally involve fracture mechanics to study 
the initiation and propaga~ion of cracks in a nonhomogeneous material. 

All failure theories require the generation of data which are currently 
obtained in a stress loadin test. However, the thermal stress state in a 
nosetip actually leads to deformation loading. Thus, techniques must be found 
to account fer this very real distinction. Al so failure theories with multi­
di nsional failure surfaces miqht prove useful in an en9ineering sense when 
suitable data are available to confirm them for nosetip material~. However, 
such failure theories are usually based on a continuum assumotion rather than 
on a description of the actual complex nature 1f the material. Moreover, a 
ailure criterion established for "mean " failur,~ cannot necessarily be extra­

polated to a hi gh confidence level based on statis~ical distributions of uni­
axial data. That is, the multi-di mensional criterion may vary with the failure 
probability level. 

Progressive failure is more difficult to describe ~uantitatively than in­
stantaneous failure beca u~e both the loading behavior and f~ilure surface are 
functions of ti me (and perha ps thermoch 2m ical reactions) as well as of stress­
strain-temperature relations. Such a phenomenological descriptiun is far too 
complex for the current state of technology (and for the economic resourc~s 
available for the problem). Thus, an engineerin9 solution will most likely 
come from a fracture mechanics appro~~h based on limiting assumptions of the 
imposed loading durinq reentry. 

4. Material Model - Failure Criterion Interaction 

An interesting interaction exists between the material model used and the 
failure criterion applied. For example, a few years aqo when we performed 
only ela stic analyses, we typically used a strain-based failure criterion. A 
linear-elastic stress-strain curve is sketched as a dashed line in Fig. 14 
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along with a solid curve that more accurately represents a typical graphite. 

Note that the over-predicted stresses lead to unnecessarily conservative fail­

ure predictions. However, if we use the maximum strain failure criterion, we 

will generally be in about the correct ballpark for failure of the material, 

despite our inaccurate stress prediction. On the other hand, if we are able 

to use a plastic analysis, we will follow the actual nonlinear stress-strain 

curve and predict more accurate stresses. Therefore, in such cases, a stress­

based failure criterion is reasonable. Finally, for an analysis in which a 

zero plastic volume c~ange is inherent, we know we cannot predict the strains 

very accurately and m1Jst use a stress-based failure criterion. However, the 

current stress-to-failure data are much more consistent than the strain-to­

failure data. This factor may also influence whether a stress- or a strain­

based failure criterion is used in future design analysis. 
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FIGURE 14 MATERIAL MODEL - FAILURE CRITERION INTERACT1ON 
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5. FUTURE CAPABILITIES 

Most of the problem areas we just discussed will pre sumably have adequate 

engineering treatments, if not scientifically acceptable explanations, wi thin 

the next few years. Currently, research is bein~ done in the area of bia xia l 

softening and nonlinear behavior of graphites. Efforts to define the behavior 

of composi~e materials with different moduli in tension and compression are 

also underway. Exploratory studies are in progress for definiti on of the many 

problems associated with understanding and desiqn anal ysis of carbon/carbon 

nosetips. Many efforts, sponsored and informal, are beinq conducted to define 

effective fa i lure criteria. Across the bo~rd, there is an effort to up rade 

the understanding of the materials we are trying to use. 

Sometime in the near future, perhaps within fi ve year s , we anticipa t e the 

av ilability of t hree-dimensional fin ite element stress analysis computer pro­

grams with very sophisticated material model s. These material mode l s will have 

mult iple ph ases (i. e., a micromechanical approach), incremental noncla ssical 

plas ticity , and maybe even strain-rate dependent effects . The stresses pre ­

dic ted .,.,ith such a pro ram will somehov1 be coordinated, we presume , with frac­

ture me chanics analysis of multiphase mater ials wherein both initiation and 

propagation of a crack with ti me during the trajectory wi ll be predicted. 



6. CONCLUDING REMARKS 

In this report, we ha '✓e been able to clearly identify that if a new class 
of reentry vehicles and/or a new class of materials is introduced, important 
new classes of complicated stress analysis and failure problems often simulta­
neously arise and must be resolved. In addition, our present analysis capa­
bility for reentry vehicle nosetips is inadequate for today's problems, much 
1 ess tomorrow's. 

Many new problem areas have been identified such as different tension and 
compression moduli, nonlinear orthotropic behavior including biaxial softening, 
carbon/carbon inhomogeneities, and inadequate failure criteria. Efforts are 
currently underway to obtain an engineering understanding of these phenomena. 
However, many of the efforts are somewhat fragmented· more interagency coop­
eration is essential to effectively resolve the very difficult nosetip stress 
analysis problem. We believe the near future holds three-dimensional finite 
element stress analysis programs for complex material beha ior, including crack 
propagation. These programs will be used not only in the fi n~l design analysis 
stage, but will also be used to enable intelligent application of less sophis­
ticated computer programs at earlier stages of design analysis. 

In order to attain the objective of predicting nosetip behavior, we must 
have (1) closely integrated testing and analysis programs to characterize the 
nosetip materials and (2) a rational nosetip design analysis procedure. We 
must have a rational design analysis procedure because flight tests yield only 
"go" or "no go" information and hence very 1 ittle actual nosetip behavior in­
formation. That is, flight tests cannot tell us how to redesign a nosetip to 
survive a specified environment. Redesigning a nosetip to satisfy various 
goals requires an accurate design analysis procedure; only a design analysis 
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tool has a rationale for redesi gn. If we change the trajectory or the nosetip 

configuration, flight tests have to be done all over again; but the ground­

based rat ional design analysis procedure will automatically account for such 

changes . Of course, a series of flight tests can reveal many points of a 

specific parameter - performance relationship. However, design analysis 

efforts are orders of magnitude less costl and have an overwhelmina advantage 

of providing information on geometries and materials vastly different from 

t hose flown on necessarily specific fli ght tests. Thus, the development of 

rational desi gn analysis procedures for nosetips is imperative. 
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