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FOREWORD 

Th i s report covers work performed under the second 
portion of Task II, Cont ract F33615-68-C-1462, during the 
per i od November 1968 throu gh March 1969. The con trac t was 
in ·itiated unde r Project '1368, Task 136804, 11 Ther·mantic 
Structur,~s. 11 and was adm ·inistered under the direictic)n of 
the Applied Mechanics Branch, Structures Division of the 
Air Force Flight Dynamics Laboratory with James F. Nicholson 
being the Project Engine er. 

This report ·Is concerned w·ith an 11 Assessmemt of Mate,·ials 
and Structures for Hyper sonic Vehicle Techno lo gy•• and contains 
a review of high L/0 vehicle design-structu ral concept consid­
erations. A separate re port (AFFDL-TR-69-12) was prepared on 
protective coatings for tantalum ,tructures and is discussed 
only briefly in this rep ort. 

This task at Universal Technology Corporation was 
managed by Robert J. Gra n with Robert D. Guyton and Jesse C. 
Ingram, ,Jr., being principal investigators. Acknow ledgement 
is extended to Mr. J. F. Nicholson for his review and 
constructive input to this document. 

The manuscript was released by the authors on 21 March 
1969 for publication as an AFFDL Technical Report . 

Publicatfo~ of this report does not constitute Air Force 
appro11al "of t:1e report's findings or conclus1on s . It is 
published only for the exchange and stimulation of ideas. 

~i//. /~~~fl 

4KEI TH I. COLLIER 
Chief, Applied Mechanics Branch 
Structures Divisfon 
Air Force Flight Dynamics 
laboratory 
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ABSTR AC T 

An anal ys is and assessm~nt program was conducted to 
ev alua te the relat ive merits of candidate radia t iv e the r mo­
struct ural configurations fo r a hy per sonic L/D =3 reentry 
vehicle havi ng a use ful payload capacity. The report 
discusses the effec ts of ve hicle conf i guration on ov~ral l 
st r uc ~tral desig n and attempts to ass i gn the re f ractory 
metal lie alloys to their mo st effic ie nt ran ge of design 
util iza tion expressed in terms of time-temperature-loads 
environmental inputs. One si ction of the report is devoted 
to the conceptual design and ~n t egrat i on of var i ab l e 
geome try structure to a high L/0 vehicle, wi th an as sessment 
of t he design penali t ies and problem areas i ncur red due to 
the use o :aria ble geometry su r faces. 

The repo rt ident i fi es t he analys i s rat iona le employed 
1n the derivation 6f t he findings and con cl usions offer ed 
i n th1s repo rt. The study cons i dered the elements of des ign 
ef f iciency, constructto~ techniques and pro cesses , cost­
availability considerationst and re liabi l ity in the ove ral l 
investigation of the severa l candida t e t hermost r uc t ural 
systems. 
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SECT l ON I 

INTRODUCTION 

A current assessment is presented to provide struct~ral 

design efficiency values for radiative thermostructural con­

figurations and to suggest probable advanc!d design and 

construction concepts which could be used in the dtvelopment 

of a hypersonic L/0 = 3 reent,·y vehicle. A vehicle with 

this performance capability and typical of the general aero• 

dynamic shape under consideration by the Air Force is shown 

in Figure 1. The findings reported herein offer some newer 

and interesting thermostructural systems candidates for the 

hypersonic flight vehicle type of F1g u, ~ l as well as other 

future hypersonic vehicles being analyzed by the Air Force. 

The report attempts to review the critical problem 

areas confronting the designer of a thermal protection 

system which will provide high design efficiency, rel1ab11fty. 

and safety of flight. The study makes an assessment of the 

compromises that seem justifiable 1n order to achieve o~er-

all structural integrity. 
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SECTIO~I I I 

VEHIC LE STRUCTURAL INFLUENCES 

A. Vehic h~ Conf ig uration Effect on Structural De!!l!I.. 

Wi t h the hypersonic vehicle configurations under con­

side rat ion to achieve a hypersonic L/D rati o of the order of 

2.5 to 3, the inte rrelat ionsh ip of volumetric eff iciency a~d 

structura l we ight control is a dominant factor in the success­

ful development of these vehicles. Not only is the ove rall 

vehicle we i ght control of prime importance, but the factor 

of structural weight distribution can become a problem in 

terms of e . g. shifts, ballast requirementss in ternal 

compartments, and equipment arrangement. Moreove r, this 

study wil l focus on vehicle sizes greater than 35 feet in 

length, medium wing loadings of the order of 40 to 65 psf, 

and a payload capability which includes crewmembers in orbit 

or hi gh-altitude cruise for extended time periods. 

Sinq1 the 1,at•! 1950's, many and varied thermal protertion 

systems have been studied for hypersonic reentry vehicles in 

terms of te~parature limits, time at temperature, heating 

rates and tot al thermal capacity. A review of the engineering 

data and analysis information from these !tudi~s tndicates 

tha t there ts no clear-cut choice among the hot structure, 

insu la ted concept, cooled system, or ccmb1na t ion desi gn for 

these therma l protection-structural systems. The rela ti ve 

meri ts of these systems continue tr be eval ua ted for future 
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flight veh i cle applications in light of aerodynam t c config­

uration requirements® internal comJ>•>nent tempera t ure a11owab 1,,s, 

and wei ght restriction~. 

The absorptive thermal protect i on systems have received 

prtmary consideration in the ci vtli1n space vehicle program 

where t he emphasis is directed t oward the mo di fied ballistic 

or low L/D reentry vehicles with total reentry t i mes of only 

a few mi nutes. These thermal protection systems have 

consisted of an ablative heat shield bonded to a conventional 

metallic alloy load bearing structure, wherein all of the 

incoming heat was absorbed by the ablative shield with no 

heat being transferred to the internal vehicle ·ompartments 

ho~sing the crew, subsystems, and other payload. Peak heating 

periuds during reentry for these ·modified ballistic vehicles 

are mta$u red in terms of five to eight minutes , with heat 

fluxes in the order of 300 to 600 Btu/ft 2-sec. Thus, the 

tot.a'! heating for the modified ba1llhtic or low L/D reentry 

vehicle 1s in the range of 150,000 ltu/ft2 of surface area. 

The total thermal input in the stagnation reg i on for the 

L/0 ~ 3 reentry vehicle can be thre1 to four times the 150,000 

Btu/ft2 tota l heat load for the modified ballistic reentry 

vehicle,. The duration of the heat pulse in a high lift mode 

will be mensured tn ho urs instead of minutes (as 1n the drag 
, 

mode), with heat fluxes of 60 to 120 Btu/ft'-sec at the 
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stagnation region. Ablative materials and the mechanics of 

ab 1 at 1 on ha 1 11i! be!,etni deve 1 oped and i nt.~1!1 ran y u 'tan c► r·ed 111 to 

challenge and withstand the shorter t1met higher he1t1ng 

rates but their use in a long duration re1ntry cycle btcomts 

impractical . It is practical to constder on ly a radiative 

metallic thermal shfelding-struct~ral concept for thest high 

L/0 vehicles be i ng investigated in thts study. 

From the standpoint of design efftct1ncy versu$ con­

struction practica lfty , the past work to develo~ a L/D • 2 

wing glider conftguration will be reviewed. If structural 

efficiency solely dictated the selection of an airframe for 

the winged glider ,1hicle, the choice would be a hot wi ng and 

lifting surfaces mated to an insulated &nd cooled fuse1ate 

area. With this design approach. the low1r surface trees of 

maximum heating can reradiate the heat through the small wtng 

d1pth to the lowe r temperature vpper su rfaces. Since the 

wings and liftir1g surfaces account f1or sor11,1t 60-801 01f the toital 

vehicle planforq ~rea and si~ce these surfaces mwst withstand 

a major portion of the total therm•l load i ng. the importance 

of rerad1ation fs quite significant. The actt,e structural 

cooling concept is most effectively ijttlt1ed 1A those 1re11 of 

maximum heat absorption where protection of men and equipment 

~s needed and in the thicker veh1c1m sections whe re intartal 

radiation or conduction must be prevented. 
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From a practical standpoint, the joining of a hot wing 

to a cool body presents numerous problems, including 

expansion mismatch. distortion, dissimilar material contact 

and severe thermal stresses. Also, it would be speculative 

to derive a maximum strength limit (load factor) for the 

vehicle since the cold structure could be designed for high 

structvral strengt~ an~ rigidity while the hot structure 

would be designed on the basis of i ts high temperature, 

lower strength values. This hybrid structural approach is 

worthy of future consideration, but must be considered for 

man rated flight only when more vehicle and component test 

programs are completed and a h1gher design confidence is 

achieved with the high temperature materials. 

Extensive testing has confirmed that an active r~gen­

erat1ve cooling system, utilizing water as the coolant, can 

perform satisfactorily under heat fluxes and total thermal 

inputs representative of hypersonic reentry flight. Howevers 

the reliability of such a system needs to be established and 

the question remains as to overall integrity of an active 

cooling system 1n operational performance, and mo re specifi­

cally, in the use of a regenerative system to ma intain the 

load carrying structure within its useful temperature range. 

Active coo11ng designs should be applied only when safety can 

~e assured against cooling system failure and could include 

an acceptable structural redunda~cy as well as auxiliary media. 
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B. Trade Study Analysis 

The designer of these future hypersonic vehicles must 
direct his thin~ing, and apply his talentt toward the solution 
of a reliable, minimum weight, thermal protection-structural 
system that is designed for considerations other than on1y basic 
yield strength. These include the aspect of thermal stressi 
thermal expansion, warpage, creep, and structural deflections 
which are beyond the tolerances of nominal aerodynamic dtsign 
and become critical design constraints. Therefore, in a 
structural trade-study for hypersoiic flight vebfcles, ft 1s 
no longer accurate to assign structural efficiency factmrs 
solely on the basis of strength to density ratios, stiffness 
to weight characteristics, or combinations of these ,alues. 
The operational environmental influences are different and 
also, much more severe than even the supersonic aircraft. 

Other vehicle design and systems integration influences 
must be an~lyzed as a part of the selection process for the 
structural-thermal protection concept. Since the hypersonic 
vehicle 1s to accommodate a crew and attendant equip ent 
needs for significant time periods, it is necessary to achte•e 
the highest volumetric efficiency possible for containing th1s 
payload. The term nvolumetrfc efficiency" presents the concept 
of achieving maxtmijm payload with minfmuM structura1 weight 
and is mathematically represented by the dimensionless ratio of 
vehicle volume to wetted surface areft in comparison to that of 
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a spher e . Also, the retention of a high percentage of the 

totol volume as available and useful spa ce becomes progres­

sively ■or a diff icult as the higher L/D ratios are attained . 

~tported values of volumetr ic efficiency for several vehicle 

configl,tt t ons ev aluated under Government sponso rship reflect 

this f~ct and are shown below in Table I. 

Tabl e I. Vehicle Volumetri c Eff i ciency Relationships 

----·-Ii-II*~---

Con11·1 gura, ti on Hypersonic L/D Vo 'l ume tri c 
Efficiency 
---IIJ!Olllll4.,_I 

X-20 LB 0.22 ,~ 0.35 

Asset l.2 0 . 52 

G1em in i 0.4 0 . 85 

It i s obvious that as the aerodynamic desi gn leads t o 

a thinmer wing and hig her slenderness rat i o con f igurat io n to 

gain h1gh1r L/ 0, a larger percent of the internal ve~i cl e 

sections btcome unusable in te rms of payload car rying 

po t ential . Th i s relat1onsh1p between volumetric efficiency 

aBd aarodyn1mic performance is shown furthe r tn Figure 2. 

The plo t i dent ifies regions 1n which various veh icl e types 

ffl '1lght bt expected to fall in terms of volumetr ·lc a,'fi cienc:y 

versu s L/D. Specific vehtcies are tdentified to indicate 

their relati ve efficiency, althoug~ , the wide range of 

veh ic1 1 s izes do not permit a true comparison. As can be 
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seea in Figure 2, two hypersonic vehicle design trends can 

be identiff 1ed'. The fir·st re,,riu 11nts the Modi'f i c~d Bal'lhtic­

Blunt Body-Winged design appro1ch with considerable reduction 

in volumetric tfficiency with increasing l/0. The second 

trend represents the compact Blunt Body-Slender Body config­

~rations which achieve high l/0 with less reduction in 

y,e1lumetri rc ,e'fficien,cy. These Volumetric Efficierncy va l ues 

t·e pres e fl t 11
' tot a 1 v eh i c 1 e v o 1 um e II a r d d o no t n e c ~~ s s a r i t y 

t1d1catt "actual usable volume" within the reentry vehicle. 

~e~ce, evary effort must be exerted to assure that the 

u11ble volumes in the high l/D vehicles remain compact as 

working and equipment placemen t areas. It follows then, 

tbat the design and integration of the thermal protec tion 

system Must be developed to prec l ude undue penalties on 

1tte
1w sta1t if 01ifl an1d equipment compu·tments. 

In vehicles characterized by high fineness ratio and 

saall diameter stagnation areas. the problems of localized 

structural weight control become more sev tre . A recent 

summary report on an Air Force sponsortd program concluded 

that the to ta l weight of the Fortbody section was comprised 

ef 171 ba l last and 13% structural weight. Although, some 

limited amount of ballast weight for balance and e.g. control 

~1y be un1vofdablt, the foregoin g desig n approach should be 

crititally examined to a,sure affective utilization of 

vehicle 111ght requirements. Stagn~t1on region structural 

10 

I ' 

i 
) ' 

! 
, l 

f 
! 

1 , 

I j 

I 

1: I , 
I' I 
I I 

I Ii 

i. '1' I ' 

I 1'
1 

!, I 



l 

I' 
11 

I ' 
I 

,I 

I 

I· 

'
1 I 11 Ii 

I I 
,I i I 

I 

I
, I' 1,1 ,

1

,. I" 1 11 r ,,,1 'I 1'111 1, 
I I I I I II I i: I ' Ii~, ,,' I I I 'ii '1111' 

I hi',' ' , 11 I I 1 

111 •1 I '!1,' II I I ,11 t I I 1,1 I I 11 ' "1 I' 11, t I I" I 
I • ·, I I , ,, I 111' • ,1j I" ,I, ' ' I ' I 'I I • I ' I ' ' I 

, • , , ,...., 1,111111 1 11111 .... ,l ,,,.., , , , , 

11 1ii 
' 1 1 1 

development continues to be a very critica l element 01 design 
in hypersonic veh1tle fabrication, and tn the frontal areas 
a certain amount of overdes~gn and added costs can be justi fi ed. 
This overdesign is certainly warranted if i t removes ballast 
or other vehicle weight which does not add to the integrity 
of the airframe. 

C. Off-Design Conditions 

One off-design condition which can influence the vehicle 
structural desfgn 1s that for an abort. The spectficatfo~ 
for abort capability during exit presents unusual demands on 
the structure of the medium win g loading class of hypersonic 
vehicles. Certain structure fs inherently lightweight. even 
minimum gage in various locations, and fs therefore design­
critical as to stability and/or panel flutter considerations. 
It becomes apparent that any unusual maneuvers (pitch-up, 
accelerations. etc.) which would be performed to separate 
the vehic l~ during boost could result in high dynamic 
pressures during a period of transient high heating and 
structural loading conditions. Moreover, a vehicle of 
greater than 35 feet length, which is under cons1deratfon 
i~ this study, could experience large bending loads in tht 
fuselage area. 

Another off -design condition •~ich can greatly fnfl~tnce 
the thermal-structural design is the deviation or eicurs11n 
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from the planned or desired reentry flight pro file. This 

■ay occur 1s t he r1sult of vehicle con t rol tnaccurac i esm 

aqutpman t malfunct1ont mission t ■ rmtnation or crew probl ems; 

and co~ld ca~s• severe or exc essive thermal-str~ctural loadings 

•~ veh icle htat sh t eld and loa d-carrying component s. 

Primarily , it ts impor ta nt t o review and analyze the 

off -des i gn par ameters in ordtr to determine t he added 

st ructu ral weight necessary for ve hic~e surv ival and to 

define the impac t on overa ll struc tural rel ia bi lity. The n, 

1t is necess ary to establish t est eval uations of these off­

Jes1gn condtttons so that maximum capabilities can be 

reasonably well defin ed. Only after such evaluat ions can 

dac·h1ons be made 1' egardi ng the 1unount of tol,trance, or 

deY1at1on f r om the nom i na l design, that can be permitted. 

The conclusion may be quite similar ta the approach far the 

number of occurren ces for gust loads in the des i gn of 

conventional airc raft structure. In any eve nt, somew he re 

in t~e design, ona or more correction factors will be 

ifttrodueed to assure "safety of flightn; and regardless 

cf the concept or m1terial invo1ved, th ese will add weight. 
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SECTION III 

VARIABLE GEOME1RY STRUCTURE CONSIDERATIONS 

Several structural design concepts have been investigated 
and analyied for variable geometry lifting surfaces to be used 
with reentry vehicle configurations. Inflatable structures, 
expandable and unfurlab1e devices and various rigid structural 
designs have evolv~d. While there are advantages and d1sadvan-
tages associated with each of these designs, there are common 
problem areas centered around thl design of the var·lable 
geometry surfaces , the stowage of the total sys tern, and the 
equipments required to achie ve deployment and retraction. 

The primary advantage of the 1nf1ata~1e and/or expandab1e 
assemblies 1s the ability to package the structure 1n a m1~1m~m 
volume, therein requiring a relatively small amount of the 
critical usable vo lume that exists in the high L/D vehicle. 
The advantage of this type packaging becomes significant when 
compared with other designs which result 1n severe volume 
penalties of up to 151 with rigid variable geometry structures. 
The prfncfp&l disadvantages with the sem1rig1d inflatable or 
expandable structu res are the possible thermal deterforatfon 
during reentry and lack of stiffness or questionable perfor­
mance of the structure during high dynamic load environments 
i ,t the 1 ow speed and 1 and 1 ng phase. As the 1 arger f 11 gh't 
vehicles seem to be of primary interest to the A1r Force. 
t he effect~ of variable geometry wfng size and the amount of 
permfss1ble deflection over the span are further unknowns. 
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Integrating rigid variable geometry structure into the 

hypersonic l/0 = 3 vehicle conf i gurations results in both 

weight and volume penalties, with the volume penalty be ing 

more er1tfca1. In a recent Air Force study it was report ed 

that a variable geometry co nc ept for a 32.5 foot vehi cl e, 

weighing 7700 pounds incurred a weight penal ty of 11% and a 

vo lume loss of 38 ft3. Th~ hypot he ti cal vehicle was reported 

to have hypersonic performance characteristics approaching 

L/0 == 3. 

l n the normal deployed performance range, the r igid 

~ar1ab1e geometry structure can be safely and reliably 

designed to withstand the aerodynamic and structural loads. 

The problem of design is the formulation of the total 

structural system, including the necessary cutouts , built-up 

struc t ure 1n the cutout area, pivot structure, daployment 

equipment and support structure. Th e we ig ht of the total 

variable geometry system~ assuming a hot structure vehicle 

with comp1,tment insulation and cooling, could be broken down 

as fo ll ows: 

Wing Weight .... .. ...................... 21% 

Pivot Structure Weight . . ...... ..... . .. . 31% 

Support/Coolant/Insulation We1ght ...... 48S 

Tht ca se is pros1nted herein for certain inhtrent 

advantages for tho us1 of Vi riablt geometry lifting surfaces 

with a enoled veh1 c1e design. It must be conceded that thert 
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is no simple, single or general solution for the problems 

of cutouts. However, problems incurred with blow-away close­

outs that are proposed with most design approaches, high 

temperature pivot (deployment) structures and mtchantsms, 

or additional cooling required to absvrb the heat, can be 

solved. Moreover, with a total usable internal compartment, 

the integration of the variable geometry system can becom1 

a matter of more selective orientation and placement with 

other equipments. Obviously, structural weight may be 

saved through this approach provid~d the design of c~ose-

outs and the coolant distribut.on syst~m takes into account 

the total deploymen t syst~m/procedures f or the variable 
geometry surfaces. 
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S~GTION IV 

STRUCTURAL COMPO NENT DESIGN FACTORS 

~. Mat9r1als Teshnology 

The DynaSoar systems development program created the 

need to investigate the structural capabilities of alloys 

of the refractory metals: molybdenum, niobium, tantalum, 

and tungsten. Until the initiation of the DynaSoar program, 

principles of design that had been in existence for many 

years were being used for the application of materials in 

structures. The use of the refractory metals in structural 

design changed this basic philosophy since new structural 

concepts had to be developed to "fit" the emerging refractory 

metal alloys and their related unusual characteristics whtch 

resulted from coatings problems and fabrication dif fi culties. 

The demand for the refractory metals has declin1d 

markedly and the Industry must now respond on a small, 

specialized order basis that precludes the attainment of an 

experienced and efficient production operation . The oper­

ational cost of the Navy funded Inert Fabrication (InFab) 

Fact11ty caused the early termination of operations tn 

thts facility which was designed for high temperature 

processing of refractory metals under inert atmosphere 

conditions wherein the contamination could be maintained 

at a very low level. 
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Other materials receiving consideration t" hypersonic 

vehicle structural design have included the nickel/ctbalt 

alloys, b1ry111um and tttaniMm alloys. 

Three molybdenum alloys wtra tnvest t gated during the 

DynaSoar era with the TZM alloy continuing to he the work­

horse and most versatile of tht molybdenum m1t1r1a1s. The 

Mo-0.51 titanium alloy and the TZC alloy are ava11ab1e but 

neither of thts e a 11 oys bas t ·: 1~rac ti ve qua 1 it i es equ,a 11 to 

the 1'ZM alloy. Actually , much unalloyed 111Hl)1l 1 yt,,flle1num h1s b1e1n 

and still is betny used; particularly in massive forgtngs 

and powder· s 1 i pea st or sintered p,arts. 1'11ese can b,e obta1 n1t1d 

in almost any size or di • ension desired. 

The rolling of thin gage molybdenum materials has been 

a s1gnificant problem area. Rolling of foil for use in 

honeycomb and/or other l fghtwetght structure i s very ques­

tionab le even at tha prtsent ttme and certainly entails a 

premium price per pound. 

Only in the past three years has qua1tty molybdenum 

materials been produced to a rtgid spec1ftcation. Sheet 

products of molybdenum to a gage size of 0.010 inch can 

be produc1d to very close toleranc1s. In the heav11r gage 

sizes of 0.040 inch and up, shtet sizes to 96 inches by 

240 tn,c:}1 es have beer, ro111ed with c1,ou: tolerances held for 

1 7 
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premium prices . In fotl gage thicknesses, wi dths to two 

feet can be produced. 

The niobium Cb-752 al l oy in sheet form his bec ome the 

•est wtdely used refr1ctory me t al st ructura l 1lloy for 

hypersenic v1hicle design and structural c ,anent fabri­

cation and evaluation. It is available in bar~ shee t , rod, 

and! iuna.111 dl·l ~11me1:er· wi11"e by a number of pro du ce rs . The rod 

and •ire art us&d for mechanical fasteners and we l ding . 

Sl~eet c«rn b1e obtll 'i ned in almost any size desired up to 

110 h1th1n wtd:e by 240 inches long in gages down to 0.060 inch. 

'Sma 1 'I! er' s hee!t Si :Z:QS are available in ga:ges down to 0.006 inch 

and to almost ariy tolerance desired. Foils from 0 ·• 006 inch 

,citovm can be ~,bta1Hed up to 24 incnes wide and in coil lengths 

with tG l erances specif i ed as desired and at a premium price . 

Other alloy s such as Nb-1Zr and Nb-10Ti-5Zr (0-36) and 

Mb-5Mo-5V-1Zr (1-16) are also cvai l able, with some bei ng 

prod~ctd in other profuct forms suc h as forging stock and 

tubing . All of the alloys used are amenable to the same 

working, fabricat1ont joi~ing, and coating processes t o 

some reasonable degree. Quality and surface finish ca n be 

assured in Most cases and purity close ly controlled . 
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The Tantalum T-222 alloy tn sheet form enjoys the same 

•workhorse" status tn the tant al um 11 1oys as does the 

Cb-752 alloy t n t he niobium alloys. The T-222 alloy can be 

produced and ts available 1n structural quality within the 

fo1 1Pwing limits: 

Sheet sizes to 15 inches wide by 50 inches long. 

Gage tolerances of about tO. DOl inch in sheet 

thicknesses from 0. 007 to 0.020 inch. 

Gage tolerances of about tO.002 inch in sheet 

thicknesses from 0.025 ta 0.040 inch. 

Gage tolerances of about tO.O03 inch Jn sheet 

thicknesses up to 0.093 inch . 

Gage tolerances of abou t t0.0005 inch in thick­

nesses from 0.002 inch to 0.006 inch in foil 

sizes or 6-8 inch wide strip in long lengths. 

The tantalum T- 111 alloy is 1vail 1bl e in the same rang ■ 

of dimensions as stated above for T-222. In the Ta-lOW alloy 

almost any usable size up to 36 inches x 120 inches 1nd the 

complete range of gages can be praduced. For the unalloyed 

tantalum metal 1n capacitor grade , sheet products up to 12 

inches wide tn coil le ngths can b1 produced at some i ncrease 

in cost .. 
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T~ngsien and Its Alloys 

Essentially all tungsten sheet made to date has been 

unalloyed and until a few years ago was processed almost 

exc1Ysively by the powder-metallurgy process. Some sheet 

was s1ntered/preissed 11rnd roHed, ~•hila, ot her sheet was rollf~d 
,. 

dlire,ctly fr,01110 po,w·der which was held together with a binder, 

how&v~r, in both cases contamination remained a processing 

problem. Direct rolling of the arc-cast ingot product was 

nearly impossible due to the large, preferentially oriented 

gtains and interstitial contamination. Recently, however, 

newer processing innov1tians1 including the ability to reduce 

contamination, and control grain size and orientation, appear 

to offer m~ch greater possibilities in future tungsten sheet 

production·. 

Much of the tungsten metal usage to dati has been in 

thoria dispersed tungsten. mostly for filaments and electrodes. 

This material can be processed with a high degree of repro­

d~cibility and purity. Even though tungsten will accept many 

othtr &leme1ts as alloying constituents, none strtngth1n it 

very much . From one viewpoint. some elements (Nb and Re) are 

quite benef1c1a1 for grain refinement. since a finer grained 

m~ttrial ts usually less brittle. 

The tungsten-rhenium alloys (up to 25% Re) are produced 

1n the•t, wire and rod forms and in fairly large sizes and 
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quantities. The t ungs ten- Re alloy products are fairly 

ductile tn comp1r tson t o unalloyed t~ngsten but the major 

use af these alloys h1 s bean for va rious s1: 1s of thermo­

co up le wire fabricated to close tolerances. Tungsten can 

also be alloyed with ni obium nnd mo lybdenum. either 

individually or i n combination. In this Yse1 niobium 

sie rves as a g ra ·1 n refiner illlnd appil r entlly h 1p1 1111rts duct i 1 ii ty 

wh ile 1J1olybde11umt also a gra iin r~!fr '!lner, i,np,111rts 111111ork,ali>1flit.v. 

It is possible that the 88W-6Nb-5Mo or the 93W-51t-2Th01 

alloys could offer some useful structural prtperties and 

beneficial fabrica t ion character tstics (RtfereAc■ 12). 

Close tole ran ce control of tungsten sheet h11 ~Gt b••~ 

achieved with t he small sizes produced to date . Nowtt-,, 1 

surface grinding and ptck1tng op1r1ttoA could be perfo~~el· 

to ach ieve the to l eranc e controls destred 1n hy perso1 tc 

vehicle applications . To d1te, the demand for th 1s degt~e 

of tolerance control ha s not evolved but as added req~ire• 

ments for hyperso nic vehi cl es are devtlop &d, t he demnnd 

will be created, 

Tungsten shaped assemb l ies and contours can be ach1&ved 

by spinning or shaa r-formtn1~ with gocd tolerance control. 

n1e '11aterial can be ar"c: f1u ·io1: spo 't,w1ld•1d, pli~sma, spray 

welded and electron be am we lded . rt h11 also been demon­

strated that plasma sprayed tungst1n shapes can bl built u, 
on a 1111.an.drel. 
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Por@us products have been sintered to form fairly large 

sizes, such as rocket no1zle throats , with gooci control over 

t he ,orosi ty and subsaqwent infiltrat i on of th1 pores with a 

t ranspir i ng medium. Large rocket nozzle throats have also 

blefl ·F~1r1~1ecll from 1nu11l0Jred tungsten. 

Thor i ated tungsten (l -2% Th0 2) has been widely used i n 

industry far many decades. It is produced primarily as 

t 1ectroa~11, materi1i1 l fc11~ the w..:ld·inf in:fustry, filame nt s for 

1nc1ndesc1At and radia nt lamps and some for heatin g elements 

tn sp1ctal furnaces. The large r product sizes are processed 

by bt1ng compactedt extrud ed, and s inter ed whi le t he smaller 

diil1met1e,1•s; are dr1orn. Lim ited 1exp•u•fmen tat i on has ~~ hown that 

l 1rger perc~ntages of Th 02 can be in troduced and that proper ly 

stzed and dispersed ThOz can inhibit oxidation sign i ficantly . 

The past work of the Air Force whic h resulted i n a 

c~11'mp,-1u i t e, tungsten .. thor'.ia frontal sec t ion for use t:o 5000°F 

tndicttes that th i s concept can prov ide the ove rdesign 

ph i losophy that will yt eld a reliable thermostructural 

camptnent. Although thorta i~ expensive and tungsten is 

dtff1cw1f to fabricate, the thermostructural capabilities of 

the twngsten-\horia system are outsta nding in frontal sect i on 

app11cat1on1 . A d1s t gn goal of 4000°F and heating rates of 

1010-2010 11:u1/ft2-sec, may open up th,e corr idor 01r piarformuice 

f~, th• •t1her L/D vehicles to the extent that growth 
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potential and off-design performance can bl obtained. It 

is not wise to design the refractory m•t•l 1yste~s on th1 

basis of pushing nea r the 11mtt of th&1r capabilities, if 

fltght safety t s to be assured. 

Using tungsten cu a direc t s1Jbstifrnt:e1 fo,r ta1nta,hn1 h11 

frontai areas for the l/D • 3 vehicle, 8 w1tght pe1altr Df 

1!)% would be incurred. Sir1ce 1tmissi1 v1ty u :1,d ,coeff'i:c1 ,11ritt l<i1f1 

expansion valuss at elevated temperatures i re qut,e similar 

for coa ted tantalum ai~d 1:tu1 t1.111,gsten-thOt"i1t1 system , "t:he 

r erad ia1:ion and de'fle,ttion features showld not be a11:tere1d 

si!Jnificantly. Also the s:tre,n!~th requir1m1nt,s a1nd i 1 n1erel1U1,.1d 

ox ·fdation protection ~nay p~trmiit designfn~1 without a w1ei91h:t: 

penalty. It would remain to conduct tht s1zfng, th­

attachment concept, tl~e marting ,of front,a1 1ectians 11,n,d 't ltu1, 

detail d1esign in ord er to us11 the tungstEu11•"•t:horf I sys.tern 

in the high L/D vehicle con fi guration. Considering tDday 1 s 

technology~ this then, ts assessed a1 a primary role for 

tungsten in forthcom i ng hypersonic vehicles. 

Table II presents a 1ummary of the t1chnology status 

for the four refractory m1tal alloy groups bei~g considarad 

in this assessment. As w111 ba noted from this ,~mmery, 

certain dtst1ng utsh1ng ch1ract1risttcs h1v1 an tmpacl on 

the structural trade stud ies for hypersoni c veh1c1&s and 
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will be entered in to the analysi$ accordingly. One such 

exampl e would be the improbable status of th1n 111e mo ly­

bdenum mater t als for honeycomb or sandwich structure 1n 

ther111al shh1ld.ing ~:onfiguratio, .. s . Thi!, wou l d restrict or 

even prevent the dtsign of such a structural cone1pt. 

There are no t rue alloys of bery111um avaf11bla to•ay. 

Tha t is to say there are no beryllium base mattr11l1 hlWtng 

controlled ■mounts of elements introduced to for• s~ltt 

solu1:ion matrices ()r to offer a controlled thermo-mectu~•~t ',clll 

response. Beryl1 ~wm, however, is avaf1able 1n sevaral foPm•, 

which genera "lly ;o~,tain 1-2S r·es1dua1 be,ry11hun 01l~d1e. 

Forgings, extrusions and sheet are available as well •• wtr♦• 

rod. and bar stock with current products consid1r1d toll ot 
reasonable purity and qua11ty. 

Barylli1·m cani~ot yet be weld~d satisfa,ttor11y, hHlt'fer~ 

some recent brazing developme~ts appear quite pro•1s1ng. 

Mechanical fasteners made from beryllium have not pro,1n 

successful, except for specialized applications, due to the 

notch-sens i tivity 1nd low impact resistance. Ther1for1. 

irost beryl 11 um assiaunbly has bieen acco1mp1, 1 shed tlhrcu,gh 

mechanical fastening with K-Mone1 rivets or bolts. 

The i 'nllerentl,v formed,. ttght l y 11dherent, IU.1ir;,11'!u11 

oxide f4 1m 1s somewhat se1fprotect1ng up to 1200°F , howe,ert 
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acy extended or cyclic ws1 above 600°F-800°F would require 

a coatihg. Also, since beryllium does react with a large 

numbtr Of other metals and ch1mtc11 compounds, it is well 

I& ce,$1dtr a protective coating for most applications. 

lltt111um can he readily coated and ts r easonab ly pro t ected 

UO -t 1800°F by anodizing with chromatts and up to 1550°F 

b) I fused slurry coating of beryllium-silicon. 

In a11 hypersonic vehicle des igns the refractory metals 

~ult ba coated for protection against environmental inf l uences. 

For hypersonic vthic1e applications, refractory metals ar1 

btin; considered wher~ other materials such as conventional 

m1t11s and supera11oys cannot withstand the extreme and 

1ust11ntd therma1 inputs . These high heat fluxes would reduce 

hotter known metals to virtuall y no structural value or would 

tetua11y melt many of these alloys. The high temperatur1s 

H1vo1ve:d aloA,g w1th the high shE~ar f,orces, presence of OXY!Jen, 

ttn11atton effects and reduced pressures render the coating 

tndispensable. For the present howeve r, bnly the paramount 

fadtort of coating degradation by oxidation and loss by 

-•po,1iatto1 will be considered even though, in designing 

. • ~•htc1e, 111 a,pects of coating degradation must be assossed. 

. ·1t~1,erefcn·1, in, att11np,tfn1g to pre,uint useful 1ife data, it must 

I~• r 1em,011nbered that tu11y a ,,art ,,,11 tht erw1ronment11 spect:1·un·1 
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is being applied and other specific ·test methods could be 
ernployed to invalidate any data results presented. Thus. 
it is possib~e to conduct a test, or control the influencing 
factors, to such an extent that the evaluat1on results w111 
represent the applied environment which may be very different 
from the true environment. 

The average life expectancy of several coatings for 
these refractory metals at various test temperatures is 
summarized i~ Table [II. These rtfractory metal coatings 
are discussed further in the following para9r1phs. 

Niobium Coatings 

The Cr-Ti-Si two-step coai 'ng is still probab1y the bert 
known of all coatings for niobium alloys. The protect1bn 
this coating offers fs very neirly the same for all niobium 
alloys with the principal variation in ox1dat1on life due tio 
differences in substrate alloying const1~uents. The more 
recent fused slurry si11cides offer great•~ protection at 
higher temperatures. These coatings are much le~s sens1t1ve 
to handling procedures and surface contamin,ation; an.'.I also, 
due to greater cohesiveness and better capillary act1rn 
they are much more effective in edge coverage and rane• 
tratfon of faying-surfaces. 

Niobium can experience significant and rapid volw e 
loss providing a given combination of factors are present. 
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First, the coating must be damaged or removed by either 
mechanical or thu·1111 means. Secondly, t .lbe temperat,ure 

' 
must be sufficient to form oxide of the substrate. Third, 
the air velocity ovtr the surface must be such that the 
shear forces will wtp1 away the oxide and eJpose fresh 
metal. This could easf .y happen where i prejec,ton or 
protuberance (e.g., joint mism~tch} into the flow caused 
a local turbulent condition resulting in an exce1stve 
temperature increase and high shear force. The posstbfltty 
of this occurring along with the fact that 111ost nteb1i;Uffl 
alloys become less competitive. 1n the higher temp,r&t~re 
ranges, on a strength/dens 1 ty basis rnay be, a deter,e1n't to 
their use above 27OO°F. 

The coating failure mechanism for molybden1um is d1ffe.r 1tn1t 
from that of niobium. With molybdenum, the oxygen doei not 
penetrate the substrate, rather, the molybdenum surf1ce-
coati ng interface is converted to different co11111pounds • u11d 

in effect, migrates outwardly and eventually comes in co1tact 
with oxygen. If thermal cracking 1s experienced in the 
coating and "healing" 1s not accomplished, oxygen can find 
access directly through the crucks to the substrate. This 
is usually experienced with a thick M0s1 2 coating under 
cyclic conditions. Eventually Mo03 1s formed which is 
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1nher11tly vol atile and litarally vapo r izes, and can be 

a1t1strophic . Thi s fact could be a deterrent to the use 

of molybdenum even though its load carryi ng capabi lity at 

t111p,e1r iat1~re is consi de r ,ably above that of ni,ob·lum . The 

useful structural strength af molybdenum extends well beyond 

1100°f, however, the most attractive coatings again, are the 

fused slurry s1licides which ire rendered somewhat useless 

il,bove, 3100° F . 

!filJlum Coat!m 

Tantalum has a measu ra ble st ructural load-ca rrying 

capabi lity up to 4000°F, ho we ver , no currently availabl e 

coati1 ng wnl survi¥e ·t hat t ~nn perature ·teve 1. 'The fused 

slurry si11c1des ca n protect tantalum up to 3100° F-3150°F 

for brief periods. however, t his is not the temperature 

range of primary intertst. Avai lab le i nformatioA on cu rre nt 

technology indicates that a W barr ier/ WS1 coating has the 

potentia l of achieving ut i 11za tion of tanta1u1 al loys up 

to or slightly over 3t00°F. A more deta il ed di s~ussion of 

t hi s t opic 1s contai ned in I separate rep-0rt (UT Report 

337 -1] prepared under t his con tract . 

Tunrsten can be co ns idered as having load-carrying 

capability up to 4700° F but no knowfl coat1n9 wt ll offer 
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pratectton at temperatures approachi .ng t hat Ma~n1tude. In 

th11111 1~ut,,rc it is paiss1b1e that tungster1, plus di:s:pe,1s,01dis m11Jy1 

of ·1f1u • the ultimate in h1igh tempertt,ure 11,ti1iz1tion, ,~01ni1ve1r, 

at J>res«~nt it aippea,rs that t1.mgste11 r.oat eid wt ti, sf1 'H1to1111 :pllillS 
I I ! 1 

1' 

111otl if ie 1rs is t'h,e best available and CiiHli pr·ovidt reU1111tb,ll1q~ 

protection up to 4000°F . 

The design af t hermal protection-structural s11te•• fQr 

re~rnt ry vehicle applications has bee ,~ c.11rnt,e,red arr·ou1nid 
1
,l 1 11

, 

doub l e-,~a11 concer , using the, basic 1el·emei,n,, .s of co1,ut;~u1ctlid11 , :j! 

I I I I !; i~I 

as !>how1ri in Figure 3. These e1emen ·ts consist tf1 11ij1 1e;w~o1-
I , 

'thtr1nal prot,ective external shield, a 1,aya'r of' h1:~~1 ,1 tem1ple~11ti•i~~, ,: 
1 

insulation, a load bearfng vehicle stru ct u1 r'e with 01r W'fi1:hq!Qit; :!I 

' I _ 1!i1; 

' ' 
l i quid coolants and ad di tiona l insu lat i'On to absor!b1 \h!l 'he111t , 

leijduige and restri ct the temperature, ,·1 s t in vehilc1 11 I o,rJ:fflPH''t.• 

me 11lts. The integrai.tion of these l>as1c r .. 11111,ent c; into t :'-e mo1$t, 

efficieni thermostructural concept has been the t o~ic of 

severa l specific component development programs sp,n,ored 

by the Atr Force, as we ll as the pri mary dtvelopaenl efforts 

in the X-20 and AS SE T programs. Not shown in Figure 3 are 

the attachments, fasteners. and local fittings for panel 

as.sernb-ly ,1hich c1ll11i1rise aboiut 15S of t he t:otall pan,1l a11s e11bl1 

we "ight. 
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Internal Batt Insulation 

tligh 
1·emperature 
Insulation 

Figure 3. Basic Heat Protection 
and Structural El ements for Hypersonic Vehicles 
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In this construction, the outer surf ace panel 1s 

used to con t ai n the insulation and t a se rv1 as a therma l 

radiator, transferring tht small local a1r1tads t e the 

internal structu ral members . In order to obtain 1 

conf i dence of des i gn with the coated ref racto ry metals, 

the hot exter ior skin does not support major structural 

l oads , bu t may consist of segmented pane l mssemblies si1ed 

to all ow f or thermal expansion wtth minimal thermal stress 

l evels. A fu r ther effect on outer surface si ze and conf1g­

uratton are the dy namic infl uences which w,~1• contribute 

to panel flutter and localized instability. The work ,.it~ 

has been conducted to date shows that outer surface panels 

up to one square foot at high he11rting regiolnls can, ,p,erform1 

sat 'tsfactorily with larger sizies being a.tc~tpt~tble1 ,on ttut 

upper' portion of the vehicltt and areas 1,w,1,Y f·,~om th,e h1Qh 

heating regions. 

The designer of hypersonic reentry ther ostructura1 

concepts has the formidable task of selecting the combinations 

of hea~ shield structure, insulation, sub-structure and 

coolant which hive the least weight under vartous heating 

cond i tions. A number of studies havt been made tn this 

technical field, and all of the studtes generally conclude 

that the hot struc t ures and the insul1ted aid cooled 

structures are quite competitive, th1 favored •p~ro•ci1 being 

se1ei:·ted on the basis of compartment.111 cooling require111,ent1, 
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integration wtth other subsystems, and other factors related 

lo ,,e,111 vehicle design. Work reported by NASA in the 

• ) t•1~1ilf 1'160 1tlme, period concluded that hot structu;~es should 
, '1 I • 

, $~ U$lf when the loading intensity 1s low, dr with the lower 
II' I' 

" w1f,n,g1 11011d·in1g type of vehicles. 1'.his work considered a 

,. i1, ,r.i1~11•111•1 temperature 11m1 t of 2600°F, and it fur-the1i- concluded 
I,' ' 'I 

I 

·th*' •1 ~ore efficient insulators are developed the range of 

tu1s1fU·hw1es:s Orf 1 nsul ated and coo ·1 td structures increases. 

ii' 

Al, suggested earlier in this report, Urn hc,t structure 

,:;~l♦iffl¢11P , 1t fHtdls its m,0,st effective use in vehicles character­
,, :iii 

1 1:z11d b, 11rge 11 fti ng surf ace areas where re rad ·i at ion of 

11 ncom11ng tl~1erma11 lo1ads through the depth of the structure 

.e\~id 11,oss the extern,al surfaces can be atta1ned. A vehicle 

which closely conforms with these characteristics is the X-20, 

:ri1,,v,1n19 a brasi:c fusrelage s,hell and relatively large, low wing 

ere11. The X-20, as stated earlier, had small payload 

car~Ji•g provisions. hence there were no reasons to design 

• total cooled compartment area. Since the vehicle config­

uration under eva1uat1on in this study is more like a lift 

bo,dlY shape and different from the X-20 configuration. it 

would ap,ear that internal cool1d structures wil l be the 

idni 11,1 weight design approach. In light of the vehicle 

i' '! ,.. :lil~t, length 1nd payload carrying potential. it. is appare,~t 

llat the beading loads will be higher, creating a need 

ftl htgh 1trength/d asfty structural materials and also 
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dictating the design selection of these ■aterials on the 

bases cf creep resistance and stiffness con~tderations. 

An approximate weight of 4 pounds per square foot for 

a 2600°F thermostructural panel assembly as shown in Table 

IV is a reasonable estimate. using the baste elements of 

const ruction presented previously in f i gure 3. 

Table IV. Thermostructural Panel Unit Weight Summary 

Panel Co111ponent • Unit weight 
(lb/ft ) 

Thertna l Protection Surface I 1, .40 

An 0.012 gage niobium alloy 
stiffened by an 0.015 gage I 

continuous corrugat ion, plus 
local support structure. 

Insul ation 0.50 

Coolant 0.80 

Load Bearing Structure 1 . 30 

Total Weight 4. 00 
NIIMllllllll8llal_, ... • I ....... 111••-•--1• liflW "---n--•• a•--

I 

This external temperature of 2600°F is representative of an 

average 1 o,wer surf ace pane 1 for the vehicle unde ',~ study. and 

corresponds to a reentry total heat flux of about 100,000 

Btu/ f t 2. The weight estimate has been derived on the basis 
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of pres~nt day technology for quality refractory metal 

alloys. On I mfntmum weight design basis, the gage sizes 

of the refractory metals could be reduced or a honeycomb 

sandwich panel construction developed which could provide 

a41qijat1 he1t shield integrity. However. some measure of 

off-des ign ~apability or perturbation from the nominal 

mission should be built into the v~hicle in all cases wh~re 

the added weight can be j"stified. 

As previously shown in Table II on Refractory Metals 

Te1,chn1ology Statu,s, t,he molybdenum and tantalum products can 

bQ made available on about the same basis as the niobium 

alloJ product fo,r11ns, with minor differences in processing 

practices and delivery schedules. Also, Table III on 

coating performance results shows the range of usefulness 

f1r the coated alloy systems. Using this information as 

baseline data, weight estimates can be derived for the 

molybdenum and tantalum heat shield configurations, with 

oily mi nor weight increases for the molybdenum assemblies 

amd so e fairly large weight increases being incurred with 

the tantalum panel assemblies used in the 3000°F temperature 

ra nge~ Molybdenum panel assemblies would be designed 

primarily in those areas where stiffness criteria dictates 

t~e need for higher ~~dulus at the temperatures of interest. 

Tie, n,~ed for 1a1ntaluim heat shield assemblies is. of course, 

related directly to its higher te.perature capabilities and 
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ther1fore, its abil i ty to be Msed in ~r adjacent to the 

critical stagnation regions of the v1htcla. 

'I , 

The high L/D hy1urrsonic vahi 1cl a it inten,de1d to be ,a 

us ef1,1l manned operat ·f ona 1 syr ten, wil th 1t'he, cap1b f l11 ty f~ll!f 1 

landing at pre-selected or alternate s ites . htgh m1neu,.,~ 

wbil tty. and long-tf ■e reentry periods. For' 1f fecttve 

vehicle performance th4t crew11em be.1" func1tio1ns wt11' requft 11: · 

i nterface with the or11bc,ard f!qu 'fpm1nt. Ct w1n htw1e a1 

conventional landing gear but win require ot1~11r 'so1phi1$,,~;,; i;; • 

ticat1!d equipments in order to m1e1t tlhe 111fssf1n r1e1q,1i:►e11~l! i/ ' 

ments. In s~mmary, it can be concluded that prcvi~tons 

fc,r a completely usefi,1 internal W'ork 1fng «lrta ts 11s:11e,1nt1fliU '' 

to the success of the mi ssion. 

Of the total vehicle structural surface area,• 

pr imary interest 1n structural trade-off concepts 11e tn 

the ~id and aft sections of these vehic l es. Speclftc111,. 

the trjde study in thase sec t tons must focus on the 1nte~ 

gration of overall internal compartmenttd areas wtth 

tndivtdual opti mization procedvres for specific sub$~,~~~~ 

such as tht alighting gear, variable geometry 1urf1ce1 lffd 

av ion i cs packages. In the past. tht thtrmostructur1l 

opt h11i za ti on proced,ur·11H; ha ve bee11 11mad tow1rt1d th1 spec i ,1 c 

subsystem approach, wi th too 11ttht e111pha11s on ttu1 ov1e,1111 
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airframe optimization. It is believed that the isolated 

OPl1mii■ tiot of specific subsystem components and separate 

1ttomp1101rt11ent areas cuu110t 1 ead to an opti mum a i rfr•ame. 

As has ~een ear11er discussed, tungsten structural 

1s,,1~1 1e,s can be effectively utilized in the stagnation 

retion and forebody mreas of the vehicle. This 1s a trade­

off whe rein useful structure repl1ces ballast wetght. It 

is realtzed that adequate 4000°F thermostructural concipts 

co1ld be provided by using nonmetalltcs, ablators or combin-

1t1 ,~1r. a.!blative-nonmetallic configurations at abcn1t 601, O"f 

the tunQste~•thoria system weight. However, the metal l ic 

mat1r111~ provide the versatil ity of construction, reuse and 

repair that cannot be achieved with the ablator or ceramic 

m1teri1ts. A~ the hypersonic veh ic le tends to grow in size, 

, performance, reuse, and operational deployment status, the 

tungsten alloys and tungsten-thoria systems can provide thi• 

growth capability. 

Al uminum 1s qutte satisfactory as 1n internal structur, 

for wH:,hs tandi ng the 1 oads encountered du-ri n,g hyperson,1 c 

flig~t and reentry provided that this substructure is 

protected from the hot exterior surface,. HoweYer, aluminum 

structure 1ffers little •flight safety" in the event of 

eMcessfve heatlo1d or coQling syst•m fa t lure, since the 

1lum.1n111m1 stricture IUJlintains its load carrying capabili 'ty 
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only at reasonably low tempera t ures . . Obviously. weight 

1 hrl tat ions precl 1ufe du,a 1 systemis 1i e11c1a1ss,hJ1t redu 1n dat11cy • 

and backup t n hypersonic vehicle 1tructu~e, but lhe 

critical secti:ons of the airfram;e mus "t be c:a.ri~fully 

examined to de termine where added safety fe•tur11 mer1t 

increased weight. 

The potential advan t ages of an internal cold-wa11 
jl 
!,, 11 :,, ' 

t i·tirnium load car ry·lng structure i~re w,o,rt!hy ,o,f eip~oit1t,t1~n .,
1 

Ir1 «tdditi on to its high strengith, t i tu,tum 1c,an be mor't 

read i 1 y diffusion bonded, and thi ,~ pro,c:es:s ,ceu1 d be 

employe d to produce integral ccoHng p,assa1g,es in 11 ti •t~UU1i~~l 

load baaring substructure. A.n 1ntegr11 des19,n of 1this: •~1~~1,;,' 

co1Jld be very efficient 1n that the aItt1du11e1t ,wa1tpht f~H'
1
1 

j: 
,11 

cc,o11ng tubes coul'd be elimfnated. c,n·,tain of 11t.e1 em:e11gf:i~9 

t1t 1nium alloys, such as Beta XII (See Tables V and VI). 

possess good fracture toughness, high strentth and ap,ear 

to have gqod fabrication characterist1cs. 

With the use of titani~m, streng th and integrity lo 

temperatures of 800°F could be attained, for a cooled 

structure. Strength considerations would create nb ld4ei 

weight penalties, when titanium is compared at this eltlllad 

temperature with aluminum structure at roe• temper1t~rt, Jt 

is not ex pect1d that long time exposur1 will have an 1d~1r11 

effect, s~ch as continued aging. ,rovld1ng opttm,m maltrt•l$ 

ire selected. It is reported that once the leta III a11 Qr 
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is so1ut1o~ treated and overaged (for 8 hours), no further 

ag,1,ng occurs 1 f the ma teri a 1 1 s ,io t used above the aging 

or ttabt11z1t1on temperature. It is known that the oxide 

which is formed on titanium, when exposed to 1100°F-1200°F, 

1s very tenacious and quite resistant to further contam-

inant penetration (Reference 13) . 

In the search for efficient load bearing structural 

■embers for hypersonic vehicles. the titanium alloys m~st be 

given strong consideration as cold-wall structural mem bers. 

Hence, a large safety margin co uld be gained. 

It has been reported 1n an Air Force sponsorea program 

(Reference 2) that t itanium variable geometry structure is 

probably the most efficient concept for hyp r! rsonic vehi cle 

applications. With a primary titanium load carrying 

structure. the design and integration of the titanium 

variable geometry surf&ces could be more readily conducted 

than -1th I dissimilar metallic load carrying basic structure. 

Also, titanium could be cu~sidered as a candidate for the 

landing gear structure, thus the integration atpects of that 

subsyste• could be s1mp11f1ed. 

The ~se of beryllium as the prime material of construc­

t~on 1n the aft, upper surface area of the vuh1cle can offer 

an outstanding overall w1i3ht saving. Not only would weight 

savings be achieved by the substitution of b1ry111um for 
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th1 he1vier swptral l oys, steel or tttaniwm alloys wh i ch co,l d 

bei used 1 r. Uuue I reas, but a 'ho redt11c1s the rieces sary f,,, ... 

ward ballast requirements. Furthermore, the 1ft. upper 

section oft~• vehic e •i l l be designed for banding loads 

and minimum def l ect i on where beryllium structure finds fls 

most efficien t use. Even if the structurM1 design 1ppro1ch 

with beryllium were to dictate redundjncy and tncre1sed 

safety factor, a considerable weight sav t ngs could 1t111 be 

realized. Although this report would not advocate any 

unusual differences in the structural design approach for 

beryllium as compared with the structura l dasign for ~ltra 

high strength steels, it has been observed t hat the desi1• 

philosophy in the past for beryllium structure has been 

choracterized bl caution. It may be added also, that fltght 

test applications of beryllium gener1ll y have been based oa 

cost/formability parameters. Although the development of 

l arger sized berylli um structures present some new ,reas of 

tnvesttgaiion, the need for these structures should offer 

the incentive to move ahe ad with a larger development effort. 
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SECTION V 

Sl~YCTYR~~-,MA~iU FACTU R l NG ~~,1..ROC ES s Es 

Tha costs associated wtth advanced flight vehicle 

d,v,ltp■ent and construction is of paramount interest to th a 

Air Force. A pound of payload in orbit is very costly, and 

e1ch pound of completed structure 1s expensive as a result 

Gf starting m1ter tal , fabrication, and construction costs. 

None of the recommended structural materials or 

eonstructloR methods u1 11 require ,ny elabo ra te tooling or 

exlratrd1nary procedures to manufacture the details. Some 

equipment may be unique to the standard fabrication shop, 

bul wtlh m~dern equipment and ;q ua11f1ed personnel no serious 
' 

prtbltms should occur. Even the newer processes such as 

electrical discharge machtnin9, chemical milling. Anocut. 
i 

electrolytic drilling, have btcome somewhat standard with 
I, 

the major aerospace organ1zat1bns. These procedures have 
' 

,,en uaed on the refractory metals and titanium with JOCd 

results. 

Niobium and tantalum alloys can be fabricated with very 

little troublt providing good shop practice 1s observed and 

necesiary precautions are taken. Mo lybdenum and tungsten 

alloy fi•r1cat1on wt11 be more problematical, but with 

preseri,t-day materi • 1 qua 11 ty being grei1t ly improved co,mpa red 

to f1v1 years ago, manufacturing d1ff1cu1ty can be minimized. 

In g1n1r1l, protection against environmental contam1nation 
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must be carefully control led in every respect for any of 

these, m,,it11ri1ls . 

N1ob t um and t antalum alloys are r111an1b1y ductile •nl 

in1 the "ac:u1.un-1"nealed cond ft io1n may b1 f .a:br1c,1t'ed a·t roo~ 

t 1e:mpE1 r a1 t1n·e. Certa 1 n f a.bri c1 t ii on procts!► e s for mo 11,,1t1,dle1a11.n1t 

(1'ZM al'loy or Mo -.5T1} may be a11 1:co1n.plish•~d' at r loom tiemp~, • 

1r-aturE1. while other processes must be perf1orrn1e1d 11t so1m:e 

elevated t emperature. Th e f1ct that present purity of 

molybd•rn um has lowered ·the t ,·a,udt1on 1~amp,eraturt Is he·lpfur. 

however, the narrow ef f ·1 c i ent ut 11 i za t i e11i1, r·ang,e ,- qu11.s '.t1'01n11ilb,l!11, 1 

nature of joining, difference tn the rm1l p,opert fes on~ tit : 

overal1 problems of structur1l in ttg rat ion make tt a dubt,,1 

selection . Arc cast tu ng sten can be forged or s~ear•f- rm,d 

succt~ssfullyt however, ·i t must be done t 't a te,mip1er,1t1ure ,of' 

about 1600°F - 1B00°F which is significantly above t,e 
ductil1-brittle transi tton tempera ture of &OO-I00°F. A1••• 
there is no need fD P in-process surface protection siAce 

the ox ide formed ts minimal 1nd that wh t ch is not mechanfca l ly 

removed by t he fabrication proce,s can be easily removed 

afterward. In the ca se of the tung sten-thoria fronta l 

section. the fabricat ion of the tungsten grid 1nd coiled wt•• 

network, and the application of the T~O w~re "hand-operations" 

wi t h no attempt to mech anize the procedur11. 

Strong consideratio~ should be given to ma xi mum use of 

titantum throughout the vehicle substructure which could 
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141,ally m1n1mtze fabrication and manufacturing difficulties. 

,I' ::::[l~i~r-1111, n·Q , 11101 of structural, materials which diffusion 

.' l::;~/~:~{\J1$: ~e1tdHy 1s 11:.~e t1t11nh1111 alloys. As a rule, 1001 
:1: ,': I i:11· i 

, • 1l i• ;11nt, 11fJ1eien,t.; caB be realized 1n titanium diffus·lon bonds 

I r 1'.~t:~ , 1~p1 be ,chi 1Ye·d by I number of diffusion bond •11 ng methods 
' I' 

1~f '~~~lfd~rts. However, care must be taken in using proper 
:.'I I' ''!' ',1 

-~~t~••tn9 cond1t1ons ond protecting titanium from contam­

th•ttQo. The roll bonding process offers the potential of 

~1,1av1,~f ,n.t s1mp,le and high ·lntegrtty tube-wall construction 

~,, l1tlive. 1c.0111ng s;ubst,ructure. In some respects, there 

••• are•& differences between titanium and aluminum fabrica-

1t,n. especially Jo1a1ng. The oxide of aluminum 1s very 

• ~1ft1eu1t to control and actually inhibits joining. Aluminum 
' ' 

Qf141 •ates resistance weldiftg problematical, almost pre-

'

1<h11dt$ 1,c .. cept1,ble gas wtlding11 and currently hinders good 

4:1fi!.us1,e1n bondi 'n.g. Titanium oxide, on the other hand, poses 

n10 ptQ1bl1em since it.s protective oxide does not restrict 

Joining. Titanium acts as a good "metal solvent" and readily 

,i1.st101lvei,s maniy meta.ls including itself. The fact tha 't 

11ttn1um also dissolves its own oxide makes it one of the 

••s~e1t metals to Join. 

Since a "sh1rt-sleev, environmant" is boing considered 

IQr 1ht crew and equ1pmeAls must be placed 1n reduced tem~ 

1f1e1rat1u1rt c,o,1p,aritments, e1 t ensive use cf "active regenerative 

caoliin,9° 1n 1d41t1on to insulation~ appears to be requ,1red. 
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The double-wall or tube-w~11 cooling system could be made 

a11most 1xcl1u;1ve1y frcm1 ti •t1u1ium, ttdth prh11I ry eff(tr'·1~ on 

the dev1lopm1 ~t of ~n integral -tructure-coo1 1ng passage 

iystem. 
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$ECTION VI 

CONCLUSIONS ARD RECOMMENDATIONS 
- I I ••----•---1 ____ ,......,..;. .......... ;.;..;..;;c. 

The a11essm1~t of hypersonic vehicle materi al s and 

structures technology, as presented in this report, has 

attempted ta review vehicle design requi rements and offer 

several thermal -structural concept approaches. Certain ly, 

a mow·e com11>1rehe1nsive trade-o 'ff ana ly sis is required to 

enab le full j us tification of t he rcasonin9 and conclusions 

presented 1n this report. Some of the more significant 

conclusions and recomme nda tions of this report are summar­

ized in the following paragraphs. 

1. In hypersonic vehicle design and trade-off analysis 

the L/D ratio, volumetric efficiency, center of gravity and 

structural weight control should be treated as interrelated 

and inseparable factors. 

2. The use of the refractory metal alloys ~f tantalum, 

molybdenum. and ntobium in heat shield applications could be 

comparatively evaluated for narrowly dafined utilization 

limits and design efficiencies, in which tijch could be 

justified for a certain performance range. However, mol y­

bdenum wou l d find a narrow utilization range with the fabri­

cation and structural integration problems essentially ren­

dering its use proh1bitive. Tantalum and niobium remain as 

the more promising candidatts for usa whrre the surface 

temptraturts d1ctatt the need for refractory m0tals. 
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3. Ballast and other non-payload weight 1n the 

stagn1ttan reg ion and forward sect1a1s s~ould bt converted 

to more reliable, reusable vehicle structure tn ordet to 

provide grea ter flight performance 1nd1 safety . T~e 

stagnat i on structure could be constructed of the tungsten-
'I .r 

thoria com p<~.site and other fo1~ward stag1mrt:ion ' r,egU,n11 c:,1ld 

be cons t 1ru 1ct ed fro.m e·I ther tu111gs.ten-thorh1, th,0~~1 ,, d1 'hp11u~~!ed 

tungsten or coated tungsten. Immediately adj1c•nt •r••• 
would be fabricated f rom tantalum. 

4. Titanium alloys can be efficiently and r11t,blJ ,std 1 

' 
as the i nternal prima ry l oad-carrying structur1J 1ur~~1r~~q wt,J1h 

11 , II j I 

a1 cooled 1111:,egral structure 011
• tube-wc1i1 ton s1r,uc1i1on1 Wil~1l1ch 

I 

); ', .j' 1.I 

is fabr 1 c;.a ·t ad by one or more bonding procesf.esi:. iA W'11 de 'rl"''' 
1, 

of t ita nium alloys now exist, and an attract iYt s,ele~tH~n,, 11$, 

ava ilab le for us e in higher load carrying assamhlit$ ,t 

tamperatures up to 600°F-800°F and up to 1000°F-1200°P ,,, 

light or no-lo ad appl'lcatioris . These alloys s,hou1ItL b,• ent
1
~,ely 

satisfactory for long term us age. 

5. In the aft section of the vehicle for the upper 

body exterior surface, be ryll t um could be chosen as I ma~or 

mate ri al of construction. Moreover, beryllium can be care­

ful ly considered in weight crttical regions of th e v1h1clt 

and where weight co ntrol ts n1cessary to per•tt improved 

c:.g. loi:at"lo,n. 
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6. The mater1,1s. processes and equipments necessary 

f101r the c:o,ns,truc'tion of a h11Jh Ln> hypersonic veh i t: le are 

•~•tlablt and the vehicle coul d be fabricated on the basis 

: 
1t:f ~resent d,a

1

y tec:hno1 l ogy. Th ,1 re appeari~ to IH! rao unique 

• Jq uirements for specialized t ooling or proce ss developments, 

bowever certain fabr i cation procedures must be demonstrated 

1nd structur11 co~ponents must be evalua ted. 
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