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Preface 

The work described in this report was performed by the Engineering Mechanics 
Division of the Jet Propulsion Laboratory. 

All of the sample structures discussed in this report were fabricated and most 
were tested by Rohr Corporation at Riverside, California under JPL Contract 
951612. 
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Extraterrestrial planetary entry probes require new concepts in lightweight 
entry-vehicle design if the scientific payloads of inissions are to be maximized. 
For a number of missions, comi~~unications and sensing requirements imply the 
need for an R F  transparent aeroshell structure. Such an aeroshell would increase 
the view angle of the transmitters and receivers while providiilg equivalent 
protection from the entry environment. 

Presented are the results of an extensive study of lightweight resin-fiberglass 
honeycomb-sandwich structures that was performed to define the fabricability 
and ecollomics of R F  transparent structures and to provide design data for detail 
analysis. As part of this study, a comparison was made with lightweight adhesive- 
bonded alunlinun~ honeycomb-sandwich structures so that ally penalties for RF 
transparency could be established. The results showed that there was little 
difference in strength to weight i11 lightweigllt configurations for resin-fiberglass 
and aluminuin honeycomb-sandwich structures. Aluillinum showed some advan- 
tage in stiffness to weight, but resin fiberglass was easier and less expensive to 
fabricate and was adaptable to a wider range of aeroshell configurations. 
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Fabrication Development of Lightweight Honeycomb-Sandwich 
Structures for Extraterrestrial Planetary Probe Missions 

I. Introduction 

Entry into the atmosphere of planets other than earth 
is primarily constrained by our lack of knowledge about 
the particular atmospheres and by either tenuous atmo- 
spheres or high relative velocities at entry. To decelerate 
at  high enough altitudes to allow significant atmospheric 
data sampling and to prevent excessive heating at high 
velocities, vehicles with low ballistic coefficients (essen- 
tially, weight per unit area) become extremely desirable. 
Typical ballistic coefficients for atmospheric probing of 
Venus or Mars are as much as an order of magnitude 
lower than low ballistic coefficients for earth reentry 
vehicles (i.e., in the Apollo program). Fabrication of 
lightweight structures for the very low ballistic coefficient 
probes is often limited by minimum gage material con- 
straints. Preliminary atmospheric entry studies at the Jet 
Propulsion Laboratory (JPL) indicated that honeycomb- 
sandwich constructions have wide applicability to a 
variety of potential missions. A study program was 
initiated at JPL to define minimum gage in honeycomb- 
sandwich construction and to compare resin-fiberglass 
and metallic honeycomb with each other and with 
monoeoqrre structures or other common alteinatives. 
Resin-fiberglass sbuctures proved to be of special interest 
beeattre of their- potentla1 R F  tranyparency lequiren~ents 
and apparent potential to make significant decrea5c.c in 
cost for the same performance. 

To follow the directions indicated by the study pro- 
gram, a contract was granted to Rohr Corporation to 
investigate lightweight honeycon~b-sandwich structures. 
The data from this investigation are reported in Ref. 1. 
In the present report, the data are analyzed and compared 
to expectations. Recommendations are made regarding 
the use of the data, and specific comparisons are made 
between adhesive-bonded resin fiberglass and adhesive- 
bonded metallic honeycomb-sandwich constructions. 

II. Matrix of Parameters Studied 

A systematic program was followed to investigate the 
effect of individual honeycomb-sandwich configuration- 
parameters on the performance of samples fabricated 
under normal or close to normal shop practices. Details 
of the program are presented in Ref. 1. Tooling costs 
were held to a minimum and all curing was done under 
vacuum bag pressure. The latter constraint was important 
because successful demonstration of structural efficiency 
using vacuum bag pressure precluded the requirement 
for large autoclaves for anticipated large (>20-ft diam) 
vehicles. The specific material parameters investigated 
in the program are listed in Table I. The values of 
iridividual design parameters were perturbed about some 
nominal ~materral combination, and important variables 
were combined to test coupling effects. 
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Table 1. Material parameters investigated 

Resin system 

A-stage vs B-rtoge impregnation 
Initial resin content 

Reinforcement material 
Fabric style 

Fobric yarn 
Fabric finish 

Number of plies 
Rotation of warp 

Facing splice 
Facing repair 

Resin system 
Thickness or 

unit weight 

Support 

Resin system 

Support fabric 

Cell shape 
Cell size 

Number of resin 
dips 

Thickness 

Core splices 

Core repairs 

Adhesive bonded aluminum 

Support 

Alloy 
Heat treat 

Cell shape 
Cell size 

Thickness 

Core splice 

Initial studies were made on flat panels. Fabrication 
requirements were first determined and properties mea- 
sured on these panels with the appropriate ASThif test 
standard (see Ref. 1 for details). The best material 
con~binations selected from the flat-panel investigation 
were further utilized in the fabrication of small doubly 
curved 2-ft-diam sphere-cone models. These models had 
a two-fold function. First, they proved or disproved 
fabricability in complex shapes for the various preferred 
material combinations. Second, they furnished models 
for a test program to verify reproducibility in conlplex 
structure fabrication and to investigate the coupled 
effects of sterilization, launch, space transit, and entry 
environn~ents on structural performance. The data from 
the overall investigation were also utilized to build a 
6.5-ft-diam phenolic fiberglass honeycon~b-sandwich aero- 
shell for an early Mars probe mission as part of the 
Capsule Systcnl Advanced Developn~ent (CSAD) pro- 
gram at JPL. The fabrication of this aeroshell is reported 
in Ref. 2. 

Table 2. Nominal lighfweighf resin-fiberglass 
honeycomb-sandwich composite 

Gloss cloth weave 

Glass cloth yarn Two-strand twisted 

Glass cloth finish Volan A 1 100 

Number of plies 

45-deg rotation of warp direction 

on each succeeding ply 

Core thickness 

Extra resin dips None on 4-lb/ftJ core 

weave fiberglass cloth (such as style 112) was initially 
thought to be a reasonable minimum gage when each 
succeeding ply was rotated 45 deg, because the non- 
isotropic weave properties would tend to balance out. The 
adhesive selected was the only one available a t  that time 
combining low unit weight with good fabricability and 
strength. The core was also standard and the lightest 
available in small-cell sizes. Each of the 20 control param- 
eters was investigated separately by malting samples, 
when possible, which differed from the nominal in only 

I I I .  Flat Resin-Fiberglass Configurations one parameter. The results of these studies are discussed 
below. 

Early in the program a nominal Iiglltweight resin- 
fiberglass honeycomb-sandwich composite was chosen 

A. Facesheet 
before significant data were available. The nominal con- 
figuration is shown in Tal-iile 2. The particular high- I, l3esk.s. The 24 facesheet resin systems investigated 
temperature phenolic resin was chosen somewhat in this program are listed in Table 3. The selection of 
arbitrarily because of availability. Four plies of a plain resins was based on JPL and Rohr experience and 
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I gFor supplier source see Ref. 1. I 

man~ll,lr.trtr e1 claimc, of good C ; i b r ~ e ~ b ~ l i t ~  or high- 
temperatu~e 5tabtlrty lnltral screelung was done with 
8 ply Idlninate Rexule tcstt at vdrlous tcmpcratures. The 
ficxut c rc5ult5 for lepi esentat~vc aver agc ~ t ~ a t e l ~ a l s  axe 
sho\vn 1x1 Fig. 1. One of- the epoxies (rnalked "highest- 
temperature epoxy" on the figure), all of the phenolics, 
and the polyinlides were alniost identical in flexure. The 
apparent dropoff in the polyimide samples at 350°F may 
have been caused by the relatively low-temperatule cure 
utilized, which does not allow achievenient of the full 
high-temperature strength of the material. The polyimide 
flexure data may be co~npared to the extensive laminate 
flexure data in Ref. 3 measured at  NASA Langley 
Research Center (LaRC). The data obtained by the 
Rohr Corp. have about the same curve shape but are 
25% lower than the data obtained by LaRC. This shift 
was expected since each ply was rotated 45 deg at  
Rohr, whereas the warp direction was aligned in each 
ply at LaRC. The low-temperature epoxies, which were 
difficult to handle, were eliminated with the Vibrin 
polyesters and the Dupont 2501 polyimide, which, in 
the available B-stage form, did not have the proper tack 
to allow adequate handling during fabrication. The 
B-stage preinlpregnated cloth was found to be sinipler 
to fabricate and more reproducible in end product than 
the A-stage wet layup resin systems, and all further 
work was done with B-stage resins. The fabricable 
materials with adequate high-temperature strength were 
fully evaluated (Table 3). 

Sandwich-flexure facing strength and edgewise com- 
pressive strength are shown in Fig. 2 for each of the 
generic resin systems studied. The low values shown for 
facing-flexure strength perpendicular to the core-ribbon 
direction were probably caused by inadequate test- 
sample geometry rather than any significant facesheet 
strength difference in the two directions. The weaker 
core-shear properties perpendicular to the ribbon direc- 
tion could have caused premature failure if the sample 
length-to-width ratio had not been large enough to con- 
strain the failure mode to the facesheet. The phenolic 
and polyin~ide data represent the averages of the resins 
studied, since little real difference was apparent. The 
epoxy data are for EC 35, which showed considerably 
better high-temperature properties than the other epoxies. 
In fact, the measured properties of the EG 35 were so 
siinilar to one of the phenolic systems that the infrared 
5pectra had to be exani~neci to verify the large difference., 
in rnoIecuI,~r 5buc'trrre. Based on thew d:lta 'lnd tlre %ply 
lallim,~ tc flcxuie ihowrl i l t  Flg. 1, the /311<311yl \ ~ l ~ l n ~ l ,  epoxy 
novaiae, nird polyestcls were dloppecl from further con- 
sideration. The phenolics, the epoxy, and the polyimides 
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TEMPERATURE, O F  

Fig. 1 .  Flexure strength of 8-ply laminates 

have little difference in room-temperature flexure or 
edgewise conlpression strength. 

In Fig. 3, the same properties are conipared for these 
three resin systems at - 150°F and 350°F. The superiority 
of the polyinlide for high-temperature utilization is indi- 
cated. The percent of room-temperature strength at 350°F 
is 80% for the polyimides, 35% for the phenolics, and 
15% for the epoxies. Polyimicle svould apparently be more 
desirable for any high-temperattire use enviro11nlen"iand 
\voulcf therefore be a likely earrdiilai-e for a Venus entry- 
probe shuctrrre. Phenolic is much easier to handle during 
fabrication and, since it has sufficient short-time strength 

at temperatures up to 600°F, it is considered a suitable 
candidate for a Mars entry-probe structure and was used 
as the nominal material for the rest of the parameter 
perturbation. 

2. Fabric nzateuinl. Only standard E glass and the 
newer high-strength S glass wele exaillined in this study. 
The only Iightwe~ght S-glass fabilc available was m style- 
120 weave The comparat~ve Hexure strengths and edge- 
wrse eornpr esslve strengths of the iwo ~natexrnls ale 
silo\\;~il ir ,  Fig 4 Tlie eclgen ise corrrpr cislon data for the 
S-glass configuration show the same 25% Inelease in 
strength over E glass normally encountered. The  
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RESIN SYSrEM 
PARALLEL TO THE 

CORE RIBBON-, POLYlMlDE 75'F / h 

PERPENDICULAR TO 
THE CORE RIBBON f 

PHENYL SILANE PHENOLIC 75'F I 

EPOXY 

EPOXY NOVALAC E FOXY 75O F 1 
POLYESTER 

POLYlMlDE I 
POLYlMlDE 75'F / .- 

PHENOLIC 
-150°F /H 

PHENOLIC 75OF y m  
35O0F /I 

PHENYL SILANE 

EPOXY 

E FOXY 
EPOXY NOVALAC 

75OF y m  
350" F 

POLYESTER 

2 5 TRIALS 0 10 20 30 40 50 

POLYlMlDE I ii AVERAGE EDGEWISE COMPRESSIVE STRENGTH, 103 p s i  

SCATTER 

BASED O N  NOMINAL FACING THICKNESS OF 12 mi l s  

2 5 TRIALS 
STRENGTH MEASURED PARALLEL TO RIBBON 

0 10 20 30 40 
--- AVERAGE Fig. 3. Effect of temperature on principal honeycomb- 

SCATTER 
EDGEWISE COMPRESSIVE STRENGTH, lo3 psi 

sandwich facing properties for major resin systems 
BASED O N  N O M I N A L  FACING THICKNESS O F  12 m i l s  

Fig. 2. Coqarison of lighrweigkt been deterlllined because longer spans and other S..glass 
facing strengths for best available resin systems configurations were not tested as part of this study. 

sandwich-flexure data, however, s l~ow little improvement The D glass was considered in the program, but in 
in strength with the rise of S glass. For the particular this honeycom2~-sand~i7icl~ cor~figuration the dielectric 

span used in the Aexrrre measrrrement, the adcfed iml3rovement over E glass coulcl noi be realized. High 
strength of S glass may not be realizable because of pre-. modulus carbor~ or graphite cloth was also considered 
mature core failure. However, this possibility has not in. this program. PreIinliilary investigation implied a 
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I I I I 
-- -. . . . I - - -- 

E GLASS 

1 

S GLASS 

0 10 20 30 40 

SANDWICH FLEXURE FACING STRENGTH, psi 

E GLASS 

SGLASS / 
0 10 20 30 40 

> 5 TRIALS 
--- AVERAGE 

EDGEWiSE COMPRESSIVE STRENGTH, lo3  psi 

SCATTER 

MATERIAL I S  STYLE-120 CLOTH WITH NOMINAL FACING 
THICKNESS OF 15 mi l s  

STRENGTH MEASURED PARALLEL TO RIBBON 

Fig. 4. Comparison of facing strengths 
for fabric materials 

potentially conlpetitive strength-to-weight ratio with spe- 
cial advantages for specific mission constraints. The lack 
of available resources prevented full investigation of this 
fabric material. 

3. Fabric weaves. Fabric weaves were chosen to 
emphasize isotropic properties whenever possible. The 
four lightweight varieties studied are compared in Fig. 5. 
Fabrics of styles 108, 112, and 116 are all plain weaves 
(one under, one over). The two major directions (warp 
and fill) are essentially identical in styles 112 and 116, 
but tlle fill direction is only 60% of the strength of the 
warp in style 108. The lighter fabric was not available 
in a balanced weave. Style-120 cloth is a crowfoot satin 
weave (three over, one under) that is identical in appar- 
ent strength with style 116, but is more easily confornled 
to complex shapes. There is no apparent difference in 
flexure strength between the four styles. On the other 
hand, style 108 appears to be considerably weaker in 
eclge~vise con~pression. There are three possible reasons 
for this apparent wealtness, none of which have been 
confirliied in this program. First, the fill direction is 
coiisiderahly weaker than the warp direction and this 
should be il~clicated by 130th flexure and eclgenrise com- 
pression data. Second, Ratwise tension data were also 
low, i~~lplying potcritial ndhesive failure in the edgewise 
compression tests. And third, tlie measured facesheet 

ihicl<ncsses for style 108 arc not consistent with the 
othei noiniilai fabiic thicknesses and thi5 incoiisisteizcy 
nlay contribute to the calculated diAerences in strengths. 
In ally case, style 108 was dropped iionl further con- 
sideration and style 112 was cho~en as the lightest cloth 
consistent with good strength properties. 

4. Fabric yarns. Standard yarns used in weaving cloth 
consist of two isvisted strands that are used to decrease 
the effect of local weaknesses caused by inlperfections 
in one of the strands. With nlodern techniques, local 
strand inlperfections can be reduced, and equivalent 
strength fabrics can be made fro111 single larger strands 
in which tlle detrimental effect of twisting is eliminated. 
A single strand equivalent of style 112 was made specially 
for this program by J. P. Stevens & Co. I n  Fig. 6, flexure 

FABRIC NOMINAL 
STYLE FACING 

THICK- 
NESS, 
mils 

I I I I 
0 10 20 30 40 

SANDWICH FLEXURE FACING STRENGTH, lo3 psi 

2 5 TRIALS 
0 10 20 30 40 

--- AVERAGE 
EDGEWISE COMPRESSIVE STRENGTH, lo3 psi 

SCATTER 

STRENGTH MEASURED PARALLEL TO RIBBON 

Fig. 5 .  Comparison sf facing strengths 
for lightweight fabrics 
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STANDARD STYLE 
112 TWO-STRAND 
TWISTED 

SINGLE-STRAND 
EQUIVALENT 

SANDWICH FLEXURE FACING STRENGTH, lo3 psi 

STANDARD STYLE 
112 TWO-STRAND 
TWISTED 

SINGLE-STRAND 
EQUIVALENT y!$$$$ 
> 5 TRIALS 

--- AVERAGE 

s 
0 10 20 30 40 

EDGEWISE COMPRESSIVE STRENGTH, 103 psi 

SCATTER 

STRENGTH MEASURED PARALLEL TO RIBBON 

BASED O N  NOMINAL FACING THICKNESS OF 12 mils 

Fig. 6. Comparison of facing strengths 
for fabric yarns 

strength and edgewise compressive strength of 
honeycomb-sandwich samples that used this special 
fabric are compared with the nominal configuration. 
Although edgewise compressive strength appears to be 
slightly improved, unit panel weights are similar, and 
the apparent increase is not sufficient to overcome the 
additional cost of manufacture. Lighter cloth is poten- 
tially possible using this technique, but present 
requirements do not warrant the effort. 

5. Fabric finish. In this program, S-935 silane finish 
was compared to Volan A chromate finish on style-112 
facing fabric. The comparison is shown in Fig. 7. Silane 
fabric finishes are supposed to provide greater composite 
strength than the more standard chromate finishes be- 
cause they provide a better bond between the glass and 
the resin.-Actually, in these tests, the silane h j s h  com- 
posites provided apparent decreases in strength over the 
Volan A finished composites. Since sufficient data were 
taken to imply that the drop was real, the apparent 
disagreement is probably the result of a codguration 
effect or an inadequate appIication of the silane finish to 
these particular style-112 fabrics. It  was not believed that 
a better application of the finish would provide significant 
improvement in properties for this configuration, so silane 
finishes were not considered during the rest of the 
program. 

0 10 20 30 40 

SANDWICH FLEXURE FACING STRENGTH, 103 psi 

2 5 TRIALS 
--- AVERAGE 

SCATTER 

BASED O N  NOMINAL FACING THICKNESS OF 12 mils 
STRENGTH MEASURED PARALLEL TO RIBBON 

Fig. 7. Effect of fabric finish on honeycomb- 
sandwich facing strength 

6. Number of plies. To show layup effects on strength, 
2-, 4-, 6-, and 1Zfacesheet plies were investigated. The 
comparative strengths shown in Fig. 8 imply no signi- 
ficant change in strength for a nominal facing thickness 
of 3 mils per ply. The slight drop in edgewise compres- 
sive strength for the 2-ply sandwich could be caused by 
local buckling of the thin facesheet but the magnitude 
of the drop is not necessarily significant. The other 
directions gave similar results, so even the 2-ply sandwich 
can be considered reasonably isentropic. 

Since 2-ply sandwiches are reasonably isentropic, com- 
parison of similar thicknesses, but different numbers of 
plies, seemed apropos. Figure 9 shows the flexure 
strength of two sandwich composites, one with the 18- 
mil facing made from six plies of style-112 cloth, and 
the second Gom two plies of style-181 cloth. Although 
the two plies appear somewhat stronger, that fact is not 
significant when Fig. 9 is compared to Fig. 8. It would 
appear, though, that thickness may be achieved by almost 
any combination of cloths as long as the warp and fill 
directions provide somewhat similar strengths. 

7. Rotation of plies. When the plies are rotated 45 deg, 
a 45-deg gap is created between the directions of the 
individual yarns. Once six plies are achieved, 60-deg 
rotation is possible with one warp reinforcing one fill 
and only 30 deg between yarn directions. Such a facing 
should be more isentropic but may be slightly weaker 
in the major directions since a smaller number of yarns 
are parallel to the test direction. Figure 10 tends to 
support this conclusion. No greater differences are 
apparent in other properties or in other test directions. 
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NLJMBEK FABRIC 
OF STVLF 
PLIES 

I I I I 
0 10 20 30 40 

SANDWICH FLEXURE FACING STRENGTH, psi 

I I I J 
2 5 TRIALS 

I 
0 10 20 30 40 

--- AVERAGE 
EDGEWISE COMPRESSIVE STRENGTH, lo3 psi 8 SCATTER 

STRENGTH MEASURED PARALLEL T O  RIBBON 

Fig. 8. Honeycomb-sandwich facing strength as 
a function of the number of facing plies 

By the sanie reasoning that indicated the 2-ply facesheet 
to be reasonably isentropic, the 3-ply with a 60-deg 
rotation between plies should be  considered even better. 
This reasoning also allows greater thickness control for 
the thinner facesheet requirements. 

8. Splices. Large constructions require facesheet splices, 
so some estimate of the decrease in strength caused by 
splices was necessary. The potential effect of splices being 
accidentally or purposely aligned from ply to ply also 
Jiad to be investigated. Figure II presents a coinparison 
of the effects on flexure strength of aligned, staggered, 
and rio splice4 The presence of splices contributed i ~ o  
apparent dcgradahon ln composite str errgth ;tklhongh 
some increase in panel-unit weight must be allowed for 
111 any structural design. The ~taggeled splice i~ rec- 

2 181 CLOTH I 
SANDWICH FLEXURE FACING STRENGTH, 10'psi 

2 5 TRIALS 
- - -  AVERAGE 

SCATTER 

BASED O N  N O M I N A L  FACING THICKNESS O F  18 mils 

STRENGTH MEASURED PARALLEL TO RIBBON 

Fig. 9. Comparison of flexure facing strength for 
different fabrics of different plies 

WARP 
ROTATION, 
deg I I I I 

0 10 20 30 40 

SANDWICH FLEXURE FACING STRENGTH, lo3  psi 

2 5 TRIALS 
--- AVERAGE 

SCATTER 

BASED O N  N O M I N A L  FACING THICKNESS 
OF 18 mils FOR 6-PLY FACINGS 

STRENGTH MEASURED PARALLEL TO RIBBON 

Fig. 10. Effect of ply rotation on flexure facing strength 

ommended over the aligned splice, even though no 
apparent difference in strength was noted. 

9. Repairs. In resin-fiberglass sandwich construction, 
imperfections or damage to the facesheets can be re- 
paired if the plies are carefully stripped back one at  a 
time, which leaves a stepped effect as shown in Fig. 12. 
New adhesive and new plies can then be fitted back in 
place and vacuum-bag cured without degradation to the 
original structure. Flexure- and flatw~se-tension tests 
across the stepped repail splice show the same lack of 
deglaclailon as the facesheet splice data rn Fig 11 This 
sancl\\71ch eomlctr nct~on has A partlcrrlar adv;intagt ovet 
metallic honeycomb in that it allows local tepairs without 
significant change in panel weight. 
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N O  FACING 
SPLICE 

ALIGNED 
SPLICE 

- -- 
P--. - 

STAGGERED 
SPLICE 

SANDWICH FLEXURE FACING STRENGTH, 10' psi 

2 5 TRIALS 
--- AVERAGE 

SCATTER 

BASED O N  6 PLIES WITH N O M I N A L  THICKNESS O F  18 mils 

STRENGTH MEASURED PARALLEL TO RIBBON 

Fig. 11. Effect of facesheet splicing on flexure 
facing strength 

B. Adhesive 

1. Resins. Lightweight epoxy, epoxy-phenolic, and 
polyimide adhesives were investigated at different stages 
in the program. A summary of the flatwise tensile strength 
data for all of the configurations investigated is shown 
in Table 4. The epoxy and epoxy-phenolic data were 
obtained for phenolic facesheets and core, the polyimide 
data were obtained for polyimide facings and core. 
For equivalent reinforcement (see 1070 glass-cloth- 
supported samples) the epoxy and polyimide adhesives 
provide the same strength, and the epoxy-phenolic is 
about 20% lower. The polyimide/1070, on the other 
hand, showed twice the peel strength of the epoxy/1070 
adhesive (5.0 vs 2.5 psi). 

Important differences are shown in the temperature 
effects depicted in Fig. 13. The polyimide retains about 
75% of its room-temperature strength at 350°F but the 
epoxy retains less than 20%. A drop in flatwise tensile 
strength at -150°F is also shown in Fig. 13, and this 
drop contrasts with the flexure-strength increase shown 
in Fig. 3. The decrease in low-temperature strength 
implies transition to some brittle mode of adhesive 
failure. As long as the adhesive is epoxy, little difference 
is seen with epoxy or phenolic facings or with four or 
six plies. The epoxji-phenolic adhesive, though not shown 
rn Fig. 13, has considerably better properties than the 
epoxy adhesive at higher temperature and, in spite of its 

0 1 
INCHES 

Fig. 12. Facesheet repair technique 

slightly lower room-tenlperature strength, is preferable 
for most entry-probe designs in which high allowable 
structure temperatures after entry are desirable. During 
the course of this study, the epoxy adhesive was found 
to be incon~patible with nomex core, A-staged phenolics 
when cured together, Vibrin polyesters, and all of the 
polyimides. 

Table 4. Adhesive comparison 

Flalwise tensile 
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I (a) UNSUPPORTED 4mi l  EPOXY Fl LM ADHESIVE 

POLYlMlDE ADHESIVE -1500FI @ 
(UN1070 CLOTH) 750F 1-m 
POLYlMtDE FACING 
(4 PLIES) 

3500 F 1-a 
EPOXY ADHESIVE 

(UNSUPPORTED) 
EPOXY FACING 
(4 PLIES) 

EPOXY ADHESM 
(UNSUPPORTED) 
PHENOLIC FACJNG 750 
(4 PUES) 

3500~  a 
EPOXY ADHESIVE 
(UNSUPPORTED) 
PHENOLIC FACING 7 5 O  F y$@@ 
(6 PLIES) 

1 5 TRIALS 

l l l l l l l l l  
0 300 600 90 

FLATWISE TENSILE STRENGTH, psi 

--- AVERAGE 
SCATTER 

Fig. 13. Effect of temperature on adhesive strength 

2. Support. Unsupported film adhesive provided 
facesheet-to-core adhesive strength that was as good as, 
or better than, that of the supported varieties (Table 4) 
for lightweight honeycomb-sandwich construction. For 
resin-fiberglass construction, adhesive support cloths are 
just extra noncontributing weight. Scrim cloths tend 
to compete through capillary action for the adhesive 
resin, and the result is poorer filleting than that obtained 
from the unsupported films. Unsupported films, on the 
other hand, tend to fillet the core uniformly and draw 
most of the normally useless film from the center of 
the core cell. A comparison of paste and adhesive filleting 
is shown in Fig. 14. The paste adhesive fillet is seen to 
be typically poor. Use of the nylon scrim cloth provides 
a lighter but weaker adhesive film with the additional 
problem of the brittleness of nylon in a vacuum. 

3. Unit weights. The lightest available unsupported 
film adhesive gave as good a bond as the heavier 
varieties, which indicates that the availability of addi- 
tional resin does not add to filleting efficiency (Table 4). 
Added adhesive thickness, therefore, merely adds to 
the panel weight. For epoxy- and phenolic-sandwich 

(b} NYLON-CLOTH-SUPPORTED 8-mil EPOXY FILM ADHESIVE 

(c) ALUMINUM-FILLED EPOXY PASTE ADHESIVE 

Fig. 14. Comparison of adhesive Ifihfing 
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consh.uctions, the 0.03-lWfthepoxy-phenolic adhesive is Table 5. Comparison of lightweight cares 
recommended for all applicasons requiring perfo~.l~lance 
at higher than room temperature. Style 1070 glass-clotb- 
supported polyin~ide is the lightest and best polyinlide 
presently available, but production of an unsupported bighiweight cores 

polyimide adhesive film is a desirable goal for the future. 

C. Core 

1 .  Resins. Only phenolic and polyimide resins were 
investigated as core impregnants. No significant differ- 
ence was observed between the two resin systenls (Table 
5); this result supports the earlier similarity found in 
facing strengths. 

2. Support fabric. Only nomex-paper support was 
compared to the standard glass-cloth support. Although 
the nomex support provided considerably lighter core 
density, it had low values of strength and some incom- 
patibility with the available adhesives; therefore, it was 
unacceptable for this program. Carbon- or graphite-cloth 
support was also considered for this program, but the 
lack of sufficient funds prevented a complete investi- 
gation. 

3. Cell size. An increase in the cell size decreases the 
compressive and shear strength of the core in more than 
a direct proportion to the decrease in cell density 
(Table 5). Small cell size is desirable so that failure 
caused by local buckling can be minimized. However, 
small cell size must be balanced against density and 
flatwise compressive strength for any particular use. 

4. Cell shape. The three cell shapes investigated are 
shown in Fig. 15. Both the flexcore and dovetail core 
were developed to provide more flexibility in two 
directions. Although some data were generated (Table 5), 
it is difficult to make more than qualitative comparisons. 
The flexcore material is somewhat closer in size to the 
%-in. rather than the %-in. hexagonal core and, as such, 
provides compressive strengths similar to the larger 
hexagonal core. In all other properties, the flexcore 
samples provide less strength than the hexagonal-core 
counterparts, and the dovetail-core sandwiches are 
almost identical to the hexagonal. Lighter-weight dove- 
tail and smaller-cell lighter-weight flexcore are needed 
before a significant cornparison can be made. Until such 
advancements are made, the anselastic behavior of 
doubly curved hexagonal core can he partially relieved 
by either forming i-he hexagonal core in the partially 
cured state or by taking the weight or strength penalties 

Standard phenolic core 
Hexagonal cell size: %6 in. 
Thickness: 34 in. 

Density: 4 0  Ib/ft3 

Other resins 
Pofyimide equivalent 

Other cloth reinforcements 

Phenolic/nomex paper supported 

Increasing cell size to lower density 
Hexagonal cell sire: % in. 

Density: 3.5 Ib/ft3 

Other cell shapes 
Flexcare: 4.2 Ib/ft3 

Dovetail core: 5.5 to 6.0 Ib/ft3 

Extra resin dips 
1 dip 

Density: 4.5 Ib/ft3 

(a) HEXAGONAL (b) DOVETAIL ( c )  FLEXCORE 

I I I I I 
INCHES 

Fig. 15. Comparison of core cell shape 

associated with utilization of the available flexcore or 
dovetail core. 

5. Extra resin dips. Dipping the finished core in the 
original impregnating resin adds approximately 0.5 lb/ft3 
in density to the core per dip without significant change 
to other factors. This 12% increase in core weight 
provides a 50% increase in core Batwise compressive 
strength (Table 5) and about a 15% increase in core- 
shear strength without significant variation in the other 
properties. If increases arc needed in these parSieular 
strength properties; ihen dipping is an inexpensive way 
of manipulating them without major changes in ribbon 
fabric, cell size, etc. 
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6. S p l i c i n g ,  T h e  three ;~lterrrative core splicing 
i-eclrniques consiilered in this program are shown in 
Fig. 16. No significant degradation in any of the composite 
strength properties was found fronz either the one-cell- 
minimum, two-cell-maximum crush-overlap splice, or the 
foaming film-adhesive splice except equivalent increases 
in weight. Although the crush-overlap splice would appear 
to have a \veakness in the reverse crush direction, this did 
not appear to affect composite properties. The crush over- 
lap appears slightly lighter and is generally more desirable 
when anticipated high-temperature utilization would 
degrade the strength of the foam adhesive. 

7 .  Repair. Core repair must be accomplished patiently 
with a razorlike tool. Sections of core can be replaced 
by the use of the crush-overlap or foam-adhesive tech- 
nique without degradation in the core functional 
strengths. However, a small local increase in weight 
is experienced. 

IV. Flat Aluminum Configurations 

At the beginning of this investigation, the alun~inuni- 
honeycon~b sandwich was conceived as an all 2024-T4 
or 2219 sandwich so that full utilization of the properties 
of the highest strength alumnium alloys available could 
be achieved. Because of material compatibility problen~s, 
the actual con~posites studied (Table 6) did not utilize 
only these highest strength aluminum alloys. Alloy 2219 
was eliminated con~pletely for incompatibility with ad- 
hesive bonding. Alclad alloy 2024-T4 facesheets were 
found to be readily available in the 10- and 16-mil thick- 
nesses, but the 5-nlil facesheets had to be chem-milled 
from the 10-mi1 stock with the result that the cladding 
layers were removed and the conlposition of the contact 
surface was changed. The 2024-T4 core, which was diffi- 
cult to obtain in sufficient quantity for the full-test matrix, 
came in extremely limited size and density ranges and 
appeared to have a slight incompatibility problem with 
the epoxy adhesive. As a substitute, 5052 and 5056 core, 
available in several low densities, was used. 

A.  Facesheet 

I .  Materials. Aluminum alloys 2219 and 2024 were 
investigated as representative high-strength alloys avail- 
able in sheet and foil foln~.  Alloy 2219 v7as eliminated 
because of' adtlecive bonding p~ablenls that may have 
heen clrre to the copper I I S P ~  as RII al loy~ng element 
Only Alclad alloy 2024 was actually used in the Aat-panel 
study in the T3 rather than 1'4 condition. The only other 

implied effect of facesheet material is an apparent drop 
in flat\vise tensile strength for the 5-mil sheet. This drop 
could be the result of a difference in bonding between 
the cIad 10- and 16-mil sheet and the cllem-millecl 
(unciad) 5-mi1 sheet. (Ciaddiilg provides a high aiumi- 
num surface layer.) The drop in tensile strength could 
also be the result of accentuated waviness or local effects 
caused by the sheet thinness. However, the exact cause 
of the drop in tensile strength has not been determined. 

2.  Thickness. The effect of facesheet thickness is 
shown in Fig. 17. Edgewise conlpressive strength, as 
expected, was directly affected by facesheet thickness in 
the thin-gage sanlples. As the facesheet gets thinner, 
waviness effects are accentuated and local intercell buck- 
ling weakens the effective strength of the honeycomb- 
sandwich composite. When sufficient span length was 
used in the flexure tests, typical facesheet strengths near 
60,000 psi were realized, similar to those for the thick- 
skin edgewise conlpression samples. 

B. Adhesive 

1.  Materials. Only epoxy adhesives were used on 
aluminum sandwich in this program. Anticipated plan- 
etary entry aeroshells would have higher temperature 
requirements, and epoxy-phenolic or polyimide adhe- 
sives similar to those tested in the resin-fiberglass progranl 
would have to be used. I t  is expected that the epoxy- 
phenolic adhesive will be compatible with the alunlinunl 
and will have only a slight decrease in adhesive strength. 
The effect of facesheet thickness on apparent adhesive 
strength is shown in Fig. 18. Heavier facesheets appar- 
ently stabilize intercore buckling of the  facesheets 
and allow greater realization of bonding strength. 

2. Support. Preliminary tests of scrinl-cloth reinforced 
adhesive showed no apparent benefit in having a scrim 
cloth for these configurations. The unsupported film ad- 
hesive gave an excellent fillet, utilizing all of the adhesive 
film trapped in each cell and requiring no primer to 
enhance adhesion. 

3. Thickness. The thinnest, lightest adhesive that 
provides an adequate bond is the most desirable in 
lightweight structures. The lightest adhesive available, 
0.03 Ib/ft2, did not give sufficient adhesive strength re- 
pmdilcibly. Any inherent Iacesheet or core waviliess is 
not accomlnodatecl by the vaeuulil bag psessme, and 
sufficient adhesive mrrst be provided both to Pill tlre gay:, 
and to prochuer an acieqraate fillet. It was found tha.t 
0.06 Ib/ft2 of unsupportecl adhesive provided the desired 
bond strength. 



Fig. 16. Alternat ive  core  splicing t e c h n i q u e s  
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CORE CELLS 

0 3/8 in. 

1/4 in. 

FACESHEET THICKNESS, mils 

Fig. 17. Effect of facing thickness on edgewise com- 

pressive strength of resin-bonded aluminum honeycomb 
sandwich 

C. Core 

1. Mntericlls. Initial studies of 2024-T4 core, which is 
unclad, showed an apparent incompatibility with the 
epoxy adhesive. Since the adhesive was not incon~patible 
with 10- and 16-mil 2024-T4 facesheets, it appeared that 
their compatibility was linked to clad facesheets versus 
unclad core foil or exposure to the copper alloying agent. 
The 5052 and 5056 alloys used magnesium as their main 
alloying element and showed no incompatibility with the 
adhesive. Strengths of these cores were not significantly 
different from the 2024-T4 core and, therefore, these 
cores were used in this study. 

2. Cell size. Core cell size is related to density and 
affects not only the: direct core properties but also those 
facesheet a12d ac'rhesive properties that are eontrollcd 
by local br~ckling across the cell. Therefore, %-in, cells 
and :%-in. cells with the same 0.002-in. foil diger by a 

FACESHEET THICKNESS, mil: 

Fig. 18. Effect sf facesheet thickness on flatwise 
tensile strength for aluminum panels 

factor of 2 in flatwise compressive stsength. On the o t h r  
hand, :%i-in. cells with 0.0015-in. foil are aboirt the same 
derzsity and give the same flatwise con~pressive strength 
as %-in. cells with 0.002-in. foil. 
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Table 6 Material parameters of lightweight resin-bonded a luminum honeycomb-sandwich rompos"ttes 

These identical compressive strength cores do not give 
the same flatwise tensile strength and edgewise com- 
pressive strength. Under conditions when local cross-cell 
buckling becomes important, the smaller cell size appears 
effectively stronger. This effective strength is also propor- 
tional to facesheet thickness as discussed in Section IV-B. 

Parameter 

V. Fabrication and Test of Small Model 
Aeroshells 

Facing material 

Facing thickness, mil 

Adhesive material 

Adhesive unit weight, Ib/ftz 

Core material 

Core shape 

Core size, in. 

Core density, Ib/ft3 

Core thickness (unsupported) 

In reality, aeroshell structures are seldom flat. However, 
to prove the adequateness of a structural concept, the 
problenls of fabricating singly and doubly curved models 
had to be investigated. Double curvatures accentuated 
the problem, so in this program they were investigated 
first. The models constructed were essentially similar 
to the schematic shown in Fig. 19. The model is the nose 
of a 12-ft-diam blunt-cone vehicle with a 0.1-in.-diam 
nose radius. This was a popular size when the contract 
was initiated several years ago. The reinforcement ring 
is required for tests that are discussed in the following 
subsection of this report. 

A. Resin-Fiberglass Aeroshells 

2024-T3 

5 

FM96U 

0.06 

5056 
(a) 

'/4 

4.3 

0.5 

A photograph of a completed resin-fiberglass 
honeycomb-sandwich aeroshell model is shown in Fig. 20. 
The model was easily constructed from a simple exten- 
sion of the lightweight flat-sample techno log)^. The 
IZ-stage resin-impregnated cloth (0.004-in./ply) mas ade- 
qrrately contoured to the dorrbly curved shape without 
wrinkles and with onlj~ limited distortion. Green (par- 
tially cured) hexagonal core was molded to contour 

before cure. Cell distortion was reasonably distributed 
with an effective slight increase in density and strength. 
Flexcore or dovetail core is more readily formed to 
contour, but was not available in competitive cell sizes 
as a state-of-the-art material. The lightest adhesive 
(0.03 Ib/ftz) was again found compatible when exposed 
to vacuum bag pressure before final cure because of the 
conforilling ability of the resin-fiberglass system. 

2024-T3 

5 

FM96U 

0.06 

5052 
(n) 

3/s 

3.0 

0.5 

A typical fabrication sequence (see Ref. 1 for details) 
is to lay up the first multi-ply facesheet in a female mold, 
vacuum bag cure, and inspect it as a free-standing sheet 
to ensure nlaximum strength in the outer or heat-shield 
attaching face. The adhesive and contoured core are 
then Iaid in place in the female mold on the accepted 
facesheet, and they are vacuum bag cured. The indi- 
vidual fillets are then inspected visually to ensure proper 
bonding. The potting con~pounds are then added, the 
inner adhesive film and facesheet are laid up, and the 
entire aeroshell vacuum bag is cured again. With prac- 
tice, the whole operation can be done in one cure with 
identical results, but no in-process visual inspection can 
be done. No inherent problems were evidenced during 
the fabrication of this difficult shape. A 6.5-ft-diam sphere 
cone was then constructed (as reported in Ref. 2) with 
the resin-fiberglass technology developed in this program. 
The technology was extended to include integration with 
fiberglass aeachnient and reinforcement rings and with 
titaniun~ stiffeners having nearly identical coegcients of 
ttiermul expansion. No problem., are anhcipated ill ex- 
tending this experience to vehicles of sizes up to 20 f t  
in diameter. 
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2024-T3 

10 

FM96U 

0.06 

5056 
(a) 

Y4 

4.3 

0.5 

2024-T3 

10 

FM96U 

0.06 

5052 
(a) 

3/8 

3.0 

0.5 

2024-T3 

16 

FM96U 

0.06 

5056 
( 9 )  

Y4 
4.3 

0.5 

2024-T3 

16 

FM96U 

0.06 

5052 
(a) 

% 

3.0 

0.5 



HEAT SHIELD 0.1 TO 0.5 THICK 60 deg 
\ 

I 

24.00 diam 

1 DIMENSIONS IN INCHES 

Fig. 19. Schematic of small, doubly curved developmental aeroshells 

was supported at the 18-in. reinforcement ring and was 
placed in an aluminum cylinder. A11 inflatable rubber bag 
was also placed in the cylinder on top of the aeroshell 
(see Fig. 22). A large flat plate was placed on top of the 
cylinder, and the entire assembly was retained between 
the platens of a testing machine. When the bag was 
inflated, an even pressure was applied across the entire 
aeroshell. This pressure provided compressive hoop loads 
and tensile and compressive loads along a radial meridian. 
As the pressure was increased, the strain gages closely 
followed the calculated values. Unfortunately, because 
of the strength and number of plies used in the con- 
struction, the aeroshell failed in shear by punching out 
the center (see Fig. 23) at about half the pressure neces- 

Fig. 20. Completed resin-fiberglass aeroshell model sary to achieve the calculated failure in the facesheets. 
Four aeroshells were tested with the eaIculated shear 

In an attempt to fabrication reproducibility at failure ranging behveen 125 and 160 psi, These valries 
and lo verify an:llysis teehniyrles, a simple pressure test are close to "re shear strengtll ~neas t~ red  on flat samples. 
was devised for the 2-ft resin-fiberglass n~odel aeroshells. There was not e11ongl-i time to male additional aeso- 
In this test, a strain gage instrumented mode1 (Fig. 21) shells with thinner facesheets (fewer plies) and/or 
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Fig. 23. Collapsed aeroshell after compression test 

Fig. 21. Instrumented aeroshell in compression fixture 

Fig. 24. Completed resin-bonded aluminum 
aeroshell model 

did not have the elongation necessary to stretch to this 
shape in one piece. Attempts to stretch froni annealed 
2024 facing material produced rupture or at  best an 
orange peel effect that caused the facing material to 
rupture during adhesive bonding. To produce the aero- 
shell as pictured, a low-strength, high-elongation 1100 

Fig. 22. Placement of pressure bag in 
compression fixture 

stronger core (by extra resin dips) to verify the facesheet 
strengths as well as the core strengths. I t  is not antici- 
pated that the variation in facesheet strengths will be 
any greater than the variation in core strengths actually 
measured by this test. 

B. Adhesive-Bonded Aluminum Aeroskeiis 

A photograph of a completed adhesive-bor~ded 
alu1~~ini~in-ho1~e~cor111~ sni~d\vieh aeroshell ~xoclel is 
S E ~ ~ \ V I I  iri Fig. 24, Cci~rsicirraiilc difie-crlty was encoroi- 
term3 in fabricating this model and scverai compromises 
were finally necessary. High-strength aluminum alloys 

alloy had to be used, eliminating the competitive posi- 
tion of aluniinuni with resin fiberglass. Forming gore 
seg~nents and welding retrieves the strength-to-weight 
competitive position, but the cost of tooling to form, 
weld, and resize to tolerance increases by nearly an 
order of magnitude. 

On first glance, single curvature cones would appear 
to eliminate the forming and tooling cost problem since 
sheet can be rolled to contour and cut to size by rela- 
tively inexpensive and simple techniques. In actuality, 
this is essentially true, except that as the size of the cone 
increases, the practical tolerance rnisrnatch between inner 
and outer rolled and \veldcd sheet-s and their sand\viched 
honepeurnl, core is accentrinted, and adllesive thickness 
and, therefore, weight is increased 1 ~ 7 i " c l - r  the result that 
the effective strength-to-weight ratio is reduced. Typical 
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:%-in. panel-unit weights for either resin fiberglass or 
aluminum are in the order of 0.50 Ib/ft2, so the minimum 
weight adhesive of 0.03 Ib/ft' per bond represects 6% 
of the resin-fiberglass composite weight. Flat aluminunl 
required twice as much adhesive or 12%. For con~plex 
curvatures, even greater thicknesses of adhesive may be 
required to keep equivalent bond strength. Complete 
welding or brazing eliminates this problem, but cost can 
again become prohibitive. 

VI. Compatibility With Special Environments 

A planetary entry aeroshell has to survive many en- 
vironments other than the structural loading during entry. 
While still on the ground, it must survive weathering, 
handling, spillage of control-rocket fuels and oxidizers 
during the assembly before launch, and dry-heat steri- 
lization and ethylene oxide (ETO) surface decontami- 
nation when utilized. During launch, the aeroshell is 
subjected to severe vibrations and the rapid pumpdown 
places a sudden atmospheric pressure load from the 
inside out, which the structure is not necessarily designed 
for. Even though the structure survives this load, non- 
vented structures will retain this preload, which then 
must be added to the design load when estimating 
failures. The aeroshell is then exposed to vacuum for 
many months and is vibrated while cold (and brittle) 
during midcourse guidance corrections and planetary 
injection. Upon entry there is a time lag in the pressure 
actually experienced by the structure, so that while the 
structure is being flexed by the intense forebody pres- 
sures on the heat shield, the structure itself may still be 
in a vacuum. To keep the insulation requirements of the 
heat shield to a minimum, the temperature of the back 
surface of the heat shield must be allowed to rise as high 
as the load-carrying requirements of the contacting 

structure -vvill allow. Fortunately. the time of peak back- 
surface temperature is long after the time of peak pres- 
sure load so the structure rilust retain only 30% or less 
of its design strength at that time. Because of the severity 
of some of these environments, it was considered apropos 
to examine some of the effects during the advanced 
development program to make sure that the concepts 
were not later proved infeasible. 

A. Dry-Heat Sterilization and ETO Surface 

Decontamination 

Sample panels of the nominal (except for 6-ply face- 
sheets) resin-fiberglass construction were exposed to 
ETO gas for surface decontamination (168 h at 122OF, 
etc.) and dry-heat sterilizatioq (552 h at 27S°F, etc.) as 
specified in Ref. 4. The results for the following material 
combinations are provided in Table 7. 

(1) Facesheet-6-ply Adlock 851; style-112 glass cloth; 
Volan A finish. 

(3) Core-Phenolic honeycomb, 54 in. thick; 3/16 in. hex- 
agonal cell; 4.0 Ib/ft3 density. 

The only change observed during visual inspection was 
a deepening of the natural red color, which indicated 
additional and normally beneficial cure. No significant 
difference is seen between the surface-decontaminated 
and sterilized samples and the untreated control samples 
(Table 7). For high-quality, high-temperature resin sys- 
tems, sterilization and surface decontamination at these 
levels do not appear to be a problem. 

Table 9. Effect of sterilization on structural properties of sample 
lightweight honeycomb-sandwich composites 

I Struclural properties 

Flafwise compressive strength, psi 

Sandwich Flexure facing strengllrb (pcrrallel to ribbon direction), 1 O3 psi 

Edgewise conlpressive strengthi' (parallel to ribbon direction), 1 O3 psi 

"EiO decorrfornination-108 h o f  122'F; Dry-heat slerilizafion-552 IT at 275'F. 

Wased on nominal facing thickness of 0.018 in. 

Control samples 
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B. Launch Pumpdswn  

Several 8 X 12-in. sample panels of resin-fiberglass 
honeycomb sandwich were sealed at the edges, and a 
gressurc transducer was attached to monitor internal 
pressure. The instrumented samples were then pumped 
down in a bell jar simulating launch pumpdown (a de- 
crease in pressure of approximately 1 decade/min for 
8 min). No failures in the samples were witnessed. The 
internal pressure of the 2-, 4-, and 6-ply samples gradually 
lowered to that of the vacuum, which indicated some 
degree of venting through porous facesheets. The 12-ply 
facesheets did not provide this same equalization, which 
implied that there was sufficient thickness to promote 
sealing of the facesheet. 

C. Transit Vacuum Exposures and Vacuum 
Structural Properties 

All of the resins investigated in depth in this program 
have been tested for vacuum stability in other programs 
and are well within the established standards of weight 
loss performance (Ref. 5). Since the structure, during 
entry, was to be flexed while at reduced pressure, tests 
were designed to duplicate two of the major properties 
under vacuum conditions. A vacuum system was modi- 
fied at Rohr Corp. (see Ref. 1) so that vacuum-laminate 
flexure and sandwich-flatwise tension tests could be per- 
formed. The results of these tests are listed in Table 8. 
Vacuum did not affect either 8-ply laminate flexure 
strength, which would indicate facesheet resin changes, 
or flatwise tensile strength, which would indicate adhe- 
sive changes. 

Table 8. Vacuum performance of lightweight 
resin-fiberglass compositesa 

Parameter 

Flatwise tensile strength, psi 

Average 

High 

Low 

&ply laminate flexure 

strength, 1 O3 psi 

Average 

High 

bow 

Samples 
Control 

tested 
samples 

in airb 

Samples 

tested in 
vacuumb 

630 

690 

610 

- 
50.5 

47.6 

"6-ply Adlock 851; s ty le- l  12 gloss cloth; Voiun A finish; 0.03 Ib/ftVM96U odhe- 
sive; 3/16-in. hexagonal cell; 3 / ~ - i n .  thick: phenolic haneyccnih core; 4.0 ib/ff3 
density. 

"After 12 h at < torr. 

D. Maximum Heat-Shield Back-Surface 
Temperature o n  Entry 

Thermal analysis indicates that when the back surface 
of the heat shield (which is the same as the front surface 
of the aeroshell structure) reaches 600°F, the tempera- 
ture of the back surface of the structure has not risen 
significantly. Short-time performance of high-temperature 
phenolic and polyimide laminates at 600°F are normally 
expected to be better than 50% of their room-temperature 
performance. It was considered critical that the adhesive 
be examined to verify this performance. The test fixture 
on a flatwise tension rig was modified to control the 
temperature of one loading block with Calrod heaters 
while the other loading block was maintained near room 
temperature. Tests were then run to define the temper- 
ature ramp and to time the load initiation to ensure 
failure at approximately 600°F. The setup and results of 
this test are shown below. 

600 O F  

ROOM 
TEMPERAT1 J RE 

TlME OF TEST 
-15s 

TlME 

CONTROLLED TO 
600° F WITH 
CALRODS 

0 0 0  

I Flatwise tensile I 

Structural material 
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Table 10. Design structural properties for lightweight resin-fiberglass honeycomb-sandwich aeuoshells 

Design rirueturol properlies 

Parallel to ribbon 

Perpendicular to ribbon 

Edgewise compressive strength, psi 

Parallel to ribbon 

Perpendicular to ribbon 

Flatwise shear strength, psi 

Parallel to ribbon 

Perpendicular to ribbon 

Flatwise compressive strength, psi 

Flatwise tensile strength, psi 

Unsupported; 0.03 Ib/ft2 

1070 support; 0.05 lb/ft2 

Peel strength, in.-lb/in. 

Figure 25 shows the variation from room-temperature 
strength at other temperatures, which accounts for the 
same balance between weight and conservative 
reliability. Figure 25a delineates the adhesive-related 
properties. Strength decreases for these properties both 
below and above room temperature. The facesheet and 
core-related properties in Fig. 25b are stronger below 
room temperature but decrease above room temperature. 

B. Adhesive-Bonded Aluminum 

The recommended construction for adhesive-bonded 
aluminunl honeycomb-sandwich structure is listed in 
Table 11. Based on the problems of fabricating doubly 
curved structures that are discussed in Section V-B, 
there is some difficulty in justifying the use of the 
2024-T4 facesheet. At this time, a 5- to 9-mil facesheet is 
not available unless it is chem-millrd, but facesheets of 
10 mil, 16 mil, a ~ l d  greater thicknesses are generaily 
available. The ~ecommerzded con\trrrction is similar to 
[hat of genela1 experience wlthrn the lndushy except 
that tolerance and adhes~iie rnlnrrni7ation lcq~iiteanentr 
tend to be more stringent. 

Table 1 1. Recommended construction for lightweight 
resin-bonded aluminum honeycomb-sandwich struc- 
tures 

1.5-mil foil of 5056 aluminum alloy in ?&in, hexagonal 

cell; density (4.4 Ib/ft" and thickness determined by 

stiffness criteria 

Table 12 lists the recommended structural properties 
to be used in design. Again the data are susceptible to 
adjustment for other degrees of optimism. The major 
difference between the 5- to 9-mil facings and those of 
10 mil or more is that the former are unclad and the 
latter are clad. Unclad 2024-T4 exposes the copper alloy 
to the adl~esive, the fact that the copper alloy is incom- 
patible wit11 the adhesive appears to slightly lower 
bonding rtlrltgrllr Theie Ir  a150 an arcentuatio~l of local 
buckling for the thinner facesheets that decreases edge- 
wise compressive strengths. Facesheets of 16 mil or more 
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I I 
(b) STRUCTURAL PROPERTIES: 

FLEXURE FACING STRENGTH 
EDGEWISE COMPRESSIVE STRENGTH 
FLATWISE COMPRESSIVE STRENGTH 
FLATWISE SHEAR STRENGTH 

TEMPERATURE, F 

Fig, 25. Change in honeycomb-sandwick slructural properties with tempera ture  
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Table 92. Design struclura! properties for lightweight 
resin-bonded aluminum honeycomb-sgsndwiek sfruc- 

tures 

Design sfructural properties 

Flexure facing strength, psi 

Parollel to ribbon 

Perpendicular to ribbon 

Edgewise compressive strength, psi 

Parallel to ribbon 

Perpendicular to ribbon 

Flatwise shear strength, psi 

Prrrallel to ribbon 

Perpendicular to ribbon 

Flatwise compressive strength, psi 

Flatwise tensile strength, psi 

will provide even greater edgewise conlpressive strength 
(55,000 psi) and flatwise tensile strength (1000 psi), again 
because of the elimination of local buckling, but the 
increases are not significant to the present requirements. 

The effect of temperature on the adhesive-related 
properties is approximately the same as shown in Fig. 25a. 
A representative curve of the change in 2024-T4 alu- 
minum properties in relation to temperature is shown in 
Fig. 26. Strength decreases rapidly above 300°F, so 
additional heat shield is needed to maintain the tem- 
perature of the structure below this value. 

V111. Comparison of Resin-Bonded Aluminum and 
Resin-f iberglass Honeycomb-Sandwich 
Structures 

In this section, the relative strengths of equivalent 
panel weights of resin-bonded aluminum and resin- 
fiberglass honeycon~b-sandwich structure will be dis- 
cussed. To reduce the large stiffness advantage of 
aluminum over fiberglass, the thicknesses of the aluminum 
honeycomb and fiberglass were assumed to be 0.50 and 
0.75 in., respectively (Table 13). Core densities were 
assumed to be the same, so the thinner core provides 
balancing weight for the additional adhesive required 
b y  &he alur~~inrrm. When Aexrrre strength and edgewi3-ise 
compressive strength are multiplied by the pertinent 
facesheet thiclzness to give a measure of the relative 

TEMPERATURE, O F  

Fig. 26. Representative change in 2024-T4 aluminum 
structural properties with temperature 

load-carrying ability of the two structures, the two 
constructions are not very digerent on a comparative 
basis. The resin fiberglass shows slightly stronger skin- 
related properties; the alunlinunl shows slightly stronger 
core-related properties. Minimal adjustments in the selec- 
tion of core and facesheets could equalize this. The major 
difference lies in elevated temperature properties as 
shown by Figs. 25b and 26. Phenolic becomes superior 
to aluminum in high-temperature performance by allow- 
ing a higher heat-shield back-surface temperature during 
entry. 

The difference between 600°F and 300°F in allowable 
back-surface temperature is worth a considerable weight 
of insulation that cannot be made up by any relative 
superiority of resin-bonded aluminum structures over 
resin-fiberglass structures. Also, it is not necessarily 
obvious that the nominal aluminum structures can be 
fabricated in the specific strengths quoted. New develop- 
ments in beryllium, magnesium, or titanium honeycomb 
technology may provide stronger and lighter honeycomb- 
sandwich structures, but they are not proven today. 
Lightweight resin-fiberglass structures, on the other hand, 
are competitive in strength, considerably easier and 
cheaper to fabricate, and much more adaptable to a 
wider range of mission-oriented constraints. 

Entry into the atmospheres of the solar system planets 
can be costly. To maximize the delivered experimental 
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Table 13 Comparison of eqs~ivalent resin-bonded aluminum a n d  

Sfructural properties 

resin-fiberglass heneyeomb-sandwicibp structures" 

Panel weight, Ib/ft2 

Facesheet thickness, mils 

Flexure facing strength, psi, 

Parallel to ribbon 

Perpendicular to ribbon 

Flatwise shear strength, psi, 

Parallel to ribbon 

Perpendicular to ribbon 

Edgewise compressive strength, psi, 

Parallel to ribbon 

Perpendicular to ribbon 

Flatwise tensile strength, psi 

Flatwise compressive strength, psi 

Peel strength, in.-lb/in. 

Resin- 

banded 

aluminum 

Resh 

fiber- 

glass 

0.49 

12 

336 

252 

220 

120 

240 

240 

400 

400 

2.0 

Resis- 

bonded 
aluminum 

Resin 

glass 

672 

504 

I *Aluminum core was 0.5 in. thick, 3 /16  in. hexosonal core of 4.4 Ib/ft2 density. Fiberglass core war 0.75 in. thick, 3 /16  in. hexogonol core of 4.3 Ib/ft2 densify. 

payload, i t  is necessary to increase the operational effi- 
ciencies of as many of the vehicle subsystenis as possible; 
this in turn reduces their total contribution to boostable 
weight. One of the niajor subsystem weights is that of 
the atniospheric entry-survival container or aeroshell. 
Although metallic structures have been eniphasized in 
the past, recent developments in the plastics industry 
indicate that fiberglass equivalents may be competitive 
in strength, relatively less expensive to fabricate, and 
transparent to RF signals to lessen conimunication view- 
angle constraints. 

The investigation of design properties and fabricability 
of lightweight resin-fiberglass honeycomb-sandwich com- 
posites was the main purpose of this program. A sec- 
ondary purpose was the comparison of these plastic 
composites to adhesive-bonded aluniinum honeycomb- 
sandwich structures. The aluminum structures have been 
used in internal studies at Jet Propulsion Laboratory 
and elsewhere as a performance standard for lightweight 
entry-vehicle design. Throughout the structural materials 
investigation, low cost, ease of manufacture, and adapt- 
ability to a wide variety of designs have been emphasized. 

As part of this piograin, rlulliepous parameters wcle 
investigated: the facesheets, vvhich were varied in rela- 
tion to the resin system; the fabric material, weave, yarn, 

and finish; the number and rotational relationship of 
plies; and methods of splicing or repair. The resin, 
support, and unit weights of adhesives were also varied. 
The core was investigated for different resins, support 
fabrics, cell sizes and shapes, extra resin dips, and core 
splicing and repair techniques. I t  was found that both 
phenolic and polyiniide resins were easy and inexpensive 
to fabricate reproducibly in adequate strengths with a 
reasonably simple layup technique, simple tooling, and 
vacuum-bag cure. Strength of the individual resin- 
fiberglass conlposites proved to be priniarily a function 
of the resin and support niaterial and their specific 
fabricability. Since the same nominal thickness had the 
sanie strength, the cloth style, yarn, and finish or 
the number or rotation of plies appeared to have only 
a secondary effect. Reasonably isotropic properties were 
found in all facesheet samples with nominal rotation of 
plies down to an apparent niini~iiuni of two plies of 
style-112 cloth rotated 45 deg to each other and with a 
total nominal facesheet thickness of 6 mils. For resin- 
fiberglass composites with con~patible polymeric systems, 
the thinnest available unsupported adhesive (0.03 1b/ft2) 
provided the best facesheet-to-core bond when both 
strength and weight were eon~idesed. Selection of core 
\va, con5trainect to the smallest ceil size consisteen"cvith 
weight and strength requircn~ents and to a thickness 
consistent with required rigidity. 
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Tests \\rere also illade that confirnlecl the coil~patibility 
of resin-fiberglass strl~ctures with ETO surface decon- 
tamination, dry-heat sterilization, rapid-launch evacir- 
ation, and transit-vacuum exposure. No changes in 
properties of phenolic systeius were noted when these 
systems were tested in a vacuuill or after sterilization. 
Short-time performance at 600°F was also investigated. 
A set of recommended structural design properties for 
resin-fiberglass honeycomb-sandwich entry-probe con- 
figurations is given, based on a selection of the available 
test data from this program. 

Doubly curved aeroshell models were also fabricated 
and proved to be a sinlple extension of the flat-specimen 
technology. The various lightweight cloths conforined 
to a wide range of facesheet curvatures without signi- 
ficant degradation of mechanical properties. Phenolic 
core in the partially cured condition could be molded to 
shape with simple tools and without unacceptable dis- 
tortion. Verification tests showed core failure at the 
same levels measured in the flat specinlen program. 

Comparative data were also obtained on the relative 
strength and fabricability of adhesive-bonded aluniinum 
honeycomb sandwich. The alu~llinum composites were 

varied xs to facesheet ancl core alloy, the facesheet thick- 
ness, the core-ribbon thickness and cell size, and the 
adhesive material, support, and unit weights. Aluminum 
I~oneycomb-sand~vich coi~posites were less capable of 
conforming under vacuum-bag pressure and hence re- 
quired twice as niuch adhesive to provide the same 
reliability in bonding as that experienced with resin 
fiberglass. Not all aluminum alloys were compatible with 
the available high-temperature lightweight adhesives. 
Given all variations, though, the flat aluminum samples 
of the same unit weight proved to be essentially equal 
to the resin fiberglass in strength; however, a lun~inun~ 
had some advantage in rigidity. 

Doubly curved adhesive-bonded aluminuni aeroshells 
required expensive tooling to provide tolerances con- 
sistent with low-adhesive weight and high-performance 
reliability. As adhesive weight goes up, the performance 
of aluniinum relative to resin fiberglass degrades and 
other constraints become more important. Unless im- 
provements in technology could show a clear performance 
advantage of n~etal l ic  honeyconlb sandwich, resin- 
fiberglass conlposites appear to provide an advantage in 
cost, ease of fabrication, and adaptability to a wide 
variety of entry-vehicle configurations. 
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honeycomb-sandr.rich s t ruc tures  t h a t  was performed t o  def ine  the  fa lor ieabi l i ty  
and e c o n o ~ c s  of I3.F t ransparent  s t ruc tures  and t o  provide design data f o r  
d e t a i l  analysis .  A s  p a r t  of t h i s  s t u a ,  a coqa.rison was made with l i gh t -  
weight acjlhesive-bonded aluminwm honeycomb-sandwlch s t r u c t u e s  so  t h a t  any 
pena l t i es  f o r  I3.F transparency could be established,  The r e s u l t s  showed t h a t  
there  was l i t t l e  d i f ference i n  s t rength  t o  b~eight  i n  l i g h t w i g h t  configura- 
t i ons  f o r  res in-f iberglass  aad aluminum honeycomb-szuadtnch s t ruc tures ,  
Allantinurn skro~~d.  some advasahage i n  s t i f f n e s s  t o  k~ej.ghl, but r e s i n  f-iberglass 
was ea s i e r  and l e s s  e v n s i v e  do fabr ica te  and was adaptable t o  a wider sawe 
of aeroshell  configurations, 
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