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Summary 

In the past fifteen years the exploration of space has 
brought spectacular successes in several parts of the world. 
The near future will witness the constrdction and deployment 
of 1 arger space structures intended to serve as advanced 
research 1 aboratori es, production f aci 1 i ti es for high 
quality materials, communication systems or the like. The 
German Aerospace Resea~ch Establishment (OFVLR} contributes . 
to this trend by performing design preparations for typical 
components of space structures. Emphasis is p 1 aced on the 
characterization of fiber-reinforced materi a 1 s under space 
conditions, the development of computer ?rograms for optimal 
design and analysis purposes, and the construction of 
space-type frameworks for validation lnd test purposes. 

1. Introduction 

A large number of preparatory studies for large space 
structures has already been conducted, ranging in scope from 
ambitious ideas shown in Figure 1 to much more modest 
concepts such as represer1ted in Figure 2. Where in between 
those extremes the Europ~an engagement might eventually lie 
is currently not well defined. While basic research relating 
to materials and structures can to some extent be conducted 
in general terms, a clea~er task definition would facilitate 
the related efforts. In the expectation that all large space 
structures will have platforms consisting of 
three-di mens i ona 1 frameworks in common, the DFVLR is 
directing their efforts towards the response of such 
frameworks under space conditions. It is stipulated that the 
material selection will favor carbonfiber-reinforced resins 
because of their excellent mechanical and thermal properties 
and that the s1ace structure will travel in a geostationary 
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orbit 1n order to identify the thermal and radiative 
environment. The partially completed activities are 
concentrated on three major tasks 

the evaluation of several fiber/resin
systems before and after realistically 
~imilated space environments; 

- the development of computer programs for 
design optimization and for the prediction 
of structural response; 

- the validation of the computer programs 
against a reasonably large test structure 
exhibiting typical aspects of a space 
framework. 

3. Evaluation of Fiber/Matrix-Systems 

E~phasis was placed on the influence of thermal cycling and 
of electron radiation on the mechanical properties of the 
fiber /matrix-systems de 1 i neated in Figure 3. The number of 
therma 1 eye 1 es between + 100°C and -160°C, and the dos is of 
electron radiation corresponded to an approximately 10-year 
service life of a space structure in a geostationary orbit. 
The comparison of initial a~d residual strengths was limited 
to static tension and compression tests of 1 mm thick test 
specimens with the matrix-critical stacking sequence (:4s•12 •• . . 
The following summary of .the test results are excerpts from 
a more detailed description contained in Ref. 1 and Ref. 2. 

3 • 1 I n f 1 u enc e of The rm a 1 Cy c 1 i n g 

I n cat· b on f 1 be r - re i n forced re s i n s a st ate of pre st re s s 1 s 
induced because of the different thermal strains in the 
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fiber and the resin ~hose intensity depends on the 

differ~nce between the congealing temperature and the 

service temperature. The repeated cooling of structural 

components to -160°C in a geostationary orbit may lead to 

degradations which w£ re one of the subjects of the test 

program. 

The thermal cycling of the test specimens occurred in vacuum 

in the test facility shown in Figure 4. According to the 

cross-section in Figure 5, the test specimens, attached to 

oppositely located holding devices, were first heated by 

infrared radiation to 100°C. The test specimens were than 

rotated by 90° and, by means of nitrogen gas, ~oo led to 

-160°C. The chronology of a typical thermal cycle is 

described in Figure 6. 

Figure 7 and Figure 8 display, re·1ative to the normalized 

initial strengths, the residual tension and compression 

strengths at 23°C of test specimens cycled 1100, 2400 and 

3500 times. It is apparent that the residual strengths of 

all epoxy-laminates is only moderately affected, whereas the 

polyimide-laminate is drastically degraded. Very similar 

relationships are found in residual strength tes~s performed 

at 100°C. It may be assumed that a substantial amount of the 

strength reduction is due to mi crocrack·i ng of the resins 

occurring already during the first few cycles. The cracks in 

the po 1 y i mi de - 1 am i n ate vi s i b 1 e i n Fi g u re 9 are esp e c i a 11 y 

pronounced. Apart from the transverse cracks in the 

+45°-plies, delaminations de'velop between the plies whose 

extent is apparent from the C-scan in Figure 10. Transverse 

cracks were found also in the +45°-plies of the 

epoxy-1 ami na tes; however, as evident from Figure 11, they 

were much less severe arid no delaminations were detected. 

Figure 12 and Figure 13 s11ow in the form of stress-strain 

diagrams the gradual decline of a 914~-laminate under 

increasing thermal cycles at 23°C and 100°C, respectiv-z-ly. 
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Microphotographical observations of the fracture surfaces of 
test specimens point to the probability that thermal 
cycling, in addition to causing microcracks, also tends to 
deteriorate the bond between fiber and matrix. Figure 14 
demonstrates that prior to cycling the fiber surf aces are 
covered w"'th many specks of matrix material, while after 
cycling the fiber surfaces are relatively smooth, indicating 
perhaps a 1ifferent quality of adhesion. 

The effect of thermal cycling on the damping characteristics 
of the laminates in depicted in Fi~ure 15. As expe~ted, the 
reduced stiffnesses because of mi crocracks an•:f bond 
deteri or a ti on are accompanied by an increase of the 
logarithmic damping decrements and a simultaneous reduction 
of the natura 1 frequencies. Figure 16, fi na 1 ly, shows the 
effect of thermal cycling on the spectral reflection of the 
laminate surface;) which are clearly. reduced on ~ccount of 
t~e slight discolorations and the surface cracks of the test 
specimens. 

3.2 Influence of Electron and UV Radiation 

A negative effect on the material properties caused by 
electron and/01· proton radi at~ on in space environments 
cannot be precluded. Corresponding investigations were 
limited to the former, as t~e latter is unlikely to be of 
significance in geos~ationary orbits. 

The electron radiation was simulated in a van-der-Graaf 
accelerometer, at 100°C and in vacuum, with 165 µA over a 
period of 27 hours. The total dosis of 3x10 1 rads 
represented a multiple of the expected radiation during the 
service life of a typical space structure. Apart from a 
slight reddish tint of the exposed laminate surfaces, no 
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degradation of the material properties was found. The slight 
variations of strengths and stiffnesses before and after 
radiation indicated in Figure 17 may be traced to scatter 
and are surely irrele~ant. 

The investigation of UV radiation is as yet incomplete. 
Accardi ng to Figure 16, the influence of 120 hours of UV 
radiation in vacuuin led to a slight improvement of the 
spectral reflection of the laminate surfaces caused perhaps 
by postcuring of the resin. This interpretation is supported 
by the response of epoxy-laminates subjected to lona-term UV 
radiation in earth atmosphere. Figure 18 shows an initial 
increase of strength, followed by a gradual erosiC'ln of the 
laminate surfaces. Considerjng that space structures are 
genera 11 y surf ace-coated, UV radiation does not seem to be 
an issue of high importance. 

4. Development of Computer Programs 

Space structures must satisfy mechanical requirements which, 
aoart from prescirbed stiffness criteria, include the 
ability to withstand loads due to assembly, transport, 
launch, orbit transfer and docking. The selection of 
structural configurations which display maximum 
load-carrying capability at· minimum weight, and the 
prediction of their dynamic response, are important design 

criteria. 

4.1 Optimization of Axially Compressed Cylinders 

The conception of space platforms as three-dimensional 
frameworks implies the weight optimization of straight 
thin-walled tubes interconnected at common nodal points. 
Under compressive loads the laminated cylinders may fail due 
t~ buckling. As their degree of stability depends largely on 
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the stacking order ~f the lam;nat@s: th@ q~estian a~ises i~ 

what sequence the individual plies should be arranged in 

order to maximize the buckling load of the cylinders. In 

accordance with Figure 19 it is stipulated that the plies 

are 1 ayed up pair-wise under angles of ! (1 so that the 

1 ami nates are ba 1 anceci bet not necessary symmetri ca 1. The 

buckling loads of such structures may be determined by tf1e 

classical buckling theory of ideally shaped and 

eccentrically orthotropic cylinders. The optimization 

process is accomp 1 is hed with the aid of the CADOP-program 
(Ref. 3). 

Some of the peculiarities of the optimization problem can be 

illustrated in the simple case of a cylinder consisting of 

only two pa;rs of angles. Figure 20 displays in the form of 

contour lines the buckling loads for all possible 

combinations of the angles !(1 1 , and !az, calculated 

classically with systematic angle changes. An automated 

optimization process will require the definition of a 

start i n g vector w i th di s c re t e v a 1 u es of ! a 1 , and !a 2 • 

Commencing from this poi ~t the computer program will search 

for an ascending path which, after numerous iterations, will 

lead to a maximum buckling load. Unfortunaltely, the 

solution to this type of· optimization problem is not 

necessarily unique. Apart from the global macimum, Fmu 

there exist several local maxima, including a near-global 

maximum, so that the choice of several starting vectors may 

be advisable. T~o other important recognitions may be drawn 
from Figure 21: 

the differen_e between the global maximum, 

Fmos, and the global minimum, Fmin,. 

is so substantial that the need fo~ an 

optimization procedure is immediately 
evident; 

- the stacking orders (0,01 , [90,0J,(0,901 



7 

and ~90,90) lead to practically aqual, 
and the stacking orders (0, 45 J and [ 45, 0 J 

to drastically different buckling loads, 
indicating different coupling effects and 
the need to include, in addition to the 
~ngular directions, the sequence of the 
laminate stacking as a ~arialbe. 

Figure 21 summarizes the results of an optimization of 
cylinders wit~ wall thicknesses of from one to ten pairs of 
plies, being located at the inside of the cylin<!er wall 
followed by the other pairs in accordance with their index, 
! Cl i • 

From the production view point the strict adherence to the 
calculated angles would be punitive. A brief investigation 
proved that the reduction of the buck 1 i ng 1 oads caused by 

limiting the admissi~le angles to 0°, 45° and 90°, is 
relatively small. Figure 22 sho~s a comparison of normalized 
buckling loads for both sets of variables from which it is 
apparent that the differences vanish if the cylinder wa 11 
comprises more than four pairs of plies. Figure 22 also 
demonstrates again the potential gain achievable by skillfu~ 

optimization. 

All preceding statements relate to cylinders with R=250 mm, 
L•SlO mm and a double ply thickness of to =0.250 mm. While 
the knowledge thus obtained provides insight into tre 
characteristics of cylinder buckling, it is of little 
practical value unless it can be extended to other 
geometries. The corresponding research has not been 
concluded but there is a strong indication that the optimal 
angle directions as well as the stacking requence are 
essentially independent of L and R. With respect to the wall 
thickness t=np t 0 , the ec;uat:ion given in Figure 23 is 
reasonably accurate. The quantities marked with asterisks 
relate to the reference cylinder to the right of the figure. 

• 
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Parallel to the analytical investigation a test program \'laS 

conducted for the va 1 i dati on of the derived rel ati onshi ps. 
The fiber-wound carbonfiber-reinforced epoxy cylinders were 
subjedted to exial compression in the high-precision test 
facility shown in Figure 24. A typical cylinder in the 
buckled state is depicted in Figure 25. Figure 26 contains a 
complilation of the results of five buckling tests which 
seem to support the theoretical findings. The c 1 o se 
correlation between theory and test, expressed by a 
correction factor of approximately 0.8, is encouraging. It 
may be part i a 11 y due to the di mens i on a 1 cont r o 1 ob ta i nab l e 

in fiber-winding processes. 

With increasing 
local buckling 

slenderness ratios of the cylinders the 
wi 11 eventua 11 y be rep 1 aced by co 1 umn 

buckling. From the weight view point the ideal configuration 
of the cylinder woul-d be that under which both types of 
stability failure would occur simultaneously. Corresponding 
studies which include the influence of smal 1 imperfections 
have already commenced. A test facility especially designed 

for this purpose is shown in Figure 27. 

4.2 Dynamic Qualification of Large Space Structures 

Space structures, in general, are designed for service 
conditions in zero-g environments. The dynamic qualification 
of such structure by ground. te~ts becomes more difficult 
with increasing size and finally impossible. The development 
of reliable mathem11tical models capable of fore:asting the 
response of the structure is, therefore, a necessity. In 
this context modal synthesis techniques are being developed 

which, on the basis of the ei genmodes, eigenfrequencies, 

associated amplitudes and damping properties of 

substructures, and by appropriate c~upling procedures, allow 
the prediciton of the dynamic behavior of the complete 

structure. 
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The special problem of structural non-linearities requires a 
combined experimental/analytical appr1ach. The currently 
used test techniques, however, lead to difficulties if an 
accu~ulation of non-linearities is introduced by, for 
example, active damping devices. A new approach to this 
problem is being pursued in which the non-linear elements 
are replaced, physically, by artificial linear elements 
representing the actual stiffness energy. The non-linear 
aspects are investigated in separate tests and then 
reintroduced into the mathematical model. 

5. Validation of Analytical Techniques on Test Structures 

A conviiicing proof of the r!liability of analytical 
procedures can be provided only by comparison to the 
response of realistic. test structures. In the case of large 
space structures the es tab 1 i shment of this proof is 
encumbered by the sheer size of a representative test 
configuration. Additionally, the cost of a realistically 
designed space structure with metallic joints at the 
termi na 1 s of the carbonfi oer-rei nforced tubes, as shown 1 n 
Figure 28 for·the typical case of the SPAS-plattform, is a 
serioi.:s hindrance to an overly ambitions test structure. 
Considering, however, that major aspects of a test program 
can be satisfied with a test configuration desplaying, if 
not all details, but the importend features of a large space 
structure, a reasonable compromise is feasible. On this 
premise, the first ·phase of fhe OFVLR test program uti 1 i zes 
a two-dimensional ladder-type structure, consisting of 
straight tubular elements interconnected at their junctions 
by sleeves with three outlets. The assembled structure, 
shown in Figure 29, is 10,35 m long and 1,10 m wide. The 
fiber·wound tubes sonsist of three plies with angular 
directions of 0° and !40°. With an initial length of 2,10 m, 
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a diameter of 90 mm and a wall thickness of 0,4 mm, the 
weight of a typical tube is 380!5 g. The equally fiber-wound 
sleeves, consisting of three axially and two 
circumferentially directed plies, weigh 101 !2 g and are 
depicted in Figure 30. After the assembly of all elements by 
adhesive bonding, the total strucktural weight was 
determined as 5531 g. 

The recently started test program envisions a thorough 
investigation of the test structure in r~gard to the 
deform at i on patterns under var i o us 1 o ad i n g con di ti ans , the 
influence of nonlinear effects, the response to te111per.ature 
and moisture, the dynamic response including ~aterial 

damping, and others. Following the mechanical tests, it is 
intende~ to utilize the test structure for the validation of 
active damping techniques by means of sensing and actuating 
devices. 

An essential aspect of the test program addresses the 
question what minimum dimensions test specimens or 
substructures must have in order to predict, on the basis of 
the i r response , the ch a r act er i st i cs of a l a r g e space 
struct~re. It is recognized that the present two-dimensional 
test configuration will _prov1de only partially valid 
information in that re~pect, and that the test of a 
three-dimensional framework would enrich the state fa the 
art signifacantly. The preparations cf the DFVLR, 
consequently, are directed towards the construction of the 
kind of structure shown in Figure 31. 
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list of Materials for Thermal Cycling and Electron Irradiation Tests 

laminate i•o. Material 
Type of Fiber Type of Resin Designation 

high tenacity 
164 and 168 914 C - TS - 5 

Toray T 300 Ciba 914 

169 HY - E 1548 A 1 B high modulus Fiberite 
Celion GY - 70 948 Al 

170A LY 556 I HY 917 I Mgh tenacity Unmodified 
XB 2692 I T 300 Toray T 300 - 6000 Epoxy 

high modulus 
175 and 246 HY - E 2034 D 

Thornel Pitch Fiber1te 934 

high tenacity 
Pi T3T F 178 Union Carbide Hexcel F 178 

T 300 - 3000 
high tenacity 

247 T6T 262 - 12 F 550 Union Carbide Hexcel F 550 
T 300 - 6000 

Staclcing Sequence of the Laminates(2[± 45°]>s 

Laminate Thickness 1111T1 

Fig. 3 

I 

.. -- ;,-· -- -- ---------i 

Curing 
Temperature 

190° c 

120° c 

140° c 

180° c 

210° c 

120° c 

~ 
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Sample Support with Mounted Samples 

Fig. 4 
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LN 2-Shroud 

Super insulation 

Glass Fiber -u·~r '\."-'~ · 
Reinforced II 1 \-- --=1

-----

Kapton Foil 

LN2-cooled Sample 

Support 

.... 

~ 
" reve~sibel 

..__di__. 

-------------·--·----- ----.. -------

0 

Support 

Heating Wire 

IR Heater 

- Thermally Insulated 

Attachment 

I II '. I~ CFRP - Lamina t.es 

I.N
2
-cooled 

Separation Plate 

Cross Section of Test Facility - Hot Phase Mode 

Fig. 5 
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Surface and Cross Section (30x) 

c 

Cross Section (400x} 

Samp 1 e of T3T F ·17a After 1170 Therma 1 Cyc 1 es 

Fig. 9 
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Before Thennal Cycling 

After 1170 Thermal Cycles (400x) 
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Photomicrographs of the Cross Section of a 914C-TS-5 
Sample Before and After Thermal Cycling 
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After 3480 Thermal Cycles 186x 

Typical Fracture Areds of 914C - Specimens Before 
and After Thermal Cycling 

Fig. 14 
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