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FOREWORD 

This report presents results of vacuum and solar exposure tests 
on fiber glass materials.    The Air Force Aero Propulsion   Laboratory, 
AFAPL,   Air Force Systems Command (AFSC) was the sponsoring 
organization.    The investigation was conducted under Program Ele- 
ment 62405214,   Project 8170. 

TUe results of tests presented were obtained by ARO,   Inc.  (a 
subsidiary of Sverdrup & Parcel and Associates,   Inc. ),   contract 
operator of the Arnold Engineering Development Center (AEDC),   Arnold 
Air Force Station,  Tennessee,  under Contract AF 40(600)-1200.    The 
tests were conducted from September 26 to December 28,   1966,   under 
ARO Project No.   SA0618,   and the manuscript was submitted for publi- 
cation on March 3,   1967, 

Information in this report is embargoed under the Department of 
State International Traffic in Arms Regulations.    This report may be 
released to foreign governments by departments or agencies of the U.  S. 
Government subject to approval of the Arnold Engineering Development 
Center (AETS),  or higher authority within the Department of the Air Force. 
Private individuals or firms require a Department of State export license. 

This technical report has been reviewed and is approved. 

Dennis J. Golden Leonard T. Glaser 
Captain,   USAF Colonel,   USAF 
Acting AF Representative, AEF Director of Test 
Directorate of Test 
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ABSTRACT 

This report presents data showing the effects of vacuum and 
combined vacuum and solar environments on fiber glass materials. 
Tensile and bending properties of these materials were determined 
after vacuum exposure periods of 5 and 60 days and the combined 
effects of vacuum and solar irradiation simulating a 200-nautical- 
mile orbit.    Material density,   elongation,   thermal and optical 
properties were also determined. 

Hi 
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SECTION I 

INTRODUCTION 

The application of expandable structure technology is expected to 
increase as the requirements for large space shelters and containers 
develop {Ref. 1). For example, structures including a crew transfer 
tunnel, an aerospace shelter, and several shelter scale models have 
been deployed and rigidized in recent tests in the Aerospace Environ- 
mental Facility at the Arnold Engineering Development Center (AEDC) 
(Refs.   2 and 3). 

Many of these structures will be subjected to low pressure and to 
the combined environments of low pressure and solar radiation.    To 
determine the effects of these factors,   rigidized fiber glass samples 
from Hughes Aircraft Company,  Archer Daniels Midland Company 
(ADM),  and National Cash Register Company (NCR) were tested in the 
Aerospace Research Chamber (7V). 

The test included a 60-day vacuum exposure at mid-10"^ torr with 
solar irradiation 56. 9 min per 90 min,   simulating a 200-nautical-mile 
orbit.    Test materials were exposed to the vacuum and the combined 
vacuum and solar environments.    Tensile and flexural properties were 
determined for the two cases and compared with the results obtained 
after a five-day vacuum drying period.    Effects on density,   thermal 
expansion,   dimensional stability,   surface reflectance,  and light trans- 
mission were also determined.    This report presents the results of 
these tests. 

5ECTI0N II 
APPARATUS 

Vacuum and thermal environments were provided in the Aerospace 
Research Chamber (7V) (Fig.   1).    A liquid-nitrogen (LN2)_cooled liner 
completely encloses the test area,   providing a radiation heat sink and 
a pump for 77°K condensables.    Two 32-in.   oil diffusion pumps backed 
with 6-in.   oil diffusion and mechanical pumps provide the basic vacuum 
pumping. 

Low temperature gaseous helium is available from two 1-kw sources, 
and either can be used with a liquifier to produce 60 liter/hr of liquid 
helium.    A new liner is under construction that can be cooled with either 
gaseous or liquid helium.    This will be used to provide low radiation 
backgrounds and a highly efficient molecular sink. 
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Solar environments were provided by a Genarco    carbon arc unit 
(Fig.   1).    The unit produces one solar constant over a 36-in. -diam 
area.    Radiometers located in the test plane monitored the radiation 
level throughout the 60-day test period (Fig.   2). 

Two tensile test assemblies were fabricated:  one installed in the 
solar beam and one shielded from the radiation {Figs.   1,   2,   and 3), 
A drive assembly and load cell located outside the chamber provided 
tensile load and its measurement.    The load was transmitted into the 
chamber through a flexible bellows seal,   thus allowing a determination 
of tensile properties without exposing the test samples to atmospheric- 
conditions. 

SECTION 111 

PROCEDURE 

Flexural and tensile specimens were cut with the warp direction 
lengthwise (Fig.   4).    Samples were cut from 8- x 10-in.  fiber glass 
laminates supplied by the test sponsor.    Twenty samples of each shape 
were exposed to mid-10""8 torr vacuum for 108 hr to dry (LN2 liner 
was cooled during the vacuum soak).    These samples were then tested 
and the results used as a basis of comparison for later results.    One 
flexural sample from each supplier was mounted for optical observa- 
tion.    Thermocouples were attached to smaller pieces to determine 
sample temperature before pulling. 

Eighteen tensile samples were mounted in each test assembly for 
the 60-day test phase.    Nineteen flexural samples were exposed to 
combined solar irradiation and vacuum,   eighteen samples to vacuum 
only.    After the 5- and 60-day exposure periods,  the chamber was re- 
pressurized with dry nitrogen and the flexural samples were removed 
for testing.    Several small samples were instrumented with thermo- 
couples to measure the temperature variation during the 90-min simu- 
lated orbital period and to measure temperature differences across the 
samples. 

Tensile tests were made under vacuum using a strain rate of 
0. 055 in. /in. -min.    Samples mounted in the solar beam slipped in the 
tester clamps,   and only six were tested initially.    After a nitrogen 
pressurization and removal of the flexural samples,   additional clamp- 
ing was added to the tensile tester {Fig.   3).    The tensile samples were 
again vacuum soaked for two days,  and six more were successfully 
tested.    The remaining samples were removed and tested outside the 
chamber for ultimate tensile strength only. 
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The ASTM standard method of test for flexural properties of 
plastics (Ref    4) was used as a guide for the bending tests.    The samples 
were supported on 0. 25-in. -diam supports 1 in.   apart.    This gave a 
span-to-depth ratio of about 32 to 1.    The mid-span deflection rate used 
was 0. 037 in. /min. 

Reflectance and transmittance measurements were made a week 
after the samples were removed from the chamber.    These measure- 
ments were made on a ratio recording spectrophotometer using mag- 
nesium oxide as a reference. 

Throughout the 60-day phase the radiometer and thermocouple 
readings were recorded every 10 min.    Two-minute time-lapse pho- 
tography was provided from two outside locations.    Optical measure- 
ments were made at various times during the 60-day test phtise.    On 
these separate 90-min periods,  monitoring was made to observe the 
temperature response to solar heating. 

A statistical distribution of solar intensity during the 60-day 
vacuum and solar exposure test is given in Fig.   5. 

SECTION IV 

RESULTS 

A summary of the mechanical properties is shoAvn in Table I.   In 
general,   an increase in strength was measured aftt.r exposure to solar 
irradiation and vacuum.    No proportional limit was indicated by the 
tensile load versus deflection data (Fig.   6).    The density values meas- 
ured after environmental exposure up to the combined vacuum and solar 
effects were 10 percent higher than those values measured before any 
environmental exposure.    Little change was noted after vacuum exposure 
only. 

Slight,  optically measured changes were noted in the dimensional 
properties.    An elongation of 0. 01 mms/in.   was measured during the 
solar period.    A slight curl in the NCR sample mounted for optical 
observation (Fig.   3) was noted during the "off" cycle.    This amounted to 
a 2-mms displacement at the bottom.    No other movement of the other 
two samples was detected by photography. 

Temperature differences of 4°F between the illuminated and non- 
illuminated sides were measured throughout the test even though the 
samples darkened as the test progressed.    During the solar exposure, 
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maximum temperature varied with samples and the duration of the test 
period from 20 to 85°F,   averaging near 60°F throughout the test period. 
In the "off" cycle,  temperature drops ranged from 90 to 100oF.    A typical 
temperature response is shown in Fig.   7. 

SECTION V 
DISCUSSION 

5.1 GENERAL APPEARANCE OF MATERIALS 

The sample sheets were constructed of interwoven and laminated 
fiber glass impregnated and rigidized with resin.    No information was 
provided as to how the laminates were made or as to the composition of 
the resin.    Samples supplied by NCR had the appearance of being 
pressed at some point during fabrication.    Figures 8 and 9 show com- 
parisons of surface texture and warpage before the test samples were 
cut. 

5.2 TENSILE TESTS 

A comparison of tensile failures and cross sections of nonfailed 
areas of these samples under 10X magnification is shown in Figs.   10 
and 11.    Most failures occurred at the minimum cross section on the 
Hughes and NCR samples.    The light spot on the NCR sample is a 
partially failed area.    A much larger area of resin failure was noted 
in the Hughes samples.    One of ,these samples was tested at -200°F, 
and the resin separated from the fibers over the entire length of the 
2-in. test section.    The ultimate tensile strength of this sample was 
43, 500 psi,   and a modulus of elasticity near 825, 000 psi was measured. 
Many of the ADM samples failed at the face of the holding clamp,  indi- 
cating a high notch sensitivity.    Some of these samples were retested, 
and they failed in the minimum cross section at ultimate values near 
those previously obtained. 

No set pattern of change in tensile strength or modules of elastic- 
ity was established for the three materials tested.    After vacuum ex- 
posure the Hughes samples decreased in strength,   and after the 
combined exposure the ADM samples weakened.    There was no correla- 
tion between the ultimate strength and the modulus of elasticity.    In all 
cases the modulus of elasticity decreased after 60 days of vacuum 
exposure and increased under the effects of combined exposure.   Typical 
tensile data are shown in Fig.   6. 
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5.3 BENDING TESTS 

The flexural test data gave additional indications of the environ- 
mental effects.    The average failure load (Table I) increased after the 
60-day exposure to vacuum.    Further increases were measured on 
samples exposed to both vacuum and solar irradiation when flexed with 
the solar exposed side in compression.    This was most apparent with 
the Hughes samples as a 45-percent decrease in strength and a 
41-percent decrease in flexibility were measured with the side not 
directly exposed to the solar (back) in compression.    Comparative runs 
are shown in Fig.   12.    On more than half of these flexural samples, 
failure occurred on the back side,   irrespective of the bending direction. 
This indicated a definite increase in resin strength under full solar 
exposure.    Photographs of failed specimens and unfailed cross sections 
of the same samples are shown in Figs.   13 and 14. 

5.4 DENSITY, DIMENSIONAL, AND THERMAL PROPERTIES 

The mechanical properties of the fiber glass samples proved de- 
sirable for several reasons.    No changes in length greater than 
0. 01 mms were measured after any of the test conditions.    A coeffi- 
cient of thermal expansion of 4. 0 x 10"6 in. /in. °F was measured from 
the solar "off" to "on" cycle. 

Some indication of the heat conduction properties was made by 
temperature measurements on each side of samples exposed to the solar 
beam.    Thermocouples were cemented to both sides of several samples, 
and temperature differentials of 4°F were measured.    Many factors 
affect the accuracy of this measurement,  and it is considered only an 
indicator of thermal conductivity.    Spectrophotometer studies gave fur- 
ther experimental measurements of thermal properties.    Reflectance 
and transmittance were determined on samples subjected to vacuum 
exposure and compared to similar samples exposed to the combined 
vacuum and solar irradiation.    The transmittance was measured in the 
wavelength band from 0. 35 to 2. 5 microns and the reflectance from 0.27 
to 2. 5 microns.    Changes in reflectance near 100 percent for the wave- 
length band from 0. 35 to 0. 6 microns were measured on two Hughes 
samples (Fig.   15).    Maximum reflectance for the ADM and NCR samples 
was 50 percent measured near 1. 0 micron 

Transmittance curves for the Hughes sample and a NCR sample are 
shown in Figs.   16 and 17.     Maximum transmittance was less than 
30 percent for all samples.    It is concluded that long-term solar exposure 
does increase the energy absorption in the 0.3- to 0. 6-micron wavelength 
band. 
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SECTION VI 
CONCLUSIONS 

Rigidized fiber glass materials of the type tested were not adversely 
affected by the combined environmental effects of vacuum and solar 
irradiation for the simulated 60-day orbital period.    Increases in the 
tensile strength of the Hughes and NCR samples and the average bending 
strength of all samples were measured after this period.    The materials 
are dimensionally stable under these environments,  but small density 
changes can be expected.    The absorptivity of the materials increased 
between 0. 3 and 0. 6 microns.    A closer investigation of these changes 
will be necessary before the long-term effects of solar exposure can be 
assessed. 
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TABLE I 

SUMMARY OF MECHANICAL PROPERTIES n 

TENSILE  PROPERTIES 

to 
OS 

SUPPLIER 

Archer Daniels Midland Co. 
Hughes Aircraft Co. 
National Cash Register Co. 

ULTIMATE 
VACUUM  EXPOSURE,  psi 

MODULUS OF ELASTI 
VACUUM  EXPOSURE, 

CITY 
.  psi 

5 Days 60 Days 60 Days 
and Solar 

27, 400 
26,900 
27,800 

5 Days 60 Days 60 Days 
and Solar 

28, 600 
25,500 
25, SOO 

32, 200 
24,300 
25. 200 

703, 000 
619, 000 
656,000 

627,OOO 
401,000 
550, 000 

643, 000 
540,000 
673, 000 

FLEXURAL  PROPERTIES 

AVERAGE LOAD AT FAILURE,   lb DEFLECTION,  in., 

Archer Daniels Midland Co. 

Hughes Aircraft Co. 

National Cash Register Co. 

Archer Daniels Midland Co. 
Hughes Aircraft Co. 
National Cash Register Co. 

55.6 62.0 G3.2* 
62. 1 

0. 100 0.0D0 0.089* 
0.089 

29.0 39.2 43.6* 
23.9 

0. 090 0. 109 0. 124* 
0.073 

31. 8 38. 3 

DENSITY, 

47.2* 
37. 6 

gm/cc 

0. 101 0. 103 0.109* 
0.022' 

0 Days 5 Days GO Days 60 Days Average 
and Solar 

1. 55 

Thickness, 

0. 042 

in. 

1.43 1. 56 1.42 
1.48 1.50 1.45 1.61** 0. 050 
1.64 1. 66 1. 68 1. 81 0. 044 

Side exposed to solar in compression 
**Sample density before 60-day period =1.56 gm/cc 



Security Classification 

DOCUMENT CONTROL DATA - R&D 
(Security classification of title,  body of abstract and indexing annotation must be ent* rod whet   the overall report ta clas&iliodj 

1    ORIGINATIN G ACTIVITY (Corporate author) 

Arnold Engineering Development Center 
ARO, Inc., Operating Contractor 
Arnold Air Force Station, Tennessee 

Ze    REPOfi* SECURITY   CLASSIFICATION 

UNCLASSIFIED 
2b    GROUP 

N/A 
3   REPORT TITLE 

SPACE ENVIRONMENTAL EFFECTS' ON EXPANDABLE STRUCTURES MATERIALS 

4    OESCRIPTIVE NOTES (Typ» ol «port and inclusive date») 

N/A 
5   AUTHORS,) (Last name,  first name. Inlliat) 

Southerlan,   R.   E. ,  ARO,   Inc. 

6   REPORT DATE 

April   1967 
7a     TOTAL NO    OF   PAGE 

32 
7& NO OF REFS 

8a CONTRACT OR GRANT NO 

AF40(600)-1200 
9«    ORIGINATOR'S REPORT NUMBERfSJ 

b    PROJECT NO 8170 AEDC-TR-67-57 

Program Element 62405214 96   OTHER REPORT  NO'S;  (At\v ofhe» number* that mey be maligned 
(hie report) 

N/A 

io A VAIL ABILITY/LIMITATION NancEs    This  document   is  subject  to  special  export 
controls   and each  transmittal   to  foreign governments  or  foreign 
nationals  may be made  only  with  prior  approval   of Air  Force Aero- 
Propnlfiinn   Lahm-atory    fAFAPT.'l fAPFT'l      Wright-Patterson   Air   Forrp*— 
II    SUPPLEMENTARY NOTES 

Available in DDC 

IS   SPONSORING MILITARY ACTIVITY 

Air Force Aero Propulsion Labora- 
tory (AFAPL) , Air Force Systems Com- 
mand, Wright-Patterson AFB, Ohio 

13 ABSTRACT 

This report presents data showing the effects of vacuum and 
combined vacuum and solor environments on fiber glass materials. 
Tensile and bending properties of these materials were determined 
after vacuum exposure periods of 5 and 60 days and the combined 
effects of vacuum and solar irradiation simulating a 200-nautical- 
mile orbit.  Material density, elongation, thermal and optical 
properties were also determined. 

Base,   Ohio 

DD JAN «4     I *» / «J 

Security Classification 



Security Classification 
14 

KEY WORDS 
LINK A LINK  B LINK C 

vaci 
expandable  structures 
fiber  glass 
space  environmental   tests 
density 
elongation 
thermal  properties 
optical  properties 
tensile  properties 
bending  properties 
solar   irradiation 

> 

^ 

,<\A r s J 

>1 

^~l'j-i 

K 

]t> 
s \h 

INSTRUCTIONS 

1.   ORIGINATING ACTIVITY:    Enter the name end address 
of the contractor, subcontractor, grantee. Department of De- 
fense activity or other organization (corporate author) issuing 
the report. 

2».   REPORT SECURITY CLASSIFICATION:   Enter the over- 
all security classification of the report.   Indicate whether 
"Restricted Data" is included.   Marking is to be in accord- 
ance with appropriate security regulations. 

26.   GROUP:   Automatic downgrading is specified in DoD Di- 
rective 5200.10 and Armed Forces Industrial Manual.   Enter 
the group number.   Also, when applicable, show that optional 
markings have been used for Group 3 and Group 4 as author- 
ized 

3.   REPORT TITLE:    Enter the complete report title in all 
capital letters.   Titles in all cases should be unclassified. 
If a meaningful title cannot be selected without classifica- 
tion, show title classification in all capitdls in parenthesis 
immediately following the tille. 

A.    DESCRIPTIVE NOTES:   If appropriate, enter the type of 
report, e.g., interim, progress, summary, annual, or final. 
Give the inclusive dates when a specific reporting period is 
coveied. 

5. AUTHOR(S):    Enter the name(s) of authors) as shown on 
or in the report.    Entei last name, first name, middle initial, 
If rr.ilitary, show rank and branch of service.    The name of 
the principal n >thor is. an absolute minimum requirement. 

6, REPORT DATE.    Enter the date of the report as day, 
month,  year, or month, year.    If more than one date appears 
on the report, use date of publication. 

7o.   TOTAL NUMBER OF PAGES:   The total page count 
should follow normal pagination procedures, i.e., enter the 
number of pages containing information. 
7b.    NUMÖER OF REFERENCES    Enter the total number of 
references cited in the report. 
8a.    CONTRACT OR GRANT NUMBER:    If appropriate, enter 
the applicable number oT the contrail or grant under which 
the report was written. 
8b, 8c, & Bd. PROJECT NUMBER; Entei the appropriate 
military department identification, such as project number, 
subproject number,  system numbers, 'ask number, etc. 

9e.   ORIGINATOR'S REPORT NUMBER(S).    Enter the offi- 
cial report number by which the document will be identified 
and controlled by the originating activity.    This nurrber must 
be unique lo this report. 
96. OTHER REPORT NUMbER(S): If the ri.porl h^s been 
ass-pned any othor report numbers (either t>\ lire originator 
or by the sponsor,), also enter this number(s). 

10.    AVAILABILITY/LIMITATION NOTICES    Enlcr any lim- 
itdtions on further dissemination of the report, other than those 

imposed by security classification, using standard statements 
such as: 

(1) 

(2) 

(3) 

(4) 

(5) 

"Qualified requesters may obtain copies of this 
report from DDC" 

"Foreign announcement and dissemination of this 
report by DDC is net authorized." 

"U. S, Government agencies may obtain copies of 
this report directly from DDC,   Other qualified DDC 
users shall request through 

"U. S. military agencies may obtain copies of this 
report directly from DDC.   Other qualified users 
shall request through 

"All distribution of this report is controlled, 
lfied DDC users shall request through 

OuaJ- 

If the report has been furnished to-the Office of Technical 
Services,  Department of Commerce, for sale to the public, indi- 
cate this fact and enter the price, if known. 

11. SUPPLEMENTARY NOTES: Use for additional explana- 
tory notes. 

12. SPONSORING MILITARY ACTIVITY: Enter the name of 
the departmental project office or laboratory sponsoring (pay- 
ing (or) the research and development.    Include address. 

13     ABSTRACT:   Enter an abstract giving a brief and fartual 
summary of the document indicative of the report, even though 
it -nay also appear elsewhere in the body of the technical re- 
port     If additional space is required, e continuation sheet shall 
be attached. 

It is highly desirable that the abstract of classified reports 
be unclassified     Each paragraph of the abstract shall end with 
an indication of the military security classification of the in- 
formation in the paragraph, represented as (TS). (S). (C), or (U) 

There is no limitation on the length of the abstract     How- 
ever, the suggested length is from 150 to 225 words 

14.    KEY WORDS"   Key words are technically meaningful terms 
or short phrases that characterize o report and may be used as 
index entries for catalugin^ the report     Key words must be 
selected so that no security classification is required     Identi- 
fiers, such as cquipmenl model designation, trade name, military 
project code name, geographic location, may be used as k<y 
words but w'll be followed by an indication of technical con- 
text     The assignment of links, rules, and weights is optional 

.».. PI-.,.,.:*:—.  


