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I
& SUMMARY

The epoxy resin Hercules 3501—6 will be used as matr ix material for carbon
fiber reinforced structural components in advanced Navy aircraft.

The purpose of this work was to determine mechanical baseline data of
this material, necessary for the prediction of the composite response to
projected material and service environments of the aircraft.

These data, in conjunction with the concepts of diffusion, micromechanics
and laminate theory, allow the prediction of certain changes in composite
properties such as the elastic constants. Also, it appears that strength
changes may be predicted as a function of time for various climactic conditions.

This work is part of a continuing investigation to predict quantitatively
the degradation of composite materials in a service and storage environment.

This work was sponsored by the Naval Air Systems Command during FY 1978
under the Task number A3200000/004A/9R2200000.

J. R. Dixon
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& . INTRODUCTION

This effor t  should be cons idered as part of a cont inuing investigat ion to
obtain a better understand ing of the property deteriorat ion of fiber reinforced

• organic matrix composites in quantitative terms as a function of their serv ice
environment during their projected life time. The high strength to weight and
stiffness to weight ratios of fiber reinforced composites have long been
recognized as benefits for light weight structural materials and it is therefore
natural that they are, although not without caution and certain reservations,
being introduced as major structural materials into military aircraft such as
the F—16 , the future F—18 and the AV8B Harrier. The primary driving factor
though for the use of composite materials in aircraft is the projected poten-
tial saving due to reduced labor cost.

It is veil known that organic matrix composites are, in general, affected
by moisture in that they lose strength and stiffness at elevated temperatures
after exposure to ambient environments. For safety reasons, this requ ires a
certain degree of over design. Thus it is not unusual that materials are used
for pract ical applications long before they are fully characterized and under-
stood . As a matter of fact, a great deal of material understanding has come
from practical applicat ions, or at least, the practical use of material s has
lead to further fruitful scientific scrut iny.

Various micromechanical schemes such as finite difference and finite
element methods have been recognized as powerful tools in describ ing the
mechanical propert ies of composites from the ir constituent propert ies (resin
and fiber). These methods allow to calculate not only macroscopic stress—
strain fields over several ply thicknesses but also microscopic stress—
strain fields between and inside single fibers. All these theories require,

- however , the knowledge of the constituent material properties.

The purpose of this work was to obtain such material propert ies, specifi-
call y, the elastic constants (Young ’s and shear modulus , Poisson ’s ratio), the
ultimate strength and elongation together with the total stress strain curves,
all as a function of temperatures and moisture concentrat ion. The moisture
sorption equilibr ia and the temperature and concentration dependance of the
moisture diffusion coeffic ient of the resin will be discussed in a separate
Technical Report . 1

1. Augi , J.M., “Moisture Sorption and Diffusion in Hercules 3501—6 Epoxy
Resin,” NSWC/WOL TR 79—39 (in print)

.5
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• The prediction of composite properties from the experimental data of this
investigation will likewise be compared with experimentally measured composite
properties in a following Technical Report.2

[-I

I

p

• $

2. AugI, J.M., “Prediction and Verification of Moisture Effects on Carbon
Fiber Epoxy Composites ,” NSWC/WOL TR 79—4 3 (in print) .

6
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-I
BACKGROUND

Aside from excessive, mechanical or thermal loading conditions, it appears
that moisture will perhaps lead to the most significant property changes in

• organic matrix composites at least for the matrix dominated lamina properties
such as intralamina shear, transverse tensile and both transverse and longitudi-
nal compressive properties. Since moisture will have to penetrate into the

4 composite to affect  its properties and since the rate of penetration depends
on the temperature and on the moisture concentration these property changes will

• be gradual, strongly dependent on the thickness of the composite and on the
environment it is exposed to.

• Several investigators have presented experimental evidence that the matrix
dominated properties of advanced organic matrix composites are degraded by mois-
ture343. This effect Increases as the temperature of the composite is raised6.
We have also demonstrated that the property deterioration levels out after the

• 3. Hertz, J., et al., “Advanced Composite Application for Spacecraft and
Missiles,” AFML—TR—71—186, Vol II, General Dynamics—Convair, San Diego,
California, Mar 1972.

4. Browning, C.E., and Wh itney ,J.E., “The Effect of Moisture on the Proper-
ties of High Performance Structural Resins and Composites,” American Chem.

• Soc. , Div. of Org. Coatings and Plastic Chem., 33, No. 2, 1973, pp. 137—148.

5. Augl, J.M., “Environmental Degradation Studies on Carbon Fiber Reinforced
Epoxies,” Paper presented at the TTCP—Panel P3 Meeting Melbourne, Australia,

• 1975, and paper presented at the Air Force Workshop on Durability Characteris-
tics of Resin Matrix Composites, Battelle—Columbus Laboratories, Ohio, 1975.

6. AugI, J.M., “The Effect of Moisture on Carbon Fiber Reinforced Composites.
It Mechanical Proper ty Changes ,” NSWC/WOL/TR 76—149, 1977.

7. Browning, C.E., Russian, G.E., and Whitney, J.M., “Moisture Effects in Epoxy
Matrix Composites ,” Composite Materials: Testing and Design, ASTM STP 617,
1976, p. 481.

8. Hofer, K.E., Mo, N., and Larson , D., “Development of Engineering Data on
the Mechanical and Physical Properties of Advanced Composite Materials,”
APML—TR—72—2 05 , lIT Research Institute, 1974.

7
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absorbed moisture has reached equilibrium with the surround ing humidi ty and
is, therefore, a function of the average relative humid ity. This deteriora—

• • t ion is reversible for matr ixes that are not chem icall y changed by moisture
(as is the case for most amine cured epoxy composites where moisture is
thought only to plasticize the resin and thus make it more flexible5’6).
Note that it is not only the glass transition temperature that is lowered but

& the ent ire modulus and the stress—strain curves are affected far below glass
• transition temperature and increasingly so as the glass transit ion temperature

• is approached . This is important for the understand ing of the deteriorat ion
of propert ies in composites . Under reversible property changes it is meant
that if the moisture is removed (in vacuum or by heating) the original pro-
pert ies will be regained within the experimental uncertaint ies.

I

It may require decades for a composite to reach moisture equilibrium
• with the environment during which time there is a cont inuous change in

propert ies over t ime and throughout the thickness of the composite. Thus
a quant itat ive pred iction of composite property changes must include at least
a simultaneous treatment of moistur e d i f fus ion , micromechanics , laminate
theory, and modeling of the environment , to be able to deal with daily and
seasonal temperature and humid ity changes. A more detailed discussion has
been given in Re ferences 1 and 2.

9. Browning, C. E . ,  and Hartness , J. T . ,  “Effect  of Moisture on the Properties
- of High Performance Structural Resins and Composites ,” Composite Materials:

Testing and Design , ASTM STP 546 , 1974 , pp. 284—302.

10. Kaelble , D.H., Dynes, P.J., and Crane, L.W., “Interfacial Mechanisms of
Moisture Degradat ion in Graphite—Epoxy Composites ,” J. of Adhesion, 7, 25
1977.

11. Kaelb le , D.H., and Dynes , P.J., “Surface Energy Analysis of Treated
Graphi te Fibers ,” J. Adhesion , 6, 239 , 1974.

12. Ashbee , K.H .G. , and Wyatt , R . C . ,  “Water Damage in Glass Fiber/Resin Com-
posites ,” Proc. Royal Soc ., Series A, 312 , 533, 1969.

13. Halpin , J.C., and Pagano , N.J., “Consequences of Environmentally Induced
Dila t ion in Solid s,” AFML—TR—68—395 , 1969.
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EXPERIMENTAL
C-

The resin ~50l—6 was obtained from Hercules Inc . ( Bacchus , Utah ) .  After
degas ing the resin was cast into sheet form and cured . Dogbone spec imens
were mach ined and fitted with biaxial strain gages. After moisture equilibra—
t i~n at 0 , 30 , 55 , 80 , and 100 percent relat ive humid ity the samp les were
tested at 210 , 600, 1000, and 150°C on an Instron Universal Tensile Tester
for their stress—strain behavior.

The experimental detail s for the sample preparat ion and the property
measurement s are given in Append ix A.

9
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C-
DISCUSSION AND RESULTS

Init ial Elast ic Constants

The ini t ial  elastic constants (Young ’s modulus and Poisson ’s rat io) were
determined with biaxial strain gage measurements (Fig. 1) from wh ich the shear
modulus was calculat ed from the relat ion for homogeneous mater ia l s :

G = E/ [2 ( 1+ v ) 1

(where G , E and vare the shear modulus , Young ’s modulus , and Poisson ’s rat io
respect ively) .

The results are given in Table 1 and graphica l ly  in Figures 2—4.

It should be noted here that the use of s train gages in measuring organic
resins propert ies requires special cons iderat ion . Great care must be taken
to avoid measurement errors. Special attent ion shoud be g iven to the follow-
ing experimental de ta i l s :

1. Since p last ics are bad heat conductor s the heat generat ed in the
resistance wire of the gage during the init ial current surge leads to an
initial change in local temperature (at  the gage si te)  ind icat ing an apparent
s t ra in . It take s about 30—40 second s to reach equi l ibr ium a f t e r  the input

- voltage ‘s applied . Therefore, it is not advisable to switch back and forth
• between the longitud inal and the transverse gage. The measurements should be

run subsequently.  The s t ra ins  should not exceed the elast ic l imit  in order
to prevent errors in the subsequent transverse stress—strain measurements. A
typ ical in i t i a l  s t ress—st ra in  curve is shown in Figure 1.

2. While the s train gages adhered to the spec imen well over the whole
t emperature range up to f racture  on dry samples or at low temperatures on
moisture loaded samples , th is was not the case for the moisture loaded samp les
at h igher temperature . The bond between resin and gage broke well before
f rac ture , wh ich made it impossible to use s t ra in  gages to obtain the total
elastoplast ic  range of temperature and humid ity e f f e c t s  for this  material .

• Therefore a comb inat ion of strain gage and s t rain gage extensoineter measure-
ments were used. The low strain , init ial modul i were obtained with the more
accurate strain gage readings while the complete stress—strain curves were
obtained with strain gage extensometers . 

.~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - ~~~~~~~-
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3. The heat generated locally at the strain gage, when kept under the
• input voltage, leads to a local desorption of moisture, and ther efore, to a

change in the local strain field , proportional to the moisture concentration.
Figure 5 shows the change in strain with time (without external loading) for
samples equilibrated at 0, 33, 55 and 80% relat ive humidity. Unmounted strain
gages and strain gages mounted on metal bars show no such effects. Dry resin
samples show initially a slight negative effect which might be caused by
moisture sorption rather than desorption but stabilize after about 40 minutes.
Thus the measurements on resin samp les should be comp leted in a short t ime to
reduce errors due to these apparent strain effects.

The results of the stress—strain measurements are given in Table 1. The
effect of temperature on the stress—strain behavior is ind icated in Figure 6
which shows typical stress—strain curves of the dry resin at 21°, 60°, 100° ,
and 150°C. The change in the stress—strain curves caused by absorbed mois ture
at constant temperature (150°) is shown in Figure 7. It is quite apparent
from these graphs that while the ultimate strain is about the same (at 150°c)
the ultimate strength is strongly reduced even in moderately humid environments.

Due to the brittleness of the resin there was a considerable spread in
ultimate strengths as can be seen in Figure 8 from the error bars (+ standard
deviat ion). Therefore, the tensile strength profile (a function of temperature
and humid ity) is given as a smoothed out surface. The same is true for the
ultimate strains which are also given as a smoothed out surface (Fig. 9).

The Poisson’s ratio does not change for the dry resin in the temperature
range from 21° to 150°C, though it increases for the wet resins, and , at 150°
the wet resins have a Poisson ’s rat io of nearly 0.5 which is typical for rub-
bery materials.

Figure 10 shows the moisture equilibrium concentration as a function of
the relat ive hum idity.

Observations on the Elastoplastic and Viscoelastic Behavior of 3501—6

Prediction of strength in und irect ional compos ites by finite element
• anal ysis can be realis t ic only if the nonlinear behavior of the matrix is

taken into account. A great deal of theoretical and experimental work has
been published on the elastopla st ic (nonl inear) behavior of metals , f rom wh ich
certain yield and failure criteria have been derived . Suffice it here to
refer to a few monographs that may serve as excellent reviews (References
14—17).

14. Hill , R., “The Mathemat ical Theory of Plasticity,” Oxford Univ. Press.
• London , 1950.

15. Nad ai , A., “Theory of Flow and Fracture of Solids ,” McGraw—Hill , 1950.

16. Fung, Y.C., “Foundat ion of Solid Mechanics ,” Englewood C l i f f s , N.J.,
Prent ice—Hall , 1965.

17. Mendelson, A., “Plastic ity: Theory and Appl icat ion,” Macmillan , 1968.
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FIGURE 5 APPARENT STRAIN MEASURED IN HERCULES 3501-6 AS A FUNCTION OF TIME
DUE TO MOISTURE DESORPTION (CAUSED BY THERMOCOUPLE HEATING)
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The s t ress—st ra in  behavior of most metals is ind icated in Fi gure 11. They
show a linear s t ress—st ra in  curve till the stress reaches point 1 (the y ield
po in t) .  An add it ional increase in stress lead s to a nonlinear increase in
st ra in . If at point 2 the stress is released there is now a l inear unload ing ,
the slope of wh ich is equal to the init ial modulus , th us , lead ing to a residual
strain at zero stress which is a permanent plast ic  deformation . Renewed load—
ing wi l l  show a l inear stress strain behav ior (fol lowing the unload ing curve)
t ill po int 2 is reached wh ich is now the new y ield point . In meta l lu rgy  this
behavior is called strain hardening . For most metals there is no deformat ion
which is • both load and t ime dependent . Thus a finite element treatment of
metal mat r ix  f iber reinforced composites can describe the nonl inear behavior of
these materials  by a stepwise incremental load ing procedure we re experimental
st ress—st ra in  data are used for the current const i tuent  s t i f f n e s s  parameters
of the respective elements ’8’ l9 The three d imens ional state of stress was
descr ibed by us ing the concept of octahedral shear s t ress—octahedral  shear

• s t ra in .

Some aut hors hav e used the same formalism in deal ing with organic mat r ix
composites which may not be justified , at least not in all cases , because many
polymers are not only elastoplastic but also viscoelastic , i.e., a viscous flow
may occur under an applied load , which upon unload ing, may , wholly, partially,
or not recover. This difference in mechanical behavior of polymers and metals
can be easily understood from the different molecular structure . While metals
are essent iall y la t t ices made of atoms wh ich are held together by e lectr ic
forces , ploymers are molecular chains which atoms are covalent ly bonded togethe r.
These pol ymer chains may interact with others by weak Van der Waals forces
(thermoplastic , linear polymers) or with crosslinks (rubbers and thermosetting
res ins) .

A deformat ion in metals  m~y ‘ead to a sl ippage o f cry s ta l  la t t ice p lanes
and therefore to a perma’ient def-:r,at ion. A deformat ion in a polymers can
lead to a stretching of polymer enains , which can be restored i f there is a
su f f i c i en t  inter chain entanglement . In rubbers the crosslinks prevent the
chains from slid ing apart , there fore , the or ig inal shape is essent iall y
recovered if none of the chains have been broken during the s training process.
However , even in rubbers the restoring process may be slowed down considerably
or may be pr event ed whe n the tempera tu re  is too low to supp ly the required
thermal energy (act ivat ion energy , for chain segment mobi l i ty) .

18. Cook , R .D . ,  Concept s and App licat ions of Fini te  Element Anal ysis ,  John
Wiley , 1974.

19. Ad ams , D.F. ,  “High—Performance Composite Mater ia ls  for Veh icle Construc—
tion: An Elastoplastic Analysis of Crack Propagat ion in a Unidirect ional
Composite ,” Rand Co r p . ,  Report R1070—PR, Mar 1973.
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The s t ress—stra in  beh avior of most metals is ind icated in Fi gure 11. They
• show a linear stress—strain curve till the stress reaches point 1 (the yield

poin t) .  An addit ional increase in stress lead s to a nonlinear increase in
strain.  If at point 2 the stress is released there is now a linear unload ing,
the slope of wh ich is equal to the init ial modulus , thus , lead ing to a residual
strain at zero stress which is a permanent plastic deformation . Renewed load—

4 ing will show a linear stress strain behavior (following the unloading curve)

‘ 
t i l l po int 2 is reached which is now the new y ield point . In metallurgy this
behav ior is called strain hardening . For most metals there is no deformation
wh ich is both load and time dependent . Thus a f in i t e  element treatment ofr metal matrix fiber reinforced composites can describe the nonl inear behavior of

L these materials  by a stepwise incremental loading procedure were experimental

r stress—stra in data are used for the current constituent stiffness parameters
of the respect ive elements 1-8 ’ 19~ The th ree d imens iona l st ate o f st ress was
described by using the concept of octahedral shear stress—octahedral shear
strain.

Some authors hav e used the same formalism in dealing with organic matr ix
composites wh ich may not be j u s t i f i ed , at least not in all cases , because ma ny
polymers are not onl y e las topla st ic but also v iscoelast ic , i .e . ,  a v iscous flow
may occur under an app l ied load , wh ich upon unload ing , may,  whol ly, part ially,
or not recover . This difference in mechanical behavior of polymers and metals
can be easily understood from the d i f f e ren t  molecular structure . While  metals
are essent ially lattices made of atoms wh ich are held together by electric
forces , p loymers are molecular chains wh ich atoms are covalent ly bonded together.
These polymer chains may interact with others by weak Van der Waals forces
(the rmop last ic , l inear polymers) or with crosslinks (rubbers and thermosetting
res ins) .

A deformation in metals  may lead to a slippage of crystal lattice planes
and there fore to a permanent deformat ion . A deformat ion in a polymers can
lead to a stretching of polymer chains , which can be restored if there is a
suffic ient inter chain entanglement . In rubbers the crosslinks prevent the
chains from slid ing apart , therefore , the original shape is essent ially
recovered if none of the chains have been broken during the straining process.
Howeve r , even in rubbers the restoring process may be slowed down considerably
or may be prevented when the temperature is too low to supply the required
thermal energy (activation energy , for chain segment mobility).

18. Cook , R .D . ,  Concepts and App l icat ions of Fini te  Element Analysis, John
Wil ey, 1974.

19. Adams, D.F., “High—Performance Composite Materials for Veh icle Construc-
tion : An Elastoplastic Analysis of Crack Propagat ion in a Unid irectional
Compos ite ,” Rand Corp., Report R1070—PR, Mar 1973.
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In other words , the viscous flow is quite temperature dependent . It
increases strongly as the glass transit ion temperature is approached from
below. At the same t ime the modulus of the polymer decreases rapidly. Thus,
prediction of the stress s t rain beh avior in composites , us ing only the time
independent disp lacement f ie lds  is val id only at temperatures s u f f i c iently
below glass transit ion temperature . What is sufficient should be experi—
mental l y determined by creep measurements.

The following experiments were not made to obtain quant it at ive data for
the viscoelastic behavior of the 3501—6 resin but rather to see whether it
would fol low a behav ior as ind icated in Figure 11.

Figure 12 shows a load ing (solid l ine ) and unloading curve (dashed l ine )
of a dry 3501—6 specimen. Only a small plastic or viscoelastic deformation

F 
was observed over the range of strain. At 125°C however , the plastic defor—

P mation was qui te  subs tant ia l  as can be seen in Figure 13. The reload ing curve
-
‘ h owever , shoved s t i l l  the sam e initial modulus it had at the f i rs t  load ing.

A repeated loading—unload ing curve with increasingly higher stresses is
shown in Figure 14. Here only the lowest stress app licat ion (up to about
3000 psi)  showed the behavior of Figure 11; at h igher stresses the unloading
and reloading curves did not fol low the same paths , in add it ion , at zero load
there was a slow partial recovery of the plastic deformation which increased
with increasing deformation . The fac t , that the reload ing and unloading
curves do not follow the same path can be easil y ex p lained by a (t ime deperi —
dent ) viscoelastic deformat ion s ince the s t ress—stra in  measurements are not
instantaneous but rather slow.

To test for v iscoelast ic  flow a sample was maintained at 1250 while a
s t a t i c  load was increased in steps from 20 to 95 kg as ind icated in Figure
15. Each load increment was held constant  for f ive minutes whi le  the change
in strain was measured. ~s can be seen from the set of curves ( solid lines)
the de format ion rate increases with app l ied load . After  unloading (at 1 kg
residual load) there was a slow part ial recovery ( ind icated by the broken
l ine) .

It appears , that at temperatures above 100°C the t ime dependent proper—
• t ies of 3501—6 can no longer be safe ly neg lected .

It is therefore , advisable to include creep measurements for the charac—
t e r iza t ion  of Hercules 3501—6 .

As was ment ioned above , for the three dimens ional descript ion of the
e last roplast ic  s t ress—st ra in  f ie ld  the concept of the octahedral shear stress—
shear s train is very useful .’9

- 
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FIGURE 15 TEST FOR VISCOELASTICITY OF HERCULES 3501—6 EPOXY RESIN (DRY.AT
125°C). STRAIN VS TIME AT DIFFERENT CONSTANT LOADS.
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The input data for the finite elemer t analysis of the experimental
stress—strain data can be given by a two parameter curve proposed by Richard
and Blacklock2° and modified for octahedral shear stress’~ :

EC/f 1 +

where T0 = octahedral shear stress and n are independent parameters which
fit the curve to empirical data, £ octahedral shear strain, E= slope of
init ial portion of the octahedral shear stress—shear strain curve. Simple
tensile stress—strain éurves can be readily converted to octahedral shear
stress—octahedral shear strain curves from the relat ions (Reference 15, p.
103, 115) :

— k 
— a~~)

2 + — + (a~ — a~
) 2 

+ 6 + + t zx
2 )

— 4 ~~~~~ 
— )

2 + — )2 + (c
~ 

— )2 + 
3 2 + + 

~zx2

where 
~~~~ 

O y~ ~~~ ~y ’ ~~ 
are the respective axial stresses and strains

and 7xY•~• 7~y... are the respective shear stresses and shear strains.
As a typical example the stress—strain curves of Figure 6 in terms of
octahedral shear stress—octahedral shear strain are shown in Figure 16.

V 
Crossman and Flaggs 21 have recently reported a fin ite element anal ys is

for composite laminates which includes the viscoelastic behavior of the un i—
directional plies. This method appears to be more promising for the descrip-
t ion of composites (wi th high moisture load ings or at elevated temperatures)
than the time — independent elastic—p last ic analysis.

• 20. Richard, R.M. and Slacklock , J.R., “Finite Element Analysis of Inelastic
Structures ,” AIAA Journal , Vol. 7, No. 3, Mar 1969 , pp. 432—438.

21. Crosgusan, F.W. and Flaggs, D.L., “Pred iction of Dimensional Stability
of Composite Laminates during Environmental Exposure,” Paper presented at the
24th National SAMPLE Symposium , 8—10 May 1979, Proceedings , p. 998.

_ _ _ _ _ _ _ _ _ _  _ _ _  --V



NSWC TR 79-41

— 2

•

U
C.,
2

\

\

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

W

~~

>~ “

O w
I

— I-
<(4’

.
~~~~~~~~

Z < w
- — WI-

~~ ~~ U.
- 

< 0 0

~~ w W

O w

C.) X~~~~ (’)o < W W

U
2.

I-

PS N 

- 0

~~~~~~~~~

V 
(t.0L X ISa) ~~ 983111S UV3HS 1V~ 03HVL3O

32

p 
— _~~ •- - ________________

~~~

VI. M

~~~~~~~~~

I M

~~~~~~~~~~~~

-

~~~~~~~~~~~~~~

’

~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~



~~~~~~~~~~~~~~ ~~~~~~~ -
~~~~~

,--- -V -V

- 
- -

~~.... •

NSWC TR 79—41

1!

CONCLUSIONS AND RECOMMENDATIONS

1. The following mechanical properties of Hercules 3501—6 epoxy resin
have been determined from tensile stress—strain curves as a function of tern—
perature and moisture equilibrium concentration in the range from 21°C to 1500
and from 0 to 100 percent relat ive humid ity: Young’s modulus , shear modulus,
Poisson’s ratio, ultimate strength, and ultimate strain.

2. Herclues 3501—6 is a brittle resin which has a fairly linear stress—
strain behavior at ambient temperatures , with an ultimate strain of about 1.5
percent . The ultimate strain increases to slightly more than 3 percent at
150°C.

3. Ne ither strength nor modulus is significantly affected by moisture
at ambient temperatures. At elevated temperatures , however, moisture affec ts
both , modulus and strength , severely. For example , the dry strength of the
resin at 150°C is 7650 psi whi le  the strength of the resin equilibrated at
100 percent relat ive humidity is only 790 psi. The correspond ing Youngs moduli
are 417000 psi and less than 20000 psi respectively.

4. Above 1000 the viscoelastic (time dependent) deformat ion under load
can no longer be neg lected and will have to be considered for a full composite
analysis where temperatures above 100°C play a role (f or example under supersonic
heating condit ions).

5. It is recommended that creep experiments be carried out on both
resin and composites at different temperatures to establish a “WLF Master
Curve”. For composite specimens it is recommended that +45 0 laminates be
used which will allow to determine the time dependent shear deformation.

I
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APPENDIX A

Resin Sample Preparation

The resin 3501—6 -(obtained from Hercules Inc . Bacchus Utah) was stored
in a freezer. Before casting the resin in a sheet mold (made from polished
aluminum plates coated with Frekote releasing agent) it was degassed in

4 
vacuum by heating the resins till it became sufficient ly fluid . Then it was
poured into the heated mold . It should be noted that the following curing
cycle be carried out without interruption through post cure otherwise the
plate cracks easily.

The resin was heat soaked over night (16 hours). The temperature was
• raised in steps and kept for one hour at each of the following temperatures

100° , 115° , 124° , 130° , 150°C and then the temperature was raised to 177°C
and kept at this temperature for 10 hours. From the cured sheets, tensile
specimens were mach ined according to ASTM 638 Type I standard (gage length =

57 mm , width = 13 mm, thickness = 1.8 mm). The sharp edges of the test
specimens were smoothed with a fine emery paper to reduce stress concentra-
t ions. Small biaxial strain gages were bonded to the tensile specimens which
were then dried in vacuum at 105°C for 100 hours and then batches of specimens
were exposed for 30 days to the following relat ive humid ities 33, 55, 80 and
100% at 71°C. The samples were then stored at anibient temperature (22°C)
in containers with the same correspond ing relat ive humidities.

Mechanical Properties

The init ial Young’s modulus and Poisson ’s Ratio were determined at low
strains with biaxial strain gages from which the init ial shear modulus was
calculated . The samples were equilibrated for 4 minutes in the environmental
test chamber at the respective temperature by forced air circula t ion before
the load was appl ied. This time was determined to be suffic ient for a
temperature equilibrat ion through the sample thickness. (The strain gages
on the samples that were exposed to 100% RH debonded easily, and therefore,
were useless for the measurement). The total stress strain curves were
obtained with an m atron strain gage extensometer (which is less sensitive

• at low strains). Some add itional observations concerning the stress strain
measurements are described in the Discussion section.

A- 1
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V 

The total stress—strain curves were measured at a cross head speed of
0.127 cm (.05 inch) per second , while the measurements with the bonded strain
gages were done with incremental load increases. The strains were obtained
from a digital microstrain gage ind icator.
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