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LAMINATION RESIDUAL STRESSES IN FIBER COMPOSITES

ABSTRACT

An experimental investigation was conducted to determine
the magnitude of lamination residual stresses in angle-ply composites
and to evaluate their effects on composite structural integrity.
The materials investigated were Boron/Epoxy, Boron/Polyimide, Graphite/
Low Modulus Epoxy, Graphite/High Modulus Epoxy, Graphite/Polyimide
and S-Gléss/Epoxy. These materials were fully characterized. Static
properties of [02/1‘45]S were also determined. Experimental techniques
using embedded strain gages were developed and used to measure residual
strains during curing. The extent of relaxation of lamination residual
stresses was investigated. It was concluded that the degree of such
relaxation is low. The behavior of angle-ply laminates subjected to
thermal cycling, tensile load cycling and thermal cycling with tensile
load was investigated. In most cases these cycling programs did not
have any measurable influence on residual strength and stiffness of
the laminates. The only exceptions were the Graphite/Low Modulus
Epoxy and S-Glass/Epoxy which failed during elevated temperature thermal
cycling under load and showed degradation during low temperature thermal
cycling under load. In the tensile load cycling tests, the Graphite/
Polyimide showed the highest endurance with 10 million cycle runouts
at loads up to 90 percent of the static strength. The S-Glass/Epoxy
had the lowest endurance failing to survive 10 million cycles even at
25 percent of ultimate. The effects of fiber volume ratio, ply orienta-
tion and ply stacking sequence were also investigated for Graphite/
Polyimide. Residual strains during curing, static strength and
residual properties after thermal cycling under load were determined.
The [02/115]S specimens with the lowest residual stresses showed some-
what higher residual strength. The [02/902]S laminate, having the
highest residual stresses, showed a reduction in residual stiffness
and strength. No significant changes were observed in residual
properties of the three stacking sequence variations of the [02/t45]S

laminate.
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ITITRI Research Project No. D6073
LAMINATION RESIDUAL STRESSES IN FIBER COMPOSITES

1.0 INTRODUCTION

Advanced filamentary composites, such as boron and graphite
reinforced plastics, are finding increasing applications in more
critical aircraft components such as fan blades. The evaluation
of a given structural component from the point of view of stiffness
and load carrying capacity requires exact knowledge of the loading
conditions, stress and strain distributions, material properties and
failure criteria. Similar information is required in the synthetic
approach where a structural and material design is sought to meet a
desired function with its concomitant loading on the component.

In conducting the stress analysis step in this process it is
very important to add to the externally induced stresses the pre-
existing state of residual stress. The type of residual stresses that
are of critical importance are those stresses produced during curing
and caused by the different coefficients in thermal expansion of the
various plies of a laminate. An extensive analysis of lamination
residual stresses was given by Chamis.1 Using a linear laminate
theory he presented results on residual stresses as a function of
constituent properties, ply-stacking sequence and orientation, fiber
content, cure temperature and other variables. It was shown that
residual stresses can reach values comparable to the transverse
strength of the ply and thus induce cracking across the plies.l’2
They can also cause interlaminar separation.

Before the theory above can be generally applied to design of
critical components, it must be verified experimentally. A systematic
experimental program is needed to measure residual stresses directly,
their possible decay with time, and their dependence on composite
design variables. An experimental study is also needed of the influ-
ence of residual stresses on the structural integrity, stiffness and
strength of the composite.
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To meet the needs above, the NASA-Lewis Research Center is
sponsoring the current program with IIT Research Institute under
Contract No. NAS3-16766. The objectives of the present investigation
are: (1) to experimentally determine the magnitude of lamination
residual stresses in fiber-composite angle-ply laminates, (2) to
evaluate their effects on composite structural integrity, and (3) to
provide experimental data for verification of existing lamination

residual stress theory.

The investigation described in this interim report consists
of the following five tasks:

TASK I - Literature Survey and Materials Selection

The objective of this task was to conduct a selective litera-
ture survey to obtain thermal and mechanical properties of unidirectional
composites and their constituent matrix and fiber materials and to
select six fiber/matrix systems for the experimental investigation.

TASK II -~ Residual Strains and Static Strehgth

The objective of this task was to fabricate and characterize
the six composite materials selected, to develop instrumentation
procedures and measure residual strains during curing, and to determine
the static strength of angle-ply laminates.

TASK III - Evaluation of Stress Relaxation

The objective of this task was to evaluate the magnitude of
relaxation of residual stresses and its effect on strength.

TASK IV - Cyclic Loading and Residual Strength

The objective of this task was to measure degradation and
residual strength of angle-ply laminates subjected to cyclic thermal
loading, cyclic mechanical loading and cyclic thermal loading under

tension.




TASK V - Effects of Laminate Configuration Variables

The objective of this task was to determine the effects of
fiber volume ratio, ply stacking sequence and ply orientation on the
magnitude of residual stress and residual strength after thermal
cycling under tensile load.
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2.0 TASK I - LITERATURE SURVEY AND MATERIALS SELECTION

2.1 Literature Survey

The following six fiber/matrix material systems were investi-
gated in this program: ’

. Boron/Intermediate Modulus Epoxy

Boron/Polyimide

Graphite/High Modulus Epoxy

A
B
C. Graphite/Low Modulus Epoxy
D
E. Graphite/Polyimide

F

. S-Glass/Intermediate Modulus Epoxy

To aid in the selection of the final material systems, a
literature survey was performed of candidate systems aimed at
collecting data on thermal, mechanical and physical properties of
unidirectional composites and their constituent matrix and fiber
materials. The survey was conducted with a view to selecting materials

with the following approximate values for the moduli of the constituents:

Boron fibers: 380-415 GPa (55-60 x 10° psi)
Graphite fibers: 345-415 GPa (50-60 x 10° psi)
Low modulus epoxy: 2.1 Gpa (300,000 psi)

Intermediate modulus epoxy: 3.5 GPa (500,000 psi)
High modulus epoxy: 4.8 GPa (700,000 psi)

The boron epoxy system was found to be one of the best
characterized materials with a great deal of data available. Several
matrices have been used with boron fibers, such as AVCO 5505 (formerly
NARMCO 5505) and SP272, a product of 3M Company. Some properties for
the constituent materials and the unidirectional laminate are tabulated
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in Tables 2-1, 2-2, 2-3 and 2-4. The principal properties of the two
laminates are quite similar. The AVCO 5505 epoxy matrix has a modulus
of approximately 3.5 GPa (500,000 psi), while the SP272 matrix has a
modulus of approximately 4.8 GPa (700,000 psi). For this reason, plus
the fact that it is better characterized and more commonly used, the
AVCO 5305 system was selected as material system A.

The following Boron/PolyimideAsystems were investigated as

candidates for material system B:
(1) Boron/Skybond 703, compression molded
(2) Boron/P13N, compression molded
(3) Boron/P13N, autoclave molded
(4) Hercules 6001B
(5) Boron/WRD 9371

Of the above, Boron/P13N was found to have the most available
data. Some of these are shown in Figures 2-1 through 2-8 which are
taken from Reference 9. Tables 2-5 and 2-6 list properties for the
‘Boron/6001B and Boron/WRD9371 systems as published by the manufacturers,
10,11. Workability and pertinent fabrication properties for Skybond 703
and Ciba-Geigy P13N polyimide resins were found in References 12 and 13.
However, few mechanical propérty data were found for the cast resins.
From the information obtained in the survey it was decided to select
the 4 mil Boron/WRD9371 as the material system B.

References 9, 10, 11, and 14 through 22 were used to establish
mechanical properties of various high modulus graphite/epoxy candidate
systems for selecting a Graphite/Low Modulus Epoxy and a Graphite/High
Modulus Epoxy. Reference 14 presented the results of an extensive
iiterature survey and was used in the construction of comparative tables
for our selection purposes. Table 2-7 shows the relative performance
of several graphite fibers. Of the commercially available fibers
(exciuding the Celanese Gy-70 and Thornel 75) the highest specific
modulus material is the Modmor I graphite fiber with a 415 GPa
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Table 2-1
PROPERTIES OF BORON FILAMENT (United Aircraft) (Ref. 3)

Density, p, kg/m3 (lbm/in.3) 2,644 (0.095)

Modulus, E, GPa (psi) 403 (58.5 x 10%)

Tensile Strength, S., MPa (psi) 2930 (426,000)
Table 2-2

PROPERTIES OF NARMCO (AVCO) 5505 RESIN (Ref. 3)

Density, p, kg/mS (lbm/in.>) 1,257 (0.0457)
Modulus, E, GPa (psi) 3.84 (557,000)
Shear Modulus, G, GPa (psi) 1.36 (197,000)
Poisson's Ratio, v 0.41

Tensile Strength, St kPa (psi) 55,800 (8,100)

Compressive Strength, S., kPa (psi) 127,600 (18,500)

C’
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Table 2-3

PROPERTIES OF UNIDIRECTIONAL BORON/EPOXY (AVCO 5505)

(Fiber Volume Ratio: 0.50)
Temperature . Reference
Property degk (°F) SI Units English Units Number#*
Density, p - 2,005 kg/m3 0.0725 1b/in.3 -
Longitudinal Thermal 297 (75) 4.5 x 1079 g1 2.5 4 €/°F 4
Coefficient, 0y 450 (350) 4.5 x 1079 k71 2.5 ¢/°F 4
Transverse Thermal 297 (75) 23.5 x 107 g1 13.1 u ¢/°F 4
Coefficient, a,, 450 (350) 39.6 x 1070 g1 22.0 u ¢/°F 4
Longitudinal Modulus, E,; | 297 (75) 207 GPa 30 x 10° psi 5
400 (260) 207 GPa 30 x 109 psi 5
450 (350) 200 GPa 29 x 10° psi 5,6
Transverse Modulus, Epy 297 (75) 18.6 GPa 2.7 x 106 psi 5,7
400 (260) 12.4 GPa 1.8 x 10% psi 5
450 (350) 7.6 GPa 1.1 % 10% pst 5
Shear Modulus, Gy, 297 (75) 13.8 GPa 2 x 10° psi 8
450 (350) 1.4 GPa 0.2 x 10% pst 8
Major Poisson's Ratio, vy | 297 (75) 0.20 - 3
Minor Poisson's Ratio, v,y | 297 (75) 0.06 - 3
Longitudinal Tensile 297 (75) 1,325 MPa 192,000 psi 3,5
Strength, Sy 400 (260) 1,102 MPa 160,000 psi 5
450 (350) 1,000 MPa 145,000 psi 5,7
Longitudinal Compressive 297 (75) 1,792 MPa 260,000 psi 3,4
Strength, 5;;¢ 450 (350) 896 MPa 130,000 psi 4
Transverse Tensile 297 (75) 63,400 kPa 9,200 psi 3,5,7
Strength, 5,57 400 (260) | 52,400 kPa 7,600 psi 5
450 (350) | 38,500 kPa 5,600 psi 5
Transverse Compressive 297 (75) 310,000 kPa 45,000 psi 5
Strength, 5),¢ 450 (350) | 108,000 kPa 15,700 psi 6
Intralaminar Shear 297 (75) 119,000 kPa 17,300 psi 8
Strength, §;, 450 (350) | 37,200 kPa 5,400 psi 8

*
Numbers refer to list of references at end of report.
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Table 2-4

PROPERTIES OF UNIDIRECTIONAL BORON/EPOXY (SP272)

(Fiber Volume Ratio: 0.50)

I Temperature Reference
i Property degK (°F) SI Units English Units Number*
[
Density, p - 2,005 kg/m’ 0.0725 1b/in.> -
Longitudinal Thermal _ - - -
Coefficient, a
11
Transverse Thermal - - -
! Coefficient, o -
22
Longitudinal Modulus, E 297 (75) 207 GPa 30 x 106 psi 8
400 (260) 200 GPa 29 x 10" psi 8
450 (350) 200 GPa 29 x 108 pst 8
Transverse Modulus, Eyg 297 (75) 22 GPa 3.2 x 106 psi 8
Shear Modulus, Gy, 297 (75) 12.4 GPa 1.8 x 10° pst 8
Major Poisson's Ratio, Vig 297 (75) 0.23 - -
Minor Poisson's Ratio, Vo1 297 (75) 0.025 - -
Longitudinal Tensile 297 (75) 1,283 MPa 186,000 psi 8
Strength, S;q 400 (260) 1,283 MPa 186,000 psi 8
450 (350) 1,115 MPa 162,000 psi 8
Longitudinal Compressive 297 (75) 3,050 MPa 443,000 psi 8
Strength, S;,. 400 (260) 1,870 MPa 272,000 psi 8
450 (350) 592 MPa 86,000 psi 8
Transverse Tensile 297 (75) 80,600 kPa 11,700 psi 8
Strength, Sy,¢ 400 (260) | 55,100 kpa 8,000 psi 8
450 (350) | 24,800 kpa 3,600 psi 8
Transverse Compressive - - - -
Strength, S22C
Intralaminar Shear 297 (75) 129,000 kPa 18,700 psi 8
Strength, Sy, 450 (350) | 34,500 kPa 5,000 psi 8

*
"Numbers refer to list of references at end of report.
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Table 2-5
PROPERTIES OF UNIDIRECTIONAL BORON/POLYIMIDE HERCULES 6001B (Ref. 10)

Fiber Volume Ratio, FVR 0.60
Density, p 2,100 kg/m> (0.076 1b/in.>)
Longitudinal Modulus, E11
(Flexural)
298 deg K (77°F) 223 GPa (32.4 x 10° psi)
590 deg K (600°F) 210 GPa (30.4 x 10° psi)

Longitudinal Flexural
Strength, SllF

298 deg K (77°F) 1,950 MPa (283,000 psi)
590 deg K (600°F) 1,270 MPa (184,000 psi)
Interlaminar Shear
Strength, 813 47,500 kPa (6,900 psi)
Table 2-6

PROPERTIES OF UNIDIRECTIONAL BORON/POLYIMIDE WRD 9371 (Ref. 11)

Fiber Volume Ratio, FVR 0.55
Density, 1,960 kg/m> (0.071 1b/in.3)
Flexural Modulus, Eiq 172 GPa (24.9 x lO6 psi)
Flexural Strength, S11F

297 deg K (75°F) 1,730 MPa (251,000 psi)

560 deg K (550°F) 1,300 MPa (188,000 psi)
Interlaminar Shear .

Strength, Sq4 90,300 kPa (13,100 psi)
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(60 x lO6 psi) modulus. Furthermore, this fiber has been prepregged
with a wide variety of epoxy and polyimide resin systems. It was
selected as the reinforcement for the current study. A comparison
of domestic and foreign fiber composite properties for several resin
systems is shown in Tables 2-8, 2-9 and 2-10. Unfortunately, little
or no data was available on the cast resin properties for these
systems.

In addition to the literature search, several prepreggers
were contacted for their capabilities in producing prepreg tape with
such resins employing the Modmor I high modulus graphite fiber. Two
commercially available systems were detailed by Whittaker R&D Labora-
tories employing ERLA 4289 (average elastic modulus of approximately
2.1 Gpa (300,000 psi) and ERLA 4617 (average elastic modulus of the
resin in the range of 5.5 to 6.2 GPa (800,000 to 900,000 psi).

Matrix resin bulk properties for the ERLA 4289 are shown in

‘Table 2-11. Properties of unidirectional laminates with S-glass are

shown in Table 2-12. The void contents for flat laminates of ERLA 4289
with S-glass were respectable at 1.8 percent and 2.2 percent for uni-
directional and bidirectional plates, respectively. The 0° strengths
and stiffnesses of S-glass/ERLA 4289 would depend primarily on the
filament properties but the transverse modulus of 10 GPa (1.45 x 10
psi) would not differ much from that of the Modmor I/ERLA 4289 system.
On the basis of the above information, Modmor IL/ERLA 4289 was selected
as material system C. '

6

The following Graphite/Polyimide systems were investigated as
candidates for material system E:

(1) HMG 50 Graphite/P13N, compression molded
(2) HMS Graphite/P13N, autoclave molded

(3) HTS Graphite/P13N, compression molded
(4) Hercules HM Graphite/6001 Polyimide

(5) Modmor II/Gemon L

(6) Modmor II/WRD 9371

(7) Modmor I/WRD 9371

2-7




o ® o ® ® o e e ®
8uaxys 18uaags
sy ° Sy
(HOH 78 4o 78 M%wwmwm .o y1dusays yi1Suexys
snnpowt snynpowt Jroscs y18uaays sninpowt 13 Y[hpour 3 npoux
Y3H g Y38y 2 1800 °Z 380D 2 | oyroads 'z | ogroadg g | oyyroeds ‘| ouyroeds °g
snon snon snon snon 208IINg 29%€JaNng snon snon
-uljuop ‘1 | ~Uuguod °I | -UIuoy *Ij-~uljuod °f J9qLI 1 ISQLA T | ~UuUOD °T| =-UNUOD ‘I | SHISI SALIE[SY
L90°0 0L0°0 €90°0 690°0 £90°0 2L0°0 650°0 18070 (ur na/qy)
98°1 G6°1 9L°T 06°1 SL°T $6°1 €9°1 0L°1 | (oo/wd) L31su8(q
("uy %d yBusaig
€6°¥ IT°¥ L'y ye GGG LV '€ SL°¥ L°¥ | S[susy, oryrosdg
. (1sd mo.c
03¢ 008 00€ 052 0S¢ 083 08% 182 | yySueaig oIsuUs,
(*ur go1)
0STI L30T $0S 13L Gg9 £es PI8 618 | snpop oryrosdg
) ) 43 0S (17 09 0S 05 |(1sd 401) sninpopy
gL 04=XD S-1H S-IWH 11 9d41, 1 ad4], S-09 0S~DINH senaedoad
12uIoyy, asaueis) SPINBIINOS snue3Ion [ouUIoYy, :
sjuawely ojydean
(71

"¥o¥) SIHNEWVTIIA ALTHAVYD 40 SLINAW AAILVIAY ANV SHIT¥Ed0dd HIDNHYIS 'IVSIdAL
£-C 91qel

2-8



*Ajxadoadur poyrey jey} suswroads oawos sepnyoul eleq ()

BIBP [OIMPUESy

% - - - - 6°22 (og1) S0-X 0S-DWH
LA - - L0 670 G 22 8TT 864-4 0§ 18uIoyy,
9¢ 0°¢ - 8°0 9°2 0°€2 301 96¢c-T9d 0S [euaoyy,
%7¢ -9°9 - - - S°8% ¥el L06-dd 0S-DIH
¢ ‘1°g - 8°0 LT 6°¥¢ 80T STL-d 0S-DIWH
U4 AR 00T I°'1 S°'¢ 1°0¢ 144" LT9Y 0S-DINH
1N - - - - g°'1¢ ver L8EZ OOWIBN | xS0S-[ouUIOY],
€C - - €1 1°9 Vv 61 €6 L8L-4 *x0S-DINH
€z - - 9'1 8°9 0°%2 ¢8T L8E¢ oouwxeN 0§ [ouxoyy,
90USI9yOY 18y ‘aeays 18y ‘O Isw ‘g 1Sy ‘O Isw ‘g ISy ‘D ursay Axodr Iaqr1
[¥U0Z1I0H onxald .0 UoISUdJ, .06 UOTSUSL .0
(¥1 °39¥) S¥AGIJ ALIHAVED DILSHAWOd HIIAM dAVA SALISOdWOD A0 NOSIYVIWOD
8-C ®1qel
® ® ® e ® ® L ®

2-9




* fxedoadur; psiTe] 18Us SUSW(osds SWOS S6PNOUL BEQ { )
U0ISSoIdUEOs UL ISTY ¥ ° G

I9Tixes 5018eqse snjd 9SsUE[e] O/4A Gk

67 58 09 | e - . - - |voes~g sseusies
97 A L°S S8 0°% o7 0°2¢ g6 L8ET OOWIEN
72 1°4 Z°g g6 6°0 03 8°%¢ 90T | QLIGHX ocwixeN i
7¢ 9°8 &° 0% 171 2 1 6°G g°cy $et L39% VIYE
7¢ 71T - = €°% ¢y 0°8% PIT | UE
72 ¢ or - 08 171 0°S 6°4% (501} S, g P
7T L°8 ~- gii 8°0 (9°2) 2°8¢ (L) Y 4
%72 1°8 - oIy 6°0 8°G L°8% (94) 00T 88&2 1 SYRIBEION )
77 0°0T -~ gzy I°1 L% 97 (z01) oF SIWH
7¢ 6°8 - 56 80 £°8 | 4xl 0¥ {08} [vo0ge-y ssouwyed sseuRiel |
8¢ - - - 8°0 vy 47 LT 190 eseuB[ey |
g7 c°g - - - - 0° LY 8Tt 80S zou-1dy eseuvier |
Gz - - - 71 7°8 G ¢ €6 806 zoy~1dy xSSeuLBIes |
iZ - - - 1°% 671 1°9% LIV | ¥06-X ouaeqiz oseuess |
c L8 L8 $21 01 6°g S Ly 11 808 zoy~1dE eSOUL L0 |
m .
S0USASISY | 1Sy ‘xeeys gy ‘L sy ‘L jsw ‘g sy ‘D) isw fm sy ‘O UisSy AxXodn Feqid
1BIUCZIACH BanXo1,1, 06 (eanxol i, UoIsual, .08 UCLSUS], o0

%1 T39¥, SEEILE HITHIVED SOINUCW HOIH HIIM HAVW SZIISCoi«ll 40 NOSISVAWOoD

6-¢ ®19elL



* frasdoadwir parity jeys sueurtoads awros sepnjout ejeq ()

*II 91TUBSIO SNONUNUOD A[IBD AISA SWIOS YIIM SPTN 4%

*Z00€ 78 PoONpuod §3593 sanjexadurat-ySt.

£2 0°LY 721 - - -1 L°es1 - - - - | 11 syueSION L8€Z oouraeN
7 8°6L 6°9 - - €°¢8 | S°¥TI - - - - SINH $06~X aNIaqLg
A 695 L°TT - - L'gL | €691 - - - - SIH $06-X 9MIdqL]
T TA P29 2°s - - 0°08 | €766 - - - - SINH £06-X d119q14
LA - - - - 2°98 | L°68 - - - - 0S-DWH | VAdD/828/1€0T uody
A g 69 6°8 - - 0°gL | 8°%6 - - - - 9sauea) VO0SEY asoue[a)
oA 0°€% 4 ¥°PI = - 0704 | 0°LSI - - - - | II spruedaon 1072 dXd
A g'eg L°21 - - 6°19 | L°0ST - - - - SIH $06-X 93LI2G1
YT 0°2L 0°01 ~ = 2oL | §'2er - - - - SINH 200¢ Sa[noxsy
A 765 | 1°8 - - 9°Ls | 2°ITI - - - - | 1 enuedioN $00T oouwrIeN
e 0708 g ot - - 0°29 | 9°63I = = - - SINH 18%-dd S.NE
e L°$S L6 - - §°69 | 8°TIT - - - - SINH $06 -X 9311941
L2 1°9 LTI - - - - 9°¢9 6°9 ¥°101 | (2°S321) |11 9tuedion *x V00T OOWIBN
L2 - - - - - - $°19 Ly 9°02T | (9°¢01) |11 eyueSIoN *xL8EZ OOULIEBN
L2 - - - - - - LTI 62 86 | (0°807) |1 @3uESIoN **xT07e-d Xd
LT - - - - - - 0°¢3 g'e | $'06 | (s°1TT) |II Smuelion **E£65-H 0xI94
LT &%) | oer - - - - - - | ¥°€0T | 8°2LT |11 ayueSion 706-X 93119q14
L7 0799 | g°g - - - - - - 0°v6 LTT 9s3UB[3D $06~X 9311a9q11
LC (0°99) | 9°%1 - - - - - - 948 181 SIH $06-X 9119911
€2 €709 | T1°91 *x%°€9 | S°ST | x¥'98 | 2°961 - - - - 11 2dAL S6 BqID
€ *8 °89 8°31 *8°18 0°IT | %0°00T 67T - - - - 11 odAY, L8%-dd S.NE
€C «I1°8¥% L°eT - 6°01 *8°G8 8°CIT - - - - 11 odAT, LI9% oNIoqrd
o4 *€°68 €61 *¥ 68 0°LT | xT°SS | 67092 - - - - I od4L LT9% HB A
S0ULIIIAY | JOSED | 18V ‘LU | J0SED | 1sY ‘LU | J0S€D | 189 ‘I | J05e® | 1y ‘Tu | J05e® |1sy ‘I 9L uisey Axodyg
) ‘1PU% 13U D ‘12U ‘P %
Teays yidusaig reamxald | y3Suedls [eamxoLl | y3Suaais sisuay, | ypdueais o[ISUS
1BJUOZ1I0Y .06 -0 06 .0
(#T *39Y¥) S¥YEFIA ALIHAVYD HIIM SWALSAS NISHYM 40G¢ 40 NOSIAVAWOD
0TI-¢ °19elL
® o [ ® e o [ ) |

2-11



Table 2-11
PROPERTIES OF LOW-MODULUS MATRIX RESIN ERLA 4289 (Ref. 19)

Modulus, E

(Tensile) 1.55 GPa (225,000 psi)

(Compressive) 2.56 GPa (371,000 psi)
Tensile Strength, S 33,800 kPa (4,900 psi)
Compressive Yield Point, Sy 92,500 kPa (13,400 psi)
Ultimate Tensile Elongation, €yT 0,185
Compressive Yield Strain, ey 0.064
Heat Distortion Temperature

(at 1820 Pa, 264 psi) 316°K (109°F)

Table 2-12

PROPERTIES OF UNIDIRECTIONAL S-GLASS/LOW~-MODULUS EPOXY
994 '"'s" HTS/ERLA 4289 (Ref. 19)

Fiber Volume Ratio, FVR 0.36
Void Volume Ratio 0.018
Longitudinal Modulus, Eiq 56.2 GPa (8.15 x lO6 psi)
Transverse Modulus, Esy 10 GPa (1l.45 x lO6 psi)
Longitudinal Flexural

Strength, Syqp 1.27 Gpa (184,000 psi)
Longitudinal Compressive

Strength, S;qq 600,000 kPa (87,200 psi)
Transverse Tensile

Strength, Soo - 21,400 kPa (3,100 psi)
Interlaminar Shear

Strength, S3q1 38,000 kPa (5,500 psi)

Properties for the high-modulus resin, ERLA 4617, a2re tzhulated
in Table 2-13 (Ref. 20). Modmor I/ERLA 4617 was selected as material
system D. '
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Table 2-13

PROPERTIES OF HIGH-MODULUS MATRIX RESIN ERLA 4617
(With m-=PDA Hardener) (Ref. 20)

Modulus, E (Tensile) 5.4 x 10° kN/m® (783,000 psi)
(Compressive) 6.1 x 10° kn/m? (890,000 psi)
(Flexural) 5.6 x 10° kN/m? (815,000 psi)

Tensile Strength, S, 132,000 kN/m® (19,200 psi)

Compressive Stremgth, S, 226,000 kN/m? (32,800 psi)

Flexural Strength, Sg 214,000 kN/m® (31,000 psi)

Ultimate Tensile Elongation, ey 0.028

Heat Distortion Temperature 448°K (175°C) (347°F)
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Typical data of some of the above candidate systems are given'
in Tables 2-14, 2-15 and 2-16 and Figures 2-9 and 2-10. Based on the
available data, Modmor I/WRD 9371 was selected as material system E.
The specific gravity of this material at a fiber volume ratio of 50

percent is 1.62.

Three commercially available systems were reviewed for material
system F (S-glass/intermediate modulus epoxy). These systems, all
products of 3M Company, are 1002S, 10095 and XP-251 with S-glass fibers.
Property data for these three materials are tabulated in Tables 2-17,
2-18 and 2-19. The temperature limitations of 1002S and the dif-
ficulty in obtaining the XP-251-S within the time frame of the program
were factors in the decision to select the 1009-26S as the material

system F.

2.2 Materials Selection

The literature survey of candidate materials resulted in the
selection of six final material systems for investigation in this
program. They are tabulated in Table 2-20 together with typical
values for constituent fiber and matrix moduli, as obtained in the
survey. Also listed are the suppliers from which these materials were
purchased.
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Table 2-14

PROPERTIES OF UNIDIRECTIONAL GRAPHITE/POLYIMIDE HERCULES 6001M (Ref. 10)

Fiber Volume Ratio, FVR
Density, p
Flexural Modulus, E11
297 deg K (75°F)
590 deg K (600°F)
Flexural Strength, S1lF
297 deg K (75°F)
590 deg K (600°F)
Interlaminar Shear
Strength, 313
297 deg K (75°F)
590 deg K (600°F)

0.61
1,690 kg/m> (0.061 1b/in.>)

194 GPa (28.1 x 10° psi)
164 GPa (23.8 x 10° psi)

1.08 GPa (156,000 psi)

0.63 GPa (92,000 psi)

65,000 kPa (9,390 psi)
40,800 kPa (5,910 psi)

]
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Table 2-15
PROPERTIES OF UNIDIRECTIONAL GRAPHITE/POLYIMIDE MODMOR II/WRD 9371

Fiber Volume Ratio, FVR 0.55

Density, o 1,540 kg/m> (0.056 1b/in.>)
Longitudinal Modulus, Eq; 156.5 GPa (22.7 x6106 pai)
Transverse Modulus, Eyo 15 Gpa (2.18 x 10" psi)

Longitudinal Tensile Strength, S117 1,500 MPa (218,000 psi)
Longitudinal Compressive

Strength, 511c 1,210 MPa (175,000 psi)
Transverse Tensile Strength, SZZT 65,500 kPa (9,500 psi
Transverse Compressive

Strength, SZZC 132,500 (19,200 psi)
Flexural Strength, Si1F

297 deg K (75°F) ‘ 1,380 MPa (200,000 psi)

560 deg K (550°F) 925 MPa (134,300 psi)
Interlaminar Shear Strength, 813

297 deg K (75°F) 85,000 kPa (12,300 psi)

560 deg K (550°F) 41,700 kPa (6,050 psi)

Table 2-16

“"ROTPERTIES OF UNIDIRECTIONAL MODMOR II1/GEMON L POLYIMIDE (Ref. 30)

Fiber Volume Ratio, FVR 0.62
Density, o 1,510 kg/m> (0.055 1b/in.>)
Resin Content, Percent
by Weight 32
Longitudinal Thermal Coeffl- 6. -1 -6 .
cient, a;q(- -300°F to 75°F) -0.68 x 10 'K ( -0.38 x 10 ~ in./in./°F)
oy, (75°F to 500°F) 0.14 x 10°'k"1(0.08 x 1077 in./in./°F)
Transverse Thermal Coeffi- -6. -1 -6
cient, a,, (-300°F to 75°F) 27 x 10 "K © (15 x 10 in./in./°F)
6y, (75°F to 500°F) 45 x 107%"1 (25 x 107% in./ir./ >
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Table 2-17 .
PROPERTIES OF UNIDIRECTIONAL S-~GLASS/EPOXY SCOTCHPLY 100258 (Ref. 31)

Longitudinal Modulus, E;; 44 GPa (6.4 x 10° psi)
Longitudinal Tensile Strength, S11T 1,340 MPa (195,000 psi}

Table 2-18
PROPERTIES OF UNIDIRECTIONAL S-GLASS/EPOXY SCOTCHPLY 1009-26S (Réf. 32)

Longitudinal Modulus, Eqig 61.3 GPa (8.9 x 106Vpsi)

Longitudinal Tensile Strength, S11T 1,270 MPa (185,000 psi)

Longitudinal Compressive Strength, S11c 620,000 kPa (90,000 psi)

Intralaminar Shear Strength, Sy, 14,500 kPa (2,100 psi)
Table 2-19

PROPERTIES OF UNIDIRECTIONAL S-GLASS/EPOXY SCOTCHPLY XP251-S (Ref. 33)

Longitudinal Modulus, Eqq 57.8 GPa (8.4 x 106 psi)

Longitudinal Tensile Strength, SllT 1,720 MPa (250,000 psi)
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FOR BORON/POLYIMIDE (Boron/P13N) (Ref. 9)

2-19




S0 V'O FILAMENT

TRANSIVERST TEMSILE STRENGTH ~ 4G

Fig. 2-3

Fig. 2-4

TENSILE MODULUS

TRANSVERSE

] [¢] 0 10 200 0 4«2 &0

VEMPERATHRE ~ °F

TRANSVERSE TENSILE STRENGTH OF UNIDIRECTIONAL BORON/
POLYIMIDE (Boron/P13N) AS A FUNCTION OF TEMPERATURE

{Ref. 9)

60 V/O FILAMENT

3 \\

PSt x 108

] i 1
-100 -85 1] 70 100 200 300 400 S00

TEMPERATURE ~ °F

TRANSVERSE TENSILE MODULUS OF UNIDIRECTIONAL BORON/
POLYIMIDE (Boron/P13N) AS A FUNCTION OF TEMPERATURE

(Ref. 9)

2-20




TRANSVERSE COMPRESSION MODULUS ~ pst X 108

30 VIC FILAMENT

TRANSVERSE COMPRESSIUN STRENGTH ~ K3t
¥ ]
— 0—1

[} i 1 ‘
-100 8% ° 10 o 2 00

00 200 00

TEMPERATURE ~ °F

Fig. 2-5 TRANSVERSE COMPRESSIVE STRENGTH OF UNIDIRECTIONAL BORON/
IEOLYIMII))E (Boron/Pl3N) AS A FUNCTION OF TEMPERATURE
Ref. 9

50 /0 FILAMENT

Nl

-5 0 7 100 200 300 0 500
TEMPERATURE ~ °F

Fig. 2-6 TRANSVERSE COMPRESSIVE MODULUS OF UNIDIRECTIONAL BORON/
]zOLYIMII))E (Boron/Pl3N) AS A FUNCTION OF TEMPERATURE
Ref. 9

2-21




120
1o O UNIDIRECTIONAL TENSION
¢ @ UNIDIRECTINAL COMPRESSION
CROSSPLY TENSION
CROSSPLY COMPRESSION
08 R 80 V/0 FILAMENT e
B
’
e
-
<
& 06
©
8
=]
[ 3
o4
o
0 & 8
02
o) [®)
l
100 -GLS 0 100 200 300 400 500

TEMPERATURE ~ °F

Fig. 2-7 POISSON'S RATIO DETERMINED IN TENSION AND COMPRESSION AS
% FENCE§ON OF TEMPERATURE FOR BORON/POLYIMIDE (Boron/P13N)
Ref.

b HOOIFHID BLADE
b t4s® crossm Y
IO wooisgcTionat
. 00 v PILAMINT

S .

SHEAR MODULYS ~ P » 1€0

| g\\_{‘“;-—f—--—glw ;
[ ] T

o« L 0o 10 0 00 0

4l

TEMPZRATURE ~ OF

Fig. 2-8 SHEAR MODULUS OF BORON/POLYIMIDE (Boron/P13N) LAMINATES
AS A FUNCTION OF TEMPERATURE (Ref. 9)

2-22




(0€ °3Fo¥ SNAJATVIS ¥AILIV ‘HAIWIXTIO4 T NOWZD HLIM II Y OWAOW)
TINIVIAIWEL 40 NOTIONAJ V SV IAIWIATOd/IITHAVED TYNOIIDFTYICINA A0 NOISNVAXH TYWEAHL 6-C "STd
MNLVYIdNIL |
(00) 00€ 002 00! 0 00I- 002-

|

r ; ; ]
(do) 009 . o0p 002 . 0 _ 002— - OOb- .

EYe]

\

2-23

|
0

225

—L_y'Nois
01X (57 ) 'NOISNYAX3 TYANIHL HVaNIT




(0€ *39¥ ‘SNAAATYIS WALAY HATIWIATOL T NOWAD HIIM TI WOKAOW) MINIVYAdWAL IO
NOIIONNA V SV ALVNIWVI HQTIWIATOd/HIIHAVEO Jmo\mﬁ\mom\mqﬂ\m& 40 NOISNVAXHE TVWMIHI 0T-7 °STd

1 3¥N1vy3dNaL
(o) Om_vm 002 00l 0 00! - 002~

1 ! i

_ I r _ m S0-
(4,) 009 oo ooN o ooms oa¢-

|
o

! )NOISNVdXB TYWH3IHL HV3NIT

—G'0 Nlas

01X (

2-24



3.0 TASK II - RESIDUAL STRAIN AND STATIC STRENGTH

3.1 Material Qualification

The selected materials were ordered and received in prepreg
form. The material was inspected visually prior to specimen fabri-
cation. Prepreg sections having large fiber gaps, broken fibers,
fiber cross-overs, resin-rich or resin-poor areas were discarded
during this inspection. The materials were qualified by determining
their flexural and interlaminar shear strengths from unidirectional
coupons, and comparing them with published values for these materials,
if available, or with values for similar materials.

The qualification testing was done by means of beams subjected
to three-point bending. The test specimens were 15-ply thick uni-
directional coupons cut from a plate cured according to manufacturer's
specifications. Flexural strength test coupons were 10.2 cm (4 in.)
long with a 6.3 cm (2.5 in.) span length. Shear strength coupons were
1.5 cm (0.6 in.) long with a span length of 1 cm (0.4 in.). The

 standard beam formulas below were used to determine the strength

values,

_ 3pg
¢ = =

2wt

for flexural strength, and

. - 3P
4wt

for interlaminar shear strength.

Here, P is the load on the beam, w is beam width and t is the thick-
ness. The fiber orientation in these tests is in the direction of
the beam axis.

For material A, 47 m (160 ft) of Boron/Epoxy (Boron/AVCO 5505)
7.6 cm (3 in.) wide prepreg tape was ordered and received, The
Whittaker Corporation certified that this material conformed to

 General Dynamics Spec. FMS-2001A. Results of the qualification tests

are shown in Tables 3-1 and 3-2. The FMS-2001 Specification requires
a flexural strength of 1550 MPa (225 ksi). v
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QUALIFICATION FLEXURE TESTS ON BORON/AVCO 5505

Table 3-1

\

Specimen Thickness Width Flexural Strength
Number cm, (in.,) cm, (in.) MPa, (ksi)
73-0-A-1 0.203 (0.080) 1.273 (0.501) 1600 (232)
| -2 0.203 (0.080) 1.273 (0.501) 1630 (236)
-3 0.203 (0.080) 1.273 (0.501) 1690 (245)
-4 0.201 (0.079) 1.273 (0.501) 1700 (246)
-5 0.201 (0.079) 1.273 (0.501) 1790 (259)
Average: 1680 (244)

Table 3-2

QUALIFICATION INTERLAMINAR SHEAR TESTS ON BORON/AVCO 5505

Specimen Thickness Width Shear Strength
Number cm, (in.) cm, (in.) MPa (ksi)
73-0-A-1 0.201 (.079) 0.632 (.249) 61.8 (8.96)
-2 0.203 (.080) 0.630 (.248) 53.4 (7.74)
-3 0.201 (.079) 0.635 (.250) 62.1 (9.00)
~4 0.201 (.079) 0.632 (.249) 55.2 (8.00)
-5 0.203 (.080) 0.635 (.250) 57.7 (8.36)

Average: 58.0 (8.41)

3-2




For material B, an order was placed for 1.1 kg (2.4 1b,
approximately 37.5 ftz) of 4 mil Boron/WRD 9371. The results of the
flexure and interlaminar shear qualification tests are shown in Tables
3-3 and 3-4.

Table 3-3
QUALIFICATION FLEXURE TESTS ON BORON/POLYIMIDE WRD 9371

Specimen Thickness Width Flexural Strength
Number cm, (in.) cm, (in.) MPa, (ksi)
73-0-B-1 0.185 (0.073) 1.283 (0.505) 1340 (194)
| -2 0.188 (0.074) 1.285 (0.506) 1240 (180)
-3 0.188 (0.074) 1.280 (0.504) 1500 (217)
-4 0.180 (0.071) 1.270 (0.500) 1430 (207)
-5 0.183 (0.072) 1.278 (0.503) 1490 (216)

Average: 1400 (203)

Table 3-4
QUALIFICATION INTERLAMINAR SHEAR TESTS ON BORON/POLYIMIDE WRD 9371

Specimen Thickness Width Shear Strength
Number cm, (in.) cm, (in.) MPa (ksi)
73-0-B-1 0.180 (0.071) 0.638 (0.251) 43.5 (6.31)

-2 0.185 (0.073) 0.638 (0.251) 40.9 (5.93)
-3 0.180 (0.071) 0.640 (0.252) 41.3 (5.99)
-4 0.185 (0.073) 0.640 (0.252) 41.6 (6.03)
-5 0.188 (0.074) 0.640 (0.252) 42.2 (6.11)

Average: 41,9 (6.07)




The order for material C consisted of 45.7 m (150 ft) of
7.62 cm (3 in.) wide prepreg tape of Modmor I/ERLA 4289. The material

was received and qualification laminates prepared in accordance with
the manufacturer's recommended procedure. The cured laminates were

of unacceptable quality with almost no interply integrity. An exami-
nation of the prepreg material showed absolutely no tack to the
material although drape appeared to be evident. The 4289 system is a
low viscosity system and according to Cole19 generally has a great
deal of flow in the molding operation., Indeed, Cole found it useful
to advance the resin prior to curing in order to minimize the flow of
resin. This experience was completely contrary to our own with the
material received since a visual examination of the glass bleeder cloth
showed some areas completely dry. The qualification plates bleeder
cloth delaminated with a slight pull of the hand. Furthermore, the
resin powdered away from the bleeder cloths during flexural folding

of an individual ply. The dry, low tack, state of the material
received was interpreted as indicating an advanced state of curing

of the prepreg, unsuitable for acceptable laminate fabrication. Upon
consultation with the manufacturer a second order was placed to replace
the first. This arrived in tackier condition and with a modified
curing schedule specified by the manufacturer,

For material system D, 54.9 m (180 ft) of Modmor I/ERLA 4617
was ordered and received. Tables 3-5 and 3-6 show the results of the
qualification tests.

Table 3-5
QUALIFICATION FLEXURE TESTS ON MODMOR I/ERLA 4617
Specimen Thickness Width Flexural Strength
Number cm, (in.) cm, (in.) MPa, (ksi)
73-0-D-1 0.185 (0.073) 1.275 (0.502) 1140 (166)
-2 0.185 (0.073) 1,278 (0.503) 1140 (165)
-3 0.178 (0.070) 1.273 (0.501) 930 (135)
=4 0.188 (0.074) 1.278 (0.503) 1100 (159)
-5 0.183 (0.072) 1,270 (0.500) 1100 (159)
Average: 1080 (157)
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Table 3-6
QUALIFICATION INTERLAMINAR SHEAR TESTS ON MODMOR I/ERLA 4617

Specimen Thickness Width Shear Strength
Number cm, (in.) cm, (in.) MPa, (ksi)
73-0-D-1 0.185 (0.073) 0.645 (0.254) 89.0 (12.9)
-2 0.188 (0.074) 0.645 (0.254) 90.4 (13.1)
-3 0.188 (0.074) 0.645 (0.254) 90.4 (13.1)
-4 0.188 (0.074) 0.645 (0.254) 96.6 (14.0)
-5 0.188 (0.074) 0.643 (0.253) 89.7 (13.0)

Average: 91.2 (13.2)

For material system E, an order was placed for 3.1 kg (6.8 1b,
approximately 400 ft) of 7.62 cm (3 in.) wide Modmor I/WRD 9371 prepreg
tape. Results of the qualification tests are shown in Tables 3-7 and
3-8.

Table 3-7
QUALIFICATION FLEXURE TESTS ON MODMOR I/WRD 9371

Specimen Thickness Width Flexural Strength
Number cm, (in.) cm, (in.) MPa, (ksi)
73-0-E-1 0.218 (0.086) 1.275 (0.502) 697 (101.0)
-2 0.226 (0.089) 1.278 (0.503) 491 ( 71.2)
-3 0.224 (0.088) 1.275 (0.502) 604 ( 87.5)
-4 0.218 (0.086) 1.275 (0.502) 538 ( 78.0)
-5 0.218 (0.086) 1.278 (0.503) 697 (101.0)

Average: 605 ( 87.8)




Table 3-8
QUALIFICATION INTERLAMINAR SHEAR TESTS ON MODMOR I/WRD 9371

Specimen Thickness Width Shear Strength
Number cm, (in.) cm, (in.) MPa, {(ksi)
73-0-E-1 0.224 (0.088) 0.643 (0.253) 24,4 (3.54)
-2 0.224 (0.088) 0.643 (0.253) 26.0 (3.77)
-3 0.226 (0.089) 0.643 (0.253) 21.1 (3.06)
-4 0,224 (0.088) 0.643 (0.253) 22.1 (3.20)
-5 0.224 (0.088) 0.640 (0.252) 28.0 (4.06)

Average: 24,3 (3.53)

For material system F, an order was placed for 65.8 m (72 yatds)
of 10.16 em (4 in.) wide Scotchply S-Glass/Epoxy 1009-26S5-5901 prepreg
tape. The results of the qualification tests are shown in Tables 3-9

and 3-10.

Table 3-9
QUALIFICATION FLEXURE TESTS ON SCOTCHPLY S~GLASS/EPOXY~1009-26S-5901

Flexural Strength

Specimen Thickness Width
Number cm, (in.) cm, (in.) MPa, (ksi)
73-0-F-1 0.246 (0.097) 1.262 (0.497) 1610 (233)
-2 0.246 (0.097) 1.262 (0.497) 1630 (236)
-3 0.246 (0.097) 1.262 (0.497) 1590 (231)
-4 0.246 (0.097) 1.262 (0.497) 1570 (227)
Average: 1600 (232)
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Table 3-10
QUALIFICATION INTERLAMINAR SHEAR TESTS ON SCOTCHPLY
S-GLASS/EPOXY-1009-265-5901

Specimen Thickness Width Shear Strength
Number cm, (in.) cm, (in.) MPa, (ksi)
73-0-F-1 0.246 (0.097) 0.635 (0.250) 54.4 (7.89)
-2 0.246 (0.097) 0.638 (0.251) 58.5 (8.47)

-3 0.244 (0.096) 0.645 (0.248) 59.1 (8.57)

-4 0.246 (0.097) 0.635 (0.250) 55.7 (8.07)

-5 0.246 (0.097) 0.635 (0.250) 56.5 (8.19)
Average: 56.8 (8.24)

3.2 Laminate Fabrication

Laminate plates were fabricated from each material system to
provide specimens for the qualification testing,characterization of
unidirectional laminates, and residual stress studies. Specimens for
the latter did not have embedded instrumentation. Table 3-11 shows
the plate dimensions, laminate constructions and number and type of
specimens fabricated from these plates for each material system.

Each plate was layed up from prepreg tape on a flat metal base
in accordance with established procedures. As required, the Boron/
Epoxy and Boron/Polyimide laminates were layed up with one mil thick
glass scrim cloth between each ply and on the top and bottom surfaces
of the plate. The other material systems had no scrim cloth. The
layed up plate on its metal base was then placed in an autoclave for
curing, Fig. 3-1.

All plates were cured in the autoclave. Postcuring, when
required, was done in an air circulating oven. All curing schedules
required vacuum application in addition to heat and pressure. Vacuum
bagging to the table was done using teflon film as the bagging

material which was sealed to the autoclave table by means of "Prestight"
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tape vacuum sealant. After closing the autoclave, programmed heat
and pressure could be applied to the plate layup while a desired
vacuum level was maintained inside the bag by means of an external

vacuum pump and a tube line.

Following are the specific curing schedules used for the six

material systems. Heating was applied at a rate of 2.8 deg K (5 deg F)

per minute unless otherwise noted.

Boron/Epoxy (Boron/AVCO 5505)

1. Apply full vacuum to bagged layup.

2. Pressurize autoclave to 587 kPa (85 psi).

3. Heat to 450 deg K (350 deg F).

4. Release vacuum and hold temperature for 2 hours.
5

. Allow to cool to room temperature.

Boron/Polyimide (Boron/WRD 9371)

Precuring in air circulating oven:

1. "B'"-stage prepreg layup for 3 hours at 375 +1 deg K
(215 +2 deg F).

2. Allow to cool to room temperature.

Autoclave Curing:

1. Apply full vacuum to bagged layup.
2. Heat to 375 deg K (215 deg F) and hold for 1 hour.

3. Heat to 386 deg K (235 deg F) and hold for 1 hour.
After 15 minutes at this temperature, pressurize
autoclave to 587 kPa (85 psi).

4., Heat to 450 deg K (350 deg F) and hold for 1 hour.
5. Cool to 322 deg K (120 deg F) under pressure.

6. Release pressure and vacuum and allow to cool to
room temperature.
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Postcuring in Air Circulating Oven:

Bag layup in "Silastic' vacuum tight bag and

apply vacuum.
Heat to 589 deg K (600 deg F) in 24 hours.
Hold at 589 deg K (600 deg F) for 60 hours.

Cool to room temperature in 12 hours.,

Graphite/Low Modulus Epoxy (Modmor I/ERLA 4289)

28

Prestaging:

Apply 38 cm (15 in.) Hg vacuum to bagged layup.
Heat to 325 deg K (125 deg F) and hold for 3 hours.
Curing:

Increase temperature to 393 deg K (250 deg F).

Pressurize autoclave to 276 kPa (40 psi), maintain
vacuum and hold for 2 hours.

Postcuring:

Increase temperature to 448 deg K (350 deg F)
and hold for 4 hours with vacuum and pressure.

Allow to cool to room temperature.

Graphite/High Modulus Epoxy (Modmor I/ERLA 4617)

Autoclave Curing:

Apply full vacuum to bagged layup.
Pressurize autoclave to 587 kPa (85 psi).

Heat to 444 deg K (340 deg F) and hold for 1 hour
with vacuum and pressure.

Allow to cool to room temperature.
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O

1.

Postcuring in Air Circulating Oven:

Heat to 444 deg K (340 deg F) and hold for 6 hours.

2. Allow to cool to room temperature.

Graphite/Polyimide (Modmor I/WRD 9371)

Precuring in Air Circulating Oven:

"'B"- stage prepreg layup for 1 hour at 366 +3 deg K
(200 +5 deg F).

Allow to cool to room temperature.

Autoclave Curing:

Apply 12.7 em (5 in.) Hg vacuum to bagged layup.

Heat to 366 deg K (200 deg F) at 1.5-2 deg K/min .
(3-4 deg F/min) and hold for 30 minutes.

Heat to 394 deg K (250 deg F) at 1.5-2 deg K/min
(3-4 deg F/min).

Apply full vacuum.

Heat to 408 deg K (275 deg F) and pressurize auto-
clave to 587 kPa (85 psi).

Heat to 450 deg K (350 deg F) and hold for 2 hours.
Cool to 322 deg K (120 deg F) under pressure.
Release pressure and vacuum and allow to cool to

room temperature.

Postcuring in Air Circulating Oven:

Bag layup in "Silastic' vacuum-tight bag and apply
vacuum,

Heat to 450 deg K (350 deg F) in 4 hours.
Heat to 589 deg K (600 deg F) in 30 hours.
Hold at 589 deg K (600 deg F) for 10 hours.

Cool to room temperature in 14 hours.
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S~-Glass/Epoxy (Scotchply 1009-265S)

1. Apply full vacuum to bagged layup.
2. Heat to 422 deg K (300 deg F).
3. Pressurize autoclave to 173 kPa (25 psi), release

vacuum and hold at temperature and pressure for

30 minutes.

4, Heat to 436 deg K (325 deg F) and hold for 4 hours.

5. Allow to cool to room temperature.

The thickness of each finished plate was measured at various
plate locations. The average ply thicknesses, determined from these
measurements for the six material systems are listed below. All sub-
sequent stress computations for the various test specimens were based
on these average ply thicknesses.

Material System Average Per Ply Thickness
cm, {(in.)
A. Boron/AVCO 5505 0.0130 (0.0051)
B. Boron/WRD 9371 0.0127 (0.0050)
C. Modmor I/ERLA 4289 0.0137 (0.0055)
D. Modmor I/ERLA 4617 0.0127 (0.0050)
E. Modmor I/WRD 9371 0.0147 (0.0058)
F. S-Glass/Epoxy 0.0165 (0.0065)

3.3 Characterization of Unidirectional Laminates

3.3.1 Tensile Properties

The tensile properties of the unidirectional laminates were
determined by testing tensile coupons instrumented with surface strain
gages. For this purpose, two coupons for each fiber orientation,
longitudinal and transverse, were cut from the fabricated plates from
each of the six material systems. The longitudinal coupons were 6-ply
thick, 1.27 em (0.5 in.) wide and 23 cm (9 in.) long, with the fibers
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oriented along the coupon axis. The transverse coupons were 8-ply
thick, 2.54 cm (1 in.) wide and 23 em (9 in.) long, with the fibers
oriented transversely to the coupon axis.

The test specimens were prepared by bonding gripping tabs to
the ends of the coupons and strain gages to the test sections. The
tabs were Fiberglass/Epoxy crossply laminates, each 10-ply thick,

3.8 cm (1.5 in.) long with a 0.32 cm (1/8 in.) long taper at one end,
and a width equal to that of the coupon. The strain gages on each
specimen were two 2-gage 90-degree rosettes bonded to the specimen
at the center of the test section, one on each side.

The testing was done by applying incrementally an axial
tensile load to the specimens in an Instron universal testing machine
and recording the strain from the gages. A crosshead rate of 0.127 cm
(0.05 in.) per minute was selected as representing static loading.
The loading was carried to specimen failure. Typical fractures of
unidirectional tensile specimens are shown in Figs. 3-2 and 3-3.

The laminate properties obtained from these test data are: longi-
tudinal tensile strength SllT’ longitudinal modulus Ell’ major
Poisson's ratio V1ps transverse tensile strength SZZT’ transverse
modulus E22 and minor Poisson's ratio Vo1« Stress-strain curves were
plotted from the recorded data and are shown in Figs. 3-4 through
3-17. The strain data were averaged for the pairs of gages on
opposite sides to compensate for any possible bending effects. The
moduli and Poisson's ratios were determined from the initial slopes
of the curves fitted to the data points. The unidirectional laminate
properties obtained from the data for the six material systems are
summarized in Tables 3-13 through 3-18 presented at the end of this
section. *

The axial strains in the Boron/Epoxy unidirectional specimens
show noticeable nonlinearities (Figs. 3-4, 3-5). 1In the Boron/
Polyimide some nonlinearity exists in the axial strain of the 0-degree
uniaxial specimens (Figs. 3-6, 3-7), but the axial strain in the
90-degree specimen as well as all transverse strains appear linear
to failure. Although the longitudinal modulus is approximately the

*Table 3-12 is cited later
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same in both materials above, since it is a fiber-governed property,
the longitudinal tensile strength of Boron/Polyimide is significantly
lower than that of Boron/Epoxy. In the transverse direction, both
modulus and strength of Boron/Polyimide are appreciably lower than

corresponding properties of Boron/Epoxy.

The strains in the 0O-degree Graphite/Low Modulus Epoxy speci-
men are linear to failure (Figs. 3-10 and 3-11). Transverse data
were difficult to obtain because the 90-degree plates were extremely
fragile and broke prematurely. The strains in the Graphite/High
Modulus Epoxy were also linear to failure. The transverse strength
is reasonably high (41.9 MPa; 6.07 ksi), approximately two-thirds of
that of Boron/Epoxy. The Graphite/Polyimide shows some nonlinearity
near failure in the longitudinal strain. The longitudinal modulus is
higher than that of the Graphite/High Modulus Epoxy. The longitudinal
strength, governed by the fibers, is approximately equal to that of
Graphite/High Modulus Epoxy and significantly lower than that of
Graphite/Low Modulus Epoxy. In the transverse direction, the
Graphite/Polyimide has a modulus appreciably lower than that of
Boron/Polyimide and somewhat lower than that of Graphite/High Modulus
Epoxy. 1Its transverse strength is somewhat higher than that of Boron/
Polyimide but appreciably lower than that of Graphite/High Modulus
Epoxy.

The strains in the S-glass/Epoxy are fairly linear to failure
except in the case of the longitudineal strain in one specimen (Fig.

- 3-16). The transverse modulus is the highest of 211 such moduli in
the other material systems, and is equal to approximately forty per-
cent of its tensile modulus. The longitudinal tensile strength is
fairly high, comparable to that of Boron/Epoxy.

3.3.2 Compressive Propertiecs

Characterization of unidirectional laminates in compression
was done using the IITRI designed compression test fixture, Figs. 3-18
and 3-19, incorporating some recent improvements in alignment.
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Although this fixture is not ideal, it represents the best
features of compression coupon fixtures available elsewhere. The
development of the IITRI compression test is based on a survey of
many available systems including the TEI test, a system combining
the best features of the TEI and the sandwich beam tests, Narmco
Test Method No. 303, Federal Test Method Standard No. 406, ASTM
compression test, and the Celanese test.

The Celanese test uses split conical collet grips which fit
into matching sleeves which in turn fit into a snugly fitting
cylindrical shell. One major disadvantage of this fixture is that
it requires a perfect cone-to-cone contact. This contact is not
normally achieved due to small variations in tab thickness. Instead,
contact is limited to two lines on opposite sides of the specimen.
This unstable condition causes a lateral shift in the seat grips which
then contact the enveloping cylinder and produce high frictional
forces. The result is that the Celanese fixture, tested at IITRI,
results in erroneously high values for the stiffness and compressive
strength.

The IITRI fixture represents a modification of the Celanese

one. The conical grips have been replaced with trapezoidal wedges.

This eliminates the problem of line contact, since surface-to-surface
contact can be attained at all positions of the wedges. Furthermore,
it permits precompression of the specimen tabs to prevent slippage
early in the load cycle. This is especially important at high strain
rates., Finally, the lateral aligmment of the fixture top and bottom
halves is assured by a guidance system consisting of two parallel
roller bushings. ’

Two coupons for each fiber orientation, loongitudinal and
transverse, were used for the compression testing of each of the six
material systems. The longitudinal coupons were cut from the 8-ply
plates and the transverse from the 15-ply plates. Each coupon was
nominally 0.64 cm (0.25 in.) wide and 14.0 cm (5.5 in.) long. The
test specimens were prepared by bonding pairs of 6.35 cm (2.5 in.)
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long tabs to each end of the specimen, making the specimen test section
1.27 em (0.5 in.) long. The tabs were Glass/Epoxy crossply laminates,
10-ply thick, with a 0.32 cm (1/8 in.) long taper at the test section
end.,

The tests conducted on these specimens determined the longi-
tudinal compressive strength S11C and the transverse compressive
strength SZZC“ The results for the six material systems obtained
from these tests are listed in Tables 3-13 to 3-18.

In three material systems, Boron/Epoxy, Boron/Polyimide and
Graphite/High Modulus Epoxy, the longitudinal compressive strength
is higher (up to 15 percent) than the tensile strength, as expected.
The validity of the opposite result for the other three material
systems is questioned. The measured transverse compressive strength
(SZZC) is in all cases appreciably higher than the corresponding
tensile strength. It ranges from 2.2 to 5.7 times the transverse

tensile strength.

3.3.3 Intralaminar Shear Properties

The intralaminar shear properties were determined by testing
off-axis unidirectional coupons in tension. Two coupons per material
system were tested. These specimens were 6-ply thick with the fibers
oriented at 10-degrees with the loading axis, made by machining the
coupons from unidirectional plates at a 10-degree angle with the fibers.
They were 1.27 cm (0.5 in.) wide and 33 cm (13 in.) long with specially
made tapered loading tabs.

These tabs were 7.6 cm (3 in.) long made of similarly (10-
degree) oriented 6-ply glass/epoxy material. The taper was approxi-
mately 4.6 cm (1.8 in.) long, making a taper angle of about 1.3-degrees.
The reason for the long specimen with the long tapered and similarly
oriented tabs, was to produce a uniform known state of stress in the
test section by minimizing end effects. The specimens were instru-
mented with surface strain gages, a 3-gage rosette on one side and an
axial gage on the other. The 3-gage vosette had one gage oriented
axially one at 45-degrees and one transversely to the loading axis.
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The testing was done in the Instron testing machine. The
specimens were loaded in tension at a rate of 0.127 cm (0.05 in.)
per minute. The load was applied at increments until failure. At

each increment of load, the strains and load were recorded.

The intralaminar properties determined from these data are
the intralaminar shear strength 519 and intralaminar shear modulus
Gyo- The S19 is determined from the relation

S19 = SXxT sinb cosh
where SXxT is the axial tensile strength. For 8§ = l0-degrees the

formula becomes

= 0.171 SXXT

S12

There are two alternate but equivalent ways for determining

Gige The first makes use of the transformation equation for ortho-
tropic materials:

2y . 2

+ 12 _ sin”@

G . 2 2 . 2 pJ
12 EXX81n 8 cos”® E1151n 8 E11 E22 cosg

1 1 _ cosze

=

where 6 = angle between loading and fiber direction and EXX the
tensile modulus in the loading direction. For 6 = 10 degrees the
relation above becomes

1 _ 34.20 , P1g = 32:16 0 5 03
G12 Ex E11 2ry)

By plotting the axial stress cxx versus the axial strain € xt the
modulus EXx can be determined from the slope of the curve fitted to

the data. Figures 3-20 through 3-25 show the plots obtained from the
test data for the six material systems. For each specimen the longi-
tudinal strains measured on the two sides of the specimen were
averaged to eliminate any possible bending effects. Each figure shows
the data obtained for both specimens of each material. The value of
E % listed in each figure is the average for the two specimens.
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The modulus G12 was determined from the above formula using
EXX as determined in Figs. 3-20 to 3-25, and Ells E229 Vio determined
in the tensile characterization tests. The values of G12 and 519
determined from the test data are summarized in Tebles 3-13 through
3-18.,

The alternate method for determining Gjo requires the use of

all three strains recorded by the 3-gage rosette as follows.

The three strains measured as a function of applied load are:
the axial strain (ex), transverse strain (ey) and 45-degree strain
(645). The shear strain eXy referred to the axes of the specimen is

computed from the relation

€y + ?y
xy = f4s 7 T

and the shear strain referred to the material axes of the specimen
(parallel and normal to the fibers) is obtained from the relation

€. = €
= - .,35«,——1”,:}7 7 L -
€19 7 sin20 CXy cos20
where 6 = 10 deg., the angle between the load and fiber directions.
The shear stress referred to the material axes is given by

012 = O sind cosd
This shear stress is plotted versus the corresponding shear
strain. The initial slope of this curve yields the in-plane shear
modulus, Gio and the ultimete value of Oy9 is the intralaminar in-
plane shear strength. Figures 3-26 and 3~27 show shear stress versus
shear strain curves for the Boron/Polyimide and the S-Glass/Epoxy

materials determined by this method.
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3.3.4 Coefficients of Thermal Expansion

The thermal expansion coefficients for the unidirectional
laminates were determined in the residual strain task presented in
Section 3.4. The details of the method used are presented in that
section with only a brief description given here.

The coefficients of thermal expansion were determined by
monitoring longitudinal and transverse strains with temperature in
uniaxial [08] specimens for each of the six material systems. The
specimens were 12.7 cm (5 in.) long and 2.4 cm (1 in.) wide. They
were instrumented with embedded strain gages and an embedded thermo-
couple for strain and temperature monitoring and recording. The
thermal expansion strain was established from the strain readings by
correcting for the pure thermal output of the gages. The slope of
this thermal strain versus temperature curve for the longitudinal
and transverse directions yielded the thermal expansion coefficients
a1 and VL The results for the six material systems are listed in
Tables 3-13 to 3-18.

3.3.5 Density and Fiber Volume Fraction

The laminate densities for the six composite systems were
determined by the displacement method in accordance with the ASTM-D792
recommended procedure. Briefly, the method involves three steps.

The composite laminate sample is first weighed in air. Next, the
sample is suspended by a wire on the weighing scale and weighed

while totally immersed in a liquid of known density and good
wettability. The liquid selected for our tests was alcohol. For

the final step, the suspended wire is weighed immersed in the liquid
to the same depth as during the sample weighing. Using these data
the composite laminate density is obtained from the formula
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where
Pe = density of composite
Py = density of immersion liquid
W, = weight of composite sample in air
W = weight of sample and wire while immersed
in liquid
W, = weight of wire while immersed in liquid

The densities determined for the six material systems are
presented in Table 3-12., During immersion the liquid cannot penetrate
into the interior voids of the specimen. Consequently, the absolute
density determined by this method is in error by the amount of voids
present in the interior.

The fiber volume ratios, FVR, were determined by the gravi-
metric method. This involves a computation using the known densities
of the constituent materials. The fiber volume ratio is given by
the following relation:

FVR = Pe =Py 5 (Zﬁ Ns) (ps 3 pr)
Pg = Py 8 1Ps te Pe = Py
where
Pes Pps Pg densities of composite, resin, and

fiber, respectively

Pg = density of scrim cloth fiber

Yo = weight per unit area of a single scrim cloth ply
Ny = number of scrim cloth plies in composite

t, = composite specimen thickness

6S = 1 if composite contains scrim cloth

bg = 0 for composite without scrim cloth
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Table 3-13

PROPERTIES OF UNIDIRECTIONAL BORON/EPOXY

(Boron/AVCO 5505)

Property (Room Temperature . -
Unless Otherwise Specified) SI Units English Units
Fiber Volume Ratio, FVR 0.50 -
Density, p 2034 kg/m> 0.073 1b/in.>
Longitudinal Thermal Coefficient, a9 6 L

297 deg K (75°F) 6.1 x 10 ) K"1 - 3.4 Me/°F

450 deg K (350°F) 6.1 x 107° K~ 3.4 Ue/°F
Transverse Thermal Coefficient, c,,

297 deg K (75°F) 50.3 x 1070 k71 |16.9 we/°F

450 deg K (350°F) 37.8 x 1070 k™1 | 21,0 ue/°F
Longitudinal Modulus, Eiq 201 GPa 29.2 x 10° psi
Transverse Modulus, E,y 21,7 Gpa 3.15 x lO6 psi
Shear Modulus, Gy, 5.4 GPa 0.78 x 106 psi
Major Poisson's Ratio, vy, 0.17 -
Minor Poisson's Ratio, v,q 0.02 -
Longitudinal Tensile Strength, S;qq 1,375 MPa 199,000 psi
Longitudinal Compressive Strength, S11C 1,600 MPa 232,000 psi
Transverse Tensile Strength, Syoy 56.0 MPa 8,100 psi
Transverse Compressive Strength, S,94 123.7 MPa 17,900 psi

62.3 MPa 9,100 psi

Intralaminar Shear Strength, S12
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Table 3-14

PROPERTIES OF UNIDIRECTIONAL BORON/POLYIMIDE
(Boron/WRD 9371)

Property (Room Temperature

Unless Otherwise Specified) SI Units English Units
Fiber Volume Ratio, FVR 0.49 -
Density, p 2000 kg/m> 0.072 1b/in.3

Longitudinal Thermal Coefficient, ¢11

297 deg K (75°F) 4.9 x 1070 k71| 2.7 ue/°F

450 deg K (350°F) 4.9 x 1070 k71| 2.7 ue/°F
Transverse Thermal Coefficient, -7y,

297 deg K (75°F) 28.4 x 107® k1| 15.8 pe/°F

450 deg K (350°F) 28.4 x 107% k1| 15.8 ue/°F

Longitudinal Modulus, Eq; 221.5 GPa 32.1 x 10% psi
Transverse Modulus, Epy 14.5 GPa 2.1 x 10° psi
Shear Modulus, G,, 7.66 GPa 1.11 x 10% psi
Major Poisson's Ratio, V12 0.16 - |
Minor Poisson's Ratio, Vii 0.02 -
Longitudinal Tensile Strength, S;,. 1040 MPa 151,000 psi
Longitudinal Compressive Strength, 811c 1090 Mpa 158,000 psi
Transverse Tensile Strength, S,,; 10.8 MpPa 1,600 psi
Transverse Compreséive Strength, S22C 62.8 MPa 9,100 psi
Intralaminar Shear Strength, 819 25.9 MPa 3,750 psi
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Table 3-15

PROPERTIES OF UNIDIRECTIONAL GRAPHITE/LOW MODULUS EPOXY

(Modmor I/ERLA 4289)

Property (Room Temperature . . .

Unless Otherwise Specified) SI Units English Units
Fiber Volume Ratio, FVR 0.51 -
Density, p 1560 kg/m> 0.056 1b/in.>
Longitudinal Thermal Coefficient, a1

297 deg K (75°F) 1.1 x 107 k" 1-0.6 pe/°F

450 deg K (350°F) 3.2 x 1078 k71| 1.3 ye/oF
Transverse Thermal Coefficient, Qoo

297 deg K (75°F) 31.5 x 100 k™ 1{17.5 ue/°F

450 deg K (350°F) 27.0 x 10”8 x"115.0 pe/°F
Longitudinal Modulus, E, 188 GPa 27.3 x 10° psi
Transverse Modulus, Eyy 4,14 GPa 600,000 psi
Shear Modulus, Gys 4.83 GPa 700,000 psi
Major Poisson's Ratio, Vi 0.20 -
Minor Poisson's Ratio, Vop 0.04 -
Longitudinal Tensile Strength, S11T 1,115 Mpa 162,000 psi
Longitudinal Compressive Strength, S11C 990 MPa 144,000 psi
Transverse Tensile Strength, S,,; 4.15 MPa 600 psi
Transverse Compressive Strength, S50 - -
Intralaminar Shear Strength, S12 33.5 MPa 4,850 psi
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Table 3-16

PROPERTIES OF UNIDIRECTIONAL GRAPHITE/HIGH MODULUS EPOXY

(Modmor I/ERLA 4617)

Property (Room Temperature
Unless Otherwise Specified)

SI Units

English Units

Fiber Volume Ratio, FVR
Density, p

Longitudinal Thermal Coefficient, a7
297 deg K (75°F)
445 deg K (340°F)

Transverse Thermal Coefficient, Goo
297 deg K (75°F)

445 deg K (340°F)
Longitudinal Modulus, Ei1

Transverse Modulus, E22

Shear Modulus, Gyo
Major Poisson's Ratio, Vi
Minor Poisson's Ratio, Vo1

Longitudinal Tensile Strength, SllT

Longitudinal Compressive Strength, S11C

Transverse Tensile Strength, SZZT
Transverse Compressive Strength, S22C

Intralaminar Shear Strength, 512

0.45
1,540 kg/m>

-0.9 x 1070 g1

33.3 x 1070 g1

58.9 x 1076 g1
190 GPa

7.1 GPa

6.2 GPa

0.10

841 MPa
883 MPa
41.9 MPa
196.5 MPa

61.5 MPa

0.056 1b/in.>

~0.5 ue/°F
18.5 ue/°F

32.7 pue/°F

27.5 x 106 psi

1.03 x 10° psi

0.9 x 10° psi

122,000 psi
128,000 psi

6,070 psi
28,500 psi

8,900 psi
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Table 3-17

PROPERTIES OF UNIDIRECTIONAL GRAPHITE/POLYIMIDE

(Modmor I/WRD 9371)

Property (Room Temperature

Unless Otherwise Specified) SI Units English Units
Fiber Volume Ratio, FVR 0.45 -

Density, p

Longitudinal Thermal Coefficient, i1
297 deg K (75°F)
589 deg K (600°F)

Transverse Thermal Coefficient, oo
297 deg K (75°F)

589 deg K (600°F)
Longitudinal Modulus, E11

Transverse Modulus, E22

Shear Modulus, Gio
Major Poisson's Ratio, Vig
Minor Poisson's Ratio, Vo

Longitudinal Tensile Strength, S11T

Longitudinal Compressive Strength, S11C

Transverse Tensile Strength, S22T
Transverse Compressive Strength, S9oc

Intralaminar Shear Strength, 312

1,540 kg/m>

1
1

0 K™
0 K™

25.3 x 1070 g~1
25.3 x 1070 g~1
216 GPa

4.97 GPa

4,48 GPa
0.25
0.02

807 MPa
652 MPa
14.9 MPa
70.5 MPa

21.7 MPa

0.056 1b/in.°>

0 ue/°F
0 ue/°F

14.1 pe/°F
14.1 ue/°F
31.3 x 109 psi

720,000 psi

650,000 psi

117,000 psi

94,500 psi
2,150 psi

10,200 psi

3,150 psi
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Table 3-18

PROPERTIES OF UNIDIRECTIONAL S-GLASS/EPOXY
(Scotchply 1009-26-5901)

Property (Room Temperature . . ,

Unless Otherwise Specified) SI Units English Units
Fiber Volume Ratio, FVR 0.72 -
Density, p 2,134 kg/m> 0.077 1b/in.>
Longitudinal Thermal Coefficient, a1 )

297 deg K (75°F) 3.8 x 107% x~ 2.1 ue/°F

435 deg K (325°F) 3.8 x 1070 k™1 | 2.1 pe/oF
Transverse Thermal Coefficient, G99

297 deg K (75°F) 16.7 x 1070 k™1 | 9.3 ue/oF

435 deg K (325°F) 54,9 x 107% k*1 | 30.5 pe/oF
Longitudinal Modulus, Eiq 60.7 GPa 8.8 x 106 psi
Transverse Modulus, E,y 24.8 GPa 3.6 x 106 psi
Shear Modulus, Gy, 12.0 GPa 1.74 x 10° psi
Major Poisson's Ratio, Vig 0.23 -
Minor Poisson's Ratio, Vo 0.09 -
Longitudinal Tensile Strength, S11T 1,290 MPa 187,000 psi
Longitudinal Compressive Strength, S11C 822 MPa 119,000 psi
Transverse Tensile Strength, S22T 46,0 MPa 6,670 psi
Transverse Compressive Strength, S22C 174 MPa 25,300 psi
Intralaminar Shear Strength, S12 45 MPa 6,500 psi
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The resin and fiber densities, e and Pes for the material
systems were obtained from the manufacturers of the prepreg tapes.
They are listed in Table 3-12. Glass scrim cloth was used in the
material systems with boron fibers. Properties of this scrim gloth

are

2540 kg/m> (0.0918 1b/in.>)

0
!

0.193 N/m? (2.802 x 10~° 1b/in.2)

<
i

The fiber volume ratios determined for the six material
systems are listed in Table 3-12. These, together with the composite
densities are also shown in the summary Tables 3-13 to 3-18.

3.4 Residual Strain

3.4.1 General Experimental Procedures

Residual strains were determined in eight~ply laminates of
bz/iQS}S construction for the six material systems selected. These
specimens were 2.54 cm (1l in.) wide and 22.9 cm (9 in.) long. Uni-
directional [OSJSpecimens were also used for reference purposes in
determining the residual strain buildup and for measuring the basic
coefficients of thermal expansion. These specimens were 2.54 cm (1 in.)

wide and 12.7 cm (5 in.) long.

The specimens were fabricated and instrumented with surface
and embedded gages and thermocouples following previously established
procedures 3,34 The embedded instrumentation requires lead exits
through the specimen sides which precludes cutting specimens from
a single plate. Each specimen was therefore layed up individually to
final dimensions using 2.54 cm (1 in.) wide strips cut from the prepreg
tapé at the required fiber orientation. To assure uniformity in
properties the specimens were fabricated from the same batch of
material as the characterization and static strength specimen plates
described in Section 3.2 and under the same quality control. Tc¢
assure straight parallel sides and maintain width control the specimens
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were laid up between a pair of parallel steel guides 2.54 cm (1 in.)
apart mounted on a steel base plate. The guides contained markings and
cutouts for locating the embedded gages and permitting the leads to
exit through the sides. For curing, the laid up specimens were
transferred to another steel plate with cork strips as the parallel
guides. These served a dual purpose; to maintain width control by
preventing spreading and shifting of specimen plies under pressure

in the curing cycle, and as dams against edge flow of resin, forcing
the resin to bleed during curing only through the top and bottom of

the specimen. This control is required in order to maintain uniformity

of resin content over the specimen width.

The foil strain gages used to instrument the specimens were
three gage rosettes, used primarily as embedded instrumentation,
and two gage rosettes, used primarily as surface gages. Special
requirements on the gages were that they produce no significant
local thickening when embedded and that they be electrically
insulated from the conducting fibers.

In the case of the glass/epoxy specimens there are no
insulation problems. Hence conventional open-face gages approximately
0.025 mm (0.001 in.) thick (Micro-Measurements EA Series) were
used with nickel-clad copper ribbon leads attached. These ribbons
are approximately 0.025 mm (0.001l in.) thick and 0.38 mm (0.015 in.)
wide. The gages were laid down during specimen fabrication on the
desired plies in accordance with the typical layouts shown in
Figs. 3-28 and 3-29. The matrix resin served to bond the gages
and no additional cement was necessary. The embedded gages in the
(02/i45]s specimens were laid down in a staggered pattern (Figure 3-29)
in order to minimize local specimen thickening. Each gage was
checked for electrical continuity before it was emplaced and after
layup.

A Chromel-Alumel (ANSI Type K) thermocouple was embedded
in each specimen during layup. The thermocouple wires were
0.25 mm (0.01 in.) in diameter with fiberglass insulation beyond the
sensing junction. Because of the thickness and stiffness of
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the wires the thermocouple was located at the end of the specimen,
embedded between the fourth and fifth plies.
a Glags/Epoxy specimen with

embedded inetit cure. The embedded gages and

thermocouple
For the boron end graphite fib@@ sP
devﬂlapeﬂ technicues were improved and f@fined. Fully encapsulated
gagee ware used becauce these fibers arve electrically conducting.
To minimize local specimen thickening, special gages were procured
with the back
4

~
»-—!

(\
encapsuletion only half as thick as on standard

gs
0.025 wm (O.GOL in.y. Thae
(0.001 dn.) thick and 0.38 mwn (0.015 in.) wide.

oo

to fully dnsulete them from the conducting fibers.

= {thicknecs was therefore approximatel
I

oy

gages. The encapsulated

G
b

tached vibbon leads were nickel-clad

T

since the ribbon lead coating was not always available
sandwiched between strips of 0.013 mm

or effective, the leads were
(0.0005 in.) thick polyimide sheet (Kapton) during gage layup. No
1

cement was necessary to emy

ace the gages since the specimen matrix
served as bonding msterial.
The geges were checked for electwical continuity and gage

to aceidental contact with the fibers both

Gages in the [09/245s= specimens were embedded in a staggered

pattern in order to minimize local specimen thickening. For the

uniaxizl specimens gage ctaggering wae not necessary since only one
£
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daed. Tuo the cacge of the boron specimens local specimen -

thickening due to gage ewplacement was wminimized by removing an

e¢rea of scrim cloth equel to the area of the gage and leads where

the gage was laid down. Scrim cloth thickness, 0.025 mm (0.001 in.),
is essentially the same as that of the gage.

For the epowy matiix Sp@cimeng, polyimide-encapsulated
Const an alloy gages (Micro-Measurements, Series QA) were used.
An exan {1@ of such gages ave the thfeemgage rosette QA-06-125RD-350,
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option Bl71 and the two-gage rosette QA-06-125TQ-350, option

Bl71. These gages are designed to operate in the temperature

range of 77 deg K ( 320°F) to 478 deg K (400°F). These gages could
not be used for the polyimide matrix specimens because of their
higher postcure temperature. The gages selected for the polyimide
specimens were the high temperature glass-fiber epoxy phenolic-
encapsulated nickel-chromium alloy gages (Micro-Measurements WK
Series). An example of such gages are the three-gage rosette
WK-06-125RA-350, option B156 and the two-gage rosette, WK-06-125TM-
350, option B156.

In addition to the gages, each boron and graphite specimen
was provided with an embedded thermocouple of the same type and
at the same location, as in the case of the Glass/Epoxy specimens.

In all cases above, all gages and thermocouples were
~completely wired before specimen curing and connected to a multi-
channel Signal Conditioning and Data Acquisition system for monitoring
dufing curing. The instrumented specimens were bagged with the
gages and thermocouples completely wired and subjected to the
prescribed curing and postcuring cycles in the autoclave, Fig. 3-31,
and high temperature oven, Fig. 3-32. '

The combinations of high temperature, pressure and vacuum
applications during curing and postcuring required special techniques
for wiring and lead emplacement for the specimen instrumentation.
The three-wire gage compensation technique, Fig. 3-33, was used to
compensate for the appreciable resistance changes taking place in
the portions of the lead wires exposed to the elevated temperatures
inside the autoclave or oven. As indicated in Fig. 3-33 these lead
wires must be of equal length for the compensation to be exact. The
use of high resistance strain gages reduces the errors due to de-
viations from this condition. For this reason 350 ohm strain gages
rather than the more common 120 ohm gages were selected for the
majority of the specimens.
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The high curing and postcuring temperatures called for
suitable lead wires and soldering techniques. In the case of
the epoxy matrix specimens the lead wires were AWG 26 teflon-
insulated copper wires suitable in the range between 73 deg K and
473 deg K (-328°F and 392°F). They were soldered to the gage
leads with a tin-compound solder applicable up to 456 deg K (361°F).
For the polyimide matrix specimens the lead wires were AWG 26
fiberglass-braid insulated nickel-clad copper wires, suitable in
the range from 4 deg K to 753 deg K (-452°F to 900°F). These were
soldered to the gage leads with a silver compound recommended for
temperatures up to 892 deg K (1145°F). To prevent air leaks through
the wire insulation and maintain vacuum during curing, it was
necessary to bare the wires locally and embed them in the silicon
rubber gasket used in bagging the specimens.

The completely wired and bagged specimens were connected
to a data acquisition system for monitoring of strain buildup
as a function of temperature during curing and postcuring (Fig.
3-31 and 3-32). The data acquisition system consisted of strain
gage bridge balance boxes for signal conditioning plus a digital
voltmeter with automatic scanning and printing units.

3.4.2 Determination of Residual Strains and Residual Stresses

Strain gage and thermocouple outputs were recorded in all
specimens during curing, postcuring, and in some cases, during
subsequent thermal cycling. To properly interpret the strain gage
output € (apparent strain), it ig necessary to separate this output
into the component €. due to the deformation of the specimen (thermal
strain) and the component e_ due to the change in resistivity of
the gage with temperature (thermal output)

To determine e_ a fused quartz specimen of known thermal
expansion, 0.7 x 10-6 K"l (0.4 ue/°F), was instrumented with a strain

gage and a thermocouple and included along with the laminate
specimen in all tests. The gage used on the quartz was of the same
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type and material as those used for the laminate specimens. The
measured gage output from the quartz specimen eq is related to
the thermal output of the gage by the expression

where th is the known thermal expansion strain in quartz. The
measured thermal output of the gages was checked against similar
data supplied by the manufacturer with each gage package and the
agreement was found satisfactory. The true thermal strain €
in the composite laminates was obtained by subtracting algebraically
from the apparent strain the output from the gage on the quartz

and adding the known thermal expansion of quartz:

€ = €5 - Eq + th

The reference specimen used for measurement of the purely
thermal output of the gage can be of any material with a known
constant and stable coefficient of thermal expansion. Figure 3-34
shows the measured gage output from quartz and aluminum oxide
(alumina) specimens.

The residual stresses in each ply correspond to the so-
called restraint or residual strains, i.e., the difference between
the unrestrained thermal expansion of that ply and the restraint
expansion of the laminate. Givenia ply with material axes 1, 2 at
an angle 6 with the laminate axes X,y, the residual strains at a
temperature T are given by the relations

T

(epdyx = '_[; OLxxdTql-[exx(T) B Exx(To)]
(0]

(e) = _]fT o dT%{e (T) - e_ (T f

r’xy T Xy Xy xy o/l
(o]

= [T -

Crlyy = f p Cyy Ty (D - ey (1)

(o]
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where €, is the residual strain, ¢ €, Ey measured thermal strains,

xx’' TRy

2 2

Opy = m ull + n u22
Opy = M(8yy=0y9)
- 2 2

uyy = n ull + m a22

the transformed thermal coefficients of expansion referred to the x-y
system (m = cosf® , n = sinf ). TO is the reference temperature,
usually the curing temperature, at which residual strains and stresses

are zero.

The expressions above can also be written in terms of apparent

strains measured in the unidirectional and angle-ply laminates as

follows:
() o = !-(E) - (eq) }T =
r’ ap L ou oB 1 u@'TO
.f 1T
- ggau)us b (eal)ag o

where a, B = x,y, and subscripts a, u, 1 denote apparent unidirectional

laminate and angle-ply laminate, respectively.

Residual stresses are computed from the residual or restraint
strains above using the orthotropic constitutive relations, taking
into consideration the temperature dependence of the stiffness and
residual strains. The stress difference between two temperature

levels T and T, is given by:

] T [ T 5 }
%ij T, )T, o = Fiif dr

3 . 9
where {Q@ , {Oiﬂ and &ij! are the temperature-dependent stiffness,
- J
residual stress, and residual strain matrices, respectively. When the

directions i,j above are not principal material directions for the ply,

{

the stiffness matrix [C% referred to the reference axes i, j is used.
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For the O-degree plies of the v02/i45's laminate, where
the material axes of the ply coincide with the material axes of

the laminate and the principal stress and strain directions,

2 o€ 2¢e 7
! 2 2 .
711 (D =Jf$ Q1 (0 r ot U 52
J
(0]
" o€ o€ i
T 11 22
092D e Qo) = + Q1) —7= | dr
.
o _
(M = 0

where subscripts 1 and 2 correspond to directions parallel and
transverse to the fibers. The stiffness matrix components are
related to measured quantities as follows:

. = 1y
11 1-v12v21
Q, = J21 11 = vip By
L1=viovo1 1=viovoq
Q, = __ T22
1-v1ovo1
Qe = Cp2

3.4.3 Edge Effects

A test was conducted to establish whether thermal strains
measured in the laminated specimens are uniform across the width
of the specimen. A 2.54 cm x 22.9 cm (1 in. x 9 in.) 0,/+45] _
S-Glass/Epoxy specimen was instrumented with embedded gages (Micro-
Measurements EA-05-062TT-120) at different locations across the
width (Fig. 3-35). The specimen was cured and subsequently subjected
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to a thermal cycle from room temperature to 435 deg K (3250F) and
down to room temperature. Strain gages were recorded at frequent
intervals and are plotted as a function of temperature in Figs. 3-
36 to 3-39. The agreement among the three gages is very good,
indicating that thermal strains are uniform across the width of

the specimen.

3.4.4 Residual Strains in Boron/Epoxy

{ A %.54 cm x 22.9 em (1 in. x 9 in.) eight-ply 1amin§te_
of ;Oz/iAS,S layup and a 2.54 em x 12.7 em (1 in. x 5 in.) ;08
specimen were fabricated and instrumented with surface and embedded
gages and thermocouples following procedures discussed before.
The angle-ply laminate was instrumented with encapsulated three-
gage rosettes (Micro-Measurements QA-05-125RD-350, Option B110) on
the third, fifth and seventh plies, two-gage rosettes (EA-06-125TF-
120) on the top and bottom surfaces, and an embedded thermocouple
between the fourth and fifth ply. The unidirectional specimen
was instrumented with a three-gage rosette and a thermocouple
in the middle surface and two-gage rosettes on the top and bottom
surfaces. The embedded gages were fully encapsulated and the
attached ribbon leads were coated to prevent any current leakage

through the conducting boron fibers.

The instrumented Boron/Epoxy and quartz specimens with
all wiring connected to a Digital Data Acquisition system were
placed in the autoclave and subjected to the curing cycle described
earlier. Strain gage and thermocouple readings were recorded at

5.5 deg K (10°F) intervals during the heating and cooling cycles.

To compare strains during curing with those due to purely
thermal expansion, the same specimens above were subjected to a
thermal cycle from room temperature to 450 deg K (350°F) and down
to room temperature. Strain gages and thermocouples were
recorded at 5.5 deg K (1OOF) intervals.
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The apparent strains recorded during the first part of the
curing cycle (increasing temperature) showed a great deal of scatter
and bore no resemblance to those of the second half (decreasing
temperature). This is probably because no macroscopic stresses
are built up while the matrix resin is in a fluid state. Residual
stresses build up after curing is achieved at the peak temperature
of 450 deg K(350°F). Recorded apparent strains for the @2/i45}s
laminate during the decreasing temperature stage of the curing
cycle are shown in Fig. 3-40. These apparent strains in all cases
were corrected for the purely thermal output of the gage, by
subtracting algebraically the output from the gagé on the quartz
specimen and adding the known thermal expansion of quartz. Thus,
thermal strains were obtained for the second part of the curing cycle
(decreasing temperature) for the bS’ and [02/i45}s boron/epoxy
specimens (Figs. 3-41 and 3-42). Also plotted in these figures are
the thermal strains obtained during the subsequent thermal cycling
of the specimens averaged for the ascending and descending parts
of the cycle. The agreement between the two sets of strains is
satisfactory and it indicates that the curing strains in the second
half of the curing cycle are caused by thermal expansion of the material.
Therefore, the residual strains induced during curing are caused
by differential thermal expansion of the various plies. The small
discrepancies between curing and thermal strains observed at the
higher temperatures may be related to different rates of temperature
variation. It is worth noting that the strain variation during

curing is perfectly linear with temperature.

The slopes of the thermal strain versus temperature curves
(Fig. 3-41) for the unidirectional laminate yields the coefficient

of thermal expansion below:

At T = 297 deg K(75°F)

| a; = 6.1x 107 k1 (3.4 we/°m

: _ -6 -1 To)
0y, = 30.3 x 107° K™% (16.9 ue/°F)
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At T = 450 deg K(350°)

= 6.1 x10°% k7L (3.4 ue/Om)

%11

37.8 x 1070 k71 (21.0 1e/°F)

%22

The residual stresses induced in each ply correspond to
the so-called restraint strains, i.e., the difference between the
unrestrained thermal expansion of that ply and the restrained
expansion of the laminate. The restraint or residual strains for
the O-degree ply of the @2/i4553 boron/epoxy laminate were obtained
by subtracting from the longitudinal, transverse and 45-degree
thermal strains of Fig. 3-42 the corresponding strain components
measured in the unidirectional laminate. These strains are plotted
as a function of temperature by setting the 450 deg K (350°F)
temperature as the stress-free level (Fig. 3-43). The residual
strains in the 45-degree ply were obtained in a similar fashion and
plotted in Fig. 3-44.

Residual stresses in the O-degree plieé of the 502/i45?s
laminate were obtained as a function of temperature by using the
residual strains of Fig. 3-43 and published values for temperature
dependent stiffness properties in the constitutive relations given
previously (Section 3.4.2 ). Here, the stress-free temperature of
450 deg.K(3500F) was taken as the reference temperature TO in the
integral constitutive relations. The temperature variation of the
longitudinal, transverse and shear moduli, as given by the Advanced

Composites Design Guide is shown in Figs. 3-45 to 3—49.35

The results in Fig. 3-50 show that the O-degree plies are
under compressive residual stress in the direction of the fibers
and under tensile stress in the transverse direction. The former
varies nearly linearly with temperature as it depends primarily on
the longitudinal modulus Ell which varies little with temperature.

The transverse residual stress is slightly nonlinear as shown in
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Fig. 3-50 because it is related to the highly temperature-
dependent transverse modulus Eyy- This transverse stress is the
more significant of the two because it is tensile and reaches

a value of 32,400 kPa (4700 psi), or approximately 50 percent

of the transverse strength of the unidirectional material.

3.4.5 Residual Strains in Boron/Polyimide

Boron/Polyimide specimens similar to the Boron/Epoxy
specimens above were prepared. A 2.54 cm x 22.9 cm (1 in. x 9 in.)
laminate of 102/145js layup was instrumented with three-gage
rosettes (WK~06-125RA-350, Option B157) on the top and bottom
surfaces and on the fourth and fifth plies. A unidirectional
EQ& 2.5 emx 12.7 cm (L in. x 5 in.) control specimen was instrumented
with similar three-gage rosettes on the top and middle surfaces and
a two-gage rosette (WK-06-125TM-350, Option B157) on the bottom

surface. Thermocouples were embedded in both specimens.

The instrumented specimens along with a reference quartz

specimen instrumented with similar gages were subjected to the

curing cycle described previously. This consisted of B-staging,
autoclave curing, and postcuring in an air circulating oven under
vacuum. Strain gages and thermo-couples were recorded throughout

the curing and postcuring cycles.

Strains for the cooling stage of the curing cycle for the
unidirectional specimen are shown in Fig. 3-51. They are linear
with temperature. The coefficients of thermal expansion obtained as

the slopes of these curves are:

0yq 4.9 x 10°% k71 (2.7 1e/°F)

oy 28.4 x 107% k71 (15.8 ue/OF)

_ Similar data for postcuring, during the heating and cooling‘
stages, were aﬁalyzed and the strains are plotted in Fig. 3-52. The
strains again vary linearly with temperature and have the same
slopes as those during the curing cycle. This means that the
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coefficients of thermal expansion are constant, at least up to
589 deg K(600°F).

Strains in the 502/i45js laminate recorded during
curing and postcuring seemed to be erroneous. Subsequent
determinations of residual strains are based on strains recorded
during thermal cycling of specimens in Task IV. Apparent strains
recorded during this thermal cycling are shown in Fig. 3-53, and

the corresponding true thermal strains in Fig. 3-54.

Restraint strains in the O-degree and 45-degree plies
of the {02/14553 laminate were obtained as before by subtracting
the unrestrained thermal strains of each ply from the corresponding
strains in the laminate (Figs. 3-55 and 3-56). As in the case
of the Boron/Epoxy these strains are linear with temperature. The
true residual strains must be referred to the stress-free temperature
level. 1In this case the stress-free level is at 450 deg.K(BSOOF),
the temperature at which the matrix solidifies. To obtain the
true residual strains, the curves of Figs. 3-55 and 3-56 must be
shifted parallel to the strain axis yntil they intersect the
temperature axis at 450 deg.K(350°F). The maximum residual strain
in the *45-degree plies occurs at room temperature in the transverse
to the fiber direction and is equal to 2950pue. The maximum residual
strain in the O-degree plies is 2260ue in the transverse to the

fiber direction at room temperature.

" 3.4.6 Residual Strains in Graphite/Low Modulus Epoxy

A 2.54 cmx 22.9 em (1 in. x 9 in.) laminate of [02/145)S
layup was instrumented with a two-gage rosette (QA-06-125TQ-350,
Option 171) on the top surface and three-gage rosettes (QA-06-
125RD-350, Option 171) on the fourth and fifth plies. A 2.54 cm x
12.7 em (1 in. x 5 in.) Logj unidirectional control specimen
‘was instrumented with two-gage rosettes on the top and bottom
surfaces and a three-gage rosette and a thermocouple embedded
between the fourth and fifth plies. The instrumented specimens
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along with a similarly instrumented reference quartz specimen
were subjected to the curing cycle described earlier. Strain
gage and thermocouple readings were recorded throughout the
curing and postcuring stages.

Thermal strains for the 0-degree unidirectional specimen
are plotted in Fig. 3-57. The coefficients of longitudinal
and transverse thermal expansion measured at the two ends of the
temperature range are:

At T = 297 deg g(75°F)

a7 = -1.1x107° k1 (-0.6 wue/OF)
ay, = 31.5 x 107° k7L (17.5 ye/OF)

At T = 450 deg K(350°F)

ay; = 2.3 x 1076 g-L (1.3 ue/°F)

a0y, = 27.0 x 1076 k71 (15.0 ue/OF)

[ . .
Results from the lOZ/tAS}S laminate were not meaningful.
The test was repeated four times with new specimens each time,

but with limited success. It is believed that the difficulties

encountered are due to the very brief shelf life of the material.

3.4.7 Residual Strains in Graphite/High Modulus Epoxy

A 2.5 cmx 22.9 em (1 in. x 9 in.) laminate of [02/t45}s
layup and a 2.54 cm x 12.7 ecm (1 in. x 5 in.) [OSj unidirectional
specimen was instrumented exactly as the corresponding Graphite/
Low Modulus Epoxy specimens above. The instrumented specimens
along with a quartz reference specimen were subjected to the curing
and postcuring cycles described before.
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Apparent strains during the curing and postcuring cycles
for the unidirectional specimen are shown in Figs. 3-58 to 3-60.
Thermal strains were obtained by correcting for the purely thermal
output of the gages and plotted in Fig. 3-61l. As can be seen,
the transverse thermal expansioh is nonlinear with temperature
and the longitudinal expansion is very small and negative. The
coefficients of thermal expansion measured as the slopes of these

curves were obtained at the two ends of the temperature'range.:

At T = 297 deg k(75°F)

a;7 = 0

o = 33.3x10°% k1 (18.5 ue/OF)
22

At T = 444 deg (340°F)

a7 = -0.9 x 107 k71 (-0.5 ue/%F)

0y = 58.9 x 107 k71 (32.7 ue/F)

Apparent strains during the various stages of curing and
posteuring for the {02/t45js laminate are shown in Figs. 3-62 to
3-66. The longitudinal strains do not show any significant
difference in the various'stages of curing and postcuring (Figs.
3-62 to 3-64). The transverse strains recorded during the second
part of the curing cycle and the heating stage of the postcuring
are in good agreement (Fig. 3-65), but they are significantly
different from those during the cooling stage of postcuring (Fig.
3-66). This can be explained by the fact that curing is not
completed during the curing cycle, and that a substantial portion
of it takes place during the dwell period (6 hours) of the post-
curing cycle.

3-42




Thermal strains induced during curing in the angle-ply
laminate are plotted in Fig. 3-67. The transverse strain
reaches a maximum value of 675ue. When the zero reference point
for these curves is taken at 444 deg K (34OOF), the stress-~free
temperature level, it can be seen that the transverse strain
increases slowly down to approximately 378 deg K (220°F) and
thereafter it varies at a higher rate. This is an indication
that the matrix material is not fully cured and is still in a

semi-solid state.

During postcuring, the specimen is heated again to its
stress-free temperature level (444 deg K, 340°F). However, upon
cooling a new set of residual strains are induced (Fig. 3-68).

These strains are higher than those recorded during the curing

cycle and vary nearly linearly with temperature at rates close

to those of the curing strains at the low temperature end. This

can be attributed to the fact that after the 6-hour dwell at

444 deg K (340°F) complete curing takes place and the matrix material
attains thermal properties similar to those near room temperature
prior to postcuring.

Residual (restrgint) strains in the O-degree and
45-degree plies of the 102/i45Js laminate were obtained as
before by subtracting the unrestrained thermal expansion of each
ply (Fig. 3-61) from the corresponding restrained expansion
of the laminate (Fig. 3-68). These residual strains are plotted
as a function of temperature in Figs. 3-69 and 3-70. Because
of the large differences in transverse and 45-degree strains
between the unidirectional and angle-ply laminate, the residual
strains reflect essentially the same nonlinearities of the thermal
strains in the unidirectional specimen.

3.4.8 Residual Strains in Graphite/Polyimide

A 2.54 cmx 22.9 em (1 in. x 9 in.) laminate of {OZ/tAS;S
layup was instrumented with two-gage rosettes (WK-06-125TM-350,
Option Bl57) on the top and bottom surfaces and three-gage rosettes
(WK-06-125RA-350, Option B157) on the fourth and fifth plies. A
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unidirectional !08} 2.5cmx 12.7 em (1 in. x 5 in.) control
specimen was instrumented with similar three-gage rosettes on
the top and middle surfaces and a two-gage rosette on the
bottom surface. Thermocouples were embedded in both specimens.

The instrumented specimens along with a reference
quartz specimen instrumented with similar gages were subjected
to the curing cycle described earlier. This consisted of
B-staging in an air-conditioning oven, autoclave curing, and
postcuring under vacuum. Strain gages and thermocouples were
recorded throughout the curing and postcuring cycles. Additional
data were obtained from similar specimens prepared subsequently
for Task IV.

Thermal strains in the unidirectional laminate are shown
in Fig. 3-71. They vary linearly with temperature thus
indicating constant coefficients of thermal expansion. These
coefficients are:

a7 = 0

25.3 x 1070 k"1 (14.1 ne/OF)

%22

Strains in the angle-ply laminate are plotted in Fig. 3-72.
They are an order of magnitude smaller than the thermal strains
of the unidirectional material. This is due to the zero longitudinal
thermal expansion of the unidirectional material which tends to
restrain thermal expansion in the laminate along the 0- and *45 deg
directions. The observed scatter and apparent nonlinearity in
strains is not significant, but appears pronounced because of the
small magnitude of the strains.

Restrain strains in the 0-degree and 45-degree plies of
the l’02/*“45 laminate were obtained as before and plotted in
Figs. 3-73 and 3-74. These strains are linear with temperature
since the thermal strains in both the unidirectional and angle-ply
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specimens are linear with temperature. The true residual strains
are referred to the stress-free temperature level of 450 deg K
(350°F) as in the case of the Boron/Polyimide. The maximum
residual strain then at room temperature is 375 pe in the #45-
degree plies normal to the fiber direction. The maximum residual
strain in the O-degree plies is 355 _¢ in the transverse to the
fiber direction.

3.4.9 Residual Strains in S-Glass/Epoxy

A 2.5 cmx 22.9 cm (1 in. x 9 in.) eight-ply laminate
of bz/i45}s layup was instrumented with three-gage rosettes
(EA-06-125RD-350) on the fourth, fifth and seventh plies, two-
gage rosettes (EA-06-125TM-120) on the top and bottom surfaces
and a thermocouple between the fourth and fifth ply. A uni-
directional 508} 2.54 cm x 12.7 em (1 in. x 5 in.) control specimen
was instrumented with a two-gage rosette (EA-06-125-TQ-350) and a
thermocouple in the middle surface and two-gage rosettes on the

top and bottom surfaces.

The instrumented specimens along with a reference quartz
specimen were bagged and placed in the autoclave and subjected
to the curing cycle described earlier.

Strain gage and thermocouple output was recorded through-
out the curing cycle. Subsequently, the same specimens were sub-
jected to a thermal cycle from room temperature to 435 deg K
(325°F) and down to room temperatute. Strain gages and thermo-
couples were recorded at frequent intervals.

As in the case of the boron/epoxy specimens, the strain
readings for the S-glass/epoxy specimens obtained in the first
half of the curing cycle were not meaningful. However, a strain
change, which must be partly attributed to the curing process,
was observed during the dwell periods at 420 deg K (300°F) and
435 deg K (325°F).

3-45




Apparent strains during the decreasing temperature stage
of curing and during thermal cycling are shown in Figs. 3-75,
3-76 and 3-77 for the unidirectional and angle-ply laminates.
These strains were corrected as before for the purely thermal
output of the gage. Thermal strains obtained for the second
partrof theﬂcuring cycle (decreasing temperature) for the .081
and iOz/t45§S S-glass/epoxy specimens are plotted in Figs. 3-78
and 3-79. Also plotted in these figures are the thermal strains
obtained during thermal cycling of the specimens subsequent to
curing. Again, the agreement between the two sets of strains
is satisfactory, indicating that residual strains due to curing
are primarily induced by the differential thermal expansion of
the various plies. The strains in the unidirectional laminate
are characteristically nonlinear, unlike those in the boron/
epoxy specimen. However, the thermal strains in the 502/i45£s
laminate are essentially linear with temperature.

The coefficients of thermal expansion of the unidirectional

laminate were obtained as the slopes of the thermal strain versus
temperature curves of Fig. 3-78. The following coefficients were

obtained:

At T = 297 deg K (75°F)
a; = 3.8 x 1076 k'L (2.1 ue/OF)
) — 1 '6 ‘]. (e}
Gpy = 6.7 x 10 © K (9.3 ue/°F)
At T = 435 deg K (325°F)
0. = 3.8 % 108 kLl (2.1 ne/OF
11 . 2.1 ue )

= 54.9x 1070 ! °
Py .9 x 10 " K (30.5 pe/"F)

3-46




Residual strains in the 0O-degree and 45-degree plies
of the bz/i45]s S-Glass/Epoxy laminate were obtained as before

by subtracting the unrestrained thermal expansion of each ply

from the corresponding restrained expansion of the laminate.
These residual strains were plotted as a function of temperature
with 435 deg K (325°F) as the stress-free level (Figs. 3-80,
3-8l). Unlike the residual strains in the Boron/Epoxy these
strains for the S-Glass/Epoxy are nonlinear.

3.5 Static Strength

Two angle-ply %2/145}5 specimens of each material, in-
cluding one with embedded instrumentation, were tested statically
in tension. Embedded and surface gages were monitored at load
intervals to failure. In some cases acoustic emission was also

monitored.

Stress-strain curves for three Boron/Epoxy specimens are
shown in Figs. 3-82 to 3-84. The acoustic emission output
corresponding to the specimen of Fig. 3-84 is shown in Fig. 3-85.
Pertinent results obtained from the stress-strain curves are the
initial Young's modulus Exx’ Poisson's ratio vxy and tensile
strength SxxT‘ These results are tabulated in Table 3-19. The
axial strain from Fig. 3-84 was also plotted next to the acoustic
emission output in Fig. 3-85. The cumulative number of counts
is low and increases slowly in the linear range of strain response.
However, it increases at an accelerating rate with the onset of
nonlinearity, which is related to microfailures.

The state of strain at any given time is the result of
superposition of the residual strains induced during curing and
the mechanical strains produced by external loading. The total
strain history in the O-degree and 45-degree plies of the specimen
of Fig. 3-84 is given in Figs. 3-86 and 3-87. As can be seen
the residual and mechanical strains in the O-degree plies are
additive only in the 45-degree direction and subtractive in the
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longitudinal and transverse directions. 1In the 45-degree plies
they are additive only in the longitudinal and -45-degree (normal
to the fibers) directions.

Stress-strain curves to failure and acoustic emission
output for Boron/Polyimide are shown in Figs. 3-88 and 3-89.
The axial strain is linear to failure. The strength is
appreciably lower than that of Boron/Epoxy. The acoustic emission
level rises more abruptly than that of Boron/Epoxy, which indicates
a more catastrophic type of failure.

Stress-strain curves to failure and acoustic emission
output for Graphite/Low Modulus Epoxy are shown in Figs. 3-90
to 3-92. The axial strain is linear up to a point immediately
preceding failure. The level of acoustic emission rises gradually
until immediately preceding failure, where it shows a sudden
Jump. (Fig. 3-92).

Stress-strain curves to failure for Graphite/High Modulus
Epoxy are shown in Figs. 3-93 and 3-94. The acoustic emission
level recorded for the specimen of Fig. 3-93 was very low (<104 counts)
and showed only a gradual rise. This is an indication that the
specimen might have failed prematurely. A large discrepancy exists
between the modulus values for the two specimens, without any
evident reason.

Stress-strain curves to failure for Graphite/Polyimide
are shown in Figs. 3-95 to 3-97. All strains are linear to failure.
Acoustic emission for the specimen of Fig. 3-97 is shown in Fig. 3-98.
Here, the rise is gradual and the level high, which indicates that
the microfailure process is widespread and starts at a low load.

Stress-strain curves to failure for S-Glass/Epoxy are
shown in Figs. 3-99 and 3-100. All strains show some nonlinearity
even at low loads. An acoustic emission record was obtained for
another specimen to be described under Task III.
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The initial Young's modulus, Poisson's ratio, and
tensile strength obtained from the tests above are tabulated
in Table 3-19. A cursory look at this table shows that the
S-Glass/Epoxy is the strongest, but has the lowest modulus.
The Boron/Epoxy follows closely in strength and has the second
highest modulus. The Boron/Polyimide with the highest modulus
has a strength equal to approximately 80 percent of that of
Boron/Epoxy. The Graphite/Low Modulus Epoxy seems to be some-
what stronger than the Graphite/High Modulus Epoxy and much
stronger than the Graphite/Polyimide. The average value of
Poisson's ratio for the Boron and Graphite composites is

0.72 + 0.02. Poisson's ratio for S-Glass/Epoxy is substantially

lower (0.52).
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Fig. 3-61 THERMAL STRAINS IN [0,] UNIDIRECTIONAL GRAPHITE/
HIGH MODULUS EPOXY
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Fig. 3-69 RESTRAINT STRAINS IN 0-DEGREE PLIES OF [02/145] GRAPHITE/
HIGH MODULUS EPOXY SPECIMEN S
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Fig. 3-76 APPARENT TRANSVERSE STRAINS IN [08] GLASS/EPOXY SPECIMEN
DURING THERMAL CYCLING (Increasing Temperature)
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DURING CURING (Decreasing Temperature) (Gages L,T,D,:
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4th and 5th Ply, Respectively)
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4.0 TASK III - STRESS RELAXATION EVALUATION

4.1 Introduction

The objective of this task is to investigate the extent
of stress relaxation that the lamination residual stresses undergo.
The various plies of the laminate are cured under conditions
restraining their stress-free thermal deformation. The induced
restraint is directly related to the residual stresses. The
restraint strains remain relatively fixed, allowing only the
possibility of relaxation of the residual stresses. Stress
relaxation is a matrix-controlled property and, therefore, it would
be most pronounced in the transverse to the fiber direction.

Several means of evaluation of residual stress relaxation
were attempted: (1) Direct measurement of strain changes with
time in angle-ply laminates, (2) Stress relaxation determination in
90~degree unidirectional laminates, and (3) Elastic and strength
properties of angle-ply laminates as a function of time after curing.
Results of these three approaches are discussed below.

4.2 Strain Variation in Angle-Ply Laminates

Three 2.54 cm x 22.9 cm [02/i45]8 S-Glass Epoxy specimens
were prepared with embedded strain gages. Embedded three-gage
rosettes in these specimens were monitored, starting after curing,
over periods up to five months. To maintain gagé stability, the
gage voltage was maintained constant throughout the period of
monitoring. At the end of three months, one of the specimens was
removed for static testing to failure.

The average longitudinal and transverse strain variation
for the three specimens is shown iﬁ Fig. 4-1. The variations
are very small as expected. Stress relaxation in a given ply in the
transverse to the fiber direction is not accompanied by an
appreciable strain change, since such a deformation is restrained
by the other piies of the laminate. Thus, the small strain




variations that might aceompany stress relaxation are not a
good measure of this relaxation.

4.3 Stress Relaxation in 90-Degree Unidirectional Laminates

Stress relaxation in composites is a matrix controlled
property and as such it is most pronounced in the transverse to
the fiber direction. A good measure of the amount of residual
stress relaxation occurring in a laminate can be obtained by
evaluating the relaxation characteristics of a 90-degree uni-
directional laminate under tension. The specimens were 2.54 cm
x 22.9 cem (1 in. x 9 in.) {908} coupons. They were loaded in
the fixture of Fig. 4-2 by applying a certain fixed elongation
in a short time. The applied strain corresponded to approximately
70 percent of the stat’c strength of the 90-degree laminate. The
change in load with time was monitored with a Schaevitz semi-
conductor load cell and also with an aluminum link instrumented
with strain gages. The strain in the specimen which is supposed
to remain constant throughout the test was checked before every
load reading. Some very small adjustments to the load were
necessary from time to time to correct for small changes in the

specimen strain due to the changing load and the finite compliance
of the load cells.

The Boron/Epoxy specimen was loaded with a strain of
2,260 x 10_6 corresponding to a stress of 33.8 MPa (4,900 psi).
The load variation with time is plotted on a semilogarithmic
scale in Fig. 4-3. Most of the relaxation takes place in the
first 24 hours and the load (stress) levels off after that time.
The maximum amount of relaxation observed was approximately 20

percent.

The Boron/Polyimide specimen was loaded with a strain of
800 x 10_6 producing an instantaneous stress of 6.9 MPa (1000 psi).
The load variation with time is plotted on a semilogarithmic
scale in Fig. 4-4. Two mechanisms of load relaxation are evident.
One, predominant up to approximately 500 minutes, must correspond
to stress relaxation in the matrix. The other mechanism related to
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a sharp decrease in load comes into effect after 1000 minutes
and is probably related to some failure or degradation taking

place in the specimen under load.

The relaxation test for Graphite/Low Modulus Epoxy was
not successful because of the high fragility of the 90-degree

material.

The Graphite/High Modulus Epoxy specimen was loaded with
a strain of 4,476 x 10_6 producing an instantaneous stress of
31.4 MPa (4,545 psi). The load variation with time is plotted
in Fig. 4-5. Stress relaxation was continuing after 25 days of

loading.

The Graphite/Polyimide specimen was loaded with a strain
of 2,080 x 1076 producing an instantaneous stress of 10.5 MPa
(1,520 psi), approximately 71 percent of the ultimate stress. The
load variation with time is plotted in Fig. 4-6. The load seems
to stabilize at 90 percent of its initial value after approximately
35 days.

The S-Glass/Epoxy specimen was loaded with a strain of
1,560 x 10"6 producing an instantaneous stress of 39.7 MPa
(5750 psi). The load variation with time is plotted in Fig. 4-7.
The load (stress) seems to level off at 86 percent of its initial
value after 25 days.

The following Table 4-1 summarizes the results of the
relaxation tests described above.

Table 4-1
TENSILE STRESS RELAXATION IN 90-DEGREE UNIDIRECTIONAL SPECIMENS

Applied Stress, G99 Percent Relaxation

Material MPa (psi) In 30 Days
Boron/Epoxy 33.8 (4,900) 22.5
Boron/Polyimide 6.9 (1,000) 62.0
Graphite/High Modulus

Epoxy 31.4 (4,545) 24.5
Graphite/Polyimide 10.5 (1,520) 9.5
S-Glass/Epoxy 39.7 (5,750) 13.0
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The Graphite/Polyimide displays the lowest stress
relaxation, and the Boron/Polyimide the highest, although both
have the same matrix. It is conjectured, however, that the apparent
relaxation in the latter is related to microfailure rather than to
purely viscoelastic properties of the matrix. Further testing at
different stress levels would explain the phenomenon. Of the
epoxy matrix composites, the S-Glass/Epoxy displayed the lowest
relaxation. This is ﬁ}obably due to the much higher fiber volume

ratio of this material (FVR = 0.72).

The results above serve only as indications of the order
of magnitude of residual stress relaxation that may occur in an
angle-ply laminate. The actual conditions in the laminate are
more complicated as each ply is subjected to an in-plane biaxial
state of stress and interlaminar shear stress. More extensive
testing would be required to evaluate stress relaxation under these

more complex conditions.

4.4 Static Properties of Laminates as a Function of Time After Curing

Two specimens .of each material system of {02/i45;s layup
were tested statically at various times to determine any possible
effects of residual stress relaxation on elastic and strength
properties. Stress-strain curves for ‘the various specimens tested
at various times after curing of the laminates are shown in
Figs. 4—8‘through 4-33.

Figures 4-8 to 4-10 show stress-strain curves for Boron/
Epoxy specimens tested nine and twelve and one-half months after
curing. Both the elastic modulus and strength values are very
close to those obtained a short time after curing.

Figures 4-11 through 4-15 show stress-strain curves for
Boron/Polyimide specimens tested four and one-half, eight and
seventeen months after curing. No significant variation with time

in modulus or strength is apparent.
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Figures 4-16 and 4-17 show stress-strain curves for
Graphite/Low Modulus Epoxy specimens tested three and six and
one-half months after curing. An additional specimen was tested
sixteen months after curing. The fluctuations in the modulus
values are not significant. The strength values at times beyond
three months are all the same 350 MPa ( 51 ksi) but appreciably
lower than the initial value of 562 MPa (82 ksi). This may be
related to the fact that the initial values for the strength
were obtained from 2.54 cm (1 in.) wide specimens, whereas all
subsequent tests were performed with 1.27 cm (0.5 in.) wide
specimens. The heat produced in cutting the specimens tends to
soften the matrix and cause delaminations near the edge which

are more serious in the narrower specimens.

Figures 4-18 through 4-21 show stress-strain curves
for Graphite/High Modulus Epoxy specimens tested six, nine and
one-half and nineteen months after curing. The fluctuations in
modulus are larger than in other materials but no trend is
apparent. The fluctuations in strength are very small with

deviations from the mean of three percent or lower.

Figures 4-22 through 4-26 show stress-strain curves for
Graphite/Polyimide specimens tested four, eight and seventeen
months after curing. No significant changes with time are
seen in the modulus, but the strength values are somewhat lower
than initial values. This difference again may be related to
the fact that all long-time tests were performed with narrower
(1.27 cm; 0.5 in.) specimens than the initially used 2.54 cm (1

wide specimens.

Figures 4-28 through 4-33 show stress-strain curves for
S-Glass/Epoxy specimens tested three, six, nine, twelve and one-

half and twenty-two months after curing. No significant variations

in either modulus or strength exist. The apparent variations in

strength are due to the fact that two batches of material are
represented. The individually prepared 2.54 cm (1 in.) wide
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coupons with embedded strain gages showed consistantly high
strength values, 807 MPa (117 ksi), 820 (119 ksi), and 789 MPa
(114 ksi) initially, three months and six months after curing,
respectively. The strength values at nine, twelve and one-half
and twenty-two months obtained from specimens cut from a plate
are in closer agreement with the initial value of 675 MPa (98 ksi)

obtained from a similar specimen.

The results above are summarized in Table 4-2 where the
modulus, Poisson's ratio, strength and age of the specimens are
given. In most cases where two or more specimens were tested at
one time, the average values are shown. Initial values, or values
obtained within one to three months after curing were obtained from
Table 3-19.

4.5 Summary and Conclusions

Three approaches were investigated for evaluation of
residual stress relaxation in angle-ply laminates: (1) Direct
measurement of strain changes with time, (2) Stress relaxation
determination in 90-degree unidirectional specimens, and (3)
Elastic and strength properties of laminates as a function of time

after curing.

Measurement of strain variation is a very insensitive
means. Strain variations are very small, sometimes of the order
of experimental variability, as they represent a second order

effect of stress relaxation.

A better measure of the degree of residual stress relaxation
was obtained by means of direct relaxation tests of 90-degree
unidirectional laminates. The amount of relaxation in thirty
days in most cases ranged between 9.5 and 24.5 percent, except for
the Boron/Polyimide where a fracture mechanism was possibly operating.
This amount of relaxation represents an upper bound to the actual
stress relaxation taking place in an angle-ply laminate. It can
be concluded, therefore, that the amount of residual stress
relaxation in an angle-ply laminate is small.
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Table 4-2
STATIC PROPERTIES OF [02/i45JS AT VARIOQUS

TIMES AFTER CURING

Strength
Modulus., Ey, | Poisson's SxxT Age
Material GPA (10~ psi) Ratio, vxy MPa (ksi) (Months)
Boron/Epoxy 115 (16.7) 0.70 725 (105) 1-3
115 (16.7) 0.60 754 (109) .9
116 (16.8) 0.71 725 (105) 12.5
Boron/Polyimide 117 (17.0) 0.72 562 ( 82) 1
114 (16.5) 0.76 522 ( 76) 4.5
112 (16.3) 0.77 519 ( 75) 8
126 (18.2) 0.69 578 ( 84) 17
Graphite/Low 111 (16.1) 0.72 562 ( 82) 1
Modulus Epoxy 110 (15.9) 0.71 350 ( 51) 3
105 (15.3) 0.52 350 ( 51) 6.5
115 (16.7) 0.80 350 ( 51) 16
Graphite/High 99 (14.3) 0.72 485 ( 70) 1-2
Modulus Epoxy 94 (13.6) 0.74 515 ( 75) 6
107 (15.6) 0.69 510 ( 74) 9.5
112 (16.2) 0.72 497 ( 72) 19
Graphite/ 114 (16.5) 0.71 345 ( 50) 1
Polyimide 121 (17.6) 0.67 314 ( 46) 4
107 (15.6) 0.72 290 ( 42) 8
115 (16.7) 0.65 317 ( 46) 17
S-Glass/Epoxy 37 ( 5.3) 0.52 742 (108) 1
40 ( 5.8) 0.50 820 (119) 3
44 ( 6.4) 0.43 789 (114) 6
37 ( 5.3) 0.55 618 ( 90) 9
36 ( 5.2) 0.53 649 ( 94) 12.5
37 ( 5.3) 0.52 696 (101) 22
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Indirect measurements were made of the effects of
stress relaxation on elastic modulus and strength of angle-ply
laminates. No significant variations in modulus or strength were
observed in specimens tested over periods from one to twenty-two
months after curing.
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5.0 TASK IV - CYCLIC LOADING AND RESIDUAL STRENGTH

5.1 Introduction

The objectives of this task are to investigate the
behavior of angle-ply laminates during load cycling, thermal
cycling and thermal cycling under load and to determine the effects
of these cycling programs on residual properties. The laminates
were Boron/Epoxy, Boron/Polyimide, Graphite/Low Modulus Epoxy,
Graphite/High Modulus Epoxy, Graphite/Polyimide and S-glass/Epoxy
of [02/145]S layup.

These laminates are subjected to significant residual
stresses built up during fabrication as shown in Section 3. Mechanical
or thermal cycling may produce relaxation of some of these stresses
and thereby influence the residual strength. Such cycling may also
cause degradation in the form of microcracks and thereby affect the

residual stiffness and strength of the laminate.

Strains during mechanical and thermal cycling were monitored
to determine any possible changes in stiffness or thermal properties
caused by internal degradation. The final effects of cycling were
determined by comparing the residual modulus, Poisson's ratio and
strength with initial values of these properties for uncycled specimens.

5.2 Specimen Fabrication and Strain Monitoring

Two sets of [02/i45]S specimens were prepared. Seven

specimens of each material, 1.27 cm (0.5 in.) wide and 22.9 cm

(9 in.) long, were prepared for testing with surface instrumentation.
Seven specimens of each material, 2.54 cm (1 in.) wide and 22.9 cm

(9 in.) long, were prepared with embedded instrumentation. For

each material the surface instrumentation specimens were cut from

a single [02/145]S plate and the embedded instrumentation specimens
were layed up individually. 1In both cases the fabrication procedures

were those described in Section 3.0. The embedded instrumentation
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specimens were selectively monitored for strain variation with
temperature during curing, especially where there were questions
on the residual strains measured in Task II. Results obtained
were averaged in and incorporated with results obtained in Task II,

reported in Section 3.4.

For each material, each of the two sets of specimens
was divided into three groups: Two specimens to be used for thermal
cycling tests, three specimens for tensile load cycling tests, and
two for tensile load with thermal cycling tests.

5.3 Thermal Cycling

The thermal cycling tests consisted of subjecting the
specimens of that test group to 100 thermal cycles at a rate of
about 30 minutes per cycle in two temperature ranges; room temperature
to approximately 80 percent of cure temperature and room temperature
to 200 degK (-100°F). Specimen strains in the instrumented specimens
were monitored during selected cycles and the specimens were examined

periodically for degradation during cycling.

5.3.1 Thermal Cycling of Epoxy Matrix Specimens Between
Room Temperature and 411 degK (280°F)

The elevated-temperature thermal cycling of all epoxy
matrix specimens was performed by cycling between room temperature.
and 411 degK (280°F). The specimens were subject to 100 cycles
of 35-minute duration. Each cycle consisted of temperature increase
and decrease without a dwell period. It was done in a Blue M
"Power-0-Matic-60" oven equipped with a temperature cycling control
apparatus, air circulation and controlled air exhaust system for

cool down control.

Two [02/i45]S specimens, one with embedded instrumentation,
from each epoxy matrix system were cycled. The specimens were
examined visually at intervals for degradation due to cycling. None
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was noted. Specimen strains as a function of temperature were
monitored during the beginning, middle and end of cycling. Figure
5-1 shows measured strains in Graphite/High Modulus Epoxy in the
beginning and end of thermal cycling. No significant differences
exist. The situation was similar for the other epoxy-matrix

laminates.

5.3.2 Thermal Cycling of Polyimide Matrix Specimens
Between Room Temperature and 533 degK (500°F)

The elevated-temperature thermal cycling of the polyimide
matrix specimens was performed by cycling them between room
temperature and 533 degK (500°F). The large temperature span
necessary for this cycling required an excessive cycle length with
the existing oven system. Therefore, to accomplish the required
30-minute cycle duration, the oven and the method of cycling had
to be modified.

The cycling modification consisted of keeping the oven
at the peak temperature while leaving the specimens in the oven
for half the cycle and removing them from the oven for the other
half cycle. Thus, the specimens were exposed for 15 minutes to
peak temperature and for 15 minutes to room temperature in each
cycle. To accomplish this, the existing oven door had to be replaced
with an apparatus to move the specimens in and out of the oven
automatically. To maintain the temperature a new set of oven closures
were provided to keep the oven closed with the specimens in or out
of it. This system will be described in greater detail in Section
5.5 dealing with thermal cycling under tensile load.

Two [02/t45]s specimens of each of the Boron/Polyimide
and Graphite Polyimide materials were subjected to 100 thermal cycles
of 30-minute duration with the modified cycling method described
above. The specimens were examined visually at intervals for
degradation due to cycling. None was noted. One specimen of each
material was instrumented with embedded strain gages which were used
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to monitor strains as a function of temperature in the third,
thirtieth and ninety-ninth cycles. Figure 5-2 shows measured
apparent strains in the Boron/Polyimide specimen in the beginning
and at the end of cycling. No significant differences exist in

the axial and transverse strains, but the 45-degree strain is lower

at the end of cycling. This obviously is in error since the

45-degree strain must always equal the mean of the other two strains.
The situation was similar in the Graphite/Polyimide specimen where

no differences were observed in the measured strains between the

beginning and end of cycling.

5.3.3 Thermal Cycling Between Room Temperature
and 200 degK (-100°F)

Two [O /* 45] specimens, including one with embedded
instrumentation, of each of the six material systems studied were
subjected to 100 thermal cycles of 30-minute duration between room
temperature and 200 degK (-100°F). This cold cycling was done 1n
a large environmental chamber (Thermovac) of over 5.7m~ (200 ft )

capacity capable of controlling temperature from ambient to 200 degK

(-100°F).

The cycling method was the same as that used for the
elevated temperature cycling of the polyimide matrix specimens. The
chamber was kept at 200 degK (-100°F) while the specimens were
moved in and out of it at 15 minute intervals. Thus, the specimens
were exposed to a 200 degK (-100°F) environment for 15 minutes and

room temperature for another 15 minutes during each cycle.

To prevent undesirable effects due to moisture condensation
during this cycling special procedures were instituted. The exposed
gage leads of all the instrumented specimens were coated with a
silicon rubber coating (3140 RTV, Micro-Measurements). After
wiring the strain gages, all instrumented and uninstrumented specimens

were completely coated with another silicon rubber coating (M-coat C,

Micro-Measurements).
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During cycling the specimens were examined visually
periodically for degradation. None was observed. Strains as a
function of temperature were monitored at the beginning and the
end of this cycling program. Apparent strains at the beginning
and end of the thermal cycling for unloaded Graphite/High Modulus
Epoxy and S-Glass/Epoxy specimens are shown in Figs. 5-3 and 5-4.
It can be seen that thermal strains do not change as a result

of the cycling program.

5.4 Tensile Load Cycling

5.4.1 General Considerations

The tensile load cycling tests required two specimens for
each material system, for each of three loading ranges, to be subjected
to a cyclic tensile loading of 107 cycles or failure, whichever
occurred first. Of the two specimens for each load range, one had
embedded instrumentation. The three loading ranges, based on the
static strength results reported in Table 3-19, were 0 to 40 percent,
0 to 70 percent, and 0 to 90 percent of the corresponding static

strength.

Two cycling frequencies were considered. Preliminary tests
were conducted to establish whether there is a significant difference
in results of cyclic loading at 30 and 100 cycles per second. Specimens
1.27 em x 1.27 ecm (0.5 in. x 0.5 in.) of [02/i45]S layup were prepared
from the stiffest and least stiff of the six materials, i.e., Boron/
Epoxy and S-Glass/Epoxy. Two specimens of each material were tested
at each of the cyclic rates above and at each of two load ranges. The
load ranges were 70 and 90 percent of the static strength. No
significant differences in cycles to failure were observed. The 30 cps
rate was then chosen as more convenient, as it allows testing of longer

and easier to instrument and monitor specimens.
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5.4.2 Experimental Procedure

Two types of [02/145]S specimens were used in these
tests: Three specimens 1.27 cm (0.5 in.) wide and 22.9 cm
(9 in.) long with surface strain gages and three specimens 2.54 cm
(1 in.) wide and 22.9 cm (9 in.) long with embedded strain gages.
Thermocouples were bonded to the specimen surfaces for temperature
monitoring during cyclic loading. Two specimens of each material,
including one with embedded gages, were cycled between 0 and 40
percent of the static ultimate, two specimens between 0 and 70 percent

of ultimate and two between 0 and 90 percent of ultimate.

The tensile load cycling was‘done on a Sontag Universal
Fatigue Test Machine. A constant load amplitude was maintained with
an R factor of 0.1. Specimens were cycled to fajilure or to runout
at approximately lO7 cycles. Investigation of progressive degradation
at frequent intervals was done by (1) monitoring all strain gages,
(2) recording temperature rise on specimen and (3) inspecting

surfaces and edges of the specimen for visible signs of degradation.

An eight-channel recording oscillograph (Bell and Howell
Type 5-135) with associated signal conditioning instrumentation was
utilized for monitoring the specimen gages and thermocouple during
cyclic loading. The recorded data and the applied load were used to
determine the longitudinal modulus, major Poisson's ratio and
temperature as a function of number of load cycles.

5.4.3 Results

A summary of load cycles to failure for the surface-
instrumented specimens is shown in Table 5-1. The variation in
longitudinal modulus, major Poisson's ratio and temperature with
number of loading cycles for these épecimens is shown in Figures 5-5

through 5-18.
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Table 5-1
SUMMARY OF CYCLIC TENSILE TESTS IN [02/i45]S SPECIMENS
WITH SURFACE INSTRUMENTATION

Nominal Maximum
Width Stress Level Cycles to
Material em (in.) (% o ) Failure
ult

Boron/Epoxy 1.27(0.5) 90 30 x 103

1.27(0.5) 70 460 x 103

1.27(0.5) 40 107 Runout
Boron/Polyimide 1.27(0.5) 90 103

1.27(0.5) 70 5,971 x 103

1.27(0.5) 40 1.025 x 107 Runout
Graphite/Low 1.27(0.5) 90 103
Modulus Epoxy 1.27¢0.5) 70 847 x 103

1.27(0.5) 40 1.015 x 107 Runout
Graphite/High 1.27(0.5) 90 Immediate Tab Failure
Modulus Epoxy 1.27(0.5) 80 512 x 103

1.27(0.5) 70 107 Runout
Graphite/Polyimide | 1.27(0.5) 90 440 x 103

1.27(0.5) 80 1.553 x 106

1.27(0.5) 70 1.047 x 107 Runout
S-Glass/Epoxy 1.27(0.5) 70 103

1.27(0.5) 40 14 x 103

1.27(0.5) 25 419 x 103
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Of the three Boron/Epoxy specimens tested, the one
cycled to 90 percent of ultimate strength failed at 30,000 cycles,
the one cycled to 70 percent of ultimate failed at 460,000 cycles
and the one cycled at 40 percent of ultimate survived 10 million
cycles. The variation of modulus, Poisson's ratio, and temperature
with number of cycles for these three specimens is shown in Figures
5-5, 5-6, 5-7. Some interesting characteristics noticed are the
early but moderate rise in temperature and the seemingly stepwise
drops in modulus. In the case of the lowest load (Fig. 5-7) the
rather abrupt increase in specimen compliance was preceded by a
gradual rise in temperature. Most of the changes seem to take place
in the range between lOa and 105 cycles with plateaus on either side

of this range.

Results for the Boron/Polyimide material are comparable
to those of Boron/Epoxy, with 1000 cycles to failure for cycling
to 90 percent of ultimate strength, 5,971,000 cycles to failure
for cycling to 70 percent of ultimate and runout at 10 million cycles
for cycling to 40 percent of ultimate. The variation of longitudinal
modulus, Poisson's ratio and temperature with number of loading cycles
is shown in Figs. 5-8 and 5-9. In the case of loading at 40 percent
of ultimate a gradual increase in temperature between 10" and
3 x lO6 cycles corresponds to a rather‘abrupt increase in compliance

between 105 and 2 x 105 cycles.

Results for Graphite/Low Modulus Epoxy are plotted in
Figs. 5-10, 5-11 and 5-12 for the three specimens tested at 90, 70
and 40 percent of ultimate strength. The first two failed at 1000
and 847,000 cycles, respectively. The third specimen was cycled to
a 1.015 x 107 cycle runout. All but one longitudinal gage failed
after 2 x 105 cycles. 1Indications are that the modulus remained

constant to 10 million cycles, although there was a gradual rise in

temperature to 83°F.
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The Graphite/High Modulus Epoxy specimens were cycled to
90, 80 and 70 percent of the ultimate static stress, respectively.
The 80 percent level was selected after a runout was observed at 70
percent. The specimen cycled to 90 percent of ultimate strength failed
immediately at the tab and no strain or temperature data were obtained.
Results for the other two specimens are shown in Figs. 5-13 and 5-14.
For the specimen tested to 80 percent of ultimate an abrupt change
in modulus and Poisson's ratio occurred at 30,000 cycles in the
region of gradual temperature rise. The specimen failed at 512,000
cycles. For the specimen cycled to 70 percent of ultimate all gages
failed after 204,000 cycles but the specimen did not fail at runout of
10 million cycles. Small changes in modulus and Poisson's ratio are
observed in the first 5000 cycles. A small but gradual increase in
temperature is also observed, reaching a plateau at 100,000 cycles.

The Graphite/Polyimide specimens were subjected to cyclic
loading corresponding to 90, 80 and 70 percent of the ultimate static
strength, respectively. As before, the 80 percent level was selected
after a runout was observed at 70 percent. The 90 percent of ultimate
specimen failed at 440,000 cycles. No variation in modulus, but a
gradual rise in temperature from 297 to 298.6 degK (75 to 78°F) was
measured between 0 and 50,000 cycles (Fig. 5-15). For the specimen
cycled to 80 percent of ultimate strength (Fig. 5-16) the modulus and
Poisson's ratio remained constant whereas the temperature showed a
gradual rise to a plateau of 298.4 degK (77.7°F) starting at 60,000
cycles. The specimen cycled to 70 percent of ultimate strength
survived a runout of 1.047 x 107 cycles. The modulus and Poisson's ratio
did not change throughout this cyclic loading (Fig. 5-17). A
temperature record was not obtained due to thermocouple failure.

The S-Glass/Epoxy specimens were subjected to maximum cyclic
stresses corresponding to 70, 40 and 25 percent of ultimate static
strength. The reason for the 25 percent level was that both the 70
and 40 percent levels produced failure after a small number of cycles,
namely 1000 and 14,000 cycles respectively. The 25 percent of ultimate
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specimen failed at 419,000 cycles. An abrupt drop in modulus
occurred between 20,000 and 30,000 cycles (Fig. 5-18). No
temperature data were obtained due to thermocouple failure.

A summary of load cycles to failure for the specimens
with embedded instrumentation is given in Table 5-2. The
variations in longitudinal modulus, major Poisson's ratio and

temperature with number of loading cycles are shown in Figures
5-19 through 5-32.

The Boron/Epoxy specimen cycled to 90 percent of ultimate
strength failed at 100 cycles. The specimen cycled to 70 percent
of ultimate failed at 430,000 cycles. This specimen exhibits an
abrupt drop in modulus between 10,000 and 20,000 cycles (Fig. 5-19).
Poisson's ratio remains fairly constant. The temperature rises to
a plateau of approximately 303 degK (87°F) and then it increases
again just before failure. A runout of 10/ cycles was obtained at

a load of 40 percent of ultimate, with small variations in modulus,

. Poisson's ratio and temperature (Fig. 5-20).

, The Boron/Polyimide specimens were cycled to 90, 80 and 70

| percent of ultimate strength. The 80 percent level was chosen in
place of 40 percent, because a runout was obtained at 70 percent of
ultimate. The 90 percent of ultimate test produced immediate failure.
At 80 percent of ultimate the specimen failed at 1000 cycles. It
exhibited a constant modulus, Poisson's ratio and temperature behavior
up to about 300 cycles. Thereafter, it showed a fast dropoff in
modulus with an accompanying increase in Poisson's ratio and small
temperature increase up to failure at 1,000 cycles (Fig. 5-21). The
specimen tested to 70 percent of ultimate strength survived a runout
of 1.290 x 107 cycles. It showed a constant modulus, and an abrupt
but slight change (3 percent) in Poisson's ratio at 50,000 cycles.

The temperature remained constant up to 106 cycles and dropped by

2.8 degK (5°F) thereafter to runout (Fig. 5-22).
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SUMMARY OF

Table 5-2
CYCLIC TENSILE TESTS IN [02/i45]S SPECIMENS
WITH EMBEDDED INSTRUMENTATION

Nominal Maximum
Width Stress Level Cycles to
Material cem (in.) (% Uult) Failure

Boron/Epoxy 2.54 (1.0) 90 100

2.54 (1.0) 70 430 x 103

2.54 (1.0) 40 107 Runout
Boron/Polyimide 2.54 (1.0) 90 Immediate Failure

2.54 (1.0) 80 1000

2.54 (1.0) 70 1.290 x 10’ Runout
Graphite/Low 2.54 (1.0) 90 Immediate Failure
Modulus Epoxy 2.54 (1.0) 70 Immediate Failure

2.54 (1.0) 40 10’ Runout
Graphite/High 2.54 (1.0) 90 18 x 10°
Modulus Epoxy 2.54 (1.0) 90 13 x 103

2.54 (1.0) 80 28 x 10°

2.54 (1.0) 70 1.016 x 10’ Runout
Graphite/ 2.54 (1.0) 90 1.023 x 10/ Runout
Polyimide 2.54 (1.0) 80 1.005 x 10’ Runout

2.54 (1.0) 70 107 Runout
S-Glass/Epoxy 2.54 (1.0) 70 Tab Failure

2.54 (1.0) 40 77 x 103

2.54 (1.0) 40 44 x 103

2.54 (1.0) 25 1.436 x 10°
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The Graphite/Low Modulus Epoxy specimens were cycled
to 90, 70 and 40 percent of ultimate strength. The specimens
tested at 90 and 70 percent of ultimate failed after a few cycles.
The specimen tested at 40 percent of ultimate survived 107 cycles.
However, the gages failed early producing no strain record. The
temperature was recorded and was essentially constant up to 1.5 x
106 cycles, showed a gradual increase up to 3 x 106 cycles and a
gradual decrease thereafter. The rise was 2.2 degK (4°F) and the
drop 1.7 degK (3°F) from the top temperature of 295 degK (71°F).

The Graphite/High Modulus Epoxy specimens were cycled to
90, 80 and 70 percent of ultimate strength. Following previous
procedures, the 80 percent level was chosen after a runout of 10
million cycles was obtained for the 70 percent level. The Graphite/
High Modulus Epoxy exhibited small variations in modulus, Poisson's
ratio and temperature at all stress levels applied, (Figs. 5-23
through 5-26). The specimens failed at 18,000 to 28,000 cycles under
stresses between 90 and 80 percent of ultimate.

The Graphite/Polyimide specimens were cycled to 90, 80
and 70 percent of ultimate. They all survived the runout of 10
million cycles. They all exhibited a very nearly constant modulus
through runout. The temperature remained constant up to about
500,000 cycles. Thereafter, all three specimens showed a gradual
increase in temperature in the range of 2 x 106 to 3 x 106 cycles
and then a gradual temperature decrease to runout. The temperature
variations were within *2.8 degK (#5°F), (Figs. 5-27, 5-28, 5-29).

The S-Glass/Epoxy specimens were tested at 70, 40 and 25
percent of ultimate strength. At 70 percent the specimen failed at
the tab very early. Two specimens tested at 40 percent of ultimate
failed at 44,000 and 77,000 cycles. The variation in modulus and
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Poisson's ratio was small, however, the temperature rise was hrastic,
(Figs. 5-30 and 5-31). In one case the temperature rose to

plateau of approximately 329 degK (133°F) at 20,000 cycles, it

dipped to 318 degK (113°F) at 50,000 cycles and then rose shérply

to 358 degK (185°F) just prior to failure at 77,000 cycles (Fig. 5-30).
The dip, also noticeable in Fig. 5-31, is attributed to some heat
dissipation associated with the "brooming'" mode of failure. The
specimen tested at 25 percent of ultimate failed at 1.436 x 106
cycles with relatively small variations in modulus and Poisson's

ratio and a not so drastic temperature rise (Fig. 5-32).

5.5 Tensile Load with Thermal Cycling

5.5.1 Experimental Procedure

Tensile load with thermal cycling testing consisted of
subjecting the specimens of this test group to a static tensile load
and simultaneously to thermal cycling in two temperature ranges;
room temperature to 80 percent of cure temperature and room temperature
to 200 degK (-100°F). The static tensile load selected for each
material was approximately 70 percent of the average static strength
at room temperature. The loaded specimens were subjected to 100
thermal cycles of 30 minute duration. Strains as a function of
temperature were monitored at selected cycles. Specimens were
examined periodically to detect visually possible degradation during
cycling.

The application of tensile load during thermal cycling
required the design and fabrication of special loading fixtures
unique to this task. The loads required for the individual specimens
ranged from 4450N to 17800N (1000 1b to 4000 1b). These were too
large for direct dead weight loading and loading by means of a
lever arm system was found to be too cumbersome and impractical.
Hydraulic loading is feasible but is not very versatile and requires
expensive fixturing. A suitable solution was found by means of a
spring loading fixture.
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Figure 5-33 shows the construction and dimensions of
such a typical fixture. Each fixture is used to load a single
specimen and consists basically of a load support frame, screw-
clamped serrated gripping jaws, loading coil spring, spring load
plate and a threaded loading rod with a clevis link. Mounting and
loading of the specimen required a careful procedure. To insure
the alignment of the specimen axis with the central pivot holes of
the jaws, the specimen was clamped in the jaws in an aligning jig
outside the loading fixture. The specimen with the clamped jaws was
then mounted in the load support frame, the clevis and loading rod
attached and the coil spring and spring load plate slipped over the
rod. Next, the spring was compressed in a testing machine to a pre-
determined calibrated length and the load nut on the rod tightened
against the spring load plate. Release of the test machine load
transferred the spring load to the desired tensile load in the
specimen. The loading spring for each specimen was selected with a
sufficiently large deflection, to insure that the thermal expansion
during cycling did not significantly change the specimen load. To
prevent twisting of the specimen during spring loading, the clamping
jaws were arranged to fit closely between the vertical bars of the
loading fixture. Eight fixtures of this type were built to perform

the required tests.

To achieve a 30-minute thermal cycle duration in the
presence of the large fixture masses, the modified cycling method,
briefly described in Section 5.3.2, was adopted. As indicated in
that section, in the modified cycling method the chamber temperature
is kept constant while the specimens are moved in and out of the
chamber. The specimens are thereby exposed for half the cycle to
chamber temperature and half the cycle to room temperature. This
approach required the design and fabrication of a cycling apparatus

and modification of the existing chamber closures.
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Figures 5-34, 5-35, and 5-36 show this cycling apparatus,
the modified oven closures for the Blue M "Power-0-Matic-60" oven,
the loading fixtures and the specimens. Figure 5-34 also shows
the data acquisition system used to monitor the strain gages and
thermocouples. The cycling apparatus consists of a fixed support
frame, a cycling lever, a reciprocating frame, a cycle counter and
an actuation system operated by a compressed air actuator controlled
by a solenoid valve. The valve is timed by an electric timer set
to the desired cycling rate. The reciprocating frame carries the
specimens in their loading fixtures in front and back of which there
is a separate oven closure. The oven is therefore kept closed both
when the specimens are in and out of the oven.

Cycling between room temperature and 200 degK (-100°F),
was done in the large environmental chamber (Thermovac) mentioned
earlier. A similar cycling apparatus and chamber closure system was
built for this purpose and is shown in Figures 5-37 and 5-38. Cold
cycling produces moisture condensation on the specimens with
alternating freezing and thawing. To prevent specimen and
instrumentation damage the specimens and gage and thermocouple leads
exiting from the specimens were completely coated with silicon rubber
(RTV) coatings as described earlier (Section 5.3.3).

5.5.2 Tensile Load with Thermal Cycling of Epoxy
Matrix Specimens Between Room Temperature
and 411 degK (280°F)

Two [02/i45]s specimens, including one with embedded instru-
mentation, of each of Boron/Epoxy, Graphite/Low Modulus Epoxy,
Graphite/High Modulus Epoxy and S-Glass/Epoxy were subjected to a
static load equal to 70 percent of the ultimate and simultaneously
to 100 thermal cycles of 30 minute duration between room temperature
and 411 degK (280°F). The applied tensile loads were 497 MPA (72 ksi)
for the Boron/Epoxy, 310 MPa (45 ksi) for the Graphite/Low Modulus
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Epoxy, 331 MPa (48 ksi) for the Graphite/High Modulus Epoxy and
524 MPa (76 ksi) for the S-Glass/Epoxy specimens. Of the eight
specimens, the Graphite/Low Modulus Epoxy and the S-Glass/Epoxy
specimens failed during the first thermal cycle. This is not
surprising since the strength of S-Glass/Epoxy decreases rapidly
with increasing temperature and the low modulus epoxy has a heat
distortion temperature of 316 degK (109°F). The surviving Boron/
Epoxy and Graphite/High Modulus Epoxy specimens were visually
inspected during intervals of the cycling but showed no apparent
degradation. Their embedded gages were monitored as a function of
temperature during the twelfth, sixtieth and hundredth cycles. No
significant differences were observed in the recorded strains
throughout the thermal cycling. Apparent strains for the Graphite/
High Modulus Epoxy are shown in Figure 5-39 for the sixtieth and
hundredth thermal cycles.

5.5.3 Tensile Load with Thermal Cycling of Polyimide
Matrix Specimens Between Room Temperature and

533 degK (500°F)

Two [02/145]S specimens, including one with embedded
instrumentation, of each of Boron/Polyimide and Graphite/Polyimide
were subjected to a static load equal to 70 percent of the ultimate
load and simultaneously to 100 thermal cycles of 30 minute duration
between room temperature and 533 degK (500°F). The tensile load
applied to the Boron/Polyimide specimens was 414 MPa (60 ksi) and
that applied to the Graphite/Polyimide specimens was 242 MPa (35 ksi).
Of the specimens cycled, the 1.27 cm (O 5 in.) wide Graphlte/Polylmlde
specimen failed under load during the flrst thermal cycle. The 2.54 cm
(1 in.) wide specimen survived the cycllng without apparent degradation
or deterioration of residual properties when subsequently tested for
residual strength. In view of this; the failure of the 1.27 cm
(0.5 in.) wide specimen does not represent typical behavior of Graphite/
Polyimide under tensile load with thermal cycling. The Boron/Polyimide
specimens showed no apparent degradation due to cycling.
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Specimen strains of the instrumented specimens were
monitored as a function of temperature during the third, thirtieth
and ninety-ninth cycles. Apparent strains in the Graphite/Polyimide
during these cycles are shown in Figure 5-40. It is seen that these
strains are essentially the same throughout the 100 thermal cycles
and nearly the same as the strains recorded in the similarly cycled
unloaded specimen.

5.5.4 Tensile Load with Thermal Cycling Between Room
Temperature and 200 degK (-100°F)

Two [02/i45]s specimens, including one with embedded
instrumentation, of each of the six material systems studied were
loaded in tension to 70 percent of the ultimate load and thermally
cycled for 100 cycles of 30 minute duration, between room temperature
and 200 degK (-100°F). The applied loads were 497 MPa (72 ksi)
for the Boron/Epoxy, 310 MPa (45 ksi) for the Graphite/Low Modulus
Epoxy, 331 MPa (48 ksi) for the Graphite/High Modulus Epoxy, 524 MPa
(76 ksi) for the S-Glass/Epoxy, 414 MPa (60 ksi) for the Boron/
Polyimide and 242 MPa (35 ksi) for the Graphite/Polyimide specimens.
Inspection before cycling revealed that the Graphite/Low Modulus
Epoxy specimen with embedded instrumentation was defective. It was
replaced by a 1.27 cm (0.5 in.) wide specimen cut from a [02/i45]s
plate.

Periodic inspection during cycling revealed a delamination
crack in the 1.27 cm (0.5 in.) wide Glass/Epoxy Specimen, (Fig. 5-41).
The specimen, however, held the load and survived the thermal cycling.
Subsequent testing revealed a reduction in strength but no change
of longitudinal modulus and an insignificant change in Poisson's ratio
(see Section 5.6.3).

When the specimens were unloaded at the end of the thermal
cycling it was noted that the two Graphite/Low Modulus Epoxy specimens
were bowing (Fig. 5-42). Closer examination revealed that the two
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0-degree top plies on one side of each specimen were delaminated
from the remaining plies (Fig. 5-43). Subsequent testing of these
specimens (Section 5.6.3) showed a reduction in strength, modulus
and Poisson's ratio. It should be noted that the Graphite/Low
Modulus Epoxy and the S-Glass/Epoxy materials did not survive the
tensile load with thermal cycling to 411 degK (280°F).

Specimen strains as a function of temperature of the
instrumented specimens were monitored at the beginning and end of
the thermal cycling. The apparent strains in the Graphite/High
Modulus Epoxy specimen are shown in Figure 5-44. There is no
evidence of change due to cycling. Comparing this with the results
obtained for the similarly cold-cycled specimen without load, (Fig.
5-3), it can be concluded that the thermal strains for this material

do not change after 100 cycles between room temperature and 200 degK

(-100°F).

5.6 Residual Strength

All specimens which survived the thermal cycling, tensile
load cycling and tensile load with thermal cycling tests were tested
statically to failure in tension. Those specimens which were unin-
strumented were provided with surface strain gages so that stress-strain
data could be recorded for all specimens during the tensile tests.

The data were used to determine the residual longitudinal strength
SxxT’ the residual longitudinal modulus EXX and the residual major
Poisson's ratio.\)X . The residual property results are presented in
Tables 5-3 to 5-7, and the stress-strain curves are given in Figures
5-45 through 5- 98 . Presented in the tables for comparison are values
of initial static room temperature properties for similar uncycled
specimens. These are averages obtained from Table 3-19. All results

presented here are based on nominal specimen thicknesses.
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5.6.1 Residual Properties of Unloaded Specimens
Subjected to Thermal Cycling

All epoxy matrix specimens which were cycled between room
temperature and 411 degK (280°F) and polyimide matrix specimens
which were cycled between room temperature and 533 degK (500°F) were
tested statically in tension to failure. Stress-strain curves for
these tests are shown in Figs. 5-45 through 5-55. 1In the case of
the Boron/Polyimide specimen of Fig. 5-53 a rather abrupt change in
slope is observed, accompanied by an increasing discrepancy between
the strains on the two sides of the specimen. This is attributed
to failure of at least three of the outer O-degree plies and partial
damage of the remaining O-degree ply. This is further corroborated
by the fact that the modulus drops to less than a quarter of its
initial value. The values of longitudinal modulus and Poisson's
ratio obtained from these curves and the measured strength values
are tabulated in Table 5-3 where they are compared with the corresponding

initial properties of uncycled specimens.

The residual moduli seem to be very close to the initial
values. Any possible relaxation of residual stresses or even some
matrix degradation during cycling would not influence the longitudinal
modulus. Changes in Poisson's ratio are not regarded as significant,
since they fall within the variability of this value from specimen to
specimen. The residual strengths, with the exception of that of the
Boron/Polyimide, are slightly higher than the initial strengths. The
differences are small to be taken as significant in view of the small
numbers of specimens tested, however, they could be attributed to

some residual stress relaxation.

All specimens which were cycled between room temperature
and 200 degK (-100°F) were tested statically in tension to failure.
Stress-strain curves for these tests are shown in Figs. 5-56 through
5-66. The average values of modulus, Poisson's ratio and strength are
tabulated in Table 5-4 where they are compared with corresponding

initial properties of uncycled specimens.
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The residual moduli remained virtually unchanged, except
for the Graphite/Low Modulus Epoxy. In the latter case the signi-
ficant drop in modulus and Poisson's ratio is attributed to de-
gradation during cycling. The lower modulus results primarily from
degradation of at least one O-degree ply. The lower Poisson's
ratio would result from some delamination which would remove some
of the transverse effects of the *45-degree plies. The abrupt change
in the slopes of the stress-strain curves (Fig. 5-58) indicates
further degradation of 0O-degree plies during static loading. The
residual strength values in general are not significantly different
from the initial values except for the Graphite/Low Modulus Epoxy.
The appreciable strength reduction in the latter, approximately 35

percent, is due to laminate degradation during cycling.

5.6.2 Residual Properties of Specimens Subjected
to Tensile Load Cycling

All specimens which survived 10 million cycles of tensile
load at 40 to 90 percent of the ultimate load were subsequently tested
statically in tension to failure. Stress-strain curves for these
tests are shown in Figs. 5-67 through 5-77. The values of longi-
tudinal modulus and Poisson's ratio obtained from these curves and
the measured strength values are tabulated in Table 5-5.

Most of the specimens showed insignificant changes in
residual strength and residual modulus. The exceptions include the
2.54 em (1 in.) wide Boron/Polyimide specimen cycled to 70 percent of
ultimate which showed reduced residual strength and modulus, a
Graphite/Low Modulus Epoxy which showed lower residual strength and
the 1.27 cm (0.5 in.) wide Graphite/Polyimide which had a lower
residual modulus. Changes in Poisson's ratio do not appear significant
although, in general, a trend for higher residual values is apparent.
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5 6.3 Residual Properties of Specimens Subjected
to Tensile Load with Thermal Cycling

Of the specimens subjected to tensile load and elevated
temperature thermal cycling, the Graphite/Low Modulus Epoxy and
the S-Glass/Epoxy specimens failed during the first cycle. The

surviving specimens were tested statically in tension to failure.

Stress-strain curves for these tests are shown in Figs. 5-78 through
5-86. The values of longitudinal modulus and Poisson's ratio obtained
from these curves and the measured strength values are tabulated in
Table 5-6 where they are compared with the corresponding initial

properties of uncycled specimens.

The residual moduli and strengths seem to be very close to
the initial values. The changes in Poisson's ratio are not consistent
and are not considered significant. Ultrasonic C-scans of the Boron/
Polyimide specimen of Fig. 5-84 before and after thermal cycling under

load did not reveal any conclusive differences.

All specimens which were cycled between room temperature and
200 degK (-100°F) under tensile loading survived and were subsequently
tested statically in tension to failure. Stress-strain curves for
these tests are shown in Figs. 5-87 through 5-98. The Boron/Epoxy and
Boron/Polyimide specimens show some nonllnear behavior which was not
evident in the original tests or other residual strength tests. The
Graphite/Low Modulus Epoxy specimens warped and delaminated under cold
cycling with tensile load as mentioned earlier and shown in Figs. 5- 42
“and 5-43. The stress-strain curves of Fig. 5-91 are perfectly linear
to failure whereas those of Fig. 5-92 are concave upwards near failure.
The latter corresponds to the badly warped and delaminated specimen.
The stress-strain curves of Fig. 5-98 for the S-Glass/Epoxy correspond
to the slightly delaminated specimen shown in Figs. 5-41 and 5-43. The
values of longitudinal modulus and Poisson's ratio obtained from these
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curves and the measured strength values are tabulated in Table 5-7
where they are compared with the corresponding initial properties
of uncycled specimens.

The residual moduli remained relatively unchanged except
for the Graphite/Low Modulus Epoxy which showed a marked decrease
due to the observed structural degradation. The reduction in
residual strength for this material is also due to degradation. A
similar strength reduction was observed in the slightly damaged S-
Glass/Epoxy specimen of Fig. 5-98. The apparent decrease in strength
for the Boron/Polyimide and increase for the Graphite/High Modulus
Epoxy cannot be explained and may not be significant. 1In all cases,
except for that of the structurally degraded Graphite/Low Modulus
Epoxy, Poisson's ratio remained nearly the same or increased.

5.7 Summary and Conclusions

The behavior of angle-ply laminates subjected to thermal
cycling, tensile load cycling and thermal cycling with tensile load
was investigated. The laminates investigated were Boron/Epoxy, Boron/
Polyimide, Graphite/Low Modulus Epoxy, Graphite/Polyimide and S-Glass/
Epoxy of [02/i45]S layup.

Two specimens of each material were subjected to 100 thermal
cycles between room temperature and 411 degK (280°F) for the epoxy-
matrix composites and between room temperature and 511 degK (500°K) for
the polyimide-matrix composites. No visual degradation was evident due
to the cycling. Strain gages monitored during cycling showed no
significant differences between the beginning and end of cycling. All
cycled specimens were subsequently tested statically to failure and the
residual properties were compared with the corresponding initial
properties of uncycled specimens. The residual moduli are very close
to the initial values. Any possible relaxation of residual stresses
or even some matrix degradation during cycling would not influence the




longitudinal modulus. Changes in Poisson's ratio were not signi-
ficant. The residual strength, with the exception of the Boron/
Polyimide, are slightly higher than the initial strengths. The
differences are small to be considered significant in view of the
small number of specimens tested, however, they could be attributed

to some residual stress relaxation.

Two specimens of each material were subjected to 100
thermal cycles between room temperature and 200 degK (-100°F).
Periodic visual inspection during cycling did not reveal any apparent
degradation. Strains monitored in the beginning and at the end
of cycling did not show any change. All cycled specimens were sub-
sequently tested statically to failure. The residual moduli remained
‘Virtually unchanged, except for the Graphite/Low Modulus Epoxy which
showed a significant reduction due to some degradation. The residual
strengths are not significantly different from the initial values,
except for the Graphite/Low Modulus Epoxy which showed a significant
(approximately 35 percent) reduction due to laminate degradation

during cycling.

Six specimens of each material were subjected to tensile
load cycling between 0 and 25 to 90 percent of the static strength.
The specimens were inspected visually at intervals for signs of
degradation. Specimen temperature and strains were monitored at
frequent intervals. The Boron/Epoxy specimens cycled to 70 and 90
percent of ultimate failed, but those cycled to 40 percent of ultimate
survived 10 million cycles. In most cases a stepwise reduction in
modulus concomitant with a gradual rise in temperature was noticed.
The Boron/Polyimide specimens showed similar behavior with slightly
better endurance to cycling loading. Runouts at 10 million cycles
were observed at the 40 and 70 percent of ultimate levels. The
Graphite/Low Modulus Epoxy specimens cycled to 70 and 90 percent of
ultimate failed early but those cycled to 40 percent of ultimate
survived. The latter showed a small gradual temperature rise. The
Graphite/High Modulus Epoxy specimens cycled to 80 and 90 percent of
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ultimate failed whereas those cycled to 70 percent survived 10
million cycles. Small changes in modulus, Poisson's ratio and
temperature were observed. The Graphite/Polyimide specimens showed
the highest endurance to cycling loading with consistent runouts

at 70 and 80 percent of ultimate and in one case even at 90 percent
of ultimate. They all exhibited nearly constant modulus through
runout with very moderate temperature variation. The S-Glass/Epoxy

-specimens cycled to 40 and 70 percent of ultimate failed early and

even those tested to 25 percent of ultimate did not survive to runout.
The variations in modulus and Poisson's ratio were not large. The
temperature variation showed a sharp rise, then a characteristic dip
just prior to failure (Figs. 5-30, 5-31). This dip is attributed to
some heat dissipation associated with the "brooming'" mode of failure.

All specimens which survived 10 million cycles of tensile
load to 40 to 90 percent of ultimate were tested statically to failure.
As in the case of thermal cycling, no significant changes in residual
strength and modulus were observed. The same appears true for Poisson's
ratios, although some trend for slightly higher values is noticed.

Two specimens of each material were subjected to a static
tensile load equal to 70 percent of the ultimate and simultaneously
to 100 thermal cycles between room temperature and 411 degK (280°F)
for the epoxy-matrix and between room temperature and 533 degK (500°F)
for the polyimide matrix specimens. No visible degradation was observed
during cycling and the strains monitored in the beginning and at the
end of the cycling did not show any changes. The Graphite/Low Modulus
Epoxy and the S-Glass/Epoxy specimens did not survive. The remaining
specimens were tested Statically to failure. The residual stiffness
and strength were very close to the initial values.

A similar group of specimens was subjected to a static
tensile load of 70 percent of the ultimate and simultaneously to 100
thermal cycles between room temperature and 200 degK (-100°F). The
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Graphite/Low Modulus Epoxy and the S-Glass/Epoxy showed visible de-
gradation. Subsequent static testing showed significant reductions
in strength and modulus in the Graphite/Low Modulus Epoxy and some
strength reduction in the S-Glass/Epoxy. The residual stiffnesses
and strengths for the remaining specimens remained relatively unchanged.
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Quter
Oven Closure

Reciprocating
Frame

N s

¥ L —

Fig. 5-34 CYCLING APPARATUS AND MODIFIED OVEN CLOSURE FOR THERMAL

CYCLING. (SPECIMENS OUTSIDE OVEN; OVEN CLOSED BY INNER
CLOSURE, NOT VISIBLE)
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Specimen Loading
Fixture

Specimen

Quter Oven
Closure

Reciprocating
Frame

Fig. 5-36 CLOSEUP TOP VIEW OF APPARATUS FOR THERMAL CYCLING
SHOWING LOADING FIXTURES AND SPECIMENS IN POSITION
OUTSIDE OVEN
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Fig. 5-37 APPARATUS FOR THERMAL CYCLING OF SPECIMENS
IN COLD CHAMBER
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ST

Outer Chamber
Closure

Loading Fixtures
With Specimens

Fig. 5-38 CLOSEUP SIDE VIEW OF APPARATUS FOR THERMAL CYCLING

OF SPECIMENS IN COLD CHAMBER.

(SPECIMENS OUTSIDE

CHAMBER; CHAMBER CLOSED BY INNER CLOSURE, NOT VISIBLE)
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Fig. 5-41 DELAMINATION CRACK IN S-GLASS/EPOXY SPECIMEN
DEVELOPED DURING COLD CYCLING WITH TENSILE LOAD

Fig. 5-42 BOWING DUE TO DELAMINATIONS DEVELOPED IN THE
GRAPHITE/LOW MODULUS EPOXY SPECIMENS DURING
COLD CYCLING WITH TENSILE LOAD
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Fig. 5-50 STRAINS IN [02/i45]S S-GLASS/INTERMEDIATE MODULUS
EPOXY SPECIMEN UNDER UNIAXIAL TENSILE LOADING AFTER
100 THERMAL CYCLES BETWEEN ROOM TEMPERATURE AND
411 degK (280°F)
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Fig. 5-51 STRESS-STRAIN CURVES FOR [02/145]S S-GLASS/EPOXY
SPECIMEN UNDER UNIAXTAL TENSILE LOADING AFTER 100
THERMAL CYCLES BETWEEN ROOM TEMPERATURE AND 411 degK
(280°F)

5-80

800

600

400

200



‘SSTILS

(XX

(BdiW)

(4,006) MB9P €€¢ ANV TANIVIZINAL WOOY NIHAMIAY SHTIOXD TVWSHTHL 001

YELAV ONIAVOT HTISNHL TVIXVINA JAANN NIWIDHILS MQHZHMAom\ZOMOm.mﬁmq%\mou NI SNIVYLS 76-S '8BT4

K

uMOH ‘NIVYLS
13 4 T 0

ol

00¢}H

0071

009

008

(1% €/) ®aW 05 = T%g
= V4
90 = “*a
(1sd (0T ¥ Z°81) ®dD 971
w
qdov 2
=3
wn
w
Q
e
b
—4 09 -
\N..)
wn
LK e
3 -
- 08
-4 001

5-81



S (ksi)

STRESS,

80

70

60

50

40

30

20

10

—pOO

XX

—H00

00

—4300

119 GPa (17.3 x 10°

psi)
0.80

538 MPa (78 ksi) 1200

<
I

w2
it

xxT

o0

| | I I I LO

0 2 4 6 3 8 10 12
STRAIN, 107 ¢

Fig. 5-53 STRAINS IN [09/+45] ¢ BORON/POLYIMIDE SPECIMEN UNDER
UNIAXIAL TENSILE LOADING AFTER 100 THERMAL CYCLES
BETWEEN ROOM TEMPERATURE AND 533 degK (500°F)
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6.0 TASK V - EFFECTS OF LAMINATE CONFIGURATION VARTABLES

6.1 Introduction

The objeétive of this task was to investigate the effects
on the magnitudes of residual stress and strength of ply stacking
sequence, ply orientation and fiber volume ratio. This investigation
was conducted only on the Graphite/Polyimide material. Specimens
with a lower fiber volume ratio than the one used in Tasks II, III
and IV, were tested to evaluate the effects of this parameter.
The effects of ply configuration (layup) were evaluated with specimens
of [02/1‘15]S and [02/902]s in addition to the [02/i45]S specimens
used in previous tasks. The effects of ply stacking sequence were
investigated with specimens of [145/0213” [O/+45/O/—45]S and
[+45/02/-45]S layups. Six specimens, including three with embedded
instrumentation, were tested for each of the configuration variables

above.

6.2 Specimen Fabrication and Strain Monitoring

Preliminary experiments were conducted for the purpose of
producing Graphite/Polyimide specimens with a controlled lower fiber
volume ratio. It was found that reduction of curing pressure alone
does not decrease the fiber volume ratio. Tests with different
degrees of vacuum and various numbers of soak cloth layers were also
conducted. A reduced fiber volume ratio of Ve = 0.37 was obtained
by curing the laminates between twp pressure plates and using only

one soak glass paper layer on top.

Three 2.54 cm x 22.9 em (1 in. x 9 in.) specimens with
embedded gages and an 8.9 cm x 22.9 cm (3.5 in. x 9 in.) plate of
[02/t45]S layup and a fiber volume ratio of v = 0.37 were prepared.
In addition to these, a 2.54 cm x 12.7 em (1 in. x 5 in.) [08] control
specimen with embedded gages and an embedded thermocouple, an
8.9 cmx 22.9 em (3.5 in. x 9 in.) [08] plate and an 8.9 cm x 22.9 cm
(3.5 in. x 9 in.) [908] plate were prepared. The latter were used

for preparation of specimens for material characterization.
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Three 2.54 ecm x 22.9 cm (1 in. x 9 in.) [02/t15]s specimens
with embedded gages, a 2.54 cm x 12.7 em (1 in. x 5 in.) [Og]
specimen with embedded gages and a thermocouple and an 8.9 cm x 22.9 cm
(3.5 in. x 9 in.) [02/1‘15]S plate were prepared. These specimens
and plate had the same fiber volume ratio as the material used in
Tasks II, III and IV.

Similar sets of specimens and plates as above were prepared
with [02/902]s’ [i45/02]s, [0/+45/0/—45]S, and [+45/02/-45]S ply

configurations.

All specimens and plates above were cured and postcured as
before. Strain gages and thermocouples were monitored during post-
curing, since it was shown earlier that the thermal strains in
Graphite/Polyimide are essentially the same during the second part
(cool down) of the curing cycle and the lower temperature part of

the postcuring cycle.

6.3 Effect of Fiber Volume Ratio

6.3.1 Characterization of Unidirectional Laminates

Unidirectional properties of the Graphite/Polyimide material
with the lower fiber volume ratio of Ve = 0.37 were determined.
Stress-strain curves for the 0O-degree material under uniaxial tension
are shown in Figs. 6-1, 6-2 and 6-3. All strains appear to be
fairly linear to failure. The longitudinal modulus is not
significantly lower than the corresponding modulus for the higher
fiber volume ratio material of Task II. The longitudinal tensile
strength is approximately 8 percent lower than the corresponding
strength for the standard material of Task II. The transverse modulus
is appreciably lower and the transggrse‘tensile strength is less
than half the corresponding value of the standard material. The
latter value of course is very much influenced by initial flaws
and initial curvature of the specimen introduced during manufacturing.
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Two unidirectional 10-degree off-axis specimens were

tested in tension to determine in-plane shear properties. Shear

strain was computed from the readings of two three-gage rosettes

used in each specimen. Shear stress versus shear strain curves

to failure are shown in Figs. 6-4 and 6-5.

up to approximately 16 MPa (2300 psi). The shear strength is

The curves are linear

higher than the corresponding strength of the standard material with

the higher fiber volume ratio.

The measured properties above are summarized in the following
Table 6-1. 1Included in this table are the coefficients of thermal
expansion measured during the subsequent task of residual strain

determination.

Table 6-1

PROPERTIES OF UNIDIRECTIONAL GRAPHITE/POLYIMIDE

(Modmor I/WRD 9371)

Fiber Volume Ratio
Longitudinal Thermal Coefficient,
o

11
Transverse Thermal Coefficient,
%22
Longitudinal Modulus, E11

Transverse Modulus, E22
Shear Modulus, G12

Major Poisson's Ratio, Vi
Minor Poisson's Ratio, Vo1

Longitudinal Tensile Strength,

S11T

Transverse Tensile Strength,
Soot

gntralaminar Shear Strength,
12

0.37

1

0.4 x 10°° k7L (-0.2 pe/°m)

27.1 x 1070 k71 (15.0 pe/°F)
207 GPa (30 x 10° psi)

4.14 GPa (600 ksi)

4.11 GPa (595 ksi)

0.39

0.01

744 MPa (107.8 ksi)
5.9 MPa (850 psi)

25.0 MPa (3620 psi)
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6.3.2 Residual Strain

The embedded strain gages and thermocouples in the
[02/i45]s and [08] specimens of the low fiber volume ratio
Graphite/Polyimide were monitored during postcuring. Thermal
strains in the unidirectional specimen are shown in Fig. 6-6.
They vary linearly with temperature as the standard material
described in Section 3. The thermal coefficients of expansion
determined from these curves are:

apy = -0.4 x 1078 k1 (-0.2 we/om

ayy = 27.1 x 10°% k71 (15.0 ue/°m)

As expected, the transverse thermal expansion coefficient is slightly
higher than the corresponding coefficient of the standard material
of Task II.

Strains in the angle-ply laminate are plotted in Fig. 6-7.
They are approximately one-tenth the corresponding strains in the
unidirectional specimens. They are approximately 30 percent higher
than the corresponding strains of the standard material.

Restraint strains in the O-degree and 45-degree plies of
the [02/i45]S laminate were obtained as before and plotted in Figs.
6-8 and 6-9. They are linear with temperature and they are
approximately of the same magnitude as in the standard material
(Figs. 3-73 and 3-74).

6.3.3 Static Strength

Two 2.54 cm x 22.9 em (1 in. x 9 in.) [02/i45]S specimens,
including one with embedded gages, were tested to failure under
static tensile loading. Stress-strain curves are shown in Figs. 6-10
and 6-11. The average modulus, Poisson's ratio and strength

determined from these tests are:




E._ = 107.5 GPa (15.6 x 10° psi)
XX

Vey = 0.87

SxxT= 388 M?a (56 ksi)

Results are summarized at the end of this section in Table 6-2.

6.3.4 Tensile Load with Thermal Cycling

Two [02/i45]S specimens, including one with embedded gages,
were subjected to a static tensile load equal tc 70 percent of the
ultimate and to 100 thermal cycles between rool’ .emperature and
533 degK (500°F). Both specimens failed during this cycling.

Two similar specimens as above were subjected to a static
tensile load equal to 70 percent of the ultimate and to 100 thermal
cycles between room temperature and 200 degK (-100°F). Strain
gages were monitored in the beginning and at the end of this cycling
program. The strain gage readings were inconclusive. The specimens
were subsequently tested statically to failure. Figures 6-12 and
6-13 show the stress-strain curves obtained.

The resulting values for the elastic properties and strength

are:
- 6 .
EXX = 100 GPa (14.4 x 10~ psi)
v = 0.85
Xy
SxxT = 383 MPa (55 ksi)

The modulus is somewhat lower than the initial value, but the strength
is nearly the same as the initial static strength. These results are
summarized at the end of this section in Table 6-4.
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6.4 Effect of Ply Orientation

6.4.1 Residual Strain

Embedded strain gages and thermocouples in [02/115]S
and [02/902] Graphite/Polyimide specimens having the standard
fiber volume ratio as in Task II were monitored during postcuring.

Strains in the [02/i15]s specimen are shown in Fig. 6-14.
They vary linearly with temperature and are an order of magnitude
higher than the corresponding strains of the [02/145]S specimen
(Fig. 3-72). They are of the same order of magnitude as the strains
in the unidirectional material (Fig. 3-71) as the [02/3:15]S layup
does not deviate much from the unidirectional construction. Restraint
strains in the 0O-degree plies were computed as before and shown in
Fig. 6-15. Restraint strains in the 15-degree ply were computed as

follows:
r a _ _u
€0 T %o €15
Lo a _ u
90 €90 = €75
eis = 6?5 - e% (parallel to fibers)
e_§5= 8?5 - 580 . (normal to fibers)

where subscripts refer to angle of direction measured from the
longitudinal axis of the specimen (0-axis) and superscripts r,

a and u refer to restraint, angle-ply laminate and unidirectional
laminate, respectively. The strains in the unidirectional and
angle-ply laminates at 15- and 75-deg directions were computed from
the measured strains using the strain transformation equation:

- €90

€ £
20 + 0 5 cos26

where 6 = 15- and 75-deg. The computed restraint strains are shown
in Fig. 6-16.
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Thermal strains in the [02/902] specimen were very
small because of the restraint produced by the fibers in two
directions. The apparent strains recorded are shown in Fig.
6~-17 next to the purely thermal output of the gage. As can be
seen, the determination of the true thermal strains involves
computation of small differences of large numbers. The resulting
strains in the laminate are shown in Fig. 6-18. The scatter
appears large because of the enlarged scale and the low magnitude
of the strains. It is not known whether the small difference
between the 0O-deg. and 90-deg strains is significant. Restraint
strains in 0- and 90-deg. plies of the laminate are shown in ‘
Figs. 6-19 and 6-20. As expected, the restraint strains in the
axial and transverse directions of the 0-degree ply (eo and 590)
are equal to the restraint strains in the transverse and axial
directions (690 and eo) of the 90-degree ply. Naturally, the 45-

degree strains are equal for both plies.

6.4.2 Static Strength

Two 2.54 ecm x 22.9 cm (1 in. x 9 in.) specimens of each
of the two laminate constructions above were tested to failure under
static tensile loading. 1In each pair of specimens, one specimen
was instrumented with embedded gages and the other with surface
gages only. Stress-strain curves are shown in Figs. 6-21 through
6-23. The average values for the elastic properties and strength
are:

For the {02/115]S specimens,

- 6 .
EXx = 201 GPa (29.2 x 10~ psi)
vxy = 1.53
SxxT = 606 MPa (88 ksi)

and for the [02/902]S specimens,
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131 GPa (19.0 x 10% psi)

E =

XX

Yy = 0.035

SexT = 421 MPa (61 ksi)

These results are summarized in Table 6-2 at the end of this

section.

6.4.3 Tensile Load with Thermal Cycling

_ Two specimens of each of the two laminate constructions
above, including one with embedded gages, were subjected to a
static tensile load equal to 70 percent of the static ultimate and
to 100 thermal cycles between room temperature and 533 degK (500°F).
Strain gages were monitored in the beginning and at the end of this
cycling program. Apparent strains monitored during the first and
one hundred and first thermal cycles for specimen [02/115]S are
shown in Fig. 6-24. The axial strains are identical in the
beginning and at the end of cycling, but discrepancies appear in the’
45-degree and transverse strains. These discrepancies cannot be
attributed to structural degradation, since the strains at the end
of thermal cycling are in closer agreement with the thermal

strains recorded during curing (Fig. 6-14).

The thermally cycled specimens above were tested statically
to failure. Stress-strain curves are shown in Figs. 6-25 through
6-28. - The average values for the elastic properties and strength

are:

For the [02/i15]s specimens,

- 6 .
Exx = 203 GPa (29.5 x 10~ psi)
vxy = 1.50
'SxxT = 698 MPa (101 ksi)
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and for the [02/902]S specimens,

- 6 .
EXx = 112 GPa (16.3 x 10~ psi)
v = 0.013°
Xy
SXXT = 338 MPa (49 ksi)

These results are summarized in Table 6-3 at the end of this
section. In the case of [02/i15]S specimens the residual strength
is somewhat higher than the initial strength whereas the two
moduli are approximately the same. 1In the case of the [02/902]S
specimens the residual strength and modulus are both lower than

the corresponding initial values.

Two additional specimens, including one with embedded
instrumentation, of each of the two laminate constructions above
were subjected to a static tensile load equal to 70 percent of the
ultimate and to 100 thermal cycles between room temperature and
200 degK (-100°F). Strain gages were monitored in the beginning
and at the end of this cycling program. Apparent strains recorded
during this thermal cycling are shown in Figs. 6-29 and 6-30. No
significant differences appear between the strains recorded in the
beginning and those recorded at the end of the thermal,cycling;!

The thermally cycled specimens above were tested statically
to failure. Stress-strain curves are shown in Figs. 6-31 through
6-34. The average values for the elastic properties and strength

©oare:

" For the [02/i15]S specimens,

E, = 201 GPa (29.2 x 10° psi)
vxy = 1.40
Sy = 700 MPa (101 ksi)




and for the [02/902]S specimens,
6

Exx = 123 GPa (17.9 x 10" psi)
v vxy = 0.045
SxxT = 393 MPa (57 ksi)

These results are summarized in Table 6-4 at the end of this
section. The residual strength of the [02/t15]S specimens is
somewhat higher than the initial strength whereas the reverse is
true in the case of the [02/902]_S speciméns. These differences,

however, may not be significant.

. 6.5 Effect of Ply Stacking Sequence

6.5.1 Residual Strain

Embedded strain gages and thermocouples in [145/02]8,
[O/+45/O/—45]S and [+45/02/-45]S Graphite/Polyimide specimens
were monitored during postcuring.

Strains in these specimens are shown in Figs. 6-35 through 6-37.

They vary linearly with temperature andvthey are all approximately

of the same magnitude, within experimental variability, and equal

to the corresponding strains of the standard [02/i45]s specimen

(Fig. 3-72). Restraint strains in the O-degree and 45-degree plies
computed as before are shown in Figs. 6-38 through 6-43. All these
strains vary linearly with temperature and are equal for all ply
 stacking’sequence variatiqns, including the standard 1ayupr[02/i45]s
(Figs. 3-73 and 3-74). o :

6.5.2 Static Strength

Two specimens of each of the three layups above, including
one with embedded strain gages, were tested to failure under static
tensile loading. Stress-strain curves are shown in Figs. 6-44 through
6-49. Results are summarized in Table 6-2 at the end of this section.
The average values for the elastic properties and strength are:
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For the [145/02]S specimens,

129 GPa (18.6 x 10° psi)

E

XX -
vxy = 0.81
Sper T 506 MPa (76 ksi)

for the [0/+45/0/—45]S spécimens,-;

129 GPa (18.6 x 10° psi)

E

XX
vxy = 0.85
SxxT = 430 MPa (62 ksi)

and for the [+45/02/-45]S specimens,

E 126 GPa (18.3 x 10° psi)

XX
vxy = 0.76 |
SxxT'= 497 MPa (72 ksi)

Except for the somewhat lower strength of the [0/+45/0/-45]S
layup, all other properties seem to be approximately the same for
all three layups. All strengths are appreciably higher than the
basic [02/145]S laminate tested under Task II. This difference may
be related to the fact that the laminates above were cured in a
separate batch at a much later date.

" 6.5.3 Tensile Load with Thermal Cycliﬁg

Two specimens of each of the three laminate constructions
above, including one with embedded gages, were subjected to a static
tensile load equal to 70 percent of the static ultimate and to 100 v
thermal cycles between room temperature and 533 degK (500°F). Strain
gages were monitored in the beginning and at the end of this éycling
progfam. No significant differences were observed in the recorded
strains between the beginning and the end of cycling.
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These specimens were subsequehtly tested statically to
failure. Stress-strain curves are shown in Figs. 6-50 through
6-55. The average values for the elastic properties and strength

are:

For the [145/02]S specimens,

- 6 .
Exx = 125 GPa (18.1 x 10~ psi)
vxy = 0.79 ‘
SxxT‘z 465 MPa (68 ksi)

for the [0/+45/0/—45]S specimens,

131 GPa (19.0 x 10° psi)

E =
XX
v = 0.81
xy
<xT 440 MPa (64 ksi)

and for the [+45/02/-45]S speciméns,
6

E, = 128 GPa (18.6 x 10~ psi)
ny = 0.77
SxxT = 462 MPa (67 ksi)

These results are summarized in Table 6-3 at the end of
this section. No significant differences exist among the three
layups and between residual and initial properties. The largest
differences, up to 10 percent, appear in the strength values.

Two additional specimens of each of the three layups aboVe{'
‘including one with embedded gages, were subjected to a static tensile
load equal to 70 pefcent of the ultimate and to‘lOO'thermal cycles
between room temperature and 200 degK (-100°F). Strain gages were
monitored in the beginning and at the end of this cycling program.
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These specimens were subsequently tested statically to failure.
Stress-strain curves are shown in Figs. 6-56 through 6-61. The
average values for the elastic properties and strength are:

For the [t45/02]S specimens,
6

Exx .= 125 GPa (18.1 x 10" psi)
vxy = 0.79
.SxxT = 531 MPa (77 ksi)

for the‘[0/+45/0/—45]S specimens,

E 122 GPa (17.7 x 10% psi)

XX
ny = 0.82
SxxT = 431 MPa (62 ksi)

and for the [+45/02/—ASJS specimens,

— 6 .
Exx = 128 GPa (18.5 x 10" psi)
v = 0.83
Xy _
SXXT = 458 MPa (66 ksi)

These results are summarized in Table 6-4. No significant

‘differences appear between initial and residual properties and among

the three layups. The largest differences, up to 10 percent, appear
in the strength values. |

6.6 Summary and Conclusions

The effects of fiber volume ratio, ply orientation and ply
stacking sequence on the magnitudes of residual stress, stiffness
and strength of Graphite/Polyimide laminates were investigated.
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Residual strains in the lower fiber volume ratio laminates
were approximately the same as those of the standard material.
Restraint strains in the O-degree plies of the [02/115]s are
approximately one-fourth of those in the 0-degree plies of the
[02/i45]s layup. This is because the *15-degree plies offer less
restraint to transversal contraction of the 0-degree plies than
do *45-degree plies. Restraint strains in the 0O-degree plies of the
[02/902]s laminate are higher than corresponding strains in the
[02/i45]S laminate by approximately 8 percent. Ply stacking sequence
was found to have no measureable effect on the magnitude of residual
strains. These strains were almost identical for all four variations
of ply stacking sequence: [0,/%45]_, [£45/0,1, [0/+45/0/-45] and
[+45/02/-45]S.

Results of static tensile tests are tabulated in Table 6-2.
The modulus and tensile strength of the low fiber-volume-ratio
laminate were lower than corresponding properties of the standard
material by approximately the same ratio as the corresponding fiber
volume ratios. The ratio of FVR's is 0.45/0.37 = 1.22 and compares
closely with the ratio of measured moduli of 18.5/15.6 = 1.19 and
the strength ratio of 69/56 = 1.23. This means that the stiffness
and strength per ply are not affected by moderate changes in the
fiber volume ratio. The modulus of the cross-ply laminate [02/902]S
is only slightly higher than that of the [02/i45]S laminate and
its stacking sequence variations, but its strength is lower by ’
approximately 12 percent. The [OZ/tlS]S layup showed the most dramatic.
influences of ply orientation. The modulus of 201 GPa (29.2 x 106 psi)
approaches that of the unidirectional material and the strength is
higher than that of the [02/145]S layups by approximately 28 percent.
The most pronounced result is the high value of 1.53 for Poisson's
ratio. Stacking sequence variations of the basic [02/145]S had no
significant effect on measured modulus and strength, although the
[0/+45/O/—45]S layup displayed consistently lower strength values.
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The effects of fiber volume ratio and ply orientation
and stacking sequence were also evaluated by subjecting specimens
to a tensile preload and to 100 thermal cycles between room
temperature and 533 degK (500°F). The low fiber volume ratio
specimens failed during thermal cycling under a tensile preload
equal to 70 percent of the static ultimate. All other specimens
survived the cycling under a similar preload. Strains monitored
during thermal cycling did not disclose any significant changes
between the beginning and end of cycling. Residual properties of
all surviving specimens were determined by testing them statically
to failure after thermal cycling. Results are tabulated in Table
6-3. The [02/i15]S specimens show somewhat higher residual strength
and unchanged modulus. The [02/902]Slaminate, having the highest
residual stresses, showed a reduction in both strength and stiffness.
No significant changes between initial and residual properties
were observed in the three stacking sequence variations of the basic

[02/i45]S laminate.

The effects of the same parameters above were evaluated for
thermal cycling between room temperature and 200 degK (-100°F) under
tensile preload. Strains monitored during this cycling did not
disclose any significant differences between the beginning and end of
cycling. Results on residual properties of all cycled specimens are
tabulated in Table 6-4. The strength in the low fiber-volume-ratio
specimens remained unchanged, but the modulus showed some reduction.
The [02/115]S specimens showed higher residual strength and unchanged
modulus. The [02/902]S laminate, having the highest residual stresses,
showed a reduction in both strength and modulus, as above. The
stacking sequence variations of the basic [02/145]S laminate showed
no significant changes between initial and residual properties. Again,
as in the case of initial static properties and residual properties
after elevated temperature cycling, the [0/+45/0/-45] layup showed
a somewhat lower strength than the other stacking sequence variations.
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STRESS, Oy, (ksi)
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Exx = 110.5GPa (16.0x10%psi)
Vyy =0.87 1'%
10 .
SxxT = 374MPa (54.2ksi )
| I 1 ~
%9 i 2 3 4 50

STRAIN, 10%€
Fig. 6-10 STRAINS IN [0,/+45]  GRAPHITE/POLYIMIDE
SPECIMEN WITH LOW FIBER VOLUME RATIO
UNDER TENSILE LOADING
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STRESS, Oy, , ( ksi)
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STRAIN, I0°€

Fig. 6-11 STRAINS IN [02/145]S GRAPHITE /POLYIMIDE
SPECIMEN WITH LOW FIBER VOLUME RATIO
UNDER TENSILE LOADING
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STRESS, O,  ksi)
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0 ] | ] 0
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STRAIN, IO3€

Fig. 6-23 STRAINS IN [02/902]S-GRAPHITE/POLYIMIDE
SPECIMEN UNDER TENSILE LOADING
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STRAIN, 106e

800G

4004

-400F

-800

200 250 300 (°K)
1 .

=160 Ol ' r T '
-100  _g0 -20 20 60 100 (°F)

TEMPERATURE, T

Fig. 6-29 APPARENT STRAINS IN [0,/#15]_  GRAPHITE/POLYIMIDE

' SPECIMEN DURING THERMAL CYCLING WITH TENSILE
LOAD (FILLED SYMBOLS: BEGINNING OF CYCLING:; OPEN
SYMBOLS: END OF CYCLING).
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STRAIN, 1065
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—
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| \a |

T ] T T 1
-100 -60 -20 20 60 100 (°F)
TEMPERATURE, T

Fig. 6-30 APPARENT STRAINS IN [02/902]S GRAPHITE/

POLYIMIDE SPECIMEN DURING THERMAL CYCLING
WITH TENSILE LOAD (FILLED SYMBOLS: BEGINNING
OF CYCLING; OPEN SYMBOLS: END OF CYCLING)
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STRESS, Oy, , (ksi)
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f | 1 . i 0
OO | ‘ 2 3 ren 5

STRAIN,10° ¢
Fig. 6-44 STRAINS 1IN [t45/02]S GRAPHITE /POLYIMIDE
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7.0 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE WORK

An experimental investigation was conducted to determine
the magnitude of lamination residual stresses in angle-ply composites
and to evaluate their effects on composite structural integrity. The

investigation consisted of five tasks.

Task I dealt with a selective literature survey to obtain
thermal and mechanical properties of unidirectional composites. Six
fiber/matrix systems were selected for the experimental investigation:
Boron/Epoxy (4 mil Boron/AVCO 5505), Boron/Polyimide (4 mil Boron/

WRD 9371), Graphite/Low Modulus Epoxy (Modmor I/ERLA 4289), Graphite/
High Modulus Epoxy (Modmor I/ERLA 4617), Graphite/Polyimide (Modmor I/
WRD 9371), and S-Glass/Epoxy (Scotchply 1009-265).

In Task II, the six materials selected were characterized,
instrumentation procedures were developed, residual strains were
measured during curing, and the static strength measured of [02/145]S
angle-ply laminates. Material characterization consisted of deter-
mination of longitudinal and transverse tensile and compressive properties,
in-plane shear properties, coefficients of thermal expansion, density
and fiber volume ratio. Results of this characterization are tabulated

in Tables 3-13 through 3-18.

The longitudinal modulus of the polyimide-matrix systems is
somewhat higher than that of eﬁoxy-matrix systems with the same fibers.
This is not the case for the transverse moduli. The transverse modulus
of Boron/Polyimide is appreciably lower than that of Boron/Epoxy and
the transverse modulus of Graphite/Polyimide is lower than that of
Graphite/High Modulus Epoxy. The S-Glass/Epoxy has the highest
transverse modulus as well as the highest ratio of transverse to
longitudinal modulus (~ 0.4) and the highest shear modulus. The longi-
tudinal tensile strength of the polyimide matrix systems is noticeably
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lower than that of epoxy-matrix systems with the same fibers.
Furthermore, the longitudinal tensile strength of the Graphite/
High Modulus Epoxy is significantly lower than that of the
Graphite/Low Modulus Epoxy. The transverse tensile strength of
the polyimide-matrix systems is appreciably lower than that of the
epoxy-matrix systems with the same fibers. The same strength for
Graphite/Low Modulus Epoxy is very low (4.15 MPa; 600 psi).

The longitudinal compréssive strength for Boron/Epoxy,
Boron/Polyimide and Graphite/High Modulus Epoxy is higher, by up
to 15 percent, than the tensile strength. This is not the case for
the other three systems, but that conclusion is not definite. The
measured transverse compressive strength (SZZC) is in all cases
appreciably higher (2.2 to 5.7 times) than the corresponding tensile
strength. As in the case of other strengths, the intralaminar shear
strength for the polyimide matrix systemé is lower than that of the

corresponding epoxy-matrix systems.

Techniques were developed and applied to the measurement
of subsurface strains in composite laminates at elevated temperatures.
They consist primarily of embedding encapsulated foil strain gages
with attached insulated leads between the plies of the composite during
lamination, and recording the output during curing and subsequent
thermal and mechanical loading. The strain gage output at elevated
temperatures was separated into one part due to deformation and
another part due to change in resistivity of the gage with temperature
(thermal output). The latter part was determined from a reference

quartz specimen instrumented with similar strain gages.

Strains during curing and thermal cycling were measured in
[0,/+45], and [0Og] laminates of the six systems selected. Strains
recorded in the first part (heating) of the curing cycle are not
significant as they correspond to the fluid state of the matrix.
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Strains measured in the second part (cooling) of the curing cycle

were in satisfactory agreement with strains measured during sub-
sequent thermal cycling. This indicates that residual stresses are
set up during cooldown as a result of differential thermal expansion
of the various plies. The strains in most specimens vary linearly
with temperature, except for the unidirectional S-Glass/Epoxy and ; -
the Graphite/High Modulus Epoxy specimens. Restraint or residual J
strains were computed for the 0O-deg. and 45-deg plies of the'[Oz/il;S]S
laminates by taking the differences of the measured laminate strains
and the corresponding unrestrained strains of that ply. These strains
vary linearly with temperature for most materials except the Graphite/

High Modulus Epoxy and the S-Glass/Epoxy.

Residual stresses as a function of temperature were computed
from the residual strains by using the anisotropic constitutive A
relations and taking into account the temperature dependence of the
stiffnesses and strains. 1In the case of the 0O-deg. plies in the
Boron/Epoxy laminate a maximum transverse residual stress of 32,400 kPa
(4,700 psi) was determined. This means that approximately 50 percent of
the transverse strength of these plies has been exhausted in the curing

process.

Two [02/t45]s specimens of each material, including one with
embedded instrumentation were tested statically in tension to failure.
Strains and acoustic emission were recorded. The initial Young's
modulus, Poisson's ratio and tensile strength are tabulated in Table
3-19. The S-Glass/Epoxy is the strongest but has the lowest modulus.

The Boron/Epoxy follows closely in strength and has the second highest
modulus. The Boron/Polyimide with the highest modulus has a strength
equal to approximateiy 80 percent of that of Boron/Epoxy. The Graphite/
Low Modulus prxy seems to be somewhat stronger than the Graphite/High
Modulus Epoxy and much stronger than the first batch of Graphite/Polyimide
specimens. The average value of Poisson's ratio is 0.72 +0.02, except |
for the S-Glass/Epoxy which has a much lower Poisson's ratio (0.52).
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The extent of relaxation of lamination residual stresses
was investigated in Task 1II. Three approaches were followed: (1)
Direct measurement of strain changes with time, (2) Stress relaxation
determination in 90-degree unidirectional specimens, and (3) Elastic
and strength properties of laminates as a function of time after
curing. The first approach proved to be very insensitive. The
measured amount of relaxation in 90-degree specimens after thirty days
in most cases ranged between 9.5 and 24.5 percent, except for the Boron/
Polyimide where a fracture mechanism was operating. The relaxation
measured in the 90-degree specimens is an upper bound to the actual
relaxation of residual stresses in an angle-ply laminate. Therefore, it
can be concluded that the amount of residuzl-stress relaxation is small.
No significant variations in stiffness cr strength were observed in
specimens tested over periods from one to twenty-two months after

curing.

- In Task IV the behavior cf angle-ply laminates subjected to
thermal cycling, tensile load cycling and thermal cycling with tensile
load was investigated. Specimens were subjected to thermal cycling
between room temperature and 411 degK (280°F) for the epoxy-matrix
composites and between room temperature and -533 degK (500°F) for the
polyimide-matrix composites. No visual degradation was evident and no
differences were detected in measured strains between the beginning and
the end of cycling. Residual moduli were very close to initial wvalues.
The residual strengths, with the exception of the Boron/Polyimide, were
slightly higher than the initial strengths. Although the differences
are too small to be considered significant in view of the small number
of specimens tested, they could be attributed to some residual stress

relaxation.

Cycling between room temperature and 200 degK (-100°F) did
not reveal any apparent degradation or any differences in measured
thermal strains between the beginning and the end of cycling. Subsequent
static testing showed that the residual moduli and strengths remained




unchanged, except for the Graphite/Low Modulus Epoxy which showed
significant reductions in both modulus and strength (approximately
35 percent) due to degradation during cycling.

A group of specimens were subjected to tensile load cycling
between 0 and 25 to 90 percent of the static strength. Strains and
temperature were monitored during cycling. The Boron/Epoxy and Graphite/
Low Modulus Epoxy survived 10 million cycles to 40 percent of ultimate.
The Boron/Polyimide showed runouts  at loads of 40 and 70 percent of
ultimate. The Graphite/High Modulus Epoxy had runouts at 70 percent
of ultimate. The Graphite/Polyimide had the highest endurance with
runouts at 70, 80 and, in one case, even 90 percent of ultimate. The
S—Glass/Epoxy had the lowest endurance and did not survive 10 million
cycles even at 25 percent of ultimate. All surviving specimens were
tested statically to failure with no indications of any changes in
residual modulus or strength.

A group of specimens were subjected to a static tensile load
equal to 70 percent of the ultimate and simultaneously to 100 thermal
cycles as the unloaded specimens before. The Graphite/Low Modulus Epoxy
and S-Glass/Epoxy did not survive the elevated temperature thermal
cycling. The same materials showed visible degradation as a result of
the low temperature thermal cycling. The residual modulus and strength
remained relatively unchangéd except for significant reductions in
strength and modulus in the Graphite/Low Modulus Epoxy and some strength
reduction in the S- Glass/Epoxy

The effects of fiber volume ratio, ply orientation and ply
stacking sequence on the magnitudes of residual stress, stiffness and
strength of Graphite/Polyimide were investigated in Task V.

Residual strains in the lower fiber volume ratio laminates
were approximately the same as those of the standard FVR material.
Restraint strains in the O-degree plies of the [02/t15]S are approximately




one-fourth of those in the 0-degree plies of the [02/145]S layup.

This is because the *15-degree plies offer less restraint to trans-
versal contraction of the 0O-degree plies than do +45-degree plies.
Restraint strains in the 0O-degree plies of the [02/902]S laminate are
higher than corresponding strains in the [02/i45]S laminate by
approximately 8 percent. Ply stacking sequence was found to have no
measurable effect on the magnitude of residual strains. These strains
were almost identical for all four variations of ply stacking sequence:
[02/i45]s, [145/02]3, [O/+45/0/—45]S and [+45/02/-45]S

Results of static tensile tests are tabulated in Table 6-2.
The modulus and tensile strength of the low fiber-volume-ratio laminate
were lower than corresponding properties of the standard material by
approximately the same ratio as the corresponding fiber volume ratios.
The ratio of FVR's is 0.45/0.37 = 1.22 and compares closely with the
ratio of measured moduli of 18.5/15.6 = 1.19 and the strength ratio of
69/56 = 1.23. This means that the stiffness and strength per ply are
not affected by moderate changes in the fiber volume ratio. The modulus
of the cross-ply laminate [O /90 ] is only slightly higher than that
of the [O /+45] laminate and 1ts stacking sequence variations, but its
strength is lower by approximately 12 percent. The [0 /+15] layup
showed the most dramatic influences of ply orientation. The modulus'
of 201 GPa (29.2 x 106 psi) approaches that of the unidirectional material
and the strength is higher than that of the [02/+45] layups by
approximately 28 percent. The most pronounced result is the high value
of 1.53 for Poisson's ratio. Stacking sequence variations of the
basic [02/145]S had no significaﬁt effect on measured modulus and
strength, although the [O/+45/0/-45]S layup displayed consistently lower
strength values.

Specimens were subjected to a tensile preload equal to 70
percent of the static strength and to 100 thermal cyéles between room
temperature and 533 degK (500°F). No changes in measured strains were
observed between the beginning and the end of cycling. The low FVR
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specimens failed during cycling. Residual properties were measured
for the surviving specimens. The [02/i15]S specimens show
higher residual strength and unchanged modulus. The [02/902]s
laminate, having the highest residual stresses, showed a reduction
in both strength and stiffness. No significant changes between
initial and residual properties were observed in the three stacking

sequence variations of the basic [02/i45]é laminate.

Similarly loaded specimens were subjected to 100 cycles
between room temperature and 200 degK (-100°F). No strain changes
were observed between the beginning and the end of the cycling. The
residual strength.of the low FVR specimens remained unchanged, but
the modulus showed some reduction. The [02/i15]S specimens showed
higher residual strength and unchanged modulus. The [02/902]3
laminate, having the highest residual stresses, showed a reduction
in both strength and modulus, as above. The stacking sequence variations
of the basic [02/1‘45]S laminate showed no significant changes between
initial and residual properties. Again, as in the case of initial
static properties and residual properties after elevated temperature
cycling, the [O/+45/0/-45]S layup showed a somewhat lower strength

than the other stacking sequence variations.

One major contribution of this phase of the program is the
development and successful’appliéation of techniques for measuring
residual strains during curing. Residual strains were measured for six
composite systems and, in the case of Graphite/Polyimide, for two
fiber volume ratios, three layups and four stacking sequence variations
of one layup. The same techniques can be readily applied to measure-
ment of residual strains in hybrid angle-ply laminates and evaluate
the influence of hybridization on the magnitude of residual stresses
and residual strength. Hybridizing Graphite/Epoxy with S-Glass/Epoxy
and Kevlar 49/Epoxy should be investigated.

The effect of residual stresses on laminates with defects

and damaged areas would be of importance. Specimens with cutouts,
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cracks or other defects could be prepared with varying ply configura-
tions resulting in different states of residual stress. Strain '
concentrations and maximum‘strain at failure would be determined to
‘evaluate the effect of residual stresses on fracture around defects.

In all the tasks conducted in the present phase of the
investigation, the effects of residual stresses are measured in an
indirect manner, because there is no comparison with similar residual-
stress-free specimens. The independent influence of residual stresses
on elastic response and strength can be studied by comparing con-
ventionally fabricated angle-ply laminates with similar stress-free
laminates produced by bonding together at room temperature precured

plies.

The combination of residual stresses and interlaminar stresses
near edges can be beneficial or deleterious. These combined '

stresses near free edges-should be investigated.

Knowledge of the complete relaxation characteristics of
unidirectional composites for different fiber orientations and at
different temperatures will help in evéluating the exact amount of
relaxation of lamination residual stresses. Similar relaxation
properties in shear and under states of biaxial stress would help describe

the response of individual plies in angle—ply laminates.

The small number of tests described in this report where
acoustic emission was used point out the potential of this technique
in assessing structural degradation in composites. This technique
could be very useful in conjunction with other strain measuring
techniques, including embedded strain gages. It could be used
effectively in monitoring progressive degradation in thermally or

mechanically cycled laminates.

The effects of residual stresses on dynamic response of com-
posite laminates is of great relevance to the foreign-object-damage

(FOD) of jet engine turbine blades. Stress wave propagation for a
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variety of material and loading parameters, including residual
stresses, should be studied. Stress wave studies should include
determinatién of propagation velocities of different types of
waves, i.e.,‘dilatational, distortional and flexural waves, and
attenuation, reflection and induced fracture types and fracture
propagation. Experimental techniques, such as surface and embedded
strain gages, photoelastic coatings and moiré grids are very

suitable.

Impact resistance of composite laminates should be studied
as a function of lamination construction, hence residual stresses.
The effects of hybridization should also be studied. Ultrasonic
techniques are very suitable for damége assessment in such studies.

Proper evaluation of results of dynamic loading of composites
requires knowledge of the basic material properties for similar
timescales, i.e., at high strain rates. Very little work has been
done in the area of dynamic (high strain rate) characterization of
composites. Such characterization of unidirectional and angle-ply
laminates as a function of strain rate for tensile, compressive and

shear loading is greatly needed.
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