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FOREWORD

This report summarizes the work performed by the Boeing Aerospace Company (SAC)

under NASA Contract NAS1-15644 during the period December 1, 1980, through
.	

M4rch 31, 1981.

This program is sponsored by the National Aeronautics and Space Administration,
t^	 Lanyley Research Center (NASA/LaRC), Hampton, Virginia. Dr. Paul A. Cooper is

the Technical Representative for NASA/LaRC.

Performance of this contract is by Engineering Technology personnel of BAC.

Mr. J. E. Harrison is the Program Manager and Mr. D. E. Skoumal is the Techni-

cal Leader.

The following Boeing personnel were principal contributors to the program dur-

ing this reporting period: J. B. Cushman, Design and Analysis; S. G. Hill,

Materials and Processes.
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SUMMARY

This document reports on activities from December 1, 1980, through March 3

1981, of ar experimental program to develop several types of graphite/poly

(GR/PI) bonded and bolted joints. The program consists of two concurrent

tasks. TASK 1 is concerned with design and test of specific built-up attach-

ments, while TASK 2 evaluates standard and advanced bonded joint concepts. The

purpose is to develop a dater base for the design and analysis of advanced coirr-

posit°w joints for use at elevated temperatures (561K (5500F)). Tho objectives

are to identify and evaluate design concepts for specific joining applications

and to identify the fundi amental parameters controlling the static strength char-

acteristics of such joints. The results from these tasks will provide the data

necessary to design and build GR/PI lightly loaded flight components for

advanced space transpo)-tation systems and high speed aircraft.

During this reporting period, principal program activities dealt with the liter-

ature survey, design allowables and "small specimen" testing and preliminary

evaluation of attachment concppts. Test results are presented for rail shear

and sandwich beam compression tests and tension tests of moisture conditioned

specimens and bonded on "T" sections. Coefficient of thermal expansion data

are presented for OF (LARC 13 Amide-imide modified) adhesion. Static discrimi-

nator test results for Type 1 and Type 2 bonded and bolted preliminary attach-

ment concepts are presented and discussed.

Use of connnercial products or names of manufacturers it this report does not
constitute official endorsement of such products or manufacturers, either

expressed or implied, by the National Aeronautics and Space Administration.
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SECTION 1.0

INTRODUCTION

This is the 7th quarterly report covering results of activity during the period

December 1, 1980, through March 31, 1951.

The purpose of this program is to provide a data base for the design of

advanced composite joints useful for service at elevated temperatures (561K

(5500c)). The current epoxy-matrix composite technology in joint and attach-

ment design will be extended to include polyimide-matrix composites. This will

provide data necessary to build graphite/polyimide (GR/PI) lightly loaded

flight components for advanced space transportation systems and high speed air-

craft. The objectives of this contract are twofold: first, to identify and

evaluate design concepts for specific joining applications of built-up attach-

ments which could be used at rib-skin and spar-skin interfaces; second, to ex-

plore advanced concepts for joining simple composite-composite and composite-

metallic structural elements, identify the fundamental paramaters controlling

the static strength characteristics of such joints, and compile data for

design, manufacture, and test of efficient structural joints using the GR/PI ma-

terial system.

The major technical activities follow two paths concurrently. The TASK 1 ef-

fort is concerned with design and test of specific built-up attachments while

the TASK 2 work evaluates standard and advanced bonded joint concepts.

The generic joint concepts to be developed under TASK 1 are shown in Figure

1-1. The total program scheduled is shown in Figure 1-2.

In TASK 1.1, several concepts were designed and analyzed for each bonded and

each bolted attachment type and reported in Reference 1. Concurrent with this

task a series of design allowable and small specimen tests are being conducted

under TASK 1.2. The analytical results of TASK 1.1 and the design data from

TASK 1.2 will allow a selection, of the most promising bonded and bolted

concepts.

3
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Figure 1 -1: Generic Joint Concepts for 4 Attachment Types
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In TASK 1.3, a maximum of two of the most promising concepts for each joint

type will be fabricated, tested and evaluated. The evaluation will yield the

preferred joint concepts and will be based on weight efficiency, ease of fabri-

cation, detail part count, inspectability and predicted fatigue behavior.

Finally, eight joint concepts (2 of each joint type) will be fabricated in TASK

1.4 on a scaled-up manufacturing basis to assure that reliable attachments can

be fabricated for full-scale components. A series of static tests will be

performed on specimens cut frvmn the scaled-up attachments to verify the valid-

ity of the manufacturing process. Additional specimens will be thermally condi-

tioned and tested in a series of static and fatigue tests. Test results will

be compared w i th the analytical predictions to select final attachment concepts

and design/analysis procedures.

The TASK 2 activity will establish a limited data base that will describe the

influence of variations in basic design parameters on the static strength and

failure modes of GR/PI bonded composite joints over a 116K to 561K (-250 oF to

5500F) temperature range. The primary objectives of this research are to pro-

vide data useful for evaluation of standard bonded joint concepts and design

procedures, to provide the designer with increased confidence in the use of

bonded high-performance composite structures at elevated temperature, and to

evaluate possible modifications to the standard joint concepts for improved

efficiency.

To accomplish these objectives, activity under TASK 2.1 will consist of design,

fabrication, and static tests of several classes of composite-to-cumposite and

composite-to-metallic bonded joints including single-and-double-lap joints and

step-lap joints. Test parameters will include lap length, adherend stiffness

and stacking sequence at room and elevated temperatures. Toward the latter

part of this program, under TASK 2.2, a selection will be made of advanced lap

joint concepts which show promise of improving joint efficiency. Possible con-

cepts are pre-formed adherends, mixed adhesive systems, and lap edge clamping.

These concepts will be added to the static strength test program and the

results compared with the results from the standard joint tests.

e
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This report summarizes the literature survey, presents static discriminator
test results and results of design allowables, small specimen testing and
ancillary adhesive tests completed during this reporting period,
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SECTION 2.0

TASK 1 ATTACHMENTS

2.1	 TASK 1.1 - Design and Analysis of Attachments

This section discusses the results achieved during this reporting pe

literature survey and on design and analysis of attachments.

2.1.1 Literature Survey

A comprehensive literature search was initiated at the beginning of' the program

to compile applicable experimental data and analyses concerned with the process-

ing control, properties, and fabrication of GR/PI composite materials. In addi-

tion, the search was focused on design/analysis and evaluation of test data of

bonded and bolted composite attachments.

The search has revealed an extensive amount of basic research, both completed

and on-going, concerning attachments of composite structural members. Results

of the literature search have been reported in previous Quarterly Report num-

bers 1 through 5. Review of current literature is a continuous on-going proc-

ess during performance of this contract. A summary of relevant literature

reviewed during this reporting period is given below.

Reference 2 discusses residual thermal stresses in a symmetric double-lap joint

resulting from cooling from an elevated cure temperature to room temperature.

Analyses were performed using variational principles and compare results for a

linear elastic response with a viscoelastic response, Results show the largest

axial stresses occur within the adhesive layer. The viscoelastic analysis

showed a reduction in stresses, due to viscoelastic creep, to 40 to 50% of the

elastic results. This shows that prediction of joint thermal stresses based on

elastic behavior, while conservative, may lead to improper conclusions con-

cerning joint behavior. Time dependent viscoelastic analysis should be used

for realistic design of adhesive joints.

Results of a time dependent viscoelastic analysis of residual thermal stresses

in an unsymmetric graphite epoxy cross-ply laminate are presented in Reference S.

9



Calculated plate curvatures due to residual thermal stresses are comps-ed to

measured values for various cool down paths Results show good correlation.

Analysis results are used to define an optimal cool down path that will mini-

mize residual thermal stresses.

Reference 4 presents results of analyses evaluating residual internal stresses

due to moisture conditioning of symmetric grapite/epoxy crass=ply laminates.

Both elastic and viscoelastic analyses were performed. R^,sults show lower re-

sidual stresses when moisture conditioned at 339K ^150 0F) as compared to 335K

(1800F). Viscoelastic analyses show residual stresses three to six times less

than the elastic analysis results.

2.1.2 Design and Analysis

The design analysis procedure used to develop the joint designs is shown in Fig-

ure 2-1 which illustra";c-) the interaction between design, analysis and test.

Shaded areas indicate percent completion,

Basic designs foi • al

quarterly Report (CR

results were used to

presented in the 6th

conducted under Task

discriminator" tests

the bonded and bolted Joints are presented in the w,th

1.59112). Designs presented along with small specimen test

arrive at the static discriminator specimen configurations

Quarterly Report (CR 159113'. Final joint designs to be

1.4 will be defined when the "small specimen" and "static

are completed and results analyzed.

2.2	 TASK 1.2 - Material and Small Component Characterization

This section discusses design allowables and small specimen testing.

2.2.1 TASK 1.2.1 - Design Allowables

Flatwise tension tests of Celion 3000/PMR-15 laminates bonder to Hexcel HRH

327-3/16-8 core have been completed (Matrix 1 Test 8). Specimens were 50.8 mm

(2.0 inches) square (0/+45/90)25 laminates bonded to the core with A7F (LARC 13

amide-imide modified) adhesive. Specimens tested at room temperature and at

116K (-2500F) had aluminum load blocks bonded to the laminates. Elevated

10
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Figure 2-1 :Task 1 Design/Analysis/Test Flow Diagram
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temperature, 661K (5500F), specimens had steel load blocks. Test results are

given in Table 2-1. Large differences in the coefficients of thermal expansion

between the aluminum load Mocks and the laminates results in large thermal

stresses at 116K (-250 0F), This explains the premature failures for the 116K

(•2500c) Nests. All the room temperature specimens had interlaminar tension
	 3

failures of the laminate. Three of these also exhibited a 25% core to laminate

bond area failure. All except one of the elevated temperature tests had adhe-

sive failures at the laminate to load block interfaces. The other specimen

(Spec. No. 1-8-2-7) had 100% failure of the core to laminate bond.

Previous tests were conducted to evaluate the transverse tension strength of

Celion 3000/PMR-15 laminates (Matrix 1, Test 7) and are reported in

Reference 5. The laminate was also (0/+45/90)25 but the specimens were 31.0 mm

(1,25 inch) in diameter instead of 60.8 mm (2,0 inch) square. Both specimen

configurations, when tested at room temperature, had interlaminar tension fail-

ure of the laminate. A comparison of average failure stresses are given in

Table 2-2.

SABLE 2-2 COMPARISON OF INTERLAMINAR TENSION STRENGTH

Celion 3000/PMR-15 - (0/±45/90)2S - Room Temperature

31.8 mm (1.25 inch)

Dia. Spec.

M P a (psi)

50.8 mm (2.0 inch)

Square Spec.

MPa	 si

Cured/Post Cured
	

26.4 (3832)
	

6.23 (903)

Aged 125 Hours at

589 K (6000F)
	

13.3 (1931)
	

5.05 (732)

As can be seen, even though the failure modes were the same (interlaminar

tension), the failure stress is significantly different for the two specimen

configurations. This demonstrates the strong dependerce of test results on the

specimen configuration and points out the need for standardization of test

procedures. In addition, application of test results to design practice must

account fors any differences in loading conditions.

12
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In-plane rail shear tests (Matrix 1, Test 13) for a ±4538 laminate of Celion

3000/PMR-15 have been completed. Tests were conducted using procedures in

Reference 6. Bonded and tapered titanium rails, provided by NASA! LaRC, were

used for load introduction. Each specimen was instrumented with a uniaxial

strain gage bonded at 45 0 to the load path. rest results are summarized in

Tah,le 2-3. Ultimate shear stress and initial shear modulus data shown are

higher than equivaleniit data reported in Reference 6 for an NTS-1/PMR-15 lami-

nate of ±452S layul) tested with the same rail fixtures. Failure stresses shown

in Table 2-3 are probably lower than actual ultimates for those specimens that

failed in the grip area; however, modulus data should be valid since they are

based on initial slopes of the stress-strain curves. Shear modulus data com-

pare very well with values predicted using uniaxial material pro;:erties from

earlier design allowable tests reported in Reference 7. Predicted GXy values

were 36.7 GPa (5.33 x 10 6 psi) and 36.4 GPa (5.28 x 106 psi) at room tempera-

ture and 561K (;50oF) respectively as compa^ ,, ed to average measured values of

40.5 GPa (5.88 x 10 6 psi) and 33.3 GPa (4.83 x 10 6 psi) respectively 'or aged

specimens.

Sandwich beam compression tests (4 point bending) of Celion 6000/PMR-15 lami-

nates with a (0/+45/90)S layup have been completed. Test results are summarized

in Table 2-4. The average compressive failure stresses were 452 MPa (65.6Ksi)

and 407 MPa (59.1 Ksi) at room temperature and 561K (550 0F) respectively. The

average compression moduli were 61.9 Gpa (8.98 x 106 psi) and 59.9 GPa (8.69 x

106 psi) respectively.

Previous compression tests (see ReferenceReference 7) were conducted on Celion

3000/PMR-15 laminates with a (90/±45/0)4S layup. Specimens were end loaded cou-

pons with a supporting face plate. Average compression failure stresses for

these specimens were 578 MPa (83.8 Ksi) and 466 MPa (67.6 Ksi) at room tempera-

ture and 561K (550 0F) respectively which are higher than the sandwich beam test

results. Average compression moduli for the coupo ►'( tests were 43.8 GPa (6.35
x 106 psi) and 46.8 GPa (6.79 x 10 6 psi) at room temperature and 561K (5500F)

respectively which are lower than the sandwich beam test results. These differ-

ences can be partially attributed to differences in material and layup. The

major reason, however, is probably because of a nonuniform compression stress

through the thickness of the sandwich beam laminates due to laminate bending
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caused Ly large beam deflections. When the failure load is averaged over the

thickness, it gives an apparent lower failure stress. Examination of the speci-

mens also indicates a combined peel and buckling failure which would yield

lower failure stresses. The compression moduli for the sandwich beam specimens

are based on strain gages bonded to the outer or O o ply. Results compare

favorably with tension moduli reported for the same laminate layup in

Reference 7.

Coefficient of Thermal Expansion (CTE) tests have been completed for A7F (LARC

13 amide-imide modified) adhesive. Test results for cured/post cured specimens

and specimens aged 125 hours at 589K (600 0F) are presented in Table 2-5. D -Ata

show a significant decrease in CTE due to aging.

TABLE 2-5 COEFFICIENT OF THERMAL EXPANSION

A7F Adhesive (LARC 13 Amide-lmide Modified)

ConditiMInq	 Av_ eMq fiemperature	 CTE

	

K ( OF)	 mm/gum-K x 10-6

(in/in-Fx16-6)

Cured/Post Cured	 279 (43)	 26.6 (14.8)

	

385 (234)	 30.3 (16.8)

	

483 (410)	 35.4 (19.7)

Aged	 363 (194)	 17.5 (9.7)

	

471 (388)	 20.8 (11.6)

Tension testing of moisture conditioned Celion 3000/PMR-15 laminates (Matrix 1,

Tests 2, 3 and 6) has been completed. Layups tested were (90)30, (0 0 +45,

90)4S and (±45)8S. Specimens were conditioned by exposure to 95% RH at 333K

+6K (140 oF +10 0F) and atmospheric pressure until saturated, i.e., achieved

constant weight. Strain gages were installed on the (*45)8S specimens to

enable calculation of the in-plane shear modulus, G12. Specimen configurations

are given in Reference 1. Comparison or test results for the four conditioning

19
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environments evaluated (cured/post cured, aged, thermally cycled and moisture

conditioned) are presented in Figures 2-2 through 2-4. Data shown are based on

only 3 to 5 data points each and, though indicative of trends, are certainly

not conclusive due to the lack of a statistical base.

The data indicate that moisture conditioning does not have any significant ef-

fect on tension strength and modulus when tested at room temperature; however,

all the elevated temperature specimens had significant blistering of the lami-

nate visible after test. This was caused by vaporization of the entrapped mois-

ture and resulting internal pressure which resulted in separation of the

lamina. The specimens were brought up to temperature in approximately 20

minutes and then held at temperature for 5 minutes prior to test. The

blistering was most pronounced on the (90)30 laminate and explains the low ten-

sion strength and modulus at 561 0K (550 0F). Blistering of the (0/+45/90)45 lam-

inate was less severe and, because the major portion of the load is carried by

the 00 and 45 0 lamina, any strength degradation wotld be less pronounced. T14e

(±45)8S laminate also had blistering, however, the elevated temperature strength

data was lost because of premature load pad failure. The modulus data are

valid since they are based on strain g qes.

2.2.2 TASK 1.2.1.1	 Design Allowables Modification

Formal approval and "go-ahead" of a contract modification to conduct additional

design allowables testing of Celion 6000/PMR-15 laminate;; was received on 12

January 1981. The detail test plan, D180-26011-2, Y eas released on 9 February

1981 and approved by NASA, LaRC, on 10 March 1981. Tests to be conducted are

tension, compression, in-plane shear (bolted rails) and short beam shear at tem-

peratures of 116K (-250 0F), room temperature and 589K (600 0F). Laminates to be

evaluated are (0), (0/*45/90/-45)s and (±45)S. A total of 225 specimens will
be tested.

Celion 6000/PMR -15 prepreg for the design allowables testing has been received

(Lot 2W4878). Quality control test results are given in Table 2 .6. Specimen

fabrication is complete and installation of required strain gages ie in prog-

ress. Compression testing of uninstrumented specimens has been started, The

20
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152.4 (6.0)

38.1 0.5	
(O/*45I90)8S

6.4 mm

(.215'Ypnch)

25.4 (1.0)	
4 Rf +('18)
A7F ADHESIVE

14.7 (0.6)

170,13 (6.7)

Specimen

25.4 mm 0.0 inch) wide

DIMENSIONS:

mm (inches)

Figure 2-5 Matrix 4C Test 3b, Revised, "T" Pull-off Tests

A7F Adhesive, Aged 125 Hours at 589K (600°F)
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Table 2-7 Matrix 4C Test 3b Revised, "T" Pull -off Tests

A7F Adhesive. A4ed 1 25 Hour, at 589K ( 6009F)

SPECIMEN
NUMBER

TEMPERATURE
K	 (°F)

FAILURE LOAD
N	 (lb)

AVERAGE
'MPa

STRESS
(psi)

4C-3B-2-1 294 (70) 1597 (359) 1.61 (233)

4C-3B-2-2 294 (70) 1401 (315)0► 1.43 (208)

4C-3B-2-3 294 (70) 1219 (27 ,1)P:> 1.25 (181)

4C-3B-2-4 561 (550) 1192 (268)	 i 1.21 (175)

4C-3B-2-5 561 (550) 1339 (301) 1.34 (194)

4C-3B-2-6 561 (550) 1406 (316) (^,:> 1.41 (205)
i` ► Adhesive to laminate failure on beam

a:> Interlaminar tension failure on "T"
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compression tests are being conducted using a NASA supplied IITRI compression

test fixture.

2.2.3 TASK 1.2.2 - Small Specimen Tests

w

	

	 Testing of a bonded "T" section (Matrix 4C, Test 3b revised) to evaluate web

attachment designs has been completed. Specimen configuration and test set-up

are shown in Figure 2-5. Test results are summarized in Table 2-7. Failure

loads exceeded the minimum design requirement of 730 N (164 lbs).

Results of double angle (two 900 angles) web attachment tests were reported in

Reference 5. The double angle attachment had average failure loads of 1019 N

(229 lbs) and 1192 N (268 lbs) at 294K (70 0F) and 561K 550 0F) respectively. The

"T" attachment ,vR^rages were 1406 N (316 lbs) and 1312 N (295 lbs) respec-

tively. Since the 900 angles are easier to fabricate than a "T" section and

they exceed the design load requirements, they will be used for the bonded web

attachments for Type 1 and Type 4 joints in TASK 1.4.

2.3	 TASK 1.3 - Preliminary Evaluation of Attachment Concepts

Static strength tests of Type 1 bonded and bolted joints (Reference SK2-078001

and SK2-078002, Figures 2-6 and 2-7) and Type 2 bonded and bolted joints

(Reference SK2-078003 and SK2-078006, Figures 2-8 and 2-9) for Matrix 5 have

been completed. Type 1 joints were loaded in axial tension as shown in Figure

2-10. Type 2 joints were loaded to give a moment and vertical shear at the cor-

ner as shown in Figure 2-11. Test results are given in Tables 2-8 and 2-9 for

Type 1 and Type 2 respectively and are discussed below.

The Type 1 bonded joints had 33 mm (1.3 inches) lap lengths with co-cured

doublers on the sandwich face sheets. Specimens were 76.1 mm (3.0 inches)

wide. In all cases the specimens failed in interlaminar shear at the doubler

to face sheet interface (See Figure 2-12) at loads below the design ultimate of

66.2KN (9600 lb). Average failure loads were 52.6KN (7627 lbs) at room tempera-

ture and 44.7KN (6477 lbs) at 561K (550 0F). Loads are transferred from the

sandwich 0.51 ,lim (.02 inch) face sheets, into the co-cured doubler, through the

adhesive bond line and into the splice plates. Failure probably initiate= due

27



O
R

IG
IN

A
L

 P
A

G
E

 IS
O

F
 P

O
U

R
 Q

U
ALITY

z
oa

e
v
 
d2sar

^
o

vnmnF-^
o

NC
1
L7u
-

2
8



c0va^
a
^
rrN
dLC
7
^

4..

29



MAT MXI X S

TY PC Z gONDE D JOINT

S K - c7b003

5T/-\TIC DISCkIMINATOR SPECIMEN

Figure 2-8: Type 2 Bonded Joint
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ORIGINAL PA -E IS
OF POOR QUALITY

MATRIX 5 TYPE Z 6OLTED
S K 2 - 078 00^

STATIC, DISCRIMINATOR SPECIMEN

Figure 2 -0: Type 2 Bolted Joint
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v.

Figure 2-10: Test Setup Type 1 Joints
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IL

Lateral	 4-M
Deflection

(See Table 2-9)

61 mm
4 (inch) Ref

SK2-078003-1

I

Lateral 4-0
Deflection

(See Table 2-9)

5.7 w
Onch) Ref

11 ted SK2-078006.1

I

Figure 2-11c MatrYx 5 - Test Load Schematic Type 2 Bonded & Bolted Joints
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Table 2-8 Matrix 5-n Static Discriminator Tests, Type 1
Bonded and Bolted Joints, Cured/Post Cured

SPECIMEN
JOINT TYPE TEMPERATURE

ULTIMATE LOAD

i[ FAILURE MODE
NUMBER

K (OF)
kN

lb

5-1A-1-4 294 (70) 34,3 (7700) Doubler Shear

5-1A-1-6
(Type 1 Bonded)
SK2-078001

294 (70) 34.9 (7840) Doubler Shear

5-1A-1-7 294 (70) 32.6 (7340) Doubler Shear

5-1A-1-1

(Type	
Bonded)

56; (550) 30.8 (6920) Doubler Shear

5-lA-1-2
SK2-078001

561 ( 550) 27.5 (6180) Doubler Shear

5-1A-1-3 561 (';W) 28.2 (6330) Doubler Shear

5-1B-1-1 (Type 1
	 Bolted)

294 (70) 40.0 (9000) Cover Tension

5-1B-1-2 SK2-078002 294 (70) 43.1 (9700) Cover Tension

5-1B-1-3 294 (70) 33.4 (7500) Doubler Shear

5-1B-1-5
(Type 1	 Bolted)

561 (550) 34.8 (7820) Doubler Shear

5-lB-1-6 SK2-078002 561 (550) 29.8 (6700) Doubler Shear

5-lB-1-7 561 (550) 34.5 (7760) Doubler Shear

t`	 Specimen Width - 76.2 mm (3.0 inches)
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Co-Cured D(

Figure 2-12 Static Discriminator Tests, Type 1 Bonded, Failure Mode

36



O
R

IG
IN

A
L P

A
G

E
 19

O
F

 P
O

O
R

 Q
U

A
LM



to combined shear and peel stresses at the tapered end of the doubler resulting

in an °unzippering" of the Joint. Potential fixes are to increase the doubler

length to reduce shear and peel stresses or to interleave the basic face sheet

plies with the doubler plies to provide better load transfer into the doubler

and reduce the shear stresses. Effects of a longer doubler will be evaluated

by the sma71 specimen tests of Matrix Q test 4a (See section 1.2.2).

The Type 1 bolted joints had 4.83 mm (.19 inch) dia. fasteners on 25.4 mm (1.0

inch) spacing. Doublers were co-cured on the sandwich face sheets. Specimens

were 76.2 mm (3,0 inches) wide. The ultimate load capability of the face

sheets outside the joint is 66.2KN (9600 lbs). Two of the room temperature

tests resulted in failure in the basic skin outside the joint. Specimen 5»18-

1-2 met design requirements and failed at 66.9KN (9700 lb) in the basic skin

outside the joint (see Figure 2-13). Specimen 5-18-1-1 also failed it) the

basic skin but in the grip area at a load of 62.10 (9000 lb). Specimen 5-18-

1-3 failed in the skin at 51.7KN (7500 ib) but it appears the failure ;}a

initiated by an interlaminar shear failure at the doubler to face skin inter-

face. All of the elevated temperature tests resulted in an interlaminar shear

failure at the doubler to face sheet interface (See Figure 2-14). This then

propagated to a net tension failure through the basic face skin thickness only

%not the complete doubler), at the fastener row. Potential design solutions

are the same as discussed for the bonded Joint; increase the doubler length

and!or interleave the basic face skin plies with the doubler plies.

All the Type 2 bonded and bolted joints exceeded the minimum design requirement

of 285 mm-N/min (64 in-lb/in) as shown in Table 2-9. In all cases the speci-

mens failed due to interlaminar delamination of the corner angle. Typical

delamination of a corner angle is shown in Figure 2-15. Failure was identified

by a sudden drop-off in load as there were no two part failures. Lateral de-

flections of the room temperature specimens were also measured and are

presented in Table 2-9.

Since the Type 2 joints exceeded the design requirements, no major changes are

planned for the final designs under Task 1.4. Corner angles for the Type 2

bolted may be reduced in thickness because of the apparent over design. Also,

4

w
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examination of the Type 2 bonded Joints indicates that the skin doublers in the
bonded area may not be required.

4
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Figure 2-14 Static Discriminator Tests, Type 1 Bolted, Failure Mode
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PRECEDING PAGE BLANK NOT FILFAED

SECTION 3.0

CONCLUDING REMARKS

During this reporting period the prinlz.lpal program activities dealt with

allowables and small specimen testing and starting of Matrix 5 static discrimi-

nator tests.

Overall results to date have shown that failure of the bonded joints is

governed by the interlaminar shear and transverse tension strengths of the

Celion 3000/PMR-15 laminates. In virtually every case there has been an inter-

'faminar failure, with only a few exceptions of combination cohesive and lami-

nate failures at elevated temperature.

The bonded joint efficiencies increase at elevated temperatures. This is par-

tially attributed to a decrease in the thermal stresses. In addition, at

elevated temperature, there is a decrease in the shear modulus of the resin and

adhesive (see References 7 and B). This results in a reduction in the severity

of stress concentrations and a corresponding increase ir; joint strength.

Bolted joints behaved as predicted based on the small specimen test results.

No failure occurred in the bolted joint designs in the bolt load transfer area

(except when preceded by a shear failure of the doubler).

The Type 2 corner joints have been demonstrated to carry the required design

load; however, there is a large difference in joint flexibility between the

bonded and bolted concepts. If low joint flexibility is a design constraint,

other design selections must be found for the Type 2 bonded configuration.

Delamination in the corner of the Type 2 attachment angles was not expected.

Failure was caused by transverse tension and must be accounted for when

considering fatigue loading.

Test results have also shown that a bonded web attachment that puts the bonded

joint in pure tension will carry the required design load under static condi-

tion. It is generally considered poor design practice, however, to have a

bonded joint in pure tension. In actual practice a fastener would be required,

particularly when considering fatigue.

43
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Results of testing discussed in this report have led to the following

conclusions:

o The CTE of A7F adhesive decreases due to aging at 589K (6000F).

o Rapid heating of moisture saturated Celion 3000/PMR-15 laminates to 561K

(5500F) can result in blistering and delamination with a corresponding re-

duction in tension strength and modulus. Moisture has no effect on room

temperature properties.

o The co-cured doublers on the Type 1 bonded and bolted joints must be

redesigned to meet the design loads.

o Type 2 bonded and bolted joints are adequate for the design loads.

f

b
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