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ABSTRACT

Fabrication and inspection methods were established which resuited in specimens of

uniform high quality fobricated to close tolerances. Both bonded and bolted joints of
widths from one to ten inches were evaluated. Primary emphasis was on joints in boron-
epoxy, and between boron-epoxy and titanium or aluminum. However, limited evaluations
of graphite-epoxy/titanium and fiberglass—epoxy/titanium were included. Jointconfig=-
urations evaluated were single and doubie splice butt joints; boron-epoxy to metal stepped
single scarf joints; and surface to understructure oftachments. All leminates and specimens
were inspected non-destructively. Base material properties and process control measures
were verified by destructive testing. Developing testing techniques and actual specimen
testing was a major portion of the program.
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SECTION™
INTRODUCTION

This program was undertaken to develop an understanding of the fatigue phenomena of
structural joints in advanced filamentary composite materials and to develop analytical

and testing methods to suppori proper fatigue design of advanced compesite structural

joints. The program included the evaluation of both bonded and bolted joints. Primary
emphasis was placed on joints in boron-epoxy; however, a limited evaluation of bonded

joints in graphite~epoxy and glass—epoxy were included. Although the sizes of the joints

for this investigation were small (one to ten inches in width), all configurations evaluated are
representative of typical structural joints currently utilized in advanced filamentary compo-

site structures.

The program consisted of three major areas of investigation:
o Analysis Methods
o Fabrication, Inspection and Testing

o Fatigue Analysis and Failure Mode Studies

Analytical methods for determining joint stresses were divided into two major tasks, (1)
analysis of bonded joints and (2} analysis of bolted joints. Primary emphasis was placed
on the development of a closed form elastic analysis procedure for bonded joints. This

analysis was used to evaluate a number of joint variables. A "plastic zone" approach was
used to extend the closed form analysis procedure to include joints with inelastic adhesive
stress—strain behavior. The results of the elastic closed form solution were verified with

finite element analyses, photoelastic analysis and strain gage data. Finite element analy-

ses were used to evaluate the step lap bonded joints and bolted joints.

The experimental program consisted of fabrication, inspection and testing of a large
quantity of joint specimens. Fabrication and inspection methods were established which
resulted in specimens being fabricated to close tolerances and of uniform high quality.
This provided specimens that would consistently develop stresses that were predicted by
the analytical methods. Developing testing techniques and actual specimen testing was

a major portion of the program. Establishing proper specimen support was essential to



obtaining repeatable joint strengths within a specimen configuration. Equally important
was determining the proper cyclic rate for the different stress ratios and specimen config-

urations to preclude specimen heating and erratic fatigue lives.

Evaluation of the experimental results was divided into two separate but related tasks.
These tasks were failure mode studies and fatigue aralyses. The failure mode studies
mentioned were photomicrographic analyses of the faiiure surfaces. This failure mode
analysis does not replace but augments the gross failure modes generally defined within
the experimental phases of a program. The photomicrographic analysis conducted within
this program established failure modes related to specific joint dasigns, joint loading and
fatigue history. The fatigue analysis established relationships between specimen configur-
ation, joint variables, material combinations, loading conditions and stress ratio effects
for constant amplitude loading. The relationship between constant ampliitude fatigue and

spectrum fatigue (block and realistic) was also evaluated for specific joint configurations.

This report is divided into three separate volumes each containing the developments
accomplished within a major area of investigation. Each volume is a self~contained
document, complementing the other two volumes but not dependent upon them for
coherence or continuity. The tities of the three volumes are:

Volume | - Analysis Methods

Volume 1| - Fabrication, Inspection and Testing

Volume IlI - Fatigue Analysis and Failure Mode Studies

Volume Il is divided into three sections: Fabrication, Technical Inspection and Quality
Assurance, and Test Program. The Fabrication section contains details related to laminate
fabrication using boron-epoxy, graphite-epoxy,and fiberglass-epoxy. Methods for

joining the various honded and mechanical joints is also discussed in detail . The Techni-
cal und Quality Assurance section containy information olated to nondesiructive topec-
tion of all laminates and specimens, destructive test verification of the base materials, and
process control requirements for all specimens fabricated. The Test Program section

identifies all test, instrumentation, and programming equipment used during the entire



program. Also discussed are the general and specific test requirements for the different joint
configurations. Test procedures and test results are included for all specimen configurations

and program phases .

Included in the Appendices of this Volume are the Fabrication and Inspection Logs, Test

Data Forms,and Joint Designs.



SECTION I
FABRICATION

2.1 GENERAL

2.1.1 Introduction to Specimen Configurations

This section describes in summary fashion the types of specimens that were fabricated and
provides an overview of the fabrication program. Location of precisely detailed specifi-
cations and data for individual specimens as cited in Sections 2.1.2, 2.1.3, and 2. 1.4.

Details of fabrication procedures are presented in Section 2.2 through Section 2.8.

Specimens fabricated for this program are illustrated in Figures 1 tnrough 6 and are listed

below:

Configuration "A*": Single Splice Butt Joint - Bonded

Configuration "B": Boron to Metal Stepped Single Scarf Joint

Configuration "C": Surface to Understructure Attachment (Titanium tee) -
Bonded

Configuration "D": Double Splice Butt Joint - Bonded

Configuration "E*: Single Splice Buit Joint - Bolted

Configuration "F': Surface to Understructure Attachment (aluminum tee) -
Mechanical

All Phase | specimens were 1" wide os illustrated in Figures 1 through 6. These 1" wide
specimens constituted the major portion of the program. Intermediate width specimens
(2" or 3" wide) were investigated in Phase H,and large scale joints were investigated in

Phase 11I, as indicated below:

TABLE | -~ SPECIMEN WIDTHS

Configuration Phase | Phase |l Phase |1l
"AN 1" 3" 10"
"B i 3" 0"
"C 1" -- ~=
npn n - -
"E™ i 2" --
n 3 n - --
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FIGURE 5 - CONFIGURATION "E" SINGLE SPLICE BUTT JOINT - BOLTED
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Approximately 75% of the specimens represented bonded joints; the remainder represented

mechanical joints.

Material combinations across joints are listed in the appropriate figure. All bonded joints
were bonded with Hysol EA 2601 adhesive previously designated Shell EPON 9601, except
for some IA specimens which were used to evaluate a second adhesive, Narmco Metlbond
329. Where splice plates were used, the material of the splice plate is the second member
of the triplet. For increased bearing strength, titanium shims (. 012" thick Ti-6A1-4V
onnealed} or additional boron plies (i450 orientation) were interleaved between boron

plies of the basic laminates in the mechanical joint specimens.

"Boron", as used in Figure 1 and elsewhere, refers to boron-epoxy laminate fabricated
from Narmco 5505 boron-epoxy prepreg 3" wide tape with glass fabric carrier. This
prepreg contains nominal 0.004 inch diameter filaments collimated to 212 +4 filaments

per inch. The matrix resin is a 350°F curing epoxy. Laminates cure to nominal 0.0054
inches per ply and contain approximately 50 volume percent boron filament in the cured
condition. Ply orientations of 0°/i45° or 0°/90° were used for bonded specimens. All
bolted specimens used laminates of ply orientation 0° i45°, except for some unidirectional

laminate specimens used for the Baseline Data Task.

The titanium alloy used throughout this program, including bearing reinforcement shims,
was all Ti-6-Al-4V alloy with two exceptions. The extruded titanium tees for Configur-
ation "C" was Ti-6A[-6V-25n alloy. The titanium splice plates and load plates of the
Configuration "E" specimens was Ti-8Al-1Mo-1V alloy.

The aluminum splice plates {Configuration "A"} and aluminum adherends (Configuration
"B") were aluminum alloy 7075-T6. Extruded aluminum tees (Configuration "F") were
also 7075 alloy.

Fiberglass and graphite laminates were fobricated and used for Configuration "A" speci-
mens in the Alternate Adherend Evaluation Task. The fiberglass laminate was fabricated
using 3M 1002 S glass prepreg tape. The same ply orientation, 0° i450, was used as

for the baseline boron specimens.
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Graphite laminates were fabricated using Fiberite Hy E 131 1B grophite/epoxy tape.

Graphite laminates were also balanced 8-ply 0° £45° orientations.

2.1.2 Citation of Detailed Specification Drawings

Detailed dimensions, tolerances, and references to materials and process standards are
presented in the Drawings No. 7226~1302IA through 7226-1302IF which appear in
Appendix C.

2.1.3 Citation of Program Test Plan and Specimen Ildentificaticn Charts

Tables V  through X of Section 4.1, TEST PROCEDURES - GENERAL, list the
quantities of specimens fabricated and tested for each major Configuration ("A", "B",

"C", etc.).

These tables also provide a breakdown of the specimen quantities per Phase (width) and
Program Task (Baseline Data, Thickness Effects, etc.),as well as materials combinations
(Adherend Combinations for bonded joints or Joint Elements for mechanically fastened

joints) and variations in subconfigurations (ply orientations, titanium shims versus added

boron plies, etc.).

A guide to the specimen identification system is also presented in Section 4.1.

2.1.4 Citation of Fabrication and Inspection Logs

Fabrication and inspection details for all laminate panels and joint specimens are sum-

marized in the log sheets of Appendix A.
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2.1.5 Highlights of Lessons Learned in Fabrication

Fibergloss peel plies, Narmco 1581/2054, were used to prepare the adhesive bonding sur-
faces on boron laminates panels for Configuration "A", "C", "D" bonded joinf specimens.
Early attempts to sand the bonding surfaces, in an attempt to obtain more uniform bondline
thicknesses, caused wide variations in bond joint strength. The more reliable peel ply

surface preparation resulted in bondline thicknesses generally in the range 0.004 to 0.006

inch.

A floating 0.020 inch Teflon gap spacer plate was used to control the gap at the butt

joint in Configuration "A" specimens. See Figure 9, item 7.

Chemical milling of the steps in the metallic adherends for the Configuration "B" scarf

joint was required because of warpage encountered when mechanical milling was used.

Holes for fasteners were drilled in boron/boron assemblies using a diamond core drill. For
boron/titanium assemblies an end mill was used for the titanium plate. Good back-up of
boron laminates was required to prevent breakout on the back side of the hole. Holes in

boron lominates were countersunk using a diamond tool .
Hi-Lok fasteners were wet installed and torqued to 3041 inch~pounds. After 30 minutes

fasteners were re-torqued to the same load to account for any relaxation due to squeeze-

out of sealant from the faying surfaces.

13



2.2 BASIC LAMINATE PANEL FABRICATION

All panels from which material verification and acceptance specimens, basic program joint
test specimens, and quality control coupons were constructed, were fabricated in essen-
tially the same manner except for the Configuration B step-lap joint specimens. For these

specimens, the laminate and joint fabrication was accomplished by the co-curing process.

Layup Boron Laminate on Mylar Template

'

Transfer Layup to Bonding Tool; Replace Mylar With Fiberglass
Peel Plys; Add Bleeder Cloth Plies

%

Install Thermocauples and Vacuum Bay

Autoclave: 85 PSIG at 350°F For 120 Minutes

FIGURE7 - STEP CHART FOR BASIC LAMINATE FABRICATION

14



The boron/epoxy laminates were fabricated using the following steps and procedures:

i.

A template is prepared using 0.005" thick Mylar film., The panel
dimensions are established by the number of specimens required from
each panel. Panels are made stightly oversize to allow for panel trim
and specimen machining. The largest panel fabricated was 36" X 56",

Ninety~nine specimens one inch wide were cut from this panel.

The boron laminate is laid up using Narmco boron/5505 tape in accordonce
with the orientation and ply stacking for the given configuration. On the
first ply, the scrim side of the tape is placed against the Mylar template.
The final ply lay-up on the laminate is o layer of Narmco 104/2054 scrim.

a. The tape is visually inspected during lay-up to assure that the
procedure has been carried out within the laminate specifica-
tions, i.e., 0.030" maximum gap, no overlapping of plies,

no crossed filaments, etc.

b.  Quality control specimens (used for determining the mechanical
properties of the tape used in the lay-up) include a 15-ply, 3" X 6"
flexural test coupon panel and a 6" X 9" cross-ply laminate
(0°/£45° or 0°/90°) for tensile testing as an optional control speci-
men.

The bonding tool is prepared by placing, on the tool surface, a sheet of

Mylar the same size as the panel and covering it with Teflon-coated, 108

glass cloth.

The Mylar template is removed from the laminate and o fiberglass peel ply,
Narmco 1581/2054, is applied to each surface of the laminate. The lam-
inate is placed on the tool surface over the Mylar and Teflon coated glass
cloth.

NOTE: The application of the peel plies is omitted for panels

which are not to be used for subsequent joint fabrication.
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Dams are prepared by shearing aluminum strips 1" wide, and covering them
with Teflon masking tape, these are then located adjacent to the laminate,

and taped to the tool surface.

a.  Dam thickness is calculated by multiplying the number of boron
plies by 5.25 mils/ply, adding 0.008" for each peel ply, 0.003"
for the Mylar, 0.003" for the Teflon coated glass, and 0.004" for
each ply of 116 glass cloth used in the bleeder.

The resin bleeder system is placed over the laminate.

a.  One ply of Teflon coated 108 glass cloth is trimmed net to the inside

of the dam, and placed over the laminate.

b.  The required layers of 116 glass cloth bleeder are trimmed to the
inside of the dam and placed over the Teflon coated glass cloth. One
ply of bleeder cloth is used for each 10 plies of laminate. One ply
of bleeder is added for each two plies of peel ply prepreg used.

c.  The bleeder system is covered with 0.003" Mylar (cut net to middle
of the dam}. This cover is taped to the top of the dam and slit on
approximately 20" centers with 1/8" long slits as a minimum, one slit

is made at each corner of the panel.

The quality control specimens are locoted adjacent to the laminate on the
tool, using the damming and bleeding procedure outlined in Steps 5 and 6,

above.

Four thermocouples are on the installed tool adjacent to the dam and evenly

spaced around the panel or panels.
The assembly is covered with two layers of 181 glass cloth. A chain is

used to surround the assembly and provide air passage from the lay-up to

the tool exhaust port. Extra 181 glass cloth is placed over the chain to
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10.

1.

12,

3.

14,

protect the bag during the curing cycle. The 181 glass cloth is then

toped to the tool using high temperature masking tape.

High temperature, vacuum bag sealer compound tape is installed around
the tool periphery outside the 181 glass cloth. Care is taken to be cer-

tain that no loose glass fibers are on or under the tape.

NOTE: The thermocouple wires are stripped of insulation, separated
and placed on the sealer tape; additional sealer tape is placed
over the wires and pressed to assure no leakage around the
wires. Care is taken to be sure that the bared wires are not

grounded against the tool surface.

The backing paper from the sealer compound tape is removed and the
whole lay-up is covered with 0.002" nylon vacuum bag film for 375°F

autoclave service.

Vacuum is applied to the tool vacuum port and the sealed bag is checked
for leaks. The tool with the laminate assembly is installed in autoclave

and rechecked for leaks.

Autoclave pressure is applied to 10 psig, and the vacuum is released.
Autoclave pressure is held at 10 psig for 10 minutes to allow the bag

to stabilize ot atmospheric pressure, and is then increased to 85 psig.

The heating cycle was initially set at heat-up rate of 7°F/minute iZoF/
minute. However, the Narmco 5505 resin system appeared to be sensitive
to heat-up rate in that the faster heat-up rates yielded more consistent
and slightly higher laminate properties in terms of horizontal shear and
transverse flexure. For this reason, the upper limit of 7°F to 9°F/minute
has been used for the most recent laminates in this study. No noticeable

change in lominate tensile or bond strengths were observed.
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15.

16.

The autoclave cycle is maintained at 85 psig £5 psig and 350°F +10°F

for 120 minutes.

After 120 minutes at curing temperature the part is allowed to cool to less
than 150°F chile holding the pressure at 85 psig. The pressure is then

released and the autoclave opened.

The part is removed from the autoclave, removed from the tocl, and cleaned
up. The peel ply is not removed from the boron panel until just prior to

bonding tabs and splice plates.

The quality control specimens are prepared for testing. The 15 ply 0°
laminate is cut into 0.50" X 4.0" specimens for longitudinal flexural
testing, 3.0" x 0.50" for transverse flexural testing and 0.50" x 0.60"
for horizontal shear. The 8-ply cross-ply laminate is fitted with 1.50"
long fiberglass tabs of 0.080" thickness with the inboard ends beveled

to 45° and tabs are bonded with FM123-2, 0.060 Ib. /ft.2 weight adhe-
sive at 250°F and 20" vacuum. The 6" X 9" tabbed panel is then cut
into 1" X 9" specimens using a diamond saw and specimens are ready for

testing.
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2.3 JOINT FABRICATION - CONFIGURATION A, SINGLE SPLICE BUTT, BONDED

Laminates fabricated by the procedures outlined in Section 2.2 were used for the basic

adherends in the fabrication of the Configuration A specimens. These specimens are

illustrated in Figure 1, which is repeated below. Individual specimens were fabricated

according to the requirements of Dwg. No. 7226-130 1A, Appendix C.

/—BORON BORON

| -
—

\- AL TABS

FIGURE 1 (REPEATED) - CONFIGURATION "A"
SINGLE SPLICE BUTT JOINT - BONDED
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Layup and Cure Boron Laminate (Figure 7)

Saw Laminate into 9.0" Lengths

l

Assemble in Alignment

Fixture (Figure 9)

Machine Splice Plates and
Load Tabs; Prime for Bonding

Install Thermocouples and Vacuum Bag

|

Autoclave:

30 PSIG at 250°F for 75 minutes

Y

Machine to Test Specimen Widths

FIGURE 8 - STEP CHART FOR CONFIGURATION "A" SPECIMENS

(ALSO FOR "D")
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The following steps and procedures were taken to assure acceptable quality and uniformity

of specimen fabrication:

1.  The basic laminate is machined into 9.0" lengths (0° direction) using
a diamond circular table saw normally employed for machining fiber-
glass panels in production. Panel widths varied from approximately 9"
wide to 18" wide depending on the number of specimens to be obtained

from each panel.

2.  The splice plate moterial, either 6AL-4V annealed titanium or 7075-Té
aluminum, is mochined to the thicknesses and configuration as speci-
fied on Dwg. No. 7226-13021A, Appendix C. Lengths are dictated
by the panel width.

3.  The load tabs are machined to the dimensions specified on Dwg. No.
7226-13021A from 2024~-T3 aluminum. The tab "blanks" have lengths
equal to the basic laminate width. Test panels (fabricated using fiber-
glass tabs) were tested to compare results for the aluminum tabs and to
verify the use of aluminum tabs in the program. Figure 9 is a sche~
matic of the alignment fixture which holds the specimens during splice
and tab bonding. In Steps 4 through 8, below, reference is made to this
schematic, by parenthetical number = (X}, to facilitate visvalization of

the layup sequence.

4, The base plate (4) is placed on the metal bond fixture and the center-
ing plates (6) are positioned on the locating pins, with the floating
Teflon gap spacer plate (7} placed at the butt ends of the centering

plates.
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O /107, N0 10
(L 0 \
N
4 ) 7N\
8 i
(5) 7 L2
CODE

1 ~ BORON LAMINATE ADHEREND

2 - SPLICE PLATE

3 - ALUMINUM TAB

4 - BASE PIATE

- SHIMS

~ CENTERING PLATES

0.020 GAP SPACER - FLOATING
- FIXED SPLICE PLATE LOCATOR
- FLOATING SPLICE PLATE LOCATOR
10 - TAB LOCATOR

11 -~ DaM

12 - TAB ADHESIVE

13 - SPLICE ADHESIVE

W o -~ oW
'

FIGURE 9 - ALIGNMENT FIXTURE FOR HOLDING SPECIMENS
FOR SPLICE AND TAB BOND
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The lower aluminum tabs (3} are butted against the centering plates with
shims {5) placed under the tabs to level the tabs with the top of the
centering plates. The tabs are cleaned, metal bond etched and primed
for bonding prior to installation {(clean glove operation). The AF123-2,
0.06 lb/Ft2wt. adhesive (12) is laid on the faying surface of the tabs.

The laminates (1) with the peel plies removed* (clean glove operation)
and the matching machined ends are positioned on top of the taps and
centering plates. Dams (11) are installed at the outboard ends of the

laminates odherend and held in position with locating pins.

*NOTE: The original group of specimens was prepared by sanding
the bonding surfaces rather thqn using peel ply surfaces
in attempt to obtain more uniform bondline thickness.
This caused a wide variation in bond joint strength and
was replaced with the more reliable peel ply surface

preparation.

The upper aluminum tabs (3) are then prepared for bonding and the
adhesive applied. They are placed in position butting the dam and the
tab locators (10) are then positioned on the opposite ends of the tab and

pinned in place.

The splice plate (2) is chemically prepared for bonding, primed, and
adhesive (13), EA9601 0.06 Ib./f wt., applied to the faying surface .
The fixed splice plate locator (8) is pinned in place and the splice plate
butted against it. The floating splice plate locator (9) is positioned on

the opposite end of the splice plate,

Thermocouples are installed on the base plate adjacent to the part.
Figure 10 shows a layup of three 12" X 18" bonded panel assemblies
after installation of thermocouples just prior to initiating the bagging

operation.
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FIGURE 10 LAYUP O THREE 12" x 18" BONDED PANEL ASSEMBLIES
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10.

12.

13.

4.

The assembly is bagged by laying two plies of 181 glass cloth bleeder
over the part. The chain is used to distribute the air bleed from all
portions of the layup to the tool exhaust port. The glass cloth bleeder
extends past the chain and is taped to the tool surface. The remainder

of the bagging procedure is described in Steps 10 and 11 of Section 2.2,

The bagged assembly is then checked for leaks using 10" Hg vacuum.

The assembly is installed in the autoclave and again vacuum is released,
and the bag is allowed to stabilize at atmospheric pressure for 10 minutes.
The pressure is then increased to 30 psig and the heat cycle started. The
temperature is increased at a rote of 7°/minute +2°/minute until the
temperature reaches 250°F. The assembly is held at 30 psig £2 psig and
250°F *10°F from 40 to 90 minutes (75 minutes nominal}. The part is
aliowed to cool down to 150°F under the 30 psig autoclave pressure.

The pressure is then released and the autoclave opened.

The assembly is removed from the autoclave and the bonded panels removed
from the tool, cleaned, visually inspected, and machined to the test speci-

men width dimension.

Quality control check of the bonding operation is accomplished including
metal finger panels which have been processed and primed along with the
metal splice plates or adherends and laid up with the same adhesive batch
and rool number as used for bonding the assembly. After bonding, these
test coupons are tested to determine the lop shear properties of the adhesive

system.

For machining, the panels are mounted on the table of a milling machine
with the 0° fiber orientation lined up with the table axis. The slitting
wheel is a 6" diometer by 0.032" thick wheel impregnated with 80-grit
diamonds on the wheel periphery. The wheel is rototed at 1750 rpm. The

table speed is set for 9"/minute when cutting boron, aluminum, or fiber-
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glass and at 2'"/minute for cutting titenium. The panel is kept flooded
with water coolant during the slitting operation. The panel edge is
trimmed 0.25" and the specimens are cut 1.00" wide by indexing the

table 1.04" between cuts.

15, After machining, the specimens are checked for lipover of the splice
plate which may obscure the bondline. By machining from the boron into
the titanium, the lipover is not as pronounced, but some lipover is
evidenced on all specimens, probably due to the wiping action of the
trailing edge of the blade going in the reverse direction. In order to
accomplish bondling measurements {as discussed in the Technical Inspection
section), it is necessary to remove oll lipover of the titanium. This is
done by mounting the specimen on a surface grinder and taking light cuts

with the wheel along the edge of the specimen.
16. The specimens are identified with the drawing number and specimen number
and a data sheet is prepared (Appendix A) with pertinent information on

the fabrication of the specimen.

2.3.1  Phase Il Fabrication - Configuration A

All 3" wide Configuration "A" specimens were prepared in a monner identical to that used
for preparing the Phase i, Configuration "A" specimens, except for differences in final

machined width. A typical specimen is shown in Figure 11.

2.3.2 Phase ll| Fabrication -~ Configuration A

The Phase 11l Configuration A specimens (10 inch wide single splice butt joint) were
fabricated using the procedures developed under Phase | of this program. Bonded panels
were fabricated 12 inches wide and 18 inches long. This size panel provided allowances
for edge trim, a one inch wide control specimen and the required 10 inch wide Phase II

specimen. A set of these specimens machined from one panel is shown in Figure 12.
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Due to the width of this specimen, provisions had to be made for introducing end loads
through bolted loading plates. For this purpose the tab configuration was changed from
the basic constant thickness, 3-1/2" long aluminum tab to a stepped titonium tab. The
stepped tab was fabricated by bonding an 0.018" titanium (8A1-1Mo~-1V) sheet 3.5" wide,
an 0.018" sheet 3" wide and an 0.035" sheet 2.5" wide such that the outboard edges |
of all three sheets were flush and the inboard end was stepped at 0.5" intervals. The
titanium sheets were processed for bonding, primed and bonded together with FM123-4,
.045 psf at 30 psig and 250°F to form a single prebonded tab. These tabs were then bonded
to the ends of the specimens with the same adhesive system using 25" Hg vacuum and

225°F for two hours. These stepped loading tabs can readily be defined in Figure 12.
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FIGURE 11 THREE INCH WIDE CONFIGURATION A SPECIMEN
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FIGURE 12 PHASE III CONFIGURATION A -
SINGLE SPLICE BUTT JOINT
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2.3.3  Alternate Adherend Evaluation - Configuration A Fiberglass Specimens

The fibergloss laminate required for these specimens was fabricated using 3M 1002 S glass
prepreg tape (Batch L19, Roll W329). The lominate was a bosic 8 ply (O"/:l:‘45°/0°)2
orientation, the same ply orientation as the baseline boron specimens, Dwg No. 7226~
1302IA-1A. The lay-up techniques were comparable to those used for the boron panels
fabricated previously under this contract. The laminote was laid up using nylon peel ply
on both surfaces and a bleeder system censisting of one ply of 116 glass cloth. The assem-
bly was bagged using standard bagging techniques. The bag was vacuum checked at 28"
Hg vacuum for leaks prior to being sent to the autoclave for laminate cure. The autoclave
run consisted of the normal vacuum check and the dwell at 10 psig for 10 minutes for
stabilization after the vacuum was released prior to increasing the autoclave pressure to

50 psig. After stabilizing the autoclave pressure to 50 psig, a heat up rate of 7°/minute
+2°/minute was used in bringing the laminate up to the 350°F cure temperature. The part
was held at this temperature and pressure for a minimum of one hour and then cooled to
150°F under full 50 psig pressure. Quality control specimens of 15 ply unidirectional

laminates for flexural testing were laid up and cured with the laminote.

After quality control acceptance, the laminate was machined into two panels 9" X 15",
These two panels along with the titanium splice plate and the aluminum load tabs were
then prepared for bonding. The peel ply was removed from the fiberglass panel and the
faying surfaces were sanded and cleaned before application of adhesive. The metal
elements were cleaned and primed in the some manner as used previously for the boron
specimens. Adhesive was applied to all surfaces requiring a bond and the assembly was
laid up and bonded in the standard autoclave procedure used for previous Configuration A
specimens. All bond lines used EA%601, 0.06 Ib./Ft‘?weight,adhesive cured at 250°F for

one hour under 30 psig autoclave pressure.
After bonding, this panel wos machined into 1" widths, thus providing 14 fiberglass-to-

titanium Configuration A specimens. All specimens were then submitted for inspection

and testing.
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2.3.4  Alternate Adherend Evaluation - Configuration A Graphite Specimens

The graphite laminate required for these specimens was fabricated using Fiberite Hy E 13118
graphite/epoxy tape (Lot No. 1088, Roll No. 1). The laminate was laid up as an 8 ply,
0°/445° balanced lay-up identical to that used for the baseline boron/epoxy bonded joint
specimens. Lay-up procedures and bagging techniques were the same as previously used

on boron and fiberglass laminate. Two plies of 116 fiberglass cloth were used as the bleeder
system. Nylon peel plies were incorporated on all bonding surfaces. The standard vacuum
bag was used over the laminate and was checked for leaks at 28" Hg vacuum. The autoclave

cycles used to cure the graphite epoxy was recommended by the supplier and is outlined below:

1. Apply vacuum of 28" Hg and recheck for ieaks.

Hold vacuum ond increase temperature to 200°F at a rate of 3-5° per minute.
Hold at vacuum and 200°F for 15 minutes.

Release vacuum and increase autoclave pressure to 85 psig.

Hold at 85 psig and 200°F for 60 minutes.

Increase temperature to 300°F at 3-5°F per minute and hold at 300°F for

o O AW N

60 minutes.
Increase temperature o 375°F at 3-5°F per minute,
Hold at 375°F and 85 psig for 240 minutes.
9.  Cool to 150°F under 85 psig.

A 15-ply unidirectional quality control panel was loid up and cured with the laminate for
subsequent acceptance testing. After quality control acceptance the laminate was machined
into two panels 9" X 15", These two panels, the titanium splice plate, and the aluminum
load tabs were prepared for bonding. Preparation for bonding and bonding procedures were

the same as used for the fiberglass panel. As with previous specimens the adhesive used was

EA 9601 0.06 lb./ft.2 weight which was cured at 250°F for one hour under 30 psig autoclave
pressure,

After bonding, the panel was machined into 1" widths, thus providing 14 graphite-to-

titanium Configuration A specimens. All specimens were then submitted for inspection

and testing.
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2.4 JOINT FABRICATION - CONFIGURATION B, BORON TO METAL STEPPED
SINGLE SCARF

The Configuration B specimens were fabricated utilizing the co-curing process, i.e.,
curing the laminate and bonding to the metal adherend during one operation. These
specimens are illustrated in Figure 2 which is repeated below. Individual specimens

were fabricated according to the requirements of Dwg. No. 7226-1302IB, Appendix C.

| /BORON / METAL
:J | 7 J
;_ AL TABS

Size: Approx., i8” X1 width (Phase 1, illustrated)

FIGURE 2 - CONFIGURATION "B"
BORON TO METAL STEPPED SINGLE SCARF JOINT
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Shear Metal Sheet to Basic Panel Size

!

Chem Mill Scarf Steps

|

Clean, Treat for Bonding, Prime for Adhesive
Lay Up Adhesive and Boron Plies

|

Instal] Thermocouples end Vacuum Bag

|

Autoclave: 85 PSIG at 350°F for 120 Minutes

Bond Aluminum Tab Materials Onto Boron Adherends

|

Cut Specimens to Size

FIGURE 13 - STEP CHART FOR CONFIGURATION "B" SPECIMENS
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The steps and procedures followed to produce good quality joints by this process are listed

below:

1. The titanium (6A1-4V annealed) and aluminum (7075-T6) are sheored from 0.084"
thick sheet into basic ponel size per Dwg. No. 7226~1302|B, Appendix C.

2, Due to the warpage generated in mechanically milling the steps on the metallic
adherends, the steps are milled chemicolly. The metal is masked and the steps
are generated by raising the metal sheet the required height for the step length
after the material from the first step has been removed. Eoch of the three steps
are milled in this fashion. A trim allowance was left on the final step so that it
could be cleaned up by machining off the ragged edge generated in the chem-
milling process. A radius was left in the corners of the steps varying from 0.010"
to 0.030' for the first to the last step, respectively. The chem-milling was held
within the £0.002" specified on the drawing.

3. After machining, the chem=milled panels are recleaned, chemically treated for

bonding, and primed with the adhesive primer.

4, The adhesive, EA9601, 0.045 ll:)/l”r2 weight, is laid up on the steps of the joint.
The metal adherend is placed on the toci with a sheet of Mylar film and Tefion~-
coated glass between the part and the tool surface. Four plies of boron are laid up
butting the edge of the first step. Four additional plies are laid up over the first
step and butting the end of the second step. This layup is continued with four plies
of boron per step until ali steps were covered. The crientation of the laminate is

specified on Dwg. No. 7226-1302IB.

5. The bagging and curing procedures of these panels are identical to those described
for the basic laminate fabrication (Section 2.2, Step 5 through Step 16). The
metal portions of the specimens are covered with Teflon tape to prevent resin build-
up during the cure cycle and the bleeder system covers only the boron laminate

portion of the panel.
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6. The boron adherends are tabbed with the aluminum tab materials in a secondary

bonding cperation.

7. The specimens are cut to size using the same techniques as described for the
Configuration "A" specimens (refer to Section 2.2, Steps 14 and 15). See
Figures 14 and 15.

2,4.1 Phase |l Fabrication - Configuration B

Fabrication of the 3 inch wide Configuration B specimens (boron-to-metal step scarf joint)

is detailed below.

The basic 6A1-4V titanium sheet (9" X 13") used for the Configuration "B" specimens was
0.084" in thickness. The titanium was chem=mill masked over all areas where the metal
was not to be removed. The nominal basic steps that were chem-milled are 0.020" in
depth with step lengths of 0.500" and 0.375", The protective mask was removed in
incremental steps as required to obtain the three required step lengths and depths. The
specimen was checked periodically during the chem-milling process to verify proper

material removol and to assure acceptable step depths.

After the chem-milling process was completed, the titanium was prepared for metal bonding.
The treatment used for titanium preparation was in accordance with paragraph 6.1.6 of
MIL-A-9067C. The basic steps were solvent wipe, vopor degrease, acid pickie, water
rinse, phosphate/flouride immersion, water rinse, hot water soak, distilied water spray,

and air dry. The areas to be bonded, i.e. the steps, were primed with EA 9201 primer
immediately after completion of the titanium surface treatment. The adhesive, EA 9601-
045 psf, was then applied to the faying surfaces and the boron was laid up with 16 plies,

0° +45° orientation. The total assembly (13" X 18") wos cocured at 85 psig and 350°F

for 2 hours.
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Simitar procedures were followed in the preparation of the 7075-Té aluminum/boron step
joint specimens. THe metal bond preparation for the aluminum was the normal metal bond
etch followed by immediate priming with the EA 9201 primer. The boron half of the cured
specimen panel was tabbed using aluminum tabs. The some procedures were used in bonding

the tabs as previously described for the Configuration "A" specimens.
The cured panels were then cut into 3" wide specimens and submitted to Quality Assurance
for checking the titanium/boron and aluminum/boron bond lines for both integrity and

thickness. A typical specimen is shown in Figure 16.

2.4.2 Phase Il Fabrication - Configuration B

The ten inch wide Phase il Configuration B specimens (boron=to~metal step scarf joint)
specimens were fabricated in the same manner as discussed for the Phase i, 3-inch wide
specimens. Bonded panels for these specimens were fabricated 12 inches wide thus

providing sufficient width for @ 104nch wide fatigue specimen, o one inch wide control

specimen and edge trim. Machined specimens are shown Figure 17.
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FIGURE 14 BONDED PANEL ASSEMBLY
CONFIGURATION "B" SPECIMENS
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PIGURE 15 MACHINED CONFIGURATION "B" SPECIMENS
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FIGURE 16 PHASE II CONFIGURATION B -
STEP SCARF BONDED JOINT
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FIGURE 17 PHASE III CONFIGURATION B -
STEP SCARF BONDED JOINT
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2,5 JOINT FABRICATION - CONFIGURATION C, SURFACE TO UNDERSTRUCTURE
ATTACHMENT, BONDED

The Configuration C specimens were fabricated using precured laminates made as

described in Section 2,2. These specimens are illustrated in Figure 3, which is

repeated below. Individual specimens were fabricated according to the requirements
of Dwg. No. 7226-1301C, Appendix C.

' BORON

: AL TABS '

TITANIUM TEE

Size: 18" X 1"

FIGURE 3 - CONFIGURATION "C"
SURFACE TO UNDERSTRUCTURE ATTACHMENT - BONDED
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Machine Titanium Tee to
Specified Dimensions

|

Slit and Drill Tee

|

Clean and Prime Tee for Bonding

+

Prepare and
] Prime Aluminum

Tab Material

Precured Bond ing

Boron Panel [ | .
Fixture

(Figure 7)

i

Install Thermocouples and Vacuum Bag

&

Autoclave: 30 PSIG at 250°F
For 75 Minutes

|

Cut the Specimens to Size

FIGURE 18 - STEP CHART FOR CONFIGURATION "C" SPECIMENS
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The follow ing steps and procedures were taken to maintain uniformity and quality of the

bond joint between the metal "tee " and the boron laminate:

]o

A titanium tee extrusion (6Al-6V-25n) is machined to the cross~sectional
dimensions specified on Dwg. No. 7226-1302IC {Appendix C). The tee is then
slit across the leg and info the cap, allowing for the 1.00" width between cuts
and leaving 0,06" on the cap for continuity. The slitting is done to minimize
the machining of titanium after bonding. Holes are drilled 0.50" from the end

of the leg and centered between the slits,
The titanium is chemically cleaned and primed for bonding.
The aluminum tab material is cleaned, metal bond etched, and primed for bonding.

The lower tabs are positioned on the bonding fixture and the AF123-2, 0.06 Ib/ﬂ2

weight, adhesive is laid on the faying surface.

A precured panel with the proper ply orientation is cut the required size to produce
the specified number of specimens. The peel ply is then removed from the boron

panel and the panel positioned over the lower tabs.

The upper tabs are covered with the AF123-2, 0,06 Ib/ft2 weight, adhesive ond

are positioned using the pinned tab locators.

The primed titanium tee is prepared for bonding by applying the EA%601, 0,06 Ib/Ft2
weight, adhesive to the upper cap surface which is then inverted and positioned on
the boron laminate. The cap is held in place using splice plate locators and spacers
to compensate for the width variation of 0.27" between the tee cap and the splice

plate.

Conventional bagging techniques are used in bagging over the tee section, Plies
of fiberglass cloth are laid up to round off the area on either side of the upstanding

leg of the "tee.
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10.

11.

The procedures outlined for bagging and curing the Configuration "A" specimens

(Steps 9-13) are followed for this bonding operation.

For machining the panel into 1.00" spec imens, the procedures outlined for
machining Configuration "A" specimens (Steps 14 and 15) were followed, The
saw cuts in the titanium are used as indexing points for cutting the laminate,
tabs and the balance of the titanium tee. Since the originail cut in the fitanium
is 0,090" wide and the diamond saw cut is 0,040" wide, the specimens are set
up on a surface guider to machine the 0.025" excess off from each side of the

laminate .

After visual inspection, the specimens are identified with the drawing number and
specimen number, and a data sheet is prepared (Appendix A) with pertinent
information on the fabrication of the specimen. Specimens are shown in Figures

19 and 20.
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FIGURE 19 THREE CONFIGURATION "C'" SPECIMENS

FIGURE 20 EDGE VIEW OF CONFIGURATION "C" SPECIMEN

45



2.6 JOINT FABRICATION - CONFIGURATION D, DOUBLE SPLICE BUTT, BONDED

Configuration "D specimens were fabricated according to the requirements of Dwg. No.
7226-13021D, Appendix C. The same procedures were followed in fabricating the
Configuration “D" specimens as were used for Configuration "A", Tooling was modified
to allow for the location of the lower splice plate directly under the upper splice plate,
Provisions for keeping the adhesive from flowing between the butt ends of the adherends
were nof made for the D" specimens, since the presence of adhesive in this area is not
deemed detrimental to the required tension=-tension testing. The upper splice plate was
located using the normal splice locators as discussed for Configuration "A", Configuration
"D " specimens were made both with boron joined adherends (main load plates) matched
with titanium splice plates, and with titanium joined adherends maiched with boron

splice plates. These specimens are illusirated in Figure 4, which is repeated below.

BORON (Ti) BORON(TI)
/4 - Z_ 7 - Z Y

— "4

|7
; AL TABS \

(BORON ONLY) Ti (BORON)

Size: Approx. 18" X 1"

FIGURE 4 - CONFIGURATION "D" DOUBLE SPLICE BUTT JOINT - BONDED
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2.7  JOINT FABRICATION - CONFIGURATION E, SINGLE SPLICE BUTT, BOLTED

These specimens are illustrated in Figure 5, which is repeated below. individual
specimens were fabricated according to the requirements of Dwg. No. 7226-130IE,
Appendix C.

Configuration "E"  Single Splice Butt Joint - Bolted
Size: Approx. 18" X 1" width (Phase |, illustrated)

X C CrC C

BORON W/SHIMS

OR TITANIUM
/ TITANIUM
s - ]
/ORON BUTTON HEAD
TITANIUM FASTENER
TITANIUM SHIMS OR

Al TABS ADDITIONAL £45° BORON
PLIES

FIGURE 5 (REPEATED)
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Lay up boron laminate with
interleaved titanium shims
or extra boron plies in
built=up areas

+

!
i
I
!

Add bleeder cloth plies and
thermocouples; vacuum bag

'

Autoclave: 85 PSIG at
350°F for 120 minutes

¢

Sand boren surface;
bond on aluminum load
tabs; cut to width

|

"_-__T——_

Machine titanium shims,
prime with adhesive

— _(where app“coble)

Lay up boron laminate
for splice plate with
titanium shims
where applicable

{

Cure splice=-plate laminate

—0Or

Y

T

qr

Machine titanium
splice plate

Drill fastener holes

Machine titanium

! load plate

'

Assemble with Hi-Lok fasteners (Figure 5)
wet installed and double torqued

'

Cure Sealant

FIGURE 21 - STEP CHART FOR CONFIGURATION "E" SPECIMENS
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The lay-up procedure for the basic boron panel laminate thickness for the composite
side of the Configuration E specimens was similar to that described in Section 2.2. The
boron plies were laid up in large sheets with the specimen details cut to length and
width after the laminate had been cured. However, since the mechanical joints require
additional built-up areas for providing the bearing strength to reach the fastener loads,

these build-ups were incorporated in the ends of the laminate during the lay-up operation.

The build-ups were achieved either by interleaving titanium shims or additional pairs of
+45° boron plies among the basic laminate plies. See Drawing 7226-1302IE in Appendix
C for exact stacking sequences. The additional shims or plies were staggered in length
to provide a smooth transition from the basic laminate to the build-up area. Prior to
lay-up, titanium shims were machined to size, processed for bonding, and primed. The
primed titanium shims were then overlaid with 0,045 Ib./l:f2 weight EA9601 adhesive

and placed in the laminate as required.

The resin bleeder system and the bagging proecedures followed were similar to those used
for the Basic Laminate Panels, Section 2.2, except that no peel plies were used. An
autoclave cycle of 85 psig and 350°F for 120 minutes was employed. Quality control

specimens were included with the panel lay=up to verify the material properties.

After cure, the laminate was cut with a diamond saw into panels 9 inches long and of
sufficient width to provide ? to 24 one-inch-wide specimens. The load grip ends of the
panel were tabbed with aluminum tabs. The boron surface was sanded, the aluminum
tab maferial was metal bond etched and primed, adhesive was placed between the
aluminum tabs and the boron, and then the assembly was bagged and cured at 250°F

for 60 minutes under 20" Hg vacuum. The panels were then cut into specimen details
1" wide by 9" long using a diamond saw on a milling machine. Excess coolant was used
and the mill feed rate was decreased when the cut was made through the titanium=boron

build-up area to reduce the possibility of laminate overheating.
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The titanium joint details were machined 1" x 9" to form the second half of the joint.
Also, the titanium splice plates or boron-titanium shim splice plates were machined to
1" width and to the length necessary for providing the required edge distance for the

fasteners. Specimen components prior to assembly are shown in Figure 22.

The holes for the fasteners were drilled using a diamond core drill. No problems were
encountered in drilling the boron-boron laminates. However, considerable difficulties

were encountered in drilling the boron-titanium specimens.

In order to provide quality holes for these specimens, it was necessary to change tools
during the drilling operation. This was done on a milling machine using a core drill

for the boron and an end mill for the titanium, This procedure eliminated overheating

of the specimen during drilling and provided a hole free from lip-over in the titanium
which results from a one step diamond drilling operation. Good back-up of the laminate
was used to prevent fiber breakout on the back side of the hole. The holes were counter-
sunk using diamond countersinks. No problems were encountered and all countersunk
holes had good visual surface characteristics. The specimens were spot checked by

ultrasonics to determine if any delamination occurred during drilling and none was found.

Specimens were assembled using Hi-Lok fasteners. The fasteners were wet installed and
the faying surfaces were coated with a sealant in accordance with standard assembly
procedures for mechanically fastened joints, The fasteners were torqued to 30 inch-
pounds +1 inch-pound and re-torqued after approximately 30 minutes to account for any
squeeze-out of the faying surface sealant. The assembly was then baked for 48 hours at
160°F to cure the sealant, Three completed joints are shown in Figures 23 and 24. The
three specimens shown represent thick laminate=to-metal, thin laminate-to-metal and

laminate-to=laminate combinations.
Initial fatigue tests of the Configuration E specimens, composite-to~-metal mechanical

joint, resulted in failure of the metal portion of the joint. A number of attempts were

made to correct this deficiency. The first attempt replaced the 7075-T6 aluminum
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portion of the joint with 8Al-TMo=1V titanium of equal thickness but these specimens
failed in the countersunk portion of the titanium. This led to the replacement of the
BL19PB6 flush head fasteners by HL18PB6 button head fasteners for the metai-to-metal

portion of the joint but this only moved the failure to the titanium splice plate,

This second failure mode led to the final design which consisted of the boron portion
joined to BAl-TMo-1V titanium which was 50 percent thicker than the composite.

These specimens were assembled with flush head fasteners, HL19PB6 series, used on the
boron~to-titanium half and button head fasteners, HLI9PBé series, used on the titanium-
to-titanium half. Fatigue tests on two specimens of this configuration resulted in fatigue
failures of the boron portion of the joint. Based on these results, all of the Configuration
E specimens were disassembled and new metal splice plates and metal joint halves were
machined from 8Al-1Mo=1V titanium; 0.125" material was used with the 8-ply boron
specimen halves and 0.250" materiai was used with the 16-ply boron specimen halves.
The Configuration E design, Dwg. No. 7226-1302IE, was revised to reflect these
required changes. All specimens were reassembled to the new configuration, One
basetine specimen {1A50) and one thickness effects specimen (11A06) are shown in
Figure 25,
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FIGURE 22 CONFIGURATION E SPECIMEN DETAILS
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FIGURE 23 CONFIGURATION E COMPLETED SPECIMENS

FIGURE 24 CONFIGURATION & JOINT CLOSE-UP
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FIGURE 25 CONFIGURATION E - MECHANICAL JOINTS
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2.7.1  Phase |l Fabrication - Conf:iggration E

The laminate portions and splice plates for these specimens were identical to the Phase |
Configuration specimens in materials, thicknesses, and configurations except that they
were wider. Phase Il specimens were two inches wide and contained two rows of fasteners,

whereas the Phase | specimens were one inch wide and contained only one row of fasteners.

All specimens were match drilled and countersunk in the boron. Flush head fasteners were
used on the boron to splice plate portion of the joint, and button head fasteners were used
on the splice plate to loading plate portion of the joint. All fosteners were wet installed

with double torquing operations to account for relaxation of fastener torque due to sealant

squeeze-out,

Photographs of failed specimens are included in the TEST PROGRAM section of this report.
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2.8 JOINT FABRICATION - CONFIGURAT ION F, SURFACE TO UNDERSTRUCTURE -
MECHANICAL

These specimens are illustrated in Figure §, which is repeated below. Individual speci-
mens were fabricated with one of two laminate thicknesses according to the requirements

of Dwg. No. 7226-130IF, Appendix C.

Configuration "F" Surface to Understructure Attachment - Mechanical

Size: 18" X 1" width

L - > — ‘/
F 7 )
1 - M |
N BORON
HI LOK
Ti SHIMS FASTENERS

ALUMINUM TEE

FIGURE 6 (REPEATED)
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Machine Titanium Shims,
Prime With Adhesive

l

Layup Boron Laminate With
Interleaved Titanium Shims

l

Add Bleeder Cloth Plies and
Thermocouples; Vacuum Bag

|

Autoclave: 85 PSIG at 350°F
For 120 Minutes

|

Sand Boron Surface; Bond on Aluminum
Load Tabs; Cut Into 1" Strips

Machine Aluminum Tee Extrusion;
Cut to 1" Lengths

*

Match Drill Laminate and Aluminum Tee

|

Assemble With Hi-Lok Fasteners (Figure 6)
Web installed and Double-Torqued

Cure Sealant

FIGURE 26 - STEP CHART FOR CONFIGURATION "F" SPECIMENS
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Laminates were laid up and fabricated according to the size, orientation, and require-
ments of Dwg. No. 7226~1302iF, Appendix C. Panels contained either 8 or 16 boron
plies of 0°/£45° orientation. The 8-ply panels had titanium shims of 0.012" thickness
sandwiched between the second and third, and the sixth and seventh boron plies. The
16=ply panels had titanium shims between the second and third, sixth and seventh, tenth

and eleventh, and fourteenth and fifteenth plies.

The shims were staggered in length to provide a smooth transition from the build up area
to the basic laminate. Prior to layup, titanium shims were machined to size, processed
for bonding, and primed. The primed titanium shims were then overlaid with 0,045 |b./

ftz weight EA?601 adhesive and placed in the laminate as required.

The resin bleeder system and the bagging procedure followed were similar to those
described in Section 2.2 except that no peel plies were used. Panels were cured in an
autoclave cycle of 85 PSIG and 350°F for 120 minutes. After cure the laminate surface
was sanded and primed aluminum tab material was applied in @ secondary bond operation

(250°F for 60 minutes under 20" Hg vacuum). The lominate was then cut into 1" strips.

The aluminum tee was machined into the required one~inch long sections and match drilled
with the laminate. Holes through the boron/titanium shim laminate were generated with

a core drill and final sized with a diamond reamer. The laminate was countersunk with

a diamond tool and the specimen was assembled using flush head fasteners, HLI9PB6 series,
wet installed. Fasteners were initially torqued to the required 30 inch-pounds and after
30 minutes were torqued again to 30 inch-pounds to account for any relaxation due to
squeeze-out of the faying surface sealant. The assembly was then boked for 48 hours to

cure the sealant.

Photographs of failed Configuration F specimens are included in the TEST PROGRAM

section of this report. These photographs show a close-up of the joint area.
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SECTION I

TECHNICAL INSPECTION AND QUALITY ASSURANCE
3.1 INTRODUCTION

This section contains the information related to nondestructive inspection of the fatigue
phenomenon investigation specimens, destruct test verification of the base filamentary
composite materials, and process and material assessment testing and evaluations. A
description of techniques, summary of test data, and presentation of findings are presented

below. An itemized listing of associated data are presented in Appendices A, B, and C.
3.2 NONDESTRUCTIVE EVALUATION OF BONDED COMPQOSITE JOINTS

The nondestructive evaluation of the bonded joints in this investigation was intended to
detect conditions apparent using current state-of-the-art techniques including ultrasonic,
visual, microwave, and radiography methods where applicable. The plan by which the
evaluations would be accomplished was primarily to:
) Determination of the detrimental conditions which must be non-
destructively evaluated
o . Determine which acceptable conditions affect the evaluation
data in the same manner as the aforementioned
o Utilize specific nondestructive evaluation disciplines and tech-

niques to detect the unwanted conditions

Although the evaluation was expected to detect conditions such as disbonds, delominations,
fiber separation, inclusions, porosity, cracks and bondlire thickness variation, additional
information was gained during the investigation. This information has been used to
reestablish the relative effectiveness of some NDE disciplines in compoesite evaluations and

to recommend factors to be considered in future work.
Since there are many defects which can affect the quality of a bonded joint which varies

in nature and characteristics, no single nondestructive test can be expected to evaluate

a composite joint for all defects. Ultrasonics, x-ray, microwave and visual tests have
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each been used to assure a full evaluation of the bond joint. The preferred test method
appears to be ultrasonics since this procedure detected most of the defect conditions and

provided additional information yielded by the attenuation of sound in the specimen.

Initially the intention was to detect a defect in the specimen with the ultrasonic procedure,
then define the location of the defect with x~ray laminography. Laminography is a
relatively new technique of radiography which allows an incremental radiographic analysis
of a thin section within a thick sample without physically sectioning the sample. The
enalysis is accomplished by averaging the unwanted image over a large area while the
image of interest remains defined. This result is achieved by synchronously rotating both
the film and the sample during the exposure. After examining several joint specimens with
this system, it was determined that conventional radiography would provide adequate infor-

mation for this program.

A more detailed discussion of each of these inspection methods is given in the following

paragraphs .

3.2.1  Ultrasonic Inspections

All ultrasonic evaluations were performed with an immersion pulse-echo technique. A
permanent C-scan recording as in Figure 27 was made for all joints evaluated ultrason-
ically. The equipment, shown in Figure 28, with which the inspections were made, is

Sperry Immersion C-scan System, Reflectoscope Model UM 721,

The immersion technique used measures variations in ultrasonic attenuation (loss of sound)
as the sound traveled through the specimen to a mirror then back through the specimen to
the part. The recorder was activated by preset strength levels of the returning ultrasonic
energy as shown in Figure 29. The attenuation contributed by the water in the immersion

tank and the mirror was assumed to be constant throughout this investigation.

Attenuation is increased by the presence of variation in consistency such as the following

defects: porosity, disbonds, inclusions, voids (gross porosity), delaminations, specimen

surface roughness, bondline thickness, and resin-starved areas of the composites.
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Specimens are immersed in water and scanned
automatically using the pulse-echo technique.
Recordings are made of all inspections.

FIGURE 28 - ULTRASONIC C-SCAN INSPECTION SYSTEM
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FIGURE 29 - PULSE-ECHO TECHNMICUE
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3.2.1.1 Disbonds, Voids, Delaminations ~ These conditions completely stop pene~
tration of ultrasonic energy through the specimen if the defect size is greater than

the .117 square inch area of the ultrasonic energy beam impinging on the specimen surface.
Of course the energy transmitted will be proportional to the inverse of the area above.

The larger defect will be outlined on the C-scan pian recording. These conditions were
rated as go or no~go since normaily, if any voids, etc., exist, the specimen was usually
completely bad. The evaluation was described as go or no=go since the sound is either

transmitted through the specimen or completely stopped.

3.2.1.2 Porosity Inclusions - The effective sound blocking area of these conditions
was usually less than the area of the sound beam impinging on the specimen surface. Poro-
sity in sufficient concentration to completely block all sound could be visually detected at
the edge of the bondline. Adequate in~process contral can eliminate the porosity such
that no significant decrease in bondline strength results. Inclusions were classified in the

same evaluation category as porosity. Radiography was used to detect inclusions.

The effect of these two conditions was not considered on the C-scan read-out unless:

o The porosity was visually detected during bondline measurements.
o Radiographic inspection detected foreign material in the bondline or
composite.

The attenuation of the ultrasonic energy was attributed to other conditions if the afore-

mentioned did not exist.

3.2.1.3 Surface Roughness - This condition, while not always considered defec-
tive, had an adverse effect on the energy returning to the transducer. The rough surface
scattered the sound away from the main beam, therefore the returning sound energy was

lessened. The returning signal (Figure 29)Xecreased in amplitude and was printed on the

C-scan chart as a high attenuation area.
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INITIAL PULSE SPECIMEN SURFACE MIRROR SIGNAL

-\ GATE 2 J.\ GATE 1

This illustrates the signal reflected from the specimen surface. The signal
magnitude, affected by the surface roughness, can be gated to give some measure
cf energy scattered away from the sound beam,

FIGURE 30 - ULTRASONIC SIGNAL PRESENTATION ON CATHODE RAY TUBE,
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ULTRASONIC C-SCAN RECORDING
C-scan of GraphiteJoint G9A,
Low sound transmission shown
as white area.

ULTEASONIC C-SCAN RECORDING
C-scan of Fiberglass Joint FG7A.
Low sound transmission shown as
white area.

* Gate level above samples denotea sensitivity to low sound transmission
areas wherein 1 is least sensitive,

FIGURE 33 C-SCAN RECORDINGS FROM GRAPHITE AND FIBERGLASS
COMPOSITE JOINTS
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This problem was eliminated by a close visual inspection which revealed any wide varia-

tion in surface roughness among the specimens. However, the visval inspection did not represent
an actucl measurement. A measurement can be accomplished using the first interface

signal (reflection from the part surface) shown in Figure 30. This signal decreased in

strength as the surface roughness increased. The surface roughness would not be a factor

if the inspection was intended to detect only voids, delaminations or disbonds. It must

be considered as a factor however if any future investigotions are to be made to determine

the strength of a bonded joint.

3.2.1.4 Bondiine Thickness - Sound transmission was inversely proportional to
bondline thickness. This was noted on some samples wherein the bondline was .001 inch
thicker on one side of the joint specimen. At extremely high sensitivity (low energy level)

the sound attenuation dropped appreciably in the thick bondline area.

This measurement would be a critical factor in any investigation to determine the strength
of a bonded joint. At the high ultrasonic energy levels used in this investigation it was

not a significant factor.

3.2.1.5 Summary of Test Results = Only one group of specimens were rejected
using the ultrasonic system and these specimens did not undergo fatigue testing. A C-scan

representing a typical specimen from this group is compared with a good joint in Figures
31 and 32,

Ultrasonic anclysis of the joints gave a better overall evaluation of the specimens than
any of the other NDE disciplines. Sufficient data was accumulated to affect the tech-

niques used in the evaluation of bonded joints in future investigations.

C~scans were also made of graphite and fiberglass joint specimens. The recorder was
adjusted to print good areas thus high attenuation areas were the light or white areas
(Figure 33). A lower energy amplification level was noted on the graphite specimens
than that required to obtain similar energy transmission levels for the fiberglass and boron
specimens. This would indicate better sound transmission through the graphite specimens.

The goin level was adjusted to have comparable C-scans of all specimens.
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This lower energy level requirements was due in most part to two conditions found in
these specimens: first, the thinner bond lines in these specimens which attenuated the
sound less and second, the smoother graphite surfaces. The surface roughness was much
greater in the boron specimens, which scatters the impinging sound, thereby decreasing
the energy received by the transducer. The roughness is attributed to use of a fiber-
glass peel ply (181 style cloth) and to the large boron filoments which also scatter the
sound energy as it fravels through the laminate and joint. A comparison between the
C-scans for fiberglass and graphite joints having the same bondline thicknesses shows
more sound transmission through the graphite than the fiberglass specimens. Again the
surface roughness of the fiberglass specimens was greater. A comparison of C-scans

of specimens at the extreme ends of the thickness range showed slight differences in

sound transmission.

3.2.2 Radiography Inspections

X~rays were made of joint specimens to detect porosity, fiber orientation, foreign
material and cracks. Radiography was accomplished with a TORR Laboratories Type
TX-360 unit with the following specifications: 0-120 KV, 3 or 5 ma, 0.15 inch

Beryllium window and a 0.35 mm focal spot size. The equipment is shown in Figure 34,

3.2.2.1 Defect Conditions - These conditions illustrated in Figure 35, can generally

be defined as or related to:

o Foreign Material - This is defined as any exitraneous matter which
does not resemble the surrounding material in structure or form.
The image will appear on the radiograph as a less dense (light)

sharply defined object.

o Fiber Spacing - The distance between two adjacent parallel fibers.

This distance will generally be approximately 0,004 inches.

o Fiber Orientation « The direction fibers are running in a ply. An
abnormal condifion will exist when one or more fibers run unparallel

to the normal direction,

) Fiber Breakage - Small lengths of fibers dispersed throughout the com-

posite.
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The x-ray source is shown on thne right.

The Tixture shown on the leit is the laminography
specimen plate and ilm holder. The cabinet is
being utilized Tor bolh conventiornal radiograpiny
and laminogranhy.

FIGURE 34 - X-RAY SOURCE
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FIBER BROKEN

FOREIGN MATERIAL

EXCESSIVE FIBER SPACING

FIGURE 35 DEFECT CONDITIONS IN FILAMENTRY COMPOSITES



3.2.2.2 Summary of Test Results - Radiographs were taken of 713 joint specimens.
No condition severe enough to reject any specimen was detected. However, the preceeding
conditions were found in many specimens noted as follows:

) Fiber Breakage - Broken fibers were found in 278 specimens. The fibers

were either scattered throughout the joint or concentrated at the edge.

) Fiber Spacing -~ Samples in which some fibers exceeded .004 inch spac-

ing between parallel fibers totalled 36.

o Fiber Orientation = Lack of parallelism was noted among very few fibers

in 42 specimens.

o Foreign Material - This condition wos detected in 29 samples.

Unknown conditions indicated by abrupt changes in density were noted in 6 specimens. This

may be an indication of thin bondline or light porosity.
Some specimens exhibited two of the above conditions. One or more of the defect condi~
tions were detected in 373 of the 713 evaluated specimens. No correlation could be noted

between the x-rays and the ultrasonic C-scans.

3.2.3 Microwave Inspections

Microwave testing was accomplished with Microdac Model 664 instrumentation and a
Lockheed built Structural Integrity Tester (Figure 36). The tester was a swept frequency
square wave generator with a range of 30 Hz to 3.2 kHz, The generater was used in
conjunction with a vibrating solenoid to provide a mechanical energy input into the joint
specimens. The microwave unit wos used to analyze the resultant specimen vibration
and determine the resonont frequency. The resonont frequency is a function of the stiff-

ness of the specimen. [t was hoped that this would also be a measure of joint quality.
Post fatigue inspection of sixteen joint specimens showed a significont drop in resonance

frequency for all specimens tested. This was considered to be significant to warrent further

investigation to determine the cause. In so doing it was discovered that the holding
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The wicrowave vibration detector is shown on the
left and the swept frequency generator and

oscilloscope on the right. The resonant frequency
is determined from the scope trace.

FIGURE 36 - MICROWAVE SYSTEM
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fixture had been changed to improved alignment of the specimens. Since this holding
fixture changed between the two data points in the specimen history, the data cannot
be directly compared and additional data is not available to verify the effect of the
specimen holder on the read~out. Additional research beyond the scope of this investi-

gation would be required.

Microwave resonance has shown promise since tests involving joint specimens with intro-
duced voids yield significant changes in resonance frequency. The range for no voids

was 53 fo 74 Hz while the range for the same specimens ofter voids were introduced wos

50 to 62. The above overlap would not be apparent if individual specimen readings were
considered; i.e., 53 before to 50 after and 72 before to 62 after. This data demonstrated
the capability of the microwave system. However, its use is limited since fine line measure~
ments of actual bond quality is not comparable with the capability of current ultrasonic

methods .

3.2.4  Visual Inspections: Bondline Measurement

The thickness of a bondline affects the quality or strength of a bonded joint. A device
was designed and built to optically measure the thickness of a bondline at the edge of

a specimen (Figure 37), Initially, visible light was used to illuminate the bond joint.
However, the interface between the adhesive and laminate was not well defined. After
the bondline adhesive was found to fluoresce under ultraviolet light, the interface was
easily defined for optical measurement (Figure 38). The technique utilized the micro=-

positioner stage, ultraviolet light and a microscope as in Figure 39.

The bondline thickness measurement was accomplished by pesitioning @ line in the eye-
piece of the microscope on one side of the bondline, then turning the micrometer dial
of the stage until the line moved to the opposite side of the bondline. The thickness

was read directly from the dial with an accuracy of £ 0.0001 inch.
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The micropositioner is mounted under the mlcroscope
and the bondline thickness reading 1ls made directly
from the micrometer dial., The dlal is turned until
a line in the microscope eyepiece movea from one
gide of the bendline to the other.

FIGURE 37 - MICROPOSITIONER AND SPECIMEN
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These are two typical configurations,
One has a titanium splice plate and the
other a boron splice plate. Bondline
measurements are center of the nearest
filament ply. The distance from the
center of the filament ply to the edge
of the specimen is subtracted from the
reading.

FIGURE 38 - JOINT SPECIMENS SHOWING BONDLINES
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The joint specimens are mounted on edge and

illuminated with ultraviolet light. The bond-
line fluoresces and becomes easily discernable.
The bondline is viewed through the microscope.

FIGURE 39 - BONDLINE MEASURING SYSTEM
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Bondline measurements adjacent to boron adherends present a handicop, since the use

of a peel ply on the boron laminate causes an irregular interface between the boron and

the adhesive. Therefore, when boron adherends ore involved, the measurement is taken

to the centerline of the first ply of boron. To account for the thickness of laminate included
in the measurement, 0.004" is subtracted from the recorded measurement. This correction
includes the thickness of the half=ply included in the measurement and the thickness of the
surface scrim and resin.  When the adherend ond splice are both composite, the measure-
ment is taken from centerline to centerline of the first plies of the adherend and splice and

then corrected by subtracting 0.008".

Specimens, representative of Configuration B and fabricated by the co=-cured process, have
also been inspected for bondline thickness by this procedure. During the curing and bonding
process, the laminating resin and adhesive resin combine to such a degree that a finite
bondline cannot be defined. Therefore, in joints of this type, the distance between the
metal adherend and the centerline of the adjacent ply is measured. From this, an effec-

tive bondline is determined for use in analysis procedures and data correlation.

3.2.5 NDE Data Analysis and Comparison

Utilization of ultrasonic, radiographic, microwave, and visual inspection methods permitted
the establishment of the relative merits of each discipline. As a result the elimination of

some disciplines may be possible with the incorporation of other disciplines.

As was stoted previously the ultrasonics discipline presented what is believed to be the
most useful data. The possibility of expansion or refinement of the technique into @ more
accurate qualitative evaluation system is most promising. At least two factors which
must be resolved or investigated before the refined system could be established are:

o Rigid control of ultrasonic beam transmitted by the transducers; i.e.,

energy level, frequency, etc.

) Development of more accurate calibration system for bondline joints

with variance in cross-section; i.e., step joints.
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Microwave investigation did not provide sufficient data to prove or disprove the merits
of microwave testing. It is recommended that future analysis be made with this system
using a finer control of the specimen vibration and that a device which measures the

dielectric constant of the bond joint in-process be included in future investigations.

The capability of radiography was proven. However, it may not be necessary in future
investigations of this sort. The defects detected were not of sufficient magnitude to
warrant rejection by current standords. Therefore, it could be assumed that the joints can

be sufficiently evaluated with the other disciplines.

As a result of this investigation the following recommendations for future work are made:

o Radiography be limited to sampiing only.
) The dielectric constant device be utilized.

o Ultrasonic testing be expanded to more definitive data.
All measurable variables which do not deteriorate the joint strength should be determined

then compensated for in the non-destructive testing evaluation data. Once this is done

effective joint quality dota analysis can be accomplished.
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3.3 MATERIAL ACQUISITION AND ASSESSMENT

During the course of the program, it was necessary to produce supporting material property
data; although, to @ great extent, reliance was placed upon composite materials data gen-
erated by the Lockheed-Georgia Company during conduct of contractual and in~house
developmental programs. Data from related industry progroms were also used, where
applicable, to reduce the amount of required testing. Sufficient information exists on the
composite materials and laminate orientations being used for this program to establish
complete and dependable constant-life diagrams for the basic material .  Spot check tests
were performed on the composite materials used in this program to assure compatibility with

available data.

The adherend materials used in this program fall into two general categories: metallic and
composite. The basic uniaxial stress-strain data and fatigue properties (S~N curves) were
required for all materials in order to provide properties for the anclysis methods. These
material properties were obtained from statistically significant data so as to remove these
variables from the large number of other variobles which will be evaluated during the

program.

The stress-strain ond basic fatigue behavior of the metallic materials were obtained from

Military Handbook 5. Additional data,such os the thermal coefficient of expansion,

Poisson's Ratio, and shear modules for the metallic materials, were obtained from Military

Handbook 5 and Aerospace Structural Metals Handbook .

The basic lamina stress-strain and fatigue behavior of the boron composite materials
were obtained primarily from the data being generated on Air Force Contract F33615-
5257, "Structural Airframe Application of Advonced Composite Materials", at General

Dynamics/Ft. Worth. Static and fatigue specimens were fabricated and tested to assure

material quality and compatibility with the General Dynamics data.

Two other composite materials were included in the program evaluation but only to «

very limited extent. These were graphite-epoxy and glass-epoxy.
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Since these materials were included in consideration of the effects of variations in
adherend materials and not to develop basic fatigue phenomena, as with the boron
material, a high degree of confidence was not required for these materials. Asa

result, the level of activity associated with the graphite-epoxy and glass-epoxy

materials are significantly less.

3.3.1 Acquisition of Tape Materials

Each of the composite material systems was purchosed in the B-staged, prepreg tape
form. Pertinent information related to materials and their acquisitions are given

below.

Boron filaments were produced by Hamilton Standard and furnished to the prepreg
company by the Air Force for use in connection with this program. The initial de-
liveries of tape maferial, through October 1970, were produced by Narmco Materials
Division of Whittaker Corporation. Subsequent deliveries were made by Avco Systems
Division, Aveo Corporation. All boron tape material consisted of the same resin system
and was supplied to the same material specification, FMS 2001 A dated 21 April 1967.

The delivery of boron tape material, quantities and identification are as shown below:

Feet of Tape Delivered Receipt Date Batch/Roll Nos.
1050 2 April 1970 381/74, 75, 76
1950 9 July 1970 392/89 thru 94
193 2 Oct 1970 385/6
1440 2 Oct 1970 408/35, 38, 39, 40
1450 13 Jan 1971 421, 2, 3, 4
600 20 Jan 1971 42/5, 6

The concluding material required for evaluation under the confract was a small quantity
each of unidirectional fiberglass/epoxy and unidirectional graphite/epoxy. The total
amount required was approximately 20 square feet of material. The fiberglass selected
for this phase of the investigation was 3M Company's SP 1002 S glass (Batch L19, Roll
W329?) and the graphite material was Fiberite HyE 1311B (Lot No. 1088, Roll No. 1}.
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3.3.2 Acceptance and Process Control Assessment

Material acceptance and in-process material evaluation specimens are tested in accor-
dance with standard Lockheed-Georgia quality control specimen configurations and
test procedures for composite materials. These methods are compatible with procedures
used throughout the industry and include flexure and short beam shear evaluations of

15 ply unidirectional panels.

Fabrication details of all quality control and material acceptance panels and iaminates
for joints adherends are included in Appendix A, Table Al - Composite Panel Identifi-
cation, which provides a cross reference for these panels. In summary a listing of quality
control panel numbers, material acce'pfance panel numbers, material batch numbers, and

data usage is defined in Table I,

3.3.2.1  Boron Epoxy - A summary of results obtained from both the acceptance and
process control testing and the standards to which the results were compared are presented
in Table I, on the basis of batch numbers. The data averages in each instance includes
all the different specimens and panels which were evaluated from the specified batch.
Other pertinent information related to the quality of the materials of each batch is

discussed below.

Batch 381: The observed failures which occurred on the initial longitudinal flexure
specimens, Nos. 54949-1 and -2, had a very unusual appearance in thot, rother than
the clean, regular breaks normally associated with longitudinal flexure tests, the
specimens exhibit extensive delaminations extending from the break as much as one-
fourth of the distance to the ends of the test specimen. For this reason an additional
panel No. 56136, was fabricated and tested for 0° flexure strength and bosed on the
results of these two panels batch 381 was considered acceptable. Batch 381 continued

to exhibit good quality through the test results obtained subsequently.
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TABLE N

BORON-EPOXY ACCEPTANCE AND CONTROL PANEL JUSTIFICATION

Panel or

Q.C. Number

54959
56136
56591

57836
58392
59038
59579
59813
60365
60581

61039
61198
61588
61873

62844
63195
63652
64078
64382
64845
65418
65745
66858
67326
69552
70085
70085

Material

Batch No.

381
381
381
381
381
392
392
381
381
392
392
392
392
408

385
408
408
408
408
42
42
42
42
408
43/3
43/6
45/11
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Data Usage

Material Acceptance

Recheck Material Acceptonce

Q. C. Check on Material Verification

Q. C.
Q. C.

Check on Joint Panel

Check on Joint Panel

Material Acceptance

Material Acceptance

. C.
. Check on Joint Panel

O L L L
O 0 0O O

Check on Joint Panel

. Check on Joint Panel
. Check on Joint Panel
. Check on Joint Panel
. C.

Material Acceptance and Q.

Check on Joint Panel

on Joint Panel

Material Acceptance ond Q.
Q. C.

Check on Joint Panel

Q.C. Check on Joint Panel

Q. C.
Q. C.

Check on Joint Panel

Check on Joint Panel

Material Acceptance

. C.
. Check on Joint Panel

RO O DO
O O O 0

. C

Check on Joint Panel

. Check on Joint Panel
. Check on lJoint Panel
. Check on Joint Panel

. Check on Joint Panel

Material Acceptance

C. Check

C. Check
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Botch 392: The initial results for Batch 392 were slightly below standard, panels 59038
and 59579, but tensile coupons having 0°/+45° fiber orientation and fabricated ot the
same time developed 100 ksi indicating material acceptable for joint fabrication. Sub-
sequent Q,C. tests have shown improved values for this moterial with the exception of
transversed flexure which frequently are below standard. Control specimens of all bonded
joint panels were evaluated for static strength prior to specimens being fatigue fested, as

a conditional requirement for accepting this batch of material

Batch 385: This batch consisted of a single roll of material and represented a partial ship-
ment with Batch 408. The data representing the quality of this material also indicated

a low transverse flexure strength.

Batch 408: This batch was the last lot of material supplied by Narmco. Transverse flex~-
ure strengths continued to be below requirements although the horizontal shear and 0°
flexure strengths were adequate for most specimens tested. The most severe variations
observed for the program were detected in two panels of Batch 408 in which the trans-
verse flexure values averaged 9.9 and 10.4 KSI. For the most part, however, the below-
standard values have been near or above 12 KSI. Again, as a precaution all bonded joint
panels were evaluated for static strength prior to evaluating specimens for fatigue capa-
bility. Specimens which exhibited low laminate properties were rejected and replace-
ment specimen fabricated. Due to the very low initial results, No. 61873, additional
tensile coupon tests were also performed on 0°/90° and 0°/£45° panels in conjunction with
the standard Q. C. flexure specimens. Although the transverse flexure results were slightly
below specification requirements (13 ksi), these laminates were used for joint specimen

fabrication based on the acceptable results obtained from the tensile coupons.
Panels represented by Q.C. specimen numbers 64382 were rejected for use in the lap
joint specimens. However, one panel was used for fabrication of the Configuration C

specimens {Appendix C) based on acceptable tensile strength of these specimens.

Botch 42: Initial tests on Batch 42, the first batch supplied by Avco, show that it is

approximately equal in quality to the material received from Narmco. It should be
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noted that the transverse flexure strength is marginal as it was for the last batch received

from Narmco, Batch 408.

Batch 45: The test results for these panels are, for the most part, consistent with previous
determinations of a similar nature. An exception is noted for Batch 45, roll 11 which
exhibited significantly higher transverse flexure and horizontal shear strengths than for

other batches of material evaluated under this program.

3.3.2.2  Graphite Epoxy and Glass Epoxy - Due to the small amount of laminate mater-
ial required for the fiberglass and graphite bonded joint specimens, the unidirectional 15~
ply quality control laminates fabricated concurrent with the joint laminates also served for
acceptance of the respective materials. Test results obtained from these specimens were
acceptable, and were comparable to values obtained by other investigators. Tabulated

results for these materials are listed in Table IV.

3.3.3 Material Properties Verificotion

To take advantage of the material properties data available from outside sources, it was
first necessary to verify that the materials being received were of the same quality. A
comparison was made between the verification tests recorded in Appendix B and deta pub-
lished in AFML-TR-62-101, Volumes IV and V, "Structural Airframe Application of
Advanced Composite Materials". This was done with static and fatigue properties for
(0,90, 0,%90)s and (0, +45, 0)s laminates and the results are summarized in Appendix B1
for the individual static ond fatigue property tests and in Figure 40 for the fatigue
characteristics. The materials were judged to be sufficiently consistent for accepting the
data base. The greatest variance is observed for the 0°/+45° fatigue testing at R = -1.0.
This difference can be explained by the dissimilarity of cyclic rat es during test, i.e.,

the General Dynamics data was developed at 1800 Hz and the Lockheed tests were made
at 900 Hz. Another discrepancy is noted in the 0-90 tensile requirements but this dif~
ference was attributed to the foct that the requirement is set for sandwich beam tests

which generally gives higher values than coupons.
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TABLE v

RESULTS OF CONTROL TESTING FOR
GRAPHITE-EPOXY AND GLASS-EPOXY LAMINATES

Longitudinal Horizontal
Specimen No, Flexure Strength (KSI) Shear Strength (KSI)

74169-1 187.5 14.4
-2 170.3 14.0
Fiberglass
-3 170.9 14.1
Average 176.2 14.2
74169-4 156.8 11.4
-5 162.0 11.3
-6 155.3 1.1 Graphite
Average 158.0 11.3
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SECTION"1V
TEST PROGRAM

4.1 GENERAL

The primary objectives of the test program were © develop improved methods for conduct-
ing fatigue design and testing of composite structural joints. Both bonded and mechanical
joints were evaluated. Bonded and mechanical joint materials consisted of boron-epoxy,
7075-Té aluminum, 6Al-4V titenium, grophite-epoxy and fiberglass-epoxy. The test
specimens consisted of composite-to~composite and and composite-to-metal joints fabri-
cated by both adhesive bonding and mechanical fastener techniques. A variety of joint
designs were selected and were representative of joints that would be commonly

used in aircraft structures. Specimen testing was accomplished in three main phases which

were related to specimen size as follows.

Phase | ~ Small scale laboratory joint specimens, one-inch wide. These specimens consti-

tuted the major portion of the test program.
Phase |l = Medium scale joint specimens, two inches and three inches wide.

Phase Il ~ Large scale joint specimens, ten inches wide. Only bonded joint specimens

were tested in this phase of the test program.

The complete test program is outlined in Tables Vthru X Detailed test results and
specimen parameters ore included in tabulated form in Appendix B. Detail drowings of
all specimens are included in Appendix C. All the unbalanced specimens were supported
during static and fatigue testing in order to provide more consistent and representative

test data,
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TABLE V

ALTERNATE ADHEREND MATERIALS EVALUATION
GRAPHITE EPOXY AND GLASS EPOXY COMPOSITES

COMPOSITE JOINT | FATIGUE TESTS STATIC
MATERIAL CONFIGURATION AT R = 0.1 CCNTROLS
Graphite Epoxy MAY 10 3
Glass Epoxy MAN 11 3
TOTALS 21 6

SPECIMEN IDENTIFICATION
EVALUATION - ALTERNATE ADHERENT MATERIALS

E 1
O Q w 4'——_ SPECIMEN NO.
1 Thru 99

STRESS RATIO

A 0.1
B Static
MATERIAL

1 Graphite Epoxy
2 Glass Epoxy

EVALUATION - Basic
(Table V)

Specimen E1BO1 identifies the number one static test specimen for basic evaluation of

graphite epoxy.
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TABLE VI

MATERIAL VERIFICATION AND CHECKOUT TESTS

MATERIAL FATIGUE TESTS STATIC CONTROLS

TYFE SPECIMER R=0.,1 | R=-1.0 TENSILE STRENGT:

+ Q
07-45 Coupon 5 10 3
N 5505 :
0°/90° Coupon 5 3
N 5505
Progrem Single 15 5
Adhesives lap Joint

TOTALS 25 10 1

SPECIMEN IDENTIFICATION
VERIFICATION OF MATERIALS

@ @ w SPECIMEN NO,
? ] 1 Thru 99

STRESS RATIO

A 0.1
B ~1.0
C Static

MATERIAL TYPE

1 0°/+45° Boron
2 0°/90° Boron
3 Adhesive

VERIFICATION
(Table VI)

Specimen V1B04 identifies the number 4 fatigue specimen to be tested at a stress ratio of

= = 1.0 for verification of material strength for a 0°/%45° boron laminate.
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TABLE VIl (CONTINUED)

SPECIMEN IDENTIFICATION
BONDED JOINTS - PHASE |

@ @ @ CP @ ®\{<@ SPECIMEN NO.

1 Thru 99

STRESS RATIO

0.1

-1.0

10

Static

Test Setup

Spectrum - Block
Spectrum - Realistic

QMmO N %)

SPLICE MATERIAL
Boron/Ti
Boron/A]
Boron/Boron
Ti/Boron

SN —

ORIENTATION
T 0/x45
2 0/90

PHASE TASK

Baseline Data

Ply Stacking

Lap Length - Short
Thickness
Degradation
Second Adhesive
Cumulative Damage
Preload/Load

Lap Length - Long

OO0 NOG WO —

JOINT CONFIGURATION

A Single Splice Butt

B Single Scarf Butt

C Surface to Under Structure
D Double Spiice Butt

PROGRAM PHASE
(Table VII)

Specimen number IB121A08 identifies a specimen for Phase | with a single scarf butt con-
figuration for generating base line data on 0°/90° specimen joined to titanium and tested

at a stress ratio of R = +0.1. The specimen number within this set is number 8.
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BONDED JOINTS EVALUATION

TABLE VI

PHASE II - MEDIUM SCALE SPECIMENS

JOINT CONFIGURATION AN "R
ADHEREND COMBINATIONS Boron,/Ti(A1% )} Boron/Ti TOTALS
LOADING STRESS RATIO 0.1 10 (s7) | 0.1 10 ST)
PROGRAM TASK NUMBER OF SPECIMENS FAT. (ST)
BASELINE DATA 15% 5 10%x| 10% 6 T4 36 (17)
DEGRADATION OF 10% 10
JOINT PROPFRTIES
LAP LENGTH EFFECTS
1. Short Lap 5 (3) 5 €5)
2. long Iap 5 5  (6) 10 6)
CUMULATIVE DAMAGE
EVALUATION FOR BLOCK
SPECTRUM LOADING [5] 5

TOTALS 66 26

* Five (%) specimens from each of the indiceted groups are to have

boron composite - aluminum adherends.

%% Three (3) specimens aluminum,
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TABLE VI (CONTINUED)

SPECIMEN IDENTIFICATION
BONDED JOINTS - PHASE Il

oJclofofoNe¥e

SPECIMEN NO.
1 Thru 99

STRESS RATIO

0.1

10

Static

Test Setup
Spectrum - Biock

Mmoo N>

SPLICE MATERIAL

1 Boron/Ti
2 Boron/AL
PHASE TASK

Baseline Data
Degradation

Lap Lengths - Short
Cumvulative Damage
Lop Length - Leng

O WN

JOINT CONFIGURATION
A Single Splice Butt
B Single Scarf Butt

PROGRAM PHASE
(Table Vill)

Specimen number I|A32C02 identifies a specimen for Phase Il with a single splice butt
configuration for evaluation of overlap length with aluminum splice adherend tested as a

stress ratio of R = +10. The specimen number within this set is number 2.
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TABLE X

BONDEP JOINTS EVALUATION
PHASE 111 - LARGE SCALE SPICIMENS

JOINT TYPE npH 0:0
TOTALS
ADHERENDS Boron/Ti (Al*) Boron/Ti
 STRESS RATIO 0.1 -1.0 10 (s?)| 0.1 -1.0 (sT) |} FAT. | (SD.)
PROGRAM TASK NUMBER OF SPHCIMENS
AXIAL IOADING * L x %
FOR LARGE JOINTS| 2 2 (g*l 1 1T (3 7 [ 13
COMPLEX LOAD
EVALUATION FOR
pLock specrmom | LW [1] 2
_ CYCLING
TOTALS g | 13

* One (1) specimen of each group indicated is to have boron composite
- sgluminum adherends.

*¥* 1" yide static specimens.
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TABLE 1X (CONTINUED)

SPECIMEN IDENTIFICATION
BONDED JOINTS - PHASE HI

D OOO® @

SPECIMEN NO,
} Thru @

STRESS RATIO

A 0.1

B -1.0

C 10

D Static

E Test Setup

F Spectrum - Block

SPLICE MATERIAL

] Boron/Ti
2 Boron/A1
PHASE TASK

1 Axial Loading
2 Complex Loading

JOINT CONFIGURATION
A Single Splice Butt
B Single Scarf

PROGRAM PHASE
(Table 1X)

Specimen number |1IA11B2 identifies a specimen for Phase Il with a single titanium
splice plate butt joint configuration for evaluation of axial loading a stress ratio of

R ==1.0. The specimen number within this set is number 2.
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TABLE X (CONTINUED)

SPECIMEN IDENTIFICATION
MECHANICAL JOINTS - PHASE 1 & I

oJoNolofo¥oRoNe

SPECIMEN NO,

I Thru 99

STRESS RATIO

A 0.1

B -1.0

C 10

D Static

E Test Setup

F Spectrum - Block

G Spectrum - Realistic

JOINT ELEMENTS
1 Boron/AL
2 Boron/Boron

TEST VARIABLE
1 Thru 3
(orient., /D, & Ti inserts)

PHASE TASK

1 Baseline Data

2 Stacking Order

3 Edge Distance

4 Thickness Effects

5 Preload/Low Cycle

6 Cumulotive Damage

7 Pinned Joints - E/D Eval.

JOINT CONFIGURATION
E Single Splice Butt
F Surface to Under Structure

PROGRAM PHASE
I Small Scale Spec.

I Medium Scale Spec.
(Table X)

Specimen number IE311AQ3 identifies a specimen for Phase | with a single butt configuration
for evaluation of fastener edge distance in a composite containing titanium skins joined to
an aluminum splice plate. The specimen will be tested at a stress ratio of R = +0.1 and is

specimen number 3 within the set of specimens.
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4,2 GENERAL TEST EQUIPMENT

4,2.1  Static Test Machines

Static tests were performed in either a Riehle or Baidwin universal testing machine. The
Riehle had a load capacity of #30, 000 pounds and the Baldwin £50, 000 pounds. Teplin
or Instron grips, attached to the machine with spherically seated adaptors, were used for
the tensile tests. Self-aligning hydraulic grips were used for the compression tests. The
testing machines were calibrated to appropriate ASTM Specifications using standards

traceable to the National Bureau of Standards.

4.2.2 Fatigue Test Machines

The majority of fatigue tests at a siress ratio, R, of +0.10 were performed in Lockheed
designed fatigue machines that operate on the resonant principal . A sketch of one of
these machines is illustrated in Figure 41.  Each machine has flat grips which will
accept specimens up to three inches wide and up to 18 inches in length. One grip is
attached to an electrical resistance type strain gage load transducer and the other grip
to the test machine base. Signal from the transducer is directed to a dynamic load
analyzer which includes calibrated potentiometers, a corrier amplifier, and an oscillo~
scope. In operation, the carrier amplitude is set by the calibrated potentiometers to a
value proportional to the desired load. The corrier is then amplitude modulated by the
transducer signal until a null is achieved on the carrier amplitude, and the oscilloscope
is used to display the null condition. Maximum, minimum, and mean loads are monitored
in this monner. Each machine system is statically calibrated to an accuracy of £0.5
percent of load. A variety of transducers having different full=scale load capacities

are available, However, the machines are limited to a maximum load of 15, 000 pounds.
Operating frequency range of the machines is 20 to 40 cycles per second and the operating
frequency is established by the speed of the variable speed motor. The dynamic load at
a given frequency is a function of the variable eccentric setting, variable mass of the

machine, and position of the grips in the machine. Mean load is applied by a hydraulic
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actuator on most of the machines, although some have a mechanical screw for this purpose.
Each machine has an automatic cut-off system which stops the motor and cycle counter upon

specimen failure.

Fatigue tests af stress ratios of R = =1.0 and R = +10.0 were performed in electro-hydraulic
servo controlled testing machines, Models 301 and 303, manufactured by MTS System Cor-
poration. These are direct force-type machines having full scale fatigue load capacities

of +30, 000 pounds and +100, 000 pounds respectively. The lowest load range is 5,000
pounds on the Model 301 and 10,000 pounds on the Medel 303. Each machine is equipped
with MTS Alignomatic grips. Photographs of the testing machines are presented in Figure
42 and Figure 43.. The electro-hydraulic servo controlled closed loop system provides
infinite control of fest frequency from approaching zero to limits of system response which
is a function of hydraulic supply capacity, the servo valve, and test specimen compliance.

Each MTS system was statically calibrated to an accuracy of £0.2% of load range.

4,2.3  Programming Equipment

The programming equipment used for the block loading and realistic spectrum testing was
manufactured by MTS Systems Corporation. It can be used to control either of the MTS
fatigue testing machines and a photograph of the Model 301 machine with the computer-
ized programming equipment is shown in Figure 42 with the 30, 000 pound MTS machine.
The hardware consists of a PDP~8L computer, a model 33 ASR teletypewriter set, and an
MTS 433.11 interface unit. The computer is prepared by means of an appropriate soft~
ware program and test load information is input either manually on the teletype keyboard
or by tape format on the tape reader. The digital format is then converted to a series of
voltage commands by a digital to analogue converter located in the interface unit. Each
command voltage is opplied to the servo valve controller on the testing machine console
and load is applied to the specimen. The load cell in the machine reacts the specimen
load and a feedback voltage is created. This voltage is fed back to the interface unit
where it is converted from an analogue signal to a digital value. The computer than
screens and compares the digital command and feedback to verify that the specimen is

subjected to the correct loadings. If any variations exist between command and feedback
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FIGURE 42 - MODEL 301 MTS MACHINE - 30,000 POUNDS

FIGURE 43 - MODEL 303 MTS MACHINE - 10,000 POUNDS
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the program automatically halts. Accuracy of the programming system was found to

be within +0,5% of selected load range.

4.2.4 Instrumentation and Recording Equipment

Environmental and specimen temperatures were measured by copper-constantan thermo-
couples connected to Honeywell multichannel strip-chart recorders. Since it was
necessary to monitor temperatures at regular intervals throughout the duration of a test,
each recorder was equipped with an automatic on/off contro! device. This device was
set fo switch the recorder on for approximately thirty seconds at intervals ranging from
15 minutes to 4 hours depending upon test duration. Resistance strain gages, types
FAE-03-12513 and FAE-06N-12513 were used on the strain survey specimens and strains
were recorded on either a Baldwin strain indicator or a B&F Strain Data Acquisition
System, Model SY156. Basic composite material modulus and joint stiffness were deter-
mined with an SR-4 frome extensometer equipped with strain gaged leaves as shown in
Figure 44. A gage length of 2.0-inches was used for the bonded joints and @ 3.25-inch
gage length was used for the mechanically fastenered joints. Strain was recorded on the
x-axis of an autographic recorder on the universal testing machine. During cumulative
damage testing the specimen loads were monitored on a calibrated Clevite-Brush strip

chort recorder, Mark 280,

4.3 GENERAL TEST REQUIREMENTS AND TEST METHOD APPROACH

The critical dimensions of each specimen were measured and recorded along with its
unique serialization. All tests were conducted ot a room temperature of 72+5° Fohrenheit
and any increase in specimen temperature was restricted to +10°F unless stated otherwise

elsewhere in the report.

The fatigue tests were conducted at a variety of cyclic rates which were generally depen~-
dent upon stress level and stress ratio. However, the maximum frequency was limited to
1800 cycles per minute. Actual stress levels, stress ratios, and cyclic rates are given

for each fatigue test in the trest data tables, Appendix B.
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Extensometer on Specimen

Strain Gage Leaves On
Extensometer

FIGURE 44 - EXTENSOMETER SET-UP FOR
MEASURING SPECIMEN STRAIN
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4.4 MATERIAL VERIFICATION TESTS

4.4.1 Specimen Configurations

The configuration of the static tensile ond axial-load fatigue test specimen at R+0.1 is
shown in Figure 43. The axial-load, R = -1.0 fatigue test specimen configuration is
shown in Figure 46 . Two tab materials were evaluated; half of the R = -1.0 fatigue
specimens were fabricated with fiberglass tabs and the other half with aluminum tabs.
The specimen configuration used for the adhesive evoluation tests is as shown in Dwg.
No. 7226-1302]A, but with titanium adherends and splice plate. Specimen identifi-

cafion information is given on Table VI,

4.4,2 Test Procedure and Rasults

Tests were conducted in accordance with Table VI, and the test data are reported in
Appendix B, Table B1. The basic material static test specimens were instrumented with
three strain gages as shown in Figure 45. A 2.0-inch gage-length extensometer was
attached to each specimen and load was applied incrementally to failure. Strain gage
output was recorded at each load increment and the extensometer output was plotted
against load on an autographic recorder. Good correlation was obtained between the

measured results of the two systems as illustrated in the response curve of Figures 47 ond

48.

Constant amplitude axial-load, R = 40,10 fatigue tests were conducted in Lockheed
designed resonant testing machines, Figure 41 . One thermocouple was bonded to each
specimen at the center of its length and was used to monitor specimen temperature for

the duration of the test. Ambient temperature wos measured by a thermocouple bonded to
a piece of boron-epoxy composite material, suspended from the testing machine in the
proximity of the test specimen. Typical fatigue failures for the R = 40,10 fatigue speci-
mens with 0°/445 and 0°/90 fiber orientations are presented in Figure 49.

108



9.0" it

peg—— 2.0" e

1.00"

17

Test Material
Tab material 7 ply glass

f%beréepoxy laminates
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9601 adhesive

FIGURE 4% - AXIAL-LOAD FATIGUE TEST SPECIMEN CONFIGURATION R = +0,10
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Constant amplitude axial-load, R = -1.0 fatigue tests were conducted in an MTS electro-
hydraulic servo controlled closed loop testing system. One thermocouple was bonded to
each test specimen at the center of its length as shown in Figure 46. Two aluminum
support plates, approximately 5 inches long X 2 inches wide X 0.25-inch thick, were
attached to the specimen, one on each side and held together by six 0.25-inch diameter
fasteners. The fastener nuts were tightened to provide adequate lateral support for com-
pressive loading without creating excessive friction between the plates and specimen during
axial loading. Typical failures for the R = ~1.0 fatigue specimens with aluminum tabs and
fiberglass tabs are shown in Figure 30.  Due to difficulties encountered with an exces-
sive temperature rise in the R = ~1.0 specimens, the tests were repeated and the problem
was solved by restricting the test cyclic frequency to 180 cycles per minute. All previous
test results had indicated that the aluminum-tabbed specimens gave comparable fatigue
data to that of the fiberglass-tabbed specimens and the repeated tests confirmed this (see
Figure 51, Since the aluminum tabs were more uniform in thickness and easier to

use than the fiberglass tabs, it was felt that it would be advantageous to use aluminum tabs

on all future joint specimens.

Prior to conducting the adhesive evaluation tests some experimental testing was carried
out fo determine o satisfactory support plate system. A quantity of test specimens with
titanium splice plates bonded to titanium adherends were fabricated. Initially, support
plates were attached to the adherends spanning the splice plate but not offering any
support to the splice plate. This method was considered non-representative since the
splice plate was still free to deflect a substantial amount when loaded. Using the same
basic support plates, spacers were placed in the gap between the spliced area on both
faces, These spacers were 1.0-inch wide and of sufficient thickness to completely fill
the gap without providing an interference fit, Testing indicated that this method was
successful but it was felt that, since the joint was only supported over the center 1.0
inch of its total overlap length of 1.5 inches, to offer similar support to a joint of
different overlap length the spacer length would also have to be different and therefore
complicate the testing procedures. Finally it was decided that the joint should be

supported across the whole overlap area but still allowed to deflect o limited amount.
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FIGURE 49 - TYPICAL FAILURE,
AXTAL PATIGUE R = +0.10

FIGURE 50 - TYPICAL FAILURE,
AXIAL FATIGUE R = -1.0
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This condition was believed to be representative of a typical joint between skins
bonded to a honeycomb core or supported by a substructural member. The system

that satisfied these requirements was successfully checked out on additional specimens
fabricated with boron composite adherends and at various stress levels and stress ratios
(see Table B2, Appendix B). Details of the support system that was adopted for Con-
figuration A bonded joint test specimens are given in the sketch, Figure 52. The gap
on each side of the joint was restricted to 0,003 inch {one thickness of Teflon tape)
since this provided adequate and representative support to the joint without creating
any significant frictional resistance when loaded. One of the experimental joint
speciments with support plates attached and mounted in o resonant fatigue machine

is shown in Figure 53.

The static and fatigue adhesive evaluation tests were conducted using the support
plate system described above. Typical static and fatigue failure surfaces are shown

in Figures 54 and 55. The Epon 9601 adhesive exhibited high ultimate shear strength
and the S-N curve, shown in Figure 56 indicates that the fatigue characteristics were

also acceptable.
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FIGURE 53 ~ TEST SPECIMENS WITH SUPPORT PLATES

118



PIGURE 54 — TYPICAL STATIC FAILURE SURFACE
TITANIUM TO TITANIUM (V3C03)

FIGURE 55 - TYPICAL FATIGUE FAILURE SURFACE
TITANIUM TO TITANIUM (V3A12)
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4.5 BONDED JOINT TESTS - CONFIGURATION A - SINGLE SPLICE BUTT JOINT

4.5.1 Specimen Configuration

The Phase |, Configuration A specimen details are given in Dwg. No. 7226-1302|A,
Appendix C. The Phase |l and Phase |1l specimens were fabri cated to the same drawing
but the width dimension was increased to 3.0 and 10.0 inches respectively. Specimen

identification information is given on Tables VII, VIII, and IX.

4.,5.2 Test Procedure and Results - Phase |

Tests were conducted in accordance with Table VI, and the test data are reported in

Appendix B, Tables B3 thru BY.

Tests were also conducted on alternate adherend materials in accordance with Table |
and the test data were reported in Appendix B, Table B17. The static tensile test speci=
mens were supported with the modified support plates shown in Figure 37. The
modification to the plates was necessary to alloy a 2.0~inch gage-length extensometer to
be attached to the edges of the specimen. A typical static tensile test set-up with
extensometer attached is shown in Figure 58. A minor problem was caused by the buck-
ling of the lateral support plates during the static compression testing of the long lap
joint specimens. The buckling was a result of the higher loads required to fail this type
of specimen combined with the effect of the reduced stiffness of the piates due to the cut
out at the center. Increased stiffness to the support plates was provided by attaching a
"T" section stiffner along the length of and on one side of the support plates as shown in
Figure 59 and Figure 60. A thermocouple was bonded to each specimen and was
located on the adherend adjacent to the edge of the splice plate. The fatigue tests were
conducted in the fatigue machines described earlier and with regular support plates.
Figures 61, 62 and 63 illustrate the different failure modes obtained with the
Configuration A baseline specimens when subjected to the different fatigue stress ratios
of R= +0.10, R =-1.0, and R = +10.0. Failure modes associated with the ply stacking

variable, surface ply at 45° to load axis, for Configuration A boron-to-titanium and
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FIGURE 57 MODIFIED SUPPORT FIXTURE

FIGURE 58

STATIC TENSILE TEST
WITH EXTENSOMETER
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FIGURE 59

SIDE VIEW OF MODIFIED
SUPPORT PLATE

FIGURE 60
FRONT VIEW OF MODIFIED
SUPPORT PLATE
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-AOL shows unusual splice plate failure
-Al0 shows typical fallure adjacent to surface ply

FIGURE 61 - CONFIGURATION A, BORON TITANIUM BASELINE SPECIMEN
STRESS RATIOR =+0.1

FIGURE 62 - CONFIGURATION A, BORON/TITANIUM BASELINE SPECIMEN
STRESS RATIO R = -1.0 TYPICAL FAILURES
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boron-to-boron joints are shown in Figures 64 and 65. |n addition to the degrad-
ation specimens, all other types of Configuration A fatigue specimens that had not been
failed during testing were statically tested to failure. Joint deflection was recorded for
each specimen fo determine possible degradation in joint stiffness due to fatigue loading.
The low cycle tests were conducted in an MTS electrohydraulic servo controlled closed loop
system ot a frequency of 5 cycles per second. An attempt was made to obtain fatigue lives
of between 2500 and 5000 cycles, however this proved to be difficult and the test data
produced a scatter band of about two decades.

Good static shear strengths were obtained for the joints loaded in tension with velues
ranging from 3600 psi to 5700 psi and with an average value of 4600 psi. This spread

in static strength is reasonable when comparing results from specimens representing several
different batches of material bonding cycles and L/t ratios. Compressive shear strength
values varied between 5500 psi and 6300 psi. Additional baseline data tests were con=
ducted at a stress ratio of R = ~1.0 and at a cyclic rate of one cycle per second to
determine the influence of cyclic rate on fatigue life. These yielded the same results as
tests conducted at 900 to 1800 cycles per minute, indicating that cyclic rate is not a
prime factor unless it causes the specimen to overheat. Joint stiffness curves for tensile
and compressive static loading before and after fatigue cycling are given in Figures

66  thru 69. Boron-to-boron joints with the second adhesive, Metlbond 329, were
evaluated and the results are reported in Appendix B, Table B4 . Since static tests on
boron-to-titanium joints with this same adhesive yielded low static strength values, and
initial fatigue test results were also low (all specimens failed at the adhesive~titanium
interface) testing on the remainder of the specimens wos suspended because these speci-

mens did not evaluate the adhesive to composite joint.

For the preload evaluation tests, static tensile preloads were determined by taking 75
percent, 85 percent, ond 20 percent of a predetermined static value established as the
design ultimate shear stress. This stress was 4000 psi and was determined by deducting
one standard deviation from the meon value of all the static tensile vltimate values
obtained for the standard boron/titanium, Configuration A joint specimens. Joint deflec-

tion was recorded during the static preload to provide additional information. Fatigue
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-DO1 Typical static tensile failure in boron
-A01 Typical R = +0.1 fatigue failure between surface 450 ply

and second 0° ply

FIGURE 64 - CONFIGURATION A, BORCN/TITANIUM PLY STACKING SPECIMEN

-D02 Typical static tensile shear failure between surface 45° ply

and second 0° ply
-AO6 Typical R = +0.1 fatigue failure (same as Do2)

FIGURE 65 - CONFIGURATION A, BORON/BORON PLY STACKING SPECIMEN
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tests were conducted at a stress ratio of R = 40,1 and at a stress level of 1400 psi.
Results, Appendix B Table B3, indicate that the preload does not significantly affect

the fatigue life of the joints.

The graphite-epoxy and glass-epoxy alternate adherend material evaluation tests were
conducted in the same manner as the baseline data boron-epoxy tests. The fatigue tests
were performed at a stress ratic of R = 40.10 and at stress levels that were comparable
to those used for the boron-epoxy tests. The results are presented in Appendix B

Table B3 . S-N curves for all data generated are presented in Volume II of this
report. Analysis and comparative studies for all specimen variables are also included in

Volume |11,
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4.5,3 Test Procedure and Results - Phase ||

Tests were conducted in accordance with Table IX and the test data are reported in
Appendix B, Table IIB1.

The three-inch wide, Configuration A bonded joints were tested using methods similar
to those adopted for the appropriate Phase | one-inch wide specimens. Except for
the extra width, the support plates were identical to those used on the one-inch wide
specimens and the same clearance of approximately 0.003 inch was maintained in the
area around the splice plate. The increased width made it necessary to modify the
extensometer frame and this was accomplished by utilizing longer connecting straps
and longer knife-edged attachments. Some difficulty was encountered with tab
failures occurring during the testing of the static specimens. However, satisfactory
joint shear strength values were obtained by removing the tab ends and gripping the
laminate with a piece of coarse emergy cioth between the laminate and grip surfaces.
For this method of gripping, the support planes had fo be shortened by two inches at
each end in order to expose sufficient gripping area. Typical failure modes for the
3.0-inch wide Configuration A specimens are presented in Figures 70, 71, ond 72.
Static tests resulted in either partial or complete tensile failure of the boron while
the R = +0.1 fatigue tests resulted in shear failure adjacent to the first ply and
partial failure of the surface plies. In analyzing the data obtained from these 3.0
inch wide baseline specimens, as compared with those data generated for similar
1.0-inch wide baseline specimens, a trend is indicated in that there is g loss in
joint static shear strength and fatigue life with increase in specimen width, holding
overlap length constant. This trend was later extended to the 10-inch width. A
similar relationship holds true for the lap length effects data, and the boron-to-

aluminum baseline data.,

133



-D02 Typical tensile failure in the boron laminate

-A01 Typical R = 40,1 fatigue shear failure adjacent to first ply
-CO03 R = +10.0 fatigue faifure with partial failure of surface plies
-CO05 R = +10.0 fatigue shear failure adjacent to first ply

FIGURE 70 - CONFIGURATION A - THREE INCHES WIDE
BORON/TITANIUM, BASELINE SPECIMENS
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-D02 Typical static failure in boron laminate combined
with shear adjacent to surface ply
~A03 Typical R = +0.1 fatigue shear failure adjacent to first ply
-CO4 Typical R = +10.0 fatigue failure with partial failure of
surface plies

FIGURE 71 - CONFIGURATION A - THREE INCHES WIDE
BORON/TITANIUM, LONG LAP LENGTH
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4.5.4 Test Procedure and Results - Phase |1l

Tests were conducted in accordance with Table IKand the test data were

reported in Appendix B, Tables 11IB1. One-inch wide specimens were cut from the edge

of the same panel as the 10.0-inch wide specimens and were used for evaluating the static
shear strength of the bond. These tests were conducted in the same manner as the Phase |,

Configuration A specimens.

The test procedures used for the ten-inch wide Phase lil Configuration A joint specimens
were similar to those used for the Phase | and Phase Il specimens except that the load was
introduced through bblred end fittings rather than hydraulic grips. All tests were carried
out in an MTS testing machine equipped with steel end fittings, fabricated to the configur-
ation shown in Figure 73.  In order to ensure correct specimen alignment in the fittings,
a drilling template was used to locote the holes in the specimen ends. Eleven-inch wide
lateral support plates were used and a clearance of 0.003 inch was maintained in the joint
area. "T" section stiffeners were fastened to the plates to provide the additional support
required for the fatigue test at R = +10.0. Two thermocouples were bonded to each speci-
ment, one at the edge and the other at the center of the width. A photograph of an

R = +0.1 fatigue test specimen mounted in an MTS testing mochine is sHown in Figure 74.
Typical failure surfaces of the static control specimens are shown in Figures 75 aond 76.
Photographs of four 10,0-inch wide specimens after fatigue testing are also shown in Figures
77 thru 80. Two specimens had complete failure across the 10.0-inch width, but the
other two specimens had a narrow bond, approximately 2.0 inches along the edge, that did
not fail. Generally, the fatigue failure modes were shear adjacent to the surface ply, and
this mode appeared to initiate at the center of the joint width and move outward as illus-
trated in Figures 77 and 78. This theory is strengthened by the fact that the specimens,
shown in Figures 79 and 80, did not fail over the complete bond width. The results of
the 10.0-inch wide tests indicate that the fatigue capability is further reduced when the

specimen width is increased from 3.0 inches to 10.0 inches.
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FIGURE 74 - TEST SET-UP FOR TEN-INCH WIDE CONFIGURATION A SPECIMEN
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FIGURE 75 - CONTROL SPECIMEN FOR
BORON/ALUMINUM CONFIGURATION A TEN-INCH WIDE SPECIMEN

FIGURE 76 - CONTROL SPECIMEN FOR
BORON/TITANIUM CONFIGURATION A TEN-INCH WIDE SPECIMEN
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Close examination indicate failure to initiate at the
center of the specimen. The splitting of the laminate

is probably secondary and due to partial bond failure at
the tab end.

FIGURE 77 - CONFIGURATION A - TEN INCHES WIDE
BORON/TITANIUM, STRESS RATIO R =+0.1
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Fatigue zone can be seen at center of specimen with
what appears as static failure towards the edges.
Note similarity between these static zones and the
static failures of Figure 51,

FIGURE 78 - CONFIGURATION A - TEN INCHES WIDE
BORON/ALUMINUM, STRESS RATIOR =+ 0.1
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Fatigue zone can be seen at center of specimen and
static zone on the left side and unfailed 2.0" section
on the right side.

FIGURE 79 - CONFIGURATION A - TEN INCHES WIDE
BORON/TITANIUM, STRESS RATIO R =-1.0
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Note same failure pattern as shown in Figuresy,

FIGURE 80 - CONFIGURATION A - TEN INCHES WIDE
BORON/ALUMINUM STRESS RATIOR=_-1,0
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4.6 BONDED JOINT TESTS - CONFIGURATION B - STEP LAP SCARF JOINT

4.6.1 Specimen Configurction

The Phase I, Configuration B specimen details are given in Dwg. No. 7226-13021B,
Appendix C. The Phase Il and Phase |l specimens were fabricated to the same drawing
but the width dimension was increased to 3.0 and 10.0 inches respectively. Specimen

identification information is given in Tables VI, VIil gnd IX.

4.6.2 Test Procedure and Results = Phase | and Phase I

The Phase | tests were conducted in accordance with Table V1!, and the test data were
reported in Appendix B, Tables B10 thru B13. The Phase || tests were conducted in accor-
dance with Table VI, and the test data were reported in Appendix B, Table 1IB2.

All the Configuration B, step lap scarf joints were supported with the same type of plates
os those used on the Configuration A joints. The shim plates were modified to provide a
cut-out for the thermocouple which was located at the scarf joint interface on the short
side of the composite material. This convenient position was selected because a temper-
ature survey utilizing three thermocouples positioned along the length of the joint had
indicated that the temperature differential along the joint was negligible for all test stress
levels. The gap between the joint and the support plates was mointained at approximately
0.003 inch on each side and over a length slightly greater than the length of the joint, as
shown in Figure 81. A "T" section stiffener was added to the support plates when used

on specimens that were subjected to compressive loading.

Representative failure modes for a selection of Phase | specimens are presented in Figures
82 thru 85. Typical fatigue failures for the wider Phase |l specimens are shown in
Figures 86 and 87, Comparison of test data for the 1.0=inch wide joints with the data
for the 3.0~inch wide joints shows that @ majority of the 3.0-inch wide specimens exhibited
longer fatigue lines than did the 1.0-inch wide specimens. This is a reversal of what was

shown by a similar comparison for the Configuration A specimens which exhibited shorter
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-D03 Typical static tensile fallure in aluminum adherend
-A0l Typical R = +0.1 fatigue failure in aluminum adherend

FIGURE 82 - CONFIGURATION B, BORON/ALUMINUM BASELINE SPECIMEN

-DO3 Static tensile failure with partial interlaminar shear
-DO6 Static tensile shear failure
(mating fracture surfaces are shown)

FIGURE 83 - CONFIGURATION B, BORON/TITANIUM BASELINE SPECIMEN
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FIGURE 84 - CONFIGURATION B, BORON/TITANIUM BASELINE SPECIMENS
CONSTANT AMPLITUDE FATIGUE TESTS

-A10 Typical R +0.1 fatigue failure in Jjoint
-CO1 Typical R = +10.0 fatigue failure in joint with minor
laminate damage
(mating fracture surfaces shown)

FIGURE 85 - CONFIGURATION B, BORON/TITANIUM SHORT LAP LENGTH

-DO1 Static tensile shear failure

~DO2 Static tensile failure with partial interlaminar shear
-AO3 Typical R = +0.1 fatigue failure in Jjoint

(mating fracture surfaces shown)
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fatigue life with increase in specimen width. The 3.0-inch wide boron-to-aluminum
specimens, however, behaved in a more predictable manner due to the mode of failure

for this configuration. All failures occurred in the aluminum adherend after approximately
the same number of cycles and at the same stress level as did the equivalent 1.0-inch wide

step joints.

4.6.3 Test Procedures and Results - Phase 111

The Phase 1il tests were conducted in accordance with Table 1X, and the test data are

reported in Appendix B, Table 11IB2.

The test procedure used for the ten~inch wide Configuration B specimens was essentially
the same os those used for the Configuration A ten-inch wide specimens. A similar
support plate system was used but the shim plates were modified to accommodate the
different joint configuration. The increase in fatigue life exhibited by the 3.0-inch

wide specimens was again exhibited by the ten-inch specimens, i.e., the ten-inch
specimens developed longer fatigue life than did the one-inch and three-inch wide speci-

mens.
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4.7 BONDED JOINT TESTS - CONFIGURATION C - TEE SUPPORT JOINT

4.7.1 Specimen Configuration

The Phase |, Configuration C specimen details are given in Dwg. No. 7226-1302IC,

Appendix C, and specimen identification information is given on Table VII.

4.,7.2 Test Procedure and Results

Tests were conducted in accordance with Table VII, and the test dota are reported in

Appendix B, Table Bi4.

A specially designed support and side loading fixture was used for all tests. The fixture
was fabricated to the configuration shown in Figure 88 and consists of two lateral

support plates with two stiffener plates attached io one of the lateral plates. The same
plate has a cut-out at the center to allow the tee piece of the specimen to poss through.

A strain-gaged link, in the form of a fork-end with a threaded shank, is attached to the
tee and the threaded end passes through a reaction plate mounted to the stiffener plates,
Originally a coil spring was located between the reaction plate and the end of the shank
of the link and was held in place by a nut and washer. Later developments, however,
resulted in the coil spring being replaced by two pieces of 0.125 inch thick rubber sand-
wiched between the reaction plate and a large .10 inch thick aluminum washer. Load
was applied to the tee by turning the nut on the calibrated strain-gaged link. The magni-
tude and shape of the lateral deflection along the length of the specimen adherend is
controlled by the type of shimming used between the specimen and the support piates, and
by the magnitude of the applied axial load. After evaluating various systems it was found
that a tapered aluminum shim and soft rubber sheet combination provided the desired deflec-
tion pattern. The aluminum shims were 0.150 inch thick at the tab end and feather-edged
at the other end near the tee. The soft rubber was approximately 0.50 inch thick and the
same length as the shim. One piece of rubber and one shim were sandwiched between

the specimen adherend and the upper support plate on each side of the tee joint.
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The static tests were conducted by maintaining a selected axial load on eoch specimen
and then determining the side load required to fail the tee=~to-specimen bond. The selected
axial loads were representative of the range anticipated for the fatigue tests. The test
set-up for the fatigue tests is shown in Figure 89. After the mean axial load had been
applied to the specimen, the side load (based on the resuits of the static tests) was applied
to the tee. A typical test specimen with mean axial and side loads applied is shown in
Figure 90 . Application of the dynamic axial load caused @ variation in the side load
which was monitored on the calibrated stripchart recorder. Each specimen had a thermo-
couple bonded to the adherend at the edge of the tee. Failure of the bond between the
tee and boron resulted in a straightening of the boron adherend which in turn triggered the

micro-switch and stopped the machine.
A photograph of a failure specimen immedictely prior to failure is presented in Figure 91.
Failures generally occurred in the resin adjacent to the fibers in the surface ply as illus-

trated in Figures 92 and 93. One fatigue specimen however, had an unusual failure

mode os shown in Figure 94. This specimen had a partial tensile failure in the boron

resulting in interlaminar shear failure over a large portion of the laminate.
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Figure 92 Configuration C, Titanium Tee/Boron Static Test

Figure 93 Configuration C, Titanium Tee/Boron
Fatigue Test R = +0.1 Typical Failure
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4.8 CONFIGURATION D - DOUBLE JOINT TESTS

4.8.1 Specimen Configuration

Details of the Configuration D specimen are given in Drawing No. 7226-1302ID, Appendix

C. Specimen identification information is given on Table VII.

4.8.2 .‘Tesf Procedure and Results

Tests were conducted in accordance with Table Wi, and the test data are reported in.

Appendix B, Tables B15 and B16.

-Since the double strap joints of the Configuration D specimens were balanced, lateral
support plates were not necessary. Specimen temperature was measured with a thermo-
couple bonded to the adherend adjacent to the end of a splice plate. In all other respects
the test procedures were similar to those used for the Configuration A specimens. Static
and fatigue failure modes for the titanium splice plate specimens are shown in Figures 93
and - 96 . The catastrophic foilure shown in Figure 95 was typical for all static tests.
Failure modes for the boron splice plate specimens are shown in Figure 97 . Static test
specimeﬁs failed in tension across the splice plates, but the fatigue specimens failed in
shear at the joint similar to the fatigue failures for the titanium splice plate specimens.
Test results for these Configuration D specimens were comparable to the results obtained
with the baseline Configuration A specimens. This close comparison verifies that the
support plates used with the Configuration A specimens provided just the correct omount
of support to the joint area. This permits all Configuration A and D data to be used in

conjunction with the analysis procedures discussed in Volume | of this report.
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Figure 95 Configuration D, Boron/Titanium, Static Test
Titanium Splice Plates

-DO3 Typical static tensile failure

Figure 96 Configuration D, Boron/Titanium, Fatigue Tests R = +0.1
Titanium Splice Plates

-AOl1 Failure between boron and both splice plates on one end
-AQO7 Failure of one splice plate at both ends and failure of other
splice plate at one end
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4.9 BONDED JOINT-CUMULATIVE DAMAGE TESTS

4,9.1 Specimen Configuration

One~inch and three-inch wide Configuration A specimens were fabricated for the Phase |
and Phase |l cumulative damage tests. A ten-inch wide, modified Configuration A speci-
men and @ ten~inch wide, modified configuration B specimen were fabricated for the Phase

11l cumulative damage tests.

4.9.2 Test Procedure and Results

Phase | tests were carried out in accordance with Table VI, and the test data are
reported in Appendix B, Table B3. Phase |l tests were carried out in accordance with
Table Vill,and the test data are reported in Appendix B, Table IIB1. Phase Il tests
were carried out in accordance with Table X, and the test data are reported in

Appendix B, Table [I1B.

The cumulative damage tests were conducted using the same support plate systems that
were selected for the appropriate baseline data specimens tested in each of the three
Phases. The same programming equipment was used for all testing ond is described in
detail in section 4.2.3. Two software programs were used to prepare the computer for
either block loading format or realistic loading format. Both types of loading programs

are described in Volume I, Section 2.3.

During the testing of the Phase | specimens, some failures occurred in the adherend
material between the end of the support plates and the tab end of the specimen. The
cause of these premature failures was not determined. However, sufficient contingency
specimens were available to complete the required number of cumulative damage tests
with valid joint failures. The maximum and minimum load levels of each individual
block were measured on the MTS load amplitude mecsurement equipment in addition to
being continually monitored on a calibrated Clevite-Brush strip—chart recorder. Correl -

ation between the two load measuring systems was very good and since the MTS measuring
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equipment cannot measure single load levels the strip-chart recorder was used for deter-
mining the actual applied loads for the realistic spectrum testing. A typical strip-chart
recording showing all the load levels in each of four different missions is shown in Figure
98. A one "g" value that corresponded to a joint shear stress of 330 psi was used for

both the block and realistic spectrum loading in Phase |.

Since only five cumulotive damage tests were scheduled in Phase |l it was not possible to
use both types of loading spectrum. The realistic spectrum loading was finally selected since
it was believed that this type of loading would produce the most useful test data. Three
specimens were tested at a one "g" value that corresponded to a joint shear stress of 290

psi and the other two at a joint shear stress of 260 psi.

The Phase HI, 10.0-inch wide specimens were tested using the block loading spectrum
adopted originally for the Phase | bonded joint tests. Both the Configuration A and Con-
figuration B specimens were loaded to a maximum average joint shear stress level of 2000
psi (10 "g" load level). The same stress level was selected for each test because it was
believed that the results would provide useful comparative domage data in the two joint
configurations. Good failures were obtained from both tests, the Configuration A speci-

men failed after 2.5 lifetimes (25 blocks) and the Configuration B after about 6.1 lifetimes.
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4.10 MECHANICAL JOINT TESTS - CONFIGURATION E ~ SINGLE SPLICE BUTT
JOINT

4.10.1 Specimen Configuration

Phase I, one-inch wide and Phase Il, 2.0-inch wide specimen details are given in Dwg.

No. 7226-13021E, Appendix C. Specimen identification information is given on Table X.

4,10.2 Test Procedure and Results

The tests were conducted in accordance with Table X' and the test dota ave reported
in Appendix B, Table IVB1 thru VB4,

Pin bearing static strengths were determined in o universal testing machine and all fatigue
tests were conducted in Lockheed designed fatigue machines. The same pinbearing test
fixture was used for all tests. This fixture is shown in a typical fatigue test set-up in
Figure 99. It consisted of two steel bars, one clamped on each side of the end of the
test specimen, and load was introduced to the specimen through a 0.187 inch diameter
steel pin. During-each static test, hole deformation was measured with a 2.0-inch gage
length extensometer. One pair of the extensometer knife edges were attached to the edges
of the specimen in line with the pin loading hole and the other pair of knife edges were
attached to the test fixture. Load versus deformation was plotted on an autographic
recorder. Since there were only five fatigue specimens within a group, one specimen

was fatigue tested at each of five different stress levels. Photographs of typical failures
are presented in Figures 100, 101, and 102. The test data were exceptionally consis-
tent enabling good fatigue trend lines to be determined for the different specimen
configurations. Data generated included the evaluation of a 0°/£45° reinforced with
titanium shims ond with additional £45° plies. The effect of edge distance was also
evaluated with the specimens using titanium shims as the reinforcement moterial in the

joint area.
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(General View)

(Close-up View)

Figure 99 Pin Bearing Test Set-Up
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Figure 100 Pin Bearing Specimen (O°/+h5°)
Titanium Reinforced, e/D = 2.0
D02 Typical Static Fallure
-A02 Typical R = +0.1 Fatigue Failure

Figure 101 Pin Bearing Specimen (0°/+h5°)
Titanium Reinforced, e/D = 1.5
-D03 Typical Static Failure
A0k Typical R = +0.1 Fatigue Fgilure
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Originally, the Configuration E single splice butt joint specimens were fabricated with
aluminum straps and splice plates but initial testing of these resulted in premature failures
of the aluminum at the joint net sections. It was assumed that failure may have been
encouraged by the countersink in the oluminum strap, therefore testing of these specimens
was discontinued to allow further investigation. Two specimens were reassembled with
titanium straps having the same type of flush head fastener. Premature failures still occur-
red at the net section of the titanium portion of the joint and the subsequent substitution of
protruding head fasteners still did not produce the required boron failures. However, the
final design discussed in the Fabrication Section was tested and acceptable failures were
obtained in the boron material. All the mechanically fastened joint specimens were tested
in the same testing machines that were used for the bonded joint specimens and a similar
support plate system was used. Holes were cut in the support plates to accommodate the
fastener collars and the gap between the support plates and the specimen in the splice area
was maintained at approximately 0.003 inches. The specimens were supported at equal
distances on each side of the joint as shown in Figure 103.  The actual distance for a
given group of specimens was determined by the length of the tapered section in the boron
composite where the titanium shims were inserted. Allen wrenches were placed in the ends
of the fasteners in order to detect ony rotation of the collars or fasteners during fatigue
testing. A typical fatigue test set-up with allen wrenches in position and with each loca-
tion marked in relation to the support plates is shown in Figure 104.  Each collar
position was clso marked relative to the wrench position. Numerous tests confirmed that no
rotation had occurred in either the fasteners or collars therefore the procedures adopted for
determining rotation were discontinued. Selection of the stress levels for the fatigue tests
was based on the results of the pinned joint/edge distance evaluation tests. Excessive
heating {(over 10° Fahrenheit rise above ambient) was experienced during the initial

fatigue testing but effective control was obtained by blowing cool air over the joints with
the arrangement shown in Figure 105.  Photographs of typical failures are presented for
the |.0-inch wide specimens in Figures 106 thru 111 and for the 2.0~inch wide specimens
in Figures 112 and 113 . Failures for specimens tested at a stress ratio of R = +0,1
usually occurred in the net section area of the shimmed boron through o fastener hole, or
at the edge of the shim reinforcement in the basic boron laminate; however, one failure

occurred in the titanium splice plate. This splice plate failure suggests that the shimmed
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Figure 102 Pin Bearing Specimen (0°/+45°)
+45° Boron Reinforced, e/D = 2.0
-D02 Typical Static Tailure
-A01 Typical A = +0.1 Fatigue Failure

Figure 103 Mechanical Joints With Support Plates
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Figure 104 Test Set-Up For Monitoring Fastener Rotation

Mgure 105 Set-Uo ¥Tor Maintaining Specimen Temperature
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Figure 106

Configuration E, Baseline

(0°/+45°) Boron/Titanium

-DO5 Typical Static Tensile Failure
-A02 Typical R = +0.1 Fatigue Failure
-D02 Typical Static Compression Failure
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Figure 107 Cogfiguration E, Baseline, R = -1,.0
(0°/+45°) Boron/Titanium
- Shown are three different types of
failure.

Figure 108 Configuration E, Bageline, R = +0,1
Boron/Boron (0°/+45° with titanium inserts)
- Shown are three different types of
failure.
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Figure 109 Configuration E, Thickness Effects 3
Titanium/Boron, Reinforced with +45° Boron
Typical Failure at R = +0,1

Figure 110 Configuration E, Thickness Effects
Titanium/Boron Reinforced with Titanium
Typical Splice Plate Failure
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Figure 111 Configuration E, Short Edge Distance
Boron/Titanium, Titanium Shims in Boron

Fatigue damage can be seen at net section of boron
and also at edge of shim build.up section. Fatigue
test was diaconginued after specimen (IE311A03) had
endured 13 x 10% cycles at R = +0.1.
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Figure 112 Configuration E, Two Inches Wide, Baseline
Typical Static Tensile Failure

Figure 113 Configuration E, Two Inches Wide, Baseline
Typical R = +0.1 Fatigue Failure
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boron has fatigue sirength equal to or greater than titanium having up to 50 percent more

net-section area,

Repeated attempts to obtain fatigue failures in the joints of the baseline specimens

tested ot a stress ratio of R = +10.0 were unsuccessful. Testing af this stress ratio was
therefore discontinued, and oll remaining test specimens were used for contingency or
supplementary tests, as required, for providing additional test data to better define a

test variable. For the specimens tested of a stress ratio of R = ~1.0 the majority of fail~
ures occurred in the fasteners. Initially these failures were attributed to excessive bend-
ing action at the joint during reversed cycling. It wos believed that the 0.003 inch
clearance between the joint and the suppert plates was allowing excessive bending of the
splice plate which results in repeated tension loading of the fastener through the steel
collar. Subsequent testing with no clearance around the joint however, still resulted in

some fastener fatigue failures.
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4.1 MECHANICAL JOINT TESTS - CONFIGURATION F - TEE JOINT

4,111 Specimen Configuration

Specimen details are given in Dwg. No. 7226-1302IF, Appendix C, and specimen identi-

fication information is given on Table X.

4.11.2 Test Procedure and Results

Tests were conducted in accordance with Table X, and test dota are reported in

Appendix B, table IVB5.

A different test procedure was used for the Configuration F static tests than was previously
used for the Configuration C (bonded tee joint) static tests. Since the mechanically
fastened tee was copable of withstanding a considerably higher load than the bonded tee,
emphasis was placed on oxial load carrying copability. The support fixture thet was used
for the bonded tee specimens wos modified to accommodate the longer leg of the mechan-
ically fastened tee. Two specimens were tested using the same transverse loads that were
used previously with two of the bonded tees and then the specimens were loaded axially
to failure. Both failures occurred in the boron laminate at the edge of the titanium built-

up section as shown in Figure 114,

The fatigue tests were conducted in the Lockheed designed fatigue machines using a similar
testing procedure to that used for the bonded tee joint specimens. The baseline data
specimens were tested at a stress rafio of R = +0.1 and at a maximum axial stress of 40, 000
psi at the net section of the shimmed boron. A side load of 100 pounds was used on five
specimens and a sideload of 250 pounds was used on the other five. The increased thick-
ness specimens were tested in a similar manner but the maximum axial stress level was
35,000 psi and the side load was 500 pounds. Fatigue failures occurred at either the net
section or at the edge of the shimmed boron section. The test results confirmed that the

fatigue strength of the joint decreased with increased side load as expected.
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Figure 114 Configuration F Baseline Static Tests
-DO1l Side Load Held Constent, Axlal Load
Increaged to Failure
D03 Axial Load Held Constant, Side Load
Increased to Failure
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4.12 MECHANICAL JOINT TESTS - CUMULATIVE DAMAGE

4.12,1 Specimen Configuration

One-inch wide and 2.0-inch wide Configuration E specimens were used. Specimen identi-

fication information is given on Table X,

4.12.2 Test Procedure and Results

Tests were conducted in accordance with Table X, and the test data are reporied i
Appendix B; table IVB1 for the Phase | tests, and table VB4 for the Phase Il tests. Some
difficulty was encountered with the cumulative damage testing of the mechanical joint
specimens. Repeated attempts to obtain acceptable fatigue failures using the original
block loading spectrum were unsuccessful. |t was decided therefore, that the loading
spectrum needed to be modified and the 1.0 "g" load level increased. Various changes
were made until satisfactory failures were obtained within an acceptable time span. The
spectrum that was finally adopted for both the Phase | and Phase |l mechanical joint
specimens is presented in Table X|,  The value of the 1.0 "g" load was selected to give
a joint net section stress of approximately 39,000 psi ot the 8.0 "g" load level Since
most of the 1.0-inch wide specimens were used to establish the loading ‘specrrum, it was
necessary to test a few additional contingency specimens in order to obtain sufficient da'a
points for spectrum evaluation. The Phase | and Phase Il realistic loading spectrum tesis
were conducted without any difficulties. In both cases the selection of the 1.0 "g" load
level was based on the results of the block spectrum testing. All tests were conducted in
the computer controlled MTS testing machine and the specimens were supported in the seme
manner as the Configuration E baseline specimens. All failures occurred at either the joint

net section or af the edge of the titanium shim reinforcement.
4.13 SUMMARY

All data generated during this test phase has been plotted in S~N form and is included
in Volume Ill, Section 2, Fatigue Analysis. In that section all results are analyzed,

compared,and discussed indetail.
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TRUNCATED BLOCK SPECTRUM LOADINGS
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APPENDIX A

FABRICATION AND INSPECTION LOGS

Fabrication and inspection details for all panels and specimens are summaries and
recorded on the forms included herein. This Appendi:: is separated into sections by
table numbers where each of the tables represent a particular group of specimens as

defined by program phase, specimen configuration, drowing number, and specimen

number.
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APPENDIX B

TEST DATA FORMS

The results of mechanical properties testing, both static and fatigue, are tabulated in

this Appendix for the joints and their constituent materials. These data records provide
material properties, specimen configurations, specimen identification, and test conditions
and include all material verification and joint test results derived under this program.

This information is included in the following order:

Table Contents

B1 Material Verification and Checkout
B2 Support Fixture Checkout

B3-B16 Bonded Joint Tests -~ Phase |

|B~= Bonded Joint Tests - Phase (I
111B== Bonded Joint Tests - Phase Il
IVB-- Mechanical Joint Tests

VB-- Graphite and Glass Joint Tests
ViB=- Failure Mode Studies
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APPENDIX C

JOINT DESIGNS

This section contains the detail design drawings for test specimen configurations under

the evaluation program. Given below is @ complete list of drawings and their usage.

Phase Configuration Status
| A B, C &D included
1 A&B Provided os notes to Phase |A & B drawings
it A&B Provided as notes to Phase |A & B drawings
| E&F Included
Il E Provided as notes to Phase IE drawings
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