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FOREWORD

This is The Boeing Company's final report for Air Force
Contract F33615-71-C-1639, "Strain Gage Techniques for Boron-
Epoxy Composites". The contract was initiated under Project
1347, "Structural Testing of Military Flight Vehicles", Task
134702, "Measurement of Response of Aerospace Structures". The
work described in this report was conducted during the period
between 3 May 1971 and 25 September 1972. Mr. J. L. Mullineaux
of the Air Force Flight Dynamics Laboratory, FBT, served as the
Program Technical Monitor.

Performance of this contract was under the direction of the
Engineering Laboratories, Research and Engineering Division of
The Boeing Company's Aerospace Group located at Kent, Washington.
Mr. D. R. Harting was Program Leader and Mr. R. L. Egger was
Technical Leader. Mr. J. T. Hoggatt supported the fabrication
of the boron-epoxy specimens and Mr. R. F. Zabora supported the
data analysis.

This technical report has been reviewed and is approved.

s,
Robert L. Cavanagh &,
Chief, Experimental Branch
Structures Division

Air Force Flight Dynamics Laboratory
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ABSTRACT

This report describes a program that was directed toward
evaluating and verifying the response of strain gages embedded
in boron-epoxy coupons. The primary objective was to fabricate,
test and evaluate approximately ninety boron-epoxy tensile spec-
imens containing embedded strain gages. Secondary efforts in-
cluded improvement of the embedded strain gage design, investi-
gation of embedded single-wire gages, investigation of strain
gage embedment and interlaminar shear effects and reporting of
materials property data.

The results indicate that strain gages embedded in boron-
epoxy composite laminates perform in the same manner and with
the same guality and reliability as strain gages bonded to sur-
faces. Embedding the strain gages did not affect the laminate
structural properties but the embedded gages were affected, in
a few cases, during specimen curing.
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SECTION I
INTRODUCTION

BACKGROUND

The use of filamentary composite materials in structural
applications is very attractive because the composite proper-
ties can be tailored to suit design requirements. This feature
permits high structural efficiencies and substantial weight
savings to be realized.

The increased design options made available with filamen-
tary composites are accompanied by structure design and anal-
ysis requirements that are more extensive than those associated
with isotropic structural materials. Besides the usual size
and shape considerations, composite design must consider the
material property variations with respect to load direction,
the stacking sequence of the plies and several other factors.
The individual filament layers, or plies, of boron-epoxy lamin-
ates have distinct directional anisotropic properties with most
of their load-carrying capability parallel with the filaments.
Directional composite properties of an entire composite can be
estimated by analyzing the plies individually and adding their
respective individual contributions. Analytical procedures have
been developed to describe the load response of multidirectional
composites based on a generalized Hooke's law for anisotropic
materials. These procedures have predicted the stiffness prop-
erties of composites very well, but are erratic in predicting
ultimate load capabilities.

Classical laminate theory assumes that the strain distribu-
tion in an anisotropic composite laminate (like boron-epoxy) is
constant through the section for in-plane loads and remains
linear through the section for bending loads - as it does in
isotropic materials. This means that surface strain measurements
can be used to determine through-the-section load effects in com-
posites, except that the linear strain distribution assumption
does not hold for composites in joint areas or near edges.

Strain measurements using bonded resistance strain gages
have been established as a convenient and reliable method for
determining load effects in structures. They are designed for,
and most commonly applied to, structural surfaces and their use
presents no major problems on either isotropic or anisotropic
materials, provided that the gage installation is properly engin-
eered.

Despite the existing ability to measure surface strain and
the apparently valid linear strain distribution assumption,
development and verification of the capability to measure inter-
nal strains in filamentary composites is desirable for the
reasons listed below:



o Filamentary composite materials are relatively new, and their
basic structural behavior is still being determined.

o In complex structural applications involving either isotropic
or anisotropic materials, mere surface strain measurements do
not always provide sufficient information to determine how
the load is distributed internally.

o The design of filamentary composite structures requires more
analysis, both theoretical and experimental, than is required
for isotropic structures.

o Filamentary composite structural applications will usually be
sophisiticated and critical, thus justifying extensive struc-
tural analysis.

o Thorough analysis of composite materials may require analysis
of individual ply contributions to the characteristics of the
overall structure.

o In-service structural measurements can be made without dis-
turbing the surface.

Development of a means to measure internal strains in fila-
mentary composites is also stimulated by the fact that composite
fabrication procedures offer the opportunity to install internal
strain sensing devices.

PROGRAM OBJECTIVE

The primary objective of this program was to evaluate and
verify the response of strain gages embedded in uniaxial tension
loaded boron-epoxy coupons using a technique developed during an
earlier effort by the IIT Research Institute (Reference 1).
Secondary objectives included investigation of curing, strain
gage embedment and interlaminar shear effects and reporting of
materials property data. Other secondary efforts, which were
funded by The Boeing Company, included investigation of single-
wire strain gages and acoustic emission.



SECTION II
PROGRAM SUMMARY

GENERAL

The objectives of this program were directed toward estab-
lishing reliable techniques for measuring internal strains in
filamentary composites. Over 110 specimens were tested and over
2300 strain gage elements were installed and their outputs plot-
ted. Detailed procedures and results are described in Sections
V and VI and discussed in Sections VII and VIII. The program
and the results, which showed that internal strains could be
reliably measured, are summarized in this section.

PROGRAM DESCRIPTION

This program, based upon the fabrication and testing of
boron-epoxy specimens containing embedded strain gages, was
divided into two tasks. Task I was an investigative study and
Task II consisted of evaluations,

Figure 1 describes the specimens and types of tests used
for the Task I investigative study. Four specimens (Type IA)
were fabricated and tested to investigate the effects of em-
bedding strain gages on tensile specimen properties and to
investigate the acoustic emission phenomenon. Four four-point-
load flexural specimens (Type IB) were fabricated to investigate
the effects of embedding strain gages upon flexural specimen
properties and to investigate Boeing-built single-wire strain
gages. Six specimens (Type IC) were fabricated, using various
elevated temperature cures, and tested to investigate curing
effects. Three specimens (Type ID) were fabricated and tested
to investigate embedded strain gage response in an unbalanced
laminate.

Figure 2 describes the ninety-one specimens that were fab-
ricated and tested in the Task IIA evaluations. These specimens,
which were all tested in tension to failure, were comprised of
three thickness groups - five-ply, seven-ply and nine-ply. Each
of the three thickness groups was comprised of six types of
specimens; each of the types having different ply orientations.
With two exceptions, five specimens of each type (orientation)
were fabricated and tested. Strain gages were bonded to both
surfaces and were installed in all interply spaces of all Task
IIA specimens,

Figure 3 describes the four specimens that were fabricated
and tested for Task IIB. These specimens were twenty-one plies
thick. Each specimen had four three-element strain gages bonded
to the surfaces and contained ten embedded three-element rosette
strain gages. All four specimens were tested to failure in four-
point-load bending.



The physical configurations of the tension and four-point-
load flexural bending specimens are shown in Figures 4 and 5
respectively.

Strain gage outputs from all tests were recorded on mag-
netic tape, plotted versus either load or stress, analyzed and
correlated. Over one-third of all the specimens fabricated were
sectioned and microphotographed.

RESULTS

Investigative Study

The Task I investigative studies are explained in detail in
Section V; the results are briefly summarized below:

O The boron filaments were electrically conductive and the strain
gage elements and lead wires required encapsulation to obtain
reliable embedded strain gage performance.

O One-half volt excitation across a 0.125 inch (0.3175 centimeter)

long, 350 ohm embedded strain gage element did not cause any
significant heating effect.

O Time and temperature variations in specimen curing did not
affect strain gage performance. In addition, the variations
did not affect the specimen strength properties.

O Embedding strain gages in tensile specimens did not have any
detectable effect on specimen strength properties. However,
there were a few specific cases in which the embedded strain
gages were affected during curing.

O Embedding strain gages in 21-ply flexure specimens did not
have any detectable effect on the specimen load responses.

O Boeing-built single element wire strain gages were easy to
install and performed adequately.

O The acoustic emission data presented here are not extensive
or conclusive. Acoustic response varied considerably among
specimens of the same type as well as among specimens of
different ply orientations.

O Strain gages embedded in specimens with an unbalanced ply
orientation performed similarly to gages embedded in balanced
specimens.

Evaluations

The Task II evaluations are explained in detail in Section
VI and discussed in Sections VII and VIII. The results are
briefly summarized below:



O In tensile specimen tests, the outputs of embedded strain
gages compared closely with the outputs of strain gages bonded
to the respective specimen surfaces. Over 2000 strain gage
elements were used to verify this result.

O In flexural specimen tests, the outputs of embedded strain
gages in both the shear and shear-free sections varied lin-
early through the thickness in a manner consistent with
strain gages bonded to the respective specimen surfaces.
Over 160 strain gage elements were used to verify this re-
sult.

Material Properties

Laminate static property data based on surface strain gage
measurements were determined for each tensile specimen tested in
Task IIA. This data includes modulus, ultimate limit and pro-
portional limit (when evident) values and compares closely with
both SALC (Structural Analysis of Laminated Composites - see
Reference 2) computer code data and with data available in the
Air Force Materials Laboratory's "Structural Design Guide for
Advanced Composite Application".

Static property data are discussed in Section VII and listed
on forms in Appendix A.



SECTION III
SPECIMEN FABRICATION AND STRAIN GAGE INSTALLATION

BORON-EPOXY TAPE SYSTEM

All of the test specimens used in this program were fabri-
cated from three inch (7.62 cm) wide Rigidite 5505/4 boron-epoxy
tape obtained from the Avco Systems Division of Avco Corporation.
The continuous boron filaments for this tape are formed by chem-
ical vapor plating. This method consists of passing a small
tungsten wire through a reactor into which is introduced boron-
containing reactant gases. High temperatures on the surface of
the tungsten wire, created by resistive heating, cause decom-
position of the boron-containing gas and result in deposition
of elemental boron on the tungsten.

The tape is fabricated by impregnating carefully collimated
boron filaments with an epoxy resin. A thin scrim cloth (Style
104 glass fabric) is included, on one side of the tape, and the
epoxy is partially cured (B-staged) in order to maintain filament
spacing and ease of handling. The boron filaments in the Rigi-
dite 5505/4 tape are 0.004 inches (0.01016 cm) in diameter, the
scrim cloth is 0.001 inches (0.00254 cm) thick and the nominal
overall tape thickness is 0.0052 inches (0.01321 cm). The tape
is furnished in rolls with a removable backing.

The tape used in this program was described by the manu-
facturer as follows:

Avco 5505/4 boron-epoxy tape 3.0 inches (7.62 cm) wide
Batch 45

Lot 6

Batch Flow 9.02

Batch Vols .63

Tack Good

The tape was inspected for filament breakage, filament
count and spacing, resin content, resin flow, tack and overall
uniformity (filament separation, curling, etc.) in accordance
with Boeing Material Specification BMS 8-131G (Reference 3). A
ten-ply unidirectional 0° composite laminate was fabricated and
cured two hours at 350°F (177° Celsius) under 85 psi (58.6 x 104
Newtons/meter<) in an autoclave, also in accordance with BMS
8-131G. The inspection and test results are compared, below,
with Air Force Design Guide Data (Reference 4):



PREPREG:

1-

Filament Count, per inch
: Per cm
Resin Content, % by wt.
Weight, grams/feet2
P kilograms/meter2
Flow, %
Volatile Content, %

Tack

COMPOSITE LAMINATE, +70°F (+21.1°C):

l.

Tensile Strength, psi
- MN/m2
Tensile Modulus, 10° psi
7 GN/m2
Flexural Strength, psi
p MN/m2
Flexural Modulus, 106 psi
i GN/m2
Interlaminar Shear Strength, psi
> MN/m2
Thickness per ply, inch
, CM
Density, 1b/in3
, kg/m’

The bleeder materials specified in the Air Force Design Guide
were not available for the flow tests and therefore the actual and

A.,F. DESIGN

GUIDE SPEC. ACTUAL
208 208
81.89 81.89
333 30.:5

-—- 25,6
= .2756
14+5 4.8
2,0 3.5
Good Good
TYPICAL

A.F. DESIGN

GUIDE DATA ACTUAL
188,000 196,200
1,296 1,353
30 28.6
206.8 197.2
234,300 275,500
1,615 1,900
28 28,7
193 198
14,000 14,248
96.5 98.237
0.0052 0.005
0.0132 0.0127
0.0725 0.0761
2007 2106



specified flow values could not be compared on the same basis.
Although the actual flow value was lower, the flow was considered
adequate based on appearance and laminate quality. The volatile
content was also high, but was not considered excessive enough

to reject the prepreg tape.

STRAIN GAGE DESCRIPTIONS

Surface Strain Gages

All surface strain measurements were made with Micro-
Measurements Type EA-05-125RD-350 Option W strain gages. This
gage is a general-purpose three element 45° rectangular rosette.
(These gages are referred to in this report as "EA-Option W"
rosettes and the three gages in each rosette are referred to as
0°, 45° or 90° elements - or respectively as A, B or C legs
after the rosettes have been installed.) The rosette elements
are 0.125 inches (0.3175 cm) long and are made of a constantan
alloy. The EA-Option W rosette has integral printed circuit
terminals and polyimide encapsulation; total thickness is over
0.002 inches (0.00508 cm). Gage factors of the elements were
2,10 + 0.5%, 2.12 * 0.5% (45° element) and 2.10 * 0,5%. Trans-
verse sensitivities were +0.6, +0.5 (45° element) and +0.6.

Embedded Rosette Strain Gages

Three-element 45° strain gage rosettes with special lead
wires and insulation were furnished by Micro-Measurements for
embedment in the boron-epoxy specimens in this program. They
are designated Type QA-05-125RD-350 Option B-11l0. (These gages
are referred to in this report as "QA rosettes" and the three
constituent gages in each rosette are referred to as 0°, 45° or
90° elements - or as A, B or C legs after the rosettes have
been installed.) These gages are similar to the EA-Option W
rosettes described above except that the polyimide encapsulation
thickness is reduced so that the nominal overall gage thickness
is 0.0011] inches (0.002794 cm) and they have integral, insul-
ated lead wires as shown in Figure 6. Gage factors of the
individual elements were 2.105 * 0.5%, 2.135 * 0.5% (45° ele-
ment), and 2.105 * 0.5%. Transverse sensitivities were +0.4,
+0.2 (45° element) and +0.4.

QA rosettes were used for all of the embedded strain gage
evaluations in this program except for the parts of Task IB
that involved the evaluation of single-element wire gages.

Single-Element Wire Strain Gages

These gages were fabricated at Boeing specifically for
evaluation in Task IB of this program. They were made in three
configurations to allow strain measurements at 0°, 45° and 90°
to the specimen loading axis as shown in Figure 7. The strain-
sensitive wire used for these gages was purchased from Molecu-



Wire Corporation and is described below:
Electrical Alloy Moleculoy III

Conductor Diameter 0.00045 inches
(0.001143 cm)

Resistance 3759 ohms/ft
(12,333 ohms/meter)

Temp. Coef. of Res, -7.2 ppm/°F
(-4 ppm/°C)

Insulation Hi-Mol (Polyimide)

The material used for the lead wires was purchased from
California Fine Wire Company and consisted of 0.0156 inches
(0.03962 cm) wide by 0.0007 inch (0.001778 cm) thick nickel-clad
copper ribbon with a 0.00015 inch (0.000381 cm) thick polyimide
coating. The strain sensitive wire was soldered to the lead
wire (ribbon) using an active acid flux. After cleaning the
soldered connections, the gages were coated with a polyquinox-
aline varnish. The gages were fabricated to be 160 * 1 ohms,
which results in an active gage length of approximately 0.5
inches (1.27 cm). The gage factor (determined empirically by
comparisons with commercial strain gages) was 2.14 + 4.7%,

PHYSICAL DESCRIPTION OF TEST SPECIMENS

All of the specimens used in this program were 10 inches
(25.4 cm) long and 1.0 inch (2.54 cm) wide with straight sides.
Specimens were fabricated for two types of tests - tensile and
four-point-load flexure. Tensile specimens were fabricated in
thicknesses of five, seven and nine plies with bonded fiberglas
doublers on the ends as shown in Figure 4. The twenty-one ply 0°
unidirectional flexural specimens are shown in Figure 5.

The tables in Figures 1, 2 and 3 list all of the load speci-
mens used in the program. These tables also assign specimen
numbers to each of the specimens and show their number of plies
and ply orientations. Note that the orientations for the tensile
specimens consisted of combinations of 0°, *45° and 90° plies
referenced to the loading axis.

SPECIMEN FABRICATION

General

EA-Option W rosettes were bonded to the surfaces of all
specimens tested. With the exception of two Task IB specimens
(IB-1 and IB-2), all test specimens in this program contained
some embedded QA rosettes and the specimens for Task IIA con-
tained QA rosettes in all interply spaces. Detailed lay-up



procedures for those specimens with embedded QA rosettes are
described below:

Strain Gage Locations and Orientations (QA Rosettes)

(a) Strain Gage Orientation Criteria

The criteria used for orienting the three-element rosettes
in and on the tensile specimens required one element to be
parallel with the load (leg A), one element 45° to the
load (leg B) and one element 90° to the load (leg C).

When the rosette was embedded between +45° and -45° plies,
the 45° element was oriented parallel to the filaments of
the ply in which the scrim cloth was removed; at other
locations (including the surfaces) the 45° element was
oriented parallel to the filaments of the nearest 45° ply.
In unidirectional-ply specimens the 0° and 90° elements
were oriented parallel to the length and width of the
specimens respectively and the 45° element orientation was
based on lead wire exit convenience.

(b) Embedded Gage Stacking and Staggering

Stacking refers to placing the embedded gages one-over-the-
other on adjacent plies; staggering refers to longitudinally
displacing the gages just enough so that they are not one-
over-the-other on adjacent plies. Staggered gages are one-
over-the-other in alternate interply locations. Embedded
gages were staggered in all of the Task IIA specimens ex-
cept for specimens 5A-1, 5A-2, 5A-3, 5A-4, 5B-1, 5B-2, 5B-4
and 5B-5, which had stacked gages.

(c) Specimen Indexing and Lead Wire Exit Systems

Figures 8 and 9 show the stacked and staggered strain gage
orientations and lead wire exits, respectively. Figures 10
and 11 describe stacked and staggered gage lead wire exits
further and show how the surface and embedded strain gages
were assigned numbers. Specimen number decals mounted on
the upper end of the top ply of each specimen served as
index marks.

(d) Fabrication Records

Fabrication records indicating the specimen number, number
of plies, ply orientations, gage locations, gage orienta-
tions and date of fabrication were used to prepare and
lay-up the boron-epoxy tape. A typical record is shown in
Figure 12.

Tape Preparation, Gage Installation and Lay-Up (QA Gages)

Without removing the backing paper, the three-inch wide
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boron-epoxy tape was cut so as to form strips one inch (2.54 cm)
wide and ten inches (25.4 cm) long with filament orientations of
0°, -45°, +45° and 90° as shown in Figure 13.

Using an aluminum template, the scrim cloth and resin were
removed to make room for an untrimmed QA rosette and its leads
(Figure 14). Rosette gages were installed on the plies using the
ply filaments for alignment and the tack of the B-staged epoxy
resin to hold them in place (Figure 15). Figure 16 shows the
plies used to fabricate specimen IC-4 with gages on the third,
fifth and seventh plies. The plies were laid-up with the edges
carefully aligned and the strain gage lead wires were bent up,
or down, around the specimen in accordance with the fabrication
record. FEP teflon film 0.0005 inches (0.00127 cm) thick was
used to separate the leads from the specimen and from each
other. The top of specimen IC-6 and the bottom of specimen IC-5
are shown (prior to being cured) in Figure 17.

Mold Cavity Assembly and Bagging

Figure 18 shows the carbon steel mold cavity which was used
for this program. It was used to cure up to five specimens at
one time and was disassembled to permit careful removal of the
cured specimens. Surfaces of the mold cavity that were in con-
tact with the specimen were coated with MS-122 fluorccarbon
release agent lubricant made by Miller-Stephenson Chemical Co.

Assembled specimens were placed directly into the mold
cavities. One strip of teflon coated vent cloth (Style TX 1040,
made by Pallflex Products in Putnam, Conn), and two to four
strips of Style 116 glass cloth were placed between the specimen
and steel plunger. Type 18l glass cloth was used between the
mold cavity and the nylon film bagging material.

The photograph in Figure 19 shows two specimens installed
in the mold cavity, one in the process of being installed, a
temperature control thermocouple mounted on a lay-up segment,
an empty cavity, the bagging materials, and bleeder vent. Figure
20 shows the bagged mold cavity with vacuum applied to the
bleeder vent.

Other Lay-Up Procedures

The procedures for laying-up the specimens with embedded
single-element strain gages and for laying-up the specimen with
no embedded gages (Specimen IB~1l) were similar to those described
above. Figure 21 shows three single-element wire strain gages
installed on a ply with the scrim cloth removed.

Specimen Curing

With the exception of the specimens used for the Task IC
cure investigation (see Section V), all of the specimens in this
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program were cured in an autoclave equipped with a single heated
platen, as described below:

The autoclave platen was pre-heated tc 350°F (177°C). While
outside of the autcclave, the bleeder valve of the bagged mold
cavity was connected to a vacuum line which extended through the
autoclave and the pressure was reduced to less than 4 p51a
(27,600 N/m2 absolute). The mold cavity was then placed in the
autoclave on the pre-heated platen and the autoclave pressure
was increased. At a pressure of between 20 and 30 psig (138,000
and 207,000 N/m? gage) the vacuum pump was shut off and the
bleeder valve vented to atmosphere, after whlch the autoclave
pressure was increased to 85 psig (586,000 N/m gage). The platen
temperature was controlled to maintain a specimen temperature of
350°F (177°C) for 2 hours. All curing cycle temperatures were
continuously recorded on a strip chart recorder.

Surface Strain Gage Application

EA-Option W rosettes were bonded with Micro-Measurements
Type M-Bond 200 adhesive to both surfaces of all specimens. The
surfaces were first abraded lightly using Scotch-Brite Type A
447 industrial pads then cleaned with Micro-Measurements M-Prep
Neutralizer 5. A typical surface strain gage installation is
shown in Figure 22,

Lead Wire Connections

Terminal brackets comprised of printed circuit connectors
and special printed circuits were used for this program. Figure
23 shows a specimen with a terminal bracket installed; the upper
bracket crosspiece was fastened tight against the specimen, but
a spacer between the lower crosspiece and the bracket permitted
the specimen to elongate without being constrained by the bracket.

Electrical Measurements

The resistances of all strain gage elements and the leakage
resistances between all embedded gages were measured and recorded
after specimen curing.
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SECTION IV
TEST EQUIPMENT AND PROCEDURES

LOAD APPLICATION

A Baldwin 120 kip (554,000 Newton) universal test machine
was used to apply loads to all tensile and flexural specimens.
This test machine applies and reacts specimen loads using two
independent hydraulic systems. Specimen load measurements were
obtained from a calibrated integral strain gage based pressure
transducer that sensed reaction load pressures. Load transfer
to the tensile specimens was accomplished with hydraulically
actuated shear grips. The test machine and hydraulic grips are
shown in Figures 24 and 25.

The four-point flexural loading was accomplished using the
fixture shown in Figure 26.

An MTS load control system provided strain-rate control for
the specimen tests. Tensile specimens were tested at the rate
of 0.05 inches (0.127 cm) per minute and flexural specimens were
loaded at a loading-head rate of 0.2 inches (0.508 cm) per min-
ute.

A pre-load of between 0.5% and 1.0% full load was applied
to each tensile specimen prior to the start of the constant
strain rate loading.

DATA ACQUISITION AND PLOTTING

The strain gages were connected to form a four-arm Wheat-
stone bridge using precision resistors with resistance tolerances
of #0.1% and temperature coefficients of *0.6 ppm/°F (+0.33 ppm/
°C) for the three completion arms. The majority of the strain
gage and load signals were recorded using the 40-channel Hew-
lett-Packard Model 2012 data logging system shown in Figure 27.
(An NLS, Inc. data system was used in addition to the Hewlett-
Packard system for the flexural/interlaminar shear tests when
the required number of data channels exceeded forty.) The Hew-
lett-Packard system consisted of a 40-channel reed relay scanner,
an integrating digital voltmeter, an incremental digital tape
recorder and a digital clock. The system full-scale input range
was 100 mv and the resolution was 1 pvolt. The sampling rate
used was 40 samples per second and the record interval for each
channel was one per second. The system recorded data in a digi-
tal format on 0.5 inch (1.27 cm) magnetic tape.

An SDS 910 computer-based data system was used to process
the strain gage and load data from the magnetic tape. The com-
puter output was in the form of 8.5 x 11 inch (21.6 x 27.9 cm)
graphs with the axes appropriately labeled. Plotting was accom-
plished with a California Computer Products, Inc. Model 565

13



plotter.

Extensometer and loading head deflections were recorded on
a drum recorder as functions of load.
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SECTION V
TASK I INVESTIGATIVE STUDIES

LEAKAGE AND SHORTING RESISTANCE

Prior to fabricating specimens for Tasks I or II, boron-
epoxy sample laminates were laid-up and cured. These sample
laminates contained embedded Micro-Measurements Type EA-05-
125RD-350 open-faced three-element rosette strain gages and
bare nickel-clad copper ribbon 0.0156 inches (0.0396 cm) wide
and 0.001 inches (0.00254 cm) thick. The sample laminates rep-
resented variations in gage and ply orientations, scrim cloth
removal, gages with bare ribbon leads and just bare ribbon in-
stalled between the same two plies and between different plies.

Resistances measured between gage elements and between lead
wires were as low as 3000 Q. Rosette element resistances which
were 350 Q prior to being embedded were measured as low as 300 Q
after being embedded and cured. Meaningful quantitative resis-
tance values were impossible to obtain because the measured
resistance values varied with the magnitude and polarity of the
voltage used to make the measurement.

An open-faced rosette was bonded to a piece of stainless
steel after which B-staged resin was removed from a piece of
boron-epoxy tape, applied over all three rosette elements and
cured at 350°F (177°C) for two hours. Subsequent measurements
showed that the gage element resistances were 350 * 1Q and the
resistances between gage elements were greater than 50 k megohms.

Fabrication and evaluation of additional sample laminates
to investigate electrical insulation techniques showed that
0.0005 inch (0.00127 cm) thick Kapton sheet could successfully
insulate the gage and lead wires.

This study showed that the boron filaments were semi-con-
ductors and that positive electrical insulation was required for
embedded strain gages in order to make consistent, reliable
strain measurements. These results led to the procurement of
the specially insulated QA rosette gages shown in Figure 6.

STRAIN GAGE BRIDGE VOLTAGE

The effect of bridge voltage on embedded strain gage elements
was investigated using a seven-ply laminate with QA rosettes em-
bedded in all interply spaces and EA Option W rosettes on both
surfaces. Determination of the bridge voltage effects were based
on the rosette element outputs as functions of bridge voltage
with no load on the specimen. All rosette elements were connected
to precision resistors (see Section IV) to form Wheatstone bridge
circuits. The circuits were first balanced with 0.5 volts exci-
tation across the bridges, then the excitation voltages were
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increased in 0.25 volt increments at 15 minute intervals up to
2.25 volts. At 2.25 volts the bridge circuits were re-balanced
and the bridge excitations were returned to 0.5 volts. The
bridge outputs were then balanced with 1.0 volts excitation,
after which the excitation was reduced to 0.5 volts. Bridge
outputs were recorded after each 15 minute interval and the
increase in bridge sensitivity with increased bridge excita-
tion was taken into account.

The maximum bridge voltage effect at 2.25 volts excitation
(in equivalent ue) was 5 pe. No effects were detectible below
1.75 volts. After 15 minutes with 2.25 volts excitation on all
bridges, the specimen did not feel warm to the touch.

As a result of this investigation, a bridge voltage of 1.0
volts was used for all strain gages throughout this program.
(The recording system used in this program afforded a resolution
of approximately 2 ue with a 1.0 volt bridge excitation.) Addi-
tionally, it was decided that embedded dummy gages were not
necessary for temperature compensation and that commercial pre-
cision resistors could be used for Wheatstone bridge completion
arms,

SURFACE STRAIN GAGE/EXTENSOMETER COMPARISON

The purpose of this investigation was to substantiate the
use of the surface strain gages for accurate measurement of
surface strains.

An O, S. Peters Co. Model PS-3M extensometer with a one-inch
(2.54 cm) gage length was attached to specimens IC-5 and IC-6
during their tensile tests. The full-scale range of this exten-
someter was * 10,000 pe and the certified inaccuracy was * 1% of
full scale.

The center of the extensometer was displaced longitudinally
from the surface strain gage axes about 1.8 inches (4.572 cm) to
avoid the strain gage lead wires. Specimen IC-5 failed at a
location nearly 3 inches (7.62 cm) from the strain gages and over
4 inches (10.16 cm) from the nearest extensometer fiducial point.
Specimen IC-6 failed on the opposite end, still nearly 3 inches
(7.62 cm) from the strain gages but within 0.5 inches (1.27 cm)
of the nearest extensometer fiducial point.

The axial surface rosette element outputs from both surfaces
of both specimens and the extensometer outputs are plotted versus
stress in Figure 28. The extensometer output agreed with the
strain gage outputs within 1% in the specimen IC-5 test and within
5% in the specimen IC-6 test.

Considering the extensometer inaccuracy and location and the

specimen failure locations the strain gage outputs agreed satis-
factorily with the extensometer outputs. On this basis, the sur-

16



face strain gage outputs were used exclusively for determining
material property data and for comparison with embedded strain
gage response; extensometers were not used in any of the sub-
sequent tensile specimen tests.

SPECIMEN CURING EVALUATIONS

Six nine-ply tensile specimens each containing three em-
bedded QA rosettes and two EA Option W rosette surface gages
were used to investigate cure variation effects on embedded
rosette gages as described for Task IC in Figure 1.

Specimen IC-1 was cured for two hogrs at: 350°F (176.5%°Cc)
in an autoclave at 85 psig (586,000 N/m4) using circulating hot
air. Specimen IC-2 was cured for two hours at 350°F (176.5°C)
in an autoclave using a single heated platen. The tests of
these two specimens showed that the difference in heating tech-
nigues did not result in significant differences in embedded
strain gage performance or in specimen strength characteristics.
It was concluded that a single heated platen could be used for
the Task II specimen fabrications.

Specimens IC-3 and IC-4 were cured for two hours at 300°F
(148.5°C) and 375°F (190.4°C) respectively. Specimen IC-5 was
cured at 350°F (176.5°C) for 1.5 hours and specimen IC-6 was
cured at 350°F (176.5°C) for 2.5 hours.

No significant systematic or correlative differences were
observed in any of the strain gage outputs or material properties
of the six cure specimens. All of the rosette element outputs
are represented by the graph in Figure 29. Figures 30 and 31 are
microphotographs of specimen IC-1 sectioned at 90° to the longi-
tudinal axis at the location of the strain gages. Figures 32
and 33 are microphotographs of a similar section of specimen
IC-2. (EA rosettes bonded to the surfaces of specimens IC-1 and
IC-2 during specimen curing appear in Figures 30 through 33 and
are discussed below in the section discussing rosette element
resistances after curing. Additional EA rosette gages, bonded to
the surfaces of specimens IC-1 and IC-2 after specimen curing,
were used to measure surface strain - see Figure 25.)

The results of these tests showed that the rosette gage per-
formance was not affected by gross cure variations and, in addi-
tion, that the specimen structural properties were not critically
cure-dependent.

EMBEDDING EFFECTS

Tension Tests

Four seven-ply tensile specimens were tested to determine
whether or not stacking embedded gages in all interply spaces
affected specimen structural response or embedded gage perform-
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ance. These specimens were fabricated in pairs - specimens 1lA-1l
and IA-2 contained one QA rosette embedded against the 90° center
ply; specimens IA-3 and IA-4 contained QA rosettes embedded in
all interply spaces, stacked over one another, and in addition
contained one QA rosette located against the 90° center ply dis-
placed 1.5 inches (3.81 cm) from the stacked gages. EA Option W
rosettes were bonded to both surfaces of all four specimens.

The outputs of all the embedded rosette elements were
compared with each other; of specific interest were the compar-
isons of the outputs of the "stacked" gage elements mounted
against the 90° center ply of specimens IA-3 and IA-4 with the
outputs of the "displaced" gage elements in IA-3 and IA-4 and
with the outputs of the embedded gage elements in specimens IA-1
and IA-2. No significant systematic or correlative differences
were observed in any of the strain gage outputs or material
properties of the four specimens. All of the rosette element
outputs are shown in Figure 34. Figure 35 is a microphotograph
of specimen IA-2 sectioned at 90° to the longitudinal axis at
the location of the embedded gage. Figures 36 and 37 are micro-
photographs of specimen IA-4 sectioned parallel with the longi-
tudinal axis at the displaced gage and stacked gage locations
respectively.

These tests indicated that the stacking of embedded strain
gages did not affect the specimen structural response nor did it
directly affect embedded gage load response. (Stacking did
affect the embedded gages, but not in a manner disclosed by
these four specimen tests.)

Flexure Tests

Specimens IB-1 and IB-2 were tested to determine whether or
not embedded gages affected flexural specimen structural res-
ponse. Specimen IB-1l contained no embedded strain gages; speci-
men IB-2 contained embedded QA rosette gages against plies 6,
10, 11, 12 and 17 at the three locations shown in Figure 5. EA
Option W rosettes were bonded to both surfaces of both specimens
at the same three locations. Loading was accomplished using the
apparatus shown in Figure 26.

Figure 38 shows the load as a function of loading head
travel for both specimens. Figure 39 shows all the longitudinal
surface rosette element outputs of both specimens as a function
of load. Figure 40 is a microphotograph of specimen IB-2 sec-
tioned at 90° to the longitudinal axis at a shear section loca-
tion.

The structural responses of the two specimens were similar;
specimen IB-2, containing the embedded gages, was slightly
stiffer and slightly stronger. The main concern was that the
embedded gages might weaken the flexural specimen or cause
delamination, but neither happened - both specimens failed on the
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extreme tension surfaces, as was predicted. The slightly in-
creased stiffness and strength of specimen IB-2 was attributed
to normal specimen-to-specimen property variations rather than
to embedded gage effects.

Rosette Element Resistances After Curing

The resistances of many of the QA rosette gage elements
permanently increased during curing. These resistance changes
were found to be related to embedding effects and to the speci-
men ply orientations,

The resistances of the QA rosette elements prior to instal-
lation were examined by randomly selecting thirty QA rosette
gages from an inventory of 180 gages. The resistances of all
of the elements of these 30 gages were within the following
tolerances:

0° and 90° elements - 351.2 * .5 ohms
45° elements - 350.8 ¥ .6 ohms

The embedded QA rosette element resistances of the four
Task IA specimens and the five Task IIA Type 7F specimens are
tabled in Figure 41, All nine of these seven-ply specimens had
the same ply orientations (0, %45, 90, ¥45, 0). Specimens IA-1
and IA-2 contained only one QA rosette each. Specimens IA-3
and IA-4 contained gages stacked over one another in all inter-
Ply spaces and in addition a displaced rosette against the 90°
center ply. QA rosettes were staggered in all interply spaces
of the Type 7F specimens. Figure 41 shows that elements of the
single rosettes in specimens IA-1 and IA-2 increased in resis-
tance, that the stacked rosettes in specimens IA-3 and IA-4
increased more in resistance than the single rosettes in IA-1
and IA-2, and that staggering the gages in the Type 7F specimens
resulted in an improvement over the stacked technique. It can
also be seen that the B-legs were not affected to the degree
that the A-legs were affected.

The table in Figure 42 shows the embedded QA rosette ele-
ment resistances of the six Task IC specimens and the five Task
IIA Type 9E specimens, These eleven specimens had the same ply
orientations (0, 90, *45, 0, ¥45, 90, 0); the Task IC specimens
each contained three embedded rosettes in alternate interply
locations while the Type 9E specimens contained staggered
rosettes in all interply spaces. Rosette elements in the Task
IC and Type 9E specimens showed comparable resistance increases,
thus indicating that staggering the gages produced the same
resistance changes as instrumenting alternate plies only.

The table in Figure 43 shows the embedded QA rosette ele-
ment resistances of seven Task IIA Type 5A (0° unidirectional
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filament) specimens. All seven specimens contained QA rosettes
in all interply spaces; the rosettes in 5A-1 through 5A-4 were
stacked while those in 5A-6, 5A-7 and 5A-8 were staggered. It
can be seen from this table that staggering reduced the resis-
tance increases - especially in the C-legs.

The table in Figure 44 shows the embedded QA rosette ele-
ment resistances of six Task IIA Type 5B (90° unidirectional
filament) specimens. All six specimens contained QA rosettes in
all interply spaces; the rosettes in 5B-1, 5B-2, 5B-4 and 5B-5
were stacked, while those in 5B-6 and 5B-7 were staggered. It
can be seen that staggering reduced the resistance increases -
especially in the A-legs.

The table in Figure 45 shows the embedded QA rosette ele-
ment resistances of five Task IIA Type 9A (0° unidirectional
filament) specimens and four Task IIA Type 9B (90° unidirectional
filament) specimens. All nine specimens contained staggered QA
rosettes. The Type 9A element resistances are typical of the
staggered rosette element resistances of all orientations of the
Task II specimens with the exception of the Type 5B, 7B and 9B
(90° unidirectional filament) specimens which had higher resis-
tances - especially in the A-legs. Figures 46 and 47 are micro-
photographs of specimens 9A-4 and 9B-2 (respectively) sectioned
in the longitudinal direction at the gage locations. Note that
the gages and filaments in the 9A specimen are well aligned while
those in the 9B specimen are not. Typically, filament distortions
and rosette element resistance increases were both greater in 90°
unidirectional filament specimens than in other Task II specimen
configurations.

It can be inferred that the resistance increases resulted
from predominantly tension strains imposed on the gage elements
during curing rather than from non-strain related changes in
strain gage properties. Furthermore, from microphotographs, it
appears that the resistance increases resulted from resin flow
and filament distortions and that they do not necessarily repre-
sent residual or locked-in stresses.

The QA rosette elements should be capable of performing in
tension to over 30,000 pe without failing or becoming super-
sensitive (whereby the resistance increase results from cracks
in the foil element rather than by basic resistivity and geo-
metric effects). A strain level of 30,000 pye for the QA elements
is equivalent to a 22 ohm change in resistance. An anomoly
existed here however; embedded gage elements in cured specimens
with initial no-load resistances in excess of 355 ohms usually
became supersensitive in tension. The tension strains imposed
were less than 7,000 pue which would amount to an additional
resistance increase of less than 5.2 ohms. Further, the maximum
rosette element resistance increases that were found to occur
during curing were about 11 ohms and it appears that gage elements
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opened under conditions that were not any more extreme than those
that caused an 11 ohm change. The fact that rosette elements
failed after increasing only 11 ohms, instead of elongating to an
equivalent 22 ohms, could be due to sharp bending distortions in
the gage elements or to high tensile differential thermal expan-
sion strains during the cure that lowered gage strain range capa-
bilities.

In summation, there was a tendency for embedded gages to in-
Crease in resistance during specimen curing. The increase was
generally within acceptable limits (1 or 2 ohms). High resis-
tance increases were found to be related: a) to the stacking of
gages, one over the other, in every interply space, b) to speci-
men configurations, such as the 90° unidirectional filament
specimens, that exhibited filament distortions, and c) to gage
elements that were oriented with their sensitive axis at 90° to
adjacent ply filaments.

Attempts to bond rosettes to the surfaces of specimens IC-1
and IC-2 during specimen curing, using the pre-preg tape epoxy
for adhesion, resulted in rosette element resistance changes that
were generally larger than those found in embedded gages. Five
of twelve rosette elements "opened" during specimen curing, one
increased ten ohms (to 360.8 ohms) and four elements increased
over three ohms. These gages appeared to be well bonded and did
not de-bond during testing. Six of the twelve rosette element
outputs were comparable to the outputs of rosettes bonded after
specimen curing but the 360.8 ohm element was supersensitive.

One of the rosettes bonded during curing is shown between the
terminal bracket crosspieces in Figure 25; all of the surface
gage elements that appear in the microphotographs of Figures 30
through 33 were bonded during specimen curing (the extremely
distorted gage element at the bottom of Figure 33 "opened" during
curing) .

SINGLE-ELEMENT WIRE STRAIN GAGE EVALUATION

Specimens IB-3 and IB-4 were tested to evaluate the perform-
ance of embedded Boeing-built single-element wire strain gages
and to compare their performance with QA rosette gages. (See
Section III for gage and embedment descriptions.) Specimen IB-3
contained three single-element gages oriented at 0°, 45° and 90°,
as shown in Figure 21, against plies 6, 10, 11, 12 and 17 at both
a shear and a shear-free section (see Figure 5). Specimen IB-4
contained embedded gages against plies 6, 10, 11, 12 and 17 at
the two shear sections: three single element wire gages were em-
bedded against each of the five plies at one shear section and
QA rosettes were against the same plies at the other shear sec-
tion. EA Option W rosettes were bonded to both surfaces of both
specimens at the shear-free section and at both shear sections.

Typical single-element wire strain gage outputs are shown in
Figure 48 (gages embedded against ply number six in the shear-free
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section of specimen IB-3). The outputs of the longitudinal gage
elements in and on specimen IB-3 are shown versus load in Figure
49, Longitudinal gage outputs plotted versus ply location (at
three specimen IB-3 loads) are shown in Figure 50. Figure 51
shows the normalized longitudinal strain gage elements plotted
as a function of ply location at a specimen IB-3 load of 150
pounds (667.2 Newtons). The normalized values were obtained by
dividing the respective gage outputs by the top surface gage
element output.

Figures 52 and 53 show the longitudinal single-element gage
outputs and QA rosette element outputs (respectively) plotted
versus ply location for three of the specimen IB-4 loads. Figure
54 shows the normalized longitudinal gage outputs versus ply
location for a specimen IB-4 load of 150 pounds (667.2 N).

These results indicate that simple single-element wire
strain gages perform comparably to commercial QA (foil element)
rosettes. Single-element wire gages were investigated because
they are capable of satisfying specific strain measurement re-
quirements (such as those near holes) that cannot be satisfied
economically by foil element gages.

ACOUSTIC EMISSION

Figure 55 shows the acoustic responses (total accumulated
counts) of the four Task IA tensile specimens as a function of
specimen strain. The acoustic emission was detected using an
Endevco Model 2225 accelerometer that had an unmounted resonant
frequency of 80 kHz. The accelerometer was direct-recorded on
a magnetic tape recorder running at 30 inches per second (76.20
cm/second). The magnetic tape was played back at a reduced
speed, and the accelerometer signal was re-recorded on an oscil-
lograph. Acoustic emissions (which were actually accelerometer
resonant frequency excitations) were manually counted on the
oscillograph record.

Figure 56 shows the acoustic responses of the five Task IIA
Type 7D specimens. In addition to the Endevco 2225 accelerometer
(used for the Task IA specimens) an Endevco Model 2213 accelerom-
eter with an unmounted resonant frequency of 32 kHz was mounted
on the specimens. The model 2213 accelerometer signal was fre-
quency modulated and recorded on the same magnetic tape recorder
as the Model 2225.

Figure 57 shows the acoustic responses of the five Task IIA
Type 9A (0° unidirectional filament) specimens.

This acoustic emission investigation was not intended to be
comprehensive; while it showed that acoustic emissions in boron-
epoxy specimens were related to load response it also showed that
there are sometimes differences resulting from the type of sensor
used and that there is considerable scatter in specimens of the
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same ply orientation (Figure 55) and also considerable differences
in response between specimens of different ply orientations.

UNBALANCED LAMINATE

Three seven-ply specimens with ply orientations of 0/+45/
-45/0/+45/-45/0 were tested to investigate the performance of
embedded QA rosette gages in an unbalanced laminate. EA Option W
rosettes were bonded to both surfaces and QA rosettes were stag-
gered in all interply spaces of all three specimens. The responses
of all of the embedded gage elements were similar to the respective
surface gage elements as shown in Figure 58.
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SECTION VI
TASK II SPECIMEN TESTS AND DATA

TASK IIA TENSILE SPECIMEN TESTS

Ninety-one specimens containing 540 embedded three-element
rosette strain gages and with 182 three-element rosette gages
bonded to the surfaces were tested in Task IIA (see Figure 2).
Fabrication, testing and the systems used for orienting and
identifying the rosette gages and their gage elements were in
accordance with the descriptions in Sections III and IV. Of the
2166 gage element outputs representing these tensile tests, all
but 95 are included in the results. Ninety-four out of the 95
were embedded gage elements, 81 out of the 95 were excluded be-
cause they opened or increased excessively in resistance during
curing (see Section V). Fifty of the 95 were embedded in uni-
directional specimens of which 37 out of the 95 were embedded in
B-type specimens that consisted of all-90° filament plies. All
of the excluded gage elements are listed in Figure 59.

The "original data" from all of the tensile specimen tests
consisted of graphs of stress versus strain. Each of these
graphs represented the outputs of the three elements of a
rosette. Figures 60 through 65 show the "original data" from
the test of specimen 5A-8 and are typical of the data obtained
from the tests of the other ninety specimens.

Static properties of each specimen tested were determined
using the "original data" from the surface strain gage elements.
Modulus values were determined in the usual manner by computing
the slope of the axial gage element outputs. The static property
data for all the Task IIA specimens are listed on forms in
Appendix A. All values listed on these forms are based on the
average of two surface gage elements.

The 91 specimens in Task IIA consisted of 18 types of speci-
mens. One of the first efforts in analyzing the Task IIA data
consisted of combining the "original data" into 18 graphs repre-
senting each of the 18 types of specimens. The solid lines rep-
resent the extremes of the surface gage elements, the dashed lines
represent the extremes of the embedded gage elements. These
graphs are shown in Figures 66 through 83.

The "original data" were also combined into graphs represent-
ing the gage outputs of individual specimens. Figures 84 through
90 represent the gage outputs of specimens 5D-1, 5D-2, 5E-3, 5E-4,
7A-5, 7E-5 and 9A-1 respectively.

Axial gage element outputs (A-legs) were plotted as a func-
tion of interply location at three stress levels in Figures 91
through 100 for specimens 5D-3, 7A-5, 7C-5, 7F-2, 9A-1, 9A-4,
9C-2, 9C-4, 9F-1 and 9F-3. B-leg and C-leg gage element outputs
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were plotted as a function of interply location at three stress
levels in Figures 101 and 102, 103 and 104, and 105 and 106 for
specimens 7F-2, 9A-1 and 9E-5, respectively. These plots show ply
and gage orientations. The "1" and the "2" following the gage
orientation refer to the staggered location - the "1" position is
nearest the specimen index mark (upper end of the specimen).

Figures 66 through 106 are used for the discussions in
Section VII. Some of the data in Figures 84 through 106 are
presented because they are typical and some are presented to
show extremes.

Figure 107 is a photograph of specimens 5A-1 and 5A-3 after
having been loaded to failure. Figures 108 and 109 are scanning

electron microscope photographs of specimen 5A-6 at the location
of failure.

Over 50% of the Task IIA specimens were sectioned and micro-
photographed after having been loaded to failure. Figure 110
shows a five-ply specimen with stacked rosettes. (Gages were
stacked in specimens 5A-1 through 5A-4 and in specimens 5B-1,
5B-2, 5B-4 and 5B-5. Gages were staggered in all the other
Task IIA specimens.) Figure 111 shows a five-ply specimen with
staggered gages. Figures 112 and 113 are microphotographs of
specimens 5C-3 and 7B-4 sectioned longitudinally and show rosette
element terminal connections. Figure 114 is a microphotograph of
specimen 7B-5 sectioned at 45° to the longitudinal axis.

TASK IIB FLEXURAL/INTERLAMINAR SHEAR SPECIMEN TESTS

Four flexural specimens (Figure 5) were fabricated and tested
in Task IIB to evaluate interlaminar shear effects on embedded
gage response. Each of the specimens contained ten embedded QA
rosette gages and four EA rosette surface gages as described in
Figure 3 (the outputs of the B leg gage elements against the sixth
and seventeenth plies were not recorded so that the total channels
would not exceed forty). Specimen fabrication procedures are
described in Section III. Testing is described in Section IV and
Figure 26. The tests of these Task IIB specimens were similar to
the test of specimen IB-2 in Task IB - see Section V.

The four flexural specimens were designated 21-1 through 21-4.
Figures 115 through 121 show the response of the specimen 21-2 gage
elements located at the shear-free section plotted versus load;
Figures 122 through 128 show the response of the gage elements
located at the shear section. Load versus deflection for specimen
21-2 is shown in Figure 129.

Figure 130 shows the specimen 21-2 shear-free section longi-
tudinal strain element outputs as a function of ply location at
three load levels. Figure 131 shows the same thing for the strain
elements located at the shear section. The specimen 21-2 longitud-
inal gage element outputs (at both the shear and shear-free sec-
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tions) were normalized by dividing the output cf each gage element
at each section by the respective top surface (compression) gage
element output. Normalized outputs are plotted versus ply loca-
tion in Figure 132,

The response and gage outputs of specimen 21-2 are typical
of all four flexural specimens and are discussed further in Sec-

tion VIII.
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SECTION VII
DISCUSSION OF TASK IIA TENSILE SPECIMEN TEST RESULTS

EVALUATION APPROACH

Anticipated embedded strain gage problem areas and effects
were investigated first, in Task I, so that the Task II effort
could emphasize strain gage performance. The approach used to
evaluate the embedded gage performance in Task IIA was primarily
based on comparisons with reliable surface strain gage installa-
tions. Data from all the individual gage elements, specimens
and specimen types were first combined, analyzed and then anal-
yzed further in successively more detailed steps. This approach
reduced the total amount of data that had to be considered at
any one time and separated out the irregular data so that its
analysis could be emphasized.

The graphed gage output envelopes in Figures 66 through 83
provided a means to present and evaluate all the Task IIA data
in a compact, convenient form and were easy to generate from the
"original data". After analyzing the data of Figures 66 through
83, graphed gage output envelopes of individual specimens were
generated for further analysis of gage performance. Detailed
analysis of gage performance was made using through the thickness
graphs.

A summation of the Task IIA test results is presented next,
followed by explanations and examples that support the summation.

SUMMATION OF TENSILE TEST RESULTS

a) Proven reliable techniques were used for bonding strain gages
to the tensile specimen surfaces. The graphed surface strain
gage outputs were estimated to be accurate to within *30ue
plus *1.5% of the strain reading. (Comparison of the axial
surface gage outputs with a certified extensometer in Task I
supported this estimate.) Accurate and reliable surface
strain measurements were necessary to provide a basis for
comparison of the embedded gage performance.

b) The materials property data (in Appendix A) based on the sur-
face gage outputs agreed closely with computer-predicted
materials properties which were based on Air Force Design
Guide data. The agreement substantiated the qualities of
the pre-preg tape, specimen fabrication procedures and
surface strain gage performances. It also supported the
Task I results that showed that embedded gages did not
affect specimen strength properties,

c) Highly anisotropic filamentary laminates that are loaded
parallel with a high-modulus plane are super-critical to

27



d)

e)

£)

g)

h)

i)

3)

symmetrical loading, thus having a tendency to accentuate
asymmetrical loading effects.

Strain gage rosette elements at 45° to the loading axis were
of limited use in evaluating embedded strain gage perform-
ance because of their extreme sensitivity to loading and in-
stallation alignment factors.

Evaluation of the embedded strain gage rosette elements at
90° to the loading axis was limited by low transverse strain
magnitudes. Furthermore, on a percentage basis, 90° gage
elements are highly sensitive to loading and alignment fac-
tors.

B-type specimens in which all the filaments were oriented at
90° to the loading axis, were of limited use in assessing
embedded strain gage performance because of their low yield
and failure strain magnitudes.

With the exception of B-type specimens, axial embedded and
surface gage element outputs of specimens of the same type
were within a spread of *10% over the respective specimen
strain ranges. This spread included specimen-to-specimen
property differences.

On an individual specimen basis, axial and embedded strain
gage element outputs were within a spread of 8% over the
respective specimen strain ranges. Excepting the B-type
specimens, at least one specimen of each of the other 15
types exhibited axial embedded and surface gage output
spreads of less than *4%., In 12 out of the 91 specimens,
the embedded and respective surface axial gage outputs were
within a spread of *2%.

Specimen loading effects such as bending, un-bending, twist-
ing and un-twisting also required embedded gage performance
to be considered on an individual specimen basis. Bending
(and un-bending) effects were most easily observed and could
be accounted for by comparing the axial surface gage outputs
on opposite sides of the specimen. When corrections were
made for specimen bending (at discrete stress levels) the
spread of axial surface and embedded gage outputs was re-
duced to less than *6% in all but the B-type specimens and
was less than *3% in over 50% of the 91 specimens tested.

Specimens with axial surface and embedded gage output spreads
in excess of *3% were investigated to determine if there was
any correlation of embedded gage performance with adjacent
ply orientations. This investigation was based on graphs of
gage outputs plotted versus interply location at discrete
stress levels. No correlations were found; furthermore,
data were produced that were contrary to ply orientation-
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k)

1)

m)

gage performance correlation.

Some gage correlations were made, however, with specimen
bending. In general, through-the-thickness strain varia-
tions increased with increased bending (this was after
obvious bending effects were taken into account). The
manner in which the embedded gage outputs correlated with
bending was consistent within specimen types, but was in-
consistent between types. Similar gage correlation with
asymmetrical loading was suspected but was difficult to
evaluate.

In the graphs of axial gage element outputs plotted versus
ply location at discrete stress levels, some specimens
exhibited strain variations as high as 11%. In most cases
these gage variations were consistent in specimens of the
same type, but as stated above, they could not be corre-
lated to orientations of adjacent filaments in a manner
that was consistent with other specimen types. Although
these variations could not be explained in a distinct or
consistent manner, the following possibilities exist:

O Material properties vary slightly and randomly through
the thickness of boron-epoxy laminates in a manner sim-
ilar to specimen-to-specimen property variations.

O Small consistent strain variations occur in laminated
composites, contradictory to the linear strain distribu-
tion theory.

O Specimens may have been slightly asymmetrical due to
lack of a balance ply or to the use of bleeder cloth on
the top surface during curing.

O Bending and/or asymmetrical loading caused combined
states of stress that were dependent on laminate con-
struction and that varied through the laminate thickness.

© Minute mechanical loading effects (other than bending) such
as twisting, un-twisting and grlp slippage were not taken
into account,

The testing in this program was directed toward determining
the effects of embedding and ply orientation on strain gage
performance and not toward measuring interply strain differ-
ences for verification of lamination theory. These tests
were not specifically designed to be capable of distinguish-
ing small gage performance inaccuracies from interply strain
variations.

Despite some anomolous gage and specimen results there was

sufficient embedded gage performance data in close agreement
with surface gage data to refute all the conceivable attempts

29



to correlate embedded gage performance with filament orien-
tations (except on a specific specimen-type basis in which
case it is highly probable that gages were measuring a
specimen property).

EXPLANATIONS AND EXAMPLES OF TENSILE TEST RESULTS

Surface Gage Response

Commercially available, off-the-shelf strain gage rosettes
were bonded to the tensile specimen surfaces with M-Bond 200
(Eastman 910) adhesive. The manufacturer certifies the accuracy
of these gages to be within 1%, Eastman 910-type adhesives
have been evaluated (Reference 4) and found to be one of the most
accurate and reliable strain gage bonding adhesives - when applied
and used correctly. When used to bond strain gages, this adhesive
has a very thin glue line and is very brittle, which results in
negligible adhesive creep-related errors.

The accuracy of the surface strain measurements was dependent
on the combined accuracies of the strain gages, the signal condi-
tioning system (including lead wires, bridge completion, balance,
excitation and shunt calibration) the data acquisition (mainly
analog to digital converter) system, the data processing system
(used to convert the digital voltage signals into engineering
units) and the plotter. The strain gages were accurate to within
#1%, the signal conditioning system error was less than 1%, the
data acquisition system was accurate to within =15 uv (about *30ue)
the data processing errors were less than *0.5% and (based on a
full scale graph axis of 6000 pe) the plotting error was %10 pe.
Using the square root of the sum of the squares, the surface strain
measurement accuracy was estimated to be within about %30 ue plus
*#1,5% of the strain reading.

SALC computer program-generated modulii and Poisson ratio
values representing the specimens used in this program are shown
in Figure 133. The SALC computer program has been generally
accepted for use in determining laminated composite properties
and is described in Reference 2. The input parameters for this
computer program are also listed in Figure 133. They were ob-
tained from the "Air Force Design Guide for Structural Composites".

Figure 134 is a chart which compares the SALC program mod-
ulus values with the modulus data derived from axial gage elements
and shown in Appendix A - the bars represent the spread of the
modulus values obtained from individual specimens. This chart
shows that the specimen properties determined by the axial surface
strain gage element performances are in general agreement with the
computer program and the Air Force Design Guide properties.

Another means of describing the axial surface strain gage
response is provided by the table in Figure 135. Column 1 lists
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the average, mean and scatter about the mean modulus values and
was obtained from the static property data forms. Column 2 lists
the percent scatter in the indicated strains of the surface gages
at stress levels of approximately two-thirds ultimate and was
obtained from the graphs in Figures 66 through 83. Both the col-
umn 1 and column 2 scatter values are based on axial surface strain
gage outputs, but the column 1 data was derived using slopes and
averages while column 2 represents total scatters of all the sur-
face gages of each specimen type. The scatter in column 1 can be
related to specimen-to-specimen property differences while the
scatter in column 2 can be related to specimen-to-specimen prop-
erty differences and bending. The major differences in the two
scatters can be attributed to bending and non-linear stress-strain
behavior.

Gage Elements at 45° and 90° to the Loading Axis

The sensitivity to loading and installation alignment factors
of strain gage elements at 45° and 90° to a tensile specimen load-
ing axis can be shown using the Mohr's circle of strain in Figure
136. Suppose there are two specimens and three 45° three-element
rosette gages: the first specimen contains rosette 1 and both the
specimen and gage are aligned perfectly. The second specimen is
asymmetrically misaligned =-2° during loading and contains rosette
2 which is aligned perfectly with the specimen axis and rosette 3
which is misaligned +1.5° from the specimen axis. The results
will be as shown below:

¥ DIFFERENCE

GAGE STRAIN (ue) FROM ROSETTE 1
1A 4,000 0
2A 3,990 .3
3A 3,970 .8
1B 1,750 0
2B 1,630 +
3B 1,537 12
1C -500 0
2C -490 2
3C -470 6
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Suppose further that gage 2 is oriented as were the +RSE
or +LSE gages shown in Figure 9, and that a fourth rosette (no.
4) is added to specimen 2 and oriented as were the -RSE or -LSE
rosettes, If the axial element of rosette 4 is aligned with that
of rosette 3 (+1.5° as shown in Figure 136), then the differences
between the outputs of rosette elements 3B and 4B (on the same
specimen) will be over 24% (i.e. 1537 pe vs. 1963 ue). If rosette
4 is misaligned =-1.5° with the specimen 2 axis the strains from
3B and 4B will be equal, but strains in the A-legs and C-legs of
rosettes 3 and 4 will differ.

From this example it can be seen that with very slight
alignment variations the B-legs and C-legs of rosettes on tensile
specimens are susceptable to considerably more scatter than the
A-legs.

Figures 101, 103 and 105 show the response of B-leg (45°)
gages in specimens 7F-2, 9A-1 and 9E-5, respectively. Specimens
7F-2 and 9E-5 demonstrated relatively small strain variations
through the thickness and are typical of their respective speci-
men types. The 9A-type specimens showed consistently large B-leg
strain variations and the response of 9A-1 shown in Figure 103 is
an extreme case of the 9A-type specimens. As shown in Figure 9,
B-leg gages with +LSE and +RSE orientations are at +45° to the
loading axis while gages with -LSE and -RSE orientations are at
-45° to the loading axis. Notice in Figure 103 that the outputs
of gages at +45° to the load were consistently higher than those
oriented at -45° to the load, thus indicating asymmetrical load-
ing. Gage orientation effects were common in other specimen-types
but not to all types. Generally, the B-leg strain variations
were lowest in cross-plied and angle-plied specimens and highest
in unidirectional-ply specimens which is contrary to gage perform-
ance - ply orientation correlation. Furthermore, human error-
type gage and specimen misalignments should be random but speci-
men-type correlation of the B-leg strain variations showed con-
sistencies that relate the variations to specimen design rather
than human-error type misalignments.

The C-leg strain variations of specimens 7F-2, 9A-1 and 9E-5
shown in Figures 102, 104 and 106, respectively, are relatively
consistent with the B-leg variations.

Conclusions to these results were included in summation
paragraphs ¢, d, e, £ and 1 on pages 27-29.

Comparisons of Embedded and Surface Gage Response

The compounded graphs in Figures 66 through 83 can be
successively analyzed for four types of irregularities as des-
cribed below:

1) Embedded gage response envelopes that are not encompassed by
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2)

3)

4)

surface gage envelopes.

In general, these irregularities occurred in the B-leg and
C-leg gage responses and are attributed to effects described
above. The embedded A-leg gage outputs of 5F-type specimens
in Figure 71 were irregular in this respect, but 5F-type
specimens were peculiar to all the other specimen types
tested in that they each contained two +45° plies and no
-45° plies. The 5F-type specimen irregularities were
attributed to specimen load response characteristics. The
fact that the B-leg response is not midway between the A-
leg and C-leg response supports this conclusion.

Embedded gage response envelopes that are not relatively
symmetrical with surface gage response envelopes.

This type of irregularity occurred in some B-leg and C-leg
gage element responses where it was attributed to specimen
load response characteristics. A-leg responses were rela-
tively symmetrical.

Relatively large, combined surface and embedded, A-leg,
gage output envelopes.

The response of B-type specimens (with all 90° plies) was
dependent primarily on low modulus resin properties that
had non-linear stress-strain characteristics and could
therefore be expected to show larger response variations.
Excluding the B-type specimens, the A-type specimens (with
all 0° plies) exhibited the largest spreads. Inspection
of the A-type specimen graphs in Figures 66, 72 and 78
shows that the surface gage envelopes encompassed the
embedded gage envelopes, thus indicating specimen response
characteristics rather than embedded gage irregularities.

Excluding the B-type specimens, but including the A-type
specimens, combined surface and embedded, A-leqg, gage out-
put envelopes (spreads) did not exceed *10%.

Embedded gage response envelopes that were larger than sur-
face gage envelopes.

Surface and embedded gage scatter (or spread) is shown at
discrete stress levels in Figure 137. Embedded A-leg gage
scatter of specimen types 5E, 5F, 9E and 9F were larger

than the respective surface gage scatters. Type 5F speci-
mens exhibited the largest disparity and their load response
characteristics were discussed above. Specimen type 5E was
different from other specimen types in that it contained +45°
plies on the outside surfaces and no 0° plies. The differ-
ence in embedded and surface gage scatter in the 9E-type
specimens was small and could have been due to the fact that
the surface gage envelope represented the outputs of ten
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gages while the embedded gage envelope encompassed the out-
puts of forty gage elements. A-leg response of Type 9F
specimens is discussed later.

B-leg embedded gage scatters were (with two exceptions)
consistently larger than B-leg surface gage scatters. All
B-leg surface gage elements were oriented at +45° while the
embedded B-leg gage elements were oriented at +45° and -45°.
Gage orientation, gage and specimen alignment, specimen load
response characteristics, the sensitivity of 45° gage ele-
ments to asymmetrical loading effects and the larger number
of gages represented by the embedded gage envelopes were
probably completely responsible for the larger B-leg em-
bedded gage scatters.

-Except for Type 5F specimens, C-leg gage envelope scatters
were quite regular (considering the low strain magnitudes).

Specimen Types 7E and 7F contained the same ply orientations,
but had different ply orientation sequences as shown in Fig-
ure 2. The SALC computer-predicted properties for these two
types of specimens were identical. The 7E-type specimens
contained +45° plies on the outer surfaces and (referring to
Figure 137) exhibited A-leg and C-leg surface gage scatters
that were larger than embedded gage scatters. The 7F-type
specimens contained 0° plies on the outer surfaces and ex-
hibited less gage output scatter than the 7E-type specimens
and more consistent embedded and surface gage scatters.
Surface gages on these two types of specimens can be assumed
to have performed in a consistent manner and the differences
in the gage output spreads are attributed to differences in
load response characteristics related to specimen construc-
tion.

From the evaluations of the graphs in Figures 66 through 83,
it was concluded that most of the embedded gage performance irreg-
ularities could be attributed to such factors as alignment and
specimen-type load response characteristics. No evidence of gage
performance - ply orientation correlation was found. Evaluations
of individual specimen gage output envelopes, while eliminating
specimen-to-specimen property differences, supported these con-
clusions.

A comparison of Figures 84 and 85 shows that the B-leg spread
in the 5D-type specimens was primarily due to specimen-to-specimen
differences and that the embedded B-leg gage outputs agreed closely
with surface gage outputs. Although compounded 5E-type specimen
data in Figure 137 was less consistent than most of the other
specimen-type  data, Figures 86 and 87 show that gage response in
individual specimens (5E-3 and 5E-4) was very consistent. The A-
leg surface and embedded gage output spread of specimen 5E-4 was
less than *2,5%.
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Excluding the B-type specimens, the maximum A-leg spreads
in Figures 66 through 83 existed in the A-type and Type 7E speci-
mens. The gage output envelopes of specimens 7A-5, 7E-5 and 9A-1
in Figures 88, 89 and 90, respectively, show that these spreads
were due mostly to individual specimen properties rather than to
specimen-to-specimen differences. The A-leg spread in specimen
7A-5 was almost ¥8% and represented one of the highest A-leg
spreads of any of the 91 specimens.

The A-leg strains through the thickness of specimen 7A-5 in
Figure 92 show that the A-leg spread was due to bending. Simi-
larly, specimen 7C-5 exhibited very little strain variation
through the thickness after correcting for bending, as shown in
Figure 93.

Specimens 5D-3, 9C-2 and 9C-4 exhibited only slight bending
and very little A-leg strain variation through the thickness as
shown in Figures 91, 97 and 98, respectively. Specimen 7F-2
exhibited almost no bending and very consistent A-leg strains
through the thickness as shown in Figure 94.

A comparison of Figures 95 and 96 seems to indicate that
specimen bending causes anomolous A-leg strain variations through
the thickness. Specimen 9A-1 in Figure 95 exhibited bending and
A-leg strain variations that were non-linear through the thick-
ness. Specimen 9A-4 in Figure 96 exhibited less bending and more
consistent A-leg strains through the thickness.

The A-leg strains through the thickness of specimens 9F-1
and 9F-3 (Figures 99 and 100) exhibited similar strain variation
characteristics even though specimen 9F-1 exhibited bending and
9F-3 did not. The strain variations through the thickness in
9F-1 and 9F-3 could not be correlated with gage or ply orienta-
tions. Specimen 7F-2 in Figure 94 contained 0°, *45° and 90°
plies as did the 9F-type specimens, but its strain variations
through the thickness were much lower.

Evaluations of through-the-thickness strains were summarized
in paragraphs i, j, k and 1, on pages 28 and 29.
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SECTION VIII

DISCUSSION OF FLEXURAL/INTERLAMINAR SHEAR
SPECIMEN TEST RESULTS

The flexural tests in Task I (described in Section V) veri-
fied that embedded gages in flexural specimens did not affect
structural response. The primary purpose of embedding gages in
flexural specimens was to determine their performance when sub-
jected to interlaminar shear. A four-point load flexure speci-
men was chosen because it offered both shear and shear-free sec-
tions for comparisons, it provided adequate space to install
gages, and its response and failure characteristics were pre-
dictable. The shear-free sections are free of both vertical and
interlaminar shear while the shear sections have vertical shear
and interlaminar shear that varies from zero to a maximum in the
middle of the specimen. Although the flexural specimens used in
these tests did not fail due to interlaminar shear, the calcul-
ated interlaminar shear stresses on the neutral axis in the
shear section exceeded 2000 psi (13.789 N/m<).

The effects of interlaminar shear on embedded gage response
were judged by comparing the performance of gages in the shear
section (particularly gages on plies 10, 11 and 12) with the per-
formance of gages in the shear-free section. The embedded strain
gage responses of all four specimens were similar. The normalized
longitudinal strain gage element outputs plotted versus ply loca-
tion in both the shear and shear-free sections were linear through
the thickness. Based upon the normalized outputs, no interlaminar
shear effects were observed.

Figures 115 - 129 showing the original data from the test of
specimen 21-2 are typical of the results from the four flexural
specimen tests. Figures 130 and 131 show that the longitudinal
gage element outputs through the thickness in the shear-free sec-
tion of specimen 21-2 are twice the magnitudes of those in the
shear sections, as was predicted. Figure 132 shows that the
specimen 21-2 normalized longitudinal strain gage outputs plotted
versus ply location at both the shear and shear-free locations
are linear.

Based on these tests, it was concluded that the embedded

strain gage technique is qualified for use in areas of high
interlaminar shear.
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SECTION IX
CONCLUSIONS

Gages to be embedded in boron-epoxy laminates must be elec-
trically insulated, thin enough to be installed in inter-ply
spaces without affecting specimen thickness and should have in-
tegral lead wires that will allow desired gage orientation and
exit from within the laminate.

Embedded gage leakage and continuity resistances must be
measured after the laminate has been cured; the cured continuity
resistance should be compared with the pre-cured resistance.

Using the techniques evaluated in this program, strain gages
embedded in boron-epoxy composite laminates perform in the same
manner and with the same quality and reliability as strain gages
bonded to surfaces. Embedding gages in boron-epoxy composite
laminates does not affect laminate composite material properties
and embedded gage performance is not adversely affected by inter-
laminar shear. Specimen curing variations do not affect embedded
strain gage performance, but specimen curing can, in some cases,
adversely affect embedded gage resistance.

Single-element wire strain gages offer a promising means to
measure internal boron-epoxy strains. Acoustic emission eval-
uations performed in this program were neither extensive or con-
clusive.
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NO. OF PLY QTyY OF QTY OF SPECIMEN
PLIES ORIENTATIONS SPECIMENS ROSETTES/SPEC NUMBERS
Og 7 6 5A—1 THROUGH 4
AND 5A—6,7 &8
90g 5 6 5B—1 & 2 AND
5B—4,56&6

0/90/0/90/0 5 6 5C—1 THROUGH &
° 0/0/90/0/0 5 6 5D—-1 THROUGH 5
+45/90/+45 5 6 5E—1 THROUGH 5
0/45/90/45/0 5 6 5F—1 THROUGH 5§
0 5 8 7A—1 THROUGH 5
90, 5 8 78—1 THROUGH 6
0/90/0/90/0/90/0 5 8 7C—1 THROUGH &
d 0/145/0/%45/0 5 8 7D—-1 THROUGH 5
+45/0/90/0/¥45 5 8 7E—1 THROUGH &
0/+45/90/+45/0 5 8 7F—1 THROUGH 6
0g 5 10 9A—1 THROUGH 5
90g 4 10 98—1 THROUGH 4
0/90/0/90/0/90/0/90/0 5 10 9C—1 THROUGH 5
° 0/+45/0/90/0/%45/0 5 10 9D—1 THROUGH b5
0/90/% 45/0/+ 45/90/0 5 10 9E—1 THROUGH 5§
%;:2;”;’45;0{45’ 5 10 9F—1 THROUGH &

(ALL SPECIMEN CONFIGURATIONS PER FIGURE 4)

Figure 2: TASK IIA TENSILE SPECIMEN TESTING
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NO.OF
PLIES

PLY

SPEC

ORIENT | CONFIG

GAGE
LOCATIONS

QTY OF
SPECIMENS

QTyY OF
ROSETTES

SPECIMEN
NUMBERS

21

ALL

PER

ZERO FIGURE 5

ONLY ONE OF THE
END SHEAR
SECTIONS
INSTRUMENTED

CENTER SHEAR —
FREE SECTION
INSTRUMENTED
IDENTICAL TO
END-SHEAR
SECTION

ROSETTES ON

BOTH OUTSIDE
SURFACES AND
AGAINST 6TH, 10TH,
11TH, 12TH, AND
17TH PLIES

14/SPECIMEN

211
THROUGH
4

2.0IN.

|~a— (5.08 CM) ——

Figure 3: TASK IIB FLEXURAL SPECIMEN TESTING

- (15,24 CM)

6.0 IN.

2.0 IN.

~=— (5.08 CM)—=|

s

(2.54 CMm)

|

\< 20 TO 30 DEG (0.349 TO 0.524 RAD)

LI Ll Tl Tl L L L T L LT T T TN

SCOTCHPLY DOUBLERS

Figure 4: TENSILE SPECIMEN CONFIGURATION
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STRAIN GAGE ~=-{7.62CM)
LOCATIONS
_ﬁ q SYm 21 PLY
iy
\“‘
—gn S
| o= I wn ||
 § o | 7 ¥4 [ - f ’
-—l 05 IN. [=—1.5 m,_.’ ' :
(127¢m)|  (381Cm) I [
- 45IN.
(1aacm | '
= 9.0 IN.— =
: (22.86CM) |
| |
I |
| |
: I LENGTH: 10 INCHES (25.4 CM)
| WIDTH: 1.0INCH (2.54 CM)
| | THICKNESS (NOM): 0.1092 INCHES
: I (0.2774 CM)
]
[}
' |
' |
: |
MOMENT | I
|
DIAGRAM ! e
I |
I |
| |
| |
| |
| |
SHEAR | sHEAR- : SHEAR
b SECTION ———}w— FREE —-=———— SECTION ————=
(SECTION 2) | secTion | (SECTION 3)
| (SECTION n!
|
SHEAR |
DIAGRAM | ™
(VERTICAL |
AND |
INTER-
LAMINAR) |
| |

Figure 5: FLEXURAL SPECIMEN CONFIGURATION
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TOP VIEW — INDIVIDUAL PLIES

RIGHT SIDE
gizsiziziiin - i E: 2
UPPER EETIT - i = ] i |
END : iy B G, + ) TO'P - .-E H 5 s LOWER
i ' i bl BB, FE END
INDEX MARK AND A LEFT SIDE
SPECIMEN NUMBER SCRIM CLOTH UP—-ALWAYS ON “TOP”

+45, LEFT SIDE EXIT (+LSE)

-45, LEFT SIDE EXIT (-LSE)
B
C

.s“u

N\\ ! \\ o S

+45, RIGHT SIDE EXIT (+ RSE)
. -45° PLY

9 SCRIM CLOTH UP

Figure 8: STACKED STRAIN GAGE ORIENTATION AND LEAD WIRE EXITS

-45, RIGHT SIDE EXIT (-RSE)
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TOP VIEWS — INDIVIDUAL PLIES

RIGHT SIDE

a2 Gl S5

R

o] *
Eiiailihs
UPPER END gy Gamt  TOP LOWER END

LY a

INDEX MARK AND _l LEFT SIDE
SPECIMEN NUMBER SCRIM CLOTH UP — ALWAYS ON "TOP"

+45° PLY
SCRIM CLOTH UP
+LSE) |
IigA
C

+45, LEFT SIDE EXIT (
—45° PLY
SCRIM CLOTH UP

-45, LEFT SIDE EXIT (-LSE)

AN

+45, RIGHT SIDE EXIT (+RSE)

Y, e

-45, RIGHT SIDE EXIT (-RSE)

+45° PLY
SCRIM CLOTH UP

Figure 9: STAGGERED STRAIN GAGE ORIENTATION AND LEAD WIRE EXITS
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FABRICATION RECORD

CONTRACT AF 33615-71-C-1639

DATE: _ 3-23-2 SPECIMEN NO. D~1 THRU §D-5
TYPE: TENSION _V~__; ILS ; FLEX ; COMP ; H.C.BEAM ; OTHER
MATERIAL: NARMCO 6506 __\~ _: OTHER
CURE: 2HR @ 350°F (86PSI) _ v~ ; OTHER
NO.OF PLIES: ___9 ORIENTATION: __ol+45)-45)olqp|0]-45(+4510
QUANTITY OF STRAIN GAGES: 5%%/2€£A TYPE: ROSETTE QA$EA _ OTHER
CONSTRUCTION
PLY (TOP) ;Jz 3[4]5]e]7]8]910]11]12]13[14]15]16]17]18]18]20]21 (BOTTOM)
0° X[ X T I
+45° X X
-45° P8 p.3
90° X
ElQer|e[@|e|R|q|Q|E
GAGES Vv fege e
U) = up
WIRES ufulufulp|o|o(o (D) = DOWN

GAGE LOCATION:

e T M e~ N — ]
- ¢ -
[ Oo—t— 11—
— ¢_ -
o e N
+RSE -LSE -RSE +LSE
PLY
LOCATION —2,% __ T - ~-357_ .. S
REMARKS:

GAGES STAGGERED AS SHOWN

Figure 12: TYPICAL FABRICATION RECORD
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Figure 13: PLY SECTIONS CUT FROM THREE-INCH (7.62 CM) TAPE
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Figure 14: SCRIM CLOTH REMOVAL

Figure 15: QA ROSETTE INSTALLED ON A PLY
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Figure 17: UNCURED SPECIMEN LAY-UPS
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Figure 19: MOLD CAVITY — SPECIMEN INSTALLATION AND BAGGING OPERATION
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Figure 23: TENSILE SPECIMEN AND LEAD WIRE TERMINAL BRACKET
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Figure 24: BALDWIN UNIVERSAL TEST MACHINE
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Figure 25: TENSILE SPECIMEN AND HYDRAULIC GRIPS
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CURED SPECIMEN EMBEDDED ROSETTE ELEMENT RESISTANCES IN OHMS
GAGE|SPECIMEN | SPECIMEN | SPECIMEN | SPECIMEN | SPECIMEN | SPECIMEN | SPECIMEN | SPECIMEN | SPECIMEN
NO.| 1A-1 1A-2 1A-3 1A-4 7F-1 7F-2 7F-3 7F-4 7F-5
2A - - 3838 3544 352.7 3625 %23 362.3 362.3
28 - - 3»1.7 3619 3508 OPEN 313 361.0 361.2
2c - - 356.3 355.7 354.2 3529 362.1 3562.0 352.8
3A - = 358.9 356.6 363.2 363.1 363.1 352.9 363.2
38 - = 3525 353.2 3528 3524 352.3 3562.2 3518
ac = - 3544 364.6 3525 352.6 352.2 3561.8 352.1
BROKEN
4A1 362.6 3627 361.0 366.5 LEAD 363.2 363.2 363.2 364.3
WIRES
BROKEN
481 351.2 361.8 362,56 352.3 LEAD 351.7 3518 352.2 OPEN
WIRES
BROKEN
4C1 351.5 382.2 363.6 OPEN LEAD 362.3 351.8 OPEN 352.0
WIRES
4A2 = = 3624 352.0 = - - = -
482 - - 3518 351.2 - - - - -
4C2 - - 382.1 3615 - - - - -
5A - - OPEN OPEN 363.3 363.4 35632 363.4 362.8
58 - - 352.4 363.1 352.2 352.1 351.7 361.6 3»2.3
5C - = 362.6 OPEN 352.4 361.6 351.4 3615 361.9
6A - - OPEN 366.3 354.1 352.7 352.9 362.6 352.6
6B - - 352.4 352.0 352.4 361.7 351.8 351.3 361.6
6C - - 364.2 364.1 354.2 352.5 352.2 351.9 362.6
7A - - 362.0 3619 351.9 352.3 351.7 351.8 352.3
78 - = 352.4 3519 3515 362.1 3615 362.2 361.5
7C - - OPEN 362.7 3562.4 3528 OPEN 352.9 362.0

Figure 41: EMBEDDED ROSETTE ELEMENT RESISTANCES, SPECIMEN TYPES IA AND 7F
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CURED SPECIMEN EMBEDDED ROSETTE ELEMENT RESISTANCES IN OHMS

GAGE| SPECI-| SPECI-| SPECI- | SPECI- | SPECI- | SPECI- | SPECI- | SPECI-| SPECI- | SPECI- | SPECI-
NO. | MEN MEN MEN MEN MEN MEN MEN MEN MEN MEN MEN
IC-1 IC-2 IC-3 IC4 IC-B5 IC-6 9E-1 9E-2 9E-3 9E4 9E-B
2A - o g - - — 362.6 361.6 362.3 362.6 362.4
2B - - = = - - 362.1 3524 352.2 362.2 3619
2C = = = = - = 3620 361.7 3516 362.2 361.2
3A | 363.0 3629 352.3 3629 363.2 3562.5 363.7 35621 363.1 362.7 352.9
38 | 352.0 3618 3613 3519 3513 | 3517 3521 3519 351.7 361.4 3561.1
3C | 3546 364.0 3518 351.7 352.2 361.6 3562.1 3529 361.7 3621 351.9
4A == T = = == == 352.9 362.4 353.6 353.1 362.9
4B - - = = = = 352.56 361.3 363.3 362.1 362.2
4C - - = - - - 3525 361.6 3529 352.9 362.1
5A | 35638 362.1 382.1 3516 | 352.1 352.0 35623 351.6 363.1 352.8 OPEN
58 | 3516 351.1 361.2 361.1 361.7 | 3513 360.6 350.7 352.1 361.6 360.7
5C | 365.1 354.2 3628 | 3526 3628 | 3529 362.2 3519 362.6 352.8 361.7
6A - - = - = = 351.8 361.4 351.6 361.6 351.4
6B = = . = = = 350.9 351.5 351.8 351.2 351.4
6C > = = = = = 351.7 352.0 362.6 351.7 3521
7A| 3544 3548 362.2 362.1 35625 | 3525 352.0 | 3821 353.8 362.3 362.5
7B | 3523 362.3 3516 | 3514 361.1 351.3 361.2 3513 3624 3611 351.6
7C | 355.0 OPEN | 3513 | 3520 352.3 | 3528 361.2 362.1 362.3 361.3 361.9
8A| -~ - i = = - 362.8 362.3 3628 363.2 363.8
88 - —~ o - - - 3514 352.0 3562.2 351.2 361.9
8C = = - = = = 361.2 351.6 351.8 361.7 351.7
‘9A = = == = = = 3516 | 351.6 3623 OPEN | 362.1
2B ¥ = == = = = 3613 | 3518 352.3 361.6 362,56
oC - - - - - = 351.2 3514 352.2 351.7 362.6

Figure 42: EMBEDDED ROSETTE ELEMENT RESISTANCES,
SPECIMEN TYPES IC AND 9E
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CURED SPECIMEN EMBEDDED ROSETTE ELEMENT RESISTANCES IN OHMS
STACKED STAGGERED

GAGE | SPECIMEN | SPECIMEN | SPECIMEN | SPECIMEN |SPECIMEN | SPECIMEN | SPECIMEN

NO. 5A-1 BA-2 BA-3 5A—4 6A-6 BA-7 B5A-8
2A 3514 361.2 350.9 3615 3615 3514 350.9
2B 365.2 353.8 3524 352.0 360.0 3628 362.7
2C OPEN OPEN 363.5 366.0 3612 3614 3514
3A 351.2 361.2 350.1 3513 361.6 361.1 360.7
3B 366.7 364.1 353.8 363.9 3618 3629 360.7
3C OPEN OPEN 364.2 364.1 361.2 351.9 360.0
4A 3612 361.2 361.1 361.6 3619 3615 3516
4B 366.7 354.1 3624 361.8 3518 362.2 3624
4C OPEN OPEN 364.0 356.6 3618 350.8 350.6
5A 361.2 3*b1.1 361.1 361.0 3615 3608 350.8
58 356.9 352.8 353.2 352.2 3515 3B14 360.9
5C OPEN 363.5 OPEN OPEN 35619 350.6 350.5

Figure 43: EMBEDDED ROSETTE ELEMENT RESISTANCES, SPECIMEN TYPE 5A

CURED SPECIMEN EMBEDDED ROSETTE ELEMENT RESISTANCES IN OHMS
STACKED STAGGERED
GAGE |SPECIMEN | SPECIMEN | SPECIMEN | SPECIMEN | SPECIMEN | SPECIMEN
NO. 5B-1 5B-2 584 5B8-6 58-6 5B-7
2A OPEN OPEN 365.0 364.6 ¥*13 3629
2B 354.7 363.3 362.6 352.7 361.2 361.9
2C 3514 3514 361.1 3615 361.7 3508
3A 363.9 364.7 363.7 OPEN 360.4 3654.1
3B 3523 363.0 3514 3528 360.3 3529
3C 351.0 3515 361.2 3515 3615 3608
4A 365.2 365.0 3529 363.9 3b1.5 352.9
4B 353.2 363.3 361.7 3625 361.3 361.1
4C 350.9 361.6 3614 3518 362.2 350.7
BA OPEN 3529 363.1 3525 350.5 3628
58 353.6 3614 - 312 362.7 350.8 3618
5C 3561.0 361.0 350.9 362.1 36138 312

Figure 44: EMBEDDED ROSETTE ELEMENT RESISTANCES, SPECIMEN TYPE 58
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CURED SPECIMEN EMBEDDED ROSETTE ELEMENT RESISTANCES IN OHMS

GAGE‘S?ECIMEN SPECIMEN | SPECIMEN | SPECIMEN | SPECIMEN | SPECIMEN | SPECIMEN | SPECIMEN |SPECIMEN
NO.| 9A-1 9A-2 9A-3 9A-4 9A-5 28-1 98-2 9B-3 9B-4
2A 391.3 309 3515 361.2 351.6 OPEN 364.1 363.3 362.7
28 3518 3524 B4 352.6 3615 3b1.9 361.8 3515 363.2
2C 361.4 3%1.0 350.5 3611 3%51.6 3b1.1 361.0 3514 361.2
3A 361.2 3511 3561.3 3514 351.0 364.3 363.5 OPEN OPEN
3B 363.3 3626 3B1.3 352.1 362.1 3»B18 3635 362.3 362.9
3C 3629 360.4 360.1 3623 3505 361.4 361.2 3619 351.3
4A 361.1 351.0 »1.3 351.0 351.4 OPEN 3629 362.5 OPEN
4B 363.7 361.0 352.2 3518 362.7 352.4 361.7 362.2 362.3
4C 361.0 3604 351.2 3499 360.7 361.7 361.1 362.1 361.6
5A ¥*b1.5 350.9 361.2 3613 351.1 3613 OPEN 3656.0 3563.4
58 352.9 3619 363.2 363.1 361.7 3523 3529 362.2 352.6
5C 3614 350.3 3615 35616 3495 3509 351.3 3615 361.2
6A 351.4 351.1 3¥*1.3 350.8 361.3 353.8 3635 OPEN OPEN
68 361.6 361.6 3623 362.3 3b1.4 352.2 323 362.7 352.6
6C B1.4 B1.1 362.1 3611 350.7 351.7 3519 3¥61.3 351.6
TA 3¥%1.0 360.9 351.5 351.0 351.5 OPEN OPEN 3546 354.1
78 b1.5 352.2 363.9 361.2 362.0 351.8 363.2 3524 3%51.6
7c 3629 3561.1 3615 350.6 3495 3509 3508 3609 361.1
8A »B1.3 361.2 3611 3614 351.2 OPEN 354.4 3638 OPEN
88 363.9 352.5 353.0 %19 3621 358.9 OPEN 3624 363.7
ac 361.4 361.7 360.6 3507 360.1 361.7 3511 361.0 361.7
9A 3509 3609 3513 3%1.2 361.1 363.4 365.2 352.6 3628
9B 351.0 3508 3%0.8 362.7 362.7 3518 OPEN 3515 3561.0
ac 350.8 360.0 3495 3511 349.7 351.1 361.3 360.8 361.2

Figure 45: EMBEDDED ROSETTE ELEMENT RESISTANCES,

SPECIMEN TYPES 9A AND 9B
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INDICATED STRAIN (ue)

b SECTION 1 1S SHEAR-FREE SECTION |
: SECTION 2 IS SHEAR SECTION SECTION 1, 250 LB
ULTIMATE LOAD = 278 LBS (1237 N) (1112N)
6,000
SECTION 1, 150 LB
(667.2N)
4,900 SECTION 2, 250 L8
(1112N)
SECTION 1, 100 LB
(444.8N)
2,000 _ SECTION 2, 150 LB
TOP SURFACE (667.2N)
(GAGE 1) SECTION 2, 100 LB
_. (444.8N)
0 : 2
1 3 B 2 % 13 15 17 19
PLY NUMBER
BOTTOM
SURFACE
-2,000 (GAGE 22)
-4,000
-6,000 [ 4 t ol + +
ARROWS INDICATE GAGE LOCATIONS
-8,000

Figure 50: SPECIMEN IB-3, LONGITUDINAL GAGE ELEMENT OUTPUTS VERSUS LOAD
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1.0 STRAINS ON TOP SURFACE = ¢,
€; = LONGITUDINAL GAGE ELEMENT OUTPUTS AT
RESPECTIVE PLY LOCATIONS
08 ®— SECTION 1 (SHEAR-FREE)
A— SECTION 2 (SHEAR)
0.6
0.4
s~ LOCUS OF LINEAR THROUGH-THE-
THICKNESS STRAIN
0.2
0
1 3 5 7 9 17 19 29

PLY NUMBER
-0.2
el 4 £ 44

ARROWS INDICATE

GAGE LOCATIONS
-0.6

LOAD = 150 LB
(667.2 NEWTONS) STRAINS ON
.08 BOTTOw
-1.0
Figure 51: SPECIMEN IB-3, NORMALIZED LONGITUDINAL GAGE ELEMENT

OUTPUTS VERSUS PLY LOCATION
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INDICATED STRAIN (ue)

5,000

4,000

3,000

2,000

1,000

-1,000

-2,000

-3,000

-4,000

-5,000

LONGITUDINAL GAGE
ELEMENTS IN (SHEAR) SECTION 3
ULTIMATE LOAD = 258 LBS (1147 N)

TOP SURFACE
{ (GAGE 1) 4

0%

 LOAD =250 LB
(1112 N)

® LOAD = 150 LB
(667.2N)

® LOAD=100LB
(444.8N)

VERSUS PLY LOCATION

87

1 3 5 7 gd ® B W W 3
PLY NUMBER ;
4 BOTTOM SURFACE
(GAGE 22)
# + + 44 + 4
ARROWS INDICATE GAGE LOCATIONS
Figure 52: SPECIMEN IB-4, SINGLE-ELEMENT WIRE GAGE OUTPUTS



INDICATED STRAIN (ue)

5,000

4,000

3,000

2,000

1,000

-1,000

-2,000

-3,000

-4,000

-5,000

LONGITUDINAL GAGE

ELEMENTS IN (SHEAR) SECTION 2 LOAD = 250 LB
ULTIMATE LOAD = 258 LBS (1147 N) (1112N)
LOAD =150 LB

(667.2N)
LOAD = 100 LB

(444.8N)

TOP SURFACE
/_ (GAGE 1)

15

1 3 5 7 13

PLY NUMBER

17 19 \
BOTTOM SURFACE

(GAGE 22)

4 + 44 4 ¢
ARROWS INDICATE GAGE LOCATIONS

Figure 53: SPECIMEN IB-4, QA ROSETTE-ELEMENT OUTPUTS
VERSUS PLY LOCATION
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1.0 —~=——STRAINS ON TOP SURFACE = ¢ ,
€. = LONGITUDINAL GAGE ELEMENT OUTPUTS
AT RESPECTIVE PLY LOCATIONS
0.8
@ — SECTION 2 (QA GAGES)
A — SECTION 3 (SINGLE-ELEMENT WIRE GAGES)
0.6
LOCUS OF LINEAR THROUGH-THE-
o R ORNES TR A
0.4
0.2
€
€4 1 3 5 7 ) 15 17 19 21
PLY NUMBER
-0.2
+ 4 + 44 +
ARROWS INDICATE
GAGE LOCATIONS
-0.4
STRAINS ON
-0.6 LOAD = 150 LB
A
(667.2 NEWTONS) ROTTON SHREACE
-0.8
-1.0

Figure 54: SPECIMEN IB-4, NORMALIZED GAGE OUTPUTS VERSUS PLY LOCATION
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SPECIMEN
TYPE

SPECIMEN
NO.

GAGE ELEMENT

5A

-

2C, 3C, 4C, 5C

N

2C, 3C, 4C, 6C

5C

5C

6C

5B

2A, 5A

2A

3A

4A, 4B

5F

4B, 4C

7A

3A

3B

7B

3A, 4A,5A, 7A

2B

2A, 4A, BA

6A, 7A

2A, 2B, 3A, 4A, 4B, bA, 6A, 6B

7C

3A, 3B

4C

7E

4C

4B

7F

4A, 4B, 4C

2B

7C

4C

4B

2A,4A,7A, BA, 8B

BA, 7A, 8B, 98B

3A, 6A

3A, 4A, 6A, BA

7A

4A, 5A, 5C, 9C

2B, 88

aD

1C, 7B

9C

5B, 6A, 6B, 7B, 8A, 8B

4B, 4C, 6B

9E

8A, 8B

8A, 8B

7A, 8B

9A

5A

9F

n|alWNI=|0&INMNIOW=|lAlWIN|I=|lO|&lWIN|[=|lwNn|B&INO A |lWINnN|I=|lO|lw|o|&ala(n | =|lo|&|w

4B, 8A

Figure 59: TASK IIA EXCLUDED GAGE ELEMENTS

94




S1Nd1nNO | 3113S0d

i

8

-¥S NIWID3dS :09 a4nbiy

JAUNW) SSAULS |

4

95



S1NdLN0O Z 3113S0Y '8-¥S NIWID3dS

NIMHIE

o x| nrlvaisduatu )

119 ainbi4

0 CRUTLE T Clocbog | etpoz | opor b dorr o doz- | | |
“p0s 0 BC “boy. | oTpog |- ocpor qozr
* i _ - P - . M PEPESS t

ey

gl

1 1NndLlno

8 3
(10 % u/NW)

P

il

96



SLNdLNO € 31L13SO0H ‘8-VS NIWIO3dS :Z9 ainbiy

T T T
H + HHHHH HHH
: 55, §2301 2800250931 ISVSAEEE
i R 1 HH
i H T jaa
= : : - :
. i . EERE = -
n2 nmap P ._. i
e 4 e - T
-2 : SEIRBRGS IR, 18.a. ALssitiaty
3, EEenaanas IpEssRaces saunnans
+ x asaaany immmma:
1o ! Eds jaERgEEan
Y s -
= . 4|
i . otebesas

ananm

s 20eS

.-|‘- L+

T
e .
g an

188% b

|-

97



S1NdLNO ¥ 3L13S0H ‘8-¥S NIWIDIAS :€9 a.nbiy

LA =

(L'ox

E
:

o

98



S1Nd1NO S 3113S0Y ‘8-VS NIWIDI4S :pQ ainbiy

99

I TS
1T ISsEs sumEnuENTas s R s BN e T A 1 . AR Sy
- S o i A VN s 4114 {+ e s g 4
-
i o : : : siEEdEEE :
: i r .
1
-+
1ndLno
37-V
TEIT 1
e ' nEa
4 1
: {2 i
H sz =a +
>
e
= 1nd1no T
931-8 1ndLno\
Um._nonuﬂ
H  cmm
= t T : ¥
i :::- H xlwu 1t
- T i T
T - -
_ i
T t 1 H J“ ___ n
et !
i i3 . Rex
H..“ T
1 “_ 1" M m
I t ey b
“ . : it i e




S1NdLNO 9 3113S0Y ‘8-¥S NIWID3IJS :G9 ainbiy

L

g

-

100



VG 3dAL NIWID3dS 'S3d0T13ANI LNdLNO 39VD :99 ainbiy

101

I ! rm T . TIT T T
HHH T 1 H T
281 pes ! i 223 ¢ Joiin
P e :
! HHE
o T
1 1 1
n i s
. .
- - H
=
- .
& Enadl
Fan
i
.
}
1 Tt
- wi v
e 1 ' 1 41
1 T T nn| I; H T
I 1 I ¥R
T - - - ~ mﬂu
: F - Y-
A mmm " I T Fa 1
_“ u. e # w _. “ - Il 3
v _n I|—| 1 "— 1 i 1 ==
w 1T i - g T 1 “ " 1 I
= - B I & +H
FECYEEV A F 3 : t A
1 _“ 1 1 _ J_|a 11 1 1 ! tae
REEIESE: SEa = f a5 2ani : H tH  1aa | AREN
14 8] -z ' Tl
HHEHE € | : 1 ! : nasas
1 1 e N - 1 1 L
s T 3 ¥ !
Stasseas: g ! : _
: St x - - 1
-0 i : i ﬂ H
s 4

E

1T
T

IAEERE
T
I

i WH “ SLNdLNO A

¢ 1 I 1 -.4 +
smaii 3 937-8 34 u Se2i.iiiice:
= T I TH - H1 x g
THHAT ; ) i SLNdLNO Sy
i 1 f - e
T / 931 O uh
' /| } L 1
.n h_ 1 1 1
Ll 1 1 s
- 1 T TH maanuns
“ i 1 1 1
T a e I I -t i 1 1 T 1
Inawh 1 H I TIT 1t sy !

S1NdLNO LN3W313
39V9 a30a38W3 1TV SSVJIWOON3T S340T3ANT 3INIT-03LL00 IHL @

S1NdLNO LN3W313
JOVO 3DV4HNS 1TV SSYdWOIN3I S3d0TIANT INIT-AIT0S IHL @

8-VS ONV £-VS '9-VS p-VS HONOYHL L-V§
SN3IWIJ3dS 40 S1NJLNO LN3IW313 39V SINISIHdIY HAVHO SIHL @



85 3dAL NIWID3dS ‘SIdOTIANS LNdLNO I9VD :£9 24nbi4

SLNdLNO LN3W3T3
39v9 a3ad38W3 11V SSYdWOIN3 S3d0T3IANI 3NIT-G3L1003HL @

S1NdLNO LN3IW3T3

39Vv9 IDV4HNS 11V SSYdWOINT SIdOTIANI INIT-AITOS IHL @
9-85 ANV §-86 'v-86 '2-85 'L-89

SN3IWIDIdS 40 SLNALNO LNIWI13 3DVO SLNISIHIIY HAVHO SIHL @

T e T T
: s RS as b H i __ 8! !
I ! -
ﬁ il i 19 : !
!_ . ey ww S5 iEE, ! :
; - J 1 1 1t
faagad Ba = -
IS asse H i
1 __-ll HHH T
ﬁ n.m . : I mi | HH AR sk E Eu_
i . +HHH : T . ; 1t REEREEE aae
T sum - . T +
§i533 i590s panas tusnsaaned sannssae T
- -+ S B T A 4 ur
T i HiH :
s SEEns nannnnes e ¢ FHH
.[W = =ai .# . ”l...... == H- . 1
8 ] e =58 Esndanh s :
L= S . H -
i wzw 5 R Baaa] saananeany tun ! h,,.m
i 1 4118838 12202 P I SINIW3T3 L I
e H T t - :
Lo - Cifisindino SR L HHH / Q300383 [HiH
R 937-v ol nE s 1 ey L—.J..\t.?uﬂ wEs
5 1 ya ane w..lil " : l..,‘"_L*HT..._ THEH m
m 7 4 4 [ 44
£ ng S3nzngauna s H m 1oL FHHEHE SLNdLnO
L w a 1 bl L . -
; e S e | 9310 B
[ lth L L : { : ;
1.4 3 et < - 1 1
I _ . - 1
i g h + :
= . HE e 1
. e 1| 1| H ! HHAH
H H t } HHHHH i HHH T
: L HHH 1 HEHEE : 1 ; 1
313835 EEET RS SRR st e e ssasten i e e s e HIGGEE (TG 0

102



JS 3dAL N3IWI03dS 'S3dOTIANIT LNdLNO 3DVO :89 a1nbiy

103

| s e
i i BT T |
ok i : g p—— == -
R e & : e i :
e + k- H ¥ : : B
: e
= !r._ T T Tt ~w H
i T I R | S
= :
i z s A i
T : : : -
%] .ﬁ 1
o
i - - i E
S1NdLNO & ! }
T 9317-v "
i .ﬁ* " N EEEEE
S s1naLno T
e 9371-9+ y
55,2 8 : S1Nd1NO G
E5s: : : 9310 k-
EEENEEE NS ; : T m WA 1
zﬁhx i3 T A “ : HHHH m
SLNdLNO LN3IW3T3
39v9 030A38W3 11V SSYIWOINT S3JOT1IANI INIT-G3LL0A IHL @
S1NdLNO INIW3T3

39V 30V4HNS 1TV SSYdIWOINT S3J0T13ANT INIT-AITOS IHL @

§-0S HONOYHL 1-0§
SN3IWIO3dS 40 SLNdLNO LNIW373 39V SINISIHJIY HAVHO SIHL @



a5 3dAL NIWID3dS 'SIdOTIANT LNdLNO 3OVD :69 2inbiy4

W/NW)

(0%,

I

n EEa R nana:

R

T

S1NdLNO LN3W313
39v9 a30a39W3 11V SSYdWOIN3I S3d0T3ANI 3INIT-03L100 IHL @

S1NdLNO LN3IW3T3
39VO 3OV4HNS 171V SSYAWOINI S3dOTIANT 3NIT-AIT0S 3HL @

§-aS HONOYHL L-as
SNIWID3dS 40 SLNdLNO LNIWI 13 3OV SINISIHdIH HAVHO SIHL @

104



3G 3dAL N3WID3dS 'S3d0TIANI LNdLNO 3DVD 0L 24nbiy

105

SRR R PydLe oo 5% [ EH Fvt i
ﬂ#. i E[ 3 #1 =
— ft seasy
: :
: ; :
i i e e
1 _. I I : I u. ..ma
! .m__.li m 1 b _ ) w ) | .1 E.
(NN 1 ny
H : i
A ! 1
SLNdLNO = .wm AN
931-v i S1NdLNO i
- + um._-mmﬁ ; e
™ 33 153837 4083 " 48 SLNALNO TRN
| o 5 .+ 1 I
gifi iES ISSS1 SR Ieht ¢ A : o310 N
1 T HH s 1 HT 1 }
i 'y | - 1 1
H 4 m HHHH _ mg
Hil , HH i + HEE i
h |8 = muN uy ¥ _— 1 w :
sRnas) haann suand b 1 1 H o 3158 i
fRunaial senn snmas 1 T }
._..i.':E“.lh:M e & HHH I S :
iﬁ-. T t T 1 1 -t T t } Ht 1 ﬂ_:-

S1NdLNO 1LN3IW3T3

39v9D d3a0389W3 11V SSYdWOON3T S3dO0TIANT INIT-A3LI00 IHL @
S1NdLNO LN3IW3T3

39VO 3DV4HNS 1TV SSYdWOON3 S3d0TIANT INIT-AIN0S FHL
'G-36 HONOYHL -39

SN3IWID3dS 40 SLNdLNO LNIW3T3 39VO SLN3ISIHdIH HdVHO SIHL



4G 3dAL NIWIO3dS 'SIdOT3IANT LNdLNO IDVD 1L anbiy

TR FEEE S ] Eese 500 en B ey
oY e _ g [T g 0T :
53 i3 ™ T ¥ :
i
lml -
' o = ! ]
H S t T = an s 1t
fus aa 1 Enasanan LRGN it 1 it
R E e
i i :
| i HH A F 1
Tt SINdLNO R - ﬂ
2 DR 93V i H L
= I o 1
-3 F = Y 4 1 H i1
SRS 1% T H T
o EFH ! : T i
S i i S1NdLNO FifH ]
2 B < 931-8 T HHAY SLNdLNO ! 5 faa it 1
1 f 9310
1 1 » N I
i _ T : __
T - "_ 1
e i b
FECEER T i ; it
1 1 + ._ T
MEEmEELASanE LD A
2858, 18
B8 S ..llm._-..l.u. I 1 1
1L - T “ 1 w 1
e N PR SR - 4 + T 1 I 1+ EEES UREEN NuSNS
BEERinaaaiin : : st dk : :

S1NdLNO LN3W313
3OVO d3ad38W3 11V SSVdWOOIN3 S340T73ANT INIT-G3LL00 3HL @

S1NdLNO LN3IW3T3
39VO 30V4HNS 1TV SSVdWOIN3 S340TIANT INIT-AIT0S IHL @

§-45 HONOYHL L-49
SNIWID3dS 40 SLNdLNO LNIW3T3 3OVO SLNISIHIIH HAVHO SIHL @

106



VL 3dAL NIWID3dS ‘SIdOTIANI LNdLNO IDVYD :ZL 8.nbiy4

107

i m A TR T
g et s i e
T i i
I | o o
: o 4o
m L #w 3
: E
3
N 1§ 1
x L
o
- = 4 o B
: ’ : Y T
. JEH sINaw313
HH030038n3
1 T S1Nd1NO T ¥ -
9371-V 1
: SLNdLNO+ { SL1Nd1NO:
5 937-91 937-01
e 2 %._ H -
H AR 8 I
S1NdLNO LNIW313
39vD A30038W3 1TV SSYdWOONI SIdOT3ANI 3NIT-G3LL003HL @
S1NdLNO LN3IW313

39V9O 30V4HNS TV SSYdWOON3 S3d0T13IANT 3NIT-AIMOS IHL @

S-VL HONOHHL 1-VL
SN3IWID3dS 40 SLNdLNO LNIW3IT3 3OVO SLNISTHdIH HAVHO SIHL @



8/ 3dAL N3IWID3dS 'S3dOTIANI LNdLNO IOVD gL ainbiy

108

KA IENENEI ENSRENNENE

- §1NdLN0 LN3W3T

39v9 a3aq3gwa

ANV 30vV4HNS[

SLNd1NO LN3IW313
3OV A30aa38N3 11V SSYdWOIN3 S3dOT3IANT INIT-03L100 3HL @

SLNdLNO LN3IW313 3OV9
3OV4HNS 11V SSVdWOIN3T S3dOTIANT INIT-AITOS3IHL @

S-8L HONOYHL L-8L
SNIWID3dS 40 SLNLNO LNIWIT13 IOVD SINISIHAIH HIVHD SIHL @




OL N3WID3dS ‘S3d0T3IANT LNdLNO 3OV :pL 2inbiy

e
i
;" .w.
G HH
T =i Baga. 1...“.'
TR 2 :
tissa: seszesgzs: cE M ~
e N H 1
I I g %
1 HiH PO H m
S 2 $1NdLN0
T w.__ BES
HHH 1 I._.
YECN T w
h_]T.._ ! msase: & .
S i : s
SEREE: o | isasssassste = ! e SaSsy Souet RRERS IRERITRRRY SRET:
HHHHHHHHHEH T I e ] __ﬂT E388sEsas nanas nant rosl
SEEE BEF T SS8asanss IESeaaass Eanssanay SNaaz anes SEATE FRSSS SRRST RRSRE ERRES
S1NdLNO LN3IW33
39v9 g3aa39nW3 11V SSYdWOIN3 S3d0T3ANI 3NIT-A3LL003HL @
SLNdLNO LN3IW33
39VO IOV4HNS 11V SSYdWOONI S3d0TIANI INIT AITOSIHL @
G-OL HONOHHL -2/

SN3WID3dS 40 SLNALNO LNIW3T3 3OV SLNISIHdIH HAVHO SIHL @

109



QL 3dAL N3WIO3dS 'SIdOTIANT LNdLNO IOVD :GL anbiy

1.1:_”_ +4 t .H.l.rrr
1
il
e ¥ +
: -
1 , E ! i
._Wu- “
. H 1..“
i H
. H
e = 453 158 o 2
SLNdLNO T HE i H .
9371-8 T4 Ht
i 1 TWnﬂ.“
T 1t e : i
wo Ll-] 4t : ” HE A VRS T
Shicien R e i
B e T sk B R M AT T
SLNdLNO LN3W3T3
39V d3ad38W3 1TV SSYdWOINI S3d0T13ANT INIT-031100 FJHL @
SLNdLNO LN3IW3T3

3OVO 30V4HNS 1TV SSYdWOON3T S3dOT3ANT 3NIT-AITOS3IHL @

-0/ HONOHHL L-aL
SNIWID3dS 40 SLNdLNO LN3W3T3 39VD SIN3ISIHdIH HdVHO SIHL @

110



3£ 3dAL N3IWIO3dS ‘S3dOTIANI LNdLNO 3OVD 9L 3nbiy

i s S EpE L iR
i R P |
H : 2 : HHE ; §
§E3Eg : :
HH mm._
TR 5 i
HHEH :
m I
mﬂ m T
2 ; -~
3 - . T
~ s sindLnof
5 T e
. H H & HH HHH %H: i :
it : “ R S1NdLNO
tpZot 300383 i 9310 &

SLNdLlNO LN3IW3T3

39v9 d3aa3giNa 11V SSYdWOONT S3dOT3IANT 3NIT-031LL00 3HL @
S1NdLNO LN3IW3T3

39v9 30V4HNS TV SSYdWOON3 SIdOTIANI INIT-AITOS IHL @
S-3L HONOYHL L-3L

SNIWIDAdS 40 SLNd.LNO LNIW313 39VO SINISTHJIY HAVHO SIHL @

111



44 3dAL N3WIO3dS ‘'SId013ANT LNdLNO 3DVD /L ainbiy

TR T
| mE I .‘n.ﬁr TTT
| ! i B m b  AEANE aui
I | R | I saeef
[ IR : - -
! 10 Teo ] T
- -I— + <
T r :
=
<a I 3 +
EEEEEAEs I !
e oes o ]
I 1 T 1
EpE ua ! 1 N} 1
- - -~ 1
- : i H HHH
% NS S| I T i el
.,Hr.. 1 I \mE anE
. 1 s
Imma - 1] 1 2 1
S R R R T m
- ni ! 1 I
i 1 ! |
L FARr ami 1 1 i
T fumE oy | tm i I 1
u am 1 it i T H :
i ¥ B T T =
- - . - + 1 T smmn
HHH ¥ smmmn a ] L W I T
1 i T 1 u Ba| I 1§ ImEm 1
1 i 3 L
IEmEEEP I ANEEE B 1 '
] : HHHT HH “a 11 m I I
o i T L
e i L Eagses HESESS SS'IEE-Y SRISSER
mmml EEEEE N2 5 AW) ¥ RF | T 1 =
I T t 'l
| N T 1
8 § T
”q 1 Ll
: asass - e
} - - : 1
: ﬁ f : : : :
] - ! T
1 1 1
T T L R
& N 1IN I u T ....._-. T I 1
1 Fr] =
—S1NdLNO LMH : : e Sestases oo iss. ioisiss
IT v I ! i
HE gt i SLNLNO NN _
..... o31-8 g fift 0 AN _ _
. \ t - -~
T __ it 1 T UNJIU_. 3 it
11 1 i 1 11 ERmEEES i
- 1 H I H I = 1
T 38 EEIE: 2 T SEEIE E : T
IBEN RN ENGEE F NS E L 1 I ENEE RN mEE J T
- T i 8 B T mEmE g T i3 m HHHH Ht I
HH } + H } 1 1 e HHH e
: o 1 Amn g i’ T ik EEEEN wi H T
- 1 i ¥ H N e
; - - O ++
T T I W T ._ T
1 mi ;! ! 1 R
1 : 1 H LLL}
t 1 T T T I T 1 mamn
! s ..1;.__;._ uw ja at =
e 1 T w -
o 1 T nEEEn S| i 1
1 WS AR - | 1 1 HT + HH -
2t S e e e : :
H H .ﬁ HH {8 AR G . H 1 in i 1 e
r 1 T 1 T T 1 1 +
i B SEESEHEHEL it sts s e
'S SEEE. . i 1 ! - - 1 ! i L1 ! 8 i
A IEBEE FERS D UG AN E N ARNEE FRO N OE N EEEEABI I .llm Iz T

S1NdLNO LN3IW313
J9V9O 03003893 11V SSYdWOON3I S3dOT3IANT INIT-03L100 3HL @

S1NdLNO LNJW3T3
3OVO JIV4HNS 11V SSYdWOINT SIdOTIANT INIT-AIT0S 3IHL @

S-4Z HONOYHL L-4L
SN3IWID3dS 40 SLNdLNO LNIW3T3 3DOVD SINISIHdIY HAVHO SIHL @

112



V6 3dAL NIWID3dS ‘SIdOTIANI LNLNO IDOVO 8L 2nbly

' SEaEsas

: {8
_ T ” 1 ! Ty . 5 53
. | AT
: S
H : = T FE ;
” w T 1 1 % Mm T I
S : m YA i 4 2}
it ™ : P . 4 SEEE! ! o
. : »x H } T 1 / = tr
T o : i isasssss.
ENEE o = ] s ] 1an aa
yasU - H L/T : i 3 335a48 H
dsiss: iR casas iiisics 4 : m j : =
: HHE H HAHE HHH
=nui & NS ANEEE NN i mEE = % I M- |rl;_.m HH I
—.I 1 - X 4 & e LE Ll L § ame 1
. i Hi H ] 1 ¥ 4] :
F Hit 1 1 ¥ ; ﬁ; | T :..- e m
CEETHT 58, 4858t & : : : 388 ﬁ.{ HHH T
wrere Lo T R A G\ G
.J.” .. T “ | : B 1 1 1 1 e 4| 1] a4 L L ‘1 ¢ L “ - ..”] k 1 n t 1l I
SE3pESE: ac 33 HH SLNALNO HreA e e e Bt T, ERE
1 jestass: | : : -y A A S | b S it
e _ Fr e SLNdLNO . b faino :
dSiSsasssisasias __ 2352 22 EHE5EE £ : 938 grHEHE R : om.ﬂ.ow-.m” M HHHTH
Sesfdis: i T _ Y : passisasts fuats : ﬁs- | S5 fidRteanas shanscaciRill .ﬂ_ SEESSEEE: L
: y - 1 - g 1 — 1 _ 1 .—_J—. 1 __ I L ﬁ 1 _.. — + L} .u.. " .[I..m.__aﬁ
aﬁl 55 S3EEREzaE: 2 85 8; zas 22884 T EEkEasaus sesasiEnsdincaiisaaiRSRENNNBE FRERAsazE saaads rw-uminbnnﬁwﬁ H

S1Nd1NO LN3IW313

39v9 03aa3gW3 11V SSVdWOON3T S3d0TIANT INIT-03LLI00 3HL @
S1Nd1NO LN3IW3T3

39v9 30V4HNS TV SSYJINOONI S3d0T13ANI INIT-AINOS IHL @

§-v6 HONOYHL L-V6
SNIWIDIAS 40 SLNdLNO LNIWI13 I9VO SLINISTHdIH HIVHO SIHL @

113



86 3dAL N3IWID3dS ‘'S3d0T1IANI LNdLNO 3DVD :6L a4nbiy

4 4 4 4+ ' } 3 i 1 4 J i L I T3
BRSNS ANEE i1 1 e e bis I
Gie: fa2a 588 Sus] ieatg eus: toeatiaags tensarases seaisony i dmke £2. 11 __
1] w I 1 = T S I T } T
' ﬁ T 17 HH
“ ¥ ma u} ~ T —“ - - Lill 1
L4 i + 1 Ll -m
i 1 o T T 1+ 1
1 x 4 -
: Hh : ] : T
I ! T T T
" | 1 _ s 1 T e
% 1 T 'y
'y L L
T I T 1 T
1 T na’ T
._ 1 . .*“ 12 =
T —f—
e - m m _u ™ T L m _..
= 2 12 3 R
o SRR uSun! & : =5si ga :
T H I u pnam T
' - .__ tH
H B i " 1 I
L L IS -t 1
NERES N » T I Ty
o I EESEags i
= 1 5 1 T t E
& Ll 1 1
2 d : SLNdLNO / o .
mEREEN & smams 1 a RN o3V | H H mi sk al H
- e ' T -
= - 3 T T T i 1 - ' - .*..
| - T r |0 (. 1 T T - T
L jaos EnEEEEEEE
x i u E: - H .
F o 1 I 58 EEN RS AP
= T
EEEE Ep s
L
: i S ae
= + i
a5 s i
1 H 3% me
1
= ERSsEaan: & 1 1 !
: e ad e 1 = 1 T - -
g .5 i e e
T uanl 1 I I 1 T t A

S1NdLNO LN3IW3T3
39V9 030a038W3 11V SSYJdWOON3I S3dOT3ANT 3NIT-A3L100 3HL @

S1NdLNO LN3IW3T3
39V9O 3IV4HNS 1TV SSYdWOINI SIdOTIANI INIT-AITOS IHL @

86 HONOYHL L-86
SN3IWID3dS 40 SLNdLNO LNIW3T3 3OVO SLNISTHIIHY HAVHO SIHL @

114



06 3dAL NIWIO3dS ‘'SIJOTIANI LNdLNO IOVD :08 a.nbry

3OVD IDV4HNS 1TV SSYdWOIN3T SIJOTIAN3 3NIT-AIT0S3IHL @

S§-06 HONOHHL 1-06
SN3WID3dS 40 SLNdLNO LNIW3T3 3DVD SINISIHdIH HdVHO SIHL @

H m : : 51 IRER HEak: ragsd Loia: CesatpEoES
...Wlmrnm...; - mmn i “ H i 8 T ]
1 5 : oA B
1 : m i
istrtsh ateied A P . “_
: H - t -
i 1L A1 : !
3 - i § i m .n“ e
THNR TR ” 7 _ 04
2 e B 3 H I 4
...N.. - = T 8¢
2 1 [r””.._ n i
N 4 4
x f oee
e FHEH = H
A = AT SINLNO s5otc
. FHH 937-8 1
i S1NdLNO H
= ' + : s =
YECHERT T HEEHHA - e 4-0-04-
T s : :
SLNd1NO LN3IW33
39vD 030038W3 17V SSVIIWOON3I S3dOT13ANI 3NIT-Q3LL00 3HL @
SLNdLNO LN3W313

115



a6 3dAL NIWIO3dS ‘SIdOTIANI LNdLNO 3OVO :Lg ainbiy

s ans

SLNdLNO LN3IW3T3
39v9 a30a38W3 11V SSYdWOON3T S3d0T3IANI 3NIT-A3LL00 IHL @

SLNdLNO LN3W313
39V9 30V4HNS 1TV SSYdWOON3 S3JOTIANT INIT-AITOS3HL @

§-a6 HONOYHL L-06
SNIWIDIAS 40 SLNALNO LNIWIT3 3DVD SLNISIHdIH HIVHD SIHL @

116



36 3dAL NIWID3dS 'SIdOTIANI LNdLNO 3OVO 28 ainbiy

1 o3 : _H 5 2
i : }
SR 7 m 3 - :
I I I s T
Hr T t T T T =
1 1 T 1 Ln.r..vu...n ' T 1 +HH 1 I 1
ma i1 s th g ] i - mas
3 i . f
H a5 EEET .88 B2 2 {
| 1 4
. y . . “| 1 ._— T : “ ﬂ i Ih Hi ] 1 M m
s e i ! : = SINIW3T3: g
5 " ; : W n_mwn_n_mms__m : ™~
[) 1} ! 1 . T 1 1
» T Y. T 1 T
2 i |
= 555 i e Pt B8 1
f T T 1 EaEEE E[-.E;
T S1NdLNO & HHH 58 Bt HHH i }
937-9 HHHHY sind1lno kg j ! !
T H 1 H 9371-0 HW 1
I HHH N W I " i P= rl%_?u X | I 1 |
TS HE HEE HEHE
o i s DEESS RISl LEReE BEoR
t e T & T mwm
g i 88 P ! Siismaisssuans
f 1 T Tt T + T 1T
¥ 1 I 28 an T tHH ;
333 333 : : ]
531 fEsEEsannL H T T : ot B3aed SaaaI SES
! ! tHH + a3 naEEm RS mannsanas s2na Do
: H : i S i el S RS GRS s oS

SLNdLNO LN3W3T3
39Vv95 d3aa3aW3 11V SSYdWOONT S3dOTIANT 3NIT-03LL0A3HL e

S1NdiN0O LN3W3T3
3OV9O 30V4HNS 1TV SSVdINOON3T S3d0TIANT INIT-AINOS3IHL @

§-36 HONOHHL L-36
SN3IWIJ3dS 40 SLNdLNO LNIW3T3 3OV SLNISIHdIH HIVHO SIHL @

117



46 3dAL NIWID3dS ‘SId0TIANS LNdLNO 3DV €8 24nbl4

T T we smnms & T T ; : T I
yeEy IRENEUNFNA FRONN Al O I 3 =] -+ e e iae aa T
HAT 111 t +1 T - T T T | 1 B T
! - _— T 1! Ll s L1 il 1 -
. - . y * - 1 " -
Eaau; i i HHH H = HHHH f.ﬂ- :
- {T]'nmu- imn HHHH - . .
I o a t = H HHHH o i HH s
5+ + H a $ t t
- 1 -+ T T : : 1 :
- ' + . : e e jmmn o HH
1 i : 1 1 - 3 3 -5
1 111 1 J
e l h _H . 1 | } 1§ 1
- 1 L L . -
1l i It % 1 1 41 1t
T 7 - T ! } T
1 ma T H imazasaas,
T T T T 1 T T
1 || 1 T 1 1 1 ] 1! L]
| 1 R N aE i 1 ' nE
1 " + i | I i -
1 1 1 nam 1 I
rmmu ama = ' I T T
LIl L - i 1
HH 55 B : Jif "
1 L HazEaaas suEm: 1
Hit 1 Ht 1 T »
i I I WS EE T 3 51
I ! % o . EE s 1 T
s & 1 3 L L. 5 i !
o Tt . I :
maaE I N T H I I T
T T T I 1 1 1
1 1 s 1 1
- " "
1 1 L L LLEL
L 1 i 1 1
] u T
- t t
- - : s
.H — I#
— ] T T = '
t
= - i ug o ©
= H " |
5 _ “ - ~
-+ [ aane H 1S
'’ x I rH
1 1 ar T 1 }
T HHTT O I I I o m 1
- ”1. . - . 1 T
- [1— T c aan T ma. 1 T =t
TWCEI TTTHSLNALNO TA 7 I ; t
T ] =
" : i =EE s I 1
HHHH T 4 937-v 34 FH !
- - o~ 4 - ) +
! UENE AREN. dns 4 ]
HHHE HHHAH HHS1ndLno SLNdLNO i
b = b+ -
1 1 i I L
: : : et 9371-8 4 9310
T : - : ]
11T 1 1 +
Y a8 oA i L i
1 1 “ i ““ L
1 1
imaaa au 1 T 1 i a H
THHT » T 1 1 1 T T
FECISER T : ; H H_ :
H HRH ! suna a
1l 1 s . .
1 1 1
- : -
1 11 I 1 I
. 1 Ll 1
t s
i BEESE R = I B 1| . |
T TH H u I
1 1§ SEEE T 14 T
I 1 b L 1 1 1 T
b § % 1 n W 1 T T
) W 1 | g8 1
+ 1 1 1 1 1
: nas 1 : ! =" 1 I
1 T T T 1 T I 1 t 1 T
T T TH T LA H T T T T T i ju AN LSS SEENE EREI

S1NdLNO LN3W313
39v9 30A389W3 11V SSYdWOINI S3d0T3IANT 3NIM-03LI0C 3HL @

SLNdLNO LN3W3T3
3DVY9 30V4HNS TV SSYdWOONT S3d0TIANI ANIT-AINOS IHL @

§-46 HONOYHL L-d46
SN3IWID3dS 40 SLNdLNO LNIWI 13 3OVD SLNISIHdIH HAVHO SIHL @



L-aS N3WID3dS 'SIdOTIANI LNdLNO 3OV  :¥8 3inbiy

T - -
. “ “ - feteetetetel- . ||H .m . l__ + .
1t H e sm T 1 I
I nm L
o : 3 - g
t ; H -y
T HHH 1 M H H
1 : i=ns ow x sana,
1 . 1 T o
& o i
i
itk 5
AR A T .
. g 1
o 1 s n qk o nEy .
' t i HHH 1 RY = wyui
' I 1 i and Fs
: : 7Y : 3t
1 1ias "]
)| 1 TmEm L . 0
IR - Ay o + } o .
a4 iddd 4+
mpR p. REE AP g " smmny bl 11 1
: £3: fagct beaka i FiA .
. RSN B TI. " + nE B W .
: iR : i 15 il i
- » 1 I = it mens 1
TR I : T : : : REIIaRTEE 1251 | Sass iaaH
ses! i 1 BBl pa I T 11 3 SEEEA AR EENE ghah 4| L””mﬂ..
£ : 1 i EERRa iF H 1 CHEH £ | 11
HHEHE HHH m T ai 1 14 ar dnmshsl HHA Ex padl
massanss am T H = sumns o
smmai s w.c o ; } Ty 3 s T
* =i RN AR = 1 = i1
1 o 25 +1 ga AN T 28 A
HHHE o b - gobs & i pumEs Jwmis pagie : g2 puge
R < , T 1 SLNdLNOF T F L !
] A I iy 9I3N-8 BREAY o w.,,um.“
{ wps ] 5y 3T
. HH THAE
nwi 4
Tt T
i et SLINdLNO E¥i
T T w Y | o 5
“ ; 9371-0 EH AL
3 [EENS AN 0 1
s 6 FIST ES1L 8 I8
' 8 -
T
; H EES FREES A [BE Baann
! asks pfr
4 4 - <4
b us 0
i
i L
i e I T 11 I NS SNEES BN -
- R R e R R A e SRR S IRS RRRRE BN +H

SLNdLNO LN3IW3T3
39V9 030a38W3 11V SSVJINOON3 S3d0T3ANT 3NIT-031100 3HL @

SLNdLNO LNIW3T3 39VOH IOV4HNS UV SANIT AINOS 3IHL @
L-0S NIWID3dS 40 SLNdLNO LN3W3T3 3DVD SLN3S3Hd3H HAVHO SIHL @

119



Z-QS N3WID3dS 'SIdOT3ANT LNdLNO 39VD 68 2nbiy

D Eas hatas Thae

: ami nm I = I HH
¥ P !
HH g8 EEsa R aas g S th
T = wmwm : 1 + £ SaE o
masee HHH 1 T Hit 111 t
. ) - e
TEEF W 55 g .4 s RIREARE i Boady SEHI 1
R = ] T i T 1
w3 2 T = T i sww
S oy =2 I T i I I nE R
H .JT_ T < - H HHHH H
seiasans 5= : : Al
BT N } H " iu s T TH
I T = u Ak
B < T
FHEEETE © S _ :
+H - = S SERS J._r ,Jﬂu. 3 +
w I . REaEE Inaan: :
1 _ ¥
ui 1
; ?
A i
e 1 s
: | 1,31 I_.* 1
5 UGS SN H
=t IT.- - ."- . tl..il . o
FEGEEANEEL ARE] I
SRR il
188 NA NN USES SRR EE BN THT HE
o - H S
1 - T T
T T H igas o
Ssssiit = : ==
' I i : 1

S1NdiNO LN3IW3T3
39v9D d3da38W3 11V SSYdWOINT S3JOTIANT 3NIT-03L1L00 3HL @

S1NdLNO LNIW313 39¥D IOV4HNS IHY SINIT AINOS IHL @
Z-0S NIWID3dS 40 SLNdLNO LNIWIT3 3DVD SLN3S3HdIH HdVHO SIHL @

120



€-35'N3IWID3dS 'SIdOT3ANT LNdLNO 39VD 98 21nbiy4

T ] th_ T T 'S8 R EREE NARES RSN SRGEAREASE ANSRE GHASS LAREEEES T mn am T I T T TF TR
i e S R A R AL O IR R LT s SR
REREAERE) hang . 82 5 1 1 %ﬁa - cH =
i g B B _ :  Sselatnt e L il e e 9o
7 i1 igsnas ; ; ; g, T il B
m_w T I T . 1 31 1 i
H < ImE 1 X 1§ T : B T T
T — FHH : I b e
oo 3 1 I T T 2 mi i
i 42 fae : S t } i H H HHH i
asaaskes fRaaERanns sam mas T i u E, VEEN SEEE B
A = HHHHHHH ; | e : :
1 mn 1 T I ' 1 1 -
T rmm T T 1 T T Tt s T s T
ARasbEARs SaRas anies on HH RS HHH 1 : . HHH
FHH L E S e R H { :_ 2! 1 T "
: S.53) 13 FERE0S ERUSH IS RNt IHENY INSH) ISR I IS _ F : 2ds SEEEE EEE
R : s o e Sha BeReses: ] HErH H-
H HH HH HHHHH ! S T Hi FHHH S eaans bt H
. -ﬂ_| 11t - ". Im - - & _ﬂ_l H ! 1§ “
! P Ranrzss T e T =
8 £ SR sindino 3 BN, i e
= = : T o31-v If ! HH HH ! =
A H .m I 1 T Bt erpr e 281 B b I | L } 8§
b . T samaa ssums: + '~ — ﬂ#l
F3, : 35 I g SIE sindlno T B THiNEE G - 3 3
EF _ S HH 93 S5 Assaial I . ENC SHEH R
1Ho e H HHHHH o : T } +H tirt t HHH H
i 6 HEET AT R T S1nd1n0 N SEERE IEHEHEE i
S AR L 5 SiHEEEREE 9310 FON N SHd SBe3f eRas
] i ] ] "4 iéaproanss spesnpes 51 (ESERTRTRIRSENa 08T AN 100 aaEs 853 Eifsssect, &8
HH o FinSSaEE ammsssmmas suaa: Kan i as HT EREE ERERdABEaE BAE ﬂ 58 amncam HH 1 T
SRR HE o i : i HHH HTHE HHH R T T
R T T _ et Ehee o s ot _ g G e
8 & e HoHeE T T : 1 i i RERREE Sss ERSEE ISRES I mnE Rsiiiesd iinedinia i
= Tt s aaass sane : : ] e R e e
s B THHHTH T T 1 T THT smans Eu I HENEREAN 0 =8 an
HHH S e HHH 1 uens ! L HEHH I o :
T T aze T muamxmw mEEESS EmmmEEanEs sumas T 1 1 1 - SxassEmmsss THH a35: saaenceaazines - 53 52
s HEGH HEH S S R T . e R
T T T 1w 1) T T e o NEaan SEERE BN 1 1 -
1 =8 8 1 o t 1 1 : 1 r T H
23 e AaEaEE EaSEEE { 1 £ EEE zais: s o s 58
1= suEewEazzsEusaEnmE su . unn: TErE Tt T T 1n ma = imanmmna; HIV- :
I §au I8 BOEENGEASH ¥E N, T HHTT a8 smmms H HHHH TR RS ug AREna RN !

S1NdLNO LN3IW3T3
39V9O d3aa3a3 11V SSYdWOOINI S340TIANT 3NIT-03L1L00 3HL @

S1Nd1NO LNJW3T3 39V 30vd4H4NS IV SINIT AITOSIHL @
£-3G NIWIDO3dS 40 SLNdLNO LN3IW3T3 3DVO SLNISIHdIH HIVHO SIHL @

121



$-35 NIWID3dS 'SIJ0TIANT LNdLNO IOVD  :£8 ainbiy

122

- ._- M _1“_ u..m ; “n 1 | _—_ »I".. I h“‘”—u_-___ IN— - *n—» _._. -. 4«-....1_-‘— 1 1 ll.W.l__K.IIH u“_ ” L” H_ - m m
s gt SR DRSS R R 5 : M
i : - 53 - b T * = : T ? .
e $ H.ql ” 1 1
M : - mm
: i F _
s P
£ s
T3 T HHH
1 N . wEa i
: * : ArrH :
} o I i SLNdLNO H ! ! t
: =3 _ : 037-8 4 ] : gatai
i N § HH 3 -
at S1ndLNo
i 5310 TN SIS
1 : : ._ “_ I“l : :
i H P 1
1 m Tm . 4 i
1 1 1 Wx “ ” . n :
! “ - 1 -+ sﬂ.. I I

S1NdLNO LN3IW3T3
39V9O A30038W3 11V SSYdWOIN3 S3dOT3ANT 3NIT-G3LL00 IHL @

SLNdLNO LNIW313 39V 30V4HNS IHY SININ AITOS 3HL @
=35 NIWID3dS 40 SLNdLNO LNIW3T3 39VO SLNIS3IHdIH HAVHO SIHL @




S-VLZ N3WID3dS 'S3dOT3ANI LNdLNO 39vH :88 a.nbiy

S-VL NIWID3dS 40 SLNdLNO LNIWITI 3DVO SINISIHIIYH HdVHOD SIHL

39VO Q300383 1TV SSYdWOOIN3T S3dO0T3ANT 3NIT-03.L100 IHL
S1NdLNO LN3IW3T3 39VO 30V4HNS 34V S3INIT AIT0S IHL

Hu - m- m.».“_ d_.d_vh".w.mm: T T :":.E:. wm - ». _” “Tx‘%w m,. :
1 i 4 ieah
g i :
4 mas
i
3
~N -
» -
o H L
o w-_-_u_&-_-ao 1 nm 1
- 9371V e -4
52 SLNALNOF T i gisis
g it 937-8 : R
: " w H1s1Nd1NO
: i 931-0 ] _
A ”
TEE § T T 353883 saind ihiadine
SLNdLNO LN3IW3T3

123



G-3Z N3WIO3dS 'S3d0T13ANI LNdLNO 3DVD :68 a4nbiy

}
1
1 # llnl..J [l 1 3
: 1
1 HH T
THE BE A H 1 “ i
..|_ .+..H__. i o LA
g s HHHH :
ﬁaﬂ ”nm. + R
ymma o - —t- -
a® . . ++—+
ns 1T SRENPENEE 108!
jms aswm e i .__.r.
- mai 1
it iE e
; s e
k h..n.} EEE
g T S0 UEBNSREE NS
T * + * n_ 4 4
g : T
T ._ 12 e ' -]
; = s am mwasEwann
i { lisid e e et
- 1 [ S s e
b 1 ' 8| HH
: SR
T

S1NdLlNO LN3IW313 39VD
a30a4038N3 171V SSYdWOIN3 S3d0T3ANT 3NIT-G31100 3HL @

SLNdLNO LN3W313 39V 3OV4HNS FHY SINIT AITOSIHL @
G-3Z NIWID3dS 40 SLNdLNO LNIW3 T3 3OVO SLNISIHJIH HAVHO SIHL @

124



L-¥6 NIWID3dS ‘SIdOT3ANT LNdLNO I9VD  :06 a4nBiy

! | T Mmun m
B es Snsts Epese soces Iouls Rissd Saise SRRRs RERS ¥ ] 1 4 T T T
SEENSAEEE EEANE ENR T ! !
P . i __ 1N S - - _.“ ___— - +
4 4 . ' 1 1
HHHHH H1+ 1
JuWEE NEERE TES 1HE =ui s I i
T i LIl ' 8 1 1 1 T
T -
- - seede :
! ﬂ I T X 1 1 EEEEE
H { R mamd EEESEAEEEE BN H T 1 H d }
—e e mas au Lmn nat - - - - - -
jEisiisd FHE i i ﬁ : “ i HiE S }
1 L 1 1 = i1 s ' L 1 1 i I
= sazmmaam =uz T saz azms : =mna s T s
1 : 1 1 T . T
: __ 381 S i :
.a + 4 ‘v
" — 1 u *
1 2 EEREE .
Il i
T 14
T == =1 :
= 1 B T
“ EEEE RN 'y r.—.l L - 1 1 1
- ‘- - + 1 11
: SEEs e : : FH T : _ : it
. : T - T t t
T + 1 H 1
1 ine 1 I H
- s 1 1
_ _ it i}
R I . “ T 1
L T T am T I
Hrt + T am
T mu t " o RN AR ¥
r R e i
— -~
- T M. t 1 1 mun H t
£ H H : i ‘ _
e . T -t T #
- wz t i AEE AREEEE unuﬂ ¥ T =i
R R “ EREN Ll L 1
o ! HiH ﬂ 3
¢ i : o
- L ' o HH
- F T e -
.. : 1 ! 1 TH
1 1 1 1 I BENEED 58 8 1 ILJUI
WL 1 1 1 1 i L1 | =
L O " 1 1 Y | 1 [Re s
' q + H T ! t + ]
T r mmn T T T - T T
- o i+ 4 H
I I I 1 ) i t + ma ) T syt |
| 1 h_ 1 u_ Iﬁ " _ 1 WEEEEEE
o8 B e e e i oy il 1] 1 FAEEE RN 4 o ..H EmEE
= 1 T
1 - T 1 - 1 1l ' X
__ e : - : GG
3SESIEEHSE] SSER: IRERSsi fREaEE ; ] SEESEEEEE USRS dEhadited
e T ] $88 ;288 JUARR R e
B [Rane N suEm (1 - 1 T umanEun: T I )
e sIndLno ] S i i e e R R HES
H s T 1 = 1 EEEEES & 1
- - - - 1 L e Ll
: : 931V T SLNdLNO T _ : s5iimaiiioon o T
T . T T 1 ' 1 T Bl T T
I i nn. an EmEE R - " !
el : T e 9371-8 et = S1NdLNO Ht e
-+ : T
T Ry - 9310 H H
T RS &8 manE
I HH 1t T o ..:._1:__?(‘ T 41 S
1 - 1 1S Tl Ll TITIRLT L
-+ ettt i - t - - - i
3 R B T 2 ¥ R ERERH IRERE EEESE dERai i ade iR

SLNdLNO LN3IW33
39v9 A3aa38N3 11V SSYdWOIN3 S3dOTIANT INIT-03LL00 3HL @

S1Nd1NO LNIW3T3 3D9VOH 30V4HNS IHV SANIT AINOS IHL @
L-v¥6 N3WID3dS 40 SLNdLNO LNIW3T3 3DVO SLN3IS3IHdIH HAVHO SIHL @

125



-

H

-

1]

L1

INEE ne1

1

4

T

HHH

T

i

1

2)

P

4.

100 KPSI

LiLid

™

11

HH

]

|

I H

2858

ERgy AR

3A -

(275.8 MN/m?)

LLILLL IRl

LN e
ALl

1

4 STRESS = 40 KPS| =

[ IEENIENURS INENE RN

IS AENNEENEEE ENE

GAGE NUMBER [}

STRESS

(1103 MN/m?2)

STRESS = 160 KPS

e

|REREERER=RE REERE RN

(PLY ORIENTATION) -

LBRE R

.

Immg ey

1
T

)
|
T
I
e
i
i
vm

bl L

2A

1
1

L .i.:; 11 1

+—P (689.5 MN/m

|

EERasE

s

i

000

R e

7,000 41—

3,000
2

1

T

T

SPECIMEN 5D-3,A-LEG STRAINS THROUGH THE THICKNESS |

ORIENTATION

GAGE

i

H

i

_I_
pun

r+
i

126

Figure 91




o 4

HE(1)3s+ _ =

: et H : o
- (Z)3su+ w i = SHE
- (1)3sy- : = PSS
i i

0

LIl

i it

I
i1
|

NN | 4

T

GAGE NUMBER -

ree it =
NS NEENE NN RS N
™ T ¥ ™

AEARAEA SEERERE

n
v
T

STRESS = 40 KPS| (276.8 MN/m?)

(PLY ORIENTATION)

LLLl
1Ll
jmn i

STRESS = 100 KPSI (689.5 MN/m?) *1f;

STRESS = 160 KPSI (1103 MN/m2) £

- 3A T 4A

S SRR SUORS S S

L
i
i

2A 7

$+(@)3sy m :
T t }
(=] 1
B T | X _H _
i : it “ S
LIRITT I | 1 1 INEE] i -+
] R SEN] T 1 } 1 1
w! =z 5
Q OHH+ i o i
M [t ma m m :
< - 0 e o~
[masss . %
zTT “ ; : ; = ses
e [TT] o I} 1T I T uf z-< i i | T nEE
T : ml - L n “ “ 1 ! “ m" 3
HHHHT ) _. ¥ HH a:
LR SR S S S s i Y
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Figure 93: SPECIMEN 7C-5, A-LEG STRAINS THROUGH THE THICKNESS
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Figure 94: SPECIMEN 7F-2, A-LEG STRAINS THROUGH THE THICKNESS
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INDICATED STRAIN (u€)

8,000

6,000

4,000

2,000

-4,000

-6,000

-8,000

LONGITUDINAL GAGE ELEMENTS
IN SHEAR-FREE SECTION

ULTIMATE LOAD = 297 LBS
(1321 N)

LOAD = 250 LB
(1112N)

LOAD =150 LB
(667.2N)

LOAD =50 LB
(222.4N)

TOP SURFACE
/_ (GAGE 1)

13 15- 17 19 2N

PLY NUMBER
BOTTOM SURFACE
(GAGE 22)
+ + 44 t +

ARROWS INDICATE GAGE LOCATIONS

Figure 130: SPECIMEN 21-2, STRAIN THROUGH THE THICKNESS
AT SHEAR-FREE LOCATION
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INDICATED STRAIN (ue)
o

- 1,000

- 2,000
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— 4,000

Figure 131: SPECIMEN 21-2, STRAIN THROUGH THE THICKNESS AT SHEAR LOCATION

LONGITUDINAL GAGE ELEMENTS
IN SHEAR SECTION

" ULTIMATE LOAD = 297 LBS (1321 N)

TOP SURFACE
/ (GAGE 1)

LOAD =250 LB
(1112N)

LOAD = 150 LB
(667.2N)

LOAD =50 LB
(222.4N)

13 15 17 19 21

PLY NUMBER

BOTTOM SURFACE
(GAGE 22)

t +44 4 ¢
ARROWS INDICATE GAGE LOCATIONS
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04 .
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Figure 132: SPECIMEN 21-2, NORMALIZED STRAINS THROUGH THE THICKNESS

-=—— STRAINS ON TOP SURFACE = €4

€, = LONGITU DINAL GAGE ELEMENT OUTPUTS
AT RESPECTIVE PLY LOCATIONS

@ = SECTION 1 (SHEAR-FREE)

A = SECTION 2 (SHEAR)

LOCUS OF LINEAR THROUGH-THE-
THICKNESS STRAIN

vy 3 5. 7 9

15 17 19 21

PLY NUMBER
+ + 44 +
ARROWS INDICATE .
GAGE LOCATIONS
LOAD =150 LB
(667.2 NEWTONS)
STRAINS ON

BOTTOM SURFACE
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= 1.0x 108 psI

= 0.20

Figure 134: COMPARISON OF SALC DATA AND TENSILE TEST DATA
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COLUMN 1 COLUMN 2
A-LEG SURFACE
MODULUS FROM STATIC PROPERTY GAGE SCATTER
DATA IN APPENDIX A FROM FIGURES
66 THROUGH 83°
SPECIMEN AVERAGE MEAN MEAN SCATTER
TYPE Ib/in2x 108 | GN/mZx10 | b/in2x 108 | GN/mZx 10 +% +% SCATTER
5A 29.5 20.3 205 20.3 24 8.1
58 2.52 1.74 2.54 1.76 5.5 13.9
5C 18.9 13.0 18.9 13.0 1.1 4.1
50 234 16.1 23.3 16.1 24 5.3
5E 487 3.36 4.79 3.30 5.9 75
5F 14.0 9.65 14.0 9.65 25 2.1
7A 208 205 20.8 20.5 1.0 8.6
78 2.94 2.03 2.86 1.97 8.1 20.0
7C 18.2 125 18.2 125 2.7 7.9
7D 14.8 10.2 14.7 10.1 2.7 5.5
7€ 12.4 8.56 125 8.62 1.2 8.3
7F 12.2 8.41 12.2 8.41 25 47
9A 29.7 205 20.8 20.5 17 5.7
% 2.9 2.00 2.9 2.00 6.9 1.5
oC 175 12.1 17.4 12.0 2.0 3.7
90 15.8 10.8 155 10.7 1.3 48
9E 13.0 8.96 13.0 8.96 0.8 40
oF 12.9 8.89 12.9 8.99 1.2 Y

*THE SCATTER VALUES WERE MEASURED AT THE
STRESS LEVELS SHOWN IN FIGURE 137

Figure 135: COMPARISON OF AXIAL GAGE SCATTER
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APPENDIX A

STATIC PROPERTY DATA
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STRAIN GAGE TECHNIQUES FOR BORON-EPOXY COMPOSITES

CONTRACT NO. F33615-71-C-1838 PROJECT NO. 1347

FILAMENTARY LAMINATE STATIC PROPERTY DATA

Os
NO. OF PLIES . 1N

BALANCE PLY ADDED: YEs [ no X LOAD ORIENT. __ O
TYPe LOADING: TEnsioN B come[J  swear[J inTerLam sHear [

TYPE TEST SPECIMEN: STRAIGWT D\OE- EiBaRaL.o>3 Toa® (107)

SOAKATTEMP __—— °F FOR _—— _HR  TESTTEMP RM. TEGMP
prosenTy | SATCH NO- > SA, [> 5A2
SPEC IDENT | 5A - 55,-3,__545,.’_'_5&.-4 SA-b AVE
il SARNERRE
8 | ravane,tT 127.1 [1o7.5]124.7 |126.8)I36.0 124.4
B[ 182.3l162.0|185.5 |[186.5]|204.0 184.)
g% FORCIRMANY ao.2 [29.60]29.54]29.5 [28.17 29.5
S| mecowoann | P B> B>

PP

PROPOR- |1 >

V| |

: TIONAL | -€5

z LIMIT =

zq 46

S5 1 lessol|ssco|edaso|ea30|69Ts 634\

b | ULTMATE | € [ 4401470 [ 1710 |ieio]iaso 1516
‘e [27600|2180]/2110 |2865]|2055 2394

THICKNESS (AVERAGE) o 0253]0.0231 Jo.0252 [0.0255]0.0252 jo.0253

L
SPEC THICKNESS: (Av.) MINS:©253  Max2:2256 | PROPERTIES BASED ON
NOMINAL THICK WITHOUT BAL PLY_O.22 &S NoMINAL B acTua O

FILAMENT COUNT 29& /IN. VOID CONTENT< 1.0 % pLy THICK.: OO S5O .
FILAMENT VOLUME FRACTION 0. SO LAM DENSITY :OT48.a/n.3

o
LAMINATE: TAPE OR MATRIX DESIGN > TAPE MFG _AVcCco
BALANCE PLY ___NONBE CURE SPECZ2HRS @ 350°F

*STRAIN MEASUREMENTS BY RESISTANCE STRAIN GAGES
(AVERAGE FROM TWO SURFACE GAGES)

DATA FROM REpORT AFEDL. - TR-72-|5]

ORGANIZATION JHE Bosing Company, Aerocsrace cgourP
COMMENTS: E BATCH Sa; WaAS LAID VP AND cuRep AT A
PI\EFEEZENT TIME TwraAN BAaTcW SAZ,
DM&‘: APPARERNT PROPOETIONAL LIAMIT.
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STRAIN GAGE TECHNIQUES FOR BORON-EPOXY COMPOSITES
CONTRACT NO. F33816-71-C-1639 PROJECT NO. 1347

FILAMENTARY LAMINATE STATIC PROPERTY DATA

MATERIAL SYSTEM: NARMCO 5505 BOROW BPOXY LAMORIENT. s
NO.OFPLIES __ 2 _
BALANCE PLY ADDED: YEs[J wno X LOAD ORIENT. o°

Tyre LOADING: TENSION DI come[J suear [0 inTeERLAM sHear (J
TYPE TEST SPECIMEN: STRAIGWT =\DE - E\8sEraLASs ~TA® (j07)

SOAKATTEMP ___—  °F gon — _HR TEST TEMP BAA. TEAMP.
BATCH NO.
N !b 58, > se2
SPECIDENT |sB-| . 5B-2|5B-4 [sB-5|58-6 AVE
= 1
] i b 3.0 .46 |2.95]|1.9) 2.\o
8 | raraze VT
1 4o0T|4.7T0| .TO |3.7T |a. ™5 3.32
uLT
E F 5.42 |.72| V.00 |5 .42|4.83 4.68
g; emER rRMARY) | B> [ 3.08|3.08(2.27 2.6
o !
3..; (SECONDARY) 2.53|2.48|2.80|2.68/2. 40 2.52
€
g PROPOR- 1 i1 v82.58]| 960 | 1O 2%
£ TIONAL ~€q o o o P o
z LIMIT -
ze 4 s62| @5 | 510|330 367
5% €1 |2290|2600| 370 |1905 1900 12\
b | ULTIMATE | €, z5]| 42.5| 1o | 22.8] o 27.5
€ [1z225 |vz20]| 185 |iIc1a]| 270 923
THICKNESS (AVERAGE) [p 025\ /0.0252 [0.0256 |0.0258)0.0270 0.0257
-
SPEC THICKNESS: (AV) MINS:-O2SZ mAX 2:.©Z67T | PROPERTIES BASED ON
NOMINAL THICK WITHOUT BAL PLY_2: 2260 NomiNAL B acTuaL O
FILAMENT COUNT 22& /iy, VOID CONTENTS< ':© pLy THICK.L OO 5O .
FILAMENT VOLUME FRACTION & S5O LAM DENSITY -©748 g/ N3
LAMINATE: TAPE OR MATRIX DESIGN _2 " TAPE MFG_AY <O
BALANCE PLY __NONE CURE spec ZHRe. @ 350°F

*STRAIN MEASUREMENTS BY RESISTANCE STRAIN GAGES
(AVERAGE FROM TWO SURFACE GAGES)

DATA FROM REPORT AFFDL-TR-72-15|
orGANizATION 1ve Bos\ne Comepany, Aerosrace Gerou?

COMMENTS: bt Ted_ SB, waA s Lay P AND CUKED AT o
DIEFERENT TIME Tuaw BATcH S8z . SPECIMEN 58,

STREESS- 3TEAIN ZESPOMSE wWASD LhVTIALLY pNOM-LINEAR.

173



STRAIN GAGE TECHNIQUES FOR BORON-EPOXY COMPOSITES
CONTRACT NO. F33815-71-C-1838 PROJECT NO. 1347

FILAMENTARY LAMINATE STATIC PROPERTY DATA

C’g?oZotanQ
MATERIAL SYSTEM: _NMRICO S505 BoROW gPowy AMORIENT.
NO.OFPLIES =
saLAncE PLY ADDED: ves [0 wo JX( LOAD ORIENT. [
Tvre LOADING: TEnsiON B  come[] swean 0 wrenLam suean O
TYPE TEST SPECIMEN: MEM IAB
SOAK AT TEMP % ronm HR  TEST TEmP _RM. TEMP.
BATCH NO. c
LIMRTY =
SPEC IDENT |Sc -\ |5c-2 sc-B|5c-4|5c-6 AVE
-_— 1
] [ 47.6 |a9.0|laT.0]|45.2|48.0 47.4
uLT
E FATMIE, c1.e|73.5| cr.5]|73.8|71.4 9.6
LT
’ 29.clics.g| 88.7]110.0/104.1 02,1\
5;_ LORGTIIMRY a9 ie.a] w7 Liae lio.i 1®.9
ga €' ot
w| (SECONDARY) 1T.e|17.9 |\s.0|17.|17.5 7.7
) rroron- L' _|2188]25c0|2515 |2340]2910 2602
5 TIONAL € | 9o |ico | as | ac | 90 89
- ‘
% « | DIDIDIDITD
- & |ss30|s9s50|4900|59/0|5750 seo8
B | uLTMaTE | -€, 175 | 200 180 |37.9] /50 138, 0l
‘e |2cas5]2975]|2020]1940]|2495 24\5
THICKNESS (AVERAGE) |6 0276|0.0280)0.02179 jo.ozaMo.025 0.0275
= ;
SPEC THICKNESS: (AV.) MINCZCe7 _ max CZ285 | PROPERTIES BASED ON
NOMINAL THICK WITHOUT BAL PLY_-O260 nominaL Jactuat O
FILAMENT COUNT 206 _/in. voiD CONTENT S10TF  rLy THICK. 008D N,
FILAMENT VOLUME FRACTION .30 LAM DENSITYQ:0129 La/iN.?
LAMINATE: TAPE OR MATRIX DESIGN __ 3" TAPE  wmrc_AVCO
BALANCE PLY NONE CURE SPEC 2MRS. AT JIF0°F

*STRAIN MEASUREMENTS BY RESBISTANCE STRAIN GAGES
(AVERAGE FROM TWO SURFACE GAGES)

DATA FROM REPORT AFFEDL - TR-72-15]
ORGANIZATION ITHE BoBinG Comrany, AEROSPACE Grour

COMMENTS: EACR gp WDIVIDUALLY LAID uP, ALL CURED
AT 3AME TIME. STRESS- STEAIN RESPONSE

INIVTILALLY NOKM - LINBAR.
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STRAIN GAGE TECHNIQUES FOR BORON-EPOXY COMPOSITES

CONTRACT NO. F33815-71-C-1830 PROJECT NO. 1347

FILAMENTARY LAMINATE STATIC PROPERTY DATA

ofo/oel/o/o

MATERIAL SvsTEM: _NARMCO §305 Bomow gPowy  AMORIENT.

NO.OFPLIES S
Q.

sALANCE PLY ADDED: ves (1 wo [ LOAD ORIENT.
Tvee LOADING: TEnsioN B[ come[] swear [0  wreniamsuear O
TYPE TEST sPECIMEN: 10, STRAGHT SIDE, FIBERGLAS TAD
SOAKATTEMP __— % gomn _=— _HR TEST TEMP _RM. TEMP,
L- BATCH NO. 5D
OPERTY
SPECIDENT |sp-| |2D-2 |SD.-3 |sD.4|s5D-5 AVE
= 1
gl » D I D2 D I D I D
uLY
E 'A7we1 o 7]1c0e.0l119.2 |109.7]\\2.5 1 s A
LT
F 1e\.5165.0]1715.5]162.0]1e4.0 18,6
53 EORDPRMARY)| 23 4 |23.5 |22.8|25.2]22.7 23.4
S| & met
s...- (SECONDARY) > | > > D P
: PROPOR- |- : b
£ | nowaL | -€
z LINIT P
ﬁ I P e20c0|7375 |le28|6 696 |
b |UTMATE | €3 | 42| m70]| 380 320] 300 355
‘e l\1ac|aciol3475 2950|352 3148
THICKNESS (AVERAGE) o 0286]0.0296)0.0302)0.0298)0. 0302 0297
A ]
SPEC mu:mtu:(;.q,) MIN2C 292  max S 301 | PROPERTIES BASED ON
NOMINAL THICK WMITHOUT BAL PLY O 26O nomiNAL K acTuar O
FILAMENT COUNT 206 /v, voID coNTenT 10T Ly THICK. 20080 N,
FILAMENT VOLUME FRACTION 830 LAM DENSITY0.0094 La/n3
LAMINATE: TAPE OR MATAIX DESIGN __ 3" TAPE = wmrc_Aveo
L ]
BALANCE PLY NONE CURE SPEC Z2WAS. AT JSO0°F

*STRAIN MEASUREMENTS BY RESISTANCE STRAIN GAGES
(AVERAGE FROM TWO SURFACE GAGES)

DATA FROM REPORT AEEDL - TR-T72-)51

orcanizaTion 118 Bosime Companyy, Agroseace Cizow P

COMMENTS: EACH 3_'|§p45ﬂ WDIVIDUALLY LAID VP, ALL CURED
AT 2AME TIME, No APPAREMNT PROPORTIONAL

VAT
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STRAIN GAGE TECHNIQUES FOR BORON-EPOXY COMPOSITES

CONTRACT NO. F33815-71-C-1839 PROJECT NO. 1347

FILAMENTARY LAMINATE STATIC PROPERTY DATA

* 45 /90/7 45
MATERIAL SYsTEM: _NARNCO §505 BoROW gPowy WAMORIENT. = -
NO.OFPLIES __ S
BALANCE PLY ADDED: ves [0 wo JX( LOAD ORIENT. [
TYPe LOADING: TEnsion B  comr[] swean (0 wTeERLAm sHean O
TYPE TEST sPECIMEN: 1O, STRAIGHT SIDE, FIBERGLAS TAB
SOAK AT TEMP = % FOR —_— __HR  TESTTEMP _RM. TEMP.
BATCH NO.
Lnonnw SE
SPECIDENT |se-)| |sE-2|se.3 SE-4|5E-5 AVE
= 1
gL 9.e0l7.75|10.0 |lio.zs| 0.0 9.52
uLT
E FAT23¢, 20.\|20.8|22.5 |21.5 |17. & 20.%
LT
F 28.0|28.0|28.5 |3c.0|[30.0 28.9
g; EOREPAMAN s.o7lavzlasi last]| .00 A.87
sa ! ot >
w| SECONDARY) 3.66| 276 3 60|3.69 3.9
. | rnoson- |61 _|18eo|1565]2230[2100]|2000 1951
g mL €2 luwzs |1nwolizass |eso] 910 o070
5‘5 ‘e | sco |s70 |725 |745 |s50 s\8
C 4 €1 |eoool|e9so|aass |72742 |s700 J000
F ULTIMATE | “€; |aos0l2170 3525 |3440|2T0c0 I\
‘s |I1oco|imco|2700|20as|1570 1911
THICKNESS (AVERAGE) |5 0300/0.0299)0.0295 p.0302)0.0296 0.0228
A ]
SPEC THICKNESS: (AV.) MIN 2280 Max O 31& | PROPERTIES BASED ON
NOMINAL THICK WITHOUT BAL PLY_ - O 260 nominaL R acTua O
FILAMENT COUNT 206 _ /n. voiD conTent <1.0% sy THICK. :0080 N,
FILAMENT VOLUME FRACTION 030 LAM DENSITYQ.0689 Lp/n3
LAMINATE: TAPE OR MATRIX DESIGN __ 3" TAPE = wmrGc_Aveo
[ ]
BALANCE PLY NONE CURE SPEC ZMRS. AT 3§0°F

*STRAIN MEASUREMENTS BY RESISTANCE STRAIN GAGES
(AVERAGE FROM TWO SURFACE GAGES)

DATA FROM REPORT AEF DL -T=Z-72-15)

oncanization 1nE Boeina Compap, Aevoseace Cigoo®

COMMENTS: EACH $PECIMEN WDIVIDUALLY LAL U". ALL CURED
X COMDARY STERESS- STEAVN

EESPOMSE  Lown - LI\LVEAR.
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STRAIN GAGE TECHNIQUES FOR BORON-EPOXY COMPOSITES
CONTRACT NO. F338156-71-C-1839 PROJECT NO. 1347

FILAMENTARY LAMINATE STATIC PROPERTY DATA

LAM of/46/9o/45 /o
MATERIAL SYSTEM: _NARNCO SS05 BORON EPORY OIaNY.
NO.OFPLIES S
BALANCE PLY ADDED: ves [0 wo X LOAD ORIENT, o°
Tvre LOADING: TEnsiON [ come (] swean [0 wrerLam suear O
TYPE TEST SPECIMEN: _._ﬂm_l,_ﬂm& JIAD
SOAK AT TEMP — —— HR TEST TEme R, TEMP.
L. BATCH NO. s
OPERTY
SPECIDENT |S5F.| |5F.2 |SF-3 |SFE-4|5F.5 AVE
g| 33.5/28.0|29.6 |26.5|27.5 29.0
uLT
E FAT23¢, 44.3149.9|51.4 |s52.0]| 52.\ 49.9
LT
F 70.0|77.0| 74 .0|l74.5]|78. 0 T4 .\
3?_» EEEBPRMARY 4 .0]14.1 | 12. | 14.0[ 4.2 |4 .0
ga ¢ A
w| wECONDARY) e |lnw.g s 12.2 |7 1.9
, rrovon- |1 _|2390]1990]| 2180]1940]1935 2081
z Pmn €2 | aas| 420)]| 445 |3 |30 A\VD
=
z4, ‘s | 235|175 | 200 | z15 | 275 280
e €1 |ss90|5995|5825]|5890| 5250 5830
B |uTmaTE | €3 | s |sss]|4c]ss] 295 516
‘¢ |so |zas| 4o |azo|z75 394
THICKNESS (AVERAGE) |0.0Z259[0.0260(0.0258[0.0257|0.0254 0.0258
—
9PEC THICKNESS: (AV.) MIN:-O252  juax :OZ&Z | PROPERTIES BASED ON
NOMINAL THICK WITHOUT BAL PLY O 26O = nominaL Rlactuas 0
FILAMENT COUNT 206 _/n. voID CONTENT &1.0%F0 pLy THICK. 2098 N,
FILAMENT VOLUME FRACTION 230 LAM DENSITYQ. O\ T a/in?
LAMINATE: TAPE OR MATRIX DESIGN __ 3" TAPE  wmrc_AVCO
L]
BALANCE PLY NONE CURE SPEC 2WRS. AT JS0°F

*STRAIN MEASUREMENTS BY RESISTANCE STRAIN GAGES
(AVERAGE FROM TWO SURFACE GAGES)
DATA FROM REPORT AFFDL -T2 -72-I51

ORGANIZATION g ~, Aseosvage Sigoor
COMMENTS: EACH $PECIMEN WDBIVIDUALLY LAID UP, ALL CURED
—AT 3AME T\ME.
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STRAIN GAGE TECHNIQUES FOR BORON-EPOXY COMPOSITES

CONTRACT NO. F33815-71-C-1830 PROJECT NO. 1347

FILAMENTARY LAMINATE STATIC PROPERTY DATA

MATERIAL SYsTEM: _NARNCO 505 BomOM gPowy  LAMORIENT. _O7

NO.OFPLIES 7
BALANCE PLY ADDED: ves (] wo JX( LOAD ORIENT. o°

Tvre LOADING: TEnsiON X[  com (] smean 0 wrERLAM sHear O

Tvre TEST speCcimen: U, STRAIGHT SIDK, FIBIRGLAS TA

SOAK AT TEMP -— ° rOR —_—— _HRm TEST TEMP _RM. TEMP.

BATCH NO. TA
SPECIDENT |7A -\ |7A-2| 7TA-3]|7Aa-4| 7TA -5 AVE

a >ID>IBD|ID>[P

uLT
FAT23¢, 12v.8li27.7
gULT

Ll(ﬂl‘l\'

1230.5]13@.5|126.7 128.6

193.2|190.qz202.0|lz02 .49 \190.0 95,7

TSR] so.i | z9.5l 29850 |29.6 29.8

o

T

'neounuw > D D > D
rroroR- |51 b b
TIONAL | -€, E E
LIMIT =

-

€4 ole4os|encs|erso|eaco e
ULTIMATE | “€3 | 500]1s40]ia4as |1490] 140 1487

‘@ |zeoolizsolzzoo2115]2825 2518
THICKNESS (AVERAGE) .0348 |0.0349]0.0254|0.0348|0.0345 0.0349

MODULUS
E. Gx10-8 STRESS (KB1)

'a IN.AN.

*STRA

SPEC THICKNESS: CAq.) MIN ORR| MAX ‘036-5_ PROPERTIES BABED ON
NOMINAL THICK WITHOUT BAL PLY_: O3 &4 nominaL R{actuar O

FILAMENT COUNT 20€ _/in. voID conTeNT &10%  pLy THICK. 20080 N,

FILAMENT VOLUME FRACTION 030 LAM DENSITYQ.0740 g/in.3

LAMINATE: TAPE OR MATRIX DESIGN __ 3" TAPE MFG _AvVeo
@
SALANCE PLY HONg CURE SPEC ZWRS. AT J50°F

“STRAIN MEASUREMENTS BY RESISTANCE STRAIN GAGES
(AVERAGE FROM TWO SURFACE GAGES)

DATA FROM REPORY AFEFOL - TR -72-15]
ORGANIZATION cew e lompany, Aeroseace Grour

COMMENTS: EASH grgeim WDIVIDUALLY LAID UP, ALL CURED
—AT 3AME TIME. Mo APPARENT PROPORTIONMAL

. IMNANT .
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STRAIN GAGE TECHNIQUES FOR BORON-EPOXY COMPOSITES

CONTRACT NO. F33815-71-C-1639 PROJECT NO. 1347

FILAMENTARY LAMINATE STATIC PROPERTY DATA

907
MATERIAL SSTEM: _NARMCO §305 BORON EPowy  LAMORIENT.
NO.OFPLIES |
saLANcE PLY ADDED: ves [0 wo JX( LOAD ORIENT. [
Tvre LoADING: TEnsion B[  come[] swean0  wreniamswean O
TYPE TEST sPECimeN: 10, STRAIGHT SIDE, FIBERGLAS TAD
SOAKATTEM? __ = % pomn _— _ MR TEST TEMP _RM. TEMP.
L.m." BATCH NO. 18
PECIDENT |18-) |7-2|Tm-= |Te.4|7Tmw- AVE
= 1
@ [ 2.52|4.c1| 4.2) |3.87]2.90 3 =4
LT
FAT273¢, 3.40 | 4.96| S.01|5.00|8. 62 4 4
SULT
S.le| b.77] 7.15 7. \C |5.21 .28
g; ‘“_"'M" s.08|3.04]2.80]|2.c2|3 o8 2.94
ga £ S
w| (SECONDARY) 2.13]|2.66]|2.50]2.42|2.8)| 2.2
. rnovon- |1 | Zsolizsoclia3zs |li1zTo] 810 a9
5 TIONAL =€y o = = o o =
LIMIT
€
,, €& |i1s%cli98s|2635]2710]1785 2189
ULTIMATE | ~€, o o o | 15 =) 7
‘e |\12s0|12m3s]\280|1220]| 825 \\ &2
THICKNESS (AVERAGE) |o.0342|0.0349]|0.0349 |0.0349]0.0342 jo.o346
L]
SPEC THICKNESS: (AV.) MiIN O 324  yax O 258 | PROPERTIES BASED ON
NOMINAL THICK WITHOUT BAL PLY.-O3C4 nosinaL B acTuar. O]
FILAMENT COUNT 206 _nn. voio conNTENT S1-0Fe . rLy THICK. 008D N,
FILAMENT VOLUME FRACTION 030 LAM DENSITYO:0740 g/in3
LAMINATE: TAPE OR MATRIX DESIGN __3" TAPE = wrc_AVEO .
BALANCE PLY NONE CURE SPEC ZNMAS. AT J§0°F

*STRAIN MEASUREMENTS BY RESISTANCE STRAIN GAGES
(AVERAGE FROM TWO SURFACE GAGES)

DATA FROM REPORY AEEDL -T&-72-15)

oncanizaTion 1E Doeina Company, Aggo 3PARE qgov?

COMMENTS: ACH 5P H!I!l‘“htk" LMD U:. ALL CURED
2 o ABLULATED.
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STRAIN GAGE TECHNIQUES FOR BORON-EPOXY COMPOSITES

CONTRACT NO. F338156-71-C-1830

FILAMENTARY LAMINATE STATIC PROPERTY DATA

PROJECT NO. 1347

MATERIAL sveTew: _Naanco s3es somon gpony  Umoment, Lo/90/o/5ols

NO.OFPLIES |

BALANCE PLY ADDED: ves [ wo JX(
TYPe LOADING: TEnsioN B[  come (] swean 0 wTeRLAM sHear O

TYPE TEST sPECIMEN: 1O, ST

SOAK AT TEMP - % ron

IOHT I

LOAD ORIENT,

[

Q_.

A

TEST TEMP _RM. TEMP.

L' BATCH NO. 1C
OPERTY
WPECIDENT |7c-)\ |7c-2 |7c-3 |7<c-4|7<c-5 AVE
—-— 1
gl 4.5 |4o0.7|s1.9 |4s.1 |44 .5 £4.7
uLT
FAT23¢, 57.\ |si1.1]s8.0|s7.8]54.8 55.9
gULT
Ba.2|7e.oclas.9 |83 .5| 80.0 ®s\.9
RIMAR
§§ '_’: MM is.olis.sie.s 111 ]/e.7 8.2
sa vt
w| (SECONDARY) 1.7 |1T7.2]17.8 |Ve.olila.™ le.8
: proron- |_S1_|2350]|23202880|25715(2465 2514
£ moMaL | 63 | 75 | oo | mo [8c [ioo s
s “ D D[P |DID
- €y |4asso|azes|aoco |49col4c 1o 4772
B | uLTiMaTE | -€, 38| leo| 1oolizs | 1so 136
‘% |2o0s]|ises |10 zo25|2175 1899
THICKNESS (AVERAGE) |0.0358]0.0357|0.0355 o.oas;Lo.o'oas 0.036b
b ]
SPEC THICKNESS: ( AN.) MIN O D47  max -C3CS7 | PROPERTIES BASED ON
NOMINAL THICK WITHOUT BAL PLY_-© 564 | NomiNAL R acTual [J

LAM DENSITYO.0732 g/n.3

FILAMENT COUNT 206 _/in. voID CONTENT S1.0F0  pLy THICK. 90080 N,

FILAMENT VOLUME FRACTION G300

BALANCE PLY

NONg

LAMINATE: TAPE OR MATRIX DESIGN __ 3" TAPE
CURE SPEC ZWAS. AT 3§0°F

mrG _Aveo

*STRAIN MEASUREMENTS BY RESISTANCE STRAIN GAGES
(AVERAGE FROM TWO SURFACE GAGES)

DATA FROM REPORT AFFOL -TR - 72-151

ORGANIZATION m&z&ﬂ,ﬂo SPACE S ROUVP

T

N WDIVIDUALLY

LAID UP, ALL CURED
MNOT TABULATED.
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STRAIN GAGE TECHNIQUES FOR BORON-EPOXY COMPOSITES

CONTRACT NO. F338156-71-C-1630 PROJECT NO. 1347

FILAMENTARY LAMINATE STATIC PROPERTY DATA

umonient, Lot 48/ s

MATERIAL SYSTEM: _NARMCO BSOS BORON EPORY

NO.OFPLIES [
saLAncE PLY AoDeD:  ves (0 wo JX( LOAD ORIENT. _0°
Tvre LOADING: TEnsioN B[ come (] swean 0 wrenLamsuear O
TYPE TEST SPECIMEN: _.JL.I&'LEJ_I,_!MEJ.L_? JAS
SOAK AT TEMP = % ron HR TEST TEMP _RM. TEMP.
Lnonnrv BTN N 1D
SPEC IDENT |1D-| |70-2]|1D-3 |7D-4|7D-5 AVE
= 1
8 P D D b D D
uLT
E FAT23€, N\ |se.2]|57.2 |52.3|87.5 s58.9
uLT
F 24 0|82.5|a83.0l78.9 84.2 84.3
33 tEmnraMAis.o |15 |is.0ha.a e 4.8
8 e
HEEASSSDRRRRE
e' ) i U
; PROPOR-
£ TIONAL | -€, ) )
z LIMIT 7
;$ “ L] 1
S ‘1 _lesso|sesolsazc|snzs|saTo 5765
b |uTmaTE | €3 [4q00]4a280]|41e0fz875]|4260 4273
‘% | sco| e30]| aco | 7115 ]| ces 742
THICKNESS (AVERAGE) |0 0354{0.0354{0.03506/0.0353]0.0354 0.0355

SPEC THICKNESS: (AV.) MIN-C 342 Max:O2C8 | PROPERTIES BASED ON
NOMINAL THICK WITHOUT BAL PLY_- 2304 nosinaL B{acTual O

FILAMENT COUNT 206 _nn. voiD conTent &1.0%  rLy THICK. 20080 _iN.

FILAMENT VOLUME FRACTION 030 LAM DENSITY 0-0T3C /N3
LAMINATE: TAPE OR MATRIX DESIGN __ 3" TAPE ~ wrc_Aveo
BALANCE PLY NONg CURE sPEC 2MAs. AT 3§0°F

*STRAIN MEASUREMENTS BY RESISTANCE STRAIN GAGES
(AVERAGE FROM TWO SURFACE GAGES)
DATA FROM REPORT AEFEOL -T&-72-15]

oncanizaTion THE Boewa Company, Aecoseate Geovr

COMMENTS: EacH rﬁmgﬂ WDIVIDUALLY LAID UP, ALL CURED
AT 3AME TIME. No aPPARENT PROPORTIONAL

LAYMAUT.
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STRAIN GAGE TECHNIQUES FOR BORON-EPOXY COMPOSITES
CONTRACT NO. F33615-71-C-1838 PROJECT NO. 1347

FILAMENTARY LAMINATE STATIC PROPERTY DATA

Lt4s/c/s0]s
MATERIAL SYSTEM: _NARNCO S35 BOROW EPowy  LAMORIENT.
NO.OFPLIES 7
BALANCE PLY ADDED: ves [0 wo JX( LOAD ORIENT. o°
TYPE LOADING: TENsION B come[]  swean [0 wrenLam swean O
TYPe TEST srECIMEN: 10, STRAIGHT SIDE, MBERGLAS TAB
SOAK AT TEMP = % FOR _——__HR  TESTTEMP _RM. TEMP.
| Ty | BATCH NO. TE
SPECIDENT |TE-\ |TE-2 |TE-3 |7E-4|TE-5 AVE
= 1
g| 26.e|30.5/27.5 |29.0]25.2 z27.8
uLT
! FAT23¢, 45.6|50.1/48.4|4®.6]|46.0 47.7
g 67.4|73.0|l 9.8 |70.7| b7.0 6.6
5; ESwS PaMA 2.6 |12.3] 12.4 |\ 2.6 |12, 12.4
aa ¢ e
w| (SECONDARY) 1. iH.ol/0.2}c.5]10.> V0.7
) rroron- |51 _|21s0 |2z535]| 2250| 2250{ 2080 22471
g mt €2 liassl|izsol/izeo|/1za]| sos T
F 4
% ‘« | DIDID [T é
$% f1_|5750|¢350]| 6075|6025 |58 /5 003
b |wTmATE | "€, |75 [2830|2690]2750]|258s 2706
e |/750|/800|I50 |/700] 1080 1o
THICKNESS (AVERAGE) .0355{0.03540.0355 [0.035Z|0.03 52 0.0354
SPEC THICKNESS: (AV.) m.f-034i MAX O3S & | PROPERTIES BASED ON
NOMINAL THICK WITHOUT BAL PLY_.O3&4 nomiNAL SR acTuaL O]

FILAMENT COUNT 206 _ /N, VOID CONTENT &1.0% sy THICK. 20080 N,

FILAMENT VOLUME FRACTION 830 LAM DENSITYQ:0T23 g/in3
LAMINATE: TAPE OR MATRIX DESIGN __ 3" TAPE =~ wmrG_AVED
L]
BALANCE PLY NOoNg CURE SPEC 2WAS. AT J50°F

*STRAIN MEASUREMENTS BY RESISTANCE STRAIN GAGES
(AVERAGE FROM TWO BURFACE GAGES)

DATA FROM REPORT AEEDL-TR-72-151
orcANizaTion WE Bomuwa Comeany) AsrosPaceE Grouv

COMMENTS: EACH $PECIMEN WDIVIDUALLY LAID UP, ALL CURED
Da = Q.
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STRAIN GAGE TECHNIQUES FOR BORON-EPOXY COMPOSITES

CONTRACT NO. F33815-71-C-1830 PROJECT NO. 1347

FILAMENTARY LAMINATE STATIC PROPERTY DATA

Co/+*45/90]
MATERIAL svsTew: _NMSNco 8308 momow gpony  LAMoment. Lo/dS/90l]s
NO.OFPLIES 7
sALANCE PLY ADDED: ves [0 wo [ LOAD ORIENT.
TYPe LOADING: TEnmONJE( come (] swean 0  wrenLAM snean O
TYPE TEST SPECIMEN: i..tmmmnm IAS
SOAK AT TEMP WA TEST TEMP _RM. TEMP.
I ary|_BATCH NO. TF
SPEC IDENT |75\ [TE-.2 aE-3 TF. 1:..1__-‘, AVE
e 1
gL 30.7|29.0|30.0| 30./1| 1.0 30.3
uLT
! FATE, 45.7|45.7]|37.8|45.9|45.8 44.2
LT
¢ 3.9|67.0|55.8|66.3|66.> 3.9
53 tEm a2,z [iz.s| w9 |12.3]12.0 12.2
35 e I
w| (SECONDARY) 10.9 lio.9]|1o.8 |/0.9]| /.0 /0.8
! sroron- |51 _|Z505|24 00| 2300|2500 2400 242/
5 TIONAL €3 |iwso|ioco]|iizo |ilce]icse wzo
€
: <IDIDIDID
E. €1__|57140| 5760|4650| 5765|5700 5523
ULTIMATE | €2 |2525|2585| 2125 |2450|2550 2447
‘s |/530|/522|/2558]/e50 /0065 /526
THICKNESS (AVERAGE) |5.0354]0.0350[0.0349 |0.0356[0.035! [o.o352
SPEC THICKNESS: (AV D) M O 238  uax O3 ©4 | PROPERTIES BASED ON
NOMINAL THICK WITHOUT BAL PLY. - OB &4 nominaL B actuar O
FILAMENT COUNT 208 _/in. voiD cONTENT S1.0T  pLY THICK. 20080 v,
FILAMENT VOLUME FRACTION 830 LAM DENSITYQ:07341 g/n.3
LAMINATE: TAPE OR MATRIX DESIGN __ 3" TAPE = wrc_AVCO
BALANCE PLY NONE CURE sPEC ZWAS. AT ISO°F

*STRAIN MEASUREMENTS BY REBISTANCE STRAIN GAGES
(AVERAGE FROM TWO SURFACE GAGES)

DATA FROM REPORT AFFEDL-TE-72-15)

ORGANIZATION e

COMMENTS: EAcn WDIVIDUALLY LAID UP, ALL CURED
Dacta T _TASULATED

SPACE SREZOVLP
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STRAIN GAGE TECHNIQUES FOR BORON-EPOXY COMPOSITES

CONTRACT NO. F33815-71-C-1830 PROJECT NO. 1347

FILAMENTARY LAMINATE STATIC PROPERTY DATA

Os
MATERIAL SYSTEM: _NARNCO §30F BoROM gPowy  AMORIENT.
M).(.*Ft.ll'-.—.—-.-—9
sALANCE PLY ADDED: ves [ wo JX( LOAD ORIENT. _0°
Tvre LOADING: TEnsiON [ comr (] seanJ  wrenLam sean O
TYPE TEST sECIMEN: 1O, STRAIGHT SIDE, FIBERGLAS TAB
SOAK AT TEMP = % romn _— _HR  TESTTEMP _RM. TEMP.
| nry|_BATCH NO. o9A
WECIDENT [9A -1 [9A-Z[9A -3 [9A-4|0A-5 AVE
gL " 125.5|136.0]/127.5|135.0 13/.0
uLT
E FAT 3¢, 137.7)139.8 147.0|i138.5] 1385 140.2)
ULT
F 194.0]20/.7]202.0|200.5|206.0 200.7
§§ EREB PRIMARY)] 25,7 [20.2) 29.7]|29.4| 29.3 29.7
3| e'ast
HEEASS DR
; rroron- |51 _|4400|4550]4720 4500 454Z
5 m €2 | 920 | 910 | soco |93s 89\
=% ‘e § —E_P @
E, €1 |eeoo| 975|880 6850|7050 87/
ULTIMATE | "¢2 |i345]/408]/sss|/1435]1595 1467
‘s |3050|3505|z550[|3655]2420 372306
THICKNESS (AVERAGE) 16.0440/0.0442/0.0444 Jo.0442]0.0442 0.0442
SPEC THICKNESS: (AN.) u—.:,o&zs MAX - ©2 57 | PROPERTIES BASED ON
NOMINAL THICK MITHOUT BAL PLY_-O4 &8 S wosinaL B acruar 0
FILAMENT COUNT 206 _/n. voID conTENT 41.0%  pLy THICK. 008D N,
FILAMENT VOLUME FRACTION 030 LAM DENSITY 0.074% g/in.3
LAMINATE: TAPE OR MATRIX DESIGN __ 3" TAPE =~ wmrg_Aveo
BALANCE PLY NoNg CURE SPEC ZWARS. AT IF0°F

*STRAIN MEASUREMENTS BY RESISTANCE STRAIN GAGES
(AVERAGE FAOM TWO SURFACE GAGES)
DATA FROM REPORT AEFOL-TR-72-151

oncanization JHE Boewwa Compawy, Aegoseace Seove

COMMENTS: EACH $PECIMEN WDIVIDUALLY LAID UP, ALL CURED
—MAEEE@WOPQ‘:T‘QN»AE Lmir- [ No

APPAREWNT SEconoarRY MOobuLLs.[2> Data woT TaBLLATED.
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STRAIN GAGE TECHNIQUES FOR BORON-EPOXY COMPOSITES

CONTRACT NO. F338156-71-C-18630 PROJECT NO. 1347

FILAMENTARY LAMINATE STATIC PROPERTY DATA

MATERIAL svsTEM: _NARNCO USO8 BomOM EPony  LAMONIENT. 202
NO.OFPLIES 2
BALANCE PLY ADDED: YES D NO x LOAD ORIENT. 9_.

TYPe LOADING: TensioN [ come (] swear ]  wrenLamsHear O

TvPe TEST sPECiMEN: 1S4 ?_AA_Q"“' ‘L_I,M.&_Ll

SOAKATTEM? __ = % gon HR TEST TEMP _RM. TEMP,
L. BATCH NO. 2B
OPERTY
®ECIENT |oB .| [or.2|om-3 |9B-4 AVE
- 1
gl 2.0 |2.2]1.92 1.7 1.95
FAT273¢ YLT
E 1 2. |43 |3. e |3.6 3.5
ol z2.9|6.2|5.3|5.3 5.2
5; ESHBPRMARY) 2 | |2 7 | 2.9 | 3.0 2.9
=
s...- (SECONDARY) Z.7 26 | 2.7 2.7 Lot
- sroron- L1 |45 |Bos| 80 |540 L6
E | nowar | 6, | © o | e = >
; Wy €w | 300 | 340]| 260 | 120 272
s €& |/40s|ze35|2090 |Io7s 2020
b |wtmate | €, | 42 | 37 | 45 40 4/
e | 2/0 |/1335|/075 | 280 /055
THICKNESS (AVERAGE) |0.0457[0.0452|0.04520.90449| 0.0453
SPEC THICKNESS: (AN.) ..,:_._0441 MAX -O4 &4 | PROPERTIES BASED ON
NOMINAL THICK WITHOUT BAL PLY_. O4C 8 _ mtmu.xml-a
FILAMENT COUNT 206 _/n. voiD CONTENT 41.0%  pLy THICK. 008D N
FILAMENT VOLUME FRACTION 930 LAM DENSITY 2:0736 p/iN.3
LAMINATE: TAPE OR MATRIX DESIGN __ 3" TAPE = wrc_Aveo .
BALANCE PLY NONE CURE SPEC 2WAS. AT JS0°F

*STRAIN MEASUREMENTS BY RESISTANCE STRAIN GAGES
(AVERAGE FROM TWO SURFACE GAGES)
DATA FROM REPORT AFFDL -T& - 72-151

oncanizaion JUE Boeine Compan~ Aseoseace Seouve
COMMENTS: EASH ) WDIVIDUALLY LAID UP, ALL CURED
AT 3AME TIME.
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STRAIN GAGE TECHNIQUES FOR BORON-EPOXY COMPOSITES

CONTRACT NO. F338156-71-C-1839 PROJECT NO. 1347

FILAMENTARY LAMINATE STATIC PROPERTY DATA

[eo/oc/o /90/5 s
MATERIAL sveTEw: Namnco sses somow grouy  LMomewt. L o/29/0/90/0 ]
NO.OFPLIES 2
sALANCE PLY ADDED: ves [0 wo [ LOAD ORIENT. o°
Tvre LOADING: TEnsioN B come (] swean 0 wrenLam swean O
TYPE TEST SPECIMEN: _".M_l,m TAD
SOAKATTEM _=___° ron HR  TESTTEMP RM. TEMP.
| nry|_BATCH NO. =Y
SPECIDENT |9 c -\ |9c-2|9c-3|9c-49C-5 AVE
- 1
g F° 33 5|46.0|25.0 |22.0|30.5 33.5
ULT
E FAT3E, 57.0|52.2|60.3]|57.2| c0.7 57.5
LT
4 82.5|7¢.0|88.2|84.0|90.0 84.1
§§ coweenmam /7.7 l17.0/7. 0 17.4] 170 /7.5
35 =3
w| (SECONDARY) 1.7 |/16.5]|15.9 |I5.8]/6.4 1.3
. snoron- |51 1950 |2¢95]/1325 |/850| /725 /909
E TIONAL | “€3 | 2= |icc | A= ss | zo 49
F 1 LIMIT 3
9 % ||I|50]/700]/000 |/800|// 00 1350
$% & |4950|3820|5325|5090|5375 42/2
B |wrmare | -€; | o5 | /50| /45 | /95| /15 /16
e |2025|2035|3190|2/75|2660 z537
THICKNESS (AVERAGE) |5 ©448)0.0452]|0.0460 [0.0455]0.0456 lo.0454
SPEC THICKNESS: (AV.) u:;-:ﬂ;z_‘%‘_ MAX ~OA©8 | PROPERTIES BASED ON
NOMINAL THICK WITHOUT BAL PLY O 468 wominaL {actuaL O

FILAMENT COUNT 206 _/iN. voID conTENT &1.0%  rLy THICK. 2:.008D N,

FILAMENT VOLUME FRACTION 830 LAM DENSITYQ:-073! g/in?
LAMINATE: TAPE OR MATRIX DESIGN __ 3" TAPE MFG _AVED
BALANCE PLY NOoNg CURE SPEC ZWAS. AT 350°F

"STRAIN MEASUREMENTS BY REBISTANCE STRAIN GAGES
(AVERAGE FROM TWO SURFACE GAGES)

DATA FROM REPORT AEFOL -TR-72-15]
ORGANIZATION JHE: BoEinG Company, Aepo sPaceE SROLW

COMMENTS: EACH $PgcimEN WDIVIDUALLY LAID UP, ALL CURED
—AT SAME TME.
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STRAIN GAGE TECHNIQUES FOR BORON-EPOXY COMPOSITES
CONTRACT NO. F33816-71-C-1630 PROJECT NO. 1347

FILAMENTARY LAMINATE STATIC PROPERTY DATA

Co/t45/c[90])>
MATERIAL SYSTEM: _NARNCO S$05 BORON EPORY wamoment, Lo/t as/o| 30
no.oFPLEs D
saLANCE PLY ADDED: ves [0 wo JN( LOAD ORIENT. [
TrreLoADING: TEnmoN [  come[] swean(D  wrenLam snean O
Tvre TesT srEcimen: L0, STRAIGUT SIDE, FIBERGLAS TAR
SOAKATTEMP _=__ °F pon = __WR  TESTTEMP RM. TEMP
I vy | BATCH NO. 2D
ECIDENT |9D-| [9D-2 [9D- 3 |9D-4{9D-5 AVE
- '
gL 74.0|5¢.0|47.5 |55.0|2.5] 59.0
! Farane, "7 |, 0| 61.3] 61.3 |00.3] 0.8 60.9
FOLT 89.0| 88.7| 88.8|89.0| 89.0 89.0
5% st V8- R V7 T d P MWL X I - % /5.0
1
HEE NN
. | pnoson- |61 _|4850]|36/0| 3100 |3585|4080 38
5 mu €3 |zowo 1300 | 1545] 1700 15|
2% ‘e P
- “_|s9s0 88015900 5954 |
TR | % 12510 2500 Z
‘s |/7/0 1616 [732]
THICKNESS (AVERAGE) 0. 0453 0.0454/0.0459 |0.04600.0448 p.0455
SPEC THICKNESS: (AV.) MIN-C235  uax -S4 67 | PROPERTIES BASED ON
NOMIAL THICK WTwouT L iy 0468 | nowmaL(actual O

FILAMENT COUNT 206 _nn. voio conTent <10%  rLy THICK. 008D .

FILAMENT VOLUME FRACTION .30 LAM DENSITY 2:0729 g/1n.3
LAMINATE: TAPE OR MATRIX DESIGN __ 3" TAPE Il!ﬂ_ﬁ‘!&ﬁ_;_
BALANCE PLY NONE CURE sPec 2NAS. AY JSO°F

“STRAIN MEASUREMENTS BY RESISTANCE STRAIN GAGES
(AVERAGE FROM TWO SURFACE GAGES)

DATA FROM ReporT AEFDL - TR-72-15]
ORGANIZATION IHE.M.C&MM”“‘ Seove
COMMENTS: Eacn WDIVIDUALLY UP, ALL CURED

N RESPONBE.
BCTIVE &a aE

DATA ot TABULATERS.,
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STRAIN GAGE TECHNIQUES FOR BORON-EPOXY COMPOSITES

CONTRACT NO. F33815-71-C-163 PROJECT NO. 1347

FILAMENTARY LAMINATE STATIC PROPERTY DATA

o/90/+45/ O
MATERIAL SYSTEM: _NARNCO SS05 BORON EPORY wam oment, Lo/20/ [els
m.wﬂE'L
saLANCE PLY ADDED: ves [0 wo [ LOAD ORIENT. [
Tvre LOADING: TEnsion B  come (] swean 0 wrenLAm swean O
TYPE TEST SPECIMEN: _d‘._tmm_b_l,_zmm& a1
SOAK AT TEMP % ron MR TEST TEMP _RM. TEMP.
| ry]_BATCH MO oE
WECIDENT [OE-| |9E-2|9E-3 [D9E-4|9E-5 AVE
- 1
gL~ 38.9|39.2|34.8(36.003/.6 3.2
uLT
E FAT NN, 51.0142.1|49.6]45.1]47.6 47.2
ULT
¢ 73.8|el.b|72.4 |65.9]|(2.8 68.7
5; EOER PRMARY)| ;3 oli2.9 |/3.0|i3.1 |i3.0 /3.0
ga ¥
w| (SECONDARY) 12.7|\2.) 1.3 |12.3 |//.8 /1Z2./
: rroson- L_1_|2290]3040|2/50 | 2830 2445 269/
5 ToNAL | € |oes|970]eceo [B8T10]76a 846
LT 3
% % |loc920]|945 |/085|e80]| 250 220
S &1_|codolaszols7e5]5275]5050 5530
B |wrmar | -6, |oaes|is3s]/785 03] 1710 /90
‘e |\ocs|isss|z0/0]/755]1985 /854
THICKNESS AVERAGE) |5.0454 |0.0453]0.0454]6.0458]0.045/ 0.0454
SPEC THICKNESS: (AV.) ..;:-0442 MAX : O 4 &G | PROPERTIES BASED ON
NOMINAL THICK WITHOUT BAL PLY_ - O 468 wosinaL R{actuar 0
FILAMENT COUNT 306 /N, voID CONTENT 10T Ly THICK. 008D N,
FILAMENT VOLUME FRACTION O30 LAM DENSITY0:-0724  g/in3
LAMINATE: TAPE OR MATRIX DESIGN __ 3" TAPE ~~  wmrc_AVCO
BALANCE PLY Nong CURE SPeC Z2MAS. AY J§0°F

*STRAIN MEASUREMENTS BY RESISTANCE STRAIN GAGES
(AVERAGE FROM TWO SURFACE GAGES)
DATA FROM REPORT AEFDOL -TTR-72-15)

oncanization JLE Boeine QOMF'AL_)‘-(_; Aeeospace &eooP

COMMENTS: EACH $PECIiMEN WDIVIDUALLY LAID UP, ALL CURED
—AT 3AME TIME.
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STRAIN GAGE TECHNIQUES FOR BORON-EPOXY COMPOSITES

CONTRACT NO. F33815-71-C-183¢

FILAMENTARY LAMINATE STATIC PROPERTY DATA

PROJECT NO. 1347

MATERIAL sveTEw: _NARRCO §80% Bomon gpony  LAMomient, Lo/335/90/-45 /50 1s
: . I
saLance PLY ADoeD:  ves (0 wo [ LOAD ORIENT. i '“';.

TYrE LOADING: TEnsiON [ come[] swean 0 wreniam suear O

TYPE TEST SPECIMEN: _lf'._tmms_l.mm_s_u

SOAK AT TEMP - ° ron HA TEST TEMP _RM. TEMP.
| nyy|_BATCH NO. oF
SPECIDENT |9FE-) [9F.2|9F -3 |9F-4 |9F-5 AVE
a 1
gL- 35.0l4l.0|30.8|36.8|28.5 34 .9
uLT
! FAT23¢, 43.8[49.0|49.1 |53.0]45./ 48]
T
a e4.5|73.0|72.0|78.0|66.0 70.7
5% tanerwanvl] 2.7 liz.9liz.9 l12.9113.0 /2.9
e aas
s..- meconoary)  |/2.4112.2)11.9 | 11,8 |12.1 12./
. | pnoson- |61 _|2e20]|3235|2325 128002240 2044
g nowaL | €3 |s30 [990]745 [900]725 838
:.,, ‘s | 800 llcoo]| 815 |975] 740 882
3% & |s125|5830]|5800 6295|5400 5690
B |wrmare | -6, |,350[i1800]/790 [2000]/ /725
‘e | /1700|2190 ]/1960]|2/50]/800 [260)
THICKNESS (AVERAGE) 10.0449]0.0455|0.04500.045/]0.0455 0.0452|
SPEC THICKNESS: (AV.) ....f.oﬁ".'s] MAX :O4©5 | PROPERTIES BASED ON
NOMINAL THICK WITHOUT BAL PLY._ . O4 &8 nominaL R{acTua O
FILAMENT COUNT 206 _/n. voiD conTENT S1.0%  rLy THICK. 008D N,
FILAMENT VOLUME FRACTION O30 LAM DENSITY 2072/ /N3
LAMINATE: TAPE OR MATRIX DESIGN __ 3" TAPE = wra_AVEO
BALANCE PLY NoNg CURE SPEC ZWAS. AT 3§0°F

*STRAIN MEASUREMENTS BY RESISTANCE STRAIN GAGES
(AVERAGE FROM TWO SURFACE GAGES)

DATA FROM REPORT AEFOL -TT& -72-)51

COMMENTS: —_ EASH SPECIMEN WDIVIDUALLY LAID UP, ALL CURED

—AY 3AME TIME,
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