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ABSTRACT

Dexter’s Hysol EA-9394 is a room temperature curable paste adhesive that is representative

of the adhesives used in wind turbine blade joints. A mechanical testing program has been

performed to characterize this adhesive. Tension, compression stress relaxation, flexural, butt

tensile, and fracture toughness test results are reported.
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INTRODUCTION

Composite-to-metal tubular lap joints are used in applications ranging from joining

composite drive shafts to metal end fittings in automobiles to joining composite blades to metal

hubs in wind turbines. These joints are often held together with a structural adhesive. Because

wind turbine joints have been observed to fail short of their design life, studies have been

conducted to gain an understanding of the static and fatigue behavior of tubular composite-to-

metal joints [1-3]. Hysol EA-9394 structural adhesive was used in the joints that were tested and

analyzed in these studies. Analysis of such joints require a knowledge of the mechanical

behavior of the adhesive. Tension, compression stress relaxation, flexural, butt tensile, and

fracture toughness tests were performed to characterize the Hysol EA-9394 adhesive.

Experimental procedures and results are presented in this test report.

MATERIAL

Dexter Corporation’s Hysol EA-9394 is an amine-cured epoxy paste adhesive with an

aluminum powder filler. This adhesive combines high temperature performance with strength

and toughness; it can be cured at room temperature. Specimens in this study are cured at room

temperature for a minumum of seven days prior to testing and all mechanical tests are performed

at room temperature (S220C). The adhesive has a density of 1.38 g/cc, a porosity of abcut 6°/0, a

glass transition temperature of 82°C and a coefficient of thermal expansion of approximately 60

x 10-6 ‘DC-l(between -30°C and 70”C).

Scanning Electron Microscope (SEM) inspection of fracture surfaces reveals that our

specimens contain porosity throughout (Figure 1). Comparisons between the microstructure of

EA-9394 samples prepared at SNL/NM and those prepared at Hysol show that the

microstructrues are very similar; no distinct differences are detected. Based on these results, we

conclude that SNL/NM is processing the adhesive correctly and that the material inherently

contains porosity throughout. Even with this porosity, EA-9394 performs as advertised,
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EXPERIMENTAL PROCEDURES AND RESULTS

TENSION

Static Tests
.

Flat dogbone tension specimens are molded to final nominal dimensions of 6.5 inches length,

0.75 inch width, and 0.20 inch thickness. In the reduced-size gage section the width is 0.5 inch

and length is 2.25 inches. Specimens are instrumented with a 2.O-inch extensometer in the gage

section to measure strain. Testing procedures follow the guidelines in ASTM D-638, the

Standard Method of Test for Tensile Properties of Plastics. Tensile loads are introduced into the

specimens by means of wedge grips with serrated faces using a screw-driven Model 1125 Instron

test machine. Crosshead speed is 0.09 inch/minute; this translates into a strain rate of

approximately 0.0003s-1. All tension tests are performed at room temperature to stress values

below 6300 psi. A typical tensile stress-strain curve is shown in Figure 2; the response is

nonlinear. Initial elastic moduli are taken as the tangent values of the stress-strain curves between

100 psi and 1500 psi; these moduli are listed in Table 1.

COMPRESSION

Stress Relaxat ion Tests

Adhesive compression stress relaxation behavior is measured using strain-gaged, cast

cylindrical specimens (height/diameter = 2) tested in axial compression. Testing procedures

follow the guidelines in ASTM D-695, the Standard Method of Test for Compressive Properties

of Rigid Plastics. Specimens of 1.13 inches height and 0.56 inch diameter are placed in a

subpress within an Instron test frame to minimize misalignment. In the stress relaxation tests,

specimens are first loaded to some fraction of the compression yield strength. Crosshead

displacement is then held constant while stress decay is monitored for thirty minutes. Following

the thirty minute hold, those specimen initially loaded to yield are reloaded until the material

yields for the second time. Figure 3 shows a typical stress-strain response of a specimen with an

initial loading rate of 0.0003 S-land a second loading at 0.003 S-l after the thirty minute stress

relaxation.
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The stress relaxation tests are used to obtain stress-strain responses as well as time dependent

stess relaxation. Typical compression stress-strain responses to yield are shown in Figure 4 for

specimens loaded at strain rates of 0.003, 0.0003, and 0.00003 S-l. Yield strength is defined as

the peak stress attained during compression loading. These curves display substantial

nonlinearity prior to maximum stress. Compression yield strength, initial modulus and Poisson’s

ratio clata are listed in Table 2. Three different strain rates are used for the initial loading of the

specinnens loaded to yield; however, these specimens are all reloaded at a single strain rate.

Stress-time histories for specimens initially loaded at three different strain rates and reloaded at

0.003 s-1are shown Figure 5. Stress-time histories for specimens initially loaded to 25%, 50V0,

75%, and 100% of yield strength are illustrated in Figure 6.

Ta~ble2 data shows that on initial loading Hysol EA-9394 has an average Young’s modulus of

about 0.59x 10c psi and a Poisson’s ratio of 0.37. Initial yield stress increases with increasing

strain rate from a=9250 psi at e=O.00003 S-l to 0=1 1,400 psi at G=O.003 S-l . On second loading

at a strain rate of 0.003s-1, following the 30 minute hold, the compression peak stress reaches a

value of about 12,400 psi, =9°/0 greater than the 11,400 psi yield strength for an initial loading

with the same strain rate. Figure 6 illustrates the magnitude of stress relaxation for specimens

initally loaded to different fractions of yield. After a 30 minute hold on crosshead displacement,

compressive stresses decay by about 34°/0, 17°/0, 7°/0 and 6°/0 in specimens initially stressed to

100%, 75Y0, 50% and 25% of yield, respectively. These results suggest a nonlinear viscoelastic

behavior. As the applied stress approaches the yield strength, stress relaxation is increasingly

pronounced.

FLEXURE TESTS

Testing procedures for four-point bending tests follow the guidelines in ASTM D-790, the

Standard Test Methods for Flexural Properties of Plastics and Electrical Insulating Materials.

Hysol EA-9394 bars of 0.50 inch width and 0.20 inch thickness are loaded in four-point bend

using support and load spans of 3.0 and 1.0 inches, respectively. Biaxial strain gages are bonded

to the tension and compression surfaces; a crosshead speed of 0.17 inch/minute produces a

flexural strain rate of about 0.0003 s-1 in the specimen. Typical flexural moment-strain responses
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on the tension and compression surfaces are shown in Figure 7; values of initial flexural modulus

and Poisson’s ratio are listed in Table 3. These curves suggest yield on the tensile side first and a

tensile yield strength lower than the compression yield strength. Values of flexural modulus

(Table 3) are slightly higher than the tensile and compressive moduli (Tables 1 and 2) for

specimens loaded at identical strain rates of 0.0003 S-l; values of flexural Poisson’s ratio are

slightly lower.

BUTT TENSILE TESTS

Butt tensile tests are conducted to complement modeling studies of the strength of bonded

joints [4,5]. This reference used a relation defining the interface corner stress intensity factor K

of an idealized butt joint composed of a thin, brittle (linear) adhesive layer fixed between rigid

adherends and subjected to a transverse tension loading to predict joint failure. This relation

indicates that if failure ocurs at a critical K value, joint strength should vary as the reciprocal of

the cube root of bond thickness. Butt joints fabricated using a brittle unfilled adhesive have been

tested, and measured strengths of these joints do show the predicted thickness effect [4,5]. Joints

fabricated using a more ductile adhesive, the Hysol EA-9394, show relatively less variation

joint strength with bond thickness. The Hysol E.4-9394 butt joint tests are described in the

following section.

Butt tensile specimens are used to measure joint strength as a function of adhesive bond

thickness. In essence, the joint specimen bonds two 303 stainless steel rods end-to-end with

in

layer

a

layer of Hysol EA-9394 epoxy adhesive. The stainless steel rods (adherends) are solid cylinders

(1. 13 inches diameter by 1.5 inches length) that have been precision machined to guarantee that

the ends are flat and perpendicular to the cylinder axis. A transverse hole drilled through each

adherend is used to pin completed specimens into a load train for testing.

Butt tensile joint specimens are assembled using fixtures specially designed to ensure

alignment of the two adherends and precise control of the adhesive layer bond thickness. Major

components of the fixturing are a V-block to ensure axial alignment of the adherends, an

aluminum holder to secure the V-block and a digital micrometer for setting bond thickness. The

ends of adherends are sandblasted and then chemically cleaned prior to bonding. Chemical



cleaning consists of a trichloroethylene rinse followed by an alcohol wipe and then air blow

drying. Thickness of the bond layer is determined by calculating the difference between the final

specimen length and the initial total length of the two adherends.

Static and stress rupture butt tensile tests on specimens with nominal bondline thicknesses of

0.025,0.050. and 0.100 inch were conducted in a 100,000 pound capacity electrohydraulic load

frame, The load train utilizes a chain linkage attached to the specimen via a pinned clevis. The

static failure tests are loaded at a crosshead displacement rate of 0.5 in/minute, with a time to

ftilure ranging between 15 and 19 seconds. The measured ratio of failure stress to time to fail is

on the order of 400 psi/s. Stress rupture specimens are quickly loaded (~ 12s) to either 74°/0,

82% cr 90V0 of static failure and the load is sustained until the bond fails or until the test is

terminated by increasing the load to measure residual strength.

Butt tensile test results are listed in Table 4 and plotted in Figures 8-10. Static joint strength

dispkrys moderate variability (standard deviatiordaverage ratios 7-14%). This variability is not

large enough, however, to obscure the dependence of measured static joint strength on bond

thickness as shown in Figure 8. The strength decreases by about 20% as bond thickness increases

from 0.025 inch to 0.10 inch. Interestingly, the residual strength of joints subjected to sustained

loading increased with the time under load (Table 4 and Figure 9). Times to failure as a fiction

of applied stress are shown in Figure 10. For a prescribed stress level, the joints with the thicker

bonds fail first. The results suggest that a joint with a 0.05 inch bond should not be subjected to a

stress exceeding 70°/0 of the static strength if it is to survive at least three hours.

Fralctography examination of the failed joints indicates that failure always initiates adhesively

(on the interface) along a small segment of the specimen periphery. This region of adhesive

failure reaches no more than 0.20 inch into the specimen interior. Beyond this region, the failure

is completely cohesive. This observation is consistent with failure initiated by high interface

corner stresses.

FRACTURE TOUGHNESS TESTS

Fracture toughness is a measure of a material’s ability to resist crack propagation. A single-

edge-notched (SEN) specimen is used to measure the Mode I (opening mode) fracture toughness



of bulk Hysol EA-9394 adhesive. An adhesively bonded end-notched-flexure (ENF) specimen is

used to measure the Mode II (shear) static and fatigue critical energy release rates of the Hysol

EA-9394 adhesive.

e-Edge-Notched (SEN) Te.s@

Fracture toughness parameters for the bulk Hysol EA-9394 adhesive are obtained from three-

point bend tests on single-edge-notched specimens (see Figure 11). Linear elastic fracture

mechanics (LEFM) can be used to characterize the onset of Mode I crack growth from a pre-

existing crack as discussed in ASTM E-399, the Standard Test Methods for Plane Strain Fracture

Toughness of Metallic Materials. This standard places a linearity criterion on the load-

displacement response for the test to be valid; it will be shown that the EA-9394 specimens meet

the linearity requirement. The Mode I stress intensity factor K1 describes the state of stress in the

vicinity of the tip of a crack as a fiction of specimen geometry, crack geometry and applied

load. The load P at which a crack propagates from a pre-existing crack is used to determine KIC,

the Mode I fracture toughness. An analytical expression for a single-edge-notched isotropic

elastic specimen in three-point bending is given in ASTM E-399:

KIC = [P~~S /t d1”5] f(r) (1)

f(r) = 3r0”5[1.99 - r(l-r)(2.15 - 3.93r + 2.7r2)] / [2(1 + 2r)(l - r)l’5 ] (2)

where P~a is the maximum load, S is the span, t is specimen thickness, d is specimen depth, ~ is

initial crack length, and r = ~d is the ratio of initial crack length to specimen depth.

A sharp precrack is produced on one edge of rectangular bars of Hysol EA-9394 (t = 0.235

inch and d = 0.498 inch) using a procedure in which the sample is clamped, a single-edge razor

blade is placed against the specimen and a 150 gram weight is dropped from a set height onto the

razor blade. The resulting natural crack extends beyond the tip of the blade. The length of the

precrack on each side of the specimen is measured by an optical comparator and the average of

the two values is the initial crack length N used in Eq. (2). An Instron 8511 electrohydraulic
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machine, equipped with a three-point bend fixture is used to input and record the load to break.

The support span S is 2.0 inches. Specimen mid-span lateral deflection is measured as a fimction

of applied load using an extensometer attached between the loading ram and the bend fixture.

A typical load-deflection curve is shown in Figure 12 and values of Mode I fracture

toughness KIC are listed in Table 5; the average value of KIC is 1944 psi in””s.These are valid

Mode I plane strain KICvalues according to the procedure in section 9.1.1 is ASTM E-399. A

line with a slope of 0.95 times the initial slope intersects the load-deflection curve at or after the

maximum load has occurred (see Figure 12). Satis&ing this criterion results in a valid test for

plane strain fracture toughness testing. For comparison, the critical fracture toughness KICof

8281T-403, a room-temperature cured, unfilled epoxy, is 680 psi in””s.

End Notch Flexure (ENF) Tests

The purpose of the ENF specimen is to determine the critical energy release rate in a pure

Mode II (shear) loading. This specimen is reported to produce shear loading at the crack tip

without introducing excessive fiction between the crack surfaces [6]. The ENF geomel~ was

selected to investigate failure in the bondline of a composite-to-metal joint. The geometry of the

ENF specimen is shown in Figure 13.

For a bimaterial beam where the contribution of the adhesive layer is neglected, i.e., a rigid

interface between the two adherends, it can be shown using simple beam theory and the

definition of the J-integral that

G = (1/2w) (P@2)2 [(U((EI)toP + (EI)bm.~) - l/(E1)uc)] (3)

where P is the load, w is the specimen width, ~ is the initial crack length, (EI)tOPis the effective

bending stiffness of the top adherend (eg, the composite), (EI)bOtiO~is the effective stiffhess of the

bottom adherend, and (EI)UC is the effective stiffness of an untracked specimen. Calculations

indicate that when the composite is on top, the crack closes and the critical energy release rate Gc

= G ~lc(assuming fiictionless contact), where II indicates Mode II shear loading. When the

aluminum layer is on top a mixed Mode I and Mode II loading occurs.
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The ENF specimen consists of two dissimilar adherends and an adhesive bond. One adherend

is an E-glass/polyester woven fabric composite (EWW= 4.1 x 10c psi and Efill= 2.8 x 10c psi),

and the second adherend is 7075 aluminum (E = 10 x 10c psi); both adherends are 0.25 inch

thick. The w&p direction of the composite is parallel to the long axis of the specimen. The

bondline is Hysol EA-9394 epoxy adhesive of nominal 0.018 inch thickness. Sandwich plates (8

inch by 8 inch) fi-om which individual specimens are machined are initially fabricated and cured

at room temperature in a press. The aluminum surface is prepared for bonding with a light

sandblast followed by cleaning with a trichloroethylene rinse, an alcohol wipe and blow drying;

the composite surface is lightly sanded by hand then chemically cleaned in the same manner.

Adhesive is placed between the two plates and final bondline thickness is controlled by pressing

to stops.

An initial crack is required in the bondline on one end of the specimen. A sharp natural crack

is required and tests were performed on samples in which the initial crack was produced by three

different methods. The first is to use a thin slitting saw to cut an xO.O14 inch wide notch of N1.0

inch length into the bondline, then extend as a natural crack by wedging open the bondline. The

second method uses a sawn coarse crack that is extended as a natural crack by fatigue (cyclic)

loading at 5 Hz in three-point bending. A third method that was tried for producing a natural

crack is to use a razor blade to wedge open the specimen without a prior saw cut in the bondline.

This last method was not successful in starting the crack in the adhesive or along the interface

between the adhesive and composite. The crack developed in the composite near the interface,

possibly due to low interlaminar strength of the composite.

Static and fatigue ENF tests were performed in a three-point bend fixture with a support span

is 4.0 inches. The initial crack length ~, as defined in Figure 13, is either 1.0 or 0.875 inch.

Static tests are those in which the specimen is taken to failure (crack extension occurs) on the

first loading cycle at a crosshead speed of 0.05 inch per minute. Fatigue tests are those in which

the specimen is cycled at 5 Hz between maximum and minimum loads (R=. 10) that do not

produce crack extension on the initial loading cycle. Changes in specimen compliance and visual

inspection are used to monitor crack growth as a function of loading cycles. Both sides of each

specimen are painted with a thin coat of white paint (water soluble whiteout); a 6x/40x
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microscope is used to periodically inspect for crack extension during a test. Time, number of

cycles, specimen mid-span deflection, and load are recorded for each test.

Static ENF specimens fall into six groups that are distinguished by specimen orientation and

method used to produce the pre-existing crack. Description of the groups and static test results

are listed in Table 6. The critical strain energy release rate G1lCis calculated from Eq. (4) using

specimen dimensions and material properties, the length of the crack ~ from the support point to

the crack tip, and the maximum load. It was decided to use group 5 type specimens for ENF

fatigue tests. In this group, the natural crack is extended from a saw cut by 5 Hz cyclic loading at

a calculated G1lvalue of 290 J/m2, which is about 350/0of G1lCmeasured in the group 5 static

tests. It took between 150 and 750 cycles to grow a natural crack about 0.35 inches beyond the

saw CLlt.

An objective of the ENF fatigue tests is to determine if this test method can be used to

characterize resistance of the bimaterial joint to cyclic loading at levels below the static strength

(or G1lC)of the joint. A plot of G vs. N, where N is the number of cycles, will be indicative of the

fatigue resistance of the specimen. The testing approach is to cycle ENF specimens at 5 Hz with

the specimens being loaded to peak G1lvalues ranging from 200 J/m2 (250 pounds load) to 460

J/m2 (375 pounds load). Recall that the group 5 specimens in static tests had an average critical

strain energy value G1lCof about 860 J/m2. The load and mid-span deflection is recorded for

every :500th cycle until the test is terminated because either the crack is not growing beyond the

initial crack tip or the crack has grown more than 0.10 inches beyond the initial crack tip.

An analysis of the compliance of the bimaterial ENF specimen in 3-point bending indicates

that for an initial crack length ~ of 0.875 inch, a change in crack length of 0.10 inch corresponds

, to a change in mid-span deflection of 0.0005 inch. This analytical result, which is in agreement

with experimental compliance values of the ENF specimen, is used to analyze and interpret the

fatigue data. That is, the mid-span deflection versus number of fatigue cycles is examined to find

the number of cycles N at which the change in mid-span deflection equals 0.0005 inch (and the

crack is assumed to have extended 0.10 inch). This value of N is then defined as the critical

number of cycles to initiate crack growth for the applied G1lvalue. If the change in mid-span

deflection is less than 0.0005 inch when the testis terminated, the testis a ‘runout” and is
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defined to have no crack growth for the number of cycles in the test. Group 5 type specimen ENF

static and fatigue test results for are listed in Table 7 and the results are plotted in Figure 14.

The data are limited, however, it appears that the approach described may have merit for

exarning the fatigue resistance of interlaminar crack growth in bimaterial joints of the type found

in wind turbine blades. Changes in beam compliance can be easily detected by monitoring

specimen mid-span deflection during cyclic loading. Such changes in compliance are indicative

of crack extension resulting from fatigue loading.

CONCLUSIONS

The mechanical tests on Hysol EA-9394 structural adhesive indicate:

1) Initial tension and compression moduli are about 0.60x 10c psi and Poisson’s ratio is

0.37.

2) Yield strength is strain rate sensitive and increases from 9,250 to 11,400 psi as the

strain rate increases from 0.00003 to 0.003 S-l.

3) The adhesive exhibits nonlinear viscoelasticity with significant stress relaxation

occuring when stress levels approach the material yield strength (34°/0 drop in stress

after 30 minutes).

4) Flexural tests suggest that the compression yield strength exceeds the tensile yield

strength.

5) Butt joint tensile strength exhibits a moderate bond thickness dependence. Joint

strength decreases 20°A as bond thickness increases from 0.025 to 0.100 inch.

6) The adhesive has a relatively high KIC of about 2000 psi in0”5.

7) ENF tests indicate that fatigue crack growth can occur at small fractions (<35%) of the

Mode II energy release rate required to initiate cracking under monotonic loading.
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Table 1. Hysol EA-9394 adhesive tensile moduli at a strain rate of 0.0003s-1,

SPECIMEN MODULUS
ID (10% psi)

9394_Tl 0.61
9394_T2 0.60
9394_T3 0.62
9394_T4 0.60
9394_T5 0.62
9394_T6 0.61
9394_T7 0.61

Average= 0.61
St dev= 0.01
Cv FYol= 1.36

Table 2. Hysol EA-9394 adhesive compression static and stress relaxation results.

SPECIMEN

ID

9394_2
9394_l
9394_3

REIAX1
REIAX2
REIAX3

STRAIN

RATE (1/s)

.00300

.00030

.00003

.00030

.00030

.00030

PEAK STRESS fmi)

2ND LOADING
INITIAL AFTER 30

MINUTE HOLD

11,400 12,400
10,200 12,200
9,250 12,000

— —
— —
— —

INITIAL MODULUS INITIAL

(10% psi) POISSON’S RATIC

0.54 0.40
0.60 0.37
0.62 0.37

0.54 —

0.64 —

0.63
Aversge= 0.59

—

St dev= 0.04
Cv (v.)= 7.4

Table 3. Hysol EA-9394 adhesive four-point flexural results.

INITIAL FLEX MODULUS (10% psi) POISSON’S RATIO

SPECIMEN ID
COMPRESSION

TENSION SIDE
COMPRESSION

SIDE SIDE
TENSION SIDE

9394_Bl 0.68 0.65 0.37 0.34
9394 B2 0.71 0.68 ---- ---—
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Rible 4. Hysol EA-9394 static and stress rupture butt tensile results.
STATIC FAILURE TESTS STRESS RUPTURE TESTS

Spsclmen Send Thickness Nominal Failure Specimen Send Thickness Stress Level Percentof Static Time@ Sraakor ResidualStrength
Number (In) Stress (PsI) Number (in) (P )si FailureLoad (’%) Add~ load (hr) (P 1) -

1
2
3
4
5
6
7
8

.025

.024

.022

.024

.023

.024

.024

.023
avg

stdev
Cv

9 .048
11 .049
13 .051
15 .049
17 .048
19 .048
21 .049
23 .050

Svg
stdev

Cv

25 ,102
27 .113
29 .101
31 .100
33 .100
35 .099
37 .099
39 098

avg
stdev

Cv

8550
7390
7560
7900
6940
7400
5720
5180
6830
953

14.0%

5180
6250
8820
8550
5970
5950
5710

5934
619

10.4%

5650

4780
5270
5330
5260
6000
5540

5404
352
6.5%

18 .045 4375 74 3.5” 6150
10 .048 4375 74 3.6&
12 .049 4375 74 21.7* 7080
14 .048 82 2.9
18 .047 82 6.8* 67W
20 .049 82 2.1

32 .098 4375 81 3.9* 5120
34 .098 4375 81 2.9
38 .099 4375 81 0.24
30 .099 4850 90 failedduringloading
38 .099 90 0.92
40 .096 4850 90 O.om

● Specimendidnotfailduringstressrupture residualstrengthmeasuredat thii time.



Table 5. Summary of ENF 3-point bend fracture toughness test results for Hysol EA-
9394 adhesive.

Avg. Crack Fa/w f(r) Pmax &
Sample ID Length (in) (lb) (P

~i*in.5)

EA9394-1 0.102 0.204 1.188 68.0 1956
EA9394-2 0.081 0.163 1.057 74.3 1902
EA9394-3 0.074 0.148 1.011 76.5 1878
EA9394-4 0.114 0.229 1.268 62.0 1910
EA9394-5 0.062 0.125 0.936 78.5 1779
EA9394-6 0.129 0.258 1.368 59.8 1980
EA9394-7 0.074 0.148 1.010 98.8 2417

Average 1975
St dev 205
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Table 6. Summary of static ENF Mode II fracture toughness tests. (Critical Gc based on peak load).

GROW SPECIMEN SPECIMEN CRACK lNITIATION Gc

ID ORIENTATION METHOD (J/mA2)
OBSERVED FAILURE

Cracking observed in both composite& atong metahdhesive intertlce. When pried

1 ENF-21 Composite side down See Note 1 735
open, specimen parted at metalladhesive interface, but had crack in 1at ply of

composite, Crack in only part way thru width of composite which still had

integrity.

1 ENF-24 Composite side down See Note 1 430
Precrack appeared to be in composite, but in test crack started at top of intiacc @

comer of notch. Metal/adhesive interbx tlhe.

2 ENF-22 Composite side up See Note 1 825
Precrack appeared to be in composite. Precrack widened but did not extend. Failure

at metat/adhesive intefiacc. Some compression fiIhme under load ram.

3 ENF-23 Composite side down See Note 2 1140 Prccrack appeared to be in composite. Crack grew in composite. Composite failure.

4 ENF-25 Composite side up See Note 2 1270
Precrack appeared to be in composite. Crack growth abrupt in mmposite.

Composite failure.

5 ENF-33 Composite side up See Note 3 655
Failed in composite (surface resin and small amount of fiber) took off top layer of

ployester.

5 ENF-42 Composite side up See Note 3 1100
Failed in composite (sufiace resin and small amount of fiber) took off bp layer of

ployester.

5 ENF-27 Composite side up See Note 3 690
Failed in composite (surface resin and small amount of fiber) took off top layer of

ployester.

6 ENF-3 I Composite side down See Note 3 600 Failedat EA-9394faluminuminterface:adhesivefailure

6 ENF-38 Composite side down See Note 3 655
Failedat EA-9394faluminuminterface adhesive failurq small amount of failure in
Ist layer compositeon one side.

6 ENF-39 Composite side down See Note 3 265 Failed at EA-9394/aluminum interface: adhesive failure

Kl,.+- 1 Q...., ,.,, + :.. h,... ~la.. a +hm_ ..,a,4ma,4 A..- ,,-. -+*A :_;+:ml . . . . . . . . a---l.
lXULG 1. .Jcl\Y UU1 111 UU1lU1lllG uIG1l WCU&U U~G1l LU >LUI 1 U1l LIU1 llillLU ill VI il~li.

Note 2. No saw cut; bondline wedged open to start initial natural crack.w
w Note 3, Saw cut in bondline then specimen fatigued in 3-point bend to grow initial natural crack.



Table 7. Surnm ary of static and fatigue ENF results

SPECIMEN TYPE TEST G (J/m2)
NUMBER OF

CYCLES, N
COMMENT

ENF-33 STATIC 689 1 To failure on initial loading cycle

ENF-42 STATIC 1157 1 To failure on initial loading cycle

ENF-27 STATIC 726 1 To failure on initial loading cycle

ENF-32 FATIGUE 202 80,000 Runout (no crack extension)

ENF-32B FATIGUE 247 36,000 Runout (no crack extension)

ENF-37 FATIGUE 247 60,000 Runout (no crack extension)

ENF-37B FATIGUE 293 33,000 Runout (no crack extension)

ENF-30 FATIGUE 293 9,500 0.10 inch crack extension

ENF-32C FATIGUE 293 63,000 0.10 inch crack extension

ENF-37C FATIGUE 343 80,000 0.10 inch crack extension

I ENF-37D FATIGUE 459 50,000 0.10 inch crack extension I
Note: 5 Hz cycle rate, composite side up and fatigue pre-crack.
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Figure 1. SEM of EA-9394 adhesive showing porosity distributed throughout the material.
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Figure 2. Typical tension stress-strain response of Hysol EA-9394 adhesive.
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Figure 3. Compression stress relaxation stress-strain response of Hysol EA-9394 adhesive.
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Figure 4. Compression stress-strain response of Hysol EA-9394 adhesive at three strain rates.
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Figure 5. Compression stress relaxation responses of Hysol EA-9394 adhesive for three initial
loading strain rates. Strain rate of 0.003 S-l on second loading of each specimen.
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Figure 6. Compression stress relaxation responses of Hysol EA-9394 adhesive with initial loading
to different levels of yield strength.
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Figure 7. Typical flexural moment-strain response of of Hysol EA-9394 adhesive.
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Butt joint tensile strength versus bond thickness for Hysol EA- 9394 adhesive cured

and tested at room-temperature.
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strength. Nominal bondline thickness of 0.05 inch.
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Figure 10. Time to fail (or runout) of butt tensile joints subjected to sustained loading at a stress
below the static strength. Runout means specimen did not fail during the stress rupture
test. Nominal bondline thicknesses of 2h ‘0.05 and 0.10 inch.
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Figure 11. Three-point bend Single-Edge-Notch (SEN) fracture toughness specimen.
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Figure 12. Load-deflection response of SEN three-point bend fracture toughness test on bulk
Hysol EA-9394 adhesive.
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Figure 13. Three-point bend End-Notch Flexure (ENF) fracture toughness specimen.
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Figure 14. Mode II shear strain energy of bimaterial ENF specimens with Hysol EA-.9394

adhesive bondline.
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