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PREFACE

Fifteen nondestructive evaluation (NDE) experts met for the Second Annual Review of
NASA's NDE of Bond Strength Program at LaRC, NDE Sciences Branch on
November 6, 1998. The goal of this research is to nondestructively determine quantitative

strength levels in structural bonds. The Symposium was held to review both "in house"
NDE research and work performed by sponsored university grantees. The grants
reviewed were: "Investigation of Adhesive Bond Cure Conditions using Nonlinear
Ultrasonic Methods", The Johns Hopkins University (Dr. Robert Green and Mr. Tobias
Berndt); "An Assessement of Adhesive Bond Deterioration by Detection of Nonlinear
Effects", Northwestern University (Dr. Jan D. Achenbach and Mr. Zhengeng Tang);
"Characterization of Adhesive Bonds Using Nonlinear Ultrasound", The Georgia

Institute of Technology (Dr. Jianmin Qu and Mr. Larry Jacobs). Invited presentations were
given by Drs. Start Rokhlin and Lazslo Adler of the Ohio State University & Adler
Consultants, and Dr. Donald C. Price of the Computational Industrial Research
Organization (CSIRO, Sydney, Australia). Several technologies and approaches were
presented including "Microwaves for Bondline NDE" by Dr. Mark Roberts, ARMY-VTC,
"Surface Contamination Monitoring using Optical Simulated Electron Emission (OSEE)"
by Mr. Daniel Percy, NASA, and "Computational Chemsitry of Bondlines" by Dr. Donald
Phillips, NASA. Nonlinear ultrasonics is currently the leading technology for
nondestructively detemining bond strength. The Symposium proceedings are published in
this NASA Conference Publication.
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ISU MOLPLT

a12o3 cluster model w/3 0 layers and 2

al layers
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ISU MOLPLT

ai2o3 cluster model w/30 layers and 2

al layer.,, - with H atoms on dangling O
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ISU MOLPLT

PM MA-A L-Oxide (hydrogenated) Complex

AL-Rcd, O-Blue, C-Brown, H-Pink
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PMMA DZP optimization with eh3 group ro
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IsU MOLPLT

AL-O2-H Aluminum Hydroxide molecule-op
tim ization
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ISU

alo2h-pmma complex (carbonyl to h bond ) show newpath

MOLPLT

grestore gsave 15 moveto 0 rota
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ISU MOLPLT

alo2h-pmma complex (carbonyl to h bond c ) show newpath grestore gsave 5 15 moveto 0 rota
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ISU

alo2h-aml complex (carbonyl to h bond c ) show newpath

MOLPLT

grestore gsave 15 moveto 0 rotat
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ASSESSMENT OF ADHESIVE BOND DETEI_)RATION
BY DETECTION OF NONLINEAR EFFECTS

J. D. ACHENBACH
PRINCIPAL INVESTIGATOR

ZHENZENG TANG
RESEARCH ASSISTANT

CENTER FOR QUALITY ENGINEERING AND
FAILURE PREVENTION

NORTHWESTERN UNIVERSITY
EVANSTON, EL 60208-3020

GENERAL OBJECTIVE

To develop an ultrasonic nondestructive technique to assess
deterioration of adhesive bonds by the detection of nonlinear

effects. The work on this project is both analytical and

experimental in nature.
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Center for Ouahty Engtneering _]nd F._flure Prevention Northwestern UnJversm,

Outline

Ultrasonic Evaluation

Degradation By Detection of the

Behavior Induced

-k

-k

•Summary

• New Approach _ A

Correspondence Principle

• Digitized Waveform

Technique

of Adhesive Bond

Onset of Nonlinear

by Static Load

Superimposed

Superimposed

longitudinal wave

shear wave "

Strain-Temperature

Decomposition

• Preliminary Results

• Conclusions and Future Work
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Center for Quality Engineering and Failure Prevention
I

Northwestern University

EXPERIMENT SETUP

Oscilliscope
Tek TDS 520

Pulser Receiver
Model 5055PR
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Computer
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Loading Direction
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SPECIMEN

5

1. Adhesive (connection)
2. adhesive (testing layer)
3. AI block (adherend 2)
4. AI Tube (water tank)
5. Screw

6. A! block (adherend 1)
7. Transducer
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Center for Quality Engineering and Failure Prevention
I

Northwestern University
Nil

Methodology of Nonlinear Behavior Study

Use different fatigue cycles to generate different

severities of degradation.

By varying the static load, ultrasonic measurements

allow us to get the slope of the 7- --/k curve at several

points.
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Center for Ouafity Engineering and Failure Prevention Northwestern University

Load vs. Effective Modulus for 50-50 Epoxy Layer
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Center for Quality Engineering and Failure Prevention
III I I II III I I II I

Northwestern University

Reconstructed Stress-Strain Relation (50-50)
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Center for Quality Engineering and Failure Prevention Northwestern University

Load vs. Effective Modulus for 70-30 Epoxy Layer
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Center for Quality Engineering and Failure Prevention Northwestern University

Reconstructed Stress-Strain Relation (70-30)
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Center for Ouality Engineering and F.uluze Preventlon Northwestern University

A Superimposed Shear Wave
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Center for Quality Engineering and Fa/ture Prevention
I II

Northwestern University

Superimposed Shear Wave-----Results
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Northwester," University

Summary

The onset of nonlinear behavior of adhesive bonds can be

detected ultrasonically. The results show that the degradation

due to cyclic fatigue can be detected by the reduction of the linear

portion of the stress-strain curve without any change of slope in

the linear range.

Shear waves can be used to detect the onset of nonlinear

behavior of adhesive bond degradation generated by cyclic

fatigue while the specimen is under shear loading. Longitudinal

waves can also be used for this purpose.

The nonlinear behavior of a cyclically fatigued specimen is

initiated at a lower stress level of the shear loading than the

tensile loading. For practical reasons, it is preferable to subject

the specimen to shear loading while the detection uses

longitudinal waves.
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Center for Quality Eng_neenng and Failure Prevention
I I I

Northwestern University

A New Approach- A Strain-Temperature

Correspondence Principle

40 '

_20 .--" i

615

10

1 2 3 4
Strain (%)

The initial slopes at temperature T1 and _ and slopes at strain

E1 and c2 are the same.

- Co[_+ f(_)].
O[O"

_W= Co[1+ f'(_)] (7)

c(:r) - Co[_+ h(T)] (8)

Strain-Temperature Correspondence Relation

h(T)- f'(c) (9)
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Center for Quahty Ez_gmeenng _]nd F_]flure Prevention
II I I

Northwestern University

Preliminary Results

Temperature Dependence of velocity for several materials
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Temperature dependence of velocity for various materials. Water

(solid), FM73 (dashed), DER Epoxy (dashdot), AB Epoxy(solid)
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Center for Ouahty Englneenng and Failure Preve[Ttl¢_1
I II III | I

Northwestern Unwers

Complete Recovery of Ultrasonic Signal
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cooling (dashed line)
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Cento_ /or L)uahtv En!m)oonI_g az_d F, ulure _ ',- f = vet t_icr: Northwestern University

A Simple Model

Quadratic Nonlinear Term

E;-

o-Co c
2Co

(11)

Definition of Temperature-Velocity Coefficient C_c

d_(T)
codT

--- _OL c (12)

Strain-Temperature Correspondence Relation

GO
: 2_,,T- (_ + 6c_,3) ,AT _- ' 3o_:_ 3_T 3-T- (13)
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Center/or OuJtity Englneenng and F_]llure PrevezTt;cz7 Northwestern Univers_

Reconstructed Results
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_,_e_6'_2 " "

0
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Strain (m/m %)

(a) (b)

(a)Temperature dependence of velocity in three samples and the

bulk sample, bulk sample (solid line), sample -_-1 (solid line, 'o'),

sample #2 (dashed, 'x'), sample :E{:3 (dash-dot, '_').

(b)Theoretical prediction of ultimate strain and ultimate stress for

AB Epoxy specimens. Solid (sample #1), Dashed (sample _2),

Dash-dot (sample #3)
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Center for Ou,._lity Engineering .lnd F_illure Prevention
I

Northwestern University
I I

Conclusions and Future Work

Conclusions

It has been shown that the new approach has potential. The

application of the strain-temperature correspondence

nondestructively yields nonlinear parameters which can only be

obtained destructively otherwise. These nonlinear parameters

can define the residual strength of an adhesive bond.

Future Work

(1) Improve the temperature controlling system.

(2) Measure the correspondence function.

(3) Apply this principle to study adhesive bond degradation.
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Ultrasonic Methods

Tobias P. Berndt and Robert E. Green, Jr.

Center For Nondestructive Evaluation

The Johns Hopkins University

Department of Materials Science and Engineering
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............. -- ...... - ............ . ............... :- ........

Objective

Investigate various Cure Conditions of Adhesive Bonds

using Nonlinear Ultrasonic Methods

with Water Coupling

" _-- -: _- NormalIncidence- _......_.... _-.....--:--: ........

Oblique Incidence

_- Wave Mixing

............... T" ." ......
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Samples

• 250 °F for 90 min at 50 psi (Normal) :_-

• 180 °F for 60 min at 50 psi

• 180 °F for 120 min at 50 psi

• 195 °F for 60 min at 50 psi

• No significant differences in Bond Thickness across Samples

• Thicknesses: -3601am (center) to --1501am (edge)

..... o_ Longitudinal Velocity through Normal Bond (-_2,33.mm/las)..--

up to 7% lower than in all other cases

• Shear Velocity through Normal Bond (--0.96 mm/_ts) up to

6% lower than in all other cases
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Normal Incidence
(Longitudinal Transmission)

RECEIVER

TRANSMITTER

SFLTT_5.CDR
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................ i............... . .........

Contact Measurements

• To verify existence of and differences in both 2 naand 3 rd

Harmonics in given Bond system

• Transmitter: 5 MHz LiNbO3 bonded with SALOL

• Receiver: 10 MHz broadband (commercial contact)

• Samples: 0.25" Aluminum Substrates
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._NGLE BEAM ULTRASONIC S .... _ -ROSCOPY

INSPECTION RESULTS

Reference bdnd:"mixed modefailure

Abus Scan C-Scan

Poor bond: Interracial mode failure

Abus Scan C-Scan

ABUS Data Corre_lation to Strength_
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APPROACH;

Theoretical model:

- An adhesive Joint Is considered having multilayered interphases

Including anisotropic porous aluminum oxide and Weak boundary

layers.

m.i

Jol

b

50UD

AI,O 3 (ANISOTROPIC)
WEAK BOUNDARY LAYER

- ADHESIVE

WEAK IN)mi)A_Y LAYER

= xAI=O=(ANIS011101'IC)

SOLID

- A special ultrasonic goniometer is developed for experimental

investigation.

T/It

. Spectrum of the obliquely reflected ultrasonic signals Is basis

for interphase property reconstruction.

s

I_1 $'

-tO

4[ 45

"_o , ; ,'= i-=

FREQUENCY (MHz)

WEAK BOND

GOOD BOND

;0
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OUTLINE

• STATEMENT OF THE PROBLEM

• SUMMARY OF THE EXPERIMENTAL RESULTS

• MODELS OF INTERFACE IN ADHESIVE JOINT:

- "COMPOSITE" WEAK BOUNDARY LAYER

- INTERFACIAL SPRINGS

• CONCLUSIONS
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Cell wall

Barrier layer

(cell bottom)

Sealed cells

Texture of Porous Anodic Oxide
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EFFECT OF SURFACE PRETREATMENT ON THE

PERFORMANCE OF ALUMINUM-ALLOY EPOXY

JOINTS-SuBJECTEDTO ._ccEi_ERATED AG-ING_-iN -:--- .....-.....

WATER AT 50°C

5O

Phosphoric-acid anodised pretreatment

Chromic-acid anodised

Chromic-acid etched

Grit -blasted

(Epoxy/oluminiumLalloy joints)

reosed

I I J

500 I000 I500
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PROCEDURE FOR JOINT PREPARATION

• Surface cleaning in Alconox detergent solution ......

• Surface deoxidation

(sodium dichromate + sulfuric acid + distilled water)

• Phosphoric acid anodization

• Priming of surface by BR-127 primer

• Bonding by FM-73 adhesive film

CONDITIONS FOR ACCELERATED AGING

• EXPOSURE MEDIUM'.

saturated so:ution of NaCI at 68°C

• LOAD: 800.or_lOOO.Ib ........... ...._,., _ ...._..,_..,__--_....._-;--.

Under these conditions the joints broke in 1-3 weeks
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(

INITIAL FAILURE LOADS OF ALUMINUM SINGLE LAP

ADHESIVE JOINT SAMPLES BONDED WITH FM-73

FILM ADHESIVE AND BR-127 PRIMER

3500

30O0

2500

2000

1500

1000

5OO

0

Failure Load, lb

w

.............. ! ...... r-'--" ....

i
i i

i

............ t

I

iiiI
1" Wide Samples 314" W'KPe Samples
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LOADING ARRANGEMENT FOR A SINGLE LAP ADHESIVE

JOINT SAMPLE USING STRESS FIXTURE

APPLIED LOAD IS MEASURED AS DEFLECTION OF THE FIXTURE

BY DIAL INDICATOR
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LIFETIME OF SINGLE LAP SHEAR ADHESIVE JOINTS

AGED IN SATURATED NaCI SOLUTION

UNDER 1000 Ib LOAD AT 70°C

Number of Failed Samples
12

10

8

6

4

2

0

........................................................................................................... i ............................................... i

iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
0 ... 18 ... 24 ... 48 ... 48 -

Exposure Time, hours
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Problem Statement:

• Adhesive joints can fail

catastrophically in severe
environments

• Residual strength and lifetime
of joints is independent of initial

j oint strength ..

This shows the necessity of
nondestructive evaluation of

adhesive joints in service
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EXAMPLE OF THICKNESS MEASUREMENT

FOR THE SAMPLE BEFORE DEGRADATION

140

"_ 120

100

8o

ooo

V,=2.11 km/sec _.

8 8 o o _ o o _ o

Thickness along center line
measured by:

_50MHz transducer (time delay_
DDDDO 15MHz transducer (spectrum} [

micrometer /
, i , I ' ' "" I ' J ' I

. 4 8 . 12
Distance along glue line, into
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RELATIVE THICKNESS CHANGE OF ADHESIVE LAYER

DUE TO EXPOSURE IN NaCI SATURATED SOLUTION

AT 68°C UNDER 800 LB LOAD

20.0

r_

._ /0.0

0.0
_0

r>

-10.0 '
-12

120 hours_ //_'-_

19 hours c_\ / /_'|

2._ho.r__-\ / /I /
0 hours _ \o /_ // _'

after _C__'. //_._ -'_

release w'..'__'-_Jj_.A-"
C)----'--'EF----'_=.,_IF¢_:-':I"-,_<}

.I I I

-9 -6 -3
Position on

i t b

t_e jo3int, 6ram 9
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CONCLUSIONS:

i) Three factors were found to affect position of

frequency minimum for obliquely reflected signal:

• adhesive layer thickness increase (including creep)

• bulk adhesive properties change

• interface degradation

ii) Measurements at normal incidence on the joint, are

sensitive only to thickness and bulk property

changes

• this is a basis for separation of interracial

degradation effects from thickness and bulk

property change effects

iii) Frequency-minimum shift at the edges of the joint

is larger than predicted from the adhesive

thickness change.

The excess is due to interface degradation

iv) Frequency-minimum shift at the center of the joint

is less than predicted from the adhesive thickness

change.

This may be attributed to stress redistribution and

stress change at the joint center
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BOEING / CSIRO JOINT RESEARCH PROJECT

NDT OF BONDED STRUCTURES

Report No. 16

NON-LINEAR PROPAGATION OF

GUIDED ELASTIC WAVES

I. THEORETICAL ASPECTS

D C Price

CSIRO Telecommunications & Industrial Physics

'\

November 1998
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Aluminium plate immersed in water, free harmonics in plate.
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AI bOndedEffectPlateofincreasedimmersed(x2)inWater, 2.5 MHz incident Wave. _-"
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