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Background & Motivation

Use of Bonded Joints in primary and secondary aircraft structures are
preferred over mechanical joins by aircraft manufacturing community due to :

® Weight reduction compared to fastened structures.

® Lesslabor intensive process compared to hole drilling, fastener installation and
inspection procedures.

®  Minimum local stress concentrations.

Despite the many advantages of using Bonded Joints, there are few
challenges in using bonded joints in aircraft structures

® Qualification challenges of the bond process.

® Bonding process sensitivity.

® High complexity of multiple parameters in the bond system.

® High variability seen in technician involved processes.

® Lack of effective means to assess the quality of the bond process
(surface preparation)

The primary goal of this resear am is to develop guidance material

for bond process qualification protocols and support development of

certification road map for bonded structures.




Road Map & Bonded Joint Certification Approach

® Bond Process Qualification (BPQ)

® Develop an acceptance criteria

Requirements (based on
information in AC's and FAR's, etc.)

Applicability of existing standards
and/or develop new standards

® Select known bond system failures

Simulate and investigate the BPQ
methodology flags the “bad” bonds

® Develop Protocols

Quantify process reliability

Assess repeatability/maturity
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Level Testing ;n \

Sub Component /
Level Testing ,-ff

Detail/Element
Level Testing J,

Detailed Design Review and
Bonded Joint Certification
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Design and Preliminary Bond
System Assessment

Manufacture a Bonded Structure

1. General size
2. Mechanical property
requirement for bonded joints
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Preliminary Design
Requirements/Knowledgebase of
the Bonded Structure

3. Environmental envelope

4. Manufacturing requirements

5. Analysis of critical bonded
joint types seen in the structure

6. Bondline thickness
requirements
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Bond Process Qualification Plan and
Protocol Development

1. Finalized bond system

2. Based on the parameters, compose
a test matrix to ensure quality
assurance of surface preparation
and processing parameters

3. Generation of quality assurance
methodologies

‘ 3. Substrate & adhesive

Structural Certification of
Bonded Structure &
Maintenance

1. Screening of bond system
2. Long term durability

characterization
4. Bonded joint characterization
5. Durability & environmental
scatter
6. Damage tolerance and crack

growth

Preliminary Selection and Screening of Substrate and Adhesive Materials
1. Material allowable — (Material databases)
2. Adhesive & Substrate compatibility assessment & wettability assessment
Selection of surface preparation methodology
3. Adhesive processing parameters of a representative design
4. Conduct basic adhesive test methods at room temperature to validate the
parameters

Maintenance
1. Inspection methodology development
2. Inspection methodology for bond
strength degradation.
3. Identification of inspection level and
frequency




Bond Rubustness Measure
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f/- Abrasion

* Grit Blasting
+ Manual Sanding

« Peel Ply (Wet and Dry)
+ Nylon
+ Polyester

+ Chemical Treatment
*+ Phospheric Acid Anodizatio;

Adhesive

+ Adhesive Preparation & Mixing
* Bondline Control Mechanisms
+ Adhesive Application

+ Assembly Time

+ Cure Cycle

* Technician Variability

+ Paste
+ Film



Selection of Parameters for Bond System
Step1 Step 2 Step 3 Step 4 Step 5

Surface Preparation to Bonding Time Frame Adhesive Preparation and Application Pressure Application & Cure Cycle

Selection of Adhesive & Substrate  Syrface Preparation Effectiveness Assessment Evaluation (Paste)

Abrasion Mix Ratio (2 part)

Exposed
Environment

Applied Pressure
During Cure Cycle

Substrate Peel Ply

Solvent Cleaning »

Chemical

Assembly Time

» Mixing Method (2 part) »

Application Method

»

Time from Surface
Preparation to

Adhesive

Cure Cycle

Bonding

Plasma Treatment Bondline Control Mechanism

Finalized Bond System Parameters

Exposure

Substrate

Surface Adhesive

Cure Cycle and
Pressure Application

Preparation
Technique

Environment
& Time Frame

Preparation and
Application

Adhesive




Test Methods for Bond Process Evaluations

Bond System Component Under Investigation

Joint Property Surface Preparation Adhesive Preparation and Cure

. Process
Under Investigation
Surface Surface
Preparation Test Method Preparation Test Method
Method Method

Pecl/Fracture . ASTM D5528 | Fixed Basedon |  ASTM D5528
Toughness/Mode | Variable Step 2
Shear ASTM D3165 ASTM D3165

:‘ T " Adhesion Failure Cohesion Failure Thin-Layer Cohesion Failure
t e

Fiber-Tear Failure Light Fiber-Tear Failure

Tensile Shear Cleavage Peel



Surface Preparation
Quality Assessment

Surface Free Energy Measurement

Water Contract Angle Measurement

Bonding Adhesion and Cohesion
Surface Surface
Substrate
Sl Pl P PG R LI Adhesive Zone
_ BB < Cohesive Zone

P 0. 9. 9. 0.9, 4
high contact angle low
poor adhesivenas: good :
poor weltability good —— Cohesive Forces
L S0l auriace fine e —— Adhesive Forces

Surface
Contamination
Assessment
Fourier Transform Infrared
Spectroscopy (FTIR)

Energy Dispersive X-ray
spectroscopy (EDS)

Substrate Integrity
Assessment

Scanning Electron Microscopy
(SEM)

Optical Microscopy

Surface Morphology
/Roughness
Assessment

Optical Profilometry

Surface Roughness Measurements




Surtace Preparation Evaluation Test Matrix
Manual and Machine Assisted Abrasion
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®  Potential Parameters

® GritSize, Type

® Application Angle & Nozzle Geometry

Pressure

Standard off Distance

Sanding Repetitions

Surtace Preparation Evaluation Test Matrix

Blasting Configuration (Dry/Wet)
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Effects of Grit Blasting Angle *
Substrate Material: Titanium

Surface Preparation: Grit Blast with 6o mesh size aluminum oxide grit
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Test Method: Thermal Spray Adhesion Testing (ASTM C633)
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urrace Preparation evaluation lest ivatrix
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Surface Preparation Evaluation Test Matrix
Peel Ply (Cont.)
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Surtace Preparation Evaluation Test Matrix

Note:- Surface Morphology or Roughness

P lasma Treatme nt changes are not seen in plasma treatment
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Surface Preparation Quality Assurance Test Matrix

® Surface preparation technique evaluation data to be analyzed to estimate the up

per and lower

levels of Surface Free Energies (SFE) and/or Water Contact Angle (WCA) of prepared substrates

® Utilization of Goniometer/Surface Analysts (BTG Labs)/ Surface Analyzer (KRUSS) to measure
the SFE and WCA.

® Perform mechanical testing outlined below to evaluate the bonded joint strength and failure

modes.
Water Contact Angle/SFE
Substrates -
Test Method Standard Substrates ; ) Low- . Medium- .
Thickness [in] Low : Medium . High
Medium ngh
Single Lap Shear Testing |ASTM D3165| Composites Substrate [0.064 (minimum) 5 5 5 5 5
Mode | Fracture Toughness ASTM D5528 Under Investigation 0.12-0.20-inch 5 5 5 5 5
I I L
] I i
Adhesion Failure Cohesion Failure Thin-Layer Cohesion Failure
- ]

Fiber-Tear Failure

Light Fiber-Tear Failure

14



Bond Strength [psi]
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Bond Strength [psi]
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Surface Preparation to Bonding Time Frame — Step 3

Critical Parameters

1. Temperature/Humidity

2. Cleanliness/Particle count
3. Exposure Duration
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Adhesive Processing & Bonding Parameter Evaluation —Step 4 & 5

® Adhesive Processi ng Parameters Bond System Componelnt Under Investigation
Y : : : : . . Adhesive Preparation and Cure
Adhesive Mix Ratio Effects (2 part adhesives) Joint Property Surface Preparation Process
Under Investigation
) AssemnyTime Surface Surface
Preparation Test Method Preparation Test Method
® Adhesive Mixing Methodology (2 part adhesives) Method Method
Peel/Fracture
. . . . ASTM D5528 Fixed Based ASTM D5528
® Adhesive Application Methodology Toughness/Mode | Variable lxestezsg on
_ ) Shear ASTM D3165 ASTM D3165
® Bondline Control Mechanisms
4500
¢ Adhesive Curing 1000
®  Primary Cure Cycle 500 k
T Joint Strength

®  Post Cure Cycle L

w
o
o
o

2500

® Test Methods used for Adhesive Processing and & Bonding
Parameter Evaluation

——————————————————————— Upper Design Limit (Optional)

T Design Values (SF)
- - _X Lower Desigin Limit

2000

=
al
o
o

Bond Rubustness Measure

® ASTM D3165/ASTM D1oo2 —Single Lap Shear Strength

)
)
:
|
g
=)
® ASTM Ds5528 — Mode 1 Fracture Toughness 1000 = z
£ =S
a: ﬁ Bond Process
® Adhesive Glass Transition Temperature 500 g i g Qualification Data
o 5
. R o
® Degree of Cure of Adhesives 0 i 5
0 20 40 60 80 100 120 140 160

Bond Process Variable




Adhesive Processing & Bonding Parameter Evaluation
Effects of Mix Ratio, Assembly Time, and Adhesive Application Method

4500 ) . L
| | : 4500 = W) 3500 ,_A_S_'_FM DlEOOZ Adhesive Application Method 30% |
| 4000 | 4000 = g S | i 3 |
s < -z l 3000 o I
| 3500 | I = 3500 . £F g g s |11 T Ee | ow 2% _ |
=3 ‘B = : e . E S
| %3000 | ! = 3000 ] § < E é % | 2500 | % = e N 20% = |
5 i< S © < S 1 5¢ H S5 .32
o 7 = H — ' —] @
I E2s00 . . . . |1 E 2500 ‘l‘ ~I~ g 5 2 |11 Bowwi| TE O £ ® 2 £ |
& 5 S S S S | & : s £ c 5 | 2§ ! 55 = = 15% 2
| 2000 Z 2 2 i 4 I ' 5 2000 i s S 1 g i 8% E 2 & & 5 |
2 5 5 5 S 5 | & © 2 ® 1500 || & ! T2 5 g £
| ©1500 < < < < < | "o S O - 8 E E g |
= = o o ° =} + 1500 [S) [ I ! 1 = a 10% 2
c = = = c = c = ! | o) o b=
' ] S < S < < l o 2 1000 ! ! < S l
I 2500 | [& £ £ £ g £ g | "< g 1 500 ! : : 5% |
8 o o o < o < | | |
| 0 | 0 I 0! : : : : 0% I
' NEG40 NEG20 BASELINE POS20 POS40 l SMIN 45MIN 60MIN 90MIN 120MIN | One Thin Layer:  One Thick Two Thin Two Thick  Thin Layer + l
Assembly Time [min] I l Assembly Time [min] l l """""" Layer Layers Layers Thick Layer
l . PhOSphOfIC Acid Anodization BAC130-2 I 0 Phosphoric Acid Anodization OAC130-2 | l C-scan showed multiple voids in the bondline — this is most likely due to a '
. . . | . lack of adhesive ) ) )
I Effects of adhesive mix ratio ! : Effects of assembly time I Effects of adhesive application method .
| Material: Al 2024 T3 | Material: Al 2024 T3 | Material: Al 2024 T3 !
[ Surface Prep: PAA + BR127 and AC130-2 + BR 6747-1 [ I Surface Prep: PAA + BR127 and AC130-2 + BR 6747-1 | | Surface Prep: AC130-2 + BR 6747-1 |
I Adhesive: EA 9394 I l Adhesive: EA 9394 1 Adhesive: EA 9394 |
I Test Method: ASTM D1002 I | Test Method: ASTM D1002 1 Test Method: ASTM D1002 |
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Apparent Shear Strength [psi]

NIVERSITY

Adhesive Processing & Bonding Parameter Evaluation
Bondline Thickness Control Mechanisms

Effects of pressure application on bondline thickness
Material: TSooH/3900-2
Surface Prep: None - only evaluated for bondline thickness
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Effects of bondline thickness control mechanisms
Material: Al 2024 T3
Surface Prep: AC130-2 + BR 6747-1
Adhesive: EA 9394
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Adhesive Processing & Bonding Parameter Evaluation
Effects of Cure Cycle on Mechanical Performance, Tg, and DoC
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Degree of Cure [%0]
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Summary and Conclusions

® Bond system consists of four main components each containing multiple parameters
that effects the integrity of the bonded joint.

® Guidelines are required to assess what parameters should be used and an quantitative
measure to evaluate the effectiveness of each parameter.

® Standardized test methods and matrices are required to down select the various
parameters in support of developing the protocols to quality the bond process of a
joint.

® Guidelines are provided to support develop the bond process protocols and bond
process qualification activities.
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