
Durability of Bonded 
Aircraft Structure 

 



•




•






•






2 



•


•


•


•


3 



•

•

•

•

4 



•

•







•









5 



Shims for bond line control 

Status: Static testing of film adhesives 

complete.   
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Extension (in) 

EA9696 



Teflon precrack 

Status: Two coupons of each film adhesive 

has been tested. More coupons are in 

process.  



Cure Plate 

Top Plate 

Dowel Pins Clearance Holes 

Status: Static testing of film adhesives has 

been completed. Fatigue testing is currently 

underway. 



Tooling 

EA9696 

Filet machined 

flat for 

consistency  
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Non-Dimensional Length 

WALS vs Scarf - Shear Stress 

WALS Scarf Joint
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Non-Dimensional Length 

WALS vs Scarf - Peel Stress 

WALS Scarf Joint

FEA Results : 

• Scarf has no load eccentricity 

• Scarf has a uniform distribution of shear stress 

• Scarf has minimal peel stress 

Shear Stress 

Peel Stress 



Used to evaluate toughness in peel 

• EA9696 tougher in peel 

• FM300-2 less tough in peel 
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FM300-2 

FM300-2 - closed crack 

EA9696 - open crack 

BSS7208, ASTM D3433 
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ASTM D3433 



5267.3 

4465.3 

0.0

1000.0

2000.0

3000.0

4000.0

5000.0

6000.0

P
e
a
k
 S

h
e
a
r 

S
tr

e
s
s
 (

p
s
i)
 

• EA9696 more tough  

• FM300-2 less tough 

EA9696 

 

FM300-2 
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Extension (in) 

WALS - Static 

FM300-2 EA9696 



In shear test.  

• EA9696 brittle 

• FM300-2 brittle 

 

 

These adhesives tougher in peel than in shear 

EA9696 

 

FM300-2 
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Extension (in) 

Scarf Joint - Static 
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Biased 

FEA RESULTS 

Middle 

Extensometer Locations 

Strain using Biased Location 

𝛾 = .218 

𝛾 =  .239 

Strain using Middle Location 

𝑡 =  .008 in 
𝐺 = 140,000 𝑝𝑠𝑖 𝑒 = 𝑒𝑥𝑡𝑒𝑛𝑠𝑜𝑚𝑒𝑡𝑒𝑟 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 

𝜏 = 2850 𝑝𝑠𝑖 (60% 𝑝𝑒𝑎𝑘) 

𝛾 = .020 

Average Shear Strain 

8.5% difference  
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Number of Cycles to Failure 

Preliminary results: 

• Endurance limit for EA9696 ~50% UTS 

• Elongation measured using extensometer 

EA9696 

 

FM300-2 

EA9696 Runout 
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RESULTS 



RESULTS 

Fatigue Static Fatigue Static 

Failure Surfaces 



Status: 

• Testing two methods of measuring crack length 

• Camera monitoring 

• Coupon compliance 

• Testing edge treatment for color contrast 

 

 

Liquid paper (white-out) 



1. Complete static DCB testing 

2. Finalize procedure for DCB testing in fatigue 

3. Continue building S-N curve for scarf joints 

4. Finalize bonding procedure for paste adhesives.  

5. Investigate ratcheting of the scarf joint 



Aims 

 Investigate the correlation between the static strength and FATIGUE LIFE of 

scarf joints 

• Identify fracture criterion for adhesive fatigue failure 

• Analyze the crack growth rate with different load cycles and adhesives 

• Estimate the fatigue life numerically with FEA 

• Validate with experimental results  

Geometries 

 Crack opening modes related to different coupon configurations 

• DCB : Mode I 

• ENF  : Mode II 

• Scarf : Mixed mode (I+II)  

Status: investigating fatigue damage criteria for WALS, scarf, and DCB  
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Scarf fatigue failure: FM 300-2 

N=0 

• Half a million cycle with 3Hz, Load ratio 0.1 

• 3443 lbs – 344 lbs (Sin curve) 

• No fatigue crack initiation or propagation was evident  

  

N=400k 

N=500k 
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Fracture criteria: FEA 

2. De-bonding  

(pre-crack) 

Adhesive 

type 
Mechanism 

Critical stress  Low ductility LEFM 

Crack Tip Opening Displacement High ductility EPFM 

Virtual Crack Closure Technique or Enhanced VCCT 

(energy release failure criterion) 
Low ductility LEFM  

Direct Cycle Fatigue (for cyclic loading) Low ductility LEFM 

1. Material degradation and failure  

(no pre-crack) 

Adhesive 

type 
Mechanism 

Cohesive zone model: CZM 

(traction separation law) 

 

High and low 

ductility 
LEFM & EPFM 
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Gc 

δc 
δ δ 

• Onset of failure: when traction force reaches maximum 

value (surfaces are elastically bonded) 

• Crack propagation: failing cohesive elements from 

maximum traction to zero traction 

• Complete failure: when the bond reaches max 

allowable displacement with zero traction force 

 

• Onset of failure: when traction force reaches 

maximum value (surfaces are rigidly bonded) 

• Crack propagation: once propagation started, the 

de-bonded nodes are released  

• Complete failure: when the bond reaches 

maximum allowable strain energy release rate, Gc 

CZM VCCT 



Direct Cyclic Fatigue: ABAQUS 

• 𝐺𝐶𝑒𝑞 = 𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 (𝐺𝐶𝐼, 𝐺𝐶𝐼𝐼 , 𝐺𝐶𝐼𝐼𝐼) by BK, Power law or Reeder model 

• 𝑅 =
𝐺𝑚𝑖𝑛

𝐺𝑚𝑎𝑥
 

Onset of Fatigue crack (region I) 

•
𝑑𝑎

𝑑𝑁
= 𝑐3∆𝐺

𝑐4 

• 𝐺𝑝𝑙 > 𝐺𝑚𝑎𝑥 > 𝐺𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 
• 𝐺𝑝𝑙 = 𝑟2𝐺𝐶𝑒𝑞 

Stable crack propagation (Paris region II) 

•
𝑁

𝑐1∆𝐺
𝑐2
≥ 1 

• 𝐺𝑚𝑎𝑥 > 𝐺𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑  
• 𝐺𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 𝑟1𝐺𝐶𝑒𝑞 
• ∆G = 𝐺𝑚𝑎𝑥 − 𝐺𝑚𝑖𝑛 

 𝐺𝐶𝐼, 𝐺𝐶𝐼𝐼, 𝐺𝐶𝐼𝐼𝐼 , 𝑐1, 𝑐2, 𝑐3, 𝑐4, 𝑟1 and 𝑟2 are material constants (obtained from experiment) 
 𝑟1 𝑟2 depend on the load ratio R 
 N is number of cycles 

Unstable fracture and failure (region III) 

• 𝐺𝑝𝑙 < 𝐺𝑚𝑎𝑥 < 𝐺𝑐 rapid crack propagation 
• 𝐺𝑚𝑎𝑥 ≥ 𝐺𝑐 failure 

I 

II 

III 

𝐺𝑡ℎ 𝐺𝑝𝑙 

𝑐4 

log
𝑑𝑎

𝑑𝑁
 

log∆𝐺 

𝐺𝑐 
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Next step 

 Validate the numerical fatigue life with experiment (under cyclic loading) 

• DCB (fatigue parameters for pure mode I) 

• ENF (fatigue parameters for pure mode II) 

 

 Compare scarf and WALS 

• Crack propagation in Mode I or II or mixed mode (de-bonding) 

• Continuum damage due to material degradation (CZM) 

 

 Fatigue life vs. adhesive toughness and strength  

• Different adhesive systems 

• Temperature effects 

 



Aim: Study the adhesive’s viscoelastic effects in fatigue. 
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Ratcheting 

 

 
Inputs: 

• Mean Stress 

• Stress Amplitude 

• Strain Rate 

• Peak Hold Time 

Outputs: 

• Cycles to Failure 

• Strain at n Cycles 

Lin, Y.C., Xiao-Min Chen, and Jun Zhang. “Uniaxial ratchetting behavior of anisotropic 

conductive adhesive film under cyclic tension.” Elsevier (2010). Print. 

 

Adhesive:  Hitachi AC-8955YW-23 

 



Study the effects of creep, relaxation, and ratcheting in adhesives. 
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Ratcheting 

 

 

Tao Wang, Gang Chen, Yanping Wang, Xu Chen, and Guo-quan Lu. “Uniaxial ratcheting 

and fatigue behaviours of low-temperature sintered nano-scale silver paste at room and 

high temperatures.”  Elsevier (2010).  Print. 



Goal:  determine the viscoelastic properties of EA9696 

and FM300-2 and compare to a power law model. 
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Bulk adhesive coupons: 

• 8 layers of film adhesive 

• Sandwiched between two steel 

plates and vacuum bagged. 

• 1 x 6 x 0.068 in  



Test: 

28 
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EA9696 results: 

𝜎𝑡 = 6500 𝑝𝑠𝑖 
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EA9696 results: 
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Where does nonlinearity occur?  Compare with power law model. 

 

𝐶𝑟𝑒𝑒𝑝 𝐶𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒 = 𝐷 𝑡 =  𝐷0 + 𝐷1𝑡
𝑛 

 

Using 20% tensile strength strain, 
𝐷0 = 1/0.31 𝑀𝑠𝑖 

𝐷1 = 0.11 

𝑛 = 0.16 
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EA9696 results: 
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(Creep stress)/(Yield strength) [%] 
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EA9696 results: 



Goal:  Model ratchetting strain based on linear viscoelastic 

model. 

 

Stress is modeled as a triangular wave.   
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Strain is found from the convolution integral. 

𝜖 𝑡 =  𝐷(𝑡 − 𝜏)𝜎 (𝜏)
𝑡

−∞

𝑑𝜏 

 

𝐷 𝑡 = 𝐷0 + 𝐷1𝑡
𝑛 

 

Inputs: 
• Max stress, σ 

• Frequency, f 

• Cycle, N 

• Time, t 

𝜀 𝑡 = 2𝐷0𝜎𝑚𝑎𝑥 𝑁 − 𝑓𝑡 +
2𝐷1𝜎𝑚𝑎𝑥𝑓

𝑛 + 1
𝑡𝑛+1 +  2 𝑖 −1(𝑡 −

𝑖

2𝑓
)𝑛+1

2𝑁−1

𝑖=1
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Output: 

• Max strain at cycle 
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• Creep tests for 10,000s and 100,000s durations. 

• Creep tests for FM300-2. 

• Relaxation tests for EA9696 and FM300-2. 

• Ratchetting model based on viscoelastic properties. 



•

38 

Status: 12 neat resin, 8 WALS coupons made 



• An adhesive joint loses its strength and fatigue resistance when 

exposed to hostile environments. 

• We are interested in how toughness is affected by temperature and 

as a result fatigue resistance of adhesives.  

• Creep experiments have shown nonlinear  behavior  at 60% of 

ultimate strength.  Does it remain the same at elevated temperature? 

Temperature Effects on Adhesive Fatigue and 
Creep

39 
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Temperature -5°C 30°C 65°C 100°C 

EA 9696 25 WALS 25 WALS 25 WALS 25 WALS 

Temperature -5°C 30°C 65°C 100°C 

FM 300-2 25 WALS 25 WALS 25 WALS 25 WALS 

The experimental work for this project will involve placing wide area 

lap shear (WALS) joints in fatigue at different temperatures. 
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Adhesives 

EA 9696 

FM 300-2 

Duration 1000 sec 10000 sec 100000 sec 

20% of UTS 

40% of UTS 

60% of UTS 

80% of UTS 

 Also creep test of neat resin coupons at 70 °C/160F. 



Develop creep test method in the servo hydraulic load frame 

inside the environmental chamber. 
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