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PREFACE 

 

 

 

 Automotive industry is experiencing an important transformation from a heavy 

steel box to a combination of sheet metal, high strength low alloy, high strength steel, 

advanced high strength steel, ultra-high strength steel, Boron/Martensite, AL 5000/6000, 

aluminum/high strength aluminum, Mg and Carbon fiber reinforced plastic/composites. 

This change in basic materials will require advanced fastening technology in 

manufacturing process to provide quality connection in between different materials. 

Adhesive joint can provide such connectivity with low cost, easy applicability, continued 

structural support with reliability and longevity.  

 Testing and providing quality adhesive joints become crucial tasks in terms of 

fatigue data for certain adhesive material and configuration of the joint. The detection of 

adhesive failure and cycles is the main focus for the testing community and currently 

only a few methods can provide reliable results, but with high cost of testing equipment 

and components such as high-speed cameras and associated software.  

 The current study aims at the following criteria: low cost, easy to apply, reliable, 

scalable with less training in different regions around the world. This study took a 

different approach in utilizing an accelerometer with Fast Fourier Transform (FFT) 

process the time domain data and obtain frequency domain data, then transform into a 

new dimension for data analysis and obtain reliable results in identifying different stages 

of joint failure.    
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ABSTRACT 

 

 

 

AMPLITUDE METHOD TO DETECT DEBONDING FOR STACK BOND 

ADHESIVE 

 

by 

 

XIAOBAO HUANG 

 

 

Adviser:  Gary Barber, Ph.D. 

 

 

 A numerical method was developed to detect debonding (crack initiation) 

condition during fatigue testing of an adhesive joint with thin steel sheets in standard 

configurations of coach peel and lap shear specimens. The goal is to establish the 

relationship between the sample’s vibration behavior and initial failure condition, this 

relationship can be used to develop fatigue S-N curves for the adhesive under geometrical 

configurations of either coach peel or lap shear specimens. This method focuses on the 

continued monitoring of the specimen’s vibration status by transferring the wave form 

data (in time domain) to a Fast Fourier Transform (FFT) process and obtaining frequency 

and amplitude data (in the frequency domain), this data is then processed to identify the 

critical events such as debonding (crack initiation), crack propagation and total failure 

with associated cycle counts for each event. The amplitude output files were used to 

analyze the progression of different stages of failure for the samples under cyclic loads. 

Video analysis of failure modes was utilized to identify the different types of damage 

matching the cycle count based on time scale (frames) for each stage. ANSYS models 

were generated to provide supporting evidence in terms of change in natural frequencies 
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and amplitude due to change of internal stiffness of the specimens. Certain mode shapes 

were analyzed to gain confirmation of the relationship between mode shape, amplitude, 

and initial failure of the samples. 
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CHAPTER ONE 

INTRODUCTION 

 

 

 

Adhesively bonded joints have been applied in the automotive industry for the 

past few decades due to their advantages such as higher fatigue resistance, light weight, 

capability of joining dissimilar materials, good energy absorption and high torsional 

stiffness for overall body structure. They also provide an effective seal against noise and 

vibration with a low cost. There exists the challenge of defining the fatigue characteristics 

of adhesive joints under cyclic loading conditions and conventional methods have 

limitations in detecting the crack initiation of a bonded joint.  

1.1 Adhesive failure dections 

In order to fully understand the behavior of an adhesive under fatigue loading 

conditions, multiple methods [1] have been developed to predict the fatigue life of 

bonded joints such as: stress-life (S-N) method based on total strength to total life, strain-

life (Ꜫ-N) similar to strength-life but monitoring of the strain vs. cycles, continuum 

fracture mechanics based on the Paris Law (da/dN=C(∆K)m) where the right side of the 

equation can be different forms such as strain energy release rate, compliance form 

(displacement vs. load), stress-intensity factor and other variables. The process of 

adhesive joint failure for a pure shear (lap shear sample) can be described as: during the 

load transfer from one sheet to another, the adhesive layer continues to absorb energy (in 

the form of stress or strain) until a critical energy level is reached, 𝐺𝑡ℎ, then the bond 

starts to fail in the form of micro cracks developed inside the adhesive layer which is 
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commonly interpreted as crack initiation. The joint continues to transform external 

energy into deformation where crack length continues to grow (crack propagation) until 

the crack length reaches a critical length causing general failure due to de-stabilization of 

the joint. For the case of a coach peel sample, the debonding can occur before any 

internal crack initiated due to the pure tension load condition in some cases when the 

entire width of the specimen debonds and in other cases the initial crack occurred 

simultaneously with the debonding.  

The Cohesive zone model (CZM) [2] is widely used in describing fracture 

mechanics where fracture formation at the crack tip due to external force exceeds the 

cohesive traction (force). Under cyclic loading, the cracks will initiate at the point where 

external force (in general tension, shear or mixed) exceeds the material’s strength 

respectively and follows a straight line (simplified model) with the total displacement at 

the bottom of a triangle (formed by total displacement and total strength). As the cracks 

grow under each cycle of load, the accumulation of damage (propagation of cracks) on 

the adhesive causes gradual degradation of material properties which then leads to global 

yield and then the joint fails by cohesive failure in the adhesive. 

Jen and Ko [3] studied the effect of adhesive dimensions on the fatigue strength of 

adhesively bonded aluminum single lap joints (SLJ)s and found that the fatigue resistance 

decreased as the overlap length increased except for the specimens with an adhesive 

thickness of 0.5 mm. From finite element analysis (FEA), they concluded that the 

interfacial peeling stress (debonding) was the main driving force of the fatigue failure of 

the SLJ’s. Gao and Yue [4] performed a special bending fatigue experiment to investigate 

the fatigue behavior of polyethylene methacrylate in an adhesive assembly. From 
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experimental data and FEA, they derived a local stress law for predicting bending fatigue 

lifetime. Using curve fitting of the experimental data, they established a relationship 

between the maximum tensile stress and the number of cycles. 

Gomatam and Sankara [5,6] studied the effects of stress state and cyclic 

parameters, they found a significant effect of the stress state and cyclic waveform type on 

the fatigue strength of the joints. They also observed that lowering the cyclic load 

frequency reduced the fatigue life. 

1.2 Damage, Monitoring and failure 

Graner Solana et al. [7] used an elastoplastic damage model to predict the fatigue 

lifetime, which is similar to the Paris Law format. They carried out low cycle fatigue tests 

to determine the damage variable, D, as a function of the number of cycles. Damage was 

evaluated using the decrease in stress range during fatigue life cycles during a constant 

displacement amplitude test [8,9]. 

 Quaresimin and Ricotta [10] studied the evolution of life of the joint which was 

spent in the nucleation of one or more cracks. They found that the duration of the 

nucleation process was increased from 20% to 70% of the joint life. For crack 

monitoring, Zhang et al. [11] developed a back-face strain technique to detect fatigue 

crack initiation in SLJs. From experimental measurements, they found that fatigue crack 

initiation lives at different stresses compose a greater proportion of the total fatigue life as 

the stress decreased. Crocombe et al. [12] studied the fatigue damage evolution in 

adhesively bonded joints using the back-face strain technique. From the results of the 
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fatigue tests, they found that there was an initiation phase of about half the total fatigue 

life of the joint. 

Bernasconi A. et al. [13] studied adhesively bonded single lap joints using the 

Back-Face (BF) strain technique based on distributed strain sensing by Optical 

Backscatter Reflectometry (OBR) to monitor Fatigue Crack Growth (FCG) in adhesive 

joints between Carbon Fiber Reinforced Polymer (CFRP) adherends and compared their 

performance with micro computed tomography (μCT) observations. The study 

concluded that the available spatial resolution of the used OBR system limits the 

possibility of accurately defining the actual crack size for damage smaller than 2 mm. On 

the other hand, for sufficiently large damage (6–6.5 mm), this method was able to detect 

the size and monitor the actual dimension of the cracks with good accuracy. 

1.3 Crack related change in natural frequencies 

Barad, Rizos et al. [14,15] applied the frequency-based method to detect the 

change in natural frequency of a cantilever beam by embedding a notch as an artificial 

crack, modeling the crack point with a spring stiffness K, evaluating the natural 

frequency of modes, location of the crack and size of crack to determine the relationship 

between crack depth and changes in frequency. They found that the stiffness was reduced 

when crack depth increased. Khatir et al. [16] used changes in experimentally measured 

frequencies and particle swarm optimization to identify the crack in a beam-like 

structure. They observed that for a steel beam with 0.7 m length, cross section area 

0.0001 m2, Young’s modulus 200 GPa, post installed crack of 3 mm depth at cross 
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section (30% loss rigidity) the measured mode 3 natural frequency was decreased to 296 

Hz as compared to an undamaged section measurement of 307 Hz. 

1.4 Summary of current detection procedures 

Various methods were developed to predict fatigue life of a joint:   

 1- Paris law format which monitors change in crack length with stress intensity   

factor, or strain energy release rate during damage progression.    

 2- Cohesive zone method which monitors the plastic energy change with traction 

separation by the surface stress change from external force.    

 3- Back face strain gauge method by Sadeghi et al.[17] to monitor the elongation 

of a specimen to compare material property limits.      

 4- Digital image correlation (DIC) method by Sawada et al. [18] which uses high 

speed cameras to monitor adhesive edge movement and identify crack initiation by 

calculating the second derivative of wave form.      

 5- Frequency method which is used to verify the internal damage of a structural 

beam with an artificial crack by tracking the change in natural frequency due to change in 

stiffness.  

Among all methods above, except #4 (DIC) which can accurately identify the 

cycle at crack initiation, every method is based on linear elastic fracture mechanics which 

focuses on the post crack development or crack propagation. With the DIC method, 

multiple cameras are required from different angles to capture all edges of a specimen, 

the crack generally initiates from external stresses/strains. The limitation is that once the 
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first crack initiates inside the edge, the result may not be accurate.     

 The objective of the current study is based on #5 above (using the frequency 

method to detect the effect of an embedded crack in a beam) with improvements:  

A- No pre-embedded crack is required, so that the fatigue life from 𝑵𝒇𝟎 to 𝑵𝒇𝟏 

can be obtained.  

B- To process acceleration (wave form) data with FFT in real time, to record and 

evaluate changes in natural frequencies and associated amplitudes, analyze 

and identify the pattern change in terms of amplitude values in order to 

pinpoint the damage in different stages, along the loading cycle axis  

C- Enhance the testing process by monitoring sample’s internal change of 

stiffness and not rely on visual monitoring a sample from #4 above (detecting 

crack initiation only on outside edges). This is important for a joint with crack 

initiation or debonding not starts at the corners of the sample.  

This study will make it possible to detect fatigue life (in term of loading cycle 

count) of a specimen from uncracked to crack initiation (𝑵𝒇𝟏) without embedding an 

artificial crack and correctly identify the fatigue life. Further, this method can also 

determine the cycle counts at each stage of damage: crack initiation (or debonding), crack 

propagation (mostly involved in cohesive damage progression) and final failure 

(separateion of sample).  
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1.5 Amplitude monitoring concept 

The amplitudes associated with natural frequencies of an object during vibration 

are effect of  changes of internal stiffness. When adhesive between two steel sheets starts  

debonding (crack initiation), the assembly stiffness decrease and this will be reflected by 

change in certain natural frequencies and associated amplitudes. Monitoring or tracking 

the change in natural frequencies under a dynamic loading system can be difficult due to 

a non-linearity effect, where the grips of the loading machine slip (even with automatic 

compensation by the machine), the system becomes non-linear. A non-linear system is 

subjected to super harmonic and sub harmonic conditions where all system frequencies 

and natural frequencies will generate additional frequencies as 3f, 5f, 7f.... and 1/3f, 1/5f, 

1/7f… and the entire system becomes noisy with many system harmonics. Filtering out 

all the noise from the system is much harder and costly from a resource point of view. 

Compared to tracking of natural frequencies, tracking amplitudes can be relatively easier. 

 1- detect the debonding (crack initiation – adhesive failure) during cyclic loading 

of a sample and the crack propagation;       

 2- detect the cohesive damage, its propagation and the substrate material 

participation of load resistance (in bending);       

 3- final stage of damage with total failure identified as complete separation of a 

sample.          

 During each of the failure stages, the coresponding damage of each type was 

observed, and cycle counts for each damage were identified (by video analysis of failure 

progression of the sample) and subsequently by comparison between monotonic load-

displacement diagram and the amplitude-FFT Block diagram.   
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 Finite element analysis (FEA) models were generated to simulate the crack 

initiation and its effect on amplitude value change in different mode shapes and in each 

direction (in X, Y, Z axies) of vibration. Such FEA model simulation provided 

confirmation of spikes in value of amplitude in case of stiffness drop for the sample. 

MTS fatigue machine provided additional indication on each stage of failure by reaction 

load values vs. cycle count.   
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CHAPTER TWO 

THEORIES AND ANALYSIS MODELING 

 

 

 

2.1 Fundamentals and Theories (Newton’s second law) 

Newton’s second law describes the equation of motion for an undamped mass-

spring system as:  

                                                            𝐌ü + 𝐊𝐮 = F (1) 

where M and K are, respectively, the mass and stiffness matrices of the structure, 𝐮 is the 

nodal displacement vector, ü the nodal acceleration vector and F the nodal force vector. 

To determine the natural frequency, it is assumed that the system produces harmonic 

oscillations under free vibration, or F = 0. Thus,  

                                                                𝐮=𝐔𝑒𝑖𝜔𝑡                                          (2) 

where U is the amplitude of nodal displacement also called Eigen vector, i = √−1, 𝜔  the 

frequency of the harmonic function and t the time. Therefore, Eqn. (1) becomes: 

                                                        (−𝜔2𝐌+𝐊)𝐔𝑒𝑖𝜔𝑡=𝟎                                      (3) 

For a non-trivial solution for 𝐔 to exist, the determinant of the coefficient matrix 

must be zero. Thus, 

                                                              ‖𝐊−𝐌‖= 0                                                    (4) 
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where  = 𝜔2 ( is the Eigen value), and ‖. ‖ = det (. ) is the determinant of a matrix. It is 

called the characteristic equation and can be used to determine the vibration system's 

natural frequencies and subsequent modes. The relationship (4) indicates when stiffness 

matrix K changes due to internal damage, the change in  can be determined since M is 

constant. 

2.2 Fast Fourier Transform 

Fourier Transform is a mathematical transformation between a signal in time 

domain and a signal in frequency domain. Assuming a time domain function f(t) to be 

transformed by Fourier transformation, the forward transformation takes the format:  

                                                        𝑓(𝜉)=∫ 𝑓(𝑡)𝑒−2𝜋𝑖𝜉𝑡𝑑𝑡
∞

−∞
 (5) 

 

The 𝑓  is the transformed function in frequency domain; f(t) is the original time domain 

function;  ξ  is a real number.        

 Developed in 1965 by Cooley and Tukey, a Fast Fourier Transform (FFT) was 

proven to be more advanced in computing Discrete Fourier Transform (DFT) of a 

sequence or its inverse (IDFT). The DFT is obtained by decomposing a sequence of 

values into components of different frequencies. This operation is widely appplicable for 

its capability of obtaining output of specitrum data (in frequency domain) from wave 

from (time domain) data. FFT can perform fast transformations by factorizing the DFT 

matrix into a product of sparse (mostly zero) factors thus to reduce the complexity of 

computing the DFT from O(n2) to O(n log n) where n is the data size. 
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Let x0, ……, xn-1 be the complex numbers. The DFT is defined by the formula: 

𝑋𝑘 = ∑ 𝑥𝑚𝑒−
𝑖2𝜋𝑘𝑚

𝑛

𝑛−1

𝑚=0
  (6) 

k = 0, …, n-1,  

where 𝑒
𝑖2𝜋

𝑛  is a primitive n’th root of 1.     

 Evaluating this definition directly requires O(n2) operations: there are n outputs 

Xk, each requires a sum of n terms. An FFT can compute the same result in O(n log n) 

operations. Consider the count of complex multiplications and additions for n=4096 data 

points. DFT’s sums directly involves n2 complex multiplications and n(n-1) complex 

additions, from that the O(n) operation can be saved by eliminating trivial operations 

such as multiplications by 1, leaving about 30 million operations. Using Cooley-Tukey 

algorithm, for n with a power of 2, can compute the same result with only (n/2)log2(n) 

complex multiplications and n log2(n) complex additions in total of 30,000 operations 

realizing an overall improvement from O(n2) to O(n log2 n).  

2.3 Data transfer from time domain to frequency domain before crack initiation 

A typical solid block’s vibration wave form (in time domain) can be described as:  

F(t) = A cos (𝜔t) (7) 

After two consecutive derivitaves:  
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𝝏2F/𝝏t2= -A𝜔2 cos (𝜔t)                   (8)

𝝏2F/𝝏t2 is the acceleration (vector) by difination. This means that the acceleration vector 

is the same vector as positioning vector (in time domain) with a negative scaler. As input 

values (in time domain) feed into an accelerometer, thru FFT process, this time domain 

data is being processed to obtain spectrum data (in frequency domain). Therefore a direct 

link between an object’s vibration data and it’s spectrum output data is established.  

2.4 Data transfer from time domain to frequency domain after crack initiation  

A cracked block vibration wave form: Since the 𝜔 is a time dependant virable (𝜔 

(t)) due to the fact that Stiffness matrix K is changing during the damage process, the 

acceleration vector becomes: 

𝝏𝟐

𝝏𝒕𝟐
(𝐴 𝑐𝑜𝑠(𝜔(𝑡) ⋅ 𝑡)) = 𝐴((𝑡 𝜔′(𝑡) + 𝜔(𝑡))2(− 𝑐𝑜𝑠(𝑡 𝜔(𝑡))) − 𝑠𝑖𝑛 (𝑡 𝜔(𝑡))(𝑡 𝜔′′(𝑡) +

2𝜔′(𝑡))) (9) 

The new acceleration vector (9) as the input data for FFT process becomes much 

more complicated. The output spectrum plot’s noise level can get very high due to this 

input plus all system harmonics generated according to the non-linearity. 

2.5 Defining debonding, crack initiation and crack propagation 

There are multiple types of failure in an adhesive joint: 
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1. Adhesive failure, defined by the separation between the adhesive layer and the 

base metal surface. This happens when external force exceeds the bond strength 

between the metal surface and the adhesive layer. See Figure 1. 

 

Figure 1. A typical adhesive failure 

2. Cohesive failure, defined by the failure of adhesive layer, the crack splits the 

adhesive layer so both metal surfaces have left over adhesive material. This 

happens when external force exceeds the cohesive strength of the adhesive 

material, at the same time the bond strength between metal and adhesive is 

stronger than the cohesive strength. See Figure 2. 

 

Figure 2. A typical cohesive failure 
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3. Combination failure model with adhesive and cohesive failure at the same time, 

although it seems this failure occurs coincidantly, it is the author’s believe that 

theadhesive failure starts the general failure, the crack migrates into area where 

internal defect of adhesive and splits the adhesive layer causing the cohesive 

damage. See Figure 3. 

 

Figure 3. A combination (adhesive and cohesive) failure 

4. Substrate material failure where the base metal fails before any of the adhesive 

material starts failure, this topic is not the scope of current study. 

2.6 Damage analysis of CP sample under monotonic load condition 

The damage analysis of test samples for Coach Peel under monotonic loading 

condition can be useful in determining the type of failure at each stage of load-

displacement diagram.  
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Figure 4. Load-displacement diagram for coach peel sample 

As shown on Figure 4, the Coach Peel sample’s diagram can be divided into 4 

parts: 

0-A: An almost linear relation is observed as displacement increase with the load.  

At point A: the onset of peeling initiated (debonding). This is the beginning of the 

adhesive failure (debonding or crack initiation) as determined by visual observation. 

During this process the force dropped initially due to loss of system stiffness in terms of 

bonded area. Then the curve flattened indicated the pull apart steel sheets with continued 

increase in displacement. Material separation (crack propagation, steel sheet and adhesive 

debonding) continued to point B.                 

At point B:  the failure mode transitioned from adhesive failure to cohesive failure. This 

is the point the cohesive resistance combined with the steel sheet’s bending capacity were 
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in effect. During the cohesive failure the load value dropped significantly with almost no 

displacement. This is partially due to the moment arm of bending (the distance from the 

pulling point to the crack propagation point) continued increasing with constant force 

setting for the machine, and the remaining bonded area continued to shrink therefore with 

less resistance. Adhesive material separation with (crack propagation) combined with 

steel sheets’ deformation continued until point C.             

 At C: the adhesive separation (cohesive failure) continued. The combined cohesive 

resistance with the steel sheet bending worked together till point D where the sheets 

separated completely. From point C to D the force reduced linearly with displacement till 

reaching the machine preset limit.  

2.7 Damage analysis of LS sample under monotonic load condition 

For a typical Lap Shear sample, shown in Figure 5,  

 

Figure 5. A typical las shear sample load-displacement diagram 
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the load-displacement diagram has the following characteristics: 

0-A: The load and displacement curve followed a slight downward curve line 

indicating a strain softening to around 1mm displacement, then experienced strain 

hardening towards “A”.  

At A: The curve transitioned from concave to convex, indicating a change from strain 

hardening to strain softening; Material plasticity took effect after “A” as the shear stress 

increased until point “B”. 

At B: As the plastic deformation continued with increased load due to the increase of 

eccentricity e (see Figure 18), the edges of adhesive experienced combined stress of shear 

and moment, when this stress reached to a critical point (ec), the adhesive failure 

(debonding) started. This failure in adhesive quickly triggered the cohesive failure due to 

the loss of adhesive area to resist the external force. As the adhesive and cohesive failure 

occurred at almost the same time, the applied external stress exceeded the strength of the 

system, which is composed of combined adhesive and cohesive strength, the general 

failure occurs with the displacement curve dropping sharply with no displacement due to 

the machine preset load limit.  

Lap shear sample failure is always sudden with no warning except some 

permanent deformation due to bending at the corners which indicates adhesive (and 

cohesive) failure accumulation separately on opposite corners (never mixed).   

As shown in Figure 5, the non-linear elastic properties can be attributed to the study 

completed by Mihai et al [20] based on the material shear modulus (10) and Poison 

function (11) specified as:  

 𝜇(𝑎, 𝑘) =
𝜎12

𝑘𝑎2 10 
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𝑉(𝐻)(𝑎) = −
𝑙𝑛 𝜆(𝑎)

𝑙𝑛 𝑎
  11 

where 𝑎 >0 is the stretch parameter, k is the ratio per Figure 6, 𝜎12 is the shear stress in 

the cuboid, 𝜆(𝑎) is the principal stretch. The superscript (H) indicates the strain tensors 

defined as Hencky [21] method (logarithmic or true).  

Both shear modulus and Poinson functions contribute to the non-linearity of the system 

as they are functions of deformation 𝑎.  

 
Figure 6. Cuboid (a) deformed by simple shear superposed on axial stretch (b), 

showing the unit normal and tangent vectors on an inclined face. 

  

2.8 Finite Element Model (FEA) of CP and LS samples 

The impact on amplitude values by an internal crack in adhesive layer is shown 

on Table 1. The values in column 3, 4 and 7 corresponding to X, Y, Z of each mode are 

Directional Displacements (DD). They are relative values to describe the deformation 

shape (not in absolute dimensions). They can be defined as: when the sample is deformed 

into a particular mode shape and released, it will oscillate between the initial deformed 

shape and the negative of the initial deformed shape at a frequency ω which is the natural 

frequency.  Values in column 3 represent non cracked shape, values in column 4 are 
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results from an embedded crack in adhesive layer, it has a semi elliptical shape with 2 

mm in length. The values in column 7 are results from the crack length grew from 2 mm 

to 3 mm. The highlighted values in columns 6 and 9 are percentage increase of DD in Y 

direction for mode 3 and 6, indicating the effect of loss of stiffness due to the crack’s 

present.  

The Associated Finite Element Modeling with relative mode shapes are shown in 

Figure 7 and Figure 8. 

 

 

 

 

Table 1. Coach Peel Sample Directional Displacement Value Change by Crack’s 

Present and Growth 

 

Modes Direction No Crack Crack Embed 1 Up/Down % Change Crack Embed 2 Up/Down % Change

Mode 1 X 150.13000 151.71000 ↑ 1.05% 152.16000 ↑ 1.35%

Y 1.25410 1.25630 ↑ 0.18% 1.24990 ↓ -0.33%

Z 0.10841 0.10845 ↑ 0.04% 0.10771 ↑ -0.65%

Mode 2 X 195.83000 199.99000 ↑ 2.12% 200.36000 ↑ 2.31%

Y 1.68720 1.68470 ↓ -0.15% 1.66870 ↓ -1.10%

Z 265.88000 271.61000 ↑ 2.16% 271.70000 ↑ 2.19%

Mode 3 X 167.45000 168.58000 ↑ 0.67% 168.48000 ↓ 0.62%

Y 3.29260 163.18000 ↑ 4855.96% 163.50000 ↑ 4865.68%

Z 0.46689 0.46905 ↑ 0.46% 0.46970 ↓ 0.60%

Mode 4 X 187.43000 187.43000 - 0.00% 186.94000 ↓ -0.26%

Y 4.86430 4.76780 ↓ -1.98% 4.69130 ↓ -3.56%

Z 0.84219 0.83221 ↓ -1.19% 0.82421 ↓ -2.13%

Mode 5 X 152.54000 153.40000 ↑ 0.56% 151.76000 ↓ -0.51%

Y 286.38000 297.52000 ↑ 3.89% 299.82000 ↑ 4.69%

Z 0.83212 0.84798 ↑ 1.91% 0.83705 ↓ 0.59%

Mode 6 X 304.26000 303.96000 ↓ -0.10% 303.27000 ↓ -0.33%

Y 40.86800 48.33200 ↑ 18.26% 50.70500 ↑ 24.07%

Z 11.32000 11.62600 ↑ 2.70% 11.78200 ↑ 4.08%
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Figure 7. Coach peel sample mode 3 with crack in adhesive layer 

 

 

 

 

Figure 8. Coach peel sample mode 6 with crack in adhesive layer 

 

Evaluation of Table 1 values (for CP) yields following observations:  

1. When an artificial crack is embedded in the adhesive layer, with the increase of 

size of the crack from 0 to 2 mm, a progressive movement of directional 

displacement values for each mode can be observed. Depending on the load 



21 

direction and mode shape, the damage by the present of a crack can cause 

directional displacement values to change (up or down). 

2. The large values change occurred where the external load direction matches the 

direction of the most damaging mode shape by the crack. As shown in Table 1 

and Figure 9, mode 3 in Y direction produced the directional displacement value 

increased by 4856%.  

3. Value changes in other directions under each mode tend to be in low percentage 

and stayed that way with increasing of crack length, never mixed (switch sign). 

For Lap Shear sample, FEA model revealed similar results shown in Table 2, Figure 9. 

 

 

 

Table 2. Lap Shear Sample Directional Displacement Value Change by crack’s 

Present 

 

Modes Direction No Crack Crack EmbedUp/Down % Change

Mode 1 X 1.4922 1.4922 - 0.00%

Y 0.0198 0.01981 ↑ 0.05%

Z 0.00227 0.00227 - 0.22%

Mode 2 X 2.5211 2.5207 ↓ -0.02%

Y 0.04831 0.04834 ↑ 0.06%

Z 0.17549 0.17525 ↓ -0.14%

Mode 3 X 1.8077 1.8081 ↑ 0.02%

Y 0.08925 0.08924 ↓ -0.01%

Z 0.01325 0.01325 - 0.02%

Mode 4 X 1.9664 1.9669 ↑ 0.03%

Y 0.06967 0.06969 ↑ 0.03%

Z 0.01669 0.01667 ↓ -0.10%

Mode 5 X 3.1054 3.1066 ↑ 0.04%

Y 0.09807 0.09806 ↓ -0.01%

Z 0.0761 0.11246 ↑ 47.77%

Mode 6 X 3.0255 3.0263 ↑ 0.03%

Y 0.12067 0.12069 ↑ 0.02%

Z 0.12312 0.12318 ↑ 0.05%
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Figure 9. Las shear sample mode 5 

 

 

Evaluation of Table 2 and Figure 8 with the following observations derived: 

1. The present of a crack in adhesive will make directional displacement values in 

different mode and direction change. 

2. The largest value change coincides with the most damaging shape in the same 

effect by the external force, in this case the twist of the sample causing the 

bending at the end of adhesive (edge) where the sample tends to split. The change 

in value is the highest percentage (47%) compared to all other value changes. 

3. The values change in other mode and direction tend to be in low percentage and 

stay that way.  

Discussion 

The mode shape corresponds to external force with maximum damage to the 

sample due to embedded crack will have the stiffness value decrease due to loss of 
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resistance area. Transversely, the stiffness seen increases due to the gap being generated 

between material blocks, the moment of inertia increases due to the gap’s expansion.  

For the directional displacement values change in the FEA models under Coach Peel 

sample, the increase in value corresponding to certain mode in the direction of external 

force can be explained as the increase damage would reduce the stiffness for the internal 

structure, there will be less material participate in load resistance activity therefore the 

displacement increases. As for Lap Shear sample joint, the mode shape corresponding to 

the maximum damage due to the crack present would generate a large increase in 

directional displacement values, as shown in Figure 8 where the bending of the joint per 

mode shape and the direction of “Z” would be the most damaging orientation.  

FEA modeling as a convenient tool (for simulation) can help in visualizing the change in 

values of directional displacement in X, Y and Z directions within each mode due to a 

crack’s present. The reason to select this metric for damage monitoring is that the model 

of a specimen consists of a few thousands of elements with each element consisting of 8 

corners (for rectangular element) and 24 degrees of freedom for each (18 for triangle 

elements). The stiffness matrix will contain a total number in tens of thousands of items 

squared values (n2). It is hard to evaluate this massive numbers and track the changes of 

each. Similarly, Eigenvector will be in the tens of thousands (n by 1 matrix) numbers and 

still very hard to track and evaluate. The peak value change for directional displacement 

presents a feasible option in evaluating the effect of internal damage by comparing the 

pre-crack and post-crack top values change, such as Table-1 and 2.  
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2.9 Summary 

Based on the fundamental theories and data transformations between time domain 

and frequency domain, the intrinsic relationship among the stiffness, vibration amplitude 

corresponding to external force and internal damage can be seen as a tool to develop a 

damage detection mechanism. Utilizing this relationship can be beneficial for engineering 

of the joint design with S-N curve development and potentially other applications such as 

continued monitoring the vibration status for critical components. The fact that most of 

the amplitude values movement are small in percentage with only one to be extremely 

high, makes the detection of the spike possible and to be a reliable metric for this 

application.  
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CHAPTER THREE 

EXPERIMENT AND TESTING 

 

 

 

3.1 Load test specimen configuration for Coach Peel and Lap Shear 

The sample test specimen configuration and geometries are shown in Figure 10. 

The adherent material is DP590 bare steel sheet with thickness of 1.1 mm. The thickness 

of adhesive is 0.2 mm per production requirement.  

 

Figure 10. Geometries of testing samples 

 

 

3.2 Adhesive material properties 

The adhesive material is manufactured by Henkel® Adhesive Technologies, type: 

TS-5089 with stress-strain curve shown on Figure 10. The detailed material specification 

is shown in Table 3. The application of adhesive is in room temperature, the curing 

process is 170o C for 25 minutes oven baking.  



26 

 

Figure 11. Adhesive stress-strain curve by Henkel® 

 

 

 

Table 3. Adhesive material properties by Henkel® 

 

(Typical Test Results)

Uncured

Color Purple

Density Approx. 1.2 g/cm³

Consistency pasty Consistency pasty

Solids > 99 %

Viscosity (DIN 54458) 250 Pa. s

Equipment Plate/Plate 25 mm Ø

Temperature 45 °C

Deformation 10%

Frequency 10 Hz

Cured (25 min, at 175 °C)

Material Data:

E-Modulus 1.6 GPa

Tensile strength 35 MPa

Elongation at break 10%

Poisson rate 0.4

Shear strength (DIN EN 1465) > 20 MPa

Layer thickness 0.2 mm

Bonding area 25 x 10 mm

Substrate HDG/EGS 0.75 mm
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Table 3. - Continued 

 

 

 

3.3 Fatigue test equipment (MTS) and test control parameters 

For load test equipment, the MTS 858 vibration tabletop system was used. 

Equipped with 647 Hydraulic wedge grips, this loading system has a load range of 0.3 kN 

~ 20.0 kN force with mean value of 0.3~10.0 kN sinusoidal waves and applied frequency 

range of 1~6 Hz. For the current study the sinusoidal wave is regular shape with load 

control (constant load value) setting. Figure 12 shows the testing samples set up and 

Figure 13 shows the control panel screen for testing parameters. 

 

 

 

 

Figure 12. MTS 858 Tabletop System, Coach Peel and Lap Shear Samples Set Up 

Impact-Peel > 25 N/mm

Salt spray test No loss of adhesion

(35°C, salt solution 5%, 1,000 hours) No corrosion

In service temperature range -40 to 90 °C
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Figure 13. Control Screen of MTS 858 Vibration System 

 

 

 

3.4 Data acquisition hardware 

Shown in Figure 13, the system includes a PC with Windows 10 Pro OS; The data 

acquisition box is Digital ICP® Signal Conditioner Model 485B39 manufactured by The 

Modal Shop; The accelerometer is manufactured by PCB Piezotronics, model 352A24. 

 

 

 

 

Figure 14. Data Acquisition System 



29 

3.5 Fast Fourier Transform Software (Data processing) 

Modified MATLAB software: The FFT execution is accomplished by using a 

modified MATLAB code for signal processing. The original MATLAB code was part of 

a signal processing software (open source), it was modified to allow for amplitude data 

and FFT blocks to be exported for analysis. The modification of the existing MATLAB 

code includes:  

1. Obtain peak value identification for amplitude associated with each frequency 

values per FFT block.  

2. Forming a new dimension based on top 10 amplitude values and FFT blocks. 

3. Export amplitude and FFT block values for posttest analysis. 

3.6 Signal Sampling Theorem and Conversion Factors 

In order to perform FFT the data transfer parameters need to be set up to conform 

to the Fourier analysis format. This includes: the data block size defined as Discrete 

Fourier Transform. It ranges from 64 = 26 to 32,768=215, and currently set as 2048 (=210) 

meaning each block will contain 2048 bits of discrete data points; The sampling 

frequency Sf is defined as how fast the software reads (retrieves) the discrete points of 

data within a block.  It is currently set to be 8000 Hz in the range of (8000, 11025, 16000, 

22050, 32000, 44100, 48000) Hz. The overlap size, defined as overlapping portion of the 

data block to the next block of data, is currently set as 25%. This will smooth the ends of 

each block data to have a continuous curve for the output spectrum plot. The conversion 

factor is determined by the relationship of the block size, sampling frequency and 

external force frequency. The tables of conversion factors under each scenario are shown 

in Table 4.  
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Table 4. FFT Block and Loading Cycle Conversion Table 

 
 

Description of Table 4: The applied loading frequency (Hz) is the setting by the 

manufacturer for analyzing the joint assembly with designated frequency, in current 

study, it is 6 Hz. The size of the FFT block is set as 2048, sampling rate is set at 8000 Hz, 

thus the conversion factor between the FFT block and the machine running cycle is 

1.536. As the size of the block increases, the conversion factor increases, which means 

the output resolution is becoming coarse. One the other hand, if the sampling rate is 

higher, for example 11025, the conversion rate is 1.114558 which means the resolution is 

higher than 1.536 which is the current value. It was found that when keeping the 

conversion factor between 1~2 the results are satisfactory.  

 

 

Applied loading Frequency(Hz) 6

FFT block size (N) 2^11 2048 2048 2048 2048

Data sampling rate Sf(Hz) 8000 11025 16000 22050

Td=N/Sf 0.256 0.18576 0.128 0.09288

Loading frequency(Hz) 6 6 6 6

FFT block to cycles 1.536 1.114558 0.768 0.557279

FFT block size (N) 2^12 4096 4096 4096 4096

Data sampling rate Sf(Hz) 8000 11025 16000 22050

Td=N/Sf 0.512 0.371519 0.256 0.18576

Loading frequency(Hz) 6 6 6 6

FFT block to cycles 3.072 2.229116 1.536 1.114558

FFT block size (N) 2^13 8192 8192 8192 8192

Data sampling rate Sf(Hz) 8000 11025 16000 22050

Td=N/Sf 1.024 0.743039 0.512 0.371519

Loading frequency(Hz) 6 6 6 6

FFT block to cycles 6.144 4.458231 3.072 2.229116
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3.7 Data Processing in Amplitude-FFT Block Space 

During the continued data processing from time domain to frequency domain, the 

output of the frequency-amplitude plot can be observed as another input data for 

amplitude value study. The reason: monitoring and analyzing the frequency change due 

to a loaded sample’s internal damage is difficult as described 2.4.  When they system has 

a high noise level, multiple frequency values were generated by the non-linearity and 

tracking of these values is not productive in terms of identifying the crack initiation and 

different types of damage. This study observed that if the top 10 amplitude values 

associated with each frequency values generated by the system could be tracked and 

analyzed in a new dimension formed by Amplitude and FFT Blocks, there is a good 

correlation between the movement of the Amplitude-FFT Block space and the actual 

damage of the sample. This observation was also based on the results of video analysis 

during the sample’s destructive test. (See Section 4.9). 

3.8 Numerical data processing procedures 

The below steps were developed to process the data from FFT (MATLAB) and 

obtain the new data plot for further analysis for the impact of the sample damage: 

1. Obtain peak (top 10) values of amplitude associated with each frequency per FFT 

block.  

2. Obtain the maximum value of each 10 values per FFT block. See Figure 15. 

3. In the array formed by the FFT block and the amplitude values (from 2 above), 

split the amplitude value column into maximum and minimum values columns. 

See Figure 16. 
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4. Plot the maximum and minimum values (y-axis data) in the FFT block domain (x-

axis). See Figure 17. 

5. If the plot needs more resolution, repeat process 3 and 4 until the desired 

resolution is obtained. 

 

 

 

 

Figure 15. Numerical Procedure of Amplitude Data Analysis 
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Figure 16. Numerical Procedure for Amplitude Data Analysis (Continue) 

 

 

 

Figure 17. A completed Amplitude-FFT Block Diagram after 2 iterations of 

eliminating middle values (noise) 
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These steps will ensure the system noise is filtered out. The amplitude values from this 

process will be the maximum value per each FFT block and will capture the spike of 

movement of amplitude during the cyclic loading process. 

3.9 Characteristics of the Amplitude-FFT Block Diagram (CP) 

For CP samples, refer to Figure 16, a typical amplitude-FFT block diagram 

presents information about a sample’s vibration status vs. FFT block (equivalent to 

timeline, or cycle line). The maximum value curve is positioned on top, and the minimum 

value curve is at the bottom. The end of the curves representing the failure point where 

the sample is completely separated is designated as “D”. The horizontal axis represents 

the FFT Blocks which is equivalent to time and cycles. From the left end, the top and 

bottom curves are initially horizontal with a slightly convergence towards the point “A” 

where a “bottleneck” is formed. Once the curves pass point “A”, they diverge and move 

away from each other. The top curve continues to move higher to point “B”. With a little 

hesitation, the top curve moves higher to “C” and drops down to a higher-low point then 

increases to a much higher point “D”.  These characteristics were found in every coach 

peel sample diagram. The exact physical meaning of the points “A” to “D” are the focus 

for this study in Chapter 4. Although the shape and form are slightly different for each 

individual sample, they all have similar format which will be analyzed against the 

monotonic load-displacement diagram and the video analysis for further interpretation. 

3.10 Characteristics of the Amplitude-FFT block Diagram (LS) 

For LS samples, shown in Figure 17, the amplitude-FFT block diagram presents a 

different set of characteristics:  
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Figure 18. Lap Shear sample amplitude FFT block diagram 

 

 

 

Beginning from the left, the top and bottom amplitude curves are initially constant 

versus FFT blocks, then the top curve decreases slightly representing the effect of strain 

hardening of the sample. The top line turns slightly downwards to form a “bottleneck” 

with the bottom curve at point “A”. This can be explained as the adhesive material being 

plastically deformed so the amplitude value drops. After passing “A” the top curve moves 

higher to point “B” indicating the debonding occurred causing the slight rise in 

amplitude, see Figure 18. Right at the point “B”, the top curve turns vertical to the high 

point “C” which represents the sudden failure of the sample (complete separation). All 

lap shear samples tested possess a similar format and the mechanical interpretations will 

be studied in Chapter 4 where comparison to the monotonic load-displacement diagram 

will be part of the tool to develop full understanding of this configuration. 
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Figure 19. Typical Lap Shear Sample Failure Mode 

 

 

 

 

3.11 Summary and Discussion 

Fatigue testing involves a detailed planning process, design of testing samples, 

configuration of testing procedures, samples making and execution of the testing. Video 

recording and analysis is part of the process. In this study, the videos were taken by an 

iPhone-XSR. Microsoft Excel was used for post test data analysis. MATLAB was used 

for executing FFT and graph plotting. The reason that the top 10 amplitude values were 

selected to perform data analysis was to eliminate the noise in the output file after FFT, at 

the same time to retain enough spikes of amplitude values during the damage process. An 

arbitrary value of 10 was used to cover at least 6 fundamental mode shapes’ movement in 

3 directions (X, Y and Z). For most cases, only certain mode shapes could produce the 

most damage and matching loading direction, the combination of the result would 

generate maximum spikes, the set up for 10 values yielded good results for the samples 

tested.  
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CHAPTER FOUR 

ANALYSIS OF TEST DATA AND RESULTS ANALYSIS 

 

 

 

4.1 Analysis for CP samples 

In order to fully understand the CP joint behavior, the monotonic load-

displacement diagram was used to compare with cyclic loading cases. When placing the 

amplitude-FFT diagram and the load-displacement diagram side by side, (Figure 4 and 

Figure 17), a one-to-one mapping can be drawn to understand the progression of each 

phase of damage. The fatigue testing set up specified “load control” as the testing 

parameter. As shown in Figure 20 the effect of this set up is not a true constant load as 

increase of the moment arm occurs due to crack propagation. 

 

 

 

Figure 20. Increased Moment Arm for CP Joint 
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Figure 21. Bent Sheets for the Final Stage of Pull Test 

 

 

 

 

4.2 Comparison of cyclic load and monotonic load for CP sample 

A detailed list of comparison points between monotonic and cyclic loading is 

listed in Table 5. 

 

 

 

Table 5. CP joint failure points comparison between monotonic and cyclic load 

 

0-A

Almost elastic curve, slightly 

strain softening 0-A

Amplitude curve flat and slightly 

downward trend, coinside with 

strain softening curve

A-B
Adhesive failure, displacement 

increase, load drop
A-B

Debonding occurred, crack 

initiated, amplitude climb

B-C

Cohesive failure started, 

reaction force dropped with 

small increase in displacement

B-C

Crack propagation, adhesive 

material separation, amplitude 

increase on a fast pace

C-D

Cohesive failure quickly spread 

to entire bonded area, 

displacement increase, sample 

completely failed (separation)

C-D

Internal damage area increased, 

amplitude shoot up to new high

Coach Peel Sample Load-Failure Comparison

Monotonic Loading Cyclic Loading
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Correlation between the monotonic loading and cyclic loading (CP) was found to 

be:   

0-A: As loading increases, the adhesive layer starts experiencing stretching, with 

resulting strain softening, see Figure 4. 

A-B: At point A, the tension stress becomes larger than the adhesive strength and crack 

initiation occurs. For the monotonic loading case, the overall strength becomes less due 

to reduced area of adhesive in the sample. For the cyclic loading case, the amplitude 

starts increasing due to loss of stiffness, as a result, a ramp up of amplitude can be seen 

on the graph (Figure 16). This action continues till the end where adhesive resistance 

becomes zero, the stress from the load is transferred to cohesive resistance, as can be seen 

there is a small delay at point B.  

B-C: For the monotonic load case, the full load is resisted by cohesive strength at this 

point. As the load increases, the displacement does not increase due to weaker cohesive 

strength compared to the adhesive strength and the load value drops. In the amplitude 

graph, as cohesive strength takes over, the cyclic load results in less cohesive resistance 

due to loss in area, stiffness drops and amplitude increases. Since the cyclic loading is 

force controlled, as more cycles occur, there is less area remaining thus stiffness 

decreases. The amplitude increases up to point C. 

C-D: In the monotonic graph (Figure 4) as cohesive resistance becomes diminished, the 

displacement increases, and load starts to level off. At the same time, the steel sheet 

bending capacity starts to increase as part of the remaining resistance. For the amplitude 

graph (Figure 16), as the amplitude graph increases to point C, as less cohesive resistance 

remains due to stiffness loss, the system starts relying on the bending capacity of the steel 
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sheet where the decrease after point C can be an indication of such resistance which 

resists the increase in vibration amplitude. As the steel sheets’ bending capacity continues 

to resist external force, the amplitude curve drops to the minimum value after point C. At 

this point, the two sheets are separated due to the bending resistance being completely 

exhausted, and the vibration amplitude drastically increases following an almost vertical 

line, as free vibration occurs. Figure 20 shows the bending sheets condition, the curvature 

of bending becomes more rounded after a certain height where cohesive strength declines 

and can no longer resist the pulling force. 

4.3 Load test data analysis for LS samples 

For Lap Shear samples, a one-on-one mapping of each failure point is related to 

Figure 5 (monotonic load-displacement diagram) and Figure 17 (cyclic amplitude-FFT 

block diagram). The failure of the LS samples can be described as a polarized action at 

the adhesive area, one end failed by adhesive failure and the other end failed by cohesive 

failure as shown in Figure 22.  

 

 

 

Figure 22. Failure mode for typical LS sample 
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Figure 23 shows the progression deformation of LS samples under increased 

loading. As the load increases, the eccentricity between the loading center line and the 

adhesive edge increases, this moment of P*e combined with shear stress will continue 

increase with the external load (P-constant) and increasing eccentricity “e” until the 

combined stress at each free end of the adhesive joint exceeds the adhesive bonding 

capacity (when “e” reaches “ec”). The joint fails with the adhesive failure followed by 

cohesive failure. The total failure occurs in a very short time with a sudden separation of 

the metal sheets. As the result of plate end moment, there are sign of end (corner) 

deformation due to bending condition.  

 

 

 

Figure 23. LS Sample Debonding Progression Under Tension Load 
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4.4 Comparison of cyclic load and monotonic load for LS Sample 

A detailed list of comparison points of monotonic load versus cyclic load is listed 

in Table 6. 

 

 

 

Table 6. Comparison of failure point for LS sample 

 

 

 

 

Correlation between the monotonic loading and cyclic loading (LS): 

Refer to Figure 18 (amplitude-FFT) and Figure 5 (Monotonic LS) for the following 

descriptions. 

0-A: As loading increases, the adhesive layer starts experiencing increased shear stress. 

A-B: At point A, the shear stress starts causing large deformation and adhesive 

debonding starts to increase. At this point more cyclic loading caused more area damage 

0-A

Almost elastic curve, slightly 

strain softening followed by 

strain hardening due to rising 

curve

0-A

Amplitude curve flat and slightly 

downward trend, coinside with 

strain softening curve to the point A 

then slightly rise up indicates strain 

hardening phase

A-B

Adhesive damage accumulative 

phase for adhesive and cohesive 

failures
A-B

As damage in adhesive and 

cohesive accumulation, internal 

stiffness reduce and amplitude 

increase

B

Both adhesive and cohesive 

damage and propagation 

complete, remaining adhesive 

area drop to the breaking point 

the sample failed suddenly

B

Crack (adhesive and cohesive) 

propagation, increased damage 

area causing stiffness drop to the 

critical point. Amplitude value 

turns up

B-C

General failure occurred, no 

displacement, force drop, 

sample separated

B-C

Internal damage causing sample 

separation, free vibration occurred 

with amplitude shoot up

Lap Shear Sample Load-Failure Comparison

Monotonic Loading Cyclic Loading
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(adhesive) and at some point, between A-B, the cohesive damage started accumulating. 

For the cyclic loading case, the increase of damage causes stiffness to drop and amplitude 

to increase.  

B: The accumulated area of damage (both adhesive and cohesive) increased to the critical 

point where the balance of internal resistance and external force was out of balance and 

the sample failed suddenly.  

B-C: The sample failed with separation, no displacement and the force dropped. For the 

amplitude graph, the complete separation causes free vibration and the amplitude rapidly 

increased. One notable observation: the corner of the cohesive failure experienced some 

rotation of the sheet which indicates a large enough force to cause the sheet to bend. Lap 

shear failures are separated by an adhesive failure side (corner) and cohesive failure side 

(corner), they never occurred in the same side as shown in Figure 22. 

4.5 Correlation to Displacement-Cycle Plot for CP sample 

Based on the FFT block conversion factor to cycle count relation described in 

Chapter 3.6, the following detailed analysis demonstrates one real sample’s cycle count 

for each damage (failure) mode. Refer to displacement-cycle diagram (Figure 24) and 

amplitude-FFT diagram (Figure 17). 
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Figure 24. Displacement-cycle diagram (MTS) 

 

 

 

Since the starting point of the FFT can be different than the MTS loading system, 

the way to match the block number of debonding to the machine cycle is to line up the 

failure point and count backwards. As shown in Figure 17 for a coach peel sample test, 

the sequence of events from 0 to A, B, C and D are marked with executed FFT blocks. 

The end point of the FFT block is 4087 at point D. The crack initiation point A is at block 

3706. Table 3 shows the comparison of each stage sequentially corresponding to each 

point between Figure 23 and Figure 18.  It can be seen that the amplitude curve divergent 

point (the change in slope from negative to positive) is at point A. Point B indicated crack 

propagation and initiation of cohesive failure, this event was accompanied with the slope 

change to a steeper angle. From this point till C the amplitude curve increased steeply 

with a few FFT blocks indicating an accelerated internal damage.  From point C to D the 
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sample experienced further crack propagation with cohesive failure, adhesive separation, 

amplitude (and displacement) increased at a higher rate with reduction of adhesive 

attachment for each added loading cycle until total sample separation.  

Calculation of cycles and FFT blocks:  

D-C=4087-4025=62 blocks x 1.536 = 95 cycles 

C-B=4025-3945=80 blocks x 1.536 = 123 cycles 

B-A=3945-3706=239 blocks x 1.536 = 367 cycles  

Total cycles between debonding and total separation: 585 cycles 

The number of cycles when debonding occurred was 5760 (point A). The 

calculated points at B and C are accurately located where the slope of the displacement 

curve changed indicating a different internal damage type.  From A to B, crack initiation 

(adhesive failure) occurred, and propagation progressed. From B to C, cohesive failure 

began, and propagation progressed until total sample separation at point D. 

After placing all the cycle count points (from A to D) above into Figure 24, each of the 

points representing a turning point in the displacement-cycle diagram, meaning that the 

slope at each point changed due to a different failure mode.  

4.6 Correlation to Reaction Force-Cycle Plot for CP sample 

Obtaining MTS gripper force data is part of the post data analysis process. This 

information can be helpful to confirm the type of damage throughout the sample testing 

process. See Figure 25. 
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Figure 25. MTS reaction force vs cycle count (CP) 

 

The MTS sensor for reaction on the sample is plotted with separation of 

maximum and minimum reaction values. The critical points A, B, C and D are mapped 

out according to the cycle counts based on Figure 25.  

A-B: A near flat line or gradual descending line indicates the force on the sample was 

decreasing after debonding (adhesive failure started).  

B-C: In this area cohesive failure initiated and propagated with a steeper slope at point C.  

C-D: The sample lost most of the adhesive resistance due to cohesive failure, the steel 

sheets bending capacity decreased and the increased internal damage caused the reaction 

force to drop significantly. At point D, the sample was completely separated. This 

reaction diagram fits the concept for an object with an internal damage, the reaction force 
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from MTS sensor applied to it becomes less as the stiffness reduces and the displacement 

increases. 

4.7 Correlation to Displacement-Cycle Plot for LS Sample 

Refer to Figure 26 and Figure 18 for the following descriptions related to cycle 

count: 

 

 

 

 

Figure 26. Lap shear sample displacement-cycle plot 

 

 

 

Failure block: 5337 at 8266 cycle per MTS data, points B and C 

Debonding block: 4305 at point A 

Difference: 1032 x 1.536 =1585 cycles between debonding and failure 

Debonding cycle: 8266-1585=6681 
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At point A of Figure 23, the debonding cycle is at 6681 which is the point where crack 

initiation with debonding and a combination of adhesive and cohesive failure began. The 

slope of A-B is slightly positive during the damage accumulation phase. 

4.8 Correlation to Reaction Force-Cycle Plot for LS Sample 

Figure 27 shows the sample reaction force (at griper) vs. cycle count curve. From 

point A to B the force is constant. Near point B the force dropped vertically indicating 

that sudden failure is the typical failure mode for a lap shear sample. 

 

 

 

Figure 27. MTS reaction force vs. cycle plot (LS) 

 

 

4.9 Video analysis of sample destructive test and collaboration on data plot 

Study of video captured during destructive test for CP samples is part of the 

process to identify and confirm the debonding and other failure modes. A detailed frame 

by frame analysis for the sample’s video is presented here with Table 7 showing each 
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critical stage with time scale and corresponding cycle. Figure 24-27 show the captured 

image at each failure stage with time scale indicated. 

 

 

 

Table 7. Video collaboration with experimental observation 

 

 

 

 

 

 

Figure 28. Sample CP stage 0-A (time mark 1:36) 

 

Figure 28 shows the debonding block A and corresponding time in Table 7. 
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Figure 29. Sample CP stage A-B (time mark 4:08) 

 

 

 

Figure 29 shows the adhesive failure at block B and time. 

 

 

 

 

Figure 30. Sample CP stage B-C (time mark 5:24) 

 

 

 

Figure 30 shows the sample cohesive failure at block C and time. 

 

 

 



51 

 

Figure 31. Sample CP stage B-C (time mark 5:30) 

 

 

Figure 31 shows the sample separation at block D and time. 

Due to the sudden failure of lap shear samples, the damage occurred so quickly 

that frame by frame video does not result in any clear damage stages. 

4.10 Repeatability of current method 

The current method is based on the intrinsic relationship between stiffness 

reduction (internal damage) and vibration amplitude (move higher when debonding 

occurred). There are external factors that can impact the quality of the test results 

(amplitude-FFT block diagrams). These factors are:  

1. Geometric differences of one sample to the next one, the bend curve and radius of 

coach peel samples at stem. The symmetry of the two pieces and how they 

bonded together before the baking process. 

2.  Application of the adhesive, the thickness and uniformity of the adhesive layer 

can be a big unknown, especially at the corners, the consistency of thickness, 

there are no two pieces are made equal. 
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3. Assembly overall alignment: either coach peel or lap shear samples will need to 

be made as perfect as possible when joining.  

With all quality measurements of above being satisfactory, the amplitude-FFT 

block diagrams shall all be looked consistent within each loading case. However, the 

diagrams obtained so far with more than 90 pieces tested, there are a lot of variations 

from one graph to another. This can be attributed to the quality of consistency problem. 

One way to resolve the problem is to calculate the standard deviation based on the 

variables (in terms of cycles to failure at each loading case).       

4.11 Statistical data analysis for CP and LS results 

Figure 32 shows the Boxchart for CP samples where more than 50% of samples 

cycle counts fall in between the 1st and 2nd quartile with no outliers for all the samples 

tested with 7 loading cases. 

 

Figure 32. Boxchart for CP samples cycle range with loading cases 
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Figure 33 shows the Boxchart for LS samples with loading cases from 8kN~18kN. 

 

Figure 33. Boxchart for LS samples with loading cases 8kN~18kN 

 

4.12 Summary and Discussion 

In this study, coach peel and lap shear samples were tested with valuable data 

collected. It was found that for CP samples, the higher the load, the more elongation the 

amplitude diagrams were. This may be attributed to the fact that amplitude is directly 

related to the amount of force applied, therefore some distortions of amplitude-FFT plot 

result. One the other hand, amplitude plots with higher loads showed more details at 

certain damage stages (point B, C) which make the diagram easier to read. For the low 

curve (bottom curve) in an amplitude-FFT plot, sometimes the result from 2 consecutive 

data processing won’t produce clear result as expected. In such cases, more data 
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processing may be needed, or a scale factor (5-10 depending on scale) can be applied to 

derive a visible configuration, as indicated as “bottleneck”.  
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CHAPTER FIVE 

CONCLUSIONS 

 

 

 

The results from this study validated the fundamental relationship among 

stiffness, natural frequencies and associated amplitudes of an adhesive bonded joint. 

More importantly, debonding can be detected as long as the specimen’s loading 

conditions fit the LEFM (linear elastic fracture mechanics) domain. Some specific 

conclusions are: 

1. It is possible to detect debonding using amplitudes monitoring mechanisms and 

detect at what number of cycles the debonding occurs based on post test data 

processing results. 

2. Strong correlations can be drawn with coach peel samples, in the amplitude curve 

for each stage of damage that matches the same damage in monotonic load – 

displacement, displacement - cycles and reaction - cycle curves.   

3. Coach peel samples non-linear elastic characteristic (with gradual reduction of 

stress-strain curve between 0 and A) can provide more assistance than lap shear 

samples in identifying each critical point on an amplitude curve due to the nature 

of tension peeling effect. 

4. In general, natural frequencies decrease in an object due to loss of stiffness in the 

direction of applied force. In the transverse direction, the natural frequencies may 

increase due to the gaps in between the cracked blocks. Amplitudes increase due 

to internal stiffness loss. In most cases, the increase in the amplitude will 

overwhelm the decrease of amplitude in different mode shapes, thus it can be used 
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as an indicator for damage analysis. When the separated amplitude curves’ slope 

changes sharply at each critical point, this can be a good indicator to identify the 

debonding or a new status of damage such as adhesive failure transitioning to 

cohesive failure. 

5. FEA modeling can help in positioning the accelerometer for a complex shape 

object so that the maximum damage of a potential internal damage can be 

identified by lining up the external force, based on the amplitude value change in 

certain mode shape and direction of the load, thus to enhance the result of the test.  

6. Further research is needed to understand the crack initiation of multi welded and 

bonded joints in practical complex structures. 

 

Future work 

This study identified a few items which will require further study and 

implementation: 

1. Integration of data processing: the current work depends on FFT exporting data 

for a separate process in order to plot the amplitude-FFT diagram. It would be 

more efficient to integrate the post test data process into the FFT software. 

2. Expand this application to general solid mechanics, such as welds, solid metal 

components and other non-adhesive materials.   

3. It is anticipated that testing of a component (sub-assembly with adhesive) can be 

conducted with no modifications required. Depending on the complexity of the 

component, multi-sensor approach may be appropriate to evaluate and identify the 

critical location where the stiffness is weak. 
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4. Based on implementation of #1 above, a wide range database can be established 

based on certain material testing results, graph and/or picture of amplitude-FFT 

plots, thus, to make it possible for real time monitoring system to provide alarm 

with instant recognition of patterns (based on slope of curve matching), for 

critical components. 

5. “Waterfall” and or the “Color map” technique from special software such as 

“SpectralPLUS©” can be a useful tool for validation of current method. 

Additionally, in FEA simulation, comparing the stiffness matrix from before and 

after the crack embedment may present an alternative way to identify the crack 

initiation.  
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APPENDIX A 

ADDITIONAL CP AMPLITUDE-FFT PLOTS 

 

 

 

 

Figure A1. Additional CP amplitude-FFT plot 

 

 

 

Figure A2. Additional CP amplitude-FFT plot 
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Figure A3. Additional CP amplitude-FFT plot 

 

 

 

 

Figure A4. Additional CP amplitude-FFT plot 
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APENDIX B 

ADDITIONAL LS AMPLITUDE-FFT PLOTS 

 

 

 

 

Figure B1. Additional LS amplitude-FFT plot 

 

 

 

Figure B2. Additional LS amplitude-FFT plot 
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APENDIX C 

PARTIAL SUMMARYOF SPECIMENS’ LOAD AND FAILURE TABLE 

 

 

 

Table C1. Partial summary of specimens’ load and failure progressions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure Sample # Max load(Kn) Mean load(Kn) Block  A Block B Block C Block D

Fig 22 APR18C 1.6 0.8 728 848 864 890

Fig 23 APR20A 1.2 0.6 222 232 247 255

Fig 11 APR20C 1.2 0.6 3698 4003 4025 4087

Fig 24 APR20D 1.2 0.6 6915 7525 8066 8521

Fig 25 APR26 0.6 0.3 1948 2545 2771 2865

Fig 26 APR20E 1.2 0.6 5151 5160 5175 5183

Sample load table
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