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Highlights 

1. Carbon fiber reinforced polymer substrates were pretreated using a CO2 laser before 

secondary bonding.  

2. The mode-I fatigue crack growth of adhesively bonded composite joints was examined. 

3. Laser treatment increased the resistance to mode-I fatigue crack growth in double cantilever 

beam specimens. 
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Abstract 

Carbon fiber-reinforced polymers (CFRPs) are commonly used in structures in which weight and 

strength determine energy efficiency, such as automobiles and aircraft. CFRPs are light in weight, 

and they provide design flexibility, low thermal expansion, and high specific strength.  Bonding 

CFRPs to make larger structures,however, is problematic. Recently, laser pretreatment has been 

used to improve bonding of CFRPs. This study investigates the effects of uniform surface 
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pretreatment with a laser on the resistance of secondary bonded carbon fiber reinforced structures 

to mode-I fatigue crack growth. The joint fatigue limit was characterized by carrying out 

displacement-controlled cyclic testing on treated double cantilever beam specimens. A mid-

infrared-range CO2 pulse laser with a 10.6 𝜇𝑚 wavelength was used to treat the CFRP substrates 

with the aim to increase the substrates’  fatigue limit and thereby to expand the design envelope 

for secondary bonding. The cured substrates were treated uniformly with either high (laser-ablated) 

or low (laser-cleaned) CO2 laser irradiation and compared with specimens that were treated with a 

baseline Teflon film treatment such that their bonding surfaces were smooth. Our results show that 

uniform laser treatment increased the fatigue limit evaluated at a threshold crack growth rate of 

10-5 mm/cycle. Furthermore, the laser-ablated specimens, in which the carbon fibers were totally 

exposed, achieved triple the strain energy release rate threshold value of the laser-cleaned samples. 

Keywords: CFRP, Fatigue, CO2 Laser Ablation, Fatigue Crack Growth, Surface Pretreatment, 

Adhesively Bonded Composite Joint 

1.0 Introduction 

The pressure to manufacture automobiles and aircraft with materials that can improve the 

structure’s energy efficiency has led to the development and use of carbon fiber-reinforced 

polymers (CFRPs). For example, many modern aircraft structures, including wings, tail cones, and 

fuselages, are made from CFRPs because they are light in weight, and they provide design 

flexibility, low thermal expansion, and high specific strength.  Popular assembly methods for such 

CFRP structures include mechanical fastening, which involves drilling, bolting, and riveting, and 

adhesive bonding. The mechanical fastening methods create certain drawbacks because they 

increase the weight of the structure, promote the concentration of stresses, and increase the 

structure’s susceptibility to chemical attacks that are detrimental to the life and properties of the 
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structure. On the contrary, Akhavan-Safar et al. [1] demonstrated that adhesive bonding promotes 

uniform stress distribution, which results in reduced weight.  

Tao et al. [2] established that a crucial aspect of adhesive bonding of CFRPs is the choice of surface 

pretreatment, which can improve mechanical interlocking, reduce surface contaminants, increase 

surface energy, and increase resistance to crack growth.  

Tao et al. [3] claimed that surface treatments, including mechanical abrasion and sandblasting, of 

large structures, are known to be labor-intensive, and they often create a non-uniform adherend 

surface. The application of peel plies has solved some problems associated with sandblasting 

because the plies eliminate non-uniformity introduced by individual operators, and they protect 

the substrate’s surface before bonding. Holtmannspötter et al. [4] identified two shortcomings of 

peel plies; the peel ply layer could itself be a source of contamination, and the produced surface 

needs activation in most cases to achieve good bonding.  

Pulsed laser irradiation has recently become useful in surface treatment of CFRP because it 

improves bonding. Hernandez and Tao [3,5] pointed out that, indeed, pulsed laser irradiation 

modifies both the surface chemistry and the morphology of adherend surfaces. Although several 

studies [6–8] showed that UV laser treatment increased the secondary bonding strength of CFRP 

composites, Tao et al. [2] confirmed that pulsed CO2 laser irradiation improved adhesion while 

offering faster-processing speed, which is essential during the construction of large structures. 

The effects of cyclic loading on many aeronautical structural components that rely on adhesive 

bonding as the primary assembly method are of great concern among researchers. Several studies 

showed that adhesively bonded joints are prone to mode-I cyclic delamination [9–11]. As a 

consequence, several approaches have been proposed that incorporate delamination properties into 

structural designs, and that predict cyclic failure mechanisms in CFRP structures [12–17]. Ashcroft 
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et al. [18] suggested that the maximum load that composite specimens under cyclic loading could 

withstand before failure was approximately 26% to 62% of the quasi-static strength. Stelzer et al. 

[19] devised an experimental method that determines mode-I delamination crack propagation in 

unidirectional CFRP specimens. They examined data from two round-robin tests to develop a 

standardized data processing approach to reduce in-laboratory and inter-laboratory scattering in 

characterizing crack propagation.  

According to Campilho and da Silva [20], fatigue behavior can be characterized by either the 

stress-life (S-N) approach or the fatigue crack growth (FCG) approach. The FCG approach 

requires fewer samples and shorter testing times to define the threshold magnitude of the strain 

energy release rate (𝐺th) when FCG is negligible. Cyclic testing under displacement control is 

more straightforward than load-control testing, although they produce similar results. A double 

cantilever beam (DCB) with a pre-crack is commonly used as a test specimen, and the crack growth 

rate is monitored or estimated. This can be achieved by relating the crack growth rate (CGR), 

𝑑𝑎/𝑑𝑁, to parameters in fracture mechanics, including the range of the J-integral, the strain energy 

release rate, 𝐺, or the stress intensity factor, ∆𝐾. Bannantine et al. [21] emphasized that crack 

growth in metals is often characterized using the 𝑑𝑎/𝑑𝑁 relation with respect to ∆𝐾. On the other 

hand, Erpolat et al. [16] confirmed that 𝐺 is often used to characterize bonded joints in CFRPs 

because the strain energy release rate includes cyclic crack propagation. Campilho and da Silva 

[20] found that the strain energy release rate (SERR) range, ∆𝐺 = 𝐺𝐼𝑚𝑎𝑥 − 𝐺𝐼𝑚𝑖𝑛, is undervalued 

and can create scatter due to the overestimation of 𝐺𝐼𝑚𝑖𝑛 from inconsistent facial polymeric 

interactions. The maximum SERR, 𝐺𝐼𝑚𝑎𝑥, is, therefore, more convenient to use while also 

providing conservative results. The ASTM D5528 and D6115 [22,23] standards use mode-I cyclic 

testing to determine the effects of surface treatments on composite materials. 
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Gomatam et al. [24] studied the effects of sandblasting, plasma treatment, and silane coupling on 

the cyclic behavior of a single-overlap adhesive bonded composite material. They found that 

adhered surfaces significantly influence the material’s cyclic behavior and the moisture ingress 

mechanism at joints. Azari et al. [25] studied the effects of surface roughness on the fatigue and 

fracture behaviors of epoxy adhesive systems. Their mixed-mode cyclic tests indicated that higher 

surface roughness proportionally increases the fatigue threshold SERR, 𝐺Ith until a tipping point 

is reached when more roughness eventually leads to a reduction of the fatigue threshold. They 

determined that this reduction was associated with stress concentration at the crack tip and with 

the formation of voids. They concluded that the influence of surface roughness on the fatigue 

threshold decreases as SERR increases.  

UV and CO2 laser treatments increased the quasi-static strength of adhesively bonded composite 

structures. To extend the use of these treatments to industries where cyclic loading is of great 

concern, we need to understand the fatigue performance of the bond and to establish its failure 

mechanisms. In static tests of laser-treated joints, the toughness increased as the crack extended 

until reaching a plateau. Studying the existence of similar phenomena under cyclic loading is 

important to improving the design of future joint treatments. In this study, we sought to understand 

if fatigue crack propagation is limited by the initial crack initiation SERR, 𝐺𝐼𝐶. 

The objective of this study was to evaluate the effect of surface pretreatment with a laser on the 

resistance to FCG in bonded DCB specimens made from CFRP substrates. A mid-infrared range 

CO2 pulsing laser with a 10.6 𝜇𝑚 wavelength was used to chemically and mechanically alter the 

adhesive bonding characteristics of the specimens, using either low-energy-level (laser cleaning, 

LC) or high-energy-level (laser ablation, LA) treatments. Mode-I fatigue tests were conducted to 

assess the effectiveness of the laser pretreatment to standard Teflon film pretreatment. The mode-
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I SERR threshold, 𝐺𝐼𝑡ℎ,   and the crack growth rate sensitivity to 𝐺𝐼𝑚𝑎𝑥 were used to analyze the 

effectiveness of the laser pretreatment. 

2.0 Experiment  

2.1 Materials and Specimens 

The substrates were produced from unidirectional carbon/epoxy prepregs (Hexply T700/M21), 

manufactured by Hexcel, USA, with a fiber volume content of 57%. The adhesive used for the 

bonding of the cured CFRP substrates was a two-component epoxy (Araldite 420 A/B) produced 

by Huntsman, USA, suitable for room-temperature curing. Its high shear and peel strengths 

distinguished it. The epoxy had Young’s modulus, 𝐸, of 1.5 GPa, a tensile strength, 𝜎𝑓 , of 29 MPa, 

and an elongation, 𝜖𝑓, of 4.6% at breakage, as reported in [3,26]. 

Laminates were constructed using a [0°]8 stacking sequence to make 2-mm-thick substrates. A 1-

bar vacuum was applied after the addition of every fourth ply for 10 minutes to avoid void 

formation. Then, the substrates were cured in a hydraulic hot press machine under a pressure of 7 

bar. The curing process was initiated at room temperature at a heating rate of 3°C/min until it 

reached 180°C. The substrates were then held at that temperature for 2 hours, and finally, they 

were cooled down at a rate of 3°C/min. After that, the pretreatments described in Section 2.2 were 

applied to the bonding surfaces. Once the pretreatments were completed, the substrates were 

cleaned in an ultrasonic acetone bath for 10 minutes and then dried in an oven at 50 C° for 1 hour. 

Next, the substrates were cut into halves (250 x 140 mm2) and then bonded with an 0.2-mm-thick 

adhesive layer. Uniformity of the thickness of the adhesive layer was ensured by placing 0.2-mm 

fisherman wires between the substrates and uniformly applying a pressure of 13.4 kPa. The 

substrate was cured at room temperature for at least 12 hours to reach a handling state that allowed 

for cutting and bonding with aluminum blocks. A waterjet cutting machine was used to cut out 
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DCB specimens (250 x 20 mm2) to achieve the dimensional requirements of ASTM 5528-13 [22]. 

The aluminum blocks were then bonded, as shown in Fig. 1, and the resulting specimens were 

allowed to cure for 12 hours. The test specimens were kept under standard laboratory conditions 

at 23±5°C and 50±10% relative humidity to comply with the conditioning requirements of ASTM 

D5229/D5229M [27]. The specimens were maintained under these conditions for over a week such 

that the adhesive was entirely cured. A non-sticky 18-𝜇𝑚-thick polyethylene insert was used to 

initiate an artificial crack, which is thicker than the 13-𝜇𝑚 thickness recommended by ASTM 

D5528. The crack sharpness was ensured by growing the crack for few millimeters prior to the 

fatigue test.  

 

 

Fig. 1: The unidirectional CFRP DCB specimens. 

2.2 Surface Pretreatments 

Tao et al. [3] established that treating unidirectional CFRP substrates uniformly with pulsed laser 

irradiation from a CO2 laser source increased the bond’s crack fracture toughness, 𝐺𝐼𝐶, in static 

mode-I fracture tests. They called their laser treatments laser ablation (LA) and laser cleaning 

(LC), which refer to high and low laser energy fluence, respectively. Here, we first tested CFRP 

specimens treated with Teflon films, which created a smooth texture, to provide a baseline 
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reference for the laser treatments. Then, LA and LC samples were made by first applying peel-ply 

films to the substrates to produce a woven textured surface after the peel ply was removed after 

the substrate was cured.  After that, the textured CFRP surfaces were irradiated with an alternating 

CO2 laser with a wavelength of 10.6 𝜇𝑚 using a PLS6.75 Laser Platform (Universal Laser 

Systems, USA). The LC surface was created with a fluence value of 𝐹𝑝 = 1.2 J/cm2, which led to 

partial removal of the resin (exposing some carbon fibers). Additionally, The LC treatment was 

reported to reduce the substrate surface contamination to levels below a peel-ply treated surface or 

a teflon-treated surface [2]. The LA surface was created with a more aggressive treatment fluence 

value of 𝐹𝑝 = 3.6 J/cm2, which fully exposed the carbon fibers and fractured a few of them. The 

LA treatment exhibited the lowest surface contamination level of all studied treatments [2]. The 

laser beam had a spot diameter of 0.2 mm, a pulse frequency of 20 kHz, and a speed of 500 mm/s. 

The delivered power was varied to achieve targeted fluence values. The treatment effects were 

evaluated using a scanning electron microscope (SEM; Quanta 600, FEI, USA). SEM images are 

shown in Fig. 2. 

 

Fig. 2: SEM images of (a) the LA-treated surface showing complete exposure of the fibers and some deflected fibers. Implying 

fiber breakage, and (b) the LC-treated surface showing the imprint of the peel-ply on the substrate with partial fiber exposure. 
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2.3 Test Procedure 

Paris  plots are used to relate the maximum SERR,  𝐺𝐼𝑚𝑎𝑥, to the CGR (𝑑𝑎/𝑑𝑁). A G-decreasing 

fatigue test approach was implemented by cycling between two displacements, 𝛿𝑚𝑎𝑥 and 𝛿𝑚𝑖𝑛, 

which led to continuous load reduction as the crack extended. To determine 𝛿𝑚𝑎𝑥 and 𝛿𝑚𝑖𝑛, each 

specimen underwent a static test at a rate of 0.01 mm/sec to initiate at least a 4-mm crack. Then, 

𝛿𝑚𝑎𝑥 was defined at the maximum load. A displacement ratio, 𝑅 = 𝛿𝑚𝑖𝑛 𝛿𝑚𝑎𝑥⁄ , of 0.1 and a 

frequency of 10 Hz was used. The crack propagation was monitored via a high-resolution camera 

(Nikon D810) with the opensource software digiCamControl, which provided a clear and highly 

magnified image of the crack tip. The static and cyclic tests were performed on an ElectroForce 

3200 (BOSE, USA) with a 225N load cell. The test was stopped when the CGR reached 10-5 

mm/cycle. The maximum displacement and load were acquired every 1000 cycles throughout the 

experiment. The test was paused at specific instances to capture the extension of the crack. The 

crack growth progression for one specimen with respect to the number of cycles is shown in Fig. 

3. 
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Fig. 3 (a) Crack growth progression in the specimen in relation to the number of cycles, and (b) the calculated crack length values 

(red line) derived from fitting each specimen’s captured crack value (black squares) to the power-law using Eq. 1. 

 

2.4 Data Analysis  

This work aims to evaluate the effect of uniform CO2 laser treatments on CFRP by comparing the 

threshold values in a Paris-like plot. The recorded load, P, and displacement, 𝛿, data, combined 

with few crack lengths at specific intervals captured in images, are used to relate 𝐺𝐼𝑚𝑎𝑥 to da/dN.   

The crack lengths captured in images were fitted to the machine-recorded compliance (𝐶 = 𝛿 𝑃⁄ ) 

using the power-law fit in Eq. 1, to calculate the crack length during the whole test duration at 

1000-cycle intervals. Then, the crack length data were used to calculate the crack growth rate 

(da/dN) . The power-law fit is 

𝑎 = (
𝐶

𝐵
)

1
�́�

,                                                                                                                                                   (1) 

where B and �́� are the power-law fit constants estimated by fitting the visually observed crack 

length to the compliance, as shown in Fig. 4. 
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Fig. 4: Specimen compliance data fitted to visually captured crack length values using a power law relation  

 

Rocha et al. [28] confirmed that 𝐺𝐼𝑚𝑎𝑥 is often used instead of ∆𝐺 to eliminate the scatter that 

could result from facial interference. The load, displacement, and number of cycles, as well as the 

visually measured delamination length, were used in the calculation of the maximum SERR and 

the crack growth rate (𝑑𝑎/𝑑𝑁). The modified beam theory (MBT) [19] was used to calculate 

maximum SERR. 

The FCG approach was adopted in this study to characterize the cyclic behavior of the 

unidirectional DCB CFRP test specimen under mode-I cyclic testing. In this approach, a crack 

grows into the bondline as the damage evolves. The damage is driven by the cycling load, as shown 

by the Paris plot in Fig. 5 [29]. The maximum SERR is correlated with CGR (𝑑𝑎/𝑑𝑁) with a 

modified version of the Paris law [9] as in Eq. 2: 
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Fig. 5: CFRP fatigue crack growth phases as a function of the G-parameter 

 

𝑑𝑎

𝑑𝑁
= 𝐶(𝐺𝐼𝑚𝑎𝑥)𝑚 ,                                                                                                                                  (2) 

where 𝑑𝑎/𝑑𝑁 is the crack growth rate, and 𝐶 and m are constants determined by the best fit in the 

stable region of the Paris-plot. The G-parameter was calculated using the modified beam theory 

method (MBT), as expressed in Eq. 3: 

𝐺𝐼𝑚𝑎𝑥 =
3𝑃𝛿

2𝑏(𝑎 + ∆)
,                                                                                                                                 (3) 

where 𝑎 is the delamination length, 𝑃 is the load, 𝑏 is the specimen width, 𝛿 is the displacement, 

and ∆ is the rotation and deflection correction factor. The rotation correction factor is determined 

by plotting the least-squares scatter of the cube root of the compliance, 𝛿 𝑃⁄ , against the crack 

length, a, at each desired cycle, N, as described in ASTM D5528 [19]. 

In the estimation of (da/dN), the secant (point-to-point) method for approximation of CGR from 

ASTM E647 [30] in Eq. 4 was used: 
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(
𝑑𝑎

𝑑𝑁
)

�̅�
=

𝑎𝑖+1 − 𝑎𝑖

𝑁𝑖+1 − 𝑁𝑖
 ,      where �̅� =

𝑎𝑖+1 + 𝑎𝑖

2
 .                                                                                 (4) 

The relation in Eq. 4 used to calculate the crack growth rate was sensitive to small compliance 

variations. Stelzer et al. [16] proposed reducing the scattering by eliminating crack increments less 

than 0.1 mm and then applying a 7-point polynomial fitting. Here, the dispersion was removed by 

using the 0.1-mm increment reduction, and in some specimens, we found that 0.05-mm increments 

produced similar results. We believe that this was due to the high sensitivity of the load cell and 

the homogeneity in our bonds. 

3.0 Results and Discussion 

Tao et al. [2,3] performed a series of experiments to study the outcomes of several pretreatments 

on the chemistry and morphology of the bonding. They evaluated the impact of these pretreatments 

on mode-I fracture toughness. They quantitively measured silicon contamination, which is 

associated with weak bonding, on the adhesion surface. They found that the baseline Teflon (BT) 

treatment, referred to as T in [2], created a substantial amount of silicon of about 4% atomic 

concentration, while the LC and LA CO2 laser treatments exhibited relatively lower contamination 

levels of 1.24% and 0.36%, respectively. 

Additionally, Tao et al.  [3] showed that exposure of the carbon fibers led to an increase in the 

functional groups on the treated surfaces. The increased functional groups were associated with 

increased surface energy and improved wettability by Zaldivar [31]. Tao et al.’s static fracture 

toughness tests revealed unstable crack propagation in the BT-treated bond, a rising R-curve with 

the LC treatment, and a constant R-curve with the LA treatment [2]. The materials and 

manufacturing processes used by Tao et al. [2] were the same as those in this study except for the 

adhesive thickness of the specimens (100 microns in [2] and 200 microns here).  Additionally, they 
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established that fiber bridging did not contribute to the upward fracture toughness curve in static 

tests on the LC specimens. 

The crack onset, GIc, values during static pre-cracking were evaluated using the simple beam theory 

at maximum load. Our results were as follows: BT: GIc = 138.4 ± 4.3 𝐽/𝑚2; LC: GIc = 197.8 ±

29.3 𝐽/𝑚2; LA: GIc = 330.2 ± 2.6 𝐽/𝑚2. Unlike in [2], our LC treatment did not outperform the 

LA treatment, which can be attributed to the effect of the adhesive thickness on the energy 

dissipation mechanisms of LC. The crack extended continuously during LC pre-cracking to the 

desired pre-crack length, while LA and BT experienced a sudden crack extension associated with 

a considerable load drop. The first data point in Fig. 6 indicates the crack at 1000 cycles for all 

specimens. The figure shows that the laser treatments improved the static crack initiation 

toughness. 
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Fig. 6: The maximum strain energy release rate variation during crack extension. 

The Paris-like plots for all treatments, with dynamic mode-I threshold values, GIth, and slopes, 

𝑚 𝑖𝑛 𝐸𝑞. 2, are presented in Fig. 7 and Fig. 8, respectively. The BT specimens had a brittle failure, 

and their CGR was extremely sensitive to the applied stress, reaching a very low GIth value at the 

chosen CGR limit value of 10-5 mm/cycle. The high-energy laser treatment (LA) had the highest 

GIth and sensitivity values. These values suggest the high dependency of CGR on the applied 

loading conditions with the LA treatment. Interestingly, the behavior of LA was similar to the 

intralaminar fatigue failure reported in [32] with the same slope value of 12. Microscopic 

investigations of the fractured surface of the LA specimen showed a brittle adhesive failure 

propagating in the exposed fibers and adhesive interface. Crack branching and debonding of loose 

fibers from the adhesive likely caused the crack arrest at high GImax. Both LA and BT had high 

slope values in the fatigue tests and big jumps during static pre-cracking or the first 1000 fatigue 
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cycles. Additional X-ray photoelectron spectroscopy (XPS) and transverse sections microscopy 

are needed to confirm the most significant contributor to the arresting mechanism.  
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Fig.7: Paris plot for BT, LC, and LA specimens. 

 

The delamination in the LC-treated bond propagated in an adhesive manner by splitting the 

adhesive from the wavy and partially exposed fiber interface. Plastic deformation was not visible. 

The examined fractured surface revealed a non-uniform shift in the crack from one side to the 

other across the specimen’s width, but the crack did not propagate in the adhesive layer. Although 

the CGR of the LC specimen had low sensitivity to the applied load, which is favorable in 

estimating the life of a delaminated structure, the specimen’s performance was compromised by 

the relatively high CGR at much lower GImax values relative to the LA treatment. Even at 250,000 

cycles, only one LC specimen reached the 10-5 mm/cycle mark, and its convergence to a threshold 
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value was not apparent. The slope in the stable crack growth region, as highlighted in Fig. 5, was 

less than the slope for LA, with an averaged value of 4.14. This behavior was found to be similar 

to fatigue cracks propagating cohesively in co-cured joints [33], where the threshold value, GIth, 

was 23% of its GIc value. 
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Fig. 8: CGR sensitivity to the applied cycling load in the stable crack growth region. 

. 

4.0 Conclusion 

The effect of uniform CO2 laser pretreatments on improving the resistance to fatigue crack growth 

in bonded CFRPs was experimentally investigated in this study. We performed G-decreasing 

fatigue tests by cycling at a constant amplitude to characterize the crack behavior near the static 

failure SERR, 𝐺𝐼𝐶 , until a CGR of 1x10-5 mm/cycle was reached. The displacement ratio, 𝑅 =
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 0.1, the frequency, 𝑓 =  10 Hz, and the 200-µm adhesive thickness each remained constant 

throughout this study. 

Two amounts of energy were delivered through the CO2 laser irradiation, resulting in two surface 

morphologies. The low-energy irradiation (LC) on cured CFRP substrates resulted in a smooth, 

clean surface with partial fiber exposure, while the high-energy (LA) irradiation exposed carbon 

fibers by entirely removing the surface epoxy layer. The applied laser treatments improved the 

threshold surface energy release rate,  𝐺𝐼𝑡ℎ, relative to a baseline Teflon treatment (BT). LC and 

LA treatments led to 𝐺𝐼𝑡ℎ values of 47.01 J/m2 and 157.84 J/m2, respectively, suggesting promising 

performance over the BT treatment threshold of 33.6 J/m2. All treatments experienced adhesive 

failure, and plasticity in the adhesive was not observed. The CGR sensitivity of the LA treatment 

to the applied cycling load was high, which limited the time window for crack detection.  
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