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Abstract 

Due to the lack of fundamental knowledge of the physics behind delamination growth, 

certification authorities currently require that composite structures in aircraft are designed 

such that any delamination will not grow. This usually leads to an overdesign of the structure, 

hampering weight reductions. In real structures, delaminations tend to grow under a mix of 

modes I and II. Although some studies have tried to assess mixed-mode fatigue delamination, 

little progress was made in understanding the physics behind the problem. Therefore, this 

work scrutinizes mixed-mode fatigue delamination growth and examines experimentally the 

damage mechanisms that lead to fracture. To this aim, mixed-mode delamination fatigue tests 

were performed at different mode mixities, displacement ratios and maximum displacements. 

Selected fracture surfaces were analysed after the tests in a Scanning Electron Microscope to 

gain insight on the damage mechanisms. The physical Strain Energy Release Rate G* was 

used as the similitude parameter, enabling the characterization of fatigue mixed-mode 

delamination propagation. The results obtained show no displacement ratio or maximum 

displacement dependence. Furthermore, the energy dissipated per area of crack created is 

approximately constant for a given mode mixity. However, the analyses of the fracture 

surfaces and the correlation of the damage features with energy dissipation indicate that 

different damage mechanisms that might be activated under different loading parameters 

cause the resistance to delamination to change under a given loading mode. 

1. Introduction

The use of composite materials has enabled the design of lighter aircraft structures. However, 

laminated composites have poor interlaminar strength [1], which causes delaminations to be 

the most frequently observed damage mode in Carbon Fibre Reinforced Polymer (CFRP) 

structures [2]. The models currently used to assess delamination growth are 

phenomenological in nature, relying on curve fittings of experimental data, and are not based 

on the physics of the problem [3]. Due to this lack of fundamental knowledge of the physics 

behind delamination growth, certification authorities currently require that composite 

structures in aircraft are designed such that any delamination will not grow [4]. This leads to 
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an overdesign of these structures, hampering a further weight reduction that would be possible 

if delaminations were allowed to grow to a certain size before repair. Therefore, 

understanding the physics behind delamination growth is the first step towards designing 

lighter load-bearing composite structures for aircraft. 

In real structures, delaminations tend to grow under a mix of modes I and II [5]. Although 

some studies have tried to assess mixed-mode fatigue delamination, little progress was made 

in understanding the physics behind the problem. In [4, 6], authors identified a stress ratio 

dependence in mixed-mode fatigue delamination tests, being the stress ratio defined as the 

ratio between minimum and maximum load, Rσ=Pmin/Pmax. Meanwhile Zhang et al. [7] 

showed that the Paris curves shift when tests are performed with different maximum 

displacements while keeping the stress ratio constant. None of them presented explanations 

for these observations. In fact, one should note that the effect of the stress ratio in energy 

dissipation during fatigue damage growth is a phenomenon controlled by two parameters. 

These parameters are, namely, the cyclic work and the maximum work applied. This is 

illustrated in Figure 1, which shows 3 different constant amplitude displacement controlled 

fatigue cycles. Let the displacement ratio be defined as the ratio between minimum and 

maximum applied displacements, Rδ=δmin/δmax. The concept of using the ratio between 

minimum and maximum displacements is because Rδ is constant in displacement controlled 

tests. This was also used by Zhang et al. [7]. Loading cycles A and B have different 

displacement ratios but share the same maximum displacement. Therefore, the energy 

dissipated in a given increment of crack growth da might be the same for loading cycles A 

and B. Meanwhile, loading cycles A and C have the same displacement ratio and different 

maximum displacements, and they dissipate a different amount of energy per crack increment 

da. Therefore, in order to study the effect of the displacement ratio in energy dissipation, both 

cyclic energy and maximum work applied, i.e. displacement ratio and maximum 

displacement, must be considered. Studies that reported a stress ratio dependence [4, 6] did 

not report if the maximum work applied was changed when changing the stress ratio. On the 

other hand, the study in which Zhang et al. [7] observed differences in energy dissipation 

when changing the maximum displacement was performed only in one displacement ratio. 

Effectively, no studies were found in which the effects of different displacement ratios and 

maximum applied work were simultaneously investigated in a range of mode mixities. 



 

Figure 1. Illustration shows that constant amplitude fatigue cycles with different 

displacement ratios might have the same energy dissipation for a given crack increment 

da 

Moreover, studies available in literature, such as [4, 6-10], often focused on simply obtaining 

phenomenological power-law relations in order to best fit the data. In some of these studies 

[4, 6, 7], no fracture surfaces were examined, hindering the understanding of the damage 

mechanisms and the physics of delamination growth. Some authors [8-10], however, report 

both empirical models and analysis of fracture surfaces. In particular, Asp et al. [10] related 

the damage mechanisms acting in fracture propagation to the calculated Strain Energy 

Release Rate (SERR) levels. However, the use of different similitude principles when 

assessing fatigue delamination misleads the interpretation of the results [11]. No agreement 

has been reached on which parameter should be used to describe similitude appropriately for 

the assessment of fatigue delamination growth [3, 12]. Some authors use the maximum SERR 

Gmax [13], while others prefer the SERR range ΔG = Gmax – Gmin [14], although Δ√G = (√Gmax 

- √Gmin)
2
 was pointed out as a parameter that correctly applies the similarity principle [11, 12]. 

None of these parameters, however, describes uniquely a load cycle, which also leads to the 

observation of a stress ratio dependence [3]. In addition, these parameters describe an 

artificial SERR that can be calculated even when there is no crack growth. This concept of 

SERR has been developed assuming fixed grip conditions that do not apply during fatigue 

loading [15, 16]. 

In an effort to solve this problem, the work performed in [15-21] is noteworthy. In these 

papers, a physical SERR G*, which is derived from combining applied work with crack 

extension throughout the fatigue test, is used to characterize fatigue crack growth. The use of 

this physical SERR has enabled a better understanding of the physics underlying delamination 

growth. Moreover, the physical SERR enabled the correlation of the fracture surfaces 

generated in crack extension with the actual energy dissipated in this crack growth. 

1.1.Problem Statement and Research Objectives 

Mixed-mode fatigue delamination is not well understood. This is demonstrated by the fact 

that there is no consensus on displacement ratio dependence, the effects of the maximum load 

applied in the fatigue cycle, or even on the parameter describing the similitude. Furthermore, 



do damage mechanisms change with a different stress ratio? What different damage features 

are observed on the fracture surface when the maximum load changes? The lack of 

appropriate answers to these questions are evidences of the gap between the way the 

macroscopic behaviour and the damage mechanisms acting in fracture are described. 

Although empirical delamination growth models based on curve fitting may help to provide 

quicker input for engineering predictions, they do not lead to understanding the physics 

underlying the observed phenomena. This is a common drawback of assessing problems with 

phenomenological empirical relations, which can fit very well the data, but provide no insight 

on why data behave as such. The fundamental understanding of fatigue delamination growth 

could set the path towards a design philosophy that relaxes the current “no growth” approach, 

resulting in a further weight reduction of aircraft. 

Therefore, the aim of this work is to scrutinize mixed-mode fatigue delamination growth and 

examine experimentally the damage mechanisms that lead to fracture. Through that, this work 

seeks to understand the effects of different displacement ratios and maximum applied loads to 

fatigue delamination growth under different mode mixities, and provide physical explanations 

to it. In addition, the appropriateness of the term “stress ratio effect” for fatigue crack growth 

is discussed. 

Following the use of the physical SERR G* for interpreting mode I and mode II delamination 

and disbond growth [17-21], this parameter is employed here to characterize mixed-mode 

fatigue delamination growth. Besides, Scanning Electron Microscopy (SEM) is used to 

examine the fracture surfaces and gain insight on the damage mechanisms present at the 

fracture surfaces. 

2. Methodology 

2.1. Relating applied work to energy dissipation 

The current paper uses the SERR as the correct approach to describe the similitude in fatigue 

damage growth. The reasoning, discussed in detail by Alderliesten [16] and summarized here, 

is that cyclic work is applied when fatigue loading a certain structure. Consider a brittle 

material system, where plasticity effects are negligible. In a similar manner to what Griffith 

proposed [22], a single fatigue cycle under displacement controlled conditions can be written 

in terms of energy 

                                                U0 + U↑ → U0* + U↓ + Ua                                                  (1) 

where U0 is the monotonic elastic strain energy available, U↑ is the work applied by the 

machine during loading, U↓ is the work applied by the machine during unloading and Ua is the 

energy dissipated in damage growth. These energies correspond to the areas below the curves 

illustrated in Figure 2. 



 

Figure 2. Applied work and energy dissipation in a single constant amplitude 

displacement controlled fatigue cycle 

The difference between U↑ and U↓ is difficult to measure for a single load cycle. An 

approximate solution is to measure the elastic work applied to the structure at any load cycle 

UN=i, where U=½Pδ, with P and δ the applied force and displacement, respectively. For the 

displacement controlled tests performed, the strain energy available will decrease with the 

number of cycles, such that the variation of the applied work can be easily calculated as 

dU/dN. Energy dissipation may occur in any load cycle, such that 

                                                U0 + U↑ → U0* + U↓ + dU/dN                                               (2) 

The energy dissipated per cycle can be written as 

dU/dN = (dU/dA)(dA/dN)                                                        (3) 

Note that the complete load cycle is included in the formulation of Eq. (2). The stress ratio has 

a similar effect on dU and da for a given cycle. Hence, Eq. (3) in which dU/dN and da/dN are 

plotted against each other may not exhibit a stress ratio effect as observed in Paris-type 

relationships [16]. 

The resistance to crack growth, which is the energy dissipated per area of crack created, 

dU/dA, can be obtained if the strain energy variation and the damage growth rate are 

measured throughout a test. This is illustrated in Figure 3. The reader should note that, 

according to Eq. (3), dU/dA is calculated plotting a straight line from the origin of the 

coordinate system to each data point. The inclination of each of the straight lines obtained 

between the origin and the data point is 1/(dU/dA). Energy dissipation per area of crack, 

dU/dA, was observed to increase with an increasing crack growth rate for mode I 

delaminations [15, 16]. The higher the crack growth rate, the closer to quasi-static fracture the 

process is. The closer a fracture is to quasi-static, the more energy is dissipated per area, 

because quasi-static fracture is less energetically efficient than fatigue fracture. This relates to 

the damage mechanisms observed on the fracture surfaces. With an increase in the crack 

growth rate, more damage features and different damage mechanisms were encountered on 

the fracture surface, responsible for the aforementioned increase in energy dissipation [15]. 



 

Figure 3. Determining the energy dissipated per area of crack created: resistance to 

crack growth increases with the crack growth rate 

2.2. The Mixed-Mode Bending Test 

The Mixed-Mode Bending (MMB) test fixture, schematically illustrated in Figure 4 (a), was 

used to load split specimens at different ratios of Mode I to Mode II loading, where Wg is the 

centre of gravity of the lever-yoke assembly, cg is the lever length to the centre of gravity and 

c is the lever length of the MMB test apparatus. The mode mixity, defined as 

                                                  GII/G=GII/(GI + GII)                                                  (4) 

is kept constant throughout all tests. In total, 38 specimens were fatigue tested at different 

stress ratios under constant amplitude, displacement controlled conditions. Tests were 

performed at different maximum displacements, in order to understand the effect of the 

maximum applied load on energy dissipation in fatigue delamination growth. The test matrix 

is presented on Table 1. 

Table 1. Test Matrix 

Number of 

tests 
(δmax/δcrit) R (GII/G) 

3 0.75 

0.1 

0.20 

2 0.85 

3 0.90 

3 0.75 

0.5 3 0.85 

4 0.90 

2 0.85 0.7 

3 0.85 0.1 

0.50 3 0.85 0.5 

3 0.85 0.7 

3 0.88 0.1 

0.80 3 0.88 0.5 

3 0.88 0.7 

 



The results of constant amplitude, displacement controlled Double Cantilever Beam (DCB) 

and End-Notched Flexure (ENF) fatigue tests for the same material, discussed in [17, 20], are 

also used at the present work. 

2.3. Material and specimen preparation 

Unidirectional laminates were manufactured with 32 layers of Carbon Fibre Reinforced 

Epoxy prepreg from the same material batch, M30SC-150-DT 120-34F. The prepreg is 

manufactured by Delta Tech. The product was cured in an autoclave following the cure cycle 

recommended by the manufacturer. A 13 µm thick Polytetrafluorethylene (PTFE) film was 

placed in the middle layer as the crack starter. The cured laminates were C-scanned to ensure 

that they were free of defects, using a panel made of the same material with voids of 

approximately 1 mm diameter as reference. 25 mm wide specimens were cut from the 

laminates using a waterjet cutting machine according to the dimensions shown in Figure 4 (b). 

End blocks were bonded to the specimens for load introduction following the guidelines given 

in ASTM Standard D 6671 [23]. A camera was positioned alongside the specimen during the 

test and crack length measurement was performed in a post-test analysis of the pictures taken, 

using an open-source image analysis software, ImageJ. The pictures were taken using an 

Optomotive Velociraptor camera system. To aid in crack detection, the sides of the specimen 

were sanded and coated with a thin layer of white water-based typewriter correction fluid, and 

vertical pencil lines were drawn every 15 mm, as shown in Figure 5. 

 

Figure 4. (a) MMB test fixture; (b) specimen dimensions 



 

Figure 5. Crack detection 

All tests were conducted in a MTS machine equipped with a 10 kN load-cell. The test set-up 

was designed according to ASTM D6671 [23] and is shown in Figure 6. For the analysis 

performed in this work, which is under displacement controlled conditions, the rate of energy 

dissipation is calculated through the decrease in the applied work. The weight of the lever is 

constant, and so is its position for a given mode-mixity. Therefore, the lever weight does not 

influence in the calculation of the rate of energy dissipation, once this is performed taking the 

derivative of the decrease in applied work with the number of cycles. When performing a 

comparison between different mode-mixities, the position of the centre of gravity of the lever 

did not influence the results in a considerable manner. Both load and displacement were 

calibrated and had in the load-displacement ranges used in the tests a relative error of 0.86% 

and 1%, respectively. Table 2 shows the material data as obtained by Rodi [24], and the 

position of the yoke calculated according to the ASTM standard [23]. To gain insight into the 

damage mechanisms acting during fracture, 13 specimens were analysed in a Scanning 

Electron Microscope (SEM), after the tests were performed. 

 

Figure 6. MMB apparatus during test 



Table 2. (a) Positions on the test fixture; (b) Material data; 

GII/G c mm cg mm 

 

Material Data 

20 90 43   E11 GPa 155 

50 40 28   E22 GPa 7.8 

80 27 24   G12 GPa 5.5 

 (a)   (b) 

 

2.4. Calculating the physical SERR G* 

The crack growth rate, da/dN, is calculated from the measured crack length throughout the 

test. Meanwhile, the rate of the average strain energy dissipated per cycle, dU/dN, is 

calculated from the potential strain energy measured throughout the test. First, the graphs of a 

versus N and U versus N are plotted, where a is the crack length, U is the potential strain 

energy of the system and N is the number of cycles. Considering linear elasticity, the potential 

strain energy is defined as U=½Pδmax. However, due to the compliance of the test fixture, a 

small portion of nonlinearity is observed when the load goes from 0 N to δmin. In order to 

account for this nonlinearity, a correction is introduced, such that both δmax and δmin are used 

to calculate an approximated U, as shown in Figure 7. 

The data points obtained are fitted by a seven point incremental polynomial function 

suggested by ASTM [25], and the rates of crack growth and energy dissipation are calculated 

from these polynomial fits. Being b the width of the specimen, the physical SERR G* is then 

obtained from [17, 26]: 

 

Figure 7. Approximation in the calculation of the potential strain energy due to the 

compliance of the test fixture 

                                        G*=(1/b)*(dU/dN)/(da/dN)=dU/dA                                      (5) 

3. Results and Discussion 



The results obtained show no displacement ratio or maximum displacement dependence. 

Furthermore, dU/dA appears to be approximately constant throughout all fatigue tests 

performed, although tests at 80% of mode II loading seemingly show a bigger scatter at low 

crack growth rates. The results are presented in Figure 8. The correlations between energy 

dissipation per cycle and damage growth rate are shown in Figure 8 (a-c). The energy 

dissipation per area of crack created is correlated to damage growth rate in Figure 8 (d). 

Although the data is presented on a double logarithmic scale for clarity, each of the results in 

Figure 8 shows linear trends, also if one considers linear plots. 

Each of these results is discussed in detail hereafter, starting with the behaviour observed in 

tests at 80% of mode II loading. When comparing the results for different mode mixities in 

Figure 8, obvious scatter is observed in the results of tests performed at 80% of mode II 

loading. The first question that is addressed here is: what is the physical explanation for this 

phenomenon? 

 

Figure 8. Mixed-mode fatigue tests performed at (a) 20% of mode II; (b) 50% of mode 

II; (c) 80% of mode II; (d) resistance to fatigue crack growth at 20%, 50% and 80% of 

mode II loading 

3.1. Process zone effects on mode II dominated fracture 



The behaviour observed for low crack growth rates in tests at 80% of mode II loading, shown 

in Figure 8 (c) and (d), is explained by the energy dissipated in the process zone ahead of the 

physical delamination tip [27]. In mode II delamination extension, a process zone develops 

with the formation of cusps, striations and microcracks ahead of the crack tip until 

coalescence is reached and crack growth can be observed from the sides of the specimen [10, 

28-31]. These damage mechanisms dissipate a significant amount of energy which is 

unaccounted for when calculating the crack growth rate da/dN, since the damage on the 

process zone cannot be visualized and quantified. This causes an error when relating energy 

dissipation per cycle with crack growth rate. Such an error was shown to be significantly high 

for tests performed at high displacement ratios [17]. 

For tests performed at 80% of mode II and high displacement ratios, i.e., Rδ = 0.5 and 0.7, the 

same behaviour described for pure mode II fatigue tests in [17] is observed. Figure 9 shows 

the crack length evolution throughout a fatigue test at Rδ = 0.5 and a fracture surface of this 

test. The zone indicated by the red arrow in Figure 9 (a) shows slow crack growth. 

Afterwards, the crack grows faster until it is arrested at the location in the specimen 

underneath the bending load introduction. 

The slow crack growth shown in Figure 9 (a) is accompanied with the development of the 

process zone, dissipating substantial strain energy that cannot be correlated to the rate of 

damage growth, da/dN. On the fracture surfaces corresponding to the areas of process zone 

development, such as in Figure 9 (b), cusps and cracks on the fibre imprints are abundantly 

observed [17]. Hence, G* is calculated wrongly for moments when the process zone is 

developing at expense of crack growth. Meanwhile, the area with a fast crack growth 

corresponds to the coalescence of the damage ahead of the crack tip. In this phase, the energy 

dissipated can be approximately correlated with damage growth, because damage is mainly in 

the form of visible crack growth due to coalescence of the process zone. However, the 

measured energy dissipation dU/dN during fast crack growth is correlated to the formation of 

the entire cracked surface, and not only to the coalescence of the pre-existing damage ahead 

of the crack. Therefore, this consists on a first approximation, and the reader should be aware 

that the crack growth rate is, thus, overestimated in this case. To circumvent this problem, 

more research is necessary in order to understand the energy dissipated per area of crack 

created in the process zone of mode II dominated delaminations. 

Because the physical SERR G* cannot be calculated when the process zone development 

dominates damage growth, the crack growth data for these points in tests at Rδ = 0.5 and 0.7 

will not be considered in the results. Therefore, moments where process zone is developing, 

characterized by slow crack growth, such as in Figure 9 (a), will be omitted from the results. 

In a practical manner, this was established such that for tests at 80% of mode II loading, data 

points in which the crack increment was smaller than 0.1 mm are omitted from now on in this 

paper. Figure 10 shows the correlations between energy dissipation and damage growth for 

different mode mixities after omitting the points in which process zone effects dominate 

fracture. 



 

Figure 9. (a) Crack length evolution throughout the test shows effects of the process 

zone; (b) fracture surface of the corresponding fatigue test shows cusps developed  

 

Figure 10. crack growth rate plotted against the energy dissipated per cycle – for 80% of 

mode II loading, crack increments smaller than 0.1 mm were omitted 

For tests performed at 20% and 50% of mode II loading, respectively, a smooth crack growth 

curve is observed in each of the tests, shown in Figure 11 (a) and (c). Figure 11 (b) and (d) 

shows fracture surfaces for these same tests. For the tests performed at 20% of mode II 

loading, fracture surfaces consist mostly of fibre imprints, brittle cleavage fracture and ribs, as 

exemplified in Figure 11 (b). Meanwhile, for tests performed at 50% of mode II loading, the 

fracture surfaces consist mostly of bare fibres, fibre imprints, more extensive matrix cleavage 

and some shallow cusps. Features that develop in the process zone, such as striations, deep 



cracks on the fibre imprints and well-shaped cusps are not dominant on these fracture surfaces 

like they are on fracture surfaces of tests performed at 80% of mode II, exemplified in Figure 

9 (b). Therefore, the energy dissipated in the process zone, which is not accounted for in the 

physical SERR G*, is taken to be less extensive and to have limited influence in the results 

for fatigue mixed-mode delamination tests performed at 20% and 50% of mode II loading. 

 

Figure 11. (a) crack growth throughout fatigue test at 20 % of mode II and Rδ = 0.5 and 

(b) respective fracture surface; (c) crack growth throughout fatigue test at 50 % of mode 

II and Rδ = 0.5 and (d) respective fracture surface; 

3.2. The effects of the applied maximum displacement on delamination growth 

Tests at 20% of mode II loading were performed with different maximum displacements and 

displacement ratios. The results are presented in Figure 12 (a-c) and show that damage growth 

rate and energy dissipation per cycle relate linearly. Furthermore, this linear relationship 



aligns with the origin of the coordinate system, which indicates that the energy dissipated per 

area of crack created dU/dA is approximately constant, regardless of displacement ratio, 

maximum displacement and crack growth rate. 

This behaviour, observed in Figure 12 (d), is counterintuitive. More energy is expected to be 

dissipated per area of crack created at higher crack growth rates, as discussed elsewhere [15]. 

However, such an increase in dU/dA is not obvious in the present study. This is due to the fact 

that for these tests, the damage mechanisms acting in delamination growth were observed to 

be approximately constant regardless of the applied peak displacement or displacement ratio 

in the examination of fracture surfaces. New dissipation mechanisms were not observed at 

higher values of da/dN. The main difference observed on the fracture surfaces was that, at 

higher crack growth rates, matrix presented higher deformation. However, resin deformation 

is then limited by matrix plasticity. Plasticity, which is logically expected to increase with the 

maximum displacement applied, is limited in this brittle material system. Therefore, its effects 

in energy dissipation are assumed to be negligible. 

 

Figure 12. Effect of the maximum displacement: (a) tests performed at Rδ = 0.1; (b) tests 

performed at Rδ = 0.5; (c) all tests performed at 20% of mode II loading; (d) crack 

growth rate versus energy dissipated per area of crack created for all tests performed at 

20% of mode II loading 



A higher maximum displacement leads to a higher initial crack growth rate. Figure 13 

presents fracture surfaces for tests at 20% of mode II under different crack growth rates. More 

matrix deformation can be observed for a higher crack growth rate, and the fracture surface 

looks less flat than for a low crack growth rate. This is the main difference between the 

fracture surfaces in Figure 13. However, as discussed above, the low level of plasticity limits 

the energy consumed by it in delamination growth. Because of this, an increase in dU/dA at 

higher crack growth rates is not obvious in Figure 12 (d), within the present scatter of data. 

Furthermore, for this material system, fatigue fracture at 20% of mode II loading consists 

basically of fibre pull-out leaving fibre imprints, ribs and some very shallow cusps. No 

significantly different damage mechanisms were observed at high crack growth rates. The 

same behaviour is observed for 50% of mode II loading, observed in Figure 14. The main 

difference between the fracture surfaces on Figure 14 is also that matrix deformation is more 

extensive on high crack growth rates, still falling into the case of limited plastic deformation. 

 

Figure 13. Data for 20% of mode II loading. In a higher crack growth rate, more area is 

created and proportionally more energy is dissipated to do this work, such that dU/dA is 

constant 



 

Figure 14. Data for 50% of mode II loading. In a higher crack growth rate, more area is 

created and proportionally more energy is dissipated to do this work, such that dU/dA is 

constant 

3.3. Damage mechanisms: the key for understanding energy dissipation in fatigue 

delamination growth 

The results of the present study show that damage mechanisms activated during fatigue 

loading determine the resistance to delamination growth. Consider Figure 15, which shows 

the results of the MMB fatigue tests performed. The relationship between crack growth rate 

and energy dissipation per cycle for each mode mixity in Figure 15 (a) has a linear 

relationship. Moreover, each of these linear relationships can be fitted by a straight line going 

through the origin with a correlation factor R
2
 close to 1. This means that for a given mode 

mixity, the energy dissipated per area of crack created, G*=dU/dA, is approximately constant. 

The discussion of section 3.2. applies to the whole dataset: this approximately constant 

behaviour of dU/dA is due to the fact that damage mechanisms encountered on the fracture 

surfaces for each mode mixity were constant independently of the crack growth rate. 



 

Figure 15. (a) relationship between crack growth rate and energy dissipation per cycle 

fitted with a straight line going through the origin of the coordinate system; (b) 

relationship between crack growth rate and delamination resistance for each mode 

mixity 

In a similar manner, the relationship between different mode mixities can also be discussed 

from the perspective of damage mechanisms and energy dissipated in damage growth. Figure 

15 (b) shows that each different percentage of mode II loading dissipates a different amount 

of energy per area of crack dU/dA. This occurs because each different mode of loading 

activates different damage mechanisms, and the energy dissipated to create a crack of area dA 

depends on the damage mechanisms acting in crack growth. The trendlines in Figure 15 (b) 

are simply obtained from the inclination of the trendlines fitted to the data in Figure 15 (a), 

also taking the width of the specimens into consideration. Figure 16 (a-c) shows typical 

damage mechanisms observed on fracture surfaces generated under 20%, 50% and 80% of 

mode II loading, respectively. For 20% of mode II loading, the main damage mechanisms 

observed were fibre pull-out, brittle matrix cleavage and the formation of ribs. For 50% of 

mode II loading more bare fibres are present, suggesting a more extensive interfacial failure. 

Furthermore, deformation of the matrix during cleavage fracture is more pronounced, ribs are 

less spaced between themselves and shallow cusps can also be encountered. Finally, for 80% 

of mode II loading, cusps and deep cracks on the fibre imprints are the mainly observed 

features, besides extensive matrix deformation. For each mode of loading, the only obvious 

change encountered on the fracture surfaces between high and low crack growth rates was in 

matrix deformation. 

This suggests that, for delamination growth in unidirectional composites and a given mode of 

loading, there might be two main dissipation mechanisms that contribute to a substantial 

change on the resistance to delamination growth. The first consists of different damage 

mechanisms that might be activated under different fatigue loading parameters, such as higher 

maximum displacements. The second factor is the amount of energy dissipated by plasticity 

during matrix deformation. If the damage mechanisms acting during fracture remain 

approximately the same and other dissipation mechanisms, such as plasticity, are negligible, 

the energy that is dissipated per area of crack created can be approximated to be constant.  



 

Figure 16. Typical damage mechanisms found in fracture surfaces for (a) 20% of mode 

II loading, (b) 50% of mode II loading and (c) 80% of mode loading 

3.4. Breakage of bridging fibres: changing the damage mechanisms 

An example of how different damage mechanisms can change the resistance to delamination 

growth can be observed in pure mode I DCB fatigue tests performed in the same material 

system, discussed in [20]. Figure 17 shows the correlations between mixed-mode and DCB 

fatigue tests for the same material. For a better visualization of the results, only the trends of 

the mixed-mode tests are plotted in Figure 17. Figure 17 (b) shows that the DCB data, for low 

crack growth rates, yield similar results to the ones obtained for mixed-mode tests at 20% of 

mode II loading. At a crack growth rate of approximately 10
-4

mm/cycle, however, the DCB 

data seem to follow a different trend, and the resistance to delamination growth becomes 

similar to the one obtained for mixed-mode tests at 50% of mode II loading. The explanation 

behind this change in resistance is in the breakage of the bridging fibres. 



 

Figure 17. Trends obtained for the correlation between energy dissipation per cycle and 

crack growth rate for (a) mixed-mode tests, (b) mixed-mode and DCB tests and (c) 

mixed-mode and DCB data without breakage of bridging fibres; (d) correlation between 

energy dissipation per area and crack growth rate 

According to what is described by Liaojun et al. [20], at crack growth rates higher than 10
-4

 

mm/cycle, a new damage mechanism acts in mode I fatigue delamination growth for this 

material system: the bridging fibres break, dissipating a significant amount of energy. Figure 

17 (d) shows that more energy is then released per area of crack created. The breakage of 

bridging fibres, activated at crack growth rates higher than 10
-4

 mm/cycle, increases the 

resistance of the specimen to delamination growth. As an example of this effect, Figure 17 (c) 

shows the mixed-mode test trends plotted together with the DCB data not considering the part 

in which the bridging fibres break. For this case, DCB data have a linear relationship between 

damage growth rate and energy dissipation per cycle, which is similar to the to the one for 

20% of mode II loading. Similarly, the fracture surfaces for these DCB specimens at crack 

growth rates smaller than 10
-4

 mm/cycle, discussed in [15, 20], are similar to the ones 

presented in this work for 20% of mode II loading, which explains the similarity in 

delamination resistance of these data points. 



For mixed-mode tests at 20% of mode II loading, bundles of broken fibres were also observed 

on the fracture surfaces at high crack growth rates, as shown in Figure 18 (a). However, the 

breakage of these bridging fibres was not dominant on the fracture surface as in [20] for pure 

mode I delamination. In fact, the data points in Figure 18 (b) also show that the effect of the 

breakage of these fibres at 20% of mode II loading was not dominant. The plot in Figure 18 

(b) shows mixed-mode data at 20% of mode II loading without the points in which the 

breakage of bridging fibres occur for pure mode I loading, i.e., crack growth rates higher than 

10
-4

 mm/cycle. However, the trend presented in this plot is the one obtained through a linear 

fit of the data at 20% of mode II loading shown in Figure 15 (a), in which crack growth rates 

higher than 10
-4

 mm/cycle were not excluded. Although the scatter is bigger at low crack 

growth rates, the data points presented in Figure 18 (b) still show a good agreement with the 

trend obtained in Figure 8 (a), showing that the effect of the breakage of these fibres can be 

neglected for mixed-mode tests at 20% of mode II loading. 

 

Figure 18. (a) bundle of broken fibres at high crack growth ratio – 20% of mode II 

loading; (b) 20% of mode II loading - test data omitting points in which crack growth 

rate is higher than 10
-4

 mm/cycle 

3.5. The “stress ratio effect”  

The use of the term “stress ratio effect” to refer to changes in delamination resistance with 

loading parameters is misleading. In fact, in Paris relationships the appearance of a stress ratio 

dependence is not connected to any physical mechanism acting in fracture. Instead, this effect 

of shifted Paris curves is a consequence of the way data is presented. Consider the data for 

20% of mode II loading at Rδ=0.1 and Rδ=0.5. Figure 19 shows the measured crack growth 

rates plotted against Gmax for these tests. The reader can observe that, even if the outlier 

present on the chart is disregarded, the curves are clearly shifted for different values of Rδ. 

This behaviour highlights the problems of using similitude parameters which are not based on 

the physics of the problem. 



 

Figure 19. Mixed-mode tests performed at 20% of mode II loading – crack growth rate 

plotted against Gmax  

Meanwhile, consider Eq. (3), which constitutes the physics of the problem. Any stress ratio 

dependence on the relationship between crack growth rate and energy dissipation per cycle 

must be explained by the physics of damage growth. 

Different dissipation mechanisms can be activated by two different loading parameters. The 

first parameter is the maximum displacement, as the case of the breakage of bridging fibres 

for pure mode I delamination growth. Meanwhile, the second parameter is the displacement 

ratio, as the case discussed in [17] where the formation and further coalescence of a process 

zone for pure mode II delamination depend on the amplitude of the fatigue loading. 

Therefore, even when characterizing fatigue delamination growth with a physics-based 

equation given by Eq. (3), one should not bluntly assert that a “stress ratio effect” must or 

must not be present. First, the relationship between the loading parameters and the dissipation 

mechanisms they activate in the given material must be known. Once these relationships are 

known, one can assess whether it is physically plausible to encounter different resistances to 

delamination under different loading parameters. Moreover, the authors reinforce that the 

term “stress ratio effect” is a misnomer, as discussed elsewhere [3]. The term “stress ratio 

effect” should not, then, be used. Scientists and engineers should, instead, refer to changes in 

delamination resistance due to loading parameters. 

4. Conclusion 

Mixed-mode delamination fatigue tests were performed at different mode mixities, 

displacement ratios and maximum displacements. The physical SERR G* was used as the 

similitude parameter, enabling a deeper understanding of the physics behind the observed 

phenomena and the characterization of fatigue mixed-mode delamination propagation. 



For a given mode mixity, no displacement ratio effect was observed. A higher maximum 

displacement leads to a higher initial crack growth rate. The energy consumed per area of 

crack created, however, remains approximately the same. What causes a delamination 

extension under a specific mode of loading to spend more energy per area of crack created are 

the different damage mechanisms that might be activated and the energy dissipated by 

plasticity under certain loading parameters. For pure mode I loading these mechanisms are the 

breakage of bridging fibres at high crack growth rates. Therefore, the damage features 

encountered on the fracture surfaces were connected to the energy dissipated on damage 

growth under fatigue loading. For mode II dominated delamination growth, only an 

approximation was possible when relating damage created and energy dissipated. This 

reinforces the necessity of more research into quantifying damage under mode II delamination 

growth. 

Moreover, the term “stress ratio effect” is found to be inappropriate and misleading in case of 

presenting delamination resistance. With the use of the physical SERR G*, no dependence 

with the displacement ratio was found when relating crack growth rate and energy dissipation 

per cycle. The energy dissipated per area of crack created may change with loading 

parameters. However, this depends on whether the different loading parameters activate 

different damage or dissipation mechanisms. Therefore, the existence of a physical stress ratio 

dependence can only be confirmed for a given material under a certain mode of loading once 

the relationship between the fatigue loading parameters and the dissipation mechanisms they 

activate is known. 
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