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Abstract :   
 
This paper focuses on the fatigue crack growth behavior of unidirectional C/PA6 composites subjected to 
hydrolytic aging at temperatures ranging from 100 to 140 °C. The fatigue crack growth properties were 
determined using a multi-ΔG control test method. The latter is fully automatic and allows measurement of 
crack growth rates at various ΔG levels. It was shown that the fatigue crack growth properties were highly 
affected by aging. Whatever the aging temperature, the crack growth rate was increased by about a 
decade after aging, and the fatigue crack growth properties are highly dependent on the molar mass. 
Finally, it was shown that the traditional Paris law does not allow a full description of the behaviour so the 
Hartman-Schijve relationship was applied to characterize the fatigue response. 
 
 

Highlights 

► The multi-ΔG control method was successfully used to investigate the effect of hydrolytic aging on 
fatigue crack growth properties. ► The Hartman-Schijve relationship accurately describes the changes 
in mechanical behaviour induced by wet aging. ► Fatigue crack growth properties are highly dependent 
on the molar mass Mn. ► Fatigue crack growth properties are more sensitive to aging than quasi-static 
fracture toughness. 

 

Keywords : Thermoplastic composites, Fatigue crack growth, Hydrolysis, Molar mass 
 
 

 

 

 

https://doi.org/10.1016/j.compositesa.2022.107105
https://archimer.ifremer.fr/doc/00787/89850/
http://archimer.ifremer.fr/
mailto:mael.arhant@ifremer.fr


2 

 

1. Introduction 

Composite materials are now used in many industrial applications (aviation, military, renewable energy, 

nuclear, marine, etc.). Over the past 40 years, the fatigue behavior of these materials has become a major subject 

due to unexpected failures. Indeed, in many cases, the design of composite structures is carried out using 

experimental data from static tests, which can be insufficient; these values are affected by both the service 

environment and the loading conditions. Design for long term applications should therefore be based on more 

appropriate values. It is therefore necessary to consider fatigue loadings in design and to do so, accurate 

experimental fatigue data are essential. One specific damage mechanism of composite materials is delamination, 

due to their layered structure, and this can be critical under cyclic loads.  

The fatigue crack growth properties of composite materials have received considerable attention in the 

published literature [1, 2], and several tests methods to determine these properties were proposed [3-6]. A fatigue 

crack growth test can be performed under various different conditions, for example: controlled using constant 

displacement (mostly used), load, or energy. The latter has received some interest in the 1990s [7,8]. However, it 

is only recently that the subject has been revisited, with the work of Sato [9] and then Manca [10]. Manca’s method 

is based on compliance monitoring, which implies the continuous adjustment of the maximum and minimum 

displacements throughout the test. This allows a constant energy ΔG to be applied. Recently, the authors [11] 

extended this method to a multi-ΔG control test, so that it is possible to obtain the crack growth rate for various 

constant ΔG values with only one specimen. A major advantage of this method is that once the algorithm is 

implemented in a given software, it is completely automated. Additionally, it was shown that the experimental 

data can be described using the Hartman-Schijve relationship [12], i.e. an evolved equation of the Paris law [13]. 

The latter was initially used to describe the fatigue crack growth in metals and was recently extended to adhesives 

[14] and composites [15]. 

Another aspect known to limit the life of composite structures is the aging of these materials when 

subjected to a harsh environment (high temperatures and sea water for example). In the literature, a significant 

amount of work is found on the subject [16, 17], more especially concerning thermoset based composites and their 

fatigue crack growth properties.  

For neat polymers, it is well known that during aging the molar mass can decrease, due to chain scission 

(from oxidation or hydrolysis). It was also demonstrated that the static mechanical properties can be directly linked 

with the molar mass in PTFE [18], polyethylene [19], polypropylene [20], polyethylene terephthalate [21] and 

polyamides [22-24]. Concerning their fatigue crack growth properties, a significant amount of published work can 
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be found for neat polymers such as polyethylene [25], polycarbonate [26], polyethylene terephthalate [27] and 

polyamide [28, 29]. In particular it has been shown that the molar mass of the polymer has a significant effect on 

the fatigue properties. The higher the molar mass, the slower the crack propagation rate. However, for fibre 

reinforced composite materials, very few studies can be found where the molar mass is directly linked with a given 

mechanical property. An exception is the work of Le Gac and Fayolle [30], who in 2018 studied the tensile 

behaviour of short glass reinforced polyamide 6.6 composites during aging while following the molar mass. Also, 

in recent work, the authors investigated the change in the fracture toughness (GIC) induced by aging on 

carbon/polyamide 6 composites, and it was demonstrated that the fracture toughness after hydrolytic aging can be 

directly linked with the molar mass of the matrix [31]. It is therefore of particular interest to investigate whether 

this is also valid under fatigue loading. To the knowledge of the authors, no work has been reported concerning 

the correlation between the molar mass and the fatigue crack growth properties on long carbon fibre reinforced 

thermoplastic composites. 

The aim of this paper is to investigate the fatigue crack growth properties of C/PA6 composites subjected 

to wet aging. To do so, the fatigue crack growth properties are first determined experimentally using the multi ΔG 

control method after different aging conditions. Afterwards, focus is placed on the effect of aging at a given ΔG 

value. The Time-Temperature Superposition (TTS) principle was then checked before and after aging using the 

Miyano approach [32]. Then, the fatigue properties were compared to the losses in molar mass observed during 

hydrolysis. Finally, the experimental data are described using the Hartman-Schijve relationship. 

 

2. Materials & methods 

2.1. Materials 

The material used in this study is a C/PA6 thermoplastic composite material from Celanese (Reference: 

CFR-TP-PA6-CF60-01). It was supplied in the form of unidirectional prepreg sheets (125 µm thick) with a fibre 

volume fraction of 48%. Panel were manufactured by stacking 40 prepreg sheets in a mould. A FEP insert 

(dimensions 280 x 80 x 0.025 mm3) was located at mid-thickness at one end of each panel to create a starter crack. 

The panels were consoidated by heating the mould at 240°C under a pressure of 5 bars. The cooling rate was about 

20°C/min. Such a process allowed us to obtain panels with dimensions of 280 x 280 x 5 mm3. The crystallinity 

ratio was then measured by DSC and is equal to 38% and the initial molar mass 26.2 kg/mol. Additional properties 

for the composite are found in Table 1 below. 
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Property Value 

Tg (°C) 66 

Water uptake at saturation 

after immersion at 25°C (%) 

3 

E1 (GPa) 105.6 

E2 (GPa) 5.8 

G12 (GPa) 2.4 

σ1 (MPa) 1808 

σ2 (MPa) 25 

τ12 (MPa) 37 

 

Table 1: Composite properties, from [33] 

2.2. Aging 

Aging was carried out in deionized water at different temperatures ranging from 100°C up to 140°C for 

durations up to 3 months. To ensure that the water remained liquid during aging, a pressure of 15 bars was applied. 

The choice of high temperatures for this study (T>100°C) is based on the work of Deshoulles et al. [24]. When 

polyamide 6 is fully saturated with water in immersion, its glass transition temperature (Tg) decreases from 66°C 

down to -12°C [34]. Such a loss implies a change in state from the glassy to the rubbery state at ambient 

temperature. This means that when polyamide 6 is immersed in water at ambient temperature, it will eventually 

pass into the rubbery state. Therefore, once saturated the polyamide 6 matrix is in the rubbery state both at 25°C 

and at 140°C. Also, at these temperatures, water diffusion is very fast, so for all aging conditions specimens were 

fully saturated with water resulting in a homogeneous water profile. As an example, in [31], at 120°C, specimens 

are saturated after only one day of aging. Additionally, the oxygen contained within the deionized water was 

removed using nitrogen bubbling (for 3 hours) prior to aging. The choice of removing the oxygen from water is 

justified by the fact that oxidative aging tends to produce a degradation that mainly occurs on the surface of the 

specimens. With the 5 mm thick specimens used within this study, a degradation profile through the thickness 

would therefore be observed. On the other hand, pure hydrolytic aging, i.e. aging in water without oxygen, induces 

a homogeneous degradation through the thickness and therefore a homogenous molar mass. This is more pertinent 

when the aim is to link a given property (in this study the fatigue crack growth properties) with the molar mass. 
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Concerning the latter, molar mass measurements were carried out by the Peak Expert Company using the Laun et 

al. method [35]. Samples of 10 mg were dissolved with hexafluoroisopropanol (HFiP) for 24h. Calibration was 

performed using PMMA standards with molar mass ranging from 800 to 1,600,000 g/mol. From these 

measurements, both the average molar mass in number Mn and average molecular weight Mw were obtained. Here, 

the value of Mn was used but Mw was also suitable because of the stable polydispersity index during aging. 

 

2.3. Multi ΔG control method 

2.3.1. Test specimens 

The DCB specimens were produced by water jet cutting to the following dimensions: 250 x 20 x 5 mm3. 

The initial crack length a0 was about 60 mm and instead of aluminium tabs, glass/polyamide 6 tabs were used. 

This ensures a better interface with the DCB specimens. Tabs dimensions were 20 x 20 x 10 mm3. For each aging 

condition three specimens were tested, and all specimens were dried in humidity chambers at 60°C at 0% humidity 

for about a month prior to testing until stable weight was reached. It was initially intended to test the specimens in 

the saturated state, however, such tests were not possible. The upper arm from the DCB specimen systematically 

failed before any crack propagation. This is due to the loss in matrix dominated properties induced by water ingress 

that also affect flexural strength [33]. In total, 55 specimens were tested (4 in the unaged state and 51 after aging). 

All specimens were pre-cracked under mode I loading before the fatigue test. The length of the pre-crack was 

about 10 mm for all specimens. Finally, DCB tests were chosen to investigate the crack delamination in composite 

as no other simple alternative were found in literature, despite the well know fibre bridging issue. Additionally, in 

order to investigate the long-term behavior of such composites, using the same test before and after aging allows 

changes due to aging to be revealed. 

 

2.3.2. Test method 

 Multi ΔG-control fatigue tests were performed with an MTS Acumen 3 Electrodynamic test system at a 

frequency of 2 Hz and an R-ratio of 0.1. As stated in the introduction, the G-control method was developed by 

Manca et al. in [10] and the authors extended this method to a multi ΔG control test method [11]. The latter was 

implemented within the MTS software (Multipurpose Elite™) to perform the fatigue tests. It should be noted that 

the multi ΔG control method relies on compliance monitoring throughout the tests. This is essential in order to 

maintain the cyclic energy release rate ΔG (Gmax-Gmin) and R-ratio constant, by adjusting the minimum and 

maximum displacements continuously as the crack extends.  
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The compliance C is defined in Eq. 1. 

 𝐶 =
𝛿

𝑃
 Eq.1 

Where δ is the crack opening displacement and P the associated load. Based on this compliance measurement, the 

crack length a can be calculated, Eq. 2. 

 𝑎 = √
3𝐸𝐼𝐶

2

3

 Eq.2 

Where I is the moment of inertia of each DCB arm and E the modulus of the specimen in the longitudinal direction 

(taken here as 105.6 GPa [33]). The R-ratio is defined in Eq.3 both in terms of displacement and load. It can also 

be expressed in terms of Gmin and Gmax, Eq.4. 

 𝑅 =
𝑃𝑚𝑖𝑛

𝑃𝑚𝑎𝑥

=
𝛿𝑚𝑖𝑛

𝛿𝑚𝑎𝑥

 Eq.3 

 𝑅𝐺 =
𝐺𝑚𝑖𝑛

𝐺𝑚𝑎𝑥

= 𝑅2 Eq.4 

The cyclic energy release rate ΔG is then expressed as follows, Eq. 5: 

 ∆𝐺 =
9𝐸𝐼

4𝑏𝑎4
𝛿𝑚𝑎𝑥

2 (1 − 𝑅2) Eq.5 

Where b is the width of the DCB specimen. Finally, two requirements must be satisfied to ensure a constant ΔG 

as the crack grows longer, Eq. 6 and Eq. 7.  

 
𝛿𝑚𝑎𝑥

𝑎2
= 𝑘 Eq.6 

 𝛿𝑚𝑖𝑛 = 𝑅𝛿𝑚𝑎𝑥 Eq.7 

Where k is a constant. Once all these equations are defined, the test methodology can be described. First, the 

operator defines the frequency f, the R-ratio, the number of cycles N to be performed at each ΔG level, the initial 

ΔG0 level at which the test will start and finally the ΔGincrement value. The methodology is presented in Figure 1, 

from [11]. 
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Figure 1: Flowchart of the multi ΔG control method [11] 

 

The test starts at a targeted ΔG0 value. To keep this value constant, the algorithm first runs n cycles and 

calculates the compliance. Based on that measurement, the calculation of the crack length is possible and this 

allows the determination of ΔG, Eq. 5. Once this process is finished, the calculated ΔG value (ΔGcalculated) is 

compared to the targeted value (ΔGcommand). If the value is within the error defined by the operator (ΔGtolerance), 

another set of n cycles (here 10 cycles) is performed; if not, the maximum and minimum displacements are adjusted 

to reach the targeted ΔGcommand and so on. When the N number of cycles (here 10 000) at the targeted ΔGcommand 

value are completed, the ΔG value can be increased to ΔGn=ΔGn-1+ΔGincrement, the same process as explained above 

is followed until the measurements no longer respect LEFM (here when d/a>0.4). 

 

2.3.3. Test parameters used in the multi ΔG control tests before and after aging 
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Figure 1 shows that prior to testing, some parameters need to be entered into the algorithm, i.e. ΔG0, 

ΔGincrement, ΔGtolerance, N, f and R. For all tests performed here, most of the parameters were the same before and 

after aging (f, R, N, ΔGincrement and ΔGtolerance).  For all tests, ΔGincrement and ΔGtolerance were taken as 100 and 10 

J/m², respectively. However, the initial ΔG0 value was modified in the case of the aged specimens. Indeed, it was 

shown in [31] that the GIC value decreased with aging so it is necessary to consider this loss in the fatigue tests. In 

[11], the initial ΔG0 was equal to 500 J/m². Compared with the unaged GIC value equal to 3140 J/m², it means that 

∆𝐺0

𝐺𝐼𝐶
≈ 0.15. This ratio around 0.15 was then kept for all aging conditions. For the aging conditions at 120°C, the 

ΔG0 values are shown in Table 1 along with the GIC values taken from [31] for propagation. The ΔG0 values at the 

other aging temperatures (100, 130 and 140°C) can be found in the Appendix. 

 

Table 1: Test parameters for the multi-ΔG tests in the unaged state and after aging at 120°C 

Aging time (days) ΔG0 (J/m²) GIc prop (kJ/m²) (from [31]) 

0 500 3410 ± 260 

3 500 3302 ± 160 

7 400 2490 ± 150 

14 300 1560 ± 160 

21 200 1210 ± 80 

28 100 950 ± 100 

 

2.4. Scanning Electron Microscopy (SEM) 

A Philips FEI Quanta 200 SEM was used to examine the fracture surfaces of the tested specimens before 

and after aging, to investigate whether aging has an effect on the failure mechanism in fatigue. 

 

2.5. Hartman-Schijve representation 

Since its first introduction in 1961 [13], the Paris’s law, Eq.8, has been extensively used to describe the 

fatigue crack growth behavior in a wide range of materials. 

 
𝑑𝑎

𝑑𝑁
= 𝐶∆𝐺𝑚 Eq.8 

where da/dN is the fatigue crack growth rate in m/cycle and C and m are two fitting parameters. Such a 

representation of the fatigue crack growth suggests a log-linear relationship between da/dN and ΔG (Regime II), 
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as shown in Figure 2. However, in the literature, it has been shown that in several cases, this law is not sufficient 

to describe the complete fatigue crack growth behavior, from slow to fast crack propagation rates. Figure 2 shows 

that the crack growth behaviour can be characterized by three distinct fatigue crack propagation regimes (threshold, 

log linear and critical [36] corresponding to regimes I, II and III, respectively). 

da/dN=C[∆G]m

Paris Law

lo
g
 (

d
a
/d

N
)

log DG

I II III

Threshold

Log Linear Critical

 

Figure 2: Fatigue crack growth behaviour 

 

Therefore, the Hartman-Schijve relationship was introduced in 1970 for metals [12] and was more recently 

extended to composite materials [15]. Additionally, the relationship was already used to describe the fatigue crack 

growth properties of unaged C/PA6 composites in [11]. The Hartman-Schijve equation is presented below, Eq.9. 

 
𝑑𝑎

𝑑𝑁
= 𝐷

[
 
 
 
 
 

∆√𝐺 − ∆√𝐺𝑡ℎ𝑟

√[1 − √𝐺𝑚𝑎𝑥

𝐴
]
]
 
 
 
 
 
𝑛

 Eq.9 

Where Δ√G and Δ√Gth are defined in Eq.10 and Eq.11. Δ√Gth is associated with the threshold region and represents 

the lower bound of the sigmoid (Regime I). D and n are two fitting parameters that respectively represent the slope 

and exponent of the log linear region (regime II). Finally, A is expressed in J/m² and is associated with the upper 

bound of the sigmoid (critical region, regime III). It may be noted that some authors have indicated that A can be 

associated with GIC [14, 15].  

 ∆√𝐺  = √𝐺𝑚𝑎𝑥 − √𝐺𝑚𝑖𝑛 Eq.10 
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 ∆√𝐺𝑡ℎ𝑟  = √𝐺𝑡ℎ𝑟 𝑚𝑎𝑥 − √𝐺𝑡ℎ𝑟 𝑚𝑖𝑛  Eq.11 

The identification of the different parameters was performed on each specimen tested in this study and a 

manual fitting was used. First, Δ√Gth and A which respectively represent the lower and upper bounds are directly 

identified on the experimental data. Based on this, D and m are obtained by plotting da/dN as a function of (∆√𝐺 −

∆√𝐺𝑡ℎ𝑟)/√1 − √𝐺𝑚𝑎𝑥/𝐴, as performed in [11, 15]. 

 

3. Results & Discussion 

 

This section is first devoted to the results from fatigue crack growth tests performed after aging at different 

temperatures (100, 120, 130 and 140°C) and for different durations. Second, focus is then placed on the crack 

growth behavior at an arbitrary ΔG value of 1000 J/m². Then based on Miyano’s work [32], the Time-Temperature 

Superposition (TTS) approach was used to propose a prediction of the long-term behavior, followed by a 

discussion on embrittlement upon aging. Finally, the Hartman-Schijve representation was used to describe the 

experimental data.  

 

3.1. Effect of aging on the fatigue crack growth behavior 

 

Figure 3 first shows the results from fatigue tests performed before and after aging using the multi-ΔG 

control test method. First, the results from fatigue tests in the unaged state (black squares) show that the crack 

growth behaviour is characterized by three distinct fatigue crack propagation regimes, as described in section 2.5. 

Then, let us consider the results from fatigue tests performed after wet aging at 100°C, Figure 3.a. Aging 

was carried out for durations ranging from 14 up to 90 days. First, results show that scatter is quite low for all 

conditions investigated. Second, results show that as the aging duration increases, the fatigue crack growth 

properties are shifted towards faster crack propagation rates. As an example, the crack growth rate at a ΔG value 

of 1000 J/m² is about 10-7 m/cycle in the unaged state while after 90 days of aging at 100°C, it is increased by a 

decade with a new value of about 10-6 m/cycle. This clearly demonstrates the changes induced by aging. A similar 

trend is observed for all the aging temperatures investigated here, Figure 3.b, 3.c and 3.d, i.e. longer aging durations 

result in faster crack propagation rates. To further understand this, the following section is focused on the fatigue 

crack growth behavior at a ΔG value of 1000 J/m². 
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Figure 3: Fatigue crack growth rate as a function of ΔG after aging at different temperatures and 

durations (a) 100°C (b) 120°C (c) 130°C (d) 140°C 

 

3.2. Fatigue and fracture behaviour at ΔG=1000 J/m² 

3.2.1. Time-Temperature Superposition (TTS)  

Based on Figure 3, the crack growth rates at a ΔG value of 1000 J/m² were extracted for all conditions 

investigated and plotted as a function of time, as shown in the left side of Figure 4. It is observed that as aging 

duration increases, the fatigue crack propagation rate increases linearly. Then, the right side of Figure 4 shows the 
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master curve of da/dN for ΔG=1000 J/m². It was obtained using the Miyano approach [32], by shifting da/dN with 

a coefficient at, defined in Eq.12, so that all curves can be superimposed.  

 𝑎𝑇 = 𝑒𝑥𝑝 [
𝐸𝑎

𝑅
(

1

𝑇𝑟𝑒𝑓

−
1

𝑇
)] Eq.12 

Where Ea is the activation energy in kJ/mol, R the gas constant equal to 8.314 J/mol/K, T the temperature 

in K and Tref the reference temperature taken as 493 K (120°C). Based on this, it is demonstrated that the time-

temperature superposition principle is applicable to da/dN for all the aging temperatures investigated in this work. 

It may be noted that in [37], Miyano also demonstrated that the TTS principle can be applied to the mode I fatigue 

crack propagation when performing tests at different frequencies and temperatures. 
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Figure 4: Master curve of the crack growth rate at ΔG=1000 J/m² 

The shift factors at are now plotted as a function of 1000/RT in Figure 5. The activation energy Ea is then obtained 

from the slope of ln(𝑎𝑡) = 𝑓(
1

𝑅𝑇
) and is found equal to 102 kJ/mol with a correlation factor of 0.993. 
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Figure 5: Time-Temperature shift factors and associated activation energy 

 

3.2.2. Effect of molar mass on fatigue crack growth 

 

The molar mass has a significant effect on the mechanical properties of neat polymers. More particularly, 

as demonstrated by the work of Manson & Hertzberg on several polymers (PMMA, PVC, PA6) [29, 38-40], the 

work of Kausch [41, 42], and the work of Sauer on polyethylene [43]. These studies showed that the higher the 

molar mass the lower the crack growth rate.  

However, few results are available for composite materials [30, 31]. In [31], the authors recently 

investigated the effect of hydrolytic aging on the static mode I fracture crack growth properties of C/PA6, using 

the same specimens as those of this study. In that work, a correlation with the molar mass before and after aging 

was found. The aging conditions (temperature and durations) were exactly the same as those used in this paper.  

Figure 6 shows the change in molar mass as a function of aging time for different aging temperatures, 

from [31]. Results show that for each aging condition, there is a decrease in the molar mass. The latter is due to 

the hydrolysis of the amorphous phase of the polyamide 6, which involves a chain scission process when specimens 

are immersed in water [24]. It is also observed that the higher the temperature, the faster the decrease in molar 

mass, as expected.  
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Figure 6: Effect of aging on the molar mass of the PA6 matrix, from [30] 

The crack growth rates obtained at ΔG=1000 J/m² are now plotted as a function of molar mass in Figure 7, similarly 

to that performed by Manson & Hertzberg on PMMA in [38]. Is is observed that da/dN is increased when lowering 

Mn. Additionally, two different slopes are identified on this da/dN=f(Mn) plot. Indeed, a change in slope is observed 

at a given Mn value around 15 kg/mol. Below this value, da/dN increases significantly. This suggests a change in 

mechanical behavior. 
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Figure 7: Effect of molar mass in number on the fatigue crack propagation rate at ΔG=1000 J/m² 
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In the case of amorphous polymers, the loss in fatigue crack growth properties has been explained by the 

behavior of crazes, which provide a barrier to crack propagation [41]. However, for crystalline polymers, fewer 

published results are available. Several explanations can be proposed. First, the strength of crystalline polymers 

depends on their ability to transfer stresses between the amorphous and crystalline phases. In the literature, this 

has been explained with tie molecules. In particular, it has been shown in [24] for PA6 that a decrease in strain at 

break during aging was linked with a decrease in tie molecules probability content. Another explanation concerns 

the loss in entanglements induced by aging; hydrolysis involves chain scission which shortens the length of 

polymer chains, as witnessed on Figure 6. It is also known from literature that when the length of the polymer 

chains falls below a critical molar mass M’c, there are no longer enough entanglements to transfer stresses within 

the material, which induces in change in mechanical behavior from ductile to brittle [18-21, 24, 31]. 

To confirm this, the fracture surfaces of specimens tested in the unaged state and after 14 days of aging 

at 120°C are shown in Figure 8. To obtain these images the tested specimens were cut in three pieces, each 

corresponding to one of the three identified crack propagation regimes (threshold, log linear and critical). 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 8: SEM fracture surfaces taken from different crack growth regimes in the unaged state (a) 

ΔG<ΔGth (b) ΔGth<ΔG<ΔGc (c) ΔG>ΔGc and after 14 days of aging at 120°C (d) ΔG<ΔGth (e) 

ΔGth<ΔG<ΔGc (f) ΔG>ΔGc 
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Three different aspects can be discussed based on these SEM pictures. First, the fracture surfaces from 

the specimens tested in the unaged state (Figure 8.a, b and c) show that as the crack propagation increases (from 

regime I to regime III), the ductility of the matrix appears to increase. Such a result has already been noted in the 

literature by Karger-Kocsis and colleagues [28] on neat and short fibre reinforced polyamide 6 composites where 

the ductility of the matrix increased with increasing ΔK and da/dN. Second, on all SEM pictures, it appears that 

that the strength of the interface is quite poor, even in the unaged state. This was already confirmed in another 

study on the same material where the transverse tensile strength was found to be 25 MPa [33], i.e. lower than that 

of a classical C/Epoxy or C/PEEK Material. Additionally, Figure 8.b and Figure 8.c show some fibres that are 

completely smooth. This indeed suggests a low initial interface. However, despite this low interface strength in 

the unaged state, high GIc values were obtained on this material (GIc=3440 J/m²) [11]. This indicates that it is the 

high ductility of the PA6 matrix that seems to govern the interlaminar strength rather than the interface, as known 

from literature on thermosets.  Finally, the fracture surfaces of the specimens tested after 14 days of aging at 120°C 

show very little ductility whatever the crack propagation regime. This indicates that there is a clear change in 

mechanical behavior upon aging, from ductile to brittle. This was already observed by the authors in [31] when 

testing carbon fibre reinforced polyamide 6 composites under static mode I loading. As specified earlier, this 

change from ductile to brittle seems to highlight the fact that after 14 days of aging at 120°C, the molar mass 

significantly decreases. At this point, the PA6 matrix reaches a level of degradation which does not allow enough 

entanglements between the polymer chains. 

From these SEM images coupled with the results from Figure 7, it appears that the Mn value highlighting 

the change in slope corresponds this critical molar mass M’c, identified here as 15 kg/mol. As shown in Table 2, 

this value is in agreement with results from literature concerning the critical molar mass of PA6. 

 

Table 2: M’c values for neat PA6 and C/PA6 from this study and published 

Source Material M’c (kg/mol) Assessment of embrittlement Loading condition 

[24] Neat PA6 15 Yield stress Static tension 

[31] C/PA6 18 GIC Mode I Static 

This study C/PA6 15 da/dN Mode I fatigue 
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These results have confirmed that there is a strong dependency between the fatigue crack growth 

properties and the molar mass, as demonstrated in literature on neat polymers. This study has shown that it is also 

confirmed on long fibre reinforced composite materials. 

 

3.3. Hartman-Schijve representation 

 

Figure 9 now displays the Hartman-Schijve representation for all aging conditions investigated in this 

work. A good agreement is observed with the experimental data, as shown by the R² values given in Table 3. 

Therefore, it is possible to describe the fatigue crack growth behavior not only in the unaged state but also after 

aging and extensive degradation, despite a change in mechanical behavior. The values of all four parameters 

contained within the Hartman-Schijve relationship, i.e. Δ√Gth, D, n and A, evolve with aging time. These are found 

in the Appendix and are represented as a function of aging time. 

 

100 1000
10-9

10-8

10-7

10-6

10-5

10-4

 Unaged

 14 days

 30 days

 60 days

 90 days

d
a

/d
N

 (
m

/c
y
c
le

)

DG (J/m²)

100°C

 

(a) 

100 1000
10-9

10-8

10-7

10-6

10-5

10-4

 Unaged

 3 days

 7 days

 14 days

 21 days

 28 days

d
a
/d

N
 (

m
/c

y
c
le

)

DG (J/m²)

120°C

 

(b) 



18 

 

100 1000
10-9

10-8

10-7

10-6

10-5

10-4

 Unaged

 4 days

 7 days

 10 days

 14 days

d
a

/d
N

 (
m

/c
y
c
le

)

DG (J/m²)

130°C

 

(c) 

100 1000
10-9

10-8

10-7

10-6

10-5

10-4

 Unaged

 1 day

 3 days

 5 days

 8 days

d
a

/d
N

 (
m

/c
y
c
le

)

DG (J/m²)

140°C

 

(d) 

Figure 9: Fatigue crack growth rate as a function of ΔG and associated Hartman-Schijve representations 

after aging at different temperatures and durations (a) 100°C (b) 120°C (c) 130°C (d) 140°C 

 

Table 3: Hartman- Schijve representation - R² values 

Aging temperature (°C) Aging time (days) R² 

/ 0 0.938 

100 

14 0.844 

30 0.863 

60 0.935 

90 0.884 

120 

3 0.928 

7 0.900 

14 0.960 

21 0.936 

28 0.913 

130 

4 0.928 

7 0.901 

10 0.951 

14 0.882 
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140 

1 0.853 

3 0.944 

5 0.916 

8 0.959 

 

 

An interesting aspect highlighted in Figure 9 is that in literature, many authors have shown that the static 

fracture toughness KIc and strain energy release rate GIc are fairly insensitive to Mn for values higher that the critical 

molar mass M’c. This has been demonstrated on many neat polymers [38-42] and on the same material than that 

of the current study [31]. This has been explained by the fact that when a polymer chain is long enough, i.e. higher 

than M’c, the chain is long enough to span a craze. Therefore, an additional increase in Mn does not have a 

significant effect. 

However, it is observed on Figure 9 that even at the early stages of aging, a shift to higher da/dN is 

observed despite the fact that Figure 6 shows a drop in molar mass. Therefore, it appears that this material is more 

sensitive to fatigue crack propagation than in static. This has been observed and partially explained in [38] where 

they suggests that cyclic loading tends to disentangle the polymer network and that such a phenomena is easier at 

lower Mn.  

The following question can now be raised. Does the parameter A from the Hartman-Schijve equation 

equal GIC, as stated in literature [14, 15]? Based on the results of the current study and those of Manson & Hertzberg 

[38], it appears that it is not the case. However, one hypothesis is that most studies investigating the fatigue crack 

propagation behavior using the Hartman-Shijve representation was focused on C/Epoxy, i.e. with a thermoset 

matrix made of a different macromolecular network. The network of a thermoset polymer is linked with strong 

covalent bonds that may not be sensitive to fatigue loadings, contrary to thermoplastics, as demonstrated here. A 

second hypothesis is that it is not common to observe a sigmoidal behaviour when performing fatigue crack growth 

tests on composite materials. Usually, a log linear behaviour is observed and A does not have a major effect on 

the log linear region, as it basically represents the upper bound of the sigmoid. Therefore, future work may include 

the static and fatigue crack propagation behavior of C/Epoxy using the multi-ΔG control method developed in this 

work. Nonetheless, a strong result from this study shows that the fatigue crack growth properties are highly 

dependent on Mn. 
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5. Conclusion 

 

The fatigue crack growth behavior of C/PA6 composites subjected to hydrolytic aging was investigated 

in this paper. C/PA6 DCB specimens were tested in mode I fatigue crack growth tests using the multi-ΔG control 

method before and after aging. Aging was performed under pure hydrolysis conditions (oxygen-free water) at 

temperatures ranging from 100°C to 140°C. Results showed that whatever the aging condition, aging induced a 

significant increase in the crack growth rate (by about a decade) compared to those measured for the unaged state. 

A change in mechanical behavior from ductile to brittle was witnessed during aging, and allowed the identification 

of a critical molar mass M’c of 15 kg/mol. A major result from this work also showed that the fatigue crack growth 

properties were highly dependent on the molar mass Mn, even at the early stages of aging. Such a dependence was 

not observed in static, meaning that fatigue loadings are more sensitive to aging. Finally, it was also shown that 

for all aging conditions, the crack growth rate plot exhibited a sigmoidal shape. This was accurately described 

using the Hartman-Schijve relationship, as the Paris law is unable to capture the entire sigmoidal behaviour. 

Compared with the Paris law which contains two parameters (pre-exponential factor D and exponent n), the 

Hartman-Schijve equation introduces two additional parameters (A and Δ√Gth, defining the upper and lower 

bounds of the sigmoid, respectively). 
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Appendix 

 

Table A-1: Test parameters for the multi-ΔG tests in the unaged state and after aging at 100, 130 and 

140°C 

Aging 

temperature (°C) 

Aging time 

(days) 

ΔG0 (J/m²) GIc prop (J/m²) (from [30]) 

/ 0 500 3410 ± 260 

100 

14 500 3302 ± 116 

30 400 2872 ± 143 

60 300 1850 ± 180 

90 200 1540 ± 130 

130 

4 400 2326 ± 144 

7 300 1600 ± 57 

10 200 1106 ± 111 

14 100 830 ± 98 

140 

1 400 2850 ± 191 

3 300 1647 ± 159 

5 200 1140 ± 14 

8 100 749 ± 18 

 

 

 

 



25 

 

0.1 1 10 100
0

500

1000

1500

2000

2500

3000

 100°C

 120°C

 130°C

 140°C

A
 (

J
/m

²)

Aging time (days)

 

(a) 

0.1 1 10 100
6

8

10

12

14

16

18

20

22

 100°C

 120°C

 130°C

 140°C

D
√
G

th
 (

J
1
/2

/m
)

Aging time (days)

 

(b) 

0.1 1 10 100

0.5

0.8

1.0

1.3

1.5
 100°C

 120°C

 130°C

 140°C

n

Aging time (days)

 

(c) 

0.1 1 10 100
0.0E+00

2.5E-08

5.0E-08

7.5E-08

1.0E-07
 100°C

 120°C

 130°C

 140°C

D
 (

m
.c

y
c
le

-1
)

Aging time (days)

 

(d) 

Figure 4: Parameters from the Hartman-Schijve equation as a function of aging time at 120°C (a) A (b) 

Δ√Gth (c) n (d) D 

 


