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»The replacement of well-characterized ther-

moset matrix composites with thermoplastic 

composites is being driven by the increasing 

need for recyclability, as well as the potential 

for much faster cycle times and fastener-less 

assemblies via welding. Although there are 

indeed companies producing thermoplastic 

composite structures that have demonstrated 

years of successful use, these designs have been 

developed using internal methods and design 

rules. Currently, there are no standard meth-

odologies or commercial calculation tools to 

design such materials to avoid fatigue failure.

In general, thermoplastic matrix materials 

exhibit more susceptibility to cyclic loading 

failure, manifested by phenomena including 

steeper SN curves (plots of cycles (N) vs. stress 

(S) to failure), time-dependent deformation 

and failure behavior due to viscoelastic mecha-

nisms (creep and/or relaxation), as well as lower 

endurance limits and higher levels of ductility in 

matrix behavior that can lead to plasticity-driven 

failure modes.

Thus, the need for high-fidelity methods 

of predicting fatigue life for these materials is 

increasingly important as they are adopted for 

applications such as large aerospace and auto-

motive structures and pressure vessels storing 

fuels such as hydrogen — structures that operate 

for long periods of time and require durability 

under cyclic loads. As a result, there is strong 

interest in a technique and an associated auto-

mated simulation tool to support designing 

fatigue-tolerant thermoplastic composite 

structures.

The method discussed here is actually generic 

in application, demonstrated with good results 

for both thermoset and thermoplastic composite 

structures. It is also specifically based on 

modeling of real physical phenomena, namely 

the cyclic degradation of stiffness and the state 

of damage in composite laminates made with 

Numerical tool with mean stress correction 
demonstrated for fatigue life estimation of 
thermoplastic composites

 FIG. 1   Damage evolution process

Degradation process of a composite ply during cyclic loading. 

Source | Reference 3, Caous, et al., Composites Part B Engineering

 FIG. 2  Designing 
for fatigue tolerance

The automated composite 
fatigue assessment workflow. 

Source | Econ Engineering
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 FIG. 3  Experimental 
SN curve fitting

Statistically fitted SN curves in 
fiber direction (left) and trans-
verse direction (right) based 
on load-controlled, constant 
amplitude fatigue experiments 
completed on UD CF/PAEK 
specimens. 

Source | Econ Engineering

 FIG. 4  Haigh- 
diagram, strength 
degradation 
evaluation

Haigh-diagram parameter 
fitting (left) and degradation 
law parameter fitting (right) 
based on load-controlled, 
constant amplitude fatigue 
experiments on UD CF/PAEK 
specimens. 

Source | Econ Engineering

continuous or short fiber (compared to methods developed mainly 

for short fiber thermoplastic composites). At the same time, it uses 

commercial Ansys finite element (FE) tools to get actual working 

stresses in the plies.

New algorithm to predict the cyclic response of 
fiber-reinforced composites
As a result of previous R&D activities, Econ Engineering (Budapest, 

Hungary) has developed an algorithm to predict the cyclic 

response of continuous fiber-reinforced polymer composites by 

integrating FE assessment into a stiffness degradation and cyclic 

failure assessment algorithm based on theories taken from litera-

ture. According to the underlying theory as described by Caous1 et 

al., under cyclically varying loading conditions the composite ply 

undergoes a sequential damage evolution process (Fig. 1).

The process corresponding to matrix microcracking and the 

crack density saturation up to the failure of the weakest layer is 

a stable and gradual process that can be well characterized by 

empirical laws. These microstructural changes are manifested in 

the global reduction of ply stiffness which can be modeled in FE 

assessment by changing the corresponding properties following 

the selected degradation rule. Previous R&D work performed by 

Econ Engineering has resulted in an automated system for the 

cyclic lifespan prediction of any composite laminate. The algo-

rithm is detailed in Fig. 2.

 

Strengths and features of proposed methodology
One value-adding feature of this methodology is the simulta-

neous monitoring of mean stress-dependent stiffness degradation 

over successive cycles using empirical interaction degradation 

rules and orientation-dependent Haigh-diagram. The method 

also includes the effect of complex in-plane stress states of a ply 

by considering all three in-plane load directions (normal, trans-

verse and shear) in the fatigue damage calculation. In addition, it 

includes a static progressive damage assessment method as per 

Puck2 to provide a more realistic fatigue life prediction for initially 

overloaded laminates. The procedure has also been coded in the 

form of a complex automated workflow, where the actual stress 

state for each ply is evaluated by appropriate FE assessment and 

ply-based residual stiffness analysis combined with a failure check 

executed in an external routine.

Econ Engineering’s numerical tool can provide reliable cyclic 

life prediction for any ply stacking sequences and loading condi-

tions, combined with complex geometries, due to the fact that the 

failure check is based on FE analysis. The internal failure mode 

check can also determine if an expected ply breakage leads to 

catastrophic failure or if the surrounding layers can take over 

the load. This is to avoid calculated fatigue lives that are unreal-

istically short. Thus, the developed tool offers a convenient and 

reliable means for generating safe designs that must exhibit high 

cyclic strength. This tool is planned to be migrated into the Ansys 
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Workbench environment in the form of a user-

defined plug-in that may be attached to any 

composite component structural assessments 

done with layered shell elements.

 

Initial validation in laminates
The FE-based methodology for cyclic strength 

assessment developed by Econ Engineering has 

been validated by physical testing on continuous 

carbon fiber-reinforced (CF) thermoset (epoxy) 

and thermoplastic (PAEK) composite laminates 

under loading in fiber and transverse direc-

tions at different R-ratios with good results. As 

a complementary feature, parameter fitting 

methods have also been elaborated to find the 

constants of the fatigue model based on load-

controlled, constant amplitude fatigue experi-

ments done on unidirectional (UD) standard 

plate samples. The fitting process includes 

maximum likelihood method-based SN curve 

fitting for life distribution prediction (Fig. 3, p. 7) 

as well as the evaluation of the Haigh-diagram 

and strength degradation model constants in 

different loading conditions (Fig. 4, p. 7).

 

Application example
An FE simulation of a UD CF/PAEK pressure 

vessel — e.g., for storing compressed hydrogen 

gas — was performed with subsequent fatigue 

analysis. The simulation model was constructed in 

the Ansys Workbench environment using layered 

shell elements. The Ansys Composite PrePost tool 

was used to automatically define the draped layer 

orientations based on the ply layup sequence 

specified for the dry reinforcement. The meshed 

model and the fiber orientations are shown in 

Fig. 5 and Fig. 6. A standard layup of [+/-30°] was 

used along the entire model which is typical for 

such filament-wound structures. It was extended 

with an additional hoop (90°) reinforcement 

layer in the cylindrical middle section. A linear 

orthotropic material model was assumed with 

the standard moduli of the CF/PAEK composite 

material that was subjected to previous static and 

fatigue mechanical testing.

The fitted fatigue model constants were imple-

mented in the subsequent fatigue assessment. The 

tank was loaded by a constant overpressure from 

inside while it was constrained at its boss (inlet 

nozzle). The pressure loading was assumed to 

fluctuate between zero and a maximum pressure 

of 20 bar, representing a filling-operation-deple-

tion lifecycle. Note, this was only an example 

 FIG. 6   Pressure vessel ply orientation model

Local fiber orientations of the +/-30° composite plies in the CF/PAEK pressure vessel body. 

Source | Econ Engineering

 FIG. 7   Degradation process over successive cycles

Predicted modulus degradation process of the critical area over successive fatigue iterations (at the hoop 
layer). Source | Econ Engineering

 FIG. 5   FE simulation of a composite pressure vessel 

FE model mesh for a CF/PAEK composite pressure vessel application, used as an example. 

Source | Econ Engineering
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to show how to use the methodology, not 

an actual validation, which would require 

much higher pressure (e.g., 700 bar).   

In the initial static assessment in the 

cylindrical section, a roughly 20% stress 

utilization was calculated, which increased 

up to 70% over the fatigue assessment. At 

this high level of utilization, the fatigue 

assessment predicted accelerated damage 

increase, thus the onset of cracking was 

anticipated, and the fatigue analysis was 

stopped. The cause of the failure was 

cracking in the fiber direction which is a 

showstopper since that would lead to a 

catastrophic burst of the tank. The adaptive 

cycle incrementation required 32 iterations 

comprising 3,540 real cycles, which is the 

declared fatigue life of the composite gas 

tank.

Fig. 7 shows the degradation process 

of the E11 modulus over successive cycles 

along with the deformed shape of the tank 

under maximum internal pressure. The 

critical area of the tank was the transition 

zone between the end cap and cylindrical 

middle section due to extensive bending 

caused by the internal load. The ply expe-

riencing the highest load turned out to be 

the 90° (hoop) layer because that is the layer 

that resisted the high membrane hoop stress 

caused by the internal pressure in the tank.

The methodology presented here was 

published in the April 2020 issue of Engi-

neering Failure Analysis (IF=4.0). Econ Engi-

neering continues to develop this method 

and is performing fatigue testing of thermo-

plastic composite materials for suppliers 

as well as related design engineering for a 

variety of applications and customers. 
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