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Results of experimental studies on fatigue fracture behaviour of PEEK are reported. Experiments are 
conducted on injection moulded single edge notched specimens of 2.68 mm in thickness. At low crack 
speeds the crack tip is relatively round. At relatively higher crack speeds, the crack tip geometry changes 
to a triangular shape with an angle of 90 ° which remains constant until close to unstable fracture. Optical 
microscopy observations of fracture surfaces and of transverse sections show that at relatively short crack 
lengths growth occurs in a 'brittle' manner. Subsequently necking or lateral contraction of the specimen 
around the crack tip is observed and is associated with a 'ductile' mode of growth. The point of 
transition from 'brittle' to 'ductile' fracture is dependent upon the level of the stress. Fatigue striations are 
observed throughout the fracture surface. Correlation of the striations and the number of cycles indicates 
a one cycle crack growth mode. The critical crack length is assumed to correspond to the point of minimum 
thinning which is shortly after the last striation. Hysteretic losses during fatigue crack growth are negligible 
until a few cycles prior to unstable fracture. Energy release rates evaluated from load displacement curves 
are practically equal to J1 = hay (ay is the yield stress of the material and 6 is the crack opening displacement). 
The 'brittle' phase of crack propagation is well described by linear elastic fracture mechanics parameters. 
For the entire phase of propagation and for the same level of J1 (= 6try), the crack speed is practically 
independent of the stress level. 
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I N T R O D U C T I O N  

The requirements mandated by today's structural design 
needs call for the development of materials that are 
lightweight, possess relatively higher toughness and are 
able to withstand a wide variety of aggressive service 
environments. High temperature thermoplastics and 
their composites are classes of materials that attempt to 
satisfy some of the challenging materials requirements. 

High temperature thermoplastics such as polyether- 
etherketone (PEEK) compete with thermosets and 
thermoplastics in many structural applications. When 
compared to other synthetic polymers, PEEK exhibits 
increased fracture toughness and delamination resistance, 
thermal stability as well as increased resistance to 
chemical attack and radiation. An additional benefit of 
PEEK is that it is a thermoplastic. Therefore, in situ 
repairs are possible as opposed to thermosetting mater- 
ials where removal and replacement are the only 
maintenance option. 

PEEK and its composites possess excellent properties 
and as such are very promising materials for structural 
applications. Little is known however, about their fatigue 
performance. Thus before they can be used in design, the 
fatigue characteristics of these materials should be 
thoroughly investigated under a wide spectrum of loading 
conditions and for a variety of materials structures. 

The majority of materials fail by the initiation of a 
crack which subsequently exhibits slow growth until 
fracture of the specimen. Furthermore,  during fatigue 
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fracture, materials undergo structural transformations 
(damage) within a relatively small area around the tip of 
a propagating crack. The extent and intensity of these 
transformations depend upon the applied load, material 
type, geometry, processing conditions and corrosion. 
Damage accumulation, whether in the form of plastic 
deformation, crazes or voids, is a process that absorbs 
energy; energy that otherwise would be available to drive 
the crack. Consequently, an understanding of the various 
mechanisms of damage nucleation and growth during 
fracture is essential for the prediction of the life time of 
structural components and the material toughness. 

The physical, mechanical and fracture response of 
PEEK and its composites have received extensive 
attention in the last few years ~-9. Although these studies 
provide a valuable insight into the behaviour of these 
materials, investigations of the fatigue fracture behaviour 
and the underlying mechanisms in PEEK are limited. 
This is one of a series of papers to report the effects of 
loading conditions and specimen geometry on fatigue 
fracture of PEEK. In the first paper, an investigation of 
the effect of load level on fatigue crack propagation (FCP) 
is reported. These studies are aimed at the characteriza- 
tion of the macro- and microscopic mechanisms involved 
during low cycle fatigue conditions of injection moulded 
single edge notched specimens. Macroscopic studies are 
concerned with the kinetics of crack propagation, the 
crack tip morphology and the evolution of the hysteresis 
load displacement curves. The microscopic studies in- 
volve examination of the fracture surfaces, the extent of 
thinning of the specimen around the crack path and the 
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location of the critical crack length. Possible effects of 
processing on the overall fracture behaviour are studied 
by examination of the fracture surfaces. 

EXPERIMENTAL 

Specimen preparation 

Semicrystalline PEEK 450G used in these studies is 
provided by ICI (Exton, PA) in the form of 128 x 128 x 
3.2 mm injection moulded plaques. The plaques are 
ground down to approximately 2.68 mm in thickness 
from both sides in order to remove a layer of amorphous 
material in the surface region 9. The depth of the layer is 
evaluated from optical microscopy observations of sec- 
tions of the plaques. Single edge notched specimens of 
80 mm in gauge length and 25 mm in width are cut from 
these plaques. A V-shaped notch of 60 ° and 1 mm in 
depth is milled into the centre of the gauge length. The 
specimens are heated in an oven at 140°C for about 3 h 
and then slowly cooled down to room temperature in the 
oven. This is intended to remove any moisture that the 
material could have absorbed during preparation. 

Methods 

In this study, an MTS dual actuator servohydraulic 
materials testing system in conjunction with a Wavetech 
function generator is employed to perform tension- 
tension fatigue experiments. All experiments are load 
controlled with a sinusoidal waveform function and 
conducted under ambient conditions in a laboratory 
atmosphere. 

In all experiments the minimum stress of the fatigue 
cycle and the frequency are kept constant and at values 
of O'mi n ~--- 0 and v = 0.9 Hz, respectively, while the levels 
of O'ma x are 40.75, 55.15 and 67.80 MPa. These values 
correspond to load ratio R = 0. 

Although the frequency is kept constant in all three 
experiments, the stress rate 6, is different. That is, if ~r is 
approximated by 6- = 2v(O'ma x - -  O ' m i n )  (ref. 10), the respec- 
tive stress rates are: 73.35, 99.27 and 122.04 MPa s -~. 
Therefore, both stress level and stress rate vary from 
experiment to experiment. However, it is not possible to 
investigate the effects of stress level while keeping the 
frequency constant without introducing changes in the 
stress rate. Conversely, one cannot investigate the effects 
of stress level having the same stress rate without varying 
the frequency. Thus, fracture behaviour and the intensity 
of underlying mechanisms may depend upon the stress 
level, stress rate and any possible cross effects. Prelimi- 
nary experimental results indicate a negligible effect of 
the above range of stress rates on the data reported 
herein. Work is underway to further elucidate the effects 
of stress rate on FCP in PEEK 11. 

The stress intensity factor K 1 is calculated according 
to the formula: 

K 1 = amax(rcl)l/2f(l/B) 

Here O'ma x is the maximum stress, l is the crack length 
and B is the specimen width. The function f ( l /B) is a 
correction factor related to the specimen geometry and 
is expressed as 12, 

f ( l /B) = (2B/rd tan ~I/2B) 1/2 

0.752 + 2.02(1/B) + 0.37(1 - sin ~l/2B) 3 
X 

cos(rcl/2B) 

The elastic energy release rate is calculated as, 

G 1 = tcK21/E 

Here x -- (1 - v 2) for plane strain and x = 1 for plane 
stress; E and v are the Young's modulus and the Poisson's 
ratio of the material, respectively. It is reported in 
reference 9 that injection moulded PEEK 450G has a 
crystallinity of 23 %. For that degree of crystallinity, the 
Young's modulus is about 3 GPa 2. The Poisson's ratio 
v, and the yield stress %, are taken as equal to 0.30 and 
91 M Pa 13, respectively. 

Inasmuch as the ratios of ~rma~/~ry are not negligibly 
small, the following approximation is utilized to calculate 
crack opening displacements (COD) 14, 

= K2/Etyy[1 + (/r2/24)(O'2max/0"2)] (1) 

(the right hand side of equation (1) is multiplied by 0.6 
in the case of plane strain). 

Crack growth kinetics and crack opening profiles are 
recorded on a Hamamatsu video system which is 
connected to a Questar long range microscope. Load 
displacement curves are recorded on a Yokogawa plotter: 
Fracture surfaces are examined on a Zeiss universal 
optical microscope and on a Jeol scanning electron 
microscope. Observations on the extent of damage are 
performed on sections normal to the crack path which 
are prepared according to standard metallographic 
grinding and polishing techniques 15. 

RESULTS AND DISCUSSION 

Crack propagation mechanisms 

Figure 1 exhibits a series of optical micrographs of the 
crack profile taken at the maximum stress of the fatigue 
cycle. Initially the crack has  a relatively round tip. As 
the crack length increases, the crack tip geometry changes 
to a triangular shape. The newly formed crack surfaces 
do not belong to the planes of the crack. However, 
relaxation takes place within the next cycle, and the newly 
created surfaces partially contract. This may be due to 
some viscoelastic behaviour associated with irreversible 
deformation of the material around the crack tip. 
Comparison of the bandwidth on the fracture surface and 
the height of the triangle at the crack tip indicates that 
they are approximately equal. That is, the crack grows 
a distance equal to the sliding offat each cycle. Moreover, 
it is interesting to note that the crack tip angle is about 
90 ° and remains approximately constant until very near 
the transition to unstable fracture. Similar crack tip 
geometries have been observed in single crystals of metals 
and are explained in terms of a 'slipping off' process 16,17. 
As a result slip bands emanate from the crack tip. The 
relatively darker zones (arrows B, Figure 1) may be 
related to slip bands in PEEK. However, it should be 
noted that the underlying mechanisms of slip at the crack 
tip might not be the same because PEEK is a semi- 
crystalline material whereas metals are single crystals or 
polycrystalline. 

The evolution of hysteresis loops for the low stress 
level experiment is shown in Figure 2. At the early stages 
of fatigue fracture the area of the loop is practically 
insignificant. This indicates that the work spent on 
irreversible deformation of the test-piece and particularly 
around the vicinity of the crack tip is negligible. 
Noticeable hysteresis loops are observed a few cycles 
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Figure I Series of optical micrographs of the crack profile taken at appropriate times and crack lengths. Note the 90' angle 
of the crack tip in later micrographs. Horizontal arrow indicates the direction of propagation (see text for details) 

prior to unstable fracture. This is understood in terms 
of the relatively large extent of damage around the crack 
tip at long crack lengths which is manifested in the 
change of the crack tip geometry ( F i g u r e  1 ) .  

Optical micrographs of the entire fracture surface of 
three specimens fatigued under three levels of mean stress 
is shown in F i g u r e  3 .  Clearly, striations appear  through- 
out the slow crack propagat ion phase. In addition, the 
striations are bowed in the direction of crack propaga-  
tion. This may be due to plane strain conditions in the 

interior and plane stress conditions near the surface of 
the specimen. Moreover,  the injection moulded plaques 
may have a lower degree of crystallinity near the surface ~ 
which makes the material more ductile than the interior 
of the specimen. 

The striated morphology of the fracture surface 
indicates that crack propagation occurs in a discontin- 
uous manner. The size of the bands (i.e. distance between 
two striations) increases with the crack length. Each band 
corresponds to a single crack advance. Such an advance 
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F i g u r e  2 Hysteresis loops for the low stress level experiment (scales: 
load 0.01 kN mm-1; displacement 0.005 mm mm -1) 

l = 4 m m  

Figure 3 Fracture surfaces of the specimens fatigued under the three 
different stress levels. Top to bottom: low, middle and high stress levels. 
Horizontal arrow indicates the direction of propagation 

may occur once per many cycles or once per cycle. That 
is, the crack may remain stationary at a certain crack 
length for more than one cycle and then jump (within 
one cycle) to the next configuration, or the crack may 
jump within every cycle. To examine which mechanism 
operates in the particular fracture process, we evaluate 
the following quotients18: ANc/Al and ANb/AI; where 
AN¢ and AN b are the increase in the number of cycles 
and bands, respectively, and A1 is the corresponding crack 
length increment. Comparison of AN¢/Al and ANb/Al at 
each recorded crack length indicates that they are equal. 
Therefore crack growth occurs with every cycle. Due to 
this relationship, the fracture surface is a permanent 
record of the crack speed and can be used to extract 
crack growth kinetics at relatively fast crack speeds where 
conventional optical microscope techniques are limited. 

To obtain more insight into the type of damage and 
its extent along directions normal to the crack path, 
transverse sections of the fractured specimens are 
examined under an optical microscope. Typical sections 
are exhibited in Figure 4. These micrographs show that 
at relatively short crack lengths, crack propagation 
occurs in a 'brittle' manner. When the crack becomes 
long, localized contraction or necking of the specimen 
occurs in a zone around the crack tip. This mechanism 
leads to 'ductile' crack growth and subsequent failure of 
the test-piece 19'2°. 

The extent of thinning measured from the fracture 
surface for three loading conditions is plotted in Figure 
5 as a function of the crack length. Examination of the 
data shown in Figure 5 indicates that for every loading 
condition, thinning reaches a minimum value after the 
last striation. Furthermore, since striations are formed 
at the maximum stress of the fatigue cycle, the last 
striation corresponds to the last completed cycle. After- 
wards the specimen is again loaded to nearly the 

l = 8 m m  

l =  10 m m  
F i g u r e  4 Typical transverse sections of fractured specimens 
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maximum stress of the fatigue cycle and failure occurs 
(see Figure 2). Evidently, the last striation cannot be 
taken as the point of transition to fast fracture or for that 
matter the critical crack length. Therefore it is presumed 
that the point where minimum thinning occurs corres- 
ponds to the transition to fast fracture, i.e. the critical 
crack length. 

The material used in the present studies has been 
prepared by injection moulding. Due to the finite heat 
conductivity and complex molecular structure of PEEK 
a change in morphology may result across the thickness 

a 

Figure 6 Micrographs of the fracture surface taken at the 'ductile' 
crack growth region• (a) and (c) have been taken near the edges of the 
surface and (b) from the middle of the surface 
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of the specimen. To investigate effects of such changes 
on the fracture behaviour, we examine the morphology 
of the fracture surfaces under an SEM. The micrographs 
shown in Figure 6 are taken at the part of the fracture 
surface where 'ductile' fracture is observed (Box A, Figure 
3). Figures 6a and 6c are taken near the specimen surfaces 
and Figure 6b at the middle of a fracture surface. Within 
the resolution of these observations no ffpparent change 
in morphology is seen. This may be explained by the fact 
that the material near the crack planes has been 
transformed due to extensive irreversible deformation. 
Thus any structural variations across the thickness have 
been erased. 

Fracture propagation kinetics 
The observations described above suggest two modes 

of fracture: 'brittle' and 'ductile' crack growth. The point 
of transition is found to be dependent upon the level of 
stress. Namely, the transition occurs at shorter crack 
lengths with an increase in stress (Figure 3). This is clearly 
noticed in the experiments with trma x = 40.75 and 55.15 MPa. 
In the experiment with a m x = 6 7 . 8 0 M P a ,  'ductile' 
fracture appears shortly after crack initiation. 

The data points in Figure 7 are experimental values of 
COD plotted against the crack length for three different 
stress levels. Linear elastic fracture mechanics (LEFM) 
parameters may be utilized to describe the COD and 
crack growth kinetics within the 'brittle' phase of 
propagation. COD calculated with the use of equation 
(1) for the middle and low stress level experiments are 
also shown in Figure 7. These data suggest that LEFM 
can adequately describe the fracture process during the 
initial phase. A deviation of the calculated (equation 1) 
and experimental COD is observed in both experiments 
at crack lengths of about 5.0 mm and 7.0 mm. Similar 
behaviour is seen in the crack growth kinetics when 
plotted against the elastic energy release rate G a. These 
data are shown in Figure 8. 

It is difficult to draw on parameters of fracture 
mechanics in a case of 'ductile' crack growth. Therefore, 
one should resort to experimentally measured energy 
release rates and utilize these to correlate FCP data. 
Values of energy release rates for the low stress level, 
evaluated from the evolution of load displacement curves 
are plotted in Figure 9 as a function of the crack length. 
Inasmuch as the COD can be readily measured an energy 
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Figure 9 Energy release rates versus crack length (see text for details) 

release rate J1 =ficrr is computed and shown in Figure 
9. For comparison the elastic energy release G1 is also 
shown in the same figure. It is of interest to note that, 
in spite of the limitations of J1 associated with crack 
growth its values correlate well with the experimentally 
measured ones. Obviously, G 1 overestimates the actual 
energy release rate during 'ductile' fracture. 

The results shown in Figure 9 suggest that for the 
material and the loading conditions used in the present 
studies, J1 could be employed to correlate FCP data. 
Accordingly, one can avoid the laborious and time 
consuming procedures of generating load displacement 
curves, especially when a large number of them is 
required. 

The experimental COD shown in Figure 7 and a yield 
stress Cry = 91 MPa are employed in the evaluation of J1. 
The quantities so evaluated are utilized to correlate FCP. 
For all loading conditions and for the same level of J~, 
the kinetic data are practically the same for the entire 
range of the measurements (Figure 10). These results are 
additional evidence that, in spite of the limitations of J~ 
related to crack growth, the actual energy release can be 
approximated by J~ = t~Cry in the studies reported herein. 

CONCLUSIONS 

The experimental studies of FCP in PEEK presented in 
this paper show that at the early stages of the process 
the crack grows in a 'brittle' manner. Subsequently, 
contraction (necking) of the specimen occurs in a zone 
around the crack tip. This mechanism leads to a 'ductile' 
mode of growth. The transition to 'ductile' fracture is 
dependent upon the stress level. During 'ductile' fracture, 
the crack profile is triangular with a crack tip angle of 
90 ° . This resembles shapes observed in ductile metals and 
has been associated with 'slipping off' processes at the 
crack tip. A single cycle mode of crack growth is observed 
during slow crack propagation. The 'brittle' phase of 
crack growth is well described by linear elastic fracture 
mechanics parameters. The actual energy release rate is 
approximately equal to Jt = c~cry. Crack growth kinetics 
are practically independent of the stress level when 
plotted against J1. 
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Figure 10 Crack growth kinetics plotted against Jl 
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