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Abstract 

An energy-based approach is proposed for 
fatigue analysis of specimens weakened by rounded 
notches. The energy dissipated as heat by a unit 
volume of material per cycle is assumed as fatigue 
damage indicator. A theoretical model based on the 
energy balance is presented, where the different 
forms of energy exchanged in a fatigue test are 
involved. An experimental technique which enables 
one to estimate the proposed energy parameter is 
presented and applied to the analysis of the fatigue 
behaviour of a short fibre-reinforced plastic. The 
limits of applicability of the presented approach is 
also discussed. 

1  Introduction  

The thermographic approach adopted to 
estimate the fatigue limit of metals [1] and the high 
cycle fatigue strength (HCFS) of composites [2-3] is 
well documented in literature. Such an approach is 
based on the experimental observation that during a 
fatigue test the surface temperature of a material 
increases, such that the higher the applied stress 
amplitude the higher the temperature increase [4-5], 
as depicted in Fig. 1. Once the stationary thermal 
rises have been experimentally measured, the HCFS 
of the material σ0,th can be determined by 
extrapolation of the best fitting curve that correlates 
the applied stress amplitudes σa and the stationary 
temperature increments ΔTstat [1, 23], as depicted in 
Fig. 2a. According to a slightly different procedure 
[1, 3, 6], the reference HCFS of the material should 
be estimated by intersecting the two straight lines 
that interpolates the experimental data reported in 
the form shown by Fig. 2b for low and high stress 
amplitudes. 
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Fig. 1. Schematic view of the temperature increase of 

different specimens undergoing a fatigue test. 
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Fig. 2. Experimental estimation of fatigue limit (for 

metals) and high cycle fatigue strength (for composites) 
according to the thermographic methods. 

 
It should be noted that in the case of metallic 

materials temperature is not an indicator of fatigue 
damage by nature. In fact some temperature rise can 
be measured in specimens cyclically loaded even 
below the fatigue limit [1, 6, 7]. Nonetheless it has 
been highlighted [8] that, dealing with fatigue of low 
carbon steels, in an experimental test conduced on a 
single specimen by progressively increasing the 
applied stress amplitude, the slope of the curve 
fitting the experimental data ΔTstat-σa shows a sharp 
variation at the stress level that generates the first 
slip band. It is well known [9,10] that such a stress 
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level is close to the fatigue limit, even if they do not 
coincide from a scientific point of view, since the 
fatigue limit corresponds to a slightly higher stress 
level, at which an initiated micro-crack stops 
propagating when reaching the first microstructural 
barrier.  

On the other hand in the case of composite 
materials, due to the different damage mechanics, 
temperature changes can provide useful information 
about location, extension and evolutions of damage 
under static and fatigue loading, see Refs. 5, 11-17 
for some examples. In the case of fatigue loading of 
short fibre, thermoplastic matrix composites, 
damage mechanisms like fibre-matrix debonding, 
fibre pull-out and matrix cracking can act even at 
low stress level; the resulting damage associated to 
the visco-elasto-plastic behaviour of the matrix 
generate a significant amount of heat which is 
converted in significant temperature increases even 
for stress well below the high cycle fatigue strength 
of the material. This behaviour justifies the need for  
using the thermographic procedure in figure 2b in 
the case of composites. 

Whether or not temperature represents a true 
indicator of the fatigue damage, thermometric 
methods proved to be able to estimate the fatigue 
limit of materials and components in a reasonably 
good agreement with the traditional methods such as 
the stair-case procedure.  

Recently an experimental thermometric 
approach supported by a theoretical model has been 
proposed for an engineering analysis of the fatigue 
strength of materials and components [18]. The 
fatigue damage indicator is assumed to be the energy 
(rather than the temperature) released by the material 
as heat in a unit volume and per cycle. The specific 
energy dissipated during a fatigue test is derived 
from the experimental measurement of the surface 
temperature at the critical point and is supported by 
a theoretical model based on the energy balance. 

Then, aims of this work are the following: 
• to summarise the experimental energy-based 

approaches proposed in the literature for fatigue 
strength assessments of materials and 
components; 

• to summarise the theoretical model for estimating 
the specific energy released by the material as 
heat in an experimental test; 

• to apply the theoretical model to correlate the 
fatigue strength of smooth and notched specimens 
made of a short fibre-reinforced composites. 

2  Experimental energy-based methods for 
fatigue strength assessments 

It has been highlighted [18] that temperature is 
not a promising parameter for fatigue strength 
estimations, at least for metals. In fact temperature 
distribution in a specimen made of a given material 
depends on the specimen geometry, the test 
frequency, and the boundary conditions that defines 
the heat transfer rate from the specimen to the 
surroundings (one important factor among these is 
the room temperature). As an example, consider a 
smooth specimen having a constant cross section 
along its length. When subjected to cyclic loading a 
temperature rise will occur, which is not uniform 
along specimen’s length. In fact the specimen 
behaves, as a first approximation, like a bar 
subjected to a uniform heat generation along its 
length and heat dissipation at the specimens ends: 
then temperature distribution will be parabolic along 
the specimen’s longitudinal axis. If temperature 
were a fatigue damage indicator, failure should 
invariably occur at the specimen mid-section, which 
is not true in general. Conversely, the energy 
dissipated in a unit volume of material per cycle is 
constant along the specimen’s axis.  

In the literature there are a number of 
experimental energy-based approaches for fatigue 
strength assessment of material and components. 
According to different Authors, different forms of 
energy are considered as fatigue damage indicators, 
i.e. the mechanical energy expended during the 
fatigue test, the energy stored with in the material 
and the energy dissipated as heat. 

The expended mechanical energy measured by 
the area of the hysteresis loop was assumed as a 
fatigue damage index by Feltner and Morrow [19]. 
Halford [20] correlated the work expended for a unit 
volume of material to the fatigue life of a variety of 
metal materials. In particular it was shown that 
fatigue is a very dissipative phenomenon since in the 
medium cycle fatigue one hundred time more plastic 
strain hysteresis energy is dissipated than in a 
monotonic test up to failure. The strain hysteresis 
energy concept has more recently been adopted by 
Charkaluk [21] in the context of strength 
assessments under thermomechanical loadings and 
by Klingbeil [22] in the area of Fracture Mechanics 
studies. 

Kaleta et al. [7] assumed the stored energy 
within the material (the so-called ‘stored energy of 
cold work’) as a fatigue damage index. After 
overcoming some experimental difficulties, they 
measured the stored energy as difference between 
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the expended mechanical energy and the energy 
converted into heat. Risitano and co-workers [24] 
proposed the use of a parameter derived from the 
experimental measurement of the surface 
temperature, which has been correlated to the stored 
energy after failure. Moreover such a parameter has 
been assumed as a material constant at fatigue 
failure. 

Reifsnider and Williams correlated heat 
generation and development of fatigue damage in 
boron-aluminium and boron-epoxy  composites [11]  

Gamstedt et al. assumed heat dissipation as a 
damage parameter when analysing the fatigue 
behaviour of Angle-Ply and UD hybrid laminates 
[13]. Similar approaches were adopted in Refs. 16 
and 17. It is worth noting that although frequently 
used for damage characterisations during fatigue 
testing, at the best of author’ knowledge, energy-
based approaches were never used so far for fatigue 
strength assessments in composites. 

In the present work we adopt heat dissipation 
in order to correlate the fatigue strength of smooth 
and notched specimens in a short fibre-reinforced 
plastic. It is believed that heat dissipation is easier to 
be measured rather than the expended mechanical 
energy and the stored energy of cold work, 
especially when high cycle fatigue regime is 
considered.  

In the next section the theoretical model will be 
briefly summarised.  

 

3  The theoretical model for fatigue life 
estimation based on the energy dissipation  

The proposed model [18] is based on the 
energy balance of a control volume V of material 
undergoing a fatigue test, as depicted in Fig. 3. The 
statement of the first law of thermodynamics is: 

input mechanical energy (W) = dissipated 
thermal energy (Q) + variation of the internal energy 
(ΔU) 
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Fig. 3. Energy balance of a material undergoing a fatigue 

test [18]. 
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where σn is the Stephan-Boltzmann constant 

equal to 5.67⋅10-8 W/(m2⋅K4),  Tgrad
r

is the gradient 
of the temperature field, λ is the thermal 
conductivity, ρ is the material density, c is the 
material specific heat, n is the outward unit normal, 
κ is the surface emissivity, T∞ is the room 
temperature and t is time. The dissipated thermal 
energy is described by the three heat transfer 
mechanisms operating through the surface S, i.e. 
conduction (cd), convection (cv) and radiation (ir). 
The rate of variation of the internal energy contains 
two terms: the first one describes the transient 
material thermal variations while the second term 
represents the rate of accumulation of the ‘stored 
energy of cold work’, which is responsible for 
changes in material microstructure leading to 
initiation of fatigue micro-cracks. 

By transforming the surface integral of the 
conduction term into a volume integral, we have : 
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the energy balance equation in integral form can 
be written as: 
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It has been shown that if we consider a smooth 
specimen having a constant cross section, the 
temperature variation across the section itself, that is 
in the x and y direction in Fig. 4, can be neglected 
[18]. Then, by noting that dV=A·dz, eq. (2) can be 
written in differential form as: 
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Fig. 4. Frame of reference adopted in the energy balance 

(Eq. (3)). 
 
Allowing for thermal steady state conditions to 

be reached after a certain period of time is elapsed 
from the beginning of the experimental test, eq. (3) 
can be rewritten as follows: 
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H represents the thermal power dissipated per 

unit volume of material by means of the three heat 
transfer mechanisms. 

Eq. (5) can be solved after tentatively assigning 
H and comparing the obtained T(z) temperature 
distribution with the experimental one, as measured 
by means of an infrared camera. By adopting such 

an experimental technique to monitor fatigue tests 
conduced on smooth specimens made of a 
commercial stainless steel and a nodular cast iron 
[25], it has been found that all three heat transfer 
mechanisms contribute to the heat dissipation with 
the same order of magnitude, but conduction is the 
prevailing mechanism being the relevant rate of heat 
transfer up to 80 % of the total, in particular in the 
medium and low cycle fatigue regime. Of course 
such results are meant to be specific to the particular 
materials and testing conditions analysed in Ref. 25. 

When dealing with notched specimens and real 
components, the one-dimensional form of eq. (5) 
cannot be applied any longer. Under such 
geometrical conditions, being valid the stationary 
assumption previously made, eq. (4) holds true. It 
has been shown [18], that the energy dissipated as 
heat Q in a unit volume of material and per cycle can 
be evaluated by experimentally measuring the 
cooling rate of the material after a sudden 
interruption of the fatigue test. The procedure is 
depicted in Fig. 5.  
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Fig. 5. Temperature gradient as measured after suddenly 

stopping the fatigue test at t=t*. 
 
In fact, by so doing the mechanical input power 

(represented by the left-hand side of eq. (4)) and the 
rate of accumulation of plastic strain Ep in Eq. (4) 
will drop to zero, so that it can be written: 

( )ircvcd
*)t(t

HHH
t
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∂
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where the thermal power H dissipated per unit 
volume of material does not change just before and 
just after the time t* (at which the test is 
interrupted), because it depends only on the 
temperature distribution and on the room 
temperature, which do not change through the time 
t*. Then, the specific energy loss Q can be simply 
derived by knowing the load frequency f:  



FATIGUE STRENGTH ANALYSIS OF A SHORT FIBRE-REINFORCED PLASTIC BASED ON THE ENERGY 
DISSIPATION 

5  

f
HQ =

 

7) 

4  Material and fatigue test results  

Fatigue tests were conduced on plain and 
notched specimens in 5-mm-thick PA66-GF35 
material, i.e. a 35% wt. short glass fiber reinforced 
polyamide composite, with the nominal fibre 
orientation aligned with the specimen longitudinal 
axis. The thermophysic properties were provided by 
the manufacturer; in particular the material density 
resulted equal to 1410 kg/m3, while the specific heat 
c was equal to 1,5 kJ/(kg⋅K). Notches consisted in a 
moulded central hole having a diameter equal to 10 
mm characterised by an orthotropic Kt value equal to 
2.84 referred to the net section. Additional tests were 
conduced also on notched specimens having a 
moulded 10 mm-wide central slit characterised by a 
tip radius equal to 0.5 mm and by an orthotropic Kt 
value equal to 7.82 referred to the net section.  

 
   

 

 
 

 
Fig. 6. Geometries of the smooth and notched specimens. 

 
Specimens’ geometries are reported in Fig. 6. 

Fatigue tests were conduced on a Schenck 
Hydropuls PSA 100 servo-hydraulic machine 
equipped with a 100 kN load cell. The load 
frequency was kept between 2 and 7.5 Hz, 
depending on the applied load level, while the 
nominal load ratio R, defined as the ratio between 
the minimum and the maximum applied load, was 
equal to 0.1. The complete separation of the 
specimens was assumed as failure criterion. During 
the tests the surface temperature of the material was 
monitored by means of different techniques, 
depending on specimen’s geometry. In particular a 

Flir 550 infrared camera, having a resolution of 0.07 
°C, was adopted for the smooth specimens, while 
copper-costantan (T-type) thermocouples, having 
0.127 mm diameter wires and a resolution of 0.01°C, 
were bonded close to both the notch tips of the 
notched specimens. In the former case analysis and 
processing of the acquired frames were performed 
by means of the AGEMA Research 2.1 software, 
while in the latter case a data logger HP 34970A was 
adopted to sample and store the temperature signal. 
During the tests, the machine was suddenly stopped 
in order to measure the cooling gradient as a first 
step and then to derive the specific energy Q, 
according to eq. (6) and (7). The maximum adopted 
sampling rate was about 10 Hz when using the 
infrared camera and 22 Hz when using the 
thermocouples. 
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Fig. 7. Experimental fatigue test results in terms of net-
section stress amplitude (r is the notch tip radius). For 

plain and hole specimens the 10%-90% survival 
probability scatter bands are also reported. 

 
Fig. 7 reports the experimental fatigue test 

results in terms of net section stress amplitude σa. In 
the same figure the inverse slope k of the Woehler 
curve and the fatigue strength σA at NA=2 million 
cycles for a survival probability of 50% are reported. 

By comparing the σA values reported in Fig. 7 
for the different geometries with the corresponding 
Kt values, it is seen that neither net-section stresses 
nor elastic peak stresses can correlate the 
experimental fatigue strength data. As an example, 
taking as reference stress the fatigue strength σA, the 
fatigue notch factor Kf is equal to 34.6/25.7 = 1.35 
for the hole specimens, well below the elastic stress 
concentration factor. 
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5  Correlation between fatigue test results and 
specific energy loss Q 

During the fatigue tests, 4 to 9 cooling rates 
and the corresponding Q values were measured after 
suddenly stopping the fatigue tests in order to 
investigate the variation of the specific energy loss 
Q with the number of cycles.  

Fig. 8 and 9 show the typical cooling curve 
measured for two plain specimens in the low cycle 
and in the medium cycle fatigue regime, 
respectively. 
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Fig. 8. Example of a cooling curve measured by means of 

the infrared camera for a plain specimen (σa=53 MPa, 
N/Nf=0.44, Nf=11400 cycles). 
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Fig. 9. Example of a cooling curve measured by means of 
the infrared camera for a plain specimen (σa=40 MPa, 
N/Nf=0.41, Nf=326300 cycles). 

 
The reported markers enable one to appreciate 

the adopted sampling frequency equal to 1 Hz and 
show the set of temperature-time data that were 
processed in order to estimate the cooling gradient 
and then the specific energy Q. 

When dealing with notched specimens some 
experimental difficulties in interpreting the cooling 
curves arose. In fact the temperature variations that 
had to be measured during the cooling phase 
resulted to be on the order of just few tenths of a 
degree, while in the case of plain specimens 

temperature drops of 1÷2 degree were observed, as 
shown by previous figures 8 and 9. That is why 
thermocouples having a higher resolution than the 
infrared camera were adopted in the case of notched 
specimens. The same experimental difficulty was 
highlighted by one of the Authors of the present 
work when applying the presented thermometric 
method to study the fatigue behaviour of metallic 
materials [18]. As an example , fig. 10 reports the 
cooling curve measured by means of thermocouples 
for a hole specimen. In this case the sampling rate 
had to be increased to 10 Hz, due to the higher 
decrease of the cooling gradient with respect to time. 
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calculating the cooling rate

Fig. 10. Example of a cooling curve measured by means 
of the thermocouples for a hole specimen (r=5 mm, σa=32 

MPa, N/Nf=0.45, Nf=162400 cycles). 
 

Concerning the plain specimens, it has been 
observed that in the medium and high cycle fatigue 
regime the specific energy Q increases at the 
beginning of the test and then it remains roughly 
constant starting from about 40÷50% of the total 
fatigue life. As an example Fig. 11 reports the 
measured values of Q for two plain specimens which 
failed at Nf=68300 and Nf=326340 cycles, 
respectively. 
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Fig. 11. Typical trend of the specific energy Q measured 

for two plain specimens in the medium cycle regime. 
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Fig. 12. Typical trend of the specific energy Q measured 

for a plain specimen in the low cycle fatigue regime. 
 
Conversely in the low cycle fatigue regime the 

specific energy Q is more like an increasing function 
of the number of cycles, as shown by Fig. 12. Then 
in the former case the mean value after stabilization 
was considered as characteristic for that test, while 
in the latter case the value measured at 50% of the 
fatigue life was taken into account. 

Concerning the notched specimens, it was not 
found a change in the behaviour in the different 
fatigue regimes. Fig. 13 reports as an example the 
specific energy loss Q as a function of the relative 
number of cycles. The curve is roughly constant 
during the whole fatigue test, then the mean value 
was considered as characteristic for that specimen. 
The same choice was done for the other analysed 
stress levels. 
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Fig. 13. Typical trend of the specific energy Q measured 

for a hole specimen (r=0.5 mm) in the medium cycle 
fatigue regime. 

 
Similarly to the trend shown by fig. 13, the 

specimens containing slits showed that the energy 
dissipation was almost constant during the fatigue 
test. Unfortunately the temperature rise after the 
beginning of the fatigue test was limited to few tenth 
of a degree so that the measurements were affected 

by high uncertainties. One simple method for 
forcing higher temperature rises is to increase the 
load test frequency in order to increase the 
dissipated thermal power and then the surface 
temperature level. In the present case such a method 
was limited by the capacity of the available servo-
hydraulic testing system so that it could not be 
effective. By re-arranging the available experimental 
results shown in Fig. 7 in terms of specific energy Q, 
the scatter bands shown by Fig. 14 were obtained. 
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Fig. 14. Experimental fatigue test results in terms of 
energy Q dissipated as heat in a unit volume of material 

per cycle. 
 
Fig. 14 reports all the experimental results in 

terms of specific energy loss Q, as calculated by 
means of eq. (6) and (7). It can be seen that the mean 
curves for to plain and hole specimens are much 
closer to each other than in terms of net-section 
stresses. Then a confidence analysis was performed 
in order to investigate if the results of these two test 
series can be treated as a single set, i.e. if the energy 
parameter Q can correlate the fatigue strength of the 
plain and smoothly notched specimens.  
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Fig. 15. Mean energy-based fatigue curve and confidence 
band for the plain specimens 
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Fig. 15 shows the mean curve and the 
corresponding confidence band for plain specimens. 
It is seen that most of the data valid for the notched 
specimens fall well within the confidence band. That 
is why all data were processed as a single test serie 
in Fig. 16, thus supporting the use of the energy 
parameter Q for summarising the fatigue strength of 
smooth and notched specimens, at least for the 
analysed material. 
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Fig. 16. Energy-based scatter band for plain and hole 

specimens. 
 

6  Discussion 

Fig. 14 shows that the specific energy as 
measured by means of the presented experimental 
technique cannot correlate the fatigue strength of the 
slit specimens having notch tip radius equal to 0.5 
mm. In this case the experimental measurements as 
conduced in the present work are believed to be 
unreliable due to the very small surface thermal rise 
that was observed. Then the experimental technique 
proposed in the present work reveals some  limits of 
applicability the sharper is the considered notch, due 
to the progressively weak temperature signal that are 
expected to be measured.  

Apart from the difficulties due to the small 
temperature rises, it should be noted that the 
proposed energy parameter Q is by nature a local 
quantity defined at a point in a component. As a 
consequence the proposed approach is correlated to 
the fatigue life up to crack initiation and not to the 
following crack propagation phase when the crack 
tip moves far away from the initiation point, that is 
from the point where the specific energy Q is 
measured. As far as the fatigue life of a component 
is mainly spent to initiate a crack, the proposed 
experimental energy based approach is promising. 
Conversely, if a significant fraction of the fatigue 
life is spent to propagate a macro-crack, then 

parameter Q can hardly correlate fatigue data 
generated by notches of different geometry. The 
latter case holds true the sharper is the considered 
notch. Fig. 17 shows as an example the stiffness 
curves as measured for a specimen containing the 
hole (r=5 mm, Nf=111180 cycles) and the slit (r=0.5 
mm, Nf=139000 cycles), respectively. Being the 
fatigue lives almost the same for the two specimens, 
the relative stiffness curve trends are comparable up 
to about 50% of the fatigue life and then the one 
relevant to the sharper notch drops with steeper 
gradients with respect to the other. That means that a 
longer fraction of the fatigue life is spent to 
propagate a crack in the case of the sharper notch. 
Then it is believed that the proposed method 
correlates only the crack initiation life obtained from 
different specimens’ geometries. On the other hand 
the definition of ‘crack initiation life’ is beyond the 
purpose of the present work. 
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Fig. 17. Non-dimensional axial stiffness versus the 
relative number of cycles for two specimens having 

different notch tip radius. 
 

7  Conclusions 

The specific energy parameter is able to 
correlate the fatigue strength of plain and notched 
specimens, characterized by a notch tip radius equal 
to 5 mm, made of a 5-mm-thick PA66-GF35 
material, i.e. a 35% short glass fiber reinforced 
polyamide composite. Then a unique scatter band 
where the experimental data for to both specimens’ 
geometries collapse has been defined. Conversely, 
neither net-section stresses nor elastic peak stresses 
can correlate the fatigue strength.  

Additional fatigue tests were performed by 
using more severely notched specimens containing a 
slit with a notch tip radius equal to 0.5 mm. In this 
case, due to the very limited thermal rise observed at 
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the notch tip, temperature measurements are affected 
by great uncertainties.  

Even when adopting an experimental 
equipment having higher resolution than the one 
available in the present work, care should be paid 
when applying the proposed approach to severely 
notched specimens because the proposed energy 
parameter is correlated by nature only to the fatigue 
crack initiation life; conversely the crack 
propagation phase could be more and more 
significant the sharper the notch geometry is. 
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