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Abstract 
To develop parts, made of short glas fibre reinforced (sgfr) polymers for in-
dustrial purposes, a comprehensive material knowledge is necessary. Espe-
cially the material behaviour under cyclic loads has a great influence on the 
life time of parts. Parts are often used under complex load cases (stress state, 
temperature, ...), therefore it is indispensable to understand the effect of the 
main influence factors. High loads within load histories as well as stress con-
centrations can lead to plastic deformations. To cover this in an early stage of 
the development process, a closed simulation chain should be established. 
Therefore, the applicability of common material models (e.g. fatigue criteria 
according to Ramberg-Osgood) has to be studied first, the models have to be 
adapted or even new models have to be found for sgfr materials. This work 
focuses on the applicability of strain controlled cyclic tests for glass fibre 
reinforced polymers. Hereby the cyclic stress rearrangement in the low cycle 
regime of the S/N-curve can be described. Therefore, tests were performed on 
a 50 wt% sgfr partial aromatic polyamide. For the fatigue tests un-notched, 
injection moulded specimen were used. The tests show a principal applicabil-
ity of strain controlled LCF-tests for sgfr polymers. 
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1. Introduction 

To ensure the survival probability of real parts, two different approaches can be 
provided. On one hand, parts can be tested over a demanded lifetime and on the 
other hand the life time can be calculated, based on the cyclic material behaviour 
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determined on specimen. To consider varying load situations, a great number of 
tests have to be carried out in order to cover all load cases. That’s why it is diffi-
cult to transfer test results from one particular part to another one. Tests on real 
parts are very time- and cost-consuming. To avoid this, numerical approaches 
for lifetime assessment were developed to determine the fatigue life time, based 
on the material behaviour. This can be determined on specimen and used for 
several applications. In contrast to component tests, this approach can be ap-
plied in a very early stage of the development process. To describe different in-
fluences on the fatigue life time, models have to be found. In literature [1] [2] 
several approaches are collected for lifetime estimation of metals. In the past 
there was no need to include anisotropic material behaviour, therefore all of 
them are developed for isotropic materials. To bring the anisotropic material 
behaviour into account in [3] [4] [5] [6] [7], a method is presented for short fi-
bre reinforced polymers. These proven approaches for life time assessment are 
based on the concept of local aS N -curves [8] [9]. The principal work flow is 
shown in Figure 1. Besides this approach a counting number of different me-
thods were developed to predict the lifetime of reinforced polymers. In literature 
an excerpt of the latest fatigue-models [10] [11] [12] [13] and techniques [14] 
[15] is given. Necessary models which describe the influence of fibre orientation 
[16] [17] [18], temperature [19] [20], notches [21] and mean stress [22] [23] [24] 
are already included. As high loads during a load history and stress concentra-
tions at notches lead to high stresses, these effects also have to be considered. 
Due to high plastic deformations at high stresses, a stress rearrangement occurs. 
To describe this for metals models like the macro supporting effect according to 
Neuber [25] are used. 

2. Elasto-Plastic Notch Stress 

If the local stress at notch root exceeds the yield strength, the notch stress rises 
unproportional to the notch strain. This effect is called macro supporting effect. 
The relation between elasto-plastic stress concentration factor σα  and the 
strain concentration factor εα  as well as the pure elastic concentration factor 

kα  is given for sharp and mild notches in Equation (1) and (2) [2].  
 

( )2  for 1k kσ εα α α α= �                        (1) 

( ) ( )1 1k kσ εα α α α− = −                        (2) 

The form factors represent the ratio between the stress or strain at notch root 
( ,k kєσ ) to the nominal values ( ,n nєσ ), Equation (1) and (2), and can be ex-
pressed as given in Equation (3) and (4). 

2
2 2n

k k n n k kє є
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σ

σ σ α α= =                       (3) 
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σ σ α α α α− = − = −              (4) 
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Figure 1. Lifetime assessment of anisotropic materials according to [3]. 

 
Using these two relations, the local elastic-plastic stress can be derived from 

the elastic stress akHσ  along Hooks straight line according to Figure 2. The 
elastic maximum stress at notch root kHσ  arises from the multiplication of kα  
and the nominal elastic stress nHσ . The relationship is built by hyperbolic 
shaped curves which are flatter for mild and steeper for sharp notches. Therefore 
higher values are determined by using Equation (1) [2].  

This approach can be used to take local plastic deformations into account. 
Whenever the local stress exceeds the yield strength, a plastic deformation oc-
curs. In case of cyclic loading this leads to a hysteresis shift. Figure 3 shows the 
effect on the stress amplitude aσ  and the mean stress mσ  for tension load. 
The same procedure can be applied for pressure loads, so that for alternating 
loads a rearrangement occurs for both loads. Due to strain hardening or soften-
ing instead of the quasi-static curve from a tensile test, the cyclic-stabilized curve 
(see Section 2.1) from strain controlled tests is used. With the described proce-
dure the stress-rearrangement for each load cycle can be calculated in a life time 
assessment, based on the local stress concept. 

Strain Controlled Tests 

At high load levels a linear correlation between stress and strain cannot be as-
sumed. Due to visco-plastic deformations the stress is limited to the elastic stress 
while the strain rises disproportional. In Figure 4 this is displayed for a repre-
sentative hysteresis with a mean-stress mσ  and mean-strain mє . The correla-
tion between stress σ  and strain є  is plotted for a strain-amplitude aє , 
which can be splitted into a viscous visє  and an elastic elє  part [2].  

To describe the non-linear behaviour, strain controlled cyclic tests are neces-
sary. Therefore specimen are loaded with a constant strain amplitude until  
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Figure 2. Illustration of the calculation method according to Neu-
ber following [2]. 

 

 
Figure 3. Schematic stress-rearrangement for a tension load. 

 
specimen-failure. From this test the cyclic stabilized σ - є -curve and the є N
-curve can be derived. The former curve is built from the connecting line of the 
hysteresis maxima, as shown in Figure 4. To describe the cyclic stabilized curve, 
the approach according to Ramberg and Osgood [26] following Equation (5) is 
used. The cyclic hardening coefficient K ′  and the cycling hardening expo-
nent n′  define the cyclic behaviour of the material. While the cyclic stabilized 
σ - є -curve depicts the cyclic hardening or softening, the є N -curve charac-
terizes the correlation between the strain amplitude aє  and the number of 
cycles to failure N—like a typical aS N -curve—for a low amount of load cycles 
( 4< 10N ). 
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Figure 4. Representative hysteresis loop from a strain controlled test according to 
[1]. 

 
1
na a

aє E K
σ σ

 
 ′  = +  ′ 

                          (5) 

Therefore, the bearable strain amplitude is plotted over the cycles to failure in 
a single logarithmic plot. Hereby a straight line for the elastic and plastic share 
can be found in a good correlation. To evaluate this, the approach from Manson 
[27], Coffin [28] and Morrow [29] following Equation (6) is used. The total 
strain amplitude ,a tє  is splitted into an elastic and a viscous share. The use of 
the reversals to failure 2 N⋅  relates on the possibility, that the values of f Eσ ′  
and fє′  can be determined from intersection points with the vertical axis [2].  

( ) ( ), 2 2b cf
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σ
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′= + = ⋅ ⋅ + ⋅              (6) 

In Figure 5 these correlations are plotted. The two lines depend on each other 
because the ratio between the elastic and the viscous shares must remain the 
same. To ensure this, the condition following Equation (7) must be fulfilled [2].  

 and f
n

f

bn K
c

σ
ε ′

′
′ ′= =

′
                     (7) 

3. Experimental Work 

In this section the used material, the specimen, the test-methodology as well as 
the evaluation is described. Special attention is paid on the evaluation of test da-
ta. 

3.1. Material and Specimen 

The investigated material is a short fibre reinforced partially aromatic 
poly-amide containing 50 wt% glass fibres (PA6T/6I-GF50). This material is 
successfully used for highly loaded parts in mechanical engineering, automotive 
as well as in electrical sector. But in most cases, quasi-static loads or constant  
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Figure 5. Cyclic stabilized σ - ε -curve and Nε -curve. 

 
amplitude fatigue design rules, applying a service load factor, are used to account 
for service strength. To increas the state of knowledge in regard to low cycle fa-
tigue of sgfr materials, tests were performed on this material. Therefore cross- 
shaped specimens were used for testing. In Figure 6 the detailed geometry is 
shown. In particular these specimens were used for rotary bending tests [30] as 
well as for axial tension/compression tests with different notch radii. Different 
notch-geometries can be provided by tooling inserts. As the material characteri-
sation is done on this specimen type for former publications ([3] [21] [30] [31] 
[32]), this type was chosen to get comparable results. Due to their geometry the 
specimens are resistant against buckling and can be used under pressure loads. 
For strain controlled tests a parallel sample region with a constant cross-section 
is used. To ensure a force transmission from the test rig to the specimen, the 
clamping area is supported by ribbing. A transition radius compared with a 
higher cross section ensures rupture in the designated failure area. The speci-
mens were produced by injection moulding and used dry as moulded. Due to 
the moulding-process an averaged fibre orientation, represented by the eigenva-
lues of the 2-order orientation tensor a  [3], along the longitudinal axis of 

0.7xxa =  can be achieved. 

3.2. Test Rig 

The tests were performed on a servo-hydraulic test rig MTS810, equipped with a 
100 kN load cell. A high accuracy contacting extensometer by MTS was used for 
strain measurement. Specimens are clamped with hydraulic clamping chucks. 
Temperature measurement is performed with a non-contacting infra red tem-
perature sensor. To ensure cooling, an additional fan with a constant flow rate of 
180 m3/h is mounted in the test rig. The measured strain-signal is used as control 
parameter (Figure 7). To avoid damage on the specimen and the machine in 
case of sliding, an indirect controling technique is used to drive the cylinder under  
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Figure 6. Specimen geometry and designated failure area. 

 

 
Figure 7. Scheme of test set-up on a servo-hydraulic test rig. 

 
strain-control. Hereby the strain signal from the extensometer is correlated to 
the displacement-signal of the machine. For test evaluation the stress-strain hys-
teresis is needed. Therefore, the stress ( )tσ  as well as the strain ( )є t  is rec-
orded throughout the entire test time. In addition the cylinder position ( )x t  
and the temperature ( )T t  is recorded. To ensure a sufficient accuracy, the 
record-rate is at least 10 times higher than the highest test frequency. The high-
est frequencies 2 Hzf =  occur at the lowest strain levels, that’s why at least a 
record-rate of 20 Hz is chosen for all tests. Data are stored continuosly over the 
whole test to get informations about all load cycles. These informations are ex-
ermined and reduced in a data processing-step after the test. A relatively long 
storage period, compared with high record-rates, lead to big amounts of data. 
The used machine-software, for whatever reasons, cannot relate the data points 
to load cycles, therefore this has to be done later. 

3.3. Test Methodology 

As mentioned in Section 2.1, a constant strain signal is used for loading. The ex-
tensometer is directly clipped on in the parallel middle part (see Figure 6) of the 
used sepcimen. To avoid effects, due to the strain rate dependent material beha-
viour and for better comparability to quasi-static tests, a constant strain rate of 

100% / minє =�  is chosen for testing. This is ensured by the use of a triangular 
instead of a sinusodial signal. With pretests the applicapility of this approach can 
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be clarified and an influence of the load signal (e.g. harmonics) can be eliminat-
ed. By proceeding with a constant strain rate, the test frequencies depend on the 
given strain level maxє  following Equation (8). The factor 4 is needed to convert 
the periodic duration for one load flank (flanks marked in Figure 8 as light grey 
and grey lines). If the strain rate is given as 100% min , this must be captured 
by including 1/60. 

max

1 1
4 60
єf

T є
= = ⋅

⋅
�

                       (8) 

The used strain amplitudes 0.2 0.8%aє = −  result in test frequencies of 
0.5 2Hzf = − . At the beginning of each test the damage-free modulus 0E  is 

derived as a reference. To be able to determine 0E , a stress controlled ramp is 
included in the test procedure as shown in Figure 8. To ensure a pure elastic re-
sponse, a pressure load of 200F N=  is chosen. The modulus is derived from  
the stress at this load-level and the measured strain. After a time of 10 s, the 
stress is reduced to zero and the strain controlled test starts. To describe the cyc-
lic material behaviour in the LCF-regime of the S/N-curve strain levels where 
defined to achieve a range of cycles to failure from 1000N =  to 45 10N = ⋅ . 
The total specimen separation or exceeding 5= 10N  are used as abort crite-
rions. At least one specimen is tested at each strain-level. Results are evaluated, 
according to [33]. 

3.4. Test Data Evaluation 

The continous recorded stress and strain data are the basis for a comprehensive 
data evaluation. To get informations for each load cycle, raw data are splitted 
according to the load cycles. Therefore, the minima, the maxima as well as the 
mean crossings (zero-crossings in pure tension/compression) in the strain signal 
are evaluated. The stress and strain signal are then splitted into single sections 
and further combined to cycles. As soon as the minima and maxima of each loop 
are known, the reversal points can be calculated. The stiffness degradation over 
 

 
Figure 8. Test procedure of strain controlled test. 
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the entire test is characterized by the elastic modulus E. Since polymer based 
materials show a non-linear material behaviour even on low load levels, the cyc-
lic modulus is evaluated between two defined points. Following the evaluation of 
the secant modulus of quasi-static test, according to [34], a strain of 0.05%є =  
and 0.25%є =  after the reversal points at maxє  and minє  for each hysteresis 
is chosen. The modulus for the load path lE  as well as the modulus for the un-
load path uE  are evaluated this way. Additionally the tip modulus sE  and the 
dynamic modulus dynE  acording to Equation (9) and (10) can be evaluated. 
[35] With these quantities, the influences of longterm effects during cyclic load-
ing can be described. While the tip modulus decreases due to cyclic creep, the 
dynamic modulus stays at a constant level. A hysteretic heating and an pro-
gressing material damage lead to a hysteresis-tilt and have an influence on both 
muduli with proceeding cycle number. If hysteretic heating can be excluded, the 
different evolution of the tip modulus and the dynamic modulus allows the dis-
tinction between creep and material damage. In Figure 9 all evaluated data are 
shown for one hysteresis loop. 

max min

max min

  for  1 1  else  s sE R E
є є
σ σ

= − ≤ < =               (9) 

max min

max min
dynE E

є є
σ σ−

= =
−

                      (10) 

The enclosed hysteresis-area hystA  gives information about the stored and 
dissipated energy. Therefore the area is evaluated for each cycle according to 
Equation (11). 

( ) ( )( ) ( )max

min
d

є
hyst l uє

A є є єσ σ= −∫                  (11) 

As all hysteresis loops are recorded, it’s easy to identify the last load cycle fN  
(number of cycles at failure) as well as some other interesting cycles, so that all 
other cylces can be deleted to reduce the amount of data. For the evaluation of 
low cycle fatigue data, the cycles at fN  and 2fN  are the most important. 
Therefore, these cycles are stored. To record the effect of cyclic loads on the hys-
teresis additionally, the first two and one cycle per decade are stored. 

Beside information to describe the single hysteresis, the number of cycles at 
break fN  respectively 2fN  and the corresponding strain- and stress-ampli- 
tude are necessary to describe the material behaviour in the LCF-regime. The 
cyclic stress/strain-curve is given by the corresponding amplitudes at 2fN  for 
each strain level. To set up the є N -curve, the number of cycles to failure N is 
evaluated for each test. In Figure 5 the most important values are plotted. For 
each hysteresis the stress and strain must be evaluated at the reversal points. 
Based on this data, the models according to Equations (6) and (5) can be eva-
luated and the parameters (see Figure 5) can be derived. 

4. Results 

In Figure 10, the hysteresis loops for the first two, one intermediate and one of  
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Figure 9. Evaluated hysteresis parameter. 

 

 
Figure 10. Hysteresis-loops for two strain levels. 

 
the very last cycles, are plotted for the highest and lowest tested strain amplitude. 
The number of cycles fN  at break is given for both tests. Just a small expan-
sion of the hysteresis can be found even at the highest tested strain amplitude of 

0.8%aє = . At the lowest level practically no expansion occurs. The expansion 
under tensile load is slightly more pronounced than under pressure. A small 
change in hysteresis-shape indicates a low amount of visco-elastic behaviour 
even at high strain amplitudes. The reduction of the maximum stress over the 
entire test remains on a low level. At break a total reduction of about 14% can be 
determined. This implies a very stiff material behaviour with a small amount of 
relaxation. 

To distinguish between creep effects and mechanical damage the tip-modulus 
according Equation (9) and the dynamic modulus according Equation (10) are 
compared. If the averaged temperature (normalized by the initial temperature), 
measured at the specimen surface in the designated failure area (see Figure 6), 
doesn’t change significantly during the test, hysteretic heating can be excluded 
(dashed lines in Figure 11). Slight fluctuations and increase of temperature 
during the test stay under 3˚C. A change of temperature of 5˚C causes only a 
deviation in mechanical properties of 2% in the investigated temperature range 
(23˚C ± 5˚C) and therefore these fluctuations can be neglected. The difference 
between the two moduli represents the share of the mechanical damage on the 
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total damage. In Figure 11 the curves for two strain-levels are plotted, in relation 
to the initial value. While the total damage at the higher strain-level is nearly 
evenly distributed between both damage modes, the mechanical damage is do-
minant at a low level. The pronounced share of mechanical damage up to high 
strain levels allows a stress based asessment. 

To describe the cyclic material behaviour in the LCF-regime, tests have been 
performed with different strain-amplitudes. Based on the described test results, 
the stabilized є σ -curve as well as the є N -curve (see Figure 5) can be de-
scribed. In Table 1 the derived model parameters for both curves are summarized. 
For both curves the strain-amplitude aє  and stress-amplitude aσ  determined 
at 2fN  are used to derive the model parameters according to Equation (6), 
(5) and (7). In Figure 12(a) the stabilized є σ -curve is shown. The curve shows, 
as mentioned before, a low amount of viscous strain. Plotting the strain-amplitude 
against the oscillation reversals, the є N -curve in Figure 12(b) is obtained. 
 

 
Figure 11. Evaluation of the normalized tip-modulus sE , dynamic modulus dynE  and 

temperature T. 
 

 
Figure 12. Test results to describe the LCF-regime. 
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Table 1. Derived model parameters from tests. 

[ ]E MPa  [ ]f MPaσ  [ ]fє ′ −  [ ]b −  [ ]c −  [ ]K MPa′  [ ]n′ −  

18533 658 0.119 −0.195 −0.66 1032 0.295 

 
These two curves can be easily implemented in a data set [32] and enable the 
consideration of stress-rearrangement in a stress based lifetime assessment, ac-
cording Figure 1, as well as a prediction following strain based approaches. 

5. Discussion 

With the conducted tests the applicability of strain controlled tests for highly 
filled fibre reinforced polymers is verified. To avoid influences due to the strain 
rate dependend material behaviour, a triangular loading signal should be used 
for testing. Hereby a constant strain rate can be ensured. Despite of low test fre-
quencies small deviation between controll-signal and response-signal can occur, 
due to the discontinuity of a triangular signal. Therefore, a precise machine tu-
nig is necessary to avoid influences coming from the load signal. As already me-
tioned in the former section, just a small expansion of the hysteresis can be 
found even at the highest strain levels. This indicates a very small amount of 
visco-elastic deformations. A small temperature rise during the whole test, as 
shown in Figure 11, confirm this result, because visco-elastic deformation lead 
to a temperature rise, due to hysteretic heating. Benaarbian et al. show in [36] 
[37] the thermo-mechanical behaviour of a short E-glass fibre reinforced PA6.6 
under different loading conditions. Tests at 1 Hz for highly oriented specimens 
show also very slender hysteresis and a small rise of temperature and therefore 
quite similar results compared to results shown in this work. Nevertheless, the 
higher fibre content of the investigated material lead to a stiffer material and by 
implication to lower visco-elastic deformation. A temperature rise at the end of 
specimen life time is induced by the ongoing damage and the correlated higher 
dissipation. Besides the temperature the comparison between tip— sE  and dy-
namic modulus dynE  gives an idea about the shares of creep—and mechani-
cal-damage. Zahnt describes in [35] the distinction of long time effects during 
cylic loading, so long as no hysteretic heating occur during the tests. Evaluating 
the two moduli following this method, the share of mechanical damage at 

2fN  is nearly 70% for all strain levels. The high amount of short fibres in the 
matrix leads to a pronounced share of mechanical damage in the material. The 
fibres act like inperfections within the matrix, so that initial cracks occur at the 
fibre ends. They propagate until they meet and form a macroscopic crack. [10] 
Mortazavian shows in [38] a similar behaviour for two fibre reinforced materials 
(PBT and PA6) under stress control. This suggests that a stress based lifetime 
assessment can be conducted up to high stress amplitudes for highly filled poly-
mers. Nevertheless, the hysteresis shows a pronounced increase in strain during 
the tests because the maximum strain is not limited. This may lead to an over-
evaluation of the creep damage. Comparative investigations between stress and 
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strain controlled tests on a fibre reinforced material in [39] show longer life 
times under strain control. To compare the tests with the same stress amplitude 
at 2fN  were used. Especially for short number of load cycles 310N ≤ , a 
pronounced difference (~50%) can be found. With an increasing number of 
cycles, the deviation is reduced continuously, so that the difference at N ~ 105 is 
under 20%. This can be attributed to a lower amount of creep damage. For 
smaller filling grades, the influence of the visco-elastic matrix increases. This 
leads to a higher proportion of the creep component, so that less or unreinforced 
materials may be can not be tested this way. As shown in Figure 12, a nearly li-
near relation can be found for the stabilized єσ -curve Figure 12(a) as well as 
for є N -curve Figure 12(b). From this two curves the parameter of Equation 
(5) and (6) are derived and summarized in Table 1. While the parameters b and 
c are mainly within the range of metals the strain hardening coefficient n differs. 
Abood shows in [40] comparable results for unreinforced materials. The vis-
co-elastic material behaviour of polymers instead of a plastic material behaviour 
requires further investigations and new models to describe the “strain harden-
ing” effect. In principle both methods strain- or stress-controlled tests can be 
used to describe the material behaviour in the low cycle fatigue regime. Due to a 
higher amount of creep-damage, stress controlled tests may lead to an underes-
timation of the lifetime. With the shown tests the material behaviour of the in-
vestigated material can be determined in the LCF-regime of the S/N-curve. With 
the cyclic stabilized єσ -curve the stress rearrangement according to Neuber 
can be implemented in the life time assessment, based on local stresses. Further 
the є N -curve enables a strain based lifetime assessment. Nevertheless, addi-
tionally studies have to be done to clarify the general applicability and influences 
such as fibre orientation, temperature and mean-strain. 

6. Summary and Outlook 

To describe the fatigue behaviour of a short fibre reinforced material in the low 
cycle regime of the S/N-curve, strain controlled tests were performed. For each 
hysteresis loop the maximum and minimum stress and strain are determined. In 
addition to the tension-, compression- as well as the dynamic- and the tip-modulus 
are derived to describe the stiffness reduction. The comparison of the dynamic- 
and the tip-modulus gives information about the shares of damage on the total 
damage. Based on the test results, the cyclic stabilized єσ -curve as well as the 
є N -curve are derived and implemented in a dataset for the lifetime assess-
ment. With the described procedure, with strain controlled tests, the fatigue life 
time of reinforced polymers in the low cycle regime of the S/N-curve can be de-
scribed. To clarify the influence between stress and strain control, further tests 
must be conducted at equivalent load levels. The behaviour of reinforced poly-
mers strongly depends on the amount of reinforcement, their orientation, sur-
rounding temperature and counting other effects. Therefore the most important 
effects have to be identified and tests have to be performed to describe them. The 
use of unified material laws, well known for metals, should be examined. 
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