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Abstract Materials such as short fibre reinforced polyamidiesbeing increasingly used in structural durgpbili
applications. Hence, application related materahdare required for the dimensioning of componerdde of
these materials. However, the procedures for #réopmance of fatigue testing are still under déston. In
view of this current status, this paper gives dibento experimental investigations regarding thituence of
test frequency on the fatigue life of short glabsef reinforced polyamides. Fatigue tests with tamis
amplitudes were carried out and simultaneouslyddta of hystereses and surface temperature weoedszt
and subsequently analysed. In addition to the vafuead level, the influencing parameters stresscentration
(notch factor), which reduces the highly stresseatenal volume, and the mean stress (stress ratag
considered in the assessment of the influenceeqfigncy on the fatigue life.

1 INTRODUCTION

The simplest method for fatigue testing is the Weefatigue test (single level test), where a conmgu
oscillates around a constant mean stress. [1] Nbrrtfas kind of fatigue test is used to determimaterial
parameters for the dimensioning of components, abhengh components are often loaded with variable
amplitudes in reality.[2][3]
For example PSA Peugeot Citroén, Mark IV and Mantd&mmel need to know the fatigue life of plastic
material used or usable for power train or chasgidules applications. The stakes are:

— Durability of plastic parts that are exposed ta@asing stress and temperature

- Reducing the weight of cars and therefore redu€i®g@ emission.
Fatigue data are used to dimension the parts battalbuild robust specifications.
However, especially for components made of therasijis, the choice of a low test frequency duriatigfie
testing is very important in order to determine fuseaesults without the effect of self-heating diet
specimen.[2]-[6] Because the use of low test fregies implies long test periods and consequengi bosts, it
is desirable to increase the test frequency aasfés possible without the effect of self-heating.
This paper presents three test series, which digalthe investigations of the influence of testgiency on the
fatigue life of short glass fibre reinforced polyids6.6.

2 EXPERIMENTAL

2.1  Specimens

For these investigations, unnotched and notchadsfiacimens with the theoretical notch factogslkD and
K{=2.5 were used, see Figure 1. All specimens weeméa short glass fibre reinforced polyamidev@ith 35

% fibre content (Zytél 70 G35 HSLX BK357). The specimens were producednigction moulding. The

notches of the specimens with theoretical notctofd¢=2.5 were produced by an insert in the mould dutieg
injection moulding process. The initial state ofifidity of the specimens was dry as moulded (dam).
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Figure 1. Unnotched and mild notched flat specimmaade of short glass fibre reinforced polyamide 6.6

2.2 Test facility and test procedures

All fatigue tests were carried out with constantiitndes (Woehler) at room temperature (RT). toisnention,
that the lab temperature and the lab humidity werteconstant. The lab conditions were approximatel0 °C
and@=40 %rh with its natural environmental fluctuation.

Figure 2 shows the general set up for fatigue tesdts flat specimens. The test load was induced itie
specimen by friction via hydraulic clamping. Semgdraulic test equipment was used. The forces pediu
were regulated via variance comparison with a pilve. For all fatigue tests, which were carriad with
stress ratio R=-1, a support was used to preveskling of the specimen. The support was fixed iohsa way
that it did not influence the loading and deformatof the specimen.

Figure 2. General test set up for fatigue testfladfspecimens with stress ratio R=-1 (using ofi-botkling
support) and R=0

During fatigue testing the specimen temperaturgfdsa) and hystereses (load and displacement) weozded.

221  Test series 1: Fatigue tests of unnotched specimens (Ki=1.0, R=0, RT) with recording of temperature by
thermo-graphic camera and displacement by laser extensometer

For the first investigation, unnotched specimens1t0) were used. The stress ratio was R=0 (meass3trThe
fatigue tests were carried out at different sttessls with test frequencies of 5 Hz and 15 Hz. Térmaperature
was recorded by thermo-graphic camera. The displane of the specimen was measured by a laser
extensometer. Hence the displacement was meashietithe specimen lengtf)d=125 mm.

222 Test series 2: Fatigue tests of unnotched specimens (Ki=1.0, R=-1, RT) with recording of temperature
by thermocouples and deformation by a laser extensometer

For the second test series, unnotched specimerd.(K were investigated and loaded with stres® rati-1.
The fatigue tests were carried out at two differsmess levelsof, =80.0 MPa,0,,5=70.0 MPa) with four
different test frequencies (1 Hz, 4 Hz, 8 Hz andH&). For this test series, the temperature wassaored by
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thermocouples and the displacement of the specim@snmeasured by a laser extensometer, see Figaiee3.
displacement was measured about the specimen lgragth25 mm.

. a) Test set-up used for test series 2. In test
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Figure 3. a) Test set up for test series 2. b} Setsup for test series 3.

223

b) Test set-up used for test series 3.

Length of notch Iy =10 mm §

temperature by thermocouples and of local deformation in the notch of the specimen by a clip gauge
Mild notched specimens (K2.5) were investigated. The stress ratio was RFhg.fatigue tests were carried out
at two different stress levels , =45.0 MPag,, =35.0 MPa) with four different test frequenciesHz, 4 Hz, 8
Hz and 15 Hz). For this test series, a thermocqupléch was located near the notch root, was usedhie
measurement of temperature. The local deformatias measured by a clip gauge (strain gauges), wirsh
located in the notch of specimen. Hence the displent was measured about the length of ngigHLD mm.

Table 1 shows an overview about the differentsesis.

Test series 3. Fatigue tests of mild notched specimens (Ki=2.5, R=-1, RT) with recording of

Notch | Stress Moisture Recording of | Measurement Nominal
Test ; the surface of Frequency
.| factor | ratio | Temperature | content of . stress
serie - temperature | displacement f
Kt R specimens T S level o,
30 MPa
1 1 0 BT dam IR thermo— | Laser 5 Hz <0< 58
graphic camera extensometer| 15 Hz MPa
1Hz
Laser 4 Hz 80 MPa
2 ! -1 RT dam Thermocouples o ensometer| 8 Hz 70 MPa
15 Hz
Clip gauge 1Hz
i (local 4 Hz 80 MPa
3 25 1 RT dam Thermocouples deformation 8 Hz 70 MPa
in the notch) 15 Hz

Table 1. Overview about the different test series
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3 RESULTS

3.1 Test series 1. Fatigue tests of unnotched spmeins (K=1.0, R=0, RT) with recording of
temperature by thermo-graphic camera and displacema by laser extensometer

In Figure 4, the single results of the Woehlerdesthich were carried out with frequencies of 1 B4z and
15 Hz, are presented. The single tests are desijjaat(a) to (h).

100 5
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] ® SHz(g
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e s .
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Stress rate: R=0 " K"’l IR0 A= T
Ambient: T = RT T B ,‘— -
10° 10* 10° 10° 10’
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Figure 4. Influence of test frequency on the fatidife of unnotched flat specimens made of shatsglfibre
reinforced polyamide at stress ratio R=0

It is obviously that the fatigue lives of the Woehtests with the frequencies f=5 Hz and 15 Hzediffom each
other.

According to reference [7], itan be stated that an increase of load velocitysiéadan increase of endurable
stress, if the plastic deformation is reduced withemperature increase, and, if the inserted gneag be
removed from specimen to ambience, temperaturdilequin takes place.

With the differential equation according to Fourieee equation 1, the following relationship cambscribed:

dH __ ° '
E:ZQFI +ZQUm (1)

The change of the enthalpy H conforms to the suth@heat flow. On the one hand, heat fld@{ ) caused
by thermal conduction@ = R, [AT , where R, is the thermal resistivity, which depends on theemal and

the geometry) [8] and thermal convectid® & R, LAT , where R, is the heat transmission resistance, which

depends on the material, the geometry and the filaid) [8], is dependent on parameters such as the
temperature difference between local specimen paamd ambience, the specimen geometry, the specimen

material and the ambient media. On the other hhedf flow (Q,,, ) can be affected by generated internal

heating of the system, for example by friction amuer damping. The mechanical energy dissipatectypae is
proportional to the hysteric- loop in a load-digg@ment-diagram.

For the stationary case, it is essential, as shinweuation 2 and accordingly in equation 3, that

dH . . . .
E:ZQFI-*_ZQUm =0 = 2Qy =-2Qy, 2
orZQy 22Q,,, . 3
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This implies that the energy, which was induced iiie system, can be discharged and thereforecneaise of

temperature can be observed, see Figure 5.

If the system is in balance a constant temperature

is reached in the specimen.

Frequency f —»]

Load F2 —>]

The relative damping defines Heat - Ambient
the rate of heat per cycle (eg. ¢ 2 transfer n ltemperature
dependent on the material). E’J 2 rate
A7 2 2
Flelelllty OutPutP Relative dampin induced - Specimen Specimen
1/c Yn heat + temperature
flow
| | Specimen temperature Specimen temperature
Internal damage Internal damage . . . .
degressive stiffness 0=2Q,+2Q,, = 2Q=-ZQ,,

Figure 5. Thermodynamic system of a cyclically leadpecimen for the example of the stationary case

For the heating-up case, it is essential that et flow (Qp ) is smaller than the heat flow(),,, ) see

equation 4.

The heat quantity, which results from the induceergy into the system, is greater than the heattqyawhich

The heat transfer rate

(conduction, convection) is
dependent on material, shape,

surface, surroundings.

dH

dt

Z(?FI +ZQUm = ZQFI <Z(?Um

(4)

can be dissipated. The specimen heats up untitft®nary case is reached or the specimen fails.

This thermodynamic system can also be recover#tkihysteresis-loops of fatigue testing.

In Figure 6, the comparison of the first hysterdstp and last hysteresis-loop of a fatigue tegprissented

schematically. It gives qualitative information abthe following material characteristics:

— The displacement of hysteresis in the x-directimeginformation about the creep of the material.
— The change of the slope of the middle curve oftysteresis gives details about the change of sgfn

and

— The progressive widening of hystereses gives infion about the increase of damping e.g. due to
increase of damage of the material.

The ratio of energy loss D to energy storage Ejiséto the related damping see equation 5:

D

V==

E

(5)
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Figure 6. Hystereses (schematic)

Figure 7 compares the temperature development iwitteasing numbers of cycles of the fatigue tests w
nominal stress amplitude, =35 MPa (a, b, c) from Figure 6. The specimenschvhvere loaded with the test
frequencies 1 Hz and 5 Hz, show no significant terafure change during the testing period, i.e.sthBonary
case takes place. In contrast to these resultsspbeimen, which was tested with f=15 Hz (a), alsows no
change in temperature initially, which means thatgtationary case also takes place. At the etitedVoehler-
test, the temperature increases rapidly to abo@it’C3 This temperature increase results from therimlamage
of the material, which is continuatively connectedhe increase of damping (heating-up c ase).

140
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120

A K=1.0,6,=35 MPa, =15 Hz, (a)
O K=1.0,6,=35 MPa, =5 Hz, (b)
X K=1.0,06,,=35 MPa, =1 Hz, (c)

A
100
80 Stress ratio R=0
60 Ambient temperature T=RT

f=15 Hz (a)

Temperature T

Temperature T was measured
on the surface of specimen.

40
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/
f=1 Hz (c) f=5 Hz (b)
0 T T

1,E+02 1,E+03 1,E+04 1,E+05 1,E+06 1,E+07

Cycles N (log)

Figure 7. Temperature development of fatigue tefitgdspecimens. Test frequencies were 1 Hz, 5 mtk kb
Hz.

Figure 8 shows the recorded hystereses from tigutatests a and c. The force F, which is presesibedt the
displacement s, is determined by the damping cleniatics (viscosityn) and the spring characteristics
(Young’s modulus E) of the material. The comparisbthese hystereses leads to the following stateme

With increase of test frequency, the hysteresegnimd) is increased.[9] This confirms the viscodtastaterial
behaviour, because of the viscous damping is ptomai to the material viscosity and the load véloand
hence the frequency. The energy loss is increasedta the increasing damping force. The slopeshef t
hystereses middle curves of these two specimenalarest identical. At this load level, the frequegno the
interval of 1 to 15 Hz has no influence on the sl@b middle curve of hystereses. In terms of grléncy to
creep of this material as a function of frequeneg & relation to the survived number of cyclesah be stated
that the material creeps most with a test frequéntyHz and creeps least with a test frequency H15
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Figure 8. Comparison of Hysteresis-loops of twagfa tests at the same load level with differerst te

frequencies

According to [10], the mode of deformation is degpemt on time. If a polymer is loaded spontaneoutiy,
material behaves in a glass-like manner and theradhetion is reversible after release. This modeaiked
energy elastic. If a polymer is loaded in a timpeataent manner, the behaviour of the material eathérmo-
elastic or thermoplastic. If the polymer behavesritio-elastically, the deformation is entropy etasthd the
deformation relaxes to its initial state after losalieving. If the polymer behaves thermo-plasticathe
deformation of the polymer is plastic or viscoudteA load relieving, the deformation of the polymisr
irreversible. This time dependent deformation bé&havis related to the macromolecule structurealymers.
With reference to the results above for the Woetdst with 1 Hz frequency and the least creepait be
assumed that the material behaves in a more visvamsier due to the low frequency than in the Wodielet
with 15 Hz test frequency. Therefore, the matestakbp of the test with 1 Hz is greater than thewéth 15 Hz
frequency loading.
The numbers of cycles reached in these three (dlts c), see Figure 4, show that the test witlzgb) had the
longest life time. The reason for this behaviouruldo be that, over the complete testing time, the
thermodynamically stationary case was available @ad the material crept less than in the test Withz (c)

frequency.

In Figure 9, the temperature development of theispens from the Woehler-tests with 15 Hz test feamy is
plotted. The different nominal stress amplitudesemg=35.0 MPa (a),~37.5 MPa (e) and,~=40.0 MPa (d).
Apparently, temperature increased rapidly to T>1@Gat the end of fatigue tests for all three stitessls. The
temperature of the specimen, which was loaded thieh highest stress level,=40.0 MPa (d), showed an
immediate rapid increase after the start of thdgdiat test. Within a short time, the heating-up case

(ZQf <ZQ,, ) takes place. At the tests with the lower sttesels,c,~=35.0 MPa and,+~37.5 MPa, it can

be observed that an initial temperature plateauestablished (stationary case). Close to the eriteofatigue
test, the temperature increased rapidly to T>110C&used by the inner damage of the material, &nkee
stable system changed to the thermodynamic heapragse.
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Temperature development of fatigue teé¢dpecimens. Test frequency was 15 Hz.

The comparison of the hystereses of the tests stidss amplitude,~=35.0 MPa (a) and,~=37.5 MPa (e), see

Figure 10, shows that, for the test with the higheess amplitude, a greater creep tendency rglatirthe

number of cycles is displayed than for the testhviie lower stress amplitude. Such an effect wae al
established in [6].

Force F

Figure 10. Hysteresis-loops of fatigue testbg~®35.0 MPa, f=15 Hz) and fatigue test®,£37.5 MPa, f=15

Hz).
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Figure 11. Temperature development of fatigue teiée specimens. Test frequency was 5 Hz.

Figure 11 shows the temperature of the specimeerloewg during the fatigue tests, which were carmeit
with 5 Hz test frequency. The different stress leweerec,~=35.0 MPa (b)p,~=40.0 MPa (f)5,~=50.0 MPa (g)

1,E+03

1,E+04

Cycles N (log)

1,E+05

1,E+06

& K=1.0,6,,=35 MPa, f=5 Hz, (b)
© K=1.0,6,,=40 MPa, =5 Hz, (f)

x K=1.0,6,,=50 MPa, =5 Hz, (g)

Stress ratio R=0

Ambient temperature T=RT

Temperature T was measured
on the surface of specimen.

1,E+07

K=1.0,0,=55 MPa, f=5 Hz, (h)

and ¢,755.0 MPa (h). Altogether, the temperature-curviesws no significant change of temperature as a

function of the number of cycles except for theveuirom the fatigue test with stress lewgl=55.0 MPa. This
test, with the highest stress level@f=55.0 MPa, shows a stable temperature similar eéocther specimens,
which were tested at lower stress levels. At the ehfatigue test, the temperature increases rapallabout

T=70 °C.

3.2 Test series 2: Fatigue tests of unnotched spmeins (K=1.0, R=-1, RT) with recording of temperature
by thermocouples and of deformation by a laser extesometer

In Figure 12, the numbers of cycles reached insthgle Woehler-tests with different test frequeadig Hz, 4
Hz, 8 Hz and 15 Hz) were plotted. The graph shdved, twith increase of frequency, the number of eycl
decreases. This same result was obtained for l@bsslevels studiede,, =80.0 MPa and,, =70.0 MPa,

apart from the test with a frequency of 4 Hz at lthe stress levet,, =70.0 MPa, which reached almost the
same number of cycles as the test with 1 Hz tegufency.
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Figure 12. Influence of test frequency on the fatidife of unnotched flat specimens made of shiasgfibre
reinforced polyamide at stress ratio R=-1

Figure 13 shows the temperature curves of all aigbehler-tests. For the Woehler test with 1 Hz tesjuency
and the testo,n, 3 4 Hz', no change of temperature as a functiorthef number of cycles was determined
(stationary case). For all the other fatigue testiemperature increase was observed. This graphsstinat the
temperature development is dependent on both shéréguency and the stress level.

100+ 80 MP.
p Gau,l_ % =T My I'Hz
o
C o, ,~70MPa G, 1Hz
A = " O, 4 Hz
80 — = —=g_ 4Hz
™~ an,2
- ~N =
= ES == g B Hz
70 4 o = or an,l
J = & ~ ‘.' ----- i 8Hz
. } o = =& i
60 - = i e bﬁ ,'r 6, 13 Hz
1 2 & / ~-=g  15Hz

Temperature T

e = e i mm mm e ma 6, 1Hz
> n,1
E Gan e 1 Hz
20 4
10 4
0 ; ,
0 1x10°
Cycle N

Figure 13 : Temperature development during fatigséng of mild notched specimens

In Figure 14, the hysteresis-loops of the first 2@fcles from the two specimens, which were loaakestress
level 6,4, =70.0 MPa with 1 Hz and 15 Hz, are plotted. Obviguhe hystereses of the tests with these differen
test frequencies are superimposed in the first 20@s. This graph shows again that the hystetesjs from
the test with 15 Hz are wider than those from st with 1 Hz. This means that, with an incredsthe
frequency, the enclosed hystereses area increasesamsequently the energy loss (dissipations gnBig
increases.
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Figure 14. Comparison of hysteresis-loops of tvigiee tests at the same load level with differeatjfiencies

3.3 Test series 3: Fatigue tests of mild notched epimens (K=2.5, R=-1, RT) with recording of
temperature by thermocouples and local deformatiorin the notch of specimen by a clip gauge
100 5
M%’a—é
60 3
E 4 He 1 He
. 1 Py T
6" 403 8 Hz_|15 Hz
w5 . 8Hz 1Hz
= J 15Hz | 4Hz
0 -
= ]
.= |
= ]
=]
Z 20
1 | K=2.5, R=1, T-RT, Woehler
T ® f=15Hz
| & f-8Hz
& f=4Hz
11 & 1
10° 10’ 10° 10° 10’

Cycles of failure N,

Figure 15. Influence of test frequency on the fatidgife of mild notched flat specimens made of skytass fibre

reinforced polyamide at stress ratio R=-1

Figure 15 shows the number of cycles reached itetis at the two stress levelg =45.0 MPa an@,, =35.0
MPa with the different test frequencies 1 Hz, 4 BiHz and 15 Hz. Conspicuously, the points of theetler-
tests from the frequency investigation are vergelto each other. In contrast to the investigatiartest series
2 with unnotched specimens, it seems that thefriegtiency in the interval from 1 to 15 Hz has ngn#icant

influence on the fatigue strength.
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Figure 16. Presentation of the temperature devedmprof notched specimens during fatigue testingh wit
different frequencies

In Figure 16, the recorded temperatures are platsed function of the number of cycles. This grapbws, for
the stress levet,, =35.0 MPa, a constant temperature progression tigilend of the fatigue tests for the
frequencies 1 Hz, 4 Hz, 8 Hz and 15 Hz. The tempezgrogression in the tests at stress leyel=45.0 MPa
also shows, for the tests with f =1 Hz and f=4 Ha, significant change of temperature with the numtfe
cycles. Only the fatigue tests at the same steagd With frequencies of 8 Hz and of 15 Hz showramease of
temperature at the end of testing. Thereby, theease of temperature in the test with a frequericdboHz is
higher than that in the test with a frequency 18 According to [2], notched specimens can be dédadith a
higher frequency than unnotched specimens. Thdyhajtessed volume of notched specimens is smaiidr
hence, the generated heat can be passed to thdaeigqg spheres, which are more lowly stressed.

The plotted hystereses of all tests show that ordyginal creep took place, which is caused by thamstress
omear=0 for the stress ratio R=-1 and the specimen géymadditionally it can be determined that, with a
increase of test frequency, the hystereses arepaneed (viscous damping), see Figure 14, as was als
established in test series 1 and test series 2.

The plotted hystereses of the fatigue test with fizlshow a break in the hystereses. This brealcanes the
tension-pressure-loading and shows damage (cragdis¢ specimen. During the tension loading, thealged
specimen is performing a greater displacement ithewould do in an undamaged state. This phenomevem
also determined for other tests (R=-1).
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Figure 17. Presentation of hysteresis-loops otweefatigue tests at load level, =35.0 MPa with f=1 Hz and

f=15 Hz.

4  CONCLUSION

Investigations of the influence of frequency on thegue life were carried out. Thereby, three stes were
performed, which were with unnotched specimenssamesds ratio R=0 (1.0, R=0), with unnotched specimens
but with stress ratio R=-1 (K1.0, R=-1) and with mild notched specimens angsstratio R=-1 (2.5, R=-1).

The main results were:

In test series 1, it was determined that the nunaberycles reached was dependent on the thermodgnam
condition of the material system and the creephefrhaterial. The cyclic creeping was dependenthentest
frequency. With a decrease of test frequency, teeping was increased. Furthermore, it was fouad ttine
creep is dependent on the load level. The creepneasased with an increase of load.

In test series 2, it was determined that the fraquén the range of 1 Hz to 15 Hz has a signifigafitence on

the specimen temperature and consequently on theenof cycles reached.
In test series 3, it was established that notcpedimens can be loaded with a higher frequency timotched
specimens. Due to the smaller highly stressed mbterlume of the notched specimens, the heat eapassed

to the lower stressed neighbouring spheres. Sagmificreep was no longer determined.
For all test series, it was determined that areiase of frequency produces a widening of the hgsitetoops.
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