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Abstract

In this paper fatigue behaviour of a short glassdireinforced polyamide 66 (PA66-GF30)
was investigated. Focus of fatigue tests was stgdthe influence of stress concentrations
whereupon unnotched and different notched specimmamsifactured by injection moulding
were used. Fatigue tests were conducted on a dersiaulic test bench and on a rotating
bending machine. Results in form of S/N-curves shalistinct support effect of the tested
material. For characterization of local fatigue kmhour the concept of highly loaded
volume, concept of local stress gradient and amacorrected combination of both is used.
A comparison based on standard deviation of diffel@®ncepts shows the fithess of each
concept. By using parameter optimisation a volurpoeent describing statistical size effects
could be proposed.

1 Introduction

Today due to demands of customers and engineergltheance of lightweight constructions

increases, as a reason the use of composite niateses. Especially by bulk production of

monotonically or cyclically loaded components shglass fibre reinforced (sgfr) polyamides
have a wide application area. These materials havieigh specific strength and are

processable very cost efficient by injection mouoddi Therefore especially in automotive

industry components made of metal are more and mswrstituted by components made of
such a material.

But to benefit from sgfr polyamides in lightweigbbnstruction and for dimensioning of

dynamically loaded components, useful design metlaod the knowledge of cyclic material

behaviour and its affecting parameters are necgssar

To calculate fatigue lifetime of cyclically loadgarts the concept of local S/N-curves which
was developed for metals is widely used and algdicgble for parts made of sgfr plastics
[1, 2, 3]. In this concept, local S/N-curves ardcakated by using parameters like loading
type, mean stress, notch sensitivity effects (stresncentrations), size, technological
influences, loading order, plastic deformation, taxial loading and many more [1, 4, 5].

Regarding components made of sgfr plastics a latiditional influencing parameters such as
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fibre orientation and concentration [6, 7, 8], tygdematrix, temperature [9, 10], moisture [10,
10], weld lines [12], and others have to be conmeid¢l13].

In this paper fatigue behaviour of a sgfr polyamidegarding influence of stress
concentrations which result from geometrical noschas investigated. To characterize the
effect of notches with the loc&/N-curve concept, a material model has to be dedtroed
results of fatigue tests. Some reference valueg havbe determined by using the finite
element method. In literature many different engairihypothesis such as the concept of local
stress gradient [1], concept of highly loaded vaui3], theory of critical distances [14] and
resultant combinations [15] are present. But ias clear which hypothesis characterize the
influence of stress concentrations on fatigue biela\of sgfr polyamide the best. Therefore
in this work concept of highly loaded volume [18hncept of local stress gradient [1] and a
combination of both is compared.

Due to anisotropic material behaviour of injectrmnoulded components, local stresses have to
be calculated in consideration of anisotropic makegsroperties. So also reference values
which are used in material models have to be cailedlin an anisotropic way as it is done in
the present paper. Anisotropic material properéies calculated by a moulding simulation.
An agreement with the associated companies all@eysublishing of detailed data.

2 Theoretical background

Stress concentrations have a wide influence oguatbehaviour of materials. In system of
nominal stresses fatigue strength drops as a reafsoatches, which is described by notch
sensitivity factorK;. In Equ. 1K; is defined by the ratio of nominal fatigue stréngif
unnotched specimed n.....t0 nominal fatigue strength of notched specinmgR.... But in
most cases this drop is less than the value oftitess concentration facték (cf. Equ. 2)
which is defined by maximum notch stresg.x divided by nominal stresg,. That indicates
that the material has a distinct support effectengHocal fatigue strength in the notch root
(related to maximum stress of stress concentrat®ri)igher than fatigue strength of the
unnotched material. This support effect is defibgdhe supporting factan (cf. Equ. 3). By
using a material model for characterization of suppg factorn, endurable local fatigue
strengtho, can be calculated by Equ. 4 where is a characteristic value of fatigue strength
which is in most cases fatigue strength of thenptaaterial.

Kf — Uavnunnolched (1)
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Figure 1 shows a schematic description of diffemnpirical hypothesis to characterize the
support effect of materials. In concept of hightaded volume as shown in Figure 1 (1) a
linear correlation between endurable local fatigtrength and highly loaded volunvgg is
assumed in double logarithmic scale. Local fatigiiength rises by decreasing volurigse,

is the volume surrounding the stress concentratibich is loaded with a minimum value of
90 % of maximum notch stress. In this concept tifeuénces of stress concentration and
statistical size effect are combined. Therefoiie tnly applicable if both influencing effects
are nearly similar [16]. One of the biggest advgasaof this concept is that only a minimum
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of two S/N-curves is necessary to assess a material model tablcharacterize stress
mechanical influence and statistical size effect.

Another method which characterizes only stress @m@chl influence is the concept of local
stress gradienty” as shown in Figure 1 (2) [1]. In this concept mup effect of material is
characterized by an exponential function whoseimng fatigue strength of plain material
Oat The trend of exponential function is fixed byidae strength obtained from bending
tests g, and fatigue strength obtained from fatigue testsnotched specimens which is
required to find the exponent of stress mechanidhlenceKp. Local fatigue strength rises
by increasing relative stress gradient of the stoesicentration. To assess a material model to
characterize stress mechanical influence a minimafmthree S/N-curves is necessary.
Statistical size effect is not included in this cept and has to be considered separately.
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Figure 1. Schematic description of different hypothesisharacterize the support effect,
concept of highly loaded volume (1), concept ofillatress gradient (2), combination of both cone¢p}

In [15] a new combination of concepts describedvabis presented (cf. Figure 1 (3)). The
difference to a common combination is that fatigtirengths, for characterization of stress
mechanical influence by using concept of localsstrgradient, are based on equal volumes.
Fatigue strengths at effective highly loaded volanoé different stress concentrations are
corrected to equal values of volume by using a pdesw according to concept of highly
loaded volume. Therefore required influence of miatistical size effect, which is described
by volume exponend, is determined by fatigue strengths obtained feotal bending and
rotating bending fatigue tests. On the one hand rtteen advantage of this form of
combination is that a separate estimation of stmesshanical influence and statistical size
effect is possible. On the other hand there is mimim of four S/N-curves necessary to
determine required parameters.
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3 Experimental procedure

3.1 Material and specimen geometries

The investigated material is a short glass fibiafoeced (sgfr) polyamide 66 with a fibre

content of 30 % (PA66-GF30). For fatigue testsfedént notched and unnotched rotating
bending (RB) specimens as shown in Figure 2 ard.uBas special type of specimen was
developed to realize fatigue tests on sgfr injectimoulded plastics very cost efficient by
using a rotating bending machine. The cross seatiche middle of the different types of

specimens is equivalent. Because this types ofimpes are only for internal use, more
information of geometrical details cannot be give.
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Figure 2. Used RB-specimen (l) and their schematic manufagfiprocess by injection moulding (r)

Parts made of sgfr plastics show a high anisotrapiterial behaviour, which results from
very complex flow conditions during processing ama@racteristic layer structure depending
from flow conditions and wall thickness [6]. Becaud anisotropic modulus of elasticity and
complex layer structure stress concentrations aferance values used in material models
(e.9.X, Voow) have to be calculated in consideration of anigntr material properties. In this
paper local stress concentrations and referenaeesyare determined by using anisotropic
finite element calculation where information abounain fibre orientation and degree of
orientation of each finite element follows from aulding simulation.

3.2 Constant amplitude fatigue tests (S/N-curves)

Fatigue tests were conducted under constant sohaldoiading with a testing frequency from
1to 10 Hz. To avoid increasing temperatures duéhysteretic heating temperature was
measured continuously and also a fan was placdteotest bench for cooling the specimen.
The tests are performed on a rotating bending macas shown in Figure 3 (I) and a servo
hydraulic test bench as drafted in Figure 3 (r)e Totating bending machine was designed at
the chair of mechanical engineering and operatesrding to the four point bending principle
so that there is a constant bending moment in th@lemest range. So specimens were tested
under bending load and also under tension/comaredsad by using a servo hydraulic test
bench. The applied stress raie= -1 was kept constant in both test configurations
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Figure 3. Functional principle of rotating bending machifjeafid servo hydraulic test bench (r)
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Fatigue tests were performed at different stressldeto obtain cycles to failure between
N=10" and N=10. The failure criterion for fatigue tests was faggrupture of the
specimenS/N curves were generated by plotting the amplitudeaximum notch stress,
over the cycles in double logarithmic scale. Intetations of slop& and fatigue strength
were carried out using log-normal distribution acog to [17] with a probability of survival
of 50 %. Based on these slopksa model function using relative stress gradightto
characterize slopeof S/N-curves was generated, which is not presentéhis paper. Finally
test data was analysed a second time by using klopte model function.

4 Results and Discussions

In Figure 4 results of fatigue tests are shownaAeason of avoiding hysteretic heating only
low testing frequencies at tension/compressionstestre performed, therefore only few
points were measured. The unnotched specimensdtestéer tension/compression load
exceeding 10cycles to failure were ruptured in the clampingaarTherefore test points are
considered only at less than®1€ycles to failure. TheéS/N-curve of this test condition is
estimated by using valid test points and slkpalculated by generated model function.
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Figure 4. Results of fatigue tests by tension/compressiad [ and rotating bending load (r)

The trends of fatigue behaviour of both testinghudblogies are very similar. It is shown
that the investigated material has a very smdiissitzal scatter and has also no fatigue limit in
the test range. The slopkof S/N-curves depend on sharpness of notches whenes/N
curve of notched specimen is steeper than the ahedtone. It is also shown that endurable
fatigue strength related to maximum notch stresesriwith sharpness of notches. Stress
concentration is enforced by bending load so |&Blcurves determined by rotating bending
tests show higher values than from tension/comjmesssts.

In Figure 5 local fatigue strength in the notchtrsoplotted against different reference values
of notches to characterize the influence of stoesgentrations. In the left image endurable
fatigue strengths at @ycles to failure are fitted by using the concepthighly loaded
volume [13]. In the right image concept of localess gradient is used. To compare the
quality of different concepts the standard devia®® of fatigue strengths is used.

It is shown that the concept of local stress gradwhich has a standard deviati®D of

3,2 MPa fits test data better than concept of kitdded volume whose standard deviation is
4,5 MPa. But it has to be taken into account thatdoncept of local stress gradient considers
only the support effect of material induced by séreoncentrations. A possible fault as a
reason of the statistical size effect is not cogr®d in this concept.
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Figure5. Concept of highly loaded volume (l) and concepehl stress gradient (r) to characterize
influence of stress concentration

To uncouple influences of statistical size effend asupport effect which are based on
completely different mechanisms, a volume correctatbination of both concepts is shown
in Figure 6 (r) as presented in [15]. Because &fsing fatigue tests under axial bending load
statistical size effect of material described by Wiolume exponerd cannot be determined by
testing. Therefore the volume exponans estimated by parameter optimisation as shown in
Fig 6 () whereupon command variable is standakdadien of Equ. 5.
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Figure 6. Influence of volume exponeaton quality of volume corrected stress gradiencepn (l) and area of
endurable fatigue strength by using volume expoaafit0,05 (r)

The area of endurable fatigue strength of volunreected stress gradient concept is shown in
Figure 6 (r). As shown in Figure 6 (I) best fit test data is done by using volume exponent
a=0,05. But consideration of statistical size effferings no significant improvement of
standard deviation. So difference to concept ofllostress gradient is only 0,02 MPa.
Anyway the volumetric add-on is a very good poditybio consider statistical size effect. An
adverse implication is that evaluation of statatisize effect needs more experimental tests
and for characterization two different referenckiga Vg0, andy’) are necessary.

5 Conclusion

Fatigue behaviour of a short glass fibre reinforggolyamide 66 (PA66-GF30) was
investigated relating to influence of stress cotregions and different test methodologies.
For the characterization of the influence of stresacentration factor injection moulded
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specimens with different geometrical notches wessighed and tested on a servo hydraulic
test bench as well as on a rotating bending machin

Results in form ofS/N-curves show that the investigated material haandistinct fatigue
limit or changing of slope in test range. But slo@ad local endurable fatigue strength in
notch root is significantly influenced by stressncentration whereupors/Ncurves of
notched specimens are steeper and higher than dromotched. To consider influence of
stress concentration in concept of lo&Ncurves a mathematical formulation of material
behaviour (support effect), based on a referenteevdescribing sharpness of notches, is
required. In literature many different formulaticsu® available but in computer aided fatigue
life calculation concepts reference values suchigbly loaded volume and local stress
gradient are widely used. Therefore concept of Ijigaded volume [13], concept of local
stress gradient [1] and a combination of both [@&% compared in accuracy and complexity
within this paper.

On the one hand the concept of highly loaded volghmewns the highest standard deviation
but on the other hand the realization is easy tsauminimum of only tw&/N-curves are
necessary. In the present case better result vrshy concept of local stress gradient. In this
concept only stress mechanical influence is constl@nd a minimum of thre®/N-curves
are necessary for meaningful characterization. Biyngivolume corrected combination of
both concepts no distinctive improvement of stadddeviation is shown. But using this
combined concept it is possible to consider théssizal size effect as well as the gradient
effect. To characterize statistical size effectrmalty an additionalS/N-curve is necessary.
Alternatively in combined concept the influencetlut statistical size effect can be estimated
by parameter optimization as shown in this paper.
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