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Abstract

Designing short fibers reinforced thermoplasticER®) components is now a major concern
for the automotive industry. This task is diffidudtcause of the numerous factors affecting the
fatigue lifetime coupled to long fatigue campaighs.speed up the fatigue characterization,
a 50% glass fibers reinforced polyamide 6,6 (PA66GFhas been studied, using a heat
build-up protocol developed for metallic materialthe life time estimation given by a first
rough analysis is compared successfully to thegdati curve obtained from a classical
campaign.To understand what is caught from the thermal mesmsants, the evolution of the
microstructure throughout the heat build-up tesswavestigated by X-ray micro-tomography
and SEM and compared to the evolution of the machkieatures.

1 Introduction

Restricted a few years agom automotive applications with limited mechanicaduirements,
fibers reinforced thermoplastics (SFRP) are nowduf® structural components [1-4].
Designing those parts against fatigue has therdéfeceme a serious issue otlee last years,
generating an extended literature [5-8]. Two maind& of difficulties make this task
complex. The first one is the nature of the maftigually PA66) because of the low glass
temperature (around 70°C for a dry state) comptrdte service temperature. This requires
to use a rich constitutive law accounting for visitg plasticity, damage [9-10]. Moreover,
the hydrophilic nature of this matrix inducing acosase of the glass temperature [11] and
consequently a drop of the fatigue properties urdenid service conditions [7, 12]. The
second main factor is the very strong coupling leetwthe microstructure on the one hand
and both the geometry and the process parametdreather hand. The characterization of
the influences of these numerous environment armatess parameters on the fatigue
properties therefore requires wide fatigue campgigrhich are even more time consuming
than for metallic materials because these viscoatemals exhibit a high heat build-up for
fatigue tests lead at high frequencies [8]. It ldatherefore be very useful to speed up the
characterization of the fatigue properties of theseerials.
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The aim of the project is therefore to investighte relevancy of predicting the fatigue curve
from heat build-up measurements for SFRP mateaalslone recently on elastomers [15].

This paper details the experiments and the estimagiven by a first rough analysis is
compared to the fatigue curve obtained from a aksampaign. The agreement obtained is
clearly good. A first development is to seek thenigfication of the dissipation sources,
which is performed in a companion paper in thisfemnce [21]. A second point, developed
in this paper, is to investigate the micro-mechasisit work during the tests. The evolution
of the microstructure during the heat build-up téstdescribed using X-ray micro-
tomography. This experimental method provided thentification of fiber-depleted zones
(FDZ) i.e. polyamide matrix, porosity or voids. Beeareas can be seen as fatigue initiation
sites involving plasticity or damage under cycbading, as illustrated by the comparison to
the mechanical indicators. Their geometrical evoilutand their localization during the
loading levels are illustrated with 3D pictures aPDB graphs. SEM observations have
completed this investigation giving a very loca¢wi of damage (crack initiation and crack
propagation) during a heat build-up test protoBalsed on these results, a scenario for fatigue
damage evolution is proposed.

2 Materials and testing methods

2.1 Material and specimen

The material used here is a short glass fiberdameied polyamide 6,6 containing 50% by

weight (PA66-GF50). A standard tensile test spenimas used (geometry reported in Fig.
1). This geometry is defined in ISO 527-2-1A stadd&6] and is classical for fatigue tests.

The samples were injection moulded using a BIllR®T injection moulding machine and

weighed immediately after moulding in order to meaghe subsequent water uptake. The
specimens were conditioned in a humidity ratio kap40% and weighed before the tests to
insure the same water content.
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Figure 1. Sample geometry. The dimensions are given in mm

2.2 Mechanical testing and thermal measurements

2.2.1 Thermal measurements

The temperature measurements were performed WW4R 9705 FLIR infrared camera.
This device is equipped with a Stirling-cycle cabladium-Antimonide (InSb) Focal Plane
Array (FPA). The FPA is a 256x320 array of detestdigitized on 14 bits and sensitive in the
3-5um spectral band. In order to convert the signal mtemperature (in °C), a preliminary
calibration operation was achieved with a HGH DCOILIN4 extended black body and a
classical 2 points Non Uniformity Correction (NU@as applied to the array of detectors. To
minimize the influence of the external environment the measurements, a "black box"
surrounds the sample and the grips of the testiaghme. After this calibration operation, a
20mK precision is obtained on relative measurements

The temperature variation is computed from measentsn performed on 3 zones. One
located in the middle of the specimen (betweerkthiees of the extensometer, called T) and
the other two located on the upper and lower gfiespectively T and 1‘) The temperature
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variation is then calculated from the current $demperatures (T, J T;) and from the initial
temperatures @I T, 140) using the equation:

(M-I + (T —Ty)
2

(1) 8=T-Ty —

This permits to avoid any artifact induced by tkelation of the ambient temperature or the
servo-hydraulic machine.

2.2.2 Heat build-up protocol

A heat build-up experiment can be defined as aession of cyclic tests of increasing stress
or strain amplitude while the temperature of thecgpen is measured. The number of cycles
used for each loading condition is the number afegyneeded for the temperature to stabilize
(for example, 2000 cycles at 1 Hz are sufficient ke samples used). These tests were
achieved at room temperature, on an INSTRON 134frdwjyic machine, equipped with
hydraulic grips. The frequency of the tests waszlirHorder to limit the heat build-up effect
and the experiments were stress controlled. Thpdestures of the specimens were measured
by the infrared camera and the maximum rise of satpre encountered was 10°C. The
strain is measured by an INSTRON extensometerrégefte 2610-601, base length 12.5+5
mm). Between each cycling period of 2000 cycles,dample is unloaded and a pause of 10
minutes is allowed, in order to let the sample cdolvn and to get back to thermal
equilibrium with the ambient. This step is alsodise evaluate the partial recovery of the
strain reached at the end of the cyclic loading.Useprecise that the last loading step is left
running till the failure of the specimen, givingnamber of cycles to failure.

2.2.3 Fatigue tests

Fatigue tests were achieved at room temperaturenddSTRON 1342 hydraulic machine,
equipped with hydraulic grips. The frequency of thests was 1 Hz in order to limit the heat
build-up effect and the experiments were stressrolded. The maximum rise of temperature
encountered for high amplitudes was 10°C. This eadnd the limited number of cycles
should limit any coupled thermal or chemical effdating the test. The load ratio was set to
R=0. As commonly observed [19], the propagation sgepery quick, allowing using the
number of cycles leading to failure as the initatlifetime.

3 Results and first analysis of the heat build-upurve

3.1 Heat build-up curve and first analysis

Figure 2a shows a typical result obtained for @ilog step. A stabilization of the temperature
increase was consistently observed (at the limfitegquency imposed) and this stabilization
means that the dissipation source is nearly conhseauilibrium between what is lost by

conduction and convection and induced by cyclidiiogs is reached.

Figure 2b presents the evolution of the stabiliteshperature with respect to the stress
amplitude imposed. On this chart, the results okthifrom seven different tests are plotted.

Test 1 and 2 played respectively 3 and 6 consexltading blocks. Tests 3 to 7 only played

one single block. The very good correlation obsémwe the measured stabilized temperatures
validates the reliability of the measurements arakes it clear that the thermal response
obtained for one block is not much influenced by fibrmer loading history.
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Figure 2. Evolution of the temperature along one loading $8m@nd evolution of the stabilized temperature
versus the applied stress amplitude (b).

A first empirical analysis, featureoh figure 2b, can be proposed: a straight lineregvad
from the last points and the intercept with thesdramplitude axis is considered. For 1ISO527
samples, this analysis gives a value of 37 MPa.

3.2 Comparison to fatigue result

3ure 4 presents the curve obtained from the clalsisitgue campaign. It can be observed that
the stress amplitude evaluated from heat build-epsurements is actually very close to the
one leading to a lifetime of 20cycles, which is relevant for most of the indutri
applications. Nevertheless, evaluating only onentpoif the Wohler curve is clearly not
sufficient as the slopes of these curves may b glifferent depending on conditioning or
fibers orientation, for example [5,6,7]. This liation can be overcomguite easily as the
heat build-up test also provides a number of cyttefailure, obtained for the last stress
amplitude (filled symbol in Figure 3). Taking advage of the flat shape of the curve, the
following protocol could therefore be suggesteaniify the stress amplitude leading td° 10
cycles from the graphical analysis and draw agtitdine using the lifetime identified on the
last loading block. This rough analysis actuallpyides an effective approximation of the
fatigue curve.
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Figure 3. Fatigue curve obtained for 1IS0527 samples, R=Quizacy=1 Hz.

This kind of analysis is based on the idea thatsthess amplitude evaluated can be seen as a
threshold for the cyclic behavior of the materié&fore comparing this value to the micro-
structural evolution, it seemed therefore relevardraw a comparison with the other classical
mechanical parameters usually pointed out for da&tjgi.e. damage and plasticity. This
comparison is performed on figure 4 and shows tti@evolution of damage and permanent
strain seems to support the idea of a changjeeirtyclic behavior, for a value close to the one
evaluated from the temperature measurements.
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Figure 4. Evolution of damage and permanent strain duringhtra buil-up loading blocks.

4 Evolution of the microstructure throughout a loading step

4.1 X-ray micro-tomography

X-ray microtomography was used to identify the fatigue medrasion 5 specimens. Ee
samplehas been submitted a single loading block for 5 differentrassamplitudes(2000
cycle at 13, 26, 39, 44 or 52MPa)-Ray machine used is a VOME-X 240D. The
resolution used(12um) did not allow to isolate individual fibersich prevented froi
identifying clearly voidsor porositie. It was thereforelecided to observe the fil-depleted
zones (FDZ, abusively called “defects zs”), which were clearly likely to home tt
plasticity or damage occurrencetree volumes located the central are of the specimens
(on Figure 5) have been investigater each specimen.

Figure 5. 3D view of a big and complex defect fron-ray microtomography measurem
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Figure 6. Evolution ofthe volume fraction anthe defects densit

The measurementexposed the geometrical evolution of the microstructure ati
localization of plasticity or damage initiationestduring the loading steps. Six parameter:
defined: volume fraction of defectsq; volume density of defects, [mm™]; volume of
biggest defectamax [MM’]; average volume of an equivalent rectangular @ibepresenting
a defectvpme [mm?]; sum of the defects projections along tl-axis, yaxis and -axis called
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respectively), py, Y. P, and), P, [mm?]; defects locations with a volume greathan 100
voxels in aX ;Y) section (zaxis is the loading directio.

All these parameters clearly indicated an increadbe size and number of FDZ for a va
slightly lower than 39Mpa (Yandw, on Figure 6)This confirms the existence ofthreshold
of the stress amplituderound 37Mpa. Figure 7 confirmed the geometricaaropy of FDZ
which is consistent with respect to the flow directand the loading direction. We al
noticed an increase ttie geomtric anisotropy of the defecis the loading directic with the
loading amplitude.
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Figure 7. Evolution of the geometrical parameters duringltfaeling steps of a heat bi-up test.

Figure 8 presents the localization of the FDZa specimen section. A majority of defe
appear in the heart and in the corners of the spati In addition, the number of defe
increases sharply just before stress amplitud®bfRa. These locations are also areas w
the fibers are misaligned witrespect to the loading direction, which faciksthe onset ¢
plasticity or damage.
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Figure 8. FDZ location during the loading steps of a heald-up test (FDZ >100 voxels

4.1 SEM observations

In order to help sorting damage fr plasticity, SEM observations have been achievedyh
fibers appear broken and some are loosened fronpahgmer matrix (on Figure 9 (c)
especially for the highest stress amplitude (20@fes for 52 MPa). Neverthelesspherical
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cavities were observed within the matrix of the pbe®m whatever the stress level imposed
(see Figure 9 (a)) and it is difficult to offer avyieged location for this phenomenon. The
size of these porosities (from Qi to Jum see Figure 9 (b)) and their very low density
barely explained the clear evolution observed @nrttechanical indicators. These porosities
seems therefore induced by the injection procefiserahan by the mechanical loading
(except for the highest level).

pL=13) X7, 588

@ (b)

Figure 9. SEM observations of PA66GF50: (a) spherical casjt{p) cavities near a fiber; (c) debonding
and crack around a fiber.

Coupled to the previous X-ray observations, thése/ations reveals that the identification
of the fatigue sites and mechanisms is not an &y and it seems that plasticity at low
scales play a higher role than damage, which isisi@l explanation.

4 Conclusions

This paper demonstrates that a rough yet pragmpaitocol based on the analysis of the heat
build-up curve provides a very reasonable evalnattb the Wohler curve. This is an
important result because it means that a fairlydgdentification of the fatigue curve could be
achieved using only one sample with a test ladesg than 2 days (including the failure on
the last heat build-up block). A deeper analysisetpuired in order to go provide a fatigue
criterion, which is discussed in a companion pa@®j. This analysis is based on the
hypothesis of a threshold, which is observed asl wel mechanical indicators. SEM
observations failed to reveal a similar damage wian, which seems to be more dependent
on the number of cycles than on the stress amplitygblied. X-ray tomography fails to
dissociate plastic and damaged areas but showeomdhgin size and number of areas with
low fibers content, for a level correlated to thaamoscopic indicators. It therefore seems
interesting to investigate the fatigue behaviouthwnicro-plasticity in mind. Morevover, as
the scale transition for fatigue mechanisms remaféicult, a global indicator such as
dissipated energy seems relevant.
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