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Abstract

Understanding fatigue damage mechanisms in short fiber reinforced thermoplastics is a key issue in
order to optimize material processing and propose physically based multiscale fatigue damage models.
The present work aims at further understanding observations of fatigue damage in the polyamide 6.6
matrix with respect to its semi-crystalline structure. In this paper the polymer and associated composite
are tested in their ductile regime i.e. above the glass transition temperature. Tomographic and SEM
observations are used in order to establish a damage scenario atthe spherulitic scale. These observations
prove that fatigue damage progresses by intra-spherulitic failure in their equatorial plane. Observations
of the spherulite nuclei also evidence the oriented structure of the semi-crystalline polymer induced by
the injection-molding manufacturing process.
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1. Introduction

In order to comply with regulations, automotive manufacturers are increasingly using composite
materials to engineer lighter cars. ‘Short glass fiber reinforced (SFRP) polyamide 6,6 (PA66) is used in
multiple applications, including key components in the case of the car industry. Getting a good grasp
of the damage mechanisms under fatigue loading condition is thus a crucial research aspect. Better
understanding damage processes will lead to better fatigue damage models and help engineers to design
materials and parts more efficiently.

Multiple works have contributed to establish damage scenarios for the composite material, using
fractography observations [1, 2, 3] and, more recently, tomographic data [4, 5]. Saintier et al. [6, 7, 8]
have shown the particular importance of understanding matrix damage to fully understand the overall
composite fatigue damage scenario, as cavitation and crazing in the thermoplastic matrix appear to be
precursors-of all other fatigue damage process in SFRP materials. In particular, it was shown that short
fatigue cracks in SFRP propagate with a characteristic length of about 25um in well defined steps.
Once segmented on tomographic data they appear as flat penny-shaped structures with a diameter
close the spherulite size [6] and proposing a strong interaction between fatigue damage localization and
the polymer microstructure. Hypothesis was thus made that fatigue damage in the matrix is intra-
spherulitic and that cracks advance by opening spherulites in their equatorial planes, this spherulite
opening being triggered by cavitation. The role of the spherulitic structure on damage development of
PA6 matrix was already observed during simple tensile and creep loading by two studies. Galeski et
al. [9] analyzed spherulitic damage in bulk PA6 during quasi-static tensile testing. They noted that
“equatorial regions of the spherulites are particularly susceptible to microvoiding mechanisms”. More
recently, Selles et al. [10] studied the influence of the spherulitic structure on the damage mechanisms
for the creep failure of PA6. They showed extensive damage taking place both in the polar regions of
the spherulites and in the equatorial plane. Similar analysis of the link between bulk damage and the
semi-crystalline structure of the polymer was needed for fatigue loading.
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The above mentioned scenario for fatigue loading is supported by two previous works on fatigue dam-
age. The first one concerns the earlier work of Bretz [11, 12] who suggested that semi-crystalline polymers
fracture both in an inter-spherulitic and an intra-spherulitic manner (also called trans-spherulitic by the
authors). The authors performed uniaxial fatigue testing at 10H z, but precise loading conditions are
unclear. The quality of the images is lacking of sufficient details to make firm conclusion and, as noted
by the authors themselves, more work is needed in this area [12]. The second one relates to the work
of Mourglia-Seignobos [13], based on SAX measurements, that reported the fatigue damage to occur in
domains oriented perpendicularly to the stress. This damage being wvery likely located in the equatorial
plane of spherulites, between crystalline lamellae.

However in order to validate such a scenario, further understanding and observations evidencing
this spherulitic fatigue damage are required. This paper aims at further analyzing the link between the
spherulitic microstructure and fatigue damage.

2. Material and methods

2.1. Spherulites

Semi-crystalline thermoplastics often crystallize as spherulites, usually distributed as spherical crys-
tal colonies. Their formation is generally described during crystallization experiments on thin films [14].
In this case, each spherulite forms from a single lamella - the "nucleus” of the future spherulite. These
prespherulitic structures are randomly oriented [15]. Further crystallization make them grow into a
hedrite, a sheaf and later a full spherulite (fig. 1(a)) [16]:= Multiple mechanisms have been put forth
to explain the formation of such spherulite from a single lamella. These scenarios -as well as much
more detailed information- can be found in the review by Crist and Schultz [17]. However experimen-
tal evidence on the mechanisms of spherulite growth in the bulk material is, understandably, lacking.
Knowledge of the three-dimensional structure of spherulites is thus largely incomplete.

In the case of the polymer studied and process conditions, spherulites are considered to be composed
of an array of crystalline lamellae between which the polymer is in an amorphous state (fig. 1(b)).
Lamella thickness is around 10nm, as-is the distance between to successive lamellae.
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~ IDnm

(a) Formation of a spherulite in a thin film (b) Semi-crystalline arrangement of
polymer chains

Figure 1: Formation and structure of spherulites in a semi-crystalline thermoplastic.

Spherulite growth continues linearly with time until it encounters neighboring growing spherulites.
The average size of the spherulites depends upon the cooling conditions and the density of potential
nucleating sites for crystallization.

2.2. Observation of spherulites

Detailed observation of spherulites is crucial if one wants to link the fatigue damage to the spherulitic
structure of the polymer. However, unlike with grains observations in metals where crystallographic
observations can be made using EBSD and grain boundaries can be observed in tomography by various
techniques [18], observation of spherulites is much less standardized. Multiple observation techniques
can be found in the literature [17], but the full understanding of the complex tridimensional nature of
bulk polymer’s spherulite is still an issue.



Traditional observations are made using polarized light microscopy (see figs. 2 and 3). Thanks to
the birefringence of the material, spherulites appear with a typical Maltese-Cross pattern [19, 20]. Such
methods require the observation to be made on thin film (obtained by casting or cut from samples
using a microtome), making it delicate for a number of applications. In particular the observation of
damage by this technique is difficult and may lead to ambiguous conclusions. It is also worth mentioning
that obtaining longitudinal thin slices of the fiber reinforced material using a microtome is possible but
arduous. The polymer around the fibers is damaged by the process and it is difficult to observe the
spherulites in these regions. Moreover, as it is based on optical microscopy, this technique is better
suited for large spherulites.

Observations of spherulites and damage can also be made using Atomic Force Microscopy (AFM)
[21, 22]. Once again, published observations have mostly been performed on thin films, yielding the
same aforementioned limitations.

Finally, cryo-fractography and/or chemical etching have also successfully been used in some studies
[23, 24] and especially for PAG [25, 10], for PEHD [26, 27] and for PA11 [28]. However they are not
easily implemented and chemical attacks to reveal spherulites can be very tricky to manage. This might
explain the very few (convincing) examples that can be found in the literature.

It is worth noting that spherulites in PA6 and PA66 are not visible using tomography [6, 10] - at
least with the technology currently available, although new techniques are currently under development
using nano-tomography. For these reasons, initial microstructures will be evaluated from polarized
observations of microtome slices (2um thick) obtained from the bulk polymer and composite. Damage
evaluation will be assessed from tomographic observations combined to fractographic Scanning Electron
Microscopy (SEM) analysis. Surface metallization was necessary, the samples were thus coated by a
nanometric layer of Au by sputter deposition. Observations were performed using a Zeiss Evol5 HD
SEM.

2.3. Material

Both unreinforced and reinforced PA66 were studied in this work. These materials are supplied by
Solvay Performance Polyamides.

The study of the unreinforced material made observation of the spherulitic damage mechanisms
easier, as spherulitic structures have a size comparable to the fiber diameter. The transposition of the
damage scenario established in unreinforced material to the case of matrix in the composite material is
verified by experimental observations presented at the end of this work.

2.8.1. Pure PAG6

Figure 2(a) illustrates the microstructure of the pure PA66 as observed by polarized light microscopy.
Spherulites diameters are in the range of 15 — 30um. However this size varies throughout the thickness
of the specimen, especially on a 30um distance from the surface of the specimen where spherulites are
notably smaller (fig. 2(b)).

2.8.2. Short glass fiber reinforced PA66

The commercial grade of PA66 reinforced by 30 wt% of short glass fibers is a Technyl®A218V30.
Injection molding induces a characteristic microstructure in the composite: fibers orientation is het-
erogenous throughout the thickness of the plate. This microstructure has been extensively described in
the literature and is usually referred to as a skin-shell-core microstructure.
The reader shall refer to the articles written by the following authors for more details regarding fiber
orientation in injection molded composite materials: Horst [2], Bernasconi [29], Arif [4, 8], Ayadi [30]
and Rolland [7].
Figure 3 illustrates the microstructure in the composite material. These observations clearly indicate
that the spherulite size depends on the local microstructure. Close to the fibers, spherulites are smaller
and harder to observe. In poorly reinforced areas, although a bit smaller, spherulite morphology is
similar to the one observed in pure PA66. This smaller spherulite size can be explained by the increased
number of sites for potential nucleation on the surface of fibers or fiber glass dust resulting from the
manufacturing process, and heterogenous cooling rates at the microstructural level.
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Figure 2: Spherulites in PA66 observed using polarized light micrescopy on thin slices obtained by microtomy.

(a) General view (b) Detail at fiber tip

Figure 3: Spherulites observed using polarized light microscopy on thin slices of reinforced PA66 obtained by microtomy.
Slicing was performed in a longitudinal direction compared to fibers, which gives better view of the microstrucutre but is
more challenging than transversal cut as usually performed for bulk composite material [6, 13].



2.4. Specimens geometry and loading conditions

Fatigue specimens are waterjet-cut from injection-molded rectangular plates 3.24mm thick. Samples
can be cut from plates along three directions with respect to the MFD: 0°, 45°and 90°(fig. 4(a)) for
both pure and reinforced polymer. Specimens are designated by the direction of their main axis with
respect to the MFD. The use of notched specimens allows for the localisation of the damage to make
the observation of fatigue damage by tomography easier. The notched geometry that was considered
here is a symmetric “U” notch of 0.5mm in radius (fig. 4(b)).

Finally, as mechanical behavior and fatigue damage of PA66 is humidity dependent, all specimens
were conditioned at a relative humidity (RH) of 50% and 23°C for two weeks prior to testing and ex-
periments were also conducted at 23°C. For these conditions, the polymer and associated composite are
tested in their ductile regime i.e. above the glass transition temperature. Fatigue tests were performed
under load control on a Bose Fatigue machine (electromagnetic fatigue machine that does not induce
external heating on the specimen due to its “cold” technology), at a loading ratio of R=0.1 and a
frequency of 0.5Hz (a sufficiently low frequency to ensure a low heat build-up during fatigue tests).

A
/§ 3.5
- [=—— =
3 .9 ‘ %
; </ ] %
o0 B
360mm
(a) Specimen orientation (b) U0.5 notched geometry
0.6 e
e
051 . 0"
; --“""--..
4;; 04 - e “‘ ' “
@ T e e 45°
g 0.34 *.'.-. q9()° L
= X @
£ 024 T T
g PAGG
0.1+
0 Y T
100 1000 10000 100000

Number of cycles to failure

(¢) Normalized S-N curves

Figure 4: Geometries and S-N curves for the notched specimens.

2.5. Tomographic observations

Synchrotron X-ray tomography was used in order to investigate bulk damage in the specimens.
Acquisition was performed on the Psyché beamline at the SOLEIL synchrotron. The filtered X-ray



Material Notch  opmaz(MPa) Ny

PA6G6 “90°” U0.5 40 917

PAG6 “90°” U0.5 30 12656

PA66 “0°” U0.5 45 1858

PAG6 “45°” U0.5 45 1835

PA66GF30 90° U0.5 57 1241
PA66 “90°” + cryofrac.  U0.5 35 int. 2531 (95%Ny)
PA66 “90°” + cryofrac.  U0.5 38 int. 4221 (90%Ny)
PA66GF30 45° N/A 62 int. 1500 (98%N)

Table 1: Parameters for the different fatigue specimens. oymqz is the maximal nominal stress. N I stands for the number
of loading cycles prior to failure. Interrupted specimens are marked as “int.” with the corresponding number of cycles.

beam (2 mrad mirror, 0.5 mm aluminum and 0.25 mm silver) had an energy of about 26 keV. The
CMOS detector with 6.5 um pixels, was associated to a x10 objective, leading to a voxel edge size of
0.65 pm on the acquired image (for more details see [6]). This allowed for the high image resolution
necessary to observe the early stages of damage.

Data analysis and segmentation was performed using the Avizo commercial software. Choose of
the thresholds for visualization was based on the experience in small-crack and cavitation segmentation
from previous works [6].

3. Results and analysis

A full data base was constructed including RH and loading ratio effects. However the focus of this
paper being to identify fatigue damage mechanisms only a few tests results are given here. Two types
of fatigue tests were performed. First, interrupted fatigue tests so that very short fatigue cracks could
be initiated in the pure PA66 specimens and in the reinforced polymer for tomographic observations of
the very first stages of damage. In addition two tests were interrupted, scanned by tomography then
cryo-fractured in order to freeze the damage situation at the crack tip, locate possible damage markers
and compare to the tomography observations. Second, additional tests were performed up to failure to
analyse the fracture surface. Theloading parameters for the different specimens for which observations
are given in this paper are listed in section 3 and normalized S-N curves are given on fig. 4(c). The
stress indicated as 0,,4471s the maximal nominal engineering stress imposed during cyclic loading in the
net section of the specimen (area between the two notches).

3.1. Tomographic observations on short fatigue cracks

Interrupted fatigue specimens were observed using tomography after the initiation of a mesoscopic
crack (a few millimeters in size). Typical examples of fatigue cracks as observed on pure PA6G6 are given
on fig. /5 for.a several millimeters crack and on fig. 6(b) for what can be considered as a short fatigue
crack (few hundred microns in length).

Figures 5(a) and 5(b) represent respectively the 2D view and segmented view of the fatigue crack
initiation. Several short fatigue cracks can be identified at the notch indicating simultaneous initiation
at different locations in the notch area. Once initiated from the notch root, fatigue crack then propagates
with a slightly irregular trajectory, as observed on fig. 5(a). By close examination of tomographic slices
(tens of slices have been analyzed to come up to that conclusion even if only one is given here), it
is possible to identify a characteristic length of 20-30um along the crack propagation direction. In
addition, these observations evidence the presence of damage ahead the crack tip.

Indeed, both small cavities of a few microns and micro-cracks can clearly be observed ahead the crack
tip. It is worth noticing that the characteristic size of the micro-crack and of the crack propagation
pattern is of the order of magnitude of the spherulites. These observations confirm also that cavitation
very near the crack tip seems to play a major role in the fatigue crack propagation process.

Figures 5(c) and 5(d) give additional information on these damage precursors. First, the top view
of crack front indicates a very irregular crack front with significant diffuse damage ahead of the crack
front. Considering the size (in the micrometer range) and aspect ratio of these damage markers they



most probably correspond to the cavitation process identified on fig. 5(a). In addition to this cavitation
process, some larger damaged area can be clearly identified. Once segmented, they appear as flat, penny
shape like volumes about 20um in diameter (see fig. 6(c)). This size and shape strongly suggest that
these penny shaped damage zones correspond to intraspherulitic damage developing ahead the crack
tip.

In the case of reinforced polymer, an example of fatigue microcracks is given fig. 7(b). The top view
clearly confirms the presence of a multiplicity of penny shape damaged zones that combined constitute
the short fatigue crack. These observations appear very similar to the one observed on pure PA66 so
that the same mechanisms are proposed for both reinforced and un-reinforced polymer.

Based on these observations a scenario has been proposed in which the damage is localized in the
equatorial plane of the spherulites and the crazing structures observed by tomography can be associated
to an intra-spherulitic fatigue crack propagation process in the equatorial plane, resulting in spherulites
being cut in half.

However, because spherulites in PA66 are not visible using tomography, these observations and
damage scenario need to be completed by other observation techniques in order to confirm the nature
of the spherulitic damage.

8.2. Fractography analysis of fatigued PA66 specimens

8.2.1. Spherulite observations

The idea behind the observations presented hereafter is that if the fatigue crack results from the
opening of the spherulites in their equatorial planes, half of the spherulite should be observable on the
fracture surface. A somewhat analogous image (but less precise) can be found in the literature, where
the spherulite can be distinguished [12].

Fracture surfaces obtained after fatigue loading on notched PA66 specimens can be divided into
several regions: the main and secondary fatigue crack area starting from the notches on both sides, the
final failure surface and a transition zone in between the two (fig. 8).

The final failure surface, at the center of the specimen, exhibits a patchy irregular surface (fig. 9(a)).
Some authors suggested that the patches are related to the spherulites [12], although possible, this
seems far from being evident just by looking at the fracture surface.

The transition zone, between the fatigue crack path and the final fracture surface, is rather smooth.
An important number of cavitiescan be observed in this region (fig. 9(b)).

In the fatigue crack paths on both sides, one can observe parabolic fatigue striations on the outer
layers of the specimen (fig. 9(c)). On the center, a layer of rough aspect can be observed compared to
the surrounding matrix. This rough layer could be explained by greater strain levels at the center of
the specimen or, although less likely based on our observations (fig. 2), by a gradient in the material
properties [31].. By taking a closer look in this region, we can unambiguously observe the spherulites
(figs. 9(d) and 9(e)). Fracture surface roughness appears to be induced by the interaction of the crack
with the spherulitic microstructure and clearly indicate that the crack has followed the equatorial planes
of the different spherulites on its path.

Observations of a specimen submitted to interrupted fatigue loading followed by cryofractography
in-traction help further explicit the damage scenario. Figure 10 illustrates the spherulite damage ahead
the crack tip. At the time where cryofractography was performed, the spherulite was already damaged
by the fatigue loading. This observation, together with fig. 5(a), definitively confirm that spherulitic
damage occurs ahead of the main fatigue crack front.

Furthermore, as the nuclei of the spherulites can be seen on the fatigue fracture surface of the
different specimens, this confirms the scenario of an intra-spherulitic failure in the equatorial plane.
The nucleus seems harder and denser than the surrounding lamellae and may act as damage precursor.
Small cavities that can be found close to the nucleus (fig. 9(f)) confirm this point as well as small white
spheres that could be nucleating agents introduced during the manufacturing process.

The 2D tomographic observations of a characteristic damage length and the 3D observations of
disk-like structures allow to propose a damage propagation scenario as illustrated figure 11. Locally,
the crack takes a path that depends on the spatial spherulitic arrangement.

It can be noted that the crack propagates either perpendicularly (region 1 on fig. 11(b)) or parallel
(region 2 on fig. 11(b)) to the lamellae in the equatorial plane. More diffuse damage might also develop
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1500 cycles and 98% of estimated fatigue life.
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in other regions of the spherulite (see fig. 11(a)) for longer cracks, as suggested by fig. 6(a). However
more precise tomographic (nano-tomography) data would be required to fully assess the nature of this
secondary damage.

Finally it is worth mentioning that equatorial damage processes were already observed using SEM by
Ben Hadj Hamouda for creep fracture of a medium density ethylene-butene copolymer [26], suggesting
some similarities between fatigue and creep damage. These aspects will be further discussed in a
forthcoming paper.

8.2.2. Spherulite orientation

The orientation of the nuclei with respect to the horizontal can be measured on the images (fig. 12).
As they seem to be preferentially oriented in a given direction, it is likely that the orientation of the
nuclei is induced by the injection process. All nuclei would then be aligned because the specimens were
all cut at 90° with respect to the MFD.

Pure PAG66 samples were thus cut at 0° and 45° for further analysis. After fatigue loading and
observation of the fracture surface, the nucleus clearly appears as a disc on the fracture surface of
0° specimens (fig. 13(a)). For45°% specimens the nucleus can have a slightly elliptical shape, although
being harder to observe (fig. 13(b)): Conversely, for the 90° specimen, the nucleus appears as a rectangle
with high aspect ratio (figs. 9(e) and 13(c)). This confirms the observations of Selles[10], on PA6 90°
specimens, showing undamaged harder cylindrical nucleii.

These observations could be explained by a phenomenon of flow-induced crystallization whereby
nucleation is in part triggered by the local organisation of the polymer chains induced by the flow.
Although the strain in the flow is not important enough to obtain crystallization as a shish-kebab
structure [32], it might be sufficient to induce a preferential direction at the onset of crystallization. Some
polymer chains extend in the molten polymer and organize themselves resulting in a cristalline structure,
oriented in the flow direction, that will form the futur nucleus. Subsequent crystalline lamellae growth
continues radially from this structure during cooling, thus forming an overall spherical arrangement
around the oriented nucleus. The semi-crystalline organisation in our injection-molded thermoplastic is
therefore an intermediate between purely radial spherulites and strongly oriented shish-kebab structures
(fig. 14).

This proves that the crystalline structure is not purely isotropic (contrarily to what was suggested in
previous works [13]). It is also shows the necessity to better our understanding of the three-dimensional
structure of spherulites in general and in our material in particular. Traditional observations on thin
films and 2D description of the structure might be largely incomplete, as shown by the few deeper
analysis that can be found in the literature regarding cellulose triacetate [14], poly(4-methylpentene-
1) [15] and poly(oxyethylene) [33]. They describe a rose-petal assembly and a square outline of the
spherulites when observed under a top plan view. These observations are consistent with the proliferation
of spherulites via spirale growth [17]. Similar observations should be attempted on PA66 in order to
complete the observations presented in this work and better describe both the spherulitic structure and
the fatigue damage initiated within this structure.
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Furthermore, the existing numerical models for spherulite deformation with a point-like nucleus
[34, 35] can be adapted to take into account the oriented nucleus structure. A model of the spherulitic
damage under cyclic loading would be a major step in order to enhance current micro-mechanical models
for short glass fibers composites [5, 36, 37].

—— Lamella
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Mould
Flow
Direction

—

90

Figure 14: Oriented spherulitic structure induced by the injection molding.

3.8. Fractography analysis of fatigued composite specimens

In industrial applications, reinforcements are used in order to increase the mechanical performances
of the material. The same type of fractography observations as presented above can thus be attempted
on the composite material.

Observation of the spherulites, around 25um in diameter, on the fracture surface is made more
difficult by the presence of the glass fibers, 10um in diameter. However careful examination of the
fracture surface (fig. 15(a)), in the fatigue crack path close to the notch, also allows for the observation
of spherulites (figs. 15(b) and 15(c)).

In particular observations on fig. 15(d) shows the spherulites opened along a fiber, on a configuration
very similar to what was observed using tomography (fig. 7)

This confirms the scenario based on the tomographic data of fatigued composite material. Fatigue
damage is closely linked to the advance of short cracks in the equatorial plane of the spherulites.

Finally, it can be noted that cavities are much more present than on the unreinforced material. This
is caused by the much higher triaxiality ratios induced by the presence of glass fibers.

4. Conclusion

Traditional damage scenarios in composite materials usually include cavitation and crazing in the
polymer matrix, debonding at the fiber-matrix interface and fiber failure. Tomography analyses com-
bined with SEM fractography observations firmly establish the importance of the spherulitic arrange-
ment of the semi-crystalline polymer. Fatigue damage progresses in the polymer by opening each
spherulite in its equatorial plane, leaving one half of the spherulite to be observed on each fracture
surface, with the nuclei being perfectly visible.

Observations of the nucleus also yielded a new insight on the organisation of matter in injected
semi-crystalline polymers. Resulting oriented spherulitic structures are intermediate between the radial
spherulite and the oriented shish-kebab.

Now that this scenario is confirmed, further work should evaluate the effect of different spherulite
sizes and morphology on the fatigue properties and damage progress in the material.
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(a) Fatigue crack path in the core of the specimen (b) Spherulites and fibers on the fracture surface
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(c) Spherulites and fibers on the fracture surface (d) Spherulites along a fiber

Figure 15: SEM fractography a notched reinforced PA66 (fibers at 90°in the core, Ny = 1241).
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Highlights

. Fatigue damage progresses in the polymer by opening each spherulite in
its equatorial plane.

. Half of the spherulite can be observed on each fracture surface, with the
nuclei being perfectly visible.

. Injection-molding induces an orientation of the spherulitic structure.

Oriented spherulites are intermediate between the usual radial spherulite and
the oriented shish-kebab.



