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Abstract

Experimental investigations on PA6GF composite nathrough SEM images showed high
microstructural variability. Local fibre volume fetions were quantified. The use of X-ray
tomography techniques allowed examinations of malaimage mechanisms by void growth.
A constitutive model for bulk PA6 polymer was getiruorder to simulate PA6 behavior

submitted to complex triaxial loadings. Unit cedingputations were then carried out to better
understand the influence of hydrostatic pressureamposite materials.

1 Introduction

The use of composite materials for gas transportdias recently known a growing interest.
New designed pipes made of an inner polymer corehwprovides hermetical sealing,
wrapped with a composite material enhancing mechhproperties are emerging. The inner
core is composed of thermoplastic semi-crystalliogmer while the outer composite shell is
made of thermoplastic polymer reinforced with uredtional continuous fibers. The present
contribution is devoted to highlight microstructuvariability and to take it into account in
finite element models.

2 Experimental investigations

2.1 Material

The material under study is a Polyamide 6 (PA6)rimatinforced with unidirectional
continuous Glass Fibres (GF) referred to as PA6Gfis material is produced through a
pultrusion process that allows high fibre volumaction. Global fibre volume fraction was
determined on pyrolysed sample. Such experimensistmg in burning the polymeric
particules at high temperatures (here temperata® set up at 650 °C) and keeping fibres
intact. The fibre volume fraction close to 70% veatimated.

2.2 Microstructural variability

Transverse cross-sections as well as longitudieetions of undamaged PA6GF composite
were observed thanks to Scanning Electron MicrogcGEM) techniques. Composite
samples are embedded in a polymeric matrix andutbrgolished. Fig.1 illustrates a SEM
microscopic image of a composite transverse cresses). Undamaged material shows high
microstructural variability. Indeed different fibddameter can be clearly observed on Fig.1.
Diameter distribution was quantified on several SEMrostructure images thanks to the use
of digital image processing (Matlab software). 80ifres were randomly selected from
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microstructure images in order to establish therage diameter size: 15:0.05um. Fibre
diameter distribution has not yet been taken ictmant in our numerical models.

Figure 1. PA6GF transverse cross-section (SEM).

Voids can also be observed in Fig.1, they takeeplacthe polymer matrix between fibres.
Voids have various diameter sizes ranging from few to 10@um. Longitudinal sections
showed that voids have "rice" grain size i.e. thegltudinal size is much longer than the
diametrical one. Such voids are due to the publrugirocess when air bubbles get stuck
between fibres.

The local fibre area fraction distribution definasl the ratio of fibres area over an observed
Surface Of Interest (SOI) was quantified. The lo8@ll is chosen as a square area of 625
umz2, The average fibre area is around L@@ therefore a maximum of 3.7 fibres can fit into
a single SOI. A total of 39 SEM images of microstaie were used and each of them was
divided into sereval SOI's. Therefore a total 0020 SOI's were set up. On each SOI the
local fibre area fraction is calculated. Results sttown on Fig.2. It is assumed that the local
fibre area fraction correspond to the local volunaetion. The average local volume fraction
was estimated at 65.6 £ 6.8%. A large distributiorthe local fibre volume fraction was
highlighted. Indeed local volume fractions from 4Q@8&080% were recorded while square
packing volume fraction is 78.5%. Half of the ouklacal fibre volume fraction calculated is
upper than 65%.
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Figure 2. Fibre volume fraction distribution.
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Polymer materials are highly sensitive to hydrastatessure; such local volume fraction
distribution is expected to have an impact on meidahbehavior and damage mechanisms.

2.3 X-ray tomography

X-ray tomography is a non destructive 3D observatechnique that has recently known a
growing interest. This technique consisting in swag small volumes provides high
resolution 3D images allowing in situ observatiow @damage characterization [1].
Laminography experiments [2] were set up on band4.5 mm thick. Specimens were
notched either in the longitudinal direction ottle transverse one. Initiation and propagation
of cracks are due to a device allowing a displacgrbetween the two edges of the notch [2].
The experiment consists in scanning the initial rostructure, applying a displacement
between the notch edges in order to propagate gracknning the microstructure and so on
up to the total failure of the specimen. Thereforesitu damage can be characterized in
transverse and longitudinal directions.

rice grain voids

Figure 3. X-ray tomography images. (a) Initial microstructwigh voids; (b) Microstructure after deformation:
void growth.

Initial scans corresponding to undamaged materilewassessed with the help of SEM
inspections. Indeed voids exhibit "rice grain” shamd dimension along fibres can be much
higher than diametrical dimensions. Whatever thelamtation of the notch, parallel or
perpendicular to the fibre direction, the main &ratways propagates through the matrix in
the fibre direction due to the high isotropy of thaterial. Fig.3(a) represents initial voids in
the composite material. This volume is located ffam the notch root. These voids are
probably due to a lack of matrix polymer betwedmds. Fig.3(b) shows the same volume
after deformation of the sample. Voids have clegriywn and are likely to coalesce to lead to
a cylindrical crack. The space between voids getasller, thin polymer walls are separating
voids. It is assumed that damage mechanism in #texrunder such solicitation is based on
void growth.

2.4 Hydrostatic pressure on bulk polymer

Recent studies on bulk polymer materials have shinahstress triaxiality ratio (hydrostatic
pressure) have a strong influence on damage mexrhanB] [4] [5]. Whitening of polymers
was related to void growth leading to a significaalume change in the polymeric material
[6]. It was reported that the hydrostatic presqueged a major role on the damage growth
mechanisms. Different tensile or compressive testsnotched axi-symmetrical specimens
were performed. Such specimens are devoted to ghedgffect of hydrostatic pressure. SEM
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analysis [3] assessed with recent X-tomography yaiglon interrupted tensile notched
specimens tests have showed the microstructurdutewo of polymer PA6 or PAll in
deformation. In addition the damage distributioai¢¢ nucleation and growth) were spatially
and chronologically quantified.

3 Microstructural variability in FEM models

In this section, experimental results were usearder to implement in finite element models
constitutive equations for the polymeric matrix asadalyze the effect of microstructural
variability.

3.1 Bulk PAG6 constitutive model

A viscoplastic multi-mechanism based model [7] \\&re implemented in a in house Finite
Element Model (FEM) code [9] in order to simulatee tthermoplastic semi-crystalline

polymer mechanical response to tensile tests déreiit notched specimens. The modified
Gurson-Tvergaard-Needleman model [10] [11] [3]if]orporating the porosity as a damage
variable was set up to simulate the damage meahanis
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Figure 4. Netstress vs. applied displacement curves at twordiftenotched root radii.

Identification of material coefficients was perfarthby utilizing the global variables obtained
from experimental measures on axisymmetrical speegmcontaining various notch root
radii. Additionally, local variables such as spb#ad temporal void distributions were taken
into consideration for the material coefficientdiopzation. Fig.4 shows experimental (lines
with symbols) and simulated (lines) tensile cureédwo notched specimen with different
radii. The first one (NT4) have a notch radius afimd while the other NT045 have only
0.45mm. NT4 tensile test curve is composed of diffe steps. The first one, up to the peek
stress is composed of the elastic deformation &edbeginning of the viscoplastic one.
During this step there is little volume change. Pleak stress was observed to be the start of
NT4 specimen re-necking. The second step corresptinthe post yielding stress softening
which lead to a plateau stress. During this stefjyme change occurs. Then the failure of the
specimen occurs. NT045 tensile curve representg tbel first stage up to the peak stress.
Indeed failure of the specimens arises soon aéek gtress. Fig.4 shows that there is a good
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agreement between experimental and simulated sestite damage distribution can be
observed on meshes of Fig.4. For NT4 the maximumeadg is located in the center while for
NTO045 the maximum is located near the notch rodiis Ts in agreement with the SEM

observation on PA11 [3].

The present constitutive model is able to distisguthe location of maximum damage
depending on the stress triaxiality ratio. It whierefore be used in order to simulate PA6
matrix behavior of PA6GF composite according toltwal fibre volume fraction.

3.2 Unit cell model

3.2.1 Description of the model

A unit cell model was elaborated in order to sttity influence of fibre volume fraction on
hydrostatic pressure. Four different axisymmetrigt wcells composed of a single fibre
embedded in polymeric matrix Fig.5 (a) were sekbéte order to be representative of the
experimental fiber volume fraction distribution §Ff¢ volume fractionz; = 0.55, 0.6, 0.7,
0.785). Geometries of unit cells are calculatedtsao the following equation (eq.1).

re=

ri
— (1)
\/ Z—f
where re is the outer matrix radius, ri the innetnix radius (the fiber radius) angthe fibre
volume fraction.

The fibre was supposed to be isotropic elastic evhile above mentioned damage based
constitutive model was used for the polymeric mxaffihe contact between the fiber and the
matrix is supposed to be perfect. A displacemeimnsed on the top edge of the cell, two
axisymmetrical conditions are applied to the bottanad left edges. To handle the effect of
hydrostatic pressure, the right edge is blockethénradial direction. Therefore the unit cell is
submitted to a pure volume variation. These drastieditions are linked to the constraint
effects. Indeed when fibre volume fraction is hagtough and the composite material is under
complex solicitations, polymeric matrix is constredl between fibres. An example of the
contour map of the stress triaxiality ratio calteth for it = 0.7 and for an applied
displacement of 0.05mims represented on Fig.5 (b).

sigtiiax Map220000 tme: .87  mind.362085 max8.50200

a) b)

Figure5. (a) Unit cell geometry; (b) contour map of the str&riaxiality ratio
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3.2.1 Main results
Let 1, be the stress triaxiality ratio, defined as:

r, =2n 0

O

whereoy, is the hydrostatic pressure defined (eq. 3)@aQds the equivalent Mises stress.

_ trace(o,)

On=—73 3)

whereoy is the principal stress tensor.

For a given value of applied displacement, streaslignt was observed within the matrix.
Principal stressescf: op2 op3) and stress triaxiality ratia, in the matrix versus radial
normalized coordinate is represented in Fig.6tfer 0.7 and for an applied displacement of
0.02mm. High values of the three principal stressese observed, leading to high stress
triaxiality ratio values (higher than 3) due to stra boundary conditions. Therefore, in the
following, the stress triaxiality ratio values wile systematically normalized by= 3. It also
can be observed that is higher in the neighbouring of the right edgs. d\consequence an
Integration Point (IP) was selected close to tbisation. The IP position in the matrix is
represented in Fig.6.
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Figure 6. Principal stresses and stress triaxiality ratiodd@she matrix at Mises peak stress.

At this IP, Mises stress was plotted against thaieg displacement (Fig.7 (a)) according to
eacht;.. Mises stress versus applied displacement cuvew similar steps to NT4 stress
versus displacement steps in Fig.4.

The normalized stress triaxiality ratig/3 against the applied displacement is plotted igti/F
(b). Early in the calculatiorn,/3 is constant due to the matrix elastic behavidribcreases
when peaks stress are reached. It then decredseshafend of the stress softening stage [3].
We now select,/3 values at Mises stress peak (symbols) to highlige influence oft;
versust,/3 Fig.7 (c). This graph shows that an increas808b in the fiber volume fraction
lead to an increase of 18% in normalized stressxidiity ratio. The influence of the
proximity of fibres will be investigated throughmogenization theory.
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Figure 7. (a) Mises stress versus applied displacement fdr Baer volume fraction; (b) hydrostatic pressure
versus applied displacement; (c) hydrostatic presgersus fiber volume fraction.

4 Conclusions

Microstructural variability of PA6GF was quantifiedanks to SEM image analysis. A great
interest was given to the local fibre volume frantdistribution. In situ damage evolution was
characterised with X-ray tomography technique. Astibutive damage based model was
investigated in order to simulate polymeric matbhehavior. Material parameters were
optimized with global (stress vs. displacement eap\and local (spatial porosity distribution)
variables. A unit cell model was set up in ordedéononstrate that local fibre volume fraction
has a strong influence on the hydrostatic pressure.
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