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ABSTRACT

A specific damage characterization method using Digital Image Correlation for semi-crystalline polymers is proposed for a wide range of strain rates. This
damage measurement is an extension of the SE E method [16] which was developed to characterize the behaviour laws at constant strain rates of
polymeric materials. This procedure is compared to the well-known damage characterization by loss of stiffness technique under quasi-static loading. In
addition, an in-situ tensile test, carried out in a microtomograph, is used to observe the cavitation phenomenon in real time. The different ways used to
evaluate the damage evolution are compared and the proposed technique is also suitable for measuring the ductile damage observed in semi-

crystalline polymers under dynamic loading.
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1. Introduction

Semi-crystalline polymers have a complex behaviour which
depends on several parameters, such as temperature, pressure and
strain rate, and they are often accompanied by volume change
during their viscoplastic deformations [1,2]. This complex behav-
iour has led to the development of several material models in which
these parameters are taken into account to describe the deforma-
tion process until failure. Ahzi et al. [3] and Ayoub et al. [4,5] pro-
posed physical constitutive models for semi-crystalline polymers
where the intermolecular resistance is treated in a composite
framework. In these models, the crystalline and amorphous phases
are considered as two separate resistances. Following this micro-
structure, some multi-scale constitutive models have also been
developed to capture their viscoelastic, viscoplastic behaviour [6,7].
Finally, models based on the continuum mechanics and overstress
approach have also been developed in static [8,9] and furthermore,
extended by taking the degree of crystallinity into account [10].
These models were also proposed for dynamic applications as they
are easier to implement into finite element codes as they accurately
describe the large deformation process of polymers [2,11—-13].

Nevertheless, all these models need material parameters which
are sometimes difficult to identify due to their nature or the early
necking stage in the deformation process. As a consequence, spe-
cific methods have been developed to obtain information after
necking by using constant strain rate control with a video-
controlled system [14,15] or by using full-field data from digital
correlation measurement from heterogeneous displacement fields
[16]. With the first method the speed loading is controlled ac-
cording to real time deformation and then limited to quasi-static
tests. The second method was then developed to overcome this
problem and applied to dynamic tensile tests. They both give very
good results to obtain stress-strain relations at constant strain rate.
However, the damage measurement is still a challenge on a large
strain rate range. G'sell [17] first proposes an extension of his
method, by measuring a volume variation with seven spots painted
on the tensile specimen to follow the deformation in the plane and
considering transverse isotropy for the thickness direction [18].
Once again, this method is limited to quasi-static cases and the
significant volume considered could lead to a mean damage value.
The classical loss of stiffness technique could also be used by
measuring the Young modulus variation with loading—unloading
curves but it is also limited to quasi-static conditions [19]. Finally,
inverse approaches could be used to identify parameters of damage
models, nevertheless they are always based on macroscopic me-
chanical data which induces less accuracy [20,21]. In this paper, the
SEE method [16], which was first developed for the polymer
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behaviour identification on a large strain rate range, is extended to
the damage measurement on a large strain rate range. This method
is applied to a polypropylene filled with 20% wt of mainly talc
particles called Hostacom by LyondellBasell, for various strain rates
and on small volumes all along the tensile test specimen. To vali-
date this approach, the method is first applied under quasi static
loadings and compared with the loss of stiffness technique. Tensile
tests inside a microtomograph are also performed to complete the
validation. As good results are obtained by comparing these various
techniques, the SEE method for damage measurement is then
applied to dynamic tensile tests carried out on a hydraulic jack and
Hopkinsona€m™s bars. The results obtained for this semi-crystalline
polymer filled with mineral particles highlight the independence of
the damage evolution to the strain rates.

2. Damage at low strain rates
2.1. Strain field measurements by Digital Image Correlation

The SEE method was developed to identify the behaviour laws at
constant strain rates for a large strain rate range (quasi-static to
dynamic) from uniaxial constant speed tests. In this method, the
Digital Image Correlation (DIC) measurement is used to identify the
true stress—strain relationships of the material associated with the
true strain rates (not constant) of each speed loading. It results in a
true behaviour surface in the space of true strain, true stress, true
strain rate. By cutting this behaviour surface at the desired strain
rate, the behaviour laws at constant strain rate are therefore ob-
tained 16. Due to the heterogeneity of the deformation along the
length of the specimen, the strain and strain rate are not constant in
the whole specimen. The displacement field measurements (ach-
ieved by DIC) are carried out in the Region of Interest (ROI), which is
the length gauge of the tensile specimen, on each Zone of Interest
(ZOIl) included in the ROI (Fig. 1(a)). Various strains and strain rates
measured in each ZOI are consequently obtained. The Henky in-
plane strain tensor e is deduced from the displacement fields of
the ZOL In the SEE method, a hypothesis about the material
behaviour (incompressibility, transverse isotropy, ...) has to be
made to obtain the thickness strain in order to calculate the tensile
stress in each ZOI by taking into account the force applied also on
each ZOL. To achieve it, the resultant force is equally divided on each
ZOIl which have the same dimension (initially) and afterwards
divided by the current section area of the ZOI (measured by DIC).
Uniaxial quasi-static tensile tests on flat specimens at 1 mm/min
are carried out with, two cameras in front of the specimen to follow

the displacement field, and one for the measurement of the
thickness variation. This procedure is used to measure the volume
variation during the tests. The Henky longitudinal, transversal and
thickness strains are presented in Fig. 1(b).

A transverse isotropy is observed during the tensile test as the
transversal (exy)and thickness strains (e,,) are very close, as shown
in Fig. 1(b). Fig. 2 shows the true volumetric strain evolution (i.e.
tr(ey) versus the true longitudinal strain evolution during the test.
With this measurement technique, the non-isochoric viscoplastic
deformation is clearly captured.

2.2. Damage measurements with the SEE method

Damage, as well as the viscoplastic deformation, is an irrevers-
ible process which evolves during the deformation. Furthermore,
the deformation of mineral filled semi-crystalline polymers in-
duces decohesion at the charge—matrix interface. In this case, the
viscoplastic response of the material is accompanied by damage in
the form of nucleation, growth and coalescence of cavities. Low and
high magnifications SEM micrograph of the fracture surface of
mineral filled polypropylene, after a tensile loading at 1 mm/min,
are shown in Fig. 3(a) and (b). A ductile fracture is observed with
filament structures. The fibrillation observed is due to the cavita-
tion phenomenon which occurs in the material. Nucleation of
cavities around the mineral fillers is observed as well as growth of
voids in the matrice part of the polymer.

In the Continuum Damage Mechanics approach, the damage
variable D is defined by the surface density of micro-voids and
micro-cracks lying on a plane cutting the Representative Volume
Element (RVE) of real cross sectional area S. The RVE, introduced in
mechanics of continuous media, represents a volume where all
properties are represented by homogenized variables. For the plan
with normal 7, the damage variable is given by

Sp

D ==, 1
(m = s 1
where Sp is the effective cross sectional area which corresponds to
the intersection of all micro-cracks and micro-voids lying in S. For
an isotropic damage, the damage variable D - does not depend on
the normal 7. This variable is therefore a scal)ar [22] such as

Sp
D=22. 2

. (2)

By using the strain measures obtained by DIC, the true stress,

which takes the reduction of the real cross-sectional area into ac-
count for each ZOI, is therefore calculated assuming the
compressibility (transverse isotropy) oy5™ or the incompressibility
hypothesis o3)™, such as
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Fig. 1. Representation of the ROI divided in ZOI on the tensile specimen (a). Com-
parison of the true (Hencky) longitudinal (ey,), transversal e,y and thickness e, strains
for the tensile test at 1 mm/min (b).
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Fig. 2. True volumetric strain measured by DIC for the tensile test at 1 mm/min.
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Fig. 3. Low magnification SEM micrograph of the fracture surface of mineral filled polypropylene under tensile loading at 1 mm/min (a). High magnification SEM micrograph of the

fracture surface of mineral filled polypropylene under tensile loading at 1 mm/min (b).
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Fig. 4. Tranversal and thickness strains along the specimen(a). Incompressible and compressible behaviour relationships obtained by the SEE method at 1 mm/min for different ZOI (b).
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oy =5, eXP(~2ew), (3)
inc _ Fi (4)
Tyyi = S_OEXp(eyyi)7

where Sp,, exx, eyy;, and F; are the initial cross section, transversal
and longitudinal strains and resultant force on each ZOI subscribed
by i, respectively. These different hypotheses have a strong impact
on the resulting behaviour laws. Fig. 4(b) shows the true behaviour
laws (compressible and incompressible) calculated with the SEE
method for the uniaxial tensile test at 1 mm/min on different ZOI.
Different stress—strain relationships are then obtained in each ZOI
due to the heterogeneous strain field (Fig. 4(a)). A decrease of the
stresses at increasing strains (softening) is observed with the
compressible assumption. On the other hand, the incompressible
hypothesis produces an increase in stresses at increasing strains
(hardening) on the behaviour law. As shown in Fig. 4(b), one
behaviour law is given for each ZOI of the specimen. This stress
calculation technique gives rise to a significant number of behav-
iour laws per speed loading which correspond to different strain
rates caused by the nature of the deformation of the material
(heterogeneous). It is then possible to determine the behaviour

laws at constant strain rates by cutting the SEE surface for a given
strain rate (Fig. 5).

The difference between the two ways of calculating the true
stress represents the difference between the stress induced by the
real and the effective cross-sectional area (i.e, real and effective
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Fig. 5. Surface SEE obtained from different ZOI and from tensile tests at different speed
loadings.
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stress). The damage evolution, resulting from the cavitation pro-
cess, could then be determined by comparing these two curves. The
damage evolution is therefore obtained at constant strain rate by
using Egs. (2) and (3) and 4, by

com
D=1_- Tyyi
inc °

Tyy;

(3)

In this approach, the damage is therefore obtained by the force
evolution which takes the decohesion at the interface particles into
account, and the growth of voids which is represented by the
effective cross sectional area. The constitutive damage model pro-
posed by Balieu et al. [2,11] is used to fit the observed damage
evolution. This damage model is defined such as

D=1 —exp(%), (6)

where k is the equivalent plastic strain and k. is a material
parameter. The unique damage parameter k. is therefore identified
by correlating this evolution with the constitutive damage model
by using a least squares optimisation (Fig. 6). This method gener-
ates a lot of damage evolutions in each ZOI which cover different
strains and strain rates according to the position in the specimen.
Finally, the damage evolution law at constant strain rate could be
determined. Nevertheless, before validating this method for use
with dynamic loading, a comparison must be carried out with the
more classical loss of stiffness technique.

2.3. Damage with the loss of stiffness technique

In uniaxial tensile loading, the linear elastic Hooke law, coupled
with damage, leads to the expression of the damage according to
the loss of stiffness technique [19], given by

E
D=1- B (7)
where E and E are the Young moduli of the damaged and non-
damaged materials, respectively. A uniaxial tensile test with
repeated unloadings is therefore used to evaluate the evolution of
the damage parameter. For this kind of measurement, Lemaitre [19]
recommends the following procedure:

— A specimen with a weakened section in its middle in order to
localize the deformation (damage).

— Due to localization of the damage, the deformation needs to be
measured by small strain gauges.

05 F T T T T T T
04 T4
2 03 B
5
E
202k -
01k Loss of stiffness method
. ——  SEE method
- - Damage model
O 1 1 1 1 L]

0 0.1 0.2 0.3 0.4 0.5 0.6
True equivalent strain

Fig. 6. Comparison of the damage evolution obtained by the loss of stiffness procedure
with the SEE method.

— The elasticity modulus is evaluated during the unloading be-
tween a lower and upper value of stress in order to eliminate the
non-linearity on the stress-strain curve.

The damage measurement of the polymeric material under
investigation is carried out with a 5 mm notched specimen in
order to localize the deformation in the notch. The Young
modulus evolution is obtained by using the displacement in the
centre of the specimen (guage length of 2 mm) where the stress
triaxiality ratio induced by the geometry effect of the notches
could be considered as negligible on this small volume. This
uniaxial tensile test with repeated unloading is carried out in
quasi-static, the electromagnetic device with a cell force of 3 kN
(INSTRON E3000) is therefore used. The specimen is loaded with a
prescribed displacement at 1 mm/min for both loadings and
unloadings. Some preliminary tests were carried out to evaluate
the unloading path in order to avoid the compression loading
during the unloading phase of the test. The response of the ma-
terial in terms of engineering stress-strain is presented in Fig. 7.
The expected viscoelastic behaviour with its characteristic hys-
teresis is clearly captured. Due to the viscoelasticity of the ma-
terial being studied the loading and unloading phases are not
linear. The stiffness is therefore taken between the upper point, at
the crossing between loading and unloading curves, and the
lower point, at zero stress, of the hysteresis caused by the
viscoelastic behaviour. The stiffness evaluated with this method is
different to the Young modulus, it is more an indicator of the ri-
gidity. However, for convenience reasons, the term of modulus is
employed in this section to designate this rigidity. The loss of
stiffness technique is normally used in the unloading part of the
curve, but when hysteresis appears, it is difficult to use it as the
unloadings are non linear. In consequence, by using the crossing
of the loading and unloading curves, the technique could be used
with a standard approach to give confident results. The damaged
modulus E is evaluated for each hysteresis and the non-damaged
modulus E by the first loading path. The complete procedure for
the damage measurement by loss of stiffness is summarized in
Fig. 8.

The damage variable D is therefore calculated by Eq. (7) for each
value of E. The evolution of the damage parameter calculated by the
loss of stiffness technique versus the true equivalent strain is pre-
sented in Fig. 6. In order to compare it with the previous results, the
damage evolution characterized with the SEE method is plotted on
the same Fig. 6. The two evaluation techniques give very close re-
sults. As shown with the characterization performed with the SEE
method, the degradation of the material occurs at the beginning of
the deformation.

30 F7 T T T ]

20 B

10 - b

Engineering stress (MPa)

(i I 1 1 17

0 0.25 0.5 0.75 1
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Fig. 7. Engineering stress-strain response obtained by the tensile test with repeated
unloading.
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Fig. 8. Procedure for damage measurement by loss of stiffness: 1)Longitudinal strain measurement on notched tensile specimen during loading-unloading, 2) Measurement of an
equivalent Young modulus for each hysteresis, 3) Calculation of the damage evolution versus strain.

(a)

(©)

Fig. 9. Example of a raw grayscale cross section of the specimen in its initial state (a). Talc particles distribution in the initial cross section (green) (b). Voids distribution in the initial
cross section (red) (c). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2.4. Damage observation by microtomography (uCT)

To complete and validate the damage process and in order to
visualize the evolution of the damage during the deformation, i.e.
the nucleation and growth of voids and cracks, an interrupted in-
situ micro tensile test is carried out in an X-ray microtomograph. A
small tensile specimen with geometry of 6.35 x 1.78 x 1 mm in
the length guage is used. uCT imaging is performed thanks to a
1172 Skyscan system, with 40 kV and 100 pA settings. The voxel
size for all uCT data is adjusted to 3.97 um. This choice ensures
capturing small voids size (around 8 um) with a reasonable im-
aging duration. Under these conditions, the acquisition of the
sample geometry in each mechanical state takes about 8 h. A
dedicated in-situ tensile machine developed by Skyscan is
mounted on the rotation stage of the tomography set up. In order
to avoid blurring the images because of the sample displacement
during the scanning, interrupted tests are performed and the
motion of the tensile test is stopped before each acquisition. A first

oFT T T ]
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é —4 Step-2
=
g
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1 1.5 2 2.5

Effective section area (mm?)

Fig. 10. Evolution of the effective cross sectional area measured by uCT.

wCT-scan is carried out at the initial state (i.e. undamaged mate-
rial) and two other uCT-scans are performed to follow the evo-
lution of the specimen microstructure at different deformed
states. The reconstruction of tomography data leads to a set of
grayscale images (Fig. 9(a)) obtained along the principal direction
of the sample. Mimics® software is used for thresholding with a
selective gray range and transforming each slice to a binary image.
The threshold range is chosen to ensure a realistic description of
the polymer matrix, talc particles and porosity when it appears
(Fig. 9(b) and (c)).

In order to correctly estimate the damage from Eq. (1), an ac-
curate measurement of the cross section of the specimen is
necessary. The first use of uCT is to analyse the outer shape of the
specimen and how it changed during deformation. The edges of the
cross section are detected and the sum of all the pixels leads to the
effective cross sectional area S. The real resisting cross sectional
area can also be computed by retrieving the void surface (Sp) from
the effective cross section area.
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Fig. 11. Evolution of the real cross sectional area measured by uCT.
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Fig. 13. Schematic of the direct

Sresist =S-5p, (8)

The real and effective cross sectional areas along the length
guage of the specimen are presented in Figs. 10 and 11 for the initial
and two deformed states. In this test, the deformation occurs
mainly at the extremities of the length guage. At the bottom of the
specimen, where the displacement is applied, the real and effective
cross-sectional areas decrease strongly. Another decrease of the
two cross sectional areas is observed at the top of the specimen.
Recalling the definition of the damage variable in Continuum
Damage Mechanics, i.e. Eq. (2), the damage variable evolution is
calculated along the length guage of the specimen. The damage
evolution during the deformation of the specimen can then be
quantified accurately by

D = Stesist/S = (S—5p)/S (9)

These results are presented in Fig. 12. No damage occurs in the
centre of the specimen between the two localized deformation
zones. A rapid increase in the damage, in these two zones, occurs
until critical value of 0.6 at the bottom of the specimen. Fig. 12 also
includes two cross sectional areas of the deformed specimen, one,

24.51

20

u i

tensile Hopkinson testing.

H

momentutn trap

in its centre and one in its upper part. The black pixels correspond
to the void and the coloured ones include the polymers matrix and
the talc fillers. The ratio of void in the presented cross sectional
area is 0.38. Comparison of the same cross sectional areas of the
specimen before and after deformation in different locations could
also confirm the observations. Unfortunately, such a comparison is
difficult to make since the deformation is heterogeneous along the
specimen and consequently following the exact cross sectional
area becomes difficult between two mechanical stages (or scan
steps).

The tensile test in-situ X-ray micro-tomography is an interesting
technical solution to visualize the evolution of the porosities during
deformation. Unfortunately, the localization of the deformations in
two very small parts of the specimen makes the deformation
measurement difficult. The calculated damage value is therefore, in
this case, not accurately correlated to the deformation. Neverthe-
less, the three techniques converge to an equivalent measurement
of the damage evolution and confirm that the SEE method is the
more efficient one for damage measurement. Another important
advantage of this SEE method is that it can also be used under
dynamic loading conditions without affecting its performance.

Fig. 14. Hopkinson tensile specimen geometry (a). Hopkinson tensile specimen in the specific clamping device (b).
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Fig. 15. Stress/strain relationships based on high speed hydraulic machine
experiments.

3. Damage at moderate and high strain rates

A high speed hydraulic machine (Instron 65 kN-20 m/s) is used
for the dynamic loadings. A piezoelectric load cell — calibrated in
the range [0; 5] kN with a precision of 25 N — is fixed in the upper
part of the machine and an LVDT sensor is used to measure the
displacement of the jack during the test. The lower part is
composed of the clamping system used to load the specimen once
the velocity is constant. The strain rate effects are studied at 0.08,
0.8 and 4 m/s which correspond to average equivalent strain rates
of 2.6, 26 and 133 1/s, respectively. Due to ringing phenomenon of
the assembly (6 kHz), tensile tests are also performed on direct
tensile Hopkinson bars over 200 1/s. This equipment is composed
of two aluminium bars made of 6060 Aluminium alloy with 20 mm
in diameter and a hollow striker made of Polyamide 66 with respect
to impedance matching issues. The cylindrical bars are properly
aligned on a rigid frame and have a guiding distance close to
500 mm. The length of the input, output bar and the striker are
respectively 5.63, 4 and 1 m. The length of the set bars/striker and
the position of the full strain bridges cemented on the bars are
chosen with respect to a Lagrangian diagram so as to avoid any
superposition of the elastic wavesa€™ system (Fig. 13).

Each bar is instrumented by a full strain bridge to detect typical
incident, reflected and transmitted signals. For these tests, a special
specimen with the associated clamping system is proposed with
particular attention paid to the distribution of the strain fields
(Fig. 14(a) and (b)). The specimen has a reduced guage length to
increase strain rate values. Finally, the guage section of the spec-
imen is determined to obtain reflected and transmitted signals of
high amplitudes in the range of moderate strain rates.

Engineering stress (MPa)

0ty I I L 1]
0 0.05 0.1 0.15 0.2
Engineering strain

Fig. 16. Stress/strain relationships based on direct tensile Hopkinson testing
experiments.
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Fig. 17. Damage evolution measured with the SEE method for a wide range of strain
rates (from low to high strain rates).

For these tests, two input pressures are used, 9 and 17 bars,
which correspond in terms of velocities of the striker to 6.7 and
11.5 m/s. Two approximate strain rates of 350 and 600 1/s can be
obtained during the tests with these velocities. The signals given by
the strain guages are used with the DAVID® software to obtain the
net forces of the tests. For all the tests, the displacements on the
specimens are measured by 2D Digital Image Correlation. In Figs. 15
and 16, stress/strain relationships obtained from tensile tests per-
formed on a high speed hydraulic machine and direct tensile
Hopkinson bars, respectively, are presented.

By applying the damage measurement with the SEE method, the
damage evolution obtained for all the tests in each ZOI (static and
dynamic) are then plotted in Fig. 17. This result highlights the fact
that for this type of semi-crystalline polymer filled with mineral
particles, the damage is not strain rate sensitive. That means that the
damage constitutive model which will represent this evolution must
only be strain dependent. Nevertheless, the fracture strain is strain
rate dependent and temperature dependent. For low strain rates, the
temperature increases by mechanical deformation and facilitates
the molecular chain motion [23], as observed on the tensile tests
between 5.5-10~% and 5.5-10~2 (Fig. 15) in which the fracture strain
increases. On the contrary, at high strain rates a ductile—fragile
transition is observed with low fracture strain [24,25]. For example,
in Fig. 15 at 5.5-1072 1/s, the engineering fracture strain is about 0.4
which corresponds to a true equivalent strain of 0.34 and then to a
damage value around 0.3 on Fig. 17. For the strain rate of 133 1/s, the
engineering fracture strain is about 0.12 (Fig. 15) which corresponds

100 pm
—

MAG:200x  HV:15.0kV ~ WD: 18.0 mm
Fig. 18. Fracture surface obtained by magnification SEM micrograph under tensile

loading at 600 1/s.
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to a true equivalent strain of 0.11 and then to a damage value around
0.1 (Fig. 17). In that case, the macromolecule of the polymer cannot
rotate during high strain rate deformation and the rupture occurs
earlier in the deformation process. Nevertheless the damage evo-
lution is always the same and mainly controled by decohesion at the
interface between the polymer matrix and the mineral particles.
This finally leads to different fracture areas, one with long filaments
of polymer matrix around particles under static loading and the
second one with a flat area representative of a fragile failure under
dynamic loading (Figs. 3(b) and 18).

Conclusions

In this paper, the measurement of the damage evolution over a
wide strain rate range has been presented. The SEE method which
was originally developed to measure the behaviour laws on a large
strain rate range [16] has been extended in order to measure the
damage induced by nucleation, growth and coalescence of cavities.
In order to verify the proposed method, several techniques have
been presented to evaluate the evolution of the damage variable
during deformation. The classic measurement by loss of stiffness
technique is compared with the evaluation resulting in the SEE
method. The two characterization procedures lead to the same
damage evolution. The visualization of the porosities by micro-
tomography during an in-situ tensile test has been used to quantify
the damage induced by the deformation. Unfortunately, this kind of
specimen cannot link the damage variable with a deformation
measurement. A uniaxial tensile test in-situ X-ray micro-
tomography with a notched specimen can be a solution to have a
better control of the deformation in order to obtain the evolution of
the damage variable according to the deformation. However, the
results obtained with the various techniques validate the damage
measurement with the SEE method. This method is then applied
with tensile tests under dynamic loading carried out on a hydraulic
jack and Hopkinsona€™s bars and highlights the independence of
the damage evolution at various strain rates for semi-crystalline
polymer filled with mineral particles.
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