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Impact speed dependency of the ductile failure threshold
temperature for a plasticized polyvinylchloride

C. Bertaux - N. Amouroux - C. Ovalle - L. Laiarinandrasana

Abstract With the goal of ensuring the security of passengers for automotive industry, the present work
addresses the temperature and impact speed envelope allowing ductile failure of plasticized PVC to be obtained.
A database of about 250 test results has been constructed for various conditions at ten test temperatures,
four impact speeds and two specimen geometries (with or without scoring). The desired ductile failure was
characterized by the shape of the load versus deflection curve together with the fracture surface morphology
obtained. The temperatures for obtaining ductile failure threshold (74, ) have been plotted as a function of the
impact speeds for the two geometries. A gap of 20 °C on the Ty, was highlighted between the two geometries.
Additionally, the impact strength of the plasticized PVC under study was estimated to be 0.25 kJ/m?.

Keywords Impact test - Polymers - Ductile/Brittle transition temperature

1 Introduction

Airbag spreading is a major concern for the security of the passengers by the automotive industry. The design
and elaboration of the dashboard is one of the key features to obtain the required specifications. Plasticized
PVC skins are commonly used for the top surface of the three layers of the dashboard.

In Fig. 1, full scale tests consisting of airbag deployment were performed at three characteristic tempera-
tures: —35°C; 23°C and 85 °C. The impact speed was estimated to be 25 m/s. Figure 1a shows the location
of the passenger’s airbag subjected to the test. The three pictures on the right hand side corresponded to the
deformed skin at the onset of the expansion of the bag (in white).
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Fig. 1 Test at full scale of an airbag deployment: a Dashboard at the passenger’s side indicating the airbag location; b brittle
failure at — 35 °C, fragments of material can be observed; b correct ductile tearing at 23 °C; ¢ ballooning effect at 85 °C inducing
delay or nonopening

e At —35°C (Fig. 1b), a brittle failure of the skin occurred with almost no deformation. The presence of black
remaining macrofibrils can be noticed; that transformed into pieces of material. This risk of fragmentation
[1] and projection of the pieces of the material, should be suppressed;

e At 23°C (Fig. lc), a net ductile tearing of the skin was observed following the scoring direction and
accompanied by the deformation of top surface of the airbag box. This is the ideal case;

e At 85°C (Fig. 1d), a significant deformation of the box together with an extreme extension of the skin
delayed the opening time, if it occurred as ballooning could prevent the opening of the box. This situation
is the most dangerous even though the ultimate failure could also be qualified as ductile.

The objective of the present work has been to determine the range of test temperatures and impact speeds
which allowed an ideal ductile failure of the skin as in Fig. Ic to be obtained. Furthermore, the effects of a
crack like defect on the material properties have been investigated.

The concept of Ductile to Brittle Transition Temperature (DBTT) has been commonly used to characterize
materials for such applications. In the literature, the DBTT has been used to characterize various industrial
structures composed of metals as well as polymers. Three kinds of experiments have been used to define the
DBTT:

— Tensile stress—strain curves at various temperatures, strain rates and rubber particles volume fractions of
rubber particles [2-7];

— Charpy or Izod impact tests at various temperatures and rubber particles volume fractions [3,8];

— Fracture mechanics tests for a given specimen geometry (Compact tension or Single Edge Notch Bending)
to plot the fracture toughness at various temperatures [9, 10].

The method used to determine the DBTT depends on the above-mentioned experimental results. For the
stress—strain curves, the strain at break or the yield stress are plotted with respect to the temperature or the strain
rate. The change of the slope of this diagram allows the determination of the DBTT [2,4-7]. For the Charpy
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Fig. 2 The plasticized PVC thin plate: a top surface of the skin where patterns can be observed; b smooth and shiny inner surface
of the skin (no pattern); ¢ sketch of inner scoring of the thin plate
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or Izod tests, the impact strength is plotted with respect to the temperature (the impact speed being fixed).
This impact strength generally exhibits upper and lower plateaux called “shelves”. The DBTT is defined as
representative of the transition between the upper and lower shelves [3,8]. The same concept as that used for
impact strength can be extended to fracture mechanics tests, which are carried out under quasi-static loading
[9,10]. Instead of using the impact strength of the material, the fracture toughness is plotted with respect to
test temperature. This plot can also be parametrized by the cross-head speed.

The present study introduces the new concept of Ductile Failure Threshold Temperature (74), which
is a temperature higher than the DBTT, and located at the intersection between the transition zone and the
beginning of the upper shelf energy. Indeed, the objective here is to define the temperature/speed where the
failure is “just ductile” for the material of the study. The evolution of the Ty, has been investigated with respect
to the impact speed for a rather soft material: the plasticized PVC. The relevant parameters defining the Ty,
such as the stiffness, the deflection/load at break and the fracture energy were then analysed.

The paper is divided into 4 sections. The first one describes the material and the methods utilized throughout
the work. The second section details the experimental results. This is followed by a section dealing with the
discussion. The section corresponding to the conclusion and future work ends then the manuscript.

2 Material and methods
2.1 Materials and specimens

Four various polyvinylchloride (PVC) powder compositions, marketed under the trademark NAKAN, were
provided by the Westlake Global Compound, the industrial partner for the study. They were transformed into
skins: the top element of the three layers composing the dashboard in the automotive industry. The powders
were composed of the same elements, such as PVC resins, plasticizers, pigments and stabilizers [11-14]. But
the four skins differed in the resin grades and the plasticizers/stabilizers ratios. The present work focuses on
one grade: the most marketed by the company.

The skins with thicknesses of 1.2 mm =+ 0.1 mm were obtained by transformation of the powders using the
slush moulding method [15,16]. It allowed the creation of shapes and patterned surfaces which would have
been difficult to produce with other methods. It should be noted that the external wall (apparent surface on
the dashboard) was patterned for softness in touch and aesthetic purposes (Fig. 2a), whereas the internal wall
exhibited a smooth and shiny surface (Fig. 2b). From the obtained skins, 90 mm x 90 mm square samples
were machined using a robotic cutting machine. In the following, these samples will be noted as plates without
scoring or unscored samples.

In order for the sample to be more representative of the dashboard skin, a scoring was added on the bottom
(smooth) surface of the skins with the same robotic machine for better reproducibility (Fig. 2¢). Half of the
samples showed this scoring which is considered here as a crack like defect. Actually, the robot cuts the
material to retain a ligament thickness of 0.6 mm. Thus, the desired ratio between the score depth and the total
thickness was about 0.5. This implied an uncertainty for the score depth ratio due to the real thickness of the
skin and the roughness of the top surface pattern. These samples will be referred to as plates with scoring or
scored samples.
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Fig. 3 Experimental setup to fix the plate specimen. Note the circular clamping around the hemispherical impactor tip [17]
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2.2 Experimental procedures
2.2.1 Impact tests

All the impact tests were carried out using an Instron CEAST9350 drop tower impact system [17]. The
samples, consisting of a thin and soft plates, had to be gripped along a circular section. The CEAST 9350
machine consisted of four different parts, each with distinct functions.

Figure 3 details the clamping system, used to fix the edges with circular jaws with a prescribed diameter
of 40 mm. The clamping device was calibrated for the striker (see below) to impact the centre of the plate.
For scored plates, a tracking system was developed to position the sample so that the scoring went through the
centre of the impact zone. This scoring also implied a non-coaxiality: the deformed plate could no longer be
considered as axisymmetric.

The specimen together with its clamping device was placed in a thermostatic chamber, with a temperature
range from —70°C to +150 °C. The temperature gradient guaranteed by the constructor was about £2 °C.
When the temperature was stabilized in the chamber, an additional delay of thirty minutes was imposed before
the test began to ensure that the material was at the prescribed test temperature. However, it should be noted
that there was a small hatch on the chamber, which opened just before the impact. This may have induced
temperature uncertainties.

In this work, the test temperatures explored were (— 24, — 21, — 18, — 15, — 12, -9, -6, -3, 0, 5, 10,
15, 20, 25 °C). The temperature range was adapted to the prescribed impact speeds. For test temperatures lower
than room temperature, liquid nitrogen was used as a coolant. A resistance heating system was utilized for
higher temperatures.

The striker consisted of a cylindrical metal stem with a semi-spherical end and a curvature radius of 2 cm.
The drop system was provided with a given mass (here 5.3 kg). For rigid plastics, the standard recommendations
consist of an impact speed of 4.4 m/s. For the present work, the selected impact speeds were: (2; 4.4; 6; 10
m/s).

The same experimental programme was performed on thin plates with and without scoring. Each testing
condition (test temperature — impact speed) was repeated three times for reproducibility purposes.

The rough data obtained after the tests were composed of the running time, the load and the initial velocity
of the impactor. The software of the testing machine calculates then the velocity at any time, as follows:

1
v(t) = vy — %/O F(t)dt (1)

where:

— vo (m/s) is the initial speed of the impactor before hitting the sample ;
— m is the mass of the striker, here m = 5.3 kg;
— F(¢)dr (N.s) is the impulse given by the striker to the specimen.



The velocity as calculated by Eq. (1) tends to decrease during the impact loading.
By means of a second integration, the deflection/displacement ‘d’ at any time ‘¢” was computed:

t' t
d(t) = vot — l/ [/ F(t)dti| dt’ )
m Jo LJo

The unit of ‘d’ and ‘¢’ were, respectively, millimetres and seconds.
Knowing the computed displacement ‘d’, the CEAST 9350 software delivered the energy absorbed by the
sample at any time of the test with the following relation:

[jo’ F(t)dt]2
——

allowing to obtain the energy absorbed by the sample until either the maximum load or during the whole test
(maximum time).

In the following, the energy computed at the onset of the final failure (drop of the load) named as Ef
is of prime interest. The formula in Eq.(3) until the maximum load was systematically checked by directly
integrating the area under the load versus deflection curve as follows:

E@t) = U()/ F(t)dt — (3
0

u(Fmax)
Ep = / F(u)du (4)
0

where:

— ‘uw’ is the running deflection obtained in Eq. (2);
— F(u) is the load corresponding to the deflection ‘u’;
— u(Fmax) 1s the deflection corresponding to the maximum load  Fiy,y’-

2.2.2 Fracture surface patterns

The fracture surfaces of the broken samples were systematically examined so as to identify the characteristic
fracture morphology of a ductile or a brittle surface. To this end, various examination techniques were utilized,
starting with the optical camera at the macroscopic scale to the Scanning Electron Microscope (SEM) at the
microscopic scale. SEM was thoroughly used for fractography purposes. The surfaces to be observed were
systematically coated with Au/Pd (&3 nm layer thickness).

2.3 Methods

As mentioned in Sect. 2.2, the experimental data consisted of the load, the deflection and the energy, syn-
chronized at the same running time. Moreover, the morphology of the fracture surfaces was related to each
test.

2.3.1 Mechanical properties

For each test, the load versus deflection curve was plotted so as to analyse its specific shape. Then, four main
characteristic mechanical parameters were deduced:

— the stiffness of the system that corresponded to the slope of the linear part of the curve;

— the deflection (dr) and the load (FF) at failure, related to the last point before the abrupt drop of the load
i.e. at the onset of the failure;

— the fracture energy (Efr) determined by integration of the area under the load versus deflection curve, up
to (dg, Fg):

" (Fi + Fi_
=Y U G (5)
i=1

It should be noted that the EF obtained here was systematically compared with that given by the CEAST
using Eq. (4).



The corresponding fracture surfaces were associated with the test. Then, for each impact speed, the above-
mentioned mechanical parameters were plotted with respect to the explored test temperatures. The trend of
each parameter was determined and analysed.

2.3.2 Fracture energy versus test temperature

Reduction in the experimental data

Each test has been checked using two criteria based on the trend of the load versus deflection curve and
the shape of the fractured surfaces. Therefore, the experimental data were classified into three categories,
respectively, named as brittle, ductile and transition. All unclassified test results i.e. those which did not match
both criteria were rejected for the next steps. Note that this operation was carried out on test results for both
scored and unscored samples.
Fracture energy Er

The fracture energy EFf for scored and unscored samples was plotted with respect to the test temperatures
for the reduced data.

Typically, for a given impact speed EF increased continuously with the test temperature giving a “S-shape”
curve [18-20]. This S-shaped curve was modelled by using a tan function [18].

AT
AE\ AE T =Tan + —
EF(T) = (EU - T) + Ttanh T (6)
2

where:

Ey is the upper shelf fracture energy value;

— AE = Ey — Ep with Er the lower shelf fracture energy value;

— Ta 1s the Ductile Failure Threshold Temperature;

AT is the range of the temperature corresponding to the transition domain.

The determination of Tgy was then performed by using an optimization procedure such that the tanh
function fitted the reduced experimental data.

2.3.3 Determination of the temperature/impact speed domain for ductile failure

The approach proposed in this subsection allowed a determination of Ty, for a given impact speed. By following
the same procedure for various impact speeds, two plots could be established between Ty, and the impact
speed for the two sample geometries. Therefore, this diagram enabled the domain of test temperature and
impact speed to be defined where the net ductile failure was expected.

2.3.4 Fracture energy per fracture surface

In the discussion section, an attempt has been made to relate the load to the “working cross section”. Indeed, the
fracture energy Er depended on the two specimen geometries (with or without scoring). The fracture surfaces
observations allowed an estimation of the area of the fractured surface. Following, a fracture mechanics
approach to introduce the energy release rate [9,21-24], it was proposed for the ductile tearing to plot Ef per
unit fractured area.

3 Results

3.1 Impact tests

3.1.1 Plates without scoring

Based on the ISO standard [17], the scientific challenge here was similar to that of small punch tests [22] so as

to assess the ductile to brittle transition temperature of irradiated metallic materials. The same problematic can
be related to that of plug-assisted thermoforming [25,26] where a thin plate is impacted at high temperature
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Fig.4 Load (F) versus deflection (d) curves and fracture surface morphology for unscored thin plate at four selected temperatures:
brittle at - 18 °C; mixed at -6 °C and ductile at 10°C and 20°C

to lead, without failure, to the final irreversible form of the object. Load versus deflection curves can be
considered as the basis of the experimental data. The temperatures and the impact speeds were varied so as to
obtain enough data to analyse the deformation and the failure of the thin plates.

For each material and each impact speed condition, around thirty specimens were tested (three samples
for each temperature for reproducibility purposes). For the sake of simplicity, only one impact speed (4.4 m/s)
is shown in the present paper. However, the results obtained were representative of the three other impact
speeds. The selected test temperatures were: (—18, —15, —12, =9, —6, —3, 0, 5, 10, 15, 20 °C). At each test
temperature, the test was repeated three times, the experimental data were composed of 33 test results.

Load versus deflection curves

Figure 4 illustrates the representative shapes of the load versus deflection curves obtained while testing the
plate without scoring. For each temperature, three curves were plotted. Typically, the load versus deflection
curve was composed of a loading stage (increasing load) followed by a more or less abrupt drop of a load, in a
continuous manner. A good reproducibility of the test results can be observed except at 20 °C. The linear part in
the loading stage gradually reduced with a decreasing slope (stiffness) when the temperature was increased. In
other words, the nonlinear part before the maximum load increased with the temperature. At the same time, the
deflection at failure df increased whilst the load at failure Fr decreased exhibiting noncontinuous evolution.
At 10°C a small load softening was observed before the abrupt drop of the load corresponding to the failure
of the specimen. At 20 °C the load drop was gradual i.e. nonvertical.

Fracture surfaces at macroscopic scale

As recommended by ISO standard [17], the morphologies of the fracture surfaces were systematically
observed. All of these fracture surfaces were associated with a type of failure (see arrows in Fig. 4). A star
shaped crack was attributed to brittle failure at low temperatures; a circular shape with local irreversible strain
(not visible in the figure) was associated with a ductile failure at high temperature and for the transition failure
a mixture of both morphologies (star together with circular) was observed.

Through thickness fracture surface

Attention was paid to the ductile fracture surfaces in Fig. 5. The corresponding picture in Fig. 4, at the
macroscopic scale has been reproduced in Fig. 5a. The patterns on the top surface of the skin are clearly visible
here. SEM examination of the through thickness surface is shown in Fig. 5b. From the top surface, first a rather
flat surface (assumed to be ductile) can be seen followed by a rough surface attributed to the final brittle failure.
The appearance of the ductile surface was observed to coincide with that of the load softening mentioned above
at 10°C: Tyy, is likely to be around this temperature for this configuration. Additionally, this view highlighted
the presence of significant spherical voids, with an average diameter of about 100pm. Figure 5c shows a closer
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Fig. 5 Fracture surfaces for ductile failure: a top view as in Fig. 4; b through thickness examination; ¢ closer view of the through
thickness facture surface showing extended fibrils

view of the ductile surface, where many thin fibrils were seen. They clearly indicates that the material was
subjected to large deformation at this location.

3.1.2 Plates with scoring

As already mentioned, the PVC skin on the dashboard was scored to enable the airbag deployment along a
predefined line within the window. Therefore, impact tests on nonscored samples as discussed in Sect. 3.1.1
were not really appropriate. Additionally, numerous papers about the DBTT determination were based on
notched (Charpy or Izod tests) or pre-cracked samples using Fracture Mechanics approaches [19,20,26,27].
Actually, scoring implies, on the one hand a decreasing cross section (remaining ligament); and on the other
hand, an increase in the stress triaxiality ratio near the crack tip.

In this section, 24 test results have been analysed, corresponding to 3 tests for each selected test temperature:
(-6,-3,0,5,10, 15, 20, 25°C).

Load versus deflection curves

The load versus deflection curves for scored samples differed notably from those of unscored samples
(Fig. 4). Attention is drawn first to the three tests carried out at —6 °C shown in Fig. 6a. A first loading stage
was observed up to a load of about 110 N. Then, a first load drop appeared followed by a re-loading stage with
apparent oscillations. A second maximum load at 300 N was reached—except for test#1 (red square symbols)—
before a second load drop at a deflection of about 17 mm for all tests. The slope of the first drop appeared to
be same for the three tests. Comments about this sequence of loading will be made in the discussion section.
In the following, focus is put on this first loading stage leading to the first drop.

Figure 6b displays the typical load versus deflection curves obtained at three characteristic temperatures.
It can be seen that all the curves were quasi-linear, with reproducible slopes, whatever the test temperature.
Indeed, as mentioned above, at T = 6° C, the curve is completely linear with a maximum load Fg of 110 N
and a corresponding deflection dr equal to 2.5 mm. When increasing the test temperature, the load versus
deflection curves were still linear with a higher maximum load, together with a greater maximum deflection
and a decreasing slope.

It should be noticed that for all tested temperatures (except one test at —6° C as mentioned above), the
maximum load reached in the second loading step was the same (300 N), together with the presence of the
oscillations in the load.

Fracture surfaces at the macroscopic scale

The three characteristic aspects of the fracture surfaces are also shown in Fig. 6b, the scoring being

horizontal on the opposite surface (behind the one viewed here). The brittle failure (77 = 6 °C) exhibited a



350
280 1
210 1
z
S8
140 R
70 1
0
20
d (mm)
800 T T . T
T=-6°C &
(b) T=bC o
z
&9

d (mm)

Fig. 6 Load (F) versus deflection (d) curves for scored thin plates: a at — 6 °C; b with fracture surface aspects at three selected
temperatures: brittle at — 6 °C; mixed at 10°C and ductile at 20°C

star shaped crack—as on unscored plates—irrespective of the direction of the scoring. The ductile fractured
surface corresponding to 20 °C showed a straight crack consecutive to the through thickness tearing. It can be
noticed here that the length of the crack was greater than the diameter of the impactor tip. For the transition
regime, like the surface shown for T = 10 °C, bifurcations were highlighted at both ends of the initial straight
crack. Initially linear the crack deviated at the end of the process and grew out of the scoring direction.

Through thickness fracture surface
The same approach as for unscored specimens was used here for ductile failure. In Fig. 7, the through

thickness fracture surface clearly showed the initial scoring. Then, the sequence of ductile followed by the
brittle surface aspects was identified.
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Fig. 7 Fracture surfaces for ductile failure: a top view as in Fig. 6; b through thickness examination

3.2 Collected mechanical properties

The trends of three characteristic parameters have been qualitatively discussed in the previous section. The
slope of the linear part of the load versus deflection curve consists of the stiffness of the system, representative
of the mechanical response. The deflection and the load at break are linked to the failure characteristics. The aim
of this section is, on the one hand, a better understanding of the evolution of these parameters as a function of
the test temperatures similar to an Eyring representation [28]. On the other hand, this evolution was compared
between scored and unscored specimens so as to analyse the effects of the implanted crack like defect.

3.2.1 Stiffness

To better estimate the stiffness of the system, the range of loads where the linear part appeared on the load
versus deflection curve was first determined. This range was dependent on the test temperature and the nature
of the specimen (scored or unscored). AF/Ad in N/mm was calculated for each of the 57 test results for an
impact speed of 4.4 m/s.

It is to be mentioned that the stiffness of the whole system combined several mechanical parameters such
as the Young’s modulus and the Poisson ratio of the PVC material, the friction coefficient between the PVC
and the metallic impactor, which could change depending on the test temperature: either in nitrogen vapour at
low temperatures or in air at high temperatures.

In Fig. 8, it can be observed that increasing the test temperatures resulted in:

10
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Fig. 9 Comparison of the evolutions of the deflection at failure (dr): a unscored plate; b scored plate

— acontinuous decrease in the stiffness for unscored plates;
— for scored plates, a stabilized value up to 0°C; and increase up to 10°C followed by a decrease.

Results on unscored plates exhibit larger scatter than those of the scored specimens.

3.2.2 Deflection at failure

Unscored specimens exhibited larger scatter than the scored ones (Fig. 9) n terms of deflection at break. When
the temperature increased, the deflection at break increased. Both curves presented an “S” shaped profile, but the
sequences differed between scored and unscored plates. From low to high temperatures, whereas for unscored
sample one can distinguish increasing/stable/increasing dr, the scored specimen showed stable/increase/stable
profile. The knee points were located at — 6 °C and 15 °C, respectively, for unscored and scored samples.

3.2.3 Load at failure
Again in Fig. 10, the scatter is larger for unscored specimens. Whilst the S-shape curve is clearly visible for

scored thin plates, the evolution of F is rather complex for unscored specimen. Indeed, the “rainbow shaped”
sequence is increasing/stable/decreasing.

3.3 Fracture energy

As introduced in Sect. 2.3, the fracture energy Er combines the three mechanical parameters discussed above.
Indeed, it corresponds to the area under the load versus deflection curve up to the load at break. To go further,
each test was checked using two criteria based on the trend of the load versus deflection curve (linear or
nonlinear) and the shape (star or circular) of the cracks at the macroscopic scale. After the application of these

11
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Fig. 11 Evolution of the EF with respect to the impact speed: effects of the scoring (stress triaxiality)

criteria, 8 and 3 specimens were deleted, respectively, from the unscored and scored thin plates for the impact
speed of 4 m/s. The remaining 46 tests results were used to plot the evolutions of the fracture energy Ef for
both samples. It is worth noting that an excellent agreement was found for the values obtained using Eqgs. (4)
and (5).

Figure 11 illustrates the “S-shaped” of Ef versus the corresponding test temperature (7°) at the impact
speed of 4.4 m/s. Similar to what have been reported for many materials including metals [18], the upper shelf
named Ey in Eq. 6 can be recognized although exhibiting a large scatter for unscored specimens. From the
reduced experimental results, Eyy was estimated at approximately 10J and 3J for unscored and scored samples,
respectively. Scoring tends to decrease the ductile fracture energy as indicated by the vertical arrow in Fig. 11.
Concerning the lower shelf fracture energy E, its value decreased from 2.5J for unscored samples, down to
0.2] for scored specimens.

The same tanh function was used to determine the Ty, for both specimen geometries. It was deduced
that gy, increased from — 6 to 14.5°C for unscored and scored samples, respectively. The horizontal arrow
indicates this shift for the impact speed of 4.4 mm/s. It should be mentioned here that the thickness of the plate
was fixed by the industrial context. Figure 11 seems to indicate that a decrease in the thickness of the specimen
(from 1.2 mm for unscored and 0.6 mm for scored) induces a shift of the 7Ty to the higher temperature,
although this effect is mixed with that of the stress triaxiality ratio at the crack tip.

3.4 Evolution of Ty, with respect to the impact speed

As mentioned in the introduction, the challenge of this study was to determine the domain of temperature
together with the impact speed where the failure of the skin was ductile. The result of the previous Sect. 3.3
at 4.4 m/s was extended to the other explored impact speeds: 2, 6 and 10 m/s. More than 150 supplementary
tests were carried out and interpreted so as to reach the above-mentioned objective.

To this end, Ty, values were optimized by using tanh function for other impact speeds.

12
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The results for both kinds of specimens are summarized in Fig. 12. For both types of samples, it has been
shown that an increase in the impact speed resulted in an increase in Tgg. A similar trend was reported in
the literature for the DBTT for increasing strain rate. It is to be mentioned that the curves seemed to stabilize
beyond 10 m/s. This could imply that at 25 m/s (the impact speed of the airbag deployment) the values at
10 m/s could be valid.

Furthermore, the gap of about 20 °C remained constant whatever the impact speed.

In Fig. 12, the graph has been divided into three domains specified by the numbers inside the black full
circles.

— Domain 1: Brittle for both scored ad unscored skins
— Domain 2: Brittle for scored skins—Ductile for unscored skins
— Domain 3: Ductile for both scored and unscored skins

This key diagram can be used to select the geometry of skins related to the temperature and the impact
speed so as to obtain net ductile failure.

4 Discussions
4.1 Mechanisms of deformation

Since the thermostatic chamber where the specimen was located could not be equipped with a video camera,
an attempt is made here to propose scenarios linking the fracture surface morphology to the shape of the
load-deflection curves.

In the case of a brittle failure a star shaped fracture surface is associated with a linear curve for unscored as
well as scored thin skins. The skin failure is assumed to start where the tip of the striker impacts the sample and
the cracking propagates in radial paths. The linear profile of the load-deflection curve is related to the bending
of the plate. The failure occurs within a stiff plate (generally at low temperature) with small deformation. The
crack propagates perpendicularly to the direction of the impact.

For the ductile failure of unscored samples, the starting linear part of the load versus deflection curve still
corresponds to the bending of the plate due to the impact. The material being softer, at a critical load, the tip
of the impactor crushes the plate provoking the formation of a hemispherical cap, the circular base of which
undergoes a shearing at a large strain. During the stretching of this ring, the load stabilizes and even softens.
When a critical shear stress/strain is reached, failure within the ring occurs leading to the circular form of the
crack. The crack propagates essentially through the thickness in the same direction as the impactor. It is to be
noted that in this case the section involved in the fracture process can be approximated by: 7w d¢
where:

— @ is the nominal diameter of the hemispherical striker (20 mm)
— t is the thickness of the plate (1.2 mm)

For scored plates, locally mimicking single edge notch bending (SENB), the impact provokes an opening
of the crack with triaxial stresses. The crack propagates only through the remaining ligament until becoming a
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through thickness crack. The last part of the loading consists of a propagating a crack along the direction of the
scoring with an inclined crack tip due to the bending. The oscillated reloading viewed in Fig. 6b is attributed
to this latter stage with the wave propagation due to dynamic effect. In this case, the first drop of the load is
related to a net section of about ®(# — a); a being the crack depth (0.6 mm), equal to 7/2. Like in fracture
mechanics specimens, the (mean stress) hydrostatic pressure is high in comparison with the shear stress for
unscored specimens. The effect of the stress triaxiality ratio is known to increase the net stress [29,30].

It can be concluded that the mechanisms of deformation and failure are not the same in the two kinds of
specimen. In addition, the volume of material involved in the impact load is greater for the unscored than for
scored specimen. Therefore, it was seen that the unscored specimens were more subjected to the effects of:

— the variation of thickness;
— the void (bubble) volume fraction and their clustering
— extrinsic factors such as the temperature heterogeneity or the noncentricity of the impact...

In the authors’ opinion these are the reason why the curves of nonscored samples were more scattered.

4.2 Impact strength

Figure 11 shows that the plots of the fracture energy for both kinds of specimens where the loaded areas
were not the same, as mentioned in the last Sect. 4.1. However, from usual impact tests the impact strength
or the impact toughness can be obtained (see for instance [27]). This parameter is the fracture energy per
unit fractured surface in kJ/m?. The knowledge of this parameter is useful for classifying various grades of
materials.

The fracture energies determined previously were related to the fractured surfaces w7 ®¢ and (¢ — a) for
unscored and scored specimens, respectively. In fact, this operation consists of integrating the area under
the net stress versus the deflection; the net stress being the load divided by the fractured surface. Figure 13
describes the evolution of the impact strength of the studied plasticized PVC. The upper shelf of the scored
specimens was higher than that of the unscored ones. The impact strength is generally measured with notched
or pre-cracked specimens. From this last figure, it can be concluded that under these test conditions, the impact
strength of the plasticized PVC under study was about 0.25 kJ/m?.

5 Concluding remarks

Tailoring the material and the geometry of the skin of the dashboard around the airbag window is a major
concern for the security of passengers by the automotive industry. In the present work a grade of plasticized
PVC was tested at various temperatures and impact speeds so as to obtain the domain where a neat ductile
tearing of the skin was observed. The temperature for the ductile failure threshold Ty, was introduced instead
of using the classical Ductile to Brittle Transition Temperature. About 250 test results consisting of the load
versus deflection curves were obtained. The stiffness, the deflection and the load at break were determined for
each test condition, after ensuring the reproducibility of the test results. The fracture surface morphologies at
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macroscopic as well as at microscopic scales were systematically analysed. Two criteria based on the shape
of the load versus deflection curve and the fracture surface morphologies allowed the selection of the test
results giving the ductile failure. For each impact speed, the fracture energy plotted with respect to the test
temperatures showed a tanh function profile. Therefore, the value of Ty, was optimized by fitting the ranh
function parameters with the experimental data for scored and unscored thin plates. It was shown that:

— for both geometries, Ty, increased with the explored impact speeds: 2 m/s to 10 m/s;
— agap of 20°C on Ty, was highlighted between scored and unscored specimens whatever the impact speed;
— Tam plots seemed to exhibit saturation at high impact speed.

With this comprehensive experimental data, the impact strength of the plasticized PVC under study was
estimated to be around 0.25 kJ/m?.
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