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Abstract

This paper investigates the pressure-volume response of elastomer matrix composites
filled with hollow thermoplastic microspheres and subjected to low hydrostatic pressure. The
hysteretic response of the material up to a pressure of 0.8 MPa is measured using an original
experimental set-up that combines hydrostatic pressure loading by nitrogen pressurisation
and volume measurement thanks to digital image correlation. In terms of volume change vs.
pressure, a detailed analysis of the pressurisation and depressurisation paths shows firstly
that the macroscopic critical pressure which is surely emerging from the successive buckling
of the microspheres does not depend on their concentration in the composite. Secondly, it is
established that the unloading path, even if it does not change its slope steeply, admits an
inflection point that defines a second critical pressure, that seems to depend on the volume
fraction of the microspheres. In the future, these model-free observations will be useful for
developing constitutive models for these composites, and in particular for the strain energy

density function dedicated to their spherical response.

Keywords: Elastomer matrix-hollow thermoplastic microspheres composites, Hydrostatic ex-

periments, Compressibility, Pressure-volume hysteresis, Buckling pressure
Highlights
e Novel experimental setup for the hydrostatic pressure-volume change response
e Pressure-volume hysteresis of elastomers filled with thermoplastic microspheres
e Model-free analysis of the response with respect to HTMs volume fraction
e Identification of critical pressures during pressure loading and unloading steps

e Insights for constitutive modeling in marine applications
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1 Introduction

In a recent review of polymer materials used for sound absorption applications in underwater
environments, Fu et al. [1] note that for applications where hydrostatic pressure can be high
(the authors mention combat submarines), the mechanical performance of the materials must
be studied. Indeed, the acoustic performance of structures is affected by their mechanical state.
More recently, Lu et al. [2] provide a literature review of Polymer Matrix Solid Buoyancy Materi-
als (PMSBMs) used for marine applications. The authors present the two-component PMSBMs
that combine a polymer matrix with hollow polymer microspheres as a good alternative to
conventional syntactic foams containing hollow glass microspheres [3].

Over the past ten years or so, composites made of an elastomer matrix (polyurethane or
silicone) filled with hollow thermoplastic microspheres (HTMs) have appeared, particularly for
underwater defence applications. To avoid prolonging the discussion, we do not propose an
exhaustive bibliography on the subject here, the reader is referred to the excellent introduction
of the recent article by Nguyen et al. [4]; only relevant references will be given in the remainder
of this introduction. Naturally, the design of structures requires the development of mechanical
constitutive equations to predict the mechanical response of these composites. The oldest models
attempt to predict the hydrostatic response using analytical homogenisation approaches [5, 6].
More recent works propose more complete models combining spheric and deviatoric contributions
in tensorial constitutive models [7, 8, 9, 10, 4]. Once the models have been derived, mechanical
tests are required to determine their parameters. The major difficulty lies in the hydrostatic
response of these materials. Traditionally, for elastomer-HTMs composites, authors consider
uniaxial compression tests [11, 12, 9, 4], and sometimes uniaxial tensile tests [13, 14, 15], to
determine the hydrostatic response. As pointed out by Brown [16], purely hydrostatic tests are
rare and difficult to implement.

The present paper aims to measure the low-pressure hydrostatic response of elastomer-HTMs
composites. To this end, a gas pressurisation set-up with DIC measurement of the volume
change is developed and used; this is one of the five classical techniques recently listed by
Becker et al. [17] for carrying out hydrostatic tests. The aim of the study is twofold: (i) to
accurately measure the hysteretic pressure-volume response of materials, and (7i) to determine
the characteristics of the loading and unloading paths of the hysteresis loop in order to provide

data for modelling.

2 Methods

2.1 Materials and samples

Materials are made of a polyurethane elastomer matrix filled with HTMs. Six volume fractions of
HTMs are considered: 0, 5, 10, 15, 20, and 25% (nominal data given by the supplier). Knowing
the density of the elastomer matrix and that of the thermoplastic polymer making up the HTMs,
the actual volume fractions are measured with a gas displacement pycnometer (AccuPyc 1345
from micrometrics). The precision of the volume measurement is £0.05 cm? and that of the
mass measurement is 104 g. Each sample was measured five times and the corresponding

mean values are given in Table 1. These results are in very good agreement with the ones given



Nominal HTMs volume fraction (%) ) 10 15 20 25
Actual HTMs volume fraction +£0.20 (%) | 4.69 | 9.11 | 13.44 | 17.68 | 22.55

Table 1: Nominal and actual volume fractions of HTMs in the five filled materials.

in Coret et al. [15] obtained by weighing the specimens and measuring their geometry. In the
following, the actual values will be considered for the computations, but for the sake of simplicity
the nominal ones will be used in the presentation of the results.

As shown in Figure 1, the samples are cylinders of 30 mm in diameter and 30 mm thick.

They are obtained by water jet cutting in a 30 mm thick sheet.

Figure 1: Samples. Numbers stand for the nominal HTMs volume fractions.

2.2 Experimental set-up

The principle of the experiments is simple, as shown in Figure 2. A sample is placed in the
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Figure 2: Principle of the experiments.

pressure vessel, a thick metallic closed cylinder, where the pressure is imposed thanks to a
flow of nitrogen. Two flow limiters are used: one for the inlet between the nitrogen tank and
the vessel, the other for the outlet between the vessel and the outside environment. Pressure
and temperature are measured inside the vessel by a strain gage pressure sensor and a T-type

thermocouple, respectively. A camera records the deformation of the specimen throughout the



test. The corresponding photos of the setup are presented in Figure 3.
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Figure 3: Left: experimental set-up with camera positioning. Right: zoom on the sample placed

in the pressure vessel.

Concerning the measuring equipment, the pressure sensor is an Aek BCT-22-10B-V-G1/2-
C-S30; it delivers an output voltage ([0, 10 V]) proportional to the pressure in the vessel ([0,
1 MPa]) and the T-type thermocouple is insulated in a 0.5 mm stainless steel sheath connected
to a Display-conditioner Trumeter APM-TEMP-ANQO. The camera is AVT Prosilica GT 6600
with Opto-Engineering TC16MO056 telecentric lens. Lighting is provided by CCS PD2-324 lamps.
Pictures are analysed by the digital image correlation (DIC) software Ufreckles [18]. The relevant

camera and software parameters are summarized in Table 2.

Camera 29 Megapixel AVT Prosilica GT 6600

Image resolution 6004 x 4384 px?

Lens Opto Engineering TC16MO056 (x 0.641)

Field of view 56 x 37.3 mm?

Image scale 1 px =9.33 yum

Patterning technique | Spray paint can

Software UFreckles

Shape function Bi-linear quadrilateral Lagrange element (Q4P1)
Element size [50 50] px? / [0.46 0.46] mm?

Table 2: Parameters of the cameras and the DIC software.

The materials being assumed homogeneous, pictures are analysed by the Gage module of
Ufreckles; it calculates the mean principal strains on the circular section of the sample (see Fig. 3-
right). Due to hydrostatic loading, every directions in this section of the sample are principal
directions of strain. Furthermore, as the materials are isotropic, the out-of-plane strain (which
cannot be measured) is also principal and considered to be equal to the in-plane ones. Thus,
adopting the small strain assumption and denoting £; and £ the principal strains given by the

software, the relative change in volume is

AV s

v =§(€[+€[[). (1)



Practically, pressure and temperature measurements, and pictures of deformed samples are

synchronized at a rate of one per minute.

2.3 Loading conditions

Nitrogen is injected very slowly into the vessel to reach a maximum relative pressure of 0.8 MPa.
The nitrogen is then slowly evacuated. The corresponding evolution of pressure and temperature

during this cycle is shown in Figure 4. Neither the pressure loading nor the unloading curve is
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Figure 4: Pressure and temperature loading-unloading cycle.

linear: this is the result of the constant opening of the flow limiters. More precisely, the pressure
increases almost linearly from 0 to 0.8 MPa during 3 h and it decreases exponentially from 0.8
to 0 MPa during 7 h. This difference can be explained by the fact that the pressure difference
between the nitrogen tank and the pressure vessel (during gas injection) is much greater than that
between the vessel and the atmospheric pressure (during emptying). As expected, pressurization
and depressurization involve a slight temperature change (less than 1.5°C) inside the vessel.

Each experiment is conducted twice with the same sample.

3 Results and discussion

Given the very slow rate of nitrogen injection and emptying, the mechanical response of the
materials is considered to be quasi-static in the following (the order of magnitude of the strain
rate is 1076 s71).

3.1 Change in volume vs. pressure curves

Figure 5 presents the volumetric response, i.e. the change in volume vs. hydrostatic pressure
curves, for the five HTMs volume fractions. Firstly, the curves of the five composite materials

are similar: they exhibit a hysteresis loop that reflects the different behaviours of the materials
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Figure 5: Volumetric response of the five composites under hydrostatic loading conditions.

between loading (increase in pressure) and unloading (decrease in pressure). Secondly, as shown

in Figure 6, the size of the hysteresis loop varies considerably according to the volume fraction

of microspheres in the material: the more fillers the material contains, the larger the hysteresis

loop.

Surface of the loop [J/mm?3]

10 15 20
HTMs volume fraction (%)

25

Figure 6: Size of the hysteresis loop vs. volume fraction of microspheres.



This type of response for elastomers with HTMs has already been observed for other types
of loading conditions: uniaxial compression [11] and uniaxial tension [15]. The characteristics of
the volumetric response described above are directly linked to the microstructural phenomena

involved:

e As stated in literature [19, 12], the microspheres buckle one after the other with respect to
their radius during the increase in pressure. On a macroscopic scale, it results in a change
in slope of the loading curve due to the emergence of a critical pressure. In the following,
this pressure is referred to as the “buckling pressure”. This behaviour has already been

exhibited in uniaxial compression [20] and modeled in hydrostatic compression [6].

e The change in slope of the unloading curve is much less marked, or even seems non-existent
for low HTMs volume fractions. The associated microstructural phenomena have not yet

been fully elucidated in the literature.

3.2 Quantitative analysis of the hysteresis loop

In order to study the previous curves without invoking a model, the loading and unloading
paths of the hysteresis loops will be studied separately. In order to increase the reliability of our

results, two different methods are used to extract the trends of the curves.

e The first one is the Ramer-Douglas-Peucker curve simplification method [21, 22|, which
aims to reduce the number of points on a curve while preserving its overall shape. The
simplified points are then used to calculate the slopes of the segments formed between
them, which reflect the local changes in the curve. Finally, the change between the succes-
sive slopes is calculated to identify the critical pressure: this is defined by the maximum
variation in the slope. In this method, the parameter to be supplied by the user is the

simplification threshold, which was set here by trial and error.

e The second algorithm is the segmented linear regression analysis. The curve is segmented
to minimise the total error, and the slopes of each segment are calculated using a least-
square fit. As with the previous method, the change between successive slopes is used to
determine the critical pressure. In this method, the parameter to be supplied by the user

is the number of segments; here it was determined by trial and error.

In practice, the analysis of the loading and unloading parts of the hysteresis loops is per-

formed in three steps:
(a) the experimental curve is simplified by the algorithm,
(b) the evolution of its slope is calculated,

(c) the relevant values of critical pressure are extracted.

3.2.1 Loading path: buckling pressure

Figure 7 presents the loading curves for the five volume fractions of microspheres.
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Figure 7: Volumetric response of the five composites for increasing hydrostatic pressure.

The three curves of steps (a), (b), and (c) applied to the loading path have the same shape
for all materials regardless of their nominal HT'Ms volume fraction. In order to illustrate the
method, the above-mentioned three steps are presented in Figure 8 for the material with 25%
HTMs volume fraction. The corresponding figures for the other HT'Ms volume fraction are given
in appendix A.

The curve of the slope (middle graphs in Fig. 8) is monotonically decreasing and always
negative. As a result, the second derivative is also always negative: there is no inflection point
in the loading path. Finally, the buckling pressure is defined by the abscissa of the minimum
of the second derivative of the simplified curve (bottom graphs in Fig. 8). The corresponding

results are presented in Table 3. In practice the simplification threshold varies from 0.7x10~*

Nominal HTMs volume fractions (%) | 5 10 | 15 | 20 | 25
Buckling pressure (MPa)

0.38 | 0.40 | 0.39 | 0.38 | 0.40
(Ramer-Douglas-Peucker)

Buckling pressure (MPa)
. . 0.43 | 0.40 | 0.39 | 0.43 | 0.42
(segmented linear regression)

Buckling pressure (MPa) 040 | 040 | 0.30 | 0.40 | 0.41

(mean value)

Table 3: Buckling pressures for the loading path of the hydrostatic pressure test.

and 2.0x10~* for the Ramer-Douglas-Peucker method, and the number of segments varies from

5 to 14 for the segmented linear regression technique.
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Figure 8: Analysis of the loading path of the 25% filled elastomer. Left: Ramer-Douglas-Peucker

method; Right: segmented linear regression. Top: simplified curves (step (a)); Middle: slope of

the simplified curve (step (b)); Bottom: second derivative and buckling pressure (step (c)).

3.2.2 Unloading path: inflection pressure

Figure 9 presents the unloading curves for the five volume fractions of microspheres.

All materials admit the same shapes for the three curves of steps (a), (b), and (c).

method applied to the unloading path of the hysteresis loop is illustrated in Figure 10 for the

The
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Figure 9: Volumetric response of the five composites for decreasing hydrostatic pressure.

material with 25% of HTMs in volume. The corresponding figures for the other HTMs volume
fraction are given in appendix B.

The curve of the slope (middle graphs in Fig. 10) is always negative but is not monotonic.
As a result, the second derivative changes sign: the load curve therefore has an inflection point.
Finally, we identify this inflection pressure by its corresponding value on the second derivative

curve (bottom curves in Fig. 10). The corresponding results are presented in Table 4. In practice

Nominal HTMs volume fraction (%) | 5 10 | 15 | 20 | 25
Inflection pressure (MPa)

0.49 | 0.45 | 0.50 | 0.45 | 0.43
(Ramer-Douglas-Peucker)

Inflection pressure (MPa) 045 | 0.46 | 0.48 | 0.46 | 0.44

(segmented linear regression)

Inflection pressure (MPa) 047 | 0.46 | 0.49 | 0.45 | 0.44

(mean value)

Table 4: Inflection pressure in the unloading path of the hydrostatic pressure test.

the simplification threshold varies from 0.7x10~* and 1.4x10~* for the Ramer-Douglas-Peucker
method. The number of segments varies between 5 and 6 for the segmented linear regression
technique; nevertheless due to the shape of the unloading paths, the segmented linear regression

technique is difficult to applied.

3.2.3 Summary

The previous results are summarized in Figure 11. Firstly, it should be noted that the material

10
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Peucker method; Right: segmented linear regression. Top: simplified curves (step (a)); Mid-

dle: slope of the simplified curve (step (b)); Bottom: second derivative and inflection pressure

(step (©)).
filled with 15% microspheres behaves a little differently to other materials. We have already

observed this difference in uniaxial tension [15], which leads us to believe that there may have

been a problem in the formulation or manufacture of this material. We will therefore leave it

11
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aside in the following comments.

On the one hand, the buckling pressure does not seem to depend on the amount of micro-
spheres contained in the composite. This result is in agreement with the predictions of the De
Pascalis et al. model [6], which states that this pressure depends only on the distribution of the
thickness-radius ratio of the microspheres but not on their concentration in the composite (for
volume fractions where there is no interaction between the microspheres). On the other hand,
the inflection pressure of the unloading path, which is always higher than the buckling pressure,
seems to decrease with the volume fraction of microspheres in the material; this result has never
been studied in the literature. Note that for the moment, it is difficult to relate this pressure
inflection with microstructural events. To do this, it will be necessary to make microstructural

observations in situ, but also to conduct other mechanical tests (cyclic ones, for example).

4 Concluding remarks

This study investigated the hydrostatic response of elastomer-HTMs composites under low pres-
sure loading conditions. The main objectives were to measure the hysteretic pressure-volume
change response and to determine the characteristics of the loading and unloading paths of the
corresponding hysteresis loop, by not using any model. The experimental set-up, comprising a
gas pressurisation system with DIC measurement of the volume change, enabled the hydrostatic
response to be captured effectively. The results showed that the size of the hysteresis loop in-
creases with the volume fraction of the microspheres. A model-free analysis of the loading and
unloading paths revealed that the buckling pressure during loading is relatively independent of
the HTMs volume fraction, which is consistent with previous models. However, the inflection
pressure in the unloading path seems to decrease with increasing volume fraction, a phenomenon

that has not been studied in depth until now.
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Figure 12: Analysis of the loading path of the 5% filled elastomer. Left: Ramer-Douglas-Peucker
method; Right: segmented linear regression. Top: simplified curves (step (a)); Middle: slope of
the simplified curve (step (b)); Bottom: second derivative and buckling pressure (step (c)).
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Figure 13: Analysis of the loading path of the 10% filled elastomer. Left: Ramer-Douglas-
Peucker method; Right: segmented linear regression. Top: simplified curves (step (a)); Mid-

dle: slope of the simplified curve (step (b)); Bottom: second derivative and buckling pressure

(step (c)).
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Figure 14: Analysis of the loading path of the 15% filled elastomer. Left: Ramer-Douglas-
Peucker method; Right: segmented linear regression. Top: simplified curves (step (a)); Mid-

dle: slope of the simplified curve (step (b)); Bottom: second derivative and buckling pressure

(step (c)).
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Figure 15: Analysis of the loading path of the 20% filled elastomer. Left: Ramer-Douglas-
Peucker method; Right: segmented linear regression. Top: simplified curves (step (a)); Mid-

dle: slope of the simplified curve (step (b)); Bottom: second derivative and buckling pressure

(step (c)).
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Figure 16: Analysis of the unloading path of the 5% filled elastomer. Left: Ramer-Douglas-

Peucker method; Right: segmented linear regression. Top: simplified curves (step (a)); Mid-

dle: slope of the simplified curve (step (b)); Bottom: second derivative and inflection pressure

(step (c)).
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Figure 17: Analysis of the unloading path of the 10% filled elastomer. Left: Ramer-Douglas-
Peucker method; Right: segmented linear regression. Top: simplified curves (step (a)); Mid-

dle: slope of the simplified curve (step (b)); Bottom: second derivative and inflection pressure

(step (c)).
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Figure 18: Analysis of the unloading path of the 15% filled elastomer. Left: Ramer-Douglas-
Peucker method; Right: segmented linear regression. Top: simplified curves (step (a)); Mid-

dle: slope of the simplified curve (step (b)); Bottom: second derivative and inflection pressure

(step (c))-
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Figure 19: Analysis of the unloading path of the 20% filled elastomer. Left: Ramer-Douglas-

Peucker method; Right: segmented linear regression. Top: simplified curves (step (a)); Mid-

dle: slope of the simplified curve (step (b)); Bottom: second derivative and inflection pressure

(step (c)).
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