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ABSTRACT
While PMMA possesses good mechanical and optical properties, its brittleness is one of the
issues to be accounted for when using it. An approach consisting in blending small rubber
nanoparticles in PMMA has been shown to improve the resistance and impact toughness of
the resulting composite material. This mixture is called rubber toughened PMMA or shortly
RT-PMMA. In the present study, a class of commercial RT-PMMA, namely PMMA Resist,
is considered. More specifically, the response of three grades of RT-PMMA differing by their
rubber particle concentration is investigated.
A thermomechanical characterization consisting of tension, compression and shearcompression tests has been first carried out on the three grades of RT-PMMA at various
strain rates and temperatures. The strain rate range was 10-5s-1 to 1200s-1, and the temperature
range was from -50°C to 70°C. As expected, the RT-PMMA grades response exhibits a
strong dependence on strain rate, temperature and rubber particle concentration. Moreover,
the sensitivity of RT-PMMA to crazing vs particle-matrix debonding induced stress
whitening under tension loading also depends on the three above mentioned parameters.
Additionally, a complex pattern of shear bands is observed on the RT-PMMA grades under
dynamic compression and shear-compression loading.
Next, the crack arrest capability of the class of RT-PMMA under consideration has been
investigated by carrying out Kalthoff and Winkler (KW)-like impact test. The projectile
impact velocity range was 50 m/s to 100 m/s. Double-notched plates representing the precracked structures were used for the impact tests. The interaction between the projectile and
the plate was recorded by using a high-speed camera at 105 to 106 frames per second. Post
mortem microstructure was observed using scanning electron microscope (SEM). Impact
resistance of RT-PMMA is seen to strongly depend on the rubber particle concentration. In
particular, a higher rubber particle concentration aids to slow down the crack tip velocity and
thus to increase the crack arrest capability of the structural material. Crack propagation is
hindered by the rubber particles and particle-matrix debonding induced stress whitening
appears at the crack propagation path.
A first attempt of constitutive modelling for the three grades of RT-PMMA has been done
based on the work by Arruda and Boyce (1995). The rate and temperature dependent models
are calibrated by considering experimental results and the dependence of some parameters on
the rubber particle concentration and loading path is evidenced. The models have still to be
unified.
Keywords: RT-PMMA, high strain rates, crack arrest capability
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RÉSUMÉ
Bien que le PMMA possède des bonnes propriétés mécanique et optique, sa fragilité devient
un des problèmes à prendre en compte quand on l’utilise. Une méthode consistant à mélanger
des nanoparticules de caoutchouc au PMMA a été montrée comme améliorant la résistance à
la rupture et aux impacts du matériau composite obtenu. Ce mélange est nommé RT-PPMA
(pour rubber toughened PMMA). Lors de cette étude, une classe de RT-PMMA commercial,
appelée PMMA Resist est considérée. De manière plus spécifique, la réponse de trois
nuances de RT-PMMA différant par leur concentration en particules de caoutchouc est
étudiée.
La caractérisation thermomécanique consistant en des tests de traction, compression et du
cisaillement -compression a été menée sur les trois nuances de RT-PMMA à différentes
vitesses de déformation et températures. Les vitesses de déformation s’étalaient entre 10-5s-1
et 1200s-1, et les températures étaient comprises entre -50°C et 70°C. Comme attendu,la
réponse des nuances de RT-PMMA montre la forte dépendance à la vitesse de déformation,
la température et la concentration en particule de caoutchouc. En outre, la sensibilité au
blanchiment sous contrainte (stress-whitening) induit par micro-craquelure (crazing) vs.
décohésion particule/matrice dépend également des trois paramètres cités précédemment. De
plus, une structure complexe de bande de cisaillement est observéesur les nuances de RTPMMA lors de la compression dynamique et du chargement en cisaillement-compression.
La capacité d’arrêt de fissures de la classe de RT-PMMA à l’étude a été menée en réalisant
des essais d'impact de type Kalthoff and Winkler (KW)-. La vitesse de projectile est comprise
entre 50 m/s et 100 m/s. Des plaques avec deux entailles qui servent comme pré-fissures ont
été utilisés lors des essais de choc. L’interaction du projectile avec l’échantillon a été
enregistré avec une caméra ultra rapide de 105 à 106 images par seconde. L'examen post
mortem de la microstructure a été observé en utilisant la microscopie électronique à balayage
(SEM). La résistance aux chocs de RT-PMMA dépend fortement de la concentration de
particules de caoutchouc. En particulier, une concentration plus élevée de particules en
caoutchouc aide à ralentir la fissure et ainsi augmenter la capacité d’arrêt de fissures du
matériau structural. Les particules de caoutchouc gênent la propagation de fissures et le
blanchiment sous contrainte apparaît le long du chemin de propagation de fissures.
Une première tentative de modélisation constitutive pour les trois nuances de RT-PMMA a
été réalisée en se basant sur le travail fait par Arruda et Boyce (1995). Les modèles dépendant
de la vitesse et de la température ont été calibres en considérant les résultats expérimentaux et
la dépendance de quelques paramètres a la concentration de particules en caoutchouc et au
trajet de chargement est mise en évidence. Les modèles doivent encore être unifies.
Mots-clés : RT-PMMA, haute vitesse de déformation, capacité d’arrêt de fissures
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1 INTRODUCTION
___________________________________________________________________________

1.1 General context
A series of accidents involving aircraft window failures has caught public attention including
one where the cockpit windshield of a Sichuan Airlines A319 from Chongqing to Lhasa blew
out at 30000 feet on May 2018, see Figure 2.1. The pilot made an emergency landing after a
broken cockpit window sucked his co-pilot halfway out of the aircraft[1]. A fatal incident
reported on April 2018 when a Southwest Airlines flight from New York to Dallas made an
unplanned landing when a window cracked after an ejecting metal from a failed engine
shattered the window. A passenger died after being partially sucked out of a window.[2]
Another incident involving an Air India flight causes injuries to three passengers when a
window panel fell off after being hit by severe turbulence, and an emergency landing by a
Flybe from Newquay to Gatwick airport after its cockpit windshield cracks shortly after
takeoff, see Figure 1.2(a). Similarly, another Southwest Airlines flight from Chicago to
Newark made an emergency landing after one of the windows in aircraft cabin broke[3], see
Figure 1.2(b). These kinds of incidents raised questions for many over the safety of aircraft
windows.
In the transportation sector in general and in the aeronautical one in particular, the
engineering materials have to meet the most demanding requirements in terms of weatherresistance, protection against UV radiation and toughness in nominal service, and in terms of
crash-, collision- and impact-resistance during accidental overloads. In parallel, they have to
be as light as possible in view of reducing the CO 2 emissions-induced environmental impact.
This issue is also related in the military industry, whereby the higher the autonomy of the
vehicles is, the larger their area of action will become. Hence, the investigation for
lightweight, protective materials is still an ongoing process [6].In this context, we are here
interested in transparent engineering materials as glass surrogate candidates, see [1].
Due to its transparency, shatter-, scratch- and weather-resistance and favourable processing
conditions, PMMA is widely used as a substitute for inorganic glass. This accordingly makes
PMMA a suitable material for protecting windows against bullet and blast [7]. PMMA has
thus been widely used in military aviation since World War II to replace the glass for
aeroplane windows. It also can replace the usage of glass for windshield and armour
protection. PMMA has accordingly been applied in cockpits, portholes, windshields, exterior
lighting and helicopter windscreens, see, e.g. [8]. This substitution helps increase the value in
terms of safety because it proves to be a much safer material in battle situations for airmen
[9].
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Figure 1.1 Broken cockpit window of Sichuan Airlines 3U8633 [4]

(a)

(b)

Figure 1.2 (a) cockpit windshield crack of a Flybe plane[3] (b) Inside of the broken
windows of Southwest flight 1380 [5]
The application of PMMA as a structural material in various industrial sectors requires a
good knowledge of its behaviour and response in a wide range of loading and environmental
conditions [10], in particular, those involving potential damage and fracture. In this context,
crack arrest mechanisms which prevent catastrophic failure in polymers are demanded in
some design approaches [11] leading to many studies devoted to investigate the crack
propagation in PMMA for decades [12]. Indeed, fracture of PMMA results from complex
mechanisms involving micro-voiding, micro-cracking and crazing, see [13]. In addition, the
behavior and fracture of glassy polymers in general, and PMMA, in particular, is known to be
strongly dependent on temperature, strain rate and loading path, see [14]–[19].
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While PMMA possesses good mechanical and optical properties, its brittleness is one of the
issues to be accounted for when using it. An approach consisting in blending small rubber
nanoparticles in PMMA has been shown to improve the fracture and impact toughness of the
resulting composite material. This mixture is called rubber toughened PMMA or shortly RTPMMA. In the present study, a class of shock resistant RT-PMMA, namely Plexiglass Resist,
is considered.
Analysis and understanding of fracture mechanisms under large deformation and high strain
rate loading in engineering materials is a key point for the design of structures submitted to
accidental overloads. After many loading-unloading cycles, small cracks can appear in
structures. In the field of aeronautics, (battle) ships or nuclear energy, the knowledge of their
propagation conditions when subsequently dynamically reloaded is of interest to prevent
accidents and to guarantee the security of the structure. In the philosophy of the crack arrest
capability considered in the present work – not to be confused with one of the crack arrest
standards for brittle fracture–, an engineering structure is supposed to be initially weakened
by a crack and the question to answer is how this pre-cracked structure behaves when
dynamically reloaded [20].

1.2 Scientific challenges
The present work aims at defining an experimental methodology devoted to study the crack
arrest capability of shock resistant RT-PMMA under impact loading. Tasks notably include
for the class of RT-PMMA under consideration





Understanding of the behaviour and fracture in a wide range of strain rates and initial
temperatures.
Understanding of the mechanism of deformation and damage under high strain rate
loading.
Investigation of the influence of particle concentration on the impact resistance.
Attempt of development of a unified rubber particle concentration dependent model
that can represent the behaviour of RT-PMMA.

1.3 Industrial challenges
A series of recent aircraft (passenger and cockpit windows) cracking makes the safety issue
becomes more challenging. This is where this study is important in order to bring new
highlights in the investigation and comprehension of rubber nano-particle reinforced PMMA
under impact conditions. Indeed, the work presented is expected to provide researchers and
engineers elaborating or using constitutive models and conducting numerical simulations
with experimental data in view of discriminating approaches.
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1.4 Thesis outline
In addition to the Introduction and Conclusion, the present thesis consists of four chapters,
each including its own list of references.
Chapter 2 outlines the behaviour of PMMA and RT-PMMA according to literature and
introduces the three grades of RT-PMMA under consideration.
Chapter 3 details the experimental campaign by presenting first the experimental devices and
then commenting the experimental results for the three RT-PMMA grades.
Chapter 4 is dedicated to the crack arrest capability under impact loading of the three RTPMMA grades.
A first attempt of constitutive modelling is presented in Chapter 5.
The final chapter is dedicated to a conclusion and perspective. Conclusions are presented
separately for each chapter. Improvement and future works are suggested in perspective.
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2 MATERIALS UNDER
CONSIDERATION
Abstract

This chapter reports some salient results from literature regarding glassy PMMA and RTPMMA. It is in particular shown that temperature, strain rate and rubber particle
concentration (for RT-PMMA) have a significant influence on the yield stress all along the
deformation process. The three RT-PMMA grades under consideration in the present study
are introduced.

Contents
2

MATERIALS UNDER CONSIDERATION ........................................................................................... 15
2.1

Introduction ........................................................................................................................... 16

2.2

Polymethylmetacrylayte (PMMA) ........................................................................................ 16

2.2.1

Deformation mechanism of polymers ........................................................................... 17

2.2.2

Temperature effects....................................................................................................... 18

2.2.3

Strain rate effects .......................................................................................................... 20

2.2.4

Damage and fracture mechanisms ................................................................................ 21

2.3

Rubber Toughened PMMA (RT-PMMA) ............................................................................ 22

2.3.1

Deformation mechanisms ............................................................................................. 23

2.3.2

Influence of particle concentration on Young’s Modulus ............................................. 24

2.3.3

Influence of particle concentration on yield stress ........................................................ 25

2.3.4

Influence of strain rate .................................................................................................. 27

2.3.5

Stress Whitening ........................................................................................................... 27

2.4

RT-PMMA of the study ........................................................................................................ 28

2.4.1

Stress whitening for the RT-PMMA under consideration ............................................ 29

2.4.2

Particle concentration estimation .................................................................................. 31

2.4.2.1

Estimation from microscopic observations ............................................................... 31

2.4.2.2

Estimation from a linear approximation of E vs. f .................................................... 32

2.5

Synthesis ............................................................................................................................... 33

2.6

References ............................................................................................................................. 33

15

2.1 Introduction
This chapter dedicated to introduce glassy PMMA and RT-PMMA in general and the three
RT-PMMA grades under consideration in the present work in particular contains three main
parts.
The first part gives an overview of PMMA and its mechanical properties according to
literature. The respective and combined effects of temperature and strain rate are presented as
well as the mechanisms of damage under certain loading cases.
The second part of this chapter is devoted to RT-PMMA. Indeed, some mechanical properties
of PMMA can be modified and enhanced by the addition of rubber nanoparticles. The
resulting composite material is then called rubber-toughened PMMA or RT-PMMA. RTPMMA mechanical properties available in literature are presented in this part along with the
influence of particle concentration.
The final part of this chapter is focusing on the RT-PMMA grades used in this study. The
three shock-resistant RT-PMMA grades have different toughness values resulting from
different rubber particle concentrations. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) observations are shown for each RT-PMMA grade
and coarse estimations of rubber particle concentration for each grade are done.

2.2 Polymethylmetacrylayte (PMMA)

The Polymethylmethacrylate (PMMA) is a synthetic polymer from the methyl methacrylate
monomer. It is also known as acrylic, acrylic glass, plexiglass, or acrylate. It is a synthetic
resin with a chemical formula of (C5O2H8)-n which is produced from the polymerization of
methyl methacrylate. PMMA possesses advantages over glass in many aspects including its
processability and ability to prevent optical distortions. In addition to its long-term
mechanical properties, it has excellent optical properties, good resistance against chemical,
heat, weather and temperature fluctuations, see [1].
Below the glass transition temperature Tg, the typical stress-strain curve for amorphous
polymers is depicted in Figure 2.1. From a macroscopic perspective, the material behaviour
accordingly follows three stages which are linear elasticity (1st stage) until the initial yield
stress (marked by a more or less sharp/blunt peak), followed by nonlinear strain softening
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(2nd stage), and then nonlinear strain hardening (3rd stage). In the following, the initial yield
stress is called peak stress.

Figure 2.1 Schematic of the true stress-stretch relationship for polymer in the glassy state
[2]
2.2.1 Deformation mechanism of polymers
Polymers may deform in several manners as explained in the following. Examples are given
in the sequel. It is noteworthy that the mode of elaboration may have a significant effect on
the polymer. This is not discussed herein, see [2].
Figure 2.2(a) schematically shows the stress-strain behaviour for an amorphous polymer like
PMMA at temperature below Tg under tension loading. At low strains, the polymer is linear
elastic. At a strain of about 0.1, the polymer starts to yield and then draws. The chains unfold
(if chain-folded) or draw out of the amorphous tangle (if glassy) and straighten and align. The
process starts at a point of weakness or of stress concentration, and a segment of the gauge
length draws down, like a neck in a metal specimen, until the draw ratio l/l0 is sufficient to
cause alignment of the molecules. The neck then propagates along the sample until it is all
drawn.
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During compression loading, shear banding might occur as shown in Figure 2.2(b). This
occurs when crazing limits, the ductility in tension and large plastic deformation may still be
possible. There is a finite shear within each band and the total overall strain accumulates
when the number of bands increases [2].

(b)
(a)
Figure 2.2 Plastic deformation of thermoplastic (a) Necking and drawing (b) shear
banding, which appears in compression [2]

2.2.2 Temperature effects
It is well-known that temperature has an important effect on the deformation of polymers.The
curve in Figure 2.3 depicts the influence of the temperature on the Young’s modulus for
various blend ratio of butyl rubber (IIR)/ high molecular weight polyethylene (PE) .It shows
that the elastic modulus of polymers is decreasing with increasing temperature for all the
blend ratios [3].

Figure 2.3 Influence of the temperature on the Young’s modulus, data from [3]
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Figure 2.4 shows stress-strain curves obtained from uniaxial compression and tension tests on
PMMA at the low strain rate of 10-3 s-1 (involving quasi isothermal conditions) by [4] and [9].

(a)

(b)

Figure 2.4 Stress strain curves at different temperatures for uniaxial compression (a) and
tension (b) loading of PMMA, after [4] (a) and [5] (b)

According to Figure 2.4(a) a for compression loading, the initial yield (or peak) stress for 25,
50 and 75°C is close to 100, 70, and 40MPa, respectively. The curves exhibit the three
deformation stages. The difference of stress magnitude between the (blunt) peak and the
strain softening plateau is seen to be decreasing with increasing temperature. The arrows in
Figure 2.4(a) indicate the amount of strain hardening versus temperature as measured from
the strain softening plateau at a given strain magnitude for the 25°C and 75°C isothermal
response curves. The strain hardening slope is observed to be decreasing with increasing
temperature and hence the amount of strain hardening at a given strain amount is lower at
high temperature.

According to Figure 2.4(b) for tension loading, the peak stress for 20, 40, 60 and 80°C is
close to 74, 55, 39 and 19MPa, respectively. Figure 2.4(b) shows that the lower the
temperature the lower the strain at fracture. Accordingly, unlike the compression tests in
Figure 2.4(a), the tension tests in Figure 2.4(b) exhibit no strain hardening (3rd stage), and
even no strain softening (2nd stage) at 20°C, the specimen failing during the drawing
(propagating necking) process, see Fig.2.2.
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One can conclude that PMMA Young’s modulus, (initial and current) yield stress in both
strain softening and hardening regimes, and strain at fracture are strongly dependent on
temperature.
2.2.3 Strain rate effects
The dependency of the mechanical behavior of PMMA on strain rate is shown in Figure 2.5.

(a)
(b)
Figure 2.5 : Uniaxial compression stress strain curves for PMMA at temperature of 25°C
over a wide range of strain rates, after (a) [4] (b) [6]
According to Figure 2.5(a), the peak stress under compression loading for strain rate of 0.1,
0.01 and 0.001 s-1 is 140, 120 and 108MPa, respectively. Within the strain rate range
considered, the curves exhibit the three deformation stages, with a less pronouced 3rd stage
for the test at the highest strain rate. The compression tests in Figure 2.4(a) coarsely describes
a translation of the curves along the y-axis when the temperature is varying. This is not the
case for the compression tests at various strain rates in Figure 2.5(a) where one can see
curves cutting other curves. This is the consequence of the plastic dissipation induced thermal
softening within the isothermal-to-adiabatic transition regime and even under quasi adiabatic
conditions. Indeed, the strain rate is so high that thermal transfers are limited and the
temperature rise induced by the plastic dissipation is not conducted away. The material
accordingly warms up provoking, as shown in the previous subsection, a decrease of the yield
stress along the deformation process. According to Figure 2.5(a), the strain rate at the
isothermal-to-adiabatic transition is close to 10-2 s-1.
According to Figure 2.5(b), the peak stress for strain rate of 0.001 and 4300 s-1 is 100 and
400MPa, respectively. The peak stress is plotted versus the strain rate in Figure 2.6. One can
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see that the dependence of the peak stress on strain rate is different between the low strain
rate range and the high strain rate range. On the other hand, the closer the adiabatic
temperature rise approaches the glass transition temperature, the stronger the effect is visible
on the strain hardening. Indeed, the strain hardening completely vanishes at the highest strain
rates due to adiabatic heating effect. It is known that the Tg of PMMA is close to 105°C [6].

Figure 2.6 Influence of the strain rate on the peak stress, data from [6]
2.2.4 Damage and fracture mechanisms
There are several fracture mechanisms of polymers including yielding. Yielding may be
caused either by crazing or by shear yielding. Crazes are highly localized zones of plastic
dilational deformation that appear like small crack-shaped regions. They mostly occur in the
deformation of amorphous polymers. In many cases crazes can be observed as stress
whitening of the material [7].

Crazing is due to the nucleation of microvoids in regions of stress concentrations and
primarily normal to the maximum principal stress, See Figure 2.7. These voids do not
coalesce to form cracks since highly stretched molecular chains, or fibrils, stabilize this
process to create crazes. However, after further craze widening, fibrils break down and a
microcrack is formed. Crazing is generally thought to proceed in three stages (i) initiation, (ii)
widening, (iii) breakdown of the fibrils and creation of a crack [8].
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Figure 2.7 Development of crazing structure [8]

2.3 Rubber Toughened PMMA (RT-PMMA)
While PMMA possesses good mechanical and optical properties, its brittleness is one of the
issues to be accounted for when dealing with it. To ensure that PMMA can be used for wider
applications, it is necessary to improve its fracture resistance. This improvement may also
increase its competitiveness with respect to other engineering polymers such as
polycarbonate [1].
In order to protect the structures made of PMMA, several attempts were made to increase its
ductility. An approach of blending small rubber nanoparticles in PMMA has been shown to
improve the fracture and impact toughness of PMMA. This mixture is called rubber
toughened PMMA (RT-PMMA) [9]. A rubbery phase is introduced in order to increase
energy dissipation in PMMA. With the optimum composition ratio and suitable rubber
particle size, it is expected a significant improvement in impact resistance while preserving
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the optical properties.[10]–[12].Three different methods of rubber reinforced PMMA are
shown in Figure 2.8. They differ by how the structure of core and shell are layered to form
the reinforced composite material.
Addition of several kinds of small sized fillers to PMMA can help to reach this objective.
Two common types of fillers that can aid for toughness effect are rubber and minerals, see
[13]. Several generations of PMMA were accordingly reinforced by incorporation of rubber
nanoparticles which results in a toughened PMMA.

Figure 2.8 Schematic of reinforced particles, composite of core/shell rubber particle
geometry [1]
2.3.1 Deformation mechanisms
Deformation mechanism of rubber toughened PMMA remains still unclear. PMMA is
deformed mainly by crazing but the deformation mechanism of rubber toughened PMMA is
influenced by the strain rate, specimen geometry and the test method. Several deformation
mechanisms i.e. shear yielding and crazing have been proposed according to the different test
methods. Therefore, the deformation of rubber-toughened PMMA may possibly show
different behaviour depending on the test conditions [14].

A number of quite different mechanisms for toughening have been proposed but all rely on a
dispersion of rubber particles within the glassy matrix. These rubber toughening mechanisms
in polymeric materials have included energy absorption by rubber particle-matrix debonding,
matrix crazing, shear yielding, or a combination of shear yielding and crazing [15].
i.

Energy absorption by rubber particles
This theory invokes the formation of many microcracks where the fibrils of
copolymer bridged across the fracture surface of a developing crack and prevent crack
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growth. However, this mechanism only plays a minor role in the toughening of
multiphase polymers.
ii.

Matrix crazing
Addition of rubber particles acts on craze initiation and growth. Crazes initiate under
tensile stress, near the equator of rubber particles, and then propagate. However,
further increase of rubber results in preventing craze growth. A large number of small
crazes is then formed which contributes to high energy absorption observed in tensile
and impact tests. Crazing also appears as stress whitening which accompanies the
deformation and failure process.

iii.

Shear yielding
Shear yielding is one of the major mechanisms of rubber toughening. It constitutes
cavitation of rubber particles followed by extensive shear yielding throughout the
matrix. Cavitation is followed by onset of shear yielding, because of cavitation of the
rubber particles. Cavitation of the rubber particles is a prerequisite for enhanced
toughness where shear yielding is the principal mechanism.

iv.

Crazing and shear yielding
Both crazing and shear yielding may occur simultaneously in many rubber toughened
plastics. A study by Bucknall, Clayton and Keast[16] observed that shear bands at 45°
to the stress axis appear to intersect crazes and to run between rubber particles. They
then concluded that shear bands, as well as being generated from rubber particles,
were effective craze stoppers.

v.

Cavitation and rumples
The occurrence of cavitation in the presence of shear yielding has been observed in
rubber toughened amorphous and semi-crystalline polymers. Rubber particles toughen
by acting as stress concentrators, enhancing shear yielding, and then cavitates,
dissipating energy and giving rise to more shear yielding. In a presence of a sharp
crack, triaxial stress exists ahead of the crack tip. This helps for rapid cavitation and
void growth. Zone of voids and shear bands is formed ahead of crack tip and further
tension causes larger formation of plastic zone. Increasing size of large plastic zone
acts as principal of toughening mechanism.
2.3.2 Influence of particle concentration on Young’s Modulus
In Table 2-1 are reported the values of Young’s modulus E for various rubber particle
concentrations f corresponding to four RT-polymers, see [17]–[20]. The corresponding
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E  couples are reported in Figure 2.9, where E represents the Young’s modulus of
0
 f ,1 

E
0 


the plain polymer. Although the matrix and the copolymer are not necessary the same in all
the studies, Figure 2.9 evidences a similar linear dependence of the relative Young’s modulus
on the particle concentration within the particle concentration range [0-35%]. Considering
that the points are all located on a single straight line, the dependence in question can be
deduced from
1



E
 0.0159 f %   E  E0 1  0.0159 f %
E0



(1.1)

The relation (1.1) must not be interpreted as universal due to the low number of works
accounted for to obtain it.
Table 2-1 Young’s modulus for various rubber particle fraction
Particle fraction (%)
0
5
10
15
20
0
18
27
35
0
5
10
15
20
0
5
10
15
20

E (MPa)
1000
920
850
750
700
3100
2100
1700
1300
3213
2801
2673
2634
2273
1320
1240
1100
1000
800

1-E/Eo
0
0.08
0.15
0.22
0.3
0
0.32
0.45
0.58
0.13
0.17
0.18
0.29
5.22
0
0.06
0.16
0.24
0.39

Reference
Wang
et.al,1999

Bucknall
et.al,1999

Wang et.al,
2000

Miwa
et.al,1995

2.3.3 Influence of particle concentration on yield stress

Figure 2.10 shows the stress strain curve for plain PMMA and modified PMMA, viz.
RT-PMMA1 and RT-PMMA2 (RT-PMMA 2 has the highest rubber content). One can see
that the plain PMMA fails in brittle manner at negligible plastic strain. On the opposite, RTPMMA behaves in ductile manner. Indeed, RT-PMMA1 and RT-PMMA2 fail at plastic
strain close to 50 and 60%. Peak stress for pure PMMA is above 50MPa, RT-PMMA-1 close
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to 42MPa while RT-PMMA-2 has the lowest yield stress with 29MPa. Pure PMMA has the
highest value of Young’s modulus E (2900MPa); RT-PMMA-2 has the lowest one (1700MPa
) and RT-PMMA-1 is in the middle (2500MPa) [21]. It is noteworthy that RT-PMMA2
exhibits the three stages of deformation whereas RT-PMMA1 exhibits only the two first
stages. This evidences the dependency on rubber particle concentration of the Young’s
modulus and yield stress of RT-PMMA

Figure 2.9 Relative Young’s modulus dependence on rubber particle in some RT-polymers,
data from [17]–[20]

Figure 2.10 Tensile stress strain curve for different type of PMMA at room
temperature [21]
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2.3.4 Influence of strain rate

Some results of tensile tests carried out at various strain rates on unmodified PMMA and RTPMMA done by [22] are shown in Figure 2.11. According to Figure 2.11, the unmodified
PMMA is relatively brittle. Individual crazes are formed on planes perpendicular to the
tensile axis as the stress approaches 40MPa, and the material then fractures at a strain of
about 2%. By contrast, both RT-PMMA-1 and RT-PMMA-2 begin to show a hazy whitening
(not shown here) at strains of about 3% which intensifies as stress and strain increase up to
the yield point (peak stress), and continues beyond, tending to become concentrated into
broad bands lying at 45° to the tensile axis, until most of the parallel gauge portion is densely
whitened (not shown here). Specimens reach strains of up to 75%. Both, the peak stress and
the magnitude of the yield stress, are increasing with increasing strain rate. According to
Figure 2.11, one can observe that the higher the strain rate the lower the strain at failure. This
evidences that the ductility of RT-PMMA increases with decreasing strain rate.

Figure 2.11 stress strain curve for tensile test of PMMA and RT-PMMA containing
36vol % of rubber particles at different strain rate, T=20°C [22]
2.3.5 Stress Whitening
The increase in optical brightness or enhanced opacity in polymeric materials is referred as
“stress whitening.” During the mechanical deformation, transparent or translucent materials
become opaque and appears white. While for opaque materials, they change into a milky-
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white color. Microlevel deformation studies on particle reinforced polymers such as
polypropylene, polyethylene, polybutene, and polymethyl methacrylate showed that stress
whitening is primarily due to the scattering of visible light from mechanically induced defects
such as microvoids and microcracks. The level of stress whitening strongly depends on
micro-voids size and density, and it is widely accepted that stress whitening is only observed
if the size of defects is in the order of wavelength of visible light [7]. Indeed, stress whitening
of polymers under tension loading are assumed to be caused by micro-void clusters of
dimension equal to or greater than the light wavelength which is known as Fresnel effect
[13], and are macroscopically visible as white spots.
Tension loading which involves positive mean stress and positive stress triaxiality ratio
favors nano-particle/matrix debonding-induced micro-voiding and hence favors the formation
of white areas – whereas compression loading which involves negative mean stress and
negative stress triaxiality ratio does the opposite. Correspondingly, the formation of white
areas evidences nano-particle/matrix debonding-induced micro-voiding and zones of tension
loading (where the stress state exceeds the interfacial adhesion resistance). This feature will
help analyze later the frames of the fragmentation of impacted plates (to be discussed in the
next chapter. As mentioned previously, there are thus a priori two sources of stresswhitening: crazing and particle-matrix debonding

2.4 RT-PMMA of the study

In the present work, a class of highly transparent, glassy, shock resistant RT-PMMAs, viz.
Plexiglass Resist®, provided in the form of extruded plates, is considered. Impact-modified
Plexiglass Resist® have low tendency to yellowing under thermal stress, improved durable
and optical properties under the action of water as well as improved weather properties, see
[23]. Three different grades are taken into consideration, namely RT-PMMA45, RTPMMA65 and RT-PMMA100. The grades differ from each other by their rubber nano particle concentration and resulting value of Charpy impact toughness, see Table 2-2. RTPMMA45 has the lowest Charpy impact toughness and RT-PMMA100 the highest one, RTPMMA65 being in-between. According to Table 2-2, the higher the Charpy impact toughness
is, the lower the strength is, and conversely.
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Table 2-2 Properties of the RT-PMMA under consideration (as given by the manufacturer)
RT-PMMA 45

RT-PMMA 65

RT-PMMA 100

Impact Resistance
(Charpy notched impact
strength – ISO 179/1eA)

At least
1.5 kJ/m2

At least
3.0 kJ/m2

At least
4.5 kJ/m2

Modulus of Elasticity, Et
(Tensile test according
ISO 527-2/1B/50)

At least 2600
MPa

At least 2100 MPa

At least 1700 MPa

Strength

At least 55 MPa

At least 45 MPa

At least 35 MPa

As the relation between the grade number and the particle concentration is not specified,
several attempts to estimate the rubber particles concentration are conducted in the following.
2.4.1 Stress whitening for the RT-PMMA under consideration
Some stress-strain curves obtained under tension loading at room temperature and low strain
rate (10-3 s-1) for the three grades of RT-PMMA of the present study are plotted in Figure
2.12. According to Figure 2.12, under the experimental conditions, the grades exhibit the two
or three deformation stages mentioned previously, viz. quasi linear elastic response until the
(blunt) peak stress, a more or less marked strain softening and then strain hardening until
fracture at 10-3 s-1 and room temperature. The Young’s modulus is close to 2684 MPa for
RT-PMMA45, 2100 MPa for RT-PMMA65 and 1400 MPa for RT-PMMA100, i.e. higher for
lower grade number, or equivalently lower for higher grade number, to be compared with the
values reported in Table 2-2. The maximum value of the strength at the peak is close to 73
MPa for RT-PMMA45, 53 MPa for RT-PMMA65 and 40 MPa for RT-PMMA100, i.e.
higher for lower grade number, or equivalently lower for higher grade number, to be
compared with the values reported in Table 2-2. After the peak, RT-PMMA45 evidences
strain softening with a trend to saturation, RT-PMMA65 perfect plasticity and RTPMMA100 linear strain hardening. The value of strain at fracture is close to 0.17 for RTPMMA45, 0.25 for RT-PMMA65 and 0.37 for RT-PMMA100, i.e. higher for higher grade
number, or equivalently lower for lower grade number. As a consequence, the higher the
grade number is the lower its resistance and the higher its ductility, and equivalently, the
lower the grade number the higher its resistance and the lower its ductility, as expected.
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Fractured specimens in Figure 2.13 evidences more or less extensive and intense, opaque
white areas. As explained above, the whitening of some (semi) transparent plastics under
tension loading, known as stress whitening, is generally attributed to micro-voiding and/or
micro-cracking. Indeed, the formation of internal surfaces leads to local microheterogeneities of the refractive index which causes scattering of transmitted light in arbitrary
condition[24]. According to Figure 2.13, the stress whitening is more intense and
homogeneously distributed for higher grade number, viz. RT-PMMA100, or equivalently less
intense and homogeneously distributed for lower grade number, viz. RT-PMMA45. This
propensity of RT-PMMA100 to micro-voiding induced stress whitening explains its better
ductility and resulting Charpy impact toughness. It is noteworthy that the specimens deform
until fracture without neck propagation.

Figure 2.12 Tensile stress-strain curves for three grades of RT-PMMA. T= 298K°C, strain
rate :10-3s-1

Figure 2.13 Post-mortem specimens after tension loading
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2.4.2 Particle concentration estimation
The rubber nano-particle concentration corresponding to a given grade is not specified by the
manufacturer. Therefore, two attempts to get this information are done which are:


from microscopy pictures by estimating the particle surface fraction



from a data collection from a literature review showing the dependence of the
Young’s modulus on the particle concentration in RT-polymers and
summarized in 2.3.2.

2.4.2.1

Estimation from microscopic observations

A SEM picture of RT-PMMA65 after liquid nitrogen fracture is shown in Figure 2.14. Figure
2.14 evidences the spherical rubber nano-particles of diameter varying between 200 and 300
nm and the surrounding PMMA matrix. Because of the absence of contrast between the
rubber particles and the PMMA matrix on a polished surface, SEM pictures do not allow for
estimating the rubber concentration.

Figure 2.14 SEM picture of RT-PMMA65 after liquid nitrogen fracture. Image from UMS
Castaing
TEM images for the three grades of RT-PMMA of the study are shown in Figure 2.15. The
quasi spherical rubber nano-particle of diameter ranging between 200 to 300 nm are
dispersed in the PMMA matrix in a fairly uniform manner, although a certain extent of nonuniform distribution can be observed. A coarse estimation of the particle concentration may
be done by assuming an average diameter for the particles and counting the particles inside a
cell of finite dimensions. This process is difficult to be automatized due to the bad contrast
between the rubber particles and the PMMA matrix, see Figure 2.15 so it has been done
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manually. A 7x10 µm2 TEM picture has been cut into 9 rectangular cells, and the particle
concentration is the average value of the particle concentrations over the 9 cells. The particle
surface fraction is then deduced from
f %  100

where Acell

and Ap  

Dp2
4

N p Ap

(1.2)

Acell

represent the surface area of the cell and the average surface area

of the particles  Dp  250nm  , respectively, and N p the number of particles in the cell.
Accordingly, the average values of rubber particle surface fraction are 10%, 30%, and 38%
for RT-PMMA45, RT-PMMA65 and RT-PMMA100 respectively. These values are reported
in Table 2-3

Figure 2.15 TEM images for (a) RT-PMMA45 (b) RT-PMMA65 and (c) RT-PMMA100.
Images from UMS Castaing

2.4.2.2 Estimation from a linear approximation of E vs. f
From the average linear regression in (1), the assumption of a value of 3300 MPa for the
Young’s modulus of the plain PMMA, and the measured Young’s moduli E for the three
grades, see 2.4.1, a coarse estimate of the nano-particle concentration f for each grade can be
obtained from
f  %  62.89  0.019 x E  MPa  or equivalently E  MPa   3300  52.47 x f  % 

(1.3)

In Table 2-3 are reported the Young’s modulus and rubber-particle concentration estimate
according to the two methods for each of the three RT-PMMA grades, that means 12% for
RT-PMMA45, 23% for RT-PMMA65 and 36% for RT-PMMA100.
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According to Table 2-3, the particle concentration estimates are very close for RT-PMMA45
and RT-PMMA100 with average values of 11% and 37%, whereas they are very different for
RT-PMMA65 (average value of 26.5%). These averaged values are used in the following.
Table 2-3 Particle fraction estimates of the RT-PMMAs under consideration

Young’s modulus (MPa)
10-3 s-1
Particle fraction (%)
Estimate from TEM
Particle fraction (%)
Estimate from (3)
Average particle fraction
(%)

RT-PMMA45

RT-PMMA65

RT-PMMA100

2684

2100

1400

10

30

38

12

23

36

11

26.5
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2.5 Synthesis
Typical stress-strain curve for PMMA consists of three stages starting from (i) linear
elasticity until initial yield (peak) stress, (ii) nonlinear strain softening, and (iii) nonlinear
strain hardening. Young’s modulus and yield stress (all along the deformation process) are
strongly temperature and rate dependent. The strain rate at isothermal-to-adiabatic transition
is close to 10-2 s-1, i.e. very low. The dependence of the yield stress on strain rate can be split
into two low and high strain rate regimes.
Ductility and impact resistance of PMMA are improved by addition of rubber nano-particles.
The resulting rubber-toughened PMMA, or RT-PMMA, presents a qualitatively similar 3stage deformation process strongly influenced by temperature and strain rate, but with lower
strength. RT-PMMA’s Young’s modulus and yield stress are strongly dependent on the
particle concentration: the higher the particle concentration the lower the strength and the
higher the ductility. The three grades of RT-PMMA under consideration have particle
concentrations ranging typically between 11% and 37% (estimates) and are subject to stress
whitening under tension loading.

2.6 References
[1]

L. Lalande, “Structure et mécanismes de microdéformation de
polyméthylméthacrylates renforcés au choc,” École polytechnique fédérale de
Lausanne, 2007.

[2]

M. F.Ashby and D. R.H.Jones, Engineering Materials 2 An Introduction to
Microstructures, Processing and Design, Third Edit. United Kingdom: Elsevier, 2006.
33

[3]

M. Hussein, “Effects of strain rate and temperature on the mechanical behavior of
carbon black reinforced elastomers based on butyl rubber and high molecular weight
polyethylene,” Results Phys., vol. 9, pp. 511–517, 2018.

[4]

E. M. Arruda, M. C. Boyce, and R. Jayachandran, “Effects of strain rate, temperature
and thermomechanical coupling on the finite strain deformation of glassy polymers,”
Mech. Mater., vol. 19, pp. 193–212, 1995.

[5]

A. A. Abdel-wahab, S. Ataya, and V. V Silberschmidt, “Temperature-dependent
mechanical behaviour of PMMA : Experimental analysis and modelling,” Polym.
Test., vol. 58, pp. 86–95, 2017.

[6]

J. Richeton and S. Ahzi, “Influence of temperature and strain rate on the mechanical
behavior of three amorphous polymers : Characterization and modeling of the
compressive yield stress,” vol. 43, pp. 2318–2335, 2006.

[7]

E. M. Gunel and C. Basaran, “Stress Whitening Quantification of Thermoformed
Mineral Filled Acrylics,” J. Eng. Mater. Technol., vol. 132, no. July, 2010.

[8]

R. Estevez, M. G. A. Tijssens, and E. Van Der Giessen, “Modeling of the competition
between shear yielding and crazing in glassy polymers,” J. Mech. Phys. Solids, vol. 48,
no. 12, pp. 2585–2617, 2000.

[9]

W. Hu, H. Guo, Y. Chen, R. Xie, H. Jing, and P. He, “Experimental investigation and
modeling of the rate-dependent deformation behavior of PMMA at different
temperatures,” Eur. Polym. J., vol. 85, pp. 313–323, 2016.

[10] S. C. Chou, K. D. Robertson, and J. H. Rainey, “The Effect of Strain Rate and Heat
Developed During Deformation on the Stress-Strain Curve of Plastics,” Experimental,
no. October, pp. 422–432, 1973.
[11] L. Lalande, C. J. G. Plummer, P. Ge, and J. E. Ma, “Microdeformation mechanisms in
rubber toughened PMMA and PMMA-based copolymers,” Enginee, vol. 73, pp. 2413–
2426, 2006.
[12] C. J. G. Plummer, P. Béguelin, and H. H. Kausch, “Microdeformation in core-shell
particle modified polymethylmethacrylates,” Colloids and Surfaces, vol. 153, no. 1–3,
pp. 551–566, 1999.
[13] A. S. Ognedal, “Large-Deformation Behaviour of Thermoplastics at Various Stress
States,” Norwegian University of Science and Technology, 2012.
[14] Kilwon Cho, JaeHo Yang, and Chan Eon Park, “The effect of rubber particle size on
toughening behaviour of rubber-modified poly(methyl methacrylate) with different test
methods,” J. Polym., vol. 39, no. 14, pp. 3073–3081, 1998.
[15] I. Walker and A. A. Collyer, “Rubber toughening mechanisms in polymeric materials,”
Rubber Toughened Eng. Plast., pp. 29–56, 1994.
[16] C. B. Bucknall, D. Clayton, and W. E.Keast, “Rubber-toughening of plastics: Part 2:
Creep mechanisms in HIPS/PPO blends,” J. Mater. Sci., vol. 7, no. 2, pp. 1443–1453,
1972.
[17] D. S. Ayre and C. B. Bucknall, “Particle cavitation in rubber-toughened PMMA:
34

Experimental testing of the energy-balance criterion,” J. Polym., vol. 39, no. 20, pp.
4785–4791, 1998.
[18] X. Wang, K. Xiao, L. Ye, Y. W. Mai, C. H. Wang, and L. R. F. Rose, “Modelling
mechanical properties of core-shell rubber-modified epoxies,” Acta Mater., vol. 48, no.
2, pp. 579–586, 2000.
[19] Q. Z. Wang and D. J. Lee, “Predictive modelling for rubber-toughened polymers,”
Mech. Mater., vol. 31, no. 11, pp. 705–716, 1999.
[20] M. Miwa, A. Takeno, K. Hara, and A. Watanabe, “Volume fraction and temperature
dependence of mechanical properties of silicone rubber particulate/epoxy blends,”
Composites, vol. 26, no. 5, pp. 371–377, 1995.
[21] S. Gong and S. Bandyopadhyay, “Fracture properties and fracture surface
morphologies in rubber-PMMA composites,” J. Mater. Eng. Perform., vol. 16, no. 5,
pp. 607–613, 2007.
[22] C. B.Bucknall, I. K. Partridge, and M. V. Ward, “Rubber toughening of plastics,” J.
Mater. Process. Technol., vol. 19, pp. 2064–2072, 1984.
[23] E. P. Office, “Patent Translate,” 2018.
[24] I. Jerjen et al., “Detection of stress whitening in plastics with the help of X-ray dark
field imaging,” Polym. Test., vol. 32, pp. 1094–1098, 2013.

35

36

3 THERMO MECHANICAL
CHARACTERIZATION
Abstract. This chapter presents the thermo-mechanical characterization of the three grades
of rubber toughened PMMA (RT-PMMA) under consideration, viz RT-PMMA 45, RT-PMMA
65 and RT-PMMA 100. A series of experiments including tension, compression and shear
compression tests is carried out to investigate the temperature, strain rate and particle
concentration sensitivity of the RT-PMMA grades. Similarities and differences in terms of
mechanical properties of the RT-PMMA grades are pointed out.
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3.1 Introduction
It is reminded that the RT-PMMA grades under consideration differ by their rubber particle
concentration, ranging typically between 11% (RT-PMMA45) and 37% (RT-PMMA100)
according to two methods of estimation, see previous chapter. A series of experiments
including tension, compression and shear compression tests is carried out to investigate the
temperature, strain rate and particle concentration sensitivity of the RT-PMMA grades.
This chapter consists of three main sections.
The first section details the experimental procedure in terms of experimental set-up,
instrumentation and observation means. The experimental campaign includes tension tests at
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various low strain rates and various temperatures, as well as compression and shearcompression tests at various low and high strain rates and room temperatures.
Details of the outcome of the experiments and observation of the post-mortem specimens are
reported in the second section. All experimental results are first given and then commented
for each grade of RT-PMMA.
In order to examine the influence of the rubber particle concentration on the
thermomechanical behavior of the RT-PMMA, a comparison between the grades is
presented.
3.2 Experimental procedure
The specimens are extracted from a 6-mm thick extruded plate. The three grades of RTPMMA are characterized by performing conventional tension-compression tests and shearcompression tests at various temperatures and strain rates. In this work, strain rate ranging
between 10-5 s-1 to 2100 s-1 and temperature ranging between -50°C until 70°C are
considered.
We are here distinguishing the tests in terms of:




loading case: tension, compression, shear-compression
strain rate: low and high strain rates
temperature: negative, room and elevated temperature

3.3 Loading cases
Each test was performed using different types of specimens. Table 3-1 reports the types of
specimens with the corresponding loading type. The loading cases considered in the present
work involved various overall stress triaxiality values, see Table 3-2 below.
3.3.1 Tension
Uniaxial tension tests are carried out to measure the Young's modulus, the yield stress and the
strain at failure under given conditions (temperature, strain rate, etc). The fracture of the
specimen generally occurs in (or at the very end of) the strain softening regime so that the
subsequent strain hardening regime is generally not reachable under tension loading. In other
cases, necking limits the range of strain where the stress state is homogeneous (this is not the
case here). Uniaxial tension loading involves an overall positive stress triaxiality ratio of 1/3.
Flat tension specimens are used in the present experimental investigation, see Figure 3.1(a).
Table 3-1 Type of specimens used for each loading type
Type of loading
Quasi static tension test
Quasi static compression test
Dynamic compression test

Type of specimen
Flat type tension specimen (Figure 3.1(a))
Cubical specimen (Figure 3.1(b))
Hat shape specimen (Figure 3.2)
Cubical specimen (Figure 3.1(b))
Hat shape specimen (Figure 3.2)
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(a)

(b)

Figure 3.1 Specimens for (a) quasi static tension (b) dynamic and quasi static compression.
Thickness = 6mm

(a)
(b)
Figure 3.2 Quasi static and dynamic shear compression specimens (a) Meyer and (b)
Couque type specimen. The red line indicates the zone of intense shearing. Thickness =
6mm
Table 3-2 Expected maximum stress triaxiality values
Loading
case
Expected
stress
triaxiality

HSS
Couque

Compression

HSS
Meyer

Smooth
tension

-0.5

-1/3

-0.2

+1/3

3.3.2 Compression
Uniaxial compression tests are carried out to measure the yield stress within a wide range of
strain under given conditions (temperature, strain rate, etc). They indeed allow for covering
the linear elastic part, the strain softening regime and then the subsequent strain hardening
regime. The deformation is limited by barrel effect where the stress state becomes
heterogeneous. Uniaxial compression loading involves an overall negative stress triaxiality
ratio of -1/3. Flat compression specimens are used in the present experimental investigation,
see Figure 3.1(b).
3.3.3 Shear-compression
Shear-compression tests are carried out to measure the yield stress and strain at failure within
a wide range of strain under given conditions (temperature, strain rate, etc). Like the
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compression tests, they allow for covering the linear elastic part, the softening regime and
then the subsequent hardening regime. The deformation is in principle not limited by barrel
effect but may be limited by strain localization in zones outside the area of interest. The shear
region is inclined so as to get a local negative stress triaxiality ratio of -0.2 for Meyer type
specimens and -0.5 for Couque type specimens, see [1]. Flat compression specimens are used
in the present experimental investigation, see Figure 3.2.
This is not exactly the geometry of the hat shape specimens which are originally cylindrical,
(see [2]and [3]for the original geometries). Indeed, due to the thickness of the plate the
samples are extracted from, it was not possible to machine such cylindrical hat shape
specimens. To avoid premature outward bending of the flat hat shape specimen legs
involving tension in the shear zone, the legs are constrained by a band of material. This
prevents legs from outward bending and ensures a state of shear + pressure (i.e. negative
stress triaxiality) in the shear region. This geometry has been designed via numerical
simulation using the engineering finite element computation code Abaqus, see [4].

3.4 Low strain rate (quasi static) tests
Tests at low strain rates are performed for tension, compression and shear-compression in
order to study both the strain rate and temperature effects on strength and fracture.
3.4.1 Experimental set-ups
Experimental set-ups are discussed in detail below.
3.4.1.1

Quasi static tension tests

Quasi static tensile tests were carried out using an INSTRON 5900R universal testing
machine using 100kN of load cell. The tests were performed at different speeds (0.05mm/min
until 50mm/min) in order to get strain rate of 10-4 until 10-2s-1. Figure 3.3 shows the
experimental set-up for tensile test at room temperature. Static axial clip-on Instron
extensometer with 12.5-mm initial inter-distant knife-edges length and +/- 5-mm
displacement magnitude was used in order to accurately measure the relative displacement of
two points located in the specimen gauge.

Figure 3.3 Quasi static tension set-up at room temperature
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3.4.1.2

Quasi static compression test

Experimental set up for quasi static compression is depicted in Figure 3.4. The test was
performed using an Instron 5900R with load cell of 10kN at speeds ranging between
0.5mm/min until 50mm/min in order to get strain rate of 10-3 until 10-1s-1. Specimens are
placed in between two thick cylindrical plates. The friction effect between the end faces of
samples and plates is minimized by applying small amount of grease. Because the specimen
is too small, the mechanical extensometer could not be attached to the specimen but on the
plates. In principle, the relative displacement of the two sides of the specimen is obtained by
subtracting the relative displacement of the plates from the extensometer measures. Actually,
due to the strong Young's modulus mismatch between the steel plates and RT-PMMA
specimen (coarsely 100/1), the relative displacement of the plates is negligible and neglected.
Unlike for tension test, compression test is performed only at ambient temperature. The tests
were carried out on double specimens.
3.4.1.3

Quasi static shear compression test

Quasi static compression test was performed by using Instron universal testing machine with
load cell of 10kN. The experimental set-up is similar as the one used for quasi static
compression test. The experimental setup is shown in Figure 3.4. The tests were carried out
on double specimens.
3.4.2 Experimental conditions
In this section the experimental conditions are monotonic loading with various strain rates
and temperatures. At least two tests were carried out to check the repetitiveness of the results.
3.4.2.1

Strain rate within the quasi static range

Different tension and compression speeds were applied to obtain different strain rates within
the quasi static range. The speeds and their corresponding strain rates are reported in Table
3-3 and Table 3-4 for tension and compression, respectively.

(a)
(b)
Figure 3.4 Compression test set-up for quasi static compression (a) cubic specimen (b) Hat
Shape Specimen (HSS) at room temperature
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Table 3-3 Tension speeds and their corresponding strain rates
Tension Speed

Strain rate

0.05 mm min-1

10-5s-1

0.5 mm min-1

10-4 s-1

5 mm min-1

10-3 s-1

50 mm min-1

10-2 s-1

Table 3-4 Compression speeds and their corresponding strain rates
Compression

Strain rate

Speed
0.5 mm min-1

10-3 s-1

5 mm min-1

10-2 s-1

50 mm min-1

10-1 s-1

As shown in Table 3-3, the loading conditions allow for covering the strain rate range
[10-5 s-1 ; 10-2 s-1] for the tension tests, and as shown in Table 3.4, they allow for covering the
strain rate range [10-3 s-1 ; 10-1 s-1] for the compression tests.
3.4.2.2

Temperature within the quasi static range

Testing at various temperatures is expected to give information on how the grades behave
with respect to initial temperature. For temperature other than ambient temperature, an
additional chamber is attached to the Instron machine. In order to create elevated and cold
temperature conditions, a chamber is assembled to the Instron machine, see Figure 3.5.

Figure 3.5 Quasi static tension set up at elevated and negative temperature
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For elevated temperature, the chamber with the specimen inside it was heated until desired
temperature prior to testing. For testing at cold temperature, nitrogen gas was supplied into
the chamber to reduce the temperature until the desired temperature, viz. -10°C and -50°C.
After reaching the desired temperature, the system is let to be rested for about 30 minutes
before performing the test. This is to ensure the thermal equilibrium of the system.
Thermocouple was attached to the specimens as to ensure the temperature setting for the
chamber is the same as the temperature of the specimen.
3.4.3 Post processing of experimental data (low strain rate)
The relationships used to post-process the raw data are specified in the following.
Time resolved raw data coming from the load cell and mechanical extensometer are load and
relative displacement. The frequency for data acquisition system for quasi static tension test
is 5 Hz thus the data will be recorded every 0.2s. The first step is to compute the engineering
stress, by applying formula

o 

F
A

(2.1)

where  o represents the engineering stress, F the load, and A the initial cross section area of
the specimen.
The engineering strain is computed with respect to the initial gauge length as follows

0 

(2.2)

0

where  0 represents the engineering strain,

0

the initial gauge length (initial inter-distant

knife-edges length of the mechanical extensometer), and 
displacement).

the elongation (relative

The next step is to compute the true stress by applying the equation
   0 (1   0 )

(2.3)

where  represents the true stress.
The equivalent stress  eq is computed by applying equation

 eq 

3
s:s  
2

(2.4)

where s is the deviatoric stress.
The true (logarithmic) strain  is computed by applying
  ln(1   0 )

(2.5)

The equivalent strain  eq can be computed by applying equation

 eq 

2
 :  
3

(2.6)
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3.4.3.1 Quasi static tension test
Young’s modulus is computed by measuring the ratio of the stress over strain in the elastic
regime, i.e. E 


. Finally, the plastic strain and equivalent plastic strain can be computed


by removing the elastic part of the flow curve.

p  


;  eqp   p   p
E

(2.7)

Then the curve for equivalent stress versus equivalent plastic strain is obtained.
3.4.3.2 Quasi static compression test
It is noteworthy that the initial gauge length 0 for quasi static compression test is the length
of the specimen itself. Apparent modulus was computed by measuring the ratio of the stress


, leading to


p  
;  eqp   p   p
Eapp

over strain in the elastic part, i.e. Eapp 

(2.8)

3.4.3.3 Quasi static shear-compression test
Shear-compression tests are not uniaxial tests and their post-processing is not trivial. The
results are accordingly given in terms of load vs time.

3.5 High strain rate (dynamic) tests
High strain rate tests were carried out for compression tests using split Hopkinson pressure
bar (SHPB) apparatus. SHPB method to investigate the material behavior under high strain
rate loading is proposed by Kolsky [5] and it became a well-established method to
characterize the materials under typical range of 102 s-1 and 104 s-1.
3.5.1 Experimental set-up
Split Hopkinson pressure bar (SHPB) is used to perform dynamic compression tests in order
to characterize high strain rate effects within strain rate range of 102 s-1 to 104 s-1. This
apparatus consists of three bars which are striker bar, input bar and output bar. These bars are
made of stainless steel with diameter of 20 mm. The length of the striker bar is 0.3m, the
input bar is 3m and the output bar is 2m, see Table 3-5 for material properties of SHPB used
in this study. The specimen is placed between input and output bar as shown in Figure 3.6.
Due to transverse expansion of the specimen during loading, frictional constraint exists at
bar-specimen interfaces which can be reduced by using grease [6]. The input and output bars
are equipped with strain gauge pairs (a pair consists of two strain gauges diametrically
opposed) at distance of 135 cm from the specimen for input bar and 50 cm from specimen for
output bar. Figure 3.7 shows the SHPB that is available at ICA laboratory. Pressure from
compressed air is used to launch the striker bar onto the free end of the input bar. Speed
measurement of the striker bar is done using photodiode and emitter which are placed about
50 mm from the input bar free end.
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Table 3-5 Dimensions and properties of SHPB at ICA laboratory
Length of striker bar
Length of input bar
Length of output bar
Diameter of bars
Young’s modulus of bars
Poisson’s coefficient

0.3/0.6 m
3.0 m
2.0 m
0.02 m
205 GPa
0.3

Figure 3.6 Schematic diagram of Split Hopkinson Pressure Bar (SHPB)
When the striker bar hits the input bar free end, an elastic compressive wave is generated
inside the input bar. The magnitude of the compressive wave is directly proportional to the
impact speed ant its duration is directly proportional to the striker length. The trapeze-shaped
stress pulse, called incident wave, propagates throughout the input bar. At the specimen-bar
interfaces, the incident wave is partly transmitted into the specimen and then into the output
bar and partly reflected into the input bar. The magnitudes of the transmitted and reflected
waves depend on the workability of the specimen material.

Figure 3.7 SHPB apparatus for dynamic compression tests
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3.5.2 Experimental conditions
All tests were carried out at room temperature. At least two tests were carried out to check the
repetitiveness of the results.
3.5.2.1

Dynamic compression test

The dynamic compression tests were carried out at high strain rates close to 700 and 2000 s -1.
A Photron SA5 high-speed camera was used with the maximum speed of 250,000 frames per
second (fps) and a spatial resolution of 128x16 pixel2. The lighting system consists of two
Dedolight HMI with power of 400 W each. Cubic shape specimens used for the test is 10mm
x 10 mm x 6mm thickness, see Figure 3.8. The specimen is sandwiched between input and
output bars as shown in Figure 3.8(a).
3.5.2.2

Dynamic shear compression test

Dynamic shear compression test was done by using SHPB testing apparatus with similar
configurations as for dynamic compression test discussed earlier. Meyer and Couque type
specimen were used instead of cubic type specimen, see Figure 3.2. Figure 3.8(b) shows the
hat shaped specimen sandwiched between input and output bars. Some grease was applied on
the surface of specimens in contact with input and output bars to minimize the friction effect.

(a)

(b)

Figure 3.8 specimens sandwiched between SHPB input and output bars (a) cubic
compression specimen (b) HSS specimen
3.5.3 Post processing of experimental data (high strain rate)
Data acquisition provides the strain history of the strain gauges mounted on the input and
output bars at the passage of the incident I, transmitted T and reflected R waves. Frequency
for data acquisition system was 500 kHz thus data are recorded at every 2 µs.
3.5.3.1

Dynamic compression

Assuming velocity continuity at the specimen/bar interfaces, specimen equilibrium and no
wave dispersion, see [7], the engineering strain and stress of/in the specimen are deduced
from the reflected and transmitted waves as follows

 o  2

CB

R

(2.9)

0
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t

 o    o dt

(2.10)

0

o 

AB
EB  T
A

(2.11)

where  AB , CB , EB  represents the cross section area, elastic wave speed and Young’s
modulus of the bars,  R and  T the strain of the input and output bars at the passage of
reflected and transmitted waves. Engineering strain is obtained by time integration of
engineering strain rate in (2.9), see (2.10). The engineering stress is computed by applying
equation (2.11). Then, the true strain and stress, equivalent strain and stress, and equivalent
plastic strain are computed by applying (2.3-2.6) and (2.8).
3.5.3.2

Dynamic shear-compression (Hat shape specimen)

Dynamic shear compression test configurations are similar to dynamic compression test. The
only difference is the usage of the hat shaped specimens in place of cylindrical shape
specimens. It must be noted that for dynamic shear-compression test, only force evolution
can be presented as a result. Because the force is assumed to be at equilibrium in the
specimen, the total axial load Fa on the specimen can be determined from the transmitted
wave  T by (see [8])
Fa  Ab EB T

(2.12)

Yet, due to the premature failure of the specimens, the load history is not usable. So, no time
resolved result is presented for dynamic shear-compression loading.

3.6 Microscopic observation
Microscopic observations were performed using several methods:
Method I :
Procedure: Specimens are cut using wire cutter before grinding and polishing. Then,
specimens are coated with gold using Polaron FC500 from Fison Instrument in order to give
better conductivity.
Equipment: SEM Philips XL30ESEM at ISAE SUPAERO.
Results: Poor images and poor repetitiveness of result.
Method II :
Procedure: Specimens are cut using wire cutter and differentiate in three different zones of
interest. Then, specimens are coated with silver paste onto the sample holder. Silver paste is
also applied on each edge of sample to assure good conductivity. Surfaces of samples are
then coated again with carbon before observation.
Equipment: SEM JEOL JSM 7800F PRIME Field Emission Scanning Electron Microscope
(FESEM) at UMS CASTAING.
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Results: Poor contrast and images are polluted by the marking effects from wire cutter on the
specimens
Method III :
Procedure: Specimens are immersed in liquid nitrogen to facilitate brittle failure. Then, silver
paste is used to paste the specimen on the holder. Surfaces are then coated again with carbon
before observation.
Equipment: SEM JEOL JSM 7800F PRIME Field Emission SEM (FESEM) at UMS
CASTAING.
Results: Better images than Method II but low contrast and no significant difference between
the three grades.
Method IV :
Procedure: Specimens are cut using ultramicrotome at Centre de Microscopie Electronique
Appliquée à la Biologie (CMEAB). They are then transferred to copper grid before being
observed using the Transmission electron microscope (TEM).
Equipment: TEM JEOL JEL-1400 Electron Microscope, UMS Castaing
Results: Better images with better contrast for particles and matrix with significance
difference between the three grades of RT-PMMA.
Among all methods, Method III and Method IV are used to evidence the presence of rubber
nanoparticle inside the PMMA matrix and to estimate the rubber particle concentration for
the three grades of RT-PMMA, see section 2.4.2.1.

3.7 Results and discussion
This section presents the results obtained from the experimental campaign for the three
grades of RT-PMMA individually and then continues with the comparison between each
grade. Figure 3.9 represents a schematic stress-strain curve for polymer. As mentioned in the
previous chapter, the typical stress-strain curve can be divided into three stages: 1) linear
elastic stage until the (more or less sharp/blunt) peak stress, 2) nonlinear strain softening
stage, and 3) nonlinear strain hardening

Figure 3.9 Schematic stress strain curve for RT-PMMA
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3.7.1 RT-PMMA45
It is reminded that the RT-PMMA45 has a rubber particle concentration close to 11% and is
the less tough grade.
3.7.1.1

Response under tension and compression loading

This section presents the response of RT-PMMA45 under low and high strain rates loading
and at various initial temperatures.


Influence of strain rate: tension and compression at low strain rates

In Figure 3.10 are plotted the equivalent stress-equivalent plastic strain curves for RT-PMMA
45 under tension and compression loading at various strain rates starting from 10-5s-1 up to
10-1s-1 and at room temperature. The values of strain rate, Young’s modulus, peak stress and
strain at failure are reported in Table 3-6, see Appendix 7.1 for values of yield stress at
various plastic strains.

(a)

(b)

Figure 3.10 True stress vs plastic strain for RT-PMMA45 under (a) quasi static tension (b)
quasi static compression, T=25°C

Table 3-6 Strain rate influence on Young's modulus, peak stress and strain at failure in
quasi static tension and compression loading
RT-PMMA45

Strain rate (s-1)

Tension

10-5
10-4
10-3
10-2
10-3
10-2
10-1

Compression

Young’s modulus
(MPa)
2603
2688
2682
3051
irrelevant
irrelevant
irrelevant

Peak
(MPa)
52
62
73
83
82
101
122

stress Strain at failure
0.08
0.156
0.06
0.02
Irrelevant
Irrelevant
irrelevant
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According to Figure 3.10(a) for tension tests, the passage from stage 1 to stage 2 is very
smooth, i.e. the peak stress is blunt. As expected, the peak stress is strongly dependent on the
strain rate: the higher the strain rate, the higher the peak stress. The peak stress values
reported in Table 3-6 are plotted vs. strain rate in Figure 3.11(a). The failure systematically
occurs in stage 2, that means before the strain hardening, and for very low strain rate it even
occurs near the peak. The failure strains reported in Table 6 are plotted vs. strain rate in
Figure 3.11(b). It is difficult to conclude on the dependence of the failure strain on strain rate.
According to Figure 3.10(b) for compression tests, the passage from stage 1 to stage 2 is also
very smooth and the stage 3 is clearly visible. As expected, the higher the strain rate the
higher the peak stress. The peak stress values reported in Table 3-6 are plotted vs. strain rate
in Figure 3.11(c). For the highest strain rate, the yield stress at large deformation is lower
than the ones at lower strain rates due to inelastic dissipation induced thermal softening (selfheating) under (quasi) adiabatic conditions. The strain rate at the isothermal-to-adiabatic
conditions is close to 10-1 s-1.
According to Table 3-6 and Figure 3.11(a),(c), the influence of the strain rate on the peak
stress and yield stress in general (see Appendix 7.1) is the same for tension and compression.
Now, at a given strain rate, the yield stress (peak stress inc.) is higher under compression
(stress triaxiality ratio of -1/3) than under tension (stress triaxiality ratio of +1/3). The yield
stress accordingly depends on the stress triaxiality ratio.
The Young’s modulus values reported in Table 3-6 are plotted vs. strain rate in Figure
3.11(d). It can be seen that, the higher the strain rate the higher the Young's modulus.

Figure 3.11 (a) Peak stress vs plastic strain rate for tension tests (b) Strain at failure vs
plastic strain rate for tension tests (c) Peak stress vs plastic strain rate for compression tests
(d) Effect of strain rate on Young Modulus from tension tests.
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Influence of strain rate: compression at low and high strain rates

Figure 3.12 shows the superimposition of quasi static and dynamic compression tests. The
five different strain rates considered are 10-3, 10-2, 10-1, 700, and 2100 s-1. According to
Figure 3.12, see also Figure 7.2 in Appendix 7.1, the relationship between yield stress and
plastic strain rate differs between low strain rates and high strain rates, i.e. the effect of strain
rate is more pronounced when the strain rate is high. On the other hand, at high strain rate the
material response is subject to a severe drop in stress which is probably not the only
consequence of self-heating.

a) Stress-strain curves

b) Peak stress-equivalent plastic strain rate
Figure 3.12 True stress vs plastic strain for dynamic and quasi static compression for
RT-PMMA 45, T=25°C
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Influence of temperature: tension at low strain rate

Four different initial temperatures are considered to study the temperature effect on
mechanical behavior of RT-PMMA45. It is reminded that the Tg for PMMA and RT-PMMA
are close to 103°C [9]. For this reason, the maximum value for the elevated temperature is
70°C The strain rate is constant and equals 10-4 s-1 for all temperatures.
Stress-strain curves are plotted in Figure 3.13. According to Figure 3.13, the passage from
stage 1 to stage 2 is very smooth for tension at room temperature and at 70°C, i.e. the peak
stress is blunt. As expected, the peak stress is strongly dependent on the temperature: the
higher the temperature the lower the peak stress. The Young’s modulus and peak or
maximum stress values are reported in Table 3-7, as well as the strain at failure. For negative
temperatures, failure occurs before the peak, at room temperature at the peak, and at high
temperature no failure is observed – test needs to be ended due to the limitation of the
extensometer. The peak stress for different temperatures is plotted in Figure 3.14.

Figure 3.13 Equivalent stress vs equivalent plastic strain for different temperature
Table 3-7 Temperature influence on Young's modulus, maximum/peak stress and strain at
failure in quasi static tension loading (between brackets are given max values at failure)
Strain
rate
10-4s-1

Temperature(°C)
-50
-10
25
70

Young’s
(MPa)
4210
3125
1873
2684

modulus Max/peak stress Strain at failure
(MPa)
(72)
0.02
(76)
0.04
63
0.07
18
Extensive
elongation
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Figure 3.14 Peak stress vs temperature for RT-PMMA45
3.7.1.2

Response under shear-compression loading

In Figure 3.15 is plotted the history of the force undergone by the Meyer and Couque type hat
shaped specimens under low strain rate loading. It is noteworthy that data from high strain
rate loading are not usable. To compare these curves with those obtained under tension and
compression loading we should have plotted the shear stress as a function of the shear strain,
which is not trivial from these tests (HSS are structures). What one can observe from Figure
3.15 is that the evolution does not follow the previous stages 1-3. Indeed, there is no clear
evidence of peak stress nor strain softening beyond the initial peak stress. Instead, one
observes a linear elastic part followed by a strain hardening regime. The force is higher for
Couque type specimens (stress triaxiality close to -0.5) than for Meyer type specimen (stress
triaxiality close to -0.2), as expected. Maximum force for Meyer is greater than 4kN while for
Couque, it is greater than 7kN.
Once again, one can thus conclude to a dependence of the yield stress on the stress triaxiality
ratio. These results cannot be used to identify the material behaviour but to verify a
constitutive model with its constants calibrated from other simple tests.

Figure 3.15 Force evolution for RT-PMMA 45 under quasi static shear compression
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3.7.1.3

Fracture analysis

Observations made on RT-PMMA 45 specimens after testing are reported and discussed in
detail in this chapter.


Influence of strain rate

Figure 3.16 shows post-mortem specimens after tension loading at low strain rates. It can be
seen that at very low strain rate, the specimen remains transparent during the whole
deformation process until fracture, whereas at higher strain rate the specimen deformation is
accompanied by stress whitening until fracture. The elongation of the specimen in presence
of stress whitening is larger when compared with the one without stress whitening. One can
thus conclude that strain rate favours the mechanism at the origin of the stress-whitening
which itself increases ductility. The fracture plane is nearly flat and normal to the loading
direction.

Figure 3.16 Post - mortem specimens after tension test at different strain rates, T= 25°C
Figure 3.17(a)-(b) show the specimen after quasi static and dynamic compression,
respectively, for RT-PMMA 45. Under quasi static loading, specimens remain transparent
with slight barreling effect without any sign of stress whitening. On the other hand, for
dynamic loading, a complex three-dimensional pattern of ‘X’ band is observed on each
surface of the specimens. This can be ascribed to shear localization banding. It must be noted
that despite the formation of localization bands, no specimen has fractured under
compression loading for the configurations considered. Shear localization (together with or
induced by self-heating) may explain the severe drop in stress observed on the stress-strain
curves under high strain rate loading in Figure 3.12.
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(a)

(b)

Figure 3.17 Specimen of the RT-PMMA45 after (a) Quasi static and (b) Dynamic
compression
Figure 3.18(a)-(b) shows the specimen after dynamic shear compression test for Meyer and
Couque shape respectively. Both specimens are fully fractured. Actually, specimens were
expected to fracture in the shear region only and not outside. That means, the upper part of
the specimen was expected to be pushed down in the empty area of the specimen, the rest of
the specimen remaining unaffected. However, during the loading, the lower (horizontal) part
of the specimen was subjected to bending and also fractured. This explains the three and four
main fragments of the post mortem specimens.

(a)

(b)

Figure 3.18 Post – mortem specimens after static shear compression test (a) Meyer and
(b) Couque


Influence of temperature

Figure 3.19 shows the post-mortem specimens after tension loading at 10-4 s-1 and -50°C, 10°C, 25°C and 70°C, see corresponding stress-strain curves in Figure 3.13. Specimens show
the transition from brittle to ductile fracture at this strain rate as the temperature is increasing.
Specimens abruptly fails at temperature below room temperature without (significant) stress
whitening. Fracture does not occur at the gauge length but rather occur at the area where the
extensometer was placed. For tension at elevated temperature, no failure is observed. The
fracture plane is slightly inclined in the thickness of the specimens.
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Figure 3.19 Fracture of RT-PMMA45 at four different temperatures
3.7.1.4

Summary

In Figure 3.20 are superimposed the true stress-plastic strain curves for RT-PMMA45 (about
11% of rubber particle concentration) under tension and compression loading at various strain
rates and room temperature. The influence of temperature is visible in Fig 3.13.

Figure 3.20 Superposition of flow curve for tension and compression loading for RTPMMA45
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The experimental results evidence that:
the Young’s modulus, (determined under tension loading) is increasing with
increasing strain rate and decreasing temperature.
the peak stress is blunt, is increasing with increasing strain rate and decreasing
temperature, and is higher under compression loading than under tension loading.
deformation stages 1-3 are visible on compression curves whereas only stages 1-2 are
visible on tension curves; strain softening is not visible on shear-compression curves
the strain rate at the isothermal-to-adiabatic conditions is close to 10-1 s-1.
under isothermal conditions, the yield stress is increasing with increasing strain rate
and decreasing temperature and is higher under compression loading than under
tension loading, all along the deformation process.
under adiabatic conditions, the yield stress is subject to self-heating induced thermal
softening and shear localization occurs under dynamic compression loading.
stress whitening occurs under tension loading for strain rates greater or equal to
10-3 s-1 (occurrence of stress whitening under tension loading at high strain rate has
still to be checked).
there is no clear relationship between strain at failure and strain rate.
under very low strain rate (10-4s-1), failure occurs without plastic strain if the
temperature is lower than room temperature.
the mechanism at the origin of stress whitening, crazing vs particle-matrix debonding,
is not identified.

3.7.2 RT-PMMA65
It is reminded that the RT-PMMA65 has a rubber particle concentration close to 26.5% and
has the intermediate toughness.
3.7.2.1 Response under tension and compression loading
This section presents the response of RT-PMMA65 under low and high strain rates loading
and at various initial temperatures.


Influence of strain rate: tension and compression at low strain rates

In Figure 3.21 are plotted the equivalent stress-equivalent plastic strain curves for RT-PMMA
65 under tension and compression loading at various strain rates starting from 10-5s-1 up to
10-1s-1 and at room temperature. The values of strain rate, Young’s modulus, peak stress and
strain at failure are reported in Table 7.3, see Appendix 7.2 for values of yield stress at
various plastic strains.
According to Figure 3.21(a) for tension tests, the passage from stage 1 to stage 2 is very
smooth, i.e. the peak stress is blunt. As expected, the peak stress is strongly dependent on the
strain rate: the higher the strain rate the higher the peak stress. The peak stress values
reported in Table 3-8 are plotted vs. strain rate in Figure 3.22(a). The failure occurs either in
stage 2 or at the beginning of stage 3, and for very low strain rate it even occurs just after the
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peak. The failure strains reported in Table 3-8 are plotted vs. strain rate in Figure 3.22(b).
Once again, it is difficult to conclude on the dependence of the failure strain on strain rate.
According to Figure 3.21(b) for compression tests, the passage from stage 1 to stage 2 is also
very smooth and the stage 3 is clearly visible. As expected, the higher the strain rate the
higher the peak stress. The peak stress values reported in Table 3-8 are plotted vs. strain rate
in Figure 3.22(c). For the highest strain rate, the yield stress at large deformation is lower
than the ones at lower strain rates due to self-heating under (quasi) adiabatic conditions. The
strain rate at the isothermal-to-adiabatic conditions is close to 10-1 s-1.

(a)

(b)

Figure 3.21 True stress vs plastic strain for RT-PMMA65 under (a) quasi static tension
(b) quasi static compression, T=25°C
According to Table 3-8 and Figure 3.212(a),(c), the influence of the strain rate on the peak
stress and yield stress in general (see Appendix 7.2) is the same for tension and compression.
Now, at a given strain rate, the yield stress (peak stress inc.) is higher under compression
(stress triaxiality ratio of -1/3) than under tension (stress triaxiality ratio of +1/3). The yield
stress accordingly depends on the stress triaxiality ratio. The Young’s modulus values
reported in Table 3-8 are plotted vs. strain rate in Figure 3.2(d). It can be seen that the higher
the strain rate the higher the Young's modulus.
Table 3-8 Strain rate influence on Young's modulus, peak stress and strain at failure in
quasi static tension and compression loading
RT-PMMA65
Strain rate (s-1) Young’s modulus Peak
stress strain at failure
(MPa)
(MPa)
Tension

Compression

10-5
10-4
10-3
10-2
10-4
10-3
10-2

1898
2000
2100
2245
irrelevant
irrelevant
irrelevant

37
43
51
60
62
80
105

0.05
0.25
0.35
0.2
irrelevant
irrelevant
irrelevant
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Figure 3.22 Peak stress vs plastic strain rate for tension tests (b) Strain at failure vs plastic
strain rate for tension tests (c) Peak stress vs plastic strain rate for compression tests
(d) Effect of strain rate on Young Modulus from tension tests.



Influence of strain rate: compression at low and high strain rates

Figure 3.23 shows the superimposition of quasi static and dynamic compression tests. The
five different strain rates considered are 10-3, 10-2, 10-1, 900, and 2000 s-1. According to
Figure 3.23, see also Fig.7.5 in Appendix 7.2, the relationship between yield stress and
plastic strain rate differs between low strain rates and high strain rates, i.e. the effect of strain
rate is more pronounced when the strain rate is high. On the other hand, at high strain rate the
material response is subject to a severe drop in stress.
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(a )Stress-strain curves

(b) Peak stress-equivalent plastic strain rate
Figure 3.23 Equivalent stress vs Equivalent plastic strain for dynamic and quasi static
compression for RT-PMMA65, T=25°C


Influence of temperature: tension at low strain rate

Four different initial temperatures are considered to study the temperature effect on
mechanical behavior of RT-PMMA65. Stress-strain curves are plotted in Figure 3.24.
According to Figure 3.24, the passage from stage 1 to stage 2 is very smooth for tension at
room temperature and at 70°C, i.e. the peak stress is blunt. As expected, the peak stress is
strongly dependent on the temperature: the higher the temperature the lower the peak stress.
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The Young’s modulus and peak or maximum stress values are reported in Table 3-9, as well
as the strain at failure. For negative temperatures, failure occurs before or at the very peak, at
room temperature in stage 2, and at high temperature no failure is observed – test needs to be
ended due to the limitation of the extensometer. The peak stress for different temperatures is
plotted in Figure 3.25.

Figure 3.24 Equivalent stress vs Equivalent plastic strain for RT-PMMA65 at different
temperatures
Table 3-9 Temperature effects on Young's modulus, maximum stress and strain at failure
in quasi static tension loading (between brackets are given max values at failure)
Strain
rate
10-3s-1

Temperature(°C)
-50
-10
25
70

Young’s
(MPa)
5019
2581
1333
1860

modulus Max/ peak stress Strain at failure
(MPa)
(90)
0.01
70
0.04
51
0.22
22
Extensive
elongation
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Figure 3.25 Peak stress vs temperature for RT-PMMA65
3.7.2.2

Response under shear-compression loading

In Figure 3.26 is plotted the history of the force undergone by the Meyer and Couque type hat
shaped specimens under low strain rate loading. According to Figure 3.26, the evolution does
not follow the previous stages 1-3 since there is no clear evidence of peak stress nor strain
softening beyond the initial peak stress. The force is higher for Couque type specimens
(stress triaxiality close to -0.5) than for Meyer type specimen (stress triaxiality close to -0.2),
as expected. Maximum force for Meyer is greater than 4kN while for Couque, it is greater
than 7kN. Once again, one can conclude to a dependence of the yield stress on the stress
triaxiality ratio. These results cannot be used to identify the material behaviour but to verify a
constitutive model with its constants calibrated from other simple tests

Figure 3.26 Force evolution for RT-PMMA 65 under quasi static shear compression
loading
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3.7.2.3

Fracture analysis

Observations made on RT-PMMA 65 specimens after testing are reported and discussed in
detail in this chapter.


Influence of strain rate

Figure 3.27 for RT-PMMA65 shows post-mortem specimens after tension loading at low
strain rates. It can be seen that even at very low strain rate the deformation is accompanied by
stress whitening until fracture. On the other hand, one can observe that the higher the strain
rate the more intense the stress whitening but the lower the strain at failure. This seems to be
in contradiction with RT-PMMA45 for which the opposite is observed. Once again, it is not
clear if stress whitening is due to crazing or particle –matrix debonding. The fracture plane is
nearly flat and normal to the loading direction.

Figure 3.27 Post-mortem specimens after tension test at different strain rates, T=25°C
Figure 3.28(a)-(b) show the specimen after quasi static and dynamic compression,
respectively, for RT-PMMA 65. Under quasi static loading, specimens remain transparent
with slight barreling effect without any sign of stress whitening. For dynamic loading, a
complex three-dimensional pattern of ‘X’ band is observed on each surface of the specimens,
which can be caused by shear localization banding. Despite the formation of localization
bands, no specimen has fractured under compression loading for the configurations
considered. An overall slight stress whitening is also observed.
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(a)

(b)

Figure 3.28 Specimen of the RT-PMMA 65 after (a) Quasi static and (b) Dynamic
compression
Figure 3.29(a)-(b) shows the specimen after dynamic shear compression test for Meyer and
Couque shape respectively. As expected, the upper part of the specimen is pushed down in
the empty area of the specimen, the rest of the specimen remaining (quasi) unaffected.
Indeed, a shearing zone can be observed with a white mark at the bottom of specimen and at
the shearing zone with a slight bending.

(a)

(b)

Figure 3.29 Specimen after static shear compression test (a) Meyer and (b) Couque


Influence of temperature

Figure 3.30 shows the post-mortem specimens after tension loading at 10-4 s-1 and -50°C, 10°C, 25°C and 70°C, see corresponding stress-strain curves in Figure 3.24. Specimens show
the transition from brittle to ductile fracture at this strain rate as the temperature is increasing.
Specimens abruptly fail at temperature below room temperature. For tension at elevated
temperature, no failure is observed. The fracture plane is slightly inclined in the thickness of
the specimens. Evidence of stress whitening is visible for tests at -10°C and 25°C, not below
or above.
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Figure 3.30 Fracture of RT-PMMA65 at different temperature

3.7.2.4

Summary

In Figure 3.31 are superimposed the true stress-plastic strain curves for RT-PMMA65 (about
26.5% of rubber particle concentration) under tension and compression loading at various
strain rates and room temperature. The influence of temperature is visible in Figure 3.24.

Figure 3.31 Superposition of flow curve for tension and compression loading for
RT-PMMA65
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Some observations for RT-PMMA65 are the same as for RT-PMMA45, see section 3.4.1.4,
others are different. The latter are emphasized in the following




under dynamic shear-compression loading, RT-PMMA65 fails in a rather ductile
manner.
under tension loading at very low strain rate (10-4 s-1), evidence of stress whitening is
visible for tests at -10°C and 25°C, not below or above.
under tension loading at room temperature, even at very low strain rate the
deformation is accompanied by stress whitening until fracture.

3.7.3 RT-PMMA 100
It is reminded that the RT-PMMA100 has a rubber particle concentration close to 37 % and
has the highest toughness.
3.7.3.1

Response under tension and compression loading

This section presents the response of RT-PMMA100 under both low and high strain rate
loading and at various initial temperatures.


Influence of strain rate: tension and compression at low strain rates

In Figure 3.32 are plotted the equivalent stress-equivalent plastic strain curves for
RT-PMMA 100 under tension and compression loading at various strain rates starting from
10-5s-1 up to 10-1s-1 and at room temperature. The values of strain rate, Young’s modulus,
peak stress and strain at failure are reported in Table 7.5, see Appendix 7.3 for values of yield
stress at various plastic strains.

(a)
(b)
Figure 3.32 True stress vs plastic strain for RT-PMMA 100 under (a) quasi static tension
(b) quasi static compression, T=25°C
According to Figure 3.32(a) for tension tests, the passage from stage 1 to stage 2 is very
smooth, i.e. the peak stress is blunt. Stage 2 is only slightly pronounced. As expected, the
peak stress is strongly dependent on the strain rate: the higher the strain rate the higher the
peak stress. The peak stress values reported in Table 3-10 are plotted vs. strain rate in Figure
3.33(a). The failure occurs either in stage 2 or during stage 3. The failure strains reported in
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Table 3-10 are plotted vs. strain rate in Figure 3.33(b). It is difficult to conclude on the
dependence of the failure strain on strain rate.
Table 3-10 Strain rate influence on Young's modulus, peak stress and strain at failure in
quasi static tension and compression loading
RT-PMMA100

Strain rate (s-1)

Tension

10-4
10-3
10-2
10-1
10-3
10-2
10-1

Compression

Young’s modulus
(MPa)
1428
1402
1400
1707
Irrelevant
Irrelevant
Irrelevant

Peak
(MPa)
30
37
40
47
51
62
74

stress Strain at failure
0.12
0.33
0.32
0.47
Irrelevant
Irrelevant
Irrelevant

Figure 3.33 Peak stress vs plastic strain rate for tension tests (b) Strain at failure vs plastic
strain rate for tension tests (c) Peak stress vs plastic strain rate for compression tests (d)
Effect of strain rate on Young Modulus from tension tests.
According to Figure 3.32(b) for compression tests, the passage from stage 1 to stage 2 is also
very smooth and the stage 3 is clearly visible. As expected, the higher the strain rate the
higher the peak stress. The peak stress values reported in Table 3-10 are plotted vs. strain rate
in Figure 3.33(c). For the highest strain rate, the yield stress at large deformation is slightly
lower than the ones at lower strain rates due to self-heating under (quasi) adiabatic
conditions. The strain rate at the isothermal-to-adiabatic conditions is close to 10-1 s-1.
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According to Table 3-10 and Figure 3.33(a),(c), the influence of the strain rate on the peak
stress and yield stress in general (see Appendix 7.3) is the same for tension and compression.
Now, at a given strain rate, the yield stress (peak stress inc.) is higher under compression
(stress triaxiality ratio of -1/3) than under tension (stress triaxiality ratio of +1/3). The yield
stress accordingly depends on the stress triaxiality ratio.
The Young’s modulus values reported in Table 3-10 are plotted vs. strain rate in Figure
3.33(d). It can be seen that the higher the strain rate the higher the Young's modulus.



Influence of strain rate: compression at low and high strain rates

Figure 3.34 shows the superimposition of quasi static and dynamic compression tests. The
five different strain rates considered are 10-3, 10-2, 10-1, 300, and 1000 s-1. According to
Figure 3.34, see also Fig.7.8 in Appendix 7.3, the relationship between yield stress and plastic
strain rate differs between low strain rates and high strain rates, i.e. the effect of strain rate is
more pronounced when the strain rate is high. On the other hand, at high strain rate the
material response is subject to a severe drop in stress.

(a) Stress-strain curves
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(b)Peak stress-equivalent plastic strain rate
Figure 3.34 Equivalent stress vs Equivalent plastic strain for dynamic and quasi static
compression for RT-PMMA 100, T=25°C


Influence of temperature: tension at low strain rate

Four different initial temperatures are considered to study the temperature effect on
mechanical behavior of RT-PMMA100. Stress-strain curves are plotted in Figure 3.35.

Figure 3.35 Equivalent stress vs Equivalent plastic strain for RT-PMMA100 at different
temperature
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According to Figure 3.35, the passage from stage 1 to stage 2 is very smooth for tension
between -10°C and 70°C, i.e. the peak stress is blunt. As expected, the peak stress is strongly
dependent on the temperature: the higher the temperature the lower the peak stress. The
Young’s modulus and peak or maximum stress values are reported in Table 3-11, as well as
the strain at failure. For -50°C, failure occurs before the peak, at -10°C in stage 2, at room
temperature in stage 3, and at high temperature no failure is observed. The peak stress for
different temperatures is plotted in Figure 3.36.
Table 3-11 Temperature influence on Young's modulus, maximum/peak stress and strain
at failure in quasi static tension loading (between brackets are given max values at failure)
Strain
rate
10-3s-1

Temperature(°C)
-50
-10
25
70

Young’s modulus Max/peak stress Strain at failure
(MPa)
(MPa)
3902
(90)
0.009
2138
56
0.06
1026
36
0.32
1402
14
Extensive
elongation

Figure 3.36 Peak stress vs temperature for RT-PMMA100
3.7.3.2

Response under shear compression loading

In Figure 3.37 is plotted the history of the force undergone by the Meyer and Couque type
hat shaped specimens under low strain rate loading. According to Figure 3.37, the evolution
does not follow the previous stages 1-3 since there is no clear evidence of peak stress nor
strain softening beyond the initial peak stress. The force is higher for Couque type specimens
(stress triaxiality close to -0.5) than for Meyer type specimen (stress triaxiality close to -0.2),
as expected. Maximum force for Meyer is greater than 4kN while for Couque, it is greater
than 6kN. Once again, one can conclude to a dependence of the yield stress on the stress
triaxiality ratio. These results cannot be used to identify the material behaviour but to verify a
constitutive model with its constants calibrated from other simple tests.
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Figure 3.37 Force evolution for RT-PMMA 100 under quasi static shear compression
3.7.3.3

Fracture analysis

Observations made on RT-PMMA 100 specimens after testing are reported and discussed in
detail in this chapter.
 Influence of strain rate
Figure 3.38 for RT-PMMA100 shows post-mortem specimens after tension loading at low
strain rates. It can be seen that even at very low strain rate the deformation is accompanied by
stress whitening until fracture. On the other hand, one can observe that the higher the strain
rate the more intense the stress whitening but the lower the strain at failure. This seems to be
in contradiction with RT-PMMA45 and in agreement with RT-PMMA65. The fracture plane
is nearly flat and normal to the loading direction.

Figure 3.38 Post-mortem specimens of RT-PMMA100 after tension tests at different strain
rates, T=25°C
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Figure 3.39(a)-(b) show the specimen after quasi static and dynamic compression,
respectively, for RT-PMMA 100. Under quasi static loading, specimens remain transparent
with slight barreling effect without any sign of stress whitening. For dynamic loading, a
complex three-dimensional pattern of ‘X’ band is observed on each surface of the specimens,
which can be caused by shear localization banding. Despite the formation of localization
bands, no specimen has fractured under compression loading for the configurations
considered. An overall slight stress whitening is observed.

(a)

(b)

Figure 3.39 Specimen of the RT-PMMA100 after (a) Quasi static and (b) Dynamic
compression
Figure 3.40(a)-(b) shows the specimen after dynamic shear compression test for Meyer and
Couque shape respectively. As expected, the upper part of the specimen is fully pushed down
in the empty area of the specimen, the rest of the specimen remaining (quasi) unaffected.
Indeed, a shearing zone can be observed with a white mark at the bottom of specimen and at
the shearing zone with a slight bending.

(a)
(b)
Figure 3.40 Specimen after static shear compression test (a) Meyer and (b) Couque


Influence of temperature

Figure 3.41 shows the post-mortem specimens after tension loading at 10-4 s-1 and -50°C, 10°C, 25°C and 70°C, see corresponding stress-strain curves in Figure 3.35. Specimens show
the transition from brittle to ductile fracture at this strain rate as the temperature is increasing.
Specimens abruptly fail at temperature below room temperature. For tension at elevated
temperature, no failure is observed. The fracture plane is slightly inclined in the thickness of
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the specimens. Evidence of stress whitening is visible for tests between -50°C and 25°C, not
above (or only slightly).

Figure 3.41 Fracture of RT-PMMA at different temperatures
3.7.3.4

Summary

In Figure 3.42 are superimposed the true stress-plastic strain curves for RT-PMMA100
(about 37% of rubber particle concentration) under tension and compression loading at
various strain rates and room temperature. The influence of temperature is visible in Figure
3.35.

Figure 3.42 Superposition of flow curve for tension and compression loading for
RT-PMMA 100
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Some observations for RT-PMMA100 are the same as for RT-PMMA65, see section 2.4.2.4,
others are different. The latter are emphasized in the following


under tension loading at very low strain rate (10-4 s-1), evidence of stress whitening is
visible for tests at -50°C and 25°C, not above

3.8 Comparison of the RT-PMMA grades with each other
The thermomechanical properties of the three grades of RT-PMMA are now compared as a
function of the rubber particle concentration.
3.8.1 Young’s modulus
The Young’s modulus is plotted vs rubber particle concentration for four strain rates at room
temperature in Figure 3.43(a) and for four initial temperatures at 10-4 s-1 in Figure 3.43(b).

a) Influence of strain rate. Tension. T=25°C

b) Influence of temperature. Tension. 10-4 s-1
Figure 3.43 Effect of rubber particle concentrations on the Young’s modulus for the three
grades of RT-PMMA
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The Young’s modulus is decreasing with increasing rubber particle concentration within the
strain rate and temperature ranges considered. It is reminded that the rubber particle
concentration has been estimated notably via a correspondence with the Young’s modulus at
a given strain rate, see previous Chapter section 2.4.2.2. As a consequence, the relationship
between the two quantities is necessarily linear.
What can be concluded from Figure 3.43(a) is that the linearity is observed for all strain rates
with a quasi-similar slope. According to Figure 3.43(b), the same linear dependence between
the Young’s modulus and the rubber particle concentration is observed at -10°C and 25°C
whereas below and above these temperatures differences exist.

3.8.2 Yield stress
The three RT-PMMA grades are now compared in terms of strength.
 Influence of loading type: tension and compression at low strain rate
The equivalent stress evolutions with respect to equivalent plastic strain of the three RTPMMA grades are superimposed in the same graphs for tension and compression in
Figure 3.44. According to Figure 3.44, the yield stress is decreasing with increasing rubber
particle concentration. For the three rubber particle concentrations, a tension/compression
asymmetry is observed.

(a)

(b)

Figure 3.44 Comparison of yield stress for RT-PMMA 45, RT-PMMA 65 and RT-PMMA
100 in (a) Quasi static tension and (b) Quasi static compression


Influence of temperature: tension at low strain rate

The equivalent stress evolutions with respect to equivalent plastic strain of the three
RT-PMMA grades are superimposed in the same graphs for tension at 10-4 s-1 and at various
temperatures in Figure 3.45. According to Figure 3.45, whatever the temperature, the yield
stress is decreasing with increasing rubber particle concentration.
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Figure 3.45 Equivalent stress vs Equivalent plastic strain for three grades of RT-PMMA at
(a) -50°C (b)-10°C (c) 25°C (d) 70°C


Peak stress: influence of strain rate and temperature

The peak stress is plotted vs rubber particle concentration for various strain rates at room
temperature in Figure 3.46(a) and for three initial temperatures at 10-4 s-1 in Figure 3.46(b).
According to Figure 3.46, the peak stress evolution follows the same trend as the Young’s
modulus one, i.e. a linear dependence on the rubber particle concentration whatever the
loading type (tension vs compression), strain rate and temperature (within the ranges
considered).

a) Influence of strain rate. Left tension. Right compression. T=25°C
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b) Influence of temperature. Tension. 10-4 s-1
Figure 3.46 Effect of rubber particle concentrations on the peak stress for the three grades
of RT-PMMA
3.8.3 Stress whitening under tension loading
Under tension loading at very low strain rate (10-4 s-1), evidence of stress whitening is
 not visible whatever the temperature for RT-PMMA45.
 visible for tests at -10°C and 25°C, not below and above, for RT-PMMA65.
 visible for tests at -50°C and 25°C, not above, for RT-PMMA100.
These observations do not allow for drawing a trend. Moreover, the mechanism at the
origin of the stress-whitening, crazing vs particle-matrix debonding, or the potential
transition from one to the other as a function of temperature, is not clear. Further
investigation must then be conducted.
3.8.4 Fracture


Tension loading

In quasi static tension test, fracture occurred at the deformed zone where the stress whitening
region can be observed without any necking. The intensity of stress whitening region is
increasing with increasing strain rate. This is the same for all three grades. For RT-PMMA
45, stress whitening starts to appear only at 10-4 s-1 while for RT-PMMA 65 and RTPMMA100, it starts to appear at strain rate of 10-5s-1 However, RT-PMMA 100 fails in the
most less brittle manner because its ductility is increasing with the aid of rubber particle
addition to the PMMA matrix.
Abrupt fracture is observed for all three grades during tension under negative temperature
(-50°C and -10°C). Generally, RT-PMMA fails in brittle manner except for tension at 70°C.
Brittle failure is favoured when the strain rate is increasing or when the temperature is
decreasing.
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Shear-compression loading

Under dynamic shear-compression loading, RT-PMMA45 is subject to multifragmentation, whereas RT-PMMA65 and 100 fail in a more ductile manner.


Compression loading at high strain rate

Compression in dynamic range results in shear localization banding of the form of a
three-dimensional complex pattern of ‘X’ banding. This can be observed for all three grades
of
RT-PMMA with high intensity of X banding marking as the rubber particle
concentration is increasing from RT-PMMA 45 to RT-PMMA 100. The three dimensional
‘X’ banding is more prominent for RT-PMMA 100 when compared with RT-PMMA 45 and
RT-PMMA 65.

3.9 Synthesis
In the present work, an extensive thermomechanical characterization of three grades of RTPMMA has been carried out including quasi static tension tests, quasi static and dynamic
compression tests, as well as quasi static and dynamic shear compression tests. Various
temperatures were applied for quasi static tension tests.
The Young’s modulus (determined under tension loading) is seen to be increasing with
increasing strain rate, decreasing temperature and decreasing rubber particle concentration.
The blunt peak stress, and the yield stress in general (under isothermal conditions) is higher
under compression loading than under tension loading and is seen to be increasing with
increasing strain rate, decreasing temperature, and decreasing rubber particle concentration.
Actually, the peak stress dependence follows the same dependences as the Young’s modulus.
The strain rate at the isothermal-to-adiabatic conditions is close to 10-1 s-1. Under adiabatic
conditions, the yield stress is subject to self-heating induced thermal softening and shear
localization under dynamic compression loading.
The occurrence of stress whitening under tension loading at low strain rates greater differs
from a grade to another. The mechanism at the origin of the stress-whitening, crazing vs
particle-matrix debonding, or the potential transition from one to the other as a function of
temperature, is not clear. There is no clear relationship between strain at failure and strain
rate and temperature. The trends above mentioned are expected to be used for the constitutive
modelling.
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4 CRACK ARREST CAPABILITY
Abstract
This chapter presents the experimental results of the crack arrest investigation under impact
loading of the three RT-PMMA grades under consideration. For that purpose, Kalthoff and
Winkler (KW)-like impact tests were performed using gas launcher considering impact
velocities ranging between 50 and 100m/s. A high-speed camera was used to record the
projectile/specimen interaction and the progressive failure of the specimen. The fracture
surfaces of the fragments were observed using a scanning electron microscope (SEM).
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4.1 Introduction
In the context of the evaluation of the residual resistance of pre-cracked structures (induced
by fatigue loading or overloading) when submitted to high strain rate reloading, the aim of the
present study is to investigate experimentally the absolute and relative crack arrest capability
of three grades, differing from each other by their value of Charpy impact toughness, of a
class of commercial shock-resistant RT-PMMA under impact loading. To that purpose,
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Kalthoff and Winkler (KW)-type impact-on-edge tests, see [1], [2], were carried out using a
gas launcher. The test consists in impacting the edge of a double notched plate made of the
material at stake and investigating the conditions for crack initiation and propagation. For
ductile materials, the crack initiated from the notch tip propagates in a direction quasi
collinear to the notch axis (before slightly bifurcating), see [3], whereas for brittle materials
the crack propagates along a direction which makes an angle close to 70° with respect to the
notch axis, see [1]. KW impact tests accordingly allow for identifying the ductile vs. brittle
feature of material failure under high strain rate and impact loading. Experimental and
numerical investigation on KW impact test has been carried out by[2], [4]–[6] to study the
crack propagation of materials.
In the present work, impact speeds ranging between 50m.s-1 and 100m.s-1 are applied and
frames of the progressive failure of the plates are monitored using a high-speed camera. The
fractured surfaces are observed using optical and scanning electron (SEM) microscopy in
view of determining the failure mechanisms.
This chapter consists of four main sections. Section 4.2 details the experimental procedure.
Section 4.3 presents the results which are then analysed and commented in section 4.4.
Section 4.5 is devoted to synthesis.
4.2 Experimental procedure
The specimens, impact test experimental set-up and instrumentation devices are presented in
this section.
4.2.1 Materials under consideration
The three grades of RT-PMMA, namely RT-PMMA45, RT-PMMA65 and RT-PMMA100
have been introduced in chapter 2. It is reminded that their respective estimated rubber
particle concentrations are 11%, 26.5% and 37%.
4.2.2 Specimen
As mentioned in the Introduction, KW-type impact tests consist in impacting the edge of a
double notched plate made of the material at stake. As shown in Figure 4.1, the plate has two
parallel notches which aim at reproducing the pre-cracks of the real structure.
The dimensions for KW-type specimens used in the present work are 40×82×6mm3. The
20mm-length and 300µm-thickness notches are prepared by using a wire saw cutter. The
detailed view of the notch in Figure 4.1 shows that the notch tip is blunt.
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Figure 4.1 KW specimens for impact test. Left: Coarse view. Right: Fine view of the notch

4.2.3 Experimental set-up
Institut Clément Ader’s STIMPACT impact platform consists of three 6m-length gas
launchers with inner diameters of 40, 60 and 120mm, and a closed chamber where to place
the specimen to test, see Figure 4.2. In the present work, the 40mm- inner diameter gas
launcher is used. A gas pressure ranging typically between 1 and 10 bar allows for launching
a 100g-weight projectile at a speed ranging typically between 50 and 350 m.s-1. Three
different impact velocities are considered in this study, viz. 50, 80 and 100m.s-1. Table 4-1
reports the gas pressure values and corresponding projectile speeds.
Table 4-1 Gas pressure and resulting projectile speed for 40 mm-inner diameter gas
launcher
Pressure (bar)

Mass of projectile and foam (g)

Projectile speed (m.s-1)

1.15

92

50

1.45

92

80

1.75

92

100

Figure 4.2 Institut Clément Ader’s STIMPACT impact platform, (deformed) panoramic
view
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Figure 4.3 shows the schematic view of the impact test experimental set-up. The specimen is
loosely tightened on a specimen holder and then placed inside the closed chamber, see Figure
4.4. The projectile consists of a sub-calibrated, 25mm-length and 20mm-diameter steel
projectile inserted in a 80mm length and 40mm-diameter polystyrene foam guide, see
Figure 4.4(c). The diameter of the steel projectile is slightly lower than the distance between
the two notches.

Figure 4.3 Schematic view of the impact tests (a) Specimen dimensions (b) Projectilespecimen interaction (c) Plate on its holder [10], (d) Data acquisition system
Before each test, a laser alignment method is used to position accurately the KW-type
specimen with respect to the gas tube axis and further projectile trajectory, see Figure 4.5.
This laser pointed from the end of gas launcher tube to the target point on the specimen. After
the laser pointer aligned with the target point, the projectile is expected to hit the marked spot.
The projectile travels along the launcher tube and its speed is measured by 2 pairs of
photodiodes, 2 emitters and 2 receivers see Figure 4.3. As the projectile cuts the photodiodes
beam, the changes in the signal recorded by the high frequency data acquisition system allows
to determine the speed of the projectile. The signals of the photodiodes are used to trigger the
high-speed camera.

The experimental set up also includes a high-speed camera in order to capture pictures of the
specimen/projectile interaction and specimen failure. The Photron SA5 high speed camera is
synchronized with the system at 105 fps (frame per second), that means a frame every 10µs,
and 320×192 pixel2 spatial resolution. Lighting is provided by Dedolight HMI floodlight with
power of 400W. When possible, fragments produced during the tests are collected for further
investigation.
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Figure 4.4 Specimen in a closed chamber (b) High speed camera (c) steel projectile inside a
polystyrene foam (d) specimen placed on top of a holder

Figure 4.5 Laser alignment procedure
4.2.4 Crack tip velocity measurement
i. Calibration of distance between two points:
For the present explanation, the image in Figure 4.6 is captured at time 2.6 ms with respect to
the trigger. Two cursors are placed at the front and rear ends of specimens to measure the
pixel distance. The pixel distance for horizontal (Y axis) is the same value which is 0046. The
value for horizontal axis is 0114 for yellow cursor and 0194 for green cursor. Thus, the
difference in the horizontal distance are 80 pixels.
Knowing that the length of the specimen is 40mm, the ratio of distance in pixel is converted
to millimeter and applied as input value in distance calibration window in Photron software.
Once the calibration is done, the distance between any two points in Photron windows can be
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determined. The speed of the projectile just before impacting the plate can thus be
determined.

Figure 4.6 Distance calibration in Photron software
ii. Measuring crack tip velocity
Distance between two points of cracks at two consecutive time can be measured by applying
the method in (i). Yellow cursor is put at the initiation of crack length while green cursor is
put at the end of crack length, see Figure 4.7. An estimation of the crack tip velocity can be
done by applying linear motion equation,
a
t
are the crack length, crack tip velocity and time, respectively.
a

where a , a and

t

(3.1)

Figure 4.7 Measuring crack length in Photron software
4.2.5 Microscopic Examination
Fractured surfaces from collected fragments are examined by Scanning Electron Microscope
(Philips XL30ESEM). In order to provide an electrically conductive surface layer, the surface
is coated with gold using Polaron FC500 from Fison Instrument. A voltage of 10kV is used
due to the sensitivity of PMMA to the electron beam. Specimens are put inside a sputtering
machine for 5-10 mins for optimum coating surface, see Figure 4.8.
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Figure 4.8 Specimens inside a gold sputter coater
Several methods are followed to obtain a better image of microstructure. The first method is
polishing the specimens before viewing them under the microscope without any gold coating.
In a second method, specimens are polished then coated with gold. In a third method, the
specimens are coated with gold and then viewed directly under the microscope. The third
method gives better images compared with the other two methods.
4.3 Result and Analysis
In this section are investigated the mechanisms of failure of the impacted shock-resistant
RT-PMMA specimens. The interaction between the plate and projectile is discussed.

4.3.1 Post-mortem specimens
The fragments of specimens collected after the impact test are shown in Figure 4.9a–c where
fragments are placed according to increasing impact velocity from left to right for each grade.
In order to check the repetitiveness of the results, each test was carried out at least twice for
each configuration. According to Figure 4.9a, RT-PMMA45 failure results in many fragments
which make it difficult for their collection after impact. Almost similar observation can be
made for RT-PMMA65, see Figure 4.9b, for which the toughness is slightly higher than RTPMMA45 one, see Table 4-1. On the other hand, only few, large fragments were produced for
RT-PMMA100, see Figure 4.9c.
Tension loading-induced white regions are visible on fragments, mostly near the rear (left)
edge of the post-mortem specimens, for the three grades and for the three impact velocities,
over a cumulated stretch greater for RT-PMMA100 and high impact velocity (resp. lower for
RT-PMMA45 and low impact velocity). A detailed investigation of the mechanisms
controlling the crack propagation and appearance of stress whitening region is conducted in
following subsection 5.2.
According to Figure 4.9, one can conclude that



whatever the grade number and particle concentration, the higher the impact velocity
the larger the number of fragments and the greater the cumulated whitened regions,
whatever the impact velocity, the lower the grade number and particle concentration,
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i.e. the lower the impact toughness, the larger the number of fragments and the
smaller the cumulated whitened regions.

Figure 4.9 KW specimens after impact test at 50, 80 and 100m/s of (a) RT-PMMA45, (b)
RT-PMMA65, and (c) RT-PMMA100
4.3.2 Crack propagation
Examples of frames recorded using the high-speed camera for three different impact velocity
considering the three grades are shown in Figure 4.10. The sequence of frames allows for
visualizing the successive steps of the RT-PMMA grades failure. It is noteworthy that the
time t=0 is the time at which the projectile cuts the photodiode beam and triggers the highspeed camera recording and not the time at which the projectile hits the plate edge. Time
t=30µs is the time just after the projectile has hit the plate (right) edge, and times t=50µs and
t=70µs are other arbitrary times when interesting failure-related phenomena are visible on
frames. Given the (quasi) symmetry of the failure mechanisms, only the plate upper half is
considered with the designation of the different parts specified in Figure 4.11.
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Figure 4.10 Sequences of frames recorded by the high-speed camera at impact velocity of
80m/s. Up: RT-PMM45. Intermediate: RT-PMMA65. Bottom: RT-PMMA100.

Rear edge

3

4
Front edge

2

1

Figure 4.11 Designation of the different parts of the KW-type specimen upper half. Part 1:
Impacted part; Part 2: Left Center part & Rear edge; Part 3: Left Upper part; Part 4: Right
Upper part.
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 At time t=30µs, see Figure 4.10 left
Impacted part: RT-PMMA100 and RT-PMMA65, slight stress whitening homogeneously
distributed over the whole volume; RT-PMMA45, start of fragmentation of the part near the
projectile, slight stress whitening in the part far from the projectile.
Left Center part & Rear edge: fading of the stress whitening present in the impacted part.
Left Upper part: RT-PMMA100, crack initiation at the notch tip; RT-PMMA65, start of Mode
I crack propagation along a direction (quasi) perpendicular to the notch axis; RT-PMMA45,
significant Mode I crack propagation along a direction with an angle close to 70° wrt notch
axis – note the bifurcation of the crack which initially propagates (quasi) perpendicularly to
the notch axis.
Right Upper part: nothing visible
Even though it is submitted to compressive stress wave involving a predominant positive
pressure state, the impacted part is subject to slight stress whitening which in principle
appears under predominant positive hydrostatic stress state. On the other hand, the brittleness
of RT-PMMA45 does not allow it to bear the compressive stress generated by the impact and
the PMMA matrix fragments quasi instantaneously near the impact (front) edge. The start of
crack propagation along a direction quasi perpendicular to or with an angle close to 70° wrt
the notch axis evidences the brittle feature of the failure.
 At time t=50µs, see Figure 4.10 middle
Impacted part: RT-PMMA100 and RT-PMMA65, slight stress whitening homogeneously
distributed over the whole volume and formation of a cross-shape localization bands pattern,
more pronounced for RT-PMMA65; RT-PMMA45, intensification of fragmentation in the
part near the projectile, the slight stress whitening in the part far from the projectile has
vanished.
Left Center part & Rear edge: RT-PMMA100 and RT-PMMA65, formation (more
pronounced for RT-PMMA65) of a semi elliptic stress whitening region near the rear edge
under bending; RT-PMMA45, concentrated stress whitening region near the rear edge
wherefrom cracks initiate.
Left Upper part: RT-PMMA100, start of Mode I crack propagation along a direction
perpendicular to the notch axis, note that the crack process zone is embedded within a
concentrated stress whitening region; RT-PMMA65, significant Mode I crack propagation
along a direction with an angle close to 70° wrt notch axis – note the bifurcation of the crack
which initially propagates perpendicularly to the notch axis; RT-PMMA45, multi-branching
of the initially single crack.
Right Upper part: nothing visible
By permitting extra extension, micro-voiding allows the rear edge to bend for the toughest
grades, viz. RT-PMMA65 and RT-PMMA100. Conversely, to accommodate the tension
loading at the rear edge the brittle RT-PMMA45 has no other choice than developing cracks.
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Moreover, the complex pattern of cracks for RT-PMMA45 results in a progressive stress
relaxation of the specimen and further stress whitening vanishing.
 At time t=70µs, see Figure 4.10 right
Impacted part: RT-PMMA100 and RT-PMMA65, progressive vanishing of the slight stress
whitening, while the shear bands pattern partly remains; RT-PMMA45, fragments
compaction.
Left Center part & Rear edge: RT-PMMA100 and RT-PMMA65, expansion (more
pronounced for RT-PMMA65) of the stress whitening region, now in a triangle shape, near
the rear edge under bending, and Mode I propagation and opening of a crack initiated from
the rear edge for RT-PMMA65, note that for both grades the crack process zone is embedded
within a wide stress whitening region; RT-PMMA45, multi-branching of the previous cracks.
Left Upper part: RT-PMMA100 and RT-PMMA65, slight Mode I propagation and significant
opening of the crack; RT-PMMA45, opening of the multi-branches.
Right Upper part: nothing visible
The presence of wide regions of stress whitening at the crack tip/process zone for the toughest
grades, viz. RT-PMMA65 and RT-PMMA100, demonstrates that micro-voiding plays its
crack arrest role by dissipating energy and preventing crack propagation. It must be noted that
this phenomenon is reversible since the white regions can recover their transparency in certain
situations. This is precisely this reversibility of stress-whitening that tends to prove that
particle-matrix and not crazing is at its origin.

4.3.3 Crack tip velocity estimation
Digital image analysis of the frames recorded using the high-speed camera can be conducted
to investigate the crack propagation process and further estimate the crack tip velocity.
Frames used to that purpose are reported in Figure 4.12- Figure 4.14 for RT-PMMA45, RTPMMA65 and RT-PMMA100, respectively, for impact velocity of 80m/s. In the following,
we are interested in the main crack initiated from the notch tips since it is at the origin of the
catastrophic failure.
The histories of current crack tip velocity a , i.e. computed between two successive frames,
and current crack length a for each grade are plotted in Figure 4.15 for impact velocities of
50, 80 and 100m/s, with the principle of their estimation outlined in Figure 4.12- Figure 4.14.
The average values of crack tip velocity a computed from a linear regression of the crack
length wrt time, see Figure 4.15 right, for each grade and each impact velocity are reported in
Table 4-2 crack tip velocity average value a . The average crack tip velocity is plotted vs
rubber particle concentration in Figure 4.16 for the three impact velocities.
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Figure 4.12 Frame sequence for RT-PMMA45 at impact velocity 80m/s

Figure 4.13 Frame sequence for RT-PMMA65 at impact velocity 80m/s
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Figure 4.14 Frame sequence for RT-PMMA100 at impact velocity 80m/s

(a)

(b)
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(c)

Figure 4.15 Histories of current crack tip velocity and crack length for the three RTPMMA grades at impact velocity of (a) 50m/s (b) 80m/s and (c) 100m/s


Influence of the grade/particle concentration

Table 4-2 and Figure 4.16 show that whatever the impact velocity the lower the grade
number, or equivalently the particle concentration, the higher the crack tip velocity, or
equivalently the higher the grade number the lower the crack tip velocity. Indeed, average
crack tip velocity values are 761m/s for RT-PMMA45, 538m/s for RT-PMMA65 and 335m/s
for RT-PMMA100 for the impact at 50m/s, that means a value for RT-PMMA45 greater than
more than two times the one for RT-PMMA100.
Table 4-2 crack tip velocity average value a
RT-PMMA45 (11%)

RT-PMMA65 (26.5%)

RT-PMMA100 (37%)

a (m/s)

a (m/s)

a (m/s)

Impact at 50m/s

746

440

320

Impact at 80m/s

643

383

370

Impact at 100m/s

690

480

379

Figure 4.16 Average crack tip velocity vs particle concentration at different impact velocity
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 Influence of the impact velocity
According to Table 4-2, the impact velocity has no significant effect on the average crack tip
velocity – maybe a very slight decrease with an impact velocity increase.
These results show that cracks propagate more easily inside RT-PMMA45, resp. less easily
inside RT-PMMA100, due to the lower impact toughness and resulting crack arrest capability,
resp. higher impact toughness and resulting crack arrest capability, of the composite material.
As the grade is increasing, the higher rubber volume fraction aids to toughen the material and
resist the crack propagation under impact loading.
4.3.4 Fracture analysis
Fracture surfaces of the RT-PMMA under consideration are observed using SEM in view of
determining the failure micro-mechanisms. The SEM investigation is conducted on the
specimen parts shown in Figure 4.17 and on the crack planes A and B shown in Figure 4.18 left,
that means on the planes of the main cracks initiated from the notch tips. Zone A starts at the
notch tip and corresponds to the early stage of crack propagation while zone B ends at the rear
edge and corresponds to the late stage of crack propagation leading ultimately to full fracture
of the specimen.

Figure 4.17 Fragments produced after impact test at 50m/s. Left RT-PMMA45. Center
RT-PMMA65. Right RT-PMMA100.
Pictures on the left of Figure 4.18 shows clearly the bifurcation of the crack plane during its
propagation. Detailed views of zones A and B in Figure 4.18 center and right show that,
whatever the grade and whatever the impact velocity (SEM pictures for impacts at 80m/s and
100m/s are not shown here), the fracture surface during early stage of crack propagation is
rough whereas during late stage of crack propagation it is smooth. The roughness is higher for
RT-PMMA100, see Figure 4.18 right bottom, with a dimple cluster-like aspect.
Rough surfaces show that the material has undergone inelastic deformation, which implies
that shear loading takes place [7]. According to [8], dispersion of rubber particles which acts
to enhance toughness of PMMA matrix is also a reason for shear loading to occur. The
induced shear yielding stress volume is around the rubber particle. The specimen is tough
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when these stress volumes form a vast interconnected network for a certain particle
concentration. This network pervaded throughout the specimen and hence makes it tough [9].
Transition of rough to smooth region also evidences changes of velocity and crack arrest as
seen in [10], [11]. Unfortunately, due to the absence of contrast between rubber nano-particles
and PMMA matrix, it was not possible to report any clear pictures showing the presence of
rubber particles incorporated inside the PMMA and nano-particle/matrix debonding as source
of stress whitening as reported in [12], [13] [7].

Figure 4.18 Fracture surfaces for (a) RT-PMMA45 (b) RT-PMMA65 (c) RT-PMMA100,
after impact test at 50m/s

4.4 Discussion
Observations done on each grade are now discussed.
4.4.1 RT-PMMA 45
During the impact test, RT-PMMA is subject to multi-fragmentation with various sizes of
fragments. Collecting them is thus difficult. The number of fragments is increasing as the
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impact velocity is increasing from 50-80m/s. At high impact velocity, specimen is completely
shattered.
From the high speed camera, crack propagates in Mode I as early as 30µs for impact velocity
of 80 and 100m/s. Two most crucial phenomena that can be observed for RT-PMMA45
during the crack propagation is stress concentration at rear edge of specimen and fragment
compaction at the impacted part especially at high impact velocity. These stress concentration
region and fragment compaction lead to multi-branching of cracks. Average crack tip velocity
for RT-PMMA45 at impact velocity of 50-100m/s is between 746-690m/s. It is thus the
highest among the three grades of RT-PMMA and reaches almost twice the value for RTPMMA100.

4.4.2 RT-PMMA 65
RT-PMMA 65 has an intermediate amount of rubber particles between RT-PMMA45 and
RT-PMMA100. The number of fragments produced after the impact test is slightly lower than
RT-PMMA45 with the evidence of local stress whitening. Stress whitening regions are clearly
visible at the rear edge of the specimens and also at on each side of crack lips. The effect of
impact velocity is that it leads to an increase of the number of fragments produced.
Analysis from high speed camera shows that as soon as the projectile hits the specimens,
stress whitening is distributed over the whole impacted area with cross-like localization bands
in the impacted part. There is also the formation of a semi elliptical stress whitening region at
the rear edge of specimens which either widens or to turn to triangle shape. This shows that
the amount of rubber particles is not sufficient enough as it only gives minimum barrier from
propagation of cracks.
Average crack tip velocity for RT-PMMA65 is between 440-480m/s for impact speed of 50100m/s. The crack thus propagates at slower rate compared to RT-PMMA45 most probably
because of the cavitation of rubber particles which helps in the toughening mechanism of RTPMMA65.
4.4.3 RT-PMMA 100
Only few large fragments were produced by the RT-PMMA100 during impact loading. This
proves that addition of rubber enhances the toughness of the material and helps it to fails in
less brittle manner. High intensity of stress whitening region (either semi elliptical or triangle
shape) appears obviously at the rear edge of specimen and along the crack propagation path.
Images from high speed camera shows that the crack in RT-PMMA100 propagates at slowest
rate and are accompanied by high intensity of stress whitening surrounding the crack tip and
also along the crack tip propagation path. Cross-like localization bands are also visible once
the projectile hits the specimen. Besides that, the semi elliptical stress whitening region which
appears at the rear edge of the specimen also leads to crack opening when the impact velocity
is increasing.
The crack tip velocity computed evidences that the crack propagates at slowest rate with
average values of the order of 320-380m/s for three different impact velocity.
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4.5 Synthesis
Crack arrest capability is a requirement for structures likely to undergo accidental overloads.
In the present work, the crack arrest capability under impact loading of three commercial
grades of RT-PMMA possessing different Charpy impact toughness values – the higher the
grade number the higher the Charpy impact toughness value –, is experimentally investigated.
Double notched plates made of the materials were accordingly submitted to impact-on-edge
loading. Among the three grades of RT-PMMA, RT-PMMA100 demonstrates higher
resistance to crack formation and propagation and less number of fragmentations produced
after impact. This proves that addition of rubber to the PMMA matrix aids to enhance the
poor toughness properties of plain PMMA. Specimens fail in less brittle manner as the rubber
particle concentration is increasing.
Estimation of crack tip velocity shows that crack propagates at higher velocity for
RT-PMMA45 and lower velocity for RT-PMMA65 and RT-PMMA100. This proves that
incorporating rubber nano-particles in a PMMA matrix helps slow down the crack
propagation and favor crack arrest. Indeed, debonding and void growth act together to
promote energy dissipation throughout the material. This process is visible at the macroscopic
scale through stress whitening.
One can thus conclude that increasing the rubber nano-particle concentration in RT-PMMA
favors the crack arrest capability under impact loading by promoting inelastic deformation,
reducing the crack propagation velocity, limiting crack multi-branching, and reducing the
number of fragments.
These results are expected to be used for developing/discriminating numerical modelling
approaches aiming at reproducing the failure of RT-PMMA under impact loading within an
engineering design process.
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5 CONSTITUTIVE MODELLING
Abstract. In this chapter is presented a first attempt of constitutive modelling of the RTPMMA grades behavior accounting for the combined effects of strain, strain rate and
temperature as observed during the experimental campaign. Arruda and Boyce (1995)
constitutive model for glassy polymers is retained for that purpose.
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5.1 Introduction
The constitutive equations of the material behavior are an essential ingredient of any
structural calculation. Several investigators have tested glassy polymers experimentally in
uniaxial compression [1–4] and constitutive relations have been proposed to reproduce their
mechanical response [3,5–7].
Arruda and Boyce [8] analyzed the effect of temperature on compression response of PMMA
in quasi-static and moderate strain-rates up to 1 s-1. Following a physics-motivated approach,
they basically decompose the yield stress into a thermally activated (rate and temperature
dependent) ‘strain softening’ contribution and a nonlinear elastic rubber-like
(temperature dependent) ‘strain hardening’ contribution, see also [9]. Yet, in its original form,
Arruda and Boyce’s model is unable to reproduce strain rate effects in the high strain rate
regime (greater than 1 s-1). To palliate this deficiency,[1] proposed an extra contribution for
the viscous stress. Richeton and co-workers modified the viscous stress formulation for
reproducing the response of some polymers within a wide range of low and high strain rates
(from 10-4 s-1 up to 5000 s-1), see [10] and within a wide range of temperatures
(from 40°C to 180°C), i.e. above Tg, see [11] .Such models were applied to terminal ballistics
by [12]. Following an engineering-oriented approach, [13] have proposed a model combining
additive and multiplicative contributions of strain, strain rate and temperature effects [14]
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combined a semi-crystalline based model, see [15] and Richeton and co-worker’s model for
reproducing the behavior of organoclay nanoparticle modified polymers. While these
constitutive models can be employed to successfully capture the nonlinear time-dependent
response of amorphous glassy polymers, they are unable to take into account the influence of
the rubber-phase volume fraction on the deformation behaviour of rubber-modified glassy
polymers. Therefore, the effective contribution of the glassy polymer phase and the rubbery
phase to the macroscopic behaviour must be explicitly introduced in the constitutive model in
order to capture and predict the observed mechanical behaviour of rubber-toughened glassy
polymers [6].
In the present work, the constitutive modelling is tentatively restricted to low strain rates
(below 1 s-1) and temperatures below glass transition. The original model by Arruda and
Boyce is thus retained. As a preliminary work, the constant calibration still needs to be
improved in view of a unified rubber particle concentration dependent constitutive model to
be developed in a future work.
Arruda and Boyce’s constitutive equations are recalled in Sect.5.2. The calibrated constants
are then given for each RT-PMMA grade in Sect.5.3. An assessment is proposed in Sect.5.4.

5.2 Constitutive equations
Arruda and Boyce (1995) model is first recalled in its three-dimensional formulation and then
applied to uniaxial loading.
5.2.1 Three-dimensional formulation
In Arruda and Boyce (1995) model, the set of state variables includes temperature

T , elastic

strain  , plastic stretch  , and cumulate plastic strain  :
e

p



 T ,  ,  , 
e

p



The constitutive state laws governing the evolution of the temperature dependent elastic stress

 and back stress x are expressed by
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where C T  represents the elastic stiffness tentatively assumed as rate independent, CR the
rubbery modulus, and N the number of statistical rigid links per chain. The stretch tensor
p
related invariants chain and I1 are given by
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As usually done, the inverse of statistical Legendre function L  x  is estimated by using Padé
approximants:
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It is noteworthy that x is no longer defined for chain 

p

N , giving a failure criterion.

Constitutive state laws can thus be re-read as
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The yield criterion reads
F  , x    eq   x    v T ,  ,    0
where  eq represents the equivalent stress and  v the viscous stress, with

 eq   x  

3
 s  x :  s  x
2
where  s, x  are the deviatoric parts of the elastic and back stresses.
The plastic strain rate



takes the form



F  , x 
A s   p 
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yielding

  
k BT
 v T ,  ,     s   p  1 
ln   
 A  s   p    0  

where s represents the shear strength,

6/5

p the mean stress, k B Boltzmann constant, and

 , A,  0  constants.
The rate form of the shear strength is


s 
 s  h 1 
  0

s
sat 


0.077 

 s  0   s0  1    0

yielding after integration
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where   ,  are the shear modulus and Poisson ratio, and h a constant.   ,  are assumed
to be temperature dependent :
E298 K

  T   exp ln  298 K   a T  298   ; 298 K  2 1   


0.077  T 
0.077 298 K

s
T


0
;
s
298
K

0




0
0

1 
1

The rubbery modulus CR is defined with respect to the chain density n according to

CR  n T  kBT
The chain density n and the number N of statistical rigid links per chain are expressed in
the form

 Ea 
n T   B  D exp   RT 




 N T   n298 K N
298 K

n T 

where

R represents the universal gas constant and Ea the thermal dissociation energy,

 B, D 

are constants.

The set of constants to be determined are thus

 B, D, Ea , N298K , E298K ,, a,  , h, , A,  0 
with



 B, D, Ea , N298K  related to the back stress
 E298K , , a,  , h, , A,  0  related to the viscous stress

5.2.2 Application to uniaxial loading (tension and compression)
Under plastic loading, the isochoric transformation implies Tr p  0 and then

J  1p 2p 3p  1 , where  p represents the plastic strain tensor and J the deformation
Jacobian.
Under uniaxial plastic loading, the plastic strain matrix reduces to
 p
0
0 


p
p
 / 2
0 
ε   

 p / 2 

yielding the following form for the plastic stretch matrix
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The plastic and shear, strain and strain rate are accordingly
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1) The viscous stress is defined by
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The viscous stress reproduces the temperature and rate dependent peak stress and nonlinear
strain softening.
2) The back stress is defined by :
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The back stress reproduces the temperature dependent nonlinear strain hardening.

3) The total stress accordingly reads

 11  x11   v  ,  , T  sgn  11 


 eq   11
The additive contributions of the back stress and viscous stress allow for reproducing the
(more or less pronounced) three stages observed during the experimental campaign, viz linear
elasticity, nonlinear strain softening and nonlinear strain hardening.

5.3 Application to the RT-PMMA grades under consideration
Among the set of constants  B, D, Ea , N298 K , E298 K , , a,  , h,  , A,  0  ,


the set  B, D, Ea , N298 , ,  , A,  0  is assumed to be common to all RT-PMMA
grades, see Table 5-1, in view of a further unified particle concentration dependent
model.



the set  E298 K , a,  , h  is specific for each RT-PMMA grade and depends on the
loading type (traction vs compression).
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Table 5-1 Common constants for all RT-PMMA grades
B
(m-3)

D
(m-3)

2.2x1027 2.0x1030

Ea
(kcal/mol)

N 298

5.6

1.7



α
(Pa-1)

A
(mm3)

0.34

0

1.93x10-21

0
(s-1)
2.8x10-7

The constants have been tentatively calibrated manually. It is reminded that the constant
calibration is restricted to low strain rates (below 1 s-1) and temperatures below glass
transition. Moreover, self-heating is not accounted for and the model inherently describes a
sharp peak stress.
5.3.1 RT-PMMA 45
The set of constants

 E298K , a,  , h 

for RT-PMMA45 (about 11% of rubber particle

concentration) is reported in Table 5-2 for tension and compression loading.
Table 5-2 Constants for RT-PMMA45

E298K
Tension
Compression

(MPa)
2330
3000

a

(K-1)
0.005
0.004



h

0.92
0.86

600
600

(a) Influence of strain rate
Figure 5.1 (a) shows the flow curve for tension tests at strain rates ranging from 10-5 s-1 until
10-2 s-1 while Figure 5.1(b) shows the flow curve for compression tests at strain rates of
10-3 s-1 until 1 s-1.

(a)
(b)
Figure 5.1 RT-PMMA45 Comparison of the modelling and experimental results for flow
curve at various strain rates under (a) tension and (b)compression loading
Figure 5.1(b) for compression shows that the modelling is able to represent the three main
stages of deformation at various strain rates, at least for low strain rates involving isothermal
conditions. Now, for tension in Figure 5.1(a), experiments show no strain hardening regime as
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RT-PMMA45 is very brittle and the material fails at early stage. So, the determination of the
saturation and back stresses is not possible from these one tests.
In addition, one can observe that the peak stress values are well reproduced for tension and
that the modelling slightly underestimates the peak stress for compression at 1 s-1.

(b) Influence of temperature
Figure 5.2 shows the comparison of the model with the experiments of tension at temperatures
of 25°C and 70°C. The modelling is able to represent the peak stress for the two temperatures.
However, flow curves for RT-PMMA at 70°C displays a strain hardening regime which is not
well reproduced by the modelling. Indeed, the modelling slightly overestimates the back
stress effect.

Figure 5.2 Comparison of the modelling and experimental results for tension loading at
different temperatures for RT-PMMA45
5.3.2 RT-PMMA 65
The set of constants

 E298K , a,  , h 

for RT-PMMA65 (about 26.5% of rubber particle

concentration) is reported in Table 5-3 for tension and compression loading.
(a) Influence of strain rate
Figure 5.3 (a) shows the flow curve for tension tests at strain rates ranging from 10-5 s-1 until
10-2 s-1 while Figure 5.3(b) shows the flow curve for compression tests at strain rates of 10-3 s1
until 1 s-1. Figure 5.3 for tension and compression shows that the modelling is able to
represent the three main stages of deformation at various strain rates, at least for low strain
rates involving isothermal conditions but that the modelling overestimates the strain
hardening. In addition, one can observe that the peak stress values are well reproduced for
tension and that the modelling slightly overestimates the peak stress for compression at 10-3 s1
and slightly underestimates the peak stress for compression at 1 s-1.
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Table 5-3 Constants for RT-PMMA65

E298K
Tension
Compression

(MPa)
1980
2300

a

(K-1)
0.003
0.003



h

0.99
0.86

300
300

(a)
(b)
Figure 5.3 RT-PMMA65 Comparison of the modelling and experimental results for flow
curve at various strain rates under (a)tension and (b)compression loading
(b)
Influence of temperature
Figure 5.4 shows the comparison of the model with the experiments of tension at temperatures
of 25°C and 70°C.

Figure 5.4 RT-PMMA65 Comparison of the modelling and experimental results for tension
loading at different temperatures
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The modelling is able to represent the peak stress for the two temperatures. However, flow
curves for RT-PMMA at 70°C displays a strain hardening regime which is not well
reproduced by the modelling. Indeed, the modelling strongly overestimates the back stress
effect.
5.3.3 RT-PMMA 100
The set of constants

 E298K , a,  , h 

for RT-PMMA100 (about 37% of rubber particle

concentration) is reported in Table 5-4 for tension and compression loading.
Table 5-4 Constants for RT-PMMA100

E298K
Tension
Compression

(MPa)
1820
2000

a

(K-1)
0.0032
0.0032



h

0.88
0.86

160
120

(a) Influence of strain rate
Figure 5.5 (a) shows the flow curve for tension tests at strain rates ranging from 10-5 s-1 until
10-2 s-1 while Figure 5.5 (b) shows the flow curve for compression tests at strain rates of 10-3
s-1 until 1 s-1. Figure 5.5 for tension and compression shows that the modelling is able to
represent the three main stages of deformation at various strain rates, at least for low strain
rates involving isothermal conditions. In addition, one can observe that the modelling slightly
underestimates the peak stress for tension at 10-5 s-1 and compression at 1 s-1.

(a)
(b)
Figure 5.5 RT-PMMA100 Comparison of the modelling and experimental results for flow
curve at various strain rates under (a) tension and (b) compression loading
(a) Influence of temperature
Figure 5.6 shows the comparison of the model with the experiments of tension at
temperatures of 25°C and 75°C. The modelling is able to represent the peak stress for the two
temperatures. However, flow curves for RT-PMMA at 70°C displays a strain hardening
regime which is not very well reproduced by the modelling. Indeed, the modelling
overestimates the back stress effect.
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Figure 5.6 RT-PMMA100 Comparison of the modelling and experimental results for
tension loading at different temperatures

5.4 Synthesis
A first attempt of modelling the behavior of the RT-PMMA grades under consideration has
been done. The constitutive equations are the same for tension and compression but constants
depend on each grade of RT-PMMA and on each loading type (tension vs compression). As
for now, the proposed modelling is still unable to reproduce a unified constitutive modelling
accounting for the rubber particle concentration. Thus, some improvements still need to be
done in order to give a better representation of the experimental curves by the proposed
modelling.
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6 CONCLUSION AND
PERSPECTIVES
Three grades of rubber toughened PMMA differing by their rubber particle concentration and
resulting Charpy impact toughness are considered in the present work. As the rubber nanoparticle concentration corresponding to a given grade is not specified by the manufacturer,
estimations have been done according to two methods: from microscopy pictures by
estimating the particle surface fraction on the one hand, and from a data collection from a
literature review showing the dependence of the Young’s modulus on the particle
concentration in RT-polymers on the other hand. The three grades of RT-PMMA under
consideration have accordingly particle concentrations of 11%, 26.5% and 37% (estimates).

6.1 Results
6.1.1 Thermomechanical characterization
An extensive thermomechanical characterization of three grades of RT-PMMA has been
carried out including quasi static tension tests, quasi static and dynamic compression tests, as
well as quasi static and dynamic shear compression tests. Various temperatures were applied
for quasi static tension tests.
The Young’s modulus (determined under tension loading) is seen to be increasing with
increasing strain rate, decreasing temperature and decreasing rubber particle concentration.
The blunt peak stress, and the yield stress in general (under isothermal conditions) is higher
under compression loading than under tension loading and is seen to be increasing with
increasing strain rate, decreasing temperature, and decreasing rubber particle concentration.
Actually, the peak stress dependence follows the same dependences as the Young’s modulus.
The strain rate at the isothermal-to-adiabatic conditions is close to 10-1 s-1.
Under adiabatic conditions, the yield stress is subject to self-heating induced thermal
softening and shear localization under dynamic compression loading.
The occurrence of stress whitening under tension loading at low strain rates greater differs
from a grade to another. The mechanism at the origin of the stress-whitening, crazing vs
particle-matrix debonding, or the potential transition from one to the other as a function of
temperature, is not clear.
There is no clear relationship between strain at failure and strain rate and temperature.
6.1.2 Crack Arrest Capability
The crack arrest capability under impact loading of the three commercial grades of RTPMMA was then experimentally investigated. Double notched plates made of the materials
were accordingly submitted to impact-on-edge loading. Among the three grades of RT113

PMMA, RT-PMMA100 demonstrates higher resistance to crack formation and propagation
and less number of fragmentations produced after impact. This proves that addition of rubber
to the PMMA matrix aids to enhance the poor toughness properties of plain PMMA.
Specimens fail in less brittle manner as the rubber particle concentration is increasing.
Estimation of crack tip velocity shows that crack propagates at higher velocity for RTPMMA45 and lower velocity for RT-PMMA65 and RT-PMMA100. This proves that
incorporating rubber nano-particles in a PMMA matrix helps slow down the crack
propagation and favor crack arrest. Indeed, debonding and void growth act together to
promote energy dissipation throughout the material. This process is visible at the macroscopic
scale through stress whitening.
One can thus conclude that increasing the rubber nano-particle concentration in RT-PMMA
favors the crack arrest capability under impact loading by promoting inelastic deformation,
reducing the crack propagation velocity, limiting crack multi-branching, and reducing the
number of fragments.
6.1.3 Constitutive Modelling
A first attempt of modelling the behavior of the RT-PMMA grades under consideration using
Arruda and Boyce (1995) approach has been done. The constitutive equations are the same for
tension and compression, but constants depend on each grade of RT-PMMA and on each
loading type (tension vs compression). As for now, the proposed modelling is still unable to
reproduce a unified constitutive modelling accounting for the rubber particle concentration.
Thus, some improvements still need to be done in order to give a better representation of the
experimental curves by the proposed modelling.

6.2 Future Works
6.2.1 Thermomechanical Characterization
As there are weak findings of compression at high strain rates, another series of the
experimental campaign can be considered to be repeated to prevent the premature failure of
the specimens. Tension experiments at high strain rates should also be considered as well as
compression test at different temperatures. A better method to study the microstructure of RTPMMA can be developed.
6.2.2 Crack Arrest Capability
Impact test at different temperatures (-50 and 70°C) can be considered as the real working
environment of the aircraft structures is in that particular range. The computation of crack tip
velocity can be enhanced by using a higher resolution of the camera to record the projectile
and plate interaction or by finding another suitable method.
6.2.3 Modelling
Constitutive equations should be unified, represent the material behaviour for both tension
and compression loading. Besides that, the model should be able to represent the different
grades RT-PMMA in one single unified model by explicitly accounting for the rubber particle
concentratio
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7 APPENDIX
7.1 RT-PMMA45
The yield stress at various plastic strains and strain rates reported in Table 7-1 for
tension tests and Table 7-2 for compression tests are plotted in Figs7.1-7.2. For both tension
and compression tests, the yield stress at a given strain is increasing with increasing strain
rates as long as thermal conditions remain isothermal. The curves show the linear dependency
of the yield stress on plastic strain rate with the scales adopted (log for x-axis). For
compression in Fig.7.2, there is a linear relationship between yield stress and plastic strain
rate at low strain rates but not within the whole strain rate range including the high strain
rates. Fig.7.3 shows the superimposition of the yield stress of tension and compression tests.
Table 7-1 Yield stress for tension tests at various plastic strain and strain rates, T=25°C
Strain
Plastic
rate (s-1) strain
10-5
Peak
stress
(MPa)
-4
10
Peak
stress
(MPa)
-3
10
Peak
stress
(MPa)
10-2
Peak
stress
(MPa)

0.005

0.01

0.015

0.02

0.025 0.03

0.04

0.05

0.06

45

50

54

50

40

37

-

-

-

52

57

60

62

63

63

63

62

-

62

68

71

72

73

73

72

71

-

78

81

82

83

83

81

81

80

79

Table 7-2 Yield stress for compression tests at various plastic strain and strain rates, T=25°C
Strain
Plastic 0.02
-1
rate (s ) strain
10-3
Peak
80
stress
(MPa)
-2
10
Peak
96
stress
(MPa)
10-1
Peak
116
stress
(MPa)
700
Peak
230
stress
(MPa)

0.04

0.06

0.08 0.10 0.20 0.30 0.40 0.50 0.60

83

82

80

80

76

78

82

90

100

98

97

96

94

86

84

88

96

108

120

116

114

110

100

93

92

92

96

210

200

180

160

-

-

-

-

-
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2100

Peak
stress
(MPa)

230

245

220

180

160

90

60

30

-

-

Figure 7.1 Yield stress vs strain rate for different plastic strain for tension test,T=25°C

Figure 7.2 Yield stress vs strain rate for different plastic strain for compression test.
T=25°C
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Figure 7.3 Yield stress vs strain rate for different plastic strain for compression and tension
test. T=25°C

7.2 RT-PMMA65
The yield stress at various plastic strains and strain rates reported in Table 7-3 for tension
tests and Table 7-4 for compression tests are plotted in Figs.7.4-7.5. For both tension and
compression tests, the yield stress at a given strain is increasing with increasing strain rates as
long as thermal conditions remain isothermal. The curves show the linear dependency of the
yield stress on plastic strain rate with the scales adopted (log for x-axis). For compression in
Fig.7.5, there is a linear relationship between yield stress and plastic strain rate at low strain
rates but not within the whole strain rate range including the high strain rates. Fig.7.6 shows
the superimposition of the yield stress of tension and compression tests.
Table 7-3 Peak stress for tension tests at various plastic strain and strain rates, T=25°C
Strain
rate
(s-1)
10-5
10-4
10-3
10-2

Plastic
strain

0.005

0.01

0.015

0.02

0.025 0.03 0.05 0.1

0.15 0.2

0.3

Peak
stress
(MPa)
Peak
stress
(MPa)
Peak
stress
(MPa)
Peak
stress
(MPa)

31

34

35

36

36

36

35

33

31

-

-

36

40

42

43

43

43

43

43

44

44

46

42

48

51

51

52

52

52

52

52

-

-

50

55

59

60

61

61

50

56

59

-

-

117

Table 7-4 Peak stress for compression tests at various plastic strain and strain rates,
T=25°C
Strain
rate (s-1)
10-3
10-2
10-1

900

2000

Plastic
strain
Peak
stress
(MPa)
Peak
stress
(MPa)
Peak
stress
(MPa)
Peak
stress
(MPa)
Peak
stress
(MPa)

0.02

0.04

0.06

0.08

0.10 0.2

0.3

0.4

0.5

0.6

65

67

67

67

66

64

68

72

78

77

79

79

77

76

74

73

76

82

108

95

96

96

95

93

88

84

83

80

85

230

224

230

230

-

-

-

-

-

-

238

232

242

240

-

-

-

-

-

-

Figure 7.4 Peak stress vs strain rate for different plastic strains for tension tests, T=25°C
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Figure 7.5 Peak stress vs strain rate for different plastic strains for compression tests,
T=25°C

Figure 7.6 Peak stress vs strain rate for different plastic strains for compression and
tension tests, T=25°C

7.3 RT-PMMA100
The yield stress at various plastic strains and strain rates reported in Table 7-5 for tension
tests and Table 7-6 for compression tests are plotted in Figs.7.7-7.8. For both tension and
compression tests, the yield stress at a given strain is increasing with increasing strain rates as
long as thermal conditions remain isothermal. The curves show the linear dependency of the
119

yield stress on plastic strain rate with the scales adopted (log for x-axis). For compression in
Fig.7.8, there is a linear relationship between yield stress and plastic strain rate at low strain
rates but not within the whole strain rate range including the high strain rates. Fig.7.9 shows
the superimposition of the yield stress of tension and compression tests.
Table 7-5 Peak stress for tension tests at various plastic strain and strain rates, T=25°C
Strain
rate (s-1)
10-5
10-4
10-3
10-2

Plastic
strain
Peak
stress
(MPa)
Peak
stress
(MPa)
Peak
stress
(MPa)
Peak
stress
(MPa)

0.005

0.01

0.015

0.02

0.03

0.04

0.05

0.1

0.2

0.3

0.4

27

29

30

30

31

31

31

32

35

39

43

31

34

35

36

37

37

37

37

40

44

35

37

39

39

40

40

40

40

45

47

37

42

45

46

48

48

48

40

Table 7-6 Peak stress for compression tests at various plastic strain and strain rates,
T=25°C
Strain
rate (s-1)
10-3
10-2
10-1

300

2000

Plastic
strain
Peak
stress
(MPa)
Peak
stress
(MPa)
Peak
stress
(MPa)
Peak
stress
(MPa)
Peak
stress
(MPa)

0.02

0.04

0.06

0.08

0.1

0.2

0.3

0.4

0.5

0.6

48

50

52

53

54

55

-

-

-

-

58

60

62

62

62

62

62

64

68

72

71

74

75

75

75

73

72

72

73

76

165

162

160

150

-

-

-

-

-

-

167

160

155

156

-

-

-

-

-

-
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Figure 7.7 Peak stress vs strain rate for different plastic strain for compression test of RTPMMA 100, T=25°C

Figure 7.8 Peak stress vs strain rate for different plastic strain for tension test of RTPMMA 100, T=25°C
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Figure 7.9 Peak stress vs strain rate for different plastic strain for tension and compression
test of RT-PMMA 100, T=25°C
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