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Chapter I: General Introduction

General Introduction

1.1 (Bio)plastics in the automotive industry

The plastics industry plays a significant role on the environmental, societal and
economic dimensions of sustainable development. Plastics meet the societal demands of
today’s products in terms of packaging, lightweight components in cars and aircraft, electronic
housing, insulating materials in buildings, medical devices, etc. Yet, plastics industry has still
to face up to great challenges dealing with the improvement of safety, protection of the
environment and energy-saving in plastics manufacturing processes as well as during their
lifetime. In automotive sector, plastics and polymer composites are more and more appealing
in order to decrease the fuel-consumption of vehicles, without hampering the safety issues.
Indeed, automotive manufacturers tend to replace traditional materials such as metals and metal
alloys by lightweight materials such as plastics and composites[1,2]. As an illustration, the
contribution of plastics to the average weight of a vehicle is presented in Figure 1.1. Today,
plastics typically make up 16 % of the average weight of a new vehicle and will account for
18% by 2020, which renders cars lighter and more fuel efficient, resulting to lower greenhouse

gas-emissions[3,4].

Percentage of total vehicle weight

W m W . B Plostics

Rubber

79% 76%
- Metals
Others

1970 1980 1990 2000 2010 2020

1100kg 1,180kg 1,260kg 1,330kg 1,400kg 1,100kg Average vehicle

weight
Notes: kg = kilogram. Due to rounding, some percentages may not add up to 100.
Source: AT. Kearney analysis

Figure I.1. Evolution of plastics' weight percentage in vehicle [10]

Furthermore, a main challenge of twenty-first century is undoubtedly a sustainable management

of resources that is accompanied by new environmental regulations and the take-off of
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bioeconomy. This later refers to the sustainable production and conversion of renewable
resources from agriculture into a large range of food, health, fiber and industrial products and
energy[5]. This trend is pushing automotive manufacturers to propose renewable alternatives
to traditional petroplastics, while fulfilling the current and new specification sets of the
automotive parts, in order to produce smarter, lighter, greener and, if possible, low cost cars. In
that context, bioplastics meet these requirements since they may have similar structural and
functional characteristics than their petro-sourced counterparts. We must highlight that the term
bioplastics covers materials that are partially or fully biosourced. Beyond their initial use for
packaging applications [6-8], bioplastics have reached a very high level of maturity for a large
range of automotive applications, offering high performance together with a reduced
environmental impact. It is therefore not surprising that the automotive market is becoming one

of the major application fields for the bioplastics industry (Figure 1.2).
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Figure 1.2. Global production capacities of bioplastics 2017 by market segment [9]

I.1.1. Technical requirements for plastics used in car applications
Today, plastics are employed to build not only the internal parts as well as the external

components in automotive like bumpers to body panels, laminated safety glasses, trims and
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many other components (Figure 1.3). In the exterior applications, plastics are not used only for
their lightweightness but also because they give the freedom to designers for creating innovative
concepts, for instance parts of complex shape that could not be massively manufactured using
other materials. In other terms, plastics have been nothing less than being revolutionary. They
have proven to be great materials for creating comfortable, durable and aesthetically pleasing
interior components, while preserving occupant protection, reducing noise and vibration levels.
Finally, for electrical, powertrain, fuel, chassis and engine applications, they have proven to be

strong, durable, corrosion-resistant and able to withstand high temperatures in harsh engine

environments.
Rear package Sun roof
shelf Headliner shade
Deck lid Windshield
Door panel
Instrument panel
Battery box
P > . \_.‘\‘
Gas tank "™ ) S = 2 ; hO B Y 9‘ Headlamp

Fuel rollover
valve

~ Radiatorand
supports

Rocker panels

Center console Engine cover

Tires
Electronics Bumpers

Figure 1. 3. Auto part for lightweight plastics and rubber

Usually, the choice of materials made by vehicle manufacturers depends on a
combination of several criteria. Some of the criteria are, for instance, the result of regulation
and legislation with environmental and safety concerns. The other ones concern the production
cost, mechanical and physical properties and weight reduction. Different characteristics are
often mentioned as materials selection criteria for automotive industry (Figure 1.4) [10-14].
These criteria will vary upon the type of vehicle and component application, as previously
mentioned. In many cases, different factors may be conflicting - and therefore a successful

design would be only possible through an optimum and balanced solution.
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Figure 1.4. Criteria used in automotive plastics selection/component design

Many types of petro-based plastics that can provide technical requirements for
automotive sector are employed in more than 1000 different parts of all shapes and sizes. The
most important polymers in automotive industry are polypropylene (PP), used for instance in
body panel bumpers and fuel systems; polyamide (PA), used in seats and electrical components,
poly(methyl)methacrylate PMMA and polyurethane (PU) used in lighting; polycarbonate (PC)
used also in bumpers, dashboards, interior and exterior trim and usually associated with

acrylate-butadiene-styrene (ABS)[15].

1.1.2. Why PLA is being viewed as key-material for cars?

Together with other bioplastic polymers such as polyhydroxyalkanoate (PHA),
polycaprolactone (PCL), polytrimethylene terephthalate (PTT), biopolyamide (BioPA) and
biopolyethylene(BioPE)[16], for instance, poly(lactic acid) (PLA), a plastic currently derived
from starch, is becoming one of the most popular alternatives to traditional petroleum-based
plastics in automotive applications. Ring-opening polymerization (ROP) of lactide is the
preferred commercial route to prepare PLA because of the higher controllability of the
polymerization and the possibility to readily get high molecular weight PLA [17]. Three
stereoisomers of lactide can be generated i.e. L,L-LA, D,D-LA, and D,L-LA (meso lactide) as
well as a 50/50 mixture of L,L-LA and D,D-LA referred to as racemic lactide (Figure I1.2).
Modulation of the polymer stereochemistry leads to PLA with dramatically different properties.
For example, PLLA is a semicrystalline polymer (Tg at 60°C, melting transition at 180°C),
while poly(rac-lactide) is an amorphous material (Tg at 58°C)[18]. Commercial PLA are

4
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copolymers of poly(L-lactic acid) (PLLA) and poly(D,L-lactic acid) (PDLLA), which are

produced from L-lactides and D,L-lactides, respectively[19].

o} o}
HO. HO
¢ OH - OH
H” % Hyc” 2
H

CH;

L-lactic acid D-lactic acid

0 o] o)
CH ) CH CH
0/‘\\‘ 3 o 3 5
, 0 0 0
HyC™ K’ HC™ w( H;eC/\\r
0 o] 0
L-lactide meso-lactide D-lactide

Figure L.5. Stereoisomers of lactide.[18]

Despite the intensive work on R&D about PLA science and technology enables a large-
scale production, the industrial application of unmodified PLA is currently limited to short-term
goods such as packaging, cold drink cups, bottles, textiles, etc. [20-22]. Nevertheless, a number
of factors can contribute to the success of PLA in durable goods, including automotive
applications, namely its high strength and rigidity as well as compostability and
recyclability[23]. To assess about both strengths and weaknesses of PLA, its physical and
mechanical properties can be compared to those of the most commonly used plastics in
automotive applications in Table I.1. Mechanical properties of PLA appear very attractive,
particularly its Young’s modulus (> 3.5 GPa), making it an excellent substitute to commonly

used polymers.

Table 1.1 Some mechanical and physical properties of common plastics and PLA [24-28]
PP PA PMMA ABS PC PU PVC PLA

Young 0.896- 2.62- 2.24-28 1.1- 2- 1.31- 2.14- 3.55-3.75
Modulus(GPa) 1.55 3.2 29 244 207 414
Tensile 27.6-  90- 48.3- 28- 60- 31-  40.7- 65-70
strength(MPa) 41.4 165 79.6 55 72.4 62 65.1
Impact Strength 26.7- 534- 214- 534 6408 800 21.4- 19-26
(J/m) at 24°C 106.8 160.2 26.7 -534 - 160.2

961.2
HDT(°C) load at 67 75 97 100 143 46- 64 50-57
1.8 MPa 96
Density(g/cm3) 0.89- 1.12- 1.16- 1.1-  1.14- 1.12- 1.3- 1.25

0.91 1.14 1.22 1.2 1.21 1.24 1.58
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PP PA PMMA ABS PC PU PVC PLA

(CO2)Foot Print 2.6- 55- 3438 33- 54 46- 22- <1

(kg/kg) 2.8 5.6 3.6 5.9 53 2.6

Cost (USD/kg) 1.2- 33-  26-28 2.1- 374 41- 0.93- ~2
1.3 3.6 2.5 5.6 1

In a context of designing eco-friendly products, both to satisfy customer’s demand and
more and more strict legislation[29], PLA possesses other undeniable assets compared to petro-
based polymers. First, it is derived from cheap bio-resources (starch), which are abundant and
renewable. Moreover, one of the most positive points of PLA production in comparison with
the other hydrocarbon-based polymers is its low COz-emission. Carbon dioxide is proven to be
the most important contributor to global climate change. Because carbon dioxide is absorbed
from air when plant grows, the use of PLA has the potential to reduce the emission of
greenhouse gases compared to petroleum-based polymers. In addition, development of new
technologies allows a decrease of greenhouse gases-emissions during PLA process: Vink et
al.[30] showed that the net greenhouse gas emission of NatureWorks PLA decreased from 2 kg
CO: eq./kg polymer in 2003 to 0.3 kg in 2006. Furthermore, Jamshidian et a/.[31] estimated

that the net greenhouse gas emissions for next PLA generation using wind energy can reach a

7.9
&
o

)

negative value of -0.7 kg of CO; eq./kg polymer (Figure L.5).
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Figure L.5. Net greenhouse gas emission of commercial PLAs and other polymers. PLA/NG=
NatureWorks® PLA next generation, PLAS =NatureWorks® PLA in 2005, PLA6=
NatureWorks® in 2006, HIPS= high impact poly(styrene), PC = poly(carbonate), GPPS =
general purpose poly(styrene), PET am= PET amorph, PET ssp= PET solid
satepolycondensed.[31]
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In addition, PLA has received some interest from industrial sectors because of its
relatively low price and commercial availability compared to other bioplastics. This is the key-
point for any successful polymer application. In fact, the average price of commercial PLA in
2009 reached almost 2 USD/kg, which is sufficiently close to other polymers like PET and
considered as the cheapest cost for a biodegradable polymer [32]. Clearly, the PLA market is
still in its infancy, but it is expected that the decrease in the production cost and the
improvement in product performance will result in a clear acceleration in PLA industrial use.
Many researchers developed a more efficient and economical route for cheaper and greener
PLA [33-35]. It is estimated that PLA production capacity that currently stands at around
180,000 tons per year should exceed more than one million tons in 2020 [36]. In addition to
lower gas emission, more and more affordable cost, and already mentioned appealing
mechanical properties, PLA possesses other assets compared to petroleum-based plastics.
Among those assets, PLA shows excellent biocompatibility, (bio)degradability and
recyclability and easy-processability[37,38]. Thus, PLA can be processed by injection molding,
sheet extrusion, blow molding, thermoforming and film forming and is one of the few plastics
suitable for 3D printing[39]. This new technology process for plastics is very important for
future automotive industry and aftermarket since it allows the realization of automotive parts
of incredible complex geometry and it enables to elaborate spare parts on-demand [40,41].
Recently, an electric Street Scooter C16 short distance vehicle was built by a team at Aachen
University[42]. 3D printing was used for all of vehicle’s exterior plastic parts, including the
large front and back panels, door panels, bumper systems, side skirts, wheel arches, lamp masks
and a couple of interior components such as the retainer instrument board and a host of smaller
components[43]. Local Motors made a car called “the Strati” by building the chassis and body
of its cars using giant 3D printers and raw materials[44].

Finally, referring to Table 1.1 and comparing to traditional plastics used in automotive
applications, neat PLA has many appealing properties such as high rigidity but cannot meet all
criteria of automotive sector. In summary, several strategies have thereby been carried out to
overcome those drawbacks, among which the most important are brittleness and low heat

resistance.
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1.2 Aim of the work

The interest to use polymeric materials derived from renewable resources continuously
increases because of the considerably improved environmental awareness of society and the
fear from the depletion of petrochemical based plastics. In this regard, Poly(lactic acid), PLA,
represents the biopolymer that responds the most successfully to the surge of demand for such
materials and can satisfy the requirements of large scale processing and application at the same
time. The reason for its development mainly relies on a number of interesting properties,
including its good processability, good mechanical properties (strength and rigidity),
biodegradability, biocompatibility and relatively low-cost. However, in many cases, durable
applications of PLA have been significantly limited by its inherent brittleness and limited
thermal stability. These points therefore represent the main key-parameters to be improved for
its industrial implementation, especially for automotive parts possibly subjected to severe
loading and environmental conditions.

Accordingly, the main objective of this thesis concerns the design of new bio-based PLA
materials for automotive application. For that reason, it was crucial to develop a new PLA-
based materials with both improved thermal and mechanical properties while respecting the

biobased character.
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State of art

Development of high-performance PLA-based materials

Light weighting is an important issue for the automotive industry, making plastics
attractive materials to address this challenge. Beyond the benefits linked to vehicle’s weight-
reduction, the future lies on selecting more environmentally friendly plastics, particularly
bioplastics. Due to their renewable origin, bioplastics help minimizing the environmental
impact of car-production by further reducing CO»-emissions and energy consumption[1,2].
Besides, it is very crucial for the industrial actors to develop sustainable alternatives to products
derived from petroleum oil, since the price of petroleum oil is unstable and its feedstock will
end up in a near future.

Within the bioplastics existing today on the market, some of them are already suitable for the
automotive sector, more particularly poly(lactic acid) (PLA)-based materials and its
composites[3]. Several key-points contribute to the success of PLA, especially its excellent
(bio)degradability/recyclability as well as its attractive physical and mechanical properties such
as high rigidity, strength and easy processability[4,5]. However, although PLA can fulfill the
environmental regulations of automotive sector, the development of technical PLA-based
materials for automotive applications must still encompass some key-characteristics, not
achieved yet, such as high toughness, durability, processability at high temperature and high
production rate at affordable cost[6]. Several strategies such as blending with other
petropolymers, plasticizers, impact-modifiers, micro-sized and/or nano-sized fillers have
thereby been proposed to overcome those drawbacks and can make PLA suitable for automotive
application[7,8]. Research works have also aimed at improving the crystallinity and
processability via blending, plasticizing, stereo-complexing and other modifications depending
on the properties to be improved upon a given application. However, antagonist effects may
appear in few cases. Those are described in details in the next sections with an emphasis on
PLA-based materials fitting to the automotive requirements in terms of processing (e.g.

injection molding), properties (e.g. stiffness) and durability.

I1.1 Highly tough and/or ductile PLA-based blends
In the cases that require a high level of impact strength and ductility, especially for vehicle’s

exterior parts, impact toughness and ductility of PLA in its pristine state are insufficient.

12



Chapter II: State of art

Therefore, there have been tremendous efforts in developing ways to improve these mechanical
properties. In this part, these approaches are summarized, with a focus on how the protocols

also influence other mechanical properties of resultant materials.

11.1.1. Plasticized PLA blends

Plasticization is a widely used technique to improve processability and ductility of
thermoplastics. The main role of plasticizers is to decrease glass transition temperature of
polymer. In addition, plasticization frequently opens new possibilities for material processing
by lowering degradation rate, allowing the process of materials in different equipments with
reduced pressure and mixing time during extrusion [9]. Furthermore, it can also increase
polymer’s ductility and flexibility related to the decrease of glass transition temperature. The
choice of plasticizers for PLA is dictated by intended applications, for instance non-toxicity of
plasticizer for food and medical applications, as well as by general criteria such as non-
volatility, to avoid evaporation during processing, miscibility for creating a homogenous blend
with PLA, etc. Another point is that plasticizer must not migrate as much as possible from the
material bulk, otherwise the PLA blend can rapidly regain the inherent brittle properties of neat
PLA [10].

Many different molecules and classes of plasticizers have been tested for PLA [11,12]
and will be discussed in the forthcoming part as follows: monomeric plasticizers, oligomeric
and polymeric plasticizers and mixed plasticizers. Only plasticizers designed for injection
molded parts were selected here. Examples of thermal and mechanical properties of PLA
plasticized with those classes of plasticizers are given in Table II.1 and presented in more details

afterwards.

Table II.1. Thermal and mechanical properties of plasticized PLA blends
Plasticized Molecular Content  Tg(°C) c E(GPa) £(%) Ref.

PLA blends weight(g/mol) (wt%) (MPa)
Monomeric Plasticizers
PLA 74000 100 54 57 3.75 5
Loxiol - 2.5 - 52 34 14
GMS95 5 - 48 3.2 7
10 45 45 3 8 [13]
Dehydat - 2.5 - 53 3.3 5
10 40 38 2.5 13
PLA 74500 100 62 66 1.02 11
ATBC 402.5 10 44 51 0.97 11 [14]
20 38 30 0.27 317
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Plasticized Molecular Content  Tg(°C) c E(GPa) &%) Ref.

PLA blends weight(g/mol) (wt%) (MPa)
DOA 370.6 10 45 29 0.72 36
20 45 21 0.67 78
GTA 218.2 10 48 38 0.76 8
20 29 24 0.01 443
Polymeric Plasticizers
PEG 1500 2.5 - 50 3.2 5
5 - 44 2.5 7 [13]
10 28 38 1.3 180
PLA 121400 100 58.6 69.8 1.77 6
PPA 1900 5 49.3 63.2 1.39 6
10 40.6 49.6 1.3 157 [15]
15 33.3 39.8 0.882 315
20 27 25.7 0.554 362
25 24.3 14.4 0.374 410
Mixed Plasticizers
PLA 207400 100 - 58 - 4
TAC/PBGA - 5 - 48 - 4
9 - 36 - 180 [16]
13 - 24 - 349
29 - 17 - 327

Where T, is the glass transition temperature;o, E and € refer respectively to the tensile strength,

elastic modulus and tensile elongation at break.

Jacobsen and Fritz[13] used glucose monoester (DehydatVPA 1726), partially fatty
esters (LoxiolVR GMS95) and polyethylene glycol with a molecular weight of 1500 g/mol
(PEG1500), to plasticize PLA and examined the influence of these plasticizers over tensile and
unnotched Charpy impact strength of injection-molded PLA specimens. A significant
improvement in both elongation (180%) and impact resistance (unbroken specimens under
unnotched Charpy impact tests) was reported with the addition of 10 wt % PEG1500. In the
case of glucose monoester and partial fatty acid ester, elongation of PLA was improved but
impact strength was slightly decreased at all concentrations examined (i.e., 2.5-10wt %).
Murariu et al.[14] studied the plasticization of PLA using three low-molecular weight ester-
type plasticizers, bis-(2-ethyldhexyl) adipate (DOA), glycerol triacetate (GTA), and acetyl
tributyl citrate (ATBC). Addition of up to 20 wt % plasticizer led to a gradual decrease of
Young’s modulus and increase of ductility in the following order of efficiency: GTA > ATBC
>DOA. The best notched impact performance was seen in PLA plasticized with 20 wt % GTA,

with unbroken specimens. By comparison, addition of ATBC led to the lowest improvement in
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the impact strength among the three plasticizers, with “only” an increase of 77% at 20 wt %
ATBC.

The main drawback of monomeric plasticizers is their tendency to migrate out from the polymer
bulk[17]. This drawback may be overcome by using polymeric plasticizers [13,15]. Recently,
it has been shown that PLA can be efficiently plasticized and toughened by melt-blending with
poly(1,2-propylene glycol adipate) (PPA) [15]. Thermal and dynamic mechanical analysis
revealed that PPA was partially miscible with PLA and morphological investigation of the
blends showed that PPA was compatible with PLA. The elongation at break and the impact
strength dramatically increased due to the plastic deformation (Table II.1). However, as a side
effect, the blends showed a decrease in the tensile strength and Young's modulus with the
increase of PPA content (5-25 wt%). The notched Izod impact strength reached 100 J/m with
25wt% of PPA. It shows that polymeric plasticizers can bring additional increase in impact
strength. Nevertheless, increasing the molecular mass of plasticizers can lead to their lower
miscibility with the polymer, causing a phase-separation, i.e. formation of a two-phase system
[18].

Mixed plasticizers combine an oligomeric or polymeric plasticizer with a small
molecule plasticizer. Therefore, they can lead to a medium level of drop in Tg and more
balanced mechanical properties (in terms of elongation, tensile modulus and strength) than the
individual plasticizers. Mixed plasticizers combining low-molecular-weight triacetin (TAC)
and oligomeric poly(1,3-butylene glycol adipate) (PBGA) have been employed to improve
ductility of PLA, as reported by Ren et al.[16]. They found that this combination led to a
significant improvement in the elastic properties (for plasticizer content higher than 5 wt%)
with a dramatic decrease of tensile strength as the content of plasticizer increased (Table IL.1).
For enhancing mechanical properties without altering too much rigidity of PLA and improving
flexibility and toughness, Notta-cuvier et al[8] had the idea to combine plasticizers with
Halloysite Nanotubes (HNT) as reinforcing nanofillers, leading to more attractive properties
for automotive applications. In particular, this composition enabled the combination of the good
rigidity and tensile flexural strength imparted by HNT with better ductility and toughness
provided by TBC plasticizer. Tensile behavior and impact results are represented in Figure II.1
and show that ductility and impact resistance of PLA-HNT-TBC ternary blend were improved
in an extent that depends on the amount of plasticizer. Moreover, a high content of TBC (12.5-
15%wt) enhanced the impact resistance of blend, but led to a drop in rigidity and flexural

strength. For a good balance of properties, an optimized PLA-HNT-TBC composition
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containing 10 wt% of plasticizer was proposed as a biosourced alternative blend for automotive

application.
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Figure IL.1. (a) Nominal behaviors of (PLA/TBC/HNT) compositions and PP-B—Tensile tests
at 1mmmin'; (b) Izod impact resistance (notched specimens) of (PLA/TBC/HNT)
compositions and PP-B. Sample codes refers to following weight contents (PLA/TBC/HNT):
N9 (91/0/9); P10 (90/10/0); P15 (85/15/0); P1ON9(81/10/9); P12N9 (78.5/12.5/9); P15N9
(76/15/9) [8]

In summary, several studies have demonstrated that plasticizers can play a significant
role to tune properties of PLA-based blends, mainly to improve their flexibility and ductility
and may also pave the way to novel applications. However, there are still some limitations
associated with plasticization including leaching during use, lack of thermal stability and
substantial reduction in strength and modulus. This illustrates the need to carefully estimate
plasticizer content to reach the better compromise between ductility and strength, in particular,

especially for automotive applications.

11.1.2. Rubber-toughened PLA blends

Other strategies than plasticization can be successful to improve the ductility of PLA,
together with other maintained properties such as toughness. Among them, melt-blending with
rubbers was proved to be an efficient technology, thanks to the remarkable toughening effect
of rubbers and the fact that this method is based on easy-to-perform and cost-effective
techniques. A variety of biodegradable and non-biodegradable flexible polymers have been
used as toughness modifiers for PLA in order to improve stiffness-toughness balance. Different
reviews report the most commonly used polymeric additives as effective PLA impact
modifiers[11,19-24]. However, this section will be strictly limited to recent and noteworthy
works developing rubber-toughened PLA-blends for engineering applications requiring high

ductility and impact toughness.
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When aiming to improve PLA ductility and impact toughness, the use of impact

modifier can be of high interest, as it allows increasing the energy dissipation through the
material during deformation, without affecting its stiffness and thermal stability[25]. Several
commercial impact modifiers are specifically designed in order to toughen PLA. When
dispersed in the form of rubbery microdomains (with an average size around 0.1-1.0um) within
PLA matrix, they enable a significant increase of energy absorption during impact test[26,27].
However, it is well-known that their toughening effect is of varying amplitude, depending on
their miscibility extent with the PLA matrix, their thermal stability under PLA processing
temperature, the interfacial adhesion between the dispersed rubbery phase and the continuous
PLA matrix within the blend, etc. Among impact modifiers compatible with PLA, Biomax®
Strong from Dupont Company is probably the most investigated one, as specifically designed
to improve PLA toughness. In this regard, Biomax® Strong was used by Taib et al.[28], who
have highlighted a significant improvement in notched Izod impact strength of the brittle PLA
from 3.6 kJ/m?to 14 kJ/m? and 28 kJ/m?at 10 and 20 wt% Biomax® Strong.
Using Biomax®Strong 100 (BS) impact modifier, Notta-cuvier et al.[29] performed PLA-
plasticizer-impact modifier-nanoclay quaternary compositions designed for automotive
applications. Good ductility and toughness were achieved with the binary blend (PLA-BS) with
a resiliency of 16.5 kJ/m?. A synergistic effect of BS (10 wt%), plasticizer TBC (10wt%) and
nanoclay Cloisite®25A (1wt%) was surprisingly evidenced with an optimal toughness of 42.8
kJ/m?. Analysis also revealed that a compromise has to be found between high tensile rigidity
and strength in one hand, and high ductility on the other hand, as illustrated in Figure I1.3. In
that Figure, mechanical properties of a mineral (talc)-filled polypropylene (PP-talc), commonly
used in automotive applications, were taken as a reference. The composition PLA +10 wt% BS
+10 wt% TBC +3 wt % CL25A (composition 8 in Figure I1.3) is the one that globally led to the
most interesting properties compared to PP-talc. In particular, this composition was
characterized by an interesting level of ductility while its rigidity and strength were maintained
higher than those of the mineral-filled polypropylene (10 kJ/m?* compared to 4.8 kJ/m? for PP-
talc).
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Figure I1.3. Summary of all mechanical properties compared to those of PP-B. (numbers refer
to (PLA/TBC/BS/CL25A) composition codifications: 1 (100/0/0/0); 2 (90/0/10/0); 3
(90/10/0/0); 4 (80/10/10/0); 5 (90/0/10/1); 6 (90/0/10/3); 7 (80/10/10/1); 8 (80/10/10/3), in
weight percentages. Values presented are ratios of properties of compositions 1 to 8 divided by
those of PP-talc, so that qualitative comparisons are immediate (a value higher than 1 stands
for a mechanical property higher than that of PP-talc, e.g.)[29]

It can be noted that Ethylene Acrylate Biomax® Strong (BS) impact modifier was also used in
the present work in order to develop a PLA/PMMA/BS ternary blend capable of competing
with commercial ABS/PC blend for the manufacture of injection-molded automotive parts, as

described in details latter in this manuscript (see especially Chapter I1I).

Zhang et al.[30] developed super-toughened PLA multiphase reactive blends using a
commercial class of renewable elastomeric copolymerspolyether block amide PEBA (Pebax ®)
offering high impact resistance and excellent elasticity and an ethylene-methyl acrylate-
glycidyl methacrylate (EMA-GMA) terpolymer impact modifier (commercialized under the
name of Lotader® AX8900) to improve the interfacial adhesion of PLA/PEBA blends and
enhance toughness. As shown in Figure I1.4b, only a limited improvement of impact strength
was achieved for binary PLA/PEBA blend while a significant enhancement of the PLA impact
toughness was achieved thanks to addition of the impact modifier, together with a higher
elongation at break. This latter increased with the EMA-GMA content reaching almost 73%
with 20 wt% of impact modifier (20 times higher than that of the neat PLA). Nevertheless, a

decrease of tensile strength and modulus for ternary blends was noticed when increasing EMA -
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GMA content (Figure I1.4a). It can be attributed to the presence of soft PEBA and EMA-GMA

elastomers.
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Figure 11.4. (a) Tensile properties of PLA/EMA-GMA/PEBA ternary blends as a function of
the weight fraction (b) Notched Izod impact strength and percent elongation at break of
PLA/EMA-GMA/PEBA ternary blends as a function of the weight fraction/ (A) Neat PLA; (B)
PLA/PEBA(80/20); © PLA/EMA-GMA(80/20);(D)PLA/EMA-
GMA/PEBA(70/10/20);(E)PLA/EMA-GMA/PEBA(70/15/15); (F) PLA/EMA-
GMA/PEBA(70/20/10). [30]

Good interfacial adhesion was achieved by addition of Lotader AX8900. A super-tough PLA
ternary blend was thus developed, exhibiting an impact strength of 500 J/m with only partial
break of impact specimens, therefore allowing this blend to be used in automotive interior parts.

Although many investigated solutions to decrease PLA brittleness and/or improve PLA
impact strength are not fully eco-friendly, blending PLA with eco-friendly rubber modifiers
[31-36], elastomers [37,38] and biodegradable polymers [39,40] has gained momentum in
recent years. Zhang et al.[31] reported an improvement in the impact strength of PLA with the
incorporation of 20 wt% of epoxidized natural rubber containing 20 mol% (ENR20) and 50
mol% (ENRS50) of epoxidation content. ENR-20 was found to impart higher impact strength to
PLA matrix as compared with ENR-50 (Figure I1.5). Moreover, the higher content of epoxy
groups in ENR-50 led to an increase of viscosity and therefore a decreased deformability of the
blends. Inter chain cross-linking reactions and molecular entanglements were more pronounced

in PLA/ENR-50 blends, which in turn increased the tensile strength.
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Figure IL.5. Impact strength of pure PLA, ENR20/PLA and ENR50/PLA blends [31]

11.1.3. Annealing process
In addition to plasticization or use of an impact modifier, process modifications may also lead
to an enhancement of mechanical properties, especially strength and rigidity. Among additional
approaches related to process modification, annealing was revealed in literature as a good
solution to improve the mechanical properties of PLA blends (in terms of rigidity and impact
strength), in particular for injection-molded parts, by modifying its inherent crystalline
structure.[41-47] In this regard, Perego et al.[47] have studied the effect of crystallinity on
mechanical properties of poly(L-lactic acid) (PLLA) with different molecular weight. To
promote crystallization, PLLA injection-molded specimens were annealed at 105°C for 90 min
under nitrogen. They demonstrated by DSC analyses that the degree of crystallinity of PLA
reached 42-65 J/g instead of 3-13 J/g for non-annealed PLLA depending on the molecular
weight (My). Annealing of PLLA samples also led to some increase of impact strength with
values of notched impact strength ranging from 66 to 70 J/m, depending on molecular weight
of PLLA. The highest tensile elastic modulus was of 4.2 GPa, due to higher crystallinity degree

of annealed materials (Table II.3).

Table I1. 3 Mechanical properties of non-annealed and annealed PLLA[47].

Property Molecular weight  Notched Impact Modulus
Specimens (Mv) Strength (J/m) of
elasticity
(GPa)
PLLA-I 23,000 19 3.65
Annealed PLLA-I 20,000 32 4.2
PLLA-II 31,000 22 3.6
Annealed PLLA-II 33,500 55 4.0
PLLA-III 58,000 25 3.6
Annealed PLLA-III 47,000 70 4.15
PLLA-IV 67,000 26 3.65
Annealed PLLA-IV 71,000 66 4.15
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From a general viewpoint, in automotive industry, annealing process is mainly used for
semi-finished components after forging or cold-forming in the aim of producing uniform
material structure, offering softness and removing residual stresses for both alloy and plastic
component [48,49] . Annealing is done by heating the material at a specific temperature for a
definite period of time then cooling it slowly to room temperature. This process is used to
control the degree of crystallinity and/or orientation of the material or to remove internal
stresses in the product that can be created by the primary processing. Annealing can also
improve impact resistance and reduce tendency to crazing and cracking in service and offer
additional value to final alloy, such as improved welding properties, improved corrosion
resistance and good dimensional and shape accuracy. Unfortunately, this post-process is
expensive and involves longer production time. Therefore, it cannot be seen as a promising

solution for mass production characterizing the automotive industry.

I1.2  Heat resistance PLA-based blends
In some applications like automotive sector, heat resistance over extended periods of time is
required. Yet, heat resistance has been an important issue for plastics used in engineering
applications. Indeed, all polymers exhibit a wide variation of mechanical and physical

properties in function of temperature (Figure I1.6).
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Figure I1.6. Modulus versus temperature behavior for an amorphous and semi-crystalline
polymer[50]

Not to mention extreme temperature attained into combustion chambers, automotive
parts may be facing service temperature ranging from -40°C for a car parked outdoors in a cold
country to 85°C for driver interior and even 125°C under bonnet [51].When increasing
temperature, polymer strength and rigidity, in particular, tend to decrease. Above the glass
transition temperature (Tg), rigidity drops in a more pronounced way and becomes too low to
enable the use of the material in these technical parts. In this regard, Heat Deflection

Temperature (HDT) is defined as the temperature at which a standardized test bar deflects of a
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specified distance under an imposed load value (see ASTM D648 procedure). HDT therefore
constitutes an effective way to evaluate the thermal stability, or the heat resistance, of plastics
[52]. In this regard, many researchers have studied the improvement of the heat resistance of
PLA by manufacturing PLA-based green composites with reinforcing fibers. Thus, wood fibers
[53], banana fibers [54],kenaf fibers [55], bamboo fibers [56] and cellulose fibers [57]were all
noted to increase HDT but the resulting composites proved being brittle.

On the contrary, nanofilled PLA/petroleum-based thermoplastic blends can offer a good
balance between thermal stability and ductility allowing their use in automotive sector, as

described in the next paragraphs.

11.2.1. Highly thermal PLA-based nanocomposites
Polymer nanocomposites are commonly defined as the combination of polymer matrix and
nanofillers that have at least one dimension in the nanometer range. The nanofillers can be one-
dimensional (1D - platelet-like nanofillers), two dimensional (2D- nanofibers or whiskers) or
three dimensional (3D - nanoshperes). The use of nanocomposites in vehicle parts and systems
is expected to improve manufacturing speed, enhance thermal stability and reduce weight.
Applying this technology only to structurally noncritical parts such as front and rear panels,
cowl ventilator grids and valve/timing covers could already allow to reduce weight. Indeed,
nanocomposite plastic parts offer a 25% weight savings on average compared to highly
(micro)filled plastics and as much as 80% compared to steel [58,59]. As important as the
process advantages and weight and energy savings are nanocomposites can offer enhanced
physical properties. Depending on the compositions, nanocomposites can show stiffness and
strength comparable to or even better than metals [60-66]. Nanofillers can also improve
corrosion resistance, noise dampening, thermal stability and dimensional stability of a material.
However, as a relatively new approach, it is still unknown if the cost/performance ratio of
nanocomposites will be superior to the cost/performance ratio of materials currently used by

the automotive industry.

Today, layered silicate (clay) nanocomposites (PLS) are one of most well-known
nanocomposites. Their interesting properties at low nanofiller content make them appealing in
academic as well as in industrial realms[67]. Mainly three methods have been proposed to
prepare nanocomposites: in situ intercalative polymerization, solution intercalation, and melt
intercalation [68,69]. Clay materials can be dispersed and exfoliated into polymers by

conventional melt-compounding or solution method. Toyota Motor Company successfully
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pioneered in situ intercalation polymerization method to create Nylon-clay hybrid (NCH) to
make an automotive timing belt cover[70]. Although the in sifu intercalative polymerization
method is the most efficient technique to obtain an exfoliated structure, it is not the most viable
option for the current industry challenges [68,71]. Alternatively, melt-intercalation technique is
still more versatile and less environmentally harmful. Main interests in comparison with other
approaches are the utilization of shear-force and the absence of solvent during preparation. The
applied shear force during mixing promotes the diffusion of the polymer chains from the bulk
to the clay gallery spacing, resulting in further nanoplatelet delamination and in improved
nanofiller distribution and dispersion[69]. Therefore, it is considered as the most efficient

method for the preparation of polymer nanocomposites from an industrial viewpoint.

Due to enhanced barrier properties, high heat deflection temperature, improved rate of
biodegradation and optical and antimicrobial properties potentially achieved with the addition
of layered silicates, numerous researches focus on the development of PLA-based
nanocomposites blends for food packaging and medical applications[60-66]. However, limited
studies deal with PLA-based nanocomposites for automotive application, for instance in the
form of PLA nanocomposite foams and injection-molded PLA nanocomposites [72,26,73-79].
Liu et al.[26] developed a TPU-toughened PLA/talc/organic modified clay (montmorillonite;
OMC) nanocomposite in order to enhance heat resistance and mechanical properties and
demonstrated that annealing process is necessary for improving heat resistance of resulting PLA
blends. As shown in Table II.4, the difference between all compositions, for injection-molded
specimens, were negligible before annealing with values of HDT of about 60°C. Annealing
then increased HDT values to more than 120°C due to some interactions between PLA and TPU
molecular chains as well as due to the increase of crystallinity resulting from the addition of the

inorganic fillers.

Table I11.4 Heat deflection temperatures of PLA, the PLA/TPU blends, and the nanocomposites
[26]

Specimens Content wt% HDT of Injection = HDT of Annealed
molded specimens specimens (°C)
PLA TPU Tale OMC ((®)

LA 100 0 0 0 59.2 —
LATA4CO 96.0 0 4.0 0 61.1 129.5
LAT4C02 94.0 0 4.0 2.0 63.9 133.3
LAT4C06 90.0 0 4.0 6.0 60.1 133.4
LATA4C10 86.0 0 4.0 100 63.1 126.1
LAT4C14 82.0 0 4.0 14.0 61.7 130 6
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Specimens Content wt% HDT of Injection = HDT of Annealed
molded specimens specimens (°C)
PLA TPU Tale OMC °C)

LU 90 10 0 0 60.6 —
LUT4CO0 86.4 9.6 4.0 0 60.1 130.3
LUT4CO02 84.6 94 4.0 2.0 58.9 122.7
LUT4C06 81.0 9.0 4.0 6.0 60.6 115.3
LUT4C10 774 8.6 4.0 10.0 59.2 123.1
LUT4C14 73.8 82 4.0 14.0 59.1 128.1

Thermal stability, mechanical performances and added values such as flame-retardant property
are among the most targeted properties for PLA materials intended for the automotive sector.
Sinha Ray et al.[74] reported flexural properties of neat PLA and various PLA nanocomposites
prepared with organically modified layered silicate (OMLS)(injection-molded samples). The
flexural modulus, flexural strength, and distortion at break of neat PLA and various PLA
nanocomposites were measured at 25°C and results showed a significant increase of flexural
modulus for PLA nanocomposites with 4 wt% of OMLS (PLACN4 - 5.5GPa) when compared
to that of neat PLA (4.8GPa). This was followed by a much slower increase with OMLS content,
and a maximum at 5.8 GPa (increase of 21%) for 7 wt% OMLS (PLACNY7). In addition, the
flexural strength and distortion at break remarkably increased for PLACN4, then gradually
decreased when increasing OMLS loading. It revealed that a high content of OMLS leads to a
brittle material and there is an optimal amount of OMLS in nanocomposites that must be
carefully adjusted in order to achieve the most significant improvement of mechanical
properties. Murariu et al[73] developed a calcium sulfate-containing PLA-based
nanocomposite with flame retardant properties for technical applications requiring rigidity, heat
resistance and dimensional stability. Accordingly, PLA- B-anhydrite II (AIl) composites
characterized by specific end-use flame retardant properties were added with selected OMLS.
Co-addition of AIl and OMLS led to PLA nanocomposites characterized by a good nanofiller
dispersion, thermal stability and adequate mechanical resistance. The flame retardant properties
as shown by cone calorimetry (Table I1.5) displayed a significant increase in the ignition time
(TTI) compared to neat PLA and a substantial decrease, about 40%, of the maximum (peak)
rate of heat release (pHRR), whereas the UL94 HB test was successfully passed in terms of

non-dripping effect and extensive char formation (Figure I1.7).
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Table IL5 Comparative flame retardant properties of PLA nanocomposites compared to
pristine PLA as determined by calorimeter testing at heating flux of 35 kW/m?2. [73]

Composition (% by weight), TTI, s pHRR, kW/m2 Decrease of pHRR, %

PLA (reference) 75 374 Reference
PLA-43% All 98 319 15
PLA-3% B104 75 285 24
PLA-3% C30B 62 244 35
PLA-40% AII-3% C30B 88 230 39
PLA-40% I1-3% B104 91 217 42

Figure I1.7. Illustration of the behavior during UL94 HB testing: specimens burned with drips
(PLA (A) and PLA-43% AII (B)) and without drips (PLA-40% AII-3% C30B (C) and PLA-
40% AII-3% B104 (D)) [73].

In summary, PLA-based nanocomposites show very interesting properties that should enable a
more widespread use in automotive applications in the next future, in particular for energy
consumption reduction purposes thanks to weight reduction. High strength and rigidity of those
materials are also undeniable assets. However, nanofilled PLA blends still exhibit low heat
resistance without additional thermal process such as annealing.

In that context, another strategy can be suitable to achieve thermal properties unattainable for
neat PLA. Melt blending PLA with petroleum-based thermoplastic polymers will be discussed

next section.

11.2.2. PLA/petro-sourced polymer blends of high thermal stability
Thanks to the high thermal stability of commonly used petroleum-based thermoplastics
compared to that of PLA, indicated by their value of HDT (see Chapter I ,Table I.1), lots of
researches are interested in compounding PLA with (petro/bio)-sourced polymers in order to
improve PLA HDT[80,81]. In some cases, compounding in association with toughening

modifiers also allows achieving high impact property, leading to a competitive partially
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biobased material with enhanced thermal stability and mechanical performances, suitable for
use in vehicle parts. Among them, PLA/PC blends have been widely reported [82-87] as a
simple binary blends or with addition of some additives like chain-extenders and
compatibilizers in order to significantly enhance toughness and heat resistance while
minimizing the drop in stiffness. Recently, Srithep et al.[86] developed a PLA/PC blend with
the addition of epoxy-based chain extender (CE) in order to improve compatibility of the blend
by reaction between the epoxide groups in CE and hydroxyl/carboxylic end-groups of PLA and
PC. HDT value of PLA/PC blend without and with addition of CE was improved from 62°C
for PLA+50%PC to 106°C after mixing with CE (Table I1.6).

Table I1.6 Heat deflection temperatures of PLA/polycarbonate (PLA/PC) and/or chain extender
(CE) blends (HDT normalized measurement test)[86]

Compounds HDT (°C)
PLA 55
PLA+30% PC 57
PLA+50% PC 62

PLA+50% PC+1.1%CE 106

PC 136

PMMA is often viewed as an excellent polymer partner for PLA, resulting in blends of
high miscibility, excellent thermal stability with increased heat deflection temperature, high
sustainability and good ageing behavior[88-91]. Recently, Samuel et al.[90] have dealt with
miscible PLA/PMMA blends of enhanced thermo-mechanical properties and have confirmed
that the addition of even a moderate amount of PMMA can deeply modify the thermal
properties of PLA (in terms of Tg and HDT values), which were adjusted between those of neat
PLA and neat PMMA. More precisely, HDT value progressively increased from 51.5 °C to
54.8°C with 20 wt% PMMA and up to 61.9°C with 50 wt% PMMA. Note that these results
have motivated the design of PLA/PMMA blends in the present PhD research work.

11.2.3. Heat-resistance PLA-based stereocomplexes
Together with the development of PLA/petro-sourced polymer associations, other studies focus
on making PLA stereocomplexes (sc-PLA) [92] for the key-fact that stereocomplexing is

generally judged as an effective method to increase material crystallinity. Poly(L-lactic acid)
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(PLLA) and poly(D-lactic acid) (PDLA) readily form stereocomplex crystallites with a distinct
crystal structure that has a high melting point in the range of 220—230 °C, i.e. at a value that is
significantly higher than those of PLA homocrystallites (approximately 170 °C) [93,94].
Stereocomplexing can therefore enhance PLA properties in terms of thermal resistance and
hydrolysis resistance, in particular. A drawback of stereocomplexing is that it can lead to brittle
PLA-based materials, which could reduce industrial implementations, as proven by Torres et
al.[95]. Other researches [96-98] aimed at improving the heat deflection temperature and
toughness of PLA using stereocomplexing simultaneously. In the same way, Nam et al.[99]
performed sc-PLA by extruding poly(L-lactic acid) (PLLA) with various amounts of poly(D-
lactic acid) (PDLA) and 10-20 wt% of two types of commercial impact modifiers (BioStrong
120, Elvaloy) in order to enhance both thermal (Table I1.7) and mechanical properties.

Table I1.7 Heat deflection temperatures of sc-PLA blends with or without impact
modifiers[99]

Compounds HDT(C)
PLLA 56
PLLA/PDLA (92/8) 110
PLLA/PDLA (85/15) 110
PLLA/PDLA (75/25) 110
PDLA 53
PLLA/PDLA (92/8)+ 10 wt% Strong 120 70
PLLA/PDLA (92/8)+ 20 wt% Strong 120 65

PLLA/PDLA (85/15) + 10 wt% Strong 120 87

PLLA/PDLA (85/15) + 20 wt% Strong 120 79

PLLA/PDLA (92/8) + 10 wt% Elvaloy 90
PLLA/PDLA (92/8) + 20 wt% Elvaloy 81
PLLA/PDLA (85/15) + 10 wt% Elvaloy 101
PLLA/PDLA (85/15) + 20 wt% Elvaloy 97

As shown in Table I1.7, HDT dramatically increased over 100°C thanks to the incorporation of
different amounts of PDLA. Nevertheless, impact strength decreased with addition of PDLA
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(18 J/m for neat PLLA to 11 J/m with 15 wt% of PDLA). Once impact modifiers were added,
HDT decreased with the increase of impact modifier content (Table I1.7). Taking into account
all results, a well-balanced composition of toughened sc-PLA with 10 wt% of impact modifier
was selected that can compete with (petro)polymers. In this context, Corbion Purac[100] have
created a developmental grade of high heat resistance PLA (not commercialized yet) that in a
stereocomplex form could replace PS, PP and ABS type materials in applications where heat

performance (HDT) is a key requirement.
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Figure I1.8. Typical results of using PLA homopolymer blends: a heat performance similar to
PS, PP and ABS (Blend A: PLLA + PDLA + nucleating agent; Blend B: Blend A + talc; Blend
C: Blend A + talc + impact modifier). [100]

As shown in Figure 11.8, the key-driver behind the improvement of HDT in Blend A is
PLLA homopolymers that are nucleated with a small amount of PDLA homopolymers and a
traditional nucleating agent. The improved heat performance of blend A was obtained without
adding a significant amount of filler. To achieve a higher modulus, and an even higher
temperature resistance, talc was added to blend A to form Blend B (respectively 4 GPa and
120°C instead of 3GPa and 105°C for Blend A), leading to better performances than those of
PP and PS blends. To achieve an impact resistance comparable to that of ABS, blend 4 was
impact modified and in order to minimize the drop in modulus, talc was added to this blend to
obtain the blend C, characterized by a good balance of properties ( 33kJ/m? for impact
resistance, 3.5 GPa for tensile modulus and 95°C for HDT).

Sections II.1 and IL.2 have presented the most efficient way to improve PLA impact

strength, ductility and thermal stability in order to make properties of PLA-based materials

28



Chapter II: State of art

compatible with their implementation as automotive components. Another key-point when
developing materials for use in automotive industry is to ensure their good processability by
mass production methods, typically by injection-molding. This subject is discussed in the next

section.

II.3  Mold-injected PLA-materials for automotive applications
In automotive industry, PLA components are generally produced by injection-molding,
similarly to other thermoplastics. Assets of injection molding are in particular a continuous
production capacity with minimal maintenance and labor, allowing significant economies on
large-scale. Several factors are involved in the injection molding process and have a great
influence on the injected part, such as material formability, characteristics of molding machine,

mold-design and process conditions (melt and mold temperature, pressure, etc.) [101,102].

Mold _/ %

unclamp |N§£ Injection Molding
’ ; n Cycle
| “

Figure I1.9. Typical cycle for an injection molding process [103]

The typical cycle for an injection-molding process was detailed by Lim et al.[103]
(Figure I1.9). They described the different steps of the cycle and gave some advices to avoid
defects in injection-molded products. While the cooling time must be sufficient to ensure a
dimensionally stable injected part, cycle time has to be minimized to maximize the production
throughput.

The slow crystallization rate of PLA compared to that of commonly injection-molded
thermoplastics is a major obstacle for use in automotive industry, i.e.at high production rate.
Indeed, an injection-molding cycle time in automotive industry typically ranges from 20 to 60
s [104], that implies in particular high cooling rate. However the crystallization half-time, tv,

of a pure sample of PLA was reported in the literature in the range of 17-45 min depending on
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crystallization temperature, stereochemistry and molecular weight[105]. Therefore, injection-
molding PLA for automotive parts is limited to the manufacturing of parts for which high
crystallinity degree is not required. Indeed, using a post annealing step or longer cycle time to
obtain sufficient crystallinity for PLA component would be impractical for a high volume
automotive production. In addition, slow crystallization rate of PLA also causes difficulties
during part ejection, therefore increasing again molding cycle duration.

An efficient way to accelerate crystallization of PLA is the incorporation of nucleating
agents. In polymers, nucleating agents provide additional sites for crystallization initiation and
also influence the crystalline morphology and crystallization kinetics [106-108]. For example,
blending PLA with 5 wt% of talc can fundamentally change the crystalline morphology of the
blend (Figure I1.10). Judging from those polarized optical micrographs of PLA formulations,
after non-isothermal crystallization from the melt, spherulite concentration increases and
spherulite size decreases in PLA/talc compared to neat PLA. Therefore, talc addition can lead
to much more heterogeneous nuclei and can reduce the size of spherulites[109]. Nucleating
agents can therefore present a remarkable effect on the kinetics of crystallization by reducing
the crystallization half-time, leading to a better processability of PLA. In some cases, they may

also lead to enhanced mechanical properties.

Figure I1.10. Polarized optical micrographs of neat PLA (left) and PLA containing 5 wt% talc
(right) at 122 °C after quenched from 180 °C [109].

Kolstad [110] showed that talc can be added to PLLA to effectively modify the crystallization
rate of the polymer. The crystallization half-time of the polymer reduced from 3 min at 110 °C
to approximately 25 s with the addition of 6 wt% talc to PLLA. At the same content of talc, for
3% mesolactide copolymerized with the L-lactide, the crystallization half-time is reduced from
7 min to 1 min, showing that the stereocomplex of PLLA and PDLA can also be regarded as a

potential tool for self-nucleation of PLLA. Schmidt and Hillmyer [111] investigated self-
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nucleation of PLLA, in which small crystallites of the stereocomplex were formed by blending
up to 15% PDLA into PLLA. They compared the effectiveness of self-nucleation with the
heterogeneous nucleation obtained from the addition of talc, finding self-nucleation more
efficient. Self-nucleation reduced the crystallization half-time by nearly 40-fold, in the best
case, while a similar loading of talc only decreased the half-time by just over 2-fold under the
same conditions. While the majority of works dealing with nucleation of PLA are focused on
the study of crystallization kinetics, morphology and some mechanical properties, Harris and
Lee [105] pushed forward the study of nucleated PLA using talc and ethylene bis-stearamide
(EBS) by optimizing the injection molding process parameters and post processing in order to
increase crystallinity in the finished injected part. Furthermore, heat deflection temperature and
flexural strength were analyzed. The authors showed that the addition of 2% of nucleating agent
(talc or EBS) improved the crystallization rate by over 20-times and 65-times for EBS and talc,
respectively, compared to neat PLA. The authors then worked on the optimization of processing
conditions, especially for the nucleated samples, ever aiming at increasing PLA crystallinity
and mechanical performances. Post-annealing processing of both nucleated and neat PLA
materials was found to increase the crystallinity of PLA to a maximum level of 42% (Figure
II.11a). Interestingly, annealing process is significantly faster in presence of nucleating agent.
Injection molding the PLA materials into a preheated mold (110°C) was found to significantly
increase the crystalline content of the molded specimens to their maximum level (41-43%) in
both neat and nucleated PLA materials (Figure II.11b). Furthermore, the same crystallinity was
reached at a lower temperature in the nucleated samples than for neat PLA (for instance a
crystallinity ratio of 35% was reached at a mold temperature of about 80°C for nucleated
samples, compared to about 100°C for neat PLA). The combination of nucleating agents and
process optimization therefore allowed increasing crystallinity level in final injection molded
part, together with a decrease in processing time. Moreover, an increase of 30°C in the heat
deflection temperature (Figure 1I.11c) and an improvement of flexural modulus by upwards of

25% were achieved thanks to material nucleation and process optimization.
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Figure I1.11. (a) Crystallinity versus annealing time at 80 °C for neat PLA, PLA + talc, and
PLA + EBS samples; (b) Crystallinity as a function of injection molding mold temperature for
neat PLA and PLA + talc samples; (C) Dependence of heat deflection temperature (HDT) on
annealing time at 80 °C for neat PLA, PLA + talc, and PLA + EBS samples. [105]

Previously exposed researches demonstrate that PLA crystallization kinetics can be
improved in order to make PLLA-based materials suitable for high-rate production process by
injection molding, typical of automotive industry. More precisely, the increase of crystallization
rates achieved in these works and discussed in this section can result in reduction of both cycle
time and energy consumption during injection molding process. Moreover, materials with
higher crystallinity degree show increased mechanical properties, especially in terms of rigidity
and strength and sometimes thermal resistance, and are thought to have better durability. The

issue of durability of PLA blends constitutes the subject of the next section.

I1.4. Durable PLA/polymer blends
Plastics and polymer composites recently developed can have mechanical performances that
withstand the related stresses of many applications, including highly-loaded parts. However,
some operating conditions, such as high temperature, corrosive chemicals in fluids and
lubricants, electric currents, weather variations, or minerals from roadways, may be too harsh
to be endured by some plastics and polymer composites over a whole vehicle’s lifetime. Hence,
both interior and exterior parts are exposed to a large range of temperature (-40 to 80°C)
together with high humidity level, throughout the vehicle lifetime (possibly higher than 10
years). Obviously, these conditions can have long term detrimental effects on the durability,
performance and aesthetics of the materials in automotive components. Suitability of a material
for automotive application must therefore be evaluated regarding long-term performances.

Under specific conditions, PLA presents a fast degradation rate, which makes it

appealing for disposable applications, but inadequate for applications requiring long-term
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durability. It explains why the majority of current commercial applications for PLA blends are
oriented to clothing and linens, disposable packaging and objects (e.g., water cups).
Unfortunately, very few researches and applications concern the use of PLA in durable
goods[112,113], and even less in case of severe environmental conditions such as in automotive
applications. Among the few available works, Harris et al.[ 114] have investigated the durability
of a commercial injection-molding grade of PLA through its crystallization behavior.
Commercially available injection-molding grade of PLA and annealed PLA were conditioned
at a temperature of 50°C and 90% relative humidity (RH) for 12 weeks, which corresponds to
a simulated environment for automotive interiors. Moisture absorption, molecular weight and
mechanical performances were investigated. Both amorphous and crystalline PLA showed
significant moisture absorption, allowing hydrolysis to occur with a linear regression of average
molecular weight more accentuated for amorphous PLA (Figure II.12a,b). The effect of
moisture and heat-conditioning on mechanical performances was examined through the
evolution of flexural strength (Figure II.12c). This one decreased significantly for both
amorphous and annealed PLA. As a conclusion, properties of the conditioned samples were not
maintained, even for crystalline PLA, and commercial PLA grades remain inadequate for

durable use in automotive parts.
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Figure I1.12. (a) Moisture absorption as a function of conditioning time for amorphous and
crystalline PLA; (b) Dependence of molecular weight on conditioning time for amorphous and
crystalline PLA; (c) Dependence of flexural strength on conditioning time for amorphous and

crystalline PLA. [114]

However, different approaches have proven to improve the durability of PLA-based materials.
A possible approach is to blend PLA with resins that are not susceptible to hydrolysis and could

prevent contact between PLA and water by acting as moisture barrier.[115,116] In this regard,
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Harris et al.[116] have studied the durability of PLA/PC blends (PLA content equal to 100 wt%;
45 wt%; 30 wt% and 25 wt%, with corresponding codifications PLA-100; PLA-45; PLA-30
and PLA-25) for use in injection-molded automotive interior parts. Harsh conditions were
imposed to study the durability of PLA/PC blends, namely 70°C and 90% RH for 62 days
corresponding to 10 years of in-field exposure for an automotive interior component in a
southern Florida climate. Durability of ABS/PC was used as a basis of comparison. Results
demonstrated that the presence of PC can improve the long-term performance of the blends
compared to neat PLA (durability increase for 1 in-field exposure year). Nevertheless, all
samples containing PLA exhibited extreme degradation after 14 conditioning days, resulting to
a drop in mechanical performances (here in terms of flexural strength, Figure I1.13a) together
with the formation of a large amount of brown liquid residue at the sample surfaces due to the
hydrolysis of the PC phase (accompanied by the apparition of potentially health-harmful
Bisphenol-A (BPA) — Figure I1.13b,¢). Although PC was initially blended to stabilize PLA and
improve the overall durability, final durability of the blend was marginally improved due to the
hydrolytic degradation of PC. It can be noted that PC suffered more from hydrolysis when
blended with PLA than with ABS.
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Figure I1.13. (a) Flexural strength as a function of conditioning time of PLA/PC blends; (b)
Hydrolysis reaction of polycarbonate; (c) Chemical structure of bisphenol-A (BPA) [116]

As a conclusion, the formation of PC/PLA blends has not achieved yet a durability level high
enough for automotive applications, regardless of PC content. However, blending PLA with
more durable polymer resins in order to enhance durability of blends constitutes a promising

research field.
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CONCLUSIONS

Automotive industry is one of the mainsprings of development of bioplastics and
biocomposites for durable applications, due to its well-structured network of car manufacturers,
original equipment manufacturers (OEMs), and material suppliers. All have indeed
considerable needs in bioplastics and biocomposites in order to meet the increasingly binding
objectives in terms of reduction of vehicle weight combined with increasing demand in more
environmentally friendly materials.

In this chapter, a special attention is paid on the development of PLA based blends and
on the different modifications that may enhance PLA performances in terms of mechanical
properties (ductility combined with high rigidity and strength), high heat-resistance, durability
and good processability, even under high-rate production. Some of these modifications lead to
relevant materials for use in the automotive sector, allowing carmakers to invest into
ecofriendly vehicles using developed PLA-based bioplastics and biocomposites. However, up
to now, automotive applications of tailored PLA compounds are limited to interior parts,
particularly due to the long term durability under the severe environmental conditions that
exterior parts have to undergo. However, research is on a right path to offer in the next future

PLA-based blends suitable for exterior parts of vehicle, spare parts for a less storage facilities.
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Research strategies

As stated before, the aim of this present research work is to elaborate tough and ductile
PLA-based materials with improved thermal properties to be used in technical application such
as automotive application, upon the design of PLA-based compounds with the use of different
additives and process modification. Several bulk-modification methods are employed to
improve mechanical properties (mainly toughness), thermal stability, processibility and
crystallinity of PLA. Blending are chosen as effective alternative way to develop new PLA-
based materials with desired properties in this thesis. New PLA-based compounds are
developed with addition of commercial rubber impact modifier to improve impact resistance
and ductility, petro-sourced polymer for enhanced thermal stability, and other strategies to
improve crystallinity of PLA-based compounds such as annealing, stereocomplexing and
combination of nucleating agent and nanoparticles. To generate toughened PLA with high
mechanical performances and high thermal stability, several key-parameters involving the
matrix polymer (i.e. miscibility, concentration), the matrix-rubber adhesion (i.e. domain size
and shape, distribution) and process modification (i.e annealing temperature and time) must be
properly controlled. Furthermore, another objective of this thesis is to select the most promising
compound offering an appropriate balance between different properties such as ductility,
strength and stiffness, impact toughness, good thermal stability and a content of bio-sourced
polymer in the blend at least equal to 50% with the aim to be industrialized for use in technical
parts subjected to severe loading conditions.

To achieve these objectives, different approaches have been explored during this Ph.D. degree
to elaborate PLA materials suitable for technical application. In particular, works focus on
improvement of both mechanical and thermal properties as well as on the scaling-up of the
promoted PLA-based compound towards industrialization prospective. The final performance
of compound subjected to severe loading conditions is checked and its durability under severe
thermal conditions is studied. Furthermore, a special emphasis is put on the “structure -
properties - process” relationship about the performances of the as-produced PLA-based

materials.

The body of this thesis is organized into 5 chapters. In details, Chapter 11 is a background
review about the development of PLA based blends and the different modifications that may
enhance PLA performances in terms of mechanical properties (ductility combined with high

rigidity and strength), high heat-resistance, durability and good processability, even under high-
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rate production. Based on previous researches carried out in our laboratory group, we had the
idea to combine a commercial impact modifier Biomax Strong and a petrosourced polymer
poly(methyl)methacrylate (PMMA) to overcome toughness limitation and improve thermal
stability of PLA blends. To reach our objectives, the determination of prevailing parameters is
necessary for endowing PLA-based materials with high-toughness and thermal resistance as
described in Chapter III. Among these key-parameters, some concern the matrix phase (i.e.
miscibility of the matrix, crystallinity), the impact modifier phase (i.e. immiscibility with the
matrix) or again the phase morphology (i.e. mean size of rubber, shape and related distribution
of the dispersed phase). However, the crystallization ability of these blends remained inferior
to what it is required for their industrial processing, for instance, by injection techniques. In
chapter IV, different strategies to promote PLA crystallization were therefore investigated with
the objective of increasing both crystalline rate and content in order to improve thermal stability
ultimately. Three different methods are tested, namely annealing process, addition of silica
nanoparticles and nucleating agent or finally stereocomplexation by adding PDLA to PLA
blends.

Keeping in mind a future industrialization of PLA-based composition, Chapter V covers
the scaling up, the evaluation of mechanical performances under severe loadings and finally the
durability of best compounds. In details, the selected compound is processed at “industrial
scale” by extrusion and injection molding, while controlling the prevailing parameters (feeding
rate, residence time governed by rotation speed and feeding rate), which are necessary for
keeping interesting thermo-mechanical properties. Then, tensile behavior of resulting blends is
investigated under high-strain-rate loadings, for the moment at ambient temperatures in order
to verify the suitability of the promising compound for use in technical parts subjected to severe
loading conditions. Finally, suitability of the selected material for automotive application must
be evaluated regarding long-term performances under severe conditions (high temperature).
Through these different approaches, the present thesis will highlight the best approach strategy
offering a suitable PLA based material for automotive application and responding in terms of

properties, durability and environmental regulation, to the requirement of automotive industry.
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Chapter III: Design of highly tough poly (L-lactide)-based ternary blends

Design of highly tough poly(L-lactide)-based ternary blends for

automotive applications

INTRODUCTION

Renewable and biodegradable plastics are being more and more appealing due to the
growing concerns on sustainability and end-of-life aspects [1]. Among them, polylactide (PLA)
is definitely the most promising bioplastics for numerous applications [2-4]. Several key-points
contribute to the success of PLA as a renewable alternative to traditional petroleum-based
plastics, especially its excellent biocompatibility, bioresorbability, (bio)degradability as well as
its attractive physical and mechanical properties such as high rigidity, strength and easy
processability [5]. Yet, for automotive applications, some properties of PLA-based materials
have still to be improved, in particular durability, flexibility in the design, ductility, resiliency
and thermal properties, while keeping an affordable cost. Several strategies have thereby been
carried out to overcome those drawbacks and to improve limited mechanical properties of PLA
(see Chapter II).

In that context, blending PLA with another (partially) miscible thermoplastic polymer (petro-
sourced or not) often appears as a promising strategy to improve PLA thermal and/or
mechanical properties [6-15]. In particular, Poly(methyl methacrylate) (PMMA) is often
viewed as an excellent polymer partner with PLA, yielding blends of high miscibility, excellent
thermal stability with higher heat deflection temperature (HDT), high mechanical properties,
sustainability and good ageing behavior [7,16-18]. However, toughness and ductility of the
blend still need some improvement to make PLA-based compositions suitable for engineering

applications.

To overcome toughness limitation and reduce brittleness, the use of impact modifier is
of high interest, as it allows to impart greater energy dissipation pathways throughout the
materials, without affecting stiffness and thermal stability [19]. Many commercially available
impact modifiers such as Biomax Strong are specifically designed in order to toughen PLA [20-
23] as dispersed rubbery microdomains (with an average size around 0.1-1.0pum) within the
PLA matrix able to absorb the energy upon an impact [24]. Their toughening effects are of
varying magnitudes, depending on their miscibility extent within the PLA matrix, their thermal
stability under PLA processing temperatures, the interfacial adhesion between the dispersed

rubbery phase and the continuous PLA matrix within the blend, etc.
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Impact modifiers providing an appropriate balance of these properties are therefore
fundamental for these intended applications.

The present contribution aims at designing rubber-toughened PLA/PMMA-based
formulations with enhanced heat deflection temperature (HDT) suitable for injection-molding
process via the addition of a commercially-available impact modifier. Among different tested
impact modifiers (PARALOID™ BPM-520, Biostrength®150, Biomax® Strong 120,
Nanostrength®M53, Nanostrength® E20, LOTADER®AX8900 and Biomax®PTT 1100)
Biomax® Strong 120 (BS) was selected as an efficient impact modifier commercially available

from Dupont™

, yielding, e.g., PLA-based materials with the best balance between rigidity and
ductility (2.5 GPa and 116% respectively) and the highest value of impact strength (= 44kJ/m2)
comparable to the other commercial impact modifiers. (see Appendix I Figure III.A.1 and
Figure I11.A.2)

Then, various PLA/PMMA formulations were melt-blended with a fixed BS content (17 wt%)
and characterized by means of mechanical, thermo-mechanical and morphological analyses.
The miscibility between each partner, the mechanical performances (toughness and ductility)
and related morphologies are specifically addressed. Interfacial adhesion and coupling reactions
in the melt-state are revealed in PLA-rich formulations and correlated with mechanical
performances in terms of toughness and ductility. A mechanical mapping is finally set between
the best PLA-based formulations and an ABS/PC blend, frequently used in automotive industry

[25-27] and bio-based ternary blends appear as promising alternatives to petro-sourced blends

such as ABS-based blends in engineering injection-molding parts.

EXPERIMENTAL

Materials

Commercial extrusion grade poly(L-lactide) NatureWorks 4032D (hereafter called PLA) was
used as received (M,,= 133,500 =+ 5,000 g/mol, P = 1.94 + 0.06 as determined by size-exclusion
chromatography in chloroform at 35°C upon a relative polystyrene calibration, 1.4 + 0.2 % D-
isomer content as determined by the supplier). Poly(methyl methacrylate) (Plexiglas® 8N,
hereafter called PMMA) was supplied by Evonik (M,,= 50,000 g/mol+ 2,000 g/mol, D =2.1 +
0.1). Biomax® Strong 120, hereafter called BS, was provided by Dupont™. As presented
before, BS is an ethylene acrylate impact modifier bearing epoxy moieties specially designed
for PLA. Ultranox 626A (GE Specialty Chemicals) was used as a stabilizer at a content of 0.3
wt% in all PLA-based blends. For comparative purposes, a commercial ABS/PC blend
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(Novodur H801) designed for automotive interior and exterior parts, was supplied by

Styrolution (M,,= 32,900 g/mol+ 3,000 g/mol, ® =3.4+ 0.1).

Blend preparation and compounding
Seven different PLA/PMMA/BS were studied with different ratio of PLA/PMMA at a constant
impact modifier concentration of 17 wt% and both neat PLA and PMMA were also processed.

All formulations are gathered in Table III.1.

Table I11.1 Designation of as-prepared PLA-based ternary formulations

Sample Code PLA content PMMA content BS content
(wt%) (wt%) (wt%)
Neat PLA 100 0 0
PLA/BS 83 0 17
PLAS80/PMMA20/BS 66.4 16.6 17
PLA70/PMMA30/BS 58 25 17
PLASO/PMMASO0/BS 41.5 41.5 17
PLA30/PMMAT70/BS 25 58 17
PLA20/PMMAS0/BS 16.6 66.4 17
PMMA/BS 0 83 17
Neat PMMA 0 100 0

Prior to mixing, polymeric components were dried overnight at 60 °C in a vacuum oven to
remove any residual water before processing. The additives were first pre-mixed in a plastic
container and then melt-blended in a Brabender internal mixer (model SOEHT) with 3 min pre-
mixing at 30 rpm followed by 7 min of mixing at 70 rpm. Normalized samples of resulting
PLA-based materials were then prepared by injection molding using DSM Mini Injection
Molding apparatus upon the following procedure: 3 min at 210°C and injection within a mold
at 45°C, except for PMMA content higher than 70 wt% (3 min at 220°C and injection within a
mold at 55°C).
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Characterizations

Differential scanning calorimetry (DSC) was performed using a DSC Q2000 from TA
Instruments at both heating and cooling rates of 10 °C/min under nitrogen flow. The glass
transition temperature (Tg), melting temperature (Tw), cold-crystallization temperature (Tec),
enthalpy of cold-crystallization (AHc:) and melting enthalpy (AHwm) were evaluated from the
resulting DSC thermograms at the second heating scan. Crystallinity index of PLA (Xc-pLa) Was

determined using the following relation (1): [28]

Xe—pia(%) = % % 100 ©
with Xpra the weight fraction of PLA in the sample and AHY, (93 J/g) the melting enthalpy for
100% crystalline PLA.

Tensile tests were carried out on Tensile Universal testing Machine UTM (LR 100 K,
Lloyds Instruments, UK) according to ASTM-D-638 norm, at a crosshead speed of 1 mm/min.
Tensile data are derived from the machine software (For elastic modus, a linear regression is
applied to the initial linear part of the behavior curve, i.e. nominal axial stress vs. average axial
strain, for values of average axial strain varying from 0.05 to 0.25%). Notched Izod Impact
tests (5 tests per composition) were performed according to ASTM D256 norm using a Ray-
Ran pendulum impact tester (E=3.99J, m=0.668 kg, speed=3.46m/s). Resiliency here is
obtained by dividing the energy required to break the sample by its cross-section area at notch
location.

Dynamic mechanical thermal analysis (DMTA) was carried out using a DMTA Q800
from TA Instruments mounted in a dual cantilever mode at a constant frequency of 1 Hz, an
amplitude of 20 pm and a heating rate of 2°C/min. To determine the heat deflection temperature
(HDT), a constant load of 0.45 MPa was applied at the center of a 3-point bending flexural bar
sample (dimensions of 55 X 12 X 2mm?), which was heated at the rate of 2°C/min from room
temperature to 130°C. The temperature when the specimen reached a deflection of 250 pm was
reported as the HDT value. [7]

Impact-fractured surfaces of specimens were examined for morphological
investigations through scanning electron microscopy (SEM) using a Hitachi SU8020 (100 V—
30 kV) apparatus. Samples were cryofractured under liquid nitrogen and then coated using a
gold sputtering technique to avoid any charging effect during the electron beam scanning. For
the determination of particle size of dispersed BS microdomains within the blends, 100 to 300
diameters from 2 independent SEM images (5x5um?) were measured using “Image J” software.

The cross-sectional area (A;) of each individual particle (i) was measured and converted into
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an equivalent sphere diameter by the equation (di = (44;/m)%°). Number-average particle
diameter (d,)and volume average particle diameter(d,) which are usually thought to give a

correlation with notched impact strength, were determined from the following equations:

xnid;

dy =52 @
Y nid;*

dv = Zzidi?’ (3)

where n; is the number of particles having the apparent particle diameter d;.

RESULTS AND DISCUSSION

The incorporation of PMMA into PLA by melt-blending techniques was previously
investigated by our group and PLA/PMMA miscible blends display significant improvements
in term of heat deflection temperature (HDT) [12]. PLA/PMMA blends could be suitable for
injection-molded parts in automotive or electronic industry. However, the low toughness and
ductility still remain important challenges to be overcome with the use of impact modifiers. In
this context, ternary PLA/PMMA/BS blends are developed and investigated by means of
thermal, mechanical, thermo-mechanical and morphological analyses. PLA/PMMA
formulations all over the composition range were investigated to highlight the influence of
PMMA on final properties. Rubber-toughening was ensured by BS at a fixed content of 17 wt-
% (based on the total weight) based on the literature. Actually, BS allows reaching a right
balance between rigidity and toughness of neat PLA [22, 29-31].

I11.1. Miscibility of ternary blends
Miscibility between components is an important requirement to achieve interesting mechanical
properties for the final blends [32]. Miscibility extent of PLA/PMMA binary blends may
depend on the processing techniques (solvent casting or extrusion technique) [7, 33-35].
Thermal treatments, process conditions and molecular parameters of each component must be
controlled to ensure a good miscibility of PLA/PMMA blends and reach the full benefits in
terms of thermo-mechanical improvements. Addition of impact modifier into a PLLA/PMMA
blends to produce ternary PLLA/PMMA/BS blends can however lead to some change in the
miscibility of PLA/PMMA blends. To investigate this point, glass transition temperatures, Tg,
of PLA/PMMA/BS ternary blends were determined using DSC technique and corresponding
mechanical relaxations (with the temperature at the tand peak, Trns) were evaluated using
DMTA. Figure III.1 shows typical DSC thermograms of the PLA/PMMA/BS blends (arrows

indicate the glass transition). Corresponding Ty values and crystallinity index of PLA are
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reported in Table II1.2. All curves exhibit a single glass transition, located at an intermediate
temperature between those of pure PLA (61°C) and pure PMMA (116°C) and shifting towards
higher values when increasing PMMA content. Similar trends were reported, for example by
Zhang et al.[18] reporting the evolution of T, for miscible P(D,L-LA)/PMMA blends obtained
by solution/precipitation at different compositions. They confirm that the blends of both
polymers exhibit a single T, in a range between the T, of the individual components. The
location of the blend T, appears to be more or less proportional to the composition of the blend,
which is a clear indication for the miscibility of blends. In our work, such observations confirm
the miscibility between PLA and PMMA in ternary formulations, i.e. in the presence of BS. It
can be noted out that the glass transition temperature of the impact modifier in ternary blends
(expected at around -35°C) could not be detected by DSC because of the imprecision of DSC
machine.

The crystallinity ratio of PLA/PMMA/BS blends reduces gradually as the PMMA
content increases (Table II1.2) and above 50 wt% of PMMA, the blends become fully
amorphous. It is worth noting that the addition of impact modifier BS to PLA results in a
nucleation effect with the increase of crystallinity ratio from 3% for neat PLA to 19% for

PLA/BS (17 wt% of BS).

l Tg= 61.6°C

l Tg= 66°C
T ()
| Tg=soc v
47
(e)
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]
| Te=117¢
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40 9‘0 ' 1 :10' 1I90
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Figure III.1. DSC thermograms recorded during the second heating scan for (a) PLA/BS, (b)
PLASO/PMMA20/BS, (¢) PLA70/PMMA30/BS, (d) PLAS0/PMMAS0/BS, (e)
PLA30/PMMA70/BS, (f) PLA20/PMMASO/BS, (g) PMMA/BS blends (heating rate
10°C/min).
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Table I11.2 Glass transition temperature, crystallinity index, relaxation temperature and HDT
for PLLA/PMMA/BS blends determined from DSC and DMTA analyses.

Sample Code Tg* Xc* Tuans1** Teans2** HDT**
O (%) (°C) (°C) °C)

Neat PLA 61 3 57 -42 54
PLA/BS 61.6 19 60 -42 53
PLA80/PMMA20/BS 61.8 9 64 -43 57
PLA70/PMMA30/BS 62.8 3 67 -43 58
PLAS0/PMMAS0/BS 66 - 76 -40 63
PLA30/PMMA70/BS 89 - 93 -40 70
PLA20/PMMAS80/BS 97 - 100 -33 72
PMMA/BS 117 - 115 - 84
Neat PMMA 116 - 118 - -

Neat BS - - - -35 -

* As determined by DSC
** As determined by DMTA

Mechanical relaxation at high and low temperatures was also investigated and Figure
II1.2 displays DMTA thermograms of PLA/PMMA/BS blends. Two distinct tand peaks were
systematically observed for all ternary compositions. The high-temperature relaxation
corresponds to the a-relaxation of miscible PLA/PMMA fraction, i.e. located at an intermediate
temperature between those of the respective homopolymers in accordance with DSC results.
The low-temperature relaxation appearing between -33 and -42°C could be ascribed to a-
relaxation of BS (Twns= -35°C for neat BS). The presence of these two distinct tand peaks
therefore suggests that the PLA/PMMA matrix and the impact modifier are (partly) phase-
separated. Table III.2 presents the temperature at tand peaks for the high- and the low-
temperature relaxation (Twns1 and Trns2, respectively) with the heat deflection temperature
(HDT) determined from DMTA analyses for each PLA/PMMA/BS formulations. Related to
their good miscibility and in accordance with the literature, [7] Ttans1 of the matrix PLA/PMMA
increases slightly with PMMA content until 30wt% PMMA (reaching an improvement of 7°C
for Twns of 70/30PLA/PMMA). At PMMA content higher than 30wt%, Trnsi increases
significantly, e.g. by 16°C between 30 wt-% and 50 wt-% of PMMA. In addition, HDT

smoothly increases with the amount of PMMA into the ternary blend (an increase of 10°C at
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50% of PMMA) and the beneficial effect of PMMA on thermo-mechanical properties is also
confirmed in ternary formulations. The incorporation of BS into a PLA/PMMA miscible blend
has a limited influence on HDT. These ternary PLA/PMMA/BS formulations are therefore
comparable to binary PLA/PMMA blends developed by Samuel et al.[7], in terms of improved
HDT, and a progressive increase of heat deflection temperature up to 61.9 °C with 50% PMMA
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Figure I11.2.Tan d curves of (a) PLA/BS, (b) PLASO/PMMA20/BS, (c) PLA70/PMMA30/BS,
(d) PLAS0/PMMASO0/BS, (e) PLA30/PMMAT70/BS, (f) PLA20/PMMARS0/BS, (g) PMMA/BS,
(h) neat BS.
I11.2. Mechanical properties of PLA-based blends

Nominal strain-stress curves at a displacement rate of Imm.min™' for PLA homopolymer and
all investigated PLA/PMMA/BS blends are shown in Figure I1I1.3. PLA is known for its high
rigidity and tensile strength but low elongation at break, even at low deformation rate [12].The
present results confirm this behavior for neat PLA with a very high rigidity of =3.2 GPa, a
tensile strength of 68 MPa and a low elongation at break of 2.8%. The addition of BS strongly
modifies the mechanical properties of PLA, as shown in Figure I1I.3 and Table III.3. A high
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level of ductility is reached (elongation at break =148%) with the addition of BS at 17-wt% and
a brittle-to-ductile transition is clearly observed. Nevertheless, the apparent rigidity and yield
stress decrease of about 30% and 35% respectively with respect to neat PLA. The same
phenomena were reported by Taib ef al. [22] who have designed PLA blends with different
amounts (0-50%) of a commercially ethylene acrylate copolymer impact modifier (Biomax®
Strong). They show that adding 20% of impact modifier can improve ductility of blends (128%
of elongation at break) with a decrease of yield stress and apparent rigidity of about 34% and
36% respectively with respect to neat PLA. The ductile behavior of the ternary blends is not
altered with the addition of PMMA up to 80-wt%. Both tensile modulus (E) and tensile strength
(o) increases while strain at break decreases. It can be noted out that PMMA/BS binary blend
shows a brittle behavior (2% of elongation at break) together with a low rigidity (1.6 GPa).

g & PLA - PLA50/PMMA50/BS

-=-PLA/BS -a-PLA30/PMMAT70/BS
-o-PLAB0O/PMMA20/BS -« PLA20/PMMAB80/BS
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Figure II1.3. Tensile stress-strain curves of PLA and PLA/PMMA/BS blends

Table I11.3 Tensile properties of neat PLA and PLA/PMMA/BS blends (standard deviations
into brackets)

Tensile ] )
SumlecCote ST Apeand e oo
(MPa)
Neat PLA 68 (2) 3.2(0.1) 2.8(0.2)
PLA/BS 44 (2) 2.3(0.1) 148 (28)
PLA80/PMMA20/BS 46 (1) 2.4(0.1) 133 (11)
PLA70/PMMA30/BS 49 (3) 2.5(0.1) 116 (4)
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Tensile ) .
SampleCode St Aot Engaton
(MPa)
PLAS0/PMMAS0/BS 52 (1) 2.6 (0.1) 66 (26)
PLA30/PMMA70/BS 53 (1) 2.5(0.1) 44 (7)
PLA20/PMMAS0/BS 52 (1) 2.4(0.1) 33(5)
PMMA/BS 23 (5) 1.7 (0.2) 2(0.3)

Aiming at designing injection-molded parts for engineering applications in automotive,
high impact toughness is also needed in addition to high tensile strength, rigidity and ductility.
Figure 1114 illustrates the effect of PMMA content on the notched impact strength of ternary
PLA-based blends. Neat PLA presents low impact strength of around 3.4 kJ/m? and adding 17
wt-% of impact modifier to neat PLA results in a significant improvement of toughness up to
24 £+ 0.1 kJ/m? in accordance with literature [22]. A synergistic effect of BS and PMMA is
surprisingly evidenced with an optimum impact toughness close to 44 + 2.5 kJ/m? observed
with the addition of 30% wt-% PMMA to PLA/BS blends. The same impact strength (42.8
kJ/m?) was also measured by Notta-Cuvier et al. [4] when performing PLA-plasticizer-impact
modifier-nanoclay quaternary composition (80/10/10/1) designed for automotive applications.
Nevertheless, mechanical tensile properties were much lower (1.74 GPa and 22.81 MPa,
respectively for apparent rigidity and maximal nominal axial stress) compared to results
obtained for ternary PLA70/PMMA30/BS17% blend). Further increase of PMMA content
without sacrificing impact toughness is possible up to 50 wt-%. However, PMMA-rich
formulations display a dramatic reduction of the material toughness, likely due to a lack of
affinity between BS and matrix. Tensile and impact tests point out that BS has a strong positive
effect on toughness and ductility for PLA-rich formulations (Figure 1II.3 and 1I.4). The
formulation PLA70/PMMAZ30/BS can be selected with an optimum stiffness-toughness balance
and improved HDT for high-performance applications, together with a high content of biobased
material (58 wt%).

Mechanical properties of the most efficient bio-based composition, i.e.
PLA70/PMMAZ30/BS, are compared to those of a commercial ABS/PC blend. Blend of
polycarbonate (PC) and Acrylonitrile-Butadiene-Styrene (ABS) has encountered a great
attention for the last decade, in particular in automotive applications, thanks to appealing
properties and affordable cost. Indeed, these blends combine the best properties of both

constituents: mechanical and thermal properties are improved by the presence of PC, while
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processability and impact resistance are improved by the ABS. Adding a small amount of ABS
to PC improves blend processability and impact strength. On the other hand, adding a small
amount of PC to ABS increases its thermal properties [36-38]. These blends are recommended
for the manufacture of large automotive parts, e.g. dashboards, interior trims, seat and glove
box components, which require the use of high strength materials [39,40]. Table III.4 presents
some mechanical properties (elastic modulus, tensile strength, elongation at break and impact
strength) obtained for ABS/PC and PLA70/PMMA30/BS. Based on these results, it can be
concluded that PLA70/PMMAZ30/BS has better mechanical properties than ABS/PC blend. In
fact, the PLA70/PMMAZ30/BS blend shows comparable yield stress and tensile modulus, but
better elongation at break (+84%) and enhanced impact strength (+55%) compared to ABS/PC

blend, which make this selected composition interesting for automotive application.

Table I11.4 Summary of all mechanical properties of PLA70/PMMA30/BS compared to those

of ABS/PC
Compounds ABS/PC PLA70/PMMA30/BS
ElasticModulus (GPa) 2.3(0.1) 2.5(0.1)
UltimateStrength (MPa) 52 (1) 49 (3)
Elongation at break (%) 19 (5) 116 (4)
Impact Strength (KJ/m?2) 20 (1) 44 (2)

For information purpose, different blending procedures to form the ternary blends were
initially tested. Interestingly, the direct blending of all components gives the best results in
terms of impact strength and ductility. More precisely, two-stage blending processes such as
mixing BS in a pre-formed PLA/PMMA blend result in lower mechanical performances (see

Appendix II Figures III.A3 and III1.A4, Tablelll.A1 and TablelIl.A2).
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Figure IIL.4. Effect of relative content of PMMA on the notched impact strength of
PLA/PMMA/BS blends

I11.3 Morphology of rubber-toughened blends

The microstructure of rubber-toughened polymer is of prime importance on toughening
mechanisms and the relationship between average size and distribution of rubbery
microdomains, on one hand, and toughness, on the other hand, are often considered [19,41].
According to Perkinset al.[19], an optimum range of particle sizes leading to the best toughness
improvement exists for each polymeric matrix. However, the interfacial adhesion between
rubber particles and the matrix also plays a key role. Therefore, in order to understand the
evolution of toughness in PLA/PMMA/BS blends, microstructures were analyzed by scanning
electron microscopy (SEM). In particular, the influence of PMMA content on the average size
of dispersed rubbery micro-domains of BS within PLA was first investigated. Figure IIL.5
shows SEM micrographs of cryofractured surfaces of PLA/PMMA/BS ternary blends at
different PMMA content.
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Figure IILS.SEM micrographs of impact-fractured surfaces of (A) neat PLA, (B)
PLA70/PMMA30, (C) PLA/BS, (D) PLASO/PMMA20/BS, (E) PLA70/PMMA30/BS, (F)
PLAS0/PMMAS0/BS, (G) PLA30/PMMA70/BS, (H) PLA20/PMMAS0/BS, (I) PMMA/BS

As shown in Figure III.5A, neat PLA specimen exhibits a smooth surface and a relatively brittle
morphology after fracture. The SEM micrograph of PLA70/PMMAZ30, without BS, also shows
a homogenous morphology (Figure II1.5B), in accordance with the miscibility extent achieved
within this brittle blend. In contrast, all PLA/PMMA/BS blends display phase-separated
morphology, which is a necessary condition for toughening [42,43], with dispersed BS droplets
into PLA/PMMA matrices (Figures I11.5C — I). These morphologies confirm the immiscibility
of BS into the matrix as previously concluded by DSC and DMA (see sections III.1 and I11.2).
However, a strong influence of PMMA is clearly noticed on the morphology of cryofractured
PLA/PMMA/BS blends. A large amount of plastically-deformed material is observed for the
PLA/BS binary blend. BS droplets with diameter lower than 500 nm are homogenously
dispersed into PLA and a strong adhesion of BS to PLA matrix is noticed (Figure II1.5C). This

observation was in agreement with results reported by Afrifah et al.[23] who performed
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PLA/EAC impact modifier (Ethylene acrylate copolymer). They confirmed that for blends at
10 wt.-% or more impact modifier, the fracture mechanisms included impact modifier
debonding, fibrillation, crack bridging, and matrix shear yielding resulting in a ductile behavior.
Adding PMMA to PLA/BS binary blends preserves the plastic deformation and a good
interfacial adhesion for blends containing up to 50wt-% of PMMA is noticed. At higher PMMA
content, ternary blends also show phase-separated morphologies but larger BS microdomains
of irregular shapes and large interfacial voids, caused by mechanical debonding of BS from
matrix, are revealed. Significant differences in terms of interfacial adhesion and BS
microdomain size are therefore clearly evidenced in PLA/PMMA/BS ternary blends. PLA-rich
blends, up to 50 wt-% PMMA, are specifically marked by a high interfacial adhesion. PLA-rich
blends also seem to display smaller BS microdomains and a deeper analysis of BS droplet size
was performed.

The number-average diameter of dispersed rubbery microdomains within PLA (d,), the
volume-average diameter (dv) and the full size distribution curve were established. The
spherical shape of particles rubber was first verified by longitudinal and transversal
morphological views (see Appendix III Figure III.AS5). Figure II1.6 displays the evolution of
BS droplet diameter with the amount of PMMA within PLA/BS blends.
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Figure II1.6. BS droplet diameter as a function of PMMA content (left) and associated size
distributions of the rubbery BS microdomains (right) for various PLA/PMMA/BS formulations.

In the absence of PMMA, i.e. in PLA/BS blends, spherical BS droplets with diameter close to
400 nm (for dv and dn) are observed, in agreement with a study based on toughened PLA
formulations (PLA/ PBAT compounds) reported by Jiang et al.[44]. The blend comprised an

immiscible two-phase system with the PBAT evenly dispersed in PLA with an average particle
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size at the level of 0.3—0.4 um. In our work, BS droplet diameter slightly tends to increase upon
the addition of miscible PMMA into PLA/BS blends up to 70 wt-% PMMA, but the diameter
of BS micro-domains droplet size remains lower than 600 nm. On the contrary, at PMMA
content higher or equal to 80 wt%, blends morphology is marked by the presence of larger BS
microdomains ranging from 0.5 um to 1.5 pm. Figure II1.6 also displays the size-distributions
of BS microdomains for different PLA/PMMA/BS ternary blends. PLA-rich blends exhibit BS
droplets with narrow size distribution reflecting a good dispersion of BS into PLA-rich blends.
The size distribution of BS droplets significantly broadens with the addition of PMMA, and
PMMA -rich blends are marked by a very broad distribution reflecting a poor dispersion of BS
into PMMA-rich blends.

In this context, the interfacial energy between BS and the matrix plays a key role on the
morphology developed during compounding. For less than 50% of PMMA, a high interfacial
adhesion between BS and the matrix are observed (Figure I11.5 C, D and E). A clear relationship
can be established between the dispersion of BS, its adhesion to the matrix and the final
mechanical performances [44, 45]. High toughness and ductility are observed for PLA-rich
blends and mainly arise from a good dispersion of small BS droplets with a strong adhesion to
PLA. The addition of PMMA up to 50 wt-% remains possible without detrimental effect on BS
droplet size and interfacial adhesion. However, significant differences are observed in terms of
ductility and impact toughness for PLA-rich formulations with an optimum PMMA content
close to 30 wt-%. The size of rubbery domains also represents a key-parameter, affecting the
final ductility and toughness [30, 46]. It is generally accepted that an optimum in energy
dissipation appears for particle diameter of 0.5 to 0.55 pm [47]. This optimum particle size for
our toughened PLA system seems reasonable. Beyond the optimum particle size, the plastic
deformation behavior of PLA-rich blends changes to a debonding fracture mechanism due to
the phase-separated morphology generated with increased PMMA content (more than 50%).
Increasing the PMMA amount can affect the morphology of blends and cause a poor adhesion
of the matrix, resulting in restrained mechanical properties. Such trend is due to the poor affinity
of impact modifier to the PMMA matrix. The low affinity of impact modifier with PMMA leads
to the presence of BS microdomains with different sizes in these blends. This can be explained
by the occurrence of crazing fracture as among the most important energy dissipation process
involved in the impact fracture of toughened polymer systems [19, 48, 49].

Another explanation could be more likely related to the in sifu formation of “graft

copolymers” as compatibilizers through coupling reactions between the functional end-groups
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(hydroxyl and carboxylic) of PLA chains and the complementary functional groups (epoxy
functions) of the impact modifier (Figure II1.7). This hypothesis was also mentioned in different

studies [22, 50].
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Figure I11.7. Likely coupling reaction between BS and PLA (COOH residues as catalysis could
be derived from the hydrolysis and/or presence of acid end-groups of PLA chains). [22]

As a result, improved interfacial adhesion and hence fine dispersion are achieved in
these blends. Quantitatively, reducing the relative amount of PLA in PLA/PMMA/BS blends
affects the formation of the in situ generated copolymers and can subsequently alters both
morphological and mechanical features of the blends, leading to a poor interfacial adhesion
between all components. These results are in good agreement with the mechanical experiments
and indicate that the impact modifier in the presence of PLA leads to the formation of
compatibilizers, resulting to a good interfacial adhesion between the different components of

the blend.

62



Chapter III: Design of highly tough poly (L-lactide)-based ternary blends

CONCLUSIONS

Thanks to its biodegradability, easy processability, affordable cost and high stiffness,
poly(lactic) acid (PLA) is regarded as the most promising bio-based alternatives to
petropolymers. However, its use in automotive applications remains a challenge due to its low
thermal stability and inherent brittleness. In this chapter, many efforts have been performed to
enhance ductility of PLA through addition of ethylene-acrylate impact modifier and to improve
the thermal stability in the presence of PMMA. New PLA/PMMA/BS ternary blends were
successfully prepared using melt blending and injection molding processes. Miscibility extent
was checked using DMTA, confirming the presence of two distinct tan 6 peaks, the first one
for the miscible PLA/PMMA matrix and the second one for the dispersed impact modifier. It
was suggested that the miscible PLA/PMMA matrix and the impact modifier BS were phase-
separated and formed immiscible blends. Thermal stability of the blends slightly increases
depending on amount of PMMA in the blend. Regarding the mechanical properties, a
significant gain in tensile elongation and impact toughness were reached with a slight decrease
in rigidity and tensile strength. The most promising composition was selected as the one that
presents the better balance between ductility and stiffness and contains at least 50% of bio-
sourced polymer in the blend. This way, PLA70/PMMA30/BS was selected and a comparative
study between PLA70/PMMA30/BS and commercial ABS/PC was established and confirmed
that the PLA-based ternary blend could represent a very promising bio-sourced alternative for
automotive applications Finally, using morphological analysis, size-distribution of rubber
micro-domains was studied for a better understanding of impact strength results, in particular.
It revealed that impact toughness and fracture mechanisms of blends depend on rubber particle
size with an optimum in the range of 0.5 to 0.55um, achieved at 30 wt-% PMMA. PMMA
contents higher than 50% led to poor mechanical properties and low interfacial adhesion
between PLA/PMMA matrix and BS nodules due to the low affinity of impact modifier with
PMMA. In this respect and based on the slight increase of heat resistance of the selected PLA70-
PMMA30-BS blend, the next chapter will aim at improving crystallization ability of PLA based
blends in order to enhance heat resistance while keeping the advantageous mechanical

properties of the blends.
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APPENDIX I: Selection of impact modifier
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Figure II1.A.2. Notched impact strength of PLA/PMMA/IM blends
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APPENDIX II: Process modification

Table II1.A.1. Sample Compositions

Sample

Compounds Code Process
PLA70/PMMA30/BS17% 1 Mixing in one step

Ist step:mixing
PLA70/PMMA30+BS17% ) PLA70/PMMA30(5min)
(10°)

2nd step: Adding BS (5min)

Ist step:mixing
PLA70/PMMA30+BS17% 3 PLA70/PMMA30(5min)
(15°)

2nd step: Adding BS (10min)

Ist step:mixing PLA70/BS 17%(5min)
PLA70+ BS17%/PMMA30 4

2nd step: Adding PMMA (5min)

Table III.A.2. Mechanical properties of PLA/PMMA/BS blends

Sample E Yield Strength  Elongation at

Code (MPa) break
(MPa)
(%)
1 2467+35 4943 116+4
2 2271435 43+0.1 17+2
3 2376+41 47+1 37+15
4 2355441 48+1 97+14
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APPENDIX IlI: Spherical shape of particles rubber

Figure III.A.5. SEM micrographs of impact fractured surfaces of PLA30/PMMA70/BS

blends (Left: longitudinal view; Right transversal view)
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Chapter IV: Improving crystallinity of highly tough poly(L-Lactide)-based ternary
blends

Effect of annealing process, stereocomplexation and nucleation on
performances of highly tough Polylactide-based materials for

automotive applications

INTRODUCTION

Renewable poly(L-lactide) (PLLA)-based materials represent excellent candidates to design
engineering and environmentally friendly polymers for automotive applications. However,
broader use of PLLA is still impeded by its poor thermal stability, brittle behavior and low
crystallization ability [1]. Considerable efforts are therefore necessary to improve the properties
of PLA under extreme loadings that may be encountered in automotive applications. The use
of impact modifier is generally preferred, as it imparts greater energy dissipation pathways
throughout the material, without affecting stiffness and heat resistance [2]. In the previous
chapter, we successfully developed a ductile PLLA bio-based blend with enhanced impact
strength and improved heat resistance by blending PLLA with PMMA and 17 wt% of Biomax®
Strong120 (BS). However, heat resistance was still limited and crystallization ability of these
blends remained inferior to what is required for their industrial post-processing, for instance,
by injection techniques. Obtaining a highly crystalline injection-molded PLLA part remains
difficult due to PLLA slow crystallization rate. Beside this aspect, polymer crystallinity plays
a significant role in the material performance. For example, an increase in overall crystallinity
leads to improved stiffness, strength, heat deflection temperature, and chemical resistance [3,4].
Different strategies to promote PLLA crystallization of blends were investigated with the
objective of increasing the crystalline content [5-7]. Interestingly, annealing treatments play a
decisive role to improve thermal stability of PLLA-based materials, giving rise to the
crystallization of PLLA matrix and also a dramatic increase in the notched impact strength of
the resulting materials [8-10]. Moreover, performing PLLA-PDLA stereocomplexes, can also
be a promising solution to obtain sc-PLA materials with high thermal resistance. Their fast
crystallization from the melt state [11,12], their nucleating effect in neat PLLA [13,14], their
superior thermomechanical properties [15], and their lower thermal and hydrolytic degradation
rates [16] are the most fascinating properties that clearly highlight the high potential of PLA
stereocomplexes to develop semicrystalline PLA grades with enhanced properties for long-

lasting applications.
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Compared to the long-term annealing-induced crystallization of PLLA matrix, the
dramatically accelerated crystallization rate upon the addition of efficient nucleating agents is
largely preferred in industry. Addition of nucleating agents into semi-crystalline polymers not
only decreases the crystallization time, but also increases the mechanical properties of resulting
materials [17,18]. Accordingly, an increase in the overall crystallinity can lead to improvements
in stiffness, toughness and heat-deflection temperature. In this way, numerous works have been
devoted to improve PLLA crystallization kinetics by adding nucleating agents. Particularly lots
of research efforts have been paid to the elaboration and characterization of polylactide-based
nanocomposites with the aim of combining both the nucleating and the mechanical reinforcing

effects brought by the fillers [19-21,7].

The present contribution aims to improve crystallization ability of the optimum
compound PLLA70-PMMA30-BS following three different methods, namely after annealing
process, stereocomplexation by adding PDLA to the toughened PLLA blends or finally by
adding a combination of silica nanoparticles and nucleating agent (SiO2/EBS) as nucleating
agent. Crystallization behavior of those PLLA blends was investigated using wide angle X-ray
diffraction (WAXS) and differential scanning calorimetry (DSC) techniques. Mechanical
properties such as rigidity, ductility and impact behavior of all the samples were evaluated and
compared to assess the effect of each method on these properties. Heat deflection temperature
was determined using dynamic mechanical analysis in order to highlight the thermal resistance

of blends.

EXPERIMENTAL

Materials

A commercially available extrusion-grade poly(L-lactide) (NatureWorks 4032D, hereafter
called PLLA) was used as received (M,,= 133,500 + 5,000 g/mol, B = 1.94 £ 0.06 as determined
by size-exclusion chromatography in chloroform at 35°C upon a relative polystyrene
calibration, 1.4 £ 0.2 % D-isomer content as determined by the supplier). Poly(D-lactide),
hereafter called PDLA, was supplied by Purac and used as received (M,= = 42000+ 4,000
g/mol, D =2.+ 0.2). Poly(methyl methacrylate) (Plexiglas® 8N, hereafter called PMMA) was
supplied by Evonik (M,,= 50,000 g/mol+ 2,000 g/mol, B =2.1+ 0.1). Biomax® Strong 120,
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hereafter called BS, was provided by Dupont™. Ultranox 626A (GE Specialty Chemicals) was
used as a stabilizer at a content of 0.3 wt% in all PLA-based blends.

N,N’-Ethylenebis(stearamide), is a commercial polymer additive known as EBS produced by
Sigma-Aldrich. CAB-O-SIL M5 (SiO2, 200m?/g) is an untreated fumed silica, supplied by

Cabot (Massachusetts, USA) and was used as received.

Blend preparation and compounding

Prior to mixing, polymeric components were dried overnight at 60 °C in a vacuum oven to
remove any residual water before processing. The additives’ pellets were first pre-mixed in a
plastic container and then melt-blended in a Brabender internal mixer (model SOEHT) with 3
min of pre-mixing at 30rpm followed by 7 min of mixing at 70 rpm. Normalized samples of
resulting PLA-based materials were then prepared by injection molding using DSM Mini
Injection Molding apparatus upon the following procedure: 3 min at 210°C and injection within
amold at 45°C. Blends were processed as aforementioned at a constant concentration of impact
modifier and PMMA at 17 wt% and 25wt% respectively. All formulations are gathered in Table
IV.1.

PLLA70-PMMA30-BS17% and PLLA/BS17% were melt blended on brabender and injected.
Annealing process was performed at 120°C (this temperature was fixed after the study of
crystallization kinetics), after 10, 20 and 30 min for both compounds (PLLA-BS and PLLA-
PMMA-BS blends)

Table IV.1 Designation of as-prepared PLLA-based materials

Compounds PLLA PMMA BS PDLA  EBS SiO;
WE%)  (WE%)  (WE%)  (Wt%)  (Wt%)  (Wt%)
PLLA-BS 83 0 17 i i i
PLLA70-PMMA30-BS 58 25 17 i i i
PLLA95-PDLA5 95 i i 5 i i
PLLA90-PDLA10 90 i i 10 i i
PLLA95-PDLAS-BS 78.15 - 17 415 - -
PLLA90-PDLA10-BS 747 - 17 8.3 - -
PLLA95-PDLAS-PMMA-BS 351 25 17 2.9 - -
522 25 17 5.8 . .

PLLA90-PDLA10-PMMA-BS
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Compounds PLLA PMMA BS PDLA  EBS SiO;
(wt%) (wt%) wt%) (wt%) (wt%) (wt%)
PLLA70-PDLA30-PMMA-BS 406 2 17 17.4
PLLAS0-PDLA50-PMMA-BS 29 25 17 29
PLLA-EBS 99.25 - - - 0.75
PLLA-Si0,-EBS 96.25 - - - 0.75 3
(PLLA-Si10,-EBS) /PMMA/BS 55.825 25 17 - 0.435 1.74
Characterizations

Differential scanning calorimetry (DSC) was performed using a DSC Q2000 from TA
Instruments at both heating and cooling rates of 10 °C/min under nitrogen flow. The glass
transition temperature (Tg), melting temperature (Twm), cold-crystallization temperature (Tec),
enthalpy of cold-crystallization (AHcc) and melting enthalpy (AHm) were evaluated from the
resulting DSC thermograms at the second heating scan. Crystallinity index of PLA (Xc-pLLA)

was determined using the following relation (1)[33]:

Xe—pra(%) = AHLAHSC x 100 (D
Xprra-AHp,
with Xpra the weight fraction of PLLA in the sample and AHY, (93 J/g) the melting enthalpy
for 100% crystalline PLLA.

The specimens for WAXS characterization were produced by injection molding. The
WAXS analysis was performed on a Siemens D5000 diffractometer using Cu K, radiation
(wavelength, 1.5406 A) at room temperature. The samples were step-scanned from 10 to 25° in
20 with steps of 0.02° with a fixed time sampling of 4 s (40 kV and 30 mA).

Tensile tests were carried out on Tensile Universal testing Machine UTM (LR 100 K, Lloyds
Instruments, UK) according to ASTM-D-638 norm, at a crosshead speed of 1 mm/min. Tensile
data are derived from the machine software (For elastic modus, a linear regression is applied to
the initial linear part of the behavior curve, i.e. nominal axial stress vs. average axial strain, for
values of average axial strain varying from 0.05 to 0.25%). Notched Izod Impact tests (5 tests
per composition) were performed according to ASTM D256 norm using a Ray-Ran pendulum
impact tester (E=3.99J, m=0.668 kg, speed=3.46m/s).

Dynamic mechanical thermal analysis (DMTA) was carried out using a DMTA Q800

equipment from TA Instruments mounted in a dual cantilever mode at a constant frequency of
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1 Hz, an amplitude of 20 um and a heating rate of 2°C/min. To determine the heat deflection
temperature (HDT), a constant load of 0.45 MPa was applied at the center of a 3-point bending
flexural bar sample (dimension of 55 X 12 X 2mm?), which was heated at the rate of 2°C/min
from room temperature to 130°C. The temperature when the specimen reached a deflection of
250 um was reported as the HDT value.[22]

Impact-fractured surfaces of specimens were examined for morphological investigations
through scanning electron microscopy (SEM) using a Hitachi SU8020 (100 V-30 kV)
apparatus. Samples were cryo-fractured under liquid nitrogen and then coated using a gold

sputtering technique to avoid any charging effect during the electron beam scanning.

RESULTS AND DISCUSSIONS

IV.1 Annealing:
Simultaneously improving PLLA crystallization and PLLA toughness is an appealing
challenge. Following this objective, we first considered the effect of annealing process on the
crystallinity of composition PLLA70-PMMAZ30-BS, which has been determined as the most
promising composition in terms of ductility and toughness, high to moderate biobased content
and improved HDT for high-performance applications (cf Chapter III). In the present chapter,
the crystallization kinetics of a commercial grade of PLLA is studied to select the most suitable
annealing temperature for improving thermo-mechanical properties of PLLA-BS and PLLA-
PMMA-BS. In order to study isothermal crystallization, samples were heating up to 220°C,
then cooled from 220°C directly to isothermal testing temperature (crystallization temperature),
at a cooling rate of 10°C/min. Isothermal crystallization kinetics were investigated at different
temperatures, namely 100°C, 110°C and 120°C. As mentioned in literature, neat PLA has a
crystallization half time with the range of 17-45 min [18,23]. When semi-crystalline PLLA is
processed, its overall crystallization rate is reduced, resulting to a shear-induced crystallinity
and giving rise to a crystallization half time of 5 min [24]. As expected and seen in Figure IV.1,
the isothermal crystallization half time of processed PLA at 120 °C decreased by adding the
impact modifier BS reaching 2 min. This indicates an enhancement effect of PLLA
crystallization promoted by the nucleating effect of impact modifier. By adding PMMA to
PLLA-BS the isothermal crystallization half time increased to reach 13 min at 120°C due to the
amorphous character of polymer which slows the crystallization of the blend The isothermal

step at 110°C and 120°C (Figure IV.1) show that there is no noticeable effect of isothermal
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temperature on the crystallization half time (t12) of PLLA-BS, which always ranges from 90 to
120 s. However, for PLLA-PMMA-BS blend, increasing the isothermal temperature leads to a
shift of isotherms curves to the left side and causes a significant decrease of ti» from 13 min to
almost 6 min. Based on these results, the selected annealing temperature was at 120°C. The

effect of annealing time will be studied afterwards.

G——— t]j2:1, 44” = PLLA-BS Iso 100°C
— t1,'2:1’ 30” = PLLA-BS Iso 110°C
= PLLA-BS Iso 120°C

— =2
= PLLA-PMMA-BS Is0100 °C

= PLLA-PMMA-BS Iso110 °C

Time t (min)

Figure IV.1.Crystallization isotherm curves of PLLA-PMMA-BS and PLLA-BS blends (100,
110 and 120°C)

The crystallinity of annealed PLA blends was investigated by DSC and WAXS. Figure
IV.2 shows the WAXS profiles of the PLLA-BS and PLLA-PMMA-BS blends with various
annealing times at 120° C. The non-annealed injected PLLA-BS sample presented a significant
peak on its WAXS profile at 16.5° and an interesting value of crystallinity (10% instead of 5%
for non-annealed PLLA-PMMA-BS - Table 1V.2). In addition to a sharp diffraction peak at
16.5°, which is attributed to the diffraction of a form crystal planes for the crystallized PLA
[25], four noticeable small peaks were also observed at 14.7°, 19°, 22.3° and 28.9° after 10 min
annealing. The same peaks also appear after 10 min annealing of PLLA-PMMA-BS blend
indicating that the materials were pronounced to form more perfect crystals at high annealing
temperature under these conditions [26]. As shown in Table IV.2, the crystallinity of PLLA-
PMM-BS significantly increased (y.=28%) after 10 min annealing and reached a maximum of
49% after 30 min annealing. This phenomenon is due to the enhancement of mobility of
molecular chains when the samples are annealed above their glass transition temperature (Tg).

This is conducive to a preferred orientation arrangement of molecular chains, resulting in an
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increase of crystallinity ratio, y. [27].Consequently, the rearrangement of the molecular chains

into the crystal lattice is favored when the samples are annealed above Tg. The intensity of the

WAXS peaks of PLLA-PMMA-BS increased with annealing time, which was likely caused by

the development of ordered crystallites and the formation of crystalline structures throughout

the annealing process [28,29]. In contrast, crystallinity ratio of PLLA-BS blends decreased with

annealing time to attain 34% after 30 min. This may be attributed to the formation of PLA-BS

copolymers inducing some defects on rearrangement of macromolecular chain confirmed by

the increase of My of PLA-BS blends after 30 min annealing (results not shown)
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Figure I'V.2. The WAXS profiles with various annealing times at 120 °C of (a) PLLA-BS and
(b) PLLA-PMMA-BS blends and normalized overlay data (Numbers stand for annealing time

in min).

Table I'V.2 Crystallinity ratio, temperature and enthalpy of non-annealed and annealed

specimens
Compounds Annealing AHm AHee T Tee Tg Ae

time J/g) J/g) (O (€2 (O (%)
(min)

Non-annealed

PLLA-BS 0 31.91 2445 166 88 60.5 10

PLLA-BS 10 33.3 0 167 - NO 43

PLLA-BS 20 29.71 0 166 - 64 38

PLLA-BS 30 25.93 0 166 - 65 34

Non-annealed

PLLA70- 0 20.11 1747 166 125 62.6 5

PMMA30-BS

PLLA70-

PMMA30-BS 10 16.72 1.729 165 83 NO 28

PLLA70-

PMMA30-BS 20 26.55 0 165 - NO 49

PLLA70-

PMMA30-BS 30 26.42 0 168 - NO 49

NO: not observed
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As can be seen in Table IV.2, some values of Tg could not be characterized by DSC due to the
decrease of the quantity of amorphous phase after the annealing process [27]. As illustrated in
Table IV.2, the cold crystallization peak cannot be seen for annealed PLLA-BS and PLLA-
PMMA-BS. Thereby, it clearly suggests that the annealing time has a prominent effect on the
cold crystallization behavior of the PLA blends.

The results obtained by WAXS confirm that annealing process was efficient to increase
crystallinity after injection molding. Therefore, the effect of annealing on the dynamic

mechanical properties and thermal resistance properties of PLLA blends will be discussed.

Table IV. 3 Relaxation temperatures, storage modulus and HDT of PLLA based blends
before and after annealing process

Compounds Annealing Ttano EMPa) HDT(CC)
time (min) °O) T=25°C

Non-annealed PLLA-BS 0 60 1355 52.5
PLLA-BS 10 63.7 2345 77
PLLA-BS 20 64.3 2523 66
PLLA-BS 30 65.9 2452 66
Non-annealed PLLA70-PMMA30- 0 67 1613 57.5
BS

PLLA70-PMMAZ30-BS 10 101 2315 76.5
PLLA70-PMMA30-BS 20 98 2448 75
PLLA70-PMMAZ30-BS 30 100 2318 70

Storage modulus (E), temperature at tand peak (Twns) and HDT values of PLLA based blends
with/without annealing treatment against time are given in Table IV.3 (see Figure IV.3). It
shows that the storage modulus was dramatically enhanced with annealing process for both
binary and ternary blends (e.g. from 1.63GPa for non-annealed PLLA-PMMA-BS blend to 2.31
GPa after 10 min annealing), mainly due to the gradual increase of crystallinity. Similar trends
were reported in literature for injected PLA samples [6]. The storage modulus showed almost
the same value independently of annealing time, as illustrated in Figure. IV.3b. The high
relaxation temperature corresponds to the a-relaxation of the miscible PLLA-PMMA fraction
and was therefore located at an intermediate temperature between those of the homopolymers
(see chapter III). It can be clearly observed that after annealing process, Tand shifted to a higher
temperature (from 67°C for non-annealed PLLA-PMMA-BS blend to 100°C after 30 min
annealing), which can be attributed to the limitation of chain mobility within the polymer matrix

due to the increase of crystallinity fraction [6]. To evaluate the thermal stability, or the heat
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resistance of developed PLLA blends, HDT was determined using DMTA analyses. Thanks to
enhanced crystallinity of PLLA based blends, HDT significantly increased after annealing
treatment (an increase of 20°C after 10 min annealing for binary and ternary blends) to reach

77°C for PLLA-PMMA-BS blend, confirming a better heat resistance resulting from annealing

treatment.
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Figure IV.3. Exploitation of DMTA of non-annnealed and annealed PLLA-PMMA-BS after
different annealing times (a) Comparison of storage modulus of PLLA based blends (b)

Comparison of Tand of PLLA based blends.

As a conclusion, annealing process improved the thermal stability (increase of HDT and
Tand) of blends independently of annealing time thanks to improved crystallinity. The best
performance in terms of high HDT value and Tand were obtained in the case of PLLA-PMMA -
BS blends annealed for 10 min at 120°C.

It 1s well known that improving crystallinity of polymers can modify their mechanical
properties, in particular their rigidity while decreasing their ductility. To assess that trend,
mechanical properties were characterized using tensile and notched impact tests. Mechanical
properties after tensile tests at a displacement rate of 1 mm min™! for binary and ternary PLLA

based blends are shown in table IV 4.

Table IV.4 Tensile Properties of PLLA-BS and PLLA-PMMA-BS blends before and after
annealing process

Compounds Annealing o Tensile Elastic Elongation
time ze (Yo) strength modulus  at break
(min) (MPa) (GPa) (%)

Non-annealed PLLA- 0 10 44+2 2.3+0.07 148+28

BS

PLLA-BS 10 43 47+0.5 2.7+0.04 27+9
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Compounds Annealing o Tensile Elastic Elongation

time xe (%) strength modulus  at break

(min) (MPa) (GPa) (%)
PLLA-BS 20 38 49+1.3 2.8+0.03 53+14
PLLA-BS 30 34 49+1 3.+0.07 3145
Non-annealed 0 5 49+3 2.540.1 116+4
PLLA70-PMMA30-BS
PLLA70-PMMA30-BS 10 28 4943 2.5+0.03 3545
PLLA70-PMMA30-BS 20 49 50+4 2.7+0.06 1643
PLLA70-PMMA30-BS 30 49 5240.1 2.7+0.07 13+4

By referring to the previous chapter III, both binary and ternary non-annealed PLLA-based
blends reached a high level of ductility with the addition of BS at 17 wt % and a brittle-to-
ductile transition is clearly observed. As can be seen in Table IV.4, following annealing process,
the elastic modulus of the annealed PLLA based blends was noticeably higher compared to as-
molded specimens (from 2.3GPa for non-annealed PLLA-BS to 2.7 GPa after 10 min
annealing). Nevertheless, elongation at break decreased of about 80% after 10 min annealing
compared to the as-molded PLA-BS blend. The same trend was found for PLLA-PMMA-BS
blends with better mechanical performances in terms of tensile strength and elongation at break
after 10 min annealing (respectively 49 MPa and 35%). Additionally, when increasing the
annealing time, rigidity of PLLA blends increased while elongation at break decreased but with
the preservation of a ductile behavior up to 30 min of annealing process (further increase of
annealing time up to 120 min caused a brittle behavior of PLLA-PMMA-BS blend with 7% of
elongation at break but led to an improved HDT of 116°C - results not shown).

The effect of annealing time on impact strength was also studied on binary and ternary
blends. Figure IV.4 displays that PLLA-PMMA-BS blends kept approximately the same impact
strength after annealing process (e.g., 44kJ/m? after 10 min annealing) contrary to PLA/BS
blends that showed a dramatic increase of impact strength, reaching 74 kJ/m? after 10 min
annealing. This improvement can be due to a change in failure mode of fractured PLLA-BS
blends (from debonding mechanism to shear yielding mechanism) that does not appear for
PLLA-PMMA-BS specimen, which can explain that this composition kept the same impact
strength values (Figure IV.5). As attested by scanning electron microscopy (SEM),
macroscopic localized zones of micro-voids and micro-fibrils are found by annealing PLLA-
BS blend (Figure IV.5b). Therefore, these highly localized plastic deformation triggered by the
dispersed rubbery phase, refer to the possible toughening mechanisms: i.e. shear yielding as the

prevalent mechanism.
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Figure 1V .4. Effect of annealing time on impact strength of PLLA based blends

el vl ' ' 1 e 1
EUB020 5 0kV 12 2mm x5 00k SE(L L ) §U/8020 5 0kV 12 9mm x50k SE(L) 10 "Jum

RU8020 50KV 11 7mm x10.0k SE(L)

(c) Non-annealed PLLA-PMMA -
BS

(d) Annealed PLLA-PMMA-BS

Figure I'V.5. SEM micrographs of PLLA based blends before and after annealing for 30 min
at 120°C

As a conclusion, we can conclude that annealing process is a promising approach to enhance
heat resistance of PLA based blends while improving toughness and rigidity. However, ductility
can be affected depending on annealing parameters. A second approach will be developed in

the next section in order to enhance crystallinity.
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IV.2 Stereocomplexing PLA-based materials

Performing PLLA-PDLA stereocomplexes can be a promising solution to obtain PLA materials
with high thermal resistance and improved crystallinity. Therefore, numerous PLLA-PDLA
blends were studied in this section. PLLA-PDLA binary, ternary (impact modifier was added
to PLLA-PDLA blends) and quaternary blends (both impact modifier and PMMA were added
to PLLA-PDLA blends) cited in table V.1 were melt blended in an internal mixture chamber
at 210°C for 10 min. In these blends, four different ratio of PLLA/PDLA was studied (95/5),
(90/10), (70/30) and (50/50), while PMMA and BS weight content were maintained
respectively at 25% and 17%, i.e., at the optimal contents leading to the best mechanical
performances (see chapter III). WAXS profiles were recorded on these injection-molded stereo-
complexed PLA (sc-PLA) blends to assess their crystallinity (Figure IV.6). In all cases, a broad
amorphous halo covering the entire 26 range was observed, together with superposition of a
couple of crystalline diffraction peaks. The diffraction peaks for binary sc-PLA blends
(PLLA95/PDLAS and PLLA90/PDLA10) appeared at ca. 12, 16, 21 and 24°. These two blends
displayed peaks corresponding to both stereocomplex and homopolymer crystallites in
accordance with the literature [30]. According to Schmidt et a/.[30] the diffraction peaks of
pure PLLA homopolymer indeed appear at ca. 16, 18.5, 22.5, 24, and 29°, whereas diffraction
peaks of the PLLAS0/PDLASO blend corresponding to the stereocomplex appear at ca. 12, 21,
and 24°. In the case of PLLA90/PDLA10 blend, different peaks are displayed, corresponding
to both stereocomplex and homopolymer crystallites. When increasing the amount of PDLA,
the intensity of the diffraction peaks associated to PLA stereocomplex increased progressively
to reach a crystallinity ratio of 15%. However, the introduction of impact modifier had a strong
influence on the WAXS profiles. In presence of BS, the four diffraction peaks decreased
progressively when increasing PDLA amount and crystallinity was affected to attain 5% for sc-
PLA. Addition of PMMA to the ternary PLLA95/PDLAS/BS blends affected the formation of
sc-PLA due to the very low amount of PDLA related to PLLA. At higher PDLA amount, small
diffractions peaks of PLLA90-PDLA10-PMMA-BS blend appeared at approximately 12, 21,
and 24° (20) and can be attributed to crystals of PLA stereocomplexes [31]. Crystallinity of
PLLA-PDLA-PMMA-BS blend increased when increasing PDLA content (Table IV.5). In this
blend, no diffraction peak attributed to PLLA was observed, thus indicating the absence of

PLLA homocrystallization.
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PLLA95-PDLAS ——— PLLA90-PDLA10
——— PLLA95-PDLA5-BS ——— PLLA90-PDLA10-BS
PLLA95-PDLAS-PMMA-BS ——— PLLA90-PDLA10-PMMA-BS
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Figure IV.6. WAXS profiles of binary (PLLA-PDLA), ternary (PLLA-PDLA-BS) and
quaternary (PLLA-PDLA-PMMA-BS) blends

DSC analyses were also performed to investigate the thermal behavior of sc-PLA
blends. Results presented in table IV.5 show two melting temperatures for all sc-blends. The
peak at around 164-168°C for sc-PLA blends is ascribed to the melting of PLLA or PDLA
homo-crystallites, while the new melting peak at around 216°C is attributed to the melting of
stereocomplex crystallites. Note that PLLA-PDLA-PMMA-BS blends with 10, 30 and 50% of
PDLA present only one melting temperature at around 216°C, which corresponds to the melting
temperature of sterecomplex crystallites. The present results confirm WAXS profiles
interpretation with the absence of diffraction peaks related to PLLA homopolymer for PLLA90-
PDLA10-PMMA-BS blends (the same results are found for both PLLA70-PDLA30-PMMA-
BS and PLLAS50-PDLAS50-PMMA-BS-WAXS profiles are not shown). When increasing
PDLA contents on sc-PLA-PMMA-BS blends, the melting enthalpy of sc-PLA increases (2 J/g
with 5% of PDLA to 12.5 J/g with 30% of PDLA), while the melting enthalpy of
homocrystallites is affected by increasing PDLA content. The same trend was reported in

literature [32-34].
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Table IV.5 Glass transition, Crystallization and Melting Temperature and Enthalpy for PLA
Stereocomplexes and PLA Homocrystallites in sc-PLA blends

COIIIpOlllldS Tg AHmscpPLA AHm Tm sc- Tmhomocrystallites AHee  Tee XC*(OA))
(OC) (J / g) homocrystallites PLA PLLA (OC) (J / g) (Co)
reea(J/g)  (°O)

PLLA9S-
PDLA5 62 8 30 217 168 28 105 8

PLLA90-
PDLAI10 62 10 30 217 168 24 105 15

PLLA9S-
PDLAS5-BS 62 4 23 216 164 23 117 4.7

PLLA90-
PDLA10-BS 62 8 19 216 164 20 116 5

PLLA9S-

PDLA5- 63 2 0.3 214 168 1.5 149 24
PMMA-BS

PLLA90-

PDLA10- 63 5 - 216 - 3 150 8
PMMA-BS

PLLA70-
PDLA30- 63 12.5 - 216 - 54 125
PMMA-BS

PLLAS50-
PDLAS0- 63 11.7 - 216 - 5 126
PMMA-BS

'*Crystallinity ratio calculated from WAXS profile.

In order to evaluate the stereocomplexation effect of PLA based blends on the
thermomechanical properties, the storage modulus and tan 6 were recorded as a function of the
temperature for all injection-molded sc-PLA blends. Values of tan 6, storage modulus and HDT
are presented in Table IV.6. PLLA-PDLA blends presented a high value of storage modulus (=
2.2 GPa with 10%wt of PDLA). It can be seen that the addition of BS impact modifier to sc-
PLA decreased its storage modulus (=1.6GPa, in part because of the low stiffness of impact
modifier (12 MPa at 25°C)). Adding PMMA to sc-PLA/BS blend increased the rigidity of the
blend up to 100 MPa. Regarding the tan J profiles, a unique peak associated to the a-relaxation
transition was detectable for all injection molded ternary blends (59°C for sc-PLA, enhanced
up to 69°C thanks to addition of PMMA for sc-PLA blends). Unfortunately, the sc-PLA blends
maintained the same performances like PLLA-BS and PLLA70-PMMA30-BS (presented in

chapter III). Indeed, there is no enhancement of thermo-mechanical properties in terms of
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storage modulus, Tand and HDT value due to the limited improvement of crystallinity ratio. In
the same context, Nam et al.[35] succeeded to perform sc-PLA with improved thermal
resistance (HDT= 110°C) by simply adding 8% PDLA to PLLA but with the use of different
process for making sc-PLA (extrusion process at 180° C and screw speed of 200 rpm).Yet,
adding impact modifier to sc-PLA blends can affect their thermal resistance and HDT value of
toughned sc-PLA blends decreased by 35°C to reach 65°C when adding 20% of Biomax Strong.
Concerning our study, many reasons can explain the limited crystallinity and HDT of sc-PLA
such as the presence of impact modifier as aforementioned, since there is a formation of “graft
copolymers” as compatibilizers through coupling reactions between the functional end-groups
(hydroxyl and carboxylic) of PLA chains and the complementary functional groups (epoxy
functions), which can affect the formation of sc-PLA. Another reason concerns the molecular
weight between PLLA and PDLA. When there is a significant difference of molecular weight
between PLLA and PDLA and even if they are mixed at their equitable ratio, there will be an
excess of homopolymer crystallites of the polymer having the low molecular weight (in our
case PDLA) or a limited racemic crystallites depending on the critical molecular weight of sc-

PLA[36,11].( see Appendix Figure A1)

Table IV. 6 Relaxation temperatures, storage modulus and HDT of sc-PLA based blends

Compounds Storage Modulus

Ttand(°C) E(MPa) 1-25c HDT(°C)
Neat PLLA 57 3100 54
PLLA95-PDLAS 59 2251 53
PLLA90-PDLA10 57 2165 54
PLLA-BS 60 1355 33
PLLA95-PDLAS-BS 59 1522 51
PLLA90-PDLA10-BS 56 1623 52
PLA70-PMMA30-BS 67 1613 58
PLLA95-PDLAS-PMMA-BS 67 1748 56
PLLA90-PDLA10-PMMA-BS 69 1706 57
PLLA70-PDLA30-PMMA-BS 70 1723 56
PLLAS50-PDLAS50-PMMA-BS 71 1689 56

Mechanical properties of sc-PLA based blends were studied in terms of tensile tests at a
displacement rate of 1 mm min'and notched impact tests. Table IV.7 shows the mechanical
properties of sc-PLA blends and toughened PLA blends obtained in the previous chapter for
comparison. First, compared to PLLA-BS blend, the toughened sc-PLA blends presented the

same mechanical properties. Stereocomplexation therefore maintained the good mechanical
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properties of blend (ductile behavior with high rigidity and good impact strength). When
increasing the PDLA content, impact strength of PLLA90-PDL10-BS increased to reach
50kJ/m? Nevetheless, adding PMMA to toughened sc-PLA blends affected the toughness both
at 5 wt% and 10 wt% of PDLA to reach 27 kJ/m?. Tensile modulus and strength showed values
of 2.4 GPa and 48 MPa, respectively. In conclusion, compared to PLA based blend analyzed in
Chapter III, the sc-PLA based blends maintained almost the same mechanical properties
excepting the impact properties. It is well known that the overall material toughness is mainly
governed by a variety of factors such as the composition and crystallization behavior of the
matrix, the rubber particle size and size distribution, the rubber-matrix interfacial adhesion or

the blend morphology. This latter is therefore investigated in the next paragraph.

Table IV.7 Mechanical properties of sc-PLA blends

. . Impact
Maximal stress  Elongation
Compounds E (MPa) o, Strength
p (MPa) at break (%) (kJ/m?)
Neat PLLA 3200100 68+2 2.8+£0.2 3.4+0.1
PLLA-BS 2288+72 4442 148+38 24+0.1
PLLA95-PDLAS-BS 2298+71 48.7+0.4 158.78+10 2542
PLLA90-PDLA10-BS 21724260 48.1+0.8 169.86+4 50+7
PLLA70-PMMA30-BS 2467+£35 4943 116+4 4442
PLLA95-PDLAS5-PMMA-BS 2443478 46.8+1.7 129.84+4 27+1
PLLA90-PDLA10-PMMA-BS 2486+42 48.2+1.2 126.39+6 2742

Figure IV.6 shows SEM micrographs of cryofractured surfaces of sc-PLLA (L/D 95/5)-
PMMA-BS ternary blends and PLLA-PMMA-BS blend. As shown in Figure IV.7a and already
mentioned in Chapter I1I, PLLA-PMMA-BS blend presented a phase separated morphology
with plastic deformation of the surface and a good interfacial adhesion. Sc-PLA-PMMA-BS
blend (Figure IV.7b) also shows a phase-separated morphology but with a coarse dispersion of
BS microdomains of irregular shape and large interfacial voids caused by mechanical
debonding of BS from matrix. This low interfacial adhesion can explain the decrease of impact

strength of about 40% when adding 5 wt% of PDLA.
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Figure IV.7. SEM micrographs of impact-fractured surfaces of (a) PLLA70-PMMAZ30-BS; (b)
PLLA95-PDLAS-PMMA-BS

Concerning PLA stereocomplexation, the ratio of stereocomplex crystallites to homo-
crystallites may be affected by numerous parameters, such as the molecular weights, melting
temperature and time, mixing ratio of the isomeric chains, etc, as reported in the literature
[37,38,16]. Therefore, mastering the process parameters is required to control the

sterecomplexation of PLA blends.

It is investigated whether further improvements in properties can be reached by
optimizing processing of sc-PLA blends [31,39]. In our study, it appeared that the level of
tensile strength, rigidity or impact resistance can be tuned up by modifying the blending process
of sc-PLA blends, while maintaining advanced crystallization properties. More precisely, two-
stage blending processes, i.e. mixing BS and PMMA in a pre-formed PLLA/PDLA blend,
resulted in improved impact strength while maintaining good mechanical properties in terms of
rigidity, tensile strength and ductility (results not shown). As shown in Figure IV.8, the impact
strength of sc-PLA blends increased when making blends in two steps (=50% of improvement),
except for PLLA90-PDLA10-BS which had almost the same impact strength. SEM
micrographs were then performed to see the morphology of the cryo-fractured surface of blends.
As can be seen in Figure IV.9, the surface was regular and a good adhesion between rubber BS
micro-domains and matrix with the absence of voids was noticed for both sc-PLA-PMMA-BS

blends processed in two steps, which explains the improvement in toughness for these blends.
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Figure 1IV.9. SEM lmicrographs of impact-fractured surfaces of (a) (PLA95-
PDLAS)/PMMA/BS 1 step, (b) (PLA90-PDLA10)/PMMA/BS one step, (c) (PLA95-
PDLAS)/PMMA/BS 2 steps, (d) (PLA90-PDLA10)/PMMA/BS 2 steps.

To conclude, stereocomplexation between PLLA and PDLA is an interesting approach
to improve crystallinity of compounds together with good processability. However, in the
present study PLLA/PDLA molecular weight was different, which led to limited crystallinity
improvement for the resulting sc-PLA with a partial crystallization of homopolymers.
Therefore, studying different molecular weight of PLLA and PDLA can be interesting to

promote complete sterecomplexation. Finally, the presence of PMMA and BS also affects the
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stereocomplexation, as well as processing parameters, which have a significant influence on

the improvement of crystallinity and related HDT.

IV.3 Combination of Nucleating agent and nanoparticles:

To simultaneously improve PLA crystallization and PLA toughness, nanocomposites were
produced by melt blending PLA with untreated silica 3D-nanofiller (SiO2). An ethylene bis-
stearamide (EBS) was added to promote both nucleating ability and chain mobility in the melt.
The combination of silica nanoparticules and nucleating agent could results in a synergistic
effect and behave as a remarkable nucleating agents to endorse PLA crystallization rate with
improved mechanical properties[7]. Only SiO2/EBS ratio of 80/20 was studied, at a total
nanofiller content of 3 wt%, based on the optimum highlighted by previous studies of PLA
nanocomposites of our research group[7]. For the sake of comparison, PLLA-EBS and PLLA-
EBS-SiO; blends were performed. The effect of EBS and silica nanoparticules on the
crystallization of PLA blends was investigated using differential scanning calorimetry (DSC)
techniques. The DSC profiles and corresponding data of resulting PLA-based materials are
showed in Figure IV.10 and Table IV.8. The peak of the crystallization exotherm was denoted
as Tc.(see Figure IV.10a) On cooling from the melt, some samples showed a sharp

crystallization exotherm, which was denotedT..> (see Figure IV.10b).

——— (PLLA-Si02-EBS) +(PMMA-BS)
(2steps)

—— (PLLA-SiO2-EBS) /PMMA/BS
(1step)

s PLLA-5i02-EB5S

== PLLA-EBS

Temperature (°C) Temperature (°C)

Figure IV.10. DSC thermograms of PLA-based materials as they were recorded (a) during
cooling and (b) during second heating.

While PLLA-EBS blend showed a weak and broad exothermic crystallinity (Tcc1) (Figure IV.10
a), addition of silica nanoparticles led to a clear PLA crystallization during cooling (AHcc1 of

15.9 J/g instead of 4 J/g for PLLA-EBS). A small sharper peak was observed within the
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temperature range 131°C-133°C, which was attributed to the crystallization of EBS itself.
Similar results were reported by Murariu et al.[7] following the development of
nanocomposites PLA with EBS as a nucleating agent.

As expected, the glass transition temperatures (T,) of PLA-based materials remained unchanged
at 61 °C upon the addition of EBS. However, a new endothermic peak related to the melting of
EBS has been evidenced at around 144 °C (Figure IV.10b). Moreover, cold crystallization
exotherm (Tcc2) was observed prior to the melting endotherm on heating at around 107 °C for
PLLA-EBS and 99°C when adding silica nanoparticles. The cold crystallization peak of PLA
in the blends decreased significantly when adding nanoparticles (AHcc, decreased from 24.3 to
8 J/g), indicating an enhancement of PLA crystallization induced by the presence of silica
nanoparticles (as shown in Table IV.8). Additionally, with the addition of silica nanoparticles,
the degree of crystallinity () remarkably increased reaching 25%, demonstrating that the
combination of SiOz and EBS behave as an efficient nucleating agent for PLLA, if using a
processing method appropriate to promote crystallization[40]. In this respect, relationship
between processing (the order of mixing of compounds) and crystallization behavior was
investigated for PLLA nanocomposite-based materials containing 17 wt% of BS impact
modifier and 25 wt% of PMMA (PLLA-PMMA-BS-SiO2-EBS). For doing so, blends were
performed using a one-step process (i.e. BS and PMMA were added simultaneously with
nanofillers into the blend) or a two-step process (BS and PMMA were added after, in the
preformed PLLA-Si02-EBS blend).

First, as shown in Table IV.8, crystallinity of nanocomposites PLA with addition of PMMA
and BS performed in one step dramatically decreased to reach 6% instead of 25% for PLLA-
S102-EBS but still higher than PLA-PMMA-BS blend. Thereby nucleating effect of S102-EBS
was no more highlighted in this blend and it was even poorest for the blend processed in two
steps, which crystallinity decreased to reach 1%, thus confirming that process parameters can
control crystallinity behavior of compounds. Compared to PLLA-PMMA-BS blend prepared
in chapter III, nanocomposite PLA-PMMA-BS blend presented the same Tg, Tecz and T
(around 63°C, 143°C and 168°C, respectively), which are typical thermal properties for
miscible toughened PLLA-PMMA based blends.
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Table IV.8 Thermal properties of PLA and toughened PLA-PMMA nanocomposites
containing EBS

AHm AHce2 Tee2 Tg Ae

Compounds Tm(°C "

P digg  dlig "9 () o) (%)
PLLA-EBS(Ref) 324 243 169 107 61 9
PLLA-8i0,-EBS 30.5 8 166 99 61 25
PLLA-PMMA-BS (Ref) 115 10 168 143 628 3
(PLLA-SiO,-EBS) /PMMA/BS
(1step) 12.5 93 168 143 63 6
(PLLA-SiO»-EBS) + (PMMA/BS)
(2 steps) 2797 2253 169 145 637 1

The effect of crystallinity ratio on mechanical performance and thermal stability was
respectively measured through tensile test, notched impact test and HDT. Table IV.9
summarizes mechanical properties and HDT values of different nanocomposites PLA blends.
Surprisingly, the ductility of PLLA-EBS and PLLA- SiO2-EBS increased (elongation at break
of 10 % and 6% respectively) compared to neat PLA (2.8%). Unfortunately, HDT did not
increase even when adding combined SiO2/EBS. In particular, PLLA-PMMA-BS blend
maintained the same thermal stability in presence of SiO2/EBS. Note that annealing process
was recommended by Harris et al. [18] to enhance HDT by upwards of 30°C for post —annealed

PLA-EBS blend at 80°C for 60 min.

Table IV.9 Mechanical properties of nanocomposites PLA blends.

Apparent  Ultimate Elongation Impact HDT(°C)

Compounds rigidity Strength atbreak  Strength
E (MPa) (MPa) (%) (kJ/m?)
PLLA-EBS 3221434 68+2 106 3+0.1 53
PLLA-SiO,-EBS 3287+2 68:+3 62 3+0.3 54
(PLLA-SiO»- N N . .
EBS) /PMMA/BS (Istep) 2263+15 46+0.1 12243 35+1 58

(PLLA-SiO,-EBS) +

+ + + +
(PMMA/BS) (2 stems) 2100429 44+0.4 10541 13402 56

Finally, nanocomposites PLLA-PMMA-BS blend processed in one step presented
interesting impact strength compared to the blend made in two steps (35 kJ/m? instead of 13

kJ/m?for 2 steps blend). The morphological characteristic features, a key-element of this study,
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may explain how processing methods affect toughness. Indeed, as already mentioned, the
overall shape and average dimensions of dispersed rubbery phase must be properly controlled
to form compositions with optimal mechanical properties. SEM micrographs of PLLA-EBS
and PLLA-Si02-EBS and PLLA-PMMA-BS nanocomposites are shown in Figure IV.11.

Figure IV.11.SEM micrographs of impact-fractured surfaces of (a) (PLLA-EBS)/PMMA/BS,
(b) PLLA-Si02-EBS, (c¢) PLLA-SiO2-EBS-PMMA-BS 2 steps, (d) PLLA-SiO»-
EBS/PMMA/BS 2 steps.

In PLLA-SiO2-EBS (Figure IV.11 b), the white bright spots of nano-silica particles can be
clearly seen. Silica particles were dispersed in PLLA-EBS blend with good compatibility. A
phase separated morphology with plastic deformation of the surface and a good interfacial
adhesion between matrix and rubber microdomains was observed in PLLA-Si0.-EBS-PMMA -
BS processed in one step (Figure IV.11c¢), which explain the high impact strength of the blend.
In addition, it was observed that many of the rubber droplets contained many silica
nanoparticles inside. TEM migroghraphs confirm the presence of silica nanoparticles on the
rubber droplets of impact modifier (Figure IV.12). With the presence of impact modifier into
PLLA-Si0,-EBS matrix, silica nanoparticles migrate from the matrix to the interior of the
rubber microdomains, which can negatively affect the nucleating effect of nanoparticles. This
can explain the decrease of crystallinity of (PLLA-SiO,-EBS)/PMMA/BS blend after adding
PMMA and BS. By contrast, nanocomposite PLA-PMMA-BS made in 2 steps (Figure IV.11d)

showed a phase-separated morphology of irregular shapes of BS microdomains and large
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interfacial voids caused by mechanical debonding of BS from matrix. This low interfacial
adhesion can explain the decrease of impact strength of about 60% that was measured. As a
conclusion, achieving good mechanical properties by controlling morphology and crystallinity

behavior requires to find the optimum process parameters.
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Figure IV.12. TEM micrographs of impact-fractured surfaces of (a) PLLA-SiO,-EBS-PMMA-
BS 2 steps, (b) PLLA-Si0,-EBS/PMMA/BS 2 steps.(arrows indicate the nanoparticles)
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CONCLUSIONS

The use of PLA in automotive application is currently limited because PLA shows a slow
crystallization rate under the same process conditions, leading to limited thermal resistance in
particular. Among several investigated approaches to overcome this problem. , annealing was
revealed as a good solution to improve heat resistance by improving crystallinity ratio (28%)
against time (HDT around 80°C after 10 min at 120°C). However, time and temperature of pre-
heat treatment should be optimized to not affect the ductility of PLA-PMMA-BS blend.
Unfortunately, annealing process can be expensive and involves longer production time.
Therefore, it cannot be seen as a promising solution for mass production characterizing the
automotive industry. Sterecomplexing PLA can also improve heat resistance but, in our case,
process parameters should be still optimized in order to make sc-PLA complete. Otherwise,
impact toughness can be affected, and heat deflection temperature is not enhanced. Concerning
the enhancement of crystallinity behavior of PLA-PMMA-BS blend thanks to the combination
of nucleating agent and nanoparticles, a limited improve of crystallinity ratio (6%) was revealed
with unenhanced . According to literature, PLA nanocomposites need a post treatment such as
annealing to improve heat deflection temperature, which is again not reasonable for making
PLA-based blends suitable for automotive application.

Finally, based on promising results obtained in Chapter III, PLLA70-PMMA30-BS was
selected as the one that presents the better balance between ductility and stiffness, improved
thermal properties and contains at least 50% of bio-sourced polymer, without any additional
processing or filling. In this respect, the next chapter will aim at scaling up that selected
composition towards industrialization, i.e. assessing whether the material can be processed at
an “industrial scale” while keeping interesting thermo-mechanical properties. The performance
of the blend under severe loading conditions and its durability after thermal aging will be

investigated.
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APPENDIX: Thermal analysis of equitable ratio of PLLA-PDLA blends

- PLLAS0-PDLASO
= PLLAS50-PDLAS50-PMMA-BS

Heat Flow (Normalized) (Wig)

; . - : T ; : - ; 7 . ; . - 7 . ; . . ; - . ; .
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Figure A.1. DSC curves of equitable ratio of PLLA-PDLA blends
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Highly tough poly(L-Lactide)-based ternary blends toward

industrialization

INTRODUCTION

Nowadays, due to increasing environmental consciousness as well as more and more stringent
regulations concerning the use of recyclable materials in cars, many R&D works aim to find
sustainable alternatives to fossil based plastics. In that context, the use of PLA is undoubtedly
appealing thanks to its high strength and rigidity. Today, PLA can already be found in a couple
of non-technical automotive interior parts such as door trim [1], and its use should significantly
increase in a near future. Contrary to non-technical interior parts, automotive technical exterior
parts can be subjected to severe loading conditions, in terms of high strain rate, combined with
harsh conditions of temperature, hygrometry, etc. Thereby, some PLA properties still have to
be improved in order to compete with traditional petro-sourced polymers like mineral-filled
polypropylene (PP) or acrylonytrile butadiene styrene (ABS)/polycarbonate (PC) blends.
Indeed, PLA presents significant obstacles such as it brittleness, low thermal and hydrolysis
resistance, impact strength and crystallization rate, impeding its use in parts subjected to severe
loading and/or environmental conditions. In this respect and as shown in Chapter IlI,
significantly improved thermal stability, evaluated in terms of heat deflection temperature
(HDT), has been proven for PLA/poly(methyl methacrylate) (PMMA) blends depending on
PMMA content, together with high miscibility and good aging behavior[2-6]. Based on those
results, we developed ternary blends made of PLA/PMMA matrix in association with impact
modifier Biomax® Strong 120 [2]. We have demonstrated in Chapter III that combining
PLA/PMMA blend with Biomax® Strong 120 (BS) was a successful strategy to dramatically
increase the ductility and the impact toughness of the material, thanks to the addition of the
impact modifier, without altering the thermal properties of PLA/PMMA matrix. Several
formulations of PLA/PMMA matrix in association with a constant content of impact modifier
(17% of total weight) were characterized by means of mechanical, thermo-mechanical and
morphological analyses. Good interfacial adhesion and coupling reactions in the melt-state were
unveiled in PLA-rich formulations and correlated with excellent mechanical performances in
terms of toughness and ductility. From these studies, the composition 58 wt% PLA-25 wt%
PMMA-17 wt% BS (hereafter simply called PLA-PMMA-BS composition) was selected as the

most promising one (see chapter III). Comparison of mechanical and thermal properties of
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PLA-PMMA-BS composition with those of an ABS-PC blend, frequently used in automotive
industry, revealed that this composition can be highly suitable for use in technical applications.
The current chapter will aim to investigate the performances of PLA-PMMA blends for
automotive applications and, more generally when subjected to high loading rate under a wide
range of temperature (typically -40° C to 80°C in automotive sector). This chapter focuses on
the analysis of mechanical behavior of PLA-PMMA-BS composition over a wide range of
loading rate, from quasi-static to dynamic loading conditions, at ambient and high temperature.
In addition, dynamic mechanical behavior of PLA-PMMA-BS composition will be investigated
over a wider range of temperature and frequencies.
An important step toward the industrialization of PLA based composition is to assess whether
the material can be processed (extrusion followed by injection molding) at an “industrial scale”
while keeping interesting thermomechanical properties. Indeed, reactive extrusion is obviously
impacted by several parameters such as feeding rate, residence time, shearing in the melt
(governed by screw profile and rotation speed, etc.). In the same way, mechanical and thermal
properties of an injected part also depend on process parameters such as mold and melt
temperature, injection pressure, cycle time, etc. In this study, some PLA-based compositions
were here prepared using industrial type facilities for the extrusion and the injection molding
phases (section V.1). Tensile tests under quasi-static loading conditions at ambient temperature
were first performed in order to assess whether PLA-PMMA-BS samples produced in this
industrial way present interesting mechanical properties in line with those of samples produced
at “laboratory scale”. The next step is to verify that appealing properties of PLA-PMMA-BS
compositions processed at laboratory scale are kept when the same material is processed using
industrial facilities, i.e. as obtained using extrusion technology and subjected to more severe
loading conditions (here in terms of high strain rate and high temperature). The resulting
materials will be then investigated as technical parts subjected to high-strain-rate loadings
and/or high temperature, typical of those encountered by technical exterior automotive parts,
such as bumpers. Dynamic tensile tests, at high strain rate, are therefore performed (here at
ambient temperature - section V.2), as well as quasi-static tensile tests at high temperature
(50°C - section V.3). It is worth noting that, at authors’ knowledge, any PLA based composition
have been never tested under high loading rate before. Dynamic mechanical analyses (i.e.
loading/unloading cyclic tests) were also performed under a wide range of temperature and
frequency (section V.4). In order to evaluate whether PLA-PMMA-BS blend can be a valuable
alternative to classical petrosourced polymers for use in technical parts subjected to high

loading rate and/or high temperature, mechanical properties of PLA based compositions, in
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terms of tensile strength, rigidity, strain at break and volume energy of deformation and storage
modulus (E’), are compared to those of an ABS/PC blend, being considered as a reference for
use in automotive parts. Finally, durability of PLA based blends is studied under thermal aging

(section V.5).

MATERIALS AND EXPERIMENTS

Materials

Commercial grade poly(L-lactide) 4032D, supplied by NatureWorks and hereafter called PLA,
was used as received. Its principal characteristics are M,= 133,500 £ 5,000 g/mol, P=1.94 +
0.06 (as determined by size-exclusion chromatography in chloroform at 35°C, upon a relative
polystyrene calibration) and a D-isomer content of 1.4 + 0.2% as determined by the supplier.
Poly(methyl methacrylate), hereafter called PMMA, was supplied by Evonik, under
commercial name Plexiglas® 8N. Its principal characteristics are M,,= 50,000 + 2,000 g/mol

and b=2.1 £ 0.1.

Biomax® Strong 120, here after called BS, was provided by Dupont.Ultranox® 626A (from GE
Specialty Chemicals) was used as a stabilizer at a content of 0.3 wt % in all PLA-based blends.
For comparative purposes, a commercial ABS/PC blend (Novodur® H801) designed for
automotive interior and exterior parts, was supplied by Styrolution (M,,= 32,900 + 3,000 g/mol
and b=3.4+0.1).

Optimal Composition PLA-PMMA-BS

PLA-PMMA-BS compositions are developed in order to improve PLA impact toughness and
ductility (thanks to the addition of BS) and thermal resistance (thanks to blending with PMMA),
without altering too much the inherent high rigidity and strength of PLA.

In chapter I1I, the optimal composition of PLA-PMMA-BS has been determined, based
on dynamic mechanical-thermal analyses (DMTA), Differential Scanning Calorimetry (DSC)
analyses, tensile and notched impact tests. Polymeric components and additives were melt-
blended in a Brabender internal mixer (model SOEHT; premixing at 30 rpm then 70 rpm) and
samples were then prepared using a DSM Mini Injection Molding apparatus. As already
mentioned, the composition 58 wt% PLA - 25 wt% PMMA - 17 wt% BS was selected as the

one presenting the best compromise between impact toughness, tensile strength and rigidity, on
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the one hand, and ductility and thermal properties (in terms of heat deflection temperature -

HDT), on the other hand (see chapter III).

RESULTS AND DISCUSSIONS

V.1 Industrialization of Processes

As described in the previous section, preliminary characterizations and mechanical tests on
PLA-PMMA-BS were performed on samples processed at “laboratory scale” (Brabender and
DSM Mini Injection Molding apparatus). Yet, in order to evaluate the possibility to use this
composition for industrial applications, it must be verified that it can be processed using
industrial facilities while keeping mechanical properties satisfying. For the present chapter, the
extrusion step was performed on an industrial extrusion device (Leistritz ZSE twin-screw co-
rotating extruder). All compounds were blended together at different feeding rates and using
different screw speeds in order to fit the feeding rate, following the temperature profile given
in Table V.1. In order to select the most suitable screw speed and feeding rate, preliminary tests
were conducted where both parameters varied simultaneously from 30 to 200 rpm and 0.6 to 4
kg.h'!, respectively.

Table V.1 Temperature profile during extrusion of compounds

Distance in the barrel to feeding area | Set

0 to 90 mm 160°C
90 to 180 mm 190°C
180 to 270 mm 210°C
270 to 360 mm 210°C
360 to 450 mm 210°C
450 to 540 mm 210°C
540 to 630 mm 210°C
Die 190°C

Extruded materials were then injection molded to form impact specimens (mini injection
molding apparatus) and the evolution of impact strength in function of the residence time was
studied, as this parameter is likely able to affect impact strength. Indeed, we state out in chapter
IIT that the good interfacial adhesion between the matrix PLA-PMMA and impact modifier,
leading to a good impact strength, is due to the formation of “grafted copolymers”, acting as
compatibilizers, through coupling reactions between the functional end-groups (hydroxyl and

carboxylic groups) of PLA chains and the complementary functional groups (epoxy functions)
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along the impact modifier. Yet, residence time can affect the formation of such grafted

polymers, the morphology of compounds and so the toughness of blends.
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Figure V.1. Evolution of impact resistance of PLA70-PMMA30-BS20 blend in function of

residence time in extruder

The evolution of impact strength of differently produced PLA-PMMA-BS compositions
in function of the residence time of the blends during extrusion process is presented in Figure
V.1. It shows that impact strength increases when increasing the residence time (tr) in the
extruder and specially with increasing the feeding rate (from 6.5 kJ/m? for less than 4 min to
18.2 kJ/m? for more than Smin), which confirms that coupling reaction between PLA and impact
modifier needs some time to be fully achieved. Moreover, the microstructure of rubber-
toughened polymer is of prime importance on toughening mechanisms. This was highlighted
by scanning electron microscopy (SEM) where the microdomain size and size distribution of
the impact-fractured surfaces of specimens were estimated (Figure V.2 and V.3). Whereas the
PLA-PMMA-BS extruded for a residence time (tr) of 4.50 min (1.5 kg/h; 200 rpm) shows
dispersed microdomains characterized by an average diameter of about 1.15um (Figure V.2.b
and V.3), different distribution of micodomains were observed for the PLA-PMMA-BS
extruded for tr = 5.30 min (1.5 kg/h; 50 rpm) with a mean diameter for the dispersed
microdomains of about 0.85 pum (Figure V.2.a and V.3). The difference may explain the
increase of impact strength when increasing the residence time. With a longer residence time,
the fractured surface of the blends presents an optimum range of size distribution and regularity

of the size of microdomains leading to a higher impact strength.
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Figure V.2. SEM micrographs of impact-fractured surfaces of PLA-PMMA-BS blends
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Figure V.3. Associated size distributions of the rubbery BS for PLA-PMMA/BS blends with

different process parameters

The most suitable extrusion parameters, 1.5 kg/h for feeding rate and screw speed of 50
rpm, were thus selected in the subsequent part of the part, leading to the highest notched impact
toughness (18.2 kJ/m?). It is worth noting that the lowest feeding rates (< 1kg/h) were not taken
into account since they are unsuitable for mass production. Moreover, this optimal value of
impact toughness decreased drastically compared to the impact toughness of the material
prepared at lab scale by Brabender (44 kJ/m?) (Figure V.1). It may be explained by the
significant reduction of the residence time (5 min against 10 min) that may prevent the full
achievement of as-formed graft copolymers (in terms of PLA-BS bonding, e.g.). In any case,
sensitivity of impact toughness to process parameters was evidenced, thus reinforcing the need
for studying material properties based on industrially manufactured samples. For comparative
purposes, the same extrusion parameters were applied when processing PLA-BS.

After extrusion, PLA-based materials were cut into pellets and conditioned into

hermetically closed bags. Pellets of extruded PLA-based compositions and of as-received ABS-

103



Chapter V: Highly tough poly(L-Lactide)-based ternary blends toward industrialization

PC were then conditioned for 24h at 50°C (uncontrolled ambient hygrometry). They were then
injection molded into rectangular thin plates (dimensions of about 96*166 mm?2, thickness of 3
mm) using facilities of Reydel, an automotive supplier. During injection process, melt and mold
temperature were respectively of 210°C and 40°C for PLA-PMMA-BS, 210°C and 45°C for
PLA-BS, and 250°C and 80°C for ABS-PC (following the recommendation of the supplier).

V.2Quasi-Static and Dynamic Tensile Tests at ambient temperature:

To judge about the relevance of using PLA-PMMA-BS composition for the manufacturing of
technical parts subjected to high-strain-rate loadings, it is crucial to study its tensile behavior
under a wide range of strain-rate. As mentioned in section V.1, behavior of ABS-PC will be
taken as a reference, since this material shows high strength, rigidity and energy of deformation,
even under high strain rate. It is therefore commonly used in technical parts, in particular in
automotive industry. For comparative purposes, tests are also performed on PLA-BS blend. All
the following information is common to tensile tests of all materials. Tensile specimens were
cut by water jet on the injected plates.

Quasi-static tensile tests are performed at room temperature using Instron E3000
electromagnetic jack (3 kN load cell sensor). The geometry of quasi-static tensile specimens
follows ISO527 norm (Figure V.4a), with a cross-section of about 13 mm?. Quasi-static tests
are carried out at displacement rates of 1, 10 and 100 mm.min". Those displacement rates
correspond to average strain rates of about 5.55 10, 5.55 102and 5.55 102 s°!, respectively,
since the region of interest (ROI) is 30 mm high. Five tests per displacement rate are performed.
Dynamic tensile tests are carried out at room temperature using Instron 65/20 hydraulic jack
(i.e. 65 kN load cell sensor, maximum speed 20 m.s™'). For the present tests on polymeric
materials, a piezoelectric load cell sensor, calibrated in the range 0-5kN, with a precision of 2.5
N, is fixed on the rigid frame of the jack. A specific set-up for dynamic test, developed at
LAMIH, is used to clamp the specimen. This set-up allows in particular reducing device
resonance during high speed tests and ensuring that specimen loading does not begin before
imposed test velocity is achieved and stabilized. Geometry of dynamic tensile specimens is
specially designed according to this set-up (Figure V.4b). Length of the ROI is reduced to 20
mm instead of 30 mm for quasi-static tensile specimens in order to reach higher strain rates.
Displacement rates of 100 and 1000 mm.s 'are imposed (average strain rate of about 5 and 50

s1). At least 5 tests per displacement rate are performed.
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Figure V.4. Geometry of specimens for tensile tests (in mm)

In both quasi-static and dynamic tensile tests, the nominal axial stress, o, is computed
by the ratio of the load that is applied to the specimen, F, (measured by load cell sensor) by the
initial cross-section area of the specimen, So, so that 6 = F/So. True in-plane strains are
computed from displacement field measurements by digital image correlation (DIC) [7]. A
random pattern is created on the whole specimen ROI by applying sprays of black paint after
specimen surface is painted in white. Grayscale images of the pattern are recorded throughout
the loading, at constant time interval (Table V.2), by a camera. For DIC analysis, a reference
image is chosen for each tensile test as the last one recorded at a non-deformed stage, i.e. just
before load is applied to the specimen. Sets of image are then analyzed using a DIC Software
(VIC2D software here). First, the random pattern of the reference image is divided into square
facets, of a few pixels size, each of them being characterized by a unique signature in gray level
(Figure V.5). This unique signature allows the tracking of facets by DIC software, using a
correlation algorithm between each image, recorded at a given instant of loading, and the
reference image. This way, in-plane displacements of all facet centers, with respect to the
reference image, are determined. In plane strains are finally computed at the center of each facet
by spatial derivation.

It is worth noting that the size of facets has an influence on the signal/noise ratio and
therefore on the accuracy of strain computation. In a few words, noise level tends to increase
when the facet size decreases. Yet, because strains are averaged over the facet size, a too high
size of facet leads to an inaccurate strain computation in case of high strain gradient. To analyze

the sensitivity of the signal/noise ratio to size of facets for the current experiments, rigid body
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motion tests were performed prior to tensile tests, at all the investigated displacement rates.
Rigid body motion does not generate any strain in the specimen. The “strains” that are computed
by DIC in that case are therefore representative of the noise level. For both quasi-static and
dynamic tests, size of facets of 15x15, 17x17, 19x19 and 21x21 pix? were tested.

Noise levels were similar for all components (i.e. axial, transverse and shear “strain”) for all
facet sizes, for rigid body motions recorded at all displacement rates. Therefore, the lowest facet
size of 15x15 pix? was selected, with a step size (distance between two consecutive points of
measurement) equal to 7 pixels, for the analysis of all quasi-static and dynamic tests. It can be
noted that a distance of 7 pixels on recorded images corresponds to an actual distance of 435
and 437 um on the specimen during quasi-static and dynamic tests, respectively. Technical

information about tensile tests is given in Table V.2.

Figure V.5. Black and white pattern for DIC tracking (example of dynamic specimen of PLA-
PMMA-BS before loading)

Table V.2. Tensile tests specifications

Displacement Engineering strain- Load frequency of Camera frame rate
rate rate acquisition (Hz) (fps)
™
1 mm.min"! 5.5510™ 50 1
10 mm.min"! 5.5510° 500 5
100 mm.min! 5.5510° 2000 15
100 mm.s! 5 100000 6000
1 m.s! 50 1000000 22500

Up to now, dynamic tensile tests were never performed on any PLA-based composition.
The material capacity to bear high strain-rate loadings therefore remains unknown. In that

framework, the present tensile tests provide very insightful results. Indeed, PLA-based
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compositions show high stress levels, at all displacement rates, including dynamic ones,
together with high levels of ductility (Figure V.6 and V.7). In addition, the reproducibility of
tensile behavior is excellent at all test speeds, thus making results trustworthy and indicating a
good homogeneity of material properties in injected plates. Tensile behavior of PLA-based
compositions is compared to that of ABS-PC in Figure V.8. Since the behavior of the three
materials showed good repeatability, a curve per test speed, arbitrarily chosen among available

data, is represented for each material (i.e. these are not average curves).
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Figure V.6. Quasi-static and dynamic tensile behavior of composition PLA-PMMA-BS
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Figure V.9. Comparison of tensile behavior of PLA-PMMMA-BS at different tensile
displacement rate

In order to compute the elastic modus, a linear regression is applied to the initial linear
part of the behavior curve, i.e. nominal axial stress vs. average axial strain, for values of average
axial strain varying from 0 to 1%. The average axial strain is the average of true axial strain
computed for all the facets in specimen’s ROIL. It can be noticed that the true axial strain
remained homogeneous over the whole specimen’s ROI (i.e. approximately same values in all
facets) at least up to value of 1%, for all materials and all test speeds. Therefore, the elastic
modulus that is calculated with the average axial strain is actually representative of the actual
Young modulus of the material.

The Figure V.9 shows the strain-rate dependency of tensile behavior of PLA-PMMA-
BS. It can be noted that the tensile strength is multiplied by 1.59 while the strain at break is
divided by 1.7 when the engineering strain rate is multiplied by 90 000 (i.e. from displacement
rates of 1 mm/min to 1 m/s).
Elastic modulus, maximal axial stress and average true axial strain at break of all materials can
be compared in Figure V.10. In that Figure, crosses indicate mean value and vertical lines
(ended by points) indicate standard deviations. Detailed results of tensile tests are given in
Appendix (Table A1 to A3). Average true axial strain at break is the average of true axial strain
computed in all facets of the ROI when rupture occurs (i.e. in the last step of loading). PLA-
PMMA-BS presents high value of elastic modulus (about 2.5 GPa in quasi-static loading rates,
i.e. from 1 to 100 mm/min, up to about 2.75 GPa at 100 mm.s™ and 2.9 GPa at 1 m.s™' - Figure
V.10a). These values are similar to those of ABS-PC up to displacement rate of 100 mm.min!
and higher in dynamic tests (2.75 GPa in average against 2.55 GPa at 100 mm.s'and 2.9 GPa
against 2.8 GPa at 1 m.s™!). Interestingly, elastic modulus of PLA-PMMA-BS is always higher
than that of PLA-BS. Blending PLA with PMMA has therefore a positive effect not only on the
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heat resistance of the composition as mentioned in chapter III but also on its rigidity. As
expected, axial stress level of all materials increases with test speed because of viscous
overstress [8] (Figure V.8 and V.10b). ABS-PC presents the highest tensile strength, followed
by PLA-PMMA-BS and PLA-BS, at all test speeds. Finally, average true axial strain at break
of PLA-PMMA-BS is always higher than that of ABS-PC including the dynamic range of
loading (Figure V.10c). These results confirm the positive influence of the addition of impact
modifier BS on PLA ductility, already observed in previous chapters and other studies for quasi-
static tensile loadings [9,2]. In addition, efficiency of impact modifier is also demonstrated for
high-strain-rate loadings. Compared to binary composition PLA-BS, the addition of PMMA
leads to a decrease of strain at break. It is likely to be due to weaker interfacial strength between
droplets of BS and PMMA than between BS and PLA. Surprisingly, strain at break of PLA-BS
globally increases with the test speed. SEM observations performed on broken specimens of
PLA-BS did not reveal significant difference depending on test speeds and this trend remains

unexplained at the moment.
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Figure V.10. Tensile properties of PLA-PMMA-BS, PLA-BS and ABS-PC
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PLA-PMMA-BS therefore presents appealing tensile properties in quasi-static and
dynamic conditions of loading. Comparison with properties of ABS-PC, considered as a
reference material for use in technical automotive parts, suggests that this partially-biosourced
composition can be suitable for use in technical parts.

However, the simple evaluation of maximal tensile stress and elongation at break is not
sufficient in order to assess whether a material can be suitable for use in technical parts
subjected to severe loading condition. Indeed, a material must also present a high capacity of
energy absorption upon deformation. In fact, if low tensile stress and strain at break are actually
prohibitive properties, high values of those parameters do not systematically ensure a high
energy of deformation. Indeed, it is not rare that a polymer presents a marked yield peak
followed by a significant drop in tensile stress resulting in a post-yield elongation at low stress
level [9]. In that case, the polymer is characterized by a high maximal stress and possibly by a
high elongation at break but its energy of deformation is quite low. To definitively judge about
the potential of PLA-based compositions, their energy of deformation is therefore compared to

that of ABS-PC. Volume energy of deformation, E, is computed using Equation (1):

E= £n].a);sds(l)

6=0
where o is the nominal axial strain, € the average true axial strain and emax the average true axial
strain at break.

The comparison of volume energy of deformation (Figure V.11) definitively confirms
that the composition PLA-PMMA-BS is suitable for use in technical parts, even for high-strain-
rate loadings. Indeed, capacity of energy absorption of that composition is always higher than
that of ABS-PC, from quasi-static to dynamic range of loading speed, although tensile strength
of ABS-PC is superior (Figure V.10b). Interestingly, volume deformation energy of PLA-
PMMA-BS remains almost constant whichever the test speed, since the decrease of strain at
break is offset by the increase in tensile strength. On the contrary, volume deformation energy
of PLA-BS globally increases with the test speed, due to the above-mentioned unexplained

increase of PLA-BS strain at break (Figure V.10c).
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Figure V.11. Volume energy of deformation of PLA-PMMA-BS, PLA-BS and ABS-PC

V.3 Quasi-static tensile tests at high temperature:

Strain rate and temperature are known to significantly influence the mechanical behavior of
polymers. While numerous studies have investigated the influence of strain rate on the
constitutive response for several polymers at room temperature [10,11], the influence of
temperature on mechanical tensile properties has received much less attention. In the present
section, the effect of temperature on the mechanical response of three different compounds was
studied. Quasi-static tests were carried out at displacement rates of 10 mm.min"! at 50°C
(temperature was checked using a non-contact IR thermometer before starting each test). It is
noteworthy that during those quasi-static tensile tests at 50°C, both PLA-PMMA-BS and PLA-
BS specimens reached the limit of displacement of tensile device without breaking of the
sample (except specimen PLPMBSI due to the presence of a defect on the specimen). Therefore
the data represented in stress-strain curves for PLA/PMMA/BS and PLA/BS are limited to the
elongation reached at the limit of machine stroke (Figure V.12 a and b).
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Figure V.13. Tensile properties of PLA-PMMA-BS, PLA-BS and ABS-PC

PLA-based compositions show high levels of ductility with variable values of tensile strength
and rigidity (Figure V.12 a and b). Contrary to the very good reproducibility observed during
quasi-static and dynamic tensile tests at ambient temperature, a noticeable variation in the
stress—strain curves with variable values of rigidity and yield stress was observed for quasi-
static tensile tests at 50°C for both PLA-BS and PLA-PMMA-BS blends (Figure V.12 a and b).

In contrast, tensile behavior at 50°C of petro-sourced ABS-PC blend showed low dispersion.

This can be explained by the variation of crystallinity ratio between different samples
after heating samples at 50°C (samples with higher crystallinity ratio around 21% present better
mechanical properties then samples with lower crystallinity ratio around 17% in quasi-static
tensile tests at 50°C).

Table V.3 Tensile properties of PLA-PMMA-BS, PLA-BS and ABS-PC at 10 mm/min,
ambient temperature and 50°C (mean + standard deviation)

Temperature PLA-PMMA-BS PLA-BS ABS/PC
Elastic Ambient 2.46+0.03 2.17+0.02 2.45+0.02
modulus 50°C 1.324+0.38 0.57+0.27 2.06+0.05
(GPa)
Maximal Ambient 38.0+0.4 28.8+0.1 47.1+0.4
stress (MPa) 50°C 20.1+5.8 7.97+£3.5 37.8+1.1
Strain at Ambient 0.109+0.017 0.129+0.015 0.052+0.002
break® 50°C Unconcerned Unconcerned 0.010+0.029
Volume Ambient 3.61+0.59 3.38+0.40 1.854+0.09
energy of 50°C >29.6 >12.30 2.99+0.87
deformation
(mJ/mm?>)®
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(a) Average of the true axial strains computed by DIC in all facets of specimen ROI at

specimen failure.

(b) Volume energy of deformation, e, is defined by € = IGda where ¢ is the nominal axial
e=0

strain, € the average true axial strain and emax the average true axial strain at break or at the

end of test in case of unbroken specimens.

(c) Minimum value attainable because e is computed on unbroken specimens. Given value is

the average of all tests.

Tensile behavior of PLA-based compositions at high temperature is compared to that of ABS-
PC in Figure V.13. Influence of temperature on elastic modulus and maximal axial stress can
be compared in Figure V.13 b and Table V.3. As expected, tensile properties of ABS-PC were
slightly affected by the increase of test temperature, thanks to high thermal properties (glass
transition temperature of about 125°C and HDT A and B of 99°C and 106°C according to
supplier’s technical data sheet). Thus, elastic modulus and tensile strength were only divided
by a factor 1.19 and 1.2, respectively, between tests at ambient temperature and 50°C. In
contrast, properties of PLA-based compositions were significantly affected by the increase of
test temperature. Thus, average values of elastic modulus and yield stress of PLA-BS were
respectively divided by 3.8 and 3.6. Thanks to the presence of PMMA, these ratios were lower
for PLA-PMMA-BS (1.9 for both elastic modulus and yield stress based on average values).

These drops in elastic modulus and tensile stress were directly related to the proximity
between glass transition temperature, Tg, of PLA-based compositions (respectively 61.6°C and
62.8°C for PLA-BS and PLA-PMMA-BS following our DSC analyses [Chapter III]) and test
temperature. Indeed, the evolution of tensile behavior was characteristic of a transition to rubber
behavior with drop in rigidity and strength and spectacular increase of elongation at break.
However, it is to note that the addition of PMMA was undoubtedly beneficial for behavior of
PLA-PMMA-BS, compared to PLA-BS (Figure V.13b), even if the gain in T; was quite low
(1.2°C). Indeed, PLA-PMMA-BS showed satisfactory properties at 50°C, with rigidity and
strength of same order of magnitude of those of a mineral-filled polypropylene [12], for
instance, and very high volume energy of deformation, at least of 29.6 mJ/mm? (minimum
attainable value because this figure was computed based on behavior curve of unbroken
specimens), to be compared to an average value of about 3 mJ/mm? for ABS-PC. At the

contrary, properties of PLA-BS tested at 50°C were prohibitive for use in technical parts.

V.4 Dynamic mechanical analysis of PLA based materials
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Dynamic mechanical analysis (DMA) has been widely employed for investigating viscoelastic
behavior of polymeric materials and determining storage and loss modulus and damping
characteristics [13,14]. In that work, Instron device Electro Pulse E3000 was employed for
dynamic mechanical analysis of the materials. The experiment was performed under cyclic
tensile mode with rectangular DMA specimens (50 x 10 x 2.5 mm?®) at a frequency varying

from 0.01 to 30 Hz at different temperatures (Table V.4).

Table V.4 DMA tests specifications.

W 20°C 40°C 50°C 60°C
Frequency (3 tests) (2tests) (2 tests) (2 tests)
Phase 1 3 cycles at 10 Hz
3 cycles at 5.10% Hz
5 cycles at 0.25 Hz
7 cycles at 0.5 Hz
20 cycles at 1 Hz
100 cycles at 10 Hz
Phase3 300 cycles at 20 Hz
500 cycles at 30 Hz

Phase 2

V.4.1Evolution of dynamic mechanical properties of PLA-PMMA-BS as a function
of frequency for all test temperatures

The storage modulus (E’), loss modulus (E’”) and tan(6) peaks were determined following
dynamic mechanical analyses for PLA based blends and ABS/PC blends. Evolution of dynamic
mechanical properties of PLA/PMMA/BS blends are presented in this section for different
temperature (from 20 to 60°C, Figure V.13) followed by a comparison with dynamic behavior
of PLA-BS and ABS-PC blends.

The storage modulus (E’), loss modulus (E’”) and tan(d) peaks have been found to be
affected by frequency. The viscoelastic properties of a material are dependent on temperature,
time and frequency. If a material is subjected to a constant stress, its elastic modulus will
decrease over a period of time. This is due to the fact that the material undergoes molecular
rearrangement in an attempt to minimize the localized stresses. Modulus measurements
performed over a short time (high frequency) result thus in higher values whereas
measurements taken over long times (low frequency) result in lower values [15]. The variation
of PLA-PMMA-BS storage modulus with frequency is shown in Figure V.14 a. Increasing
frequency has been found to increase the storage modulus value for all test temperature. PLA-

PMMA-BS blends present a good thermal stability up to 50°C. At 60 °C and at low frequency,
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the material presents a low storage modulus (Figure V.14 a), indicating the vicinity of glass
transition temperature. While the loss modulus decreases when increasing frequency at 20°C,
40°C and 50°C, this latter increases when increasing frequency at 60°C (Figure V.14 b). This
may be due to a promoted relaxation of polymer molecular chain when it is deformed close to
its glass transition temperature (Tg= 63°C), which leads to more pronounced viscous effects in
the of the sample. The same trend was observed for PLA-BS but not for ABS-PC, due to higher
glass transition temperature (See Appendix Al)).The tan 6 values measured over a range of
frequencies for PLA-PMMA-BS samples are shown in Figure V.14 c. At low frequency, curve
of tan (8) shows a peak, which confirms the proximity of Tg for PLA-based blends.
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Figure V.14. Viscoelastic parameters of PLA-PMMA-BS blend

V.4.2 Comparison of PLA/PMMA/BS blends with PLA/BS blends
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In the same manner and in order to compare dynamic mechanical properties of PLA-
PMMA-BS and PLA-BS, the evolution of the storage modulus (£’) and tan(6) with loading

frequency, at different temperatures, is plotted in Figure V.15.
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Figure V.15. Dynamic mechanical properties of PLA-PMMA-BS and PLA-BS

A dramatic drop of storage modulus of PLA-BS blend at 60°C can be observed.
Moreover, at 30Hz, it was impossible to maintain the effort at 60°C because of the rubbery
behavior of that blend, which led to the buckling of sample whereas it was not the case for PLA-
PMMA-BS composition (Figure V.16). For PLA-PMMA-BS blend, the drop of storage
modulus was slightly less pronounced except for low frequencies (Figure V.15 a). This can be

explained by the fact that an increase of test frequency is equivalent to a decrease of the
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temperature "felt" by the material. Then, material behavior is equivalent to the one that could
be observed at a temperature below the T Figure V.15 b reveals the presence of a peak of tan
() for PLA-BS blend localized between 0.1 Hz and 1Hz, which is consistent with the rubbery
behavior observed during cyclic tests at high temperature at those frequencies. The peak of tan

(0) of PLA-PMMA-BS blends is apparently shifted to lower frequency, indicating a higher Tj.

Figure V.16. Buckling of PLA-BS blend during DMA test at 30 Hz and 60 °C

The same results will then presented in other curves showing the storage modulus (E’)
and tan(0) as a function of temperature at different frequencies (Figure V.17). For all test
frequencies, a significant drop in storage modulus (E') is observed when increasing temperature
for both PLA-BS and PLA-PMMA-BS blends. However, the drop of E’ of PLA-PMMA-BS at

high frequency was less pronounced, which suggests again that that material has a higher Ty
than PLA-BS.
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Figure V.17. Dynamic mechanical properties of PLA-PMMA-BS and PLA-BS

As a conclusion, the storage modulus of PLA-PMMA-BS is superior to that of PLA-
BS, over all frequencies and all temperatures investigated. These results confirm the positive
role played by the PMMA on the thermal stability of the material. The peak of tan(d) is absent
or starting at lower frequencies for PLA-PMMA-BS, which is consistent with the fact that the

material regains stiffness when it is tested at 60 © C once the frequency of sollicitation increases.

V.4.3Comparison of PLA/PMMA/BS blends with ABS/PC blends

Dynamic mechanical properties of PLA-PMMA-BS and ABS-PC were compared. Thus, the
storage modulus (£") and tan(0) of those materials at different DMA frequency and temperature

are graphically represented in Figure.V.18.
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FigureV.18. Dynamic mechanical properties of PLA-PMMA-BS and ABS-PC

PLA-PMMA-BS presents a value of storage modulus (E’) comparable to that of ABS-PC until
50°C and E’ increases with increasing frequency for both materials (Figure V.18a). ABS-PC
shows a good thermal stability without any decrease of storage modulus (E’) at all temperatures
investigated. At 60°C, E’ value of ABS-PC is significantly higher than that of PLA-based
materials. Moreover, no remarkable change was observed in the evolution of tan(6) for ABS-
PC blend (Figure V.18c and d). Such results were expected since the tests are performed at
temperatures, which are far away from the glass transition temperature of ABS/PC (T¢=107°C,
136°C). As a conclusion, dynamic mechanical properties of PLA-based composition are
obviously improved by adding PMMA to PLA-BS blends but are still uncompetitive with those
of ABS-PC at high temperature.

V.5 Study of durability of PLA based blends:
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Since the prepared PLA blends are potentially interesting for automotive applications, it is
important to get information concerning their stability or modification upon aging.
Accordingly, this study focuses on the characterization of the influence of physical aging under
high temperature on the physical properties of PLA blends and, for comparison, of ABS-PC
blend.

Injection-molded plates (process conditions described in section V.1.) were placed in a
Heraeus 'UT6200' Laboratory oven and SERVATHIN CTH-T-CV008613-P oven. All samples
were conditioned at a temperature of 50°C and 85°C. The samples were evaluated initially
before conditioning and again after 50, 100, 150 and 250 hours. These conditions were chosen
to be aggressive enough to accelerate the degradation that would occur in applications such as
automotive interior parts, yet at a temperature below and above the glass transition temperature
of PLA based blends (measured at 62°C and 63°C for PLA-BS and PLA-PMMA-BS,
respectively).

The initial properties of all samples, including crystallization behavior were evaluated before

conditioning.

Before Before

Figure V.19. Shape of PLA-BS((left), PLA-PMMA-BS(middle)and ABS-PC (right) before

and after thermal aging at 85°C (different scale image view)

Figure V.19 presents the effect of thermal aging on the shape of material plates after 250 hours
at 85°C. As we can see in the figure, the shape of ABS-PC plates is almost unchanged and
dimensions are preserved. In contrast, plates of PLA-based blends are highly deformed after
thermal ageing, thus confirming that heat resistance of PLA-based blends is still limited
(dimensional stability was preserved after thermal ageing at 50°C, i.e. plates remained

rectangular and of same dimensions).
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The crystalline content of the conditioned samples were monitored over time for both
PLA-BS and PLA-PMMA-BS blends (Figure V.20). At 50°C, there is a moderate increase of
crystallinity reaching 16% and 12% respectively. At 85°C, the crystallinity drastically increases
to reach 47% and 54% for PLA-BS and PLA-PMMA-BS blends, respectively. The increase in
crystallinity could be caused by the rearrangement of the amorphous PLA segments into

crystalline phase during the degradation of PLA by chain scission, as mentioned in literature
[16,17].
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Figure V.20. Evolution of crystallinity of PLA-PMMA-BS and PLA-BS blends after thermal
aging at 50°C and 85°C

After thermal aging for 250 hours at 50°C, Ty of both PLA-BS and PLA-PMMA-BS
blends slightly increases to reach 64°C and 67°C respectively (Figure V.21). This is due to the
increase in the excess enthalpy of relaxation [18] and PLA blends start to degrade causing a
small shift in the melting temperature as can be seen in Figure V.21. The enthalpy of cold
crystallization (AHc) decreases when increasing aging time at 50°C for both PLA-BS and PLA-
PMMA-BS blends. When increasing aging temperature to 85°C, there is no more enthalpy of
cold crystallization since PLA-blends reach the full crystallization (Figure V.22 a and b - DSC

scans performed during the conditioning period from 0 to 250 hours).
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Figure V.21. DSC curves of PLA-BS and PLA-PMMA-BS before and after thermal aging for
250 hours at 50°C
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Figure V.22. DSC curves of PLA-BS and PLA-PMMA-BS and ABS-PC before and after
thermal aging for 250 hours at 85°C

DSC was also performed on the ABS-PC samples as a control (Figure V.22 c). Figure
V.22¢ shows the DSC traces during the initial heating ramp. Two glass transitions can be seen
at Tgas = 107°C and Tgpc = 136°C. There was very little change in the T, as a function of
conditioning time. No melting endotherm was observed as ABS-PC is an amorphous polymer
blend. ABS-PC blends remain thermally stable under thermal aging at 50°C and 85°C.

To complete this study, dynamic mechanical analyses and morphology observation after
aging should be performed. They are indeed crucial to study the effect of aging on miscibility
of ternary blends, in particular to analyze whether a phase separation may be induced.

Furthermore, the effect of thermal aging on mechanical properties of blends should also be

studied.
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CONCLUSIONS

This chapter focuses on the development of a polylactide (PLA) - poly(methyl methacrylate)
(PMMA) -Impact modifier (Biomax Strong - BS) composition for use in technical parts
subjected to severe loading conditions. Chapter III has demonstrated the appealing properties
of composition 58wt% PLA - 25wt% PMMA - 17wt% BS, in terms of tensile strength and
rigidity, elongation at break and impact toughness for material specimens extruded and
injection molded at the laboratory scale. Yet, material physical and mechanical properties can
be strongly dependent on the manufacturing process, in particular extrusion (feeding rate, screw
speed and profile...) and injection molding parameters (mold and melt temperature,
pressure...). The first aim of this chapter is therefore to assess whether the good mechanical
properties of PLA-based compositions are kept when the material is processed under industrial
conditions. It was verified through quasi-static tensile tests of industrially produced PLA-
PMMA-BS composition. In particular, tensile tests are characterized by an excellent
repeatability and reveal that PLA-based composition has mechanical properties that can
compete with those of ABS-PC, a reference blend for use in highly-loaded automotive technical
parts. Once the possibility of industrialization of PLA-PMMA-BS processing is attested, next
step consists in evaluating its mechanical properties under high strain-rate loadings. To do that,
dynamic tensile tests are performed at high loading rate (up to 1 m.s™"). Results demonstrate
again the excellent tensile properties of PLA-PMMA-BS blend, even under high-strain rate
loading.

The use of developed PLA-PMMA-BS composition in industrially produced technical parts
subjected to high loading rate is therefore validated. In order to evaluate the thermal properties
of that composition, for use in parts possibly subjected to a wide range of temperature,
mechanical properties of PLA-PMMA-BS under high testing temperature have been studied,
using industrially produced specimens. Results confirm that PMMA can improve mechanical
properties under high temperature since PLA-PMMA-BS composition shows better rigidity and
tensile stress than PLA-BS blends. Dynamic mechanical analyses were also performed under
different range of temperature and frequency confirming that dynamic mechanical properties
of PLA-PMMA-BS are improved thanks to the addition of PMMA to PLA-BS blends but are
still uncompetitive with ABS-PC at high temperature. Finally, a study of durability of PLA
based blends under thermal aging was performed, since it is a crucial issue for its use in

automotive industry. The results here indicate that PLA-PMMA-BS blends will not be durable
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enough for exterior automotive applications at this stage of the development but can be used in

numerous interior automotive parts such as door panels, center console etc
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APPENDIX: detailed results of tensile tests and dynamic mechanical analysis

Table Al. Tensile properties of composition PLA-PMMA-BS (ambient temperature)

. Elastic Max. Average true
Displacement . . . .
rate Sample code modulus | nominal axial | axial strain at
(MPa) stress (MPa) break
1 mm/min PLPMBS3 2458 35.9 0.128
PLPMBS4 2469 35.6 0.127
PLPMBSS5 2460 353 0.113
PLPMBS6 2442 35.2 0.104
PLPMBS7 2495 35.1 0.110
10 mm/min | PLPMBSS 2469 38.4 0.124
PLPMBS9 2440 38.4 0.108
PLPMBSI10 2501 37.7 0.119
PLPMBSI11 2421 37.3 0.115
PLPMBSI12 2484 38.0 0.080
100 mm/min | PLPMBS13 2607 42.8 0.092
PLPMBS14 2488 42.0 0.142
PLPMBS15 2568 43.0 0.100
PLPMBSI16 2481 42.0 0.105
PLPMBS17 2419 41.6 0.082
100 mm/s | PLPMBSI1D 2703 50.3 0.109
PLPMBS2D 2790 50.8 0.065
PLPMBS3D 2851 51.0 0.056
PLPMBS4D 2665 50.5 0.084
PLPMBS5D 2789 51.1 0.097
PLPMBS6D 2776 50.1 0.067
1 m/s PLPMBS7D 2924 56.2 0.061
PLPMBS8D 2802 56.7 0.068
PLPMBS9D 2845 57.7 0.075
PLPMBS10D 3160 57.2 0.069
PLPMBS11D 2830 57.8 0.069
PLPMBS12D 2883 55.5 0.057

Table A2. Tensile properties of composition PLA-BS (ambient temperature)

. Elastic Max. Average true
Displacement . . . .
rate Sample code modulus | nominal axial | axial strain at
(MPa) stress (MPa) break
1 mm/min PLABS2 2083 25.9 0.082
PLABS3 2014 25.9 0.074
PLABS4 2098 26.0 0.050
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PLABS5 2141 25.9 0.058

PLABS6 2142 26.1 0.094

10 mm/min PLABS7 2179 28.9 0.113
PLABSS 2201 29.0 0.146

PLABS9 2170 28.6 0.127

PLABSI10 2148 28.7 0.118

PLABSI11 2163 28.9 0.143

100 mm/min | PLABSI3 2117 33.7 0.159
PLABSI15 2170 33.7 0.170

PLABSI16 2104 334 0.159

PLABS17 2119 33.1 0.128

100 mm/s PLABS1D 2461 43.3 0.160
PLABS2D 2459 43.1 0.185

PLABS3D 2514 43.4 0.166

PLABS4D 2512 442 0.137

PLABS5D 2460 44.0 0.180

1 m/s PLABS6D 2192 48.4 0.065
PLABS7D 2689 49.8 0.106

PLABS8D 2689 49.8 0.119

PLABS9D 2763 49.7 0.121

PLABS10D 2742 49.3 0.147

Table A3. Tensile properties of composition PLA-BS (ambient temperature)

. Elastic Max. Average true
Displacement . . . .
rate Sample code modulus | nominal axial | axial strain at
(MPa) stress (MPa) break
1 mm/min ABSPC2 2446 43.7 0.077
ABSPC3 2419 43.7 0.067
ABSPC4 2421 43.1 0.047
ABSPC5 2418 43.5 0.052
ABSPC6 2434 43.0 0.046
10 mm/min ABSPC7 2461 47.7 0.048
ABSPC8 2461 47.3 0.053
ABSPC9 2419 46.7 0.053
ABSPC10 2483 47.0 0.050
ABSPC11 2440 47.1 0.054
100 mm/min | ABSPCI12 2481 52.0 0.069
ABSPC13 2454 52.3 0.107
ABSPC14 2436 523 0.056
ABSPC15 2550 52.3 0.080
ABSPC17 2450 52.2 0.117
100 mm/s ABSPCID 2586 59.2 0.058
ABSPC2D 2495 59.0 0.049
ABSPC3D 2581 60.0 0.056
ABSPC4D 2548 59.7 0.054
ABSPC5D 2525 59.4 0.056
1 m/s ABSPC6D 2767 62.3 0.075
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ABSPC7D 2995 62.3 0.035
ABSPC8D 2859 62.1 0.040
ABSPC9D 2658 62.0 0.062
ABSPC10D 2768 62.5 0.060

Table A4. Tensile properties of PLA based blends and ABS-PC blends under 50°C at
10mm/min

Elastic Max.
) . Average
Sample code Displacement | modulus nommal true axial
rate (MPa) axial stress :

(MPa) strain

PLPMBS-1 1076 14.6 2.74
PLPMBS-2 1511 23 -
PLPMBS-3 1218 17.8 -
PLPMBS-4 1449 22 -
PLPMBS-5 713 11.2 -
PLPMBS-6 1697 26.3 -
PLABS-1 416 6.4 -
PLABS-2 . 280 4.4 -
PLABS-3 10(?(%;1“1 525 78 i
PLABS-4 859 12 -
PLABS-5 935 12.2 -
PLABS-6 392 4.8 -
ABSPC -1 2076 37.9 0.1

ABSPC -2 1971 35.9 0.12

ABSPC -3 2037 37.9 0.05

ABSPC -4 2095 37.7 0.12

ABSPC -5 2102 39 0.09
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Figure Al. Loss modulus of PLA-BS blends (on the left) and ABS-PC (on the right)
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General conclusion and outlooks

The interest to use polymeric materials derived from renewable resources continuously
increases because of the considerably improved environmental awareness of society and the
fear from the depletion of petrochemical based plastics. In this regard, Poly (lactic acid), PLA,
seems to be the biopolymer that responds the most successfully to the surge of demands for
such materials and can satisfy the requirements of large scale processing and wide range of
application at the same time. Interest for PLA can be explained by numerous interesting
properties, such as good processability, good mechanical properties (in particular high tensile
and flexural strength and rigidity), biodegradability, biocompatibility and relatively low-cost
compared to other bio-sourced polymers. However, durable applications of PLA in technical
parts are still limited by its inherent brittleness and limited low thermal stability. These
parameters therefore need to be improved for PLA industrial application, especially for
automotive parts possibly subjected to severe loading and environmental conditions.

The principal aim of this thesis is the design of new bio-based PLA materials for
automotive application, through the improvement of thermal and mechanical PLA properties.
The work reported in this thesis demonstrated that the properties of PLA-based compositions
can be tailored by a careful selection of the polymer blends that compose the matrix (here PLA-
PMMA blends) and the incorporation of a specific amount of impact modifier (Biostrong,
hereafter called BS). In order to determine the optimal composition of PLA-based material,
PLA/PMMA/BS ternary blends with a varying content of PMMA and 17 wt.% BS were
prepared using melt blending and injection molding processes. All blends presented improved
impact toughness together with a slight decrease in rigidity and tensile strength. The most
promising composition, namely PLA70-PMMA30+17 wt% BS (hereafter simply called PLA-
PMMA-BS composition), was selected as the one that presented the best balance between
ductility and stiffness, while containing at least 50% of bio-sourced polymer in the blend. The
comparison of mechanical properties of PLA-PMMA-BS to those of a commercial ABS/PC
blend demonstrated that that PLA-based ternary blend could be a very promising bio-sourced

alternative for use in automotive applications.

However, still limited heat resistance and crystallization ability of these blends remained
inferior to what is required for technical applications (especially for automotive exterior parts
that are subjected to harsh thermal conditions) and industrial high-speed processing, for

instance, by injection techniques. Three approaches were investigated in this work to overcome
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this problem: annealing process, stereocomplexation of PLA and combination with
nanoparticles as nucleating agent. Annealing is promoted to improve heat resistance by
improving crystallinity ratio. However, time and temperature of pre-heat treatment must be
optimized not to affect the ductility of PLA-PMMA-BS blend. In our study, blend annealing
for 10 min at 120°C allows improving HDT (up to around 80°C) and impact toughness but
affects the ductility of the blend, which therefore loses its capacity to bear severe loading
conditions. Additionally, annealing process is expensive and involves longer production time.
Therefore, it cannot be seen as a promising solution for mass production characterizing the
automotive industry. The second approach was the stereocomplexation of PLLA and PDLA
that can theoretically improve heat resistance. Nevertheless, in our case, the results were
unsatisfactory with affected impact toughness and unenhanced heat deflection temperature. It
is likely that better results could be obtained by optimizing process parameters in order to make
complete sc-PLA. To obtain more satisfying results, future works may focus on the control of
the stereocomplexation by changing the molecular weight of both PLLA and PDLA in order to
perform a full stereocomplexation of high crystallinity degree. The process should be controlled
in terms of time of process, speed rotor and order of addition of compounds since these
parameters can affect mechanical properties (impact strength). The third approach concerned
the enhancement of crystallinity behavior of PLA-PMMA-BS blend thanks to combination with
nucleating agent and nanoparticles. In our study, a limited improvement of crystallinity degree
(6%) was achieved, but heat-resistance was not improved. Moreover, a migration of silica
nanoparticles inside rubber microdomains of impact modifier was noticed. In the future, a deep
investigation should be realized in order to understand this phenomenon. In addition, different
nature of nanoparticles should be considered in order to improve thermal resistance of PLA-

PMMA-BS blends.

Finally, another aspect of this thesis work consists to ensure the scaling up of selected
composition PLA-PMMA-BS (without any additional processing or filling) towards
industrialization. In particular, it was verified that the material can be processed at an “industrial
scale” while keeping interesting thermo-mechanical properties. Indeed, quasi-static tensile tests
of industrially produced PLA-PMMA-BS composition were characterized by an excellent
repeatability and revealed that PLA-based composition has mechanical properties that can
compete with those of ABS-PC, a reference blend for use in highly-loaded automotive technical
parts. Once the possibility of industrialization of PLA-PMMA-BS processing is attested, its

mechanical properties under high strain-rate loadings was evaluated, based on dynamic tensile
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tests at high loading rate (up to 1 m.s™). The results again demonstrate the excellent tensile
properties of PLA-PMMA-BS blend, even under high-strain rate loadings.

The use of developed PLA-PMMA-BS composition in industrially produced technical
parts subjected to high loading rate is therefore validated. Another key-point is to evaluate the
thermal properties of that composition, for use in parts to be subjected to a wide range of
temperature. Mechanical properties of PLA-PMMA-BS under relatively high testing
temperature (50°C) have therefore been studied, using industrially produced specimens. The
results confirmed that the addition of PMMA can improve mechanical properties of PLA-based
materials under high temperature with better tensile strength and rigidity of PLA-PMMA-BS
compared to PLA-BS blends. Dynamic mechanical analyses at a wide range of frequency were
also performed under different temperatures. The results again showed that dynamic
mechanical properties of PLA-PMMA-BS are improved thanks to the addition of PMMA but
are still uncompetitive with those of ABS-PC at high temperature.

Finally, a study of durability of PLA based blends under thermal aging was initiated.
Aging of biosourced materials sensitive to hydrolysis such as PLA is indeed a crucial issue for
a more widespread use in technical applications and is today a significant barrier to the use of
PLA in the automotive sector. Further work should focus on a deeper study of thermal,
mechanical properties and morphology of blends after weathering and hydrolysis aging,

following preliminary results obtained during this thesis.

The results collected in the frame of this work can find extension in several orientations.

Using the actual production process like extrusion and injection molding, it is already
possible to process automotive interior parts with PLA-PMMA-BS blends as demonstrated in
this thesis. Moreover, several approaches could be considered in a near future to improve
thermal properties of PLA-based compositions, which could allow its use even for automotive
exterior parts. Then, 3D printing technologies (or additive manufacturing) promises rapid
prototyping capabilities with the high-volume throughput of conventional manufacturing in a
next future. As this technology evolves, automotive companies are starting to look into the
possibilities of 3D printing. If up to now, the 3D technology was used to print rare car parts
only, nowadays you can have an entire vehicle printed in 44 hours.

Additive manufacturing enables a continuous factory production for individual parts.
Process speed is another factor to be taken into consideration, because a faster process means
more continuity in the design and the overall development process. In addition, this technology

can offer more flexibility to the design and manufacturers can develop more customized
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features, such as lightweight lattice structures, fancier geometries, parts made of more than two
materials, etc. While traditionally acrylonitrile-butadiene-styrene (ABS) has been used in 3D
printers for industrial applications, these latter have shifted to PLA due to its green reputation,
pleasant smell, as well as its low shrinkage and good printability. Therefore, a new project could
be aimed at extending our approach to the development of polylactid acid based materials
dedicated to additive manufacturing for automotive application. Some tests of 3D printing of
PLA-PMMA-BS blend with, e.g., the new Freeformer printing machine should be done. This
new device makes easier the printing of numerous materials since standard granulates are used
as start material to make prototypes of printed blends, with the possibility to integrate
preparation of melt granulates in the process chain in the same way as during injection molding.
In addition, the special discharge unit featuring a pulsed nozzle closure marks a new era in
industrial processing with the generation of tiny plastic droplets and their application layer-by
layer to produce three-dimensional parts created directly from 3D CAD data. Therefore, it
would be amazing to print PLA-PMMA-BS and realize different shapes in order to study the
adhesion between layers, mechanical properties of printed samples, the quality of printed

objects in terms of shrinkage and contraction, etc.

Actuator pulses
nozzle closure

Nozzle closure

Discharge of
individual droplets

from the nozzle tip < ' -
X

Figure 1. Descriptive diagram of Freeformar 3D printing machine
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RESUME

L'attractivité des matériaux polymeéres issus de ressources renouvelables augmente
continuellement en raison de la prise de conscience environnementale de la société. Dans ce
contexte, I'acide polylactique (PLA) est un biopolymeére qui posséde d'indéniables atouts
(notamment en termes de rigidité et résistance en traction/flexion) permettant d'envisager
des applications a grande échelle, par exemple pour |'automobile. Cependant, les
applications durables du PLA sont encore considérablement restreintes a cause de sa fragilité
et de sa stabilité thermique limitée. Dans cette thése, nous nous sommes focalisés sur la
conception de nouveaux matériaux a base de PLA pour des applications dans I'automobile,
en fravaillant notamment sur I'amélioration des propriétés thermiques et mécaniques
(notamment la ductilité), y compris sous haute vitesse de déformation. Ainsi, la composition
optimale permettant d'atteindre le meilleur compromis entre différentes propriétés (ductilité,
résistance et rigidité, résilience, stabilité thermique...), tout en étant composée d'au moins 50%
de matériaux biosourcés est déterminée. D'autres stratégies visant a améliorer la capacité ou
la vitesse de cristallisation des compositions a base de PLA ont également été étudiées. Dans
tous ces développements, une attention particuliere est portée sur I'étude des interactions
entre structure, propriétés et process.

MOTS-CLEFS: Polymeéres biosourcés; stabilité thermique; propriétés mécaniques,

morphologies ; industrialisation ; application automobile

ABSTRACT
The interest to use polymeric materials derived from renewable resources increases

continuously due to considerably improved environmental awareness and the expected
depletion of petrochemical ressources. In this regard, Poly(lactic acid), PLA, is a biopolymer
that can respond to the demand for such materials for a wide range of applications, thanks to
interesting mechanical properties such as high tensile/flexural strength and rigidity, in particular.
However, in many cases, durable applications of PLA have been significantly limited by its
inherent brittleness and limited thermal stability. In this dissertation, we focused on the design
of new biobased PLA materials for automotive parts subjected to severe loading and
environmental conditions, by improving thermal and mechanical properties, including under
high strain rate loadings. Thus, the most promising compound is selected as the one that offers
the best balance between different properties (ductility, strength and stiffness, impact
toughness, good thermal stability...) with a content of bio-sourced polymer in the blend at least
equal to 50%. Other strategies to improve crystallinity of PLA-based compounds are also
studied. In all those developments, a particular attention is paid to the study of structure-
process-properties interactions.

KEYWORDS: Biopolymers and renewable polymers; heat resistance; mechanical properties;

morphology; industrialization; automotive application
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L'attractivité des matériaux polymeres issus de ressources renouvelables
augmente continuellement en raison de la prise de conscience
environnementale de la société. Dans ce contexte, I'acide polylactique (PLA)
est un biopolymere qui possede d'indéniables atouts (hotamment en termes
de rigidité et résistance en traction/flexion) permettant d’envisager des
applications & grande échelle, par exemple pour I'automobile. Cependant,
les applications durables du PLA sont encore considérablement restreintes a
cause de sa fragilité et de sa stabilité thermique limitée. Dans cette thése, nous
nous sommes focalisés sur la conception de nouveaux matériaux a base de
PLA pour des applications dans I'automobile, en travaillant notamment sur
I'amélioration des propriétés thermiques et mécaniques (notamment la
ductilité), y compris sous haute vitesse de déformation. Ainsi, la compaosition
optimale permettant d'atteindre le meilleur compromis entre différentes
propriétés (ductilité, résistance et rigidité, résilience, stabilité thermique...), tout
en étant composée d’'au moins 50% de matériaux biosourcés est déterminée.
D'autres stratégies visant a améliorer la capacité ou la vitesse de cristallisation
des compositions a base de PLA ont également été étudiées. Dans tous ces
développements, une attention particuliere est portée sur I'étude des
interactions entre structure, propriétés et process.

L'objectif de recherche consiste & élaborer des matériaux biosourcés a base
de poly (acide) lactique (PLA) pour des applications intérieures ou extérieures
pour |'automobile. Ce matériau biosourcé a base de (PLA) doit répondre aux
différentes exigences du secteur automobile tel qu’'une bonne stabilité
thermomeécaniques, une bonne rigidité, une meilleure ductilité et une bonne
résistance a I'impact. Ce qui n'est pas le cas pour le (PLA) que certes il est
biodédradeble, recyclable et présente des bonnes propriétés mécaniques
(haute rigidité), néanmoins il est fragile et représente une faible stabilité
thermomécaniques au-dela de sa température de transition vitreuse (Tg) ce
qui limite son domaine d’'application techniques. D'ou I'objectif de notre these

qui consiste a I'amélioration des propriétés du PLA pour qu'il soit apte a étre
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ufilisé dans I'industrie automobile et qui peut remplacer les polymeéres
pétrosourcés comme |I' ABS/PC.

Pour cela, lles deux premiers chapitres positionnent les attendus du travail de
thése dans un contexte de production et d'utilisation du PLA, par rapport aux
autres plastiques, aujourd’hui et dans le futur. L'introduction générale situe le
champ de recherche et la pertinence de I'objectif de la these, a savoir
développer de matériaux biosourcés (a base du PLA) pour des applications
durables dans le domaine de I'automobile. Le choix du PLA comme polymeére
d'étude est clairement expliqué et défendu. Apres I'infroduction générale, le
deuxieme chapitre « Etat de I'art » présente les différentes techniques utilisées
pour I'augmentation de la ductilité en gardant une bonne rigidité a savoir
I'ajout des plastifiants, des modificateurs d'impact et le post-traitement de
recuit ; I'amélioration de la stabilité thermique (température de fléchissement
sous charge, heat deflection temperature HDT) en développant des
nanocomposites a base de PLA suivie d'un process de recuit, en mélangeant
le PLA avec un matériaux a base de ressource pétroliere de haute résistance
thermomécanique ou créer des stereocomplex par I'ajout du PDLA au PLLA ;
et finalement I'amélioration de I'injectabilité via le contréle de la cristallinité
par I'ajout des agents nucléant tel que le talc ou la création des
stéreocomplex qui permettent ainsi de réduire le temps de demi cristallisation,
améliorer la cristallinité et améliorer la processabilité.

Ces différentes techniques existantes sont présentées et une discussion plus en
détail des résultats liés a la formulation du PLA, |a cristallisation et la fabrication
de mélanges de polymeres pour I'augmentation notamment de la HDT et la
ténacité a été choisi. Ce choix infroduit bien I'étude expérimentale qui a été
menée. De plus, le choix du PMMA comme partenaire du PLA pour la

formulation des mélanges dans la these est expliqué.

Dans le troisieme chapitre qui consiste a développer un matériau biosorceés a
base de PLA hautement ductile avec une stabilité thermomécanique
ameéliorée, différentes compositions de matériaux ont été étudiés, basés sur

une matrice (PLA/PMMA) et différentes types de modificateurs d'impact
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(biousourcés et pétrosourcés). En se basant sur la littérature, I'ajout du PMMA
permet d’améliorer la stabilité thermomécanique en augmentant la valeur de
(Tg) alors que I'ajout du modificateur d’'impact permet d’apporter au mélange
une meilleure résistance aux chocs. Le choix du meilleur modificateur d'impact
(BS) a était confirmé apres des tests mécaniques sur les différents mélanges. Le
BS est un modificateur d'impact commercial qui permet |la distribution de
micro-domaines caoutchoutiques dans le polymere. Ces micro-domaines ont
la capacité d’absorber et dissiper une partie de I'énergie de I'impact.

Sept mélanges ternaires ont été réalisé a I'échelle laboratoire a base d'une
matrice PLA/PMMA (rapport variant) et un modificateur d’impact Biomax
Strong (BS) (taux fixe 17%). Des caractérisations thermiques,
thermodynamiques, mécanigques et morphologiques ont été réalisées sur des
éprouvettes injectées et montrant que les mélanges obtenus ont une matrice
PLA/PMMA miscibles et un modificateur d'impact immiscible. En augmentant
le taux de PMMA, la stabilité thermomécanique s'améliore suite a
I'augmentation de la valeur de Tg (Figurel). Pour les propriétés mécaniques,
I'ajout du modificateur d'impact a permis d’améliorer la résistance au choc
(de 3 kJ/M2 jusqu'a 44 kJ/M2) une valeur optimum pour un rapport de 70/30

de PLA/PMMA et avoir une bonne ductilité sans altérer la bonne rigidité du PLA.

Tableau.l Température de transition vitreuse, taux de cristallinité, température de
relaxation et valeurs de HDT pour les mélanges PLLA/PMMA/BS déterminés a partir des
analyses de DSC et DMTA.

Sample Code Tg* Xc* Tansrt**  Tians2** HDT**
cC) (%) (°C) c°C) (°O)

Neat PLA 61 3 57 -42 54
PLA/BS 61.6 19 60 -42 53
PLA8B0/PMMA20/BS 61.8 9 64 -43 57
PLA70/PMMA30/BS 62.8 3 67 -43 58
PLA50/PMMA50/BS 66 - 76 -40 63

PLA30/PMMA70/BS 89 - 93 -40 70
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Sample Code Tg* Xc* Ttans1**  Ttans2®* HDT**
(°C) ) (C) (°C) (°O)

PLA20/PMMAS80/BS 97 100 -33 72

PMMA/BS 117 - 115 - 84
Neat PMMA 116 - 118 - -
Neat BS - - - -35 -

* Déterminés par DSC
** Déterminés par DMTA
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Figure 1. Effet du taux de PMMA sur la résistance aux chocs des mélanges
PLA/PMMA/BS

Suite a des analyses morphologiques, des images de la surface des
éprouvettes fracturées montrent qu'il existe une relation entre la taille des
particules du BS immiscible dans la matrice et la résistance aux chocs. En
augmentant le taux de PMMA, la distribution des particules devient plus large
ainsi que les diametres et pour avoir une meilleure résistance aux chocs il faut
respecter la valeur optimale des diametres des particules qui est aux alentours

de 0.5 um.
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Figure 2. Diameétres des particules de BS en fonction de taux de PMMA content (a
gauche) et la taille de distribution des microdomaines caoutchoutiques de BS (a
droite) pour différents mélanges de PLA/PMMA/BS.

BS semble étre plus compatible avec le PLA qu'avec le PMMA. La taille des
gouttelettes de BS dans le PLA est plus faible et leur distribution plus homogéne.
Ceci permet I'augmentation de I'élongation a la rupture et de la ténacité.
Cette augmentation de la ductilité pourrait étre liee a des effets de
décohésion entre phase PLA et BS, création de fibrilles, craquelage et
cisallement et de la formation in-situ de copolymeéres greffés PLA/BS. En effet,
BS et PLA possedent de groupements réactifs qui pourront réagir et ainsi

produire de polymeres comptabilisant les deux phases

Finalement un seul mélange a été sélectionné pour la suite des recherches de
rapport de matrice PLA 70/PMMA30, ce mélange a était choisis suite a ces
performances qui offre un équilibre entre la bonne rigidité, une meileure
ductilité, une excellente résistance aux chocs et le caractére biosourcés (+50%
de polymeére biosourcés). Une comparaison du matériau alternatif par rapport
a I'ABS/PC qui est utilisé dans le secteur automobile et qui a un cout
comparable au mélange ternaire, montre que le matériau biosourcé alternatif
a des meilleurs propriétés mécaniques que celles de I'ABS/PC mais les
propriétés thermomécaniques restent encore a les développer suite a une

légére amélioration.
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Pour cela, dans le quatrieme chapitre qui consiste a améliorer la résistance
thermomécanique de la composition optimale PLA70/PMMA30/BS via le
contréle de la cristallinité, autres solutions ont été étudiés pour I'amélioration
de la stabilité thermomécanique en se référant a la littérature. L'idée
essentielle est que la cristallisation du PLA pourrait améliorer la HDT, la rigidité
et la résistance mécaniques des mélanges. Trois techniques sont testées : le
post traitement de recuit, la stéreocomplexation et la cristallisation a I'aide
d'un agent nucléant et de nanoparticules de silicium (EBS/SiO2). Un post
traitement de recuit (120°C pendant 10, 20 et 30°min) a était réalisé sur le
mélange ternaire PLA/PMMA/BS et sur le mélange binaire PLA/BS considéré
comme référence. Les résultats montrent que indépendamment de temps de
recuitil y a une amélioration de la stabilité thermomécanique (7HDT, 7 Tang 6)
suite a I'amélioration de la cristallinité (figure 3). Le process de recuit maintien
la ductilité des mélanges avec une faible baisse de I'allongement a la rupture
mais une amélioration de la rigidité. Le process de recuit n’a aucun effet surla
résistance aux chocs pour le mélange ternaire. Le post traitement de recuit
semblait étre la technique la plus efficace en termes d’augmentation de HDT.
Elle permet I'obtention du taux de cristallinité le plus haut. La Tg des mélanges

recristallisés augmente jusqu’a 100 °C.
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Figure 1. Courbes DMTA de PLLA-PMMA-BS non recuit et recuit apres différents temps



N UMONS

UNIVERSITE DE VALENCIENNES
ET DU HAINAUT - CAMBRESIS

de recuit (a) Comparaison du module de stockage des mélanges a base de PLLA (b)

Comparaison de Tané des mélanges a base de PLLA.

Les courbes de tan 6 montrent un pic légerement déformé au contraire des
pics observés pour les mélanges PLA/PMMA/BS amorphes. Mais cette
technique n’'est pas utilisable dans le secteur automobile puisque elle peut
engendrer un temps et un cout supplémentaire sur la production ce qui peut

affecter la productivité dans I'industrie automobile.

La deuxieme technique appliquée, c’est la formation des stereocomplex pour
améliorer la cristallinité des mélanges. Pour cela, des mélanges a base de
PLLA/PDLA/PMMA/BS ont été élaborés avec différents taux de PDLA (5, 10, 30,
50) et les mémes caractérisations ont été réalisées et qui montrent qu'ily a une
légere amélioration de la cristallinité ainsi qu'une meilleure résistance aux
chocs en maintenant des bonnes propriétés mécaniques (rigidité, ductilité).
Cette amélioration de la cristallinité était beaucoup plus faible de ce que se
trouve dans la littérature, ce qui peut déduire que le process d'élaboration de
ce mélange n’'était pas le plus adaptés. Le mélange PLLA/PDLA (90/10)
permettait une augmentation de la ténacité. Afin d'obtenir des résultats
équivalents avec le mélange ternaire (+ PMMA) le procédé d'incorporation
des stéréocomplexes a été optimisé. Cependant, le degré de cristallinité
obtenu par stéréocomplexe reste inférieur au degré obtenu par traitement
thermique simple et donc I'effet sur I'HDT reste faible. Dans les perspectives une
proposition d'une étude plus approfondie sur la stéréocomplexation et
notamment en utilisant des PDLA avec des masses molaires différentes a été

propose.

La froisieme technique utilisée pour I'amélioration de la cristallinité c’est la voie
d’utilisation du mélange EBS/SiO2 qui permettait un gain dans la ténacité mais
pas I'augmentation de I'HDT & cause d'un faible cristallinité du mélange. La
raison semble la migration des nanoparticules favorable dans phase BS, ce qui

les retire donc de la matrice et minimise leurs effets (Figure 4). En conclusion,
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ces deux chapitres de résultats aboutissent a une formulation pertinente du
PLA en vue de I'augmentation de I'HDT et la ténacité. Elles permettent aussi
d’écarter des pistes de travail moins performantes et constituent une avancée
dans les connaissances dans le domaine.

PLLA-EBS-SiO, PLLA-PMMA-EBS-SiO,-BS

Rubber particle Silica nanoparticles

Silica nanoparticles =

L |
1.00um

SU8020 30.0kV 6.3mm x40.0k TE  30.0kV 6.3mm x30 Ok TE

Figure 4. TEM des surfaces fracturées des mélanges a base de PLLA

Le dernier chapitre concerne la mise a I'échelle industrielle de la production
des échantillons avec la formulation du mélange retenue (PLA70/PMMAS30/BS).
Pour I'extrapolation des résultats obtenus a grande échelle, le mélange
ternaire PLA/PMMA/BS a été sélectionné pour une extrusion a grande échelle
afin de vérifier la possibilité d’industrialisation du mélange élaboré et
I'obtention des performances semblables a celles obtenus & I'échelle
laboratoire. Une étude sur le temps de séjour du matériau a l'intérieure de
I'extrudeuse a été étudié et montre que plus le temps est important plus les

propriétés mécaniques de mélanges sont meilleurs (Figure 5).

UMONS
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Figure 5. Evolution de la résistance aux chocs du mélange PLA70-PMMA30-BS20 en

fonction du temps de séjour a I'intérieure de I'extrudeuse

Un choix de vitesse de rotation de vis et de débit de matiere a été sélectionné
pour avoir une importante quantité de matiére permettant par la suite
d'injecter des plagues avec la collaboration de I'industrie automobile. Une
étude dynamique, quasi-statiques et thermodynamiques en traction ont été
réalisés sur des éprouvettes a I'aide du logiciel de la corrélation d'image.

Les propriétés des matériaux obtenus sont comparées aux propriétés des
mélanges ABS/PC utilisés aujourd’hui par I'industrie automobile. La ductilité des
matériaux partiellement biosourcés est supérieure aux matériaux
pétrochimiques, cependant la perte de rigidité aux températures de 50 et 60
°C est toujours supérieure.

Le chapitre se conclut sur une étude de la durabilité des mélanges
PLA/PMMA/BS en comparaison a celle de I'ABS/PC sous conditions de
vieillissement accéléré. Les résultats montrent qu'une utilisation du matériau
biosourcé a l'intérieur du véhicule peut étre envisagée, mais que sa durabilité
pour des pieces extérieures n'est pas suffisante pour I'instant.

En perspective, le vieillssement hydrolytiques et sous UV sont aussi envisagees
puisque le PLA est trés sensible aux UV. Une continuation du développement
des matériaux a base de PLA en ajoutant des fibres naturelles telque le Kenaf

pour augmenter la stabilité thermique du PLA a été proposée. Une possibilité
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d'impression 3D sera étudié comme perspectives afin d’'élargir le domaine
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d’application de mélange avec une nouvelle technologie d'impression 3D « le
Freeformer » (Figure 6). Une nécessité d'étudier I'adhésion enfre les couches

imprimées et les propriétés mécaniques des pieces est aussi indispensable.

Actuator pulses
nozzle closure

Discharge of
individual droplets

from the nozzle tip R —
X

Figure 6. Diagramme descriptive de la machine d’impression 3D Freeformer
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