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Abstract As a result of increasingly stringent environmental regulations being
imposed on the automotive sector, ecofriendly alternative solutions are being
sought through the use of next-generation bioplastics and biocomposites as novel
vehicle components. Thanks to its renewability, low cost, high strength, and
rigidity, poly(lactic acid), PLLA, is considered a key material for such applications.
Nevertheless, to compete with traditional petroleum-sourced plastics some of the
properties of PLLA must be improved to fulfill the requirements of the automotive
industry, such as heat resistance, mechanical performance (especially in terms of
ductility and impact toughness), and durability. This review focuses on the prop-
erties required for plastics used in the automotive industry and discusses recent
breakthroughs regarding PLLA and PLLA-based materials in this field.
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Abbreviation

ABS Acrylate-butadiene-styrene

ATBC Acetyltributylcitrate

BioPA Bio-polyamide

BioPE Bio-polyethylene

BS Biomax®™ Strong (Commercial impact modifier)
CE Chain extender

CL25A Cloisite® 25A

DEHA Bis(2-ethylhexyl) adipate

DOA Dioctyl adipate

DSC Differential scanning calorimetry

EBS Ethylene bis-stearamide (nucleating agent)
EMA-GMA Ethylene-methyl acrylate-glycidyl methacrylate
ENR Epoxidized natural rubber

GTA Glyceryl triacetate

HDT Heat deflection temperature

HNT Halloysite nanotube

NCH Nylon-clay hybrid

OEM Original equipment manufacturer

OMC Organic modified clay

OMLS Organically modified layered silicate

PA Polyamide

PBGA Oligomericpoly(1,3-butylene glycol adipate)
PC Polycarbonate

PCL Polycaprolactone
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PDLA Poly(p-lactic acid)

PEBA Polyether block amide

PEG Polyethylene glycol

PET Polyethylene terephtalate

PHA Polyhydroxyalkanoate

PLLA Poly(r,p-lactic acid)

PLS Polymer-layered silicate nanocomposites
PMMA Poly(methyl methacrylate)

PP Polypropylene

PPA Poly(1,2-propylene glycol adipate)
PS Polystyrene

PTT Polytrimethylene terephtalate

PU Polyurethane

RH Relative humidity

sc-PLA Stereocomplex of polylactide
TAC Triacetin

TBC Tributylcitrate

TPU Thermoplastic polyurethane

1 Introduction

Reducing vehicle weight is an important issue for the automotive industry, and
plastics are attractive materials for addressing this challenge. Because of their
renewable origin, bioplastics help minimize the environmental impact of car
production by further reducing CO, emissions and energy consumption
[1, 2]. Besides, it is crucial for the industry to develop sustainable alternatives to
products derived from petroleum oil, because the price of petroleum oil is unstable
and its feedstock is expected to run out in the near future. Of the bioplastics existing
today on the market, some are already suitable for the automotive sector, particu-
larly formulations based on poly(lactic acid) (PLLA)and its composites [3]. Several
key points contribute to the success of PLLA, especially its excellent (bio)degrad-
ability/recyclability and attractive physical and mechanical properties such as high
rigidity, strength, and easy processability using conventional processing techniques
such as extrusion and injection molding [4, 5]. However, although PLLA can fulfill
environmental regulations regarding the automotive sector, the development of
technical PLLA-based materials for automotive applications still encompasses
some thresholds that have not yet been achieved. These requirements include
high toughness, durability, processability at high temperature, and high production
rate at affordable cost [6].

Several strategies such as blending with petroleum-based polymers, plasticizers,
impact-modifiers, and micro- and/or nanosized fillers have thereby been proposed
in efforts to overcome these drawbacks [7]. This chapter describes the great
potential of PLLA-based materials and their future trends, while mentioning their
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current drawbacks and the improvements required to sustain their successful imple-
mentation in the automotive sector. Special emphasis is placed on the current and
future use of PLLA-based materials for some automobile parts as both bulk and
fibrous materials.

2 (Bio)plastics in the Automotive Industry

The plastics industry plays a significant role in the environmental, societal, and
economic dimensions of sustainable development. Plastics meet the societal
demands of today’s products in packaging, lightweight components for cars and
aircraft, electronic housing, insulating materials for buildings, medical devices, etc.
Yet, the plastics industry still has to face up to great challenges concerning
improvements in safety, protection of the environment, and energy-saving in
plastics manufacturing processes as well as during their lifetime. In the automotive
sector, plastics and polymer composites are more and more appealing because their
light weight can help decrease the fuel consumption of vehicles, without adversely
affecting safety issues. Indeed, automotive manufacturers are tending to replace
traditional materials such as metals and metal alloys for lightweight materials such
as plastics and composites [8, 9]. As an illustration, the contribution of plastics to
the average weight of a vehicle is presented in Fig. 1. Today, plastics typically make
up 16% of the average weight of a new vehicle and will account for 18% by 2020,
with more than 50% of a modern vehicle’s volume. This renders cars lighter and
more fuel efficient, resulting in lower greenhouse gas emissions [10, 11].

Percentage of total vehicle weight

100% m Plastics

» Rubber

75% u Metals

Others
50%
25%
0%

1970 1980 1990 2000 2010 2020
1,100kg 1,180kg 1,260kg 1,340kg 1,400kg 1,100kg Average vehicle
weight

Fig. 1 Evolution of the percentage of plastics in vehicles by weight. Reproduced with permission
from [10] Copyright © 2012, A.T. Kearney, Inc
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Furthermore, an important challenge for the twenty-first century is undoubtedly
sustainable management of resources, accompanied by new environmental regula-
tions and a strengthening bioeconomy. This latter refers to the sustainable produc-
tion and conversion of renewable resources from agriculture into energy and a large
range of food, health, fiber, and industrial products [12]. This trend is pushing
automotive manufacturers to propose renewable alternatives to traditional plastics,
while fulfilling current and new specifications for automotive parts, the aim being
production of smarter, lighter, greener and, if possible, low cost cars. In that
context, bioplastics meet these requirements because they have similar structural
and functional characteristics as their petroleum-sourced counterparts. Note that the
term “bioplastics” covers materials that are both partially and fully biosourced.
Beyond their initial use for packaging applications [13—15], bioplastics have
reached a very high level of maturity for a large range of automotive applications,
offering high performance together with reduced environmental impact. It is there-
fore not surprising that the use of bioplastics is continuously increasing in technical
applications, including for the automotive sector (Fig. 2).

2.1 Technical Requirements for Plastics Used in Car
Applications

Today, plastics are employed not only to build internal parts in cars but also
external components such as bumpers, body panels, laminated safety glass, trims,
and many others (Fig. 3). In exterior applications, plastics are not only used for their
light weight, but also because they give designers the freedom to create innovative
concepts, for instance parts of a complex shape that could not be massively
manufactured using other materials such as metals. In other words, plastics are
nothing less than revolutionary. They have shown to be great materials for creating
comfortable, durable, and aesthetically pleasing interior components, while pre-
serving occupant protection and reducing noise and vibration levels. Furthermore,
they have proven to be strong, durable, corrosion-resistant, and able to withstand
high temperatures under harsh engine environments. These properties make plastics
suitable for electrical, powertrain, fuel, chassis, and engine applications.

Usually, the choice of materials made by vehicle manufacturers depends on a
combination of several criteria. Some of the criteria are the result of regulation and
legislation on environmental and safety concerns. Other criteria relate to production
costs, mechanical and physical properties, and weight reduction. Different charac-
teristics are often mentioned as material selection criteria for the automotive
industry (Fig. 4) [17-21]. These criteria vary according to the type of vehicle and
component application. In many cases, different factors may conflict with each
other and therefore a successful design is only possible through an optimum and
balanced solution.
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Fig. 2 Global production capacities of bioplastics 2017 by market segment. Reproduced with
permission from [16]

Many types of petroleum-based plastics that can provide the technical require-
ments for the automotive sector are employed in more than 1,000 different parts of
all shapes and sizes. The most important polymers in the 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)methacry-
late PMMA and polyurethane (PU) used in lighting; and polycarbonate (PC) used in
bumpers, dashboards, and interior and exterior trim and usually associated with
acrylate-butadiene-styrene (ABS) [22].
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2.2 Why PLLA Is Being Viewed as a Key Material for Cars

Together with other bioplastic polymers such as polyhydroxyalkanoate (PHA),
polycaprolactone (PCL), polytrimethylene terephthalate (PTT), biopolyamide
(BioPA), and biopolyethylene (BioPE) [23], one of most popular alternatives to
traditional petroleum-based plastics in automotive applications is poly(L-lactic
acid) (PLLA), as currently derived from cornstarch. In spite of intensive R&D on
PLLA science and new technology to enable large-scale production, the industrial
application of unmodified PLLA is currently limited to short-term goods such as
packaging, cold drink cups, bottles, and textiles [24—26]. Nevertheless, a number of
factors can help extend the application of PLLA to more durable goods: high
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strength, rigidity, compostability, and recyclability [27]. To assess the strengths and
weaknesses of PLLA, its physical and mechanical properties can be compared with
those of the most commonly used plastics in automotive applications (see Table 1).
The mechanical properties of PLLA appear very attractive, particularly its Young’s
modulus (>3.5 GPa), making it an excellent alternative to commonly used stiff
polymers.

In the context of designing ecofriendly products, both to satisfy customer
demand and increasingly strict legislation [33], PLLA possesses undeniable assets
compared with petroleum-based polymers. First, it is derived from bioresources
(starch plants), which are abundant and renewable. Moreover, one of the most
positive points of PLLA production in comparison with the other hydrocarbon-
based polymers is its low CO, emission. Carbon dioxide is the most important
contributor to global climate change. Because CO, from air is readily transformed
when plants grow, the use of PLLA has the potential to reduce the environmental
impact of greenhouse gases compared with petroleum-based polymers. In addition,
emerging green technologies enable a decrease in greenhouse gas emissions during
PLLA production processes. Vink et al. [28] showed that the net greenhouse gas
emission of NatureWorks PLLA decreased from 2 kg CO, equivalents/kg polymer
in 2003 to 0.3 kg in 2006. Furthermore, Jamshidian et al. [29] estimated that the net
greenhouse gas emissions for next-generation PLLA using wind energy can achieve
—0.7 kg CO,/kg polymer (Fig. 5).

PLLA has also received some interest from other industrial sectors because of its
relatively low price and commercial availability compared with other bioplastics.
This is certainly the key point for any successful polymer application. In fact, the
average price of commercial PLLA in 2015 was less than 1.8 €/kg, which is
sufficiently close to other petroleum-based polymers such as PET and is the lowest
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among biodegradable polymers [30]. Clearly, the PLLA market is still in its
infancy, but it is expected that a decrease in production costs and improvement in
product performance will result in a clear breakthrough in PLLA industrial use.
Many researchers have developed a more efficient and economic route for cheaper
and greener PLA production [31, 32, 34]. It is estimated that PLLA production
capacity, currently around 180,000 tons/year, should exceed more than 1 x 10° tons
in 2020 [35]. In addition to lower gas emissions, increasingly affordable cost, and
appealing mechanical properties, PLLA possesses other assets not generally avail-
able with petroleum-based plastics. Among those assets are excellent biocompati-
bility, (bio)degradability, and recyclability; furthermore, it can be readily processed
in large-scale processing equipment such as injection molding units [36, 37]. More
particularly, PLLA 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 [38].

This new technology process for plastics is very important for the automotive
industry and aftermarket because it allows the realization of automotive parts of
incredibly complex geometry and enables production of spare parts on demand
[39, 40]. Recently, an electric Street Scooter C16 short-distance vehicle was built
by a team at Aachen University [41]. 3D printing using ABS polymer was used for
all the vehicle’s exterior plastic parts, including the large front and back panels,
door panels, bumper systems, side skirts, wheel arches, and lamp masks and for
interior components such as the retainer instrument board and a host of smaller
parts [41]. Local Motors made a car called the “Strati” by building the chassis and
body of its cars using giant 3D printers and raw materials [42].

Referring to Table 1 and comparing PLLA with the traditional plastics used in
automotive applications, neat PLLA has many appealing properties such us high
rigidity but cannot fulfill all the criteria required by the automotive sector, most
importantly in terms of brittleness and heat resistance. Several strategies have been
studied in efforts to overcome these drawbacks.

3 Development of High-Performance PLLA-Based
Materials

As discussed, the major drawbacks of PLLA that hamper its application in the
automotive industry are its inherent brittleness, low heat resistance, limited flexi-
bility in design, and poor durability. In order to make PLLA suitable for such
applications, many studies have focused on modifications of PLLA, mainly of its
bulk properties. These modifications have involved control of crystallinity and
processability via blending, plasticizing, stereocomplexing, and other modifications
depending on the properties to be improved. There is no unique way to improve
PLLA properties and the most interesting solutions are generally a combination of
different routes; however, not many have been successful as a result of antagonist
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effects when combined. Those modifications are described in detail in the next
sections, with an emphasis on PLLA-based materials that fit automotive require-
ments in terms of processing (e.g., injection molding), properties (e.g., stiffness),
and durability.

3.1 Tough and/or Ductile PLLA-Based Blends

In cases that require a high level of impact strength and ductility, especially for a
vehicle’s exterior parts, the impact toughness and ductility of PLLA in its pristine
state is often insufficient. Therefore, there have been tremendous efforts to develop
ways to improve these mechanical properties. These approaches are summarized
next, with a focus on how the protocols also influence other mechanical properties
in the resultant materials.

3.1.1 Plasticized PLLA Blends

Plasticization is a widely used technique for improving the processability of
thermoplastics. The main role of plasticizers is to decrease the glass transition
temperature (T,). In addition, plasticization frequently opens new possibilities for
material processing by lowering degradation rate, which enables processing of
materials in equipment with reduced extrusion pressure and mixing time [43]. Fur-
thermore, it can also increase polymer ductility and flexibility, which is related to
the decrease in T. The choice of plasticizer for PLLA is dictated by factors relating
to the intended application (e.g., nontoxicity of plasticizer for food and medical
applications) as well as by general criteria such as non-volatility to avoid evapora-
tion under the high temperature conditions used during processing, and miscibility
for creating homogenous blends with PLLA. Another point is that the plasticizer
must migrate as little as possible from the material bulk, otherwise plasticized
PLLA blends can rapidly regain the inherent brittle properties of neat PLLA [44].

Many different molecules and classes of plasticizer have been tested for PLLA
[45, 46], the three main types being monomeric plasticizers, oligomeric and poly-
meric plasticizers, and mixed plasticizers. Only plasticizers designed for injection-
molded parts are selected here for discussion. Examples of the thermal and
mechanical properties of PLLA plasticized with these three classes of plasticizers
are given in Table 2 and described in more detail.

Jacobsen and Fritz [47] used glucose monoester (DehydatVPA 1726), partial
fatty esters (Loxiol VR GMS95), and polyethylene glycol (PEG) with a molecular
weight of 1,500 g/mol (PEG1500), to plasticize PLLA and examined the effect on
the tensile strength and unnotched Charpy impact strength of injection-molded
PLLA 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
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Table 2 Thermal and mechanical properties of plasticized PLLA blends

Plasticized Molecular weight | Content T, ° E €
PLLA blends (g/mol) (wWt%) (°C) |(MPa) | (GPa) | (%) |Reference
Monomeric plasticizers
PLLA 74,000 100 54 57 3.75 5 | [47]
Loxiol GMS95 - 2.5 - 52 3.4 14

5 - 48 32 7

10 45 45 3 8
Dehydat VPA - 2.5 - 53 33 5
1726 5 - 47 3 6

10 40 38 2.5 13
PLLA 74,500 100 62 66 1.02 11 |[48]
ATBC 402.5 10 44 51 0.97 11

20 38 30 027 | 317
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 1,500 2.5 - 50 32 5 |[47]

5 - 44 2.5 7

10 28 38 1.3 180
PLLA 121,400 100 58.6 |69.8 1.77 6 |[49]
PPA 1,900 5 49.3 1632 1.39 6

10 40.6 |49.6 13 157

15 333 |39.8 0.882 | 315

20 27 25.7 0.554 | 362

25 243 | 144 0.374 | 410
Mixed plasticizers
PLLA 207,400 100 - 58 - 4 | [50]
TAC/PBGA - 5 - 48 - 4

9 — 36 — 180

13 - 24 - 349

29 - 17 - 327

T, is the glass transition temperature; o, E, and € refer to the tensile strength, elastic modulus, and
tensile elongation at break, respectively

fatty acid ester, elongation of PLLA was improved but impact strength was slightly
decreased at all concentrations examined (i.e., 2.5-10 wt%). Murariu et al. [48]
studied the plasticization of PLLA using three low molecular weight ester-type
plasticizers, bis(2-ethyldhexyl) adipate (DOA), glyceryl triacetate (GTA), and
acetyltributylcitrate (ATBC). Addition of up to 20 wt% plasticizer led to a gradual
decrease in Young’s modulus and increased ductility in the following order of
efficiency, GTA>ATBC>DOA. The best notched impact performance was seen in
PLLA plasticized with 20 wt% GTA, with unbroken specimens. By comparison,
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addition of ATBC led to the lowest improvement in the impact strength of 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 of
the polymer bulk [51]. This drawback can be overcome by using polymeric
plasticizers [47, 49]. Recently, it has been shown that PLLA can be efficiently
plasticized and toughened by melt-blending with poly(1,2-propylene glycol
adipate) (PPA) [49]. Thermal and dynamic mechanical analysis revealed that
PPA was partially miscible with PLLA, and morphological investigation of the
blends showed that PPA was compatible with PLLA. As a result, the blends showed
a decrease in the tensile strength and Young’s modulus with an increase in PPA
content (5-25 wt%) (Table 2). However, the elongation at break and impact
strength dramatically increased as a result of plastic deformation. The notched
Izod impact strength reached 100 J/m with 25 wt% of PPA. The results show that
polymeric plasticizers can cause an additional increase in impact strength. Never-
theless, increasing the molecular mass of plasticizers can lead to poor miscibility
with the polymer, causing phase separation [52].

Mixed plasticizers combine an oligomeric or polymeric plasticizer with a small-
molecule plasticizer. Therefore, they can lead to a medium drop in T, and more
balanced mechanical properties (in terms of elongation, tensile modulus, and
strength) than the individual plasticizers. Mixed plasticizers combining low molec-
ular weight triacetin (TAC) and oligomeric poly(1,3-butylene glycol adipate)
(PBGA) have been employed to improve the ductility of PLLA, as reported by
Ren et al. [50]. They found that this combination led to significant improvement in
the elastic properties (for plasticizer content higher than 5 wt%), with a dramatic
decrease in tensile strength as the content of plasticizer increased (Table 2).

To enhance mechanical properties without altering the rigidity of PLLA too
much and to improve flexibility and toughness, Notta-cuvier et al. [53] had the idea
of combining plasticizers with Halloysite nanotubes (HNT) as reinforcing
nanofillers, leading to more attractive properties for automotive applications. In
particular, this composition achieved the right combination of good rigidity and
tensile flexural strength imparted by HNT with better ductility and toughness
provided by tributylcitrate (TBC) plasticizer. Tensile behavior and impact results
are represented in Fig. 6 and show that the ductility and impact resistance of PLLA/
HNT/TBC ternary blends were improved to an extent that depended on the amount
of plasticizer. Moreover, a high content of TBC (12.5-15%wt) enhanced the impact
resistance of the blend, but led to a drop in rigidity and flexural strength. For a good
balance of properties, an optimized PLLA/HNT/TBC composition containing 10 wt%
of plasticizer was proposed as a biosourced alternative blend for automotive
application.

In summary, several studies have demonstrated that plasticizers can play a
significant role in tuning the properties of PLLA plastics, mainly to improve the
flexibility and ductility of PLLA blends, and could also pave the way to novel
applications. However, there are still some limitations associated with plasticiza-
tion, including leaching during use, lack of thermal stability, and substantial
reductions in strength and modulus. This illustrates the need to carefully estimate
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plasticizer content to reach a better compromise between ductility and strength,
especially for automotive applications.

3.1.2 Rubber-Toughened PLLA Blends

Several successful strategies have been proposed to improve the ductility and
toughness of PLLA. Of these, melt-blending with rubbers has proved to be efficient,
thanks to its remarkable toughening effect and the fact that is based on easy-to-
perform and cost-effective techniques. A variety of biodegradable and
nonbiodegradable flexible polymers have been used as toughening modifiers for
PLLA to improve the balance between stiffness and toughness. Various reviews
report the most commonly used polymeric additives to be effective PLLA impact
modifiers [45, 54-59]. However, this section is strictly limited to recent and
noteworthy studies concerned with developing rubber-toughened PLLA blends
for engineering applications requiring high ductility and impact toughness.

When aiming to improve PLLA ductility and impact toughness, the use of
impact modifiers can be of great interest because they allow an increase in energy
dissipation through the material during deformation, without affecting stiffness and
thermal stability [60]. Several commercial impact modifiers have been specifically
designed to toughen PLLA. When dispersed in the form of rubbery microdomains
(with an average size of 0.1-1.0 pm) within the PLLA matrix, they enable a
significant increase in energy absorption during impact [61, 62]. However, it is
well known that their toughening effect is of varying magnitude, depending on their
miscibility with the PLLA matrix, thermal stability under PLLA processing tem-
peratures, interfacial adhesion between the dispersed rubbery phase and continuous
PLLA matrix within the blend, etc. Of the impact modifiers compatible with PLLA,
Biomax® Strong (BS) from Dupont Company is probably the most investigated
because it was specifically designed to improve PLLA toughness. In this regard, BS
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Fig. 7 (a) Tensile stress—strain curves for PLLA and PLLA/PMMA/BS blends. (b) Effect of
relative content of PMMA on the notched impact strength of PLLA/PMMA/BS blends. Adapted
with the permission from [64] Copyright © 2016 Wiley Periodicals, Inc

was used by Taib et al. [63], who noted a significant improvement in notched Izod
impact strength of PLLA from 3.6 to 14 kJ/m? with use of 10% BS, and to 28 kJ/m?
with 20 wt% BS. For more suitable PLLA blends in automotive applications with
simultaneously enhanced impact and thermal resistance, ethylene acrylate BS
impact modifier was used by Bouzouita et al. [64] to develop a PLLA/PMMA/BS
ternary blend capable of competing with commercial ABS/PC blends for the
manufacture of injection-molded automotive parts. Thermal mechanical analysis
revealed that ternary blends showed a miscible PLLA/PMMA matrix, but the
impact modifier was phase-separated and formed immiscible blends. The effect
of PMMA content on the notched impact strength and tensile mechanical properties
of ternary PLLA-based blends showed that a significant gain in tensile elongation
and impact toughness was achieved (116 + 4% and 44 =+ 2.5 kJ/m?, respectively,
with addition of 25 wt% PMMA and 17 wt% BS) with only a slight decrease in
tensile rigidity and strength (Fig. 7). To understand the evolution of toughness in
PLLA/PMMA/BS blends, the average size and distribution of rubber microdomains
were analyzed. Results revealed that blend impact toughness and fracture mecha-
nisms depend on rubber particle size, with an optimum of 0.5-0.55 pm achieved at
25 wt% PMMA content. However, PMMA content higher than 50% led to poor
mechanical properties and low interfacial adhesion between PLLA/PMMA matrix
and BS nodules as a result of the low affinity of impact modifier with PMMA. To
conclude the study, the authors selected PLLA/PMMA/BS (58/25/17) as the most
promising composition made of at least 50% biosourced polymer in terms of
ductility/stiffness balance and characterized by competitive mechanical properties,
compared with commercial ABC/PC blends, for use in automotive applications
(Table 3).

Using BS impact modifier, Notta-Cuvier et al. [65] prepared PLLA/plasticizer/
impact modifier/nanoclay quaternary compositions designed for automotive appli-
cations. Good ductility and toughness were achieved with the binary blend (PLLA/
BS) at a resiliency of 16.5 kJ/m>. A synergistic effect of BS (10 wt%), plasticizer
TBC (10 wt%), and the nanoclay Cloisite® 25A (1 wt%) was surprisingly seen, with
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Table 3 Summary of all mechanical properties of PLLA70/PMMA30/BS compared with those of
ABS/PC (tensile tests performed at a displacement rate of 1 mm/min, ASTM-D-638 norm)

Compounds ABS/PC PLLA70/PMMA30/BS
Tensile modulus (GPa) 2.3(0.1) 2.5(0.1)

Ultimate tensile strength (MPa) 52 (1) 49 (3)

Tensile elongation at break (%) 19 (5) 116 (4)

Impact strength (KJ/m?) 20 (1) 44 (2)

Reproduced with the permission from [64] Copyright © 2016 Wiley Periodicals, Inc

b 1 1 mm/min
X 18 0 M2 mm/min
W5 mm/min
10 mm/min
X Max. stress
ORigidity
OMax. elongation
; XArea
Almpacttoughness

Fig. 8 (a) Summary of all mechanical properties compared with those of PP-B. Numbers refer to
PLLA/TBC/BS/CL25A composition codes: / (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 /-8 divided by those of PP-talc, so that
qualitative comparisons are immediate (a value higher than 1.0 stands for a mechanical property
higher than that of PP-talc). (b) Summary of all mechanical properties compared with those of
PP-B (focus on lower values). Adapted with permission from [65] Copyright © 2016 Elsevier Ltd

an optimal toughness of 42.8 kJ/m?. Analysis also revealed that a compromise is
needed between high tensile rigidity and strength on one hand, and high ductility on
the other hand, as illustrated in Fig. 8. In Fig. 8, the mechanical properties of a
mineral (talc)-filled polypropylene (PP-talc), commonly used in automotive appli-
cations, were taken as reference. The composition PLLA + 10 wt% BS + 10 wt%
TBC + 3 wt% CL25A (composition 8 in Fig. 8) has, globally, the most interesting
properties compared with PP-talc. In particular, this composition was characterized
by an interesting level of ductility, while its rigidity and strength were higher than
those of the mineral-filled PP (10 kJ/mzcompared with 4.8 kJ/m? for PP-talc).
Zhang et al. [66] developed super-toughened PLLA multiphase reactive blends
using a commercial class of renewable elastomeric copolymers. Polyether block
amide PEBA (Pebax®) offered 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; Arkema
Ltd.) improved the interfacial adhesion of PLLA/PEBA blends and enhanced
toughness. As shown in Fig. 9b, only limited improvement in impact strength was
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Fig. 9 (a) Tensile properties of PLLA/EMA-GMA/PEBA ternary blends as a function of the
weight fraction. (b) Notched Izod impact strength and percentage elongation at break of PLLA/
EMA-GMA/PEBA ternary blends as a function of the weight fraction: (A) neat PLLA; (B) PLLA/
PEBA (80/20); (C) PLLA/EMA-GMA (80/20); (D) PLLA/EMA-GMA/PEBA (70/10/20); (E)
PLLA/EMA-GMA/PEBA (70/15/15); and (F) PLLA/JEMA-GMA/PEBA (70/20/10). Adapted
with the permission from [66] Copyright © 2014 American Chemical Society

achieved for binary PLLA/PEBA blends but significant enhancement of PLLA
impact toughness, together with higher elongation at break, thanks to addition of
the impact modifier. Elongation at break increased with the EMA-GMA content,
reaching almost 73% with 20 wt% of impact modifier (20 times higher than that of
the neat PLLA). Nevertheless, a decrease in tensile strength and modulus for
ternary blends was noticed with an increase in EMA-GMA content (Fig. 9a). This
result can be attributed to the presence of soft PEBA and EMA-GMA elastomers.

Good interfacial adhesion was achieved by addition of Lotader AX8900. A
supertough PLLA 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 of the solutions investigated for achieving a decrease in PLLA
brittleness and/or an improvement in PLLA impact strength are not fully
ecofriendly, blending PLLA with ecofriendly rubber modifiers [67—72], elastomers
[73, 74], and biodegradable polymers [75, 76] has gained momentum in recent
years. Zhang et al. [67] reported an improvement in the impact strength of PLLA
with the incorporation of 20 wt% of epoxidized natural rubber containing 20 mol%
(ENR20) and 50 mol% (ENR50) of epoxidation content. ENR20 was found to
impart higher impact strength to the PLLA matrix than ENR50 (Fig. 10). Moreover,
the higher content of epoxy groups in ENRS5O0 led to an increase in viscosity and
therefore decreased deformability of the blends. Interchain crosslinking reactions
and molecular entanglements were more pronounced in PLLA/ENRS50 blends and,
in turn, increased the tensile strength.
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3.1.3 Annealing Process

Of the additional approaches related to process modification, the literature shows
that annealing is an effective method for improving the mechanical properties of
PLLA blends (rigidity and impact strength), in particular for injection-molded
parts. Annealing modifys the inherent crystalline structure and crystal polymor-
phism, which have a deep impact on the mechanical properties of PLLA [77-84].

Perego et al. [83] studied the effect of crystallinity on the mechanical properties
of PLLA of different molecular weights. To promote further crystallization, PLLA
injection-molded specimens were annealed at 105°C for 90 min under nitrogen.
DSC analysis demonstrated that the crystallinity degree of PLLA reached
42-65 J/g, instead of 3—13 J/g for nonannealed PLLA, as a function of molecular
weight (M ). Annealing PLLA samples also led to some increase in impact strength,
depending on the evolution of crystallinity and molecular weight. Values of
notched impact strength ranged from 66 to 70 J/m, following the molecular weight
of PLLA. The highest tensile elastic modulus attained was 4.15 GPa, resulting from
the higher crystallinity degree of annealed materials (Table 4).

From a general viewpoint, in the automotive industry, annealing is mainly used
for semifinished components after shaping or cold-forming, with the aims of
producing a uniform material structure that offers softness and removing any
residual stresses for both alloy and plastic components [85, 86]. Annealing is
carried out after heating the material at a specific temperature for a definite period
of time, followed by slow cooling to room temperature. This process is used to
control the degree of crystallinity and/or orientation of the material and to remove
any internal stresses within the product that were created during primary
processing. Annealing can also improve impact resistance and reduce the tendency
to crazing and cracking during service. It can also offer additional value to the final
alloy, such as improved welding properties, better corrosion resistance, and good
dimensional and shape accuracy. Unfortunately, this post-process is expensive and



Poly(lactic acid)-Based Materials for Automotive Applications 195

Table 4 Mechanical properties of nonannealed and annealed PLLA

Property Molecular weight | AH,," Notched strength | Modulus of elasticity
Specimen (M,) J/g) (J/m) (GPa)
PLLA-I 23,000 8 19 3.65
Annealed 20,000 65 32 4.2
PLLA-I

PLLA-II 31,000 13 22 3.6
Annealed 33,500 59 55 4.0
PLLA-II

PLLA-III 58,000 8 25 3.6
Annealed 47,000 48 70 4.15
PLLA-III

PLLA-1IV 67,000 3 26 3.65
Annealed 71,000 42 66 4.15
PLLA-IV

Adapted with permission from [83] Copyright © 1996 John Wiley & Sons, Inc
“Enthalpy of melting

involves longer production times. Moreover, annealing can induce some structural
defects within the part, making it difficult to control shrinking and complicating
part ejection. Therefore, it cannot be seen as a promising solution for mass-
production processes currently used in the automotive industry.

3.2 Heat-Resistant PLLA-Based Blends

In some applications, heat resistance over extended periods of time is compulsory.
Yet, heat resistance is an important issue for plastics used in engineering applica-
tions. Indeed, all polymers exhibit a wide variation in mechanical and physical
properties as a function of temperature. Apart from the extreme temperature
attained in combustion chambers, automotive parts may face service temperatures
ranging from —40°C for a car parked outdoors in a cold country to 85°C for the
driver interior, and even 125°C under the bonnet [87]. With increasing temperature,
polymer strength and rigidity tend to decrease dramatically. Above a given tem-
perature, 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, the heat deflection
temperature (HDT) is defined as the temperature at which a standardized test bar
deflects a specified distance under an imposed load value (see ASTM D648
procedure). HDT is therefore an effective way to evaluate the thermal stability, or
heat resistance, of plastics [88]. Many researchers have studied the improvement in
heat-resistance of PLLA by manufacturing, for example, PLLA-based green com-
posites containing reinforcing fibers. Fibers from wood [89], banana [90], kenaf
[91], bamboo [92], and cellulose [93] can all increase HDT, but the resulting
composites is brittle.
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By contrast, nanofilled PLLA/petroleum-based thermoplastic blends can offer a
good balance between thermal stability and ductility, allowing their use in the
automotive sector.

3.2.1 PLLA-Based Nanocomposites with High Thermal Properties

Polymer nanocomposites are commonly defined as the combination of a polymer
matrix and nanofillers that have at least one dimension in the nanometer range. The
nanofillers can be one-dimensional (1D; nanofibers or whiskers), two-dimensional
(2D; plate-like nanofillers) or three-dimensional (3D; nanoparticles). The use of
nanocomposites in vehicle parts and systems is expected to enhance manufacturing
speed, improve 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 allow a reduction in weight. Indeed, nanocomposite
plastic parts offer a 25% weight savings on average compared with highly (micro)
filled plastics and as much as 80% compared with steel [94, 95]. As important as the
process advantages and weight and energy savings are, nanocomposites can also
offer enhanced physical properties. Depending on composition, nanocomposites
show stiffness and strength comparable to, or even better than, metals [96—
102]. Nanofillers can also improve the corrosion resistance, noise dampening,
thermal stability, and dimensional stability of a material. However, as a relatively
new approach, it is still unknown whether the cost/performance ratio of
nanocomposites is superior to that of materials currently used by the automotive
industry.

Layered silicate (clay) nanocomposites (PLS) are among the best-known
nanocomposites. Their interesting properties at low nanofiller content make them
appealing in both academic and industrial realms [103]. Three main methods have
been proposed for preparation of nanocomposites: in situ intercalative polymeriza-
tion, solution intercalation, and melt intercalation [104, 105]. Clay materials can be
dispersed and exfoliated into polymers by conventional melt-compounding or
solution methods. Toyota Motor Company successfully pioneered an in situ inter-
calation polymerization method to create a Nylon—clay hybrid (NCH) for manu-
facture of an automotive timing belt cover [106]. Although in situ intercalative
polymerization is the most efficient technique for obtaining an exfoliated structure,
it is not the most viable option for current industrial challenges [104, 107]. Alterna-
tively, the melt-intercalation technique is more versatile and less environmentally
harmful. Therefore, it is the most efficient method for the preparation of polymer
nanocomposites from an industrial viewpoint. The main advantages in comparison
with other approaches are the utilization of elevated shearing force and the absence
of solvent during preparation. The applied shear force during mixing readily pro-
motes the diffusion of polymer chains from the bulk to the clay gallery spacing,
resulting in further nanoplatelet delamination and improved nanofiller distribution
and dispersion [105].
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Table 5 Heat deflection temperatures of PLLA, PLLA/TPU blends, and their nanocomposites

Content (Wt%) HDT of injection-molded | HDT of annealed

Specimen |PLLA |TPU |Talc |OMC | specimens (°C) specimens (°C)
LA 100 0 0 0 59.2 -

LAT4CO |96.0 0 40 |0 61.1 129.5
LAT4C02 |94.0 0 40 |20 63.9 133.3
LAT4C06 |90.0 0 40 |6.0 60.1 133.4
LAT4C10 |86.0 0 40 |100 63.1 126.1
LAT4C14 |82.0 0 4.0 |14.0 61.7 130 6

LU 90 10 0 0 60.6 -

LUT4CO |86.4 96 |40 |0 60.1 130.3
LUT4C02 |84.6 94 |40 (20 58.9 122.7
LUT4C06 |81.0 9.0 |40 |6.0 60.6 115.3
LUT4C10 |77.4 8.6 [4.0 |10.0 59.2 123.1
LUT4C14 |73.8 82 |40 |14.0 59.1 128.1

Adapted with permission from [61] Copyright © 2013 Society of Plastics Engineers

Addition of layered silicates can potentially achieve enhanced barrier properties,
high heat deflection temperatures, improved rate of biodegradation, good optical
properties, and antimicrobial properties; therefore, numerous research studies have
focused on the development of PLLA-based nanocomposite blends for food pack-
aging and medical applications [96—102]. However, only limited studies deal with
PLLA-based nanocomposites for automotive applications, for instance in the form
of PLLA nanocomposite foams and injection-molded PLLA nanocomposites
[61, 108—117]. Liu et al. [61] developed a nanocomposite of thermoplastic poly-
urethane (TPU)-toughened PLLA/talc/organic modified clay (OMC) and demon-
strated that the annealing process is necessary for improving the heat resistance of
PLLA. As shown in Table 5, the differences between compositions of injection-
molded specimens were negligible before annealing, with HDT values of about
60°C. Annealing increased HDT values to more than 120°C, mostly due to the
increase in crystallinity resulting from thermal treatment and, to a lesser extent, to
some interactions between PLLA and TPU molecular chains.

Thermal stability, mechanical performance, and added-value properties such as
flame retardancy are among the most targeted properties for PLLA materials
intended for the automotive sector. Sinha Ray et al. [110] reported the flexural
properties of neat PLLA and various PLLA nanocomposites prepared with organ-
ically modified layered silicate (OMLS) (injection-molded samples). The flexural
modulus, flexural strength, and distortion at break of neat PLLA and various PLLA
nanocomposites were measured at 25°C and the results showed a significant
increase in flexural modulus for PLLA nanocomposites with 4 wt% of OMLS
(5.5 GPa) compared with that of neat PLLA (4.8 GPa). 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. In addition, the flexural strength and distortion at break
remarkably increased for 4 wt% OMLS, then gradually decreased with increased
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Table 6 Flame-retardant properties of PLLA nanocomposites compared with pristine PLLA, as
determined by calorimeter testing at a heating flux of 35 kW/m>

Composition (% by weight) TTI (s) pHRR (kW/mz) Decrease in pHRR (%)
PLLA (reference) 75 374 Reference

PLLA-43% All 98 319 [15]

PLLA-3% B104 75 285 [24]

PLLA-3% C30B 62 244 [35]

PLLA-40% All-3% C30B 88 230 [39]

PLLA-40% 11-3% B104 91 217 [42]

Reproduced with permission from [109] Copyright © 2009 Elsevier Ltd

Fig. 11 Behavior of specimens during UL94 HB testing: (a) PLLA and (b) PLLA-43% AIl
burned with drips; (¢) PLLA-40% AII-3% C30B and (d) PLLA-40% AII-3% B104 burned without
drips. Reproduced with permission from [109] Copyright © 2009 Elsevier Ltd

OMLS loading. The study revealed that a high content of OMLS leads to brittleness
in the material and that there is an optimal amount of OMLS in nanocomposites,
which must be carefully adjusted to achieve the most significant improvement in
mechanical properties. Murariu et al. [109] developed a calcium sulfate-containing
PLLA-based nanocomposite with flame-retardant properties for technical applica-
tions requiring rigidity, heat resistance, and dimensional stability. Accordingly,
composites of PLLA and p-anhydrite II (AIl) characterized by specific end-use
flame-retardant properties were added together with selected OMLS. Co-addition
of AIl and OMLS led to PLLA nanocomposites characterized by good nanofiller
dispersion, thermal stability, and adequate mechanical resistance. The flame-
retardant properties, as measured by cone calorimetry (Table 6), displayed a
significant increase in ignition time (TTI) compared with neat PLLA and a sub-
stantial decrease (about 40%) in the maximum (peak) rate of heat release (pHRR).
The composite successfully passed the UL94 HB standard flammability test in
terms of nondripping effect and extensive char formation (Fig. 11).

In summary, PLLA-based nanocomposites show very interesting properties that
should enable their more widespread use in automotive applications in the near
future, in particular for reduced energy consumption resulting from weight reduc-
tion. The high strength and rigidity of these materials are also undeniable assets.
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Table 7 Heat deflection Compound HDT (°C)
temperatures of PLLA/PC PLLA 55
blends and/or chain extender
(CE) blends (HDT PLLA + 30% PC 57
normalized measurement test) PLLA + 50% PC 62
[124] PLLA + 50% PC + 1.1%CE 106

PC 136

However, nanofilled PLLA blends still have low heat resistance in the absence of
additional heat processes such as annealing.

3.2.2 PLLA/Petroleum-Sourced Polymer Blends of High Thermal
Stability

The comparatively high thermal stability of commonly used petroleum-based
thermoplastics, as indicated by their HDT values (Table 1), has encouraged interest
in compounding PLLA with petroleum- or biosourced polymers to improve the
HDT [118, 119]. In some cases, compounding in association with toughening
modifiers also achieved high impact properties, leading to a competitive partially
biobased material with enhanced thermal stability and mechanical performance that
is suitable for use in vehicle parts. PLLA/PC blends have been widely reported
[120-125] as a simple binary blends or with addition of some additives such as
chain extenders and compatibilizers to significantly enhance toughness and heat
resistance, while minimizing the reduction in stiffness. Recently, Srithep et al.
[124] developed a PLLA/PC blend with the addition of epoxy-based chain extender
(CE) to improve compatibility of the blend by reaction between the epoxide groups
in the CE and the hydroxyl/carboxylic end groups of PLLA and PC. The HDT value
of PLLA/PC blends without and with addition of CE was improved from 62°C for
PLLA + 50%PC to 106°C after mixing with CE (Table 7).

PMMA is often viewed as an excellent polymer partner for PLLA, resulting in
blends exhibiting high miscibility, excellent thermal stability, increased HDT, high
sustainability, and good ageing behavior [126—129]. Recently, Samuel et al. [128]
prepared miscible PLLA/PMMA blends of enhanced thermomechanical properties
and confirmed that the addition of even a moderate amount of PMMA can deeply
modify the thermal properties of PLLA (in terms of T, and HDT values), which
were easily adjusted between those of neat PLLA and neat PMMA. More particu-
larly, the HDT progressively increased from 51.5 to 54.8°C with 20 wt% PMMA
and up to 61.9°C with 50 wt% PMMA. Similarly, Bouzouita et al. [64] reported the
design of PLLA/PMMA blends with incorporation of impact modifier. The authors
confirmed that the addition of impact modifier led to a supertough ternary blend
(33 kKJ/m* with 50 wt% PMMA) but also noticed that the impact modifier had a
slight influence on HDT, which reached 63°C for ternary PLLA/PMMA/BS blends
with 50 wt% PMMA.
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Table 8 Thermal properties and heat deflection temperatures of sc-PLA blends with or without
impact modifiers [137]

Compounds AH,, H*(J/g) |AH., SC°(J/g) |HDT (°C)
PLLA 37 - 56
PLLA/PDLA (92/8) 30 8 110
PLLA/PDLA (85/15) 28 17 110
PLLA/PDLA (75/25) 17 30 110
PDLA 54 - 53
PLLA/PDLA (92/8) + 10 wt% Strong 120 | 31 5 70
PLLA/PDLA (92/8) + 20 wt% Strong 120 |29 6 65
PLLA/PDLA (85/15) + 10 wt% Strong 120 |27 15 87
PLLA/PDLA (85/15) + 20 wt% Strong 120 | 31 10 79
PLLA/PDLA (92/8) + 10 wt% Elvaloy 30 8 90
PLLA/PDLA (92/8) + 20 wt% Elvaloy 26 7 81
PLLA/PDLA (85/15) + 10 wt% Elvaloy 24 13 101
PLLA/PDLA (85/15) + 20 wt% Elvaloy 23 12 97

“Melting Enthalpy of homopolymer
"Melting Enthalpy of stereocomplex

3.2.3 Heat-Resistant PLLA-Based Stereocomplexes

Together with the development of PLLA/petroleum-sourced polymer associations,
other studies have focused on making PLA stereocomplexes (sc-PLA) [130], as
stereocomplexing is generally judged to be an effective method for increasing
material crystallinity. Poly(L-lactic acid) (PLLA) and poly(p-lactic acid) (PDLA)
readily form stereocomplexed crystallites with a distinct crystal structure that leads
to a high melting point in the range of 220-230°C, that is, values that are signif-
icantly higher than those of PLLA homocrystallites (approximately 170°C)
[131, 132]. Stereocomplexing can therefore enhance PLLA properties in terms of
resistance to heat and hydrolysis, in particular. A drawback of stereocomplexing is
that it can lead to brittle PLLA-based materials, which could dramatically reduce
their industrial implementation, as shown by Torres et al. [133]. Other research has
aimed at simultaneously improving the HDT and toughness of PLLA using
stereocomplexing [134—136]. Similarly, Nam et al. [137] prepared sc-PLA by
extruding PLLA with various amounts of PDLA and 10-20 wt% of two types of
commercial impact modifiers (BioStrong 120, Elvaloy) to enhance both thermal
(Table 8) and mechanical properties.

As shown in Table 8, HDT dramatically increased to over 100°C as a result of
incorporation of different amounts of PDLA. Nevertheless, impact strength
decreased with addition of PDLA (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 in
impact modifier content (Table 8). Taking all results into account, a well-balanced
composition of toughened sc-PLA with 10 wt% of impact modifier could compete
with petroleum-based polymers. In this context, Corbion Purac [138] created a
developmental grade of highly heat-resistant PLLA (not commercialized yet) that
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Fig. 12 Typical results of using PLLA homopolymer blends, showing heat performances similar
to those of PS, PP, and ABS. Reproduced with permission from [139]© Copyright 2015 Corbion

in a given stereocomplex form could replace polystyrene (PS), PP, and ABS-type
materials in applications where heat performance is compulsory.

As shown in Fig. 12, the key driver behind the improvement of HDT in blend A
is the presence of PLLA homopolymers that are nucleated with a small amount of
PDLA homopolymers and a traditional nucleating agent. The improved heat per-
formance 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 (4 GPa and 120°C for blend B instead of 3 GPa
and 105°C for blend A), leading to better performance than those of PP and PS
blends. To achieve an impact resistance comparable to that of ABS, blend A was
impact-modified and, to minimize the drop in modulus, talc was added to obtain
blend C, which was characterized by a good balance of properties (33 kJ/m” for
impact resistance, 3.5 GPa for tensile modulus, and 95°C for HDT).

Sections 3.1 and 3.2 presented the most efficient way to improve PLLA impact
strength, ductility, and thermal stability in order to obtain PLLA-based materials
with properties compatible with their implementation as automotive components.
Another key point when developing materials for use in the automotive industry is
to ensure their good processability through mass production methods, typically by
injection molding. This subject is discussed in the next section.
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Fig. 13 Typical cycle for an injection molding process. Reproduced with permission from [141]
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3.3 Mold-Injected PLLA Materials for Automotive
Applications

In the automotive industry, PLLA components are generally produced by injection
molding, similarly to other thermoplastics. The advantage of injection molding is
continuous production capability with minimal maintenance and labor, allowing
significant economies for large-scale production. Several factors are involved in the
injection molding process and have a great influence on the injected part; these
include material formability, characteristics of the molding machine, mold design,
and process conditions [139, 140].

The typical cycle for an injection molding process has been detailed by Lim et al.
[141] (Fig. 13). The authors described the different steps of the cycle and gave some
advice on how to avoid defects in injection-molded products. Although the cooling
time must be sufficient to ensure a dimensionally stable injected part, cycle time
should be minimized to maximize production throughput.

The slow crystallization rate of PLLA compared with that of commonly used
injection-molded thermoplastics is a major obstacle to its use in the automotive
industry (i.e., at high production rate). Indeed, the injection molding cycle time in
the automotive industry is typically within the range of 20-60 s [142], which
implies a high cooling rate. However, the crystallization half-time, #,, of a pure
sample of PLLA was reported in the literature as being in the range of 17-45 min,
depending on crystallization temperature, stereochemistry, and molecular weight
[143]. Therefore, injection molding of PLLA for automotive parts is limited to the
manufacture of parts for which a high degree of crystallinity is not required. Indeed,
using a post-annealing step or longer cycle time to obtain sufficient crystallinity for
PLLA components would be impractical for high volume automotive use. In
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Fig. 14 Polarized optical micrographs of neat PLLA (/eft) and PLLA containing 5 wt% talc
(right) at 122°C after quenching from 180°C. Adapted with permission from [147] Copyright
©The Royal Society of Chemistry 2013

addition, the slow crystallization rate of PLLA also causes difficulties during part
ejection, again increasing molding cycle duration.

An efficient way to accelerate crystallization of PLLA is by incorporation of
nucleating agents. In polymers, nucleating agents provide additional sites for
initiation of crystallization and influence crystalline morphology and crystallization
kinetics [144-146]. For example, blending PLLA with 5 wt% talc can fundamen-
tally change the crystalline morphology of the blend (Fig. 14). Judging from
polarized optical micrographs of PLLA formulations, spherulite concentration
increases after nonisothermal crystallization from the melt, whereas spherulite
size decreases in PLLA/talc compared with neat PLLA. Therefore, talc addition
can lead to much more heterogeneous nuclei and can reduce the size of spherulites
[147]. Nucleating agents have a remarkable effect on the kinetics of crystallization
by reducing t.,, leading to better processability of PLLA. In some cases, they may
also lead to enhanced mechanical properties [116].

Shi et al. [148] demonstrated that the addition of 1 wt% aromatic sulfonate
derivative LAK-301 (Takemoto Oil & Fat Co) to PLLA as an effective nucleating
agent led to a dramatic reduction in #,, of up to 2 min, with a crystallinity content
reaching 27%. Kolstad [149] showed that talc can be added to PLLA to effectively
modify the crystallization rate of the polymer. The ¢, of the polymer reduced from
3 min at 110°C to approximately 25 s with the addition of 6% talc to PLLA. At the
same content of talc, for 3% mesolactide copolymerized with L-lactide, the #,, value
reduced from 7 to 1 min. The stereocomplexation of PLLA and PDLA was
previously mentioned as an effective way to increase PLLA HDT (see Sect.
3.2.3). It can also be regarded as a potential tool for self-nucleation of PLLA.
Schmidt and Hillmyer [150] investigated self-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 after addition of talc, finding self-nucleation to be more
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efficient. Self-nucleation reduced #,, by nearly 40-fold, in the best case, whereas a
similar loading of talc only decreased t., by twofold under the same conditions. The
majority of works dealing with nucleation of PLLA are focused on the study of
crystallization kinetics, morphology, and some mechanical properties, but Harris
and Lee [143] pushed forward the study of nucleated PLLA using talc and ethylene
bis-stearamide (EBS) by optimizing the parameters for injection molding and post-
processing in order to increase crystallinity within the finished injected part.
Furthermore, HDT and flexural strength were both analyzed. The authors showed
that the addition of 2% of nucleating agent (talc or EBS) improved the crystalliza-
tion rate by over 20 times and 65 times for EBS and talc, respectively, compared
with neat PLLA. The authors then worked on the optimization of processing
conditions, especially for nucleated samples, aiming to increase PLLA crystallinity
and mechanical performance.

Post-annealing processing of both nucleated and neat PLLA materials was found
to increase the crystallinity of PLLA to a maximum level of 42% (Fig. 15a).
Interestingly, annealing is significantly faster in the presence of nucleating agent.
Injection molding the PLLA 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 PLLA materials (Fig. 15b).
Furthermore, the same crystallinity was reached at a lower temperature in the
nucleated samples than for neat PLLA; for instance, a crystallinity ratio of 35%
was reached at a mold temperature of about 80°C for nucleated samples, compared
with about 100°C for neat PLLA. The combination of nucleating agents and process
optimization therefore resulted in an increase in crystallinity level in the final
injection-molded part, together with a decrease in processing time. Moreover, an
increase of 30°C in the HDT (Fig. 15¢) and an improvement in flexural modulus by
over 25% were achieved thanks to material nucleation and process optimization.

Previous research has demonstrate that PLLA crystallization kinetics can be
improved to make PLLA-based materials suitable for high-rate production
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processes by injection molding, which is a typical process in the automotive
industry. Furthermore, the increase in crystallization rates achieved in these
works and discussed in this section can result in reductions in both cycle time and
energy consumption during injection molding. 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 the durability of PLLA blends is the subject of the
next section.

3.4 Durable PLLA/Polymer Blends

The plastics and polymer composites developed recently can provide mechanical
performances that can withstand the stresses related to many applications, including
those applied to loaded parts. However, some operating conditions, such as high
temperature, corrosive chemicals in fluids and lubricants, electric currents, weather
variations, or minerals from roadways, can be too harsh to be sustained by some
plastics and polymer composites over a vehicle’s lifetime. Both interior and exterior
parts can be exposed to a large range of temperatures (—40 to 125°C), together with
high humidity levels, throughout the vehicle’s lifetime (possibly more than
10 years). Obviously, these conditions can have long-term detrimental effects on
the durability, performance, and aesthetics of the materials in automotive compo-
nents. The suitability of a material for automotive application must therefore be
evaluated regarding long-term performance.

Under specific conditions, PLLA presents a fast degradation rate, which makes it
appealing for disposable applications but inadequate for applications requiring
long-term durability. This explains why the majority of current commercial appli-
cations for PLLA blends are oriented toward clothing and linens and disposable
packaging and objects (e.g., water cups). Unfortunately, very few research studies
or applications concern the use of PLLA in durable goods [151, 152], and even less
in cases of the severe environmental conditions that can be encountered in auto-
motive applications. Among the few available works, Harris and Lee [153] inves-
tigated the durability of a commercial injection molding grade of PLLA through its
crystallization behavior. Commercially available injection molding grade PLLA
and annealed PLLA were conditioned at a temperature of 50°C and 90% relative
humidity for 12 weeks, which corresponds to a simulated environment for automo-
tive interiors. Moisture absorption, molecular weight, and mechanical perfor-
mances were investigated. Both amorphous and crystalline PLLA showed
significant moisture absorption, allowing hydrolysis to occur. The linear regression
of average molecular weight was more accentuated for amorphous PLLA than for
crystalline PLLA (Fig. 16a, b). The effects of moisture and heat-conditioning on
mechanical performance were examined through the evolution of flexural strength
(Fig. 16c). This decreased significantly for both amorphous and annealed PLLA. In
conclusion, the properties of the conditioned samples were not maintained, even for
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crystallized PLLA, and commercial PLLA grades remain inadequate for durable
use in automotive parts.

However, different approaches have proved to improve the durability of PLLA-
based materials. A possible approach is to blend PLLA with resins that are not
susceptible to hydrolysis and could therefore prevent contact between PLLA and
water by acting as moisture barrier [154, 155]. In this regard, Harris and Lee [155]
studied the durability of PLLA/PC blends (100, 45, 30, and 25 wt% PLLA) for use
in injection-molded automotive interior parts. Harsh conditions were set up to study
the durability of the blends, namely 70°C and 90% relative humidity for 62 days,
corresponding to 10 years of in-field exposure for an automotive interior component
in the climate of southern Florida. The durability of ABS/PC was used as a basis for
comparison. Results demonstrated that the presence of PC can improve the long-
term performance of blends compared with neat PLLA (durability increase for one
in-field exposure year). Nevertheless, all samples containing PLLA exhibited
extreme degradation after 14 conditioning days, resulting in a drop in mechanical
performance (in terms of flexural strength; see Fig. 17a) together with the formation
of a large amount of brown liquid residue at the sample surface as a result of
hydrolysis of the PC phase (accompanied by the appearance of potentially health-
harmful bisphenol-A (BPA); see Fig. 17b, c). Although PC was initially blended to
stabilize PLLA and improve overall durability, the final durability of the blend was
only marginally improved because of the hydrolytic degradation of PC. It should be
noted that PC suffered more from hydrolysis when blended with PLLA than with
ABS.

In conclusion, the formation of PC/PLLA blends has not yet achieved a dura-
bility level high enough for automotive applications, regardless of PC content.
However, blending PLLA with more durable polymer resins in order to enhance
the durability of blends constitutes a promising research field.
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4 PLLA in the Automotive Industry: Current Applications

Corporate environmental responsibility has to become reconciled with business
economics. Therefore, original equipment manufacturers (OEMs) must adopt the
use of biobased materials. However, before biobased materials can replace con-
ventional nonrenewable materials in the automotive industry, different criteria must
be fulfilled, in addition to environmental benefits, namely cost, suitable physical
and mechanical properties, processability, and continuous supply. The willingness
for a more widespread use of biobased materials by the automotive OEMs is
heavily influenced by those criteria, as is already the case for currently used
conventional materials.

The previous sections showed PLLA to be an environmentally friendly polymer
that can respond to the requirements of car manufacturers for some applications. In
particular, PLLA-based materials can be tailor-made for different manufacturing
processes, including injection molding, sheet extrusion, blow molding,
thermoforming, film forming, and fiber-spinning. This is an undeniable asset for
the use of PLLA in products of different forms and applications [141, 156].

4.1 PLLA-Based Plastics and Reinforced Plastics
Jor Automotive Interior Parts

Thanks to technological breakthroughs in recent years, significant progress has
been made in the development of PLLA-based blends, not only at the laboratory
scale but also at industrial scale, which makes PLLA biopolymers suitable for a
growing number of automotive components, in particular vehicle interior parts.
Indeed, biobased PLLA blends are used today by many automobile manufacturers,
including Mazda, Toyota, Ford, and Hyundai Motors for the manufacture of various
components (see Table 9). Some car manufacturers (or their suppliers) have
developed their own blends based on PLLA or some other biobased or
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Fig. 18 Mechanical performance of several fiber-based composites. Reproduced with permission
from [169] Copyright © 2012 Elsevier Ltd

petroleum-based thermoplastics or fibers for use in interior automotive parts. For
instance, Teijin has developed in cooperation with Mazda a new brand of high-
performance stereocomplexed PLA, called BIOFRONT, by utilizing superior poly-
merization techniques and molecular structure control techniques
(stereocomplexation). Major quality improvements were achieved compared with
conventional PLLA, and BIOFRONT can be found in car dashboards and door
tread plates [160].

Another major revolution in biobased materials for automotive application was
the introduction by Toyota of a PLLA/kenaf fiber biocomposite in the Raum mini-
MPV [157]. Specifically, Toyota substituted the PP matrix used within its kenaf
fiber-based composite with a PLLA resin, thanks to a unique technology that
optimizes the raw material mixture and molding conditions to achieve a high
level of heat and shock resistance. This 100% plant-derived composite is particu-
larly used in door trims. It is worth noting that increasing use of composites made of
natural fibers coincides with attempts to reduce the use of expensive glass [168],
aramid, and carbon fibers and also lighten the car body considerably by taking
advantage of the low density of most natural fibers. Renewable fibers as reinforce-
ments are increasingly used in composites for the interior parts of many passenger
and commercial vehicles. When regrouping different studies, it is noticeable that in
most cases “green composites” made of PLA, semicrystalline PLLA, and natural
fibers such as flax, ramie, or jute have mechanical properties that can compete with
those of the traditional PP/glass fiber composites (Fig. 18 shows performance in
terms of tensile strength and Young’s modulus) [169].

Following the pioneering work by Toyota, many automotive OEMs and sup-
pliers have launched research aimed at introducing biocomposites into their vehi-
cles. For instance, Rochling Automotive produces a wide range of automotive
plastic parts such as air filter box and interior trim parts using a PLLA-based
biopolymer called Planutra™ [162]. This biopolymer, developed by Corbion
Purac, is an ecological and economic alternative to traditional thermoplastics and
could replace PP, ABS, and polyamide. Composites made of modified PLA
Planutra™ and wood fiber reinforcement are already undergoing tests and are
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being exposed to temperatures well above 100°C. These materials are claimed to
show improved hydrolysis and thermal resistance up to 140°C, as well as a good
scratch and UV resistance.

4.2 PLLA-Based Fabrics and Nonwovens Products

The use of fabrics in cars is increasing as a promising strategy for production of
lighter vehicles that consume less fuel. In that context, more and more applications
using tissues and nonwoven composites are being developed in the automotive
industry. Depending on the formulation, such materials can offer flexibility, low
weight, sound absorption, improved aesthetics, cost-efficiency, and ecofriendliness.
From nonwoven interior and trunk carpets to knitted or woven upholstery, package
trays, and dash panels, textile producers are finding innovative ways to keep the
momentum going. There are now more than 40 applications for inner automobile
seat upholstery, belts, airbags, cladding, filters, and insulating materials. More than
35 m? of flat textile surfaces can be found inside one of today’s cars [170]. Recently,
there has been a gradual switch in many automotive applications toward the use of
recycled materials or materials made of natural fibers, instead of conventional
fabrics. Many current applications are described in Table 9. Mazda Motor Corpo-
ration, with the cooperation of Teijin Fibers Limited, has developed a heat-resistant
PLA-based fabric (commercialized under the name BIOFRONT, see Sect. 4.1),
which was initially used for the manufacture of a high-quality and highly durable
car-seat fabric for the new Premacy Hydrogen RE Hybrid vehicle [163]. During
manufacture of BIOFRONT, the molecular architecture of the polymer is con-
trolled to improve fiber strength until the fabric attains sufficient resistance to
abrasion and light damage. Recently, the project “Nature Wins” succeeded in
producing a 100% biobased composite with biopolymer PLLA as matrix and mix
of hemp and flax fibers as reinforcement [164]. The fibers were assembled into
various structures such as yarn and woven and nonwoven fabrics and the flax/PLLA
nonwoven composite used to make a molded demonstration model of a race car
seat. Recently, the BIOFIBROCAR project has focused on the development of
PLLA-based fibers to be used as an alternative to PET and PP fibers in car interiors
[167]. The developed PLLA compound was shown to fulfill the requirements of
automotive interior applications in terms of thermal resistance, antimicrobial resis-
tance, and odor emission. Its conversion into fabric and nonwoven samples allowed
fabrication of a prototype of a 100% biobased molded door panel, with the
association of two nonwoven layers and a woven fabric.
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5 Conclusions and Perspectives

The automotive industry is one of the mainsprings for the development of
bioplastics and biocomposites in durable applications, due to its well-structured
network of car manufacturers, OEMs, and raw material suppliers. All have shown
significant need for bioplastics and biocomposites to meet joint objectives in terms
of reduction of vehicle weight combined with increasing demands for environmen-
tally friendly materials.

In this review, the technical requirements for plastics used in automotive appli-
cations are presented, with a special emphasis on renewable PLLA-based materials.
Attention is paid to the development of PLLA-based blends and the different
modifications that make PLLA suitable for automotive applications in terms of
mechanical properties (ductility combined with high rigidity and strength), high
heat resistance, durability, and good processability, even under high-rate produc-
tion. Some of these modifications can provide relevant PLLA-based materials for
intensive use in the automotive sector, allowing car makers to invest in ecofriendly
vehicles using developed PLLA-based bioplastics and biocomposites. For instance,
Koronis et al. [169] judiciously mentioned that “the application of green composites
in automobile body panels seems to be feasible as far as green composites have
comparable mechanical performances with the synthetic ones.” However, up to
now, automotive application of tailored PLLA compounds has been limited to
interior parts, particularly because of long-term durability issues under the severe
environmental conditions that exterior parts have to withstand. However, in near
future, research efforts can offer PLLA-based blends suitable for the exterior parts
of vehicles. One issue to be investigated now concerns the recyclability and to some
extent biodegradability of these novel parts in the end-life scenario. A final question
here is, why not using 3D printing processes to print full size cars? PLLA is proven
to be a good candidate for use in 3D printing, and it would improve the need for
storage facilities in the case of spare parts.
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