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ABSTRACT: The production of linear low-density polyethylene (LLDPE) yarns for artificial turf is an advanced extrusion process,
which relies heavily on the polymer’s semicrystalline structure and inherent strengthening mechanisms to obtain the tailored mechan-
ical properties so typical for turf yarns: a combination of strength and resilience. This review aims to bring together all relevant
aspects in the structure-materials—processing interaction triangle which is so strongly in evidence in this application, by first summa-
rizing the specific structural origins of the properties of the semicrystalline LLDPE and then discussing how structure evolves during
the different steps of the production process, to eventually come to the final product properties of the yarn. © 2016 Wiley Periodicals,
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INTRODUCTION

Artificial turf is widely used, not only in landscaping (gardens,
parks, and playgrounds) but also in a variety of sports applica-
tions. These include, among others, hockey,' rugby,” and soc-
cer.’ Artificial turf has evolved over the last decades into a
highly engineered material with increasing performance and
applications.*

The current generation of ubiquitously used artificial turf for
sports applications, is the so-called third-generation pitch.”™ It
consists of a backing onto which polymer yarns are tufted. Typ-
ically, two infill layers are added: a granulated rubber layer (e.g.,
styrene—butadiene rubber) and a sand layer. The upper layer, in
which the yarns are unrestricted by the infill, is called the free
pile layer. The polymer turf yarns are produced in polyethylene
(PE), whereas previous generations were mostly polypropylene
(PP) and the individual yarns are longer (typically over 50 mm)
as well as spaced further apart,®'® which contributes to a softer
feel of the turf. The material of choice for the production of the
yarns nowadays is linear low-density polyethylene (LLDPE) and
the production process can be either monofilament or fibrillated
tape extrusion.®>''™?

LLDPE has a semicrystalline structure, in which the amount of
crystallinity as well as the size and orientation of individual crys-
tallites can be tailored, allowing for a large spectrum of mechani-
cal properties.'* Typically, yarns for artificial turf must be strong
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as well as resilient, meaning that they will return to an upright
position after being flattened by the passing of a ball or individual.
This resilience is most relevant in the free pile layer.'"”

Several manuscripts on the performance of artificial turf can be
found in literature. However, all of these focus on other aspects,
such as the biomechanical implications of turf properties®”'*!”
which are mostly related to the rubber infill layer'® (i.e., loading
of joints or potential athlete injuries'®*®), functional play-
related properties like coefficient of friction and play perfor-
mance,'>*"*? long-term durability>** of artificial turf fields and
even sustainability issues.”*™° Also the influence of surface tem-
perature on the mechanical properties of artificial turf is investi-
gated.” Since playgrounds are also coming up as an application
for artificial turf, the environmental and health issues of this
green surface have been addressed in literature as well >***°

To date, no comprehensive review has been made of the micro-
structural origins of the atypical set of properties within the
LLDPE turf yarn itself: a combination of both strength and
resilience, properties that are typically exclusive to one anoth-
er.’! Some interesting work was done on quantifying the influ-
ence of the yarn production process on the mechanical
properties of LLDPE turf yarns by Kolgjini et al,*'*'>?* but
while these manuscripts offer a good description of experimen-
tal results and a first insight into the relevant aspects of polymer
structure, they do not translate all the way back to basic poly-
mer science to understand the mechanisms at work.
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Therefore, this work aims to provide a conclusive insight into
the mechanical properties of the tape yarn, how these are
founded within the microstructure of the LLDPE and how they
are affected—and hence can be altered—during the processing
of the yarns. In a first section, some basic concepts will be
revised pertaining to mechanical properties and structure of
semicrystalline polymers and more specifically LLDPE. Second,
the structure—property relationships for LLDPE will be elaborat-
ed and finally, the structural changes—and their effects—of the
LLPDE polymer will be examined for every step within the pro-
duction process of artificial turf yarns.

STRENGTH, RESILIENCE, AND STRUCTURE OF LLDPE
TURF YARN

Mechanical Properties

The mechanical properties of interest for this review are mostly
strength and resilience. However, aspects such as elasticity and
ductility should not be neglected. The most ubiquitous test for
the mechanical properties of materials is the tensile test, which
leads to the engineering stress—strain diagram.” From the
stress—strain diagram, properties such as tensile strength o,
(maximum stress in the diagram), proportional limit ¢, (the
stress up to which the elastic strain is proportional to the
stress = the end of the linear area), yield strength o, (transition
from elastic to plastic deformation), Young’s modulus E (mea-
sure of the resistance to elastic deformation), and strain at break
&, (measure of ductility) are determined.

All properties derived from the stress—strain diagram are materi-
al properties. By recalculating load and deformation to stress
and strain, the dimensions of the test specimen are eliminated.
This means that the massivity of a given product will not affect
these properties. Yarns, however, are often quite thin products
and it is difficult to test them so that material properties can be
obtained. Instead, it is common in the domain of textiles to
define “material properties” which are in fact dependent on the
dimensions of the test specimen (often by not converting load
to stress). Therefore, these are not strictly speaking material
properties, but product properties. Typical examples include a
yarn’s dtex value and its tenacity. Likewise, resilience of turf
yarns, as it is understood within the world of textiles and artifi-
cial turf, is in fact a product property instead of a material
property.

In materials science, resilience is defined as the capacity of a
material to absorb energy when it is deformed elastically and
then, upon unloading to have this energy recovered.”> The
modulus of resilience U, corresponds to the area under the
stress—strain curve during elastic deformation, prior to yielding
of the material. It may be derived that materials with (relatively)
large yield strengths and low moduli of elasticity will have
greater resilience. Resilience corresponds to a material’s ability
to absorb deflection without damage.**?> It is, however, not to
be confused with toughness or stiffness. Stiffness is the materi-
al’s resistance to elastic deformation (expressed by the Young’s
modulus) and toughness is the amount of energy necessary to
break a section of the material. In the stress—strain diagram this
corresponds to the full area under the stress—strain curve, up to
the point of break. So, while resilience is a part of toughness, it

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

44080 (3 of 12)

Applied Polymer

SCIENCE

is not the same. In the study of elastomers,”®’ resilience is

defined as the ratio of energy effectively regained on stress
release to the original energy input. It describes the measure of
return to the unbent state after forced bending of the material.
For natural rubbers, this resilience value can rise up to 90%.
The energy loss prohibiting the material from reaching 100%
resilience is attributed to polymer chain slip.”® When evaluating
artificial turf, the second (elastomer-based) definition of resil-
ience is used: resilience describes the ability of the monofila-
ments to recover from bending deformations and completely
return to their initial position. While theoretically, this relates
to the percentage of energy recovered, Kolgjini proposed a
method® for measuring an equivalent, either in terms of force
required to bend a monofilament to a certain position for the
10th time (dynamic measurement), or the physical recovery of
the filament to the unbent position, after a certain relaxation
time (static measurement).

In the dynamic method, a monofilament is subjected to 300
repetitive cycles of bending. The resilience R is expressed as the
ratio between the maximal force of the last cycle of bending
(F300) and the maximum force (in the advancing part of the
hysteresis) of the first cycle of bending (F;)®:

F
R [%)] = ;—‘1)0 X 100 (1)

Typically, an immediate drop is observed after the first defor-
mation, after which the relative bending force flattens out to
roughly 30% of the first loading.®

In the static method, the deformation recovery is measured
after a single deformation. A monofilament is clamped in an
upright position f, and forcibly bent flat under a 90° angle by a
plate with a force of 150 g, for 40 min. Once the plate is
released, the monofilament will return to a position @,, after a
predefined relaxation time #x (5 min, 1 h, 24 and 48 h). The
deformation recovery is defined as®:

deformation recovery [%] = 9—(;" X 100 (2)

with 90° corresponds with the perpendicular position of the
monofilaments at the beginning (%), @,, the measured value of
the angle at different relaxation times (#x). Note how test results
will be different for different testing temperatures; deformation
recovery has been found to decrease with rising temperatures.®

Semi-Crystalline Structure of Thermoplastics

In the conventional two-phase model illustrated in Figure 1,
semicrystalline polymers consist of crystalline regions (crystalli-
tes), each having a precise alignment, which are interspersed
with amorphous regions composed of randomly oriented mole-
cules. Many bulk polymers that are crystallized from the melt
form a spherulitic structure. The spherulite consists of an aggre-
gate of ribbon like chain-folded lamellae (thickness 10 nm)
radiating outward from a single nucleation site in the center of
the spherulite. Each spherulite is composed of many different
lamellar crystals and, in addition, some amorphous material. PE
(all types) forms a spherulitic structure when crystallized from
the melt. The unit cell of the crystallites is orthorhombic
(a#£b#c and o= =7=90°. This orthorhombic structure
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Figure 1. (Left) Schematic representation of the structure of a semicrystalline polymer in the two-phase model (adapted from ref. 38) . (Right) Schemat-

ic representation of (a) a TM, (b) a loose loop, and (c) an entangled loop.”

can be identified and quantified by a specific band in Raman
spectrometry.®®~*! Some relevant definitions include:

e Crystallinity (percentage) o the fraction of crystalline phase
in the polymer;

e Lamellar thickness I: the (average) thickness of the crystalline
lamellae;

e Amorphous thickness I the (average) thickness of the amor-
phous regions between the crystalline lamellae.

The different layers are held together with tie molecules (TMs)
through the amorphous phase. TMs are chains that belong to
two adjacent crystallites crossing the amorphous phase.*>™** So
the chain must have a minimal length (L) of 2*I.+ I,. TMs are
also called “bridges” in some literature.”™"’ In this manuscript,
both terms will be used indiscriminately. Other known struc-
tures are loose loops (which loop back into the original crystal-
lite) and entangled loops (which also loop back, but are
entangled with a loop from another crystallite). They are impor-
tant to connect the different crystallites. Finally, there are the
so-called tails, which are part of the crystallite, but have chains
ending in the amorphous region.*®*’

Structure of LLDPE

LLDPE is a variant of PE, consisting of a linear main chain
with several short-chain branches. So the conformation of the
chain-structure is situated between the linear structure of high-
density polyethylene (HDPE) and the long-chain branched
structure of LDPE, as is illustrated in Figure 2. This configura-
tion will affect the density and crystallization behavior of the
polymer. The amount and homogeneity of branching is a criti-
cal factor in the process of crystallization and has to be studied
for a good understanding of the crystallinity. For an overview
of polymer reaction engineering of PE and modeling of poly-
merization reactions, we refer to literature.”>”'

Influence of Polymerization on Structure. The use of metallo-
cene catalysts in the polymerization process offers great advan-
tages over the conventional Ziegler—Natta catalysts. Especially,
the homogeneity of branching makes it very interesting. The
LLDPE can be tailored in a regular way, so the polydispersity of
the branching becomes very narrow and the crystallization pro-
cess can be much more controlled.’®**** The regularity of the
metallocene process will realize an uniform distribution of the
different monomers, while the use of the Ziegler—Natta catalyst
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creates a complex incorporation of the different monomers with
a broad polydispersity as result.’*>’

It is well known that branching is a key factor in determining
the performance and processability of a polymer product. There
are two types of branching in polyolefines, short-chain branch-
ing (SCB) and long-chain branching. SCB is formed by incor-
porating a-olefins (e.g., 1-butene, 1-hexene, and 1-octene) into
the PE or PP main chains. In industry, this is often referred to
as C3, C4, C6, or C8 LLDPE, wherein cx denominates propene,
butene, hexane, or octane, respectively. These result in the fol-
lowing side groups, respectively: methyl, ethyl, butyl, and hexyl.
SCB causes steric hindrance on the polymer chains, which
obstructs the formation of the crystalline lamellae, as only the
methyl groups are small enough to be a part of the inner core
of the crystals. Hence, SCB actively reduces crystallinity in the
polyolefin.

Branching within the LLDPE will depend on the chain length of
the molecule that was used as a PE-(a-polyolefin) copolymer
precursor for polymerization.® However, in general, the most
important factor for the crystallization percentage o, is the
amount of branches, expressed in mole % branch points.”” The
number of branch points will likewise have substantial influence
on the crystallite thickness: I, decreases with increasing mole %
branch points, as chains become more difficult to fold into the
crystalline lamellae. Common values are 12 nm for a linear PE
to 4 nm for a highly branched (4-5 mol % branching points)
PE.”’ Finally, the branch density will affect the formation of TM
and entangled loops within the semicrystalline structure.”®* As

HDPE /L/\./
LLDPE _——L\—L‘—j—r\l“\/

LDPE

Figure 2. The chain structures of HDPE, LLDPE, and LDPE.
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the branches of LLDPE do not take part in the crystallite for-
mation; a decrease of I. follows from a larger branch density.
This in turn makes it easier to form TM.

Occurrence of Third Phase. The basic two-component model
of crystalline lamellae, interspaced with an amorphous region, is
not sufficiently nuanced to account for the microstructural
properties of LLDPE yarns. The main inadequacy of this model
is that it would require a severe discontinuity in molecular
order at the crystalline-amorphous boundary, where polymer
chains would abruptly go from a highly ordered to an unor-
dered state.®” Instead, it is widely accepted that a third phase, of
intermediate order, exists at the interface between crystalline
and amorphous regions.*****® Within this third phase, the
chains emerge from the lamellae with a high degree of molecu-
lar alignment, which gradually decreases in terms of density and
orientation.*>®* This phase is referred to by any of the following
terms: semiordered, intermediate, rigid amorphous, interfacial,
interzonal, interphase, and transitional zone.®® Within this
work, we shall refer to it as interphase or third phase. The prin-
cipal appearance of the interphase is shown in Figure 3.

It has been proven that the polymer chain stems emerging from
the lamellae are not orthogonal in orientation to the basal plane
of the lamellae. This so-called chain tilt will affect the density
and topology of the interphase.** The third phase does not
occur in all semicrystalline polymers, but it is far more likely to
exist in highly oriented polymers (like cold drawn yarns) than

Undeformed
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unoriented samples.’® As such, it will prove elementary in the
understanding of the crystalline growth within cold-drawn
LLDPE vyarns, even if the exact morphology of the third phase
remains a topic for discussion.*’

STRUCTURE-PROPERTY RELATIONSHIPS IN LLDPE

Deformation Mechanisms

As previously discussed, semicrystalline polymers are composed
of an amorphous phase interlayered with crystalline lamellae.
The macromolecular chains are however engaged in both
phases, which complicates the deformation mechanisms.®> There
are three, currently recognized, principal modes of deformation
of the amorphous phase in semicrystalline polymers: interlamel-
lar slip, interlamellar separation, and stack rotation.®®®” Inter-
lamellar slip involves shear of the lamellae parallel to each other
with the amorphous phase undergoing shear. This mode of
deformation is illustrated in Figure 4(a). It is a relatively easy
mechanism of deformation for the material above the glass
transition temperature Ty the elastic part of the deformation
can be almost entirely accounted for by reversible interlamellar
slip. Interlamellar separation, illustrated schematically in Figure
4(b), is induced by a component of tension or compression par-
allel to the lamellae themselves. Stack rotation is illustrated
schematically in Figure 4(c). Any other deformation of the
amorphous phase requires a (plastic) change in the crystalline
lamellae.*® Crystallites undergo plastic deformation of crystallo-
graphic type under the action of external force through disloca-
tion mechanisms.*>

The plastic deformation of polymer crystals is generally
expected to be crystallographic in nature and to take place with-
out destroying the crystalline order. The only exception to this
appears to be at very large deformation, when cavitation and
voiding take place and crystals may be completely broken down
and new crystals may form with no specific crystallographic
relationship with the original structure.®®”® Polymer crystals can
deform plastically by crystallographic slip,”* by twinning and by
martensitic transformation.®®’>”* The slip mechanism is the
most important.

Crystallographic slip is the main deformation mode up to mod-
erate strains, and occurs by gliding of macromolecular chains
along each other on crystallographic slip planes within the crys-
talline lamella. When the direction of slip is parallel to the chain

LTI

Figure 4. (Left) Different deformation mechanisms in the amorphous phase.66 (a) Interlamellar slip, (b) interlamellar separation, and (c) stack rotation.

(Right) Fine and coarse slip in the crystalline phase”: (d) undeformed lamella; (e) fine slip; and (f) coarse slip.

Maﬁ‘i& WWW.MATERIALSVIEWS.COM
1

44080 (5 of 12)

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44080



http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

REVIEW

WILEYONLINELIBRARY.COM/APP

Figure 5. Typical stress—strain curve of semicrystalline polymers and the resulting structural changes.

axis, the deformation mechanism is referred to as chain slip,
whereas when the slip direction is perpendicular to the chain
direction, the slip mechanism is called transverse slip.®>”' Dur-
ing the early stages of deformation, plastic deformation pre-
dominantly occurs by fine slip, where a small amount of
deformation is equally distributed on a large number of slip
planes. At larger strains, fine slip is accompanied by a process
of coarse slip, with large deformations on a few slip planes,
resulting in the break-up of crystalline lamellae.”* These two
slip mechanisms are schematically illustrated in Figure 4(e,f),
with Figure 4(d) representing the undeformed structure. Coarse
slips are responsible for the formation of block structures from
continuous lamellae and their fragmentation, fine slips change
the orientation of lamellar planes in relation to the direction of
macromolecular chains in crystals.®®

Structure Development during Deformation

The structure of semicrystalline polymers (combination of inter-
connected amorphous and crystalline segments) undergoes dif-
ferent changes during deformation.””
Figure 5. The important points on the stress—strain curve are
highlighted and the structural changes related to each of them
are shown in the figure.

77 These are illustrated in

1. Undeformed structure: No deformation yet, structure is intact.
Both amorphous and crystalline regions are undeformed.

2. Up to g,—amorphous regions elongate: During the first
stage of the deformation, up to the proportional limit, the
amorphous regions elongate induced by the different amor-
phous slip phenomena. This deformation is reversible and
facilitates the elastic deformation.

3. 0, to g,—crystalline regions align: the constraints imposed
by the lamellae imply that only limited deformation can be
accommodated by the amorphous phase. With an increase
of load, the stress—strain dependence becomes nonlinear and
inelastic deformation occurs: the crystalline regions align
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themselves to the direction of the applied stress. This is irre-
versible, plastic deformation and the mechanism used is that
of fine slip.”®

4. Beyond o,—crystalline block segments are sheared apart:
Once o, is reached, coarse slip will occur within the crystal-
line lamellae.*””® The lamellae are effectively sheared apart
into smaller crystalline block segments. This deformation is
plastic. Engineering stress decreases, due to neck formation.
True stress will continue to rise.

5. Final separation of crystalline block segments: The crystal-
line segments continue to fragment and finally separate into
a fibril-like structure: bridge and entanglement chains as
well as third phase regions in the amorphous phase resist
this, which leads to a strain-hardening effect.

Relationship Structure—-Mechanical Properties

Mechanical Strength in the Two-Component Model. The yield
stress is related to the onset of plastic deformation, of which we
have already discussed that it is carried by the (fine and coarse)
slip in the crystalline regions. This infers that anything, which
increases the crystalline region’s resistance to this slip, will
heighten the value of o, Foremost among these are crystallinity
o, and lamellar thickness . Larger, bulkier crystalline regions
will display higher resistance to yielding. The relation between I.
and ¢, has been observed, by Brooks and Mukhtar for HDPE
and for I. up to 28 nm.”” These were later validated by and
expanded upon for I values up to more than 150 nm by Kaz-
mierczak et al.®® They concluded that the increase of yield stress
with crystalline thickness is only valid up to values of 40 nm.
Beyond this value, an obvious plateau is observed in the curves.
There is no explanation as of yet for this apparent limit.*

The structural relations of elastic modulus E are somewhat
more complex to define in a straightforward manner: it is not
dependent on a single characteristic.® As E is the slope of the
linear region, the end point of this region is determined by o,

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44080
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Figure 6. Young’s modulus as a function of amorphous fraction size for
different PE polymers.*® «, is noted as X,.

which is near or equal to o, Therefore, anything that will
increase ¢,, will logically affect E, as the slope will become
steeper. However, as the deformation in the elastic region is
governed by the elongation and alignment of the amorphous
section, the amorphous fraction will also influence E. Typically,
a smaller amount of amorphous polymer chains implies a
reduced ability for elastic straining, thereby decreasing strain at
yield ¢, and increasing E. So an increase in o, will have a com-
bined effect on E, by simultaneously increasing ¢, via the larger
crystalline fraction and reducing ¢, via the smaller amorphous
fraction. The relationship between E and o, has been quantified
for high-crystalline values in HDPE by Galeski®: large increases
in E can be achieved, especially in the region between 70 and
80% crystallinity. This was also confirmed by Martin et al.®' An
upward trend was obvious, but no truly linear relation could be
established. However, these are quite high values for o, which
are typically not reached with LLDPE. A broader range of PE
polymers, including some LLDPE types, were investigated by
Bartczak and Kozanecki.®* Their results are shown in Figure 6.
They confirmed the clear, albeit nonlinear, relationship between
the growing size of the amorphous fraction and the decreasing
modulus.

Generally, it may be concluded that E modulus will increase sig-
nificantly with increasing crystalline fraction.

Influence of Third Phase. The third phase is partially ordered
and anisotropic with properties intermediate to those of the
crystalline and amorphous phase.*” The chains in the third
phase are stretched, but lack lateral order. It is necessary at this
point to introduce the concepts of trans and gauche conforma-
tion within PE. Conformation describes spatial geometry of side
groups (in this case the methyl group) that can be changed by
rotation and flexural motion. It is defined by the projected
alignment of the side groups.*® When they are in the trans con-
formation, they are fully opposed (angle 180°); this is the most
favorable energy state. When they are in the gauche conforma-
tion (angle + or — 60°), their energy state is less favorable. Typi-
cally, regions of higher order are in the trans conformation and
region of less order are in the gauche conformation. In the third
phase, both trans and gauche conformations occur. Their
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occurrence can be verified by IR spectrometry®™ or NMR
experiments.®*

Kolgjini et al. found a relation between the amount of trans
conformation in the third phase and the E modulus of the
whole LLDPE yarn®* as trans conformation increases, the now
more-ordered third phase becomes more resembling to a crys-
talline region and E modulus increases. This resemblance is also
reported by Martin et al.®'

In similar research, it was found that there is a specific IR band
(1130:1160 cm™ ') which reflects the degree of orientation with-
in PE chains and that the increase of this band was nearly line-
arly related to an increase of E modulus.*®

Resilience. Resilience was previously defined as the ability of
the yarn to recover from (theoretically elastic) bending defor-
mations. This recovery is governed by the return of the amor-
phous fraction to an undeformed (unelongated) state.
Therefore, a larger amorphous phase will increase the resilience
and deformation recovery of the yarn.® Hence, all effects that
will increase the mechanical strength by increasing the crystal-
line fraction, automatically reduce the amorphous fraction and
thus limit the possibilities for resilient behavior. An extra degree
of crystallinity will adversely affect resilience and deformation
recovery."> This essentially makes the property mutually exclu-
sive with mechanical strength, much as with the classical con-
flict between hardness and ductility.

STRUCTURE DEVELOPMENT DURING PROCESSING OF
ARTIFICAL TURF YARN

For semicrystalline polymers, a large amount of attention has
been given to the microstructural changes during mechanical
treatments because it could gain more insight into the molecu-
lar mechanisms of plastic deformation and provide possible
routes for improvement of the material. From an engineering
point of view, it is essential to understand the physical orienta-
tion process and to control the orientation state of both the
crystalline and the amorphous phases during industrial opera-
tions such as fiber spinning, film blowing, injection molding,
and melt drawing. Knowledge about the heterogeneous defor-
mation process of spherulitic structure and changes of micro-
structure is really indispensable. The products in real-life
applications are often utilized under varying temperatures, and
many procedures used in industry are conducted at elevated
temperatures to reduce testing time.*” Key scientific issues for
production of oriented polymers with enhanced properties
include the chemical structure of the polymer and its degrees of
regularity and the plastic deformation.®®

Production of LLDPE Artificial Turf Yarn

A schematic representation of the processing steps in the fabri-
cation of artificial turf yarns is given in Figure 7. Some typical
temperatures and parameters are described for a LLDPE with a
melt temperature of 124 °C."

After the actual extrusion of the LLDPE monofilaments through
a spinneret mould, the yarn passes through the following con-
secutive steps:

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44080
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Melt draw ratio Cold draw ratio
(MDR) (COR) Controlled Heat Setting
Firststretching  Second Stretching  Shrinkage (Annealing)
L " L L

r W r " 1

@] 1O ]
e Olem] O e O Lom

Extruder

Water bath

Figure 7. Typical processing steps for the production of artificial turf
yarn. (adapted from Ref. 8.)

1. Melt drawing (first stretching): orientation of polymer
chains even before the solidification of the extruded polymer
will allow for greater crystallization during the solidification
of the yarn structure;

2. Cold drawing (second stretching)—95 °C: strain hardening
and development of an oriented fibrillar crystalline struc-
ture, amount of which is dependent on cold draw rate;

3. Controlled shrinkage (annealing with varied ends)—15% at
120 °C: an elevated temperature and an adapted speed of
the rolls make it possible for the filaments to shrink in a
controlled way;

4. Heat setting (annealing with fixed ends)—10 s at 120 °C:
reduction of internal stresses.

Structural Development during Processing

Melt Drawing. As the polymer is solidifying after extrusion, it
is drawn through the water bath. Mobility of polymer chains in
the liquid state is high and this first stretching step allows for
both a first reduction of filament size after the spinneret and an
orientation of the polymer chains along the stretching direction.
Here, the draw temperature will influence the speed of this pro-
cess.” As was discussed earlier, crystallization is facilitated by
higher degrees of order. This preorienting of the polymer chains
will allow for greater crystallization in the structure of the solid
polymer. The resulting crystallinity will also be affected by the
amount of defects present in the polymer structure. As chain
defects are commonly excluded from crystalline growth, the
length of crystallizable methylene sequences is reduced with
increasing defects.”

At the end of the melt drawing, the polymer is completely solid
and will remain so for the further steps of the process.

Cold Drawing. If we consider the cold drawing as the ith step
in the process, then the following definitions can be made:

livy

Stretch ratio A = p

3)
fix
fi

With [; the length of the yarn after the ith step and f; the corre-
sponding yarn cross section.

Cold draw ratio CDR =

(4)

The stretch ratio is a measure for the elongation of the yarn,
while the CDR is a measure for the necking (thinning of cross
section) of the yarn. In general, cold drawing means the plastic
deformation of materials at temperatures where no structural
reorientation can occur. For polymers, this was originally
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defined for amorphous polymers, which were stretched in a
temperature range between the brittle point and glass transi-
tion,”" meaning there can be no molecular mobility. Necking is
a typical phenomenon for cold drawing. Semi-crystalline poly-
mers, however, can also deform with necking at temperatures
that are considerably higher than their glass transition, if the
strain rate is sufficiently high. The upper temperature limit for
this is the temperature T}, above which supermolecular mobility
is possible.”® Crystallites are such supermolecular elements:
above T}, they will individually shear off one another instead of
fracturing into smaller blocks (fibrillation), which is responsible
for the strain hardening effect.”> T}, approximately equals 0.8—
0.9 of the melting point of a polymer on a Kelvin scale. Above
T;, but lower than the melting point, hot drawing is realized
(no plastic deformation and fibrillation).

For semicrystalline polymers, cold drawing is associated with a
large strain, resulting in a large amount of plastic deformation,
but with some portion of elastic deformation.”® The structure
development during cold drawing of semicrystalline polymers
will now occur within the yarn®®°>%:

i. Elongating of amorphous phase (including third pha-
se) = elastic deformation
ii. Alignment (tilting) of crystalline regions through fine
slip = plastic deformation
iii. Shearing of crystalline regions into smaller blocks by coarse
slip = plastic deformation
iv. Further aligned shearing into a fibrillated structure = plastic
deformation

Cold drawing will significantly increase E modulus, as well as
reduce resilience and deformation recovery. These effects are
more pronounced for higher CDR values.®

Note how the amount of crystalline phase o, will not change
significantly during cold drawing. However, its morphology
does change. First, the individual crystallites become smaller as
they are fractionated during fibrillation.”>*” Also, the ortho-
rhombic lattice of the LLDPE will partially undergo a solid state
transformation to a  monoclinic lattice (a#b#¢
o= f=90°#7).""% These crystals are slightly less dense, as it
is believed the lattice parameter a will increase.'®!

The orientation of the (already more ordered) third phase also
increases during the cold drawing. The TMs are stretched taut
and it has been found that trans conformation will
increase,”>**'® which further contributes to higher levels of
order and increased modulus.

The resulting structure is not an equilibrium state and contains
elastic deformation (of the amorphous phase). If the yarn were
to be subjected to elevated temperatures afterwards, it would
shrink considerably as the amorphous fraction returns to its
unstressed, nonaligned state. Such residual shrinkage is undesir-
able for further processing of the yarn by tufting or weaving.
Implementing controlled shrinkage and annealing steps in the
process will mitigate residual shrinkage.

Controlled Shrinkage. Shrinkage causing curling or inhomoge-
neous performance of yarn is undesired in the process of
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artificial turf production and backing as well as in the installed
field. Stretched tapes have a high degree of polymer orientation.
The distributed crystal phase is connected by the stretched poly-
mer chains of the tie chains. Thermally activated, these out-of-
equilibrium polymer chains start to retract towards an equilibri-
um, random state. As this amorphous phase shrinks back to an
unstretched state, so the polymer yarn will shrink. The potential
amount of shrinkage can be related to the density of the poly-
mer. Lower-density LLDPEs have smaller crystalline fractions,
resulting in longer amorphous phases, which will retract more
upon shrinkage. This was experimentally confirmed by Sand-
kuehler.'® Liu et al. showed the same effect for industrial PET
yarns.'” Hence, residual shrinkage can be somewhat mitigated
by working with high-density polymers.

Controlled shrinkage in the process has two benefits:

Reduction of residual shrinkage in further processing of the
yarn into artificial turf

Prerequisite for crystalline growth during the annealing step

In a controlled shrinkage step, the roll speeds are controlled so
that the yarn can only shrink a preset amount. A typical value
is 15%."* After the controlled shrinkage step, the level of orien-
tation in the polymer will have been reduced (mainly in the
amorphous and third phase). So even if the overall crystallinity
of the polymer remains the same, there will be a decrease in
mechanical strength but also some return of resilience and
deformation recovery."

Annealing (Fixed Ends). The final step in the process is the so-
called heat setting or annealing with fixed ends (I; 4 ; = 1;). This
occurs at temperatures near (yet still below) the melt tempera-
ture of the polymer. Postcrystallization of LLDPE will occur and
is highly dependent on the applied temperature.'® The crystalli-
zation kinetics are function of the crystal growth rate (in pm/s)
and the induction time (time to reach stable nucleus, in s).
These two can be joined together in one dimensionless Avrami
Growth Dimension. It was found by Liu ef al. that this value
maximizes near 110 °C for LLDPE.'"® Also Patel mentions a
high crystallization half time for a crystallization temperature of
110 °C.'*° This means that with an oven temperature of 120 °C
(estimated yarn core temperature of 110 °C), thermodynamic
conditions are optimal for (re)crystallization.

In polymer processing, annealing of semicrystalline polymers is
generally considered to be an effective method to modify the
microstructure and promote the mobility of molecular chains
toward a more thermodynamically stable state, resulting in a
profound enhancement of the properties.”’ For yarns, which
have previously been cold drawn and then allowed (controlled)
shrinkage, this is especially effective.

During annealing, different changes in crystal morphology
occur depending on temperature and polymer. The first phe-
nomenon is the perfection of primary crystals. In other words,
the activated molecular chains (due to temperature and previ-
ous shrinkage) in unstable crystals or amorphous (and third)
phase tend to rearrange into the primary lamellae, leading to
higher crystalline perfection.
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The second phenomenon is the recrystallization process. The
existing crystalline blocks will thicken and new, smaller, crystal-
lites will come into existence as well. Thus, «, will rise. This
occurs at the expense of existing small crystals (the existing tiny
and imperfect crystals have by definition a lower melting tem-
perature T,, and thus will first melt and then recrystallize into
new stable crystals) as well as portions of the amorphous phase.
Additionally, the partial transformation of the orthorhombic
configuration to a monoclinic structure, achieved during cold
drawing, is reversed and the orthorhombic crystallinity is
restored.’

As a result of the increased crystallinity, modulus will once
more rise (but not to the level of the cold drawing step) and
resilience properties will decrease slightly.

It is important to note that controlled shrinkage is absolutely
mandatory before the annealing step. Without the controlled
shrinkage, the amorphous phase would not have been able to
relax and would create internal stresses during annealing leading
to a thermodynamically unstable structure and obstructing the
new crystallization. It has been experimentally confirmed that
there is no significant crystalline growth during annealing with
fixed ends if the shrinkage step is skipped."’

DIRECTION OF THE FIELD

During recent years, most research concerning the production
and/or use of artificial turf has been focused on the improve-
ment of the comfort for the consumer. The main concern is
finding solutions for the abundant skin-turf friction injuries
compared to natural grass. Tay et al.' for example tried deter-
mining the importance of the various components in the overall
skin-friction behavior using the standardized Securisport testing
device. They concluded that improvements in the reduction of
friction from the fiber yarns may be more of a priority than
adapting the infill. The shape of the filament itself has also been
topic of recent research and could possibly reduce this friction
coefficient.'” In addition to the friction coefficient, the surface
temperature of artificial turf is also very different than that of
natural grass. Villacafas et al.'”” studied how various structural
components such as the type of fiber, the type of infill, the age
of the turf and the hours of use influence the surface tempera-
ture. Other researchers are developing non disclosed infrared
reflective coatings.'®® Furthermore, research projects such as the
Wetgrass project'® coordinated by CITEVE have aimed at
developing new turf systems with reduced surface temperatures
and lower skin-turf friction. The (commercial) importance of
the comfort for the turf user is not only illustrated by research
on skin injuries, but also by the research on the biomechanical
behavior of the turf under complex loading conditions.''®!'"!
This research connects the fundamental materials science of the
composing materials with the user interactions.

Another concern recently addressed is the long term behavior of
artificial turf. The degradation of the materials for example is
part of the research of Fleming et al.''*'"? Other aspect is the
long term variation of surface hardness across an installed artifi-
cial turf pitch. Forrester and Tsui''*, for example, investigated
the role of maintenance in minimizing this issue.
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Table I. Summary of the Structural and Property Changes in LLDPE Turf Yarn During Processing

Process step Cold drawing

Contr. shrinkage  Heat set (fixed ends)

What happens in Crystal phase
the structure?
(coarse slip-plastic)
Amorphous phase
How does this affect  Crystallinity (o) —
the property?
Stiffness (E)

Resilience (R)

1
W

Alignment (fine slip—plastic) /
Fibrillating into smaller blocks

Alignment and elongation (elastic)

Perfection of primary crystals
Recrystallization
Rise in crystallinity

Deorientation Total amount lowers

— 1
1 1
17 |

Finally, more and more questions are raised about the environ-
mental and health impact of artificial turf. An excellent review
has been written on this topic by Cheng et al.** However, it has
to be highlighted that end-of-life properties in terms of recycla-
bility of newly designed turfs have to be considered. Recycling
schemes are being developed and consist mostly of separation
of the monofilaments from the other constituents and reproc-
essing them into new materials.**'">

The fact that most of the (published) academic research focuses
not on the material science of the turf, but on its interaction
with the user (mostly sportsmen), is symptomatic of the fact
that the larger part of research and development of the turf
materials (yarn, infill, and ground layer) is conducted by the
manufacturers. They typically keep their results close to their
chest, which limits the transfer of information. This provokes a
certain mismatch and misunderstanding between industry and
research which will need to be addressed. By presenting the cur-
rent review, the authors have attempted to close this gap a little
by summarizing the necessary insights into the development of
structure and properties during the different processing steps in
the production of artificial turf yarns.

To further address the improvement of the performance of the
yarn materials themselves, an extensive and fundamental quanti-
fication of the described structural changes in each step of the
artificial turf production, would be most useful. The specific
influence of each material and processing parameter (tempera-
tures, stretch ratios, and molecular structure) should be mapped
in an ambitious design-of-experiments set-up. Furthermore,
concerning the shape of the filaments, an extensive rheological
analysis of the polymer flow through the differently shaped
extrusion dies would contribute significantly to the understand-
ing of how the die shape affects the orientation of the melt and
the structures developed in further processing. Finally, the effect
of these structural aspects on the surface properties, friction
foremost among them, should continuously be taken into
account throughout such experiments, as this is a major aspect
for the user comfort.

CONCLUSIONS

A summary of the different process steps (after melt drawing,
during which the high degree of orientation allows for greater
o, than unstretched polymer) in the production of LLDPE yarns
for artificial turf is given in Table I. The Table summarizes the
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effects within the different structural phases and the resulting
changes in properties. Note how the amount of crystallinity o,
does not change significantly throughout the cold drawing
(while its morphology does) and shrinkage steps.

It has been discussed how E modulus is largely attributed to the
crystalline fraction and resilience is related to the ability of the
amorphous fraction to return to an unstretched state. Therefore,
as a rule-of-thumb, it can be observed that all structural
changes that increase o, (which inherently reduces the amor-
phous fraction) will increase E modulus and decrease resilience
properties.

The initial effects of the cold drawing step will increase with
higher CDR, as the fibrillation of the crystalline structure and
taut stretching of amorphous chains will be more pronounced.
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