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Abstract

Poly(Lactic Acid) is surely one of the most interesting commercially
available biodegradable polymers. Being a slowly-crystallizing material,
it generally does not have the time to crystallize at the cooling rates
involved in the common processing techniques. However, the
properties induced by crystallinity are extremely interesting for tuning
the characteristics of the obtained parts, and this leads the research to
find the routes to an enhancement of PLA crystallization kinetics.
During processing, polymer melts are subjected to very high
deformation rates, and the stretch resulting from this orientation gives
rise to shorter crystallization times and also to peculiar crystalline
structures. The so-called flow-induced crystallization is therefore a
phenomenon that for PLA can be considered strategic toward the
realization of parts with enhanced properties. In this work, a state of
the art on flow-induced crystallization of PLA is presented.
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Nomenclature

E
AG,
AG,
AS;

QR XS I ZEQ

Tensile modulus

Energy barrier for flow induced crystallization
Quiescent nucleation energy barrier
Degree of entropy reduction by shear
Growth rate

Avrami kinetic constant

Nucleation density

Avrami exponent

Half crystallization time

Absolute crystallinity degree

Shear rate

Ultimate strain

Relative crystallinity degree

Density

Tensile strength



Introduction

Poly (lactic acid) (PLA) is presently the most successful commercial
bio-based thermoplastic, boasting applications that range from food
packaging to medical implants. PLA 1is also the most commonly used
polymer in fused filament modeling style of additive manufacturing.
PLA is both bio-renewable, meaning the raw materials used to produce
the polymer are from non-petroleum (plant) sources and bio-
degradable, meaning the polymer will decompose relatively quickly
into lactic acid when subject to heat, moisture and basic conditions. The
mechanical and degradation properties of PLA are direct functions of
the polymer microstructure. Microstructure, in turn, is a function of the
polymer backbone chemistry (isomer content and chain branching) as
well as molecular weight and molecular weight distribution. However,
polymer microstructure is also strongly influenced by the melt flow
incurred during polymer processing. Developing ideal mechanical and
degradation property profiles in a manufactured part therefore require a
comprehensive understanding of PLA chemistry and melt
crystallization kinetics under flow, much of which is still under
development in the research community. For example, the idealized
PLA microstructure to optimize mechanical tensile strength (oriented
crystal microstructure) is obviously different than that which would
result in the toughest PLA sample (semi-crystalline content with
idealized free volume), but the current state of the art cannot yet dial in
conditions to produce such microstructure with a high level of certainty.
Neither are the processing methods broadly optimized to control
microstructure due to the competing degradation and the slow
crystallization processes of PLA. Nonetheless, rapid progress is being
made on many fronts. This chapter aims to provide the reader with a
summary the current understanding of flow induced crystallization
(FIC) as it is observed and quantified for PLA, and also review the
polymer processing techniques that potentially induce FIC in PLA.



Generalities on PLA crystallization

Lactic acid has an asymmetric carbon atom, which leads to two
optically different active forms, L-lactic acid and D-lactic acid. The
polymers coming from pure L- or pure D- forms are referred to as PLLA
and PDLA, respectively. Commercially, the homopolymer in L-form, or
L-form-rich copolymers are the most important. The abbreviation PLLA
is commonly adopted also for L-form-rich copolymers. This review
focuses on PLLA, which is a crystallizable polymer with a maximum
crystallinity of 60—70% in the case of the homopolymer [1]. The
quiescent crystallization kinetics of PLLA is slow, with half times of the
order of minutes [2]. PLLA is polymorphic: under quiescent conditions,
when crystallized above 120°C, the material presents the a-phase
whereas the a’-phase develops at temperatures lower than about 100°C
[3]. Both phases can develop between 100 and 120°C. The a’-crystals
are less ordered, stable at the temperatures at which they form, but able
to transform into the more stable oa-crystals upon heating at about
150°C. Other crystalline phases are found in PLLA: the -form, which
develops when the a.-phase is stretched at elevated temperatures [4], and
the y-form, which is generated by epitaxial crystallization [5].PLLA and
PDLA can co-crystallize together and form a stereocomplex which
presents a melting point about 50°C higher than that of PLLA
homocrystal.

PLLA 1is a slowly crystallizing polymer, with the fastest
crystallization rate at about 110°C [1, 6, 7]. The crystallization half time
increases on increasing the molecular weight and the D-Lactide content.
For the homopolymer, molecular weights of about 100KDa allow a
maximum crystallization half time of the order of one minute.
Commercial PLLA grades, with D-Lactide contents of about 2%, have
crystallization times about one order of magnitude larger [8] [9]. This
slow crystallization kinetics make the material unable to crystallize at
the cooling rates involved in normal processing conditions. However,
significant crystal microstructure is sometimes found in injection
molded parts [10], thus suggesting that flow can significantly influence
the phenomenon of crystallization, as better explained below in this
chapter.



The overall crystallization kinetics of PLA is composed of two
independent phenomena: crystal nucleation and subsequent crystal
growth.

Quiescent Growth rate

In quiescent, isothermal conditions, PLA crystalline structures grow
spherically with a constant growth rate, G. This is confirmed when the
evolution of crystallinity under quiescent conditions is analyzed by
Avrami’s model

§(T,t) = 1 — exp[—(ko(T) )] (1)

In which § is the relative crystallinity degree, k, is the Avrami costant
and n, is the Avrami exponent, this latter takes a value close to 3
(describing predetermined, spherical growth) independently on the
molecular weight and on the D-Lactide content [2, 11].

The direct measurements of growth rate by polarized optical
microscopy (POM) reveal that this phenomenon depends on the
molecular weight and on the D-Lactide content [1]. In particular, a
higher content of D-lactide and a higher molar mass decrease the
spherulitic growth rate [7].

The maximum growth rate for PLLA spherulites is reported as about
30 micron/min [12] at 110-120°C. In this range of temperatures, the
maximum growth rate is normally found for most of PLLA grades.
Commercial grades present a maximum growth rate of about 2.5
micron/min in the range 105-130°C [2, 6]. Just for comparison, in the
same range of temperature isotactic polypropylene presents a growth
rate of about 1 um/s, or about two orders of magnitude larger.

Quiescent nucleation

If overall crystallization rate and growth rate are measured and
reported in many literature works, the data concerning the nucleation
rate of PLA are rare. It is generally assumed that the nucleation
phenomenon in commercial PLA grades is athermal (heterogeneous), so



that a given number of nuclei are formed at each temperature
instantaneously, and the number does not change with time. Sporadic
nucleation, with a number of nuclei increasing with time, has been found
at temperatures below the glass transition [3].

In most of literature works, the number of nuclei per unit volume
(nucleation density, N) in isothermal conditions is estimated by using
the relationship between volume space filling and crystallization half
time, t;:

tip=—1 (2

which allows calculating the nucleation density N from the Growth
rate and the crystallization half time assessed by means of calorimetric

data:

4T \G t1/2

It has to be mentioned that the presence of a third power makes the
calculation of N extremely sensitive to uncertainties in the
measurements of G and t, ;.

On the other hand, measuring N from POM is difficult because the
nuclei can be counted on a surface, but the observed volume is not easily
evaluated. This is the reason why many data of nucleation density are
expressed in nuclei/mm? (namely surface nucleation density) [6], which
is useful for understanding a trend, but not for having data of volume
nucleation.

Just a few literature works report the volume nucleation density.
Some results are summarized in Figure 1. It can be noticed that, apart
from the huge scattering of data (notably also measurements made on
the same PLA grade provide differences of about two orders of
magnitude), the nucleation rate of PLA is comparable to that of iPP. This
means that the enormous difference in overall crystallization rate
between the two polymers can be ascribed mainly to the growth rate,
which moreover appears in the equation for half-time of crystallization
(eq. 2) with a power 3.
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Figure 1 Nucleation density of PLA grades from literature works. Squares refer to the same PLA
grade (2002D from Natureworks) [13—15]. Circle refer to a PLA with D-content of 1.1-1.7%][16, 17].
The line refers to the nucleation density measured on a iPP [18] and is given for comparison.

Stereocomplex crystallization

Typically, PLA is produced via the ring-opening polymerization of
lactide, which is the cyclic dimer of the chiral lactic acid. As such, there
are three diastereoisomers of lactide; L-lactide (composed of two L-
units, D-lactide (composed of two D units), and meso-lactide
(containing one of each D and L unit). Depending on the ratio of these
diastereoisomers in the monomer feed, polymerized PLA can be of
several stereostructures, including poly(L-lactide) (PLLA), poly(D-
lactide) (PDLA), poly(DL-lactide)(PDLLA) and other
stereocopolymers. D- and L-isomers of PLA in helical conformations
can interact side by side with each other to create a specific crystalline
chain-packing state that is called “stereocomplex” (SC) [19]. SC content
within PLA has a strong effect on crystallization from the melt. In
particular, the overall crystallization rate of the stereocomplex is higher
with respect to crystallization of PLLA homocrystal (HC). It is
recognized that this increase of crystallization rate is primarily due to
stereocomplex crystallites that act as nucleating agents for PLLA
spherulites [20], but there is also a slight increase of growth rate (within



20%) observed only at low percentages of stereocomplex [21]. The
nucleating effect is considerable: it is reported that a 30-fold reduction
on the crystallization half time can be reached by using 10% by weight
of low-molecular weight in PDLA, whereas the same amount of talc in
the same material only allowed a reduction by a factor of about two [22].
The results reported in the literature make the SC extremely interesting
for enhancing the crystallization rate [23].

While the lamellar PLLA crystallites exhibit a hexagonal form, the SC
crystal display a triangular morphology as observed with transmission
electron microscopy or atomic force microscopy. Additionally, the
wide angle x-ray diffraction (WAXD) pattern of SC-PLA differs from
the diffraction pattern of PLLA; the WAXD pattern comparison is
shown in Figure 2 [24, 25].

PLLA

Intensity (cps)

sc-PLA

Figure 2. Wide Angle X-Ray Diffraction pattern for PLLA and SC-PLA, indicative of different
crystal structures formed upon cooling from the melt. [24] Copyright 2006, John Wiley and Sons.

Perhaps as a result of the enhanced and different crystallization, SC-
PLA also boasts improved thermal resistance, hydrolytic stability, and
mechanical properties relative to PLLA [26, 27].



Table 1 — Summary physical and mechanical properties of PLA, PLLA, and PDLLA [27]

Properties PLA PLLA PDLLA
Density () g/lem 121-1.25 1.24-130 1.25-1.27

3
Tensile strength (o) | MPa 21 - 60 155-150 27.6-50

Tensile modulus (E) | GPa 0.35-3.5 27-4.14 1-345

Ultimate strain (€) % 25-6 30-100 20-100
T, °C 45 - 60 55-65 50 - 60
T °C 150 - 162 170 — 200 amorphous

Generalities on Flow Induced Crystallization

While the quiescent crystallization of PLA has been broadly studied,
the achieved understanding is not directly transferred to the polymer
engineering of PLA, because quiescent crystallization studies describe
PLA behavior in the absence of melt flow and orientation. For practical
engineering implementation, the flow-induced crystallization (FIC) of
PLA must also be understood.

Flow induced crystallization is a broad term that describes the
crystallization of polymers during and after they have been subject to
shear flow [28]. Historically, most experimental investigations of FIC
have focused on olefin-based polymers, and models which describe FIC
behavior are almost exclusively derived from these flexible polymers.
Research specific to FIC in PLA provide important insight to the
influence of the flexible backbone, intramolecular interactions, and SC
aspects of PLA.

Relative to quiescent crystallization, FIC exhibits increased
nucleation density, the crystallization kinetics are accelerated, and the
resulting microstructure is oriented or anisotropic. To explain the
thermodynamics which drive FIC phenomena the entropy-reduction
model (ERM), originally proposed by Flory, is perhaps the most widely-
accepted model [29-31]. During melt flow, some fraction of the longest
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chains become oriented and stretch in the melt. This orientation leads to
an entropy reduction, which lowers the energy barrier for FIC according
to equation 4. The energy barrier for FIC is expressed in terms of the
quiescent nucleation energy barrier (AG,) and the degree of entropy

reduction by shear (ASy) [32];
AGy = AGy + T,ASy (ASf <0) (4

Both the reptation time and the Rouse time of the polymer are
important characteristics that dictate the amount of flow required to
induce FIC [33]. Three resulting microstructure regimes have been
identified that stem from the competition of shear flow and polymer
relaxation in the FIC process. The first regime occurs if the shear rate
does not exceed the reciprocal of the relaxation time, no noticeable FIC
effects will be observed. The second regime requires increasing the
strength of the shear flow such that the shear rate exceeds the reciprocal
of the relaxation time but does not exceed the reciprocal of the polymer
Rouse time. This regime will yield enhanced point-like nuclei and
accelerated crystallization kinetics, but the morphology will remain
isotropic. The third regime, which results from increasing shear work,
will result in oriented or “row” nuclei. If the shear rate exceeds the
reciprocal of the polymer Rouse time then these long chains extend
during flow, and ultimately form the anisotropic shish-kebab structures
indicative of the fourth regime [34]. While many outstanding questions
remain with regard to the exact mechanism of nucleation in FIC, most
studies indicate that the extended chains act as precursors to nucleate
crystallization.

As the reader will observe, to date no published studies have shown
all four regimes for PLA in a single study that quantifies the shear work
required to induce enhanced nucleation (second regime), oriented nuclei
(third regime) and shish-kebab structures (fourth regime). However,
taking a comprehensive look at the literature, one can hypothesize that
PLA behaves according to the three-regime model when comparing the
results of different researchers in light of their experimental protocol.
For example, pooling the data from Zhong and coworkers [35] with that
of Xu and coworkers [36], the following data indicate that increasing
shear work in PLLA (Natureworks 4032D) prior to crystallization at 135
°C can yield each of the four regimes. In other words, increasingly
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intense shearing conditions must be introduced to cause the PLA melt
to crystallize in increasingly nucleated and oriented microstructure.
These two studies will be discussed in more detail later in the text.

Table 2. Summary conditions used to produce FIC effects per regime | (no effect), regime Il
(enhanced nucleation), regime Il (oriented nuclei) and regime IV (shish kebab) in PLLA
(Natureworks 4032D) [35, 36]

Sampl Shear . . .
To | T | g | time | YOO | 7D | peh
O | (O I>1 |OI>10| ONI>1IV
(um) (s)
Zhong | 190 | 135 10 variable | 0.0076 | 045
Xu | 200 | 135 20 1 100
Methods for Assessing

The characterization techniques used to assess the extent of FIC that
a polymer undergoes after shear flow are much the same as those used
to characterize quiescent crystallization [37]. POM is used to identify
both enhanced nucleation density and anisotropy of the final
microstructure. Accelerated crystallization kinetics can be observed
using hot stage microscopy, where the appearance of crystal growth
occurs faster than the quiescent equivalent upon cooling or isothermal
crystallization. Rotational rheology is commonly used to first impose a
controlled shear field on the melt and then subsequently observe
crystallization through a very small oscillatory motion at constant
temperature or during cooling. [34, 38, 39] Calorimetry will reveal
higher crystallization temperatures upon cooling of sheared samples,
and the stable flow-induced nuclei are known to nucleate crystallization
at high supercooling via fast scanning calorimetric measurements [40—
42]. In addition, both small and wide angle X-Ray diffraction techniques
are used to quantify the crystalline fraction content, orientation, and
phase characteristics.
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Flow-Induced Crystallization of PLA

Both renewable sourcing and controlled biodegradation make PLA a
top candidate for emerging engineering applications of the future.
However, to optimize mechanical properties and degradation profiles,
the crystallization of PLA must be manipulated by engineers in order to
control PLA microstructure during polymer product manufacturing.
Most manufacturing processes used to transform PLA into the melt such
as molding, casting, and extrusion subject molten PLA to a shear flow.
Consequently, the flow-induced crystallization of PLA emerges as a
critical phase transformation that is generating much interest from
industrial and academic researchers alike [43]. Like other high
polymers, PLA is known to form spherulitic morphology after zero or
low shear deformation, to experience enhanced nucleation and isotropic
growth at after experiencing moderate flow, and to exhibit cylindrites
and shish kebab structures after strong shearing in the melt. Examples
of PLA spherulites and shish kebabs are shown in Figure 3. The specific
relationships between molecular architecture, molecular weight,
shearing temperature, shear rate, and crystallization temperature that
ultimately drive the resulting morphology are not thoroughly understood
at present. However, much progress towards quantifying the FIC
behavior of PLA has taken place in recent years, forming the foundation
of current active research in PLA flow-induced crystallization.
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Figure 3. POM Imaging reveal PLA sphereulites (a-c) and cylindries or shish-kebabs (d-f) formed at
150 °C (a,d) 165 °C (b,e) and 180 °C (c,f). From [44]. Copyright 2016, John Wiley and Sons.

The first forays into the FIC behavior of PLA were broached by those
interested in the solidification of PLA fibers [45-48]. The extreme
deformation experienced by the polymer during fiber formation results
in both typical FIC where the polymer is first oriented and then allowed
to crystallize, in addition to the deformation that occurs when the
original crystal structure is disrupted by solid-state drawing [49]. The
PLA fibers studied by Cicero and coworkers displayed increased
melting temperature and greatly improved mechanical properties
relative to the quiescently crystallized PLA. Similarly, Mahendrasingam
found that shish kebab morphology developed in PLA after rapid tensile
deformation [50].

Effect of FIC on nucleation rate

With respect to FIC forming upon melt cooling, Fitz and coworkers
were the first to explore the influence of shear flow on the isothermal
crystallization kinetics of PLLA [51]. After a controlled shear step at
crystallization temperatures between 80 °C and 150 °C (shear rate 1 s,
duration 1 second, sample thickness 300 um and diameter 30 mm) they
observed increase in nucleation density and an increase in the rate of
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conversion, relative to the quiescent equivalent. Polarized light
microscopy is commonly used to observe the increased nucleation
density that results from a previous shear step. Such images were
developed by Zhong and coworkers as they determined the critical shear
rates to increase the nucleation rate of PLA, and are shown in Figure 4.

15 min Smin ./ 3 2 min

200 pm

30 min 4 4 4 min

45 min 15 min

60 min b S ‘A 8 min

Figure 4. Selected POM micrographs for PLA during isothermal crystallization at Tc of 135 °C after
being sheared at a shear rate of 10 s-! for different times of (A) O s, (B) 4 s, and (C) 40 s. The yellow
color scale bar in the top left micrograph represents 200 um and is applied to all other micrographs.
Crystallization times are indicated in the micrographs. The green color arrow on the right side of the
figure indicates the shear flow direction. From [35], Copyright 2013, American Chemical Society.

In this study, the shear rate and time requirements necessary to enhance
the nucleation of PLA (2% D content, 160 kg/mol), a rotational
rheometer was used. The critical shear rates for the orientation and
stretch of the longest chains at 135 °C were determined to be 0.0076 and
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0.45 s7!, respectively. The samples detailed in Figure 4 were subject to
a shear rate of 10 s! for the indicated duration, clearly exceeding the
threshold of 0.45 s™'. After shear for the indicated time, the nucleation
rate of the PLA increased with increasing shear time. Using similar
rheological techniques, Fang and coworkers observed the onset of
crystallization of PLA (4% D content, 87 kg/mol) after the polymer was
held in the melt at 250 °C before being cooled to the target shearing
temperature of 120 °C where a steady shear pulse was applied for the
indicated time. After shearing, an oscillatory time sweep was used to
monitor the increase of storage modulus (G’) with time. The storage
modulus increases as crystallization occurs in the melt, and is directly
related to the relative crystallinity by applying a logarithmic
normalization of the G’ data as was developed by Pogodina and
coworkers [52]. Without shear, the onset of increasing storage modulus
due to the onset of crystallization, #y, is approximately 7300 seconds.
Considering the sheared samples, it can be easily seen that the onset of
crystallization detailed in Figure 5 decreases with increasing shearing
time.

: -1 . 1
(a) y= 1S (a) y= ls
o= without shear 0.8
107 | =o=1s ===155s o= \vithout shear
=3 —tm—2() s 06F —Is ——15s
™ ——5s =—=—30s — i35 —m—2() 5
& ——10s 40 = ——5s 30
B 1of = 04F ——10s 40
10"k
0.2
10° ; A f, 0.0 Merarsrcon cn : "
10' 10 10° 10" 10° 10° 10 10° 10° 10° 10°
Time (s) Time (s)

Figure 5. Changes of storage modulus, G', and percent crystallinity, x(t), with time during
crystallization at Tc of 120 °C at the shear rate of y* = 1 s—1 with different shear time for linear PLA
(4% D content, 87 kg/mol). [15] Copyright 2013, American Chemical Society.

The half-times of crystallization for the sheared and quiescent PLLA
samples are shown in Figure 6. Notice that the accelerating influence of
FIC is most dramatic at high crystallization temperatures. At these high
temperatures, crystallization is controlled by heterogeneous nucleation,
and the order introduced to the melt during flow yields precursors that
act to nucleate the surrounding melt [53].
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Figure 6. Crystallization half-time as a function of crystallization temperature for quiescent and
sheared PLLA samples. [51] Copyright 2002, American Chemical Society.

Using shear rates less than or equal to 5 s'!, Fitz et al. did not observe
anisotropic or fibrillary morphology in PLLA (M, and PDI were 50,000
g/mol and 2.34, respectively). However, to reach anisotropic
morphologies, a stronger dose of deformation must be applied to the
melt. Stronger shear fields were subsequently explored, revealing the
relationship between shear flow, crystallization kinetics and resulting
morphology. Huang and coworkers used an optical shear cell to first
induce flow in PLLA (M, and PDI were 34,100 g/mol and 1.39,
respectively) and then directly observed the isothermal crystallization at
several temperatures after shearing. They determined that applying a
shear rate of 20 s for five seconds was required to induce a complete
conversion to a-crystal content morphology after isothermal
crystallization at 115 °C. However, all shear rates studied caused an
increase in a-crystal content relative to unsheared samples for a given
crystallization temperature [54]ﬂ. Additionally, in sheared PLLA the o-
crystal was able to form at lower temperatures than in the quiescent
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samples. For example, after crystallization at 96.5 °C the a-crystal is
typically a minor component amongst the majority o’-crystal
mesophase. As shown in Figure 7, with increasing shear the WAXD
reflections (0 1 0) (2 1 0) and other reflections at higher 20 become
stronger with increasing shear rate, indicating more ordered a.-crystal
content.

Intensity/a.u.

10

2Theta/degree

Figure 7 WAXD Patterns of PLLA crystallized at 96.5 °C after being subject to different shear rates.
[41] Copyright 2001, American Chemical Society.

Non-Isothermal FIC

Li and coworkers used a similar experimental procedure but observed
PLLA crystallization upon cooling. They determined that PLLA
required a shear rate greater than 5 s to form cylindrites, and this rate
was successfully employed by others to form “shish-like” crystals [55,
56]. This study also revealed that the cooling rate employed while the
melt was experiencing shear, during non-isothermal crystallization,
strongly influenced the resulting nucleation density, microstructure, and
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ultimate percentage crystallinity. After experiencing a shear rate of 5 s-!,
the PLLA did not crystallize if cooled at a rate of 5 K/min, but was able
to crystallize to about 15% if cooled at 3 K/min and 42.36% when
cooled at 1 K/min. Without shear, PLLA required a cooling rate less
than 3 K/min to crystallize any measureable amount. The size and
number of cylindrite-like crystals decreased with cooling rate, likely due
to the relaxation of chain orientation in the melt.

In an effort to apply existing FIC theory to PLA melt flow and
crystallization, Zhong and coworkers first established the rheological
properties of the industrially-relevant Natureworks 4032D grade PLA,
which contains 0.7 mol % L-isomeric content [35]. The longest reptation
time and the Rouse time were estimated from the relaxation spectra, and
this data was used to calculate the target shear rate and conditions
required to initiate FIC. Using rotational rheology, the group monitored
the onset of crystallization after shearing and confirmed that the critical
shear rate to stretch the longest chains of this grade of PLA at 135 °C
was 0.45 s-1. Above this rate, the crystallization process was greatly
enhanced compared to the quiescent conditions, and the crystallization
kinetics increased with increasing shear rate due to an increase in
nucleation density. For a singular shear rate there was a critical shearing
time required, and additional shearing time did not lead to faster
crystallization kinetics under either isothermal or non-isothermal
conditions.

Conditions to Create Shish Kebab Microstructure

Acknowledging the property enhancements that result from
developing shish-kebab microstructure in PLA melt-manufactured
product, Xu and coworkers developed two methods — one requiring a
long shear step and a second requiring instead a quick shear pulse — to
form this microstructure in PLLA. The first required an ultrasonic force
to maintain energy input to an injection molded part until gate freeze,
and as a result of the long exposure time to shear, several shish-kebabs
were identified in the final molded samples [57]. However, under
extensive shear, PLA will undergo a degradation mechanism that results
in a loss of molecular weight [58]. To circumvent this degradation, a
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short pulse of strong shear, such as 100 s for 1 s, may also be used to
induce shish-kebab structure. The shish created under such
circumstances have been shown to be comprised of a higher
conformational order than the surrounding kebabs or independently
nucleated spherulites [36].

Crystallization under Continuous Shear

While most FIC investigations first subject the PLA melt to a shear
flow and then observe the crystallization behavior and resulting
morphology after the cessation of flow, PLA will also crystallize under
a continuous shear flow. Yang and coworkers used an optical shear cell
to first melt PLA to 200°C before cooling to 110°C, where the melt was
then subject to a shear rate of 0.16 s' for 1500 seconds, or until
crystallization was complete [59]. This continuous-shearing study was
monitored by wide angle WAXD and POM. Results showed that both
shish-kebabs and cylindrically stacked lamellae could form, survive and
grow under flow provided the shear rate exceeded a critical rate. Weak
continuous shear flow yielded more crystallinity while high shear rates
reduced ultimate crystallinity.

Flow Induced Crystallization of Stereocomplex PLA

As described in section “Stereocomplex Crystallization”, the SC of
the L-isomer and D-isomer poly (lactic acid) co-crystallizing yields a
SC crystalline structure that melts about 50 K higher than that of the
PLLA homocrystal. The higher melting point of the SC crystal is of
interest for commercial PLA formulations, because the ratio and
microstructure of SC can be tailored to result in bulk properties
competitive to traditional engineering thermoplastics. Because most
engineering thermoplastics undergo some type of melt processing prior
in the manufacture of industrial and consumer parts, the FIC of
stereocomplex PLA has gained interest in recent years [60].

Pan and coworkers determined that in the absence of shear, the
kinetics of HC formation, either L/L. or D/D homocrystallization, are
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more favorable than the formation of the SC crystal phase. However,
several researchers have confirmed that shear flow increases the amount
of SC crystal that forms in a PDLA/PLLA mixture [17]. In order to form
SC crystals from the melt, D- and L- chains must at least partially mix
and segments of D- and L- chains must align prior to crystallization, and
a shearing promotes this phase mixing [61]. Bojda established that, for
identical shearing conditions, PLA with 2.8% PDLA content crystallizes
at a higher crystallization temperature upon cooling than does PLA with
only 1.5% PDLA content, but during slow cooling both blends result in
the same crystalline content[62]. Bai and coworkers determined the role
of SC in the PLA melt by preparing a series of blends with increasing
D-content. They discovered that, in low frequency melt behaviors of the
blends, the slope of the storage modulus curve decreases with increasing
D- content, indicating a slower relaxation of the melt with increasing D-
content because the SC phase restrains the long-range motion of the
PLLA chains in the melt [17].

To promote crystallization in the mixed phase, both increasing shear
and decreasing the shearing temperature act to reduce chain mobility.
Importantly, the molecular weights of both the PLLA and PDLA
components drive the miscibility of the polymer blend in the melt, with
blends displaying multiple melting peaks when molecular weights
ranged from 23 — 50 kg/mol, but single melting behaviors if the PLLA
and PLDA were of lower molecular weights. This is likely due to short
chains in the melt having sufficient mobility to form SC, while longer
chains are hampered by entanglement [63]. Song and coworkers studied
equimolar blends of PDLA and PLLA to also determine that increasing
shear rate prior to crystallization led to an increase in SC content [23].
As SC content increases, the a-crystal content formed by PLLA
decreases accordingly. As confirmed by several researchers, the
increased rate of crystallization is largely due to an increased number of
SC nuclei that form under flow conditions. The increase in nucleation
can be easily observed in the crystallized samples formed after flow,
which contain many more and smaller spherulites relative to their
quiescently-crystallized counterparts [60]. Increasing the pressure of a
crystallizing PLA blend, however, promotes HC formation while
suppressing SC formation, due to the reduced free volume of the melt
[64].
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Ultimately, the microstructure that results from flow-induced
crystallization of PLA is a function of the material properties, shearing
conditions, and crystallization temperature. One must exercise attention
to detail when comparing results from the numerous studies in the
literature, because a wide variety of conditions are reported for
experimental setup. For example, both Bai and Xie studied the
microstructure formed after flow-induced crystallization of similar
PLLA/PDLA blends [17,44]. Though both examined the microstructure
after crystallization in the range of 160 °C, one study sheared the PLA
at 100 s for one second, while the second study sheared the PLA at 1 s
! for 10 seconds. The sample experiencing the higher shear rate (but
shorter duration) formed shish-kebab, anisotropic microstructure while
the material experiencing the lower shear rate for a longer time interval
formed many small spherulites. In order to fully promote the formation
of the SC phase, Xu and coworkers pulled a glass fiber through the melt
above the melting temperature of the HC, but below the melting
temperature of the SC [65]. This technique enables the selective FIC of
the stereocomplex under conditions which eliminate the possibility of
HC forming. Physical testing after solidification revealed that the pull-
out strength of the glass fiber embedded into the SC PLA was more than
three times higher than a similar fiber embedded in an HC-rich,
quiescently-crystallized sample of the same PLA.

Effects of Molecular weight and chain branching

Although, as mentioned above, under quiescent condition the
molecular weight has a significant effect on the crystallization kinetics
of PLA, the studies concerning this property on the flow induced
crystallization are rare.

A.Jalali et al. [8] investigated the effect of shear rate and shear strain
on the crystallization kinetics of PLA. They obtained two materials
having the same D-LA content but a lower molecular weight than the
starting sample by a hydrolysis procedure.

They found that the crystallization induction time decreased upon
increasing the MW in the presence of the shear flow. This was ascribed
to a longer relaxation time. They also found that shear flow promoted
the formation of the a-phase at elevated temperature, 130° C, for all
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different molecular weights. Furthermore, it was found that shear
promoted the formation of the alpha phase below 100° C, namely at
temperatures where the samples crystallized in quiescent conditions
only showed the formation of the a’- phase. Finally, it was observed that
shear induced the formation of cylindrite morphology only in high
molecular weight PLA, whereas spherulitic morphology were
developed for the low and medium molecular weight PLA in the same
conditions.

Apart from the average molecular weight, the importance of the high
molecular mass tails in polymer melt on the formation of oriented,
anisotropic structures was pointed out by several researchers. For linear
PLA a fast relaxation after shear takes place, which reduces the
efficiency of shear flow in altering the nucleation ability and crystalline
morphology. High molecular weight tails increase the relaxation time
and thus drastically enhance the crystallization kinetics and the
formation of the shish-kebab structure. Fang et al. [15] analyzed the
effects of long chain branching, LCB, on the nucleation density
enhancements and crystalline morphological evolution for shear-
induced crystallization of PLA under isothermal conditions. They
showed that LCB PLA crystallized much faster than linear PLA under
the same shear conditions. In-situ POM observations demonstrated the
LCB PLA not only presented a larger nucleation density for the same
shear time, but also formed shish-kebab structures after being sheared
for the sufficiently longer time.

Effects of fillers and nucleating agents

In many processes, deformation rates are applied on a PLLA melt
containing nucleating agents. Many studies conducted on several
polymers concluded that the contribution of nucleating agents and flow
to nucleation density is often additive but can be synergistic.

Among nucleating agents for PLLA, the most common is talc [58].
Refaa et al. [66] investigated the effect of shear flow on pure PLA and
on PLA with Swt% of talc, evidencing a synergistic effect.

Though FIC of stereocomplex PLA phase has been discussed, the SC
phase should also be highlighted as a true nucleating moiety for PLA
crystallization. Wei et al. [67] investigated the crystallization behavior
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of a PLLA/PDLA blend (99/1wt/wt) under shear to explore the
combined effect of shear and stereocomplex crystallites on the
crystallization rate of PLLA. As mentioned above, stereocomplex is
probably the most efficient nucleating agent for PLA. Also in this case,
the results showed that the crystallization rate of PLLA was
synergistically accelerated by SC crystallites and shear. The authors
ascribed this effect to a much slower relaxation behavior of
PLLA/PDLA blend with respect to neat PLLA, possibly due to the
crosslinking effect of SC crystallites.

Yin et al. [68] investigated the orientation and crystallization of PLLA
combining the effect of nucleating agents and mechanical stretching.
They combined both talc and stereocomplex. In particular, they used talc
(1 wt%), PDLA (5 wt%) and also a combination of the two (1% of
talc+5% of PDLA). During continuous uniaxial stretching at 75°C with
a low stretching speed, nucleating agents remarkably enhance the
crystallization of PLLA. It was found that the effect of the nucleating
agents is dependent on the mechanically applied strain. At small strain,
the crystallization of PLLA is remarkably enhanced by the nucleating
agents. While at higher strain, the effect of the nucleating agents is
obscured by the dominant effect of the strain-induced orientation on the
crystallization of PLLA. The results are summarized in Figures 8 and 9.
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Figure 8 Development of a crystal in neat and nucleated PLLA as a function of engineering
strain during uniaxial stretching at 75 °C. The stretching speed was 0.0125/s [68] Copyright 2015,
Elsevier.
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Figure 9 Variation of a crystal in neat and nucleated PLLA as a function of time during
isothermal process at 75°C after step-stretching to 200% (A) and 500% (B), respectively [68].
Copyright 2015, Elsevier.

Tang et al. [69] considered the simultaneous effect of shear flow and
Carbon Nanotubes (CNT), another quite effective nucleating agent for
PLA [70]. The results show more than an additive effect of CNTs and
shear flow on enhancing crystallization of PLA in nonisothermal
conditions.

The synergic effect was attributed to the extra nucleating sites
produced by the interplay of shear flow and CNTs. The authors ascribed
the origin of these extra sites to the anchoring effect of CNTs on shear-
induced crystallization of PLA and suppressing effect of CNTs on the
relaxation of shear-induced nuclei. By using oscillatory shear injection-
molding technique on samples loaded with 0.1wt% of CNTs, the authors
obtained samples with a crystallinity degree of more than 20% in the
whole thickness, whereas the samples made of pure PLA presented a
percentage of about 15% at the skin and were essentially amorphous in
the core (Figure 10).
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Figure 10 Crystallinity in different positions (as indicated in the left figure — measures in mm)

for samples made by Conventional Injection Molding (CIM) and oscillatory shear injection-
molding (OSIM) with and without CNT [69]. Copyright 2012, American Chemical Society.

Different results are reported by Xie et al. [71], who studied the
crystallinity distribution in molded PLLA samples containing 0.05% of
CNT and in molded PLLA samples containing 5% of SC, and noticed
that the promoting effect on crystallization of PLLA by intense shear
flow was so significant that the nucleation effect of nucleating agents
CNT and SC could be neglected. On the contrary, the addition of
nucleating agent resulted in a decreased crystallinity of PLLA at high
mold temperature (higher than Tg). This result was ascribed to the
spatial restriction of the chain segment folding into the lattice and
formation of less perfect crystals.

A synergistic effect of CNT and deformation was assessed in
extensional flow by Li et al. [72]. By applying intense extensional flow
on PLA melt containing 0.3wt% of CNT, they obtained two types of
special aligned crystalline microstructures (shish): homogeneous
crystalline fibrils only consisting of PLA extended chains; hybrid
crystalline fibrils characterized by CNTs coated with PLA extended
chain as depicted in Figure 11.
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FIC in PLA processing

PLLA can be processed by most of the conventional techniques for
thermoplastics [73, 74]. The change imparted to PLLA during melt
processing is more than simply creating the net shape of a PLLA part.
Changes imparted by melt flow, including chain orientation,
crystallization and degradation, may result in substantial changes to
mechanical properties. In 2010, Carrasco and coworkers detailed both
the chain degradation and the improvement in mechanical properties
that were attributed to injection molding and annealing a PLA with
4.25% D content [75]. Simply injection molding the PLA did not induce
crystallization because of the fast cooling time, but it did allow for PLA
chains to orient and then crystallize in a subsequent annealing step. The
impressive property improvements induced by crystallization during
annealing are shown in Table 3.
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Table 3. Mechanical properties of injection molded tensile bars produced from PLA containing
4.25% D content, as molded and after annealing [75].

As Injection Molded | Post-Annealing
% Crystallinity <1% 33%
Youngs modulus (E) (GPa) 3.7 4.1
Yield strength (o, ) (MPa) 65.6 754
Elongation at break (%) 4.0 2.5

Like most studies reported in the literature, Carrasco and coworkers
did not directly discuss or quantify FIC as a driving force for crystalline
development in the samples described above. However, the high flow
rate and resulting polymer orientation inherent in the injection molding
process provide optimal conditions for FIC to occur, and the mechanical
property results indicate that the annealing process was very efficient
after melt flow, orientation and solidification. Therefore, in the
following we review the studies reporting processing techniques that
show evidence of flow-induced crystallization.

Injection molding and related processes

Considering the fast cooling rates involved in injection molding,
PLLA should not crystallize at all if just the quiescent crystallization
kinetics are considered. Despite of this, several literature works report
non-negligible crystallinity degrees in injection molded PLLA parts.
Gosh et al. [76] for instance, obtained injection molded samples of a
PLLA homopolymer in several different molding conditions (according
to a design of experiments array) and found a non-negligible overall
crystallinity degree (up to about 6%) in the 2mm thick samples. They
observed that this crystallinity content increased on increased the
maximum shear stress, clearly evidenced a phenomenon of flow-
induced crystallization. This observation is consistent with the results
reported in the paper by Tang et al. [69] mentioned above: the authors
observe that in injection molded parts the skin region is more crystalline
than the core, which can be justified only by an effect of flow-induced
crystallization since the cooling rates are higher at the skin and lower at
the core.
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It is important to note that for PLLA grades with significant amount
of D-lactide, injection molded parts are reported to be amorphous [77],
and only special molding protocols can provide crystalline samples [78,
79]. This suggests that the enhancement effect on crystallization due to
flow could be not enough to compensate the high cooling rates.

In order to obtain molded samples with a higher degree of
crystallization, some variants of the conventional injection molding
(CIM) were applied to PLA. The shear-controlled orientation injection
molding (SCORIM) technique is based on a device that is attached to
the injection nozzle and is composed of a hot runner circuit that divides
the melt stream into two channels where two hydraulically actuated
pistons are operated during the holding pressure stage. Compared to
CIM, where the molten material solidifies under the influence of an
almost static pressure, in SCORIM the polymer melt is continuously
displaced inside the mold cavity by the action of the hydraulic pistons.
This causes, as the solidification takes place progressively from the skin
to core regions, a continuous shear imposed to the melt, with a
considerable enhancement of flow-induced crystallization effects.

Altpeter et al. [80] compared the results obtained in terms of
crystallinity in PLLA samples molded with CIM and SCORIM. They
found that the degree of crystallinity was higher than 20% for the
SCORIM and about 5% for the conventional sample. They also found
that the crystalline structure of SCORIM processed moldings were
highly oriented.

The authors also report optical images of the molded samples
(reproduced in Figure 12), from which it is clear that samples obtained
by CIM are transparent, whereas samples obtained by SCORIM present
an opaque skin layer due to a significant crystalline degree.
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Figure 12. Optical images of samples obtained by Conventional Injection Molding (CIM) and
SCORIM (adapted from [80]). Copyright 2004, Springer Nature.

Ghosh et al [81] analyzed the effect of several processing conditions
on SCORIM, and compared the results with CIM. Concerning the
morphology, the authors noticed that the samples obtained by SCORIM
presented a core-free morphology, in contrast to the skin-core
morphology of CIM. The extent of core-fibrillation increased with
shearing time. The authors noticed that all the SCORIM processed
PLLA exhibited higher toughness and higher maximum stress compared
with CIM processed PLLA.

Another technique based on SCORIM is the so-called oscillatory
shear injection molding (OSIM). Similarly, to SCORIM, in OSIM there
are two hydraulically actuated pistons to generate a shear stress field
during the cooling solidification of melt in the cavity. Contrasting to
SCORIM where the multi-piston oscillating packing unit is an
independent device, in OPIM a hot runner system is adopted, combined
to a double live-feed device to injection molding machine. This greatly
improves the SCORIM device.

Xie et al. [71] measured the crystallinity profile inside PLLA (D-
Lactide content 0.4wt%) samples obtained by CIM and OSIM. They
observed that, with a mold temperature of 40°C, in CIM the samples
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were completely amorphous whereas in OSIM the crystallinity degree
was as high as 40% up to about 500 micron from the skin (the core was
amorphous). The authors found an increase of the Vicat softening
temperature in the OSIM processed samples. Similar results are also
reported by Sang et al. [82], who also noticed an improvement of
Young’s modulus and tensile strength in OSIM processed samples with
respect to CIM processed samples.

Foam injection molding

Foam injection molding is a process to make parts having better
dimensional stability with less material and a faster production cycle
with respect to the conventional injection molding process. A physical
blowing agent mixed with the polymer melt allows the reduction of the
processing temperatures due to its plasticization effect that reduces the
melt viscosity. This is a great advantage for the processing of PLA, well-
known for its thermal sensibility and narrow processing window.

The dissolution of both CO, [83, 84] and N, [85] in PLA enhances the
crystallization kinetics in quiescent conditions. It is reported in the
literature [86, 87], that the presence of CO, and biaxial stretching during
foaming can both significantly increase the PLA crystallization rate, so
that detectable crystallization content (approximately 10%) are found in
foam injection molded parts [10], despite the fast cooling rates
experienced by the material during processing.

Extrusion-casting

A study of the effect of flow rate during extrusion was conducted by
Tabatabei and Park [84]. They found that the PLA crystallization during
extrusion could be promoted by flow at a temperature higher than the
melting point.

Biaxially stretching extruded films were proved to be an effective
method to develop the final crystallinity of PLA. Yu et al. [88] reported
that stretching of a melt drawn PLA film induces crystallization. Ching-
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Chun Tsai et al. [89] also report a study on the effect of stress-induced
nucleation on the crystallization behavior of films of PLA.

Houichi et al [90] carried out a study on the crystallization kinetics
and spherulitic morphology of poly (lactic acid) induced by casting
process. They found that that the rate of cold crystallization was sharply
increased with draw ratio.

Melt spinning

The deformation rates during melt spinning are very high, and thus it
is expected that flow-induced crystallization plays a significant role
during this process. Several studies about the PLA melt-spinning
process showed that the crystallinity considerably increased on
increasing the melt-draw ratio (MDR) [91]. Cicero et al. [45] and Fambri
et al [92] found an increase of crystallinity (from 0% to 51%) either on
increasing the draw ratio or on decreasing the draw temperature.

Shim et al [93] analyzed the effects of a spinning speed in the range
1000-4000 m/min on a PLLA with 2wt% D-content. They found a linear
increase of crystallinity with the speed, until a value of 25% at
4000m/min). Similar results were found by Schmack et al. [91] adopting
a PLA with a lower content of L-lactide (92wt%).

Hossain et al [94] related the crystallinity of the spun fiber to the
diameter of the fiber. They found a significant increase of crystallinity,
and of the crystal size of the fiber, on decreasing the fiber diameter, and
on increasing the orientation.

Additive | Fused Filament Deposition Modeling

At present, PLA represents one of the most common materials used for
the Fused Filament Deposition Modeling type of additive
manufacturing. In this technique, a solid filament of PLA is fed through
a small heated extruder head, which laterally traverses a solid surface
while the molten polymer is “pushed” out of the extruder nozzle and
deposited on the build surface. While the nozzle diameter is constant,
several process parameters can be modified that logically influence the
crystallization of PLA after printing. Specifically, melt temperature,
printing speed, and the temperature of the build plate dictate the

32



viscosity, cooling rate, and shear rate experienced by the PLA during
printing. Therefore, it is logical that FIC may occur if the thermal and
flow conditions of the printing process are properly manipulated.

Indications in this directions were recently found by applying in-situ
Ra- man spectroscopy to Fused Filament Deposition experiments
conducted with a polycaprolactone [95]. Mcllroy and Graham [96]
made an attempt to model polymer stretch and orientation during typical
non-isothermal Fused Filament Fabrication flow, and to determine the
conditions under which flow-enhanced nucleation can occur due to
residual stretch. To date, however, no results have been reported that
calculate the development of specific work for PLA during the printing
process and therefore no direct evidence exists as such.

However, several studies have confirmed the relationship between
PLA printing conditions and final printed part properties. Though
several different grades of PLA were used for the various investigations,
results consistently suggest that minimizing the printed layer height
frequently results in the highest tensile properties of a printed part [97].
While the print pattern also drives stress propagation during tensile or
torsional deformation, the importance of developing crystallinity in
printed PLA is beginning to emerge. Layer height and build plate
temperature have proven to be important variable that influence the
development of PLA crystallinity. While not defined as “FIC” in the
literature, the results of Gardner and coworkers certainly fit the
description of FIC [98]. When printing PLA, they discovered that, if all
other variables are held constant and the build plate was held at high
temperature (160 °C), a 0.2 mm layer height contained more, smaller
spherulites than the sample produced with a 0.4 mm layer height. This
PLA printed in a 0.2 mm layer height would be, all else the same, subject
to higher shear rate than the 0.4 mm counterpart, resulting in an
increased nucleation density and ultimate higher percentage of
crystalline content, both indicative of FIC. Similarly, Chacén and
coworkers found that a thin printed layer thickness combined with a high
feed rate are recommended for optimal strength and stiffness [99].
However, the development of good interfacial strength between the
printed layers and the resulting interfacial mechanical property
development may suffer with increasing PLA crystallization. In a
subsequent study, Wang and Gardner [98] confirmed that, as a result of
PLA densification due to crystallization at the interface, voids form that

33



ultimately decrease interfacial strength. This serves as a good reminder
that one must consider the future mechanical loading of a printed part
and design the printing strategy accordingly, maximizing tensile
strength in the direction of printing in the anticipation of tensile loading,
and maximizing interfacial strength if torsional loads are expected.

Conclusions

The enhancing effect of flow field on the crystallization kinetics of
PLLA has been assessed by several literature works. This phenomenon
is obviously extremely significant for engineering applications, which
require the melt processing of PLA to produce final parts and demand
increasingly custom property profiles, often with the goal of maximizing
mechanical properties or controlling the degradation rate of the final
thermoplastic product. The state of the art suggests that to achieve a high
degree of control and precision, the influence of the PLA properties such
as isomer content, molecular weight, and branching must be considered
to design proper melt processing conditions that result in controlled
flow-induced crystallization and, ultimately, predictable PLA
microstructure. In spite of all these studies, all the effects remain
phenomenological, and a comprehensive and systematic understanding
is not yet complete. Therefore, ongoing studies must continue to develop
these complex relationships before engineering predictable PLA
microstructure development becomes commonplace.
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