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Abstract Polymer applications range from biomedical devices and structures,

packaging, or toys to automotive and industrial items. So far, biopolymers could

replace commodity polymers in a variety of products, especially for biomedical

applications or food packaging. One of the most used and widely studied bio-

polymers is poly(lactic acid) (PLA). To generate new application fields and provide

a broader application of PLA, research on processing behavior is still required. This

chapter covers the processing relevant behavior of PLA and processing conditions

for extrusion melt spinning, injection molding, and additive manufacturing. The

processing-related behavior is compared to that of commodity polymers. The aim is

to provide an overview of the state of the art and some recent new developments in

this research field.
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1 Poly(lactic Acid) and Its Processing-Related Behavior

1.1 Introduction

Biopolymers (bio-based and/or biodegradable) such as poly(lactic acid) (PLA) are

processed and used in the same way as petrochemical-derived polymer materials

[1–3]. Morphology development during processing and its correlation with final

product properties, together with sketchy long-term behavior, keeps these materials

from accelerated market growth [3]. PLA is one of the best known and best

understood bio-based materials. Its biocompatibility, biodegradation, and

non-toxic behavior makes this material attractive for use as structural parts and

also as a functional polymer, for example as an additive in paper materials,

adhesives, coatings, thickening agent, flocculants, and concrete agent [1, 2]. In

this chapter the processes for manufacturing structural parts and several specific

strategies to improve the “structure-process-property” relationship are described.

1.2 Poly(lactic Acid)

The lactic acid monomer for PLA exists in two optically active configurations,

namely L-lactic acid and D-lactic acid. Depending on the monomers used and the

synthesis reaction conditions, it is possible to control the L-to-D ratio of the final

polymer. Therefore, different grades of PLA are available on the market, such as

pure poly-L-lactic acid (PLLA), poly-D-lactic acid (PDLA), or PLA with variation

of the D content. There are three possible paths for polymerization of lactic acid:

direct condensation polymerization, direct poly-condensation in an azeotropic

solution, and polymerization through lactic acid formation [4]. As with conven-

tional polymers, a high degree of polymerization and increasing crystallinity lead to

an increase in strength, elastic modulus, glass transition temperature (Tg), and melt

temperature [5]. According to process parameters, a recrystallization step for the
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PLA is set to improve stability against water absorption. In crystalline form, PLA

has better chemical stability, and the water resistance and speed of biodegradability

are less than for amorphous PLA [5].

Neat PLA shows the following technical properties:

• High Young’s modulus

• High scratch resistance

• High transparency

• Certified compostability

• Good printability

• Heat sealability

• High hydrophilicity

• Brittle, low impact strength

• Low heat resistance

To improve the properties and processing behavior of PLA, it is usually

compounded and/or blended by the use of different additive packages and fillers.

Polymer blends are in general classified into thermodynamically miscible or

immiscible blends. Immiscible blends show phase separation and form multiphase

structures. Depending on the degree of phase separation of two immiscible poly-

mers, the morphology shows (1) discrete phase-like droplets in the matrix or (2) a

bi-continuous phase (co-continuous, matrix-fibrillar structures). From the view-

point of polymer composites, these structures are in situ reinforced polymer-

polymer composites or micro-/nanofibrillar composites [6]. Under certain condi-

tions, the micro- and nanofibrillar structures can be formed during melt processing.

Because of the highly hydrophilic behavior of PLA it is recommended that the

material be dried before processing. The value of moisture should be less than

0.01 wt% of the total weight to minimize the risk of molecular degradation during

processing. For this, PLA resins are packed using moisture-resistant foil liners. The

drying condition depends on temperature, time, air flow rate, and dew point. A

range of 80–100�C for 4–2 h is recommended for crystalline types. Drying condi-

tions are given in the data sheets of the materials from the manufacturer [4, 7–9].

Some studies of the processing of biomaterials have already been summarized [1–

3]. Many academic results exist, and some knowledge has been transferred into

industrial applications. Nevertheless, themarket growth rate will dynamically increase

further in the light of new technology developments (such as in additivemanufacturing

[AM],melt spinning, and injectionmolding).A strong driving force is the possibility of

controlling structure, especially morphology design, within the product [2, 5, 10–15].

1.3 Processing-Related Behavior of PLA

To understand processing behavior, knowledge of the rheological, thermal, and

thermodynamic (pressure-volume-temperature [pvT]) properties of PLA is impor-

tant [1]. The crystallization behavior of PLA was studied in several investigations
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[16–22]. Consequently, the thermal behavior, melting, and crystallization under

processing conditions are discussed in detail in the following section. Only a few

studies are available regarding rheology and pvT behavior [12, 23, 24], and these

are discussed later in Sects. 1.3.2 and 1.3.3.

1.3.1 Thermal Behavior

A typical method to determine thermal properties of polymer materials is differential

scanning calorimetry (DSC) [25, 26]. During measurement the sample and a refer-

ence are heated and cooled with defined heating and cooling rates, respectively. The

differential heat flow is measured, which is proportional to the thermodynamic

transformation during melting or crystallization. In contrast to semi-crystalline poly-

mers, for amorphous polymers only Tg can be established. Semi-crystalline polymers

show characteristic melting and crystallization behaviors, which, depending on their

molecular structure, result in the formation of a detectable heat flow peak. From these

peaks the melt and crystallization temperature can be determined. The results can be

used to calculate the degree of crystallinity depending on the cooling rate, the

crystallization growth rate, and the crystallization temperature. Altogether, these

data are important for choosing the right process parameters.

Investigations by Iannace et al. [17] on the isothermal crystallization behavior of

PLA have shown that the crystallization growth rate has a maximum which depends

on the isothermal crystallization temperature. During these studies, PLA was melted

at 200�C for 2 min, cooled down to defined temperatures (90, 110, and 130�C), and
then crystallized for 30 min at these temperatures. Following the crystallization, the

samples were heated again to 200�C at 10�C/min and the heat flow was measured

simultaneously. The influence of cooling condition (cooling rate) was not given.

They [17] concluded that the crystallization rate shows a maximum around 105�C
and that high undercooling leads to incomplete crystallization. Upon reheating,

exothermic crystallization behavior occurs close to the melting point. The presence

of amorphous fractions, which do not relax at Tg, was observed. Below 110�C the

number of amorphous regions was higher than above 110�C, which means that a

regime transition occurs. Similar conclusions were also made in [19, 20]. The crys-

tallization behavior of PLLA using DSC measurements to determine isothermal and

non-isothermal thermodynamic behavior was investigated. They reported a discon-

tinuity in crystallization growth at around 116–118�C, resulting in a bell-shaped

curve for crystallization growth rate as a function of crystallization temperature. This

is shown in Fig. 1, where Tb is the boundary temperature between the low- and high-

temperature ranges [20]. The results indicate a difference in the crystallization

mechanism between the high and the low temperature values caused by different

crystal modifications, which have been reported in various studies [18, 27–29]. Inves-

tigations byMiyata [18] have also shown that the crystallization growth rate increases

with decreasing average molar mass, MW [30].

Figure 2 shows the heating curves of PLLA with varying processing history.

PLLA was injection molded into a cold mold, which promotes fast cooling
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especially on the surface of the molded part. After ejection, the molded parts were

optically amorphous and some parts were annealed at 100�C for 24 h. From all

injection molded samples, DSC measurements were carried out using a heating and

cooling rate of 10�C/min. A cold crystallization peak around 100�C was observed

during heating, indicating that macromolecular chains are frozen in their orientation

because of the rapid cooling during injection molding. These frozen molecular

chains are able to relax and crystallize at temperatures higher than Tg (Tg ¼ 60�C).

Fig. 1 Bell-shaped crystallization growth curves as a function of isothermal crystallization

temperature: (left) PLA [according to 20] compared to PA6 [according to 31]; (right) PLA varying

in the molecular mass [according to 18] (modified with permission of Elsevier and AIP)

Fig. 2 Heating curves from PLLA after processing. Heating rate 10�C/min and using normal

DSC. (Data source: Leibniz-Institut für Polymerforschung Dresden e. V.)
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Annealing after injection molding occurs with the disappearance of the cold

crystallization peak, indicating that the formation of crystallites takes place during

this annealing time.

During injection molding, cooling rates of more than 1,000�C/s at the polymer/

mold interface can occur. To simulate these high cooling rates, fast scanning

calorimetry could be used, as is shown in literature for PLLA [32, 33], as well as

for other polymers [34, 35].

1.3.2 Flow Behavior

To determine the flow behavior of polymers, the relationship between shear stress

and shear rate can be established using rheometers, such as rotational and capillary

rheometers [36]. During these measurements, shear strain is induced to determine

the viscosity at different temperatures.

Figure 3 shows the influence of shear rate on the viscosity of different PLA types

at their average processing temperature (left image) and of PLA 3251D as a function
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of the temperature (right image). As can be seen, the different types of PLA show

different rheological behavior because of their molecular structure. With an increase

in temperature (right), the free volume between the molecular chains increases and

the intra-molecular friction decreases. This behavior results in the lowering of the

viscosity. It is also known that an increase in molecular weight occurs in a shift of the

shear rate independent plateau to higher viscosity values [37].

1.3.3 pvT Behavior

pvT measurements are used to describe the thermodynamic behavior of the specific

volume, v, as a function of pressure, p, and temperature, T. The data are used to

evaluate the processing parameters, especially for injection molding. However, the

measurements are carried out using slow heating, and cooling rates are therefore far

from real processing conditions.

Amorphous and semi-crystalline polymers show different thermodynamic behav-

ior as shown in Fig. 4. The pvT diagrams show the thermal expansion and specific

thermal transitions of polymers [23, 24]. Amorphous polymers such as polycarbonate

or polymethylmethacrylate show primary glass transition, Tg, behavior, where Tg is
clearly the temperature where the polymer changes from solid to molten state. For

semi-crystalline polymers the behavior is different and the pvT diagrams show a

transition area in which the polymers maintain structural continuity up to the tem-

perature where the crystals melt. As can be seen in Fig. 4, for PLLA this transition

area only occurs at low pressure. However, it is important to note that the cooling

rates during these measurements are very slow (1�C/min). During cooling at high

pressure the curve shape assumes a more and more amorphous character, which

means that the material becomes solid before crystallization takes place.

To visualize the process-material relation, the pvT diagram can be used. In this

diagram the thermodynamic changes of the thermoplastic material and the process

data of average part temperature together with the pressure development taken from

in-mold pressure measurements during the injection process can be correlated.

Finally, all previously discussed material data are basically necessary to reach the

optimal process window for the required product properties.

Processing of Poly(lactic Acid) 7



2 Insights into the Processing of PLA

2.1 Extrusion

The extrusion process is characterized by the continuous melting, conveying, and

discharge of plastic materials through a die. Therefore the typical single screw is

divided into feed, transition, and metering sections as shown in Fig. 5. Process
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8 I. Kühnert et al.



relevant screw parameters are the L/D ratio and the compression ratio. The L/D

ratio is the ratio of flight length to the outer diameter of the screw. The compression

ratio is defined as the ratio between the flight depth in the feed section and in the

metering section. For PLA, L/D ratios of 24–30 and compression ratios of 2–3 are

recommended [38–40].

The plasticizing of PLA starts at the conveying zone with movement of the

polymer pellets or powders from the hopper to the screw channel. Inside the

channel the rotating screw transports the compacted material down the channel,

and the material is sheared and pushed against the barrel wall. Because of the

friction during transport through the transition zone, the material melts. Heat bands

are wrapped around the outside of the barrel. The thermal energy from the heater

combined with frictional heat from the material transport leads to temperatures

above the melting point of the PLA (TM ¼ 170–180�C) [1]. The temperature of the

heater is usually set to 200–210�C [1] to ensure the deletion of thermal history of

the material and that no crystalline structures remain. The size of the solid bed

shrinks during the melting of material and a melt pool is formed. After the transition

zone, the melt passes into the metering zone, where sufficient pressure is generated

to pump the material through the die [1, 41].

Extrusion is used as a shaping process in blow molding and film blowing

processes, in which the melt is discharged through a special shaped die. For these

processes, a high melt stiffness is required to ensure film stability and a continuous

process cycle. In the case of PLA, the melt strength is low and needs to be improved

to enlarge the processing window and application field. Therefore, during the last

few years, several possibilities have been reported to enhance the melt properties of

PLA, dealing primarily with chain modification of PLA [42–48]. Furthermore, the

extrusion process plays an important role as plasticizing unit for melt spinning [49–

54] and injection molding [5, 55–61].

Fig. 5 Extrusion single screw plasticizing unit scheme. (Data source: Leibniz-Institut für
Polymerforschung Dresden e. V.)
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2.2 Melt Spinning

2.2.1 Introduction

Melt spun PLA fibers from renewable sources are in many cases an alternative for

replacement of petroleum-based synthetic fibers, although the requirements regard-

ing thermal stability and rheological flow behavior for the polymeric materials used

for melt spinning are high. Two important advantages of the melt spinning process

are: (1) the process is environmentally friendly because there are no solvents

needed and (2) melt spinning can be done with high productivity, especially by

using the high speed spinning process.

The majority of publications focus on melt spinning of PLA and the best results

were found using PLA with low D content (lower than 2%) [45].

It is known from injection molding dogbone specimens that PLA parts typically

show high brittleness and low elongation at break. However, material processed by a

melt spinning process is quite different. Because of the high deformation rate and

tensile stress within the spinning line, orientation of the polymeric chains occurs and

their crystallization into fibrillary structures is possible. Orientation and crystallization

mechanisms allow the producer to adjust significantly the mechanical properties of

melt spun PLA fibers. Depending on the spinning conditions, the fibers show elonga-

tion at break between 20% (high oriented at maximum possible draw ratio) to 300%

(for low speed spinning without drawing), maximum tenacity (tensile strength) up to

35–40 cN/tex1 (~450–500 MPa), and elastic tensile modulus 2–6 GPa. On account of

similarities between PLA fiber properties and their processing behavior with polyeth-

ylene terephthalate (PET), the PLA can be processed on existing spinning equipment

(filament yarns, staple fibers, spun-bonded nonwovens) [49].

The first laboratory investigations into PLA fiber spinning were carried out with

low take-up velocities (lower than 10 m/min). Later, high speed spinning and

drawing process conditions were investigated using close to industrial scale

extruder spinning equipment [50]. Today, the global production capacity of PLA

is ~700,000 tons/year [62] and PLA fiber spinning is now a well-established

industrial process.

2.2.2 Properties of PLA Fiber-Grade Pellets

Melt spinning (especially high speed spinning) requires high purity and homoge-

neity in the primary material. PLA materials differ with respect to their D/L-lactic

content, their molecular weight Mw, and their molecular weight/number ratio

(Mw/Mn). Typical values for easily spinnable PLA grades are small content of

D-lactic (<5%), a molecular weight in the range of Mw ¼ 250,000–450,000 g/mol

1tex is the measure of fineness in textiles (linear density), a fiber has the fineness 1 tex when

1,000 m of fiber length weight 1 g: 1 tex ¼ 1 g/1,000 m.

10 I. Kühnert et al.



and a narrow molecular weight distribution (Mw/Mn ¼ 2–2.5). Table 1 shows some

further properties in comparison with other fiber-forming polymers.

To prevent viscosity/molecular weight degradation during melt spinning, a

moisture content of less than 0.005% is recommended. Most drying systems operate

using nitrogen or under vacuum.

2.2.3 Melt Spinning of PLA: Process Parameters

Multifilament yarns can be manufactured using melt spinning equipment as shown

schematically in Fig. 6. The dried PLA pellets (dried, for example, at 120�C under

Table 1 Comparison of properties of PLA resins with other fiber-forming melt-processable

polymers [51]

Property PLA Polypropylene PET Polyamide

Density (g/cm3) 1.26 0.92 1.38 1.14

Tg (
�C) 55–60 (12–20) 90–100 40–45

Melting temperature (�C) 165–180 175 265 214

Moisture content (%) 0.5 – 0.4 4.5

Heat value (kJ/kg) 19,000 40,000 23,000 31,000

Fig. 6 Melt spinning equipment (schematic): (a) spinning floor; (b) winding floor. (1) Container

with polymer pellets, (2) electric motor and drive train, (3) extruder assembly with screw,

(4) spinning head with metering pump (gear pump), (5) spinneret with capillary holes, (6) spinning

chamber with quenching air, (7) spin finish applicator, (8) pairs of (heatable) godets for online

drawing, (9) (high speed) winder. From [52]; corresponds to the melt spinning equipment at

Leibniz-Institut für Polymerforschung Dresden e. V.
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vacuum for 16 h using a drumdryer) are fed under nitrogen atmosphere into the container

(1). Typical dimensions of the extruder screw (3) are 20–40L/D ratio. Theuse of amixing

tip and/or a static mixer can be advantageous for creating a uniform melt temperature.

Typical conditions and parameters for the melt spinning of multifilament PLA yarn

atLeibniz-Institut für PolymerforschungDresdene.V. are describedbelow (seeTable 2).

The extruder zone temperatures and the temperature of the spinning head have to be

adapted to the melting temperature of PLA and to its rheological flow behavior. To

support a stable spinning process, the viscosity of the melt in the spinneret should be in

the range of 100–500 Pas, and the melt pressure should not exceed 50–80 bar.

It is possible to realize the melt spinning procedure with or without an online
drawing step by godets (as seen in Fig. 6) or with an additional offline drawing step
after winding the yarn on bobbins at a separate drawing machine.

2.2.4 Mechanical Properties of Fiber Yarns

Figure 7 shows typical results of the mechanical property, tensile strength, as a

function of elongation, for three different variants of PLA melt spinning with

moderate online drawing. All samples are wound at 3,000 m/min. The values for

elongation at break, maximum tensile strength, and Young’s modulus are in the

ranges of 45–65%, 23–25 cN/tex, and 300–400 MPa, respectively.

An additional offline drawing procedure can be used to improve the yarn’s
mechanical properties. These external drawing steps increase the orientation as

well as the crystallinity of the PLA fiber material, resulting in a reduction of

fineness and higher maximum tensile strength (tenacity), higher elastic modulus

(Young’s modulus), and lower elongation at break. Figure 8 shows the force-

elongation behavior of a PLA filament yarn (125 dtex f6) after an offline drawing

process with different DR. In this case, a maximum tensile strength of ~30 cN/tex

Table 2 Parameters of melt spinning of PLA. (Data source: Leibniz-Institut für
Polymerforschung Dresden e. V.)

Polymer PLA 6002D (NatureWorks® LLC)

Pellets preparation Drying at 80�C, 16 h, vacuum

Extruder screw diameter, L/D-ratio 18 mm, 25

Extruder zone temperatures 25, 180, 200, 230, 235, 235�C
Melt temperature 235�C
Spinning pump, mass throughput 18 g/min

Spinneret, number of holes

Capillary diameter, L/D ratio

12

0.3 mm, 2

Quenching chamber, length

Cooling air: temperature, profile

1.5 m

16�C, 0.25 m/s

Take-up velocity, 1st godet 1,500, 2,000, 3,000 m/min

Draw ratio (online) 1.0–3.0

Temperature of drawing godets 80–120�C
Winding speed 3,000–4,500 m/min

12 I. Kühnert et al.



(ca. 375 MPa), an elongation to break of 20%, and an elastic modulus of ~600 MPa

was reached for the highest DR ¼ 1.55.

The applied tensile stress is one of the most essential variables for the fiber

formation process during the spinning and drawing procedure. The higher the

stress the higher the orientation of the polymer chains, which leads to a higher

degree of crystallization. This in turn normally leads to improved mechanical

properties. However, frozen-in tensions typically cause the thermal shrinkage of

the fiber yarns, which is in most cases unwanted. To optimize yarn properties and

to reduce internal tensile stress, the producers balance the relaxation by thermal

treatment. Figure 9 shows, for example, the shrinkage behavior of a highly

Fig. 7 Tensile strength vs elongation for three different variants of PLA melt spun and online

drawn fiber yarns. Online draw ratios (DR) ¼ 1.6, 1.3 and 1.0 (no drawing, for comparison),

winding speed: 3,000 m/min, yarn fineness 60 dtex f12. (Data source: Leibniz-Institut für
Polymerforschung Dresden e. V. [63])

Fig. 8 Tensile strength vs elongation for three different variants of PLA melt spun and offline

drawn fiber yarns. Basic yarn fineness: 125 dtex f6, offline DR ¼ 1.55, 1.3, and 1.0 (no drawing,

for comparison), fineness after drawing: 97 and 80 dtex f6. (Data source: Leibniz-Institut für
Polymerforschung Dresden e. V. [63])
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oriented PLA fiber yarn before and after an additional thermal treatment

(annealing at 80�C for 1 h).

2.2.5 Filament and Fiber Yarns

Besides mechanical and thermal properties, the number of single filaments and their

fineness are also important for the textile performance of the fibers. Another essential

aspect for properties such as tactility, grip, comfort, pilling propensity, etc., is the

cross-sectional shape of the single filaments. The most common are fibers of circular

cross sections because spinnerets with circular capillary holes are easier to manufac-

ture. Figure 10 schematically shows the cross section areas of melt spun PLA fiber

yarnswith similar total fineness.Although these yarns are similar in their total fineness

and force-elongation characteristics, their tactility and bending is quite different.

For melt spinning of non-circular, profiled, or hollow fibers, custom-built spin-

nerets with capillary holes corresponding to the desired geometry have to be used.

Figure 11 shows examples of profiled capillary holes and Fig. 12 shows the melt

spun PLA fiber yarns from these spinnerets with different cross-sectional shapes.

All single filaments in Fig. 11 have the same fineness of 5 dtex.

The cross-sectional area of the single filaments in Fig. 12 is equal for each

sample; the perimeter and therefore also the fiber surface area increases from left to

right. Another criterion for the deviation of the cross section of profiled fibers from

circular fibers is the so-called “circularity”, C ¼ 4 π A/P2, with A ¼ cross-sectional

area and P ¼ perimeter. Table 3 shows the values for perimeter and circularity for

the different fiber shapes.

It can be seen that the perimeter and therefore the surface area of the cruciform

fibers is about twice as large as those of the circular fibers. Designing the surface

area is an interesting aspect for biomedical applications, for example, for wound

covering or absorbing applications. Besides the mechanical properties, the

Fig. 9 Shrinkage tension (left) and shrinkage (right) vs temperature of different thermal treated PLA

fiber yarns. The shrinkage of the untreated yarn (upper curves) starts at 65�C; the tempered yarn

(lower curves) shows practically no shrinkage. (Fineness: 480 dtex f48, pre-tension: 0.2 cN/tex,

heating rate: 20 K/min). (Data source: Leibniz-Institut für Polymerforschung Dresden e. V. [64])
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Fig. 11 Three different cross-sectional shapes of the capillary holes of the spinneret (trilobal

short, trilobal long, cruciform); bar 200 μm. (Data source: Leibniz-Institut für Polymerforschung

Dresden e. V.)

1

2 4

3

Fig. 10 Comparison of the cross section area ofmelt spun PLAfilament yarnswith different numbers

of single filaments and different filament diameters (schematic). (1) 150 dtex f6 (single filament

diameter 48 μm), (2) 160 dtex f12 (diameter 36 μm), (3) 120 dtex f24 (diameter 22 μm), (4) 120 dtex

f36 (diameter 18 μm). (Data source: Leibniz-Institut für Polymerforschung Dresden e. V.)

Fig. 12 Cross-sectional shapes of PLA fiber yarns spun with spinneret holes from Fig. 10. Total

yarn fineness: 60 dtex f12, single filament fineness: 5 dtex. (a) Circular (for comparison); (b)

trilobal short; (c) trilobal long; (d) cruciform; bar 20 μm. (Data source: Leibniz-Institut für
Polymerforschung Dresden e. V.)
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biocompatible and biodegradable behavior also plays an important role for medical

applications. Tissue engineering based on biocompatible materials is considered as

one alternative approach for cell-seeded, three-dimensional scaffold structures.

Herewith, textile manufacturing allows the fabrication of structures with adapted

mechanical properties based on resorbable and biocompatible PLA fiber materials

with a defined degradation behavior. PLA fibers have therefore been investigated

for several tissue engineering applications, for example, the anterior cruciate

ligament [53, 65, 66]. The challenge is to realize the specific mechanical require-

ments for the ligament structure together with biocompatibility and a guarantee of

high medical standards (e.g., sterilization).

2.2.6 Melt Spinning of PLA Blends, Microfibrillar and Nanofibrillar

Structures

A novel and simple fabrication process for producing biodegradable and biocom-

patible nanofibrillar PLA structures from blends of PLA and poly(vinyl alcohol)

(PVLA) has been developed using the conventional melt spinning method [54, 67,

68]. It was found that the as-spun and drawn PLA/PVLA filaments have sufficient

strength for further processing in various textile processes such as weaving or

knitting. After textile processing, the water soluble PVLA matrix component can

be dissolved and the nanofibrillar PLA structures remain (see Figs. 13 and 14).

To sum up, melt spinning of PLA results in fiber yarns with excellent textile and

environmental properties. There is a wide spectrum for medical applications,

packaging, hygiene products, textile clothing, and houseware. The production

processes of high speed spinning and drawing, staple fiber spinning, and spun-

bonded nonwovens are well established. Composite materials and/or micro- and

nanofibrillar structures can also be produced. However, PLA fibers, so far, have

played a limited role in the textile market with respect to market volume and in

comparison to oil-based materials.

Table 3 Perimeter P and

circularity C of profiled

fibers (see Fig. 11)

Shape of fiber Perimeter (μm) Circularity C (�)

A – circular 71 1.0

B – trilobal small 92 0.61

C – trilobal long 126 0.33

D – cruciform 139 0.26
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2.3 Injection Molding

2.3.1 Introduction

Injection molding is one of the most used processing methods for polymers, and also

for PLA [1–3, 55]. This economic technology plays an important role in the fabrication

of complex parts andmass-produced articles. Themain advantages of injectionmolding

are: (1) the direct route from the raw material to the finished part, (2) no or minor post-

processing, (3) the possibility of fully automated processing, and (4) high reproducibil-

ity and precision. There is no extra injectionmoldingmachine configuration for PLA.A

common plasticizing unitwith a three zone screw tomelt thematerialmainly by friction

heating is used. In the sameway as for all usual thermoplastics, the thermalmanagement

of injectionmoldsworks on the assumption that the cycle has to be as short and effective

Fig. 14 Knitted fabric fromPLA/PVLA30/70 blend (left) and PLAnanofiber scaffold after removing

PVLA matrix (right). (Data source: Leibniz-Institut für Polymerforschung Dresden e. V. [68])

Fig. 13 Melt spinning of nanofibrillar PLA structures from PLA/PVLA blends (schematic)
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as possible. Therefore, the mold is tempered at a low temperature to transfer the heat

away from the cavity and cool the part down rapidly. Cooling rates are controlled by the

ratio between melt and mold temperature, whereby a high cooling rate leads to more

characteristic skin-core-like morphology, as is well known from semi-crystalline mate-

rials. The skin has a small crystalline morphology that seems amorphous viewed under

an optical microscope. In the core the morphology is formed with larger crystalline

structures such as spherulites because of the longer remaining time under heat [69].

2.3.2 Influence of Processing Conditions on Structure-Properties

Behavior

Injection Molding Process

The injection molding process is divided mainly into eight steps as shown in Fig. 15

[41, 69]. An injection cycle starts with the closing of the mold. In the next step the

thermoplastic polymermelt is injected into themold cavity that is tempered far below the

solidification temperature of the polymer. To achieve the filling of the cavity, the screw

moves forward until it has moved the required volume of material. During injection the

molecular chains are oriented in the flow field by elongational and shear stresses, which

lead to specific structure-property effects. After the filling procedure, a holding pressure

ismaintained to compensate formaterial shrinkage until thematerial in the gate solidifies

and no additional melt can be pushed into the cavity. The shrinkage is enhanced by the

Fig. 15 Scheme of the injection molding process cycle. (Data source: Leibniz-Institut für
Polymerforschung Dresden e. V.)
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cooling process of polymer materials, in particular when crystallization occurs and the

density increases rapidly. After the holding pressure is applied, the part further cools

down in the mold and the screw turns back, conveying and melting the material for the

following shot.When the injectionmolded part is sufficiently cooled, themold opens and

themolded part can be ejected. Thewhole cycle time is calculated from themold closing

until the ejection of themold part, with the cooling step taking upmost of the cycle time.

Crystalline Morphology and Properties

During the injection molding process, the morphology and the thermal and mechan-

ical properties of PLA are influenced by the processing parameters. Important

processing parameters are melt temperature (Tm), mold temperature (TW), injection
flow rate (Qinj), holding pressure (Ph), and resulting parameters such as maximum

shear rate ( _γ ) and shear stress (τW).
The influence of different parameter settings has already been investigated for

PLA amongst others [3, 13, 14, 55–57]. In these studies, morphological characteriza-

tion techniques such as the hot recoverable strain test (HR) to determine the initial level

of molecular orientation in molded samples, and differential scanning calorimetry

(DSC) to determine the crystallinity degree XC in injection molded parts were used.

The HR describes the difference between the sample dimension before and after

thermal treatment. Figure 16 gives an overview of the results and the processing-

Fig. 16 Overview of processing-property relationships in injection molded PLLA [55]. (a)

Maximum shear rate _γ as function of the injection flow rate QInj and processing melt temperature

Tm. (b) Maximum shear stress τW as function of the injection flow rate QInj and processing melt

temperature Tm. (c) Maximum yield stress σ as function of the hot recoverable strain HR and the

crystallinity XC. (d) Elongation at break εb as function of the hot recoverable strain HR and the

crystallinity XC. (With permission of Wiley)
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property relationship of injection molded PLLA [55]. In [55] the injection parameters

(melt-, mold temperature, holding pressure) were systematically changed and the

thermomechanical environment for the mold filling phase was simulated. From the

received data the shear stress and shear rate were calculated. The melt temperature Tm
and the injection speedQIng control the shear rate _γ and shear stress τW during filling of

the cavity, which respectively influence the hot recoverable strain HR and the crys-

tallinityXC. LowTm values and highQIng facilitate a high level of _γ and τW (Fig. 16a, b)

occurring in molecular orientation and high crystallinity degree. Both the orientation

and crystallinity influence the tensile strengthσ and elongation at break εb (Fig. 16c, d).
An increase inmolecular orientation and crystallinity occurs in amaximum σ, whereas
an increase in orientation and decrease in crystallinity occur in a high εb.

Recent optical investigations on thin sections of injection molded tensile bars

using polarized light have also shown large amorphous regions in which crystallites in

the form of single spherulites are found, as can be seen in Fig. 17. In this case, semi-

crystalline PLA could be produced without further additives. The sample was pre-

pared using a slow cooling condition at a mold temperature of 100�C for 10 min.

Samples prepared at normal processing conditions (high cooling rate, fast cycle time)

stayed amorphous. From the first heating curve of DSC measurements from the

molded parts, a crystallization degree of 26% could be observed; see Fig. 18.

Process Influence on Crystallinity

In [55, 56] it is described how the crystallinity in injection molded parts can be

improved by chain orientation achieved because of the shear stress during the injection

process or by the addition of nucleating agents. Typical nucleating agents are fillers

such as talc and PDLA to form stereo-complex crystals [13, 14, 70, 71]. Another study

from [56] also focused on the influence of an alternative injection technique, shear

controlled orientation in injection molding (SCORIM) on molecular orientation and

mechanical properties of PLLA. SCORIM is used to improve molecular orientation

compared to the conventional injection molding process and also to improve weld

lines in parts. Using the SCORIM technique, the melt inside the cavity is pushed and

pulled until the melt is solidified. During this process the molecules are oriented in the

flow direction layer by layer. By using the push and pull effect the melt state, in-mold

Fig. 17 Observed single spherulites after injection molding process using polarized light micros-

copy. (Data source: Leibniz-Institut für Polymerforschung Dresden e. V.)
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shearing, and cooling can be controlled and thereby the morphology and mechanical

behavior, in particular the toughness and maximum stress, can be improved.

Another promising way to improve the crystallinity of PLA is to build PLLA/

PDLA stereo-complexes [14]. Common methods are solution casting and melt blend-

ing,which are environmentally damaging because of the usage of organic solvents and

the degradation of homopolymers at the required blending temperature, respectively.

Srithep et al. [14] show the possibility of hand mixing PLLA/PDLA and the effect of

molding temperatures on thermal and mechanical properties in injection molded

PLLA/PDLA parts compared to pure PLLA. The blend was compounded with

50 wt% PLLA and 50 wt% PDLA. The authors concluded that stereo-complexation

improved the elongation at break and storage modulus as well as the crystallization

rate, in comparison to pure PLLA. Other investigations have proved the influence of

PDLAs varying in their structure [72] and the addition of modifiers by chemical

Fig. 18 DSC-first heating curves made from thin cuts of injection molded samples under various

process conditions. (1) Amorphous after injection into a cold mold cavity, (2) crystalline after

annealing the sample of 1 at a temperature over the Tg for 24 h, (3) crystalline after injection into a
hot mold cavity, (4) crystalline after annealing the sample 3 at a temperature over the Tg for

10 min. (Data source: Leibniz-Institut für Polymerforschung Dresden e. V.)
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crosslinking [12] on the rheological and thermal behavior of PLA. The PLLA/PDLA

blends showed solid-like viscoelastic behavior at low temperature and the crosslinking

density follows a specific order attributed to the stereo-complex crystallites. Investi-

gations on the crystallization behavior [72] have shown that the nucleationmechanism

and crystal growth dimension are directly affected by PDLA structure, crystallization

temperature, and thermal treatment. Yamoum et al. [12] followed another way and

concluded that crosslinking structures can be introduced into PLA by initiation of

dicumyl peroxide (DCP) and the presence of crosslinking agents such as bisphenol A

ethoxylate dimethacrylate (BIS-EMA). Crosslinked PLAs reveal an improvement in

storage modulus and viscosity, and showed a decrease in thermal properties with

increasing content of BIS-EMA.

As well as the shear stress during injection molding, crystallinity can also be

influenced by tensile strain. The effect of nucleating agents on strain-induced

crystallization of PLLA was investigated by Yin et al. [71]. Injection molded

specimens were stretched under isothermal conditions (75�C) using a hot stage

and the molecular orientation was measured in situ via X-ray scattering. It could be

concluded that the crystallinity of nucleated PLLA after uniaxial stretching can be

enhanced in the following sequence:

talc < PDLA < PDLA=talc

The PDLA blends have existing physical crosslinks that are formed by stereo-

complex crystals which are a possible reason for faster strain hardening. To

eliminate the effect of plastic deformation of formed crystallites, isothermal crys-

tallization after step strain at high stretching speed was performed [71].

2.3.3 Formation of Interfaces

Because of the usual complexity of injection molded parts, multiple gates are often

required or the melt flow has to go around mold inserts (flow obstacles). Such

design is unavoidable to form those parts. During the injection molding processes,

different types of interfaces can occur, such as weld lines [58, 61, 73–75]. Weld

lines are well known in any thermoplastic material through optical and/or mechan-

ical weaknesses [61, 73, 74, 76]. The reasons are mainly based on the insufficient

structural orientation of the polymer chains in the weld line region [61, 74, 75, 77,

78]. In the last few years, technologies for injection molding have been developed

to change the molecular or fiber orientation in the weld line area and therefore

reduce weakness, especially of filled polymer systems. The most effective technol-

ogies are push-pull and sequential injection molding [79–81].

Regarding the bonding of PLA to other thermoplastic materials or thermoplastic

elastomers in soft-hard combinations, the assembly injection molding

(overmolding) has been used in some studies [3]. In this case, the interface occurs

by overmolding a hot melt on a cooled surface of a previous injection molded part.

The influence of injection molding-induced interfaces on the mechanical behavior

22 I. Kühnert et al.



and the specific crystalline structure of PLLA at interfaces were recently investi-

gated at Leibniz-Institut für Polymerforschung Dresden e. V. [59–61,

76]. Depending on the cooling conditions during the process, specific structural

gradients are developed at those interfaces, for example, frozen boundary layers.

To gain fundamental information on the bonding behavior of PLA and to

compare the different kinds of interfaces, some tensile bars with and without

interface were manufactured. In addition to the variation of interface development,

the process was performed to induce amorphous or semi-crystalline PLA parts as

well as to combine the different structured parts by joining through injection

molding (overmolding). For amorphous PLA samples the melt was injected into a

cold mold. The semi-crystalline samples were made by molding into a hot mold.

The results in Fig. 19 show the comparison of reference samples without interfaces,

where the tensile strength is strongly dependent on the crystallinity. Amorphous

values are higher than the crystalline ones. In the middle of the diagram (Fig. 19),

results for weld line samples are seen with lower values compared to amorphous

samples without any interface. Interestingly, the weld line strength is the same for

amorphous and semi-crystalline samples, and the average value for crystalline

samples with weld lines is slightly higher than in samples without interfaces. It

seems that the crystalline structure varies a lot, which is also indicated by a higher

standard deviation. Finally, for the overmolding-induced interfaces the tensile

strength values drop down to lower values, which is related to the thermal condi-

tions during the bonding development on the cold interface of the overmolded part.

Indeed, the crystalline combination has reached a rather high level compared to the

drastically reduced strength of amorphous samples with that ‘cold’ interface.

Fig. 19 Maximum tensile strength of injection molded PLA tensile bars without interface, with

weld line, and overmolded. (Data source: Leibniz-Institut für Polymerforschung Dresden e. V.)
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In Fig. 20 an insight into two different cases of overmolded interfaces with their

morphology is given. In the case of the overmolding of amorphous PLA-samples

with a hot PLA-melt, the surface is heated and somehow a cold crystallization could

take place first. The newly grown crystallites need even more heat to be re-melted.

Therefore, the heat flow volume needs to be sufficient for melting and also for

initiating bonding mechanisms such as, for example, chain entanglement. In the

right micrograph an interface between two crystalline-like PLA moldings was

investigated. The second injected part shows a larger spherulite size than the first,

which was first injected into a hot mold. Indeed, the second part still remains longer

under higher temperature than the first part, which was formed at the mold surface

with higher heat conduction coefficient than the PLA and continuously tempered.

Figure 21 shows finally a comparison of tensile strength behavior of different semi-

crystalline polymers regarding different interfaces through injection molding.

However, the mechanical and thermal properties of injection molded PLA parts

are driven by the enormous morphology gradient of the cross section. Common

processing conditions (fast cooling, short cycle time) lead to completely

amorphous-like molded parts because of the slow crystallization kinetics of PLA.

Under processing conditions with high mold temperature, a long residence time in the

mold determines the crystallization degree. In turn, this leads to inefficient produc-

tion. Semi-crystalline parts are only possible to obtain during standard processing

cycles if the material contains nucleating agents or blends [1, 2, 14, 55–57].

Fig. 20 Polarized light microscopy fromovermolded parts: (left) overmolded in a coldmold; (right)
overmolded in a hot mold. (Data source: Leibniz-Institut für Polymerforschung Dresden e. V.)
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2.4 Additive Manufacturing

2.4.1 Introduction

In contrast to injection molding or other conventional polymer processing technol-

ogies, additive manufacturing (AM) is a relatively new technology and the market

for AM is the fastest growing ever seen in the history of industrialization. In 2012 a

glorious future for AM was predicted with a value of $4 billion in 2015 and

$10.8 billion in 2021 [82]. However, in 2014 the value had already reached

$4.1 billion (compound annual growth rate: 35.2%) and is now predicted to reach

a value of $21.2 billion by 2020 [83].

AM, formerly known as rapid prototyping and often synonymously described as

3D (three-dimensional) printing, categorizes processes which join materials to

make objects from 3D model data, usually layer upon layer [84]. Among all

polymer AM processes that utilize thermoplastics, PLA is mostly used in the

material extrusion process. The reason is the applicability of the feedstock

manufacturing technologies. All powder-based processes, such as binder jetting

and powder bed fusion, require completely spherical particles of defined size

(<200 μm) and narrow or bi-modal size distribution. So far, no process has been

found that generates PLA powder with these characteristics. However, the feed-

stock for material extrusion technologies is produced by conventional extrusion,

where special care needs to be taken to ensure a tight diameter tolerance and

circularity of the produced filament with the downstream extrusion equipment. A

typically used configuration is an open bath, laser gauge, belt puller, and winder to

control these characteristics. However, the use of a vacuum water tank makes the

circularity easier to achieve.

Fig. 21 Tensile strength behavior of semi-crystalline polymers depending on interface formation.

(Data source: Leibniz-Institut für Polymerforschung Dresden e. V.)
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2.4.2 Fused Filament Fabrication

In the last few years, material extrusion has become one of the most common

AM technologies. It is often referred to as 3D printing, fused deposition modeling

(FDM®), fused filament fabrication (FFF), or fused layer manufacturing (FLM). The

use of the terminology varies by industry and region. Invented by Stratasys Inc. and

commercially available since 1993, FFF is now among the fastest growing AM

technologies because of the ease of use, the vast variety of materials, and the range

of printers from desktop versions to industrial machines [85]. In most cases the

process starts with the creation of a 3D model using computer aided design software.

For medical applications and patient-specific models, the 3D data is generated by

magnetic resonance imaging or computed tomography scanners where the resulting

point cloud is converted to a 3D model. These models are then exported into the STL

(STereoLithography) file format, which represents the surface geometry of the part

with a mesh of small triangles. This simplified data is then transmitted to the print

software and horizontally sliced into different layers depending on the basic print

settings. Then the software generates the tool path, which the print head follows. The

actual printing process starts by feeding a solid filament through the movement of

extrusion gears into a heated nozzle, as shown in Fig. 22. Through heat conduction

from the nozzle walls, the material temperature is raised above the melting temper-

ature. The solid filamentworks as a piston and pushes themoltenmaterial out of the tip

of the nozzle. Thesemolten beads are then laid down alongside each other, after which

they solidify to form a thin horizontal 2D (two-dimensional) layer of polymer. Now

either the print head can be raised or the platform can be lowered to print subsequent

layers on top of the deposited layer. Hence, complex parts with hollow sections and

various surface structures can be easily manufactured. Depending on the part size, the

print usually takes several hours.

Two important criteria for FFF printing are the viscosity and heat transfer. The

viscosity of the material needs to become low at moderate shear rates to flow out of the

Fig. 22 Schematic of the

FFF print process. (Data

source: N. Rudolph,

Polymer Engineering

Center, University of

Wisconsin, Madison)
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nozzle and rise rapidly upon cooling to avoid sagging of the deposited beads. At the

same time, the temperature at the interface still needs to be high enough to allow fusion

between beads and layers to occur. Because of the complexity of typical FFF parts, a

support structure is needed during printing to prevent overhangs from sagging and to

allow for the bridging of long spans. The support structure can either be a break-away

support printed with the same material and print head, which is done with most desktop

printers, or a water- or detergent-soluble material that is washed out after the print is

finished. The latter approach is commonly used for commercialmachines with two print

heads, and creates smoother surfaces.

PLA is the most commonly usedmaterial for desktop or home-user printers. This is

because of its lowmelting temperature in comparison to other filamentmaterials aswell

as its good adhesion to the build platform and low degree ofwarpage and delamination.

Typical FFF process parameters for PLA are nozzle temperatures of 190–220�C,
platform temperatures of RT (room temperature) up to 60�C and print speeds up to

100 mm/s. Another reason for its widespread use in college and community-maker

spaces is its low volatile emissions [86].

In commercial printers it is used for applications in the medical and bio-medical

industries because of its biocompatibility rather than its mechanical performance. AM

in these areas is focused on patient-specific anatomical models and surgery aids,

implants containing living cells (bioprinting), scaffolds for tissue engineering, diagnos-

tic platforms, and drug delivery systems [87]. Figure 23 shows a variety of examples.

The requirements range from the macro- to the micro- and nano-levels. For

example, the macro-architecture of a scaffold is the overall shape with patient- and

organ-specific anatomical features. The microstructure is related to the porosity-like

size, shape, and spatial distribution. Finally, the nano-architecture refers to surface

modifications that enhance biomolecule adhesion, proliferation, and differentiation.

Where the latter is controlled during post-processing, the macro- and micro-

Fig. 23 Ear, nose, and bone scaffolds printed at the Wake Forest Institute for Regenerative

Medicine; the PLA scaffolds can be coated with cells to grow body parts [88]. (With permission

of Laurie Rubin Photography + Film)
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architecture is controlled during design and printing. By using fine nozzles of down to

200 μm, the desired microstructure can be obtained. Studies have been carried out

using homogeneous PLA polymers [89, 90] as well as blends. In Fig. 24, examples of

scaffold microstructures are shown. Blends are used to improve printability and, more

importantly, to increase bioactivity. Common blends are PLA/glass composites to

improve the mechanical strength and surface roughness. Poly(lactic-co-glycolic acid)
(PLGA) is used because of its biodegradability and biocompatibility [91]. It is also

used as blends: PLGA-TCP [92], PCL-PLGA-TCP [93], and PLGA-PCL [94].

2.4.3 Vat Photopolymerization

Vat photopolymerization (VP), also known as stereolithography, is another AM

technology that was only recently used to print with photo-curable poly(D,L-lactide)

resin to create scaffold structures [95]. The necessary photo-crosslinking capability

is achieved by modification of the end groups to acrylate or methacrylate. The VP

process utilizes a vat of liquid photopolymer resin cured by ultraviolet (UV) laser to

solidify the pattern layer by layer to create the solid 3D model. The laser beam

traces the boundaries and fills in a 2D cross section of the model, solidifying the

resin wherever it passes. Each successive layer is applied by submersion of the

build platform into the resin. Once the model is complete, the platform rises out of

Fig. 24 SEM images of biodegradable 3D structures with PLA and blends: (a) PLA/glass

composite orthogonal structure; (b) PLA tubular hexagonal mesh; (c) PLA orthogonal-displaced

structure; (d) PLA hexagonal mesh [89] (with permission from Taylor and Francis)
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the vat and the excess resin is drained out of hollow sections. The model is then

removed from the platform, excess resin is washed off, and it is then placed in a UV

oven for the final curing process. VP parts have excellent surface properties and the

highest attainable resolutions. However, the mechanical properties of most parts

printed with photo-curable resins degrade over time because of continued exposure

to light. However, this potential downfall is not a problem with patient-specific

models, which normally have a service life of a couple of hours to a few weeks.

3 Summary

This chapter gives an overview of the processing-related behavior of PLA and the

scientific insights of the last few years are reviewed. Common process methods are

extrusion, melt spinning, injection molding, and AM. For these methods an overview of

the recommended process conditions is given. Because of the similarities in the

processing methods of PLA and petroleum-based materials, no extra equipment is

necessary to process PLA. PLA is therefore suitable to replace petroleum-based mate-

rials. In the last fewyears, particularly the structural behavior during and after processing

of PLAmaterials has been investigated. The aim is to generate new application fields for

PLAmaterials. Especially in the areas of melt spinning, injection molding, and AM, the

advancement in processing technology and the better understanding of the processes

themselves have enhanced the application of PLA. For example, the ability to design the

surface structure of melt spinning fibers plays an important role in medical applications.

Furthermore, the better understanding of the process-structure-properties behavior

makes it possible to influence the crystallinity formation, especially at the interface

design in injection molded and fused filament fabricated parts. This knowledge makes

PLA useful in technical and 3D designed applications.
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