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ABSTRAKT

Netkané textilie se skladaji z nekonecnych vldken nebo z kratkych vlaken spojenych
riznymi druhy pojeni. Nejvice pouzivana technologie pro netkané textilie vyrobené z
nekonecnych vldken jsou zvlasté technologie Spunbond a Meltblown. Tyto netkané textilie
se pouzivaji prevazné v hygienickém, zdravotnickém a technickém primyslu. Nejvétsi
vyuziti nachazi netkané textilie v hygienickém pramyslu (pfevazné v aplikaci détskych plen,
vlh¢enych ubrouskt, damskych hygienickych potieb, inkontinen¢nich pomtckach). Jedna z
nejvice pouzivanych a stile se rozvijejicich technologii vyroby netkanych textilii je
technologie Spunbond. Tento proces pracuje s granulovanych polymerem, kterym byl
historicky ptevazné polypropylen a zvldknuje ho z taveniny. Kvili vzristajicim narokiim na
redukci odpadu v oblasti primyslu netkanych textilii se vyvoj soustfedi na materialy z
ptirodnich zdroji (biobased) a na materialy v pfirod¢ rozlozitelné (biodegradable). Prakticka
¢ast prace se soustfedi na biologicky rozlozitelny material s piidavkem Poly(butylene
succinate), PBS, které bylo pouzito jako aditivum pro ziskéani vice flexibilniho a mékkého
materialu. Bylo vyrobeno nékolik funkénich prototypt s riznym slozenim bikomponentniho
vlakna pro dané procesni podminky. Béhem extruze byla vyhodnocena stabilita zvlaknovani.
Materidly byly testovany nckolika metodami pro vyhodnoceni mechanickych vlastnosti

stejn€ jako vyhodnoceni mékkosti.

Klicova slova: Spunbond technologie, bikomponentni vldkna, polymery z obnovitelnych

zdrojl, netkané textilie, polymerni taveniny, biologicky rozlozitelné polymery
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ABSTRACT

Nonwovens are fiber structures that are formed by joining of endless filaments or stapled
fibers by various bonding techniques. The most commonly used nonwoven technologies for
endless filaments are especially Spunbond and Meltblown technology. Products made from
nonwovens are for hygiene, medical, technical or other industry. The greatest utilization of
nonwoven textiles is focused on hygiene needs (baby diapers, wet napkins, feminine care,
incontinent care). One of the most widely used and still developing technologies of
nonwoven production is Spunbond technology. During this production spinning takes place
directly from the polymer which has historically been polypropylene. Increasing trends of
reducing use of polymers based from non-renewable sources in the nonwovens industry
started the focus on biobased and biodegradable material with similar or better properties of
nonwovens based on polypropylene. The practical part of this work was focused on
biodegradable materials with Poly(butylene succinate), PBS, as additive to gain more
flexible and soft material. Several samples were produced with different compositions of
bicomponent fibers for given processing conditions. Process stability during extrusion
process was evaluated. Materials were tested by several different analytic method in order

to evaluate mechanical properties and softness.

Keywords: Spunbond technology, bicomponent fibres, biobased polymers, nonwoven

textiles, polymer melts, biodegradable polymers
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INTRODUCTION

The current trend is to find more eco-friendly plastic materials which will help us to protect
our environment. Every year more than 3 000 000 tons of nonwoven fabric are produced in

Europe and just a small part of it is recycled (1).

All medical products are burned as toxic waste, and there is no space for biodegradable

materials.

Furniture and filtration are also big consumerists of nonwoven materials, but they usually

use recycled materials.

The agriculture industry usually needs some aging tests, and there is a paramount question
price of final nonwoven. Biodegradable materials are more expensive than commonly used
materials, and because of that, they are not the main focus for developing biodegradable

nonwovens fabric in this area.

All hygiene product ends in standard bins, and part of it is burned, part of it is landfilled, and
some amount ends in water (sea or rivers). This sector is where compostable materials can

have a future, and there is the main focus of big world producers of nonwovens.

This work is focused on finding cheap solution to increase softness of Poly(lactic acid) based
nonwovens. Drapability and softness are one of the most important properties in hygiene

industry where the problem with the recycling of waste is the most urgent.
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1 NONWOVENS

1.1 Nonwoven definition (2)

“A nonwoven is an engineered fibrous assembly, primarily planar, which has been given a
designed level of structural integrity by physical and/or chemical means, excluding weaving,

knitting or paper making.”

1.2 Nonwoven industry (3) (4) (5) (6)

“Nonwovens are unique, innovative, high-tech, engineered class of textile material formed
from fibers that are bonded together through various means to form a coherent structure.”
(3) Bonding can be thermal (for example, air-through-bonding, calender-bonding, ultrasonic
bonding), chemical (for example, using glue), mechanical (for example, hydro-
entanglement), or by their combination (for example, calender and hydro-entanglement). A
nonwoven is a manufactured sheet or web of directionally or randomly oriented fibers that
are first formed into a batt and then consolidated together by friction, cohesion, adhesion,
and bonding. The fibers may be of natural or man-made origin and may be stapled, or
continuous filaments or are formed in situ. Commercially available fibers have diameters
ranging from less than about 0.001 mm to more than about 0.2 mm. They come in several
different forms: short fibers (known as a staple or chopped), continuous single fibres
(filaments or monofilaments), untwisted bundles of continuous filaments (tow), and twisted
bundles of continuous filaments (yarn). Nonwoven fabrics can be formed by many
processes, including but not limited to melt-blown process, spun-bond process, spunmelt
process, solvent spinning, electrospinning, carding, film fibrillation, melt-film fibrillation,
air-laying, dry-laying, wet-laying with staple fibers, and combinations of these processes as

known in the art. (4) (5)

Nonwovens are used in a wide range of consumer and industrial products. They are designed
from thin to strong, robust nonwovens either in combination with other materials or alone.
One of the main influences is the primary material. Nonwovens are usually based on
polypropylene or polyethylene terephthalate with polyethylene in combination. Nonwovens
are frequently treated to improve their hydrophobic or hydrophilic properties. For many
nonwovens fabric, it is possible to apply finishing treatments, such as printing, embossing,

laminating, etc., allowing to deliver high-performance products.
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The practical part is focused only to spunmelt production concretely to Spunbond method.
Spunbond method is high effective production process with possibility to implement one or
more Meltblown layers. Spunmelt products are cheaper than carded materials but there are
some limitations for example in one layer of product can be just one type of fiber with
specific properties. Carded production is able to combine more than two types of different

fibres (for example different polymers, cross sections, fiber diameter, etc.)

Different fibre layering is visible on following figures. Nonwoven composition Spunmelt —

Meltblown — Spunmelt (SMS) is presented in Figure 1.

Figure 1 Cross section SMS spunmelt material (7)

Carded nonwoven material formed by short fibres is shown in Figure 2.
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TM-1000 D2.0 x100 1 mm

Figure 2 Carded nonwoven (8)

Figure 3 shows nonwoven material form by endless filament thermal bonded by calender.

Figure 3 Spunbond nonwoven thermally bonded by calender
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SPUNMELT (9) (10) (11) (12)

The most extensive nonwovens technology offers high speed, uniformity, and a value
proposition unmatched by competing technologies. Spunmelt is the material used in hygiene

and medical applications and provides a more cost-efficient manufacturing process.

Usually, layered nonwoven textile contains one or more layers of filaments, where the layers
of filaments have continuous filaments containing one or more base polymer and the first
bonding polymer when continuous filaments are bicomponent composition. One of the
crucial properties of nonwoven textile is bulkiness, and the other is thickness. We are using
several known methods to achieve thicker material — namely utilizing selecting suitable
polymers, modification of the filament shape (variously and using various methods of
crimped or curled filaments), and by the bonding method — whether thermal (e.g., calender
with a suitable emboss pattern, air-laying, ultrasound bonding, etc.), mechanical (e.g., by

water-laying, needle punching, etc.) or by combining several bonding methods together.

The term “spunmelt” includes Spunbond and melt-blown technology, which have more

detailed descriptions below.

The term "Spunbond technology” or “Spunbond fibers" refers to fibers made by an extrusion
process where a molten thermoplastic material is formed as filaments from a plurality of

fine, typically circular holes of a spinneret.

The process starts with crystallization and drying of polymer material if it is needed. The dry
polymer material is delivered to the hopper. The extruder is usually formed by three or more
extrusion zone (feed zone, compressing zone, metering zone). Zones are heated by one of
many types of heat elements (for example, oil heating, electrical heating) and also cooling
because, during the melting process, mechanical energy is transformed into thermal energy.
Set temperatures are usually significantly higher than polymer’s melting temperatures.
Molten polymer passes through the screen filter and is forced by the gear pump into the spin
beam. The gear pump is used to have stable pressure in the spin beam. The inside spin beam
is a system of plates that distribute polymer melt to all holes of the spinneret. More than one
extruder can be part of one spin beam. When filament leaves spinneret, a draw tension is
applied on it. The filaments can be drawn mechanically or pneumatically (for example,
mechanically wrapping the filaments around a draw roll or entraining the filaments in an

airstream). The filaments may be quenched by an air stream before or while being drawn.
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The filaments are usually laid down to a running belt to form a web of randomly arranged

substantially continuous filaments, which can be bonded together to form a nonwoven fabric.

The term "Meltblown” and “Meltblown fibers" means fibers made by process where
typically a polymer material is extruded under pressure through spinneret or die. High-
velocity hot air flow entrains the filaments as they exit the die to form filaments that are
elongated and reduced in diameter, and seemingly end fibers are produced but with
knowledge of the technology, we can say that they are endless. This differs from a spun-

bond process whereby the continuity of the filaments is preserved along their length.

Commercial line where Spunbond and Meltblown technology are combined are shown in

Figure 4 and Figure 5.
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2.1 Monocomponent filament

The term "monocomponent filament" means a filament formed of a single polymer or

polymer blend, usually with a round shape, extruded by a single extruder.

2.2 Multicomponent fibers (14) (4) (10)

"Multicomponent filament" refers to a fiber including more than one polymer component. A
cross-section of the die is not simple, but the machine must be equipped with at least two
extruders. "Multicomponent fiber" includes, but is not limited to, "bi-component fiber." A
multicomponent fiber may have an overall cross-section divided into subsections of the
different components of any shape or arrangement, including, for example, coaxial
subsections, core-and-sheath subsections, side-by-side subsections, radial subsections,
islands-in-the-sea, etc. as it is visible in Figure 6.
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Figure 6 Different types of bicomponent fibers (14)
Bi-component fibers are nowadays the most expanding technology because these fibers
combine best cost estimate with the best costumer desired properties. By using bi-component
technology it is possible to achieve many different properties by using same base polymer

and different second polymer.

2.3 Bonding (10) (11)

For spun melt technologies the most commonly used process is thermal bonding, especially

calender bonding. The calender is a roll with specific pattern formed by embossing lands
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with a particular shape. We use one smooth roll and one with the pattern as is visible in

Figure 7.

Heated Ol

e g

Temperature ~ Softening Point
Load ~ 30-300 kN/m
Speeds ~ 1-10 m/s

Figure 7 Thermal bonding with calender (11)
Another type of thermal bonding is bonding by hot air. This is commonly used in carded
industry and it is new in spun melt industry. Hot air passes through the nonwoven and softens

the bonding polymer (Figure 8).

Fibrous web Bonded web

Figure 8 Principle of bonding with hot air (15)
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Hydroentanglement bonding is also suitable for spun melt industry. Pressurized water
needles are applied with an injector to the nonwoven to entangle the fibers together
Figure 9. This type of bonding provides soft touch nonwovens. These nonwovens have

similar topical softness as cotton.

Ultra-High Pressure Injector

Precision Machined

High Speed Perforated Plate

Water Curtain —__

\ A
________
—————————
- -
-
"
-
-
-

-

_Hydro-entangled Fiber Web
Web of Fibers

Vacuum Drum

Figure 9 Scheme of hydroentanglement bonding (16)

Hydroentanglement can be also used for 3D patterning. In this case nonwoven has benefit in

lofty, bulky 3D soft structure.

2.4 Applications (17)

Nonwoven’s textile is one of the most enlarged products. It is crucial material for hygiene
and other industry. Due to pandemic of SARS-CoV-2 (2019-nCoV or Covid 19) there was
significantly increase of production in Spunbond and Meltblown materials for hygiene and

medical industry.

2.4.1 Hygiene

Baby diapers, ladies’ hygiene products, dry and wet pads, incontinence products, operation

drapes, gowns and packs, face masks, respirators, swabs, etc.

For example, Edana says that “Around 33 billion nappies and diapers are sold every year in

Europe.” (1)
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A LOOK INSIDE YOUR DIAPER

Figure 10 Baby diaper composition
Figure 10 describes basic diaper composition: A) Top Sheet — soft nonwoven, B) Acquisition
Layer — open structure nonwoven or cellulose, C) Backsheet — laminate of film and
nonwoven, D) Core — Absorbing materials, E) Fasteners — elastic parts combine with

nonwoven, F) Elastics — Composite with nonwoven
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2.4.3 Automotive

Boot liners, shelf trim, oil and cabin air filters, airbags, tapes and lot of others application as

shown in Figure 11.

~edana

THE NONWOVENS CAR

1 Covering material for sun-visors 16 Covering for seat belt anchorage Acoustic absorber applications
2 Padding for sun-visors 17 Covering for seat belt a Doors

3 A, B, C, column padding 1@ Decorative fabric 31 Headliner

4 Door trim pads 17 Polyurethane coated backing 2 Inner & outer dashboard insulation
5 Fuelfilters 20 Seat slip agents 33 Under engine shield

¢ Oilfilters 21 Boot [trunk] liners 3%  Moulded bonnet liner

7 Battery separators 22 Moulded fuel tanks 35 Rear wheel arch liner

& Cabin air filters 23 Bodywork parts 3 Cowl

9 Loudspeaker cover 24 Window frames 37 Pillar trim panels

10 Covering for moulded seats 25 Headliner facings 8  Parcel shelf

11 Transmission tunnel 26 Upholstery backing 39 Trunk trims

12 Carpet & carpet reinforcement 27 Loudspeaker housing 4  Rear seat strainer

12 Car mats 2¢  Sunroof 4 Air extractor

14 Vinyl backing for seat covers 29 Saloon roof 42 Wheel arch liners

15 Backing for tufted carpeting

Figure 11 Nonwoven parts inside cars
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2.4.4 Technical applications

Roofing and tile underlays, thermal and noise insulation, filtration air and gas, Hevac, Hepa,
Ulpa filtres (Figure 12), wet cleaning wipes and dusters, tea and coffee bags, dryer fabric
softeners, food wraps, geotextiles asphalt overlay, soil stabilization (Figure 13), drainage,

etc.

Figure 12 Nonwoven filtres (18)

Figure 13 Practical use of geotextile (19)
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3 BIOMATERIALS

Due to European Union restrictions to plastic production and discussions about
environmental problems caused by petrochemical-based polymers, the future developments
is focused to the use of Poly(lactic acid) (PLA) or other bio polymers. The use of PLA has
been already growing, for example, in the general consumer market and in biodegradable
packaging. (20) Total Corbion announced that they will build new production capacity
therefore the production volume of PLA will increase and the manufacturing process will be
improved. A new plant will start production in 2024 in Europe and therefore pricing should

be more competitive in comparison with polyolefins. (21)

One of the issues of Poly(lactic acid) is the stiffness of the fibers. Amorphous material is
less stiff on the other side drying takes 24 hours which requires significant drying capacities.
There are several generally known additives for softening polylactic acid. The Poly(butylene

succinate) seems to be promising option and it was subject of this research.

3.1 Poly(butylene succinate)

Poly(butylene succinate) (PBS) is aliphatic polyester produced from polymerization of bio-
based succinic acid and 1,4-butenediol. Poly(butylene succinate) is a white semi - crystalline
material which is hygroscopic and it therefore is necessary to dry this material. This
polymer is in general an industrial compostable material and some of its grades are home

compostable. Chemical structure is visible in Figure 14.

Figure 14 Chemical structure of Poly(butylene succinate)


https://www.sciencedirect.com/topics/engineering/aliphatic-polyester
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3.2 Poly(lactic acid)

Poly(lactic acid) or polylactide (PLA) is a thermoplastic aliphatic polyester derived from
renewable resources, such as corn starch (in the United States), tapioca roots, chips, or starch
(mostly in Asia), or sugarcane (in the rest of the world). Polylactic acid is a slightly yellow
crystalline, semi-crystalline or amorphous material. Morphology can be controlled
stereochemically. Polylactic acid is a hygroscopic material and it is necessary to dry this
material. Polylactic acid is industrial compostable material. Melt temperature is between
150 — 180°C. Poly(lactic acid) has high strength and stiffness, but low impact strength.
“Degradation of PLA occurs primarily through hydrolysis of the ester bond, and is highly
dependent on temperature, moisture, microbial environment, morphology, as well as
thickness and geometry of the article.” (22) Chemical structure of PLA is shown in Figure
15.

N

Figure 15 Chemical structure of Poly(lactic acid)
3.3 Miscibility of PLA/PBS mixture

“In the case of blending of PBS and PLA, the extent of miscibility is not entirely clear. Park
and Im (23) investigated phase behavior and morphology of melt blended PLA and PBS and
calculated the Flory—Huggins interaction parameter, X, to be -0.15. The negative value of X
indicates that PLA and PBS are fully miscible, although these authors also reported that at a
PBS content in excess of 40% there was significant crystallization-induced phase separation.
Bhatia et al. (24) used modulated DSC to measure Tg and reported that the Tg of PLA did
not change with addition of PBS, and hence concluded that the blends were immiscible,
although they found that rheological results showed compatibility when the PBS content was
below 20 wt%. On the other hand, Jompang et al. (25) investigated morphology of PLA/PBS
blends by scanning electron microscopy (SEM) from which they concluded that PBS was
miscible with PLA up to an addition level of 10 wt%.” (26)
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Conclusion of research summarize in article from JOMPANG and collective “Crystallinity
of PLA in the blends increased when increasing PBS contents. On the contrary, crystallinity
of PBS was suppressed when adding high PLA contents. From the results, it was considered
that PBS would act as nucleation site for PLA in order to crystallization while PLA inhibited
PBS crystallization.” (25)

Overall based on online literature search positive impact of PBS was expected.
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4 THE DEFINITIONS OF FREQUENT TERMS IN USE

4.1 Difference between blend and compound

“A polymer blend is a mixture of two or more polymers that have been blended together to
create a new material with different physical properties.” (27) Compound means:
“Upgrading or adding value of polymers or polymer systems through melt blending and
mixing of additives into a polymer matrix or melt mixing two or more polymers together to
make an alloy.” (28) In conclude: Blend are two types of granules mixed straight in extruder
of spinning machine while compounds are formed by granules which are first mixed together
in compounder (machine with single or twin screw) there we gain new homogenous granules
which includes two types of substances. Then we use compounded material at spinning

machine (we dose just one material into hopper).

4.2 Homogeneity of blend or compound

“Homogeneity mixture - a mixture in which the composition is uniform throughout the
mixture. Mixture - consists of multiple substances put together. Substance - it has a uniform
and definite composition.” (29) Homogeneity of a mixture (blend or compound) is a basic
assumption for achieving spinnability, process stability, and homogenous mechanical
properties. Homogeneous mixture essential for one peak of glass transition temperature and
homogenate rheological properties. Homogenate mixture produces fibers without any

physical defect with uniform mechanical properties.

4.3 Miscibility of two or more polymers/substances

Miscibility is essential for achieving a homogenate mixture. Usually, two polymers are
miscible in a specific process window. Two substances are miscible when the final solution

is a homogenate mixture.

4.4 Evaluation of homogeneity and miscibility

For the understanding of the behavior of polymers mixtures, evaluation of miscibility can be
used. Differential scanning calorimetry (DSC) is one of the standard evaluation methods.
Based on glass transition temperature it is possible to evaluate if the mixture is miscible or

not (see There are four basic types of miscibility (see Figure 17). When mixture has two
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glass transitions, we can suppose that mixture is not miscible. In Figure 16 miscible mixture

is A while non-miscible mixture is B.

Relative Heat Flow

Temperature

Figure 16 DSC evaluation
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Figure 17 DMA evaluation of different miscibility
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“Dynamic mechanical analysis (DMA) is one of the most important techniques in thermal
analysis. It can be used to study the viscoelastic properties and behavior of a wide range of

materials as a function of temperature or frequency.” (30)

In Figure 17 DMA evaluation of different miscibilityFigure 17 is picture (1) describes a fully
miscible mixture. Picture (2) describes a non-miscible mixture. Picture (3) describes a partly-
miscible mixture. Picture (4) describes a non-miscible mixture with dispersion and a wide

area of the glass transition temperature.

The miscibility of a mixture can also be evaluated by Scanning electron microscopy (SEM).
“SEM use an electron beam to image samples with a resolution down to nanometer scale.
The electrons are emitted from source of electrons and collimated into beam in the electron
source.” The beam is then focused on the sample surface where is interaction between
electron and sample, producing various signals. These signals can be used to obtain
information about topography or composition. In case of SEM analysis, pictures were
evaluated. Trained skill person is able to evaluate homogeneity based on the given photo as

you can see in Figure 18.

Figure 18 SEM pictures - Example of non-miscible and particularly miscible
mixture

Fourier transforms infrared spectrometry (FTIR) is based on interaction of infrared light with
sample. The most common Michaelson interferometer where the intensity of the interference
light is recorded in an interferogram, with the optical path difference recorded along the

horizontal axis. FTIR can be used for evaluation type of polymer or other unknown material.
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FTIR can be used for determination the quality or consistency and for examination the

amount of substances in mixtures. (31)

Visible evaluation of miscibility two kinds of polymers is also possible. If the polymers have

different color is possible to evaluate their miscibility on prepared plate.

4.5 Mechanical and physical properties

Tensile strength and elongation are one of essential mechanical properties. For follow-up

application is usually necessary to know this for setting up process correctly.
Biobased materials are stiffer, less drape than standard polyolefin version.

Stiffness is evaluated by Handle-o-Meter, this machine combine resistance as result of

surface friction and stiffness in the bend of sheet material which passing through a limited

gap.

4.6 Rheology

“Rheology is the scientific field that encompasses the flow phenomena of matter (solids,
liquids, and gases) and notably involves time-dependent behavior under the influence of
stresses.” (32) “Rheological measurements are performed on polymers in order to assess for
their behavior during processing.” (33) “Rheological characterization can be used to fix the

optimum process.” (33)
4.7 Laboratory equipment

4.7.1 Laboratory line

The required experiments were performed using polymer melt filament laboratory line Hills
LBS-300. This line has been used for bicomponent Spunbond technology. As visible in
Figure 19 laboratory line is equipped with kiss-roll and drier. All experiments were hold

without using kiss-roll and drier.
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Figure 19 Laboratory line Hills LBS-300

4.7.2 Drying

For drying PLA a Moreto Frahe model CNS45 dryer was used. For drying of Poly(butylene
succinate) a laboratory dryer Memmer VO400 was utilized. All materials were dried by air

under atmospheric pressure.

4.7.3 Laboratory hot press

For preparing of plastic plate was used laboratory hot press. Form (frame)
120 mm x 120 mm x 1mm was used for getting final shape of plate. PET foil was placed
from each side of frame. Both sides of hot press were heated and form was placed between
them. The polymer pellets were melted and shape was given by the form and applied press

for certain time.

4.7.4 Compounding machine

Blends were prepared by scientific twin-screw extruder with co-rotating screws of 26 mm in
diameter and length 48D. In principle twin-screw compounder consist of two intermeshing,
co-rotating screws mounted on splined shafts in a closed barrel. Twin screw extruder is able

to ensure transporting, compressing, mixing very effectively.
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4.7.5 Scanning electron microscopy

For analysis of plastic plates was used Scanning electron microscopy type Vega 3 Tescan.

4.7.6 Differential scanning calorimetry

Analysis of granules were performed by Differential Scanning Calorimetry using a Mettler

Toledo DSC 1/700 device (Figure 20).

“The DSC method detects endothermic and exothermic transitions like the determination of
transformation temperatures and enthalpy of solids and liquids as a function of temperature.”
(34) Most common quantities are the melting temperature, the recrystallization temperature,
the glass transition temperature and also the heat capacity. The DSC method is based on
comparison of heating of the crucible with encapsulated sample and the empty reference
one. The sample is heated in the furnace by linearly increases temperature, which is function
of time. The principle of the DSC method is to measure the difference in temperatures (heat

flow) between the sample and the reference. (17) (34)

Figure 20 Differential scanning calorimeter
4.7.7 High pressure capillary viscometry

In order to characterize flow and viscoelastic properties of polymer melts at high strain rates,

the Gottfert Rheograph RG25-50 high pressure capillary viscometer was used (Figure 21).
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Figure 21 The Gottfert Rheograph RG25-50
4.7.7.1 Shear viscosity determination

In order to characterize the shear flow properties, the pressure is required. Thus, the piston
is used for generation of shear stress. The measured characteristic values are the pressure
drop along the length of the capillary, the temperature and the volumetric flow. The
calculated shear stress and shear rate are usually corrected with Bagley (correction for
capillary entrance and exit effects) and Weissenberg-Rabinowitsch (correction of non-
Newtonian behavior) corrections. (35) The pressure drop is defined as the pressure
difference at the beginning of the capillary corrected to the capillary entrance pressure using
zero-length capillary and the atmospheric pressure at the end of the capillary. Then, shear

viscosity is obtained. (17)

4.7.7.2 Elongational viscosity determination using Rheotens device

The uniaxial elongational viscosity can be characterized using Rheotens device (Figure 22).
During the experiment, polymer melt string is extruded through a capillary at constant piston
speed. Such extruded melt string is then drawn by a pair of rotating wheels with a corrugated
surface which are fixed to a very sensitive balance system. Then, the drawdown velocity is
linearly increased from an initial speed with a constant acceleration rate until the extended
melt string breaks at certain speed. After that, drawdown force as a function of drawdown
velocity i1s reached and such experiment is then repeated several times. Finally, uniaxial

elongational viscosity is evaluated according to the Wagner model (36).
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capillary rheometer

string

rotating wheels

Figure 22 Rheotens device

4.7.8 Evaluation of miscibility on plates

Plates were prepared on with hot press. 16 grams of polymer blend or compound was used
for each plate. Prepared plate was placed on black background, then visible aspects were
evaluated. Miscible mixture should be without any shadow while non-miscible blends or
compounds contain shadows. This evaluation is possible because PBS is white while PLA

1s transparent.

4.7.9 Tensile tester

Nonwoven textiles were analyzed on tensile tester Zwick.

4.7.10 Handle-O-Meter

Nonwoven textile was analyzed by Thwing-Albert Handle-O-Meter. The nonwoven is bend
into defined gap. Then, the force which is necessary for bending the material to the sensor

throw gap is evaluated.

4.7.11 Softness panel test

Nonwoven textile was cut to 15 cm long pieces and was evaluated by 10 train and skill
people. Following aspects were evaluated — topical softness, drape ability, softness of whole

nonwoven by gentle pressing the material by fingertips.
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II. ANALYSIS



TBU in Zlin, Faculty of Technology 38

5 TARGETS

5.1 Nonwoven production

One of the targets was to produce nonwoven based on PLA with certain amount of additive
which will provide softer touch, more drape able and flexible material. PBS FZ78TM was

chosen as the process additive.

5.2 Investigation of cause of spinning problems

Spinning problems occur during the production. There was effort to analyze the cause of the
unstable spinning. Therefore, DSC analysis, SEM analysis and rheological behavior were

investigated.
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6 PREPARATION OF NONWOVENS

6.1 Drying of material

PLA and PBS polymers and their compounds were dried in dryers during a day at 65°C at

least for 6 hours or more.
6.2 Chosen grades

6.2.1 Core

Polylactic acid used in core was Ingeo 6100D from company NatureWorks. This grade is
used for spinning endless filaments. Melt temperature of this polymer is 165 -180°C and
melt flow rate is 24 g/10 min at 210°C/2.16kg. Ingeo 6100D is a crystalline polymer with
food contact approvement regarding U.S. Food and Drug Administration (FDA).

6.2.2 Sheath

Polylactic acid used in sheath was Ingeo 6752D from NatureWorks. This grade is used for
spinning endless filaments. Melt temperature of this polymer is 145 - 160°C and melt flow

rate is 15 g/10 min at 210°C/2.16 kg.

6.2.3 Additive

Poly(butylene succinate) used as additive was FZ78TM from MCPP Mitsubishi Chemical
company. This grade is semi-crystalline polyester and is suitable for spinning filaments. Melt
temperature of this polymer is 115°C and melt flow rate is 22 g/10 min at 190°C/2.16kg.
This grade is certified as Home Compostable therefore is promising for future wider
application. Used grade is also food contact approved, therefore is possible to use it in other

sensitive applications.
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6.3 Produced combinations

All the performed experiments (see Table 1) were done in ratio 80/20 at Core/Sheath
configuration.

Table 1 Codes of produced samples

Code of | Core Sheath

sample

#A PLA Ingeo 6100D Aspun 6834

#B PLA Ingeo 6100D PLA Ingeo 6752D

#C PLA Ingeo 6100D + 5% PBS FZ78TM | PLA Ingeo 6752D

#D PLA Ingeo 6100D + 10% PBS FZ78TM | PLA Ingeo 6752D

#E PLA Ingeo 6100D + 15% PBS FZ78TM | PLA Ingeo 6752D

#F PLA Ingeo 6100D + 20% PBS FZ78TM | PLA Ingeo 6752D

#G PLA Ingeo 6100D PLA Ingeo 6752D +20% PBS
FZ78T™M

#H PBS FZ78TM PBS FZ78TM

Reference settings #A (nonwoven available on market) containing PLA Ingeo 6100 in core
and PE Aspun 6834 in sheath was prepared in ratio 80/20 with die configuration
Core/Sheath.

As comparison nonwoven with PLA/PE; 100% Poly(lactid acid) was prepared. PLA Ingeo
6100D was used in core and PLA Ingeo 6752D was used in a sheath of the fiber.

To gain more drape-able and soft material samples containing PBS were prepared. As first
5% of PBS FZ78TM were added to PLA Ingeo 6100D and pure PLA Ingeo 6752D was used
in sheath. Than amount of Poly(butylene succinate) was risen up to 10%. Next step was
addition of 15% Poly(butylene succinate) — this occurs as top border for process stability.

Compound PLA Ingeo 6100 + 20% PBS FZ78TM was not possible to spin.

Compound PLA Ingeo 6752 + 20% PBS FZ78TM was prepared as comparison of process
stability with mixture PLA Ingeo 6100. With composition 6100/6752+20%PBS was

possible to spin this mixture without problems.

Pure Poly(butylene succinate) was used for production of nonwoven. This laboratory line is
not suitable for this type of polymer. During spinning were no problems detected but was

not possible to stretch fibres properly.
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6.4 Preparation of blends and compounds

Compounds of PLA Ingeo 6100D + 20 % of PBS FZ78TM and PLA Ingeo 6752D + 20 %

PBS FZ78TM were prepared on twin screw compound machine.

Table 2 Produced compounds:

Compound code Composition
Compound A Ingeo 6100D + 20 % PBS FZ78TM
Compound B Ingeo 6752D + 20 % PBS FZ78TM

From Compound A 100 g of several blends was prepared as described in Table 3:
Table 3 Used blends

Blend code | Composition Final amount of PBS

[%]

Blend A 15 g (Ingeo 6100D+ 20% PBS) + 85 g Ingeo 6100D | 3

Blend B 25 g (Ingeo 6100D+ 20% PBS) + 75 g Ingeo 6100D | 5

Blend C 50 g (Ingeo 6100D+ 20% PBS) + 50 g Ingeo 6100D | 10

Blend D 75 g (Ingeo 6100D+ 20% PBS) + 25 g Ingeo 6100D | 15

6.5 Process description

The extrusion machine was heated up to desired temperature described in Table 4.
Production was started with pure Poly(lactic acid) as benchmark. Capillary output was set
to 0,22 g/min for fiber configurations Core/Sheath with given ratio 80 % to 20 %. For
stretched fibers, setting of Aspirator was same for all produced samples. Following values
were set - Aspirator height above belt was 250 mm; die height above Aspirator was 940 mm;
air intensity inside Aspirator was 80 kPa; space between Aspirator parts was 2 mm as
thickness and 150 mm in width. This setting was kept for all experiments. Surface density
of samples was kept between 40 g/m? and 80 g/m?*. Nonwovens were calendered by heated

calender.

It should be noted, that after calendering, there was observed Neck in effect (narrowing of
the material caused by high shrinkage of material or high drawing of winding machine).
Therefore, belt speed had to be changed due to increase of basis weight of the nonwoven

sample.
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Table 4 Setting of spinning machine
Product Extruder A Extruder B Spinning die .
C/S Zone 1 -hopper | Zone?2 | Zone3 | Zone 1 - hopper | Zone2 | Zone3 | Meltpump A | Meltpump B | Die | Pack well
°C °C °C °C °C °C °C °C °C [ °C
#A 212 220 211 180 190 200 200 200 200 | 200
#B 180 190 200 185 195 205 200 200 200 | 200
#C 180 190 200 185 195 205 200 200 200 | 200
#D 180 190 200 185 195 205 200 200 200 | 200
#E 165 190 200 185 195 205 200 200 200 | 200
#F 180 190 200 185 195 205 200 200 200 | 200
#G 212 220 211 180 190 200 200 200 200 | 200
#H 212 220 211 180 190 200 200 200 200 | 200
Table 5 Setting of Extruder and Winder machine
Extrusion Winding
Exp. | Extruder | Extruder | Melt | Melt | Output | Pressure | Pressure | Motor | Motor | Belt Calender | Bonding temp.
A B pump | pump | (72 measured | measured | load |load B | speed | speed Upper/lower
pressure | pressure | A B cap.) behind behind A
melt melt
pump A pump B
bar bar rpm rpm g/min | bar bar % % m/min_| m/min °C
#A 25 25 6 4 16.0 78 54 31 14 3 3 100/100
#B 25 25 2 8 20.3 80 99 22 32 6.2 6.2 100/100
#C 25 25 2 8 20.3 80 103 22 32 6.2 6.2 100/100
#D 25 25 2 8 20.3 80 101 11 32 6.2 6.2 102/101
#E 25 25 2 8 20.3 100 100 18 28 6.2 6.2 102/101
#G 25 25 2 8 20.3 60 90 8 31 6.2 6.2 97/106
#H 25 25 2 8 20.3 59 65 6 33 6.2 6.2 85/85
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6.6 Production problems

During laboratory production, several problems occurred.

1. Neck in after calendering caused different basic weight with same spinning

conditions and fiber diameter.

2. It was not possible to spin PLA/PBS blend in core when blend contain more than
15% PBS. To define this phenomenon, SEM analysis were performed on polymer
plates prepared by using hot press. In order to evaluate homogeneity of each sample,

DSC analysis were done.

3. Nonwoven production of 100% PBS material was complicated. There were

performed several settings presented in Figure 23 and Figure 24 than was obtain final

laydown.

Figure 23 PBS structure before calendering Figure 24 PBS structure
after calendering.
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7 MEASUREMENT METHODS DESCRIPTION

7.1 Mechanical Properties

All measurements were done at laboratory temperature 23°C £+ 2°C, RH 50% + 5%. Prior to
performing the tests, temper the samples at laboratory conditions for a period of at least 2

hours.

7.1.1 Determining Mass per Unit Area CSN EN 29073, part 1 a WSP 130.1.R4 (12)
Tested samples were cut to diameter 20x100 mm. Scale was reset before each weighing
action. 10 samples were measured.

7.1.2 Tensile strength and Elongation of NW in MD ISO 9073-3:1999, WSP 110.4.R4

(12)

Test conditions were following: Used pretension 0.5N, load speed increment 200 mm/min.
The clamps of the tearing machine were set to a clearance of 100 mm. Sample 50x200 mm.

10 samples were measured.
7.2 Softness of material

7.2.1 Handle — o0 — matter

The tests were done under WSP 090.3.R4 (12) the 20 mm wide gap was used for all

measurements. 5 measurements for each sample were done.

7.2.2 Softness panel test

A consistent skilled panel test was used to evaluate all materials using standard fabric

references (PLA/PE). 5 measurements for each sample were done.

7.3 Differential scanning calorimetry

The subjects of analysis were small pieces of PLA/PBS blend samples (8-10 mg). The
characterization of the thermal properties was performed to define the melting/crystallization
heat (J/g) and the characteristic melting/crystallization temperature (peaks in °C) on polymer
pellet samples. Two heating scans were chosen for determination of characteristic properties.

The record from the second heating was used for evaluation, ie after deleting the temperature



TBU in Zlin, Faculty of Technology 45

history of the sample. The analysis was carried out under inert atmosphere of nitrogen flow

of 40 ml/min. Tests were running from -50°C up to 250°C with step 10°C per minute.
7.4 Rheology

7.4.1 Shear viscosity

In order to evaluate and compare a shear flow behavior of the tested materials, the shear
viscosity was investigated using a Rheograph RG 25-50 high-pressure capillary viscometer
at 200°C. The shear rates were determined from 2000 1/s to 35 1/s. For the flow curve, 10
shear rates were measured in the indicated range. The experiments were performed for a

capillary with a length of 20 mm and a diameter of 1 mm.

7.4.2 Extensional viscosity

Extensional viscosity of the prepared samples was characterized using a high-pressure
capillary rheometer Gottfert Rheograph RG 50 with a Rheotens device (scale with rollers)
at 200°C. The distance between the end of the capillary and the center of wheels describes a
string length that was set to 100 mm for all the performed experiments. During the
experiment, when polymer melt string was extruded through a capillary with a length of 20
mm and a diameter of 2 mm at constant piston speed 0.20 mm-s™!, rollers were accelerating

from an initial speed 30 mm/s to higher speeds until polymer strand broke.
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8 RESULTS

All results from mechanical and physical measurements and evaluations are described in this

chapter.

8.1 Mechanical properties of produced nonwovens

Final results of mechanical properties of produced nonwoven samples are summarized in
Table 6. As shown in Table 6 positive impact on tensile strength was observed with 20%
PBS in sheath on the other side adding PBS into core decrease tensile. Regarding softness
the best soft touch was observed with usage pure PBS and similar touch feeling was observed
with PE in sheath. Regarding stiffness of produced nonwovens adding PBS material into
sheath has positive effect on stiffness. On the other side adding PBS into core shows similar

behavior as bicomponent nonwoven without additive.
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Table 6 Mechanical properties of produced nonwovens

Relative Tensile

Relative Elongation

Softness panel

Relative Stiffness

sample Basis weight | STT Fiber diameter Strength @ MD | @ Peak - MD test MD gap 20mm
g/m2 S um g/m2 (N/2,54cm) mN*m2/g

#A 41.63 <50 24.93 0.84 0.44 1.9 2.95

#B 83.2 19.82 33.1 0.95 0.53 6.5 15.83

#C 82.05 10.01 33.17 0.49 0.04 6.0 16.97

#D 71.25 12.28 32.55 0.42 0.05 4.3 9.79

#E 67.06 5.43 3143 0.19 0.03 4.7 19.62

#F Not possible to spin

#G 38.65 12.49 26.89 1.35 0.87 3.5 4.42

#H 42.69 3.08 24.93 0.7 0.93 1.1 0.72
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8.2 Differential scanning calorimetry

DSC analysis of the investigated samples was evaluated from the second heating scan
(Figure 25). DSC analysis of pure PBS (Figure 26) and PLA (Figure 27) were measured as

a reference and for comparison of the systems.

Glass transition temperature for pure PLA was found to be 58.49 °C and decreased to
57.64 °C, 58.46 °C and 58.76 °C with addition of 3 %, 5 % and 10 % of PBS, respectively.
The slight drop can represent some limited miscibility of the materials or their low molecular
weight parts, or PBS can act as a plasticizer when amorphous part of PBS could interact with
amorphous part of PLA (26). With further increase in PBS content (15 % and 20 %), the
glass transition temperatures were found 60.14 °C and 60.43 °C, it means they even
exceeded the value for neat PLA (58.49 °C). Interestingly, the melting enthalpy for PLA
crystals was the highest for the sample with 3 % PBS (54.95 J/g) and further decreased with
its increasing amount, however, in all cases was higher than the melting enthalpy for neat
PLA (34.36 J/g). Droplets of PBS itself or its impurities can act as nucleating agent and
significantly accelerate crystallization of PLA (37). Unfortunately, it was not possible to
calculate crystallization enthalpy for individual PLA or PBS in the blends due to their close
crystallization temperatures and thus it was not possible to evaluate their crystallization any
further. Nevertheless, it is assumed, that in their blends crystallinity of both PLA and PBS

increases compared to neat materials (26).

According to the literature, it is not possible to clearly state whether PLA and PBS are
miscible materials or not. While in some studies it was stated that PLA and PBS are
immiscible polymers, in many studies it has been found that they are miscible at low content
of PBS in the blend (lower than 20 %) or at least miscibility of their low molecular weight
parts (38). According to the DSC analysis, where two separate melting peaks can be found
and the fact that glass transition temperature changed only slightly, could be stated that the
miscibility of PLA and PBS in this study occurred only at low level which could be
confirmed by slight shift in glass transition temperatures at low PBS concentration and low

melting enthalpy of the system with 3 % of PBS for PBS (only 0.31 J/g).



TBU in Zlin, Faculty of Technology 49

Aexo o 25.03.2021 14:06:18

Glass Transition e T .
Onset 53,75 °C . Glass Transition Glass Transition Glass Transition
Glass Transition 1 Onset 59,14 °C Onset 52,75 °C

Midpoint IS0 57,64 °C Onset 52,82 °C Onset
Delta Cp 0,540 Jg™-1K"-1 it 15O 58,42 °C Midpoint ISO C Midpoint SO 60,14 °C Midpoint 1SO 60,43 °C
wing ’ “-1K"-1 DeltaCp  0,179)g"-1K~-1  DeltaCp 0,213 Jg™-1K~-1

DetaCp  0,305)gn-1k~-1 0@ P

\ 15]6[Ingec 61000 + 3%PBS FZ78 7\
\_Ingeo 61000 + 3%PBS FZ78, §,8200 mg

S A
» * 4 T
Integral  18332m)  Integral  -2,72m) —— J,-A} .
\ Hormalized 20783g%1  normelized -031Jg~-1 Integral  27,20m) K 7 —
Onset 85,80 °C Onset 107,22 °C normalized 3,08Jg~-1 [ Integral -484,70 m) —f
k '$]6{Ingeo 6100D + 5%PBS FZ78 Peak 92,93 °C Peak 111819  Onset 153,37 °C I normalized -54,95 Jg~-1
Ingeo 6100D + 5%PBS FZ78, 10,2900 mgg 4.y 9959 °C Endset 11423°C  Peak 157,78 °C Onset 163,33 °C
. . Endset 161,38 °C Peak 171,98 °C

Endset 176,44 °C

Integral  4g12m)

| normalized 4,68 1g™-1 Integral -41,51m)  Integral 27.45 mJ ‘
) . ‘ Integral  -497,41mJ
| 1sJ6[1ngeo 61000 + 10%PBS FZ78 Onset 80,73 °C onormalized 403 2971 nomalized 267 g"-1 normalized 48,34 Jg”-1
Ingeo 6100 + 10%PBS FZ78, 10,1000 mgPeak 89,71 °C / Onset 155,06 °C
. . Endset 97,77 °C Peak 112,29°C  pegk 159,29 °C (P’;s:' i??;: E
o T ¢ s Endset 5,03 °C ' 2l 2
' —fd _— MS03%C  Endset ‘?3-95;‘5‘ Endset 177,18 °C
Integral asam SN Lo —— 4
normalized 3,123gn-1 Integral 67,26 m) Integra a62m ) T
Onset 76,37°c ~ hermalized -6,66 7971 normalized 2,14 Integral
2| [1$16[Ingeo 6100D + 15%PBS . aaeron  Onset 104,96 °C A S normalized
Wgr-1 | Ingeo6100D + 15%PBS, 8,6500mg gaasoc  Peak 112,25 °C i - Onset
i Endset 114,76 °C Endset 162.87 °C Peak
2 Endset 176,84 °C

Integral
normalized 1,54 391 Tnteqral 109,28 mJ Integral -1,78 "ﬂ,\
Oreet T80 nomalied 11,3201 el OAIG Limeghel | [ 10,00m) ineegral 441,88 ma
[1'$16[Ingeo 6100D + 20%PBS et oy eg Onset 104,46°C oot 155400¢ PO 1,051g"-1 normalized -45,79 Jg~-1
Ingeo 610D + 20%PBS , 9,9100 mg A Peak 1223°C i, lseogec Onset 157,08°C  Onset 165,61 °C
s . Endset 114,68 °C . Peak 160,41 °C  Peak 172,60 °C

163,05°C  Endset 176,56 °C

Integral 11,89 m)
normalized 1,20 Jg~-1
Onset 75,71 °C Integral

hagaem  Imtearel

ized - A
Peak §535°C  normalized X147 3gn1 orrlzed 0884971
) Endsst  9448°C  Onset 10463°C  pIl 158,23 °C

Method: DSC_-50-250°C_10K/min_N2_40mi/min Peak 112,54 oC 23 ° Integral  -402,10 m)

dt1,00s Endset 114070c  Endset 160,42 “Cintegral 2,24 mJ) normalized -40,58 Jg~-1

[1]-50,0 °C, 2,00 min N2 40,0 ml/min normaliged (0,23 Jg™-1 Onset 166,36 °C

(2] -50,0..250,0 °C, 10,00 K/min N2 40,0 mi/min Onset 160,49°C  peak 173,15 °C

[3]250,0 °C, 1,00 min N2 40,0 ml/min Peak 162,08°C  Endset 177,20 °C

[4] 250,0..-50,0 °C, -10,00 K/min N2 40,0 mi/min Endset | 163,72°C

[5] -50,0 °C, 1,00 min N2 40,0 ml/min \J

[6] -50,0..250,0 °C, 10,00 K/min N2 40,0 mi/min

[71250,0..20,0 °C, -50,00 K/min N2 40,0 mi/min

Synchronization enabled

T T T T T T T T T T T T T T T
20 40 60 80 100 120 140 160 180 200 220 240 °C

Lab: Tom Not signed STAR® SW 14.00

Figure 25 DSC evaluation of mixtures PLA + PBS
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8.3 Rheology evaluation

Strain rate dependent shear viscosity has been determined at 200°C for both pure PLA types
and their compounds with PBS from 3 to 20 % as well as for pure PBS (Figure 28). It is clear
that the lowest shear viscosity is observed in case of pure PBS. On the other hand, the highest
viscosity is observed in case of PLA 6752. As can be seen in Figure 28, shear viscosity

increases with decreasing amount of PBS.

It should be noted that processing window of PLA 6752 samples belongs to higher shear
viscosities than in case of PLA 6100 samples. During the spinning process (shear rate inside
a capillary equal to 10° 1/s), PLA6100 mixture with 15% of PBS represented an unstable
process, even more, with 20% of PBS was not possible to spin. On the other side, PLA 6752
mixture with 20% was spinnable without any significant problems. It seems, that shear
viscosity of PLA 6752 + 20% of PBS in area around 10° 1/s represents a border for

spinnability of these materials.
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Figure 28 Shear viscosity dependence on shear rate at 200°C



Further, the uniaxial elongational viscosity of the prepared samples has been studied. Thus,
the melt strength is given according to the maximum force during a break of the polymer

string which shows also a drawability of the samples.

Typical drawdown force dependence on drawdown velocity can be seen in Figure 29 as well
as in Figure 30 as a data fitted according to the Wagner model (35). Then, using software

evaluation, the uniaxial extensional viscosity is obtained (Figure 31).

As can be seen in Figure B and C, in case of 15% and 20% of PBS included in PLA 6100,
the drawability is significantly reduced. As was already mentioned, this effect was also
observed during a sample preparation by spinning process when processing of this

compound was very problematic (15 % of PBS) or even not possible (20 % of PBS).
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Figure 29 Drawdown force dependence on drawdown velocity
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As can be seen in Figure 31, the extensional viscosity in Newtonian plateau region steadily
increases with PBS content which is opposite in case of shear viscosity (Figure 28). It should
be noted, that elongational behavior is more various than in case of shear behavior. It can be
also seen that if strain hardening is too significant, as in case of samples with 15 and 20%

PBS, processing of these compounds is not possible.

8.4 Evaluation of visible aspect of plates

Black background was use for evaluation of visual appearance. Pictures were taken 10 cm

high over the sample with iPhone XR without any magnification.



8.4.1 PLA without PBS

b

Figure 32 Pure PLA plates
As visible on Figure 32 pure Ingeo 6100D (a) contain small white parts. These parts can be
not melted polymer or air bubbles in compare Ingeo 6752D (b) contains visible air bubbles.

Based on presence of air bubbles is possible that material was not dried properly.

a b
Figure 33 Visual comparison PLA/PLA plate - compound and blend
In Figure 33 picture a is PLA Ingeo 6100 D + PLA Ingeo 6752 blend while picture b is PLA
Ingeo 6100 D + PLA Ingeo 6752 D compound. White pieces are visible in the left picture.
These pieces are probably a) not melted part of 6100 or b) not miscible part of 6752.



Figure 32 support theory of not-melted parts. In compare on right picture is PLA/PLA
compound where plate was transparent with small white defects. These defects were smaller
than blended mixture. Therefore, I suppose that white pieces on left picture were not mixed

PLA Ingeo 6100D.

8.4.2 PLA with PBS

c) | d)

Figure 34 a) Ingeo 6752D + 20% PBS; b) Ingeo 6100D + 3% PBS ; ¢) Ingeo 6100D + 5%
PBS; d) Ingeo 6100D + 20% PBS

PBS changed color of produced plates. As visible in Figure 34 when is PBS mixed with

Ingeo 6100D material is more yellowish (beige) on the other side with same amount of PBS



compounded with 6752 material was whiter. In Figure 33 is also visible that blend Ingeo
6100D + 3% FZ78TM was not properly mixed during production plates — this was probably

caused by different viscosity.

8.5 SEM evaluation

In Figure 35 is shown that our mixture behavior is similar as described in Deng and Thomas

(26) were phase separation is visible in both mixtures. PLA phase (dark one) is disintegrated

into PBS matrix.

i

. J o 3
SEM HV: 20.0 kV WD: 3.90 mm VEGA3 TESCAN SEM HV: 20.0 kV WD: 4.22 mm

View field: 478 pm  SEM MAG: 578 kx 10 pm Performance in nanospace View field: 23.3 pm SEM MAG: 11.9kx 5 pm Performance in nanospace

SEM HV: 20.0 kV WD: 4.16 mm VEGA3 TESCAN|

View field: 49.1 pm | SEM MAG: 423 kx | 10 pm

Det: SE Date(m/d/y): 04/16/21 Performance in nanospace

Figure 35 SEM evaluation of produced plates - a) PLA Ingeo 6752 + 20% PBS FZ78TM;
b) PLA Ingeo 6100 + 20% PBS FZ78TM; c¢) pure PBS FZ78TM



CONCLUSION

This work is focused on finding cheap solution to increase softness of Poly(lactic acid) based
nonwovens. Thus, several samples was produced with different material compositions of

bicomponent fibers for given processing conditions.

During the spinning process it was discovered that laboratory line Hills LBS-300 is not able
to stretch pure PBS fibres. Therefore, it was complicated to produce 100% PBS nonwoven

samples.

Further, it was observed that PLA Ingeo 6100 + 20% PBS composition (Compound A) is
not possible to spin in contrast with tested PLA Ingeo 6752 +20% PBS composition
(Compound B) which was stable during the processing. In order to find out these spinnability
problems, several analyses were done. Based on these analyses it is visible, that shear
viscosity of Compound A is lower than shear viscosity of Compound B having similar values
as Blend C (PLA Ingeo 6100 + 10% PBS). Therefore, one of the theory is that shear rate of

Blend C represents border limit for stable spinning of the material.

In order to evaluate the miscibility of the mixtures, DSC measurements were done. It was

found that all mixtures are miscible.

Further, with the help of SEM analysis performed on polymer plates, it was observed that

homogeneity of the blends is not stable.

Although several measurements and expertise were done the main cause was not defined.

Further investigation is needed.
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