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Wykaz skrotow i oznaczen

o — stosunek wyktadnika Avramiego n 1 Ozawy m

DMTA - dynamiczno-mechaniczna analiza termiczna (ang. dynamic mechanical thermal
analysis)

DSC - skaningowa kalorymetria réznicowa (ang. differential scanning calorimetry)

E — modut sprezystosci wzdtuznej

¢ — wydluzenie w chwili zerwania

E. — energia aktywacji degradacji termicznej

ESO - epoksydowany olej sojowy (ang. epoxidized soybean oil)

F(T) — szybko$¢ chlodzenia, ktéra musi by¢ zapewniona, by uzyska¢ dany stopien
krystaliczno$ci

FTIR — spektroskopia w podczerwieni z transformatg Fouriera (ang. Fourier transform infrared

spectroscopy)

G’ — modut zachowawczy sprezystosci poprzeczne]

HDPE - polietylen duzej gestosci (ang. high density polyethylene)

HRR - szybkos¢ wydzielania ciepta (ang. heat release rate)

k — wspodlczynnik szybkosci krystalizacji

LC — makuchy Iniane (ang. linseed cake)

1 — wspotczynnik tarcia

MAHRE — maksymalny $redni wspéiczynnik emisji ciepta (ang. maximum average rate of heat
emission)

MFI — masowy wskaznik szybkosci ptyniecia (ang. melt mass flow index)

my — masa pozostata po wypaleniu

n — wyktadnik Avramiego

PE - polietylen

PEG - poli(tlenek etylenu)

PET - poli(tereftalan etylenu)

pHRR — maksymalna szybko$¢ wydzielania ciepta (ang. peak heat release rate)
PLA - polilaktyd, poli(kwas mlekowy)

POM - mikroskopia optyczna w $wietle spolaryzowanym (ang. polarized light optical

microscopy)



PP — polipropylen

PVA - poli(alkohol winylowy)

PVC - pol(chlorek winylu)

Rm — wytrzymato$¢ na rozcigganie

SEA — powierzchnia ekstynkcji wtasciwej (ang. specific extinction area)

SEM - skaningowa mikroskopia elektronowa (ang. scanning electron microscopy)
t —czas

T — temperatura

t12 — czas potéwkowy, konieczny do uzyskania 50% krystaliczno$ci wzgledne;j
T'so — temperatura 5% ubytku masy

tano — wspdlczynnik stratnosci mechanicznej

Tg — temperatura zeszklenia

TGA - analiza termograwimetryczna (ang. thermogravimetric analysis)

Tm — temperatura topnienia PLA

Tmax — temperatura najwigkszej szybkosci procesu degradacji termicznej

Top: — optymalna temperatura krystalizacji (temperatura, w ktérej ¢;» przyjmuje minimalng
wartosc)

Ts — temperatura krzepnigcia oleju Inianego

TTI — czas zaptonu (ang. time to ignition)

X.r — stopien krystalicznos$ci



Streszczenie

Przedmiotem niniejszej rozprawy doktorskiej sa kompozyty na bazie polilaktydu
modyfikowane makuchami Inianymi — wyttokami powstatymi przy produkcji oleju Inianego.
Celem pracy bylo zbadanie hipotezy méwiacej, ze roslinny thuszcz zawarty w tym napelniaczu
wykazuje efekt plastyfikujacy wzgledem materialtu osnowy oraz opisanie mechanizmu
oddziatywania oleju Inianego na tworzywo polimerowe, w tym procesu jego migracji z czastek
makuchow do polilaktydu. Zrealizowane i opisane w ramach niniejszej rozprawy badania mialy
rowniez na celu kompleksowe scharakteryzowanie kompozytéw PLA z wyttokami nasion Inu,
co umozliwito ocen¢ potencjalu aplikacyjnego tego napetniacza. Wyniki przeprowadzonych
badan zostaly opublikowane w szeSciu artykutach w czasopismach indeksowanych na liscie

Journal Citation Reports (JCR).

Aby okresli¢, w jaki sposéb olej Iniany zawarty w makuchach oddziatuje na polilaktyd,
przeprowadzono czesciowe odttuszczane tego napetniacza, uzyskujac piec serii materiatowych
o zawartosci oleju od 0,9% mas. do 39,8% mas. Przygotowane w ten spos6b makuchy Iniane
wprowadzano do osnowy polimerowej w ilosci 10% mas., co podyktowane byto wynikami
badan wstepnych. Prébki kompozytowe do badan wytworzono poprzez mieszanie w stanie
stopionym z uzyciem technologii wyttaczania, a nastgpnie formowano metodg wtryskiwania
1 prasowania. W ten sam sposOb przetwarzano takze nienapelniany polilaktyd, ktéry stanowit
seri¢ referencyjng. Wytworzone probki zostaly poddane serii badan, w ramach ktérych
okreslono mikrostrukture kompozytéw, ich wtasciwosci mechaniczne i termomechaniczne
w szerokim zakresie temperatury, dokonano analizy procesu krystalizacji i wyznaczono jego
kinetyke, zbadano palnos$¢ i podatnos¢ na degradacje termiczng, a takze wilasciwosci cierne
i odporno$¢ na zarysowanie. Wyniki uzyskanych prac doswiadczalnych uzupetniono o ocen¢
zmian wtasciwosci kompozytéw spowodowanych oddzialywaniem przyspieszonego starzenia

w kontrolowanych warunkach.

Aby zrozumie¢ proces migracji oleju z makuchéw do osnowy polimerowej, podjeto prébe
opracowania metody modyfikacji umozliwiajacej kontrole tego zjawiska. W tym celu
napelniacz poddano otoczkowaniu przy uzyciu poli(alkoholu winylowego), ktéry miat
wytworzy¢ na jego powierzchni powlok¢ nieprzepuszczalng dla oleju roslinnego. Metoda
mieszania w stanie stopionym i wtryskiwania otrzymano kompozyty zawierajace od 5 do 30 %
mas. modyfikowanego napelniacza. Kompozyty te réwniez poddano badaniom wtasciwosci

mechanicznych, termicznych, strukturalnych i termomechanicznych.



Analiza wynikéw pozwolila na potwierdzenie hipotezy badawczej o plastyfikujacym
dziataniu oleju zawartego w makuchach, ktére skutkuje ograniczeniem podatnosci materiatu na
kruche pgkanie i przyspieszeniem procesu krystalizacji. Wykazano, ze olej Iniany jest tylko
czeg$ciowo mieszalny z osnowg polimerow3 i tworzy w niej osobne wydzielenia. Jego migracja
z czastek napelniacza do fazy polilaktydu moze zosta¢ zminimalizowana poprzez modyfikacj¢
poli(alkoholem winylowym), co ogranicza efekt plastyfikacji. Co wigcej, stwierdzono, ze
kompozyty zawierajagce makuchy Iniane sg stosunkowo wytrzymate i sztywne, a zarazem
odporne na kruche pekanie, wykazuja tez korzystne wlasciwosci trybologiczne. Mimo
obecnosci wysokokalorycznego oleju, nie s3 znaczgco mniej odporne na oddzialywanie
ptomienia niz material polimerowy stanowigcy osnowe. Ponadto przejawiaja réwniez
wystarczajaca z aplikacyjnego punktu widzenia stabilnos$¢ termiczng. Ze wzgledu na swoja
wielofazowa budowe, kompozyty polilaktydowe zawierajace w swym sktadzie rozdrobnione
makuchy Iniane ulegaja degradacji hydrolitycznej, dzigki czemu mozna wnioskowacé, ze po
okresie zakonczenia cyklu zycia wyrobéw z nich wytworzonych mozliwa bedzie ich utylizacja
w procesach przemystowego kompostowania. Co wigcej, wlasciwosci badanych materiatow
moga by¢ kontrolowane poprzez regulowanie ilosci oleju w napelniaczu czy tez jego
modyfikacje. Ze wzgledu na swoje plastyfikujace oddziatywanie, niski koszt, zgodnos$¢
z zasadami Gospodarki o Obiegu Zamknigtym i korzystny wplyw na wlasciwosci kompozytow
polilaktydowych, makuchy Iniane stanowig wartosciowy surowiec, ktéry moze by¢

wykorzystywany na szerokg skale w technologii przetworstwa tworzyw sztucznych.
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Abstract

The subject of the presented thesis is polylactide-based composites modified by linseed
cake — the byproduct of linseed oil production. The study aimed to test the hypothesis that the
linseed oil contained by the filler plasticizes the polymeric material. It was also intended to
describe the interactions between the oil and the matrix of the composites, including its
migration from the linseed cake to polylactide. The aim of the presented work was also a
thorough evaluation of PLA-based composites filled with the byproducts of oil production in
order to assess their application potential. The study results were published as six articles in

journals indexed in Journal Citation Reports (JCR).

To determine, how the linseed oil contained in the filler interacts with polylactide, linseed
cake was subjected to partial defatting. As a result, five filler grades were obtained, which
contained 0.9-39.8 wt% of the natural oil. The polylactide-based composites contained 10 wt%
of different linseed cake grades. They were melt-blended using a co-rotating twin-screw
extruder and injection molded. Unfilled PLA was processed in the same way. The obtained
samples were subjected to a wide array of tests. Their mechanical and thermomechanical
properties were evaluated in a wide range of temperatures, the crystallization process along
with its kinetics were studied as well as the burning behavior and the process of thermal
decomposition. Friction and scratch resistance were also determined. The composite samples

and PLA were subjected to accelerated aging as well.

An attempt to control the process of the oil migration from the linseed cake to the polymeric
matrix was performed. In order to achieve this goal, the filler was subjected to modification
with poly(vinyl alcohol), which created a barrier layer on its surface. The modified filler's
composites containing 5-30 wt% were manufactured by melt-blending and injection molding.
Mechanical, thermal, and thermomechanical properties of the samples were evaluated and their
morphology.

The investigations confirmed the hypothesis that the oil contained by the filler acts as a
plasticizing agent, reducing the brittleness of the material and facilitating its crystallization. It
was proven that the linseed oil is partially miscible with polylactide, and its excess forms
separate domains in the composite’s matrix. The modification can limit its migration from the
linseed cake to the polymeric phase with the poly(vinyl alcohol), which also reduces the
plasticizing effect. What is more, it was shown that the linseed cake-filled composites exhibit

high stiffness and good mechanical performance, with simultaneous resistance to brittle
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fractures. They also present advantageous tribological properties. Despite the presence of the
highly energetic linseed oil, they are not more flammable than the matrix material and also can
be characterized with sufficient thermal stability. Because of their multiphase structure, the
composites degrade in the presence of water, so after the exploitation, they do not become a
problematic waste. Moreover, the properties of the composites can be finely tuned by
controlling the oil content or by modification of the filler. Because of the plasticizing effect,
low cost, environmental friendliness, and beneficial influence on the composites’ properties,

linseed cake is a valuable source that can be widely applied in the polymeric industry.
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Forma rozprawy doktorskiej oraz wklad doktoranta

Na rozprawe doktorska Wiasciwosci przetworcze i uzytkowe kompozytow polilaktydowych
modyfikowanych makuchami Inianymi sktada si¢ sze$§¢ oryginalnych artykutéw
opublikowanych w recenzowanych czasopismach naukowych indeksowanych w bazie Journal

Citation Reports (JCR):

[A]Mysiukiewicz, O.; Barczewski, M.; Skoérczewska, K.; Szulc, J.; Klozinski, A.
Accelerated weathering of polylactide-based composites filled with linseed cake: the
influence of time and oil content within the filler, Polymers 2019, 11, 1495.

[B] Mysiukiewicz, O.; Satasinska, K.; Barczewski, M.; Szulc, J. The influence of oil
content within lignocellulosic filler on thermal degradation kinetics and flammability
of polylactide composites modified with linseed cake, Polymer Composites 2020, 41,
4503-4513.

[C] Mysiukiewicz, O.; Barczewski, M. Crystallization of polylactide-based green
composites filled with oil-rich waste fillers, Journal of Polymer Research 2020, 27,
374.

[D]Mysiukiewicz, O.; Barczewski, M.; Szulc, J. The influence of poly(vinyl alcohol) on
oil release behavior of polylactide-based composites filled with linseed cake, Journal
of Renewable Materials 2020, 8, 347-363.

[E] Mysiukiewicz, O.; Barczewski, M.; Klozinski, A. The influence of sub-zero conditions
on the mechanical properties of polylactide-based composites, Materials 2020, 13,
5789.

[F] Mysiukiewicz, O.; Sulej-Chojnacka, J.; Kotkowiak, M.; Wisniewski, T.; Piasecki, A.;
Barczewski, M. Evaluation of the oil-rich waste lignocellulosic fillers’” influence on the

tribological properties of polylactide-based composites, Materials 2022, 15, 1237.

Zgodnie z zalaczonymi oswiadczeniami wspétautoréw, wktad Doktorantki w powstawanie
publikacji byt nastepujacy:

Publikacja [A] - wudzial Doktorantki polegal na opracowaniu koncepcji badan,
zaplanowaniu eksperymentu, przygotowaniu wstepu literaturowego, modyfikacji 1 wstepnym
przygotowaniu napelniacza oraz wytworzeniu materialdéw kompozytowych, okresleniu
wlasciwosci mechanicznych (w prébie statycznego rozciggania oraz udarnosci metoda
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Dynstat), termicznych (metodg skaningowej kalorymetrii réznicowej) i termomechanicznych
(metoda dynamiczno-mechanicznej analizy termicznej) probek niestarzonych i poddanych
przyspieszonemu starzeniu, a takze na obserwacjach mikroskopowych powierzchni badanych
materiatéw, interpretacji i graficznym opracowaniu wynikow badan oraz przygotowaniu

i edycji tekstu artykutu.

Publikacja [B] — udzial Doktorantki polegal na zdefiniowaniu problemu badawczego,
zaplanowaniu eksperymentu, przygotowaniu wstepu literaturowego, wytworzeniu prébek do
badan, badaniu procesu degradacji termicznej materiatéw kompozytowych metodg analizy
termograwimetrycznej , wyznaczeniu na podstawie wybranych modeli matematycznych energii
aktywacji degradacji termicznej napeitniaczy, osnowy polimerowej i kompozytéw, ocenie
zachowania badanych materialéw poddanych oddzialywaniu ptomienia, a takze na interpretacji

i graficznym opracowaniu wynikow badan oraz na przygotowaniu i edycji tekstu artykutu.

Publikacja [C] — udzial Doktorantki polegal na zdefiniowaniu problemu badawczego,
zaplanowaniu eksperymentu, przygotowaniu wstepu literaturowego, wytworzeniu probek
z materiatdw kompozytowych, badaniu procesu krystalizacji materiatéw kompozytowych
metodami skaningowej kalorymetrii réznicowej 1 mikroskopii w Swietle spolaryzowanym,
analizie kinetyki krystalizacji na podstawie wybranych modeli matematycznych, a takze na
interpretacji i graficznym opracowaniu wynikéw badan oraz na przygotowaniu i edycji tekstu

artykutu.

Publikacja [D] - udziat Doktorantki polegatl na opracowaniu koncepcji otoczkowania
napelniacza lignocelulozowego przy uzyciu PVA w celu uzyskania efektu kontrolowanego
uwalniania oleju z napetniacza do kompozytu, zaplanowaniu eksperymentu, przygotowaniu
wstepu literaturowego, modyfikacji napetniacza, wytworzeniu materiatéw kompozytowych,
analizie  wlasciwosci  termicznych  (metodami DSC i TGA), mechanicznych
i termomechanicznych (metodga DMTA) badanych prébek oraz ich sktadu chemicznego
(metoda spektroskopii w podczerwieni) i chtonnosci wody, a takze na interpretacji i graficznym
opracowaniu wynikéw badan oraz na przygotowaniu i edycji tekstu artykutu.

Publikacja [E] — udzial Doktorantki polegat na zdefiniowania zagadnien badawczych
stanowigcych podstawe do podjecia prac doswiadczalnych, zaplanowaniu eksperymentu,
przygotowaniu  wstepu  literaturowego, wytworzeniu  materialdw  kompozytowych,
przeprowadzeniu pomiaréw metodg dynamiczno-mechanicznej analizy termicznej, zbadaniu

wlasciwosci mechanicznych tworzyw w probie statycznego rozciggania w temperaturze -40°C
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125°C, okresleniu udarnosci probek temperaturze 25°C, interpretacji i graficznym opracowaniu

wynikéw badan oraz na przygotowaniu i edycji tekstu artykutu.

Publikacja [F] — udzial Doktorantki polegal na zdefiniowaniu problemu badawczego
1 zaplanowaniu na jego podstawie prac eksperymentalnych, przygotowaniu wstepu
literaturowego, wytworzeniu probek do badan z materiatéw kompozytowych, przeprowadzeniu
pomiaréw mikrotwardos$ci metoda Vickersa i temperatury mi¢knienia Vicata, odpornosci na
zarysowanie, dokonaniu obserwacji mikroskopowych struktury prébek, interpretacji

i graficznym opracowaniu wynikow badan oraz na przygotowaniu i edycji tekstu artykutu.
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1. Wstep

1.1. Uzasadnienie wybranej tematyki

Tworzywa polimerowe sg wytrzymate i odporne na czynniki srodowiskowe, jednocze$nie
cechujac si¢ niewielka gestoscig. Ze wzgledu na szerokie mozliwosci przetwarzania
1 modyfikacji, a takze niski koszt, znalazly zastosowanie w niemal wszystkich gale¢ziach
przemystu, od jednorazowych opakowan do zywnosci po skomplikowane elementy
konstrukcyjne. Wedtug raportu ,Plastics — the Facts 20207, opublikowanego przez
Stowarzyszenie Producentéw Tworzyw Sztucznych PlasticsEurope w 2019 roku, $wiatowa
produkcja tworzyw polimerowych wynosita 368 milionéw ton, az o 9 milionéw ton wigcej niz
w 2018 roku [1]. Niestety, powszechnos¢ tych materialéw, a takze ich odpornos¢ na degradacije,
sprawiaja, ze pouzytkowe i poprodukcyjne odpady z tworzyw sztucznych stanowig powazne
zagrozenie dla srodowiska naturalnego [2]. Mimo ze wiele termoplastycznych polimeréw moze
zosta¢ ponownie przetworzona, a ilos¢ materiatéw poddanych recyklingowi w krajach Unii
Europejskiej podwoita si¢ od 2006 roku [1], rocznie prawie 10 milionéw ton odpadéw trafia do
morz i oceanéw, a ich masa stale rosnie [2]. Co wigcej, wigkszo$¢ polimeréw majacych
przemystowe zastosowanie syntezowana jest z pochodnych ropy naftowej, a wigc ze zrddet
nieodnawialnych. Niemniej jednak, mimo oczywistych zagrozen dla srodowiska naturalnego,
a takze coraz bardziej restrykcyjnych przepiséw prawa i rosngcej §wiadomosci konsumentow,
catkowite zaprzestanie uzytkowania tworzyw polimerowych oraz wyrobéw z nich
wytworzonych jest nierealistyczne. Z tego powodu podejmowane sg dziatania majace na celu

zminimalizowanie negatywnych skutkdw ich stosowania.

Jednym ze sposobdéw redukcji niekorzystnego wptywu tworzyw sztucznych na ekosystem
jest  zastegpowanie konwencjonalnych  materialéw  biodegradowalnymi  polimerami
syntezowanymi ze zrédet odnawialnych [3]. Obecnie $wiatowa produkcja tzw. biotworzyw
(ang. bioplastics) to okoto 2 miliony ton rocznie [4], co nie stanowi nawet jednego procenta
wszystkich tworzyw polimerowych produkowanych w tym samym czasie na calym swiecie.
Biorac pod uwagg, ze biopochodne i biodegradowalne materiaty polimerowe coraz cz¢sciej nie
ustepuja konwencjonalnym tworzywom pod wzgledem wiasciwosci uzytkowych, a przy tym
ich zastosowanie zgodne jest z zatozeniami zréwnowazonego rozwoju i Gospodarki o Obiegu
Zamknietym (ang. Circular Economy) [5], nalezy dazy¢ do ich popularyzacji i coraz szerszego

zastosowania.
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Istnieje wiele biotworzyw, z ktérych znaczna cz¢$¢ znajduje zastosowanie na szeroka skale
w réznych gateziach przemystu, a jednym z najciekawszych jest polilaktyd albo poli(kwas
mlekowy). Jest to termoplastyczny alifatyczny poliester syntezowany z kwasu mlekowego,
bedacego produktem fermentacji skrobi [6]. Ten sztywny i wytrzymaty material ma
wlasciwosci mechaniczne poréwnywalne do polipropylenu (PP) czy poli(tereftalanu etylenu)
(PET) [7], jednak w przeciwienstwie do tych polimeréw po zakonczeniu cyklu zycia moze
zosta¢ poddany nie tylko recyklingowi mechanicznemu, ale tez przemystowemu
kompostowaniu [8]. W zaleznos$ci od zawartosci izomeru D kwasu mlekowego PLA moze
krystalizowa¢ lub pozostawa¢ w transparentnej formie amorficznej [9]. Na rynku dostepnych
jest wiele odmian polilaktydu, ktére w zaleznosci od masy czasteczkowej, jej rozkiadu
1 lepkosci wynikajacej ze struktury makroczasteczkowej przeznaczone sa do przetwarzania za
pomoca réznych technologii, od formowania wtryskowego po wyttaczanie z rozdmuchiwaniem
[10]. W efekcie mozliwe stato si¢ powszechne zastosowanie PLA do produkcji opakowan, ale
tez aplikacji biomedycznych czy tez wytwarzania filamentéw do druku 3D [8]. Mimo wielu
zalet polilaktydu, w roku 2020 jego Swiatowa produkcja wynosita jedynie 400 tysigcy ton, co
stanowi 18,7% wszystkich biotworzyw, wliczajac w to biopochodne polimery
niebiodegradowalne [4]. Przyczyng stosunkowo niewielkiego zastosowania polilaktydu moga
by¢ jego wady, do ktérych zaliczy¢ mozna krucho$¢ [9], dyskwalifikujaca materiat ten
z niektérych zastosowan, a takze charakterystyczny dla termoplastycznych poliestréow wolny
proces krystalizacji [11]. Powolne tworzenie si¢ fazy krystalicznej ze stopu wymusza
stosowanie okreslonych warunkéw przetwarzania, takich jak wysoka temperatura formy i dtugi
czas chlodzenia, co niekorzystnie wplywa na wydajnos¢ produkcji wyrobéw z PLA
o zwickszone]j krystalicznosci. Inna niekorzystna cecha, wynikajaca czesciowo z wolnej
krystalizacji, jest niska stabilno$¢ termomechaniczna fazy amorficznej polilaktydu — wartos¢
temperatury mi¢knienia zawiera si¢ w zakresie 50-70°C [12]. Nalezy podkresli¢, ze
wymienione wady moga zosta¢ zredukowane lub catkowicie wyeliminowane dzieki
zastosowaniu réznych metod modyfikacji, takich jak tworzenie kopolimeréw na bazie PLA
oraz mieszanin polimerowych, a takze wprowadzenie §rodkéw pomocniczych i napetniaczy
[9].

Srodki pomocnicze stosowane w celu zminimalizowania tych niekorzystnych cech PLA

dziela sig na kilka grup, wéréd ktérych wyréznié¢ mozna':

! Jako modyfikatory polilaktydu stosuje si¢ réwniez antypireny, przedtuzacze lancucha, barwniki i pigmenty,
antyoksydanty i inne substancje, ktére nie sa przedmiotem niniejszej pracy, dlatego tez nie beda szczegétowo
omawiane.
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e plastyfikatory — pozwalajgce na ograniczenie podatnosci na kruche pekanie poprzez
zwigkszenie mozliwosci ruchu tancuchéw polimerowych. Wsréd najczesciej stosowanych
wymieni¢ nalezy poli(tlenek etylenu) (PEG) [9], cytrynian acetylotributylu [13] czy
oligomery kwasu mlekowego [14];

e nukleanty — stanowigce zarodki fazy krystalicznej, ktérych obecno$¢ przyspiesza
tworzenie si¢ fazy krystalicznej. Jednym z najpopularniejszych srodkéw nukleujacych jest
s6l potasowa S-dimetyl sulfoizotalanu znana pod nazwa handlowga LAK-301,
produkowana przez Takemoto Oil & Fat Co Ltd. [12], jak rowniez inne substancje, w tym
nanowldkna celulozowe [15] czy talk [16];

® napetniacze — ktérych wprowadzenie pozwala na zastgpienie czeSci polimeru
w tworzonym kompozycie przy zachowaniu jego wlasciwosci mechanicznych,
przetworczych i eksploatacyjnych na zagdanym poziomie. Istnieje bardzo wiele substanciji,
ktére spetniajg taka role, jak na przyktad maczka drzewna [17,18] czy tez widkna roslinne
réznego pochodzenia [19].

Wszystkie srodki modyfikujace, niezaleznie od swojego gtdwnego przeznaczenia powinny
spetnia¢ kilka funkcji. Oczekuje si¢, by byly niedrogie, tatwe w zastosowaniu oraz aby ich
dziatanie nie zmieniato si¢ w czasie eksploatacji produktu. Powinny by¢ réwniez nietoksyczne
wzgledem cztowieka i srodowiska, a takze odnawialne i biodegradowalne. Substancjami, ktére
czesto spelniajg wigkszos¢ z tych wymagan, sa napetniacze pochodzenia odpadowego (ang.
waste fillers) — produkty uboczne powstajace wskutek proceséw produkcyjnych w réznych
gateziach przemystu [20]. Mimo ze w opublikowanych dotychczas pracach badawczych
wymienia si¢ przyklady napelniaczy odpadowych z przemystu wydobywczego, takich jak pyt
bazaltowy [21], zwykle sa to substancje pochodzenia naturalnego (rzadziej zwierzecego)
bedace produktami ubocznymi rolnictwa czy tez powstajagcymi w trakcie produkcji zywnosci
[22]. Wsréd nich wymieni¢ mozna tuski nasion [23-25], tupiny orzechéw [26-28], zuzyte
ziarna kawy [29], todygi [30,31] i wytloki ro$lin oleistych [32,33], a nawet odpady z produkcji
sokéw owocowo-warzywnych [34,35]. Sg to wigc substancje odnawialne 1 biodegradowalne,
ktére nie stwarzajg zagrozenia dla cztowieka i srodowiska naturalnego, a ich zastosowanie jest
zgodne z zasadami Gospodarki o Obiegu Zamknigtym [36]. Rodzi si¢ jednak pytanie, w jaki
sposOb wptywaja one na wlasciwosci kompozytéw polimerowych?

Mimo ze napetniacze odpadowe pochodzenia roslinnego s3 zréznicowang grupg
materiatow, ich gléwne sktadniki stanowig lignina i celuloza [37], bedace réwniez budulcem

drewna [38], czesto wprowadzanego do kompozytéw polimerowych w postaci maczki, a takze
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stosowanych z powodzeniem od lat widkien roslinnych [39]. Z tego powodu wiasciwosci
wiekszosci kompozytdw polimerowych zawierajacych w swym sktadzie napetniacze
odpadowe pochodzenia roslinnego, nie réznig si¢ znaczaco od dotychczas wytwarzanych
kompozytéw polimerowo-drzewnych (ang. wood-polymer composites). Wiele napelniaczy
odpadowych zawiera takze dodatkowe skladniki takie jak biatko [40], oleje [41], substancje
mineralne [42] czy tez naturalne barwniki i antyoksydanty [43,44], dlatego tez majg one o wiele

wiekszy potencjat modyfikacyjny niz mgczka drzewna albo oczyszczone widkna roslinne.

Wyttoki z ros$lin oleistych czyli produkty uboczne powstajagce w trakcie procesOw
wytwarzania oleju sg jednym z bardziej obiecujacych napetniaczy odpadowych ze wzgledu na
zawarto$¢ oleju roslinnego, ktéry w przetworzonej chemicznie formie jest efektywnym
modyfikatorem polimeréw [45]. Oleje pochodzenia roslinnego sktadajg si¢ z triglicerydow
nasyconych i nienasyconych kwaséw tluszczowych. Te ostatnie w swoich tancuchach
zawieraj3 wigzania podwdjne wegiel-wegiel, ktore sg stosunkowo reaktywne i dlatego tez moga
dos¢ tatwo zosta¢ poddane modyfikacji chemicznej [46]. Epoksydowany olej sojowy od
kilkudziesigciu lat stosowany jest jako nietoksyczny plastyfikator poli(chloroku winylu) (PVC)
[47], a w ostatnich latach znajduje coraz szersze zastosowanie jako dodatek do polilaktydu.
Jego wprowadzenie do PLA pozwala na ograniczenie kruchos$ci polimeru [48], jak réwniez
umozliwia uzyskanie efektu kompatybilizacji w przypadku wytwarzania kompozytéw i
mieszanin polimerowych [49]. Opr6cz ESO badane i stosowane w praktyce sg rowniez inne
modyfikowane chemicznie oleje roslinne, w tym olej stonecznikowy [50] i Iniany [51,52], ktére
mogg zosta¢ poddane epoksydowaniu oraz szczepieniu bezwodnikiem maleinowym. Co
ciekawe, rowniez niemodyfikowane oleje roslinne moga petnic role plastyfikatora PLA, cho¢
ze wzgledu na gorszg mieszalno$¢ z polimerem ich efektywnos$¢ oddzialywania jest mniejsza
[45]. Niemniej jednak biorgc pod uwage koszty oraz energochtonno$¢ modyfikacji chemicznej,
mozna stwierdzi¢, ze napelniacze odpadowe bogate w naturalny olej powinny stanowic

korzystny dodatek dla polimeréw termoplastycznych, w tym polilaktydu.

W literaturze przedmiotu mozna znalez¢ stosunkowo niewiele wynikow badan
dotyczacych zastosowania wyttokow roslin oleistych 1 podobnych napetniaczy odpadowych
jako dodatku do termoplastycznych tworzyw polimerowych. Finkenstadt wraz ze
wspotpracownikami opisali wptyw wytlokéw z ro$lin takich jak Cuphea viscosissima x C.
lanceolata (kufea), Lesquerella fenderlii Asclepis syriaca (toje$¢ amerykanska) na wlasciwosci
kompozytu polilaktydowego [33]. Jak wykazano, dodatek tych napetniaczy skutkuje

zwigkszeniem stopnia krystaliczno$ci 1 obnizeniem temperatury zeszklenia osnowy
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polimerowej, jak réwniez wzrostem wydluzenia w chwili zerwania, co $wiadczy o
plastyfikujacym oddzialywaniu napelniaczy. Zupelnie inne rezultaty uzyskano w przypadku
polipropylenu modyfikowanego wytlokami nasion stonecznika, ktérego wartosci modutu
sprezysto$ci wyznaczone w probie zginania i rozciggania ulegly zauwazalnemu zwigkszeniu w
poréwnaniu do niemodyfikowanej osnowy polimerowej [32]. Odmienny wptyw napetniacza
mogt by¢ zwigzany ze stosunkowo niewielkg zawarto$cia oleju w jego strukturze, co
bezposrednio przetozyto si¢ efektywno$¢ oddziatywania wyttokéw stonecznikowych.
Zwigkszenie wytrzymato$ci na rozcigganie i modutu sprezystosci wzdluznej bez obnizenia
wartosci wydtuzenia w chwili zerwania odnotowano réwniez w przypadku kompozytow
polietylenowych (PE) z rozdrobniong tuska stonecznika [53]. Podsumowujac, w zaleznos$ci od
typu napelniacza, zawartosci oleju oraz materiatu osnowy, wyttoki z nasion oleistych mogg w
rézny sposéb wplywaé na wilasciwosci tworzywa kompozytowego wytworzonego z ich

udziatem, dlatego tez pozostajg one wcigz obiecujagcym i niezgtgbionym przedmiotem badan.

1.2. Wyniki badan wstgpnych

W ramach badan wstepnych przygotowano kompozyty na bazie polimerow
termoplastycznych z dodatkiem makuchéw Inianych, czyli wytlokéw z nasion Inu (Linum
usitatissimum L.). Ich roczna produkcja w krajach Unii Europejskiej to 470 ton [54], lecz jak
dotad nie znalazty one przemystowego zastosowania na szerokg skalg. Makuchy Iniane
zawierajg lignine, holocelulozg, biatko, sacharydy i az do 30% mas. oleju [55]. Mimo Ze sg one
wykorzystywane jako dodatek paszowy dla zwierzat czy tez zaneta dla ryb [56], ze wzgledu na
wyniki badan dotyczacych oleju Inianego oraz napetniaczy odpadowych jako modyfikator6w
polimeréw nalezy stwierdzi¢, ze potencjalnie moga one znalez¢ zastosowanie w przetworstwie
tworzyw sztucznych.

Pierwszym etapem badan wstepnych byla analiza wpltywu makuchéw Inianych na
wlasciwosci kompozytéw na osnowie polietylenu duzej gestosci (HDPE) [57], ktéry stanowi
trzecie tworzywo pod wzgledem zapotrzebowania w Europie [1]. Niemodyfikowane makuchy
w ilosci 5-30% mas. wprowadzono do osnowy polimerowej w procesie mieszania w stanie
stopionym.  Zbadano  wlasciwosci  fizykochemiczne, = mechaniczne,  termiczne
1 termomechaniczne otrzymanych materiatow, ktére analizowano w odniesieniu do zmian
strukturalnych spowodowanych obecnoscig napetniacza. Stwierdzono, ze wprowadzenie

makuchéw Inianych skutkuje obnizeniem warto$ci wytrzymatosci na rozcigganie, modutu
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sprezystosci wzdluznej, a takze udarnosci i wydluzenia w chwili zerwania, co wynikato z
niedostatecznej adhezji miedzy osnowg i czastkami napetniacza. Kompozyty cechowaly si¢
niewielkg twardo$cia 1 temperaturg mi¢knienia, a takze wysokg chtonnoscig wody. Jedynym
obiecujacym wynikiem byto zwigkszenie stopnia krystalicznos$ci polietylenu wskutek dodania
makuchéw Inianych. Na podstawie przeprowadzonych badan stwierdzono, ze zastosowanie
innego materialu osnowy moze przynies¢ korzystniejsze rezultaty.

Podczas drugiego etapu badan wstegpnych jako osnowe zastosowano polilaktyd, ktéry
napelniano niemodyfikowanym napelniaczem. Ponadto wytworzono seri¢ probek
zawierajacych czesciowo odttuszczone makuchy Iniane [58]. Oba napetniacze zawieraty
odpowiednio 28,7 i 17,4% mas. oleju Inianego. Kompozyty modyfikowane 5-30% mas.
makuchéw poddano badaniom strukturalnym, a takze okreslono ich wtasciwosci mechaniczne,
termiczne i termomechaniczne. Uzyskane wyniki pozwolily na stwierdzenie, ze dodatek co
najmniej 10% mas. nieodtluszczonego napelniacza przyspiesza proces krystalizacji PLA.
Swiadczyly o tym zanik maksimum obserwowanego na termogramach DSC wynikajacy z
wystepowania egzotermicznego zjawiska tzw. zimnej krystalizacji oraz wzrost stopnia
krystaliczno$ci kompozytéw w poréwnaniu do niemodyfikowanego polimeru. Interesujace
rezultaty uzyskano réwniez w przypadku wtasciwosci mechanicznych. Zauwazono, ze dodatek
niemodyfikowanych makuchéw Inianych skutkuje stopniowym obnizaniem si¢ modutu
sprezystosci wzdtuznej, podczas gdy w przypadku zastosowania czesciowo odttuszczonego
napelniacza kompozyty wytworzone z jego udziatem wykazywaty poréwnywalng wartos¢ E
bez wzgledu na zawarto$¢ napelniacza. Najbardziej nieoczekiwany wynik uzyskano dla
wydtuzenia w chwili zerwania probki zawierajacej 10% mas. nieodttuszczonych makuchow,
ktérego warto$¢ byta dwukrotnie wyzsza w poréwnaniu do niemodyfikowanego polilaktydu.
Na podstawie obserwacji mikroskopowych odnotowano brak wtasciwej adhezji pomiedzy
czastkami napelniacza i osnowg PLA, a zjawisko to zostalo zinterpretowane jako przestanka
swiadczaca o plastyfikujgcym dziataniu makuchéw w wyniku migracji oleju z napetniacza do
obszaru miedzyfazowego i1 osnowy polimerowej. Zauwazono réwniez, ze kompozyty
zawierajace wigkszg ilo§¢ napelniacza niemodyfikowanego podobnie jak probki
z odtluszczonymi makuchami wykazujg o wiele mniejsze wartosci wydluzenia w chwili
zerwania. Wywnioskowano stad, ze jedynie przy odpowiednim stosunku ilo$ci oleju i sztywne;j
frakcji lignocelulozowej w makuchach mozna zaobserwowac¢ efekt plastyfikacji, bedacy
dodatkowg cechg funkcjonalng napetniacza odpadowego.

Analizie poddano réwniez wlasciwosci reologiczne kompozytéw polilaktydowych

z wyttokami nasion Inu [59]. Stwierdzono, Ze zastosowany napelniacz plastyfikuje materiat
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osnowy, co prowadzi do obnizonej lepkosci stopionego kompozytu, a obserwowany efekt jest
najbardziej zauwazalny dla materialéw zawierajacych nie wiecej niz 10% mas. makuchow.
Wykazano réwniez, ze wytwarzanie kompozytéw o takim sktadzie nie powinno utrudniac¢
procesu przetworstwa. Wprowadzenie zwickszonej ilo$ci napetniacza o duzej zawarto$ci oleju
skutkowato bowiem pogorszeniem si¢ wlasciwosci przetwérczych w wyniku znaczgcego

obnizenia si¢ efektywnosci uplastyczniania kompozytow.

1.3. Cel pracy

Dzig¢ki przeprowadzonym badaniom wstepnym za najbardziej obiecujacy materiat uznano
kompozyt na bazie polilaktydu z dodatkiem 10% mas. nieodtluszczonych makuchéw Inianych.
Postawiono hipoteze, ze olej Iniany zawarty w makuchach jest sktadnikiem odpowiedzialnym
za obserwowany efekt plastyfikacji, a napelniacz ten moze by¢ uznany za wykazujacy
dodatkowe cechy funkcjonalne. Na jej podstawie sformutowano cel naukowy niniejszej pracy,
ktérym jest opis oddziatywania oleju Inianego zawartego w makuchach Inianych (czastkach
napelniacza) na osnow¢ polimerowg oraz okreslenie jego wplywu na strukture i wlasciwosci
materialu kompozytowego.

Aby zrealizowac cel naukowy pracy, przygotowano pi¢¢ serii kompozytéw na bazie PLA
o stalej zawartosci napetniacza (10% mas.), lecz r6znigcych si¢ iloscig oleju obecnego
w makuchach Inianych. Struktur¢ wytworzonych prébek poddano obserwacjom przy uzyciu
skaningowego mikroskopu elektronowego. Informacji na temat interakcji faz tworzacych
kompozyt dostarczyty rowniez wyniki dynamiczno-mechanicznej analizy termicznej, dzigki
ktérej ustalono w jaki sposdb obecnos¢ oleju wplywa na przemiany fazowe osnowy
polimerowej. Ocen¢ struktury wewng¢trznej materiatéw kompozytowych powtérzono po
przeprowadzeniu przyspieszonego starzenia w obecnosci wody przez 250 i 500 h. Umozliwito
to nie tylko opisanie wptywu napelniacza na proces degradacji badanych tworzyw, ale tez
sformutowanie wnioskéw dotyczacych zmian oddzialywan miedzy osnowa kompozytow
a czgstkami napetniacza oraz olejem Inianym w czasie eksploatacji.

W ramach badan wstgpnych okreslono tylko wybrane wlasciwosci badanych materiatéw,
co nie pozwolito na ocen¢ mozliwosci ich praktycznego zastosowania. Dlatego tez celem
utylitarnym rozprawy jest scharakteryzowanie szerokiego spektrum wtasciwosci kompozytow

polilaktydowych z makuchami o r6znej zawartosci oleju, aby okresli¢ ich potencjat aplikacyjny
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oraz opracowa¢ metody kontroli ich efektu modyfikacji, by mdc §wiadomie projektowac

tworzywa przeznaczone do okreslonych zastosowan.

Realizacja celu utylitarnego niniejszej pracy mozliwa byla dzieki przeprowadzeniu
licznych badan wtasciwosci eksploatacyjnych kompozytéw na osnowie polilaktydu
modyfikowanych makuchami Inianymi o réznej zawartosci oleju. Ocenie poddano quasi-
statyczne i dynamiczne wilasciwosci mechaniczne, stosujagc odpowiednio prébe statycznego
rozciggania oraz pomiar udarnosci metodg Charpy’ego przeprowadzane zar6éwno
w temperaturze pokojowej (ok. 25°C), jak i obnizonej (-40°C). Wplyw oleju zawartego
w napelniaczu na proces tworzenia fazy krystalicznej PLA zostal scharakteryzowany
w warunkach izotermicznych i podczas chtodzenia ze stopu dzigki zastosowaniu skaningowe;j
kalorymetrii réznicowej oraz mikroskopii optycznej w $wietle spolaryzowanym.
Przeprowadzono réwniez analize kinetyki krystalizacji wedlug wybranych modeli
matematycznych. Oszacowanie potencjatu aplikacyjnego badanych kompozytéw nie bytoby
mozliwe bez oceny ich procesu degradacji termicznej i palnosci. Zastosowano przy tym analize
termograwimetryczng, a na jej podstawie okreslono warto$¢ energii aktywacji degradacji
termicznej. Zachowanie materialéw podczas palenia zbadano metodg kalorymetrii stozkowe;.
Znaczacym elementem rozprawy byta réwniez ocena wtasciwosci trybologicznych polilaktydu
napelnianego makuchami Inianymi o zmiennej zawartosci oleju. Przeprowadzono badania
twardosci, odporno$ci na zarysowanie i wspotczynnika tarcia, a nast¢pnie obserwacjom
mikroskopowym poddano starte powierzchnie probek. W ramach analizy wptywu oleju
Inianego na wiasciwosci kompozytéw polilaktydowych podjeto probe ograniczenia jego
dziatania. W tym celu przeprowadzono modyfikacj¢ napetniacza poli(alkoholem winylowym),
po czym wprowadzono go do osnowy PLA, a powstate prébki poddano ponownej ocenie
wlasciwosci. Nalezy zaznaczy¢, ze wszystkie przeprowadzane badania nie tylko dostarczyty
waznych danych do oceny potencjalu aplikacyjnego kompozytéw modyfikowanych
makuchami Inianymi, ale réwniez umozliwily uzyskanie wielu informacji na temat
wzajemnego oddzialywania osnowy, czgstek napetniacza 1 oleju Inianego oraz
fizykochemicznych proceséw zachodzacych w warunkach tozsamych do eksploatacji badanych

materiatow.
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2. Metodyka badan
2.1. Materiaty

2.1.1. Przygotowanie napetniacza

Napetniacz o réznej zawartosci oleju przygotowano, korzystajac z dwéch odmian
makuchéw Inianych (oznaczonych jako A i B) oraz niemodyfikowanych nasion Inu, ktére
pozyskano od lokalnych dostawcéw. Makuchy Iniane A charakteryzowatly si¢ zawartoscig oleju
rowng 30,4% mas., a odmiana B — 17,7% mas. Dodatkowo czg¢$¢ napetniacza o nizszej
zawartosci oleju poddano jedno- lub dwukrotnemu odtluszczaniu poprzez ekstrakcje
realizowang z uzyciem acetonu i zastosowaniem mieszania mechanicznego. Niemodyfikowane
nasiona Inu rozdrobniono w mtynku nozowym, uzyskujac material o zawartosci oleju réwne;j
39,8 % mas. Przed wprowadzeniem do osnowy polimerowej napetniacze frakcjonowano przy
uzyciu analizatora sitowego wyposazonego w sito o wielkosci oczek réwnej 630 pum, co
pozwolito na uzyskanie czastek o Sredniej wielkosci ok. 500 um. Zawartos¢ tluszczu w
badanym materiale oznaczono metoda Soxhleta przy uzyciu eteru naftowego. Sktad chemiczny
makuchéw zawierajacych 30,4% oleju zamieszczono w tabeli 1.

Uzyskane odmiany napetniacza oznaczono za pomocg kodu LC oraz liczby wskazujacej
na zawarto$¢ oleju, np. LC-0.9 oznacza napetniacz o 0,9% mas. oleju. Proces przygotowania
napelniacza o zmiennej zawartos$ci oleju opisano szczegétowo w publikacji [A] i przedstawiono

schematycznie na rysunku 1.

Tabela 1. Sktad chemiczny napetniacza LC-30.4. [C]

Skladnik Zawartos¢ jako % suchej masy
Olej 30,40

Celuloza 11,53

Lignina 7,33

Hemiceluloza 6,23

Substancje mineralne 4,53

Biatko, sacharydy i inne 39,98

24



M F

Siemie Iniane * Mielone siemie Iniane » LC-39.8
F

Makuchy Iniane A » LC-30.4
F

» LC-17.7
_ 0] F

Makuchy Iniane B »  Makuchy 4,6% tt. » LC4.6
M — mielenie 0O F

F — frakcjonowanie »  Makuchy 0,9% tt. » LC-09

O - odttuszczanie

Rys. 1. Schemat procesu przygotowania napetniaczy. [A]

Aby kontrolowa¢ proces migracji oleju Inianego z makuchéw do osnowy polimerowej,
przeprowadzono ich modyfikacje za pomocg poli(alkoholu winylowego). 100 g PVA
rozpuszczono w 1 1 wody demineralizowanej. Do roztworu wprowadzono 100 g makuchéw
o zawartosci oleju réwnej 30,4% mas. Po wymieszaniu sktadnikéw otrzymang zawiesing
przelano do polipropylenowego pojemnika i suszono w temperaturze 80°C przez 48 h.
Otrzymany produkt rozdrabniano w mtynie nozowym. Proces modyfikacji zostat szczegétowo

opisany w publikacji [D].

2.1.2. Materiat osnowy

Jako osnowe przygotowywanych kompozytéw zastosowano odmiang polilaktydu o nazwie
handlowej Ingeo 2500 HP produkowany przez Nature Works (Minnetonka, USA). Tworzywo
to przeznaczone jest do przetwarzania metodami wyttaczania i formowania wtryskowego.
Dzigki zawartosci izomeru D ponizej 0,5% odmiana ta moze tworzy¢ forme krystaliczng
w warunkach procesu technologicznego. Charakteryzuje si¢ masowym wskaznikiem szybkos$ci
ptyniecia (MFI) o wartosci 8 g/10 min (w temperaturze 210°C i przy obcigzeniu 2,16 kg)
i gestoscia 1,24 g/cm?.
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2.1.3. Przygotowanie probek kompozytowych

Przygotowanie prébek kompozytowych do badan obejmowato dwa etapy. Pierwszym
z nich bylo wprowadzenie napetniacza do osnowy polimerowej, a drugim — wytworzenie
ksztaltek do badan. Aby zbada¢ wplyw oleju zawartego w makuchach na strukture
i whasciwosci kompozytéw polilaktydowych, wszystkie serie materialowe zawieraly t¢ samg
ilo$¢ napetniacza wynoszaca 10% mas., r6znity si¢ natomiast jego typem (zawarto$cig oleju).
Jak ustalono podczas badan wstepnych [58], dodatek makuchéw réwny 10% mas. miat
widoczny wplyw na wilasciwosci PLA, nie utrudniajgc jednocze$nie procesu przetwarzania

kompozytu.

Kompozyty na osnowie polilaktydu wytworzono metoda mieszania w stanie stopionym.
Odwazono odpowiednie ilosci sproszkowanych i frakcjonowanych makuchéw Inianych oraz
granulatu PLA, poddano je procesowi mechanicznego mieszania wst¢pnego, a nastepnie
suszono w temperaturze 70°C przez ok. 20 h. Mieszanie przeprowadzono przy uzyciu
wyttaczarki dwuslimakowej wspoétbieznej Zamak EH-16.2D. Predkos¢ obrotowa slimakow
wynosita 120 obr./min, a maksymalna temperatura nastaw ukladu uplastyczniajgcego
(temperatura glowicy) 190°C. Wyttoczyny zostaty schtodzone z uzyciem wymuszonego obiegu

powietrza, a nastepnie poddane granulacji.

Ksztaltki do badan zostaly przygotowane metoda formowania wtryskowego z granulatow
kompozytowych. Materialy zostalty ponownie wysuszone w temperaturze 70°C przez ok. 20 h.
Witryskiwano je przy uzyciu wtryskarki Battenfeld PLUS-35. Maksymalna temperatura nastaw
w trakcie procesu wynosita 210°C, temperatura formy 50°C, ci$nienie wtrysku 72 MPa,
a predkos¢ wtrysku 75 mm/min. Niemodyfikowany material osnowy przetworzono w taki sam
sposéb jak kompozyty w celu uzyskania poréwnywalnej historii termomechanicznej prébek
referencyjnych i kompozytowych. Wytworzone probki oznaczono w zalezno$ci od rodzaju
zastosowanego napetniacza, np. PLA-LC-39.8 oznacza kompozyt o osnowie z polilaktydu
zawierajacy 10% mas. makuchéw Inianych o zawartosci 39,8% mas. oleju. Proces
przygotowania prébek o zmiennej ilosci ttuszczu roslinnego w napetniaczu zostat szczegétowo
opisany w publikacji [A].

Ptytki o wymiarach 100x100x4 mm?

przeznaczone do badania palnosci metoda
kalorymetru stozkowego przygotowano bezposrednio z granulatéw kompozytowych poprzez
prasowanie przy uzyciu laboratoryjnej prasy hydraulicznej Remi Plast. Materiaty wejsciowe

suszono w temperaturze 70°C przez 24 h. Forme¢ z wysuszonym granulatem umieszczano na

26



stole prasy nagrzanym do temperatury 190°C, nastepnie wsad materialowy podgrzewano przez
10 min, po czym prasowano pod ci$nieniem 18 MPa w czasie 10 min. Po zakonczeniu procesu
prasowania forme¢ wraz z materialem usuwano z przestrzeni roboczej prasy i chiodzono
swobodnie pod obcigzeniem 5 kg, co zapobiegato powstawaniu deformacji wyprasek w trakcie
zestalania. Metode przygotowania probek materiatowych opisano szczegétlowo w publikacji
[B].

W  przypadku materiatdbw zawierajacych napelniacz modyfikowany za pomocg
poli(alkoholu winylowego) réwniez zastosowano dwuetapowy proces przygotowania probek,
co szczegdlowo opisano w publikacji [D]. W tym przypadku kompozyty zawieraly zmienna
ilos¢ napelniacza, réwna 5, 10, 20 lub 30% mas. Odpowiednie iloSci polimeru
i modyfikowanych makuchéw wstepnie wymieszano oraz wysuszono przez 24 h
w temperaturze 70°C. Mieszanie w stanie stopionym przeprowadzono przy uzyciu wyttaczarki
dwuslimakowej wspotbieznej Zamak EH-16.2D w temperaturze 190°C 1 przy predkosci
obrotowej slimakéw réwnej 100 obr./min. Schtodzone wymuszonym obiegiem powietrza
wyttoczyny zostaty poddane granulacji i wysuszone w temperaturze 70°C. Proces formowania
wtryskowego ksztattek przeprowadzono przy uzyciu wtryskarki Battenfeld PLUS-35.
Parametry procesu wtryskiwania byly tozsame z zastosowanymi w przypadku ksztattowania
kompozytéw z napetniaczem o zmiennej zawartosci oleju. Uzyskane prébki oznaczono
w zalezno$ci od ilosci modyfikowanych makuchéw, np. 5 PVA-LC oznacza tworzywo

zawierajace 5 % mas. napelniacza modyfikowanego przy uzyciu PVA.

2.2, Metody badawcze

2.2.1. Badania strukturalne

Aby oceni¢ strukturg kompozytéw, w tym rozmieszczenie czgstek napetniacza w osnowie
oraz adhezj¢ miedzyfazowa, zastosowano metod¢ skaningowej mikroskopii elektronowe;.
Prébki ztamano po ochlodzeniu w ciektym azocie w celu uzyskania kruchego przetomu,
a nastgpnie analizowane powierzchnie napylano pylem weglowym. Obserwacje
przeprowadzono przy uzyciu mikroskopu Vega Tescan.

Strukture¢ krystaliczng probek kompozytowych 1 niemodyfikowanego polilaktydu
poddanych izotermicznej krystalizacji w zakresie temperatury 100-140°C oceniono przy
zastosowaniu mikroskopii optycznej w $wietle spolaryzowanym. Scinki materiatu o grubosci

10 wm umieszczono miedzy dwoma szkietkami nakrywkowymi na stoliku grzewczym Linkam
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TMHS600, podgrzano do temperatury 210°C z szybkos$cig 30°C/min, a nastepnie schtodzono
z ta samg szybkos$cig do wybranej temperatury, w ktorej nastgpowata krystalizacja polimeru
w ustalonych warunkach. Proces izotermicznej krystalizacji prowadzono przez 30 minut, po
czym schiadzano prébki do temperatury pokojowej. Obserwacje struktury krystalicznej
prowadzono, stosujagc mikroskop Nikon Eclipse E400 wyposazony w kamerg cyfrowg Opta

Tech.

2.2.2. Badania wtasciwosci mechanicznych

Witasciwosci mechaniczne badanych materialéw takie jak wytrzymato$¢ na rozcigganie,
modul sprezystosci wzdiluznej czy wydluzenie w chwili zerwania okreslono, wykonujac
statyczng probe rozciggania. Badanie przeprowadzono zgodnie z wymaganiami normy PE-EN
ISO 527-2, w temperaturze pokojowej przy uzyciu maszyny wytrzymatosciowej Zwick Z010.
Prébe powtérzono rowniez w temperaturze -40°C, korzystajac z maszyny Zwick Z020. W obu
przypadkach predkos¢ rozciggania wynosita I mm/min podczas okreslania modutu sprezystosci
wzdtuznej 1 50 mm/min w kolejnym etapie testu.

Udarno$¢ metodg Charpy’ego kompozytéw oraz polilaktydu réwniez oceniono
w temperaturze pokojowej i w -40°C. Badania przeprowadzono zgodnie z wytycznymi
opisanymi w normie PN-EN ISO 179:2 na prébkach z karbem, przy zastosowaniu miota Ceast

9050 wyposazonego w wahadto o energii uderzenia 5 J.

2.2.3. Badania trybologiczne

Aby okreslic wptyw ilosci oleju zawartego w makuchach na wlasciwosci cierne
kompozytéw polilaktydowych, wyznaczono warto$¢ wspdiczynnika tarcia probek. Pomiary
przeprowadzono w uktadzie trzpien-ptytka przy uzyciu testera T-17 wyprodukowanego przez
Sie¢ Badawcza Lukasiewicz — Instytut Technologii Eksploatacji w Radomiu. Przeciwprobke
stanowit krazek wykonany ze stopu CoCrMo. Zastosowano nastgpujace parametry pomiaru:
amplituda ruchu posuwisto-zwrotnego 6 mm, czestotliwo$¢ 10 Hz, obcigzenie 10 N, czas testu
4 h.

W celu okreslenia odpornosci badanych tworzyw na zuzycie przeprowadzono test
zarysowania przy uzyciu aparatu Hardness Tester Lineart 249 wyposazonego w rysik o srednicy

0,6 mm. Kompozyty napetniane makuchami Inianymi o réznej zawartosci oleju badano pod
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obcigzeniem 10, 20 i 30 N, po czym za pomocg mikroskopu optycznego SZM-13

1 oprogramowania Motic Image Plus 2.0 zmierzono cechy geometryczne powstatych rys.

2.2.4. Badania wtasciwosci termomechanicznych

Dynamiczno-mechaniczna analiza termiczna jest metoda badawczg pozwalajacg zaréwno
na ocen¢ wlasciwosci mechanicznych, jak i na analiz¢ przemian fazowych, relaksacji
makroczasteczkowej oraz oddziatywan miedzy fazami tworzacymi material kompozytowy.
Aby opisa¢ zachowanie PLA i kompozytéw wytworzonych na jego osnowie w zakresie niskich
oraz podwyzszonych warto$ci temperatury, badanie DMTA przeprowadzono podczas
ogrzewania z predkoscig 2°C/min w zakresie temperatury od -80°C do 30°C, a takze od 30°C
do 110°C. W obu przypadkach zastosowano aparat Anton Paar MCR 301. Amplituda
odksztatcen skrecajacych wynosita 0.01%, a czestotliwos¢ 1 Hz.

2.2.5. Badania wtasciwosci termicznych

Proces krystalizacji polilaktydu i jego kompozytdw badano metoda skaningowe;j
kalorymetrii r6znicowej przy zastosowaniu aparatu Netzsch DSC 204F1 Phoenix, co opisano
doktadnie w publikacji [C]. Prébki o masie 5 + 0,2 mg umieszczano w aluminiowych tyglach
o przebitej pokrywce 1 badano wedlug wybranego programu temperaturowego w atmosferze
azotu. W przypadku krystalizacji nieizotermicznej program temperaturowy sktadat sig
z nastepujacych etapéw: grzanie od 20°C do 210°C z szybkoscig 30 °C/min, przetrzymanie
w 210°C przez 5 min, chtodzenie do 20°C z szybkoscig 2,5, 5, 7,5 lub 10 °C/min, przetrzymanie
w 20°C przez 5 min i grzanie do 210°C z szybko$cig 10 °C/min. Program temperaturowy
krystalizacji izotermicznej sktadat si¢ z nastgpujacych etapoéw: grzanie od 20°C do 210°C
z szybkoscig 30 °C/min, przetrzymanie w 210°C przez 5 min, chtodzenie do wybranej
temperatury krystalizacji z szybko$cig 30°C/min, przetrzymanie w niej przez 1 h i grzanie do
210°C z szybkoscig 10°C/min.

Na podstawie danych uzyskanych podczas badania DSC oceniono stopien krystalicznosci

X.r materialéw polimerowych, ktéry wyznaczono wedlug wzoru (1):
_ AHp—AHg,
(1-¢)-AH100%PLA

- 100% )

cr
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Gdzie: 4H,, — entalpia topnienia prébki, 4H.. — entalpia zimnej krystalizacji probki, 4H00%p1.4
— entalpia topnienia PLA krystalicznego w 100%, AH100%pr14=93 J/g [60], ¢ — zawartos$¢
napelniacza.
Kinetyke krystalizacji w warunkach izotermicznych oceniono metodg Avramiego,
korzystajac z zaleznosci (2) [61]:
1 —X(t) = exp[—kt"] (2)
Gdzie: X(t) — stopien konwersji, ¢ — czas, k — wspdtczynnik szybkosci reakcji, n — wyktadnik
Avramiego.
Do opisu kinetyki krystalizacji nieizotermicznej zastosowano metod¢e Mo opisang przez
Liu i in. [62], wedlug ktorej podczas procesu prowadzonego podczas chtodzenia z szybkoscig
[, zachowane sg zaleznosci (3-4):
Inf=InF(T)—alnt 3)
F(T) = [K(T)/k]"/™ )
Gdzie: F(T) — szybko$¢ chtodzenia, ktéra jest konieczna, aby w zdefiniowanym czasie uzyskac
okreslony stopien krystaliczno$ci, @ = n/m — stosunek wykladnika Avramiego i wyktadnika

Ozawy dla danego stopnia konwersji.

Proces degradacji termicznej kompozytéw, polilaktydu i napetniaczy o réznej zawartosci
oleju badano metodg analizy termograwimetrycznej, czego szczegdélowy opis zamieszczono
w publikacji [B]. Probki o masie ok. 10 mg umieszczono w tyglu wykonanym z tlenku glinu
1 podgrzewano od 30 do 900°C z szybkoscia 5, 10, 15 lub 20 °C/min. Pomiary przeprowadzono
w atmosferze azotu, korzystajac z aparatu Netzsch TG209 Libra. Na podstawie otrzymanych
danych wyznaczono wartosci temperatury degradacji (rozumianej jako maksimum pierwszej
pochodnej krzywej TG), a takze obliczono energi¢ aktywacji degradacji termicznej E,. Zgodnie

z réwnaniem Arrheniusa wspétczynnik szybkosci k reakcji moze by¢ opisany wzorem (5) [63]:
k(T) = Ae”" 5)

Gdzie: T — temperatura, A — wspdiczynnik proporcjonalnosci, R — stala gazowa.
W przypadku warunkéw nieizotermicznych, gdzie szybkos$¢ grzania jest stata i wynosi £,

rOwnanie (5) mozna zapisa¢ w postaci (6):

d A\ _Ea
E=)e @ (6)
Gdzie: o — stopien konwersji, « = (my —m;)/ (mo - mf), mo — poczatkowa masa probki, my

— koncowa masa probki, m; — masa probki w chwili ¢.
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Jesli zatozone zostanie, ze f(a) = (1 — @)™ réwnanie (6) przyjmie forme (7)

Eq

da . Aexp(—ﬁ)
(1—a>n_l B ldT @)

Zgodnie z metoda Ozawy, energi¢ aktywacji mozna ustali¢, dopasowujac prostg do
punktéw pomiarowych na wykresie logf w funkcji 1/T dla wybranych stopni konwersji [64].

Witedy wartos¢ E, jest opisana zaleznoscia (8):

E, = —nachylenie prostej -% (8)

Palno$¢ badanych materiatow okreslono metoda kalorymetru stozkowego zgodnie
z wymaganiami normy ISO 5660 za pomocg aparatu Fire Testing Technology. Strumien ciepta
wynosit 35 kW/m?, a gesto$é optyczna dymu mierzono za pomocg krzemowej fotodiody i lasera

He-Ne.

2.2.6. Przyspieszone starzenie

Aby oceni¢ proces migracji oleju z napelniacza do osnowy polimerowej w czasie
eksploatacji materialu kompozytowego, przeprowadzono proces przyspieszonego starzenia,
korzystajac z komory starzeniowej QLAB QUYV. Proces trwat 250 lub 500 h. W tym czasie
prébki byly wystawione na dziatanie promieniowania UV (340 nm, 0,76 W/m?) i cyklicznie
zraszane wodg. Maksymalna temperatura w komorze podczas procesu wynosita 60°C.

Zastosowane warunki opisane zostaty w normie PN-EN ISO 4892-3.
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3. Wyniki badan

3.1 Mikrostruktura kompozytow

Wyniki badan i dyskusja zaprezentowane w tym rozdziale zostaly opublikowane w publikacjach

[A]i[C]

Na rysunku 2 przedstawiono obrazy SEM ukazujace mikrostruktur¢ polilaktydu oraz jego
kompozytéw zawierajagcych 0,9 i 39,8% oleju w napelniaczu. Powierzchnia przetomu
niemodyfikowanego PLA jest gladka, co jest charakterystyczne dla amorficznej formy tego
polimeru [65]. Obecno$¢ napetniacza o niewielkiej zawartosci oleju nie wptywa znaczaco na
charakter przetomu. Mozna zauwazy¢, ze czastki makuchéw sg dobrze zwigzane z osnowg
kompozytu, co jest szczegllnie Kkorzystnym wynikiem biorgc pod uwage brak
kompatybilizatora czy modyfikacji chemicznej hydrofilowego napetniacza naturalnego.
Przetom prébki PLA-LC-39.8 cechuje si¢ bardziej skomplikowang strukturg. Oprécz osnowy
polilaktydowej i czastek makuchéw na powierzchni przetomu mozna zauwazy¢ niewielkie
sferyczne wydzielenia, ktére mogg zosta¢ zidentyfikowane jako domeny olejowe. Rezultat ten
wynika z ograniczonej mieszalnosci polilaktydu i oleju Inianego, ktérego nadmiar tworzy
osobng faze¢ w objetosci kompozytu. Niedostateczna rozpuszczalnos¢ niemodyfikowanego
oleju wynika z jego sktadu chemicznego, a przede wszystkim z niewielkiej ilosci pierscieni
oksiranowych (C-O-C) [66], ktére w czasie przetwarzania w stanie stopionym mogg reagowac
grupami hydroksylowymi i karboksylowymi obecnymi w tancuchach polilaktydu [67], co
polepsza kompatybilno$¢ miedzy polimerem a modyfikatorem. Ponadto stwierdzi¢ mozna, ze
olej Iniany, bedacy cieczg o stosunkowo niewielkiej lepkosci, podczas procesu przetwarzania
wskutek dziatania podwyzszonej temperatury i znacznych sit §cinajagcych migruje z czastek
napelniacza do osnowy polimerowej, a wiec moze wywota¢ efekt modyfikacji w calej objetosci

kompozytu.

PLA PLA-LC-0.9 PLA-LC-39.8

Rys. 2. Mikrostruktura PLA i jego kompozytow. [A]
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Na rysunku 3 przedstawiono strukture krystaliczng oraz rozmieszczenie napetniacza
w osnowie polilaktydowej. Zauwazy¢ mozna, ze czastki makuchéw sg réwnomiernie
zdyspergowane na catej obserwowanej powierzchni, lecz ich wielkos$¢ r6zni si¢ w zaleznos$ci
od zawartosci oleju. W przypadku probek zawierajacych odtluszczony napetniacz, takich jak
PLA-LC-0.9 i PLA-LC-4.6, rozrzut wielkos$ci czastek jest najwigkszy, a znaczna ich czgs¢
cechuje si¢ wymiarami przekraczajacymi 100 um. Im wiecej oleju zawiera napelniacz, tym
mniejsze 1 bardziej rOwnomiernie roztozone w objetosci kompozytu stajg sie jego czastki.
Bioragc pod uwage, ze przed procesem mieszania z osnowg polimerowg wszystkie typy
napelniacza zostaty poddane frakcjonowaniu i cechowaly si¢ zblizonym rozktadem wielko$ci
czastek, obserwowane réznice wynikaja z odmiennego zachowania makuchéw podczas
przetwarzania. Napelniacz o malej zawartosci oleju zawiera stosunkowo wiecej ligniny
i holocelulozy, ktére sg bardziej odporne na dziatanie sit $cinajacych wystepujacych podczas
mieszania w stanie stopionym, natomiast nieodtluszczone makuchy Iniane, ktérych gtéwnymi
sktadnikami sg sacharydy, bialka 1 olej, ulegaja mechanicznej degradacji. Nalezy zwrdci¢
uwage, ze nawet w przypadku prébek o najwigkszej zawarto$ci oleju czgstki napetniacza sg
dobrze zdyspergowane 1 nie tworzg aglomeratéw, co $wiadczy o prawidlowym
przeprowadzeniu proces mieszania w stanie stopionym. Co wigcej, dzigki réwnomiernemu
roztozeniu 1 niewielkim rozmiarom czastek rozproszonych w osnowie polimerowe;j
powierzchnia kontaktu obu faz jest duza, co zwigksza efektywnos$¢ oddzialywania napetniacza
na wtasciwosci kompozytu.

Na rysunku 3 zaobserwowa¢ mozna, ze zaréwno nienapetniany polilaktyd, jak 1 jego
kompozyty poddane izotermicznej krystalizacji cechujg si¢ obecnos$cig struktur krystalicznych,
a wielkos¢ sferolitéw zalezy od zawartosci oleju w makuchach. Sferolity obecne w strukturze
prébek PLA-LC-09 1 PLA-LC-4.6 maja podobng wielkos¢ jak w przypadku
niemodyfikowanego PLA, lecz ich srednica maleje wraz z iloScig oleju w makuchach. Oznacza
to, ze w obecnosci nieodtluszczonego napeiniacza powstaje wigksza liczba zarodkéw
krystalizacji, ktére nastgpnie rosng do momentu, az nie napotkaja przeszkody w postaci innego
sferolitu. Nalezy jednak zwroci¢ uwage, ze rozmieszczenie czgstek napetniacza i krystalitow
nie s3 z sobg powigzane. Nie zaobserwowano rowniez warstwy transkrystalicznej na granicy
faz. Mimo ze makuchy Iniane, a w szczeg6lnosci ich frakcja lignocelulozowa, nie sg stanowig
heterogenicznych zarodkéw krystalizacji polilaktydu, to ich obecno$¢ wptywa korzystnie na

proces zarodkowania sferolitow oraz nie utrudnia ich wzrostu.
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Rys. 3. Struktura krystaliczna PLA i jego kompozytow uzyskana w procesie izotermicznej

krystalizacji w temperaturze 130°C. Na czerwono zaznaczono czgstki napetniacza. [C]

3.2. Wtasciwosci mechaniczne

Wyniki badan i dyskusja zaprezentowane w tym rozdziale zostaty opublikowane w publikacjach

[A]i[E]

Na rysunku 4 przedstawiono warto$ci modutu sprezystosci wzdtuznej, wytrzymatosci na
rozcigganie 1 wydtuzenia w chwili zerwania wyznaczone dla probek kompozytowych o rdzne;j
zawartosci oleju w makuchach oraz dla polilaktydu, w temperaturze pokojowej (ok. 25°C)
i obnizonej (-40°C). Na podstawie uzyskanych wynikéw odnotowano, ze wtasciwosci
mechaniczne badanych probek w zaleznosci od warunkéw pomiaru ksztattuja si¢ w rozny
sposob. W przypadku temperatury 25°C zaobserwowa¢ mozna, ze wraz ze zwigkszaniem ilosci
oleju w napetniaczu malejg wartosci E i Rm. Przyczyng takiej zaleznosci moze by¢ fakt, ze
kompozyty bogate w olej zawierajg mniej sztywnej frakcji lignocelulozowej, a zamiast tego —

domeny olejowe, ktdre nie przenoszg obciazen, de facto zmniejszajac czynny przekrdj probek.
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Biorac jednak pod uwage znaczny wzrost wydtuzenia w chwili zerwania, jaki jest widoczny
w przypadku materiatéw zawierajacych ponad 17,7% mas. oleju w napelniaczu, mozna
stwierdzi¢, ze obnizenie modulu sprezystosci wzdluznej zwigzane jest z plastyfikujacym
dziataniem nieodtluszczonych makuchéw Inianych. Obecny w nich olej wskutek intensywnego
mieszania w stanie stopionym zostaje rownomiernie zdyspergowany w osnowie polimerowe;j
1 dzigki temu moze bezposrednio wpltywaé¢ na intensywno$¢ ruchu makroczasteczek
polilaktydu, czego makroskopowym efektem jest utatwienie plastycznego odksztatcenia probki
kompozytowej w warunkach quasi-statycznego obcigzenia.

Hipotezg dotyczaca plastyfikujacego oddziatywania oleju Inianego potwierdza rowniez
analiza wynikéw badan przeprowadzonych w temperaturze -40°C, a wigc ponizej jego
temperatury krzepniecia, ktére, jak przedstawiono w publikacji [E], zachodzi w temperaturze
okoto -14°C. W warunkach niskotemperaturowych podobnie jak w temperaturze pokojowe;j
kompozyty wykazujg odmienne wtasciwosci mechaniczne niz niemodyfikowany polilaktyd,
jednak zaleznos$ci miedzy wartosciami E, Rm i € a zawartoscia oleju w makuchach sg odmienne.
Zauwazy¢ mozna, ze wlasciwosci okreslone w probie rozciggania dla probek zawierajacych
10% mas. napetniacza przyjmuja bardzo zblizone wartosci. Mozna przyjac, ze olej w stanie
statym nie wykazuje efektu plastyfikacji, a wigc nie zwigksza mobilnosci makroczasteczek
polimeru. Ponadto w temperaturze -40°C wszystkie badane kompozyty podobnie jak
nienapelniany PLA wykazaly korzystne wilasciwosci mechaniczne, a wartosci ich modutu
sprezystosci wzdtuznej i wytrzymatosci na rozcigganie s3 wyzsze niz w temperaturze
pokojowej. Wynik ten spowodowany jest tym, ze w warunkach niskiej temperatury ze wzgledu
na zjawisko rozszerzalnosci temperaturowej odleglosci migdzy tancuchami polimerowymi
malejg, co prowadzi do zintensyfikowania interakcji miedzy nimi. W wyniku tego sita
konieczna do zerwania prébki réwniez ulega zwigkszaniu. Co ciekawe, zauwazy¢ mozna, ze
o ile warto§¢ modulu sprezystosci wzdluznej polilaktydu i kompozytéw na jego bazie
w temperaturze -40°C rdzni si¢ tylko nieznacznie, to wytrzymatos¢ na rozciagganie 1 wydtuzenie
w chwili zerwania probek z udzialem makuchow Inianych jest wyraznie mniejsza
w poréwnaniu do niemodyfikowanego polimeru. Zjawisko to spowodowane jest obecnoscig
czastek napetniacza, ktére niezaleznie od zawartosci oleju dziataja jak wewnetrzne karby
i utatwiaja proces propagacji peknig¢, przez co probki ulegaja zniszczeniu przy mniejszych
warto$ciach naprezenia 1 odksztatceniach. Niemniej jednak badane materialty kompozytowe
niezaleznie od typu zastosowanego napetniacza cechujg si¢ dobrymi wtasciwosciami
mechanicznymi w szerokim zakresie temperatury, co pozytywnie wptywa na ich potencjat

aplikacyjny.
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Rys. 4. Wartosci modutu sprezystosci wzdtuznej (a), wytrzymatosci na rozcigganie (b)
i wydtuzenia w chwili zerwania (c) probek o réznej zawartosci oleju w napetniaczu. Linig

przerwang oznaczono wartosci otrzymane dla PLA. [E]

Wartosci udarnosci zmierzone metodg Charpy’ego na probkach z karbem w temperaturze
25 1 -40°C zebrano w tabeli 2. Zamieszczono w niej takze p-wartosci, ktore wskazuja, czy
miedzy wynikami otrzymanymi w réznych warto$ciach temperatury wystepuje statystycznie
istotna réznica (przy zatozeniu poziomu istotnosci 0=0,05). Polilaktyd w temperaturze
pokojowej wykazuje udarno$é na poziomie 2,4 kJ/m?, natomiast kompozyty o zawartosci oleju
do 17,7% cechowaly si¢ nizsza odporno$cia na pgkanie w poréwnaniu do materialu osnowy.
Wynik ten moze by¢ zwigzany z obecnoscig stosunkowo duzych czastek napetniacza
stanowigcych wewnetrzne karby i utatwiajacych propagacje peknigcia w trakcie dynamicznego
obcigzenia materialu. Probki takie jak PLA-LC-17.7 1 PLA-LC-30.4 cechujg si¢ niemal taka
samg udarnoscig jak w przypadku niemodyfikowanego PLA, a w przypadku materiatu
o najwiekszej zawartosci oleju osiagnieto warto$¢ 3,1 kJ/m?. Wynik ten ponownie potwierdza,
ze naturalny olej Iniany zawarty w napetniaczu migrujagc do osnowy polimerowej powoduje

efekt plastyfikacji polilaktydu, jednoczesnie obnizajac jego krucho$s¢ — pod wpltywem
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dynamicznego obcigzenia dzigki zwiekszonej ruchliwosci tancuchéw polimerowych badany
material odksztatca si¢ plastycznie, co pochtania pewng cze$¢ dostarczonej energii.

W temperaturze -40°C zar6wno polilaktyd, jak i tworzywa kompozytowe wykazuja inne
wartosci udarnos$ci niz w temperaturze pokojowej. W niemal wszystkich przypadkach réznica
ta nie jest jednak statystycznie istotna (p >0,05), poniewaz w zakresie temperatury od -40 do
25°C polilaktyd nie wykazuje przemian fazowych ani relaksacji makroczasteczkowej. Jedynym
wyjatkiem jest probka PLA-LC-39.8, w przypadku ktérej mozna zaobserwowac istotne
obnizenie udarnosci. Podobnie jak dla quasi-statycznych wtasciwosci mechanicznych zmiana
ta wynika ze zjawiska krzepnigcia oleju, ktéry jedynie w fazie ciektej moze wykazywac
oddziatywanie plastyfikujace wzgledem PLA, a wigc ogranicza¢ podatnos¢ materiatu na kruche
pekanie. Nalezy jednak wspomnie¢, ze mimo utraty efektu plastyfikacji, udarnos$¢ tego
bogatego w olej kompozytu jest podobna jak w przypadku niemodyfikowanego polilaktydu,
nie nastepuje wiec pogorszenie dynamicznych wilasciwosci mechanicznych kompozytow

w porOéwnaniu do referencyjnego materiatu nienapetnionego.

Tabela 2. Udarnos¢ probek polilaktydu i jego kompozytow okreslona w temperaturze 25
i -40°C. [E]

Udarno$¢ [kJ/m?2]

Temperatura
PLA-LC- PLA-LC- PLA-LC- PLA-LC- PLA-LC-
[°C] PLA
0.9 4.6 17.7 304 39.8
25 2,440,2 1,8+0,3 2,240,4 2,3+0,4 2,4+0.4 3,120,1
-40 2,2+0,1 2,0+0,3 2,2+0,1 2,2+0,1 2,6+0,3 2,440,2

p-warto$¢* 0,2617 0,6078 0,9448 0,4587 0,4115 0,0002

*p-warto$ci wyznaczono z zastosowaniem jednoczynnikowej analizy wariancji (a=0,05)

3.3. Wiasciwosci trybologiczne
Wyniki badan i dyskusja zaprezentowane w tym rozdziale zostaty opublikowane w publikacji

[F]

Na rysunku 5 przedstawiono zdj¢cia mikroskopowe rys powstatych na powierzchni prébek
podczas testu zarysowania, natomiast na rysunku 6 — wyniki pomiaréw ich szerokosci.
Zauwazy¢ mozna, ze wraz z zastosowanych obciazeniem zmienia si¢ zalezno$¢ miedzy

sktadem badanego materiatu a ksztaltem 1 wymiarami powstalej rysy. Przy obcigzeniu 10 N na
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badanej powierzchni powstaje odksztalcenie o niewielkiej chropowatosci i szerokosci 156-163
pm. Biorac pod uwage wielkos¢ btedu pomiarowego mozna stwierdzi¢, ze zastosowanie
makuchéw Inianych nie wptywa na wielkos¢ ani ksztatt wytworzonej rysy, gdyz powstaje ona
jedynie w zewnetrznej warstwie probki, sktadajacej si¢ przede wszystkim z materiatu osnowy
[68]. Zastosowanie obcigzenia rownego 20 N skutkuje wytworzeniem szerszych i lepiej
widocznych wglebien. W przypadku materiatéw kompozytowych sa one wyraznie wezsze
w poréwnaniu z nienapetnionym PLA. Mozna stwierdzi¢, ze podczas ich powstawania
nastgpito plastyczne odksztalcenie badanego tworzywa. Najmniejszg szeroko$¢ zmierzono dla
kompozytéw o zawartosci oleju w makuchach nie przekraczajacej 17,7 % mas., natomiast rysy
powstale na powierzchni probek PLA-LC-30.4 i PLA-LC-39.8 s3 nieco szersze. Tworzywa
z odtluszczonym napetniaczem zawierajg sztywne czastki lignocelulozowe, ktére ograniczaja
mozliwosci ruchu fancuchéw polimeru, zwigkszajac jego odpornos$¢ na zarysowanie w wyniku
ograniczenia zdolnosci do odksztatcenia plastycznego. w prébkach
o wigkszej zawartosci oleju w makuchach nastepuje efekt plastyfikacji, co powinno ulatwic
odksztalcenie plastyczne materiatu, jednak réwnoczes$nie rosnie ich stopien krystaliczno$ci
i maleje rozmiar sferolitobw, co zmniejsza odksztatcalno$¢ tworzywa. W zwigzku
z jedoczesnym dzialaniem dwoéch zjawisk skutkujacych tworzeniem si¢ przeciwstawnych
efektow, odpornos¢ na zarysowanie probek PLA-LC30.4 i PLA-LC-39.8 jest mniejsza niz
w przypadku kompozytéw zawierajacych odttuszczone serie napetniacza, lecz wciaz wigksza
w poréwnaniu z niemodyfikowanym materialem osnowy. Zastosowanie podczas testu
obcigzenia réwnego 40 N skutkuje catkowicie odmiennym mechanizmem zarysowania. Jak
mozna wywnioskowa¢ na podstawie duzej szerokos$ci i nieréwnej powierzchni rysy, w tym
przypadku dochodzi do odrywania fragmentéw materiatu z badanego tworzywa. W przypadku
materiatu wielofazowego, jakim jest kompozyt PLA z makuchami Inianymi odporno$¢ na
zarysowanie przy znacznym obcigzeniu zalezy réwniez od adhezji mi¢dzy fazami, ktéra zwykle
jest mniejsza niz sity kohezji materiatlu osnowy. W tych warunkach nienapelniany polilaktyd
wykazuje wigc wigkszg odpornos¢ na zarysowanie niz badane kompozyty. W przypadku tych
ostatnich nie stwierdzono rowniez zalezno$ci miedzy szerokoscig powstatej rysy i iloscig oleju
w napelniaczu.

W ramach przeprowadzonych badan wykazano, ze odporno$¢ na zarysowanie polilaktydu
napetnianego makuchami Inianymi zalezy od warunkéw tworzenia rysy, giéwnie obcigzenia.
Dla kompozytéw najbardziej korzystne wyniki otrzymano w przypadku pomiaréw przy
posrednim obcigzeniu, gdy odksztalcenie nie dotyczy jedynie najbardziej zewnegtrznej,

polimerowej warstwy probki, ale nie nastgpuje jeszcze zerwanie cigglo$ci materiatu. Nalezy
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takze zwroci¢ uwage, ze w zadnym z badanych przypadkéw prébki kompozytowe nie wykazaty
znacznie gorszej odpornosci na zarysowanie niz niemodyfikowany polilaktyd, dlatego tez
tworzywa kompozytowe napetniane makuchami Inianymi mogg znalez¢ zastosowanie tam,

gdzie znaczenie ma odporno$¢ powierzchni wyrobu na zuzycie.

PLA-LC0.9 PLA-LC4.6 PLA-LC17.7 PLA-LC30.4 PLA-LC39.8
F . '\._ ] i

-

—250

Rys. 5. Rysy powstate na powierzchni PLA i jego kompozytow pod wptywem roznego

obcigzenia podczas testu zarysowania. [F]
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Rys. 6. Szerokos¢ rysy wytworzonej na powierzchni PLA i jego kompozytow podczas testu
zarysowania przy obcigzeniu 10 N (a), 20 N (b) i 40 N (c). [F]

Na rysunku 7 przedstawiono zmiany wspotczynnika tarcia u polilaktydu i jego
kompozytéw w czasie trwania testu w uktadzie trzpien-ptytka. Zauwazy¢ mozna, ze na
poczatku badania wspoétczynnik tarcia w przypadku wszystkich badanych materialéw
gwaltownie rosnie. Jest to tzw. etap ,docierania”, podczas ktérego na skutek S$cinania
nierownosci zwigksza si¢ powierzchnia kontaktu miedzy ciatami tworzacymi parg¢ cierna,
arazem z nig — sita tarcia. Koniec procesu docierania widoczny jest na krzywej u(r) jako lokalne
maksimum. W przypadku prébek kompozytowych przypada ono przy nizszej wartosci
wspotczynnika tarcia, co wytlumaczy¢ mozna mniejszg wytrzymatoscig tych materialéw na
$cinanie, a tym samym sitg konieczng do wyréwnania nieréwnosci na ich powierzchni. Po tym
poczatkowym etapie warto§¢ u wyraznie maleje, co $wiadczy o tworzeniu tzw. filmu
transferowego, czyli cienkiej warstwy polimeru, ktéra osadza si¢ na powierzchni przeciwprébki
i dziata jak srodek smarny. Zauwazy¢ mozna, ze w przypadku materiatéw kompozytowych ze
wzgledu na ich wielofazowg strukture tworzenie filmu transferowego jest bardziej efektywne.
Ponadto czastki napetniacza sa stosunkowo migkkie, dlatego nie zarysowuja powierzchni
probki, co zwykle przyczynia si¢ do jej zuzycia i zwigkszenia sity tarcia rejestrowanej w trakcie

pomiaru. Po poczatkowym etapie docierania i utworzeniu filmu transferowego badane probki
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nie 0siggaja stanu ustalonego, a ich wspéiczynnik tarcia podlega fluktuacjom. Jest to wynikiem
kilku zjawisk majacych miejsce jednoczesnie, takich jak niszczenie filmu transferowego,
wyrywanie czastek napetniacza z osnowy, akumulacja produktéw zuzycia na powierzchni
tarcia, rysowanie probki polimerowej przez metaliczng przeciwprobke oraz $cinanie
nieréwnosci na badanej powierzchni. Zmiany wspoétczynnika tarcia w czasie pomiaru sg
szczegllnie wyrazne w przypadku probek kompozytowych, jednak nienapelniany PLA
rOwniez nie osigga stanu ustalonego. Podobne zachowanie tego polimeru opisane zostato
wielokrotnie w literaturze przedmiotu, jednakze jak dotad jego przyczyny nie zostaly
jednoznacznie wyjasnione. Oprocz mechanizméw takich jak powr6t odksztatconej sprezyscie
probki do pierwotnego ksztattu [69] czy zjawisko slip-stick [70] na zmiany wspétczynnika
tarcia moze wplywac migknienie badanego materialu wskutek lokalnego wzrostu temperatury
[71]. Wyjasnienie to jest szczegllnie ciekawe ze wzgledu na zlozone wlasciwosci termiczne
tego polimeru, ktéry w stosunkowo niewielkim zakresie niskich warto$ci temperatury moze
wykazywac przejscie szkliste oraz podlega¢ zimnej krystalizacji.

Mimo ze wykres u(f) niemodyfikowanego polilaktydu i jego kompozytéw ma podobny
przebieg, wykazano, ze tworzywa zawierajace makuchy Iniane przewaznie prezentujg nizszy
wspotczynnik tarcia niz materiat osnowy. Nie mozna jednak znalez¢ prostej zalezno$ci miedzy
rodzajem zastosowanego napetniacza a wlasciwosciami ciernymi kompozytéw. Wynika stad,
ze w warunkach pomiaru olej Iniany nie petni roli srodka smarnego 1 nie wptywa na obnizenie
wspotczynnika tarcia. Jak wykazaly obserwacje wykonane metodg SEM, olej Iniany tworzy
w osnowie osobne wydzielenia, jednak na powierzchni badanych prébek istnieje cienka
warstwa materialu osnowy, co zaobserwowano takze podczas pomiaréw odpornosci na
zarysowanie. W czasie badania wspolczynnika tarcia olej Iniany nie migruje ze swoich domen
do warstwy wierzchniej, dlatego tez nie wplywa bezposrednio na wtasciwosci cierne
kompozytéw. Nalezy zatem jednoznacznie odrzuci¢ hipoteze méwiagca, ze olej zawarty

w makuchach Inianych stanowi §rodek smarny dla polilaktydu.
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Rys. 7. Zmiany wspdétczynnika tarcia badanych materiatow w czasie testu. [F]

3.4. Witasciwosci termomechaniczne
Wyniki badan i dyskusja zaprezentowane w tym rozdziale zostaty opublikowane w publikacjach

[A]i[E]

Na rysunku 8 zestawiono krzywe termomechaniczne przedstawiajgce zmiany modutu
zachowawczego sprezystosci poprzecznej 1 wspolczynnika stratnosci mechanicznej
zarejestrowane podczas badania DMTA dla polilaktydu 1 jego kompozytéw w przedziale
temperatury od -80 do 30°C.

W zakresie niskiej temperatury wartosci modutu zachowawczego wszystkich badanych
materiatow sg zblizone. Nieco nizsze warto$ci G* odnotowano dla prébek PLA-LC-30.4 i PLA-
LC-39.8, co zwigzane jest z obecnoscia w ich strukturze stosunkowo wigkszej ilosci oleju, ktory
nawet w fazie stalej jest wykazuje mniejszg sztywnos$¢ niz lignina i holoceluloza stanowigce o
sztywnosci frakceji lignocelulozowej odtluszczonych makuchéw Inianych. Jak wskazuja krzywe
G’(T) 1 tano(T), polilaktyd oraz jego kompozyty w zakresie temperatury od -80 do 25°C
pozostaja w stanie szklistym i nie przechodzg przemian fazowych. Jedynym wyjatkiem jest
kompozycja PLA-LC-39.8, ktéra wykazuje przegi¢cie na krzywej tand(T) okoto temperatury -
25°C. Zjawisko to jest efektem topnienia oleju, ktére ma miejsce w zakresie temperatury
0d-26 do -6°C — ze wzgledu na przemiang fazowa jednego z komponentéw tworzacych badany

material dochodzi do zmiany jego wspoéiczynnika stratnosci mechaniczne;.
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Rys. 8. Krzywe DMTA zarejestrowane w zakresie temperatury -75-30°C dla probek

kompozytowych i PLA, modut zachowawczy (a) i wspotczynnik ttumienia (b). [E]

Krzywe zarejestrowane metodg DMTA w zakresie temperatury 30-110°C, przedstawione
na rysunku 9, majg bardziej skomplikowany przebieg. Po poczatkowym plateau okoto
temperatury 70°C warto$¢ modutu zachowawczego wszystkich badanych materiatéw ulega
zmniejszeniu o kilka rzgdéw wielkosci, czemu towarzyszy wyrazne maksimum na krzywe;j
tano(T). Wynik ten §wiadczy o wystapieniu przejscia szklistego, czyli przemiany fazowe;j
drugiego rodzaju, podczas ktérej dochodzi do relaksacji tancuchéw polimerowych 1 wzrasta
mobilnos$¢ ich segmentéw [72]. W przypadku tworzywa semikrystalicznego zjawisko to
dotyczy jedynie fazy amorficznej, ktéra przechodzi ze stanu szklistego do wysokoelastycznego.
Analizujac wyniki uzyskane metodga DMTA dla polilaktydu i materiatéw kompozytowych
zauwazy¢ mozna, ze temperatura zeszklenia spada wraz ze wzrostem ilosci oleju w napelniaczu
— czastki makuchow Inianych nie tylko nie blokuja ruchu makroczasteczek polimerowych, ale
w wyniku ztozonego oddzialywania na osnowe¢ polimerowg ulatwiajg ten proces, co powoduje
obnizenie zakresu temperatury relaksacji fazy a polilaktydu stanowigcego osnowe kompozytu.

Po plateau obserwowanym w stanie wysokoelastycznym warto§¢ G” badanych materiatow
rosnie ponownie. Proces ten moze by¢ skorelowany ze zjawiskiem zimnej krystalizacji, czyli
przemiang fazowg w stanie statym (ang. solid-solid transition) polegajaca na wytworzeniu
struktury krystalicznej podczas ogrzewania materiatu, co jest zjawiskiem charakterystycznym
zaréwno dla polilaktydu [73], jak i innych poliestréw termoplastycznych. W przypadku tych
materiatéw ze wzgledu na budowe tancuchéw wytworzenie struktury krystalicznej podczas
chtodzenia ze stopu z szybkoscig typowa dla standardowych proceséw technologicznych nie

jest w petni mozliwe — tworzywo osigga strukture z przewaga fazy amorficznej, w ktérej obecne
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sg jednak zarodki krystalizacji. Podczas ogrzewania materiatu ze wzgledu na wysoka warto$¢
przechtodzenia, w znaczacy sposéb determinujacego przebieg krystalizacji, proces wzrostu
sferolitow staje si¢ termodynamicznie korzystny, dlatego tez dochodzi do reorganizacji
struktury materiatu i przemiany fazy amorficznej w krystaliczng [74]. W trakcie prowadzonych
badan odnotowano, ze w przypadku wszystkich serii materialowych wystapito zjawisko zimne;j
krystalizacji, jednak dla kompozytéw wzrost G’, tozsamy z tworzeniem si¢ uporzadkowanych
struktur krystalicznych PLA, zaczyna si¢ przy nizszych wartosciach temperatury. Zjawisko te
jest tozsame ze zmianami wlasciwos$ci termicznych PLA opisanymi w pracy [C] przy uzyciu
pomiaréw kalorymetrycznych. Dzieki zastosowaniu metody DMTA wykazano, ze dzigki
zawartosci oleju obecno$¢ napelniacza w kompozycie korzystnie wptywa na mozliwosci ruchu
makroczasteczek polilaktydu, co skutkuje przyspieszeniem wystepowania przej$¢ fazowych
i potwierdza plastyfikujace oddzialywanie oleju migrujagcego do osnowy polimerowe;j

z makuchéw Inianych.
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Rys. 9. Krzywe DMTA zarejestrowane w zakresie temperatur 30-110°C dla probek

kompozytowych i PLA, modut zachowawczy (a) i wspotczynnik ttumienia (b). [A]

3.5. Proces krystalizacji

Wyniki badan i dyskusja zaprezentowane w tym rozdziale zostaly opublikowane w publikacjach

[A]i[C]

Na rysunku 10 przedstawiono termogramy DSC otrzymane podczas ogrzewania
i chtodzenia z szybkoscig 10 °C/min polilaktydu i jego kompozytéw wraz z wartosciami stopnia
krystalicznosci obliczonymi wg wzoru (1). Termogram uzyskany dla niemodyfikowanego PLA

wykazuje cechy typowe dla tego tworzywa. Na samym poczatku badania zaobserwowa¢ mozna
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przejscie szkliste, widoczne na krzywej ogrzewania jako przegigcie przy ok. 63°C. Wartos¢ ta
jest nieco nizsza niz wyznaczona metoda DMTA, co wynika ze specyfiki technik pomiarowych
[75]. Maksimum widoczne na krzywej przy 95°C oznacza wystgpienie zjawiska zimnej
krystalizacji. Wynika stad, ze chtodzenie z szybkoscig 10 °C/min nie pozwolito na wytworzenie
istotnej zawartos$ci fazy krystalicznej polilaktydu, na co réwniez wskazuje brak wyraznego
maksimum na krzywej chiodzenia. Topnienie materialu ma miejsce przy ok. 173°C, o czym
swiadczy wyrazny pik na krzywej grzania w tej temperaturze. Stopien krystalicznos$ci
niemodyfikowanego polilaktydu to 18,3%. Na rysunku 10 mozna zauwazy¢, ze dodatek
kazdego z zastosowanych rodzajéw napetniacza skutkuje zmiang przebiegu krzywych DSC
oraz stopnia krystalicznosci, w poréwnaniu do niemodyfikowanego PLA. Wraz ze wzrostem
ilosci oleju w makuchach egzotermiczne zjawisko zimnej krystalizacji maleje i ostatecznie
zanika, natomiast na krzywej chtodzenia pojawia si¢ nowe maksimum przy ok. 100°C. Mozna
stad wywnioskowaé, ze w kompozytach PLA-LC proces krystalizacji nast¢puje podczas
chtodzenia ze stanu stopionego. Stopien krystalicznos$ci probek zawierajacych bogate w olej
makuchy jest wyraznie wyzszy w poréwnaniu do niemodyfikowanego PLA, a w przypadku
probki PLA-L.C-39.8 przekracza 55%. Wyniki te wskazuja, Zze obecno$¢ naturalnego oleju
przyspiesza i zwigksza efektywno$¢ tworzenia si¢ fazy krystalicznej polilaktydu w trakcie

ochtadzania ze stopu.
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Rys. 10. Krzywe DSC otrzymane podczas grzania (po lewej) i chtodzenia probek
kompozytowych i polilaktydu. [C]

W tabeli 3 zestawiono wyniki analizy kinetyki krystalizacji nieizotermicznej

przeprowadzonej metoda Mo dla polilaktydu i jego kompozytéw. Wartosci R2, okreslajace
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dopasowanie krzywej do punktéw eksperymentalnych w wigkszosci przypadkéw przekraczajg
0,95, a wigc wybrany model dobrze opisuje proces tworzenia si¢ fazy krystalicznej badanych

tworzyw.

Tabela 3. Wyniki analizy kinetyki krystalizacji nieizotermicznej badanych tworzyw. [C]

Stopien

Prébka a F(T) R?
konwersji
0,2 0,67 12,95 0,985
0,4 0,71 15,82 0,987
PLA

0,6 0,74 18,53 0,989
0,8 0,78 21,99 0,990
0,2 0,56 11,69 0,958
0,4 0,64 14,42 0,971

PLA-LC-0.9
0,6 0,69 16,94 0,977
0,8 0,73 20,23 0,983
0,2 0,56 11,83 0,940
0,4 0,64 14,35 0,954

PLA-LC-4.6
0,6 0,70 16,98 0,957
0,8 0,76 20,39 0,960
0,2 0,57 12,10 0,950
0,4 0,63 14,34 0,959

PLA-LC-17.7
0,6 0,68 16,58 0,962
0,8 0,72 19,43 0,963
0,2 0,65 12,55 0,966
0,4 0,72 14,93 0,973

PLA-LC-30.4
0,6 0,78 17,56 0,975
0,8 0,86 21,49 0,974
0,2 0,62 11,48 0,960
0,4 0,69 13,57 0,969

PLA-LC-39.8
0,6 0,76 15,91 0,972
0,8 0,85 19,54 0,968
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Mozna zauwazy¢, ze warto$ci wspotczynnika a, bedacego stosunkiem wyktadnika
Avramiego n 1 Ozawy m, w przypadku wszystkich badanych materialéw rosna wraz ze
stopniem konwersji. Dla niemodyfikowanego PLA wynosza one od 0,67 do 0,78. Kompozyty
zawierajace odtluszczone makuchy Iniane cechujg si¢ nieco nizszymi warto$ciami
wspotczynnika a, a dla prébek z wysokg zawartoscig oleju obliczone warto$ci zawierajg si¢
w zakresie od 0,62 do 0,85. Wynika stad, ze dodatek r6znych typéw napetniacza w odmienny
spos6b wptywa na sposéb zarodkowania i wzrostu krystalitéw PLA.

Wspoétczynnik F(T) okresla szybkos¢ chtodzenia, jaka musi by¢ zapewniona, aby osiggnaé
okreslony stopien krystalicznos$ci. Zalezy on od wspdtczynnika szybkosci krystalizacji i jego
wyzsza warto$¢ wskazuje, ze dany material potrzebuje wiekszego przechlodzenia (a wigc
szybszego chtodzenia), aby formowanie si¢ fazy krystalicznej bylo termodynamicznie
mozliwe. Taka interpretacja moze wydawac si¢ nieintuicyjna, jako ze w praktyce zastosowanie
mniejszej szybkosci chlodzenia zwykle skutkuje wzrostem stopnia krystalicznoSci.
Rozbiezno$¢ wynika z ograniczenia modelu Mo, ktéry nie obejmuje wzrostu lepkosci
tworzywa polimerowego wraz ze spadkiem temperatury. Niemniej jednak poréwnanie warto$ci
F(T) pozwala na ocen¢, w przypadku ktérych materiatéw proces krystalizacji jest tatwiejszy.
Mimo ze najnizsze wartosci zanotowano dla materiatu PLA-LC-39.8, nie stwierdzono
wyrazniej zalezno$ci migdzy zawartoscig oleju w makuchach a tym wspétczynnikiem. Nalezy
jednak zwroci¢ uwage, ze wszystkie probki kompozytowe prezentujg wartosci F(7T) nizsze niz
materiat osnowy, mozna wigc stwierdzi¢, ze zastosowanie makuchéw Inianych jako
napelniacza korzystnie wptywa na szybkos¢ krystalizacji polilaktydu.

Na rysunku 11 przedstawiono zalezno$¢ tzw. czasu potéwkowego (czasu koniecznego do
uzyskania 50% krystalicznosci wzglednej) 7,2 PLA 1 jego kompozytéw od temperatury
izotermicznej krystalizacji. Dla wszystkich badanych materiatéw zaobserwowano podobng
zaleznos$¢ — zbyt niska lub zbyt wysoka temperatura wygrzewania skutkuje wydtuzeniem czasu
krystalizacji, podczas gdy jej optymalna warto$¢ (rozumiana jako temperatura, w ktorej wartos¢
t12 jest najmniejsza) znajduje si¢ w zakresie 100-105°C. Powyzej T, przechlodzenie
warunkujgce proces krystalizacji jest zbyt mate, by badane zjawisko zaszto w krétkim czasie.
Jak wiadomo, wraz z obnizaniem si¢ temperatury maleje ruchliwo$¢ makroczasteczek i rosnie
lepko$¢ stopu, dlatego tez krystalizacja ponizej optymalnej temperatury trwa dhuzej.
Niezaleznie od warto$ci temperatury procesu mozna zauwazyc, ze czas potdwkowy zmienia si¢
wraz ze sktadem badanych materialdw. Najnizsze wartosci ;2 otrzymano dla prébek PLA-LC-
39.8 1 PLA-LC-30.4, podczas gdy kompozyty zawierajace odtluszczone makuchy

i niemodyfikowany polilaktyd krystalizuja zdecydowanie wolniej. Réznica ta jest szczegdlnie
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widoczna dla wartosci temperatury krystalizacji ponizej T,,. Mozna stad wywnioskowac, ze
obecno$¢ makuchéw bogatych w olej o stosunkowo niskiej lepkosci ma najwiekszy wptyw na
krystalizacje polilaktydu, gdy o przebiegu procesu decyduje mozliwos¢ ruchu makroczasteczek
polimerowych

Wartosci wspétczynnika k wyznaczone metodg Avramiego dla badanych tworzyw
poddanych krystalizacji izotermicznej w r6znych wartosciach temperatury przedstawione s na
rysunku 11. Zauwazy¢ mozna, ze rdznice jego wartosci dla probek, ktore krystalizowatly
w réznych warunkach siegaja kilku rzedéw wielkosci. Najwyzsze wartosci k zanotowano
w przypadku temperatury procesu bliskiej T,y Stwierdzono réwniez, ze najwiekszym
wspotczynnikiem szybkosci krystalizacji cechuja si¢ materialy wytworzone przy uzyciu
napelniacza o najwyzszej zawartosci naturalnego oleju, takie jak kompozyt PLA-LC-39.8,
w przypadku ktérego maksymalna warto$¢ k przekracza 1 min™. Podobnie jak dla t;2, réznice
miedzy poszczegdélnymi materiatami sg najbardziej widoczne w zakresie temperatury ponizej
Tops, kiedy to lepkos¢ stopu w duzym stopniu wptywa na wspétczynnik szybkosci krystalizacji.
W takich warunkach olej Iniany obecny w makuchach utatwia ruch makroczasteczek

polilaktydu sprawiajac, ze szybciej tworzg one faze krystaliczna.
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Rys. 11. Wartosci czasu potowkowego krystalizacji ti12 i wspotczynnika szybkosci krystalizacji

k w funkcji temperatury. [C]

W tabeli 4 zebrano wartosci wykltadnika Avramiego n, obliczone dla probek
niemodyfikowanego PLA 1 kompozytow na jego osnowie. Zauwazy¢ mozna, ze wszystkie
wartosci otrzymane dla nienapetnionego polilaktydu znajdujg si¢ w zakresie 2,16-3,08, co

sugeruje wystepowanie dwuwymiarowej krystalizacji. Dodatek napetniacza nie wplywa

48



znaczgco na sposob zarodkowania i wzrostu sferolitow — wartosci wyktadnika Avramiego
kompozytéw mieszcza si¢ w tym samym zakresie, co w przypadku materiatu osnowy. Mozna
stwierdzi¢, ze czastki makuchow Inianych ani wydzielenia oleju nie stanowig heterogenicznych
zarodkéw krystalizacji. Mimo ze ich obecno$¢ przyspiesza proces krystalizacji polilaktydu,
o czym $wiadczy wzrost wspétczynnika szybkosci reakcji k, nie dzialaja one jak nukleant,
a plastyfikator, ktéry utatwia proces organizacji makroczasteczek polilaktydu wskutek

zwigkszania ich mobilnosci, co sprzyja zjawisku tworzenia si¢ fazy krystaliczne;j.

Tabela 4. Wartosci wyktadnika Avramiego n obliczonego dla badanych probek podczas

krystalizacji izotermicznej. [C]

Temperatura krystalizacji [°C]
Prébka  Wynik

90 100 105 110 115 120 125
n 2,16 2,69 3,08 2,71 2,42 2,43 2,27
PLA
R? 0,999 1 0,999 0,999 0,999 0,999 0,998
PLA-LC- n 2,52 2,56 2,53 3,03 2,20 2,54 2,81
0.9 R? 0,998 0,999 0,999 0,999 0,998 0,999 0,994
PLA-LC- n 2,44 2,79 2,64 2,73 2,50 2,22 2,62
4.6 R? 0,998 1 0,999 0,999 0,999 0,998 0,999
PLA-LC- n 2,24 2,54 2,58 2,78 2,53 2,35 2,24
17.7 R? 1 1 0,999 0,999 0,998 0,999 0,999
PLA-LC- n 2,73 2,45 2,68 2,87 2,64 2,30 2,64
304 R? 0,999 1 1 0,999 0,999 0,999 0,999
PLA-LC- n 2,31 2,55 2,57 2,57 2,48 2,77 2,83
39.8 R? 0,999 1 0,999 0,999 0,999 0,999 1
3.6. Proces degradacji termicznej

Wyniki badan i dyskusja zaprezentowane w tym rozdziale zostaty opublikowane w publikacji

[B]

Krzywe przedstawiajace ubytek masy probki w trakcie ogrzewania (TG) oraz ich pierwsza
pochodna (dTG) uzyskane metoda TGA dla polilaktydu i jego kompozytéw oraz wybranego

napelniacza 1 oleju Inianego przedstawione zostaty na rysunku 12. W tabeli 5 zebrano wartosci
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temperatury 5% ubytku masy, ktéra przyjmowana jest jako poczatek procesu degradacji
termicznej, temperatury najwigkszej szybkosci procesu odczytanej jako maksimum na krzywe;j
dTG oraz masy pozostalej po wypaleniu. Mozna zauwazy¢, ze proces degradacji termicznej
poszczegdlnych komponentéw tworzgcych badane materialty przebiega w odmienny sposob.
Niemodyfikowany polilaktyd podlega jednostopniowemu catkowitemu rozktadowi, ktéry
zaczyna si¢ przy ok. 330°C, a jego maksimum intensywnosci przypada na temperature 357°C.
Gtéwnym mechanizmem degradacji termicznej PLA jest pekanie tahcuchow polimerowych, co
prowadzi do wzrostu udziatu ich zakonczen, ktére z kolei moga przyspiesza¢ depolimeryzacje
poprzez dalsze pekanie wigzan w koncowych grupach makroczgsteczek i ich transestryfikacje
[76]. Olej Iniany w atmosferze azotu rozpoczyna degradacje¢ termiczng w temperaturze 338°C.
W jego przypadku proces ten sktada si¢ z kilku etapéw, o czym Swiadcza trzy maksima na
krzywej dTG przy 394, 421 i 455°C. Wynika to z obecnosci w naturalnym oleju nasyconych
i nienasyconych kwaséw ttuszczowych o réznej dlugosci tancucha, ktoére charakteryzujg sig
odmienng odpornoscig na degradacje termiczng. W przypadku napetniacza LC-4.6 ubytek masy
obserwowany jest juz w temperaturze 73°C, kiedy nastgpuje odparowanie wilgoci pochtonigte;j
przez bogaty w sacharydy oraz ligning i holoceluloz¢ material. Po usuni¢ciu wody masa
makuchéw nie zmienia si¢ do ok. 200°C, mozna wi¢c przyjac, ze napetniacz ten nie ulega
degradacji termicznej w warunkach procesowych stosowanych w trakcie przetwarzania
polilaktydu. W temperaturze 306°C nastgpuje dekompozycja celulozy bedacej jednym
z gléwnych sktadnikéw tworzacych makuchy Iniane, obserwowana jako maksimum
o najwigkszej intensywnosci na krzywej dTG.

Proces degradacji termicznej kompozytéw polilaktydowych z napetniaczem w postaci
makuchéw Inianych o réznej zawartosci oleju rozpoczyna si¢ w zakresie temperatury 310-
320°C. Brak maksimum na krzywej dTG przy ok. 100°C §wiadczy o niskiej zawartosci wilgoci
w materiatlach kompozytowych. Wynika to stad, ze czgstki hydrofilowego napelniacza sg
catkowicie zatopione w osnowie hydrofobowego polimeru, co wskazuje na dobre
zdyspergowanie fazy rozproszonej w kompozycie oraz wlasciwe przesycenie czastek
napelniacza. Co wigcej, wszystkie probki zawierajace makuchy wykazuja warto$¢ T's¢, nizszg
w poréwnaniu do nienapetnianego PLA. Przyczyng tego zjawiska jest katalizowanie procesu
degradacji termicznej polimeru przez produkty rozktadu napetniacza [77]. Niemniej jednak,
wraz ze wzrostem ilosci oleju w napetniaczu poczatek zjawiska degradacji przesunigty zostat
do wyzszych wartosci temperatury. Podobng zalezno$¢ mozna wskaza¢ w przypadku
temperatury maksymalnej szybkosci rozktadu termicznego. Zachowanie to wynika ze zmiany

proporcji miedzy stabilniejszym temperaturowo olejem oraz bardziej podatng na rozkiad
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termiczny frakcjg lignocelulozowa w napetniaczu. Nalezy réwniez zauwazy¢, ze nawet
w przypadku prébki PLA-LC-0.9 rozktad termiczny rozpoczyna si¢ ok. 100°C powyzej
temperatury przetwarzania biodegradowalnego poliestru, obniZenie temperatury 7’54 nie bedzie

miato wigc wptywu na potencjat aplikacyjny kompozytéw z napetniaczem naturalnym.

Tabela 5. Wyniki badania TGA dla polilaktydu, napetniacza, oleju Inianego oraz kompozytow.
[B].

Prébka Tsq [°C] Tnax [°C] my [%]

PLA 3294 357,3 0,00
PLA-LC-0.9 298,6 340,4 3,35
PLA-LC-4.6 2997 345,1 3,34
PLA-LC-17.7 304,7 3442 1,96
PLA-LC-30.4 308,8 351,8 1,91
PLA-LC-39.8 308,9 353,0 0,49

LC-4.6 72,8 305,7 24,84
Olej Iniany 338,0 394,3/420,9/455,4 0,09
100 4 —PLA olej
——PLALC-0.9 hm
80| =y 1 PLA-LC-39.8
| E PLA-LC-30.4
— —— PLA-LC-39.8 §I PLALC-17.7
X, 60 ——LC-46 T PLA-LC-4.6
© ——olej |(-_'3 PLA-LC-0.9
L ° PLA

T T T T T T T
200 400 600 800 100 200 300 400 500 600

Temperatura [°C] Temperatura [°C]

Rys. 12. Krzywe ubytku masy i ich pierwsze pochodne (dTG) wyznaczone dla polilaktydu, jego
kompozytu, napetniacza LC-4.6 i oleju Inianego. [B]

Na rysunku 13 przedstawiono wartosci energii aktywacji degradacji termicznej probek
polimerowych oraz napetniacza LC-4.6 i oleju Inianego jako funkcj¢ stopnia konwers;ji.
Zauwazy¢ mozna, ze wartosci E, zmieniajg si¢ podczas reakcji degradacji termicznej.

W przypadku PLA energia aktywacji na poczatku procesu wynosi ok 193 kJ/mol i przy stopniu
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konwersji rownym 0,4 osigga ok. 225 kJ/mol, ktéra to warto$¢ zachowuje do konca reakcji.
Wyniki otrzymane dla napetniacza LC-4.6 zmieniaja si¢ w jeszcze szerszym zakresie. Na
poczatku procesu z badanego materiatlu odparowuje woda zaabsorbowana na powierzchni, do
czego potrzebna jest stosunkowo niewielka energia. W pdézniejszych etapach reakcji odbywa
si¢ rozktad celulozy, bialka i oleju, dlatego tez wartosci E, stopniowo si¢ zwigkszajg. Nagtly
wzrost energii aktywacji dla stopni konwersji 0,8 1 0,9 zwigzany jest z tworzeniem bogate;j
w wegiel pozostalosci po wypaleniu, ktdérej ilos¢ to prawie 25%. Zupeitnie odmienne
zachowanie przejawia naturalny olej wyekstrahowany z makuchéw. W jego przypadku warto$¢
E. na poczatku procesu jest stosunkowo wysoka, co wigcej, stopniowo si¢ zwigksza
1 stabilizuje si¢ dopiero po osiggnigciu stopnia konwersji réwnego 0,4. Wynik ten jest
rezultatem ztozonego sktadu chemicznego oleju Inianego, ktéry zawiera kwasy tluszczowe
nasycone i nienasycone, o réznej dtugosci tancucha.

Wszystkie probki kompozytowe, niezaleznie od odmiany zastosowanego napetniacza
wykazujg inng zalezno$¢ miedzy energig aktywacji degradacji termicznej a stopniem konwersji
niz materiaty wejsciowe uzyte do ich produkcji. W ich przypadku wartos$ci E, tylko nieznacznie
rosng w czasie reakcji. Podczas catego procesu degradacji termicznej pozostaja nizsze niz
w przypadku nienapetnionego polilaktydu i oleju Inianego, a dla stopni konwersji powyzej 0,4
— réwniez napelniacza LC-4.6. Co ciekawe, nie odnotowano zaleznosci miedzy iloscig oleju
w makuchach a energig aktywacji wyznaczong dla odpowiednich kompozytéw. Mozna
stwierdzi¢ wiegc, ze sktad prébki nie jest jedynym czynnikiem warunkujagcym ilo$¢ energii
wymaganej do jego degradacji termicznej, a ostateczny wynik zalezy rowniez od morfologii
danej probki czy tez jej stopnia krystalicznosci, a takze przewodnos$ci cieplnej i1 ciepta

wlasciwego.
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Rys. 13. Energia aktywacji degradacji termicznej probek polimerowych oraz napetniacza

i oleju Inianego w funkcji stopnia konwersji reakcji. [B]

3.7. Palnosé
Wyniki badan i dyskusja zaprezentowane w tym rozdziale zostaty opublikowane w publikacji

[B]

W tabeli 6 zebrano wyniki badania palnos$ci metodg kalorymetru stozkowego takie jak czas
zaptonu, szybko$¢ wydzielania ciepta, maksymalna szybkos¢ wydzielania ciepta, powierzchnia
ekstynkcji wlasciwej 1 maksymalny Sredni wspétczynnik emis;ji ciepta.

Podczas badania metodg kalorymetrii stozkowej zaplon (przy zastosowaniu zapalnika
iskrowego) nastepuje, kiedy probka pod wptywem strumienia cieplnego o okreslonej mocy
wytworzy odpowiednig ilos¢ gazowych produktéw rozktadu. Czas zaptonu préobek
kompozytowych jest wyraznie krétszy niz w przypadku niemodyfikowanego PLA, jednakze
ros$nie wraz z iloscig oleju w makuchach, co wynika ze stosunkowo wysokiej energii aktywacji
rozktadu termicznego oleju Inianego. Proces palenia wszystkich badanych probek przebiega
w podobny sposéb. Srednia i maksymalna szybko$¢ wydzielania ciepta polilaktydu i jego
kompozytow nie réznita si¢ znaczaco. Wartos¢ MAHRE jest czgsto uzywana do oceny
zachowania badanego materiatlu w warunkach petnowymiarowego pozaru. Mozna zauwazyc¢,
ze w przypadku prébek napetnianych makuchami Inianymi maksymalna $rednia szybkos$¢
emisji ciepta jest nieco wyzsza w poréwnaniu do niemodyfikowanego PLA, ale ulega

zmniejszeniu wraz ze zwiekszaniem ilosci oleju w napelniaczu. Oznacza to, ze zastosowanie
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kompozytéw zawierajacych wysokokaloryczny olej (ok. 38,3 MJ/kg) nie niesie z sobg znaczaco
wiekszego zagrozenia pozarowego niz w przypadku probek z czystego PLA lub kompozytow
zawierajacych odtluszczone makuchy. Niestety, mozna rowniez zauwazyc¢, ze w czasie spalania
kompozytéw z makuchami widocznie zwicksza si¢ ilo§¢ wydzielanych dyméw, o czym

$wiadczy rosngca wartos¢ SEA.

Tabela 6. Wyniki badania palnosci metodq kalorymetru stozkowego dla badanych prébek. [B]

Prébka TTI pHRR HRR MAHRE SEA
[s] [kW/m?] [kW/m?] [kW/m?] [m*/kg]
PLA 64,0+3,61 533,6+13,04 272,3+£30,83 297,4+8,86 8,6+0,49
PLA-LC-0.9 31,0£1,00 562,8+46,89 335,6+£22,06 366,0+11,21 11,9+£2,29
PLA-LC-4.6 34,0+1,73 561,1£49,97 348,3+49,96  387,1£7,91 15,0+0,89
PLA-LC-17.7 35,745,86  551,1+£33,11 293,1+£35,57 347,0+£8,95 15,7+1,89
PLA-LC-30.4 36,7+2,52 561,1£37,6  316,3+46,20 345,248,117 17,440,53
PLA-LC-39.8 40,3+1,53 577,7£17,77 253,6£14,87 345,5+5,61 18,0+2,50
3.8. Odpornos¢ na starzenie

Wyniki badan i dyskusja zaprezentowane w tym rozdziale zostaty opublikowane w publikacji

[A]

Na rysunku 14 przedstawiono obrazy SEM zawierajace struktury polilaktydu i jego
kompozytéw bezposrednio po wytworzeniu oraz po procesie przyspieszonego starzenia
realizowanego w czasie 250 i 500 h. Badania wykazatly, ze morfologia wszystkich badanych
probek zmienia si¢ wskutek starzenia. Po 250 h. nienapetniony polilaktyd zamiast
nierozwini¢te] powierzchni charakterystycznej dla kruchego przetomu fazy amorficznej
charakteryzuje si¢ bardziej rozbudowang strukturg powierzchni przetomu, ktéra jest typowa dla
semikrystalicznej formy tego polimeru [78]. Jedng z przyczyn zmiany stopnia krystalicznos$ci
z jednej strony moze by¢ dlugotrwale przetrzymanie probki w podwyzszonej temperaturze
potaczone z wystawieniem jej na dzialanie promieni UV, co pozwolito na wytworzenie
uporzgdkowanych struktur i procesie chemikrystalizacji — wskutek pekania tancuchéw fazy
amorficznej podczas ich hydrolizy tworzg si¢ makroczgsteczki o mniejszej masie

czasteczkowej 1 wigkszej mobilnosci, ktére mogg tworzy¢ faze krystaliczng [79]. Wydtuzenie

procesu starzenia do 500 h nie skutkowalo znaczacymi zmianami wygladu powierzchni
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przetomu prébki polilaktydowej, jest ona nieco bardziej rozbudowana, co moze $wiadczy¢
o degradacji zaréwno fazy krystalicznej, jak i amorficzne;.

Zmiany struktury dotyczyly réwniez probek kompozytowych. Po 250 h
w podwyzszonej temperaturze i narazeniu na dziatanie wilgoci oraz promieniowania UV
kompozyt PLA-LC-0.9, podobnie jak polilaktyd, cechowat si¢ nierd6wng powierzchnig
przetlomu charakterystyczng dla materiatow semikrystalicznych. Oprécz tego zauwazono
powstanie pekni¢¢ na granicy faz polimer-napetniacz. Zjawisko to zwigzane jest z réznicami
w rozszerzalno$ci cieplnej skladnikéw tworzacych kompozyt oraz pecznieniem czgstek
hydrofilowego napelniacza pod wptywem wody. Starzenie przez 500 h skutkuje dalszym
pogorszeniem adhezji pomi¢dzy osnowg a napetniaczem, co sprawia, ze dochodzi do wyrwania
czastek makuchéw z powierzchni przetomu w trakcie pekania prébki. Kompozyt zawierajacy
bogaty w olej napelniacz podczas procesu przyspieszonego starzenia przechodzi podobne
zmiany jak kompozyt PLA-LC-0.9 — w tym przypadku réwniez mozna zauwazy¢ powstanie
struktury charakterystycznej dla semikrystalicznego polilaktydu oraz pogorszenie adhezji na
granicy faz. Zauwazy¢ mozna rowniez, ze po starzeniu przez 250 h zwigksza si¢ Srednica
domen olejowych, a po 500 h — poszczegdlne wydzielenia 1aczg si¢ z sobg, tworzac siec
potaczonych przestrzeni w catej objetosci kompozytu. Mozna zatozy¢, ze woda, ktéra wnika
do wnetrza kompozytu przez szczeliny na granicy miedzy osnowg 1 napelniaczem wymywa
olej 1 wypelnia powstate porowatosci, dzigki czemu hydroliza moze odbywac si¢ nie tylko na
powierzchni prébki, ale réwniez w jej wnetrzu. Co wigcej, produkty hydrolizy mogg by¢ tatwo
usuni¢te z miejsca ich powstania (wyptukane), dzigki czemu wymiary porowatosci zwigkszaja

sie, a w koncu — 1gcza z sobg.
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Rys. 14. Obrazy SEM przedstawiajqce struktury przetomu polilaktydu i jego kompozytow

przed i po realizacji przyspieszonego starzeniu w czasie 250 i 500 h. [A]

Na rysunku 15 zestawiono zmiany wiasciwosci mechanicznych badanych materiatéw na
skutek starzenia przez 250 1 500 h. W wyniku przeprowadzonych badan wykazano, ze warunki
panujagce w komorze starzeniowej w odmienny sposéb wplywaja na polilaktyd
i kompozyty na jego osnowie. Realizacja procesu przyspieszonego starzenia w czasie 250 h.
sprawila, ze wytrzymalo$¢ na rozciaganie probek zawierajagcych makuchy Iniane malata, co
spowodowane byto powstaniem porowatosci i niecigglosci na granicy faz, ktérych obecnos¢
ukazano na obrazach SEM. W przypadku niemodyfikowanego polilaktydu dopiero wskutek
starzenia przez 500 h nast¢puje degradacja fazy krystalicznej, co powoduje obnizenie wartosci
Rm. Warunki panujagce w komorze starzeniowej w odmienny sposéb wptywaja na modut

sprezystosci wzdluznej badanych materiatéw. Po 250 h wartosci E wszystkich tworzyw ulegaja
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zwigkszeniu, przy czym najistotniejszag zmiang zaobserwowano dla serii kompozytow
modyfikowanych napetniaczem o najwigkszej zawartosci oleju. Na podstawie analizy wynikow
stwierdzono, ze zmiany te spowodowane sa dwoma czynnikami: zwigkszeniem stopnia
krystaliczno$ci oraz wyptukaniem oleju Inianego, ktéry pehnit rolg plastyfikatora i obnizat
modut sprezystosci wzdtuznej kompozytéw. Efekt ten nazywany antyplastyfikacja (ang. anti-
plasticization) jest czesto obserwowany w przypadku starzenia plastyfikowanych tworzyw
polimerowych [80]. Wydluzenie czasu starzenia spowodowato, ze wartosci E ulegly obnizeniu
do poziomu referencyjnego, a w przypadku prébek PLA-LC-0.9, PLA-LC-17.71 PLA-LC-30.4
dodatkowo zmniejszyty si¢ o ok. 10%. Zachowanie to spowodowane byto degradacja zaréwno
fazy amorficznej, jak 1 krystalicznej skutkujaca prawdopodobnym obnizeniem masy
czasteczkowej polimeru. Wydtuzenie w chwili zerwania probek starzonych przez 250 1 500 h.
uleglo znacznemu zmniejszeniu, co zwigzane jest z powstaniem w strukturze materialu
porowatosci, ktorych obecno$¢ ulatwia propagacje peknig¢ w trakcie odksztalcenia.
Najwigksza zmiana (powyzej 80%) zostala zaobserwowana w przypadku kompozytéw
z napelniaczem o najwyzszej zawartosci thuszczu. W tym przypadku, oprécz zmiany morfologii
osnowy polimerowej, przyczyng jest rowniez wyptukanie oleju, ktéry powodowatl zwigkszong
mobilno$¢ makroczasteczek i tym samym — powodowat wzrost wydtuzenia w chwili zerwania.
Majac na uwadze istotno$¢ funkcjonalnej cechy napelniacza jaka jest plastyfikacja prowadzaca
do zmniejszenia kruchosci PLA, probki analizowano réwniez pod katem zmian udarnosci
powodowanych procesami starzeniowymi. W przypadku prébek kompozytowych wartos¢ tej
wlasciwosci nie zmieniata si¢ znaczaco lub ulegata obnizeniu, co ponownie zwigzane jest ze
zmianami rozktadu materiatu na przekroju porowatych prébek i tatwiejsza propagacja peknigc.
Znaczacy wzrost udarnosci zaobserwowany dla PLA zwigzany byl natomiast z modyfikacja
obszaru interlamelarnego [81], wskutek dziatania podwyzszonej temperatury, promieniowania

UV 1 wilgoci.
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Rys. 15. Procentowe zmiany wtasciwosci mechanicznych probek polilaktydu i jego

kompozytow poddanych starzeniu przez 2501 500 h. [A]

Na rysunku 16 przedstawiono schemat obrazujacy zmiany struktury prébki kompozytowe;j
o duzej zawartosci oleju w czasie przyspieszonego starzenia. Poczatkowo tworzywo sktada si¢
z trzech faz: osnowy polilaktydowej, czastek napetniacza oraz wydzielen oleju. Pod wptywem
podwyzszonej temperatury, jaka utrzymywana jest w czasie przyspieszonego starzenia, a takze
réznic w rozszerzalno$ci cieplnej poszczegdlnych faz oraz pecznienia hydrofilowego
napelniacza pod wpltywem wody na granicy migdzy osnowg i napelniaczem powstajg
mikropgkniecia. Szczeliny te sprawiaja, ze olej obecny wewnatrz osobnych domen wydostaje
sie z objetosci kompozytu. Réwnoczesnie z tym procesem odbywa si¢ degradacja hydrolityczna
fazy amorficznej polilaktydu, ktéra najbardziej intensywna jest na powierzchni prébki, czyli
miejscu, ktére poddawane jest ekspozycji na oddziatywanie srodowiska wodnego. Ponadto w
podwyzszonej temperaturze dochodzi do reorganizacji struktury polimeru, czego skutkiem jest
wzrost stopnia krystalicznosci, co w poczatkowych etapach zjawiska degradacji hydrolityczne;j

zwigksza odpornos¢ materiatu. Rekrystalizacja polimeru powoduje takze skurcz badanych
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wyprasek, co dodatkowo przyczynia si¢ do powstawania mikropeknie¢ i ostabienia
oddziatywan na granicy faz. Dopiero w drugim etapie procesu starzenia rozpoczyna si¢
hydroliza fazy krystalicznej. Co wigcej, dzieki obecnosci mikropgknig¢ woda wnika do wnetrza
probki, gdzie zajmuje przestrzenie wczes$niej wypetnione olejem. W takich warunkach
degradacja odbywa si¢ nie tylko na powierzchni prébki kompozytowej, ale i w jej wnetrzu.
Woda wyptukuje z niej matoczasteczkowe produkty hydrolizy oraz mikroskopowe wydzielenia
oleju, dzigki czemu $rednica szczelin 1 porowato$ci rosnie, az w koncu 1gczg si¢ one, tworzac
sie¢ peknie¢ w calej objetosci tworzywa. Podsumowujac, kompozyty PLA zawierajace bogate
w olej makuchy dzigki podwyzszonej krystaliczno$ci przejawiaja wigkszg odporno$¢ na
starzenie na poczatku tego procesu, gdy dominujagcym zjawiskiem jest hydroliza fazy
amorficznej. W pdézniejszych jego etapach, ze wzgledu na ztozong i niejednorodng strukture
oraz obecnos¢ wydzielen oleju, probki te sg bardziej podatne na procesy starzeniowe i szybciej

ulegajg degradacji.

. czastka napetniacza

© domena oleju
©  porowatos¢
® woda

H hydroliza

P.S. przyspieszone starzenie

Rys. 16. Schemat zmian struktury probki kompozytowej o duzej zawartosci oleju

w napetniaczu w czasie przyspieszonego starzenia. [A]
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3.9. Kontrola migracji oleju do osnowy poprzez modyfikacje napetniacza

Wyniki badan i dyskusja zaprezentowane w tym rozdziale zostaty opublikowane w publikacji

[D]

Aby lepiej zrozumie¢ proces migracji oleju z makuchéw Inianych do osnowy
polilaktydowej, podjeto probe kontroli tego procesu zgodnie z metoda opisang w pracy [D].
W tym celu napetniacz poddano modyfikacji za pomocg poli(alkoholu winylowego), polarnego
polimeru, ktéry dzieki obecnosci grup hydroksylowych (-OH) moze tworzy¢ wigzania
wodorowe z grupami hydroksylowymi obecnymi w lignocelulozowej frakcji makuchéw. Jako
ze PVA nie miesza si¢ dobrze z niepolarnymi substancjami takimi jak olej, postawiono
hipoteze, ze polimer ten utworzy na powierzchni napetniacza powtoke, ktéra wykaze zjawisko
barierowo$ci wzgledem oleju w obrebie jego czastek i tym samym ograniczy jego
niekontrolowang migracj¢ do osnowy polimerowej, skutkujaca tworzeniem mikroskopowych

wydzielen w objetosci kompozytu. Koncepcje te przestawiono schematycznie na rysunku 17.

kompozyt PLA-LC kompozyt PLA-(PVA-LC)
PLA

migracja oleju

domeny oleju rozproszone domeny oleju zamkniete
w osnowie w powtoce PVA

Rys. 17. Schemat obrazujgcy koncepcje badania: poli(alkohol winylowy) stworzy na

powierzchni makuchow powtoke, ktora utrudni migracje oleju do osnowy polimerowej. [D]

Na rysunku 18 przedstawiono termogramy DSC uzyskane podczas drugiego ogrzewania
polilaktydu, napetniacza PVA-LC oraz prébek kompozytowych zawierajagcych modyfikowane
makuchy Iniane. Zauwazy¢ mozna, ze ksztatlt krzywej uzyskanej dla napetniacza

modyfikowanego poli(alkoholem winylowym) nie wskazuje na wystapienie przemian
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fazowych w badanym zakresie temperatury. Dla PVA o stopniu hydrolizy okoto 90% typowe
jest wystapienie jedynie niewielkiego endotermicznego maksimum pochodzacego od procesu
topnienia przy okoto 160°C [82]. Bioragc pod uwage, ze az 50% masy badanej probki to
makuchy Iniane, sygnat cieplny wywotany przez topnienie polimeru jest niewykrywalny
podczas badania. PLA i jego kompozyty wykazuja zachowanie typowe dla materiatu osnowy.
Na krzywej DSC zauwazy¢ mozna pik zimnej krystalizacji przy ok. 105°C, a w temperaturze
ok. 170°C nastepuje topnienie fazy krystalicznej PLA. W przeciwienstwie do materialow
zawierajacych niemodyfikowane makuchy, ktérych proces krystalizacji opisano w rozdziale
3.5., dodatek napelniacza PVA-LC nie powoduje znaczacej zmiany stopnia krystaliczno$ci ani
nie wplywa na potozenie i intensywnosci maksiméw zimnej krystalizacji czy topnienia. Mimo
ze kompozyty zawieraja olej Iniany, jego obecnos¢ nie przyspiesza juz procesu tworzenia fazy
krystalicznej. Mozna stad wywnioskowac, ze zgodnie z zatlozong koncepcja modyfikacji, olej

pozostat zamknigty w obrgbie czgstek napetniacza i nie oddziatuje z osnowg polimerowa.
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Rys. 18. Krzywe DSC uzyskane podczas drugiego grzania polilaktydu, napetniacza PVA-LC
i kompozytow. [D]

Na rysunku 19 przedstawiono wyniki préby statycznego rozciggania przeprowadzonej dla
polilaktydu i jego kompozytow zawierajacych makuchy Iniane modyfikowane z uzyciem PVA.
Jak mozna zauwazy¢, wytrzymato$¢ na rozcigganie badanych probek maleje wraz z zawartoscia
napelniacza PVA-LC, co spowodowane jest niedostateczng adhezja migdzy poli(alkoholem

winylowym) i polilaktydem, a takze nizszg wartoscia Rm samego PVA. Nie mozna réwniez
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wykluczy¢ wpltywu oleju Inianego, ktory, jak pokazano w rozdziale 3.2 niniejszej pracy,
plastyfikuje osnowe polimerowa, czego skutkiem jest m.in. obnizenie wytrzymatosci na
rozcigganie kompozytow. Energia pekania (inaczej wiazko$¢, ang. foughness) obliczona jako
pole powierzchni pod wykresem krzywej rozciggania réwniez maleje w funkcji zawartosci
napelniacza, jednakze wyniki uzyskane dla probek 5 PVA-LC, 10 PVA-LC i 20 PVA-LC s3g
porownywalne. Mimo ze materialy te pekaja przy mniejszych wartosciach naprezenia,
towarzyszace im wartosci wydtuzenia w chwili zerwania rosng, wigc warto$¢ energii pekania
nie zmienia si¢ znaczgco. Modut sprezystosci wzdluznej takze maleje wraz ze zwigkszaniem
si¢ ilo$ci napelniacza, jednak zmiana ta jest znacznie mniej zauwazalna w poréwnaniu do
kompozytéw napetnianych niemodyfikowanymi makuchami o réznej zawartosci oleju. Mozna
wiec stwierdzi¢, ze w materiatach zawierajagcych PVA-LC efekt plastyfikacji jest w znacznym
stopniu ograniczony, a obnizenie warto$sci modulu sprezystosci wzdluznej, podobnie jak
w przypadku wytrzymato$ci na rozcigganie, wynika ze sztywnosci samego poli(alkoholu
winylowego) oraz adhezji migdzyfazowej. Podobne wnioski mozna wyciagna¢, analizujac
zmiany wydtuzenia w chwili zerwania. W tym przypadku zalezno$¢ miedzy wynikami
pomiaréw a sktadem kompozytéw jest bardziej zlozona. Dodatek 5% mas. napetniacza
powoduje zmniejszenie si¢ wartosci €, co wynika z niedostatecznych oddzialywan na granicy
faz polimer-napetniacz. Dalsze zwigkszanie ilosci modyfikowanych makuchéw do 20% mas.
skutkuje wzrostem wydluzenia w chwili zerwania. Wynik ten mozna wyjasni¢ w oparciu
o zwickszajaca si¢ zawarto$¢ oleju, ktéry powoduje zintensyfikowanie mobilnosci
makroczgsteczek ~ polimerowych,  podobnie  jak w  przypadku  kompozytow
z niemodyfikowanym napelniaczem. Co ciekawe, probka 20PVA-LC zawiera 10% mas.
makuchow Inianych, a jak wykazano w trakcie badan wstepnych, kompozyt o takim udziale
napelniacza charakteryzuje si¢ najbardziej korzystnym stosunkiem ilo$ci oleju Inianego, frakcji
lignocelulozowej i osnowy polimerowej. Mimo ze na skutek modyfikacji poli(alkoholem
winylowym) wplyw makuchéw Inianych zostal znacznie ograniczony, w dalszym ciggu
najsilniejszy efekt obserwowany jest wtasnie w przypadku kompozytu zawierajacego 10% mas.
napelniacza. Nalezy jednak zwréci¢ uwage, ze w przypadku prébek zawierajacych PVA-LC
najwyzsza wartos¢ tylko nieznacznie przekracza wynik uzyskany dla PLA, podczas gdy dla
prébek bez poli(alkoholu winylowego) uzyskiwano kilkukrotnie wyzsze rezultaty.
Wystepujacy efekt plastyfikacji jest na tyle niewielki, ze jedynie rOwnowazy niekorzystne
efekty zastosowania modyfikowanego napetniacza o niskiej adhezji do osnowy PLA.

Zauwazy¢ mozna réwniez, ze najnizszg wartos¢ & zanotowano dla prébki
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30 PVA-LC. W tym przypadku ilo$¢ oleju jest zbyt mata w stosunku do zawartosci frakcji
lignocelulozowej i PVA, dlatego tez efekt plastyfikacji jest pomijalny.
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Rys. 19. Wtasciwosci mechaniczne kompozytow polilaktydowych w zaleznosci od zawartosci

napetniacza PVA-LC. [D]

Podsumowujac wyniki badan uzyskane dla prébek z napetniaczem modyfikowanym za
pomocya poli(alkoholu winylowego) mozna stwierdzi¢, ze zastosowanie procesu otoczkowania
makuchéw Inianych znacznie zredukowato ich wplyw zaréwno na procesy zachodzace
w temperaturze pokojowej (jak na przyktad odksztatcanie w warunkach quasi-statycznych), jak
i w podwyzszonej (podczas topnienia i krystalizacji). Tym samym potwierdzono hipoteze, ze
PVA tworzy na powierzchni napelniacza powtoke nieprzepuszczalng dla oleju 1 tym samym
ogranicza jego migracje do osnowy polimerowej. Wyniki przeprowadzonych badan wskazuja
rowniez, ze to wtasnie olej Iniany odpowiedzialny jest za efekt plastyfikacji, ktéry wystgpi tylko

wtedy, gdy jego odpowiednio duza ilos¢ przedostanie si¢ z makuchéw do osnowy
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polilaktydowej — jedynie wtedy jego obecno$¢ bedzie miata wpltyw na mobilnos¢

makroczasteczek polimeru.

3.10. Obserwowalny efekt dziatania oleju a temperatura

Na podstawie przeprowadzonych badan mozna opisa¢ zalezno$¢ miedzy efektem
oddzialywania oleju zawartego w makuchach Inianych na wlasciwosci kompozytow
polimerowych a temperaturg. W tabeli 7 przedstawiono zalezno$¢ miedzy strukturg osnowy
PLA i oleju zawartego w makuchach a obserwowanym efektem modyfikacji w réznych
zakresach temperatury. Ponizej temperatury krzepni¢cia oleju Inianego (7's), PLA jest w fazie
szklistej, a zestalony olej nie wptywa na mozliwosci ruchu jego makroczasteczek, dlatego tez
wplyw napelniacza na wtasciwosci osnowy polimerowe;j jest ograniczony. Efekt wprowadzenia
napelniacza zawierajacego olej jest bardziej wyrazny, gdy ciekly olej rozproszony jest
w szklistym polilaktydzie. W tym przypadku wptyw zalezy od temperatury (jest tym wigkszy,
im blizej przejscia szklistego PLA) oraz rodzaju badanych wlasciwosci. Niewielki wplyw
zaobserwowano w przypadku proceséw dotyczacych warstwy wierzchniej, takich jak tarcie,
lecz quasi-statyczne wlasciwosci mechaniczne zmienity si¢ zauwazalnie wskutek
wprowadzenia makuchéw o réznej zawartosci oleju. Powyzej Tg polilaktydu, ale ponizej jego
temperatury  topnienia, gdy olej o niewielkiej lepkosci zdyspergowany jest
w wysokoelastycznej czy tez cieklej formie PLA (w zaleznosci od tego, czy material jest
podgrzewany, czy tez chlodzony) zaobserwowa¢ mozna wyrazny efekt plastyfikacji, a ruch
makroczgsteczek polimerowych i proces tworzenia fazy krystalicznej jest zauwazalnie
utatwiony. Intensywno$¢ dziatania oleju powyzej temperatury topnienia polilaktydu nieco
maleje ze wzgledu na mniejsza roznice lepkosci obu skitadnikéw. Kiedy rozpoczyna si¢
degradacja kompozytu, zastosowany napetniacz nie zmienia znaczgco procesu rozktadu
termicznego badanego materialu. Z zaprezentowanego podsumowania wynika, ze
zastosowanie makuchow Inianych o wysokiej zawarto$ci oleju ma najwiekszy wplyw na
procesy zachodzace powyzej Ts 1 ponizej Tm, ale tez jego obecno$¢ nie powoduje

niepozadanych w pozostalym zakresie temperatury.
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Tabela 7. Zestawienie struktury PLA i oleju w roznych zakresach temperatury a obserwowanym

efektem dziatania

Zakres temperatury Struktura Efekt
Olej w stanie statym
<Ts! Brak wptywu
PLA w formie szklistej
Olej w stanie ciektym Wptyw zalezny od temperatury
Ts<T<Tg
PLA w formie szklistej 1 rodzaju badanych wlasciwosci
Olej w stanie ciektym
PLA w formie Wyrazny efekt plastyfikacji,
Tg<T<Tm o
wysokoelastycznej lub wplyw na proces krystalizacji
plastyczno-ptynnej
Olej w stanie ciektym
Mniej zauwazalny efekt
Tm<T< Tso PLA w formie plastyczno- L
plastyfikacji
ptynnej
Degradacja wszystkich faz
>Ts5% Brak wptywu

w kompozycie

ITs — temperatura krzepniecia oleju, Ts =-14°C; Tg — temperatura zeszklenia PLA,

Tg~65°C, Tm — temperatura topnienia PLA, Tm~=170°C; T’s4, — temperatura poczatku degradacji

kompozytu, T54~310°C
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4. Podsumowanie i wnioski

Dzigki przeprowadzonym badaniom osiggni¢to zaréwno cel naukowy, jak i utylitarny
pracy. Potwierdzono hipoteze, ze olej zawarty w makuchach Inianych jest sktadnikiem
odpowiedzialnym za obserwowany efekt modyfikacji kompozytéw. Podczas procesu
przetwarzania wskutek dziatania podwyzszonej temperatury i intensywnego $cinania olej
Iniany migruje do osnowy polilaktydowej. Ze wzgledu na ograniczong mieszalnos¢
zastosowanego polimeru oraz naturalnego modyfikatora nadmiar oleju moze tworzy¢ osobne
wydzielenia w fazie PLA, lecz jego czes¢ oddzialuje z materialem osnowy na poziomie
makroczgsteczkowym, utatwiajac ruch tancuchéw polimerowych, a w efekcie powodujac
plastyfikacje polilaktydu. Bezposrednimi skutkami tego zjawiska jest zwigkszenie sktonnosci
do powstawania odksztalcen plastycznych oraz ulatwienie procesu krystalizacji, co
obserwowano w przypadku kompozytéw o wysokiej zawartosci oleju. Stwierdzono przy tym,
ze efektywnos$¢ modyfikacji zalezy od lepkosci oleju Inianego, a wigc od temperatury procesu.
Ponizej -40°C naturalny olej wystepuje w formie zestalonej i nie wptywa na mozliwosci ruchu
makroczgsteczek PLA zwigzane z dynamicznymi i quasi-statycznymi wtasciwosciami
mechanicznymi kompozytéw. W temperaturze pokojowej intensywnos¢ oddziatywania
modyfikatora zmienia si¢ w zaleznos$ci od specyfiki badanego procesu — najwickszy wpltyw
oleju zaobserwowano podczas proby statycznego rozciggania, lecz w przypadku badan tarcia
byt on znikomy. Zjawisko to wigze si¢ z obecnoscig tzw. warstwy naskérkowej sktadajacej si¢
z materialu osnowy na powierzchni probek kompozytowych oraz faktem, ze olej Iniany nie
migruje do warstwy wierzchniej badanego materiatu. Dopiero gdy wskutek wzrostu
temperatury znaczgco obniza si¢ lepkos¢ oleju Inianego, a réwnoczesnie polilaktyd przechodzi
ze stanu szklistego w wysokoelastyczny, potencjal modyfikacyjny makuchéw Inianych jest
w petni zauwazalny. Z tego wzgledu to wiasnie w przypadku procesu krystalizacji zauwazono
wyrazng korelacj¢ miedzy zawarto$cig oleju w napetniaczu a szybkoscig i efektywnoscia
tworzenia fazy uporzagdkowanej. Potwierdzono, ze efekt plastyfikacji moze by¢ ograniczony
nie tylko na skutek obnizenia temperatury materiatu, ale réwniez poprzez zmniejszenie ilosci
oleju w makuchach, a takze — jesli jego migracja do osnowy polimerowej bedzie utrudniona,
np. poprzez wytworzenie na powierzchni napetniacza nieprzepuszczalnej dla oleju powtoki.
Materiatem, ktéry z powodzeniem moze by¢ zastosowany w tym celu jest poli(alkohol
winylowy) — polarny polimer, ktéry moze tworzy¢ wigzania wodorowe z frakcja

lignocelulozowa makuchéw Inianych, jednoczesnie wykazujgc wilasciwosci barierowe
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wzgledem oleju, a tym samym wytwarza na powierzchni napetniacza otoczke utrudniajaca

migracje zwigzkow matoczasteczkowych do osnowy polimerowe;.

Oprécz opisu odziatywan migdzy olejem zawartym w napelniaczu a osnowg polimerowa
1 wynikajacych z nich efektéw plastyfikacji, przeprowadzone badania pozwolily na
kompleksowe scharakteryzowanie wlasciwosci kompozytéw polilaktydowych z makuchami
Inianymi. Stwierdzono, ze wykazuja one korzystne dynamiczne i quasi-statyczne wtasciwosci
mechaniczne w szerokim zakresie temperatury. Na szczegdlng uwage zasluguje ograniczenie
podatnosci na kruche pg¢kanie materiatéw kompozytowych spowodowane plastyfikujacym
dzialaniem oleju zawartego w napeiniaczu naturalnym. Ich wlasciwosci trybologiczne, takie
jak wspétczynnik tarcia i odporno$¢ na zarysowanie zalezag w duzym stopniu od warunkéw
pomiaru, ale sg poréwnywalne do niemodyfikowanego polilaktydu. Ponadto, mimo ze
makuchy Iniane zawierajg wysokokaloryczny olej, ich wprowadzenie do PLA nie skutkuje
znaczgacym zwigkszeniem palnosci 1 podatnosci na degradacj¢ termiczng, szczegdlnie
w zakresie temperatury eksploatacji 1 przetworstwa. Badane kompozyty wykazaly wieksza
tendencje¢ do tworzenia si¢ struktur krystalicznych w poréwnaniu do materialu osnowy, co
korzystnie wptywa na mozliwo$¢ wytwarzania wyrobéw biodegradowalnych o zwigkszone;j
stabilnosci termomechanicznej, powodowanej obecnoscig fazy amorficznej PLA. Materialy te
dzigki niejednorodnej strukturze tatwiej ulegaja degradacji w obecnosci wody, co moze
prowadzi¢ do przyspieszonej utylizacji w warunkach przemystowego kompostowania. Mozna
zatem wnioskowaé, ze po procesie eksploatacji opracowane materialty nie bedg stanowic
odpadu ucigzliwego dla srodowiska naturalego

Makuchy Iniane to produkt uboczny produkcji oleju, ktéry z powodzeniem moze znalez¢
zastosowanie na szeroka skale jako niedrogi, ekologiczny napetniacz polilaktydu, ktérego
wprowadzenie pozwala zniwelowa¢ najwicksze wady tego polimeru, a jednoczesnie nie

powoduje utrudnienia procesu przetwarzania ani pogorszenia innych wilasciwosci tworzywa.
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Abstract: This paper presents the effects of accelerated weathering on the properties of polylactide
(PLA) composites filled with linseed cake. The particle-shaped waste filler with different linseed
oil content (0.9-39.8 wt %) was incorporated with constant amount of 10 wt % to a polymeric
matrix and subjected to accelerated weathering tests with different exposition times. The structure
of the composites, their mechanical, thermal, and thermo-mechanical properties were evaluated
by means of scanning electron microscopy, tensile test, dynamic mechanical thermal analysis,
and differential scanning calorimetry prior to and after weathering. The results of the measurements
were analyzed in reference to the amount of crude oil contained in the filler. The behavior of
the multiphase composite during weathering was described. It was found that the oil-rich samples
during the first stage of the process showed increased resistance to hydrolytic degradation due to
their relatively high crystallinity. The presence of water and elevated temperatures caused swelling
of the filler and cracking of the polymeric matrix. Those discontinuities enabled the plasticizing
oil to be rinsed out of the composite and thus water penetrated into the samples. As a result,
the PLA-based composites containing oil-rich linseed cake were found to be more vulnerable to
hydrolytic degradation in a longer time.

Keywords: polylactide; bio-based composites; waste filler; accelerated weathering

1. Introduction

Polymeric materials are lightweight, durable, easy to produce, and cheap—therefore they dominate
the market of consumer products. Unfortunately, the production of plastic products characterized
with a short lifespan results in excessive amounts of waste, which affects the natural environment.
Even though the majority of popular plastics such as polyolefins or polyesters can be recycled,
other solutions need to be implemented in order to manage plastic waste and thus effectively protect
the environment.

One of the available methods of achieving this goal is replacing conventional polymers with
their bio-based and biodegradable counterparts. Various environmentally-friendly plastics have
been proposed, including thermoplastic starch, polyhydroxyalkanoates (PHA) and polylactide
(PLA) [1-7]. PLA is commonly used due to its good mechanical properties and possible conventional
processing technology applications [8]. What is more, the properties of this polymer can be tuned for
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specific applications using different modifying agents such as plasticizers, nucleating agents or chain
extenders [9,10]. Polylactide can also be successfully used as a matrix for polymeric composites [11,12].

Even though PLA is mostly used for short-lifespan applications such as food packages or drinking
cups, it is becoming increasingly popular in the automotive, electronic or fiber industries where
reliability is prioritized [13]. Therefore, the knowledge of ageing behavior is crucial to fully benefit from
the polylactide’s utilization. It is common knowledge that this biodegradable polymer is susceptible to
both enzymatic and hydrolytic degradation. During the latter process, water diffuses into the polymeric
matrix and causes a cleavage reaction of the polymeric chains. The polar, water-soluble low molecular
weight products of the hydrolysis further promote the degradation of PLA due to the presence of
carboxylic end groups [13,14]. There are numerous factors which influence the process of hydrolytic
degradation of PLA. External factors such as temperature or the aqueous medium’s pH can be
distinguished from the internal ones, including the polymer’s crystallinity [13,14] or the presence of
modifying agents. It is generally accepted that the first stage of hydrolysis takes place in the amorphous
regions of the polymer, where the diffusion of water is possible. Degradation of the crystalline domains
can be observed in the second stage of this process [14]. Hydrolysis of the PLA matrix also changes due to
the addition of various modifying agents and fillers [15]. In the case of the polylactide-based composites,
the interface between the filler and the polymer is crucial for the hydrolysis. When the affinity between
the filler and the polymer is insufficient, due to the presence of gaps and discontinuities, water can
penetrate the composite more easily, thus facilitating the degradation. The application of coupling
agents or chemical treatment of the filler also influences hydrolytic degradation of the composite.
Gill-Castel et al. found that the application of maleic anhydrite improves the adhesion of sisal fibers
and PLA matrix making the composites more resilient to degradation [16]. As described by Islam,
Pickering, and Foreman in the case of alkali treatment of hemp fiber, the polylactide composites also
caused showed resistance to ageing in humid conditions [17]. What is more, some of the natural fillers
contain active ingredients which inhibit degradation of the composite [18].

The so-called waste fillers are gaining popularity among the environmentally-friendly fillers
with potential modifying ability [19]. Waste fillers are various additives to composites, which are
by-products from different branches of industry. Agriculture or food industry-derived plant-based
waste fillers are especially advantageous as they are biodegradable and CO,-neutral. What is more,
they mostly comprise of lignocellulose, therefore they can replace wood flour or natural fibers.
Additionally, plant-based waste fillers oftentimes contain active ingredients such as essential oils
or tannins, which may provide a modifying effect. Different waste fillers such as nut shells [20,21],
grain husks [22,23], seeds [24,25], fruit waste [26] or even fish scales [27] have been proposed for
polymeric composites. Linseed cake (LC), a by-product of mechanical oil extraction from linseed
(Linum usitatissimum L.), is an advantageous filler for PLA-based composites [28,29]. It contains up
to 30 wt % of vegetable oil, which increases the segmental mobility of macromolecules. This behavior
simultaneously causes a plasticizing effect and increases polylactide crystallinity. As a result,
LC-filled composites are characterized with high crystallinity, good deformability, and low viscosity.
Unfortunately, linseed oil (which provides the modifying effect) is not fully miscible with the polymeric
matrix [30]. As both the filler and the polymer are biodegradable, the influence of the LC and the oil on
the properties of the composites may change over time. What is more, Mittal et al. studied PLA-based
composites filled with date seed powder and showed that the vegetable oil migrates from the filler
during its lifespan [24]. Therefore, it may be hypothesized that the efficiency of the composite’s
plasticization can be influenced during the ageing of this product. Moreover, the addition of linseed
cake may potentially increase the resistance to hydrolysis of the composites by increasing the polymeric
matrix’s crystallinity.

The aim of the study is to analyze the influence of linseed oil on the weathering behavior of
polylactide-based composites.
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2. Materials and Methods

2.1. Materials

A commercially available grade of polylactide Ingeo 2500 HP by Nature Works
(Minnetonka, MN, USA, melt flow rate of 8 g/10 min (190 °c, 2.16 kg) and the density of 1.24 g/cm3) was
used as the matrix of the composites.

Two grades of linseed cake with different oil content (LCA and LCB) as well as unmodified linseed
were obtained from a local Polish supplier. In order to further diversify the oil content in the fillers,
LCA was divided into three parts. One part was left unmodified, one was subjected to oil removal
using the solvent method, according to the procedure described in our previous work (mechanical
stirring with acetone, t = 30 min, r = 300 rpm) [28], whereas for one part the oil removal procedure was
repeated twice. Unmodified linseed was subjected to grinding using a Bosch MKM 6003 high speed
knife grinder (Gerlinger, Germany). All of the used fillers were sieved with a Fritsch Analysette Pro 3
sieve shaker (Idar-Oberstein, Germany) equipped with a 630 um mesh. A schematic representation of
the preliminary filler preparation procedure with the LC series assignment dependent on oil content
which was used in the study is shown in Figure 1.

- . | grinding I . | sieving
| Unmodified linseed | | Ground linseed | LC-39.8

I sieving
| Linseed cake A |

LC-30.4

sieving

‘{ LC-17.7 |
defatting sieving

| Linseed cake B I——)WII I LC-4.6 |

defatting sieving

Figure 1. Schematic representation of the filler preparation.

The standard Soxhlet extraction procedure was employed in order to determine total oil content in
the unmodified and as-received fillers. A Biichi Universal Extraction System B-811 (Flawil, Switzerland)
was used, with petroleum ether as a solvent and a total extraction time of 150 min. The crude oil
content values in LCA defatted twice, LCA defatted once, LCA, LCB, and ground linseed were 0.9, 4.6,
17.7,30.4 and 39.8 wt %, respectively.

The particle size of different grades of linseed cake was evaluated with a laser particle sizer Fritsch
Analysette 22. The particle size distribution curves Q3(x) and their derivatives dQ3(x) obtained for
the fillers are presented in Figure 2 as a function of the particle size x. The linseed cake particles,
regardless of the oil content or the preparation method, are characterized by a size within the range
of 5-1100 um, with the mean value of 480 um in the case of LC-39.8 and 530 um for the remaining
grades. It can also be noticed that linseed cake with a lower amount of crude oil (17.7 wt % and less)
contained more particles smaller than 200 um compared to its LC-30.4 and LC-39.8 counterparts. It may
be concluded that the crude oil on the surface of the waste filler particles promotes the formation of
aggregates, hence the lack of the small particle fraction in the case of the linseed cake characterized with
a higher oil content. However, it should be observed that the preliminary treatment of the filler does
not markedly influence the particle size nor the Q3(x) curve shape. Therefore, it may be concluded that
any changes in the composites filled with different grades of linseed cake are caused by the differences
in the fillers” composition rather than their particle size.
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Figure 2. The particle size distribution curves Q3(x) and their derivatives dQ3(x) as a function of
the particle size x obtained for the fillers.

2.2. Sample Preparation

The polymeric composites containing 10 wt % of the filler were manufactured using polylactide
as the matrix. The choice of 10 wt % content of the filler was based on our previous studies,
since beneficial modifying effects were observed for this LC concentration [28]. Both the filler
and the polymer were physically mixed and dried at 70 °C overnight in a Memmert ULE500 laboratory
cabinet drier (Schwabach, Germany) prior to processing. The mixing of the components in a molten
state was performed, using a ZAMAK EH-16.2 D co-rotating twin screw extruder (Skawina, Poland)
operating at 120 rpm and 190 °C. The extrudates were cooled at air temperature, pelletized, and dried
as before. Samples were injection molded using a Battenfeld PLUS-35 machine (Kottingbrunn, Austria)
with the following parameters: Tinjection =210 °C, Tmold = 50 °C, Pinjection =72 MPa, Vinjection =75 mm/min
for further testing. The samples were named in reference to the type of the used filler, e.g., PLA-LC-39.8
is the composite sample containing 10 wt % of the filler containing 39.8 wt % of crude oil.

The accelerated weathering process was conducted using a QLAB QUV chamber
(Westlake, OH, USA) according to the ISO 4892-3 standard for 250 and 500 h. The samples were
exposed to UV light (340 nm, 0.76 W/m?) as well as periodically sprayed with water—an 18 min
spraying was followed by a 102 min dry period. The temperature inside the chamber was set to 60 °C,
which is slightly below the glass transition temperature of polylactide. The weathered samples were
conditioned in room conditions for at least seven days before testing.

2.3. Methods

The density of the composite samples was determined using the hydrostatic method with distilled
water as the immersion fluid (pwater,23 °c =0.9975 g/cm3). The sample mass was measured in the air (m1)
and then after submerged in water (m;) using an AXIS AD200 balance (Gdarisk, Poland). The density
of the material was calculated according to the following formula (1):

M1 Pwater, 23°C
(mq —my)

p = 1)

The density of the waste fillers was measured with a Helium pycnometer Thermo Scientific
Pycnomatic (Waltham, MA, USA) according to the ASTM 792-66 standard.

The surface of the selected samples was examined using a Leevenhuk optical microscope
(Tampa, FL, USA) equipped with a 4x lens. The pictures of the unaged and weathered samples were
digitally captured.

Surfaces of the composites’ brittle fractures were subjected to scanning electron microscope (SEM)
observations using a Vega Tescan apparatus (Brno, Czech Republic). Prior to the tests, the examined
surfaces were sputtered with carbon. The electron accelerating voltage of 12.0 kV was applied.
The magnification of 3000x was applied. The images were digitally captured.
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Differential scanning calorimetry (DSC) was applied in order to evaluate the thermal properties
of the composite samples and pure PLA, as well as their crystallinity. The samples of approximately
5.0 + 0.2 mg were placed in standard aluminum crucibles with pierced lids. The measurement was
performed using a Netzsch DSC 204F1 Phoenix apparatus (Selb, Germany). The material was heated
from 20 °C to 190 °C, held in a molten state for 10 min and cooled back to the initial temperature,
with a heating/cooling rate of 10 °C/min and an inert Nitrogen atmosphere. This cycle was repeated
twice in order to evaluate the properties of the composites independently from their thermal history.
The crystallinity degree Xc was calculated according to the following formula (2)

AHp;— AHcc

X = -100% 2)
€7 (1-¢)AHi0v%p1a °

where: AHy—is the melting enthalpy of a sample, AHcc—is the cold crystallization enthalpy of
a sample, AH1009p1.o—is the melting enthalpy of the 100% crystalline PLA, AH1g0%pLa = 93 J/g [31],
¢—is the filler content, and ¢ = 0.1 for the composite samples.

In order to evaluate the thermo-mechanical properties of the investigated samples, the dynamic
mechanical thermal analysis (DMTA) was implemented, using an Anton Paar MCR 301 apparatus
(Graz, Austria). The measurements were conducted on 50 X 10 x 4 mm? rectangular samples, in
the torsion mode, at a frequency of 1 Hz and strain of 0.01%. The temperature range was set to
30-110 °C, with the heating rate of 2 °C/min. Storage modulus G’, loss modulus G”, and loss factor
tand values were determined as a function of the temperature. The position of tand maximum was
used to determine the glass transition temperature Ty of the neat polymer and its composites.

Mechanical properties in static conditions, such as tensile strength Rm, tensile modulus E,
and elongation at break ¢ of the samples were evaluated by means of the static tensile test, according
to the ISO 527-2 standard. A Zwick Z010NT universal testing machine (Ulm, Germany) was used.
The crosshead speed was 1 mm/min during the determination of the tensile modulus and 50 mm/min
during the remaining part of the test.

The impact strength of PLA and PLA-based composites was assessed according to the DIN 53435
standard using a 0.98 ] hammer and Dys-e 8421 apparatus. Unnotched samples of 15 x 10 x 4 mm?
were tested.

3. Results and Discussion

3.1. Density

The evaluation of the volume void content of a composite material helps to assess the quality of
the material, especially the adhesion between the filler and the matrix. As it is based on the comparison
of theoretical and measured density of the sample, it provides useful information on the whole
volume of the tested material, not just its fracture surface (as in the case of microscopic observations).
The theoretical density pt of the composite materials was calculated according to the following
formula (3):

PM PE

T 3
Wwmpr + We-pm ©)

pr =

where: pj—density of the composite matrix, pr—density of the filler, Wy;—weight content of
the matrix, Wp—weight content of the filler.

The void volume content uy of the samples was calculated according to the following
formula (4) [32]:

uy = PLPR 100% @)
PT

where pr—is the measured density of the composite matrix.

The values of measured density, theoretical density, and volume void content of the fillers,
neat PLA, and composite samples subjected to accelerated ageing are collected in Table 1. The uy could
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not be calculated for the weathered samples, as the density of the fillers subjected to ageing could not
be measured.

The void volume content of all the composite samples did not exceed 2%, which indicates good
quality and lack of porosities [31,33]. The lowest value was denoted for the PLA-LC-4.6 sample
and the highest for the PLA-LC-39.8 one. A considerably high value of 0.94% was also found
for the composite containing the lowest amount of linseed oil. As epoxidized vegetable oil acts
as a compatibilizing agent for PLA-based lignocellulose-filled composites [30], presumably its presence
helped to achieve good affinity between the phases of the samples, hence the lack of porosities.
However, when an excess of crude oil is present in the composite, it is no longer miscible and it
creates a separate phase in the form of oil-filled voids [34], as in the case of the PLA-LC-39.8 sample.
The volume void content value calculated for the neat resin can be ignored as it shows the differences
between the manufacturer’s data and the actual density value.

Table 1. Measured and theoretical density and volume void content of the samples.

Sample Measured Density ~ Theoretical Density Volume Void Content
(g/cm®) (%)
LC-0.9 1.4540 + 0.00098 - -
LC-4.6 1.4012 + 0.00120 - -
Fillers LC-17.7 1.3358 + 0.00079 - -
LC-30.4 1.2732 + 0.00098 - -
LC-39.8 1.1238 + 0.00096 - -
PLA 1.2388 + 0.01145 1.2400- 0.10
PLA-LC-0.9 1.2455 + 0.00834 1.2574 0.94
Unaged PLA-LC-4.6 1.2488 + 0.00800 1.2533 0.36
PLA-LC-17.7 1.2382 + 0.01033 1.2479 0.77
PLA-LC-30.4 1.2276 + 0.01105 1.2421 117
PLA-LC-39.8 1.2090 + 0.00714 1.2297 1.69
PLA 1.2164 + 0.00630 - -
PLA-LC-0.9 1.2315 + 0.00765 - -
Aged, 250 h PLA-LC-4.6 1.2213 + 0.00642 - -
PLA-LC-17.7 1.2154 + 0.00704 - -
PLA-LC-30.4 1.2177 + 0.00612 - -
PLA-LC-39.8 1.2125 + 0.00359 - -
PLA 1.2234 + 0.01043 - -
PLA-LC-0.9 1.2385 + 0.00821 - -
Aged, 500 h PLA-LC-4.6 1.2315 + 0.00692 - -
PLA-LC-17.7 1.2277 +0.00710 - -
PLA-LC-30.4 1.2173 + 0.00599 - -
PLA-LC-39.8 1.2187 + 0.00649 - -

The density of the studied composites depended on both their composition and weathering. It can
be observed that the density of the LC-0.9 filler is almost equal to the one of typical flax fiber [35]
and decreases along with the growing content of low-density crude oil, characterized with a specific
gravity of 0.925 [36]. A reduction in the material’s density and consequently in the weight of a part
resulting from the addition of linseed cake is an advantageous outcome, especially for manufacturing
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purposes. The density of the neat polymer as well as the composite specimens changed due to
accelerated weathering. Even though an increase in weight of the PLA-based samples’ weathered
for less than 750 h is reported in the literature [17], in the case of the linseed-cake filled specimens
an opposite effect can be noticed. The only exception is the PLA-LC-39.8 sample weathered for
250 h whose density slightly increased. The increase of the samples” density is usually explained by
the absorption of water, whereas in this study the composites were conditioned in room conditions
prior to testing, which allowed the absorbed moisture to evaporate. A decrease in the density of
PLA-based samples may be attributed to the formation of microcavities and voids [37] due to swelling of
the lignocellulosic filler and leaching the low molecular fractions out of the polymer during ageing [17].

3.2. Morphology

The images of the samples’ surfaces are shown in Figure 3. In order to keep the discussion simple,
only the appearance of PLA-LC-0.9 and PLA-LC-39.8 weathered for different periods are presented
for comparison.

As can be observed, the surface of the unaged samples is dark and smooth, with several filler
particles dispersed homogenously. They are easier to notice in the case of the PLA-LC-39.8 sample,
which is lighter. The difference in the appearance of the two specimens may be caused by differences
in crystallinity and the resulting optical properties (to be discussed in detail in paragraph 3.3).

Accelerated weathering for 250 h resulted in a prominent change in the samples’ appearance,
regardless of the oil content in the filler. The surfaces of the composites are noticeably lighter,
but the most significant change can be seen in the case of the filler particles. They are easily visible
in the whole studied area because of light discoloration around them. This effect can be attributed
to small cracks in the polymeric matrix surrounding the filler, caused by its cyclic dilatation during
weathering [17,38]. Usually, when the PLA is subjected to elevated temperatures and humidity,
changes in its structure occur, resulting in shrinkage as well as embrittlement [39]. On the other
hand, the lignocellulosic filler particles swell, thus causing an increase in stress on the interface
and subsequent cracking of the composites. Apart from the filler particles, different discontinuities such
as voids and porosities can also contribute to the deformation-caused cracking. On the other hand LC,
as a polysaccharide-rich organic waste filler, is a highly hygroscopic substance [40,41], which increases
its volume due to the absorption of water. As the polymeric matrix does not show this behavior,
the filler particles stretch it. Due to the insufficient ability to deform the PLA matrix, cracks occur.
What is more, surface whitening caused by changes in the refraction index was observed in the case of
hydrolytic degradation of PLA, due to the presence of hydrolysis products and absorbed water [42].
Interestingly, surface whitening did not noticeably intensify due to weathering for 500 h.

Images of the samples’ brittle fractured surfaces obtained by scanning electron microscopy are
presented in Figure 4. The sample of non-weathered, unmodified polylactide reveals a smooth fracture
surface typical for the amorphous form of this polymer. The incorporation of 10 wt % of defatted linseed
cake (LC-0.9) did not considerably change the character of the fracture. The lignocellulosic particles
are partially covered with the polymeric matrix, therefore a good affinity between the phases can be
noticed. In the case of the addition of the oil-rich filler (LC-39.8), the morphology of the composites
changed. Small (<1 um) spherical domains, which can be seen dispersed on the fracture surfaces can
be identified as oil droplets [25]. Linseed oil is only partially miscible with polylactide, therefore its
excess oozes as separate domains. Similar behavior was observed in the case of PLA modified with
epoxidized linseed or soybean oil [30,43].

Accelerated weathering of polylactide results in changes in its microstructure. The sample
weathered for 250 h shows a typical morphology for semi-crystalline polymers deformed in a plastic
way. This behavior may be explained by the degradation of the amorphous phase and solid-state
recrystallization due to the presence of water and elevated temperature. The pure PLA sample
subjected to accelerated weathering for 500 h can also be characterized with a fracture surface typical
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for the crystalline form, however, it is more uneven compared to the one weathered for 250 h.
This change may suggest the degradation of the crystalline as well as amorphous regions.

PLA-LC-0.9 PLA-LC-39.8

w

Figure 3. Surfaces of polylactide-linseed cake (PLA-LC)-0.9 and PLA-LC-39.8 samples weathered for
different periods.

The composites filled with the LC-0.9 filler subjected to weathering for 250 h show a fracture surface
typical to semi-crystalline polymers, similarly to the neat polymer. The appearance of the polymeric
matrix is not the only change due to weathering—in this case cracks or gaps can be observed on
the interface, which is in good agreement with the results of surface observations. Weathering for 500 h
further reduced the affinity between the filler and the matrix—in this case the LC particles cannot be
seen on the fracture surfaces, as they were pulled out of it during the impact break of the sample.

The morphology of the PLA-LC-39.8 samples subjected to the accelerated weathering changed in
three different ways. First of all, the appearance of the polymeric matrix is typical to the semi-crystalline
polymer, as in the case of the neat PLA. Cracks are also visible on the interface, as in the case of
the PLA-LC-0.9 composites. Unlike in the remaining cases, the oil droplets become noticeably bigger.
It is especially noticeable for the sample weathered for 500 h—in this case the diameter of the oil
domains exceeds 5 pm, and they are also connected with each other, creating a network throughout
the composites” volume. Presumably, oil leaches out of the composite during ageing. The former
droplets become voids which can be filled with water. Therefore, the hydrolysis of the polymer can
begin within these domains. The degradation products can be easily removed (i.e., be rinsing out)
and the hydrolysis proceeds, thus resulting in the increase in the domains’ dimensions.
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Figure 4. SEM images of the chosen samples weathered for 0, 250, and 500 h.

3.3. Thermal Properties

The crystallinity values of PLA and PLA-based composites calculated according to formula (2)
are collected in Table 2 and selected DSC thermograms are presented in Figure 5. When comparing
Xc values of unaged samples, a positive correlation between the crystallinity and linseed oil content
can be observed. The crystallinity of the PLA-LC-39.8 sample measured during the second heating is
over twice as high as in the case of the pure PLA. This behavior is in line with what we found in our
previous studies, i.e., that the presence of linseed oil makes the crystallization of the polymer easier by
increasing the chain mobility [28]. Similar results have been obtained in the case of the PLA modified
with different plasticizing agents, such as polyethylene glycol [44], epoxidized fatty acid esters [45]
or epoxidized linseed oil [30]. What is more, the Xc value of unaged samples calculated during
the first heating was considerably lower in comparison to the results obtained during the second
heating. Apparently, the low mold temperature during injection molding resulted in a high cooling
rate of the molten polymer, therefore suitable conditions for effective melt crystallization of PLA were
not achieved.

Both composite and unfilled samples subjected to accelerated weathering for 250 h reveal higher
crystallinity calculated during the first heating in comparison to the reference samples. Similar results
have already been reported in the case of weathered PLA-based composites [17,46]. As the temperature
during accelerated weathering was only 60 °C, this rearrangement of the crystalline structure was
caused by the simultaneous influence of both heat and UV radiation, inducing partial degradation of
the polymer and the process known as chemi-crystallization [17,47]. The growth of Xc values measured
by DSC is an effect of macromolecular rearrangement of the PLA amorphous phase as a result of chain
scission mechanism caused by the initial degradation of PLA, starting in the amorphous regions [14].
The greatest difference of crystallinity can be observed for the PLA-LC-0.9 sample, whose Xc increased
from 27.01% to 71.55%. The magnitude of changes decreases with the growing vegetable oil content,
the smallest growth was denoted in the case of the PLA-LC-39.8 composite. The samples already
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characterized by high crystallinity did not show such profound changes because both the solid state
recrystallization and hydrolytic degradation predominantly take place in the amorphous regions [14,48].

When comparing the changes of samples’ crystallinity measured during the first and second heating,
it is possible to divide the temporary effects of chemi-crystallization from permanent changes caused by
accelerated ageing. Xc values of the samples weathered for 250 h are higher than the ones of the reference
specimens, but the increase is not as pronounced as in the case of the first heating—the growth did
not exceed 28% for the neat resin and 21% for the composite samples. During the degradation of
polylactide the chain scission leads to a decrease in the polymer’s molecular weight. The shorter
macromolecules are able to create the crystalline phase more easily, hence the increase in X¢ values [47,49].
Therefore, an increase in the samples’ crystallinity indirectly indicates a decrease in the molecular weight
due to accelerated weathering. The composite samples characterized with high Xc value before ageing,
such as PLA-LC-30.4 and PLA-LC-39.8 show a less pronounced increase in crystallinity compared to
the remaining specimens. Once again, the reason is their lower initial content of the amorphous phase,
which makes them less susceptible to degradation [14]—hence smaller changes in their structure.

The crystallinity of the samples weathered for 500 h calculated during the first heating is higher in
comparison to the unaged specimens, but lower in reference to the composites weathered for 250 h.
This result indicates that the second stage of the hydrolytic degradation, in which the crystalline as well
as amorphous domains are subjected to hydrolysis, occurred [14]. When comparing the crystallinity
of the samples calculated during the second run of DSC, a growth can be noticed in the case of
PLA and PLA-LC-0.9 only. Once again, this behavior can be explained by polymeric chain scission
and the resulting higher mobility of macromolecules [47]. The composites containing a higher percentage
of vegetable o0il show a decrease in Xc values. It may be hypothesized that during the accelerated
weathering linseed oil is rinsed out of its domains, which can be then filled with water. In this way,
hydrolytic degradation can occur not only on the surface of the composites, but throughout their
entire volume. Another explanation of the suppression of the crystallization process is the presence of
molecular defects caused by hydrolysis and UV radiation of the polymer [47].

During the first stage of degradation, vegetable oil-rich samples are more stable due to
fewer amorphous domains. When the crystalline domains are also subjected to degradation,
the non-homogeneous structure of the oil-rich samples become more vulnerable to water, which can
penetrate the whole volume of the composite, thus accelerating its degradation.

Table 2. Crystallinity (Xc) of PLA and PLA-based composites before and after the accelerated
weathering process.

sample XC, 1st Heating (%) XC, 2nd Heating (%)
oh 250 h 500 h 0h 250 h 500 h

PLA 2736 6072 (+122%)® 5320 (-12%)P 3247 4144 (+28%)*  36.89 (+11%) P
PLA-LC-0.9 2701  7155(+165%)2 60.35 (-16%)P 4025 4455 (+11%)2  42.32 (+5%)°
PLA-LC-46  35.06 69.75 (+99%) @ 67.14 (—4%) P 4095 4958 (+21%)@ 4412 (-11%)P
PLA-LC-17.7  39.49 6346 (+61%)2  57.93 (<9%) P 4370  5245(+20%)?  42.33 (=19%)P
PLA-LC-304  39.75 6595 (66%) @ 64.54 (~2%)P 57.57 58.34 (+1%) @  57.40 (=2%)
PLA-LC-39.8  44.63 67.66 (+52%) 2 62.96 (—7%) P 65.16 66.39 (+2%) 2 61.88 (=7%)

2 change of the Xc value in reference to the unaged sample; ® change of the Xc value in reference to the sample aged

for 250 h.
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Figure 5. Differential scanning calorimetry (DSC) curves obtained during the first (I) and second
heating (II) of selected samples weathered for 0, 250, and 500 h.

3.4. Thermomechanical Properties

The results of dynamic mechanical thermal analysis, i.e., the values of storage modulus G/,
loss modulus G”, and damping factor tand as functions of the temperature are presented in Figure 6.
A typical run of G’ compared to the temperature curve observed for amorphous polylactide consists of
four stages: An initial plateau in the glassy state, a decrease attributed to glass transition followed by
a plateau in the rubbery state, and an increase due to cold crystallization. These four stages can be
easily observed for the untreated samples, regardless of their composition. Even though the shape
of G’ as a function of the temperature does not change and the storage modulus of the composite
samples in the glassy state does not differ notably, some differences between the samples can be
seen. First of all, the specimens containing linseed cake enter the second stage (i.e., the decrease
of G’) at lower temperatures. The increase of the storage modulus attributed to crystallization also
begins earlier for the LC-filled composites. This observation is consistent with the results of the DSC
measurements, which shows that the incorporation of oil-rich waste fillers causes a decrease of the cold
crystallization temperature. The fact that the composite samples enter the phase transition at lower
temperatures in comparison to the neat polymer may also indicate that the presence of linseed oil is
characterized by low molecular weight and relatively low viscosity, which promotes the movements
of macromolecules.

The shape of G’ curve changes due to accelerated weathering for 250 and 500 h. In this case,
the transition between the glassy and rubbery state is not as sharp and the observed decrease of the G’
value is much smaller. What is more, the cold crystallization no longer occurs. Increased crystallinity
of the samples (also confirmed by the DSC measurements and SEM observations) is the reason for
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this behavior—the crystalline domains retain their storage modulus when the amorphous part of
the polymer gains increased mobility and enters the rubbery region. Interestingly, the composite
samples weathered for 250 h show higher storage modulus values at elevated temperatures in
comparison to the neat polymer. This difference may be explained by two phenomena: Increased
crystallinity of the LC-filled samples, or the stiffening influence of the rigid lignocellulosic particles
within the linseed cake. In the case of the untreated samples, this influence may have been suppressed
by the presence of the plasticizing oil. As the oil leaches during weathering, the reinforcing effect of LC
dominates, causing an increase in the G’ values. Nevertheless, this correlation does not fully apply to
the composites weathered for 500 h—as the hydrolysis of the crystalline regions can be observed in
their case, the increased crystallinity no longer provides the stiffening effect. What is more, as the SEM
observations showed, the oil-rich samples due to their non-homogeneous morphology are subjected to
a more intensive degradation within their whole volume, so the reinforcing effect of lignocellulosic
is limited.

When analyzing the shape of the damping factor as a function of the temperature, a single peak
can be observed for all the samples, both the newly made and the weathered ones. This maximum
can be attributed to glass transition, i.e., relaxation of the amorphous regions. A very sharp peak
can be seen for the unaged samples. It is slightly higher for the neat polymer in comparison to
the composites. This can be explained with higher crystallinity and the presence of rigid structures in
the LC-filled composites. However, the amount of linseed oil does not visibly influence the damping
properties of the samples. The specimens subjected to accelerated weathering show a much lower
and less defined, as well as wider tand peak. This change can be explained by different processes
which take place in the polymer’s structure due to weathering. First of all, their crystallinity increases,
the material becomes stiffer and its damping ability is lower—hence the decrease in the peak’s height.
What is more, the hydrolysis of the polymer along with the shortening of macromolecules lead to
higher polydispersity. The presence of polymeric chains characterized by different molecular weights
and different lengths results in a wider temperature range.

The values of glass transition temperatures understood as the tand maximum for the studied
samples are presented in Table 3. The Tg value for pure, untreated PLA is 70.2 °C. The glass transition
temperature decreases along with the increasing linseed oil content in the filler to 67.4 °C measured for
the PLA-LC-38.9 sample. Even though the change is rather small, the overall observable trend indicates
that the oil-rich filler has a plasticizing effect on the polylactide-based composites. Similar behavior
was observed in the case of the PLA plasticized with different vegetable oils, including epoxidized
linseed oil [50].

The samples weathered for 250 h are characterized by higher T values in comparison to
the untreated ones. The highest value of 77.3 °C was observed for the neat polymer and the lowest
temperature of 75.2 °C was denoted in the case of the PLA-LC-39.8 specimen. Even though the sample
containing the highest linseed oil content shows relaxation at the lowest temperature, the relationship
between the oil content and Ty value can no longer be observed. Increasing the weathering time
to 500 h results in further growth of the glass transition temperature for all the samples, except for
the PLA-LC-30.4 one. The increase of Tg values is commonly observed in the case of weathered
PLA-based samples [38] and can be explained by the growth of the crystallinity of the samples.
What is more, in the case of the samples containing linseed oil, the increase of Tg may result from
the antiplasticization effect, that is the leaching of the plasticizer [39,51].
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Figure 6. The run of storage modulus (G”) versus temperature, loss modulus (G”) versus temperature
and damping factor (tand) versus temperature curves for the composite samples weathered for different

periods of time.

Table 3. Glass transition temperatures (understood as tand maximum) for pure PLA and composite

samples weathered for different periods of time.

Sample Untreated Weathered for 250 h Weathered for 500 h
Glass Transition Temperature (°C)
PLA 70.2 77.3 77.6
PLA-LC-0.9 69.6 76.1 77.0
PLA-LC-4.6 68.2 76.7 78.5
PLA-LC-17.7 68.2 76.3 78.5
PLA-LC-30.4 67.8 76.1 75.7
PLA-LC-39.8 67.4 75.2 77.3
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3.5. Mechanical Properties

The data on mechanical properties of the composite samples are collected in Table 4. As can be
observed, the addition of oil-rich linseed cake changed the mechanical properties of the PLA-based
composites. Tensile strength decreased due to the addition of the LC, which is a common behavior
in the case of the lignocellulosic waste fillers characterized with hydrophilicity and low aspect
ratio [21,52,53]. What is more, the oil-rich grades of linseed cake contain a considerably low amount of
rigid particles, which could contribute to the composites” strength. Moreover, the excessive oil creates
a separate phase, as proven by the SEM observations, which results in the lack of the composite’s
homogeneity, hence lower values of tensile strength [30].

Tensile modulus of the PLA-based samples changes due to the addition of the waste filler,
but the magnitude of such changes depends on the oil content. The PLA-LC-0.9 specimen shows higher
modulus values in comparison to the neat resin, which is caused by the presence of rigid lignocellulosic
particles [54,55]. Along with the growing linseed oil content E values decrease, which can be explained
by both the presence of the plasticizing crude oil and a lowering content of lignocellulose [50].
Even though the oil-rich samples can be characterized by higher crystallinity in comparison to the pure
PLA, as it was described earlier in this paper, the plasticizing effect of linseed oil is strong enough to
suppress the stiffening caused by changes in crystallinity [56].

Elongation at break of pure, unaged polylactide was determined as 8%, which is consistent
with the literature data [4]. The addition of 10 wt % of the lignocellulose-rich, particle-shaped filler
resulted in the reduction of ¢ values. This result is common in the case of utilizing waste fillers and has
been attributed to numerous factors such as lack of compatibility between the filler and the matrix,
stress concentration on the lignocellulosic particles, or the presence of voids. The linseed cake-filled
composites show a similar behavior but only if the crude oil content in the filler does not exceed
17.7 wt %; elongation at break noticeably increases past this point. The PLA-LC-39.8 sample reveals
the ¢ value of 45%, which is over five times higher than in the case of pure PLA. This increase in
the samples’ deformability under the static load is perhaps the most notable evidence of the plasticizing
effect of linseed oil.

Unmodified, amorphous PLA is a brittle material, so the value of tensile strength around 8.5 KJ/m?
is a predictable result. The addition of the particle-like filler characterized with low oil content
results in further deterioration of this characteristic. Similar results have been described in the case of
different particle-shaped natural and waste fillers [55,57]—because of low affinity between the filler
and the matrix less energy is required to cause the fracture. However, along with the growing content
of crude oil within the filler, the impact strength of the samples increases. This behavior may be
explained by two phenomena: The presence of linseed oil characterized by low viscosity increases
the efficiency of melt blending, which allows to obtain better dispersion of the filler in the polymeric
matrix [58] and it plasticizes the polymer. Therefore, more energy is consumed during the impact.
What is more, linseed oil-rich samples have a higher degree of crystallinity, which can also improve
their impact strength. It should also be noticed that in the case of impact strength, the influence of
linseed oil is less pronounced in comparison to the elongation at break. This behavior can be explained
with the fact that LC-filled composites have a non-homogeneous structure, where any discontinuities
can facilitate cracks.

The relative change in the mechanical properties due to accelerated weathering is shown in
Figure 7. Apart from the neat PLA, all the samples weathered for 250 h show lower values of tensile
strength in comparison with the reference specimens. This result can be explained by the presence
of microcracks around the filler particles (as revealed by microscopic observations), which caused
a decrease in the effective cross-section of the sample. Consequently, a lower value of stress caused
the fracture. The decrease in tensile strength is even more notable in the case of the composite and neat
polymer samples weathered for 500 h. It may be concluded that in this case, the reasons are more
complex: It is not only the presence of cracks, but also structural changes in the PLA matrix. As the DSC
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have shown, during accelerated weathering for 500 h both the amorphous and crystalline phase of
the polymer are subjected to hydrolysis, which causes the deterioration of tensile strength.

Table 4. Mechanical properties of PLA-LC composites.

Samole Tensile Strength ~ Tensile Modulus  Elongation Impact Strength
P (MPa) (MPa) at Break (%)  (kJ/m2)
PLA 74.3 +0.39 2270 + 400 8.0+1.8 8.39 +2.007
PLA-LC-0.9 59.4 +0.18 2430 + 65 45+02 444 £1.231
PLA-LC-4.6 56.5 + 2.43 2270 + 88 44+04 517 +0.781
PLA-LC-17.7 53.7 + 0.64 2160 + 102 49+03 5.66 + 1.020
PLA-LC-30.4 46.4 +0.87 1890 + 44 16 + 6.0 5.54 + 0.634
PLA-LC-39.8 36.7 +0.22 1650 + 90 45+54 6.85 +0.974
PLA PLA
) 4 ) 40
Tensile strength Tensile modulus a0
PLA-LC-39.8 PLA-LC-0.9 PLA-LC-39.8 PLA-LC-0.9
PLA-LC-30.4 PLA-LC-4.6 PLA-LC-30.4 PLA-LC-4.6
PLA-LC-17.7 —=—250h PLA-LC-17.7
500 h
PLA
. 180
Elongation at break Impact strength 450%
1200,
90
PLA-LC-39.8 PLA-LC-0.9 PLA-LC-39.8 60 PLA-LC-0.9
PLA-LC-30.4 PLA-LC-4.6 PLA-LC-30.4 PLA-LC-4.6

PLA-LC-17.7

PLA-LC-17.7

Figure 7. Relative change (in %) of the tensile strength, tensile modulus, elongation at break, and impact
strength of the composite samples weathered for 250 and 500 h.

An increase in tensile modulus can be observed in the case of the samples subjected to accelerated
weathering for 250 h. This result may seem counterintuitive, but it can be explained with two
phenomena. First, the weathered samples reveal higher crystallinity than the reference samples; it has
been proven that the crystalline PLA is characterized with higher stiffness than the amorphous one [59].
What is more, the composite samples filled with LC can be characterized with lower values of tensile
modulus because of the plasticizing effect of linseed oil. Presumably, in the case of the weathered
samples, this phenomenon no longer occurred. The viscosity of linseed oil decreases at elevated
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temperatures, therefore it may be supposed that it leaches out of the composite during weathering
through small cracks and discontinuities. Linseed oil cannot plasticize the polylactide when it is not
present in the composite. Further weathering up to 500 h changes the samples tensile modulus in
a different way. For all the specimens, except for the PLA-LC-39.8 one, the E value is equal or lower in
comparison with the non-weathered samples. This phenomenon is probably caused by the already
mentioned hydrolysis of the crystalline regions. The composite containing the highest amount of oil
does not show this behavior—its initial low tensile modulus value was caused by the presence of
the plasticizing linseed oil. Its leaching combined with the PLA solid-state structure rearrangement
during weathering reduces this modification effect. Even though the hydrolysis of the polymer takes
place, the stiffness is still higher than in the case of the plasticized composite.

The elongation at break values of all the samples decrease due to accelerated weathering; the higher
the oil content in the filler, the more profound the decrease. The ¢ value measured for the PLA-LC-39.8
weathered for 250 h is almost 100% lower than in the case of the newly-manufactured sample.
The decrease in the elongation at break of the weathered samples can be explained with the presence
of microcracks, which make the propagation of a crack easier. However, in the case of the oil-rich
specimens the effect is even more profound due to the reduction of the plasticizing effect of linseed oil,
as described in the case of the tensile modulus. The samples weathered for 500 h reveal only slightly
lower elongation at break values in comparison with those subjected to weathering for 250 h. It can be
concluded that the relationship of the weathering time and elongation at break reduction is not linear.

The impact strength of the composite samples does not change notably after accelerated weathering,
except for the neat polymer sample. In this case, a profound increase in the impact strength can be
noticed. The longer the weathering time, the higher the impact strength. Similar effects have been
described in various studies [38,48], which are usually explained by the modification of the interlamellar
region of the polymer due to the elevated temperature, hydrolysis, and UV radiation. In the case of
the composite samples this effect is suppressed by the microcracks resulting from cyclic dilatation of
the phases during weathering. The two processes balance each other, therefore the overall impact
strength of the LC-filled composites does not increase nor decrease.

Brittleness is a commonly used term in materials description, which was first defined by
Brostow et al. as an inverse ductility defined in static and dynamic conditions. Its value B can be
calculated using the following formula (5) [60]:

B= 1 ©)

epE’
where: ep—elongation at break, E’—storage modulus of a specimen. In order to evaluate the brittleness
of the studied samples, G” values were used instead of E’ due to the applied DMTA analysis operated
in the torsion mode.
Toughness T of a material is the amount of energy required to crack a material. Even though
it can be measured in different conditions, it is often defined according to the following formula (6)

T = jO‘EB ode 6)

As described by Brostow et al. there is an empirical correlation of brittleness and toughness [61].
For commonly-used single phase materials, it can be described using the following formula (7):

as the integrated stress—strain curve [61]:

b+ cB
B =
1+aB

)

The coefficients a, b, ¢ proposed by Brostow and calculated for the obtained data are
presented in Table 5. The experimental points, fitted curve, and Brostow’s curve are presented
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in Figure 8. Even though a, b, and ¢ coefficients obtained by Brostow and proposed in this research
differ, the two curves almost overlap. The slight difference between them probably results from
the fact that in the original study storage modulus used to calculate brittleness was measured in
the tension mode. Nevertheless, it can be concluded that the composite materials reveal predictable
brittleness—toughness relationship, which does not change due to weathering. As the original curve
was plotted for single phase materials, the shape of the obtained function may also suggest good
affinity between the phases in the composite.

Table 5. Fitting coefficients proposed by Brostow and calculated for the obtained data.

Curve a b c R?
Brostow’s ~ —111 -14.102 -1640 0.934
Fitting -6919x 108 —9.547 100  -1.633-x-108  0.977

— Fitting
Brostow
PLA
PLA-LC-0.9
PLA-LC-4.6
PLA-LC-17.7
PLA-LC-30.4
PLA-LC-39.8
unaged

aged, 250h
aged, 500h

1000

800

600 —

\\\ono»ou

400

Toughness [J/mm’]

200+

0.0 I 0.5 ' 1.I0 I 1.5 2.0
Brittleness [Pa%/10"]

Figure 8. Experimental points and theoretical curves representing the correlation between the toughness
and brittleness of the samples.

Even though the shape of the curve does not change due to weathering, the placement of
the individual points differs. It may be observed that the unaged composites, especially the ones
containing higher amounts of linseed oil, can be characterized with low brittleness and high toughness.
Weathering of the samples for 250 and 500 h causes a shift of the points’ positions towards lower T
values accompanied with high brittleness. In their case, the correlation between the point’s placement
and oil content cannot be seen. This fact indicates that ductility of the materials is profoundly reduced
during accelerated weathering of the material.

4. Conclusions

In the study we analyzed the influence of the linseed oil content on accelerated weathering of
linseed cake-filled polylactide composites. Based on the results it can be concluded that the composite
samples subjected to elevated temperature, humidity, and UV radiation undergo notable changes in
their structure and properties. Initially, mutual dilatation of the waste filler and the matrix occurs.
Due to different thermal expansion coefficients and mechanical properties of both phases, debonding
of the linseed cake particles occurs and microcracks emerge on the surface and throughout the volume
of the specimens. Excessive amounts of linseed oil contained by the linseed cake, which is not fully
miscible with the polymeric matrix, leaches out of the composite using these crevices. This results in
a noticeable increase in their brittleness. Simultaneously the hydrolytic degradation of the amorphous
phase of the semicrystalline polymer occurs. The oil-rich samples, which are initially characterized
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by higher crystallinity due to the nucleating effect of LC, are therefore less susceptible to this process.
However, the hydrolysis of the amorphous part combined with chemi-crystallization, caused by UV
irradiation and cyclic exceeding the glass transition temperature of the material in humid conditions,
results in a prominent increase in the composites’ crystallinity, hence their higher stiffness, increased
glass transition temperature, and worse damping behavior. In the next stage of accelerated weathering
(500 h weathering time) hydrolytic degradation of the crystalline domains begins. What is more,
water penetrates the whole volume of the samples through cracks and voids resulting from debonding
of the filler and leaching of the oil. This behavior is especially noticeable in the case of the oil-rich
samples due to their non-homogeneous morphology. Even though the samples weathered for 500 h
can be characterized with higher crystallinity than the untreated ones, their mechanical properties are
visibly worse.

The addition of the linseed cake, an oil-rich waste filler, improves the properties of
the polylactide-based properties such as crystallinity, elongation at break or impact strength. It can
also act as a plasticizer. During weathering over a prolonged time, the presence of this filler accelerates
the degradation due to the non-homogeneous structure of the composites. It can be stated that
linseed-cake filled biodegradable composites are a good material for producing consumer products
characterized with a short lifespan.
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Abstract

Linseed cake (LC), a by-product of oil extraction from linseed, due to high con-
tent of natural oil can be applied as a filler and modifying agent for polymeric
composites. However, the presence of the flammable oil may change thermal
properties of the resulting materials. The aim of this study is evaluation of the
influence of oil content on flammability and thermal degradation of polylactide
composites. The samples filled with 10 wt% of LC containing from 0.9% to 39.8%
of oil were subjected to cone calorimetry, horizontal burning test and ther-
mogravimetric analysis. Activation energy values of the thermal decomposition
of the composites were calculated using Ozawa and Kissinger methods. The dif-
ferent LC grades and the crude oil were tested as well. Even though all the com-
posite grades presented higher flammability and lower thermal stability than the
neat resin, their burning behavior and the process of thermal decomposition did
not depend on the oil content. Therefore, the oil-rich grades of LC can be applied

Ministerstwo Nauki i Szkolnictwa
Wyzszego, Grant/Award Number: 0613/

SBAD/4630 KEYWORDS

1 | INTRODUCTION

Linseed cake (LC) is a by-product of oil extraction from lin-
seed, produced in great quantities of 445 tons in Europe in
2018, but having little industrial application. LC contains
lignocellulosic fiber, proteins, and up to 30 wt% of oil,?!
therefore, it can be used as a dietary supplement for live-
stock®; however, more possible applications should be
found. According to the idea of Circular Economy, the
byproducts from different industries should be treated not
as a waste, but rather as resource.! A common idea is the
addition of post agricultural and food waste products as
fillers for polymeric composites. The application of the so-
called “waste fillers,” such as shells,!*® husks,"*' coffee
grounds,[lz’m stems,[m’lsl seedcake,[16’17] or brewer's spent

as an effective filler for polylactide without an increase in fire risk.

activation energy, composites, thermal properties, waste

grain'™®! not only reduces the amount of the polymer needed
to produce a part, but also can improve certain properties of
a resulting material. As the waste fillers are usually rich in
lignocellulosic components,’ they often improve the
mechanical properties of the composites, especially their
stiffness. For example, Satasinska and Ryszkowska in their
study found out that the addition of sunflower husk to poly-
ethylene results in 168% increase of tensile modulus, as well
as growth of tensile strength and hardness.!*”! Similarly, the
addition of ground date seeds causes an increase of tensile
modulus of poly(e-caprolactone).””"! Rice husk ash, due to
high content of silica, may be successfully used as a filler for
various polymeric materials, as it was studied by Ayswarya
et al., who used high-density polyethylene.”?! LC can also
be successfully added as a filler for polymeric composites.
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Unlike most of the waste fillers, LC contains the oil, which
can facilitate the movement of polymeric chains, and in fact
act as a plasticizer. As we showed in our previous research,
the addition of oil-rich LC to polylactide causes an increase
of crystallinity and elongation at break.'*>**! Nevertheless,
the presence of the oil, apart from the aforementioned bene-
fits, may cause serious problems, including lowered thermal
stability of the composites.”!

Linseed oil is one of the so-called drying oils.!*! It is
mostly composed of triglyceride esters of monocarboxylic
fatty acids, such as palmitic, stearic, oleic, linoleic, and
linolenic acids.’?*?*! During the drying process, the poly-
unsaturated fatty acids can easily react with the oxygen
in the air and with one another, thus creating a poly-
meric network.?®! The autoxidation, which provides the
drying effect, can also in specific conditions lead to self-
ignition of the 0il.?*3*! What is more, the linseed oil is a
good fuel, with heating value about 39.3 kJ/g.*" There-
fore, it may be hypothesized that polymer composites
filled with oil-rich ingredients may ignite more easily and
release big amounts of energy during the fire.

Apart from the oil influence, the thermoplastic com-
posites filled with lignocellulosic waste fillers oftentimes
present better flammability and lower thermal stability
than the pure polymer./**! Pan, Mei, and Song tested fire
behavior of HDPE-based composites filled with 30% of
wood flour and found out that the addition of the ligno-
cellulosic filler resulted in 116% increase in total heat
release (THR) and 64% increase in total smoke release
(TSR) during the cone calorimetry test.!**! Hejna et al.
showed in their study that presence of different lignocel-
lulosic waste fillers in poly(e-caprolactone) causes a
severe deterioration of thermal stability of the compos-
ites; in the case of 50% addition of wheat bran, the tem-
perature of 10% mass loss dropped off 120°C.12"
Similarly, in the case of polylactide filled with banana
fiber, the presence of the filler caused an almost 140°C
decrease of thermal degradation temperature.**!

As it reveals from the literature data, it is reasonable to
hypothesize that LC-filled polylactide (PLA) composites
show low thermal stability and increased flammability. To
comprehensively evaluate the potential risks and limitations
of using this material, the aim of this study is the analysis of
the influence of the linseed oil content on thermal proper-
ties and fire behavior of PLA-LC composites.

2 | EXPERIMENTAL

2.1 | Materials

A commercial grade of polylactide Ingeo 2500HP by
Nature Works (melt flow rate of 8 g/10 minsipec, 2.16 ke

density of 1.24 g/cm?) was used as the matrix of the com-
posites. LC and linseed were obtained from a local Polish
supplier. In order to diversify the oil content within the
filler, the LC was subjected to partial defatting by
mechanical mixing in acetone. Then, the particles were
fractioned using a Fritsch Analysette Pro 3 sieve shaker
equipped with a 630 pm mesh. As a result, five grades of
the filler characterized with the oil content of 0.9% to
39.8% were obtained: LC-0.9, LC-4.6, LC-17.7, LC-30.4,
and LC-39.8, where the number is the oil content in
weight percent, determined by a Biichi Universal Extrac-
tion System B811 using petroleum ether as a solvent,
with extraction time of 150 minutes at a temperature of
100°C. A more detailed description of the filler prepara-
tion can be found in our previous article.!**!

2.2 | Sample preparation

The composites containing 10 wt% of the fillers with dif-
ferent oil content were manufactured by mixing in a mol-
ten state and injection molding, as described in our
previous work.!**! The filler content of 10 wt% was cho-
sen because of good mechanical properties, high crystal-
linity, and the highest application potential of the
resulting composites, as it reveals from our previous
works.[**! First, the components were dry-mixed and
dried at 70°C for 24 hours using a Memmert ULE 500
cabinet dryer. Then, they were melt-blended using a co-
rotating twin-screw extruder operating at 100 rpm and
190°C. The extrudates were air-dried, pelletized, and
injection molded into composite samples. The neat resin
was processed along with the composite samples in order
to obtain the same thermal history.

For the cone calorimetry test the 100 X 100 X 4 mm®
samples were compression molded using a RemiPlast lab-
oratory hydraulic press. The ground composite material
was dried for 24 hours at 70°C in a binder cabinet dryer.
Then, it was heated at 190°C for 10 minutes and then
molded for another 10 minutes at 18 MPa. To prevent the
deformation, the obtained samples were freely cooled
down under 5 kg load.

2.3 | Methods

2.3.1 | Cone calorimetry

The cone calorimetry test was performed in order to eval-
uate the fire behavior of the composites and the pure
resin, using a Fire Testing Technology apparatus. The test
was conducted on 100 X 100 x 4 mm® and 50 g samples
placed in aluminum trays, according to the ISO 5660
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standard, with a heat flux of 35 kW/m>. The optical den-
sity of smoke was measured using silicon photodiode and
a He-Ne laser.

2.3.2 | Heat of combustion
measurements

The measurements of the fillers heat of combustion were
performed using a Parr 6300 isoperibol oxygen bomb cal-
orimeter. Samples of 0.5 to 0.8 g were placed in the calo-
rimeter filled with oxygen (99.5% purity) in a
temperature of 30.00 + 0.05°C. After the ignition of the
sample, the heat of combustion was calculated based on
the increase of temperature in the bomb calorimeter.

2.3.3 | Horizontal burning test

The horizontal burning test was conducted on
125 x 10 x 4 mm? samples. The burning time ¢ was mea-
sured in order to calculate the burning speed V according
to the Equation (1):

V=-— (1)

Where L is the length of the thermally destructed part
of the sample [mm], ¢ is the burning time [min].

Dripping of drops was also observed. At least three
samples of each kind were tested and classified using the
UL-94 classification.

2.3.4 | Thermogravimetric analysis

The thermogravimetric analysis (TGA) of the composite
samples, the fillers and the neat resin was conducted on
approximately 10 mg samples in Al,O; pans, using a
Netzsch TG 209 F1 Libra apparatus. The measurements
were performed in the temperature range of 30°C to
900°C with a heating rate of 5, 10, 15, or 20°C/min in
nitrogen ambient atmosphere with gas flow of
30 mL/min.

Thermal degradation activation energy calculations
were based on TGA results obtained during the tests real-
ized with different heating rates. The procedure of its cal-
culation is described by following equations and
procedures. The rate of conversion in a chemical reaction
da/dt in a constant temperature T can be expressed as a
function of the rate constant k and the reduction in the
reactant concentration'>!:

da
o =K(T)f (@) @)

Where f(a) is a function dependent on the reaction
mechanism. The conversion degree a can be defined as:

. L (3)
mMo—my
Where m;, is the sample's mass at a time t, m, is the
initial sample’s mass and myis the final mass.
The rate constant k is given by the Arrhenius
equation:

—Eq

k(T)=Aexr

(4)

Where E, is the apparent activation energy, R is the
gas constant, A is the pre-exponential factor, and T is the
absolute temperature.

The combination of (1) and (2) gives the formula:

d Eq
5 =Ac () (5)

In the nonisothermal heating conditions with a con-
stant heating rate of g, the Arrhenius equation can be
converted to the following equation:

da (‘%)e“ﬁ—?f(a) (6)

If we assume that fla) = (1-a)", the Formula (6) can
be expressed in the following way:

da [Aexp (- &)

s

A—a) }dT (7)

In the Ozawa's method, the activation energy is
established from the plots of logp vs 1/T for given conver-
sions degree.*® The E, values can be calculated using
formula (8):

E,= —sl R

o= —slope- o~ (8)
The Kissinger method takes into consideration only

the temperature in which the reaction rate is maxi-

mum.”! In the case of TG measurements, it can be iden-

tified as the temperature (Ty,,x) of the maximum peak on
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the dTG curve. Therefore, the activation energy can be
described using Formula (9):

dlin(s2s)] _ -k,
) R

When In(B/Tmay) is plotted against (1/Tmay), the
values of activation energy can be obtained as:
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E,= —slope-R (10)

3 | RESULTS AND DISCUSSION

3.1 | Thermal properties of the fillers

The thermal properties of the fillers with different oil
content were evaluated using TGA and bomb calorime-
try. The TG curves and their derivatives are presented in
Figure 1. The values of the temperature of 5%, 10%, and
50% mass loss (Ts¢, Tio%, and Tsoy, respectively), maxi-
mum degradation rate (peak of the dTG curve, Tp.x) as
well as the residual mass and calorific value are given in
Table 1.

As it can be observed in Figure 1, mass loss of all the
LC-derived samples begins below 100°C, which is
reflected by a dTG peak around 70°C. This phenomenon
can be attributed to moisture evaporation and it is typical
to the hydrophilic lignocellulosic fillers."*** Because of
this, both Ts¢ and T,oq values of the different LC types
are relatively low in comparison with one of the pure oil,

75

Mass [%]
3
1

25

dTG

which does not contain any water. After dehydration, the
mass of the filler samples remains almost stable up to
about 200°C. At this temperature, the multistep decom-
position takes place, which is also reflected by the pres-
ence of several overlapping peaks in the dTG curve. The
maximum of the first one is around 260°C and it can be
recognized as decomposition of hemicellulose.**! The
next dTG maximum indicates the degradation of pro-
tein,’®” as well as cellulose.l*® The last peak visible on
the dTG vs temperature curves for the filler specimens
containing at least 17.7 wt% of oil as well as for the oil
sample around 400°C can be attributed to decomposition
of lipids.4%!

When comparing the results obtained for the filler
with different oil content, some differences can be distin-
guished. First, the TG curves are shifted along the Y-axis
due to differences in the initial mass loss due to moisture
evaporation. The LC grades containing a lower amount
of oil tend to contain more water, as they also contain rel-
atively higher amount of the hydrophilic lignocellulosic
particles. The temperatures of the dTG peaks around
260°C and 310°C for all the studied samples are almost
the same. As it was mentioned, the 400°C peak attributed
to decomposition of oil appears for the LC-17.7, LC-304,
and LC-39.8 samples only. Its height increases along with
the oil content, which is accompanied by a decrease of
the protein/cellulose peak. It can be concluded that the
thermal decomposition of LC results from the degrada-
tion of all the components of the filler. The LC grades,
which contain more oil characterized with higher ther-
mal stability, also are less susceptible to thermal decom-
position in comparison with their defatted counterparts.

The content of oil in the filler also influences its calo-
rific value. The linseed oil extracted from LC can be

oil

0.3 %/min
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100 200 300 400 500 600 700 800

Temperature [°C]

900

T T
100 200 500 600

Temperature [°C]

FIGURE 1 TG and dTG curves of the filler samples with different oil content [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 1 Thermal properties of the filler samples

Sample Tsq, (°C) T109 (°C) Tso9 (°C) 1P () Residual mass (%) Calorific value (MJ/kg)
LC-0.9 101 228 344 311 27.9 9.25 + 0.132
LC-4.6 73 200 340 306 24.8 18.11 + 0.026
LC-17.7 87 211 356 309 223 21.09 + 0.035
LC-30.4 121 234 374 308/396 19.5 23.12 + 0.163
LC-39.8 125 246 386 309/403 17.4 25.55 + 0.093
oil 338 387 418 422 0.09 38.28 + 0.128
— == changes are small. The lowest and the highest pHRR
6004 — PLA-LC-0.9 values were measured for the PLA and PLA-LC-39.8,
— 500 ——PLA-LC-4.6 respectively. It needs to be stressed, that the difference
= = between them is lower than 10%. Even though the com-
s —— PLA-LC-30.4 g
% 400 4 ——PLA-LC-39.8 posite containing the highest amount of oil showed the
5 highest pHRR value, no correlation between the pHRR
% 300 and linseed oil content can be found. When we compare
3 the average HRR values, the lowest one of 253.6 kW/m?
% 2009 was denoted for the PLA-LC-39.8 one and the highest
£ 00 ] one of 348.3 kW/m?—for the PLA-LC-4.6 one. For the
neat polymer, the HRR value of 272.3 kW/m?.
0 | THR is another important fire characteristic of a

T T T T T T T T T T T T T T
0 50 100 150 200 250 300 350 400
Time [s]

FIGURE 2 The heat release rate curves obtained by means of
cone calorimetry for the composite samples and the neat polymer
[Color figure can be viewed at wileyonlinelibrary.com]

characterized with combustion heat of 38.28 MJ/kg,
which is a typical value.*!)

3.2 | Fire behavior

3.2.1 | Cone calorimetry

The heat release rate (HRR) curves obtained during the
cone calorimetry test are presented in Figure 2. Values of
time to ignition (TTI), peak heat release rate (pHRR),
average HRR, THR, maximum average rate of heat emis-
sion (MAHRE), specific extinction area (SEA) and TSR
for the studied samples are collected in Table 2.

HRR is one of the most important fire characteristics
of a material. The HRR curves obtained for all the mate-
rials are similar. A strong initial increase of the HRR is
followed by a quasi-steady state; no distinct peak can be
observed. This behavior is typical for thermally thick,
noncharring samples.[*!! The fire behavior indicated by
the shape of the curves and the pHRR and HRR values
change due to addition of the oil-rich filler, but the

material. In this case, the lowest value was recorded for
the pure PLA and the highest one—for the PLA-LC-4.6
composite. Similarly, to the HRR, the amount of linseed
oil does not directly influence the THR values; however,
slightly more heat is released during burning of the com-
posites than for the pure polymer.

The analysis of the MAHRE during the cone calorimetry
test allows to evaluate the fire behavior of a material in full-
scale conditions.*? The composites show MARHE values
notably higher than in the case of pure PLA. However, once
again, no correlation between the oil content and the cone
calorimetry test results can be noticed in this case.

Ignition of the sample during cone calorimetry test
takes place when the amount of the produced volatiles is
sufficient to start the burning.*!! It can be noticed that
the TTI value of the neat polymer is much higher than in
the case of the composite samples; however, it increases
along with the oil content. We can conclude that in pres-
ence of linseed oil production of flammable volatiles is
less intensive than in the case of the PLA-based compos-
ites filled with lignocellulosic fillers only.

Values of SEA and TSR are correlated to the amount
of smoke produced during the test. In both cases, the
lowest values are achieved by the pure PLA. Then, the
SEA and TSR grow along with the oil content. For the
PLA-LC-39.8 sample, their values are over twice higher
than for the neat polymer. A similar increase of the SEA
and TSR values was observed by Pan and coworkers in
the case of wood flour-filled polyethylene.*!
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TABLE 2 Results of the cone calorimetry test

TTI (s)
PLA 64.0 + 3.61 533.6 + 13.04 272.3 + 30.83
PLA-LC-09 31.0+1.0 562.8 +46.89 335.6 &+ 22.06
PLA-LC-4.6  34.0 +£1.73 561.1 +49.97 348.3 + 49.96
PILA-TLC-17.75535.7=£5:86 551 "15=E 33 11 29818583557
PLA-LC-30.4 36.7 +2.52 560.1 + 37.6 316.3 + 46.2
PLA-LC-39.8 40.3 +1.53 577.7 + 17.70 253.6 + 14.87

PHRR (kW/m?) HRR (kW/m?) THR (MJ/m?) MARHE (kW/m?)

SEA (m?/kg) TSR (m?/m?)

86.4 + 4.78 297.37 + 8.86 8.6 +£0.49 441 + 2.34
97.4 £ 4.66 366.0 + 11.21 11.9 + 2.29 66.9 + 16.02
103.5 + 7.60 387.1 £7.91 15.0 + 0.89 83.9 +11.78
96.4 + 4.77 347.0 + 8.95 15.7 +1.98 86.3 + 8.58
90.1 + 7.93 345.2 + 8.17 17.4 +0.53 89.7 +£ 5.78
91.4 + 5.28 345.5 + 5.61 18.0 + 2.50 92.2 + 1242

Abbreviations: HRR, heat release rate; pHRR, peak heat release rate; SEA, specific extinction area; THR, total heat release; TSR, total smoke

release; TTI, time to ignition.

=]

FIGURE 3 Photographs of the residue of the specimens after cone calorimetry test [Color figure can be viewed at

wileyonlinelibrary.com]

The images of the residues obtained after burning of
different samples are presented in Figure 3. The pure
PLA sample does not create a visible residue, apart from
a brownish stain on the aluminum tray. In the case of the
composite samples, a nonuniform carbonaceous layer
can be seen, which can be identified as char. The most
prominent char layer was created for the PLA-LC-0.9
sample, which contains relatively the highest amount of
char-producing lignocellulose. The composites con-
taining LC with a higher amount of oil create rather

small, separate pieces scattered throughout the surface,
rather than a solid layer. Therefore, the presence of this
residue does not significantly limit the burning of the
material.

3.2.2 | Horizontal burning test

The results of the horizontal burning test are given in
Table 3. Even though burning occurred for all the tested
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TABLE 3 The results of the horizontal burning test
Parameter PLA PLA-LC-0.9 PLA-LC-4.6 PLA-LC-17.7 PLA-LC-30.4 PLA-LC-39.8
V [mm/min] 29.6; 29.6; 30.4 31.5; 33.8; 31.9 32.4; 37.5; 33.3 28.7; 28.3; 30.4 32.1; 33.6; 34.6 30.0; 34.9; 34.9
Dripping drops yes yes yes yes yes yes
Classification HB HB HB HB HB HB
100 ——PLA oil
el
——PLA-LC-30.4 £ PLA-LC-30.4
——PLA-LC-39.8 S PLA-LC-17.7
= 0 ——LC-4.6 ] PLA-LC-4.6
g- oil % PLA-LC-0.9
2 404 PLA
20 )
0
T ¥ T ¥ T v T B T j T L T ¥ T L o o
200 400 600 800 100 200 300 400 500 600

Temperature [°C]

Temperature [°C]

FIGURE 4 Thermogravimetric analysis (TGA) and dTG curves obtained for the composites, pure polymer, and the oil extracted from

the filler [Color figure can be viewed at wileyonlinelibrary.com]

samples, its rate was low enough to let for the HB classifi-
cation. The lowest V values of 28.3-30.4 and 29.6-30.4
were denoted for the PLA-LC-17.7 and PLA samples,
respectively. The highest burning rate of 37.5 was
observed in the case of the PLA-LC-4.6 composite, but
comparable results were observed for the remaining sam-
ples. Dripping of burning drops occurred independently
on the composition of the studied specimens. The drip-
ping behavior in flammability test of the composites may
be related to its rheological properties as it was described
by Sanchez-Olivares et al..!** In our previous studies, the
rheology of the LC-filled PLA composites was investi-
gated.[**! It was found that in the case of the filler content
of 10 wt%, even for the LC grades with the highest per-
centage of rigid lignocellulosic particles, the composites
do not present the “solid-like” behavior at low shear
rates, which may partially suppress the flow of the poly-
mer and prevent the drip formation. The viscosity of the
specimens filled with 10 wt% of LC was low enough to
allow the formation and dripping of drops during the test,
independently on the actual oil and lignocellulose con-
tent in the filler. It can be concluded that introduction of
the oil-rich waste filler to polylactide does not signifi-
cantly influence its burning behavior in the horizontal
test conditions.

3.3 | Thermal properties

3.3.1 | Thermogravimetric analysis

The TG and dTG curves obtained for the pure polymer,
the composites and the oil extracted from the LC are
presented in Figure 4. The temperature values measured
at 5%, 10%, and 50% mass loss as well as the dTG peak
temperature and residual mass obtained during the TGA
measurements are presented in Table 4.

The pure polylactide undergoes a single stage degra-
dation, which begins at a temperature around 330°C,
which is consistent with the literature data.[****! The
dTG peak attributed to the maximum rate of degradation
occurs at 357.3°C, which is also common for this poly-
mer.!**! The whole mass of the PLA sample is volatized
in the experiment.

The linseed oil extracted from the filler begins the
process of thermal decomposition at a temperature of
338°C, about 8°C higher than the PLA resin. In this case,
the pyrolysis is a multistep process, as indicated by three
partially overlapping dTG peaks. A similar behavior can
be observed for different vegetable oils and it is caused by
the presence of saturated and unsaturated fatty acids,
which decompose at different temperatures—the double
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TABLE 4 Thermal degradation parameters obtained during TGA test in nitrogen atmosphere and 10°C/min heating rate

Sample Tsy, (°C) T10% (°C)
PLA 3294 337.1
PLA-LC-0.9 298.6 310.0
PLA-LC-4.6 299.7 311.4
PLA-LC-17.7 304.7 315.8
PLA-LC-30.4 308.8 319.6
PLA-LC-39.8 308.9 320.1
Oil 338.0 366.9
LC-4.6 filler 72.8 200.4

Abbreviation: TGA, thermogravimetric analysis.

C=C bond of unsaturated acids is the least stable and
therefore it degrades sooner.!*”! The residual mass is close
to zero; the residue is caused by impurities contained by
the nonrefined oil.

The 5% mass loss of the LC-4.6 filler can be denoted
at 73°C. This behavior is typical for highly hydrophilic
natural fillers and can be attributed to moisture evapora-
tion.!*”) After that, the mass of the sample remains rela-
tively stable and around 200°C, the main stage of
degradation begins. The peak of dTG can be observed at
306°C, accompanied by a small shoulder around 260°C.
They can be attributed to decomposition of cellulose and
hemicellulose, respectively."**! The residual mass after
the experiment is almost 25%, which is typical for ligno-
cellulosic fillers.*!

The composite samples begin the decomposition at
299°C to 309°C. Unlike in the case of the LC-4.6 filler, no
mass loss in the low temperature range is visible, which
indicates that the amount of water absorbed by the sam-
ples is negligible. Impenetrable polymeric coating was
created around the hydrophilic particles of the filler and
at the surface of injection molded samples and protect
the plant-based components of the composites from
atmospheric moisture absorption.[**! Even though the
composite samples contain multiple phases characterized
by different thermal stability, single-step degradation
takes place. The maximum of the dTG curves can be seen
at temperatures of 340°C to 353°C. There is a correlation
between the oil content and thermal stability of the com-
posites. It can be noticed that the higher the oil content,
the decomposition takes place at higher temperatures.
This behavior can be explained by changing the ratio of
less thermally stable lignocellulose and more stable oil
within the filler. For example, the T,,.x values of PLA-
LC-0.9 sample, whose filler contains only 0.9% of the oil,
is 340°C only. The increase of the oil content within the
filler to almost 40% results in T, value of 353°C, which
is only 4°C lower than in the case of the neat PLA. The

Ts04 (°C) Trax CC) Residual mass (%)
357.0 357.3 0.00
337.1 340.4 335
3394 345.1 3.34
341.7 344.2 1.96
346.3 351.8 1.91
347.0 353.0 0.49
417.6 394.3/420.9/455.4 0.09
339.9 305.7 24.84

Ts value follows a similar pattern—a growth from 299°C
for PLA-LC-0.9 sample to 309°C for PLA-LC-39.8 sample
can be observed. Nevertheless, in this case, even the
highest Ts value is 20°C lower than the one of the pure
PLA. However, it may be suggested that the addition of
the oil-rich LC partially limits the decrease of thermal
stability caused by the presence of lignocellulose.

3.3.2 | Activation energy evaluation

The Ozawa plots for pure PLA and the composite sample
containing the highest oil content are presented in Fig-
ure 5. The relationships of heating rate and temperature
for different conversion degrees are almost perfectly lin-
ear; therefore, the Ozawa model can be applied in the
case of neat and filled polymer.

The activation energy values are presented in Figure 6
as a function of the conversion degree. For the pure PLA,
the E, increases gradually from 192.7 to 225.0 kJ/mol at
the conversion degree of 0.4 and then remains at a con-
stant level. Similar effects have been reported in the liter-
ature®! and they suggest that the decomposition
mechanism changes during the process. Both the ester
interchange and cis-elimination take place at lower con-
version degrees and then the former process is limited—
the cis-elimination dominates during the final stages of
decomposition.*”!

The composite samples show lower activation energy
values of 133.6 to 174.6 kJ/mol in comparison with the
pure resin. Similar results have been reported in the case
of different polymeric composites filled with organic and
inorganic fillers'*”! and are usually explained by factors,
such as lower thermal stability of natural fibers*® that
decompose all lower temperature values than the poly-
meric matrix. However, as it can be seen in Figure 6, the
filler shows lower activation energy only for the conver-
sion degrees up to 0.2. After that, the E, values grow
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FIGURE 5 Ozawa plots for the pure PLA and the PLA-LC-39.8 composite sample
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FIGURE 6 Activation energy as a function of conversion
degree for the composite samples, the pure PLA, and the oil
extracted from the filler [Color figure can be viewed at
wileyonlinelibrary.com]

steadily and for @ = 0.8 they exceed the activation energy
for the neat resin. Therefore, the lowering of the compos-
ite's activation energy cannot be explained solely by the
presence of the filler. What is more, no direct correlation
of the E, values and the composition of the samples can
be observed. This outcome is surprising, as the oil-rich
samples presented higher thermal degradation tempera-
tures. It may be suggested that the composites character-
ized by different morphology and crystallinity (as
described in our previous article)!**! also present different
thermal conductivity and specific heat, therefore, the
needed energy is absorbed by the sample at different
temperature.

LC, a multicomponent filler, which comprises of cel-
lulose, mucilage, proteins, and oil as well as mineral

compounds,[5 1521 which need different activation energy

to decompose, as it is reflected by the shape of the E, vs
curve. The low activation energy values calculated for
conversion degrees of 0.1 to 0.2 can be attributed to evap-
oration of moisture!****! and some low molecular weight
carbohydrates.*>*°! The subsequent steady increase of
activation degree indicates degradation of cellulose, pro-
teins, and the 0il.**** The sharp increase observed at
conversion degrees of 0.8 to 0.9 is an effect of creation of
inert carbonaceous residue.!”

The E, values measured for the composites, increase
in a function of conversion degree at with a variable rate.
The only exception is the PLA-LC-30.4 sample whose
activation energy remains at a constant level during the
whole experiment. However, no relationship between the
filler type and the E, values or E, vs a curves run can be
seen. Even though the fillers introduced to the compos-
ites contain different ratios of cellulose, protein and oil,
their thermal decomposition in nitrogen atmosphere has
a similar course.

Interestingly, the activation energy of the linseed oil
extracted from the seedcake is higher than in the case of
the polymeric samples, especially for the conversion
degrees above 0.2. The E, vs a curve increases from 168.4
to 267.3 kJ/mol at a conversion degree of 0.4, and then it
stabilizes at around 256 kJ/mol, with a smaller peak of
267.8 at @ = 0.8. This run of the curve shows that the
pyrolysis of linseed oil consists of different processes that
is the decomposition of saturated and unsaturated fatty
acids.*! The fact that the presence of linseed oil charac-
terized with higher thermal stability does not increase
the E, values of the composites indicates poor adhesion
between the filler and the matrix—the study conducted
by Oza et al. showed that in the case of PLA composites
filled with chemically modified hemp fibers high energy
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TABLE 5 The comparison of the activation energy values
calculated using the Ozawa and Kissinger method

Mean activation Activation energy

energy by Ozawa by Kissinger

Sample method (kJ/mol) method (kJ/mol)
PLA 2179 + 10.19 218.87

PLA-LC-0.9 1570 11.31 169.91

PLA-LC-4.6 160.1 + 6.66 160.40

PLA-LC-17.7 165.9 + 9.18 160.87

PLA-LC-30.4 156.7 + 1.69 158.34

PLA-LC-39.8 148.7 + 8.67 161.18

Oil 2454 + 32.59 147.99/183.53/218.99
LC-4.6 filler 181.7 + 64.99 192.99

bonds between the phases resulted in elevated E,
values.!*”! What is more, this result shows that there are
the proteins and lignocellulose, which are responsible for
limited thermal stability of LC-filled composites rather
than the natural oil.

The activation energy values calculated using Ozawa
and Kissinger models are slightly different, but of the
same order of magnitude (Table 5). The biggest difference
can be seen in the case of the linseed oil. It can be
explained by the fact that the polymeric samples undergo
a single stage decomposition and its maximum rate is
achieved at the dTG curve peak, whereas linseed oil
degrades in a more complex way, with three partially
overlapping dTG peaks. Therefore, a separate E, value
can be established for each of them. The value obtained
for the LC-4.6 filler is slightly higher than the mean acti-
vation energy of natural fibers, established by Yao et al to
be 161.8 + 8.2.1%! The difference can result from the pres-
ence of oils or proteins in the LC, which changes the
mechanism of pyrolysis. What is more, it is known that
activation energy values obtained in different experi-
ments, using various models, lay in a wide range of 50 to
250 kJ/mol,*%! therefore the small observable differences
are acceptable.

4 | CONCLUSIONS

In the presented study, fire behavior of polylactide-
based composites filled with 10 wt% of LC was tested
in relation to the oil content in the filler. It was shown
that the presence of the oil-rich filler does not visibly
influence the burning of the sample. Presumably, the
10 wt% contribution of the LC and even lower content
of the oil is not enough to alter the flammability of the
composites.

Nevertheless, the thermal stability in nitrogen atmo-
sphere of the composites is slightly lower than in the case
of the neat polymer and much lower than in the case of
the oil extracted from the filler. Presumably, it is the pres-
ence of protein and lignocellulose, which lower the deg-
radation temperature, not the oil.

The values of activation energy of thermal decomposi-
tion of the composites and their components were calcu-
lated, which helped to identify complex phenomena
during degradation of multiphase materials. Even though
the activation energy of the composites is lower than the
one of neat resin, it does not depend on the LC type and
consequently—the oil content.

It can be stated that the addition of LC to PLA-
based composites does not increase the fire risk—the
beneficial mechanical and structural properties of
these materials can be fully utilized without additional
safety precautions.
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Abstract

Polylactide is a highly demanded biopolymer, whose industrial application constantly increases. Its disadvantages such as
brittleness and slow crystallization rate can be overcome by application of different additives. Because of environmental
issues, using natural waste fillers as modifying agents for polylactide is especially interesting. In this study linseed cake, a
byproduct of oil extraction from linseed, characterized by oil content of 0.9-39.8 wt.%, was added to polylactide to influ-
ence its crystallization behavior. The formation of the crystalline phase was studied by differential scanning calorimetry in
isothermal and non-isothermal conditions and analyzed according to methods by Jeziorny, Ozawa, Mo and Avrami. The
samples’ microstructures were observed using polarized light microscopy. The crystallization rate and Avrami exponent of
samples crystallized in different conditions were evaluated. It was found that addition of 10 wt.% of linseed cake contain-
ing at least 17.7 wt.% oil notably changes the crystallization of polylactide, increasing its crystallinity and promoting the

growth of crystallites.

Keywords Polylactide - Linseed cake - Composite - Waste filler - Crystallization kinetics

Introduction

Since 1990s, when a need to find a sustainable alterna-
tive to conventional polymeric materials became evident,
polylactide or poly(lactic acid) (PLA) is gaining more and
more popularity. This so-called biopolymer, which can be
synthesized from the lactic acid resulting from fermenta-
tion of starch [1-4] and can undergo biodegradation in
industrial conditions [1, 4-7] is successfully applied as
a 3D-printing filament and as a material for production
of packages, disposable goods, biomedical devices, auto-
motive applications and fiber [1, 2, 8—10]. Environmental
friendliness is not the sole feature which makes polylactide
so popular these days. PLA is an aliphatic polyester whose
mechanical properties are similar to those of poly(ethylene
terephthalate) or polypropylene [11]. It is relatively strong
(tensile strength around 45-65 MPa [2]), rigid (tensile
modulus >3 GPa [2]) and easy to process using conven-
tional technologies [1]. Polylactide is a semi-crystalline
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polymer, whose crystalline form can be characterized with
good mechanical properties and thermal stability (heat
deflection temperature exceeding 90°C [12]). Unfortu-
nately, due to lack of the flexible methylene segment in its
backbone, the crystallization rate of PLA is very slow [3,
13]. A profound knowledge of polylactide crystallization
behavior is crucial to improve its properties and make the
processing more efficient [14]. Thanks to the relentless
efforts of the researchers and dozens of studies, there are
multiple procedures which can be applied to overcome
the disadvantages caused by amorphous structure of PLA.
One of them is modification of PLA by nucleating agents
(NAs), which serve as crystallization seeds and increase
the rate of crystallization. Different substances, includ-
ing aromatic sulfonate derivatives [12, 15], talc [16, 17],
montmorillonite [18, 19] and other silicates [20], calcium
carbonate [14], carbon nanotubes [19, 21] or graphene
[22] were shown as effective NAs for PLA and some of
them are successfully applied in industrial applications.
Apart from NAs, plasticizers are also a common additive
for PLA. Even though their primary role is reducing brit-
tleness and increasing impact strength, they also influence
the crystallization behavior of this polymer, especially
when they are applied together with a nucleating agent.

@ Springer
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For example, addition of triphenyl phosphate, a plasti-
cizer commonly used for poly(vinyl chloride) increased
crystallization rate of polylactide [23]. Plasticizers such
as poly(ethylene glycol) and acetyl triethyl citrate com-
bined with talc caused an increase in PLA’s crystallinity
[24]. Natural jojoba oil also increased crystallization rate
of polylactide, but did not influence the kinetic energy
of crystallization [25]. Properties of polylactide can also
be changed by producing composites based on this mate-
rial. The resulting properties of a PLA-based composites
depend on multiple factors including the chemical com-
position of the filler, its shape and size, preparation pro-
cedure and the amount of the additive. Among many other
features, the crystallization behavior can also be altered by
addition of certain fillers to polylactide matrix. This effect
is especially prominent in the case of nanocomposites, as
the nanoparticles of silica, montmorillonite or calcium car-
bonate were shown to act as nucleating agents [19], how-
ever various micrometric fillers such as ground eggshells
[26], babassu mesocarp [13] or basalt powder [27] also
showed an advantageous influence on PLA crystallinity.

As PLA is considered a “green” polymer, it is important
to not to “spoil” its environmental friendliness by applica-
tion of unsustainable modifying agents. To achieve this goal,
many natural- or plant-based substances were tested for its
influence on polylactide properties. For example, epoxidized
or maleinized natural oils were shown as effective plasticiz-
ers for PLA [28-31]. Hazelnut skins and cocoa waste were
successfully used for production of plasticizers, antioxidants
and reinforcements for polylactide [32]. Natural extracts
from cocoa, coffee and cinnamon have an anti-aging effect
on PLA, but their application does not limit the biodegrada-
tion of the polymer [5]. Numerous natural and waste fillers
can improve mechanical properties of the PLA-based com-
posites [33-36]

One of the promising environmentally friendly additives
for polylactide is linseed cake (LC). It is a waste product of
oil extraction from linseed (Linum usitatissimum L.), which
does not have a large-scale industrial application [37]. As
our previous research has shown, because of simultaneous
presence of rigid lignocellulosic particles and natural linseed
oil, LC can be successfully used as a filler for PLA-based
composites. Its addition reduces brittleness, changes the age-
ing behavior and crystallization of polylactide [38—40]. Even
though notable changes such as the disappearance of cold
crystallization and an increase of crystallinity degree was
observed in PLA-based composites filled with linseed cake,
the phenomena behind these changes were not identified.

The aim of this paper is an analysis of the influence of lin-
seed cake on melt crystallization behavior of PLA performed
in both non-isothermal and isothermal conditions accord-
ing to the methods by Jeziorny, Ozawa, Mo and Avrami.
This work is intended to provide a better insight into the

@ Springer

crystallization kinetics of biopolyester filled with natural-
based waste fillers as well as to obtain useful, practical infor-
mation to optimize the production of PLA-based composites.

Materials and methods
Materials

A multipurpose injection molding polylactide grade Ingeo
2500 HP by Natureworks characterized by mass flow index
(MFI) of 8 g/10 min (210°C, 2.16 kg) and d-isomer con-
tent of < 0.5% was used. Linseed cake was purchased from
a local Polish supplier as an oil production waste. Its chemi-
cal composition is given in Table 1. In order to analyze the
influence of natural oil content in the filler on the crystal-
lization of the PLA-based composites, LC was subjected
to partial defatting in acetone, according to the procedure
described in our study [38]. As a result, 5 grades of linseed
cake with various oil content were obtained. The oil content
established by Soxhlet extraction in petroleum ether (total
extraction time of 150 min) using a Biichi Universal Extrac-
tion System B-811 was equal to 0.9%, 4.6%, 17.7%, 30.4%
and 39.8%, respectively. The linseed cake particles were also
screened using a Fritsch Analysette Pro 3 sieve shaker using
a 630 pm mesh.

Sample preparation

The composite samples were prepared by mixing in molten
state method. First, PLA pellets and 10 wt% of chosen lin-
seed cake powder were preliminarily mixed and dried at
70°C overnight in a Memmert ULES00 cabinet drier. This
step was necessary to minimize the moisture content in the
hydrophilic natural filler, which could cause a hydrolytic
degradation of polylactide during processing [41]. Then,
the polymer and the filler were mixed using a ZAMAK
EH-16.2 D co-rotating twin screw extruder at maximum
processing temperature of 190°C (set at the die) and screws
speed of 100 rpm. The extrudates were cooled in the forced

Table 1 Chemical composition of linseed cake containing 30.4 wt%
of oil

Component Amount as a
wt% of dry
mass

Oil 30.40

Cellulose 11.53

Lignin 7.33

Hemicellulose 6.23

Mineral matter 4.53

Proteins, saccharides, and other components 39.98
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air flow, pelletized, and dried as before. The samples
were prepared using the injection molding method using
a Battenfeld PLUS-35 machine with the following param-
eters: Tinjecrion = 2100C’ Tmold = SOOC’ pinjectian =72 MPaa
Vinjection= 19 mm/min. The unfilled PLA was processed in
the same way as the composites.

The samples were named according to the used linseed
cake grade, that is LC0.9, LC4.6, LC17.7, LC30.4 and

LC39.8. The unfilled sample was marked as PLA.

Experimental
Differential Scanning Calorimetry (DSC)
Non-isothermal crystallization

The DSC crystallization studies of the PLA and its com-
posites was evaluated by differential scanning calorimetry
(DSC) technique using a Netzsch DSC 204 F1 apparatus.
Samples of 5 +0.2 mg were placed in aluminum crucibles
with pierced lids and examined in a Nitrogen atmosphere.
During non-isothermal crystallization investigations, the
specimens were firstly heated at a rate of 30°C/min from
20°C to 210°C and held at this temperature for 5 min in
order to ensure, that the material was completely molten
and its thermal history was erased. Then, it was cooled
back to 20°C at a rate of 2.5, 5, 7.5° and 10 C/min. After
stabilizing the sample at 20°C for 5 min, it was heated
once again to 210°C at a rate of 10°C. The crystallinity
degree X, was calculated based on the melting and cold
crystallization enthalpy obtained from the second heating
cycle according to the formula (1):

AH — AH
P = — "  +.100% (1)
(1 — @)AH 1go9pr.4

where: AH,—melting enthalpy of the sample,
AH,—cold crystallization enthalpy of the sample,
AH 9y pr.a—melting enthalpy of a 100% crystalline PLA,
AH ppqpra =93 J/g [42], p—Hfiller content, ¢ =0.1 for the
composite samples with 10 wt% of the filler and ¢ =0 for
the pure PLA.

Based on the obtained data, the values of crystallization
rate k; and the exponent n; were calculated using a method
proposed by Jeziorny [43]. According to Avrami, crystalliza-
tion of polymers proceeds according to the relationship (2)

1 —-X(@) =exp [—kt"] 2)

where: X(t)—the relative crystallinity (the degree of con-
version), ~—time, k- rate constant, n — Avrami exponent.

To determine the k and », formula (2) can be written in
the following form (3) [44]:

log[—In(1 — X(¢))] = nlogt + logk ?3)

The values of the relative crystallinity X(z) obtained
at a time t during the DSC experiment can be plotted
as log[-In(1-X(¢))] vs. log(#). The calculations were
performed for the conversion degree in the range of
3%—20%, to exclude the secondary crystallization
phenomena which may take place afterwards [44, 45].
When a straight line can be fitted to the plot, the value
of Avrami exponent can be read from its slope and logk
is the intercept.

Taking into consideration that the Avrami equation is
true for the reactions taking place in at a constant tem-
perature, Jeziorny proposed the corrected form of the
crystallization rate k; [43], as shown in formula (4):

logk
p

where f = dT/dr—cooling rate.

Taken into consideration that crystallization of pol-
ymers is a complex process composed of many simul-
taneous phenomena, such as crystallite nucleation and
growth, other models were also used, to fully understand
the crystallization of PLA.

According to Ozawa, non-isothermal crystallization can
be divided into infinitesimal isothermal steps and hence
described as in formula (5) [46]:

X(T)=1-exp(—=K(T)/ ™) ©)

logk, = €

where: X(T)—cooling function of non-isothermal
crystallization, m—QOzawa exponent. The value of m can
be obtained from plots of In[-In(1-X(T))] vs In(f) as the
slope of the curve according to the formula (6)

In[—In(1 — X(T))] = InK(T) — mInp 6)

Another method was developed by Liu et al. [44, 47].
For a given conversion degree obtained with the cooling
rate of f and temperature T the following Eqgs. (7-9) are
true:

Inf = InF(T) — alnt 7

F(T) = [K(T)/k]"" ®)
n

a=— &)

where F(T) is the cooling rate needed at a unit crystal-
lization time when the measured system amounts to the
certain degree of crystallinity and « is the ratio of the
Avrami exponent to the Ozawa exponent for the chosen
conversion degree.
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Isothermal crystallization

Crystallization of PLA and PLA-based composites was also
studied in isothermal conditions using differential scanning
calorimetry. The DSC measurement were conducted in the
following way: samples were prepared as in the case of non-
isothermal tests. They were heated from 20°C to 210°C at
arate of 30°C/min and held in this temperature for 5 min to
erase the thermal history of the material. Then, they were
cooled at a rate of 30°C/min to the chosen crystallization
temperature and held for 1 hour. Finally, the samples were
heated once again to 210°C at a rate of 10°C/min to evaluate
the melting behavior.

The crystallization kinetics was evaluated according to
Avrami method, using formulas (2) and (3) . The values of k
and n were determined by plotting log[-In(1-X(z))] as a func-
tion of log(#) and fitting a linear function. The experimental
points in the conversion degree of 3% to 50% were used in
order to exclude the secondary crystallization phenomenon,
which is not described by the Avrami formula [45]. The
Avrami exponent was found as the slope of the line and logk
is the intercept.

Crystallization of PLA and PLA-based composites
was supplemented by isothermal crystallization studies
conducted by polarized light optical microscopy (POM).
Application of POM allows to observe the crystallites of
the samples subjected to crystallization at different tempera-
ture values (100-140°C). First, 10 pm thick slices were cut
out of the injection molded samples using a Leica RM2265
microtome. The samples were placed on glass slides on
a Linkam TMHS 600 hot plate. The heating/cooling pro-
gram was the same as in the case of DSC measurements,
but after crystallization the samples were cooled to room

temperature at a rate of 30°C/min. The crystalline structures
were observed using a Nikon Eclipse E400 microscope with
a magnification of 80x, equipped with an Opta Tech digital
camera. To evaluate both the spherulitic structure and filler
dispersion in the samples with different LC grades, the iso-
thermal crystallization at 130°C was performed. Based on
the preliminary studies it was decided, that this temperature
results in structure with relatively big crystallites, which are
easy to observe.

Results and discussion
Non-isothermal crystallization

The DSC curves obtained with the heating/cooling rate of
10°C/min are presented in Fig. 1. The values of crystal-
linity degree calculate according to formula (1) based on
the second heating cycle are presented in the graph. For
the pure PLA sample, typical thermograms were obtained.
The inflection visible at the heating curve around 63°C can
be attributed to relaxation of the PLA amorphous domains
(glass transition). Then, the exothermic peak around 95°C
indicates presence of so-called cold crystallization, that is
crystallization of a material during heating. This behavior
is typical for the aliphatic polyesters such as PLA, which
due to the build of the macromolecules does not crystallize
easily [15, 48, 49]. It means that the cooling rate of 10°C/
min are high enough to quench the molten polymer [50].
Melting of PLA takes place around 160-180°C, as indicated
by an endothermic peak. A small exothermic peak visible
on the heating curve just before melting can be attributed
to additional crystallization [51]. Another explanation is

heating cooling
{exo” exot
£ 2 FIA
;I | X,=18.3% S
= E | LCO.9
3] ]
=355 IS LC4.6
2 " Mk i % 4}
S S LC17.7
T X_=45.6% x LC30.4
X,=55.2%
4 i LC39.8
T I T . T T T — T T i T T — 1 S — T+ 1 7
40 60 80 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200
Temperature [°C] Temperature [°C]
Fig. 1 DSC curves obtained during heating (left) and cooling (right) of the samples with a rate of 10°C/min

@ Springer



Journal of Polymer Research (2020) 27:374

Page50f17 374

1,0 1

0,8+

0,6

0,4

Relative crystallinity X(t)

0,2

0,0

T T T T T T T T
3 4 5 6 7 8 9 10 11 12
Time t [min]

1,0 4

0,84

0,6

0,4

Relative crystallinity X(t) [-]

0,2

o 1 2 3 4 5 6
Time t [min]

]

Relative crystallinity X(t)

Time t [min]

0,8 1

0,6

0,4

Relative crystallinity X(t) [-]

0,2

0,0 : ; .
d) 0 1 2 3 4
Time t [min]

Fig. 2 Relative crystallinity X(z) in function of crystallization time t obtained for PLA and its composites during cooling at a rate of: a) 2.5°C/

min, b) 5°C/min, c¢) 7.5°C/min and d) 10°C/min

disorder-to-order (o’ to ) phase transition, as it was in the
case of PLLA by Zhang et al. [52]. When analyzing the
cooling curve of pure PLA, only a broad and not distinctive
crystallization peak around 95°C can be seen. This result
confirms that the crystallization rate of PLA is too slow to
obtain semicrystalline structure during cooling at a rate of
10°C/min.

Addition of linseed cake with different oil content
changes the melting and crystallization behavior of PLA,
even though the temperatures of cold crystallization, melt-
ing and melt crystallization (Tcc, Tm and Tc, respectively)
change insignificantly. However, it can be observed that the
cold crystallization peak decreases along with increasing
oil content in the filler, whereas the melt crystallization exo-
therm grows. In the case of the composite containing the
highest amount of oil, that is LC39.8, the cold crystallization
does not exist. These changes are also reflected by the values

of the degree of crystallinity, which increases from 18.3%
for PLA to 55.2% for the composite sample with the highest
oil content. It can be presumed, that the crystallization rate
is high enough, so the polymeric composite is not quenched
during cooling with 10°C/min rate. This phenomenon can
also be explained by changes of the nucleation of crystal-
lites. Based on the obtained data it can be hypothesized that
in the case of the oil-rich composites a higher number of
active nucleation centers can be formed during cooling and
then, during the subsequent heating it is rather growth of
spherulites that takes place instead of its nucleation. This
change of the phenomena taking place in the polymer results
in a different shape of melt and cold crystallization peaks.
This result suggests that presence of linseed oil modifies the
crystallization behavior of PLA and it is consistent with our
previous studies [53], but an in-depth analysis of the kinetics
of this process is needed.
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Table2 The Avrami exponent and crystallization rate values modi-
fied according to the Jeziorny’s method for the studied samples

Sample Cooling rate n; k; [min™""] R?
[°C/min]
PLA 245 3.23 0.082 0.9996
5 2.72 0.343 0.9952
7.5 3.65 0.533 0.9987
10 2.48 0.786 0.9993
LC0.9 2i5 2.60 0.086 0.9980
5 3.13 0.295 0.9909
7.5 3.84 0.504 0.9984
10 2.86 0.812 0.9990
LC4.6 2.5 3.30 0.061 1.0000
5 3.49 0.265 0.9842
75 5.21 0.413 0.9999
10 2.57 0.808 0.9991
LC17.7 2.5 2.45 0.087 0.9996
5 3.75 0.240 0.9806
7.5 4.96 0.422 0.9984
10 3.15 0.788 0.9997
LC30.4 2.5 3.62 0.046 0.9969
5 3.64 0.270 0.9869
75 4.82 0.456 0.9981
10 3.88 0.766 0.9999
LC39.8 2.5 5.22 0.016 0.9999
5 523 0.196 0.9990
75 5.21 0.462 0.9990
10 3.47 0.811 0.9997

The plots of relative crystallinity X(z) vs time obtained
during cooling with different rates for all the studied mate-
rials are presented in Fig. 2. All the samples present an
S-shaped curve, which is typical for crystallization of poly-
mers [26]. In the case of both the pure PLA and its com-
posites, the increase of cooling rate results in the shorter
time needed to complete the crystallization, but the degree
of the changes depends on the linseed cake grade. During
the experiment conducted with the lowest cooling rate, pure
PLA sample presents a visibly different curve shape in com-
parison with the composites. In its case the crystallization
begins earlier but due to less steep slope of the curve, the
samples LC30.4 and LC39.8 achieve the 100% of relative
crystallinity at a shorter time. The increase of heating rate
results in a more similar run of the conversion degree curves
for the pure polymer and its composites. During the test per-
formed with heating rates of 5-10°C/min, the samples with
the highest oil content complete the process at the shortest
time. The composites containing up to 17.7 wt% of linseed
oil crystallize slower and its crystallization time is compa-
rable to the one of the pure PLA. Even though the LC30.4
and LC39.8 complete crystallization at a shortest time, no
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clear relationship of the linseed oil content and the run of
conversion degree curves was found.

As it can be seen, the influence of oil content in the filler
and the crystallization of PLA-based composites is complex.
Therefore, the crystallization rate k was calculated using
the method proposed by Jeziorny. The values of the Avrami
exponent and crystallization rate calculated according to the
Jeziorny’s method are collected in Table 2.

As it is indicated by R%>0.98, the experimental points
are well fitted to the model. The n, values indicate the
nucleation and crystallite growth mechanism during the
non-isothermal crystallization. For the pure PLA, the expo-
nent values obtained for different cooling rates are in the
range of 2.48—3.65. The n; values around 2.61-3.23 are
commonly obtained for this polymer [20, 26, 54] and they
indicate spherulitic growth from the crystallization seeds ini-
tiated at the beginning of the process and plate-like growth
from the nuclei initiated in further stages of the process [44].
The lowest value denoted for the highest heating rate may
indicate two-dimensional growth of nuclei [44]. It can be
concluded that fast cooling of PLA changes the mechanism
of crystallization. In the case of the crystallization rate &, of
the neat polymer a visible relationship of this parameter and
cooling rate can be observed. The fastest the cooling, the
higher crystallization rate, which is also a typical behavior
[54].

The Avrami exponent for the composite samples is the
range of 2.45 — 5.52, but its values change with both the
cooling rate and the linseed oil content. The lowest n; values
were obtained for # of 2.5°C/min and they increased with
the cooling rate up to 7.5°C/min. Afterwards, a decrease of
the Avrami exponent was observed for all the samples. It can
be stated that the nucleation and growth of the crystallites is
influenced by the cooling rate and consequently, supercool-
ing. When f is either too low or too high, the spherulites
cannot fully develop [26]. For the majority of the studied
composites, the highest n; values around 5 were obtained
with 7.5°C/min cooling rate, indicating three dimensional
solid-sheaf growth with athermal nucleation [55]. Interest-
ingly, the Avrami exponents of the LC-filled samples con-
taining lower amounts of the oil change in the function of
heating rate to a greater extent than the oil-rich ones. For
example, in the case of the LC17.7 composite, the n, values
increase from 2.45 to 4.96 and for the LC30.4 one — from
3.62 to 4.82. Therefore, it may be concluded that addition
of the oil-rich waste filler makes the crystallization behavior
of PLA more uniform and less dependent on the cooling
conditions. What is more, the Avrami exponent values of
specimen with the highest linseed oil content are notably
high (up to 5.52) even for the lowest cooling rate. Addition
of linseed cake to PLA changes the nucleation behavior from
two-dimensional to three dimensional, but the most notable
results can be achieved for the samples with the highest oil
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Table 3 The values of @ and F(T) parameters for different conversion
degrees

Sample Conversion a F(T) R?
degree
PLA 0.2 0.67 12.95 0.9849
0.4 0.71 15.82 0.9870
0.6 0.74 18.53 0.9892
0.8 0.78 21.99 0.9900
LC0.9 0.2 0.56 11.69 0.9584
0.4 0.64 14.42 0.9712
0.6 0.69 16.94 0.9766
0.8 0.73 20.23 0.9832
LC4.6 0.2 0.56 11.83 0.9403
0.4 0.64 14.35 0.9541
0.6 0.70 16.98 0.9574
0.8 0.76 20.39 0.9599
LC17.7 0.2 0.57 12.10 0.9495
0.4 0.63 14.34 0.9589
0.6 0.68 16.58 0.9619
0.8 0.72 19.43 0.9634
LC30.4 0.2 0.65 12.55 0.9661
0.4 0.72 14.93 0.9730
0.6 0.78 17.56 0.9751
0.8 0.86 21.49 0.9737
LC39.8 0.2 0.62 11.48 0.9595
0.4 0.69 13.57 0.9687
0.6 0.76 1591 0.9722
0.8 0.85 19.54 0.9682

content. The relative independence on the heating rate and
Avrami exponent values presented by the LC39.8 sample
suggests that presence of linseed oil facilitates the growth
of polylactide crystallites. Similar results were obtained in
the case of PLA plasticized with PEG, where the plasticizer
promoted the crystal growth [56]. Therefore, it may be con-
cluded that the linseed oil act as a plasticizer in PLA matrix.

Similarly to the pure PLA, the crystallization rate of the
composites increases with the cooling rate. The highest
crystallization rate of 0.812 was obtained for the LC0.9
sample cooled at a rate of 10°C/min, but no direct relation-
ship of k; and oil content in the linseed cake was found.
The crystallization rate values calculated for the different
samples cooled with the same heating rate are compara-
ble and the changes can be explained by random factors,
such as the signal processing by the measuring system and
its resolution, as well as the shape and size of samples.
This result can be counterintuitive, as the oil-rich samples
were shown to complete the crystallization earlier than
their counterparts (see Fig. 2). Apparently, the observed
changes in non-isothermal crystallization time result from
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the changes of nucleation and crystallite growth behav-
ior rather than the increase of crystallization rate. When
the crystallites growth in 3 dimensions, a shorter time is
needed to complete this process in comparison to the 2-D
layer-by-layer growth, even when the k; values are com-
parable. It can be also assumed that due to differences in
growth of the nuclei, the influence of oil content on crys-
tallization rate is more pronounced in the further stages of
the process, as the analysis was performed for the conver-
sion degree in the range of 3-20%.

The In[-In(1-X(#))] vs. Ing plots shown in Fig. 3 were pre-
pared in order to evaluate the non-isothermal crystallization
of the PLA-based samples according to the method proposed
by Ozawa [46]. The crystallization rate k(T) as well as the
exponent m describing the crystallites’ growth should be
obtained from the intercept and slope of the lines fitted to
the experimental points. However, as it can be observed in
Fig. 3, the experimental points do not fit to the Ozawa’s
model. The changes in the lines’ slopes indicates that the
value of m is not constant during the process and secondary
crystallization takes place [44]. The changes of crystalliza-
tion rate in temperature could also explain the incoherence
of the crystallization time and k, comparison. Similar results
were obtained in the case of non-isothermal melt crystal-
lization PLA-based composites modified with carbon black
[20] or polylactide filled with egg shells and plasticized with
poly(ethylene glycol) [26].

In similar cases the method created by Mo et al. was suc-
cessfully used [44, 47]. The values of @ and F(T) param-
eters for the pure PLA and the composites obtained for the
conversion degrees of 0.2, 0.4., 0.6 and 0.8 are collected
in Table 3. The R? values, also presented in Table 3 are
mostly above 0.95, which indicates that the studied materials
fit the model. Nevertheless, the fitting is not perfect which
presumably results from the presence of multiple phases in
the materials.

The a parameter is the ratio of Avrami exponent n
to the Ozawa exponent m. For the pure PLA it is in the
range of 0.67-0.78 and it increases in the function of
conversion degree. The a values of the composites fol-
low a similar pattern. For the samples LC0.9, LC4.6 and
LC17.7 they are lower than for the pure resin, from 0.56
at 20% relative crystallinity to 0.76 at 80%. A visible
increase of a values can be observed in the case of the
composites with the highest oil content — the ratio of
Avrami and Ozawa exponent is as high as 0.85 at a con-
version degree of 80%.

The F(T) is a parameter which indicates the cooling
rate which is needed to obtain a chosen degree of crystal-
linity [26]. It is connected to the polymer’s crystalliza-
tion rate and its higher value signalizes slower crystal-
lization [17]. As it can be seen in Table 3, F(T) generally
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increases with the relative crystallinity, which means that
at the higher conversion degree a higher cooling rate
should be applied [17]. Pure PLA can be characterized
with F(T) in the range of 12.95-21.99 in the crystallinity
range of 20-80%, which is rather low for this polymer but
not atypical [20]. Even though the lowest F(T) values of
11.48-19.54 are achieved by the LC39.8, no clear cor-
relation of the linseed oil content and this parameter can
be seen. Nevertheless, all the composite samples reveal
lower F(T) values than pure PLA, which indicates that
the process of crystallization is faster for the LC-filled
materials. This result is in line with the simple compari-
son of the crystallization curves presented in Fig. 2.

Based on the experimental data, equilibrium melting tem-
perature values Tm” of the chosen samples were obtained
from the crossover point of Tm=Tc line and the extrap-
olation of Tm as a function of Tc¢ [57], as it is shown in
Fig. 4. The equilibrium melting temperature of pure PLA
is 183.8°C, which is in the range typically obtained for this
polymer [20, 23]. The composites with the lower oil con-
tent present Tm’ values almost identical to the one of the
neat polymer. Interestingly, the equilibrium melting tem-
perature of the LC39.8 sample is about 10°C higher than for
the remaining samples. This behavior can be explained by
a more perfect structure of the crystallites in the composite
modified by linseed oil [23, 57].

Isothermal crystallization

The microstructures of the isothermally crystallized LC39.8
composite and the pure PLA observed using the optical
microscope in the polarized light are presented in Fig. 5.
As it can be observed, crystalline structure was obtained
for both materials crystallized in all the chosen tempera-
tures. The lowest Tc results in exceptionally fine structure
with individual crystallites measuring below 10 pm. The
rate of nucleation is higher than the rate of spherulites’
growth, therefore the crystallites are densely packed, small
and irregular. This behavior can be attributed to the regime
III of crystallization, according to Hoffman theory [58].
When crystallization takes place in 100°C or 110°C, no
observable difference between the pure PLA and the lin-
seed cake-filled composite can be spotted. The increase of
Tc to 120°C causes a notable increase of spherulites, which
is especially prominent for the pure PLA. When the crys-
tallization temperature of 130°C is applied, the polylactide
crystallites achieve a size of almost 100 pm. Their shape
is almost spherical, however, the growth of one crystallite
is limited by the others. It can be stated that in 130°C the
crystallization regime II by Hoffman [58] takes place. In
the case of LC-filled sample, the structure is comparable
to the one of pure polymer, but the crystallites are smaller.
The major difference between the PLA and LC39.8 can be
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Fig.5 Microstructures of PLA
and LC39.8 samples crystal-
lized isothermally in different
temperatures
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noticed for the samples crystallized in 140°C. In the case
of pure polyester, individual spherulites with the diameter
about 100—400 pm can be seen, but most of the sample
stays amorphous. Apparently, the supercooling is too low
to cause the crystallization of the whole volume of the poly-
mer. The rate of nucleation is visibly lower than the rate of
the crystallite growth, which can be ascribed to the crystal-
lization regime I by Hoffman [58]. The composite sample
shows a completely different behavior. The whole observ-
able sample is in a crystalline form, the only dark spots are
the lignocellulosic filler particles. Large crystallites differ in
shape and optical properties from the spherulites observed
for pure PLA sample. The differences in the microstructure’s
appearance can result from lamellar twisting during crystal-
lization [59] due to unbalanced stress on the lamellar growth
front [60]. It can be presumed that the linseed oil can be
absorbed on crystal boundaries and therefore increase the

<

! [}

surface stress at lamellas, similarly to the non-crystallizing
components of polymeric blends which show this behavior
[59]. Interestingly, the lignocellulosic particles do not act
as centers of crystallites’ growth. As addition of LC did not
significantly change the melting point of the polymer, the
supercooling for the LC39.8 particle was roughly the same
as for the pure polymer, yet it did allow the crystallization.
Therefore, it can be concluded, that presence of linseed cake
increases the crystallite growth rate in PLA. It also needs
to be noticed that LC particles are not the crystallization
seeds, so linseed cake is not a nucleating agent for PLA,
even though it influences its crystallization.

To further analyze the influence of the filler and its
dispersion on the crystalline structure of the composites,
isothermally crystallized composite samples with differ-
ent LC grades are shown in Fig. 6. First, the filler parti-
cles (marked in red) are dispersed in the whole volume
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Fig.7 Relative crystallinity X(7) in function of crystallization time t obtained for PLA and its composites during isothermal crystallization at

temperature of 90, 110, 110 or 120°C

of the composite, but their size differs among the studied
samples. The composites such as LC0.9 and LC 4.6, con-
taining the lowest oil content, can be characterized with
the largest particle size and distribution. Presumably, the
defatted LC particles, containing more lignin and holo-
cellulose are more resistant to shearing forces during
the melt mixing of the composite using the twin-screw
extruder and injection molding of the samples, whereas
the oil-rich linseed cake is softer and easier to pulver-
ize. It needs to be noticed that the used filler particles,
especially in the case of the higher oil content, do not
create aggregates, which confirms its good compatibility
with PLA.
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Spherulites are present in microstructures of all the stud-
ied materials. The size of the crystallites in the LC0.9 and
LC4.6 composites is similar to the one present in the unfilled
PLA. The higher the oil content, the smaller spherulites can
be observed, which indicates that the oil is the main factor
influencing the crystallization of PLA. Moreover, the fact
that both the particle and spherulite size decrease for the
oil-rich samples, it can be presumed that the finer particles
have larger contact area with the polymeric matrix, so their
interaction are more intense and the influence on the crys-
tallization is more notable. However, the placement of the
crystallites is not connected to the particles — they do not
serve as centers of crystallization. It can be concluded that
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oil present in the linseed cake influences both the filler dis-
tribution and spherulitic structure of PLA-based composites,
but the LC particles do not serve as seeds of crystallization.

The run of crystallization curves obtained during the
isothermal experiment are shown in Fig. 7 and the plots
of crystallization rate k and crystallization half time ¢,
(i.e. the time needed to obtain 50% relative crystallin-
ity) in function of temperature are presented in Fig. 8.
It can be observed that the ¢,,, values determined for
all the studied materials present a similar relationship
with the temperature — the minimum of crystallization
half time (the optimum crystallization temperature Topr)
takes place about 100-105°C. There is a notable differ-
ence of ¢;,, values between the PLA and its composites
in the whole temperature range. The neat polymer has the

crystallization half time of 2.16-5.57 min. The samples
LCO0.9, LC4.6 and LC17.7 present similar but smaller
t,,» values. The only exception is the result obtained dur-
ing isothermal crystallization at 125°C, when the pure
PLA achieved 50% relative crystallinity sooner than the
composites with 0.9-17.7% oil in the filler. The com-
posites with the highest oil content have the shortest
crystallization half time — for LC39.8 it is in the range
of 0.80-4.70 min. The values of crystallization rate
obtained during isothermal crystallization are presented
in Fig. 8 as a function of temperature. Logarithmic y-axis
was chosen to better present the differences between the k
value obtained for the studies samples, as the differences
between them are several orders of magnitude high. The
isothermal crystallization rate is notably influenced by

Table 4 The Avrami exponent
n values for the studied

Crystallization temperature [°C]

samples crystallized at different Sample Result 90
temperatures PLA n 2.16
R? 0.999
LC0.9 n 252
R? 0.998
LC4.6 n 2.44
R? 0.998
LC17.7 n 224
R? 1
LC30.4 n 273
R? 0.999
LC39.8 n 231
R? 0.999

100 105 110 115 120 125
2.69 3.08 2.71 242 2.43 2.27
1 0.999 0.999 0.999 0.999 0.998
2.56 2.53 3.03 2.20 2.54 2.81
0.999 0.999 0.999 0.998 0.999 0.994
2.79 2.64 273 2.50 2.22 2.62
1 0.999 0.999 0.999 0.998 0.999
2.54 2.58 2.78 253 2.35 2.24
1 0.999 0.999 0.998 0.999 0.999
2.45 2.68 2.87 2.64 2.30 2.64
1 1 0.999 0.999 0.999 0.999
2.55 2.57 2.57 2.48 2.77 2.83
1 0.999 0.999 0.999 0.999 1
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Table 5 Comparison of the kinetic parameters of melt crystallization of PLA-based materials determined in the present study and described in

the literature

Conditions Material n k Ref
Non-isothermal melt crystallization Cooling rate of PLA 2:72 0.323 Present study
5 °C/min LC39.8 5.23 0.196
PLA 4.77 0.384 [19]
PLA +2.5 wt%SiO2 6.15 0.427
PLA +2.5 wt%MMT 4.52 0.302
PLA +2.5 wt%MWCNT 2.63/7.69 0.220/0.287
PLA - - [54]
PLA +1%PTMC 2.29 0.980
PLA + 1%PPETC 2.15 1.050
PLA 2.8 0.020 [17]
PLA + 15wt% TPP 2.9 0.006
PLA 3.94 0.578 [25]
PLA +7% jojoba oil 3.08 0.679
Isothermal melt crystallization Tce=100°C PLA 2.69 0.116 Present study
LC39.8 2:55 1.092
PLA 3.30 2194107 [21]
PLA +0.2 wt%CNT 3.00 0.017
PLA 3.06 8.709+1071 [16]
PLA + 5wt% talc 2.31 0.025
PLA 223 0.005 [51]
PLA + 10wt% starch 2.36 0.083
PLA + 1wt% talc 1.69 2.800
Tc=104°C PLA 2.50 0.003 [61]

PLA + 1wt% Graphene nanosheets 2.52 0.008

Tc=114°C PLA 2.26 2694107 [23]
PLA + 10wt% Triphenyl Phosphate 2.24 0.002

Tc=120°C PLA 2.60 1.25107° [26]
PLA +20wt% PEG 2.30 0.001
PLA +20wt% eggshells 2.60 0.031
PLA +20wt%PEG +20%eggshells 2.20 0,251

Te=140 °C PLA 2.40 7.9401071 [15]
PLA + 1%Lak 2.80 0.127

both the temperature and the sample’s composition. The
highest k values were denoted in the case of crystalliza-
tion temperature around Topt, for all the composites. As
it reveals from Fig. 8, the linseed cake-modified samples
with the highest oil content present the highest crystal-
lization rate. For the LC39.8 specimen the maximum val-
ues exceed 1 min™". The difference between pure PLA
and its composites is especially visible for crystalliza-
tion temperatures below Topt, where the crystal growth
determines the overall crystallization rate [24] due to the
increased mobility of polylactide macromolecules in the
presence of the natural oil, especially in the lower range
of the temperatures, i.e. around Topt and below.

@ Springer

The values of the Avrami exponent n obtained during iso-
thermal crystallization of PLA and its composites are collected
in Table 4. For pure PLA, the n values are in the range of
2.16-3.08 and the highest value was recorded for crystalliza-
tion at Topt. The composite samples have the Avrami exponent
values in a similar range as the pure PLA. No clear relationship
of the n value and the temperature or linseed cake type was
seen. As the n values around 2 indicate two dimensional crys-
tallite growth on a lamellar structure and the Avrami exponent
close to 4 suggest three dimensional heterogeneous crystal
growth from an instantaneous nucleation [16, 21], it can be
concluded that a mixed nucleation and crystallite growth takes
place in the case of PLA and its composites.
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Conclusion

In influence of linseed oil grades with different oil content
on crystallization of PLA was studied. A comparison of the
crystallization parameters determined in the present study
and described in the literature is presented in Table 5. A
clear influence of oil content in the filler on non-isothermal
as well as isothermal crystallization was observed, but the
exact behavior depended on the measurement conditions.
It was observed that crystallization of oil-rich composites
is faster in both isothermal and non-isothermal conditions,
but the mechanism of the changes is different. When the
process is conducted at constant temperature (constant
supercooling), the addition of oil-rich linseed cake notably
increases the crystallization rate of PLA, but the mechanism
of nucleation and growth of crystallites does not change in
comparison with pure polymer. The difference between the
linseed cake-filled and neat polylactide is especially promi-
nent in the lower range of temperatures, when the crystal-
lization rate is mostly dependent on the crystallites growth.
In non-isothermal conditions the crystallization rate of the
composite samples and the unmodified polylactide is com-
parable but the nucleation of crystallites is faster and their
growth changes from two- to three dimensional. Based on
the obtained data it can be concluded that LC particles do
not act as nucleation seeds by themselves, but natural oil
promotes the movement of macromolecules, which results in
easier self-nucleation and subsequent growth of crystallites.

In the industrial practice non-isothermal crystallization
usually takes place, e.g. during cooling injection molded
polymer in the mold. It can be predicted that addition of LC
to PLA can result creation of more perfect crystalline struc-
ture in a shorter time, and consequently — a faster production
of good quality parts.
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Abstract: In order to limit the negative impact of industry on natural environment,
ecological alternatives to conventional polymers are being proposed. One of the
most popular “green” polymers is polylactide, which can also be successfully
applied as a matrix of composites. The application of ground linseed cake as a
filler for polylactide-based composites is in line with the idea of Circular Econo-
my, and moreover it provides a modifying effect on the polymer by increasing its
crystallinity and reducing its brittleness. This effect is caused by the presence of
linseed oil which can be released to the polymeric matrix in a non-controlled
way. In order to control the miscibility of the oil and the polymer, we modified
the filler particles with poly(vinyl alcohol) before introducing it to the polylac-
tide. We concluded that poly(vinyl alcohol), which does not mix with oil, encap-
sulated the active ingredients inside the filler particles. We evaluated the
mechanical properties of the composites containing 5, 10, 20 and 30 wt% of
the filler in a static tensile stress and by means of dynamic mechanical thermal
analysis. Crystallinity and thermal properties were tested using differential scan-
ning calorimetry as well as thermogravimetric analysis. Composites’ micro-
structure was evaluated by Scanning Electron Microscopy. It was found that
modifying the oil-rich filler with poly(vinyl alcohol) helps to reduce its release
to the matrix and thus limits the plasticizing effect of linseed cake. This result
was in accordance with our hypothesis.

Keywords: Polylactide; poly(vinyl alcohol); waste filler; oil release

1 Introduction

In the era of environmental pollution, excessive waste production and climate crisis, product
sustainability has become a crucial factor for consumers and producers alike. In order to fulfill the
market’s demands and to limit the negative impact of today’s industry on our planet, researchers have
been developing environmentally friendly alternatives for conventional products, especially in the field of
polymeric materials. Commonly used plastics, which are mostly non-biodegradable and synthesized from
non-renewable resources, can now be replaced with bio-based and biodegradable alternatives, such as
polyhydroxyalkanoates (PHBs), thermoplastic starch, poly(butylene succinate) (PBS) or polylactide

This work is licensed under a Creative Commons Attribution 4.0 International License, which
@ @ permits unrestricted use, distribution, and reproduction in any medium, provided the original

work is properly cited.
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(PLA) [1-7]. Out of these, PLA is the most common choice due to its relatively low price, good mechanical
properties (comparable to those of poly(ethylene terephthalate)) and the ability to be processed in conventional
ways [7]. What is more, the properties of PLA can be finely tuned using different modifiers: nucleating agents
[8], chain extenders [9], plasticizers [10,11] or fillers [12—14]. Polylactide can also be successfully applied as a
matrix of different composites. Even though conventional fillers (such as glass fiber) improve the mechanical
properties of PLA [15], the organic, plant-based options are gaining more interest [16]. These “waste fillers”,
i.e., byproducts from different branches of industry, are of special interest due to being in line with the idea of
Circular Economy. For example, brewer’s spent grain has been successfully introduced to polycaprolactone
biocomposites [17], the addition of coffee grounds has been shown to improve the stiffness of poly
(butylene adipate-co-terephthalate) [18], and the application of almond shell flour as a filler for PLA results
in increased hardness of composites [19]. The majority of post-agricultural waste fillers such as grain husks
or nut shells mostly comprise of lignocellulose and improve the mechanical properties of composites
[20,21], but some of them can also provide a more complex modifying effect. In our previous research we
studied the application of linseed cake in the PLA-based composites [22—24]. As linseed cake (leftovers
from mechanical oil extraction of linseed [25]) contains natural oil [26], it influences crystallization
behavior and plasticizes the polymeric matrix [23,24]. Even though this modifying effect is mostly
considered to be beneficial, it cannot be controlled and depends on the miscibility of the oil and PLA. What
is more, the oil content in the linseed cake depends on the method of oil extraction, therefore it can vary to
a great extent [26]. Therefore, a method of oil release control needs to be found in order to adjust the
properties of the filler for the desired application. What is more, the analysis of the properties of PLA-based
composites filled with modified linseed cake will help to fully understand the phenomena taking place
during preparation and lifespan of similar materials.

There are numerous methods of chemical modification of plant-based fillers for polymeric composites,
such as mercerization, silane treatment, benzoylation and acetylation [2,27,28]. The main purpose of
chemical treatment of lignocellulosic fillers is to remove impurities, change the structure, and graft
chosen functional groups on their surface, in order to improve their affinity to the polymeric matrix, as
well as to increase thermal stability and limit moisture absorption [29,30]. However, in the case of oil-
rich fillers a different approach needs to be applied.

Poly(vinyl alcohol) (PVA) is a polar, water-soluble polymer which can undergo biodegradation [31,32].
Due to the presence of -OH groups in its structure it can form hydrogen bonds with hydrophilic
lignocellulosic particles. On the other hand, it does not mix well with nonpolar compounds such as
vegetable oil, and it is known for its good barrier properties [33]. The blends of PLA and poly(vinyl
acetate-co-vinyl alcohol) have been evaluated by Park and Im who found out that they are mutually
immiscible [34]. However, as Yeh et al. point out, the -OH groups of PVA can interact with carbonyl
groups of polylactide [35]. Considering all the aforementioned questions, we can hypothesize that PVA
may be a good modifying agent for LC in order to control the oil release behavior: when the waste filler
is covered with poly(vinyl alcohol), it can create a barrier surface to encapsulate the oil inside it and limit
its release to the PLA matrix. This idea is schematically shown in Fig. 1. What is more, the polar nature
of PVA will ensure its good adhesion to the lignocellulosic part of the waste filler and, to a certain
degree, to PLA. The aim of this study is to evaluate the influence of PVA-modified linseed cake on the
properties of PLA composites.

2 Materials and Methods

2.1 Materials

A commercially available grade of polylactide (PLA) Ingeo Biopolymer 4032D produced by
Natureworks characterized by mass flow rate (MFR) of 7 g/10 min (210°C, 2.16 kg), density of 1.24
g/em® and weight average molecular weight 100 000 g/mol was selected for the matrix of the composites.
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PLA-LC composite PLA-(PVA-LC) composite

oil migration

oil droplets dispersed in PLA oil droplets encaplsulated by PVA

Figure 1: The idea of the study: application of PVA in order to control oil migration from linseed cake
particles to PLA matrix

Linseed cake (LC) was obtained from a local Polish supplier. The waste filler contained about 30.4 wt% of
natural oil, as established by Soxhlet extraction in petroleum ether. In order to modify the linseed cake, poly
(vinyl alcohol) (PVA) grade Selvol Polyvinyl Alcohol 523 (hydrolysis degree of 87-89%, weight average
molecular weight of 85000-124000 g/mol) produced by Sekisui Specialty Chemicals was applied.

2.2 Sample Preparation

The filler was modified in the following way: first, 100 g of PVA was dissolved in 1 L demineralized
water. To ensure the complete dissolution of the polymer, the mixture was agitated for 15 minutes in
70°C. Then, 100 g of as-received linseed cake was added to the solution of PVA. After mixing with a
magnetic mixer, the obtained suspension was poured to polypropylene containers. It was left to dry in a
Pol Eko cabinet drier in 80°C for 48 h. The resulting PVA-LC sheets were crushed and then ground into
a fine powder using a Bosch MKM 6003 grinder.

In order to prepare the PLA-based composites containing 5, 10, 20 and 30 wt% of the modified filler, the
selected amounts of PVA-LC powder were hand-mixed with polymer pellets. In order to limit the risk of PLA
hydrolysis during processing, the mixtures were dried for 24 h in 70°C in a Memmert ULE cabinet drier prior
to each step of processing. The composites were manufactured by blending in a molten state using a Zamak
EHD 16.2 co-rotating twin screw extruder with rotational speed of the screws set to 100 rpm and die
temperature of 190°C. The extrudates were cooled in the air and pelletized. Normalized samples were
injection molded using a Battenfeld PLUS-35 machine operating at the following parameters: Tipjection =
210°C, Timota = 50°C, Pinjection = 72 MPa, Vipjection = 75 mm/min. Pure PLA was processed along with the
composite samples, which were named according to their composition, e.g. the 5 PVA-LC sample
contains 5 wt% of the PVA-LC filler. In order to evaluate the influence of PVA modification, the obtained
results were compared with properties of PLA filled with 10% of unmodified linseed cake containing
30.4 wt% of oil. This reference material was named 10 LC, its wider characteristic can be found in our
previous study [24].

2.3 Experimental Methods

The morphology of the composites was evaluated by Scanning Electron Microscopy (SEM). The
samples’ brittle fracture surfaces were sputtered with gold prior to the observations. The analysis was
performed using a Zeiss Evo scanning electron microscope with electron accelerating voltage of 12 kV.
Pictures were captured with a magnification of 300x and digitally processed.

The mechanical properties of the samples were evaluated according to the ISO 527-2 standard by means
of a static tensile test using a Zwick ZO10NT universal testing machine. The crosshead speed was 1 mm/min
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during the measurement of tensile modulus and 10 mm/min during the remaining part of the test. The values
of tensile modulus E, tensile strength Rm, elongation at break ¢ and toughness were determined based on 7
separate measurements.

Thermomechanical properties of the composites and the neat polymer were tested using the dynamic
mechanical thermal analysis (DMTA) technique in torsion mode using an Anton Paar MCR 301
apparatus. The 50 x 10 x 4 mm’ samples were tested in the temperature range of 30-110°C, with 2°C/
min heating rate, strain of 0.01%, and frequency of 10 Hz. The run of storage modulus (G”) and loss
modulus (G') curves was evaluated across the whole temperature range. The value of glass transition
temperature (T,) was determined as a peak of G” vs. temperature curve. Based on the obtained data, filler
effectiveness C and brittleness B [36] were calculated according to formulae 1 and 2, respectively:

_ G30,c/G 75
G30m/G 75.m

where: G'30,c — value of storage modulus evaluated for a composite sample at 30°C, G';s ¢ — value of storage
modulus evaluated for a composite sample at 75°C, G'59 — value of storage modulus evaluated for the
matrix polymer at 30°C, G'7s v — value of storage modulus evaluated for the matrix polymer at 75°C.

1

=
G306

C (1)

B 2)
where: G'39— value of storage modulus at 30°C [Pa], g,— value of elongation at break obtained in the
tensile test [%].

Differential scanning calorimetry (DSC) was applied to assess the crystallization behavior and melting
of the polymeric samples using a Netzsch DSC 204F1 Phoenix apparatus. The samples of 5.0 + 0.2 mg were
placed in aluminum crucibles with pierced lids, heated from 20°C to 210°C with the heating rate of 10°C/
min, held in this temperature for 10 minutes and then cooled back to 20°C with the cooling rate of 10°C/min.
An inert nitrogen atmosphere was applied. The heating and cooling cycle was performed twice in order to
erase the thermal history of the samples. The crystallinity degree (X,) was calculated based on the second
heating, using the following formula (3):

AH,, — AH,,
(1 — ©)AH 00%pL4

X = -100% €)
where: AH,,, — melting enthalpy of a sample [J/g], AH.. — cold crystallization enthalpy of a sample [J/g],
AHjggospra — melting enthalpy of a 100% PLA, AH;qq0, = 93 J/g [37], ¢ — filler content.

Thermal degradation of the PLA and PLA-based composites was evaluated using thermogravimetric
analysis technique (TGA). Samples of 10 + 0.2 mg were placed in open Al,O; crucibles and heated from
30°C to 900°C with the heating rate of 10°C/min, in a Nitrogen atmosphere, using a Netzsch TG Libra
apparatus. The obtained curve was differentiated using Netzsch Proteus software.

In order to analyze the ability of the composites and the pure PLA to absorb water, all samples were
weighted using a laboratory balance and submerged in demineralized water. They were stored in 23°C in
closed beakers for 480 hours. The samples were periodically removed from the water, wiped with a dry
cloth and weighted again. The moisture absorption MA was calculated according to formula 2:

Mg ="M

-100% 4)
my

where: m — mass of a sample [mg] , m, —initial mass of a sample [mg].
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The absorption spectra of 10% solution of water used for immersion test of PLA and PLA-based
composites in the range of 190-1100 nm with wavelength accuracy of 0.3 nm was determined with the
use of Rayleigh UV 2601 UV-Vis spectrophotometer.

The chemical composition of the samples was analyzed using infrared spectroscopy method. FT-IR
spectra were obtained in the attenuated total reflection (ATR) mode, using a Jasco FT/IR 4600 apparatus
equipped with a diamond cell. A total of 64 scans were collected with scanning speed of 1 cm/min.

3 Results

3.1 Morphology

The SEM pictures of the samples brittle fracture surfaces are shown in Fig. 2. The unmodified PLA
presents a structure typical for the amorphous form of this polymer. The fracture surface is smooth, which
indicates that the material did not deform in a plastic way. No porosities or other structural defects can be
seen. Addition of 5 wt% of the modified linseed cake changes the structure of the sample. Even though
the surface is still typical for amorphous PLA fractured in a brittle way, it is more uneven. The filler
particles are easy to distinguish in the fracture plane. No gap at the interface between the LC particles
and PLA can be noticed, which indicates that modification with PVA provides good affinity of the
phases. The linseed cake particles are well dispersed within the composite’s volume and they do not form
clusters. Interestingly, only two phases: the filler particles and the polymeric matrix can be distinguished
in the picture. Therefore, the PVA remains on the surface on the filler during mixing with PLA and it
does not create a separate phase. The increase of the PVA-LC percentage to 10 wt% does not result in
notable changes of the composite’s morphology. The filler particles are still well dispersed and embedded
in the polymeric matrix. The fracture surface is more uneven due to presence of modified linseed cake,
whose particles change propagation of cracks. The composite samples containing 20 and 30 wt% of

Figure 2: Brittle fractured surfaces of the pure PLA and its composites observed using SEM at a
magnification of 300%
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PVA-LC present the most distinct changes of morphology. The fracture surfaces are uneven and “granular”
which is typical for plastic deformation of the semicrystalline polymer. This result can indicate addition of the
modified waste filler causes and increase of PLA crystallinity. What is more, small pockets can be seen,
whose presence indicates that pull out of the filler particles took place. Because of the high volumetric
content of the filler its particles cannot be fully covered with the polymer and they can detach easily
during fracture. What is more, in the case of the highly filled composites, a separate phase can be seen in
the fracture surface. It can be recognized as PVA, which does not perfectly mix with PLA. It can be
concluded that modification with poly(vinyl alcohol) is beneficial only in the case of addition up to 10 wt
% of the filler.

3.2 Thermal Properties

The thermograms obtained during the second heating of the samples are shown in Fig. 3. The
exothermic peak visible around 90-110°C can be attributed to cold crystallization of polylactide. It is then
followed by endothermic melting peak around 160-180°C. This behavior is typical for polylactide,
characterized by its dominant amorphous structure as an effect of the slow crystallization rate of polymers
[10]. It can be observed that the addition of the hybrid filler did not change the course of the DSC curves.
What is more, no additional peak coming from PVA melting is visible. This can be easily explained by
the fact that the poly(vinyl alcohol) contained by the filler is amorphous, as it is shown by its thermogram
in Fig. 3. Therefore, the peak visible for the composite samples comes from the melting of PLA and can
be used for evaluating the crystallinity of the composites’ matrices.
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Figure 3: DSC thermograms obtained during the second heating of the samples

Based on the DSC measurements, the values of cold crystallization temperature (T..), melting
temperature (Ty,), cold crystallization enthalpy (AH..), melting enthalpy (AH,,), as well as crystallinity
degree X,,, were determined and are collectively presented in Tab. 1. It can be observed that both T, and
T values decrease slightly as a function of filler content. Even though the decrease in the melting
temperature can be an indicator of compatibility between the phases [34], the change is insignificant. A
decrease in T, as well as an increase in crystallinity were observed in the case of PLA composites filled
with unmodified linseed cake [23], which can be explained by the presence of the natural oil facilitating
the arrangement of macromolecules. Even though a similar result is achieved due to the addition of PVA-
modified LC, it cannot be solely ascribed to the modifying effect of the oil. As Yeh et al. have shown in
their publication [35], blending PLA with poly(vinyl alcohol) also causes an enhancement of crystallinity



JRM, 2020, vol.§, no.4 353

Table 1: Thermal properties of the composites and the PLA

Sample T.. [°C] T, [°C] AH,, AH,, X., [%]
PLA 108.0 170.3 22.64 33.25 9.26

5 PVA-LC 106.0 170.0 22.51 37.72 17.22
10 PVA-LC 106.2 169.6 24.13 36.36 14.93
20 PVA-LC 104.9 168.9 18.14 38.18 26.94
30 PVA-LC 104.4 168.5 23.10 34.61 17.68
10 LC [24] 94.5 176.0 9.09 57.64 57.57

due to good interactions between the phases. However, the results obtained for PVA-LC filled polylactide
defy a simple explanation. Considering the non-linear relationship of the filler content and the X, value,
it can be concluded that the crystallization behavior of the studied composites are a result of multiple factors.

The TGA and dTG curves obtained for the pure PLA, the composites, and the filler, are presented in
Fig. 4. It can be observed that polylactide undergoes a typical one-stage decomposition [38] and its
maximum rate (peak of dTG curve) is achieved at 361°C. The filler shows a different behavior: an initial
mass loss in the temperature range of 40-120°C can be observed, which can be attributed to evaporating
moisture [39]. The actual decomposition of the filler starts above 200°C, as indicated by multiple
overlapping peaks 200-500°C. Their presence can be explained by thermal degradation of PVA side
chains (around 300-350°C) and the polymeric backbone (the shoulder at 440°C) [39]. The peak around
360°C indicates the decomposition of cellulose [40]. What is more, the decomposition of the remaining
linseed cake components such as protein and oil also occur in a similar temperature range, affecting the
shape of the dTG curve [40—42]. The composite samples undergo a one-stage decomposition, similarly to
pure PLA. Nevertheless, the dTG maximum is shifted to lower temperatures, towards the point of PVA
side chains decomposition. A small shoulder indicating degradation of PVA backbone can also be seen
around 450°C. It is understood that the addition of the filler characterized by low thermal stability also
decreases the degradation temperature range of the composites. What is more, a similar effect was
observed in the case of the addition of 1% of PVA to PLA and was explained by reduced molecular
weight of the polymeric matrix due to the addition of the filler [43]. This explanation cannot be excluded
either, but it is less probable, as the remaining tests did not show any decrease in the PLA’s molecular weight.
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Figure 4: TG and dTG curves of the composite samples, the pure PLA and the filler
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3.3 Mechanical Properties

Fig. 5 shows exemplary stress-strain curves obtained during tensile test. The relationship of the hybrid
filler and the mechanical properties of the composites, that is tensile strength, toughness, tensile modulus and
elongation at break, is presented in Fig. 6. It can be seen that tensile strength decreases along with the
growing filler content. The Rm value of the composite containing 30 wt% of the PVA-LC filler is over
50% lower in comparison to the pure PLA. Similar effects were reported in the case of the PLA-PVA
blends [44] as well as polylactide-based composites filled with linseed cake [24]. The decrease of Rm can
be therefore explained by various factors, such as low mechanical strength of poly(vinyl alcohol) or
insufficient adhesion between the polymer and the filler. Considering that the fracture of the filled
samples occurs at higher strain than for the neat PLA, it can also be assumed that plasticization of the
matrix by the linseed oil occurs.
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Figure S: Stress-strain curves of the studied samples

Material toughness is the amount of energy required to break it. It can be evaluated in static conditions
as the area under the stress-strain curve. As it can be seen in Fig. 6, the toughness of the composites
changes due to the addition of PVA-LC filler. Incorporating as little as 5 wt% of the modified linseed
cake into the polymer causes a drop from 256.8 kJ/m?* to 171.4 kJ/m*. However, further increase in the
filler content up to 20 wt% does not cause a visible change in toughness, whose value remains stable
around 170 kJ/m>. Even though the samples break subjected to different stress the overall amount of
energy needed to cause the fracture remains the same. Growing strain at break values compensate the
decrease in stress. Only the composite containing the highest PVA-LC content needs notably lower
amount of energy to break — its toughness is only 82.4 kJ/m?.

Similarly to the values of tensile strength, tensile modulus also decreases as a function of filler content.
As can be seen in Fig. 6, the relationship of E value and PVA-LC content is almost linear, but its slope is
rather gentle—the difference between the highest and the lowest values is only 90 MPa. As demonstrated
in our previous study, the addition of 30 wt% of the unmodified linseed cake to PLA caused a 300 MPa
decrease in tensile modulus, which is a considerably more distinct change [23]. However, it should be
stressed that the samples containing 30 wt% of PVA-LC in fact contain only 15 wt% of linseed cake.
Nevertheless, it can be assumed that the plasticization of the polymeric matrix was partially limited due
to the application of PVA.
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Figure 6: Mechanical properties of PVA-LC filled composites

The changes in elongation at break as a function of filler content are rather complex, but not random. As
can be seen in Fig. 0, the addition of 5 wt% of PVA-LC causes a decrease in € value, which can be caused by
insufficient filler dispersion and low affinity between the phases in the composite. After that, elongation at
break increases and achieves its maximum at 20 wt% of the modified linseed cake. This effect can be
explained by the growing content of linseed oil, which facilitates the movement of macromolecules,
enabling the sample to deform. In the case of the 30 PVA-LC specimen the content of plasticizing oil is
too small to limit the influence of rigid lignocellulosic particle covered with PVA, which can act as
internal notches, decreasing the elongation at break. Interestingly, in the case of PLA-based composites
filled with unmodified linseed cake, the highest ¢ values were also achieved with the samples containing
10 wt% of the filler, which corresponds to the 20 PVA-LC sample [23].

3.4 Thermomechanical Properties

The run of storage and loss moduli (G" and G” respectively) as a function of temperature is shown in
Fig. 7. The values of glass transition temperature (T,) understood as peak of G”, G" at 30°C and 75°C as
well as filler effectiveness C and brittleness B are collected in Tab. 2.
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Figure 7: Storage and loss modulus values of PVA-LC filled composites as a function of temperature

Table 2: Thermal properties of the composites and the PLA

Sample T, [°C] G'30ec [Pa] G'7s0c [Pa] CI[-] B [Pa%/10'°]
PLA 62.7 1.71 10° 2.77 10° - 0.99
5 PVA-LC 61.1 1.70 10° 2.38 10° 1.16 1.31
10 PVA-LC 60.6 1.74 10° 2.70 10° 1.04 1.13
20 PVA-LC 59.9 1.72 10° 3.4510° 0.81 0.92
30 PVA-LC 59.6 1.64 10° 451 10° 0.59 1.60
10 LC [24] 61.3 1.89 10° 3.52 10° 1.10 0.33

The changes in thermomechanical properties of PLA consist of 4 stages. Initially the material is in a
glassy state, as indicated by a plateau of G'. Around 60°C the value of storage modulus decreases several
orders of magnitude and a distinct peak is visible on the G”, which can be attributed to relaxation of the
PLA amorphous phase. After that, the polymer enters the rubbery state and another G’ plateau can be
observed. Along with the increase in the temperature, the storage and loss moduli values increase once
again, which is caused by cold crystallization of the PLA. This behavior of polylactide is consistent with
the literature data [45,46] and with the results of the DSC measurement.

The composite samples showed a more complex run of G and G” curves. The major difference can be
seen in the lower temperature stage, below glass transition of PLA. A distinct decrease in storage modulus
and peak of loss modulus around 46°C can be attributed to f-relaxation of the PVA phase [47]. The intensity
of the low temperature G” peak increases along with the filler content and corresponding PVA contribution.
Similarly to the neat polymer, the composites enter the rubbery state and then undergo cold crystallization.
However, the values of the G’ measured for the composites in elevated temperatures are higher than in the
case of PLA. This difference is also indicated by the filler effectiveness. It can be seen that along with the
PVA-LC content the C factor value decreases, which indicates higher effectiveness of the filler. This
result is presumably caused by increased crystallinity of the PVA-LC filled samples in comparison to
polylactide, as indicated by DSC results.
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The values of PLA phase glass transition decrease as a function of filler content. A similar effect was
observed for the polylactide samples filled with unmodified linseed cake and were explained by
plasticizing effect of the filler [23]. Even though in this case the plasticization cannot be fully excluded,
there are different factors which need to be taken into consideration. The decrease of T, can indicate
insufficient wetting of the filler particles by the polymer [48]. It can also be assumed that the presence of
a higher amount of the relaxed PVA phase facilitates the relaxation of PLA macromolecules.

Brittleness is a complex parameter which combines both static and dynamic properties of a material. The
higher its value, the worse the ductility of a substance. In the case of the studied materials, all of them can be
classified as brittle ones. However, it can be seen that along with increasing filler content the B values initially
decrease, achieve their minimum for the 20 PVA-LC sample, and then increase. The presence of 20 wt% of
the modified linseed cake does not increase brittleness in comparison with the neat polymer, which can
indicate a plasticizing effect of the linseed oil. In the case of the composite filled with 30 wt% of the
filler the volumetric content is high enough to facilitate crack propagation.

3.5 Water Absorption

The amount of water absorbed by the samples over time is shown in Fig. 8. It can be seen that the neat
PLA samples absorbed less than 0.6% of water and the equilibrium was achieved around 100 h. This result is
typical for the hydrophobic polylactide [49] and also indicates lack of porosities in the injection molded
samples. The addition of 5 and 10 wt% of the filler resulted in a 2- and 3-fold increase in water
absorption, respectively. Nevertheless, the highest water absorption was denoted for the samples
containing the highest amount of the filler—the 30 PVA-LC composite absorbed 12.7 wt% of water in 480
h. Taken into consideration that linseed cake containing mucilage [50] as well as poly(vinyl alcohol) are
both hydrophilic [32], the result is reasonable.
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Figure 8: Water absorption of the samples as a function of time

The water used for immersing the samples for 480 h was tested using UV-Vis technique and the results
are presented in Fig. 9. The increased absorbance band observed in the range of UV light for water after
immersion of the composite samples may be an effect of partial migration of the oil from the linseed cake
particles to water medium during immersion [51]. Interestingly, the composite samples show a peak
around 200 nm, which is especially intensive for the materials containing 20 and 30 wt% of the filler. As
similar spectra were recorded for the water solution of pure PVA [52], it can be assumed that this
polymer is rinsed out of the PLA matrix. Considering that both the highest water absorption and the
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Figure 9: UV-Vis spectra of the water used to immerse the samples during water absorption test

amount of the dissolved PVA were obtained for the 20 PVA-LC and 30 PVA-LC, it can be concluded that in
their case the modified filler particles created a continuous network inside the matrix, which enabled easier
penetration of moisture inside the polymer and leaking of PVA. In the case of the composites containing
lower percentage of PVA-LC the filler particles are covered with the hydrophobic PLA and separated
from each other, so the water cannot easily diffuse into the sample. The additional overlapping inflexion
at 280 nm observed for 20 PVA-LC and 30 PVA-LC samples may be ascribed to the absorption band of
aliphatic carboxyl groups caused by the effect of scission of the PLA main chain at aliphatic ester bonds
of PLA [53].

3.6 Infrared Spectroscopy

The FT-IR spectra of the pure PLA and its composites are presented in Fig. 10. Assignment of peaks is
collected in Tab. 3. The result obtained for unmodified polylactide is typical for this polymer: the bands at
2996 cm™ and 2946 cm™ come from stretching of CH, groups of the polymeric backbone. The intensive

Table 3: FT-IR peak assignment

Peak [cm™] Assignment Reference
3504 OH stretching [54]
2996 C-H stretching [55]
2946 C-H stretching [55]
1747 carbonyl stretching [56]
1452 C-H stretching in methyl groups [55-57]
1382 C-H stretching in methyl groups [57]
1360 C-H stretching in methyl groups [57]
1206 alkyl ketone chain vibration [58]
1080 C-O-C stretching [56]
1043 C-CH; stretching [56]
920 flexural C-H [58]
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Figure 10: FT-IR spectra of the composite the samples and pure PLA

peak at 1747 cm™ can be assigned to stretching vibrations of carbonyl groups. Presence of C-O-C and C-CHj
groups are indicated by peaks at 1080 cm™ and 1043 cm™, respectively. The infrared spectra of the composite
samples are almost the same as the one obtained for the pure polymer. The spectrum obtained for PVA-LC
filler does not overlap with the one of the composite sample. This result can be caused by several reasons.
First of all, the FT-IR ATR method allows to obtain the information about the surface of the material only. It
can be concluded that external layer of the composite samples is mainly composed of the matrix material.
Any similarities of the filler and composite spectra come from the fact that the FT-IR peaks characteristic
for poly(vinyl alcohol) such as C=0 stretching around 1730 cm™ and C-O stretching around 1100 cm™
[39] are the same as the bands obtained for PLA. Therefore it can be concluded that the filler particles are
well covered by the composite matrix.

4 Conclusion

Polylactide-based composites filled with PVA-modified linseed cake were successfully manufactured
using the melt blending method. The results of the performed tests confirm the hypothesis that the
application of the polar polymer helps to encapsulate the oil inside the filler particles and prevent its
release to the composites’ matrix. Because of this fact, the plasticizing effect of the linseed oil was
limited, and no direct influence of the natural oil on the crystallization process of the PLA was observed.
Obtained composite samples were stiffer in comparison with the PLA-based composites filled with
unmodified LC, they also contained lower percentage of the crystalline phase. Separate oil domains could
be observed only in the case of the samples with the highest content of oil-rich waste filler, which
confirms the initial hypothesis about PVA influence. Nevertheless, the manufactured composites presented
lower mechanical properties (both in terms of tensile modulus and toughness) in comparison with the
pure polymer due to low interaction between the hydrophobic polylactide and hydrophilic poly(vinyl
alcohol), especially in the case of highly-filled samples. The addition of the modified filler characterized
by low thermal stability also caused a shift of thermal degradation to lower temperatures. It was shown
that up to 10 wt.% of the PVA-LC the filler particles are well dispersed and covered with PLA. The
addition of a higher percentage of the modified waste filler resulted in the clustering of its particles,
which promoted water absorption and caused a deterioration of mechanical properties, which was
especially notable in the case of the 30 PVA-LC sample.
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In summary, it can be concluded that PVA as a biodegradable, non-toxic polymer may be a good
modifying agent used for surface treatment of oil-rich natural fillers, which helps to limit the oil release to
the polymeric matrix.
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Abstract: Polylactide-based composites filled with waste fillers due to their sustainability are a subject
of many current papers, in which their structural, mechanical, and thermal properties are evaluated.
However, few studies focus on their behavior in low temperatures. In this paper, dynamic and
quasi-static mechanical properties of polylactide-based composites filled with 10 wt% of linseed cake
(a by-product of mechanical oil extraction from linseed) were evaluated at room temperature and at
—40 °C by means of dynamic mechanical analysis (DMA), Charpy’s impact strength test and uniaxial
tensile test. It was found that the effect of plasticization provided by the oil contained in the filler
at room temperature is significantly reduced in sub-zero conditions due to solidification of the oil
around —18 °C, as it was shown by differential scanning calorimetry (DSC) and DMA, but the overall
mechanical performance of the polylactide-based composites was sufficient to enable their use in
low-temperature applications.

Keywords: polylactide; waste filler; mechanical properties; sub-zero properties

1. Introduction

Polylactide or poly(lactic acid) (PLA) is an aliphatic polyester that can be synthesized from
renewable sources, including corn starch [1-3]. Due to its relatively good availability and satisfactory
mechanical properties, it is a common choice when an eco-friendly alternative to conventional
polymeric materials is needed [4,5]. PLA can be processed using various technologies, including
injection molding [3,6-8], extrusion [2,7,9] or fused deposition modeling 3D printing [10-13], and its
properties can be tuned by different modifiers such as plasticizers [14-17], chain extenders [18] or
nucleating agents [19-21]. Therefore, it can be successfully used in many applications, including
the automotive industry, production of packages and disposable goods, or even special medical
products [1,3,22-24]. Research works published in recent years, as well as industrial implementations,
also indicate that polylactide can also be used as a matrix of composites. Even though conventional
fillers such as glass fiber can be successfully embedded in PLA matrix [25], environmentally friendly
fillers are the most common choice, as they allow us to obtain a fully bio-based biodegradable
material. Numerous examples of polylactide-based composites reinforced with sisal fibers [26,27],
flax fibers [28-31], wood [23,32] or hemp [33] can be found in the literature, but an even more sustainable
solution is the application of the so-called waste fillers, i.e., the by-products mainly from agriculture or
food industry such as nutshells, husks, seeds, waste fibers [9,34-38] and more. The application of waste
fillers is not only in line with the idea of Circular Economy [5,39], but oftentimes improves different
properties of the resulting composites [40,41]. In our previous works, we have shown that addition of
linseed cake (i.e., the by-product of oil extraction from linseed or flax, Linum usitatissimum L.) to PLA
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causes an increase in crystallinity and elongation at break of the composites, which is attributed to the
plasticizing effect of linseed oil contained by the filler [42,43]. It can be concluded that polylactide and
its composites are a versatile group of environmentally friendly materials, which can be successfully
used for different applications. According to the 2020 report by European Bioplastics, PLA makes up
for 13.9% of 2.11 million tons of globally produced bioplastics and its production capacity is expected to
grow significantly in the next years [44]. Therefore, a comprehensive analysis of polylactide properties
is needed to fully benefit on its large-scale applications.

Like any other material, PLA has its disadvantages, such as brittleness and low crystallization
rate [21]. However, from the application point of view, its thermomechanical stability at elevated
temperatures is usually the main concern. Different strategies can be implemented to increase the
thermomechanical stability of PLA, including the addition of mineral fillers [45,46] or application of
nucleating agents [21,47]. A less researched area is the behavior of polylactide and its composites
at sub-zero conditions. This situation is understandable as the glass transition temperature of PLA
is around 50-80 °C [1] and its properties in the glassy state are considered stable. Nevertheless,
as Kuciel et al. showed in their paper, the mechanical properties of polylactide-based composites
change in sub-zero conditions [32]—a significant increase in tensile strength was denoted at —24 °C in
comparison with its +24 °C value. It also needs to be realized that the addition of fillers or modifying
agents to PLA can significantly alter its low-temperature behavior. The additives can significantly
decrease the glass transition temperature of the matrix polymer or, in some cases, freeze or solidify in
low temperatures [48]. The waste fillers, such as seed cake, can be very susceptible to the temperature
changes due to the presence of the natural oil, which solidifies below 0 °C [49,50].

Even though room temperature properties are crucial in most applications, the sub-zero behavior
of a material is also important, especially in the case of e.g., packages for frozen foods and other
goods stored in low temperatures as well as outdoor applications in winter in colder climates.
The temperature-induced embrittlement can result in a failure of a part, therefore the need for
evaluation of the sub-zero behavior of materials is reasonable from both scientific and economic points
of view.

The aim of this paper is a comprehensive analysis of sub-zero behavior of polylactide-based
composites filled with linseed cake (LC). The dynamic and quasi-static mechanical properties of
the composites with different LC grades were determined at room and sub-zero conditions and
analyzed in relation to the phase transitions of the natural oil contained by the filler to describe the low
temperature-induced changes of the material properties and to identify their causes. The temperature
of —40 °C was chosen for the analysis, as it is slightly below the lowest temperatures denoted in Poland
in last years, which is =35 °C [51]. Therefore, the paper will help to evaluate the performance of
PLA-based composites in outdoor applications in Eastern European climate.

2. Materials and Methods

2.1. Materials

A multipurpose grade of polylactide Ingeo 2500 HP by Natureworks (Minnetonka, MN, USA),
with Melt Flow Index of 8 g/10 min (210 °C, 2.16 kg), a density of 1.24 g/cm3 and d-isomer content
<0.5%, was used as the matrix of the composites.

Linseed cake (LC) was obtained from a local Polish supplier (Laboratorium Biooil, Zielona Géra, Poland).
To evaluate the influence of oil content on the composite’s properties, the LC was partially defatted to
obtain 5 grades with 0.9, 4.6, 17.7, 30.4 and 39.8 wt% of natural oil, respectively. The defatting procedure
consisted of mechanical mixing of the linseed cake with acetone, filtration and drying. The fillers were
then screened through a 630 pm sieve. A more comprehensive description of the preparation of linseed
cake with various oil content can be found in our previous study [43]. The natural oil extracted from
linseed cake was also examined after removing the acetone by evaporation.
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2.2. Sample Preparation

Composite samples with filler content fixed to 10 wt% were produces using a melt blending method
and specimens for evaluation of mechanical properties were injection molded. First, the components
were preliminarily mixed and dried overnight at 70 °C in a cabinet drier (Memmert, Schwabach,
Germany). They were blended in a molten state using a Zamak EHD 16.2 co-rotating twin-screw
extruder (Zamak Mercator, Skawina, Poland) operating at 120 rpm and 190 °C. The pelletized
composites were dried as before and injection molded in a Battenfeld PLUS-35 machine (Heilbronn,
Germany) with the following parameters: injection temperature of 210 °C, mold temperature of 50 °C,
the injection pressure of 72 MPa. Pure PLA was processed along with its composites. The samples
were named in reference to the used LC grade (for example, sample LC17.7 contains 10 wt% of linseed
cake containing 17.7 wt% of natural oil). A detailed description of the linseed cake preparation and
manufacturing of the composites can be found in our previous paper [43].

2.3. Methods

To evaluate the solidification of the oil extracted from the filler, its viscosity was evaluated using
an oscillatory rotational rheometer Anton Paar MCR 301 (Anton Paar, Graz, Austria) in a 25 mm
cone-plate configuration. The measurements were carried out in the temperature range from 30 to
-80 °C with a cooling rate of 1 °C/min. A strain of 0.5% and a frequency of 10 Hz were applied.

The thermal properties of the linseed oil were analyzed by means of differential scanning
calorimetry (DSC) using a Neztsch DSC 204 F1 apparatus (Netzsch, Selb, Germany). A sample of 10 mg
was placed in a standard aluminum crucible (Netzsch, Selb, Germany) with pierced lid and cooled
from 25 to =50 °C. It was held at —50 °C for 10 min and then heated to 200 °C. After that, the oil was
cooled back to —50 °C. The measurements were performed with a heating/cooling rate of 10 °C/min in
a Nitrogen atmosphere with a flow rate of 20 mL/min.

The dynamic mechanical properties of the composites and the pure PLA were assessed by Dynamic
Mechanical Analysis (DMA, Anton Paar, Graz, Austria) in the oscillatory mode using an Anton Paar
MCR 301 apparatus. The strain was fixed to 0.01% and the frequency was 1 Hz. The measurements
were conducted in the temperature range from —80 to 25 °C.

The impact strength of notched samples was determined by Charpy’s method for two temperatures:
—40 and 25 °C using a Ceast 9050 tester equipped with a 5 ] pendulum. At least 5 samples of each type
were tested. The differences between the mean values obtained by the composites tested in different
conditions were evaluated by a one-way analysis of variance method (o« = 0.05).

The tensile strength of the composites and pure PLA was evaluated in quasi-static conditions at 25
and —40 °C using a Zwick/Roell Z020 universal testing machine (Kennesaw, GA, USA). The crosshead
speed was 2 mm/min during the tensile modulus evaluation and 50 mm/min during the remaining
part of the test. At least 6 samples of each kind were tested. The differences between the mean values
measured in different conditions were evaluated by one-way analysis of variance method (& = 0.05).

Brittleness B of the samples was evaluated according to the Equation (1) proposed by
Brostow et al. [52], based on the results of the tensile test and DMA.

1

B =
eG

1)

where: e—elongation at break determined in the quasi-static tensile test, G'—storage modulus
evaluated by means of DMA.

3. Results

3.1. Linseed Oil Evaluation

The changes of complex viscosity of linseed oil extracted from the filler in the function of
temperature, as well as the DSC curve registered during cooling of the oil, are presented in Figure 1.
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The DSC thermogram shows two overlapping peaks at =16 °C and —29 °C. They indicate solidification
(crystallization) of the vegetable oil [49]. The presence of the multiple crystallization peaks is typical for
vegetable oil, which usually shows polymorphism and can create a hexagonal o form, an orthorhombic
perpendicular B’ structure and a triclinic parallel 3 polymorph, each of them characterized with a
different level of stability [50,53]. The crystalline form of the oil depends on solidification conditions
as well as the amount of saturated and unsaturated fatty acids of different length [50]. The phase
transition of natural oil is also shown by the changes in the complex viscosity, as presented in Figure 1.
The n* value at room temperature is about 0.1 Pa-s, which is typical for vegetable oil [54]. Cooling
to 0 °C results in only a slight increase in viscosity, which results from less intensive movements
of the molecules [54]. After that, a drastic increase in complex viscosity takes place, which can be
identified as the solidification of the oil. The highest rate of the change takes place in the temperature
range of —11 to —17 °C, which overlaps with the slope of the crystallization peak recorded during the
DSC measurements. According to the literature, linseed oil solidification takes place around —18 °C,
which is consistent with the result of our experiment [55]. After that, the n* value stabilizes around
40 Pa-s and then increases again, which may result from the phase transition. The complex viscosity of
linseed oil at —40 °C is 1640 Pa-s, which is 4 orders of magnitude higher than at room temperature.
Based on those results, it can be predicted that the influence of linseed oil on the linseed cake-filled
composites may be different in the room and sub-zero temperature ranges.
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Figure 1. Changes of complex viscosity and the run of DSC curve for the linseed oil.
3.2. Evaluation of Polymeric Composites

3.2.1. Dynamic Mechanical Analysis

The run of the loss modulus of the linseed oil registered during the rheological measurements is
shown in Figure 2a. The runs of storage and loss moduli (G’ and G”, respectively) evaluated by DMA
for the composite samples and the pure PLA vs. temperature are shown in Figure 2b,c. The run of the
damping factor tand as a function of temperature evaluated by DMA for the composite samples is
shown in Figure 2d.
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Figure 2. Changes of (a) storage and loss moduli of the linseed oil, determined by oscillatory rheology,
(b) loss modulus of the polymeric samples (c) storage modulus and (d) damping factor of the polymeric
samples in function of temperature, determined by DMA.

When the value of G’ is higher than G” the elastic properties of the material dominate, and it
can be concluded that behaves as a viscoelastic solid. For G’ < G” the viscous behavior is prevalent,
and the sample can be considered a viscoelastic liquid. Therefore, the G’ = G” crossover points can be
associated with the phase transition of the oil [56]. As can be seen in Figure 1, below —26 °C linseed oil
is in its solid form and above —6 °C it is liquid. In the range from —26 to —6 °C, it can be presumed that
phase transitions between its polymorphs take place. The melting point of a fat-based substance can
also be determined if a sudden drop of complex modulus below 100 Pa takes place [57]. In the case of
linseed oil, this behavior takes place around —14 °C. Based on that information, it can be predicted that
the properties of the linseed oil-modified polymeric composites can change due to phase transitions
of the oil. The thermomechanical properties of the linseed cake-filled composites were evaluated by
DMA and the resulting curves of G’ and G’ vs. temperature are presented in Figure 2b,c.

The storage modulus of the PLA and PLA-based composite samples does not change notably in
the studied temperature range, but a steady decrease can be observed. The slope of the curve is steeper
in the case of the PLA-LC-30.4 and PLA-LC-39.8 composites, which indicates that they are more prone
to changes of properties in function of temperature. The oil-rich samples are also characterized by the
lowest G’ values, which can be associated with a lower amount of rigid lignocellulosic particles [58,59]
and the fact that the linseed oil is softer than PLA, even in its solid form. The analysis of G” vs.
temperature curve brings more insight into the thermomechanical properties of linseed cake-filled
composites. The pure PLA and the linseed cake-based composites show a similar behavior: the values
of G” decrease slowly in the function of temperature, which is a typical result for this polymer [60].
However, the changes in the loss modulus in the function of temperature are not the same for all
the studied polymers. The unfilled PLA and its composites containing up to 30.4 wt% of oil in the
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filler present a similar, steady decrease in G’, whereas the loss modulus of the PLA-LC-39.4 sample
remains stable up to —25 °C and then decreases rapidly. Interestingly, this sudden change of G’ takes
place in the same temperature range as the phase transition of the natural oil contained by the sample.
Therefore, it can be concluded that it is melting of the linseed oil contained by the filler, which causes a
distinct change in loss modulus of the composite. The decrease in the oil’s G” results in a lowering
of the composite’s loss modulus, which indicates that the influence of this modifying agent on the
PLA-based material is notable. The fact that the relaxation of the oil contained by the composite can be
identified in its G” plot in the same temperature range as in the case of the rheological measurements
indicates that PLA and linseed oil are not well miscible [61]. A similar result was denoted during
observations by scanning electron microscopy of the linseed cake-filled samples, as it is described in
our previous research [43].

Interestingly, the melting of the oil can be also observed on the tan 6 curve presented in Figure 2d.
In this case, a deviation from the linear shape of the damping factor plot can be also spotted for the
PLA-LC-30.4 composite. Nevertheless, due to small values of tan 4 in this temperature range, the signal
is noisy; therefore, it can be decided that the run of the G” curve is a more reliable indicator of oil
relaxation in the PLA-LC composites.

3.2.2. Impact Strength Evaluation

The mean values of impact strength evaluated in room temperature and at —40 °C along with
p-values obtained in one-way analysis of variance, indicating the presence of significant differences
between the dynamic mechanical properties of the samples tested in different conditions are collected in
Table 1. The impact strength of pure PLA measured at 25 °Cis about 2.4 kJ/m? and, due to the addition of
the low-fat linseed cake, it decreases (for the PLA-LC0.9 and PLA-LC4.6 samples) or remains at the same
level (in the case of PLA-LC17.7 and PLA-LC30.4 ones). This result is typical in the case of polymeric
composites containing low aspect ratio filler, whose particles act as points of stress concentration and
facilitate the propagation of cracks [62]. Similar behavior was denoted by Andrzejewski et al. in
the case of polycarbonate filled with biochar, whose Izod impact strength dropped from 650 J/m to
13 J/m [63]. However, the application of the oil-rich LC, such as LC39.8, causes an increase in impact
strength. This result can be attributed to the plasticizing effect of the natural oil, which promotes
the movements of macromolecules. Consequently, the material can deform during the impact and
dissipates more energy. It can be observed that the plasticizing effect of the natural oil compensates for
the decrease in impact strength due to the presence of rigid lignocellulosic particles.

Table 1. The impact strength of the samples tested at different temperatures.

Impilc(;/s;:fi“gth PLA  PLA-LC09 PLA-LC46 PLA-LC17.7 PLA-LC30.4 PLA-LC39.8
25°C 23802 183+03 217:04  234:04  242:04 312201
—40°C 22401 195:03 219£01 21801  263+03 235202
p-value 0.2617 0.6078 0.9448 0.4587 0.4115 0.0002

The decrease in the testing temperature to —40 °C causes a change in the impact strength for all the
tested materials, but no relationship between the low and room temperature values can be observed.
What is more, as indicated by the p-values > 0.05, the difference is statistically insignificant for all the
samples except for the PLA-LC39.8. In the case of the latter, the impact strength tested at —40 °C is
0.77 kJ/m? lower in comparison with the result of the room temperature measurement. This effect can
be explained by solidification of the natural oil, whose molecules lose the abilities to move and thus
promote the movements of PLA macromolecules. Even though the oil solidification of oil takes place
in all the linseed cake-modified samples, only in the case of PLA-LC39.8 its content is high enough to
cause a significant difference.
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3.2.3. Tensile Strength Evaluation

The changes of tensile modulus E, tensile strength Rm, elongation at break ¢ and brittleness B of
the samples evaluated in different conditions are presented in the function of oil content in the filler in
Figure 3. The difference between the corresponding samples of each kind tested at —40 °C and 25 °C
was statistically significant (p-values < 0.05).
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Figure 3. Tensile properties of the composites and pure PLA tested at different temperatures in function
of oil content in the fillers, (a) tensile modulus; (b) tensile strength; (c) elongation at break; (d) brittleness.
The values obtained for pure polylactide are indicated by the dashed line.

The tensile modulus of the unfilled PLA tested at room temperature is 2.26 GPa. The addition of
10% of the defatted linseed cake results in a small growth of the E value, but increasing the oil content
in the filler causes a steady decrease in Young’s modulus, which indicates the plasticizing effect of LC
on PLA. The PLA-LC39.8 sample shows the E value of about 1 GPa lower than the neat polylactide.
The decrease in the testing temperature to —40 °C results in a significant increase in the tensile modulus
for all the samples. Its value for pure PLA increases from 2.26 GPa to 2.60 GPa. This behavior is
common for the thermoplastic polymers and it can be explained by a decrease in the distance between
the molecules and a resulting increase in the binding forces [64]. Even though the Young’s modulus
of the composite samples tested at —40 °C is different from the one of the unfilled polymer, only in
the case of the sample with the highest oil content, the difference is statistically significant (p < 0.05).
Therefore, the plasticizing effect of linseed cake is notably reduced. This behavior can be attributed to
the solidification of the oil (as shown by the rheological measurements), which can no longer facilitate
the movements of the macromolecules. This unwanted effect of solidification is, in fact, a common
problem among the plasticizers [48]. Nevertheless, the composite containing the highest content of
linseed oil presents a significantly lower E value. This behavior is presumably due to a replacement of
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a part of the rigid polymer with considerably softer solidified linseed oil. It also needs to be noticed
that a similar situation was observed in the case of the storage modulus of the PLA and PLA-LC-39.8
samples tested at —40 °C.

The tensile strength of the pure PLA at room temperature is 74.3 MPa, which is a common value for
this polymer [1]. The linseed cake-filled composites show considerably lower Rm values, which decrease
with the linseed oil content. Thisis typical to polylactide plasticized with non-epoxidized oils, whichlack
epoxy groups capable of reacting with the polymeric chains [26]. What is more, the linseed o0il does
not mix well with PLA, creating separate domains [43], so the limited interactions of the matrix and
the plasticizer also reduce the tensile strength of the composite [65,66]. The tensile strength of PLA
tested at —40 °C is 110 MPa. Similarly to the increase in Young’s modulus, the enhancement of Rm at
sub-zero temperatures can be explained by the intensification of the interactions between the polymeric
chains, which come into close proximity with one another [67]. The composites show tensile strength
—40 °C lower than the pure polymer but still higher in comparison to the results achieved at room
temperature. No clear relationship between the Rm and oil content can be distinguished, which can
indicate that oil solidification improves its interactions with PLA, presumably due to the differences
in thermal expansion coefficients and mechanical interlocking of the solidified oil particles and the
polymeric matrix. Therefore, the tensile strength of the composites is mostly influenced by the filler
dispersion and structural flaws such as porosities created in the injection molding process.

The changes of elongation at the break due to the addition of oil-rich linseed cake were considered
one of the main arguments to support the hypothesis of the plasticizing influence of this filler in our
previous research [42], therefore its change should be observed due to oil solidification. The results of
the tensile test confirm this prediction. At room temperature pure PLA shows ¢ of 8%. The addition of
the defatted linseed cake causes a decrease in elongation to about 4.5-5.0%, which is a typical effect
of lignocellulosic particle-like filler. When the oil content in the filler exceeds 30%, the ¢ increases
to 45%. The linseed oil acts as an internal lubricant for PLA and enables it to deform before fracture.
Completely different behavior can be observed in the case of the LC-filled composites tested at —40 °C.
The values of elongation at break of the pure PLA and its composites are lower in comparison to
the room temperature results. This result is typical for thermoplastic composites and it is commonly
explained by reduced molecular mobility of the polymer at low temperatures [67]. What is more
interesting, the elongation at break of the composites no longer depends on the oil content in the
filler—the ¢ value of the PLA-LC-39.8 sample decreases from 45% at 24 °C to 4.8% at —40 °C. Therefore,
the reduction of the plasticizing effect of the linseed cake not only influences the tensile modulus and
tensile strength of the composites but, even more notably, their elongation at break.

Brittleness, as proposed by Brostow et al., depends on both dynamic (storage modulus) and
quasi-static mechanical (elongation at break) properties of a material [52,68]. The higher its value,
the more brittle (i.e., less ductile, more prone to cracking) is a material. The PLA-based composites
tested at room temperature initially show higher brittleness, but its values decrease with oil content,
proving its plasticizing influence. In the case of the sub-zero measurements, the values denoted for
the composites containing the defatted linseed cake are almost the same as in the case of the room
temperature testing. The difference gets more and more visible as the oil content increases—the
brittleness of the oil-rich samples does not decrease as the solid oil does not have the same modifying
properties as the liquid one.

4. Conclusions

Both the sub-zero and room temperature mechanical properties of polylactide and its composites
filled with linseed cake were tested. It was found that tensile modulus and tensile strength of the
studied materials notably increase in low temperatures—the E values changed from 1.65-2.43 GPa at
25 °C to 2.42-2.63 GPa at —40 °C. This growth was associated with intensification of the interactions of
the macromolecules at low temperatures. The impact strength of the PLA and most of its LC-filled
composites did not change significantly except for the PLA-LC39.8 sample, whose impact strength
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decreased significantly. Even though all the studied materials showed lower elongation values at
—40 °C than at room temperature, the decrease was especially notable for the composites with the
highest oil content. This behavior was attributed to the solidification of the linseed oil around 18 °C,
as it was shown in by DSC and DMA. It was found that even though the plasticizing effect of linseed
oil is highly reduced due to its phase transition, the LC-filled polylactide composites present good
mechanical properties at —40 °C and therefore can be successfully used in sub-zero applications,
especially if strength and rigidity are needed.
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Abstract: In recent years, natural-based polymeric composites have gained the attention of researchers
and the industry due to their low environmental impact and good applicational properties. A
promising example of these materials is polylactide-based composites filled with linseed cake. Even
though they can be characterized by reduced brittleness and enhanced crystallization rate, their
applicational potential cannot be fully evaluated without knowing their tribological properties. This
paper is aimed to analyze the influence of the oil contained by the filler on the mechanical and
frictional properties of polylactide-based composites. Specimens of unfilled polylactide and its
composites containing 10 wt % of linseed cake with different oil content were prepared by injection
molding. Their microhardness was measured by the Vickers method. The softening temperature
was determined by the Vicat method. The scratch resistance of the samples was tested with the
loading of 10, 20 and 40 N. The coefficient of friction was evaluated by the pin-on-plate method, using
CoCrMo alloy as the counter surface. It was found that the oil content in the filler does not directly
influence the mechanical and tribological properties, but the composite samples present comparable
hardness and lower coefficient of friction than the unfilled polymer, so they can be a good eco-friendly
alternative to the unfilled polylactide when the frictional properties are an important factor.

Keywords: polylactide; composite; tribology; waste filler; linseed oil

1. Introduction

Polylactide or poly(lactic acid) (PLA) is an aliphatic polyester synthesized from re-
newable resources, which can be subjected to biodegradation in industrial composting
conditions [1]. Even though the procedure of its synthesis was developed by Carothers
et al. in 1932 and patented by Du Pont in 1954, its high-scale production started in the
1990s [2]. The researchers, manufacturers, and consumers alike have appreciated PLA for
its relative environmental friendliness [3], good mechanical properties [4], processability [5],
and various modification possibilities [6]; therefore, its market has been dynamically ex-
panding. Polylactide can replace conventional, petroleum-based plastics in the production
of consumer goods and be used in special medical applications, e.g., tissue engineer-
ing [4]. PLA-based filaments are also widely utilized in industrial or home fused deposition
modeling (FDM) 3D printing [7]. As polylactide in its unfilled and unmodified form is
characterized by low crystallinity and crystallization rate [8], low thermal stability [9],
and brittleness [10], various fillers or modifying agents are commonly used to improve its
properties and widen the application possibilities [11]. Additives of almost all types, from
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nanometric particles [12] to micrometric fibers [13], from functionalized compounds syn-
thesized for special applications [14] to barely processed plant-based components [15] have
been successfully applied in PLA, as it is reported in numerous scientific papers. However,
from the environmental point of view, the most beneficial procedure is the utilization of the
so-called waste fillers, mainly the by-products from different branches of industry such as
agriculture or food production [16].

Linseed cake (LC) is the residue obtained during the extraction of natural oil from flax
seeds (Linum usitatissimum L.), which contains lignin, holocellulose, saccharides, proteins,
and up to 40 wt % of the natural oil [17]. As a result of the presence of various components
such as rigid lignocellulosic particles and the oil fraction, LC is an effective filler for PLA.
As it was shown in our previous studies, the linseed oil contained in this waste filler has
the most significant impact on the properties of the resulting composites, improving the
crystallization rate [18], reducing the brittleness of the material [19], and changing its
sub-zero mechanical properties [20]. The LC-filled polylactide composites are complex
multiphase materials that are gaining ground in scientific research and potential high-
quality polymeric composites, which can be used in various industrial applications, but
the tribological properties such as friction, wear, and hardness of the composites modified
with linseed cake is still an obscure area. The scope of research is even more interesting
and necessary to verify experimentally, considering the potential impact of the increased
content of oil migrating from the filler. Considering that friction and wear cause severe
annual financial losses in the industry [21], this topic needs further research.

Friction is a force that opposes the movement of two bodies sliding against each
other. It results from various phenomena in the contact objects” surface layers, such as
their adhesion and deformation [22]. As a result of their viscoelastic nature, the tribological
properties of polymers are sensitive to the conditions such as sliding speed, load, external
temperature, and testing time [23]. Therefore, there can be discrepancies between the
results obtained in different studies, but some general ideas about the wear and friction
of polylactide can be found in the literature. As revealed from the literature research, the
coefficient of friction of unmodified PLA was studied for the first time by Rafael Auras
in 2004, who determined its value at 0.32-0.37 [24]. The first widely available study of
the tribological properties of polylactide-based composites was published nine years later
by Bajpai, Singh, and Madaan [25]. They found that the coefficient of friction depends
on the testing conditions (such as the applied load and sliding speed) as well as the
interactions between the matrix and the filler. The majority of the most current studies
about the tribological performance of PLA-based materials focus on the FDM-printed
specimens [26]. The polylactide composites containing natural waste fillers remain a
mostly obscure area, which needs research. The tribology of linseed cake-filled PLA is
an especially interesting subject because of the presence of natural oil. As it was found
by Quinchia et al., different vegetable oils can serve as lubricants in a wide range of
conditions [27]. As Myshkin, Grigoriev, and Kavaliova found out, linseed oil presents even
better tribological characteristics than a base mineral oil [28]. The advantageous tribological
properties of different plant oils modified with boric acid were also shown by Trzepieciriski
in their paper [29]. To summarize, while the mechanisms of the influence of various
types of natural oils on the tribological properties of polymers have been considered
before [14,28,29], no description of the influence of complex modification phenomena
induced by the incorporation of fillers with high oil content on tribological properties
of thermoplastic composites has been reported so far. In this case, the influence of oil
on changes in the wear of composite samples will result from both polymeric structural
changes caused by the presence of lignocellulosic filler and the effects of oil migration.
Based on the previously conducted research [30], a question should be asked as to whether
the increasing share of oil in the fillers will allow classifying composites modified with
natural waste from the food industry as functional fillers showing a beneficial effect on
tribological properties.
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The research results have shown the compatibility of various natural oils, including
linseed oil, with the polylactide matrix [30]. The oil was established in the interphase in the
form of micro-scale domains and at the level of macromolecular dispersion; however, there
was no effect of oil exudation from polymer samples. Therefore, it can be hypothesized
that the natural linseed oil contained by the waste filler could act as an internal lubricant
and improve the frictional characteristics of PLA, leading to obtaining self-lubricating
sustainable composites. This paper aims to analyze the influence of the oil content in the
linseed cake on the tribological properties of PLA-based composites, including coefficient
of friction, microhardness, scratch resistance, and wear.

2. Materials and Methods
2.1. Materials

Linseed cake was purchased from a local supplier and fractioned using an Analysette
sieve shaker (Fritsch, Weimar, Germany) equipped with a 630 um mesh. To investigate
the influence of linseed oil on the tribological properties of the composites, the filler was
subjected to partial defatting in acetone. As a result of the procedure described in our
previous study [19], 5 grades of linseed cake with 0.9, 4.6, 17.7, 30.4 and 39.8 wt % of natural
oil were obtained and used to produce the composites.

A multipurpose PLA grade Ingeo 2500HP (Natureworks, Minnetonka, MN, USA)
characterized by a density of 1.24 g/cm? and melt flow index of 8 g/10 min (210 °C, 2.16 kg)
was chosen as the matrix of the composites.

2.2. Composite Preparation

The filler and the polymer were dried at 70 °C overnight in a laboratory cabinet drier
before each processing step. The samples containing 10 wt % of the filler were obtained by
the melt mixing method using a Zamak EHD 16.2 co-rotating twin-screw extruder (Zamak,
Skawina, Poland) with processing parameters of 100 rpm screw rotational speed and
maximum temperature set of 190 °C. After mixing in a molten state, the extrudates were
pelletized and formed by injection molding using a Battenfeld PLUS-35 machine (Battenfeld,
Kottingbrunn, Austria). The injection temperature of 210 °C, the mold temperature of 50 °C,
and the injection pressure of 72 MPa were applied. The specimens of unfilled PLA were
prepared in the same way as the composites. A more detailed description of the samples’
extrusion and injection molding can also be found in our previous paper [19]. The samples
were named in reference to the oil content in the filler, e.g., the name PLA-LC4.6 indicates
the polylactide-based composite filled with 10 wt % of the linseed cake containing 4.6 wt %
of linseed oil.

Pretreatment of the Samples for the Frictional Measurements

The injection-molded polymeric samples were cut into 9 mm rectangles and polished
by hand with 2000 grid sandpapet, so the resulting surface roughness Ra was approximately
0.5 um. To mount them in the testing machine, a dedicated resin fixture had to be prepared.
The samples were placed in silicone molds and filled with a 100:28 mixture of the Epidian
CHS-EPODUR 574-0512 A epoxy resin with the CHSE 574-0512 B hardener (Ciech, Nowa
Sarzyna, Poland). The specimens were cured for 48 h at room temperature and then post-
cured at 80 °C for 4 h. Prior to the measurement, the tested surface was cleaned with
ethanol. The specimen used in the test is schematically shown in Figure 1.
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sample fixture

countersample sample

Figure 1. Friction test setup—a composite sample in the resin fixture which was needed to mount it
in the apparatus.

2.3. Methods
2.3.1. Microhardness

Microhardness of PLA and its composites was tested by the Vickers method using the
Micromet II tester (Buehler, Uzwil, Switzerland). The load time was set to 15 s. The test
load of 50 g was applied. The mean value and the standard deviation for each material
were calculated from at least 8 separate measurements.

2.3.2. Vicat Softening Temperature

The Vicat softening temperature (VST) of the studied materials was determined ac-
cording to the ISO 306 standard using an HDT/Vicat testing apparatus RV300C (Testlab,
Warsaw, Poland). A loading of 10 N and heating rate of 120 °C/h were applied.

2.3.3. Scratch Resistance

The scratch resistance of the samples was evaluated using a Line Art 249 hardness
tester (Erichsen, Hemer, Germany) equipped with a tip of 0.6 mm. During the test, the
speed of the tip was set to 35 mm/s. Samples of each kind were tested with the load of 10N,
20 N and 40 N. The scratch width was measured using the optical microscope SMZ-143
(Motic, Hong Kong) and the Images Plus 2.0 software (Motic, Hong Kong). The scratches
created under the 10 N loading and, in the case of unmodified PLA, 20 N loading were
blackened with a marker pen to make them more visible. The mean scratch width and
standard deviation were calculated for each test based on 15 individual measurements.

2.3.4. Scanning Electron Microscopy

The scanning electron microscope (SEM) Tescan MIRA3 (Tescan, Brno, Czech Republic)
was used to assess the surface after tribological evaluation of the PLA and its composites.
The worn surfaces of the tested samples were assessed with an accelerating voltage of 12 kV
and a working distance 16 mm. The thin carbon coating with a thickness of approximately
20 nm was deposited on samples using the Jeol JEE 4B vacuum evaporator.

2.3.5. Coefficient of Friction

Measurements of the coefficient of friction were performed in a pin-on-plate config-
uration using a T-17 apparatus manufactured by Institute for Sustainable Technologies—
National Research Institute (Radom, Poland). A disc of a CoCrMo alloy characterized by
surface roughness Ra of 0.01 um was used as the counter surface during the test. It was
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chosen because of its corrosion resistance, so it does not react with the polymeric samples,
and the results obtained for the composites with different fillers could be compared.

At least three separate measurements were performed for each material. Averaged and
smoothed curves of coefficient of friction vs. time were prepared using Origin software.

The measurements were conducted in the following conditions: amplitude of the
reciprocating movement: 6 mm, frequency of 10 Hz, a load (F,) of 10 N, and testing time
of 4 h. The friction force T was recorded during the test as a function of time, and the
coefficient of friction y was calculated according to Formula (1):

=g M)

The worn surfaces were observed using an Opta Tech SK stereoscopic microscope
equipped with RT 16 Mpx digital camera (Opta Tech, Warsaw, Poland).

The specific wear rate W; of the samples subjected to the friction test was calculated
according to Formula (2)

AV
= 2
s F,-D @

where AV—the volume difference (mass loss/sample density) (mm?), F,—load, F, =10 N,
D—sliding distance, D = 432 m.

3. Results
3.1. Characteristics of the Materials

The most important mechanical, thermal, and thermomechanical properties of PLA
and linseed-cake composites are collected in Table 1. It can be observed that the addition
of the oil-rich filler to polylactide makes the composites less stiff, more prone to plastic
deformation, and resistant to impact fracture. The LC-filled samples also undergo glass
transition at a lower temperature and achieve a higher degree of crystallinity in comparison
to the unmodified polymer. These results can be explained by the plasticizing influence of
the oil contained in the filler, which enhances movement possibilities of macromolecules,
facilitating the relaxation and the formation of the crystalline phase during cooling from
the melt. The presence of the plasticizing filler prevents brittle fractures during quasi-static
and dynamic loading. A much more in-depth analysis of the influence of the oil contained
by linseed cake on mechanical, thermal, thermomechanical, and structural properties of
polylactide-based composites can be found in our previous studies [18,19,31].

Table 1. Mechanical, thermal, and thermomechanical properties of PLA-based composites.

Property PLA PLA-LC0.9 PLA-LC4.6 PLA-LC17.7  PLA-LC30.4 PLA-LC39.8
Tensile strength [MPa] ! 74.3 + 0.39 59.4 + 0.18 56.5 + 2.43 537 + 0.64 464 +0.87 36.7 +£0.22
Tensile modulus [MPa] ! 2270 -+ 400 2430 + 65 2270 + 88 2160 + 102 1890 + 44 1650 == 90
Elongation at break [%] ! 8.0 + 1.80 454021 444037 49 +027 16.0 + 6.0 45.0 £ 54
Impact strength [k]/m?] 2 2.38 +0.20 1.83 +0.30 217 + 0.40 2.34 + 0.40 2.42 +0.40 3.12 £ 0.10
Glass transition [°C] ! 70.2 69.6 68.2 682 67.8 67.4
Crystallinity [%] ! 325 402 409 437 57.6 65.2

1 Measurement conditions and an in-depth interpretation of the results can be found in our previous paper [19].
2 Measurement conditions and an in-depth interpretation of the results can be found in our previous paper [20].

3.2. Microhardness

The Vickers microhardness of PLA and linseed cake-modified composites is presented
in Figure 2a. The unfilled polylactide can be characterized by a microhardness of about
20.6 HV, which is a commonly observed value [32]. The composite samples present slightly
lower values in the range of 19.2-20.3 HV. There is no clear relationship between the speci-
men’s composition and its microhardness—the lowest value was measured for PLA-LC4.6
and the highest (except for the unmodified PLA) was measured for the PLA-LC17.7. This
behavior is understandable, as the microhardness of a composite material results from



Materials 2022, 15, 1237

6 of 16

multiple factors such as the mechanical properties of the phases [33], the presence of plasti-
cizers [34], the crystallinity of the polymeric matrix, and the interactions of the filler and the
polymer [35]. The slight decrease in the microhardness can be attributed to the presence
of lignocellulosic particles, which are softer than PLA [33], and to the influence of the
linseed oil, which has a plasticizing effect on the polymeric matrix [36]. On the other hand,
the presence of the natural oil simultaneously improves PLA’s ability to crystallize [18],
which should increase the hardness of the material. As multiple factors influence the micro-
hardness of the material, which counteract each other, the final value remains comparable.
Similar results were reported by Agitiero et al. in the case of PLA modified by flaxseed
flour and modified linseed oil—the hardness of the composites also remained constant,
regardless of their content [37].
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Considering the possible occurrence of thermal effects induced by friction during
the tribological measurements [38], it is essential to evaluate the changes in the softening
temperature of the various composite materials in order to exclude the risk of not taking
into account additional factors on measured data. The Vicat softening temperature (VST)
allows evaluating the thermomechanical properties of a materials” surface, as it depends on
both the hardness and the glass transition. Its values obtained for PLA and the composites
are presented in Figure 2b. Unfilled polylactide softens at about 66.6 °C, which is associated
with this glass transition taking place around this temperature [39]. The addition of linseed
cake causes a decrease in the VST, which is especially notable in the case of the PLA-LC39.8
sample. As the addition of the rigid plant-originated fillers such as buckwheat husk or
wood usually causes an increase in the VST values [9,10], this result should be connected
as an effect of the linseed oil present in the filler. As shown by Balart et al., the addition of
epoxidized linseed oil caused a decrease in the polylactide’s softening temperature, which
was attributed to the plasticizing effect of the additive [36]. Similar results were reported
in the case of PLA plasticized by octyl epoxy stearate [40]. The described differences
between the unfilled polymer and its composites are less pronounced than in the cases
described in the cited literature, which can be attributed to the stiffening effect of the
rigid lignocellulosic fraction, which limits the softening effect of the oil. Based on the VTS
and microhardness analysis, it can be stated that the oil contained by the filler acts as a
plasticizer and facilitates the movement of the polylactide macromolecules, but its influence
is much more pronounced at elevated temperatures.

3.3. Scratch Test

The optical microscope images of the scratches are shown in Figure 3. Their mean
width is presented in Figure 4. The damage resulting from the scratch test procedure can
be typically ascribed to one of three stages: invisible damage (smooth indentation) under
the lowest loading (Stage I), groove formation under the intermediate loading (Stage II),
and finally, material removal (plowing) under the highest loading (Stage III) [41]. As it
can be seen in Figure 3, under the load of 10 N, all the studied materials present Stage I
damage, which is indicated by smooth, shallow indentation. Its width is in the range of
156-163 um, and similar values were recorded for PLA and its composites with different
filler content. It can be presumed that in this stage, the deformation only occurs in the
outermost layer of the sample, which in the composite samples mainly consists of the
matrix material [42], so the presence of the additives does not influence the resulting
scratch. Different behavior can be observed under the loading of 20 N—the visibly more
pronounced grooves shown in Figure 3 can be ascribed to Stage II, which indicates plastic
deformation of the material. The width of the scratch created on unfilled PLA is 275 pm
and 249-257 um for the composite samples. The thinnest grooves (249 and 250 um) can be
observed on the surfaces of the specimens containing up to 17.7 wt % of the linseed oil. For
the oil-rich samples, the scratches are slightly wider. It can be assumed that the presence
of the defatted linseed cake particles limits the movement possibilities of the polymeric
chains, so the composites are more resistant to plastic deformation during scratching.
However, in the case of the materials containing a considerable amount of linseed oil
with the plasticizing ability, the polymeric matrix can deform more easily because of the
enhanced mobility of the macromolecules. The potential for oil domains to accumulate
in the polymerfiller interface for the fillers with the highest oil concentration should
also be considered [30]. This phenomenon can cause a reduction in adhesion between
the filler and the polymer, which will result in additional pull-out effects in the contact
area. Simultaneously, the presence of the natural oil causes an increase in the material
crystallinity [18], which improves the scratch resistance of the polymeric material [41]. As
an effect of the two phenomena, the PLA-LC30.4 and PLA-LC39.8 specimens present better
resistance to Stage II scratch than the unfilled polylactide but not as good as the composites
containing the partially defatted filler.
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The differences in the scratch resistance of the studied materials are lower when
the 40 N load is applied. The Stage III damage, which is material removal caused by
the excessive tangential force [43], can be observed both for PLA and its composites.
The naked eye can see the uneven scratches and can be characterized by a width of
372-459 pm. Unlike in the 20 N loading case, the thinnest scratch was measured for
the unfilled PLA, and the widest was measured for the PLA-LCO0.9 sample, whereas the
remaining composite samples present the scratch width of 416438 um independently of
their composition. This divergence can be explained by a different damage mechanism—
in Stage III, the continuity of the material needs to be broken. The material removal is
easier in the multiphase samples when the adhesion between the filler and the matrix
is insufficient. Therefore, the scratch width increases in the composites containing the
hydrophobic polylactide [44] and hydrophilic linseed cake [45]. It can be concluded that
the scratch resistance of the linseed cake-filled PLA composites depends on the loading and
the addition of the oil-rich waste filler. The effect is most advantageous when the material
is subjected to intermediate loading—in Stage I mode, the depth of the scratch is so small
that it only affects the outermost polymeric layer of the sample and in Stage III, plowing
of the material is easier because of the low affinity between the phases. However, in the
plastic deformation conditions, the filler limits the movement possibilities of the polymeric
chains, increasing the resistance of the composite. Even though the linseed oil acts as a
plasticizer in PLA, which could make the material more susceptible to Stage II damage, it
also improves the crystallinity of the polymeric matrix, which counteracts the decrease in
scratch resistance [41].

3.4. Coefficient of Friction

The changes of the coefficient of friction (1) during the pin-on-plate test are presented
for PLA and its composites in Figure 5. In the first stage of the test, the value of y increases
rapidly to a maximum. As it is generally known, the frictional force F depends on the real
contact area A, between the two bodies and the effective shear strength of contacts 7 in a
way described by Formula 3 [23]:

F=A 1. ®)

0.6

)
el
ke
G
=
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Q
% 0.2
3 —— PLA-LCO0.9
—— PLA-LC4.6
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Figure 5. The changes of the coefficient of friction of PLA and its composites during the test.
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During the run-in period, only the peaks of the asperities present on the surfaces of
the tribological pair come into contact, and the resulting real contact area is relatively small,
which results in low frictional force. When the asperities are sheared, the A, increases,
resulting in the rapid growth of the coefficient of friction. For the unfilled PLA, it takes
about 570 s (9.5 min) to reach a maximum p of 0.48. In the case of all the composite
samples apart from PLA-LCO0.9 (which, in this stage of the test, behaves similarly to the
unmodified polylactide), the value of the first peak of the coefficient of friction is in the
range of 0.32 to 0.37. This discrepancy can be explained by the lower shear strength of the
linseed oil-modified polymer. The asperities present in the surface of the samples are easier
to even out, which, according to Formula 3, results in lower shear strength.

During the tribological test performed in constant conditions such as sliding speed
and load, polymeric materials tend to achieve a steady state, when the value of the co-
efficient of friction oscillates around a constant value [23]. However, even in the case of
the unfilled polymer, the coefficient of friction fluctuates during the remaining part of
the test. Interestingly, the steady state is typically not achieved in published studies on
the tribological properties of polylactide-based materials [46]. For example, in the case of
3D-printed PLA, fluctuation of the coefficient of friction was explained by elastic recovery
of the material [47]. Hanon et al. connected this behavior to the slip-stick phenomenon or
transfer of the material on the counter sample [48]. Another possible factor is the softening
of PLA due to a local increase in temperature, which changes the type of contact between
the two bodies [49]. The latter explanation of the lack of the steady state observed in the
case of polylactide-based materials is especially interesting because of the complex ther-
mal properties of this polymer, which undergoes glass transition and cold crystallization
in a relatively small range of temperatures, and each of these changes can influence the
tribological performance of this polymer.

The linseed cake-filled samples also do not achieve the steady state under the testing
conditions, but their behavior is different: After the first maximum attributed to the run-in
period, the u value decreases visibly. For example, the PLA-LC0.9 shows a drop of the
coefficient of friction from 0.48 to 0.28, and PLA-LC39.8 shows a drop from 0.35 to 0.24. This
decrease can be attributed to the formation of the transfer film, which acts as a lubricating
agent [50]. It may be presumed that in the composite samples, because of their more
complex structure and lower shear strength, the transfer of the material to the counter
surface is easier, and the transfer film creation is more effective. What is more, the presence
of the filler is also known to facilitate the formation of the transfer film. The addition
of micro-sized fillers such as Ni or Al,O3 particles is known to result in the creation of
more uniform and thinner transfer film, which results in a reduction of wear [51]. Even
though the linseed cake particles are larger than most of the studied fillers intended for
tribological applications, they are also relatively softer (in comparison with metallic or
ceramic materials), so they do not cause excessive ploughing of the polymeric surface.
Moreover, as it was shown by the analysis of the Vicat softening temperature, the linseed
oil contained by the filler has a softening influence on polylactide. During the frictional
test, the sample’s surface is locally heated due to the dissipated energy. In these conditions,
the influence of the linseed oil is intensified, it reduces the intermolecular attraction forces
between the macromolecules of PLA [36], so they can create the transfer film more easily
and efficiently. During the remaining part of the test, after the decrease in the coefficient
of friction, the y rises again, but the increase is not steady. This complex behavior can be
explained by several simultaneous phenomena, such as destruction of the transfer film [51],
debonding of the filler particles from the polymeric matrix [52], deposition of the wear
products in the wear track [47], plowing of the polymeric surface by the metallic counter
surface [53], and also shearing of the asperities [54].

Analyzing the coefficient of friction of PLA and its composites, it can be seen that the y
value of the linseed cake-filled materials is almost in the entire course of the test lower than
in the case of the unmodified polymer. However, there is no direct relationship between the
filler’s oil content and the frictional properties—at the final stage of the test, the PLA-LC0.9
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and PLA-LC39.8 present almost the same values of y. Therefore, it can be concluded that
the natural oil present in the filler does not act as an internal lubricant in the measurement
conditions. Even though the linseed oil and polylactide miscibility is limited and the excess
of the oil creates droplet-like domains in the polymeric matrix [19], it does not leach out
of the composite material to the sample’s surface during the test. In fact, the performed
tribological test helped reveal useful information about the internal structure of the studied
composites: it was confirmed that the oil contained by the filler does not migrate to the
sample’s surface. What is more, the frictional properties of polymeric materials are strongly
linked to their mechanical properties, such as hardness [55]. As we have already shown in
the microhardness evaluation and scratch resistance analysis, there is no direct influence of
the linseed oil content on these parameters; therefore, the tribological properties of different
composites are also similar. Finally, the influence of the counter sample on the results of
the tribological measurements cannot be omitted. As it was shown by Menezes et al., the
coefficient of friction is controlled by the more rigid counter surface [53], and the ratio of
the hardness of different PLA-based composites and CoCrMo alloy is similar, regardless of
the type of the linseed cake. From the application point of view, it can be concluded that
the LC-filled composites show similar or even better tribological properties compared to
PLA, which is a beneficial result.

The microscopic images of the worn surfaces are shown in Figure 6. All the studied
specimens look similar: apart from scratches and grooves present on the entire worn
surface, smaller “polished” regions are visible in the middle of the samples, which are
marked with blue squares and magnified in Figure 6. Accumulated debris can be seen
next to the smooth regions, which indicates that the wear products polished them. It is
also possible that despite precise polishing of the samples before the test, the actual contact
area was smaller than the entire sample’s surface, which was presumably due to the plastic
deformation of the sample in the holder of the T-17 apparatus. The filler particles can be
easily seen on the worn surface in the composite samples, which are accompanied by cracks
on the filler-matrix interface. Debonding of several linseed cake particles also took place,
but most of them are still embedded in the polymeric matrix. As it can be seen in Figure 6,
the wear resistance of the PLA-based composites is not severely influenced by the addition
of linseed cake.

In order to evaluate the wear behavior of PLA and the composites made using oil-rich
filler, SEM images of their surfaces before and after the frictional testing were obtained and
presented in Figure 7. As it can be seen, all the samples prepared for the testing have a
similar appearance. They can be characterized by randomly distributed scratches resulting
from grinding the specimens with sandpaper. The worn surfaces of the studied materials
also reveal some standard features—the grooves and asperities resulting from the samples’
pretreatment are evened out. However, apart from the “polished” appearance, there are
noticeable differences between the PLA and its composites. The unfilled polymer subjected
to the frictional test reveals microcracks and delaminations on its surface. They can be
attributed to the formation of the transfer film on the counter surface. However, due to
the brittle nature of PLA, the transferred material is “pulled out” of the sample, as the
sharp edges of the delaminations indicate it. In the case of the composite samples, filler
particles can be easily observed on the worn surfaces. Some of them are still embedded
in the polymeric material, but debonding of the linseed cake particles also occurs. This
behavior results from limited adhesion of the hydrophilic plant-based filler and hydropho-
bic polymer and commonly occurs in the case of polymeric composites filled with natural
substances [46]. Interestingly, the number of visible filler particles and debonding sites
decreases along with the oil content in linseed cake. This phenomenon is presumably
caused by fragmentation of the less stiff oil-rich filler in the polymeric matrix during melt
processing at high shearing rates [18]. Plowing can also be spotted on the worn surfaces
of the PLA-LC4.6 and PLA-LC39.8, which can be identified as plastic deformation of the
material. Considering “brittle” delamination of the unfilled polylactide’s surface, it can
be decided that this behavior results from the plasticization of the polymer by the oil-rich
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filler. Finally, debris (wear products such as broken transfer film or debonded particles)
can also be seen in the SEM images of the worn composite surfaces, as it was also noticed
during the optical microscopy observations.

1 mm

0.5 mm ?1 3

Figure 6. Microscopic images of the worn surfaces of PLA (a), PLA-LC0.9 (b), PLA-LC4.6 (c),
PLA-LC17.7 (d), PLA-LC30.4 (e), and PLA-LC39.8 (f).

The values of the specific wear rate of the samples subjected to the friction test are
collected in Table 2. As it can be seen, the results obtained for all the samples do not exceed
5.2:10~8 mm?3/(Nm), which is comparable with the results obtained by Bajpai et al. for
plant fiber-reinforced PLA composites [25]. Even though the lowest W value is obtained
for the unfilled polymer, its composites show comparable values. Similar to the remaining
tribological properties studied in this paper, no direct correlation of the samples’ composi-
tion and the specific wear rate can be noticed, especially for the composites containing less
than 17.7 wt % of oil in the filler. In the case of the oil-rich samples, their W; values decrease
along with the oil content, which the improved crystallinity of these materials can cause.
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Figure 7. SEM images of the surfaces of the samples before and after the frictional test: PLA (a),
PLA-LCO0.9 (b), PLA-LC4.6 (c), PLA-LC17.7 (d), PLA-LC30.4 (e), and PLA-LC39.8 (f). S.d. indicates
the sliding direction.

Table 2. Mass loss, density, and the specific wear rate of the worn samples.

Sample Mass Loss Density ! Volume Difference  Specific Wear Rate

[10-4 gl [g/em?] [10-% mm®] [10-8 mm®/(Nm)]
PLA 0.7 1.239 0.6 1.3
PLA-LC0.9 2.8 1.246 22 52
PLA-LC4.6 1:3 1.249 0.10 24
PLA-LC17.7 2.0 1.238 0.16 37
PLA-LC30.4 1.6 1.228 0.13 3.0
PLA-LC39.8 1.3 1.209 0.11 25

! The analysis of the density of the PLA-based composites with linseed cake was presented in our previous article [19].

4. Discussion

Based on all the performed measurements, the conclusions can be made about the
influence of the o0il contained by the filler on the tribological performance of polylactide-
based composites. First, the hypothesis that linseed cake provides an internal lubricant
for PLA-based materials was disproved. This result was explained by the fact that the
natural oil, which is only partially miscible with the polymeric resin and forms separate
domains in the polymer, does not migrate to the sample’s surface. Even though this
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observation can be perceived as disadvantageous from the tribological point of view, it is
highly beneficial, considering the long-term performance of linseed cake-filled composites
for non-tribological applications.

Although most of the linseed oil remains in its domains during the tribological test, a
small fraction that is miscible with the polymeric material influences its behavior. Based on
the SEM observations of the worn surfaces, the LC-filled samples deform in a plastic way, in
contrast to the brittle fractures seen on the unfilled polylactide’s surface. It can be explained
by the plasticizing effect of the oil, which facilitates the movements of the macromolecules.
This effect is much more pronounced in elevated temperatures, as indicated by the decrease
in the Vicat softening temperatures observed for the oil-rich samples. However, when
friction takes place at room conditions and only a local increase in temperature is observed,
the presence of the filler does not significantly change the tribological behavior of the
studied composites.

5. Conclusions

The tribological and mechanical properties of polylactide-based composites were
successfully evaluated. It was found that even though the natural oil present in the linseed
cake influences the structure of the PLA composites, it does not have a significant influence
on the microhardness, which remains stable around 20 HYV, regardless of the used LC
type. The influence of the filler on the scratch resistance of the studied samples is more
complex and depends on the mode of deformation and the value of the loading. When the
composites are subjected to plastic deformation, the presence of the filler particles improves
their resistance to scratching. The most interesting results were obtained in the case of the
frictional properties. Although the linseed oil contained by the filler does not act as an
internal lubricant in polylactide, the composite samples present lower coefficient of friction
values than the unfilled polymer. This result can be explained by the formation of more
uniform and thinner transfer film due to the presence of the filler and lower shear strength
of the composites. It was also found that the oil contained by the filler does not migrate to
the surface of the sample, which is highly beneficial taking into consideration the long-term
non-tribological applications of the composites. It can be also decided that polylactide
filled with linseed cake, a cost-effective, sustainable waste filler, can be successfully used in
industrial applications, where the tribological properties are an important factor.
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