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Przedmowa

Rozprawa doktorska pt. ,Mikromechanizmy deformacji polimeréw czesciowo
krystalicznych przy niewielkich odksztatceniach” sktada sie z cyklu trzech oryginalnych publikacji.
Autoreferat, ktéry jest komentarzem do zataczonych publikacji naukowych, rozpoczynajg
streszczenia w jezyku polskim i angielskim. W czesci wstepnej autoreferatu zwiezle omoéwiono
podstawowe zagadnienia zwigzane z podjetg tematyka badawczg oraz stan wiedzy w dziedzinie,
ktdrej dotyczy niniejsza rozprawa. W czesci drugiej opisano metody badawcze wykorzystane
podczas realizacji rozprawy oraz oméwiono wyniki przeprowadzonych badan. Na trzeciy,
ostatnig czes$¢ autoreferatu skfadajg sie kopie trzech publikacji w jezyku angielskim, a takze
oswiadczenia wspdétautorédw informujace o ich wktadzie w realizowane badania.

Cykl publikacji szczegétowo opisuje realizacje zadan badawczych zwigzanych z adaptacja
spektroskopii czaséw zycia anihilujgcych pozytondw (PALS) w sposéb umozliwiajgcy analize
zmian strukturalnych polimeréw czesciowo krystalicznych indukowanych odksztatcaniem,
a nastepnie wykorzystanie techniki PALS m.in. w badaniach ewolucji rozktadu wielkosci poréw
swobodne] objetosci oraz inicjacji/intensywnosci zjawiska kawitacji podczas deformac;i
plastycznej polimerdw o zréznicowanych wtasciwosciach i mikrostrukturze w szerokim zakresie
temperatur oraz szybkosci odksztatcania.

W zakres pracy doktorskiej wchodzg nastepujgce publikacje naukowe:

D1. C. Makarewicz, M. Safandowska, R. ldczak, A. Rdzanski, Positron Annihilation
Lifetime Spectroscopic Analysis of Plastic Deformation of High-Density Polyethylene,
Macromolecules 2021, 54, 20, 9649-9662.

D2. C. Makarewicz, M. Safandowska, R. ldczak, A. Roézanski, Plastic Deformation
of Polypropylene Studied by Positron Annihilation Lifetime Spectroscopy,
Macromolecules 2022, 55, 22, 10062-10076.

D3. C. Makarewicz, M. Safandowska, R. Idczak, S. Kotodziej, A. Rézanski, Strain Rate and
Temperature Influence on Micromechanisms of Plastic Deformation of Polyethylenes
Investigated by Positron Annihilation Lifetime Spectroscopy, Polymers 2024, 16 (3),
420.

Badania wykonano w ramach projektu pt. ,Zrozumienie roli fazy amorficznej w wybranych
wtasciwosciach polimerdw krystalizujgcych” finansowanego przez Narodowe Centrum Nauki

na podstawie decyzji nr DEC- 2018/30/E/ST8/00364.



Streszczenie w jezyku polskim

Unikatowe wifasciwosci fizyczne i mechaniczne polimeréw czesciowo krystalicznych
sg pochodng ich réwnie unikatowej struktury. Podczas zestalania wiekszosci takich materiatow
dochodzi bowiem do formowania krysztatdw lamelarnych, przedzielonych warstwami
amorficznymi. Niejednorodnos¢ strukturalna fazy amorficznej oraz wzglednie niewielka liczba
technik  eksperymentalnych  pozwalajgcych na  bezposrednig  analize  obszaréw
nieuporzgdkowanych istotnie ograniczajg mozliwosci poznawcze dotyczgce roli tego
komponentu we wtasciwosciach polimeréw czesciowo krystalicznych. Jednoczesnie udziat fazy
amorficznej, wynoszgcy zazwyczaj od 10 do blisko 100% wag. sprawia, ze wplyw tego
komponentu na wiasciwosci czy tez proces odksztatcania polimerdw krystalizujgcych nie moze
by¢ marginalizowany. Rozprawa doktorska podejmuje problematyke mikromechanizmoéw
aktywowanych podczas deformacji plastycznej polimeréw czesciowo krystalicznych przy
niewielkich odksztatceniach, ze szczegdélnym uwzglednieniem zmian zachodzacych w obszarze
komponentu amorficznego.

W niniejszej pracy, po raz pierwszy w analizie deformacji plastycznej polimeréw czesciowo
krystalicznych wykorzystano spektroskopie czaséw zycia anihilujgcych pozytonéw (PALS).
W trakcie realizacji pracy przeprowadzono adaptacje techniki PALS w sposdb umozliwiajgcy
prowadzenie analiz zmian strukturalnych komponentu krystalicznego oraz amorficznego
indukowanych odksztatcaniem. Badania przebiegu deformacji plastycznej polietylenu wysokiej
(HDPE) i niskiej (LDPE) gestosci oraz polipropylenu (PP), ze wzgledu na relatywnie dtugi czas
niezbedny do wykonania pojedynczego pomiaru PALS, przeprowadzono w sposéb ,pseudo
in situ”, stosujac uchwyty umozliwiajgce zachowanie stanu naprezenia w prébkach
po deformacji. Warunki mocowania probek w zaprojektowanych uchwytach zostaty
zoptymalizowane. OdpowiedZz mechaniczng prébek polimerowych analizowano w zakresie
lokalnych odksztatcen (LS) 0-0.25 (HDPE/LDPE) oraz 0-0.20 (PP). Badania z wykorzystaniem
techniki PALS oraz niskokatowej dyfrakcji rentgenowskiej (SAXS) dla prébek HDPE i PP pozwolity
wykaza¢, ze poczatkowa ewolucja rozmiaru poréw swobodnej objetosci jest powodowana
gtéwnie zmiang grubosci warstw amorficznych. Znormalizowane rozktady wielkosci porow
swobodne] objetosci dostarczyty dowoddw, ze w analizowanym zakresie LS $rednia gestos¢
»upakowania” obszarow amorficznych ulega zwiekszeniu. To z kolei oznaczato, ze $rednia
wielkos¢ porow zlokalizowanych w obszarach nieuporzgdkowanych (Sredni czas zycia orto-
pozytu, t3) w badanym zakresie LS ulega zmniejszeniu w poréwnaniu z prébka niedeformowang,
nawet po zainicjowaniu zjawiska kawitacji (proces powstawania nano-/mikrodziur w materiale).

Efekt ten zwigzany byt z silnie anizotropowym, elipsoidalnym ksztattem poréw kawitacyjnych w
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momencie ich inicjowania-poprzez komplementarne uzycie techniki PALS i SAXS mozliwe byto
wyznaczenie wspotczynnika ksztattu poréw kawitacyjnych dla wybranych wartosci LS.
Udowodniono réwniez, ze wzrost dyspersji czasu zycia orto-pozytu (os) powodowany jest
wyraznym zmniejszeniem rozmiaru poréw swobodnej objetosci istniejgcych w materiale przed
deformacjg oraz formowaniem sie poréw kawitacyjnych. Na podstawie analizy parametrow
widm anihilacyjnych powigzanych z fazg krystaliczng stwierdzono, ze w badanym zakresie
odksztatcen Sredni czas zycia pozytondw (12) nie ulegat mierzalnym zmianom, nawet po aktywacji
mikromechanizméw deformacji plastycznej krysztatdw, a obnizenie dyspersji czasu zycia
pozytonéw (o2) zwigzane byto z ,ujednoliceniem” struktury krystalitow na skutek wzglednego
przemieszczenia sie (poslizgdw) fragmentow krysztatow w obrebie poszczegdlnych lamel.

Nastepnie, technike PALS wykorzystano w badaniach dotyczgcych wptywu mikrostruktury
PP na proces jego odksztatcania. Wyniki pomiaréw PALS i odksztatcenia objetosciowego
dostarczyty dowoddw, ze w badanym zakresie LS spadek wartosci t3 przy jednoczesnym wzroscie
wartosci odksztatcenia objetosciowego, spowodowany byt zmiang ksztattu poréw swobodnej
objetosci fazy amorficznej z izotropowej (sferycznej) na anizotropows (elipsoidalng).
Potwierdzono takze, ze parametr o3 jest wartos$cig niezwykle ,,czutg” na obecnosé/intensywnosé
zjawiska kawitacji. W przypadku uktadu niekawitujgcego (polipropylen modyfikowany
nonadekanem) nie odnotowano zmian w wartosci o3 na skutek procesu odksztatcania, natomiast
w przypadku materiatéw kawitujgcych o zréznicowanej historii termicznej/mikrostrukturze
parametr o5 dla probek odksztatconych odpowiednio wzrastat.

Ostatni etap prac prowadzonych w ramach rozprawy doktorskiej dotyczyt analizy ewolucji
swobodnej objetosci fazy amorficznej podczas plastycznej deformacji HDPE oraz LDPE w funkcji
temperatury (-30-70°C) oraz szybkosci odksztatcenia (3.3x102-3.3x10%s?). W przypadku prébek
niedeformowanych wykazano, ze zaréwno $rednia wielkos¢, jak i rozktad wielkosci poréw
swobodnej objetosci w komponencie amorficznym LDPE sg wyraznie wyzsze niz w HDPE,
co wskazywato na istotng rdinice w gestosci upakowania molekularnego warstw
miedzylamelarnych. W przypadku HDPE stwierdzono, ze wzrost szybkosci odksztatcania lub
obnizenie temperatury przyczynia sie do nasilenia zjawiska kawitacji przy jednoczesnym
zmniejszeniu i zwiekszeniu odpowiednio wartosci parametrow ts i 03. Wyniki te potwierdzity
wczesniej przedstawiong koncepcje anizotropowego ksztattu poréw kawitacyjnych w momencie
ich inicjowania/formowania. Zmniejszenie szybkosci odksztatcania lub podwyzszenie
temperatury podczas deformacji HDPE przyczyniato sie natomiast do catkowitego sttumienia
zjawiska kawitacji, czemu towarzyszyty odpowiednie zmiany parametrow wyznaczonych z widm

anihilacyjnych. Na podstawie pomiarow odksztatcenia objetosciowego, SAXS i PALS wykazano,



ze w przypadku LDPE warunki deformacji nie maja istotnego wptywu na zmiany strukturalne

zachodzace w obszarach nieuporzadkowanych.

Streszczenie w jezyku angielskim

The unique physical and mechanical properties of semicrystalline polymers are derived
from their equally unique structure. Indeed, during the solidification of most such materials,
lamellar crystals are formed, separated by amorphous layers. The structural heterogeneity of the
amorphous phase and the relatively limited number of experimental techniques allowing for
direct analysis of disordered regions significantly restrict the possibilities of learning about the
role of this component in the properties of semicrystalline polymers. At the same time, the
contribution of the amorphous phase, typically ranging from 10 to nearly 100 wt%, means that
the influence of this component on the properties or the deformation process of crystallizable
polymers cannot be marginalized. The dissertation discusses the issue of micromechanisms
activated during the plastic deformation of semicrystalline polymers at small strains, with
particular emphasis on changes occurring in the amorphous component region.

In the present work, positron annihilation lifetime spectroscopy (PALS) was used for the
first time in the plastic deformation analysis of semicrystalline polymers. During the course
of the work, an adaptation of the PALS technique was carried out to enable the analysis of strain-
induced structural changes in in both crystalline and amorphous components. The study of the
plastic deformation of high-density polyethylene (HDPE) and low-density polyethylene (LDPE),
as well as polypropylene (PP), due to the relatively long time required for a single PALS
measurement, was conducted in a "pseudo in situ" method using frames that allow the
preservation of the stress state in the samples after deformation. Clamping conditions of the
specimens in the designed frames were optimized. The mechanical response of the polymer
samples was analyzed within the range of local strains (LS) of 0-0.25 (HDPE/LDPE) and 0-0.20
(PP). Studies using PALS and small angle X-ray diffraction (SAXS) techniques for HDPE and
PP samples showed that the initial evolution of free volume pore size is mainly caused by changes
in the thickness of amorphous layers. The normalized free volume pore size distributions
provided evidence that the average "packing" density of the amorphous regions increases in the
analyzed LS range. This, in turn, meant that the average pore size located in disordered regions
(average lifetime of the ortho-positronium, 13) in the studied LS range is reduced compared
to the non-deformed sample, even after the initiation of the cavitation phenomenon (the
process of nano/micro-pore formation in the material). This effect was associated with the

strongly anisotropic, ellipsoidal shape of cavitation pores at the time of their initiation-by the



complementary use of PALS and SAXS techniques, it was possible to determine the aspect ratio
of cavitation pores for selected LS values. It was also shown that the increase in the ortho-
positronium lifetime dispersion (o3) was caused by a significant reduction in the size of free
volume pores existing in the material before deformation and the formation of cavitation pores.
Based on the analysis of annihilation spectrum parameters related to the crystalline phase,
it was found that in the investigated range of strains the average positron lifetime (t2) did not
undergo measurable changes, even after the activation of micromechanisms of plastic
deformation of crystals, and the decrease in positron lifetime dispersion (o,) was associated with
the "homogenization" of the structure of crystallites due to the relative displacement ("slips")
of crystal fragments within individual lamellae.

Next, the PALS technique was employed to study the influence of PP microstructure on its
deformation process. The results of PALS and volume strain measurements provided evidence
that within the examined LS range, the decrease in 13 values, coupled with an increase in value
of volume strain, was caused by a change in the shape of the free volume pores in the amorphous
phase from isotropic (spherical) to anisotropic (ellipsoidal). It was also confirmed that the
o3 parameter is an extremely "sensitive" to the presence/intensity of the cavitation
phenomenon. In the case of a non-cavitating system (nonadecane-modified PP), there were
no changes in o3 values due to the deformation process, whereas for cavitating materials with
different thermal history/microstructure, the o3 parameter for deformed samples appropriately
increased.

The final stage of work carried out within the doctoral dissertation focused on analyzing
the evolution of free volume of the amorphous phase during the plastic deformation process
of HDPE and LDPE as a function of temperature (-30-70°C) and strain rate (3.3x102-3.3x10s}).
In the case of non-deformed samples, it was shown that both the average size and free volume
pore size distribution in the amorphous component of LDPE were significantly higher than
in HDPE, which indicated a significant difference in the molecular packing density of the
interlamellar layers. In the case of HDPE, an increase in strain rate or a decrease in temperature
was found to contribute to an increase in the cavitation phenomenon with a decrease and
increase in the values of the parameters 13 and o3, respectively. These results confirmed the
previously presented concept of the anisotropic shape of cavitation pores at the time of their
initiation/formation. Reducing the strain rate or increasing the temperature during HDPE
deformation, on the other hand, led to the complete suppression of cavitation phenomena,
accompanied by corresponding changes in parameters determined from annihilation spectra.

On the basis of measurements of volume strain, SAXS and PALS, it was shown that in the case



of LDPE, deformation conditions have no significant effect on structural changes occurring

in disordered regions.
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1. Wstep

1.1. Polimery czesSciowo krystaliczne i ich struktura

Polimery czesciowo krystaliczne sg w istocie nanokompozytami, w ktdérych krysztaty
lamelarne o nanometrowej grubosci przedzielone s3 obszarami nieuporzgdkowanymi - fazg
amorficzng. Roczna produkcja polimerow czesciowo krystalicznych systematycznie wzrasta
i obecnie przekracza 350 milionéw ton [1]. Ze wzgledu na ich specyficzne wtasciwosci fizyczne
i mechaniczne, ktére wynikajg z unikalnej struktury, polimery krystalizujgce stanowig realng
alternatywe wzgledem takich materiatéw jak stal, szkto czy drewno w wielu réznych gateziach
przemystu [2]. Jednoczesnie prace naukowe dotyczgce polimeréw czesciowo krystalicznych
dotychczas koncentrowaty sie na roli komponentu krystalicznego, tzn. stopnia krystalicznosci,
grubosci i orientacji krysztatow, we wtasciwosciach fizycznych czy tez odpowiedzi mechanicznej
takich materiatéw [3]. Przede wszystkim byto to spowodowane dostepnoscia odpowiednich
technik badawczych, ktore pozwalajg zaréwno na kompleksowg analize struktury krysztatéw, jak
i na okreslenie zaleznosci miedzy ich budowg a wtasciwosciami makroskopowymi oraz
odpowiedzig mechaniczng polimeru podczas jego odksztatcenia.

Gtédwna przyczyng znacznego deficytu poznawczego dotyczacego roli fazy amorficznej
we wiasciwosciach polimerdw czesciowo krystalicznych jest jej nieregularna struktura, zaréwno
pod wzgledem chemicznym jak i fizycznym [4], [5]. Lokalnie obszary nieuporzadkowane
charakteryzuja sie bowiem rdézng gestoscig upakowania molekularnego, zréznicowang mikro-
konformacjg makroczasteczek czy tez udziatem chemicznych defektow. W obszary miedzy-
krystaliczne wypychane sg zaréwno konce taricuchdow jak i splgtania. Strukture obszaréw nie-
krystalicznych tworzg réwniez makroczasteczki fizycznie niezwigzane z krysztatami (Rys. 1).
Substancje nie-polimerowe wprowadzane do materiatu intencjonalnie w celu uzyskania
odpowiednich efektéw badZz wtasciwosci (stabilizatory/modyfikatory przetwarzania oraz
wtasciwosci) czy tez zlokalizowane tam na skutek niedoskonatosci samego procesu polimeryzacji
(oligomery) réwniez wypychane sg poza obszar rosngcych krysztatéw do fazy amorficzne;j.
W koricu integralnym elementem tego komponentu jest takze swobodna objetosé tworzaca sie

wskutek beztadnego i niedoskonatego upakowania makroczgsteczek badz ich fragmentdw.
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Rys. 1. Struktura polimeréw czesciowo krystalicznych [6], [7].

Analize tak ztozonego i niejednorodnego komponentu dodatkowo ogranicza niewielka
dostepnosé technik eksperymentalnych, ktére pozwolityby na precyzyjne scharakteryzowanie
zarowno struktury, jak i wtasciwosci fazy amorficznej. Jednoczesnie najnowsze doniesienia
literaturowe wskazujg, ze rola fazy amorficznej, ktérej udziat w przypadku polimeréw
wykazujgcych zdolnos¢ do krystalizacji wynosi od 10 do blisko 100 % wag., w zaleznosci

od sposobu ich zestalania, nie powinna by¢ marginalizowana [8], [9].

1.2. Deformacja plastyczna polimerdw czesciowo krystalicznych

Wtasciwosci mechaniczne materiatéw polimerowych charakteryzuje sie na podstawie
wynikéw uzyskanych podczas ich odksztatcania, najczesciej w trybie jednoosiowego rozciggania,
rzadziej dwuosiowego rozciggania badz Sciskania. Wielkosci fizyczne, ktére pozwalajg na opis
deformacji to naprezenie (0), oznaczajgce site niezbedng do odksztatcenia prébki o danym
przekroju poprzecznym oraz odksztatcenie (wydtuzenie wzgledne, ), ktdre jest wielkoscig
bezwymiarowg okreslajgcg stosunek przyrostu dtugosci probki do jej dtugosci poczatkowej [10].

Odksztatcanie polimeréw czesciowo krystalicznych, ze wzgledu na ich wielopoziomowg
strukture, jest procesem ztozonym, opartym na kooperatywnej odpowiedzi mechanicznej
komponentu amorficznego i krystalicznego. Poszczegdlne komponenty w rdéznym stopniu
uczestniczg w kolejnych fazach deformacji, a na ich odpowiedz mechaniczng istotny wptyw majg
m.in.: masa czasteczkowa polimeru, stopiern krystalicznosci, orientacja struktury, szybkos¢
odksztatcania oraz temperatura deformaciji [3], [11], [12].

Poczgtkowy zakres odksztatcania polimerédw czesciowo krystalicznych zachodzi w sposdb
liniowy i odpowiada sprezystej deformacji materiatu. Liniowg zaleznos¢ miedzy naprezeniem
i odksztatceniem, przy odksztatceniach nieprzekraczajgcych granicy proporcjonalnosci okresla

prawo Hooke’a. Wspétczynnikiem proporcjonalnosci jest natomiast modut sprezystosci Younga —
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jedna z podstawowych statych materiatowych charakteryzujacych wtasciwosci mechaniczne
polimeréw. Warto podkreslié¢, ze deformacja krysztatdw lamelarnych, w poréwnaniu
do mechanizméw aktywowanych w obszarach amorficznych wymaga okoto 10-50 razy wiekszych
naprezen aktywujacych [11], [13], [14]. Dodatkowo, jak pokazujg najnowsze doniesienia
literaturowe modut sprezystosci fazy amorficznej polimerdw czesciowo krystalicznych (powyzej
temperatury przejscia szklistego), jest o dwa rzedy wielkosci nizszy niz modut sprezystosci
krysztatdw lamelarnych [7], [15]. Z uwagi zatem na znacznie nizszg warto$¢ naprezenia
krytycznego wymaganego do aktywacji proceséow deformacji czy tez wyzszg ,podatnosc”
mechaniczng komponentu amorficznego w poréwnaniu z fazg krystaliczng, poczatkowy etap
odksztatcania polimeru czesciowo krystalicznego zachodzi gtdwnie w obszarach
miedzylamelarnych [16]. Mierzalne odksztatcenie sktadnika amorficznego pojawia sie przed
osiggnieciem makroskopowej granicy plastycznosci, a zjawiska towarzyszgce rozcigganiu przy
matych odksztatceniach po odjeciu sitly rozciggajacej sq zwykle odwracalne. Sktadowa
amorficzna, w zaleznosci od orientacji lamel wzgledem kierunku deformacji, odksztatca sie
na skutek poslizgéw miedzylamelarnych, separacji lamel badz rotacji stoséw lamel [17], [18],
[19]. W kolejnej fazie deformacja przestaje by¢ catkowicie odwracalng i zaczynajg aktywowad sie
procesy deformacji plastycznej krysztatdw. Poczatkowo nieliczne, stajg sie masowe poza
zakresem linowym, czego makroskopowa manifestacjg jest granica plastycznosci.

Powszechnie rozwazane sg dzi$ dwa mechanizmy odksztatcania plastycznego polimerow
czesSciowo krystalicznych. Pierwszy zaktada, ze odksztatcanie krysztatéw zachodzi w oparciu
o mechanizmy krystalograficzne, gtéwnie poslizgi krystalograficzne, przy czym pozostate
mikromechanizmy, takie jak zblizniaczenia czy tez transformacje martenzytyczne, réwniez mogag
by¢ aktywne [20], [21], [22]. Rozréznia sie dwa rodzaje poslizgdw krystalograficznych: gtadkie
oraz schodkowe, ktdrych Zrédtem sg dyslokacje srubowe obecne w krysztatach [10]. Poslizgom
gtadkim towarzyszy przesuniecie duzej liczby sgsiednich ptaszczyzn, wynikiem czego jest zmiana
kata miedzy faricuchem a normalng do ptaszczyzny lameli, czemu dodatkowo towarzyszy rotacja
i pocienianie lamel [10], [23], [24]. Poslizgi schodkowe polegajg na znacznym przesunieciu
jedynie niewielkiej liczby ptaszczyzn, przyczyniajgc sie do wyodrebniania z lameli blokéw
krystalicznych czego konsekwencjg, przy wiekszych odksztatceniach, jest jej fragmentacja [17],
[18], [25]. Z kolei, drugi mechanizm zaktada, ze podczas deformacji polimeréw czesciowo
krystalicznych zachodzi jednoczesny proces czesSciowego topnienia i rekrystalizacji lamel,
co prowadzi do ich reorganizacji i powstania nowego szkieletu krystalicznego o orientacji

krystalitow, a wiec i makroczgsteczek w kierunku odksztatcania [17].
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1.3. Zjawisko kawitacji. Charakterystyka i metody badawcze

Jednym ze zjawisk towarzyszacych jednoosiowemu rozcigganiu wiekszosci polimeréw
czesciowo krystalicznych jest kawitacja, czyli proces powstawania nano-/mikrodziur i nieciggtosci
w materiale [9], [26]. Zjawisko to aktywowane jest w obszarze fazy amorficznej juz przy
wzglednie niewielkich odksztatceniach, zwyczajowo w okolicy granicy plastycznosci [16]. Jego
makroskopowym objawem jest proces silnego bielenia materiatu, gdy rozmiar poréw
kawitacyjnych jest pordwnywalny z dtugoscig fali Swiatta widzialnego [13]. Zbielenie materiatu
towarzyszgce kawitacji istotnie wptywa zaréwno na wiasciwosci, jak i na estetyke wyrobdéw
gotowych z tworzyw polimerowych [16].

Obecnosé/intensywnosé zjawiska kawitacji istotnie determinuje struktura komponentu
krystalicznego (grubos¢ krysztatow, stopienn krystalicznosci, forma krystalograficzna), jak
i amorficznego (gestosé splatan/molekut tgczacych sasiednie krysztaty, rozmiar poréw objetosci
swobodnej) oraz warunki przebiegu procesu deformacji [9].

Zjawisko kawitacji jest procesem konkurencyjnym wobec deformacji plastycznej
krysztatow [27]. Gdy wytrzymatos¢ mechaniczna krysztatdow jest wieksza niz odpornosé fazy
amorficznej podczas procesu odksztatcania zaobserwujemy odpowiedZz mechaniczng
komponentu nieuporzagdkowanego (zjawisko kawitacji) przed aktywacjg mikromechanizméw
deformacji plastycznej krysztatow. Zatem odksztatcaniu materiatéw polimerowych o duzych,
dobrze wyksztatconych krysztatach, towarzyszy zjawisko powstawania poréw kawitacyjnych.
Z kolei, w materiatach o matych, silnie zdefektowanych krysztatach, charakteryzujgcych sie
mniejszg odpornoscig mechaniczng dochodzi do deformacji komponentu krystalicznego zanim
przekroczone zostanie naprezenia odpowiadajgce wytrzymatosci fazy amorficznej (brak
kawitacji) [16].

Struktura obszaréw nieuporzgdkowanych réwniez ma istotny wptyw na proces inicjowania
oraz intensywnos¢ zjawiska kawitacji. Z doniesien literaturowych jasno wynika, ze polimery
0 nizszej masie czgsteczkowe] lub ograniczonej gestosci splatan w obszarach miedzylamelarnych
wykazujg wiekszg sktonnosé do procesu formowania dziur podczas jednoosiowego odksztatcania
[28], [29]. W pracach [30], [31], [32] wykazano, Zze na proces inicjowania oraz intensywnos$¢
zjawiska kawitacji w polimerach wptywaé mozna poprzez modyfikacje obszaréw
miedzylamelarnych na poziomie swobodnej objetosci. Autorzy wykazali, ze usuniecie substancji
nie-polimerowych (oligomerdw, stabilizatorow), poprzez ekstrakcje z wykorzystaniem CO,
w stanie nadkrytycznym, prowadzi do zwiekszenia zaréwno udziatu, jak i rozmiaru poréw
swobodnej objetosci w obszarach nieuporzgdkowanych a w konsekwencji skutkuje zwiekszeniem

intensywnosci kawitacji i jej aktywacji na wczesniejszych etapach deformacji. Z kolei, poprzez
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wprowadzenie do fazy amorficznej odpowiedniego nie-polimerowego modyfikatora mozna
catkowicie wyeliminowa¢ zjawisko powstawania nano-/mikrodziur. Wyniki te sugeruja,
iz inicjowanie kawitacji podczas deformacji polimerdw czesciowo krystalicznych, podobnie jak w
przypadku cieczy o matych masach czgsteczkowych, moze zachodzi¢ na porach swobodnej
objetosci. Istotne zagadnienie, dotad nierozstrzygniete, dotyczy korelacji miedzy poczatkowym
rozmiarem poréw swobodne]j objetosci fazy amorficznej a obecnoscig/intensywnoscia zjawiska
kawitacji. Przy zatozeniu, ze objetos¢ swobodna obszaréw nieuporzadkowanych faktycznie
wptywa na zjawisko kawitacji nalezatoby zainicjowac systematyczne badania dotyczgce ewolucji
ksztattu oraz rozmiaru poréw swobodnej objetosci fazy amorficznej podczas odksztatcania
polimerdéw kawitujacych.

Jak wiadomo, warunki eksperymentalne istotnie wptywajg na inicjowanie/intensywnosci
poszczegdlnych mikromechanizmédw aktywowanych podczas odksztatcania polimerow
czesciowo krystalicznych. Odksztatcanie wiekszosci takich materiatdw w podwyzszonej
temperaturze powoduje obnizenie wartosci naprezenia rozciggajacego oraz wzrost podatnosci
na odksztatcenie plastyczne [33]. Merah i wspotpracownicy w badaniach przebiegu plastycznej
deformacji polietylenu wysokiej gestosci (HDPE) w zakresie temperatur od -10 °C do 70 °C
jednoznacznie wykazali, ze naprezenie na granicy plastycznosci i modut sprezystosci malejg
liniowo wraz ze wzrostem temperatury odksztatcania [34]. Enikolopian i wspdtpracownicy
stwierdzili natomiast, ze w przypadku polietylenu niskiej gestosci (LDPE) wzrost temperatury
deformacji od 20 °C do 105 °C sprzyja zwiekszeniu niejednorodnosci mikrostruktury, przede
wszystkim ze wzgledu na stopniowe niszczenie (topnienie) mniej uporzadkowanych
i niedoskonatych krysztatow [33].

Temperatura deformacji jest takze jednym z czynnikéw eksperymentalnych istotnie
wptywajgcym na intensywno$¢ zjawiska kawitacji [35], [36]. Warto podkresli¢, ze zjawisko
kawitacji obserwowane jest w polimerach czesciowo krystalicznych jedynie podczas ich
jednoosiowego rozciggania powyzej temperatury przejscia szklistego [9]. Xiong
i wspoétpracownicy szczegétowo przeanalizowali kolejnos¢  aktywowania  poslizgéw
krystalograficznych, transformacji martenzytycznej oraz kawitacji podczas odksztatcania
polietylenéw o zréznicowanej architekturze makroczgsteczek oraz mikrostrukturze w funkgji
temperatury deformacji. Autorzy zaobserwowali pojawienie sie kawitacji przy wyzszych
wartosciach odksztatcenia wraz ze wzrostem temperatury deformacji [37].

Czynnikiem istotnie wptywajagcym na przebieg procesu odksztatcania polimerdw
czeSciowo krystalicznych jest réwniez szybkos¢ deformacji [9]. Zwiekszenie szybkosci
jednoosiowego rozciggania prowadzi bowiem do nasilenia zjawiska kawitacji, zwiekszenia

wartosci naprezenia na granicy plastycznosci oraz sprzyja pekaniu prébki przy nizszych
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wartosciach odksztatcenia [38]. Dijkstra i wspotpracownicy zauwazyli, ze przy wysokich
predkosciach deformacji ksztatt krzywej naprezenie inzynierskie — odksztatcenie inzynierskie
ulega znaczacej zmianie [20]. Po osiggnieciu maksymalnej wartos$ci naprezenia obserwuje sie
bowiem gwattowny jego spadek oraz zanik etapu plastycznego ptyniecia. Ten efekt dobrze
koreluje z pracami Cessna ktéry wykazat, ze zmiana charakteru krzywej mechanicznej wskutek
wzrostu szybkosci deformacji jest spowodowana stopniowym wzrostem odksztatcenia
objetosciowego. Z kolei wzrost odksztatcenia objetosciowego stymulowany jest zazwyczaj
zwiekszeniem intensywnosci kawitacji [39]. Zmniejszenie predkosci odksztatcania przyczynia sie
natomiast do zmniejszenia intensywnosci, bgdZz nawet catkowitego zaniku zjawiska kawitacji
podczas procesu plastycznej deformacji polimeru typowo kawitujgcego [40].

Technika najczesciej stosowang w badaniach zmian strukturalnych polimeréw
krystalizujgcych indukowanych odksztatcaniem jest niskokatowe rozpraszanie promieniowania
rentgenowskiego (SAXS). Pomiar SAXS pozwala na scharakteryzowanie wyjsSciowej
mikrostruktury polimeru (dtugi okres, grubosci warstw komponentu amorficznego
i krystalicznego [41]), a takze sledzenie ewolucji mikrostruktury matrycy polimerowej oraz
nanodziur podczas odksztatcania materiatu kawitujgcego [29], [37]. Humbert i wspdtpracownicy
[29] w badaniach in situ deformacji plastycznej polietylendw wykazali, ze metodg SAXS mozliwe
byto zarejestrowanie poréw kawitacyjnych o najmniejszym rozmiarze wynoszgcym okoto 40 nm.
Ze wzgledu na to, ze rozmiar ten przekraczat wartos¢ dtugiego okresu (okoto 22 nm) autorzy
postulowali, ze procesu formowania nanodziur w materiale polimerowym zachodzi gwattownie
i do jego rejestracji nie mozna wykorzysta¢ pomiaréw SAXS. Nalezy podkresli¢, ze technika SAXS
umozliwia analize obiektéw, o rozmiarach w zakresie od kilku do kilkudziesieciu nanometréw.
Sredni promier poréw swobodnej objetosci fazy amorficznej polimeréw czes$ciowo
krystalicznych, mieszczacy sie zwykle w zakresie 0.1-0.5 nm [42], jest zatem ponizej zakresu
detekcji metody SAXS.

Spektroskopia czaséw zycia anihilujgcych pozytonéw  (PALS) jest technika
eksperymentalng umozliwiajgcg okreslenie wielkosci oraz rozktadu wielkos$ci wolnych przestrzeni
w takich materiatach jak metale, ceramika czy ukfady polimerowe [43]. Defekty strukturalne, czy
tez objeto$¢ swobodna stanowig bowiem putapke dla pozytéw (uktad pozyton-elektron).
Technika PALS pozwala na wyznaczenie rozktadu wielkosSci pustych przestrzeni, ktorych rozmiar
miesci sie w zakresie od 0.25 do 16 nm [44]. Wydaje sie zatem, iz metoda ta bedzie stanowic
doskonate narzedzie badawcze, ktdére pozwoli na rejestracje indukowanych odksztatcaniem
zmian strukturalnych komponentu zaréwno krystalicznego, jak i amorficznego polimerow
czesciowo krystalicznych, ze szczegdlnym uwzglednieniem ewolucji swobodnej objetosci fazy

nieuporzgdkowanej oraz inicjowaniem zjawiska kawitacji.
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2. Cel Pracy

Polimery czesciowo krystaliczne sg przedmiotem licznych badarn o charakterze
poznawczym i aplikacyjnym. Jak przedstawiono powyzej, wtasciwosci fizyczne i mechaniczne
polimeréw czesciowo krystalicznych sg pochodng ich unikatowej struktury. Podczas zestalania
wiekszosci takich materiatéw dochodzi bowiem do powstania krysztatéw lamelarnych
przedzielonych obszarami nieuporzgdkowanymi. Komponent krystaliczny i jego wptyw na
wiasciwosci makroskopowe czy proces odksztatcania polimerdw czesciowo krystalicznych zostaty
precyzyjnie opisane w literaturze. Rola fazy amorficznej byta dotychczas marginalizowana,
gtéwnie ze wzgledu na ztozong i niejednorodng strukture tego komponentu. Z literatury
wiadomo, ze deformacja plastyczna fazy amorficznej wymaga bardzo matych naprezen
aktywujgcych i w pordwnaniu do mechanizméw aktywowanych w obszarach krystalicznych
przebiega tatwo, juz przy niewielkim odksztatceniu i wyraznie przed osiggnieciem
makroskopowe] granicy plastycznosci. Deformacji wiekszosci polimeréw czesciowo
krystalicznych towarzyszy zjawisko kawitacji, ktére aktywowane jest w obszarach fazy
amorficznej. W literaturze niewiele jest jednak informacji na temat samego procesu inicjowania
kawitacji i wptywu struktury fazy amorficznej na obecnos$é/intensywnosé tego zjawiska.

Podstawowym celem prezentowanej pracy byto zaadoptowanie techniki PALS w sposdb
umozliwiajacy analize zmian strukturalnych komponentu krystalicznego i amorficznego podczas
deformacji plastycznej polimeréw czesciowo krystalicznych przy niewielkich odksztatceniach,

ze szczegblnym uwzglednieniem zmian zachodzacych w obszarze fazy nieuporzadkowanej.
W ramach pracy zostaty zrealizowane nastepujgce zadania badawcze:

1. Adaptacja spektroskopii czaséw zycia anihilujgcych pozytonéw (PALS) w sposdb
umozliwiajgcy analize zmian strukturalnych komponentu krystalicznego i amorficznego
podczas deformacji plastycznej polimeréow czesciowo krystalicznych.

2. Wykorzystanie techniki PALS do okreslenia wptywu mikrostruktury komponentu
amorficznego oraz krystalicznego na inicjowanie oraz intensywnos$¢ zjawiska kawitacji.

3. Zbadanie przebiegu ewolucji swobodnej objetosci fazy amorficznej oraz procesu
inicjowania kawitacji podczas odksztatcania polimerow czesciowo krystalicznych
w zmiennych warunkach eksperymentalnych (wptyw temperatury oraz szybkosci

odksztatcania).
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3. Opis badan

3.1. Czes¢ doswiadczalna

3.1.1. Materiaty i przygotowanie prébek

W badaniach, ktérych wyniki przedstawiono ponizej, wykorzystano komercyjnie dostepne
polimery czesciowo krystaliczne, takie jak polietylen wysokiej i niskiej gestosci (HDPE, LDPE) oraz
polipropylen (PP) produkcji Lyondell Basell o nastepujgcych nazwach handlowych: Hostalen
GC7260, Lupolen 1840D, Moplen 456H. Prébki do badan z HDPE, LDPE i PP, w postaci folii
o grubosci 1 mm przygotowano metodg prasowania w prasie hydraulicznej w temperaturze 180
°C (PE) i 190 °C (PP) przez 5 minut, przy maksymalnym cisnieniu 50 MPa, a nastepnie chtodzono
do temperatury pokojowej pomiedzy metalowymi blokami. Ponadto, w celu otrzymania prébek
réznigcych sie mikrostrukturg, folie otrzymane z PP poddano procesowi wygrzewania (miedzy
ptytami grzejnymi w temperaturze 120 °C w czasie 2h (PPa)), krystalizacji izotermicznej
(w temperaturze 135 °C w czasie 2h (PPic)) badZz modyfikacji (specznienie fazy amorficznej
nonadekanem poprzez zanurzenie w kapieli zawierajgcej modyfikator w temperaturze 70 °C
przez okres 7 dni (PPnon)). W Tabeli 1 przedstawiono wybrane parametry strukturalne

analizowanych w pracy materiatéw polimerowych.

Tabela 1. Parametry strukturalne badanych prébek polimerowych.

Probka Masowy Objetosciowy Temperatura | Dtlugi Grubos¢ Grubos¢
stopien stopien topnienia okres warstwy warstwy
krystalicznosci* | krystalicznosci** [°C)* [nm]# | krystalicznej = amorficznej
[nm]## [nm]##
PP 0.55 0.52 163.3 14.8 7.7 7.1
PPa 0.61 0.59 163.8 17.2 10.1 7.1
PPic 0.63 0.61 165.9 20.1 124 7.7
PPnon 0.60 0.58 161.8 16.6 nd. nd.
HDPE 0.68 0.64 132.4 20.9 134 7.5
LDPE 0.39 0.35 109.9 12.1 4.2 7.9

* z pomiaru DSC, ** z masowego stopnia krystalicznosci po uwzglednieniu gestosci komponentu
krystalicznego i amorficznego (HDPE, LDPE: d.=1.003 g/cm3, d,=0.850 g/cm3[45]; PP: d.=0.946
g/cm3, d,=0.855 g/cm? [46]), # z pomiaru SAXS, ## z warto$ci diugiego okresu i objetosciowego
stopnia krystalicznosci
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3.1.2. Metodyka badan

Skaningowa kalorymetria réznicowa (DSC)

Badania metodg DSC wykonywano przy uzyciu aparatu TA Instruments DSC Q20 (New
Castle, USA). Termogramy rejestrowano podczas ogrzewania w atmosferze azotu ze staty
szybkoscig, ktora wynosita 10 °C/min. Masowy stopien krystaliczno$ci wyznaczono w oparciu

o entalpie topnienia, zgodnie ze wzorem:

AHy,

X, =—= (1
=g

gdzie AHwm to entalpia topnienia prébki badanej, a AH% to entalpia topnienia prébki catkowicie

krystalicznej, ktéra w przypadku PP wynosi 170 J/g [47] oraz 293 J/g dla HDPE i LDPE [48].

Badanie wtasciwosci mechanicznych

Statyczne badania mechaniczne wykonano przy uzyciu maszyny wytrzymatosciowej
Instron 5582 dla probek w ksztatcie wioset wycietych z folii zgodnie z normg 1SO 527-2 [49].
W zaleznosci od analizowanego materiatu polimerowego deformacje plastyczng prowadzono
przy szybkosciach deformacji: 3.3x10% 52, 3.3x103 s%, 3.3x102 s oraz w temperaturach: -30 °C,
20 °C i 70 °C. Szczegéty dotyczace warunkdéw prowadzenia jednoosiowego rozciggania zostaty
przedstawione w publikacjach stanowigcych podstawe niniejszej rozprawy doktorskiej.
Lokalne odksztatcenie (LS) prébki po deformacji okreslono na podstawie zmiany odlegtosci

miedzy znacznikami naniesionymi na jej powierzchnie zgodnie ze wzorem:

szl
Lo

gdzie lp to odlegtos¢ miedzy znacznikami dla nieodksztatconego materiatu, a |: to odlegtosé

(2)

miedzy znacznikami dla zdeformowanej prébki.
Odksztatcenie objetosciowe (VS) wyznaczono natomiast ze zmiany objetosci miedzy wybranymi

znacznikami stosujgc ponizsze rdwnanie:

gdzie V, to objetos¢ miedzy znacznikami dla zdeformowanej probki, a Vo to objetos¢ miedzy

znacznikami dla nieodksztatconego materiatu.

Niskokgtowe rozpraszanie promieniowania rentgenowskiego (SAXS)

Metode niskokatowego rozpraszania promieniowania rentgenowskiego przy uzyciu
kamery prézniowej typu Kiessiga (odlegtos¢ miedzy probky i detektorem: 1.2 m, Zrddto
promieniowania: CuKa) zastosowano do scharakteryzowanie wyjsciowej mikrostruktury oraz

analizy zmian strukturalnych zachodzgcych w materiatach podczas ich odksztatcania, w tym do
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obserwacji zjawiska kawitacji. Generator wysokiego napiecia GeniX Cu-LD Xenocs (Grenoble,
Francja) pracowat przy napieciu i natezeniu prgdu odpowiednio 50 kV i 1 mA. Dwuwymiarowe
obrazy rozproszeniowe zarejestrowano za pomocy detektora Pilatus 100K Dectris (Baden,
Szwajcaria) o rozdzielczosci 172x172 um. W analizie struktury lamelarnej wykorzystano korekcje
Lorentza, prawo Bragga oraz funkcje korelacji [8]. Dla wybranych prébek polietylenu wyznaczono
réwniez promien zyracji (Rg) poréw kawitacyjnych zgodnie z metodologia zaproponowang przez
Yamashite i Nabeshime [50]. Dodatkowo proces plastycznej deformacji probek HDPE i PP
przeanalizowano in situ podczas jednoosiowego rozciggania z  wykorzystaniem

synchrotronowego promieniowania rentgenowskiego w Hasylab (Hamburg, Niemcy) [30].

Szerokokqtowe rozpraszanie promieniowania rentgenowskiego (WAXS)

Rozmiar krystalitéw, fragmentu krysztatu lamelarnego o niezaburzonej strukturze
krystalograficznej, na réznych etapach deformacji prébek HDPE i PP wyznaczono w oparciu
o pomiary szerokokgtowego rozpraszania promieniowania rentgenowskiego. Badania metoda
WAXS  przeprowadzono przy  wykorzystaniu synchrotronowego promieniowania
rentgenowskiego (linia PETRA Ill) w Hasylab (Hamburg, Niemcy), a do rejestracji
dwuwymiarowych obrazéw zastosowano detektor Pilatus 300K Dectris (Baden, Szwajcaria).
Zarejestrowane dyfraktogramy WAXS analizowano przy uzyciu oprogramowania WAXSfit [51],
dokonujac rozktadu (dekonwolucji) profili dyfrakcyjnych na sygnaty pochodzace od komponentu
amorficznego oraz poszczegdlnych ptaszczyzn krystalograficznych.

Sredni rozmiar krystalitu (Lna) w kierunku normalnym do populacji ptaszczyzn krystalograficznych
(110), (200) (dla HDPE) oraz (110), (040), (130) (dla PP) wyznaczono za pomocg réwnania
Scherrera:

_ 092
Pl = BcosO

C)

gdzie A to dtugosé fali promieniowania rentgenowskiego, B to szerokos¢ potédwkowa piku
dyfrakcyjnego dla ptaszczyzn (hkl), 8 to wartos¢ kata dyfrakcji [30].

Odlegtos¢ miedzy sasiednimi ptaszczyznami (d) w prébkach PP dla populacji ptaszczyzn
krystalograficznych (110), (040), (130) oraz (-113) wyznaczono w oparciu o prawo Bragga,
zgodnie z ponizszym réwnaniem:

_ na :
_ZSinQ()

gdzie d to odlegtos¢ miedzyptaszczyznowa, n to rzad ugiecia, A to dtugos¢ fali promieniowania

rentgenowskiego, 0 to wartos¢ kata dyfrakcji. Odpowiednie parametry wyznaczono z profili
dyfrakcyjnych po ich wczesniejszej dekonwolucji z wykorzystaniem oprogramowania WAXSfit

[51].
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Transmisyjna mikroskopia elektronowa (TEM)

Strukture lamelarng analizowano za pomocg transmisyjnego mikroskopu elektronowego
Talos F200X, pracujgcego przy napieciu przyspieszajgcym 200 kV. Prébki do badania technikg
TEM w postaci ultracienkich scinkdw o grubosci 60 nm przygotowano przy wykorzystaniu
ultramikrotomu zamrozeniowego PowerTomePC (Boeckeler, USA) wyposazonego w néz
diamentowy 35° (Diatome, Szwajcaria). Dodatkowo prébki polietylenowe poddane zostaty

procesowi kontrastowania (RuQs, t=24h, T=20°C) [52].

Spektroskopia czaséw Zycia anihilujgcych pozytonow (PALS)

Pomiar spektroskopii czaséw zycia anihilujgcych pozytonéw prowadzono w temperaturze
pokojowej (20 °C) przy uzyciu spektrometru ORTEC o rozdzielczosci 300 ps. Podczas badania
pozytony emitowane ze zrédta promieniotwoérczego w postaci dysku o srednicy okoto 3 mm
uformowanego z izotopu sodu 2’Na umieszczonego pomiedzy folig kaptonowa penetrujg dwie
otaczajgce zrodto promieniotwdrcze probki polimeru i anihilujg po procesie termalizacji. Czas
pojedynczego pomiaru byt SciSle skorelowany z catkowitg liczbg zliczenn sktadajgcych sie
na widmo (minimum 2x10° zliczer) i wynosit okoto 48h. Dane zebrane podczas pomiaréw PALS
analizowano z wykorzystaniem oprogramowania LT-9.0. Do analizy danych obliczeniowych

wykorzystano zaleznos¢:

N(x) = foop(x —t) Z I;F,(t)dt (6)
0

w ktérej P to funkcja rozdzielczosci, | jest wzgledng intensywnos¢ i-tego sktadnika widma,
a F moze stanowi¢ element dyskretny lub ciggly. W przypadku sygnatu dyskretnego wartosc

F wyliczono zgodnie ze wzorem:

1

F =—ex (—E)—lex (=) (7)
—TP T T P

gdzie t stanowi czas zycia pozytonu, natomiast A wyraza szybko$¢ anihilacji pozytonéw. Sygnat
ciggly jest ztozony z sumy ciggdéw z rozktadem logarytmicznym normalnym krzywych La(A)

(rozktad Gaussa czaséw zycia w skali logarytmicznej — réwnanie 8).

e L[ [ ()
F(t)—J0 L, (DdA( M)dl_/‘woxfz_ﬂjo exp[ 208 ]

w ktorym to stanowi Srodek rozktadu wartosci T, a oo jest zmienng rozktadu. Logarytmiczny

Aexp(—At) dA (8)

rozktad Gaussa nie jest symetryczny, zatem czas zycia mozna obliczy¢ z zaleznosci:

a5
T = Ty exp (7> 9
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Z kolei dyspersje czasu zycia (odchylenie standardowe rozktadu) wyznaczono za pomoca

o=t /exp(ao2 -1) (10)

Widma PALS opisano trzema sktadowymi 1, T» i 13, trzema odpowiadajgcymi

rownania:

im intensywnosciami Iy, |2 I3, a takze trzema dyspersjami o1, 02 i 03. Sktadnik 11 opisuje najkrotszy
czas zycia i jest w przyblizeniu réwny czasowi anihilacji para-pozytu (p-Ps), ktéry wynosi 0.125
ns; T2 odpowiada anihilacji wolnych pozytondw, natomiast t3 odpowiada anihilacji pick-off, ktéra
ma miejsce, gdy orto-pozyt (o-Ps) jest uwieziony w defektach/wolnych przestrzeniach
zlokalizowanych w obszarach amorficznych polimerdw czesciowo krystalicznych.

Do wyznaczenia Sredniego promienia poréw swobodnej objetosci zastosowano model
zaproponowany przez Tao [43] i zmodyfikowany przez Eldrupa [53]. Zaktada on, ze obszar
swobodne] objetosci o promieniu R stanowi dla o-Ps sferyczng putapke. Jej sciany stanowi
natomiast warstwa elektronowa o grubosci AR i statej gestosci fadunku elektronowego. Proces
anihilacji pick-off zachodzi poprzez oddziatywanie o-Ps z elektronami wchodzacymi w sktad tej
warstwy. Spinowo-usredniona stata zaniku pozytu w interakcji z warstwg elektronowg wynosi
2 ns?t, z kolei dobrana w sposdb empiryczny warto$é grubosci warstwy AR wynosi 0.166 nm.
Pétempiryczna zaleznos¢ otrzymana przy wykorzystaniu tego modelu umozliwia powigzanie
czasu zycia o-Ps i rozmiaru $redniej sferycznej objetosci swobodnej w materiale penetrowanym
przez pozyt. Matematyczng interpretacje tej zaleznosci odzwierciedla réwnanie 11, na podstawie

ktérego obliczy¢ mozna promien poru swobodnej objetosci.

—osfi-—f 41y ( 2nR )]_1 (1)
t3=" R+4R 2™ R+ 4R

Z kolei, réwnanie 12 pozwala na wyznaczenie rozktadéw rozmiaréw poréw swobodnej objetosci

w badanych prébkach.

dA
LG GR
41tR? (12)

W réwnaniu tym wartos¢ —L,, (13) wyznaczono z parametréw 13 oraz o3 uzyskanych w oparciu

y(V) =

o analize widm anihiliacyjnych. Rozktady y (V') zostaty unormowane do tej samej powierzchni

pod krzywa.

22



3.2. Wyniki badan iich omowienie

3.2.1.Adaptacja i wykorzystanie spektroskopii czasow zycia anihilujgcych pozytonow
(PALS) do S$ledzenia procesu deformacji plastycznej polimerow czesSciowo
krystalicznych na przyktadzie polietylenu wysokiej gestosci

Zaadoptowano spektroskopie PAL do badania zmian strukturalnych zachodzacych
w obszarze komponentu krystalicznego i amorficznego, w tym inicjacji zjawiska kawitacji
(powstawanie nano-/mikrodziur oraz nieciggto$ci w materiale) podczas odksztatcania polimerow
czesciowo krystalicznych. Nastepnie, technike PALS wykorzystano do analizy procesu deformacji
plastycznej polietylenu wysokiej gestosci (HDPE) podczas jednoosiowego rozciggania.
Przeprowadzone badania i uzyskane wyniki zostaty opisane w pracy D1.

Czas potrzebny do wykonania pojedynczego pomiaru PALS wynoszacy ok. 48h oraz
koniecznos¢ uzycia dwdch identycznych prébek podczas standardowego eksperymentu
powodowaty, ze zastosowanie spektroskopii czaséw zycia anihilujgcych pozytonéw do analizy
procesu deformacji materiatéw polimerowych, in situ, podczas odksztatcania nie byto mozliwe.
W zwigzku z powyziszym, przeprowadzona zostata odpowiednia adaptacja techniki PALS.
Zaprojektowano i wykonano specjalne uchwyty umozliwiajace rejestracje danych
eksperymentalnych PALS przy zachowaniu w analizowanym materiale polimerowym stanu
naprezenia/odksztatcenia wymuszonego deformacjg (Rys. 2a). Dwie probki zdeformowane do tej
samej wartosci lokalnego odksztatcenia (LS) oraz zrédto radioaktywne zlokalizowane pomiedzy
nimi tworzyty uktad pozwalajacy na przeprowadzenie odpowiedniego pomiaru PALS (Rys. 2). Aby
zminimalizowa¢ procesy relaksacji probek odksztatconych zamontowanych w uchwytach, dla
kazdego analizowanego polimeru przeprowadzono optymalizacje sity docisku elementéw
mocujgcych prébki. W przypadku polimeru kawitujgcego, takiego jak HDPE, prébki rozciggano
do LS wynoszacego 0.25, co skutkowato wytworzeniem w materiale poréw kawitacyjnych,
mozliwych do obserwacji za pomocg techniki SAXS. Nastepnie, w oparciu o analize poréwnawczg
obrazéw SAXS zarejestrowanych in situ (podczas rozciggania probki) i pseudo in situ (dla probki
zamontowanej w zaprojektowanych uchwytach) przy identycznych wartosciach lokalnego
odksztatcenia wytypowano optymalng site docisku, przy ktorej procesy relaksacji zachodzace
w obrebie mikrostruktury polimeru nie byty obserwowane (intensywnos¢ rozpraszania na porach
kawitacyjny nie malata). Wartos$¢ zoptymalizowanej sity docisku dla HDPE wynosita 5.6 in.Ib (Rys.

2¢, d) [D1].
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1- PROBKI

2- ZRODLO RADIOAKTYWNE
3- DETEKTORY PALS

Rys. 2. (a) Wizualizacja 3D uchwytéw do montazu odksztatconych prébek; (b) lokalizacja
probek/uchwytéw wzgledem detektorow PALS; (c) i (d) obrazy rozproszeniowe SAXS
odksztatconych prébek HDPE (LS=0.25) zarejestrowane odpowiednio dla prébek zamocowanych
w uchwytach z rdzng sitg docisku oraz in situ (podczas odksztatcania). Kierunek deformacji:

wertykalny [D1].

Znaczenie zastosowanego sposobu montazu prébek w badaniach zmian strukturalnych
fazy amorficznej i krystalicznej polimeréw czesciowo krystalicznych z wykorzystaniem techniki
PALS potwierdzity wyniki badan rentgenowskich przeprowadzone w funkcji czasu. Udowodniono,
7ze w probkach, ktére zamontowano w uchwytach powodowany odksztatcaniem stan
naprezenia/odksztatcenia utrzymuje sie przez co najmniej 312h. Natomiast po wyjeciu probek
z uchwytéw zaobserwowano zmiany rejestrowanych obrazéw rozproszeniowych wyraznie
Swiadczace o procesach relaksacji zachodzacych w polimerze.

Badania przebiegu procesu jednoosiowego rozciggania HDPE z szybkoscig 3.3x1073s?

(T=20 °C), z wykorzystaniem techniki PALS przeprowadzono w zakresie lokalnych odksztatcen
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LS=0-0.25. Parametry strukturalne HDPE przed deformacjg, wyznaczone metodami DSC i SAXS,

zawarto w Tabeli 1 (Rozdziat 3.1.2.).
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Rys. 3. Krzywa odksztatcenie inzynierskie - naprezenie inzynierskie dla HDPE wraz z obrazami

rozproszeniowymi SAXS dla poszczegdlnych wartosci odksztatcenia lokalnego [D1].

Na podstawie krzywej odksztatcenie inzynierskie - naprezenie inzynierskie oraz obrazéow
rozproszeniowych SAXS zaprezentowanych na Rys. 3 stwierdzono, ze granica plastycznosci HDPE
obserwowana jest przy odksztatceniu inzynierskim 20%, tj. przy odksztatceniu lokalnym
w zakresie 0.12-0.15. Procesowi plastycznej deformacji towarzyszyta wyrazna zmiana ksztattu
sygnatu pochodzgcego od struktury lamelarnej polietylenu. Sygnat pochodzacy od porow
kawitacyjnych w postaci asymetrycznego rozpraszania na obrazach SAXS réwniez pojawiat sie
przy LS=0.12—-0.15. Wraz ze wzrostem wartosci LS intensywno$¢ rozpraszania ulega zwiekszeniu,
przy czym elipsoidalne pory kawitacyjne pozostawaty zorientowane ich dtugg osig prostopadle
do kierunku deformacji (wzdtuz warstw amorficznych pomiedzy lamelami zorientowanymi
prostopadle do kierunku deformacji). Analiza PALS przeprowadzona dla probek
zdeformowanych, ktérych obrazy rozproszeniowe SAXS przedstawiono na Rys. 3 wykazata, ze
w badanym zakresie LS wartosci sredniego czasu zycia orto-pozytu (t3) utrzymywata sie ponizej
wartosci T1; zarejestrowanej dla nieodksztatconej prébki (Rys. 4). Oznaczato to, ze Srednia
wielkos¢ porow swobodnej objetosci fazy amorficznej w zdeformowanych prébkach byta
mniejsza niz w prébce wyjsciowej. Efekt ten poczgtkowo zaskakujgcy, szczegdlnie w przypadku

prébek odksztatconych do LS 0.12-0.15 i wyzszych, w przypadku ktdrych zjawisko kawitacji byto
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wyraznie obserwowane, powigzany zostat ze specyfikg techniki PALS. Parametr t3 okredla
bowiem usredniong wartosé definiujgcg swobodng objetos¢ w warstwach nieuporzagdkowanych
w catej prébce, niezaleznie od lokalnej, indukowanej odksztatcaniem, ewolucji mikrostruktury
polimeru. Z kolei na odpowiedz mechaniczng obszaréw amorficznych istotnie wptywa utozenie

(orientacja) sasiadujgcych krysztatéw lamelarnych wzgledem kierunku odksztatcenia.
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Rys. 4. Sredni czas zycia orto-pozytu (ts, a) i jego dyspersja (o3, b) dla HDPE w funkgji lokalnego
odksztatcenia. Linia przerywana przedstawia wartos¢ odpowiedniego parametru dla proébki

niezdeformowanej [D1].

Analiza wartosci dtugiego okresu (LP, okreslanego jako srednia grubosé warstwy
krystalicznej i amorficznej) przeprowadzona w oparciu o obrazy rozproszeniowe SAXS i podejscie
Lorentza potwierdzita powyzsze stwierdzenie. Badania wykazaty, ze dtugi okres nieodksztatconej
prébki HDPE wynosit okoto 22.4 nm. Tymczasem w przypadku obszaréw, w ktérych lamele byty
zorientowane prostopadle (90°) lub réwnolegle (0°) do kierunku odksztatcenia wartos¢ LP
ulegata odpowiednio zwiekszeniu (~¥24 nm) lub zmniejszeniu (~21 nm) wraz ze wzrostem
lokalnego odksztatcenia. Wartos¢ LP nie ulegata natomiast mierzalnej zmianie wylacznie
w obszarach, w ktérych lamele utozone byty diagonalnie (45°) co powodowane byto aktywacja
poslizgdw miedzylamelarnych. Zmianom obserwowanym w LP towarzyszyta odpowiednia
ewolucja wielkosci poréw swobodnej objetosci w komponencie amorficznym. Analiza danych
PALS pokazata ponadto, ze wraz ze wzrostem lokalnego odksztatcenia wyraznie zwieksza sie
dyspersja czasu zycia orto-pozytu (os). Nalezy zauwazy¢, ze wyrazny wzrost wartosci tego

parametru nastgpit dopiero po zainicjowaniu zjawiska kawitacji.
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Rys. 5. Znormalizowane rozktady wielkosci porow swobodnej objetosci prébek HDPE (a),
znormalizowane rozktady wielkosci poréw swobodnej objetosci odksztatconych préobek HDPE

po odjeciu rozktadu dla probki nieodksztatconej (b) [D1].

Zmiany S$redniego czasu zycia orto-pozytu (t3) i jego dyspersji (03) sg bezposrednio
skorelowane ze zmianami wielkosci poréw swobodnej objetosci komponentu amorficznego.
Na Rys. 5a zamieszczono znormalizowane rozktady wielkosci poréw swobodnej objetosci
polietylenu oraz préobek odksztatconych do wybranych wartosci LS. Ponadto na Rys. 5b
zamieszczono znormalizowane rozktady wielkosci poréw swobodnej objetosci odksztatconych
prébek HDPE po odjeciu rozktadu dla prébki przed deformacjg. Analiza zaprezentowanych
danych jednoznacznie wskazuje na przesuwanie sie maksiméw rozktadow w kierunku nizszych
wartosci wraz ze wzrostem wartosci LS oraz formowanie frakcji poréw o wiekszych rozmiarach
(przy LS 0.15 i wyzszych). Z Rys. 5b wynika ponadto, ze wzgledny udziat poréw swobodnej
objetosci o mniejszych rozmiarach byt istotnie wiekszy, co wyraznie wskazuje, ze Srednia gestosc
»upakowania” molekularnego obszaréw amorficznych w analizowanym zakresie odksztatcen
lokalnych, ulegata zwiekszeniu. Jedynie w przypadku obszaréw amorficznych zlokalizowanych
pomiedzy lamelami zorientowanymi prostopadle do kierunku rozciggania, proces deformacji
prowadzit do zwiekszenia srednicy poréw swobodnej objetosci na skutek zwiekszenia odlegtosci
miedzylamelarnych oraz obecnosci zjawiska kawitacji.

Stwierdzono, ze podczas odksztatcania polietylenu, na poczgtkowych etapach jego
deformaciji, tj. do LS wynoszgcego 0.04, zmiana wartosci LP powodowana jest wyfgcznie zmiang
grubosci warstw amorficznych. W przypadku wiekszych odksztatcen wzrostowi lub spadkowi
wartosci dtugiego okresu dla lameli zorientowanych odpowiednio prostopadle lub réwnolegle
do kierunku odksztatcenia towarzyszy podobny trend zmian w grubosci warstw amorficznych

i krystalicznych. Otrzymane wyniki wskazuja, ze do LS wynoszgcego 0.04 deformacja zachodzi
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gtéwnie w obszarach nieuporzgdkowanych, natomiast powyzej tej wartosci zaréwno sktadowa
amorficzna, jak i krystaliczna aktywnie uczestniczg w procesie odksztatcania.

Na przyktadzie prébki odksztatconej do LS=0.15 i przeprowadzonej analizy profili
rozproszeniowych SAXS z zastosowaniem funkcji korelacji wykazano, ze zmianie wartosci
dtugiego okresu, wzgledem prébki nieodksztatconej dla populacji lamel zorientowanych
prostopadle do kierunku deformacji towarzyszy wzrost grubosci warstw amorficznych (t.) 0 0.9
nm (z 5.2 nm na 6.1 nm). Zwiekszenie grubosci t, spowodowato w tych warstwach zwiekszenie
$redniej objetosci poréw swobodnej objetosci z 0.116 nm3 na 0.339 nm? (linia przerywana,
Rys. 5c). Z kolei zmniejszenie t, z 5.3 nm na 5.0 nm w przypadku populacji lamel zorientowanych
rownolegle do kierunku odksztatcenia, skutkowato obnizeniem s$redniej objetosci pordw
do 0.0425 nm?3 (linia przerywana, Rys. 5b). Wyniki SAXS i PALS wskazaty, ze ewolucja rozmiaru
poréw swobodnej objetosci indukowana deformacjg ma charakter stopniowy, proporcjonalny
do obserwowanych zmian grubosci warstw amorficznych. Jednocze$nie, na podstawie pomiarow
PALS (Rys. 5c) pokazano, ze przy lokalnym odksztatceniu LS=0.15 nowa frakcja porow
0 najwiekszych rozmiarach ma $redni promieri ~0.41 nm (~0.30 nm3). Pojawienie sie frakgji
poréw o wiekszej objetosci miato miejsce doktadnie w momencie inicjacji zjawiska kawitacji
(analiza obrazéw rozproszeniowych SAXS, Rys. 3), zatem stwierdzono, ze wyznaczony promien
poréw moze odpowiadac¢ co najmniej jednemu z wymiardw wyraznie asymetrycznych poréw
kawitacyjnych.

Ocena rozmiaru kawitacji dla probki odksztatconej do LS=0.15 (Rys. 6a) poprzez
wyznaczenie z badan rentgenowskich ich promienia zyracji (Rg) wykazata obecnosé pieciu
populacji dziur o promieniach: 9.1, 11.3, 14.5, 18.0 i 19.1 nm. Najliczniejszg populacje stanowity
kawitacje o Rg=9.1 nm, a $redni promien zyracji wynosit okoto 11.9 nm. Analiza poréwnawcza
obrazéw SAXS (Rys. 6a) zebranych w kierunku normalnym do powierzchni prébki (DD-TD)
i w kierunku poprzecznym (DD-ND) pokazata, ze kawitacje majg elipsoidalny ksztatt, przy czym
rozmiar dziur wzdtuz osi a i b jest poréwnywalny (Rys. 6b). Zaktadajac, ze rozmiar kawitacji wzdtuz
krétkiej osi (0$ c) nie moze by¢ wiekszy od grubosci warstw amorficznych, to w przypadku prébki
odksztatconej do LS=0.15, dla ktérej grubos¢ obszaréw amorficznych pomiedzy lamelami
zorientowanymi prostopadle do kierunku deformacji wynosita 6.1 nm, promien kawitacji wzdtuz
niniejszej osi ¢ nie powinien przekroczy¢ wartosci =3 nm. Wartos$¢ ta znajdowata sie w zakresie
detekcji metody PALS. Przyjeto zatem, ze promien poréw o najwiekszych rozmiarach (=0,41 nm,

Rys. 5c¢) odpowiada de facto promieniowi kawitacji wzdtuz ich najkrotszej osi (0o$ ¢, Rys. 6b).
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Rys. 6. Obrazy rozproszeniowe SAXS zarejestrowane probek HDPE odksztatconych do LS=0.15
oraz LS=0.25 (a). Schemat poru kawitacyjnego (b) [D1].

2 [(5RZ-c?)

Na podstawie zaleznoscia = b = (13) [50] wyznaczono rzeczywisty rozmiar

kawitacji wzdtuz osi a i b dla populacji dziur o R;=11.9 nm, ktéry wynosit 18.8 nm. Nastepnie
wyznaczono wspotczynnik ksztattu poréw kawitacyjnych w momencie ich formowania, ktory
wynosit =45. Wykazano ponadto, ze dotychczasowe metody oceny rozmiaréow kawitacji,
bazujgce na zatozeniu, ze ich rozmiar wzdtuz osi c jest rowny grubosci warstw amorficznych,
prowadzg w rzeczywistosci do niedoszacowania anizotropii ksztattu dziur w momencie ich
formowania.

Analogiczne obliczenia dla prébki polietylenu odksztatconej do LS=0.25 wskazaty
na obecnos¢ populacji dziur o nastepujgcych promieniach (Rg) i wzglednym ich udziale: 8.0 nm
(0.31), 10.8 nm (0.39), 12.5 nm (0.18), 14.1 nm (0.08) i 19.2 nm (0.03). Na podstawie Sredniej
wartosci Rg kawitacji (10.6 nm) oraz sredniego promienia frakcji poréw o najwiekszych
rozmiarach wyznaczonego z pomiaréw PALS (0.42 nm) oszacowano rozmiar dziur wzdtuz osi

a i b, ktéry wynosit 16.9 nm. Stwierdzono tym samym, ze przy wyzszej wartosci lokalnego
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odksztatcenia, wspdtczynnik ksztattu porédw kawitacyjnych ulegt zmniejszeniu do =40,
co powodowane byto gtdwnie stopniowag reorientacjg struktury lamelarnej polietylenu.

Na podstawie sSredniego czasu zycia pozytondw (12), ktdry w analizowanym zakresie
odksztatcen utrzymywat sie na stalym poziomie stwierdzono, ze s$rednie odlegtosci
miedzyptaszczyznowe w krysztatach polietylenu nie ulegajg zmianie podczas jednoosiowego
rozciggania. Badania rentgenowskie potwierdzity powyzsze obserwacje. Wykorzystujgc technike
WAXS pokazano bowiem, ze wzgledne zmiany potozenia sygnatu pochodzacego od ptaszczyzny
krystalograficznej (200), w dwdch charakterystycznych kierunkach: réwnolegle oraz prostopadle
do kierunku odksztatcania, nawet po aktywacji mikromechanizméw deformacji plastycznej
krysztatdbw sg stosunkowo niewielkie (zmiany odlegtosci miedzyptaszczyznowych nie
przekraczajg 1%) i wzajemnie sie kompensuja.

Wyrazng zmiane zaobserwowano natomiast w wartosciach dyspersji czasu zycia
pozytondéw (o) w funkcji lokalnego odksztatcenia, przy czym najwyziszy spadek parametru o;
odnotowano w zakresie LS=0.12-0.19. Analiza zmian szerokosci potéwkowych sygnatow
rentgenowskich dla wybranych populacji ptaszczyzn krystalograficznych na rdéinych etapach
odksztatcania pozwolita, z wykorzystaniem réwnania Scherrer-a (4), na wyznaczenie wielkosci
krystalitow (fragment krysztatu lamelarnego o niezaburzonej strukturze krystalograficznej)
w kierunku normalnym do danej populacji ptaszczyzn. Wykazano, ze wielkosci krystalitow
polietylenu przed deformacjg dla populacji ptaszczyzn krystalograficznych (110) i (200) wynoszg
odpowiednio 31.3 i 22.6 nm (niezaleznie od kierunku, tj. 0°, 45°, 90°). Wielkosci te w zakresie
analizowanych odksztatcen zmniejszajg sie stopniowo, np. dla ptaszczyzny krystalograficznej
(200) wzdtuz kierunku odksztatcania (0°), przy lokalnym odksztatceniu wynoszacym 0.26,
zaobserwowano zmniejszenie poczatkowego rozmiaru krystalitdw o 10%. Zmniejszenie wielkosci
krystalitbw mozna wyttumaczy¢ wzglednym, niewielkim przemieszczaniem sie (poslizgiem)
sgsiednich blokéw krystalicznych w obrebie poszczegdlnych lamel bez ich dezintegracji. Proces
taki prowadzit do zmniejszenia liczby defektéw strukturalnych w obrebie krysztatéw. To z kolei
ttumaczyto spadek dyspersji czasu zycia pozytondw (o0.) wraz ze wzrostem odksztatcenia

lokalnego - struktura komponentu krystalicznego stawata sie bardziej ,jednorodna”.

3.2.2.Wptyw mikrostruktury polipropylenu na przebieg procesu jego plastycznej
deformacji

Technike PALS wykorzystano nastepnie do okreslenia wptywu czynnikdw strukturalnych
(grubosé krysztatow/stopien krystalicznosci, struktura fazy amorficznej) na przebieg plastycznej

deformacji polipropylenu, ze szczegdlnym uwzglednieniem zmian zachodzacych w obszarze
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swobodne] objetosci komponentu amorficznego. Przeprowadzone badania i uzyskane wyniki
zostaty opisane w pracy D2.

Podstawowe parametry strukturalne prébek polipropylenu o zrdzinicowanej
mikrostrukturze, przygotowanych poprzez zastosowanie rdéznej historii termicznej, badz
dodatkowy etap modyfikacji (Rozdziat 3.1.2.), wyznaczone metodami DSC i SAXS, zawarto
w Tabeli 1. Wyniki badan kalorymetrycznych oraz rentgenowskich pokazaty, ze prébki PPa i PPic,
charakteryzujg sie wyzszym stopniem krystalicznosci oraz wiekszg gruboscig krysztatéw
lamelarnych, w poréwnaniu do referencyjnego polipropylenu. Historia termiczna nie wptywata
natomiast mierzalnie na grubos¢ warstw amorficznych polimeru. Wykazano ponadto, ze wzrost
stopnia krystalicznosci w przypadku prébki PPnon zachodzit podczas procesu modyfikacji
obszarow amorficznych prowadzonego przez okres co najmniej 170h w podwyziszonej
temperaturze.

W oparciu o pomiary PALS okreslono wptyw mikrostruktury polipropylenu na anihilacje
swobodng oraz anihilacje ,,pick-off” orto-pozytu (o-Ps), okreslanych odpowiednio przez sredni
czas zycia (12 oraz t3) oraz dyspersje czasu zycia (o, oraz o3). Dla prébek PPa, PPic i PPnon,
w poréwnaniu do referencyjnego PP, zaobserwowano zmniejszenie Sredniego czasu zycia T,
oraz wzrost sredniego czasu zycia t3. Obserwowane zmiany w wartos$ciach czasu zycia o-Ps (13),
szczegblnie w przypadku prébki PPnon, stanowity dodatkowe potwierdzenie bezposredniej
korelacji pomiedzy niniejszym parametrem a s$rednig wielkoscig pordw swobodnej objetosci
w obszarach amorficznych. Z wczesniejszych prac [30], [42] wynikato bowiem, ze nonadekan
w ukftadach polipropylen/nonadekan jest zlokalizowany preferencyjnie w obszarach
nieuporzagdkowanych polimeru. Badania rentgenowskie przeprowadzone dla ukfadu
PP/nonadekan dodatkowo potwierdzity powyisze obserwacje. Precyzyjna analiza profili
rentgenowskich WAXS wykazata przesuniecie sygnatu pochodzacego od komponentu
amorficznego w kierunku nizszych wartosci kata 20, co wskazywato na zwiekszenie odlegtosci
pomiedzy makroczasteczkami badz ich fragmentami w warstwach amorficznych, a wiec wzrost
Sredniego rozmiaréw poréw swobodnej objetosci (co zaobserwowano w PALS-ie).

Wykazano réwniez, ze parametr T, definiuje komponent krystaliczny polimeru.
Na podstawie profili WAXS zebranych dla populacji ptaszczyzn krystalograficznych (110) i (040)
oraz przeprowadzonych obliczenn z wykorzystaniem prawa Bragg-a i rownania Scherrer-a (4),
wykazano, ze odlegtosci miedzyptaszczyznowe w krysztatach dla prébek PPa, PPic i PPnon
zmniejszaty sie w porédwnaniu do referencyjnego PP, natomiast wielko$¢ krystalitéw ulegata
wyraznemu zwiekszeniu. Obserwowane zmiany Swiadczyty z kolei o zmniejszeniu ogdlnej liczby

defektéw strukturalnych w krysztatach, a tym samym poprawie ich ,,doskonatosci”. W rezultacie
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proces swobodnej anihilacji pozytonéw w takich krysztatach zachodzit szybciej, a warto$é
odpowiedniego parametru (t2) malata.

Na podstawie wynikdw badan wtasciwosci mechanicznych uzyskanych podczas
jednoosiowego rozciggania probek z szybkoscig 3.3x103s? (T=20 °C) wykazano, ze granica
plastycznosci polipropylenu referencyjnego (PP) obserwowana jest przy odksztatceniu
inzynierskim na poziomie 15-17%, tj. przy odksztatceniu lokalnym 0.13-0.17. Pierwszy sygnat
od porédw kawitacyjnych na obrazach rozproszeniowych SAXS zaobserwowano przy lokalnym
odksztatceniu wynoszgcym 0.10. Wzrostowi wartosci LS towarzyszyt wyrazny wzrost
intensywnosci zjawiska kawitacji. Asymetrycznos¢ sygnatu rozproszeniowego wskazywata z kolei
na elipsoidalny ksztatt poréw kawitacyjnych (analogicznie jak w przypadku HDPE, Rys. 6b),
podczas gdy jego koncentracja w obszarach biegunowych sugerowata orientacje ich dtuzszej osi
prostopadle do kierunku odksztatcania [31].

Wyniki badan rentgenowskich (SAXS) oraz pomiaréw odksztatcenia objetosciowego (Vs)
w funkcji lokalnego odksztatcenia préobek polipropylenu o zréinicowanej mikrostrukturze
(PP, PPa, PPic i PPnon) potwierdzity wyrazne rdéznice w intensywnosciach inicjowanego

w analizowanych materiatach zjawiska kawitacji (Rys. 7).
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Rys. 7. Zalezno$¢ odksztatcenia objetosciowego od odksztatcenia lokalnego dla analizowanych
polipropylenéw. Obrazy rozproszeniowe SAXS dla probek odksztatconych do LS=0.20. Kierunek

deformacji: wertykalny [D2].
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Dane zaprezentowane na Rys. 7 wskazywaty, ze w przypadku polipropylenu referencyjnego
(PP) wzrost odksztatcenia objetosciowego, zwigzany z procesem powstawania nano-/mikrodziur
w materiale podczas jego jednoosiowego rozciggania, jest obserwowany powyzej lokalnego
odksztatcenia wynoszacego 0.05. Analiza danych zamieszczonych na Rys. 7 potwierdzita ponadto
istotny wptyw mikrostruktury PP na proces formowania kawitacji, przy czym najwieksze zmiany
w intensywnosci tego zjawiska zaobserwowano dla materiatu PPic oraz PPnon. W przypadku
probki PPic odksztatconej do LS=0.20 wzrost odksztatcenia objetosciowego, wskutek
powstawania dziur, byt trzykrotnie wyzszy niz w przypadku referencyjnego PP. Obserwowany
efekt wynikat z wyraznej réznicy w grubosci krysztatdow lamelarnych, ktéra w prébce PPic byta
o okoto 60% wieksza niz w materiale referencyjnym (PP). W przypadku materiatu PPnon
nie zaobserwowano wzrostu odksztatcenia objetosciowego w catym analizowanym zakresie LS,
co wskazywato na catkowite wyttumienie zjawiska kawitacji na skutek zmian mikrostruktury fazy
amorficznej [30], [42]. Obrazy rozproszeniowe SAXS zaprezentowane na Rys. 7 dla probek
odksztatconych do LS=0.20 potwierdzity omodwiony wptyw historii termicznej/modyfikacji
na intensywnos¢ zjawiska kawitacji.

Przed przystgpieniem do pomiaréw PALS, dla wszystkich analizowanych materiatéw
zoptymalizowano site docisku elementéw mocujgcych probki w uchwytach (dla prébek
odksztatconych do LS=0.20). Dla materiatéw PP, PPa i PPic wartos¢ momentu obrotowego
dobrano analogicznie jak w przypadku HDPE, poprzez poréwnanie intensywnosci zjawiska
kawitacji na obrazach SAXS zarejestrowanych metodami in situ i pseudo in situ. W przypadku
materiatu niekawitujgcego, PPnon, optymalizacje sity docisku przeprowadzono w oparciu
o pomiary zmian wartosci dtugiego okresu wyznaczone z profili SAXS zarejestrowane w trybie
in situ i pseudo in situ. Ustalono site docisku elementéw mocujacych wynoszaca 6.0 in.lb dla PP,

PPai PPic. W przypadku PPnon wartosc¢ tego parametru wynosita 5.4 in.lb.
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Rys. 8. Srednie czasy zycia (T, T3) i ich dyspersje (02, 03) dla referencyjnego polipropylenu (PP) w
funkcji lokalnego odksztatcenia LS=0.00-0.20. Linia przerywana przedstawia wartosc¢

odpowiedniego parametru dla prébki niezdeformowanej [D2].

Analize indukowanej deformacjg ewolucji struktury komponentu krystalicznego
referencyjnego polipropylenu (PP) przeprowadzono na podstawie wyznaczonych z pomiaréw
PALS parametréw 1, oraz o, (Rys. 8a,b). Srednia wartoé¢ czasu zycia pozytonéw (t2) dla
odksztatconych probek PP w zakresie LS=0-0.20, podobnie jak w przypadku wczesniej
analizowanego HDPE, nie ulegta istotnej zmianie. Z wykorzystaniem techniki WAXS wykazano
niewielkie zmiany odlegtosci miedzyptaszczyznowych (rzedu 1-2%) dla pfaszczyzn
krystalograficznych (040), (110) i (130) w funkcji LS, dla populacji lamel zorientowanych
réwnolegle, diagonalnie i prostopadle do kierunku deformacji. Ze wzgledu na nieznaczny zakres
obserwowanych zmian odlegtosci miedzyptaszczyznowych, jak rowniez efekt kompensacji
(zmniejszania i zwiekszania odlegtosci miedzyptaszczyznowych w zaleznosci od orientacji
krysztatéw wzgledem kierunku deformacji), parametr 1, w badanym zakresie wartosci LS
utrzymywat sie na statym poziomie. Stwierdzono réwniez, ze dyspersja czasu Zycia pozytondéw

(o2) jest parametrem zdecydowanie bardziej wrazliwym na aktywacje mikromechanizmodw
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deformacji plastycznej krysztatéw. Wykazano, ze za spadek wartosci o, obserwowany powyzej
makroskopowej granicy plastycznosci, odpowiedzialny byt proces przemieszczania sie
niewielkich blokéw krystalicznych w obrebie lameli prowadzacy do zmniejszenia Sredniej
wielkosci krystalitow. Efekt ten byt obserwowany dla szeregu ptaszczyzn krystalograficznych bez
wzgledu na analizowany kierunek wzgledem kierunku deformacji. Dla populacji ptaszczyzn
krystalograficznych (040), (110) i (130) przy lokalnym odksztatceniu wynoszgcym 0.25
obserwowane zmniejszenie wielkosci krystalitow siegato odpowiednio 15-20%, 15-30% i 15-20%
ich poczatkowej wartosci. W efekcie powyzszych proceséw dochodzito do redukcji ogdlnej liczby
defektéw strukturalnych wystepujacych w komponencie krystalicznym a w konsekwencji spadku
wartos¢ parametru T..

Analiza czasdw zycia orto-pozytu (ts, Rys. 8c) pokazata, ze w badanym zakresie odksztatcen
warto$¢ tego parametru poczgtkowo maleje (osigga minimum przy LS=0.03), po czym
nieznacznie wzrasta, nie przekraczajagc jednoczesnie wartosci obserwowanej dla probki
nieodksztatconej. Wykazano, ze w zakresie LS=0.00-0.20 poczatkowy wyrazny spadek wartosci
T3, przy jednoczesnym wzroscie wartosci odksztatcenia objetosciowego, jest spowodowany
zmiang ksztattu poréow swobodnej objetosci, z izotropowych (sferycznych) na anizotropowe
(elipsoidalne). Z kolei, brak wzrostu wartosci czasu zycia o-Ps po zainicjowaniu zjawiska kawitacji
(pomimo znacznego wzrostu odksztatcenia objetosciowego) jest zwigzany z silnie
anizotropowym, elipsoidalnym ksztattem poréw kawitacyjnych w momencie ich powstawania.
Anihilacja orto-pozytu wzdtuz krétszej osi poru kawitacyjnego (oS ¢, Rys. 6b) jest bowiem bardziej
prawdopodobna niz wzdtuz osi a lub b przez co wymiary te pozostajg poza detekcjg techniki PALS.
Zaobserwowano réwniez, ze zjawisko kawitacji istotnie wptywa na wartos¢ dyspersji czasu zycia
orto-pozytu (os, Rys. 8d). W przypadku prébek polipropylenu odksztatconych do LS=0.10
i wyzszych, czemu towarzyszy takze inicjowanie zjawiska kawitacji, obserwuje sie bowiem
wyraZzny wzrost wartosci 0s. Analiza znormalizowanych rozktadéw wielkosci poréw swobodnej
objetosci dla referencyjnego PP, tak jak w przypadku wczesniej omdéwionego HDPE, wskazywata
na stopniowe przesuwanie sie maksimow rozktadéw w kierunku nizszych wartosci, a dla LS=0.08
i wyzszych, procesowi temu towarzyszyto dodatkowo formowanie sie nowej frakcji poréw
o wiekszych rozmiarach.

Wyniki badan z wykorzystaniem techniki SAXS pokazaty, ze za zmiany obserwowane
na poziomie objetosci swobodnej fazy amorficznej odpowiadajg gtdwnie indukowane
odksztatceniem zmiany odlegtosci miedzylamelarnych. Podczas jednoosiowego rozciggania
polipropylenu mozna bowiem zauwazy¢ wyrazng zmiane wartosci dtugiego okresu, przy czym
charakter zmian zalezy od analizowanego kierunku wzgledem kierunku deformacji. Dla lamel

zorientowanych prostopadle (90°) lub réwnolegle (0°) do kierunku odksztatcenia wraz
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ze wzrostem wartosci lokalnego odksztatcenia obserwuje sie odpowiednio wzrost lub
zmniejszenie wartosci dtugiego okresu. Niniejszym zmianom w zaleznosci od analizowanego
kierunku towarzyszg analogiczne zmiany grubosci komponentu amorficznego, co potwierdzity
wyniki analizy profili SAXS z wykorzystaniem funkcji korelacji. Wyniki pomiaréw SAXS oraz zmiany
zaobserwowane w odksztatceniu objetoSciowym i parametrach ts/os wskazywaty, ze proces
tworzenia sie poréw kawitacyjnych nastepuje na skutek lokalnej utraty integralnosci/ciggtosci
warstw amorficznych.

Badania wptywu mikrostruktury polipropylenu (PPa, PPic, PPnon w stosunku do PP)
na przebieg procesu jego odksztatcania z wykorzystaniem techniki PALS przeprowadzono
w zakresie LS=0-0.20. Na Rys. 9a przedstawiono $rednie czasy zycia pozytondéw T, oraz ich

dyspersje o, dla nieodksztatconych i zdeformowanych do LS=0.20 prébek PP, PPa i PPic.
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Rys. 9. Srednie czasy zycia (T2, T3) i ich dyspersje (o2, 03) dla nieodksztatconych i zdeformowanych

do LS=0.20 prébek polipropylenu o zréznicowanej mikrostrukturze [D2].
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Wartosci 12 dla materiatdw PPa i PPic przy odksztatceniu lokalnym wynoszgcym 0.20,
podobnie jak w przypadku prébki PP, byty nieznacznie nizsze niz wartosci zarejestrowana dla
odpowiedniego materiatu nieodksztatconego. Historia termiczna materiatu polimerowego nie
wptywata zatem na warto$¢ parametru T,. Wzrost stopnia krystalicznosci/grubosci krysztatéw
lamelarnych polipropylenu wptywata natomiast na indukowang odksztatceniem zmiane dyspersji
czasu zycia pozytondéw. Zaobserwowano, ze proces przemieszczania sie blokdw krystalicznych,
ktéory w materiale referencyjnym (PP) prowadzit do redukcji ogdlnej liczby defektow
strukturalnych w obrebie komponentu krystalicznego, czego efektem byt spadek wartosci o3,
w materiatach o grubszych, mniej zdefektowanych krysztatach (PPa, PPic) zachodzit
w ograniczonym stopniu (brak istotnej zmiany parametru a,).

Analiza zaprezentowanego na Rys. 9b sredniego czasu zycia orto-pozytu 13 i jego dyspersji
o; dla nieodksztatconych i zdeformowanych do LS=0.20 materiatéw polipropylenowych
o zréznicowanej mikrostrukturze wskazuje, ze zjawisko kawitacji istotnie wptywa przede
wszystkim na wartos$é parametru os. Wykazano, ze w przypadku polipropylenu niekawitujgcego
(PPnon) wartos$¢ tego parametru dla prébki nieodksztatconej i zdeformowanej do LS=0.20 nie
ulega mierzalnej zmianie. Z kolei w przypadku materiatéw kawitujgcych (PP, PPa, PPic) wartosci
o3 dla lokalnego odksztatcenia wynoszacego 0.20 sg wyraznie wieksze. Rdznica w wartosci
o3 W analizowanych materiatach pomimo znaczacej réznicy w intensywnosci zjawiska kawitacji
(Rys. 7), utrzymywata sie na podobnym poziomie. Efekt ten wskazywat, ze poczatkowy rozmiar
porow kawitacyjnych wzdtuz krétszej osi (oS ¢, Rys. 6 b) dla prébek PP, PPa oraz PPic byt zblizony.
Efekt ten powodowany byt poréownywalng gruboscig warstw amorficznych w analizowanych

materiatach przed procesem deformacji (Tabela 1).

3.2.3.Wptyw temperatury i szybkosci odksztatcenia na mikromechanizmy deformacji
plastycznej polietylendow

Zbadano indukowang deformacja ewolucje swobodnej objetosci fazy amorficznej
polietylenu wysokiej (HDPE) i niskiej (LDPE) gestosci w funkcji temperatury (-30-70 °C)
oraz szybkosci odksztatcania (3.3x102-3.3x10*s?). Przeprowadzone badania i uzyskane wyniki
zostaty zaprezentowane w pracy D3.

Ze wzgledu na brak danych rentgenowskich z pomiaréw in situ dla polietylenéw
deformowanych w ww. zakresie temperatur oraz szybkosci odksztatcania, opracowana zostata
alternatywna metoda optymalizacji sity docisku prébek w uchwytach do pomiaréw PALS. W tym
celu wykorzystano precyzyjne pomiary wartosci LS dla prébki zamontowanej w maszynie
wytrzymatosciowej, poréwnujac je do wartosci LS zarejestrowanych dla prébki w uchwycie.

Zaproponowana metoda zostata dodatkowo zweryfikowana poprzez optymalizacje sity docisku
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dla wyzej opisanego HDPE deformowanego w temperaturze pokojowej z predkoscig 3.3x103 s,
Wyniki otrzymane przy uzyciu obu metod byty zblizone (5.6 in.lb.). W oparciu o pomiary wartosci
LS oraz analize obrazow rozproszeniowych SAXS dodatkowo weryfikowano dobrang site docisku
probek w uchwytach w funkcji czasu, celem ograniczenia proceséw relaksacji zachodzacych
w komponencie amorficznym/krystalicznym polimeru po deformacji. Na podstawie
przeprowadzonych analiz wyznaczone zostaty optymalne wartosci sity docisku, ktére dla HDPE
wynosity odpowiednio: 5.4 in.Ib (T=20 °C, 3.3x10* s!), 6.4 in.lb (T=20 °C, 3.3x102%s%), 7.2 in.lb
(T=-30 °C, 3.3x103s?), 4.2 in.Ib (T=70 °C, 3.3x103 s), oraz dla LDPE: 4.8 in.lb (T=20 °C, 3.3x10°3
s1)i5.0in.lb (T=-30 °C, 3.3x102 s%).

Wptyw warunkéw eksperymentalnych (temperatura, szybkos$¢ odksztatcania) na proces
deformacji (w trybie jednoosiowego rozciggania) zostat przebadany zaréwno w przypadku
HDPE, jak i LDPE. W warunkach eksperymentalnych przyjetych za standardowe (temperatura
deformacji 20 °C, szybko$¢ odksztatcania 3.3x102 s?) deformacji HDPE towarzyszyt proces
mikroszyjkowania oraz zjawisko kawitacji. W przypadku LDPE, deformacja zachodzita
homogenicznie wzdtuz catego odcinka pomiarowego i nie dochodzito do inicjowania zjawiska
kawitacji.

Zmiana warunkéw eksperymentalnych istotnie wptywata na odpowiedZ mechaniczng
analizowanych polietylenédw. Wzrost szybkosci deformacji badz obnizenie temperatury
w przypadku HDPE powodowato znaczne zwiekszenie naprezenia na granicy plastycznosci
oraz intensyfikacje zjawiska kawitacji. Tymczasem, podczas deformacji w temperaturze 70 °C
badZ przy obnizonej szybkosci rozciggania (3.3x10™ s!) obserwowano catkowite wyttumienie
zjawiska kawitacji. LDPE wykazywat zblizony charakter zmian wartosci naprezenia na granicy
plastycznosci przy zmianie warunkéw eksperymentalnych. Jednoczesnie, w analizowanym
zakresie warunkéw eksperymentalnych, jednoosiowe rozcigganie LDPE zachodzito w sposob
homogeniczny, bez mikroszyjkowania. Dodatkowo, zmiany temperatury/szybkosci odksztatcania
w zakresie analizowanym w pracy D3 nie prowadzity do inicjowania zjawiska kawitacji podczas
deformacji polietylenu niskiej gestosci.

Wptyw temperatury i szybkosci deformacji na obecno$é/intensywnos¢ zjawiska kawitacji
towarzyszgcemu odksztatcaniu HDPE i LDPE zweryfikowano dodatkowo z wykorzystaniem
pomiarow odksztatcenia objetosciowego. Z zaprezentowanych ponizej zaleznosci (Rys. 10a)
wyraznie wynika, ze zaréwno temperatura, jak i szybkos$ci deformacji miaty znaczacy wptyw
na charakter zmian odksztatcenia objetosciowego w funkcji LS podczas procesu jednoosiowego
rozciggania HDPE. W przypadku HDPE odksztatconego z szybkoécig 3.3x102 s dynamika
przyrostu objetosci byta najwieksza. Przebieg zmian odksztatcenia objetosciowego dla HDPE

odksztatcanego z szybkoscig 3.3x103 s 3.3x10% s poczatkowo byt zblizony. Dopiero powyzej
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LS=0.13, wartosci odksztatcenia objetosciowego zaczety wyraznie rosngé w przypadku materiatu
deformowanego z szybkoscia 3.3x103 s przy braku zmian wartoéci tego parametru dla materiatu

odksztatcanego z szybkoscig 3.3x10% s

Niniejsza zalezno$¢ wyraznie Swiadczyta o braku
kawitacji podczas jednoosiowego rozciggania HDPE przy najnizszej analizowanej w pracy
szybkosci odksztatcania.

Korelacja pomiedzy wartoscig odksztatcenia objetosciowego a LS w funkcji temperatury
deformacji wskazywata na wyrazny wptyw tego parametru na obecnos$¢ oraz intensywnosc
zjawiska kawitacji (Rys. 10 b). HDPE deformowany w T=-30 °C w catym analizowanym zakresie LS
charakteryzowat sie znaczaco wyzszymi wartoSciami odksztatcenia objetosciowego
w poréwnaniu do materiatéw analizowanych w wyzszych temperaturach. W przypadku HDPE

odksztatcanego w podwyzszonej temperaturze (70 °C) nie zaobserwowano mierzalnych zmian

wartosci odksztatcenia objeto$ciowego w funkcji LS, co Swiadczyto o braku zjawiska kawitacji.
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Rys. 10. Zalezno$¢ odksztatcenia objetosciowego od LS dla HDPE w funkcji: szybkosci deformacji
(a) oraz temperatury deformacji (b). Obrazy rozproszeniowe SAXS dla probek odksztatconych do
LS=0.25 (0.17 dla prébki odksztatcanej w T=-30 °C) Kierunek deformacji: wertykalny [D3].

Odmienny  charakter zaleznosci pomiedzy  odksztatceniem  objetosciowym
a LS zaobserwowano w przypadku LDPE. Wartosci odksztatcenia objetosciowego LDPE
w analizowanym zakresie temperatur i szybkosci deformacji nie ulegaty zmianie wraz
ze wzrostem LS. Odksztatcanie LDPE w analizowanym zakresie warunkéw eksperymentalnych
zachodzito zatem w sposéb bezkawitacyjny. W zwigzku z powyiszym, przeprowadzono
dodatkowo jednoosiowe rozcigganie LDPE zmieniajgc zardwno temperature, jak i szybkos¢
odksztatcania (T=-30 °C, 3.3x107? s!). 10-krotne zwiekszenie szybkosci deformacji LPDE, przy
najnizszej z analizowanych temperatur (-30 °C), przyczynito sie do wyraznego wzrostu wartosci
naprezenia na granicy plastycznosci, jak i niewielkiego wzrostu odksztatcenia objetosciowego.

Warto podkreslié, iz badania SAXS wykonane dla prébki przy LS=0.25 nie potwierdzity obecnosci
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zjawiska kawitacji (pomimo niewielkiego wzrostu wartosci odksztatcenia objetosciowego)
podczas deformacji LDPE, nawet w tak skrajnych warunkach eksperymentalnych. Warto
jednoczesnie podkresli¢, ze podczas odksztatcania LDPE przy obnizonej temperaturze (-30 °C)
oraz podwyzszonej szybkosci odksztatcania (3.3x102 st) warto$é naprezenia na granicy
plastycznosci osiggneta wartos¢ obserwowang w kawitujgcym HDPE. Brak kawitacji w przypadku
LDPE wskazywat na wyzszg odpornosé komponentu amorficznego na lokalng utrate ciggtosci
i formowanie poréw kawitacyjnych. Efekt ten powodowany byt prawdopodobnie wiekszg iloscig
rozgatezien bocznych obecnych w makroczgsteczkach LDPE co prowadzito do formowania
wiekszej ilosci splatan/weztéw molekularnych w obszarze komponentu amorficznego.

Na Rys. 1l1a i 11b zestawiono wartosci 15 i 03 dla niedeformowanego HDPE i prébek
odksztatconych do LS=0.25 z réing szybkoscig deformacji. Na Rys. 11c i 11d przedstawiono
natomiast znormalizowane rozktady wielkosci poréw swobodnej objetosci oraz rozktady
po odjeciu odpowiedniego profilu dla prébki nieodksztatconej. Analiza przedstawionych danych
wyraznie pokazata, ze warto$¢ parametru 13 ulegata obnizeniu wraz ze wzrostem szybkosci
deformacji, co s$wiadczyto o zmniejszeniu S$redniego rozmiaréw wolnych przestrzeni
w komponencie amorficznym. Ten pozornie nietypowy efekt zostat juz wyjasniony w przypadku
wczeséniej analizowanego HDPE oraz PP i zwigzany byt z silnie anizotropowym/elipsoidalnym
ksztattem poréw kawitacyjnych w momencie ich inicjowania. Jak udowodniono powyzej,
technika PALS w ograniczony sposdb pozwala okresli¢ wymiary poréw kawitacyjnych. Dodatkowo
wielkos¢ poréw kawitacyjnych wzdtuz krétszej ich osi naturalnie ograniczana jest gruboscia
warstw amorficznych, a poczatkowa grubos¢ warstw miedzylamelarnych we wszystkich

analizowanych uktadach byta identyczna.
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Rys. 11. Sredni czas zycia orto-pozytu (ts, a) i jego dyspersja (o3, b) dla nieodksztatconej
i odksztatconych do LS=0.25 prébek HDPE w funkcji szybkosci deformacji. Linia przerywana
przedstawia wartos¢ odpowiedniego parametru dla probki niezdeformowanej. Znormalizowane
rozktady wielkosci poréw swobodnej objetosci analizowanych materiatéw (c) oraz
znormalizowane rozktady wielkosci poréw swobodnej objetosci odksztatconych préobek HDPE

po odjeciu rozktadu dla prébki nieodksztatconej (d) [D3].

Analiza PALS HDPE odksztatconego w funkcji temperatury zostata przeprowadzona dla
prébek zdeformowanych do LS=0.25 (20 °Ci 70 °C) oraz do LS=0.17 (-30 °C). Wyniki badan zostaty
odniesione do pomiaréw przeprowadzonych dla prébki nieodksztatconej. HDPE zdeformowany
w temperaturze 70 °C wykazywat najmniejsze zmiany wartosci parametrow ts i 63w pordwnaniu
do materiatu nieodksztatconego. Mozna zatem przyjgé, ze zmiany w mikrostrukturze
komponentu amorficznego na poziomie objetosci swobodnej, w tym $redniej wielkosci poréw
i ich rozktadu, byly najmniejsze. Najwieksze rdéinice w mikrostrukturze obszaréw
nieuporzgdkowanych zaobserwowano w przypadku probki odksztatcanej w temperaturze
obnizonej (-30 °C), szczegdlnie w rozktadzie wielkosci poréw swobodnej objetosci. Efekt ten byt

spowodowany istotnym wzrostem udziatu poréw swobodnej objetosci o najmniejszych
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rozmiarach oraz obecnoscig frakcji pordw o najwiekszych rozmiarach. Trend obserwowanych
zmian wydawat sie analogiczny jak podczas zwiekszenia szybkosci odksztatcenia HDPE (Rys. 11).

Deformacja plastyczna LDPE nie byta analizowana przy uzyciu techniki PALS w naszych
wczesniejszych pracach, dlatego tez przed okresleniem wptywu warunkéw eksperymentalnych
przeprowadzone zostaty badania PALS LDPE odksztatconego w zakresie LS=0-0.25 w warunkach
standardowych (T= 20 °C, 3.3x103 s!). Na Rys. 12a i 12b przedstawiono wartosci odpowiednio T3
i o3 w funkcji odksztatcenia lokalnego. Na Rys. 12c i 12d przedstawiono natomiast
znormalizowane rozktady wielkosci poréw swobodnej objetosci oraz rozktady po odjeciu
odpowiedniego profilu dla prébki nieodksztatconej. Analiza danych PALS wykazata, ze zaréwno
wartosci 13, jak i o3 dla nieodksztatconego LDPE, wynoszace odpowiednio 2.521 ns i 0.682 ns, s3
zZnaczgco wyzsze w poroéwnaniu do analogicznych parametrow (zaprezentowanych w pracy D1)
wyznaczonych dla nieodksztatconego HDPE (t3= 2.384 ns, 63=0.499 ns). Oznaczato to, ze zaréwno
sredni rozmiar poréw swobodnej objetosci, jak i dyspersja rozmiaréw byty wieksze w przypadku
nieodksztatconego LDPE. Efekt ten powodowany byt mniejszg i mniej regularng gestoscig
upakowania molekularnego w obszarach amorficznych na skutek wiekszej ilosci rozgatezien
bocznych w makroczasteczkach LDPE.

Odksztatcaniu LDPE az do osiggniecia granicy plastycznosci (LS=0.15) towarzyszyt wzrost
wartosci 13, a nastepnie stopniowy spadek az do maksymalnej analizowanej w pracy wartosci LS,
tj. 0.25. Ostatecznie, wartos$¢ tego parametru zblizona byta do wartosci obserwowanej w préobce
przed deformacjg. W badanym zakresie odksztatcen, sredni rozmiar poréw swobodnej objetosci
fazy amorficznej byt zatem nieznacznie wiekszy niz w prébce odniesienia. Analogiczng konkluzje
mozna wyciggnaé w oparciu o analize zmian obserwowanych w rozktadach wielkosci poréw
swobodnej objetosci LDPE w funkgcji LS (Rys. 12c i 12d).

Dyspersja czasu zycia o-Ps osiggneta minimalng warto$¢ przy odksztatceniu lokalnym 0.1,
po czym stopniowo rosta dla wyzszych wartosci LS. Efekt ten stymulowany byt zmniejszeniem
udziatu poréw swobodnej objetosci o najmniejszych, a takze do pewnego stopnia o najwiekszych
rozmiarach (Rys. 12 d). Warto podkresli¢, iz wyraznemu wzrostowi wartosci parametru os (dla
wczeséniej analizowanych polimeréw, w poréwnaniu do probki nieodksztatconej) towarzyszyto
zazwyczaj inicjowanie zjawiska kawitacji. W przypadku LDPE nawet przy LS=0.25 parametr ten
pozostawat ponizej wartosci obserwowanej dla probki nieodksztatconej, co potwierdza
wczesniejsze obserwacje, ze zjawisko kawitacji nie towarzyszyto deformacji plastycznej LDPE.

Badania PALS przeprowadzone dla probek LDPE odksztatcanych w analizowanym w pracy
D3 zakresie temperatur oraz szybkosci deformacji nie wykazaty istotnych réznic w wartosci
parametrow 13 i o3 w stosunku do LDPE odksztatcanego w warunkach standardowych. Podobny

efekt zaobserwowano takze w przypadku LDPE odksztatcanego przy jednoczesnie obnizonej
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temperaturze oraz podwyzszone] szybkoéci deformacji (-30 °C, 3.3x102 s, Rys. 12). Zmiana
warunkow eksperymentalnych nie wptywata zatem mierzalne na ewolucje komponentu

amorficznego LDPE podczas jego odksztatcania w zakresie LS=0-0.25.
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Rys. 12. Sredni czas zycia orto-pozytu (ts, a) i jego dyspersja (o3, b) dla LDPE w funkgji LS. Linia
przerywana przedstawia warto$s¢ odpowiedniego parametru dla prébki niezdeformowanej.
Znormalizowane rozktady wielkosci porow swobodnej objetosci LDPE w funkcji LS (c) oraz
znormalizowane rozktady wielkosci poréw swobodnej objetosci odksztatconych probek LDPE

po odjeciu rozktadu dla probki nieodksztatconej (d) [D3].

4. \Wnioski

Po raz pierwszy wykorzystano spektroskopie czaséw zycia anihilujgcych pozytondéw
do badania deformacji plastycznej polimeréw czesciowo krystalicznych. Uwzgledniajac
ograniczenia techniki PALS opracowano metodologie umozliwiajgcg przeprowadzenie takich
badan w sposdb odpowiadajgcy analizie in situ, z zachowaniem stanu naprezenia/odksztatcenia
w materiale po deformacji. Technika PALS umozliwia analize procesu deformacji komponentu
amorficznego/krystalicznego polimeréw w sposdb niedostepny dla innych powszechnie

stosowanych technik, takich jak SAXS lub WAXS. Zaproponowany w rozprawie sposob
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wykorzystania spektroskopii anihilacyjnej otwiera zupetnie nowe mozliwosci eksperymentalne
stajgc sie oryginalnym i unikalnym Zzrédiem informacji na temat plastycznej deformacji
polimerdéw czesciowo krystalicznych.

W przypadku wszystkich analizowanych w rozprawie polimeréw s$redni czas zycia
pozytonéw (tz) nie ulegat istotnym zmianom wraz ze wzrostem odksztatcenia, nawet
po aktywacji mikromechanizméw deformacji plastycznej krysztatéw. Powodowane to byto
niewielkim zakresem obserwowanych zmian odlegtosci miedzyptaszczyznowych w krysztatach,
jak réwniez efektem ich ,kompensacji” (zmniejszania i zwiekszania odlegtosci
miedzyptaszczyznowych w zaleznosci od orientacji krysztatow wzgledem kierunku deformaciji).

W badanym zakresie odksztatcen dla wszystkich analizowanych materiatéw polimerowych
zarejestrowano stopniowy spadek wartosci dyspersji czasu zycia pozytondw (o;) po osiggnieciu
granicy plastycznosci. Efekt ten skorelowany zostat ze wzglednym, niewielkim przemieszczaniem
sie (poslizgami) sgsiednich blokéw krystalicznych w obrebie poszczegdlnych lamel bez utraty
ich integralnosci. Proces taki prowadzit do zmniejszenia ogdlnej liczby defektdw strukturalnych
w obrebie krysztatow, co z kolei powodowato, ze struktura komponentu krystalicznego stawata
sie bardziej ,jednorodna”.

W przypadku polietylenu wysokiej gestosci oraz polipropylenu, w badanym zakresie
odksztatcen lokalnych, sredni czas zycia orto-pozytu (t3), odpowiadajacy sredniej wielkoSci
porow oraz wolnych przestrzeni w obszarach miedzylamelarnych, pozostawat ponizej wartosci
obserwowanej dla odpowiedniego materiatu przed deformacjg. Poczatkowy wyrazny spadek
wartosci czasu zycia orto-pozytu Ts, przy jednoczesnym wzroscie wartosci odksztatcenia
objetosciowego, spowodowany byt zmiang ksztattu poréw swobodnej objetosci fazy amorficznej
z izotropowej (sferycznej) na anizotropowg (elipsoidalng). Brak wyraznego wzrostu wartosci
T3 PO zainicjowaniu zjawiska kawitacji, pomimo mierzalnej zmiany odksztatcenia objetosciowego,
skorelowany zostat z poczatkowym, silnie anizotropowym ksztattem poréw kawitacyjnych.
Prawdopodobienstwo anihilacji orto-pozytu wzdtuz krétszej osi takich obiektéw byto istotnie
wieksze, stad pozostate wymiary poréw kawitacyjnych znajdowaty sie poza detekcjag metody
PALS.

Obecnosc zjawiska kawitacji ma wyrazny wptyw na dyspersje czasu zycia orto-pozytu (os).
W przypadku materiatéw niekawitujgcych (PPnon, LDPE) wartosci o3 nie ulegaty zwiekszeniu
wraz ze wzrostem odksztatcenia lokalnego. W takim przypadku obserwuje sie jedynie stopniowe
przesuwanie rozktadow wielkosci porow swobodnej objetosci w strone nizszych wartosci.
W przypadku materiatow kawitujgcych (PP, PPa, PPic, HDPE) obserwuje sie natomiast znaczny

wzrost wartosci parametru os dla prébek odksztatconych. Efekt ten powodowany byt obecnoscia
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frakcji poréw o wiekszych rozmiarach, mimo ze eksperymentalnie z wykorzystaniem techniki
PALS mozliwe byto wyznaczenie wytgcznie jednego z wymiardw pordéw kawitacyjnych.

Analizujgc wptyw mikrostruktury polimeru (na przyktadzie polipropylenu) na przebieg
jego deformacji plastycznej zaobserwowano, ze wzrost wartosci os; dla materiatu mniej i bardziej
kawitujgcego byt podobny. Oznaczato to, ze w analizowanych materiatach poczatkowa wielkos¢
porow kawitacyjnych wzdtuz krétkiej ich osi byta podobna. Podobieristwo wielkosci dziur wzdtuz
krétkiej osi byto powodowane podobng poczatkowg gruboscia warstw amorficznych
w badanych materiatach i jest to czynnik, ktdry w sposéb naturalny ogranicza przyrost wielkosci
porow w kierunku normalnym do powierzchni lamel.

Jednoczesnie, zmiana warunkow eksperymentalnych (wzrost szybkosci odksztatcenia lub
spadek temperatury) podczas odksztatcania HDPE powodowata wyrainy wzrost dyspersji
sSredniego czasu zycia orto-pozytu. Najwiekszy wzrost wartos$ci o3 zaobserwowano w prébce
odksztatconej przy najwyzszej szybkosci odksztatcenia lub przy najnizszej temperaturze, a efekt
ten dobrze korelowat z formowaniem oraz rejestrowang intensywnoscig zjawiska kawitacji.

Wartosci parametréw ts jak i o3 dla nieodksztatconego LDPE okazaty sie wyraznie wyzsze
w poréwnaniu do analogicznych parametrow wyznaczonych dla nieodksztatconego HDPE.
Oznaczato to, ze zardéwno S$redni rozmiar porow swobodnej objetosci, jak i dyspersja
ich rozmiaréw byty wieksze w przypadku LDPE. Efekt ten powodowany byt mniejszym i mniej
regularnym upakowaniem molekularnym w obszarach amorficznych na skutek wiekszej ilosci
rozgatezien bocznych obecnych w makroczasteczkach LDPE. Wieksza ilos¢ rozgatezien bocznych
wptywata z kolei korzystnie na odpornos¢ mechaniczng komponentu amorficznego LDPE.
Nie zaobserwowano bowiem procesu formowania poréw kawitacyjnych w obszarach
miedzylamelarnych LDPE, nawet przy wartosci naprezenia na granicy plastycznosci

odpowiadajgcej kawitujgcemu HDPE.
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ABSTRACT: In this paper, for the first time, positron annihilation
lifetime spectroscopy, after an appropriate adaptation, was used to
analyze the plastic deformation process of high-density poly-
ethylene as a representative semicrystalline polymer. It was shown
that the average size of the free volume pores of the amorphous
phase in the studied strain range decreased in comparison with the
undeformed polyethylene, even after the initiation of the cavitation
phenomenon due to highly anisotropic, ellipsoidal shape of cavities
with the aspect ratio amounting to ~45. The mean positron
lifetime was practically constant in the analyzed range of strains
even after activation of the micromechanisms of plastic deformation of crystals due to the mutually compensating effects activated in
the crystalline phase. A clear change of the dispersion of positron lifetime as a function of local strain was observed. This effect was
correlated with the reduction of the crystallites length by the relative displacement (slips) of adjacent crystalline blocks within

individual lamellae.

1. INTRODUCTION

Plastic deformation of semicrystalline polymers is a complex
process, including the cooperative response of a crystalline and
an amorphous component. At temperatures above the glass
transition temperature of a given semicrystalline polymer,
deformation initially occurs through appropriate deformation
mechanisms of the amorphous phase. This results from the fact
that the stress required for initiation of the deformation
mechanisms of the amorphous component is 10—50 times
lower than that of the crystalline one.' ™ It is known that the
deformation of the amorphous component takes place
according to three basic mechanisms: interlamellar_slips,
lamella-stack rotation, and interlamellar separation.””’ The
abovementioned processes are activated in different regions of
the spherulite due to the different orientation of the basal plane
of the lamellar crystals in relation to the deformation direction.

The initial localization of stress in nanometer interlamellar
layers usually results (for most of the semicrystalline polymers
deformed in the tensile mode) in the loss of cohesion by the
amorphous phase and activation of the cavitation phenomen-
on® It is assumed that the main criteria determining the
presence of cavitation during plastic deformation are the
thickness and the degree of defectiveness of the crystals.””"'
The structure of the amorphous phase also seems to play an
important role. The study of Humbert et al.'’ showed that the
presence and intensity of the cavitation phenomenon is
correlated with the density of stress transmitters in the
interlamellar regions. Pawlak et al."” presented a direct
correlation between the reduction of density of macro-
molecular entanglements of the amorphous phase and the
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increase in cavitation intensity. In our recent papers, we
demonstrated that the modification of the interlamellar regions
at a free volume level (without any change of the micro-
structure of crystalline skeleton) can lead to a significant
change of the intensity of the cavitation phenomenon:

e removing non-polymer substances led to an increase in
the intensity of cavitation phenomenon,'>"* and

e introducing properly selected modifiers into inter-
lamellar regions resulted in a reduction or even
suppression of the cavitation phenomenon.' ™'

At the same time, a non-negligible influence of the cavitation
phenomenon on the yield strain value, the strain onset of
activation of crystallographic slips and martensitic trans-
formation, the intensity of the lamellae fragmentation process,
the reorientation dynamics of the crystalline and amorphous
component, and the degree of crystals orientation, was
demonstrated in the literature.'” "

Therefore, the role of free volume in the deformation
process of the non-crystalline component of the semicrystalline
material seems to be very important. Meanwhile, there are no
studies indicating the deformation-induced evolution of the
shape and size of the free volume pores of the amorphous
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phase. In order to analyze the initial stages of deformation of
semicrystalline polymers (especially the processes activated in
the amorphous phase, e.g, the cavitation phenomenon), small-
angle X-ray scattering technique (SAXS) is usually used.
However, this technique allows analysis of the objects size of
which remains within several to several dozens of nanometers.
Meanwhile, the initial size of free volume pores of the
amorphous phase of polyethylene or polypropylene remains
within 0.1-0.15 nm® (~0.5 nm in diameter).'>'*° Therefore,
the deformation-induced evolution of size of the free volume
pores of the amorphous phase cannot be followed using the
abovementioned technique.

The deformation of the amorphous component is easy to
initiate; however, it is exhausted at relatively low strains due to
the presence of numerous molecular constrains (tie-molecules,
entanglements, and knots). Further deformation of the
amorphous component without elimination of the above-
mentioned constrains becomes practically impossible. The
deformation of the crystalline component is therefore initiated
mainly by th’el cx;xstallographic slips, martensitic transformation,
or twinning.” ~ In the case of most semicrystalline polymers,
at a local strain of ~0.1,”>* the crystallographic slips become
collective and highly intensify, and the material reaches the
macroscopic yield point. The initial stages of deformation of
the crystalline component are usually analyzed with the X-ray
techniques (WAXS (wide-angle X-ray scattering) or SAXS).>
However, no studies on deformation-induced changes in the
size of free spaces or defects of the crystalline component have
been undertaken so far; therefore, for a complete and reliable
description of the deformation process of polymer crystals, this
issue seems to be very important. This information appears
necessary for a full and reliable description of the deformation
process of polymer crystals.

One of the most valuable tools enabling the direct analysis of
the size/distribution of free volume pores of the amorphous
phase and characteristic free spaces of the crystalline
component is the positron annihilation lifetime spectroscopy
(PALS).”® In general, the positron implanted into a solid after
a very short time annihilates with a random electron. This is
called a free or bulk annihilation. The free annihilation is fast,
namely the average positron lifetime is between 100 and 500
ps. Additionally, in molecular materials such as polymers, some
of the injected positrons can form an abound state called
positronium (Ps). The Ps can exist in two ground states
(different spin states), referred to as a para-positronium
(antiparallel spins, p-Ps) or as an ortho-positronium (parallel
spins, o-Ps), with a relative abundance of 1:3. In vacuum, a free
Ps has two intrinsic lifetimes, which are 0.125 ns for p-Ps and
142 ns for o-Ps. However, when o-Ps is injected into
condensed matter, its lifetime is significantly shortened to a
few nanoseconds (typically 1-10 ns) due to the pick-off
process where the positron picks up an electron of molecules at
the opposite spin. Moreover, the lifetime of o-Ps is sensitive to
the diameter of the free volume pore in which it is located.
Therefore, the average free volume pore diameter can be
quantitatively estimated from the o-Ps annihilation lifetime
component of PALS. Using positronium probes, one can
investigate empty spaces (’pores) in solids with sizes in the
range from 0.25 to 16 nm.”

The above experimental technique has not been used so far
to analyze the deformation process of semicrystalline polymers.
The probable cause of such situation is the relatively low
accessibility of this technique and a lack of commercially
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available devices compliant with necessary technical require-
ments. The relatively long exposure time, required for a single
measurement, also seems to be an important limitation.
Therefore, in this paper, we adapted the PALS technique in a
way that enabled tracking of the deformation-induced changes
of the structure of the amorphous and crystalline component
of the polymeric material. Then, we performed such analysis
for a representative semicrystalline polymer: high-density
polyethylene, deformed to the yield point for better under-
standing of the micromechanisms activated in both phases
(crystalline and amorphous).

2. EXPERIMENTAL SECTION

2.1. Materials. High-density polyethylene (HDPE) Hostalen GC
7260 with a melt flow index (MFI) of 8 g/10 min (at 190 °C, 2.16 kg
according to ISO 1133), produced by Lyondell Basell, was used.

2.2. Sample Preparation. The samples for all measurements
were cut out from 1 mm-thick polymer films. The films were prepared
from granules by compression molding (50 MPa) in a hydraulic press
at 180 °C and cooled between metal plates.

2.3. Mechanical Testing. Mechanical properties of the materials
were assessed using a tensile testing machine (Instron 5582) in a load
range of 0—2 kN. The oar-shaped specimens (according to the ISO
527-2 standard) with a thickness of 1 mm, a width of 5 mm, and a
gauge length of 25 mm were drawn at a standard rate of 3.3 X 1073
s~" (the crosshead speed: S mm/min) at room temperature. In order
to determine the local strain, the dot markers forming a rectangular
grid were placed over the entire gauge of the sample. The dots were
separated from each other by 1 mm. A similar measurement technique
has been used by us and others in the papers.'®*>*" The local strain
and volume strain were estimated according to the procedure
presented in our previous paper.’” Transversally isotropic deforma-
tion was assumed. This assumption (for the same polyethylene and
sample thickness) was verified by us in a recent paper in a wide range
of strains.”® Hence, the volume of the sample between markers was
calculated from the distance between markers and the width of the
photographed sample. Even at a local strain of 0.25, the regular neck
has not yet formed. However, some width “irregularities” in the
analyzed fragment of sample were taken into account.

2.4. Differential Scanning Calorimetry (DSC). The thermal
analysis data were measured with a DSC TA Q20 analyzer (TA
Instruments, New Castle, USA). All the details of the measurement
protocol were presented elsewhere.'® The degree of crystallinity was
estimated as follows: X, = AH,,/AH,.”, where AH,, is the enthalpy of
melting of a polymer sample (J/g) and AH,.” is the enthalpy of a
crystal having infinite crystal thickness and a value of 293 J/g.**

2.5. Small-Angle X-ray Scattering (SAXS). The lamellar
structure of samples was probed with two-dimensional small angle
X-ray scattering (2D SAXS). The scattering measurements were done
using the setup described in our previous paper.’In sifu measure-
ments of the deformation process were made using a synchrotron
radiation beamline described elsewhere.'"® The symmetrically
stretched samples were monitored with a camera, which allowed
the precise calculation of the sample local strain from the change of
the distance between the dot markers (as described above).

The values of long periods were determined according to the
procedure presented in our previous paper.”® Alternatively, the long
period and thickness of amorphous/crystalline layers were determined
with the use of a correlation function method. All details of this
calculation procedure were described elsewhere.”*

The function of In(I) vs I, where I is the intensity of scattering and
h is the scattering vector, was used to determine the radius of gyration
(Ry) of cavities. The methodological details were described by
Yamashita and Nabeshima in the paper.” Since the relation In(I) vs
h? was not linear for analyzed samples, it was divided into five
practically linear fragments and each of them representing a fraction
of cavities with different dimensions. The contribution of each group
of cavities to the total scattering was also determined.

https://doi.org/10.1021/acs.macromol.1c01258
Macromolecules 2021, 54, 9649—9662



Macromolecules

pubs.acs.org/Macromolecules

2.6. Positron Annihilation Lifetime Spectroscopy (PALS).
Positron lifetime spectra measurements were performed in air at room
temperature using an ORTEC “fast-fast” spectrometer.”” The
resolution of the spectrometer was found to be 300 ps. In this
method, positrons emitted from the radioactive source (in this case
Na in the form of a disc with a diameter of ~3 mm) penetrate into
two samples (1 mm thick) surrounding the source (Figure 1) and

b)
P
.,

3-PALS detectors

a)

T

1

1-sample

2-location of the radioactive
source

Figure 1. Schematic visualization of the frames for holding of
deformed samples during the PALS experiment (a) and location of
the samples/frames in relation to the PALS detectors (b).

annihilate after the thermalization process. The measurement time for
one spectrum was closely correlated with the total number of counts
in the measured spectrum, which should be approximately 2 X 10°
counts. In the case of non-deformed samples, the PALS measurement
time was 48 h, while for deformed samples, it was slightly longer due
to the change in the volume of samples to which the PALS technique
is not so “sensitive”. The spectra were processed using the LT-9.0
software fitting the function™

N(x)=f0 P(x — 1) Y LE(Y) dt )

where P is the instrumental resolution function, I, is the relative
intensity of the ith component in the spectrum, and F, can be in the
form of a discrete or continuous component. For a discrete
component

1 t
F = —exp| —— | = Aexp(—4t
; ’q’( r) P(=4) @)
where 7 is the positron lifetime and 4 is the positron annihilation rate.
The continuous component is built up from a continuous sum of the
decay curves given with a log-normal distribution L,(4) (a Gaussian
distribution in a logarithmic scale of lifetimes)**

F(t):/ L,(A)dA(=2t) &
m(xr.,)]
= xp(=At) dA
”’oﬁ’? / G)

where 7 is the center of the 7 distribution and o, is the variation of
the distribution. The distribution in the log-Gaussian form is not
symmetric, and thus one can calculate the mean lifetime

7= Toexp( ) and the dispersion of the lifetimes (standard deviation

=
of the distribution) ¢ = T\r'exp(aoz -1)*
provides also a standard uncertainty of determined I, 7, and o
parameters.

A typical PALS spectrum in polymers can be easily resolved into
three components characterized by mean lifetimes: the shortest, 7, =
0.125 ns, corresponds to the p-Ps annihilation; the intermediate

The fitting procedure
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lifetime 7,, 0.3—0.5 ns, is due to free positron annihilation; and the
longest lifetime, 73, is due to o-Ps annihilation with their
corresponding intensities I), I, and I,.*’ Taking into account the
statistical weights of p-Ps and o-Ps states, the I,/I; ratio was fixed to
1/3. Moreover, the intermediate and longest components were fitted
using continuous components yielding the 7, and 73 mean lifetimes
and dispersion parameters o, and o;, respectively.”” The 7 distribution
is caused by the distribution of the free volume, which is common in
polymeric systems. In this case, the studied semicrystalline polymers
were com{posed of crystalline and amorphous phases. In previous
works,***" which presented positron studies of semicrystalline
polymers such as polypropylene and polyetheretherketone (PEEK),
it was shown that in the crystalline part of positronium does not form;
it is located in the amorphous part only. Therefore, in this study, it
was assumed that the intermediate lifetime component described by
7, and o, parameters corresponds to positron annihilation at the
crystalline part, while the longest lifetime described by 7; and o3
parameters specifically give information about the pores situated in
the amorphous regions.

A simple model incorporating quantum-mechanical and empirical
considerations provides an analytic expression relating the radius r of
the hole (assumed to be spherical) to the observed o-Ps pick-off
lifetime (73). According the Tao—Eldrup equation

1
e +ism[ . )
Az r+Ar 2t \r+ Ar (4)

where the factor of 0.5 ns is the inverse of the spin-averaged Ps
annihilation and Ar = 0.166 nm represents the depth of the
penetration of the Ps-wave function into the walls of the hole.*>*?
From this equation, the normalized y(V) size distributions of free
volume of the empty spaces/pores “seen” by Ps in the analyzed
materials can be calculated. In this work, it has been made using the

. 4445
equation
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In this equation, the log-normal distributions L,(4;) were calculated
using 7; and o3 parameters obtained from the output of the LT-9.0
routine analysis of the measured PALS spectra, while d4;/dr was
calculated from eq 4. The y(V) distributions were normalized to the
same area under the curve.

Finally, it should be noted that the calculation of y(V) distributions
is based on the spherical free volume hole model (Tao—Eldrup
model). However, one must be aware that in the case of polymers, the
regions of negligible electron density are rather not spherical;
moreover, free volumes need not form separate cavities, being
sometimes more like an irregular three-dimensional tangle between
the molecules. In fact, some authors developed a relationship between
the o-Ps lifetime and the hole dimension in ellipsoidal or cuboid
shapes.%'47 Unfortunately, these models require detailed information
about the eccentricity of an ellipsoid or the cuboid sides. Since, in the
studied materials, the shapes and sizes of free volume pores and later
the deformation-induced cavities are probably highly variable and
additionally change during the deformation process, it is assumed that
the non-spherical models may not provide better results than the
simple Tao—Eldrup model in which the determined, from the o-Ps
lifetime, radius r of the hole should be treated as a radius of an
equivalent sphere only.

2.7. Wide-Angle X-ray Scattering (WAXS). The analysis of the
crystalline structure of samples was carried out by means of wide-
angle X-ray scattering measurements. The measurements were made
in situ with the use of synchrotron radiation, as described
elsewhere."" " The diffraction from crystallographic planes (110)
and (200) (orthorhombic form) of HDPE was investigated in order
to determine the crystallite length in the normal directions to this
plane, estimated with the Scherrer equation

Ly =09 X 4/(f X cos ©) (6)

https://doi.org/10.1021/acs.macromol.1c01258
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Figure 2. SAXS patterns of HDPE samples deformed to a local strain of 0.25: fixed in the frames with different screw torque values(a) and in situ

during deformation (b). Direction of deformation: vertical.

where Ly is the crystallite length in the direction perpendicular to the
(hkl) plane, A is the X-ray wavelength, § is the half-width of a
diffraction peak, and © is the Braggs diffraction angle. The
deconvolution process of 1D WAXS profiles was performed with
the use of WAXSFit software.”"** All the details of the fitting
procedure were presented elsewhere.'®

2.8. Transmission Electron Microscopy (TEM). Transmission
electron microscopy (TEM) of the ultrathin samples was carried out
with a Talos F200X electron microscope. The acceleration voltage
was 200 kV. The ultrathin sections approx. 60 nm thick of the film
samples were obtained by cryo-ultra-sectioning with an ultra-
microtome (PowerTome PC, Boeckeler, USA) equipped with a 35°
diamond knife (Diatome, Switzerland). Before cutting, a sample of
neat polyethylene was immersed in chlorosulfonic acid for 24 h.”” No
staining or chemical treatment was used to sections prior to
observation.

3. RESULTS AND DISCUSSION

3.1. Adaptation of the PALS Technique for Tracking
the Deformation Process of Semicrystalline Polymers.
For technical reasons, the time required to perform a single
PALS measurement cannot be significantly shortened (typical
exposure time for one material amounts to 24—48 h). At the
same time, two identical samples are needed for a single PALS
experiment. Consequently, it is not possible to use conven-
tional devices for in situ deformation of polymer samples, such
as the Tensile Testing Stage by Linkam or similar during PALS
experiments. Therefore, a special frame (schematically shown
in Figure la) enables recording of the positron annihilation
lifetime data, keeping the stress state, and so the deformation-
induced structural changes of the semicrystalline polymer were
designed and fabricated. Two samples were deformed to the
selected, identical strain value, fixed in the frames, removed
from the tensile machine, and then placed in the PALS
apparatus between two detectors (Figure 1b). The result of a
conventional PALS measurement is independent of the
orientation of the flat sample (even for anisotropic samples,
e.g., deformed samples) in relation to the detectors. Therefore,
due to technical limitations, the samples during the PALS
measurements were mounted perpendicular to each other as
schematically presented in Figure la. A radioactive source was
localized between the samples. In order to analyze the
structure of the material at higher strains, each time new
samples for stretching and PALS measurement were used.

In order to minimalize the relaxation processes of the
deformed samples mounted in the frames, optimization of the
tightening torque of the screws holding the samples was
performed. The samples of high-density polyethylene were
deformed to a local strain of 0.25 and mounted in frames with

different values of screw tightening torque ranging from 4 to 7
in.-Ib. In the case of high-density polyethylene, stable cavities
are usually formed at a local strain of 0.25, and hence possible
relaxation processes of the polymer matrix (amorphous or
crystalline component) would reduce the intensity of the
cavitation phenomenon. At the same time, these processes of
healing of cavitation pores can be precisely monitored with the
use of the SAXS technique. Additionally, the collected SAXS
patterns were compared with the SAXS pattern collected at the
synchrotron station in HASYLAB for the same polyethylene
with the same value of local strain (0.25), monitored in situ
during uniaxial stretching. The results of this analysis are
presented in Figure 2.

The SAXS pattern collected in situ during polyethylene
stretching, at a local strain of 0.25 (Figure 2b), was typical for
the cavitating polyethylene.” The cavities were of ellipsoidal
shape confined by the structure of the lamellar material. They
were oriented with their long axis perpendicularly to the
deformation direction (intense scattering in the polar region of
the SAXS pattern). The SAXS pattemns collected for the
samples mounted in frames with different values of screw
tightening torques were similar. However, the intensity of
signal coming from cavities was significantly different. For low
(<54 in.-Ib.) and high (>5.8 in.-Ib.) values of screw tightening
torque, the intensity of scattering on cavitation pores was
significantly lower. This meant that, as a result of the relaxation
processes of the polymer matrix, the number of cavities in the
samples was significantly reduced. Therefore, the applied
values of screw tightening torque were too low or too high,
respectively. The scattering on cavities was the highest and
comparable with the results collected in situ during
deformation of polyethylene only for samples fixed using a
5.6 in.-lb. screw tightening torque, and this value was used in
the following studies. It has to be emphasized that the above
described optimization process of the value of screw tightening
torque should be repeated every time a new polymer is
analyzed due to the clearly different mechanical properties of
the new material.

As already mentioned, a typical time required to perform a
single PALS measurement amounts to 24—48 h. Therefore, the
effectiveness of frames in holding a stress state in the deformed
samples as a function of time was also verified. Figure 1Sa
(Supporting Information) shows the SAXS patterns of an
HDPE sample deformed to a local strain of 0.25 and mounted
in the frame with the screw torque of 5.6 in.-lb. collected 1, 24,
48, 140, 192, and 312 h after clamping the sample.
Additionally, in order to estimate quantitatively the intensity

https://doi.org/10.1021/acs.macromol. 101258
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Table 1. Selected Properties of High-Density Polyethylene

crystalline mass crystalline volume ~ melting temperature  long period (LP)  thickness of crystals (I)  thickness of amorphous layers
fraction fraction” Heq b [nm]* [nm]* (1,) [nm]*
HDPE 0.68 0.64 132.38 20.90 15.62 5.28

“From DSC. "By transforming the crystalline mass fraction with the use of densities of crystalline and amorphous components: d, = 1.003 g/cm?, d,

= 0.850 g/cm“.H “From the correlation function.
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Figure 3. Engineering strain—engineering stress curve of high-density polyethylene. Evolution of SAXS pattern with the increase in the local strain

value (LS). Direction of deformation: vertical.

of the relaxation processes in the deformed/clamped sample,
the change of maximal intensity of the signal associated with
the cavities was also monitored (Figure 2S).

Even 312 h after clamping the sample, the scattering
intensity on the cavitation pores observed on the SAXS
patterns remained at a similar level (Figure 2S). Also, the
deformation-induced ellipsoidal signal coming from the
lamellar structure of polyethylene, clearly visible at the SAXS
patterns (Figure 1Sa), remained unchanged. The results
presented in Figures 1Sa and 2§ are therefore a clear evidence
of the lack of relaxation processes (healing of cavitation pores
and, more general, relaxation of the polymer matrix) in the
deformed sample clamped in the frame with a selected screw
tightening torque.

The importance of the applied frame system was also
confirmed by the measurements carried out for the deformed
sample after it was released from the frame after 312 h (Figures
1Sb and 2S). Figure 2§ clearly shows that after removing the
sample from the frame, a gradual decrease in the scattering
intensity on cavitation pores was observed. Additionally, a
change in the shape of the signal coming from the lamellar
structure of polyethylene from ellipsoidal to symmetrical was
observed (Figure 1Sb). The above effects indicated the
occurrence of significant relaxation processes in the deformed
sample, which were effectively eliminated by the use of an
appropriate frame system. Therefore, the PALS analysis
performed on a series of samples gradually deformed to higher
values of local strain, after proper adaptation of the
measurement methodology in order to minimize the relaxation
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processes of the polymer matrix, can be treated as a pseudo-in
situ analysis of plastic deformation of semicrystalline polymer.

3.2. PALS Analysis of Tensile Deformation of High-
Density Polyethylene-Amorphous Regions. The initial
structure of 1 mm-thick compression-molded high-density
polyethylene films was characterized with the use of DSC and
SAXS. In Table 1, selected properties of the analyzed
polyethylene are presented.

The PALS analysis presented below was performed for
polyethylene deformed to a local strain of 0.25, ie., slightly
above the yield point. In Figure 3, the representative
engineering strain—engineering stress curve for the analyzed
polyethylene as well as the evolution of the SAXS pattern with
the increase in the local strain value is shown. The SAXS
patterns were collected for each value of local strain analyzed
with the use of the PALS technique.

The macroscopic yield point of the studied polyethylene was
observed at an engineering strain of 20%, i.e., at the local strain
in a range of 0.12—0.15. A change in the shape of the signal
associated with the lamellar structures of polyethylene at the
yield point was clearly observed—the signal on the SAXS
patterns became clearly ellipsoidal (Figure 3). The first signal
on the SAXS patterns coming from cavitation pores was also
observed at a local strain of 0.12—0.15. As already mentioned,
the asymmetrical shape of the scattering signal (mainly in the
polar part of SAXS pattens) indicates the presence of
ellipsoidal cavities. Cavities remain oriented with their long
axis perpendicular to the deformation direction (along the
interlamellar layers between the lamellae oriented normally to

https://doi.org/10.1021/acs.macromol.1c01258
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Figure 4. Mean ortho-positronium lifetime (73) (a) and dispersion of ortho-positronium lifetime (o3) (b) for high-density polyethylene as a
function of local strain. The dashed lines represent the value for undeformed samples.

the deformation direction ). With the increase in the local strain
value, the intensity of scattering, and thus the cavitation
phenomenon, gradually increased.

In Figure 4, the mean ortho-positronium lifetime (7,) and its
dispersion (o3) as a function of local strain values for high-
density polyethylene are presented. The results of the obtained
spectra are presented in Table 2 (due to the lack of significant

Table 2. Results of Positron Lifetime Spectra Analysis for
Polyethylene before and after Plastic Deformation

mean lifetime

T dispersion lifetime intensity
LS [ps] 73 [ps] 3 [ps] I + I [%]
0.00 125 2384 + 36 499 + 49 26.31 + 032
0.04 125 2361 + 17 506 + 24 27.30 £ 0.17
0.06 125 2349 + 21 514 + 28 2674 + 0.17
0.08 125 2401 + 12 491 £ 19 27.22 £ 0.10
0.10 125 2323 +26 543 £ 38 27.01 £ 0.20
012 125 2351+ 37 534 + 47 26.05 + 0.36
015 125 2331 +31 544 + 15 25.76 + 0.10
0.19 125 2304 + 33 555 + 46 2638 + 0.25
0.25 125 2318 + 33 625 + 14 28.63 + 0.10

changes of I} + I as a function of local strain, no further
discussion of this parameter was presented in the manuscript).
As shown in Figure 4a, the mean ortho-positronium lifetime
(7;) initially gradually decreased in a strain range of 0—0.19
and then increased slightly for a local strain of 0.25 but was still
below the value for an undeformed sample. This meant that
the average size of the free volume pores of the amorphous
phase, in the studied range of strains, was generally lower than
of the undeformed sample. This effect seemed surprising,
especially for the samples deformed to the local strains of
0.12—0.15 and higher, in the case of which the cavitation
phenomenon, i.e., the process of formation of stable and large
cavities compared to the free volume pores, was already clearly
visible. In order to verify the observed trend, a volume strain
analysis was additionally curried out (Figure 3S).

As in the case of the ortho-positronium lifetime analysis, the
volume strain initially gradually decreased in the range of the
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strain values 0—0.12. This effect was clearly induced by an
increase in the packaging density of macromolecules (or their
fragments) mainly in the amorphous layers. For higher strains
(above 0.15), a dynamic increase in volume strain was
observed, certainly caused by the appearance of the cavitation
phenomenon. Thus, the volume strain analysis was more
sensitive in comparison to the ortho-positronium lifetime
analysis to the appearance of cavities in the polymer, and this
difference will be discussed later in the article.

With the use of the PALS technique, the averaged
information from the entire sample is obtained, regardless of
the local microstructure of the polyethylene. In the case of
ortho-positronium lifetime analysis, this averaged information
is only related to the amorphous component. It is also well
known that in the case of polymers with a lamellar structure,
the mechanical response of the amorphous regions depends on
the orientation of adjacent crystals with respect to the
deformation direction. This effect is schematically illustrated
in Figure Sa.

In the case of the lamellae oriented parallel to the stretching
direction (0°), the compression stress component is generated
in the normal direction to the basal plane of the lamellae. As a
consequence, the thinning process of the amorphous layers will
be observed (expected decrease in the long period value). As a
result, the decrease in mean size of free volume pores of the
amorphous phase in these regions of the sample would be
expected. On the other hand, the lamellae oriented
perpendicular to the stretching direction (90°) will undergo
the separation process (expected increase in the long period
value). In this case, the thickness of the amorphous layers will
increase and, thus, the increase in the mean size of free volume
pores in these regions of the sample would be observed. For
lamellae oriented diagonally (45°), the shearing processes will
dominate. The influence of the deformation process on the
long period value (determined with the use of the Lorentz
approach) was verified experimentally for the sample deformed
to a local strain of 0.15 (Figure 6).

The long period value for the undeformed sample was ~22.4
nm (a value slightly higher than the value of LP determined
from the correlation function given in Table 1) and was

https://doi.org/10.1021/acs.macromol.1c01258
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Figure 5. Different deformation micromechanisms of the amorphous
component during uniaxial stretching (a). Schematic of a twisted
stack of lamellae in the meridional region of the spherulite and the
corresponding WAXS/SAXS patterns (b).
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Figure 6. Long periods determined from SAXS patterns in a function
of angle (inset: 0°-profile collected along the stretching direction, 90°-
profile collected perpendicular to the stretching direction) for the
non-deformed sample (open symbols) and sample deformed to a local
strain of 0.15 (filled symbols). Direction of deformation: vertical.

constant regardless of the analyzed direction, which is a typical
situation for the isotropic sample. In the case of a deformed
sample, only for diagonally oriented lamellae, the long period
was similar to the value observed for undeformed sample.
Meanwhile, for the lamellae oriented fully parallel or fully
perpendicular to the stretching direction, the value of long
period was the lowest (~21 nm) or the highest (~24 nm),
respectively. The observed changes of long period will cause a
proportional evolution of the size of the free volume pores of
the amorphous phase. Therefore, as a result of the deformation
process, an increase (broadening) in the dispersion of the size
of the free volume pores of the amorphous phase should be
observed. In fact, this effect was confirmed by PALS
measurements (Figure 4b), and with an increase in the local
strain value, the increasing in the dispersion of ortho-
positronium lifetime was clearly observed. It must be noted
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that the dynamics of changes of the dispersion of ortho-
positronium lifetime was apparently higher after the initiation
of the cavitation phenomenon.

As mentioned before, the changes of the mean ortho-
positronium lifetime and its dispersion are directly correlated
with the changes of the size of the free volume pores of the
amorphous component. In Figure 7, the normalized size
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Figure 7. Normalized size distributions of free volume pores of the
amorphous phase of non-deformed polyethylene and samples
deformed to selected local strains: as collected (a) and after
subtraction of the distribution for the non-deformed sample (b).

distributions of the free volume pores of the undeformed
polyethylene and the samples deformed to subsequent,
gradually higher local strains are presented. Additionally, for
a better visualization of PALS data, the distributions for
deformed samples, after subtracting the distribution for
undeformed polyethylene, are also shown (Figure 7b).

With an increase in local strain, a gradual shift of the
maximum size distribution of the free volume pores toward
lower values was observed. At the same time, the broadening of
the distributions was clearly observed. As a result, a gradual
increase in the fractions of free volume pores with lower and
higher volumes, in relation to the undeformed polyethylene,
was observed (Figure 7b). Moreover, the analysis of the
distributions presented in Figure 7b showed that the relative
content of the free volume pores with smaller diameters was

https://doi.org/10.1021/acs.macromol.1c01258
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significantly higher, clearly indicating that the mean “pack-
aging” density of the amorphous regions, in the analyzed range
of local strain values, became higher. Only in the case of
relatively few amorphous layers, probably located between
lamellae oriented normally to the deformation direction, did
the deformation process lead to an increase in the diameter of
the free volume pores.

To understand the relation between the deformation-
induced evolution of the free volume of the amorphous
phase and the initiation of cavitation phenomenon, a detailed
analysis of the changes of long period and thickness of
crystalline/amorphous layers as a function of local strain was
performed (Figure 8). In order to estimate the above-
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Figure 8. Long periods and thickness of amorphous/crystalline layers
determined from SAXS patterns as a function of local strain (0°-
profile collected along the stretching direction, 90°-profile collected
perpendicular to the stretching direction).

mentioned parameters of the microstructure, the correlation
function was used. The exemplary correlation function and the
methodological details are demonstrated in Figure 4S. The
analysis was performed in a range of local strains of 0—0.15.
For higher strains, the scattering from the cavities was already
very intense and partially “covered” the scattering form the
lamellar structures (especially for the 0° direction).

The change of the long period value was already clearly
visible for a local strain of 0.04. The range of the observed
changes depended on the analyzed direction: the value of the
long period increased for the lamellae oriented perpendicular
to the deformation direction and decreased for the lamellae
oriented parallel. An analogical trend of changes was observed
in the case of the amorphous component/layers. At the same
time, the thickness of the lamellar crystals remained practically
constant. Hence, at a local strain of 0.04, the deformation
process took place mainly in the amorphous phase. For higher
strains, a gradual increase or decrease in long period was
observed for lamellae oriented perpendicular or parallel to the
deformation direction, respectively. A similar trend of changes
was observed for both the amorphous and crystalline layers.
Thus, at this stage of deformation, both components actively
participate in the deformation processes.

In the case of sample regions with lamellae oriented
perpendicular to the deformation direction, the thickness of
the amorphous layers increased from 5.2 to 6.1 nm (at a local
strain of 0.15). Based on the above presented data, the change
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of mean volume of the free volume pores of the amorphous
phase in these regions was estimated. It is known that for high-
density polyethylene, the number of free volume pores in the
amorphous phase amounts to 0.8 X 10°” m™ (0.8 nm™).%
Taking into account the average volume of free volume pores
for undeformed polyethylene, determined in PALS experi-
ments (0.116 nm®, Figure 7a), each cubic nanometer of the
amorphous component contained on average of 0.0982 nm® of
free volume (0.8 X 0.116 nm?). At a local strain of 0.15, the
thickness of the amorphous layers increased by 0.9 nm (from
5.2 to 6.1 nm). Therefore, each nanometer of the amorphous
layers along its thickness increased by 0.173 nm (0.9 nm/5.2
nm). This, in tum, corresponded to the “extra”, deformation-
induced free volume of 0.173 nm® (assuming the lack of
“flowing in” of the macromolecules into analyzed interlamellar
regions). Thus, the change of the thickness of amorphous
layers by 0.9 nm induced the increase in the content of free
volume in each cubic nanometer of amorphous component to
0.2712 nm® (0.0982 nm® + 0.173 nm®). Assuming that the
number of free volume pores during deformation did not
change, the mean size of free volume pores of the amorphous
phase in the analyzed region of the sample (between lamella
oriented perpendicular to the deformation direction) was
0.339 nm’® (0.2712 nm?/0.8). This value was marked in Figure
7b (inset, dotted line). A similar analysis was carried out for
the amorphous layers localized between the lamellae oriented
parallel to the deformation direction. In this region of the
sample, at a local strain of 0.15, the decrease in thickness of
amorphous layers form 5.3 to 5.0 nm was observed. This, in
turn, led to a decrease in mean volume of free volume pores to
0.0425 nm® (the value was marked in Figure 7b, dashed line).

The above estimated pore volumes for the amorphous
regions, where its increase or decrease should be the highest,
were in the range of values determined experimentally in PALS
tests. The deformation-induced evolution of the dimension of
free volume pores had, therefore, a gradual character/nature,
proportional to the observed changes of the thickness of the
amorphous layers. At the same time, at a local strain of 0.15,
the fraction of the largest pores (Figure 7b, inset) had a mean
radius of ~0.41 nm (~0.30 nm?). It must be noted that the
appearance of new fraction pores with a higher volume (visible
in PALS experiments) took place exactly at the time of the
initiation of cavitation phenomenon, detected by the SAXS
technique. The above determined mean radius of pores may
therefore correspond to at least one of the dimensions of
cavitation pores.

The SAXS pattern for a local strain of 0.1, seen in Figure 3,
served as a source of information about the initial radii of
gyration of the cavities, determined with the use of the
approach described by Yamashita and Nabeshima.*® The
details of performed analysis are illustrated in Figure 5S. The
signal coming from the lamellar structures of polyethylene was
subtracted from the experimental data before further analysis
as demonstrated in Figure 5Sa. Then, the linear part of the
relation In(I) vs /7, in the range of the highest values of h*, was
used to determine the radius of gyration of the smallest cavities
(Figure 5Sb). The radius of gyration of the smallest cavities
amounted to 9.1 nm. Additionally, the radii of gyration of the
larger cavities and the relative content of individual fractions
were also estimated (the methodological details are presented
in Section 2). The contents of cavities with radii of gyration of
about 11.3, 14.5, 18.0, and 19.1 nm were 0.33, 0.19, 0.07, and
0.03, respectively. The most numerous, however, was the

https://doi.org/10.1021/acs.macromol.1c01258
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fraction of the smallest cavities (9.1 nm), the content of which
was 0.37 (the determined values of the radii of gyration are
collected in Figure 6S). The mean radius of gyration of the
cavities was therefore ~11.9 nm.

As shown in Figure 9, the SAXS patterns collected in the
normal direction to the surface of the sample (DD-TD) and in

TD
LS=0.15

a) pp

ND

LS=0.25

stretching direction

Figure 9. SAXS patterns collected along different directions for local
strain of 0.15 and 0.25 (a). Schematic visualization of the cavitation

pore (b).

the transverse direction (DD-ND) were practically identical. It
evidenced that the cavities were of ellipsoidal shape and the
lengths of ellipsoid axes along the a and b directions (Figure
9b) were similar. We can therefore determine the initial

dimension of cavities along the long axis from the equation

\7 2 @)

where a/b is the radius of the ellipsoidal cavities determined
along the longer axes, R, is the mean radius of gyration of the
cavities determined by SAXS (11.9 nm), and c is the radius of
the ellipsoidal cavities determined along the shorter axis.

It is commonly accepted that the cavities are formed in the
amorphous regions/layers.” Thus, the radius of the ellipsoidal
cavities along the short axis (¢) should not be higher than 50%
of the thickness of the amorphous layers. At a local strain of
0.15, the thickness of the amorphous layers between the
lamellae oriented perpendicular to the deformation direction
amounted to 6.1 nm. Hence, the radius of cavities along the ¢
axis should not exceed ~3 nm (this parameter/dimension of
cavitation pores should therefore be within the detection range
of the PALS technique). It therefore seems logical that the
mean radius of free volume pores with the highest volume,
determined above in the PALS experiment (~0.41 nm),
corresponded, in fact, to the radius of the ellipsoidal cavities
along the shorter axis. If we make such an assumption, then the
initial radius of cavities along the a/b axes will amount to 18.8
nm (eq 7). The initial shape of cavities was therefore highly
anisotropic with an aspect ratio amounting to ~45 (18.8 nm/
0.41 nm).

Until now, there was no direct method to determine the
dimensions of anisotropic cavities at the onset of their
formation. In the past, this parameter was characterized by
calculating the radius of gyration from SAXS data, assuming
that the dimension of the anisotropic cavities along the
shortest axis (c axis) was equal to the thickness of the
amorphous layers. However, this assumption has not been
verified/confirmed experimentally. As a consequence, the
initial aspect ratio of the cavities was underestimated. In our
work, the radius of gyration was calculated in the classical way,
while the dimension of cavities along the shortest axis was
determined experimentally using the PALS technique. There-
fore, it can be assumed that the ultra-anisotropic concept of
cavities (at the onset of cavities formation) presented in this
work is more realistic.
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Figure 10. Mean positron lifetime (7) (a) and dispersion of positron lifetime (3) (b) for high-density polyethylene as a function of local strain.

The dashed lines represent the value for the undeformed sample.
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An analogical analysis was performed for the sample
deformed to the LS = 0.25. The radii of gyration of the
cavities and the relative content of individual fractions
amounted to 8.0 nm (0.31), 10.8 nm (0.39), 12.5 nm
(0.18), 14.1 nm (0.08), and 19.2 nm (0.03) (Figure 6S). Thus,
the mean radius of gyration of the cavities was ~10.6 nm. At
the same time, at a local strain of 0.25, the fraction of the
largest pores (Figure 7b, inset) had a mean radius of ~0.42 nm
(~0.32 nm®). So, the mean radius of cavities along the a/b axes
was 169 nm (eq 7). At a higher strain, the aspect ratio of
cavities therefore decreased and amounted to ~40 (16.9 nm/
0.42 nm). This trend will be continuing until the full
reorientation of cavitation pores (elongation of cavitation
pores in the deformation direction), which in the case of
polyethylene usually occurs in a range of strains of 0.6—1.

The initial dimension of the ellipsoidal cavities along a/b
axes (for LS = 0.15, 18.8 nm) was practically outside the upper
detection limit of the SAXS technique. This, in turn, explained
the lack of the scattering signals in the equatorial regions of the
SAXS patterns. For a higher strain, 0.25, the dimension of the
ellipsoidal cavities along a/b axes was lower, which resulted in
a scattering signal in the equatorial region of the SAXS patterns
(Figure 9a). However, the scattering intensity in the equatorial
zone of the SAXS patterns was still clearly lower than that in
the polar region.

The initial dimension of the ellipsoidal cavities along a/b
axes for both analyzed local strains (0.15 and 0.25) cannot be
directly observed by the PALS method since this technique
caught only one, the shortest dimension of the cavities, namely
along the ¢ axis. This is connected with the fact that the
lifetime of o-Ps depends on the probability of pick-off
annihilation with electrons from the surrounding molecule
and the shortest distance between the molecules and central
point of the ellipsoidal cavities is along the ¢ axis.
Consequently, this explained an insignificant increase in the
mean o-positronium lifetime after the initiation of cavitation
phenomenon (Figure 4a) with a simultaneous increase in the
volume strain (Figure 3S, contribution of the whole,
deformation-induced volume, regardless of the initial dimen-
sion or shape of the cavities).

3.3. PALS Analysis of Tensile Deformation of High-
Density Polyethylene-Crystalline Regions. In Figure 10,
the mean positron lifetime (7,) and its dispersion (o,) as a
function of local strain values are presented. The results of the
obtained spectra are presented in Table 3. As shown in Figure
10a, the mean positron lifetime (7,) was practically constant in
the analyzed range of strains. This meant that the average

Table 3. Results of Positron Lifetime Spectra Analysis (7,
and 6,) for Polyethylene before and after Plastic
Deformation

LS mean lifetime 7, [ps] dispersion lifetime &, [ps]
0.00 3473 £ 25 1463 + 5.8
0.04 347.8 £ 2.1 146.3 + 3.9
0.06 342.0 + 34 1441 + 2.4
0.08 3459 £ 19 146.0 + 2.7
0.10 345.1 £ 3.0 1421 + 2.4
0.12 3454 £ 22 1402 +£ 7.2
0.15 346.6 + 7.1 140.0 + 9.8
0.19 350.2 £ 3.3 1244 + 2.2
025 345.7 £ 3.1 1213 £ 62
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interplanar distances in the crystals, characteristic for
undeformed polyethylene, did not change during deformation.
Certainly, as in the case of the above analyzed amorphous
component, in some regions of the sample, a decrease or
increase in the interplanar distance in the crystals was induced;
however, the average value remained at the level observed for
the reference/undeformed material. In order to confirm the
above statement, Figure 11 shows an example of the changes in
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Figure 11. Intensity profiles of the (200) reflection collected along
the meridional (0°, (a)) and equatorial (90° (b)) directions of the
WAXS pattern as a function of local strain. Relative change of the
(200) spacing (c).

intensity profile of the polar (0°, Figure 5) and equatorial (90°,
Figure 5) (200) reflection as a function of strain. The (200)
peak collected along the deformation direction gradually
moved to a smaller scattering angle, indicating an increase in
interplanar spacing under strain (Figure 11a). In parallel, the
(200) peak collected perpendicular to the deformation
direction gradually shifted to a higher value of 260 angles as a
result of decrease in interplanar spacing (Figure 11b). It is
worth noting that the range of the observed changes of (200)
spacing under strain was relatively small, i.e., below 1% (Figure
11c). Even after activation of the micromechanisms of plastic
deformation of crystals (crystallographic slips or deformation-
induced martensitic transformation (Figure 7S)), no significant
changes of (200) spacing were registered. Thus, the mutually
compensating effects activated in the crystalline component
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(increase or decrease in interplanar spacing) and their
relatively small range had an insignificant influence on changes
of the mean positron lifetime (7,) in the analyzed range of
strains (Figure 10a).

Meanwhile, clear changes of the value of dispersion of
positron lifetime as a function of local strain were observed (o,
Figure 10b). It must be noted that the dynamics of changes of
the dispersion of positron lifetime was the highest in a range of
local strains of 0.12—0.19, i.e., after the initiation of plastic
deformation processes of polyethylene (yield point) or
activation of the cavitation phenomenon. In order to
understand the nature of the observed changes, a deeper
analysis of processes activated in the crystalline component was
carried out. Figure 7S presents the 2D WAXS patterns
collected for the analyzed polyethylene deformed to the
selected values of local strain. The 1D profiles (Figure 8S)
collected along the three characteristic directions (Figure 7S)
were used to determine the length of undisturbed fragments of
crystals in the direction normal to (110) and (200) planes with
the use of equation proposed by Scherrer (eq 6). The
deconvolution process of WAXS profiles with the use of
WAXSFit software was performed in order to evaluate the half-
width of selected peaks. The presence of crystalline
(orthorhombic or orthorhombic/monoclinic) and amorphous
component was taken into account. The exemplary results of
the performed process of deconvolution are presented in
Figure 8Sa—c, respectively.

The crystallite lengths determined for the undeformed
polyethylene in the direction normal to the population of
planes (110) and (200) were 31.3 and 22.6 nm, respectively,
regardless of the analyzed direction. The difference between
the determined values and the length of lamellar crystals
observed at the TEM micrograph (Figure 12a) was induced
mainly by the phenomenon of lamellae twisting®® and the
presence of crystal defects (lamellae necking or branching,
Figure 12b). Figure 13 presents the relative changes of the
crystallite length in the direction normal to the analyzed
populations of crystallographic planes as a function of local
strain.

The crystallite length, determined in the direction normal to
the (200) plane along the deformation direction (0°),
gradually decreased in the range of analyzed strains. At a
local strain of 0.26, the undisturbed crystallite length was 10%
lower than in the case of undeformed polyethylene. The
reduction of the crystallite length can be explained by the
relative displacement (slips) of adjacent crystalline blocks
within individual lamellae, resulting in the loss of local order, as
postulated by Strobl et al.**** The local displacement of crystal
fragments probably took place along the planes with the
highest density/content of structural defects. As a conse-
quence, the content/number of defects in the already formed,
smaller fragments of crystal was reduced. This, in turn, would
explain the decrease in dispersion of positron lifetime (4,) in
the PALS experiment (the crystalline component “visible” for
PALS became more homogeneous).

At the same time, we could observe a clear difference in the
intensity of changes of the crystallites’ length depending on the
analyzed direction. The reduction of crystallite length
determined in the direction normal to the (200) plane,
perpendicular to the deformation direction (90°), was
markedly higher. At a local strain of 0.26, the undisturbed
crystallite length was 18% lower than in the case of
undeformed polyethylene. As presented in Figure 5b, the
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Figure 12. TEM micrographs of lamellar structure of undeformed
polyethylene (a, b). Selected defects of lamellae were pointed by
arrows (b).

(200) reflection in the equatorial sector of the WAXS patterns
arise from the lamellar crystals oriented parallel to the
deformation direction. This meant that the intensity of the
displacement of crystalline blocks (loss of local order without
losing integrity of lamellar crystals—the signal from the
lamellar structures was still clearly visible in the equatorial
region of SAXS patterns, Figure 3) was clearly higher for the
population of lamellae arranged parallel to the deformation
direction. An analogical effect was observed in the case of
crystallite length determined in the normal direction to the
(110) planes (Figure 13b). For all analyzed directions, a

https://doi.org/10.1021/acs.macromol.1c01258
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Figure 13. Change of undisturbed crystallite length in the normal
direction to (200) (a) and (110) (b) planes as a function of local
strain.

gradual decrease in the crystallite length with a strain was
observed. However, the reduction of crystallite length was the
highest for the diagonal direction (45°). The (110) reflection
in the diagonal region of the WAXS patterns also arises from
the lamellae oriented parallel to the stretching direction.

In our recent paper,” the disappearance of the long period
of polypropylene (at SAXS patterns) for the population of
lamellae oriented parallel to the deformation direction above a
local strain of 1.5 was observed (the long period from the
lamellar crystals oriented at another angles was still clearly
visible). This effect was induced by the decrease in thickness of
crystalline/amorphous layers below the value at which the
interfacial tension exceeds the combined plastic shear
resistance of both phases. At the same time, it is possible to
estimate the critical thickness of a layered two-component
system below which the layered structure disintegrates from
the equation

A=X/(er.+ (1-0x) (8)

where X is the interface energy, 7. and 7, are the plastic shear
resistance of crystalline and amorphous layers, respectively,
and c is the crystalline volume fraction.

In the case of polyethylene, this critical thickness is at a level
of 14.5 nm for X = 0.093 J/m**” 7, = 7.2 MPa’, 7, = § MPa,”®
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and ¢ = 0.64 (Table 1). At a local strain of 0.1, the value of
long period for the population of lamellae oriented parallel to
the deformation direction was still clearly above the critical
thickness (~20 nm, Figure 8); however, some disintegration
processes in these lamellae were evidently activated.

4. CONCLUSIONS

In this work, for the first time, a positron annihilation lifetime
spectroscopy was used to analyze the micromechanisms of
plastic deformation of semicrystalline polymer. An appropriate
adaptation of the PALS technique was performed (frame
system and optimization of the tightening torque of the screws
holding the deformed samples during the PALS experiment) in
order to obtain the measurements conditions analogically as in
the case of in situ analyses. Then, the PALS analysis of the
plastic deformation of high-density polyethylene as a
representative semicrystalline polymer was performed. The
studies were carried out in a range of local strains of 0—0.25
(the yield point was observed at LS = 0.12—0.15).

It was demonstrated that the deformation-induced evolution
of the dimension of free volume pores had a gradual character/
nature, proportional to the observed changes of the thickness
of the amorphous layers. It was shown that in the studied range
of strains, the average size of the free volume pores of the
amorphous phase generally decreased (in comparison to the
undeformed polyethylene) even after the initiation of the
cavitation phenomenon. This effect was induced by the initial
dimension of cavitation pores. The simultaneous use of the
PALS/SAXS techniques allowed us to demonstrate that the
initial shape of cavities was highly anisotropic (ellipsoidal) with
the aspect ratio amounting to ~45 (PALS technique caught
only one, the shortest dimension of the cavities). It was also
shown that the cavitation phenomenon was responsible for the
increase in the dispersion of ortho-positronium lifetime (o).

The mean positron lifetime (7,) was practically constant in
the analyzed range of strains even after activation of the
micromechanisms of plastic deformation of crystals. This
phenomenon was induced by the mutually compensating
effects activated in the crystalline phase (increase or decrease
in interplanar spacing depending on the sample region) and a
relatively small range of observed changes. At the same time, a
clear change of the dispersion of positron lifetime as a function
of local strain was observed. This effect was correlated with the
reduction of the crystallite length by the relative displacement
(slips) of adjacent crystalline blocks within individual lamellae.
The deformation-induced, local displacement of crystal
fragments took place along the planes with the highest density
of structural defects, and as a consequence, the content of
structural defects in smaller fragments of the crystal was
reduced. Thus, at higher strains, the crystalline phase “visible”
for PALS became more homogeneous.

Using the PALS technique, the analysis of the deformation
process of the amorphous/crystalline component of semi-
crystalline polymers in a way that is unavailable for other
commonly used techniques, such as SAXS or WAXS, is
possible. This technique is therefore an original and unique
source of information on plastic deformation of such materials.
It must be also noted that in this article, only one polymer
deformed slightly above the yield point was analyzed.
Therefore, the potential significance of the PALS technique
in the context of the analysis of further stages of deformation of
polyethylene as well as the deformation processes of other
semicrystalline polymers including the influence of their

https://doi.org/10.1021/acs.macromol.1c01258
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microstructure (degree of crystallinity, orientation of crystals,
etc.) or deformation conditions (temperature and strain rate)
seems to be very promising.
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a)

Figure 1S. SAXS patterns of HDPE samples deformed to the local strain of 0.25 and fixed in
the frame with the screw torque of 5.6 in.Ib.: a) in a function of time, b) after releasing (after

312h in the frame). Direction of deformation: vertical.
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Figure 2S. The change of intensity of the signal coming from the cavities (observed at SAXS
patterns, along deformation direction) for HDPE sample deformed to the local strain of 0.25

and fixed in the frame with the screw torque of 5.6 in.Ib. in a function of time and after releasing.
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Figure 3S. Dependence between volume strain and local strains for analyzed high density

polyethylene.
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Figure 4S. The exemplary correlation function for undeformed high density polyethylene (1, is

the thickness of amorphous layers, 1. is the thickness of crystals, LP is the long period).
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Figure 5S. Vertical scan of SAXS intensity (I (a) and InI (b)) for sample deformed to the local

strain of 0.15 and the fitting curve after subtraction of the signal from the lamellar structure of

polyethylene
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Figure 7S. 2D WAXS patterns of analyzed polyethylene in a function of strain. Numbers

correspond to the local strain (LS) of samples. Direction of deformation was vertical.
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(110) plane with the increase in local strain for the reference polypropylene.
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(130) plane with the increase in local strain for the reference polypropylene.
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Figure 10S. 2D WAXS patterns for undeformed polypropylene. The localization of the signal

coming from (-113) crystallographic planes of the diagonally oriented lamellae.
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ABSTRACT: In this work, positron annihilation lifetime spec- free volume |H/ cavitation o 8
troscopy (PALS) was used for the first time to study the plastic Lgf(;egs o Lgi)(r)els 0 | 2
deformation of polypropylene. An appropriate methodological e k4 - 2 ke T 'é,
approach was proposed in order to analyze the mechanical i S P e b 5
response of polypropylene in a way similar to the in situ conditions. S °° °° s £
It was demonstrated that the intermediate lifetime expressed by the 00500,.%, 0fp00 3?03;03;1 #1 C N
7, (mean positron lifetime) and o, (dispersion) values gives us % 05’0 05,0 o0 t’* oo T 0 3000 & T T g/ HE f’:l

information about the crystalline component while the longest

lifetime was expressed by the 7; (mean ortho-positronium lifetime)

and oy (dispersion) about the “porosity” of the amorphous phase. Then, the influence of the polypropylene microstructure
(thickness/perfection of lamellar crystals) and the cavitation phenomenon (cavitating/non-cavitating material) on the deformation
process in the context of PALS data were analyzed/discussed. Among others, the process of relative slips of crystalline blocks within
individual lamellae was detected even at very low strains. The simultaneous use of PALS and volume strain measurements confirmed
the deformation-induced changes in the shape of free volume pores of the amorphous phase from isotropic (spherical) to anisotropic
(ellipsoidal). The use of PALS and X-ray measurements also allowed us to estimate the initial shape of cavitation pores characterized
by an aspect ratio exceeding S0.

1. INTRODUCTION the deformation direction were described: separation of
lamellae, interlamellar slips and rotation of lamellae stacks.” "'
Due to the presence of tie-molecules, entanglements, and
knots inside the amorphous phase, only limited deformation
can be “accumulated” by these regions, and further
deformation proceeds by the deformation of lamellar crystals.
Two different mechanisms of plastic deformation of crystalline
polymers have been proposed in the literature. Historically, the
first one was proposed by Peterson'”'® and explored by
others.'"*'> This approach was based on the phenomenon of
emission of dislocations from the edges of the lamellar crystals
and their movement within crystals via crystallographic slips.
There are two kinds of crystallographic slips: fine and coarse,
both occurring in planes containing chains by generation and
propagation of dislocations. The presence of fine slips changes
Mechasiical ¢ . . . the orientation of lamellar planes in relation to the direction of
echanical response of a semicrystalline polymer is a

complex process, including the cooperative and simultaneous cha.ms mn la'mellar Iy stal's, leading t? lal.mellae Totaon apd
evolution of an amorphous and a crystalline component.l_" At Fhelr thinning. Me-anwhlle-, the activation of coarse ,Sh},) $
temperatures, above the glass-transition temperature of the indaces the (f]om}llat}on of Jrrega la.r, blocky stt}'luctures Within
polymer, the initial stage of deformation takes place within the lamellae: sanc. thesr fragrentation: jut forther tagex ok
amorphous layers. This is the effect of the differences in stress
required to activate the deformation of the amorphous and Received: July 11, 2022
crystalline component (10—50 tlmes higher in crystals than Revised:  October 18, 2022
that in the amorphous phase).”™ Three basic mechanisms of Published: November 1, 2022
response of the amorphous component activated in different

regions of the hierarchical structure of crystallizing polymers as

a result of different orientation of the lamellae with respect to

Annually, over 350 million tons of polymers are synthesized,
most of which are semicrystalline. The specific physical
properties of semicrystalline polymers are derivative of their
unique micro-/nanostructure. During the solidification of most
of these materials, lamellar crystals are formed. The thickness
of such crystals ranges from 10 to 40 nm and is significantly
smaller than their other dimensions like width or length.
Lamellar crystals tend to form stacks composed of several
lamellae, which spread radially during growth. The lamellae in
an advanced stadium of growth form spherical structures—
spherulites. Between these lamellae, stacks of lamellae or
spherulites, there are non-crystalline regions—the amorphous
phase. In fact, neat semicrystalline polymer is the earliest
known nanocomposite.
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deformation. Both of the above-described crystallographic
micromechanisms (slips) have been observed in numerous
studies.'>">71

The second mechanism of yielding of semicrystalline
polymers assumed non-crystallographic changes of the initial
crystalline skeleton, leading to the formation of completely
new crystalline structures dependent mainly on the deforma-
tion temperature.”’"** In this approach, partial melting and
recrystallization processes of crystalline structures stimulated
by the adiabatic deformation-induced heating of the sample
were suggested.”* >

The initial accumulation of deformation processes in the
amorphous regions activates the cavitation phenomenon in
most crystalline polymers. It is commonly accepted that the
main factor determining the presence of cavitation in polymers
is the thickness/perfection of the crystals.”*™* Also, the
structure of the amorphous component could be “deci-
sive”.””*’733 Recently, it has been shown that the presence
of cavities has a measurable influence on the yield strain, the
onset of activation of crystallographic mechanisms of
deformation, such as slips or martensitic transformation, the
intensity of the fragmentation processes occurred within the
lamellae, as well as the dynamics of reorientation of the
crystalline/amorphous component and the degree of deforma-
tion-induced orientation of the crystalline component.**~

Despite numerous investigations, the micromechanisms of
plastic deformation of semicrystalline polymers due to their
complex, hierarchical structure still require more detailed,
systematic studies, especially those based on new approaches
or experimental techniques. Positron annihilation lifetime
spectroscopy (PALS) is a technique used for investigation of
the condensed matter in nano- and sub-nanometer scale. The
first application of this technique was in the studies of defect
structures in metals and ceramics. In last 30 years, studies on
polymeric systems were significantly intensified, and knowl-
edge of the annihilation processes in these materials has
advanced. Neat amorphous” > and semicrystalline®**"*
polymers, as well as polymer-based blends*”*' and micro-/
nanocomposites,”~** were analyzed with the use of the PALS
technique. Relationships between the initial structure of
polymeric materials and transport, thermal or thermomechan-
ical properties were typically investigated. Meanwhile, the
evolution of micro-/nanostructure of semicrystalline polymers,
in situ during the deformation process, has never been
systematically analyzed with PALS. In our recent work, the
annihilation spectroscopy was used to study the deformation
process of high density polyethylene."® We proved that the
PALS technique enables the analysis of deformation-induced
changes in the microstructure of a crystalline polymer in the
way unavailable to other experimental techniques and is a
unique/original tool for the analysis of plastic deformation of
such materials.

In this paper, new insights into the plastic deformation of
polypropylene studied by PALS were presented. An appro-
priate methodological approach was developed/described in
order to analyze the mechanical response of the examined
polypropylene in a way similar to the in situ experiment. The
analysis was carried out in the range of local strains 0—0.20,
while the macroscopic yield point was observed at 0.13—0.17.
The role of the polypropylene microstructure (thickness/
perfection of lamellar crystals) and the presence of the
cavitation phenomenon (cavitating/non-cavitating material) in

the deformation process, studied with PALS, were also
discussed.

2. EXPERIMENTAL SECTION

2.1. Materials. Isotactic polypropylene (homopolymer) Moplen
HP456H of the melt flow index = 1.8 g/10 min (at 230 °C, 2.16 kg
according to ISO 1133), by Lyondell Basell.

2.2. Sample Preparation. Compression molded films (1 mm)
were prepared in a hydraulic press at 50 MPa/190 °C and quenched
between steel plates. Some of the films were annealed between
heating plates at the temperature of 120 °C (the annealing time being
2 h). An additional set of samples was prepared by isothermal
crystallization at 135 °C (the crystallization time being 2 h). A
polypropylene/nonadecane system was prepared by immersion of
polypropylene samples (solidified between steel plates) in a bath
containing the nonadecane placed in an oven at 70 °C. The
modification process was carried out for 7 days. The effectiveness of
the free penetration of polypropylene and the final content of
nonadecane have been verified/estimated by us in previous
papers. 35

2.3. Mechanical Testing. Mechanical measurements were
performed with the use of an Instron 5582 machine. The oar-shaped
samples (thickness: 1 mm, width: S mm, gauge length: 25 mm
according to ISO 527-2) were uniaxially stretched at a rate of 3.3 X
1073 57" (the speed of crosshead: 5 mm/min), at 20 °C. All details of
the local and volume strain calculations were described elsewhere.*

2.4. Differential Scanning Calorimetry. Thermal properties
were estimated with the use of an indium calibrated calorimeter (Q20,
TA Instruments). Calorimetric data were collected in the heating
mode with a heating rate of 10 °C/min under nitrogen flow. The
crystallinity degree was estimated according to an equation: X, =
AH,,/AH,’, where AH,, is the heat of melting of the sample and
AH, " is the heat of melting of the polypropylene crystal (170 J/g)."’

2.5. Small-Angle X-ray Scattering. The microstructure of
samples was analyzed with the use of a 2D small-angle X-ray
scattering (2D SAXS) diffractometer. Technical details of the SAXS
measurement and long period calculations (with the use of correlation
function and Braggs law approach) were described elsewhere.***

The in situ deformation process of polypropylene was investigated
at the synchrotron station in Hamburg (P03 beamline, Hasylab,
Germany). 2D patterns were collected with the use of a Pilatus 300k
pixel detector (Dectris, Switzerland). The uniaxial stretching was
carried out symmetrically. All details of the local strain measurements
were described elsewhere,** "3

2.6. Transmission Electron Microscopy. The micrographs were
acquired using a Talos F200X electron microscope at 200 kV. 60 nm
ultrathin sections were cut with the use of Ultramicrotome
PowerTome PC (RMC Boeckeler, USA) equipped with a 35°
diamond knife (Diatome, Switzerland). The samples were stained
(staining agent: vapor of RuO,, staining time/temperature: ~24 h/20
°C) prior to sectioning.

2.7. Wide-Angle X-ray Scattering. The crystalline structure of
samples was analyzed with the use of a 2D wide-angle X-ray scattering
(2D WAXS) diffractometer. The measurements were carried out in
situ during deformation at the synchrotron station in Hamburg (P03
beamline, Hasylab, Germany).”' ~** 2D patterns were collected with
the use of a Pilatus 300k pixel detector (Dectris, Switzerland). The
local strain was estimated in the same way as in the case of SAXS
measurements.

The interplanar distances of (110), (040), (130), and (—113)
crystallographic planes of the a form of polypropylene were analyzed
according to Bragg’s law

d=nX1/2X sin@ (1)

where d is the interplanar distance, n is the diffraction order, 4 is the
X-ray wavelength, and © is the Braggs diffraction angle. The length of
undisturbed fragment of lamellar crystals was estimated according to
the Scherrer formula

https://doi.org/10.1021/acs.macromol.2c01430
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Table 1. Structural Parameters of Analyzed Materials

crystalline mass crystalline volume melting temperature
fraction fraction” Hail:
PP 0.55 0.52 163.3
PPa 0.61 0.59 163.8
PPic 0.63 0.61 165.9
PPnon 0.60 0.58 161.8

long period (LP)
[nm]*

thickness of crystals (Ic)  thickness of amorphous layers
[nm]* (la) [nm]*

nm
14.8 77 7:1
17.2 10.1 71
20.1 124 7.7
16.6 na na.

“From dlfferentml scanning calorimetry. "Based on the crystalline mass fraction and densities of crystalline (d.)/amorphous (d,) components: d. =
0.946 g/cm® and d, = 0.855 g/cm’."® “From SAXS. “From the value of long period and crystalline volume fraction.

Lyg =09 X A/(f X cos ©) (2)
where Ly is a crystallite length in the normal direction to the (hkl)
plane, 4 is the X-ray wavelength, f is the half-width of a diffraction
peak, and © is the Braggs diffraction angle. The deconvolution
process of 1D WAXS profiles was performed using WAXSFit
software.”** All details of the deconvolution process were described
elsewhere.*

2.8. Positron Annihilation Lifetime Spectroscopy. The
positron annihilation spectra were collected at 20 °C with the use
of a “fast—fast” ORTEC spectrometer.” Positrons emitted from the
Na radioactive source were implanted into two samples surrounding
the source and annihilate with electrons after the thermalization
process. The exposition time for each sample was 48 h.

In general, an energetic positron implanted into matter thermalizes
rapidly and then diffuses in the bulk until it annihilates with valence or
core electrons (free or bulk annihilation), and typically, the average
positron lifetime which can be attributed to this process is in the range
of 100—500 ps. Additionally, in molecular materials such as polymers,
some of the injected positrons might annihilate from positronium
(Ps) states in open spaces. Ps is a bound state between an electron
and a positron which can exist in two spin states. The first state with
antiparallel spins is called a para-positronium (p-Ps) while the second
one with parallel spins is referred as an ortho-positronium (o-Ps). The
relative abundance of these two spin states is 1:3. Under vacuum, a
free Ps has two intrinsic lifetimes which are 0.125 ns for p-Ps and 142
ns for o-Ps. Nevertheless, it should be noted that when o-Ps is formed
in condensed matter, its lifetime is significantly reduced to few
nanoseconds (typically 1—10 ns) due to a pick-off process, in which
the positron in o-Ps annihilates with one of the surrounding spin
opposite electrons. Since that, the lifetime of o-Ps is sensitive to the
diameter of the free volume pore in which it is located. Using the
PALS technique, one can mvestlgate _empty spaces (pores) in solids
with sizes between 0.25 and 16 nm.’

The collected PALS spectra were analyzed using LT-9.0 software
fitting the function®®

N(x) = /Ow P(x — t) Y LE(t) dt )

where P stands for the instrumental resolution function, I; is the
relative intensity of the ith component in the spectrum, and F, can be
in the form of discrete or continuous components. In the case of the
discrete component

o g,q,(_i) = 7 exp(~1t) (4)

where 7 denotes the positron lifetime and A stands for the positron
annihilation rate. The continuous component is built-up from a
continuous sum of the decay curves given with a log-normal
distribution L,,(A) (a Gaussian distribution in the logarithmic scale
of lifetimes)>®

E(t) = /0 L ()4 exp(—it)dA

1 ® In*(Az,)
= - exp| ————— A exp(—At)dA
fo p[ 2 p(=A4t)

AoyN2m

(5)
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where 7, denotes the center of the 7 distribution and 6, is the
variation of the distribution. Since the distribution in the log-Gaussian
form is not symmetric, the mean positron lifetime can be calculated

using the function 7 = ‘roexp( ), and the dispersion of lifetimes

(standard deviation of the distribution)

o= TV»“e)q)(o'oz ~1).°" LT-9.0 software also provides uncertainties
of determined I, 7, and ¢ parameters.

The obtained PALS spectra were described using three
components, which correspond to the p-Ps annihilation (charac-
terized by 7; and 1,), to the free-positron annihilation (characterized
by 7,, 6, and I,), and to the o-Ps pick-off annihilation (characterized
by 73 03 and I;). Additionally, the intermediate and the longest
components were described using continuous components, yielding
the 7, and 7; mean lifetimes and dispersion parameters ¢, and o3,
respectively. In the case of polymeric systems, the distribution of 7 is
connected with the distribution of the free volume. The above-
described model is commonly accepted for PALS spectra of
polymers.*

With the use of quantum-mechanical and empirical approaches, the
relation between the o-Ps lifetime (7;) and the radius r of the
spherical hole was created. According to the Tao-Eldrup equatlon( 09

is given by

K r 1 . ( 27 ) !
=0.5|1 - + —sin
r+ Ar 2 r+ Ar (6)

where the factor of 0.5 ns represents the inverse of the spin-averaged
Ps annihilation and Ar = 0.166 nm is the depth of the penetration of
the Ps-wave function into the walls of the hole. Using the Tao-Eldrup
model, one can straightforwardly determine the normalized size
distributions y(V) of free volume of the empty spaces/pores “seen” by
Ps in the studied materials. In this work, y(V) distributions were
calculated using the equation”**®

di

—L,(A)5}
)i= 34,
(V) —E

@)

In particular, log-normal distributions L,(4;) were obtained using
7y and o3 parameters determined from the output of the LT-9.0
routine analysis of the PALS spectra, while dA;/dr was calculated from
eq 6. The y(V) distributions were normalized to the same area under
the curve.

3. RESULTS AND DISCUSSION

In this paper, four different polypropylene materials were
analyzed: reference polypropylene (solidified between metal
plates at room temperature, PP), annealed polypropylene
(solidified in the same way as reference PP and annealed at
120 °C for 2 h, PPa), isothermally crystallized polypropylene
(at the temperature of 135 °C for 2 h, PPic), and nonadecane-
modified polypropylene (non-cavitating during uniaxial
stretching, PPnon). In Table 1, selected structural parameters
of the analyzed materials are presented.

The annealing process and isothermal crystallization of
polypropylene films led to an increase in their overall
crystallinity. Table 1 shows that for PPic material, an 8—9%

https://doi.org/10.1021/acs.macromol.2c01430
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Table 2. Results of the Analysis of the Positron Annihilation Lifetime Spectra of the Undeformed Samples

mean lifetime

7 [ps] 7, [ps] 73 [ps]
PP 125 359.0 £ 9.0 2218 + 38
PPa 125 3544 + 6.8 2264 + 37
PPic 125 356.9 + 8.1 2256 + 43
PPnon 125 345.0 £ 19.0 2816 + 46

dispersion lifetime &, [ps]

dispersion lifetime o3 [ps]

intensity I; + Iy [ %]

110 + 16 465 + 49 33.88 + 049
115 + 14 450 + 49 30.94 + 045
131 + 16 451 + 4 31.47 £ 0.5§
169 + 30 567 + 61 32.46 + 049

Table 3. Position/Half-Width of Peaks for (110) and (040) Population of Planes and Estimated Interplanar Distances/Lengths

of Undisturbed Fragments of Crystals

(110) (040)
interplanar half-width  length of undisturbed fragments interplanar half-width  length of undisturbed fragments
20 [°] spacing [nm] [°] of crystals [nm] 20 [°] spacing [nm] [°] of crystals [nm]
PP 13.86 0.638 0.726 12.8 16.70 0.531 0.571 17.1
PPa 13.88 0.637 0.694 135 16.72 0.530 0.524 18.9
PPic 13.95 0.635 0.680 13.8 16.78 0.528 0.551 17.8
PPnon 13.90 0.636 0.685 13.7 16.78 0.528 0.552 17.8

increase in the crystalline mass/volume fraction in comparison
to PP was induced. The other important parameter of the
polymer microstructure, the thickness of the lamellar crystals,
was also higher in the case of PPa and PPic materials.
Meanwhile, the thermal treatment of the polypropylene
materials had a very limited influence on the thickness of the
amorphous layers (Table 1). The degree of crystallinity of the
polypropylene/nonadecane system was also higher than that in
the case of reference PP. This effect was caused by the long-
term conditioning (7 days) of the PP films in the nonadecane
bath at elevated temperatures (70 °C), according to the
procedure optimized in the previous papers.*”” The thickness
of the crystalline/amorphous layers of PPnon material was not
determined due to the swelling-induced change of the long
period: the thickness of the crystalline/amorphous layers
estimated from the value of long period would be incorrect
(effect explined in detail in our previous paper®).

The initial structure of the materials was characterized with
the use of the PALS technique. The measured PALS spectra
can be described using three components which correspond to
the p-Ps annihilation (characterized by 7, and 1), to the free
positron annihilation (characterized by 7, 6, and I,), and to
the o-Ps pick-off annihilation (characterized by 73, 63, and I).
The results of the analysis of the positron annihilation lifetime
spectra of the undeformed samples are presented in Table 2.
As a result of thermal treatment of polypropylene films, a
decrease and an increase in the intermediate lifetime (7,) and
the longest lifetime (7;) were observed, respectively (Table 2).
In addition, a clear decrease in the values of I, + I; was
observed in the PPa and PPic samples compared to the
reference material.

It is often assumed that the o-Ps lifetime (7,) can be directly
correlated with the mean size of the free volume pores present
in the amorphous regions of the semicrystalline polymer.*”*
This was confirmed by positron studies carried out for
polypropylene® and polyetheretherketone,”" which showed no
0-Ps formation in the crystalline regions. An analogical
conclusion we can also draw from our studies. The highest
change of 73 value was observed for PPnon material (Table 2)
and, as shown in the papers**®” nonadecane in the
polypropylene /nonadecane system is preferentially localized
in the amorphous regions. Additionally, for PPa and PPic
materials, a clear decrease in the I} + I; value was observed

(Table 2) compared to the reference sample. This effect was
mainly induced by a decrease in the content of amorphous
component (an increase in the degree of crystallinity, Table 1).
We can therefore confirm that the o-Ps lifetime (73) is sensitive
to microstructural changes taking place mainly in the
amorphous regions.

The correlation of the intermediate lifetime 7, with the
microstructure of polypropylene is less obvious. There are no
direct studies on this issue in the literature data. However,
taking into account the semicrystalline, two-phase structure of
polypropylene, and a clear increase in I, values for thermally
treated materials (PPa, PPic, and PPnon), it should be
assumed that this parameter depends on the microstructure of
the crystalline component. Moreover, the character of changes
of 7, values for thermally treated samples in relation to the
reference material (PP) seems to support this assumption. It is
clearly visible that the trend of changes of 7, values is opposite
to the changes of o-Ps lifetime (73 a parameter sensitive to
microstructural changes taking place mainly in the disordered
regions, as discussed above). In order to confirm the
correlation of the intermediate lifetime (7,) with the crystalline
component and to explain the reasons of the decrease in 7,
values for PPa, PPic and PPnon samples, additional X-ray
studies were performed.

Figure Sla presents the 1D WAXS profiles collected for the
PP, PPa, PPic, and PPnon samples. These profiles were used to
determine the interplanar distance and dimension of
undisturbed fragments of crystals in the perpendicular
direction to (110) and (040) planes with the use of Bragg's
law (eq 1) and Scherrer formula (eq 2), respectively. The
process of deconvolution of WAXS profiles with the use of
WAXSFit software was carried out to determine the position
and half-width of the selected peaks. The results of the
deconvolution process for selected material are shown in
Figure S1b.

The interplanar spacing and length of undisturbed fragments
of crystals in the direction normal to (110) and (040) planes
for the PP, PPa, PPic, and PPnon samples are presented in
Table 3. The interplanar spacing for the population of planes
(110) and (040) of the reference polypropylene amounted to
0.638 and 0.531 nm, respectively. In the case of thermally
treated materials (PPa, PPic, and PPnon), a shift of the peaks
for the above crystallographic planes toward higher values of
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the 20 angle was observed. This meant that the interplanar
spacing for the thermally treated samples was clearly lower.

Additionally, in Table S1, the positions of the amorphous
halo for the analyzed materials are presented. In the case of
thermally treated samples, a shift of the amorphous halo
toward lower values of the 26 angle was observed. This meant
that the distance between the fragments of macromolecules in
the amorphous regions was higher (the highest change was
observed for the PPnon system). The changes of intermo-
lecular distances in the amorphous regions perfectly correlated
with the increase in o-Ps lifetime (z;) (Table 2). Thus, it was
an additional conformation of the above conclusion that the o-
Ps lifetime (73) is sensitive to microstructural changes taking
place mainly in the interlamellar/amorphous regions.

The lengths of undisturbed fragments of crystals determined
for the reference polypropylene in the perpendicular direction
to the population of planes (110) and (040) were 12.8 and
17.1 nm, respectively. The difference between the above values
and the typical length or width of lamellar crystals observed
with the use of microscopic techniques [see the micrograph
collected for the reference polypropylene with the use of
transmission electron microscopy (TEM), Figure la] was

Figure 1. Lamellar structure of the reference polypropylene visualized
by TEM (a,b).

induced by the presence of structural defects clearly seen at
higher magnification (Figure 1b). In the case of thermally
treated materials, an increase in the lengths of undisturbed
fragments of crystals in both analyzed directions was observed
(Table 3).

Smaller interplanar distances and higher lengths of
undisturbed fragments of crystals meant that the molecular
packaging density and the content of structural defects
increased and decreased, respectively. Therefore, the overall
perfection of the lamellar crystals in the thermally treated
samples (PPa, PPic, and PPnon) was higher. As a consequence,
the lifetime of annihilating objects in such an “improved phase”
should be shortened, what in fact was observed in the case of
the intermediate lifetime (7,). Thus, in our present studies, we
assumed that the longest lifetime expressed by the 7 and o,
values gives us information about the “porosity” of the
amorphous phase, while the intermediate lifetime expressed
by the 7, and o, values corresponds to the positron
annihilation occurring mainly in the crystalline component.

The representative mechanical curve for the reference
polypropylene and the SAXS patterns collected for selected
values of the local strain are presented in Figure 2. SAXS/
PALS analysis presented in the following paragraphs was
carried out for samples deformed to a local strain of 0.2

(slightly above the macroscopic yield point located at strains:
0.13-0.17).

Macroscopic yield point was observed at an engineering
strain of 15—17%, which corresponded to the local strain in the
range of 0.13—0.17 (onset at 20.10). On the SAXS patterns
collected for undeformed polypropylene or samples deformed
to a local strain of 0.08, only the signal associated with the
lamellar structure of the polymer was observed. The first signal
from the cavities was clearly seen at a local strain of 0.10. At
the same time, the asymmetricity of the signal indicated that
the cavitation pores were ellipsoidal shape with at least one axis
above the detection limit of the SAXS technique. Additionally,
the scattering signal was mainly concentrated in the polar
regions of SAXS patterns. This meant that the cavities were
oriented with their longer axis perpendicular to the
deformation direction. Thus, the cavities were probably formed
between/along the lamellae of the equatorial regions of the
spherulites. Similar effects were observed by others.***>°~7
With the increase in the local strain, the intensity of the
cavitation phenomenon clearly increased.

The differences in the intensity of the cavitation
phenomenon during uniaxial stretching of analyzed materials
(PP, PPa, PPic, and PPnon) were clearly visualized with the
use of volume strain measurements (Figure 3). In the case of
the reference polypropylene, an increase in volume strain as an
effect of the cavitation phenomenon was clearly observed,
especially above a local strain of 0.05. The influence of
annealing on the cavitation process was measurable for higher
local strain values (>0.15). Similar influence of annealing on
cavitation was observed by others.””””* However, the highest
changes in the intensity of cavitation were observed for
isothermally crystallized and nonadecane-modified samples. In
PPic sample deformed to a local strain of 0.2, the cavitation-
induced increase in volume was three times higher than that in
the case of the reference polypropylene. This effect was mainly
induced by an increase in the thickness of the lamellar crystals
(Table 1).%** Meanwhile, in the PPnon sample, cavitation was
completely suppressed. The influence of nonadecane on
cavitation intensity in the context of nonstructural changes of
amorphous regions (free volume) was explained by us in our
previous papers.*””> SAXS patterns collected for samples
deformed to a local strain of 0.2 confirmed the above-described
effect of thermal treatment or the presence of nonadecane on
the intensity of cavity formation (Figure 3).

In our latest work, an adaptation of the PALS technique for
in situ analysis of plastic deformation of high density
polyethylene was performed.” In the nutshell: two samples
were deformed to the identical value of strain, fixed in the
specially designed frames, removed from the tensile machine,
and then placed between two detectors used in PALS
measurements. Each time, fresh samples were stretched to
the selected strain value to collect the appropriate PALS data.
Additionally, the optimalization process of the tightening
torque of the screws holding the samples in frames was carried
out. This stage was performed to avoid the relaxation processes
of the deformed samples fixed in the frames. More
methodological details were presented elsewhere.” A similar
set of frames/optimalization process was used/performed in
the current work.

The relaxation processes of the amorphous or crystalline
component affect the intensity of the cavitation.’® Therefore,
to optimize the tightening torque of the screws in frames, the
healing process of cavitation pores in samples deformed to a

https://doi.org/10.1021/acs.macromol.2c01430
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local strain of 0.2, monitored with the use of the SAXS
technique, was carried out. The SAXS patterns were also
compared with the data collected in situ during deformation
(synchrotron beamline, Petra III, DESY) for the same
polypropylene deformed to the LS = 0.2. The results of the
analysis carried out on the example of the reference
polypropylene are presented in Figure S2.

The SAXS pattern collected in situ during deformation, at a
local strain of 0.2 (Figure S2b), was characteristic for the
cavitating polypropylene (as described above). The SAXS
patterns collected for the samples fixed in frames with different
values of screw tightening torque were similar (Figure S2a),
but the intensity of the signals coming from the cavities was
different. For low (<5.8 in.Ib.) and high (>6.2 in.Ib.) values of
screw tightening torque, the intensity of scattering at the

cavitation pores was clearly lower. This meant that the
relaxation processes of the polymer matrix effectively reduced
the number of scattering objects (cavities) in the samples.
Therefore, the applied values of screw tightening torque were
too low or too high, respectively. The scattering on the cavities
was the highest and comparable with the results collected in
situ during deformation (Figure S2b) only for the sample fixed
using a 6.0 in.lb. screw tightening torque, and this value was
used in the PALS studies. It is worth mentioning that in the
case of high density polyethylene, this optimal value was lower
and amounting to S.6 inlb."® This meant that for each
polymer, the screw tightening torque should be selected
individually.

The standard time required for a single PALS measurement
was relatively long (24—48 h). Therefore, the effectiveness of

10067 https://doi.org/10.1021/acs.macromol.2c01430
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the frame system was also verified as a function of time. The
SAXS patterns of the deformed reference polypropylene (LS =
0.2), fixed in the frame (with 6.0 inlb.), collected in time
frame: 1-312 h after clamping the sample, are presented in
Figure S3a. The maximal intensity of the signal coming from
the cavitation pores as a function of time was also monitored
(Figure S4). The data presented in Figures S3a and S4 clearly
evidenced the lack of relaxation processes of the polymer
matrix (lack of healing of cavities as an indicator) in the
analyzed range of time. The effectiveness of the applied
measurement protocol was confirmed by SAXS analysis carried
out for the sample removed from the frame after 312 h. The
SAXS patterns and maximal intensity of the signal coming from
the cavities as a function of time are presented in Figures S3b
and S4, respectively. The data presented in the mentioned
figures indicated a clear intensification of the relaxation
processes of the polymer matrix (decrease in intensity of the
signal generated on the nanocavities) after removing the
deformed sample from the frame.

The same value of tightening torque of the screws of frames,
as for the reference polypropylene, was also optimal for the
PPa and PPic samples. In the case of PPnon, due to the lack of
cavitation during uniaxial stretching (Figure 3), the optimiza-

tion of the screws tightening torque was carried out by
measurements of the long period changes for the lamellae
oriented perpendicularly to the deformation direction. As
shown in Figure S5, the optimal value for PPnon was 5.4 in.lb.
For this screw tightening torque, the value of LP was similar to
the sample monitored in situ during deformation and stable as
a function of time. For lower or higher values, the relaxation
processes of the polymer matrix effectively “reduced” the value
of LP.

In Figure 4ab, the mean positron lifetime (z,) and its
dispersion (0,) as a function of the local strain for the
reference polypropylene are presented, respectively. As shown
in Figure 4a, the value of 7, in the analyzed range of strains was
practically constant or slightly below the value observed for the
undeformed sample. It could therefore mean that the
interplanar distances in the crystals, observed for the
undeformed reference polypropylene, did not change signifi-
cantly during deformation even after exceeding the yield point.
It is worth mentioning that the parameters determined form
the PALS data are the averaged information from the entire
sample, regardless of the local microstructure or different
micromechanisms activated during the deformation process. In
the case of “lamellar” polymers such as polypropylene (Figure

https://doi.org/10.1021/acs.macromol.2c01430
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1), the mechanical response of the crystalline component
depends on the orientation of highly anisotropic crystals (the
thickness of the lamellae is at least an order of magnitude
smaller than their length /width) with respect to the stretching
direction. This relation is illustrated in Figure 5.

stretching direction

Figure 5. Mechanical response of lamellar crystals during uniaxial
stretching.

Therefore, in the case of the lamellae oriented in the
deformation direction (0°), the compression and tensile stress
component is generated in the normal and parallel direction to
their basal plane, respectively. As a consequence, the
interplanar distance for the (040) planes (the population of
planes oriented in the normal direction to the b-axis of crystals,
Figure S) should increase. For lamellae oriented diagonally
(45°), the shearing processes with a slight increase in the
interplanar spacing of (040) planes will probably dominate. On
the other hand, in the case of the lamellae oriented
perpendicular to the deformation direction (90°), the
compression and tensile stress component is generated in the
parallel and normal direction to their basal plane, respectively.
Therefore, the interplanar distance of (040) planes should
decrease. These effects were confirmed experimentally. Figure
6 shows the relative changes of (040) spacing for differently
oriented lamellae as a function of the local strain.

In the case of the lamellae oriented in the deformation
direction (0°), the (040) spacing increased linearly up to LS =
0.05 confirming an elastic response of the crystals before the
yield point. For lamellae oriented perpendicular to the
deformation direction (90°), a linear change of (040) spacing
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Figure 6. Relative change of (040) spacing for differently oriented
lamellae as a function of the local strain.

was also observed but in the opposite direction. In the case of
diagonally oriented lamellae, an intermediated response was
induced. Beyond LS = 0.05, in all analyzed directions, the
(040) spacing levels off. This was evidence of the activation of
micromechanisms of plastic deformation with no further
changes in the crystallographic spacing (slightly below the
local strain of the macroscopic yield point observed at the
mechanical curve, Figure 2). For meridional and diagonal
directions above LS = 0.2, the decrease in the (040) spacing
was observed, probably due to the relaxation processes of the
spherulitic/lamellar structure of polypropylene above the yield
point. It is also worth mentioning that the range of the
observed changes of interplanar distances was rather small, 1—
2%. Additionally, for other population of crystallographic
planes [eg, for (110) and (130) planes, Figures S6 and S7,
respectively], a similar manner/range of changes of interplanar
spacing was observed. Thus, the mutually compensating effects
of increase and decrease in interplanar distances and relatively
small range of changes of interplanar spacing, even above the
yield point, were responsible for the lack or insignificant
changes of 7, (Figure 4a).

Meanwhile, the o, was more “sensitive” to the activation of
micromechanisms of plastic deformation of crystals (Figure
4b). Above the macroscopic yield point, the value of dispersion
clearly decreased. This was probably caused by the decrease in
the local order induced by the relative slips of crystalline blocks
without disintegration of the lamellar structure. A similar effect
was postulated by others.”®”” In fact, the decrease in the local
order of the crystalline component around the yield point was
observed experimentally. In Figure 7, the relative changes of
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Figure 7. Relative change of crystallite length determined in the
normal direction to the (040) plane with the increase in the local
strain for the reference polypropylene.

the undisturbed crystallite length in the direction normal to the
(040) plane along three characteristic directions in the
function of the local strain are presented. The results for the
other populations of planes, (110) and (130), are presented in
Figures S8 and S9, respectively.

In the range of LS: 0—0.0S, the lack of deformation-induced
changes of crystallite length in all directions for all analyzed
planes was observed (Figures 7 and S8, S9). Thus, in this range
of strains, the deformation of the crystalline component took
place mainly in an elastic way through appropriate changes of
the interplanar distances (as described above, Figure 6). With
the onset of plastic deformation of the sample, a clear decrease

https://doi.org/10.1021/acs.macromol.2c01430
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in the undisturbed crystalline length was observed. At a local
strain of 0.25, the crystallite length was 15, 20, and 25% lower
than that in the case of the initial sample for 0, 45, and 90°
directions, respectively. The differences in the intensity of
changes of the length of undisturbed crystallites depending on
the analyzed direction were caused by the different orientation
of the lamellae in relation to the stretching direction. Thus,
different micromechanisms of plastic deformation of crystals
were activated, as discussed above (Figure 5). The relative slips
of the crystalline blocks probably reduced the overall content
of structural defects within lamellar crystals—the displace-
ments probably occurred along the planes with the highest
density of these defects. As a consequence, the crystalline
component “visible” for PALS became more homogeneous,
and the observed decrease in dispersion of positron lifetime
(6,) seems understandable.

In Figure 4, mean ortho-positronium lifetime (7;) and its
dispersion (03) as a function of the local strain for the
reference polypropylene are also presented. As shown in Figure
4c, the value of 7; initially decreased and then increased but
generally remained below the value observed for the
undeformed sample. This meant that, on an average, the size
of the pores localized in the amorphous phase, even after
initiation of the cavitation phenomenon (LS > 0.1, Figure 2),
was no larger than that in the undeformed sample (this aspect
will be discussed later). Meanwhile, the presence of cavities
had a measurable effect on the 63 Above a local strain of 0.1, a
clear increase in 63 was observed (Figure 4d). To illustrate the
deformation-induced changes of the size/size dispersion of the
pores in the amorphous regions, the normalized radius
distributions are presented in Figure 8a. Additionally, the
distributions for deformed samples, after subtracting the
distribution for undeformed material, were also presented
(Figure 8b).

For samples deformed to LS = 0.08, only a gradual shift of
the maximum size pore distribution toward lower values was
observed. This would explain the initial decrease and lack of
changes of 7, (Figure 4c) and o (Figure 4d), respectively, and
suggest an increase in the mean “packaging” density of the
amorphous regions. The potential increase in the density of the
amorphous component was, however, in opposition to the
observed increase in the volume strain (Figure 3, this aspect
will be discussed later). A gradual shift of the maximum size
distribution of the pores toward lower values was also observed
for samples deformed to higher values of LS: 0.10—0.20. At the
same time, for this set of samples, the appearance of a new
fraction of larger pores was observed (Figure 8b). It is worth
noting that the overall content of the new pores was relatively
low (Figure 8a). To understand the nature of processes
occurring in the amorphous component and to correctly
interpret PALS data, additional X-ray studies/discussions were
carried out.

As in the case of the crystalline component, the mechanical
response of the amorphous one will be non-homogeneous. The
amorphous regions localized between the lamellae oriented
parallel to the stretching direction (Figure S, 0°) will undergo
the compression. Thus, the thickness of the interlamellar
regions and the average volume/diameter of the pores located
there should decrease. On the other hand, the amorphous
component localized between the lamellae oriented perpen-
dicular to the deformation direction (Figure S, 90°) will be
stretched due to the lamellae separation process (in the normal
direction to their basal plane). In this case, the thickness of the
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Figure 8. Normalized radius distributions of pores of the amorphous
phase of the undeformed reference polypropylene and samples
deformed to the selected local strains: as collected (a), after
subtraction of the distribution for the undeformed sample (b).

interlamellar layers and the average volume/diameter of the
pores located there should increase. The above-described
processes should influence the value of the long period, as well
as the average thickness of amorphous and crystalline layers.
The influence of the deformation process on the long period
and thickness of the amorphous/crystalline component
(determined with the use of correlation function) was verified
experimentally in the range of LS: 0—0.10 (the scattering on
the nanocavities was too high for the higher LS values, Figure
9).

The measurable change of the long period was observed
even at very low strains. Additionally, as suggested earlier, the
range of the observed changes depended on the analyzed
direction: the value of the long period increased for the
lamellae oriented perpendicularly (90°) to the deformation
direction and decreased for the lamellae oriented parallel (0°).
It is worth noting that for the mentioned directions, the change
of LP was purely induced by the changes of the thickness of
the amorphous layers. Also, in the case of lamellae oriented at
an angle of 15 and 75°, the change of LP was mainly induced
by the changes taking place in the amorphous regions. In order
to correlate the volume strain measurements, the observed
changes of 73/0;, and the initiation of the cavitation
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toward the deformation direction (Figure 5) in the range of LS: 0—
0.10. The dashed lines represent the average values for the
undeformed sample.

phenomenon, an explanation was proposed, which is schemati-
cally illustrated in Figure 10.

Statistically, the shape of the free volume pores of the
amorphous phase of the undeformed sample is spherical
(Figure 10a). At low strains (LS < 0.08, before initiation of
cavitation), the deformation of the sample regions with the
lamellae oriented at 0/15° and 75/90° toward deformation
direction took place mainly by compression and stretching of
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Figure 10. Nanostructure of the amorphous layers (a) and its
deformation-induced changes before (b) and after (c) the initiation of
the cavitation phenomenon. Influence of pore anisotropy (free
volume and cavities) on pick-off annihilation of o-Ps.

the amorphous layers, respectively (Figure 9b). For both
regions of the sample and due to the specific stress distribution
(Figure 5), the change of the shape of the free volume pores
from isotropic (spherical) to anisotropic (ellipsoidal) would be
expected (Figure 10b). The presence of anisotropic pores
instead of isotropic will influence the PALS measurement [the
longest lifetime (7;) component]. The longer axis of the
elongated free volume pores will be less “available” for
annihilating o-Ps than the shorter axes. This is correlated
with the fact that the lifetime of o-Ps depends on the
probability of pick-off annihilation with electrons from
surrounding molecules. Hence, the o-Ps will statistically
more often annihilate along the shorter axes due to the
significantly lower distance between the molecules and central
point of the elongated pore in these directions. This effect
explains the initial decrease in the 7; component (Figure 4c)
with a simultaneous increase in the volume strain (Figure 3). 1t
is worth emphasizing that in the volume strain measurement,
the entire deformation-induced volume is taken into account,
regardless of the size or shape of the pores.

For sample deformed to higher strains (LS > 0.10), the
initiation of the cavitation phenomenon was observed. It is
commonly accepted that the cavities are initially highly
anisotropic and localized between the lamellae oriented
perpendicular to the deformation direction.”*” In the case
of analyzed polypropylene, the situation was similar. Addition-
ally, the lack of the scattering signal in the equatorial part of the
SAXS pattern (Figure 2) meant that the longer axis of the
cavitation pores was outside the SAXS detection limit.
Therefore, the radius of the cavities along this axis should
exceed 20 nm. At the same time, the radius of the cavities
along the shorter axis should not exceed the thickness of the
amorphous layers between the lamellae oriented perpendicular
to the deformation direction (90°). Hence, in the case of
sample deformed to the LS of 0.10, it should not exceed 2.4
nm (4.8 nm/2, Figure 9b), and the aspect ratio of such cavities
should amount at least 8 (20/2.4 nm). As with elongated free
volume pores, o-Ps annihilation along the longer axis of the
cavitation pores (Figure 10c) will be highly unlikely, and the
corresponding component will not be present in the PAL
spectrum. This would explain the lack of a significant increase
in the mean ortho-positronium lifetime (z;) after initiation of
cavitation (Figure 4c) with a clear increase in the volume strain
(Figure 3).

As suggested above, the dimension of cavitation pores along
the short axis should not exceed 2.4 nm and therefore should
be easily detectable by PALS. It is worth noting that the
appearance of a new fraction of pores with a larger radius
(~0.40 nm, Figure 8b) took place exactly at the time of the
initiation of the cavitation phenomenon detected by the SAXS
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technique (Figure 2). We can therefore assume that this
dimension corresponds, in fact, to the dimensions of cavitation
pores along the shorter axis. This, in turn, explained a marked
increase in the dispersion component (o3) even though only
the short axis of the cavitation pores was “detectable” with the
use of the PALS technique. Finally, the initial aspect ratio of
the cavitation pores was estimated more precisely and was at
least ~50 (20/0.4 nm).

The cavitation pores (the objects responsible for the
appearance of a new fraction of pores with a larger radius,
Figure 8) appear suddenly and are rather not the result or the
next stage of the abovementioned evolution (anisotropization)
of free volume pores of the amorphous phase. However, during
deformation of cavitating samples, as proved in the volume
strain experiment (Figure 3), an additional free volume was
generated. Therefore, the formation of cavitation pores
probably takes places by the sudden loss of local integrity/
continuity of amorphous layers. This phenomenon would
require the process of chains scission and/or their partial
disentanglement in the region of cavitation pores formation.
However, the mechanism of cavities generation during uniaxial
stretching is not clear and requires further studies.

In the analyzed range of strains, a very interesting
phenomenon was also observed within the crystalline
component (Figure 9c). For the population of lamellae
oriented diagonally to the deformation direction, an increase
in their thickness was observed. For sample deformed to LS =
0.10, this increase was about 4.5%. In order to verify the
credibility and nature of the observed phenomenon, additional
X-ray analyzes were performed. For this purpose, the analysis
of the signal coming from (—113) crystallographic planes,
located at 20 = 42.05° for diagonally oriented lamellae was
performed (Figure S10). The normal to the (—113) crystallo-
graphic plane is oriented only 5.8° away from the direction of
the molecular axis, equivalent to the crystallographic ¢ axis
(and tilted 99.4° with respect to the a* axis and 84.2° to the b
axis). Therefore, the undisturbed crystallite length determined
in the normal direction to this plane (eq 2) should, in fact,
correspond to the thickness of the lamellar crystal. Thus, the
trend of changes of the crystallite length as a function of LS
should be analogous to the changes observed in Figure 9c.
Indeed, such an effect has been observed (Figure S11). In the
case of sample deformed to the LS = 0.10, the increase in the
undisturbed crystallite length in the normal direction to
(—113) plane was 4.3%.

The increase in thickness of the lamellar crystals for
diagonally oriented lamellae was thus confirmed with the use
of two independent experimental techniques, SAXS (Figure 9)
and WAXS (Figure S11). It is also worth noting that the
increase in crystal thickness was not induced by an increase in
interplanar spacing. For (—113) crystallographic planes of
diagonally oriented lamellae, the increase in interplanar spacing
for the sample deformed to LS = 0.10 amounted only 0.25%
(estimated from the shift of the signal toward the lower values
of the 26 angle and eq 1).

At the same time, it is difficult to explain the observed effect
on the basis of the two most popular theories (crystallographic
or melting-recrystallization mechanism) of plastic deformation
of semicrystalline polymers. Indeed, aforementioned theories
assume that the plastic deformation of the crystalline polymers
is initiated in the zone of the spherulite/sample with diagonally
oriented lamellae; however, both approaches expect their
thickness to be reduced. Therefore, we can try to explain the

observed increase in lamellar thickness, taking into account the
phenomenon of displacement of the crystalline blocks
discussed above, which is schematically presented in Figure 11.

/ C( R 7

Figure 11. Schematic changes at the crystalline/amorphous
component interface.

The displacement of the crystalline blocks along the
crystallographic ¢ axis (without disintegration of the lamellar
structure) resulted in a reduction of the undisturbed crystallite
length in the direction normal to the (hk0) planes. This effect,
as discussed above, has been experimentally confirmed for
(110), (130), and (040) planes. Therefore, the increase in the
crystallite length in the direction normal to the (001) planes, as
well as the thickness of the crystalline component determined
from LP (Figure 9¢), was probably caused by the reorientation
of the macromolecule’s fragments of the crystalline/amor-
phous component interface. Part of the interface has been
“transformed” into a more regular, crystalline-like component
(Figure 11, dashed line). At the same time, the molecular
ordering of these regions was so high that X-ray techniques,
SAXS/WAXS, identified them as crystalline.

In Figure 12, the values of 7, and o, for reference (PP),
annealed (PPa), and isothermally crystallized (PPic) poly-
propylene, undeformed and at LS = 0.20 are presented. The
values of the positron lifetime (7,) for thermally treated
samples at LS = 020, as in the case of the reference
polypropylene, were slightly below the values observed for the
corresponding undeformed materials. The deformation-in-
duced evolution of interplanar spacing in crystals in all
analyzed materials took place in a very similar manner.
Therefore, the influence of thermal treatment on changes of
the 7, component was rather low.

A more pronounced effect of thermal treatment of the
sample was observed in the case of the values of &, component.
The deformation-induced decrease in the o, value for the
reference polypropylene was induced, as explained above, by
the decrease in the overall content of structural defects due to
the relative slips of crystalline blocks within individual lamellae.
In the case of thermally treated samples deformed to LS =
0.20, the values of o, were close to the values observed for the
corresponding undeformed materials. It could mean that the
process of the displacements of crystal blocks in these materials
was less intense or even suppressed.

In Figure 13, the 7; and o3 for reference (PP), annealed
(PPa), isothermally crystallized (PPic), and nonadecane-
modified (PPnon) polypropylene, undeformed and at LS =
0.20 are presented. It is clearly visible that the appearance/
presence of the cavitation phenomenon has an influence on the
value of 0. In the case of non-cavitating, nonadecane-modified
polypropylene, the value of this parameter was similar in the
undeformed sample and sample deformed to LS = 0.20. In the
case of deformed/cavitating materials, a significant increase in
the o3 value, in comparison to the corresponding undeformed
materials, was observed. This increase was observed even
though using the PALS technique, as mentioned above, we
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were only able to measure the shorter axis of the cavitation
pores.

As shown in Figure 3, the intensity of the cavitation
phenomenon was significantly higher in the isothermally
crystallized polypropylene than that in the reference one. At
the same time, the deformation-induced increase in the o,
value, in comparison to the corresponding undeformed
samples, was similar in both materials. This probably meant
that the initial dimension of the cavitation pores along the
short axis was similar in PP/PPic, and only the number or
aspect ratio of cavitation pores was higher in PPic. The
similarity of the initial dimension of the cavitation pores along
the short axis was probably caused by a similar thickness of the
amorphous layers in the analyzed materials (Table 1).
Analogical conclusions we can draw analyzing the changes of
the 73 for cavitating materials. The increase in the 73 value in
the deformed PPic sample, in comparison to the undeformed

sample, was only slightly higher than that in the case of less
cavitating, reference polypropylene.

4. CONCLUSIONS

It was demonstrated on the example of materials with different
thickness/perfection of lamellar crystals that the intermediate
lifetime expressed by the 7, and o, values corresponds to the
positron annihilation occurring mainly in the crystalline
component. At the same time, the analysis of nonadecane-
modified polypropylene confirmed that the longest lifetime
expressed by the 7; and o, values gives us information about
the “porosity” of the interlamellar/amorphous layers.

The influence of the deformation process, as well as the
thickness/perfection of lamellar crystals on the mean positron
lifetime (7,) in the analyzed range of strains, even after
activation of the micromechanisms of plastic deformation was
rather insignificant. This effect was mainly caused by the
increase and decrease in interplanar spacing depending on the
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orientation of the lamellae (mutually compensating effects
activated in the lamellar crystals) and a relatively small range of
these changes.

Meanwhile, the o, was more “sensitive” to the activation of
micromechanisms of plastic deformation of polypropylene as
well as its initial microstructure. In the case of polypropylene
with more defective crystalline structure, the decrease in the o,
value with LS was observed. This change was caused by the
decrease in the local order induced by the relative slips of
crystalline blocks without disintegration of lamellar structure.
The relative displacement of crystalline blocks influenced
(reduced) the overall density (content) of structural defects
within lamellae because the slips probably occurred along the
planes with the highest density of these defects. Therefore, the
crystalline regions “visible” for PALS technique became more
regular (homogeneous). In the case of materials with higher
thickness/perfection of lamellar crystals, the above-described
phenomenon was minimalized.

In the studied range of strains, the mean ortho-positronium
lifetime (z;), and thus the average size of the pores of the
amorphous phase, generally remained below the value
observed for the undeformed sample. The initial decrease in
the 73 component (before appearance of cavitation pores) with
a simultaneous increase in the volume strain was caused by the
change of the shape of the free volume pores from isotropic
(spherical) to anisotropic (ellipsoidal) due to compression and
stretching of the amorphous layers localized between the
lamellae oriented at 0/15° and 75/90° toward the deformation
direction, respectively.

The lack of significant increase in 7; after initiation of
cavitation with a clear increase in the volume strain was also
explained. This effect was induced by the initial, highly
anisotropic shape of the cavitation pores with the aspect ratio
of at least ~50. As a result, the annihilation of the o-Ps along
the longer axis of the cavitation pores was highly unlikely, and
the corresponding component was not present in the PAL
spectrum.

It was also demonstrated that the appearance/presence of
the cavitation phenomenon has a clear influence on the
dispersion of ortho-positronium lifetime (o;). In the case of
nonadecane-modified, non-cavitating polypropylene, the value
of this parameter was similar to the undeformed/deformed
sample. In the case of deformed/cavitating materials, a
significant increase in the value of o3, in comparison to the
corresponding undeformed materials, was observed. This
increase was observed even though only the shorter axis of
the highly elongated cavitation pores was “detectable” for the
PALS technique.

On the other hand, the increase in the value of oy for less
and more cavitating material was similar. This meant that in
both materials, the initial dimension of the highly anisotropic
cavitation pores along the short axis was similar, and only the
number or aspect ratio of cavitation pores was higher in the
more cavitating sample. The similarity of the initial dimension
of the cavitation pores along the short axis was probably
induced by a similar initial thickness of the amorphous layers
in the analyzed materials.
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Figure 18S. (a) 1D wide angle x-ray scattering (WAXS) profiles collected for the PP, PPa, PPic
and PPnon samples. The profiles were shifted along the vertical axis for better visualization.
(b) The exemplary results of peak separation applied to the reference polypropylene. The
experimental data and smoothing curves were shifted along the vertical axis for better

visualization.
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Table 1S. Position of the Amorphous Halo for the Analyzed Materials.

20[°]
PP 18.47
PPa 18.45
PPic 18.41
PPnon 18.04

a) b)
6.2 in.lb n

Figure 2S. SAXS patterns of reference polypropylene deformed to the local strain of 0.2: a)

fixed in the frames with different screw torque values, b) in sifu, during deformation. Direction

of deformation: vertical.
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Figure 3S. SAXS patterns of reference polypropylene deformed to the local strain of 0.2 and

fixed in the frame with the screw torque of 6.0 in.lb.: a) in a function of time, b) after releasing

(after 312h in the frame). Direction of deformation: vertical.
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of 0.2 and fixed in the frame with the screw torque of 6.0 in.Ib. in a function of time and after
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Abstract: Plastic deformation of low /high density polyethylene (LDPE/HDPE) was analyzed in this
work using positron annihilation lifetime spectroscopy (PALS). It was shown that in undeformed
LDPE, both the mean ortho-positronium lifetime (t3) and its dispersion (03), corresponding to the
average size and size distribution of the free-volume pores of the amorphous component, respectively,
were clearly higher than in HDPE. This effect was induced by a lower and less uniform molecular
packing of the amorphous regions in LDPE. During the deformation of LDPE, an increase in the
T3 value was observed within the local strains of 0-0.25. This effect was mainly stimulated by
a positive relative increase in interlamellar distances due to the deformation of lamellar crystals
oriented perpendicular (increased by 31.8%) and parallel (decreased by 10.1%) to the deformation
directions. At the same time, the dimension of free-volume pores became more uniform, which was
manifested by a decrease in the o3 value. No significant effect of temperature or strain rate on the T3
and o3 values was observed during LDPE deformation. In turn, in the case of HDPE, with an increase
in the strain rate /or a decrease in temperature, an intensification of the cavitation phenomenon could
be observed with a simultaneous decrease in the 13 value. This effect was caused by the lack of
annihilation of ortho-positonium (0-Ps) along the longer axis of the highly anisotropic/ellipsoidal
cavities. Therefore, this dimension was not detectable by the PALS technique. At the same time, the
increase in the dimension of the shorter axis of the cavities was effectively limited by the thickness of
amorphous layers. As the strain rate increased or the temperature decreased, the o3 value during
HDPE deformation increased. This change was correlated with the initiation and intensification
of the cavitation phenomenon. Based on the mechanical response of samples with a similar yield
stress, it was also proven that the susceptibility of the amorphous regions of LDPE to the formation
of cavities is lower than in the case of amorphous component of HDPE.

Keywords: semicrystalline polymers; plastic deformation; cavitation; positron annihilation lifetime
spectroscopy (PALS)

1. Introduction

Semicrystalline polymers, characterized by a complex, multilevel structure, exhibit
unique physical properties that allow them to replace other types of materials, such as
wood, glass or steel, in various industrial applications [1]. The advantages of these materials
led to their use in numerous commercial applications, including pipes [2,3], packaging [4,5]
automotive parts [6], electrical appliances [7] and many others. Moreover, blends of

Polymers 2024, 16, 420. https:/ /doi.org/10.3390/polym16030420

https:/ /www.mdpi.com/journal /polymers

106



Polymers 2024, 16,420

20f21

semicrystalline polymers are also used to develop materials with balanced or improved
mechanical, thermal or barrier properties [8-10]. Considering the wide range of applications
of semicrystalline polymers, it is also essential to know their properties under various
conditions, including different temperatures or strain rates.

It is well known that semicrystalline polymers typically crystallize during solidifica-
tion, resulting in a structure consisting of stacked lamellar crystals and amorphous layers.
The amorphous regions are characterized by local heterogeneity as they contain fragments
of macromolecules forming entanglements, tie-molecules, chains ends and other non-
crystallizable units (chain branches) or substances (oligomers, stabilizers) [11]. Due to their
structure, plastic deformation of semicrystalline polymer is a complicated process based on
the cooperative and simultaneous responses of crystalline and amorphous components. Re-
cently, we have shown that the elastic modulus of the amorphous phase of semicrystalline
polymers (above the glass transition temperature) is two orders of magnitude lower than
that of lamellar crystals [12,13]. Thus, the initial stage of deformation of semicrystalline
polymer takes place mainly in the interlamellar regions due to the significantly lower value
of the critical stress required to activate deformation of the amorphous phase compared to
the crystalline phase [14]. Crystals characterized by greater “rigidity” play a passive part
in the deformation of the amorphous component, acting as non-deformable objects. Mea-
surable deformation of the amorphous component appears before the macroscopic yield
point is reached and takes place according to three different mechanisms, depending on
the orientation of lamellae in relation to the deformation direction. These mechanisms are:
separation of lamellae, interlamellar slips and rotation of lamellar crystals stacks [15-17].

In the literature, two different mechanisms of plastic deformation of crystalline com-
ponent have been proposed. Peterson described this phenomenon as the emission of
dislocation from the edges of the lamellar crystals and their subsequent movement due to
the crystallographic slips. This concept was further explored by Shadrake and Guiu [18-20].
Two kinds of crystallographic slips can be distinguished: fine and coarse. Both of them oc-
cur in planes containing chains as a result of the generation and progression of dislocations.
Coarse slips cause the formation of block structures from continuous lamellae, leading to
lamellae fragmentation [21,22]. In contrast, fine slips are responsible for changing the angle
between the chain and the normal to the plane of the lamellae, leading to lamellae rotation
and thinning. The second mechanism of the plastic yielding of semicrystalline polymers is
associated with non-crystallographic changes of the initial crystalline skeleton. It has been
demonstrated that adiabatic heating results in partial melting and recrystallization, leading
to the formation of new crystalline structures [23-25].

During the deformation process of semicrystalline polymers in a stretching mode,
a phenomenon called cavitation is usually observed. The appearance of cavities leads
to whitening of the polymeric material when the size of cavities is comparable to the
wavelengths of visible light [26]. Around the yield point, the plastic deformation of crystals
is a process that competes with cavitation phenomenon. Its presence is dependent on
the microstructure of a material and the deformation conditions. In general, cavitation
occurs when crystals have higher plastic resistance (thicker lamellae), whereas in the
case of crystals with lower plastic resistance (thinner lamellae), plastic deformation of
the crystalline component is observed without cavitation [7,27-31]. Cavitation is one of
the main reasons for a volume increase during the deformation process. However, the
overall value for the volume variation is the sum of three components: elastic, plastic and
cavitational [25]. Due to the lack of internal structure, cavities are unable to transfer stress,
unlike crazes that also appear in semicrystalline polymers [21].

The structure of the amorphous phase has a strong influence on cavitation. The inten-
sity of cavitation was found to be higher for polymeric materials with a lower molecular
weight or a reduced density of entanglements [32,33]. The presence and intensity of cavita-
tion is dependent on the density of stress transmitters in the interlamellar regions, which
was proved by Humbert et al. [34]. Significant changes in the cavitation phenomenon
can also be achieved through the modification of interlamellar regions at the free-volume
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level [35-37]. In our recent studies, we removed potential cavitation-nucleation sites us-
ing supercritical CO, extraction. This process did not alter the crystalline skeleton of the
material but, surprisingly, it intensified the cavitation phenomenon. On the other hand,
the presence of an appropriate modifier in the amorphous-phase regions can eliminate the
cavitation phenomenon. An increase/decrease in the content and size of free-volume pores
in the amorphous regions of purified /modified samples was the reason for the observed
effects. These studies proved that the mechanism of cavitation has a homogeneous nature,
and that it is based on local fluctuations in free volume within amorphous regions.

Experimental conditions (temperature, strain rate) likewise have a strong influence on
the micromechanisms activated during the deformation process. The appearance of the
cavitation phenomenon depends upon the deformation temperature. First of all, it can only
be observed above the glass-transition temperature [21]. Xiong et al. mapped the initiation
of three processes: crystal shear, martensitic transformation and cavitation for polyethylene
as a function of the deformation temperature. It was proved that the occurrence of cavitation
is delayed when the temperature of deformation is increasing [38]. For most semicrystalline
polymers, stretching at an elevated temperature results in a decrease in tensile stress
and an increase in deformability [39]. Merah et al. investigated the tensile properties of
high density polyethylene (HDPE) in the temperature range from —10°C to 70°C [40]. In
presented studies, they demonstrated that the yield stress and elastic modulus decrease
linearly with an increase in deformation temperature. Enikolopian et al. studied the plastic
deformation of low-density polyethylene (LDPE) of a temperature increase from 20 °C to
105 °C (melting point) [39]. It was proven that an increase in temperature causes an increase
in the inhomogeneity of the microstructure due to the gradual destruction (melting) of less
organized and imperfect crystals.

It is also well known that a higher strain rate usually leads to an intensification of the
cavitation phenomenon, a higher value of yield stress and earlier sample fracture [41,42].
Dijkstra et al. noted that at high strain rates, the shape of the stress-strain curve significantly
changes. [43] A sharp downward slope appears after reaching maximum stress and the
stress plateau disappears. This effect corresponds with the studies of Cessna, which
concluded that a transition in deformation behavior due to an increase in strain rate is
accompanied by a gradual increase in volume strain [43,44]. Hobeika et al. also proved
that increasing a strain rate increased the volume fraction of sheared crystalline component
due to an increase in slipping surface area [45]. Pawlak et al. concluded that during slower
deformation crystals are more able to undergo a plastic deformation process [42]. Due to
the easier deformation of crystals under slow strain rates, the cavitation phenomenon may
not occur or may be unstable (healing process).

The Small Angle X-ray Scattering (SAXS) technique is commonly used to investigate
deformation-induced changes in the microstructure of semicrystalline polymers [46]. How-
ever, the very high electron-density contrast between cavities and the polymer matrix
enables the observation of microstructure evolution within cavitating material during
tensile drawing [47]. Additionally, the typical setup configuration for SAXS measurements
only allows for the observation of objects with sizes ranging from several nanometers to
several dozens of nanometers [48]. Humbert et al. studied cavitation evolution during the
deformation of polyethylene using in situ SAXS measurements [34]. The smallest dimen-
sion of cavities recorded in this research was around 40 nm (at nominal strain around 35%),
which was significantly higher than value of long period (22 nm). They concluded that
the very first stage of the nucleation process evolves quickly from 0 to 40 nm and cannot
be recorded by SAXS. In our previous work [49] dedicated to the analysis of the plastic
deformation of HDPE, the minimum radius of gyration of the cavities, as determined by
SAXS measurements, was 16.9 nm (under nominal strain around 35%).

Positron Annihilation Lifetime Spectroscopy (PALS) is one of the most valuable tech-
niques for investigating the size and distribution of free-volume pores. It is used to study
the microstructure of metals, ceramics and polymeric systems [50]. In this technique, a
positron generated by a radioactive source is implanted into a solid sample and subse-
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quently annihilated with a random electron. This process is called bulk/free annihilation,
and it occurs very fast because the average positron lifetime is around 100-500 ps. During
the material investigation using the PALS technique, some of the positrons injected into
the solid can form a state called positronium (Ps). Ps can exist in two spin states: para-
positonium (p-Ps) and ortho-positonium (o-Ps), in a ratio of 1:3. In a vacuum, the lifetime
for p-Ps is 0.125 ns, while it is 142 ns for o-Ps. However, when o-Ps is formed inside solid
matter it becomes sensitive to the size of free-volume pores within the investigated material,
and its lifetime typically decreases to 1-10 ns [51].

Using PALS measurement, one can determine the size of empty spaces within the
range of 0.25-16 nm. However, due to the long exposure time of the sample during a
single PALS measurement, an in situ analysis of the tensile deformation process was
impossible. Therefore, in our previous papers, we described an alternative method for
analysis of the deformation process using the PALS technique, which is treated as a pseudo-
in situ analysis [49,52]. In this method, two samples deformed to the same value of
local strain (LS) were securely fixed in special frames to prevent relaxation processes
(Figure 1). The radioactive source was placed between these samples and the whole set was
assembled between PALS detectors. For each experiment, new samples were stretched to
the selected strain values and fixed in the frames for the collection of PALS data. Thus, this
method allows for the investigation of changes in the size and distribution of free-volume
pores across a desired range of strains, similar to in situ tests [49,52]. Recently, a new
spectrometer with a high count rate was described as an alternative setup for in situ PALS
measurements [53].

(a) ‘_ 70 (b)

010 ©

1-sample
2-location of the radioactive
source

3-PALS detectors

Figure 1. Technical (a) and real (b) visualization of the frame system; 3D visualization of frames
system holding deformed samples during PALS measurement (c); location of frames with samples
between PALS detectors (d) [49].
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Most of the studies on the deformation of semicrystalline polymers are focused at
or significantly above the yield-point strain values. Due to this fact, there is still a lack of
knowledge about the initial stages of deformation-induced changes in microstructure of
semicrystalline polymers. Therefore, in this study, the evolution of size and the distribution
of free-volume pores within amorphous regions up to the yield point was investigated
over a wide range of strain rates and temperatures during the uniaxial deformation of two
semicrystalline polymers—HDPE and LDPE. The influences of drawing conditions on the
micromechanisms of deformation activated in both polymers were analyzed mainly using
the PALS technique.

2. Experimental Section
2.1. Materials

Studies were performed on two raw materials produced by Lyondell Basell (Houston,
TX, USA): high density polyethylene (HDPE) Hostalen GC 7260 with MFI =8 g/10 min (at
190 °C, 2.16 kg according to ISO 1133 [54]), and low-density polyethylene (LDPE) Lupolen
1840 D with MFI = 0.25 g /10 min (at 190 °C, 2.16 kg according to ISO 1133).

2.2. Sample Preparation

Samples for all measurements were cut from 1 mm thick films prepared by com-
pression molding (5 min, 50 MPa) from raw material using a hydraulic press (at 180 °C).
Samples were solidified between metal plates.

2.3. Mechanical Testing

Mechanical properties of polymers were assessed with the use of a Instron 5582 tensile
testing machine produced by Instron (Norwood, MA, USA) within a load range 0-2 kN
for tests performed at room temperature and within 0-100 kN for tests performed in
temperature-controlled chamber Instron 3119-606. The dumbbell-shaped samples were
prepared according to ISO 527-2 standard with 1 mm thickness, 5 mm width and 25 mm
gauge length [55]. HDPE was stretched at room temperature with three strain rates:
33x1072571,33 x 1073 s~ and 3.3 x 10~* 57! (with speeds of crosshead 50 mm /min,
5mm/min, 0.5 mm/min, respectively) and with selected strain rate: 3.3 x 1073 s 1 at
—30°C and 70° C. LDPE-stretching tests were performed at room temperature with strain
3.3 x 1073 571, and at temperature —30 °C with strain 3.3 x 1072 s~1. To estimate LS
and volume strain, dot markers were placed along the gauge region of the samples. LS
was calculated as a change in distance between the dot markers according to the equation
(I = 1p)/1lp, where | is a distance between markers for the undeformed sample and 1 is
a distance between markers for the deformed sample. Details about methodology and
calculations have been described in other papers [36,56,57]. In addition, the actual three
dimensions of a deformed samples were recorded by a video camera and used for the
precise determination of true strain/stress values.

2.4. Differential Scanning Calorimetry (DSC)

Thermal analysis of samples was conducted using an indium-calibrated calorimeter
Q 20 produced by TA Instruments (New Castle, DE, USA). Melting endotherms were
collected during the heating process with a heat rate of 10 °C/min under nitrogen flow.
The crystallinity degree was estimated using the equation:

AHpy

Xe = AHY (5]

where AHy is the experimental enthalpy of the sample and AHY, is enthalpy of HDPE or
LDPE crystal having infinite crystal thickness.
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2.5. Small-Angle X-ray Scattering (SAXS)

Two-dimensional small-angle X-ray scattering (2D SAXS) measurements were per-
formed using a 2D SAXS diffractometer to detect cavities and analyze the microstructure
of samples. The scattering measurements were performed using the setup described in
previous papers [49,58]. Additionally, in situ measurements of the deformation process
were made with the use of a synchrotron radiation beamline as described elsewhere [41].
The values of long period were measured according to the procedure presented in previous
papers [35,56,57,59].

2.6. Positron Annihilation Lifetime Spectroscopy (PALS)

Positron lifetime spectra were collected in air at room temperature with the use of
a “fast-fast” ORTEC spectrometer, which has a resolution of 300 ps. In this technique,
positrons emitted from the ??Na radioactive source, which had been formed into a disc
with a diameter ~3 mm, penetrated two dumbbell-shaped samples (1 mm thick, fixed into
a frames), which sandwiched the source, and annihilate due to the thermalization process
(Figure 1).

In our previous studies, the method for adjustment of the appropriate torque to fix a
deformed sample in a frame to prevent/minimalize sample shrinkage and relaxation during
PALS measurements was described in detail [49,52]. In a nutshell, the SAXS patterns for
fixed samples with different torques were compared with the scattering patterns measured
during in situ SAXS measurement by synchrotron beamline for material deformed to the
same LS. The similarity of the scattering patterns collected for pseudo-in situ and in situ
modes was an indicator of the correct value of torque. For HDPE deformed at a strain rate
of 3.3 x 1073 571, the estimated screw-tightening torque value was 5.6 in.-Ib [49]. However,
due to the absence of SAXS data from in situ measurements for the deformation conditions
applied in this work, a different adjustment method was validated and implemented.
We calculated the LS of the sample, fixed in a tensile testing machine, using sputtered
dots and compared it to the LS value measured after fixing the sample in a frame with
various torques. Undeformed sample and sample fixed in the frame were photographed
on millimeter paper to allow adjustment for the scale of both pictures and to calculate LS
(Figure S1). Additionally, samples in the frames were analyzed using SAXS to determine
the intensity of scattering patterns or the value of the long period (for samples deforming
in non-cavitating manner). For those values of torques that provided comparable LS to
values registered straight after the deformation process in a tensile testing machine, an
analysis of LS and the intensity of scattering patterns or the value of the long period as a
function of time was additionally performed to select the appropriate torque.

Firstly, the method was validated on HDPE stretched under standard conditions
(3.3 x 1073 571 at 20 °C, Figure S2). The results fall in line with those from the method
presented in previous work [49], which proves that the analysis of LS and the intensity of
scattering patterns obtained under pseudo-in situ conditions can be an effective method
for determining the optimal torque value to prevent the sample relaxation process during
PALS measurements. In Figures S3-56, the results of adapting the torque value for HDPE
under different strain rates and temperatures are presented. For a temperature of 20 °C,
strain rates of 3.3 x 1072 s~ ! (Figure S3) and 3.3 x 10~* s~! (Figure S4), the appropriate
screw-tightening torque values were 6.4 in.lb. and 5.4 in.Ib., respectively. For a strain
rate of 3.3 x 103 s L and temperatures of —30 °C (Figure S5) and 70 °C (Figure S6), the
appropriate screw-tightening torque values were 7.2 in.lb. and 4.2 in.Ib., respectively. In
Figures S7 and S8, the results of adapting the torque value for LDPE under different strain
rates and temperatures are presented. For a strain rate of 3.3 x 103 s~! /temperature of
20 °C (Figure S7) and a strain rate of 3.3 x 1072 s~! /temperature of —30 °C (Figure S8),
the appropriate screw-tightening torque values were 4.8 in.Ib. and 5.0 in.Ib., respectively.

The exposure for the radiation took 48 h and was correlated with total number of
counts in the spectrum (which should be around 2 x 10° counts). The data collected during
the PALS measurements were processed with use of LT-9.0 software [60]. The spectra were
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described by three components, T1, T2 and, T3; three corresponding intensities, I, I and I3;
and three dispersions, 01, 03 and 03. Component T; describes the shortest lifetime and it is
approximately equal to the annihilation lifetime of p-Ps. T, corresponds to the free-positron
annihilation, while T3 corresponds to the pick-off annihilation, which occurs when o-Ps is
trapped in a defect or micro-gap located within an amorphous regions.

It is assumed that free volume can be described as spherical pore with o-Ps in the
center of it and electrons from adjacent molecules on the walls. Due to pick-off annihilation
with an adjacent electron, o-Ps lifetime shortens to a few nanoseconds. Thus, o-Ps lifetime
is directly correlated with the distance between o-Ps and the electrons of neighboring
molecules [61,62]. Hence, the free-volume hole radius could be calculated from the o-Ps
lifetime according to the Tao-Eldrup model [61,63]:

11 r 1. ( 2m \]"
B= %32 1- e +§rsm(r+Ar)} [ns] 2

where Ar stands for an empirical constant correlated with the thickness of a homogeneous
electron layer on a free-volume hole surface that amounts to 0.166 nm in molecular solids.
Hence, the normalized y(V) size distributions of free-volume pores detected by Ps in the
analyzed polymers are able to be calculated with the equation:

- A dAs
e

where log-normal distributions L,(A3) were calculated with the use of T3 and o3 val-
ues determined from LT-9.0 software, while the parameter dA3/dr was calculated from
Equation (2). The y(V) distributions were normalized to the same area under the curve.
More details about this methodology were presented elsewhere [49,52].

v(V)

3. Results and Discussion

During the research, two different polymers were analyzed. HDPE and LDPE are
both polymers synthesized from the same monomer, ethylene, but they exhibit different
properties due to variations in the degree of branching. In Table 1, the structural parameters
of the materials used in the studies are presented. The degree of crystallinity was calculated
using the specific heat of fusion value for perfectly crystalline polyethylene, which is
293 ] /g [64]. The different architectures of the macromolecules in LDPE and HDPE resulted
in materials with significantly different degrees of crystallinity, amounting to 39% and 68%,
respectively. Using the crystalline volume fraction (X¢ (vol)) and the value of the long
period (LP), the thickness of lamellar crystals and amorphous layers were also determined
(Table 1). The thickness of crystals amounted to 4.2 nm and 13.4 nm for LDPE and HDPE,
respectively. Meanwhile, the thickness of the amorphous layers was practically constant
and was about 8 nm regardless of the type of polyethylene.

Table 1. Selected structural parameters of HDPE and LDPE.

Crystalline Mass C{,y stalline Melting Long Thickness of Thickuss of
. a olume ; Amorphous
Fraction . b Temperature Period (LP) Crystals (I)
X, (w) Fraction [°Cla il [nm] 4 Layers (1) [nm]
X (vol) d
HDPE 0.68 0.64 132.4 209 13.4 7.5
LDPE 0.39 0.35 109.9 12.1 42 7.9

2 from DSC; ® based on the crystalline mass fraction with use of densities of crystalline and amorphous compo-
nents: dc = 1.003 g/em®, d, = 0.850 g/cm® [65]; © from SAXS; ¢ from the value of long period and crystalline
volume fraction.

According to their different morphologies, HDPE and LDPE are characterized by
different mechanical properties. In Figure 2, the mechanical curves of both materials are
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presented. HDPE displayed a typical shear-yielding deformation with a microneck forma-
tion process. The macroscopic yield point was observed at a strain value of 20%, which
corresponds to a LS within the range of 0.12 to 0.15. Additionally, in our previous work the
mechanical curve was matched with SAXS patterns registered for different local strains [49].
Cavitation was observed in SAXS patterns by the appearance of a characteristic scattering
signal within an LS range of 0.12-0.15 [49]. PALS analysis, conducted in the LS range
0-0.25, revealed that the mean ortho-positronium lifetime (13), corresponding to the aver-
age size of the free-volume pores in the amorphous regions, decreased in comparison with
the undeformed material, even after the initiation of cavitation pores. This phenomenon
was induced by the highly anisotropic, ellipsoidal shape of cavities, with the aspect ratio
amounting to approximately 45. As a result, only the shortest axis of the pores was de-
tectable using the PALS technique. It was also proven that the cavitation phenomenon
was responsible for the increase in the dispersion of the ortho-positronium lifetime (03).
Additionally, no changes in the mean positron lifetime (1) and a decrease in its dispersion
(02) were observed. These effects were caused by mutually compensating changes of inter-
planar spacing within the crystalline component and by the relative displacement (slips)
of crystalline blocks within individual lamellae, respectively. All details regarding this
research (experimental data, discussion, conclusions) are included in a previous report [49].

25 4

20 4

15 4

10 4

Engineering stress [MPa]

Engineering strain [%]

Figure 2. Engineering strain—engineering stress curves for HDPE and LDPE (temperature of 20 °C,
strain rate of 3.3 x 1073 s1). Evolution of SAXS pattern for LDPE with the increase in the local strain
value (LS). Direction of deformation: vertical.

The deformation of LDPE occurs in a slightly different way than the deformation
of HDPE; it occurs homogenously within gauge length, without a microneck-formation
process (Figure 2). A macroscopic yield point was observed at a strain value of 30%, which
corresponds to a LS of 0.15. It is well known that LDPE, under standard deformation
conditions (3.3 x 1073 s~1 at 20 °C), does not cavitate [66]. This effect results from the
low plastic resistance of highly defective and thin LDPE crystals [67]. To confirm this,
SAXS patterns were collected for selected LS values (Figure 2). No characteristic scattering
signals were observed close to the beam stop, clearly confirming that within the range
of LS values 0-0.25 the analyzed LDPE did not cavitate. The lack of cavitation process
during uniaxial stretching of LDPE was also clearly visualized with the use of volume
strain measurements. Figure 3 shows no changes in the volume strain, which proves that
the deformation proceeds in a non-cavitating manner.
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Figure 3. Dependence between volume strain and local strains for analyzed low-density polyethylene.

The SAXS patterns for samples deformed to the local strains of 0.25 at —30 °C/3.3 x 1025~ ! and at
20°C/3.3 x 10~3s!. Direction of deformation: vertical.

It is also worth mentioning that the deformation of low-density polyethylene has
never been previously analyzed using the PALS technique. Therefore, prior to analysis of
the influence of strain rate and temperature on the deformation behavior of LDPE, PALS
analysis was performed on this material that was deformed under standard deformation
conditions (strain rate of 3.3 x 1073 s~ /temperature of 20 °C) within the range of LS
values 0-0.25. In Figure 4, the mean ortho-positronium lifetime (13) and its dispersion (03)
as a function of LS values are presented. Additionally, for a better visualization of PALS
data, the size distributions of free-volume pores for deformed samples, both as collected
and after subtracting the distribution for undeformed LDPE, are shown (Figure 4c,d)

As depicted in Figure 4, both the mean ortho-positronium lifetime (13, 2.521 ns) and
the dispersion of the ortho-positronium lifetime (03, 0.682 ns) for undeformed low-density
polyethylene were noticeably higher compared to the high density polyethylene analyzed
in our previous study: 2.384 ns and 0.499 ns, respectively [49]. This meant that both the
average size of the free-volume pores of the amorphous phase and their size distribution
were clearly larger in LDPE. This effect was probably induced by a lower molecular-packing
density within the amorphous regions, resulting from the higher density of branching in
low-density polyethylene. During stretching, the value of 73 initially increased gradually
up to the yield point (LS = 0.15), then it decreased slightly for a LS of 0.25 but remained
close to the value observed in the undeformed sample. Thus, within the studied range of
strains, the average size of the free-volume pores in the amorphous phase was generally
higher than that in the undeformed sample. Analogous conclusions can be drawn from
the evolution of size-distribution profiles, which generally shift towards higher values
(Figure 4c).

On the other hand, as mentioned above, in the case of the previously analyzed
HDPE, the mean ortho-positronium lifetime (13) was decreased compared to undeformed
HDPE [49]. This difference can be correlated with the different mechanical response of the
amorphous regions of these polyethylenes. It is well known that, in the case of lamellar
crystals oriented parallel to the deformation direction, the amorphous component located
between them undergoes compression, resulting in a decrease in the mean size of free-
volume pores (decrease in T3). Meanwhile, the amorphous component located between
the lamellae oriented perpendicular to the deformation direction undergoes stretching as a
result of the lamellae-separation process, which is manifested by an increase in the mean
size of free-volume pores (increase in 13). In the case of HDPE at a LS of 0.15, the change in
thickness of amorphous regions between lamellae oriented parallel and perpendicular to
the deformation directions was —4.8% and 17.5%, respectively [49]. In the case of LDPE at
a LS of 0.15, the change in thickness of the amorphous regions between lamellae oriented
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parallel and perpendicular to the deformation directions, estimated based on the initial
thickness of the amorphous regions (Table 1) and observed changes in LP (Figure S9),
was —10.1% and 31.8%, respectively The relative increase in the content of interlamellar
spaces during the deformation of LDPE was therefore clearly higher than in HDPE. This
would explain the observed differences in the values of 13 in a function of LS between
LDPE and HDPE. It is worth mentioning that the observed differences in the deforma-
bility of amorphous regions of LDPE and HDPE can be attributed to the differences in
the stiffness of this component. Recently, we demonstrated that the elastic modulus of
the amorphous regions of LDPE is significantly lower than that in HDPE: ~4 MPa and
~40 MPa, respectively [12,13].
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Figure 4. Mean ortho-positronium lifetime (t3) (a) and dispersion of ortho-positronium lifetime (03)
(b) for low-density polyethylene as a function of LS. The dashed lines represent the value for the
undeformed sample. Normalized size distributions of free-volume pores of the amorphous phase of
non-deformed LDPE and of samples deformed to selected local strains: as collected (c) and after sub-
traction of the distribution for the non-deformed sample (d). Deformation conditions were as follows:
strain rate of 3.3 x 1073 s~! /temperature of 20 °C and strain rate of 3.3 x 10~2 s~ /temperature of
-30°C.

The dispersion of ortho-positronium lifetime (o3, Figure 4b) reached a minimum at a
local strain of 0.1, then gradually increased for higher LS values. This effect was mainly
caused by a significant reduction in the content of free volume pores of the smallest and, to
some extent, the largest sizes (Figure 4c,d). It is worth mentioning that a significant increase
in the value of o3 for HDPE (compared to the undeformed sample) was an indicator of the
cavitation phenomenon [49]. In the case of LDPE at a LS of 0.25, this parameter remained
below the value characteristic for the undeformed sample, which is consistent with the
above conclusions that this polymer does not cavitate.
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3.1. Strain Rate

When the same polymer is stretched under different conditions, the engineering /true
strain-engineering/true stress curves change shape. In the case of HDPE deformed at
different strain rates (Figure 5), the value of engineering or true stress increased with an
increasing deformation rate. This trend was visible in the early stages of the deformation
process, but the difference in stress values became particularly significant near the yield
point. The yield stress for the drawing rate of 3.3 x 10~* s™! was 22.5 MPa (yield-stress
values in this study were determined from the true stress—true strain curves), for the
drawing rate of 3.3 x 1073 s~! was 29.2 MPa, and for the drawing rate of 3.3 x 107251
was 30.5 MPa. A similar influence of strain rate on yield stress has been observed by
others [68].
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Figure 5. Engineering strain-engineering stress (a) and true strain—true stress (b) curves of HDPE as
a function of strain rate at a constant temperature of 20 °C.

It is well known that the strain rate influences the intensity of the cavitation phe-
nomenon [43,69,70]. As shown in Figure 6, HDPE drawn with a strain rate of 3.3 x 102571
showed the highest increase in volume strain values since the very beginning of the defor-
mation process. At a LS of 0.25, the volume strain was approximately five times higher than
that of the sample deformed with a strain rate of 3.3 x 1073 s~!. A measurable difference
between samples deformed at strain rates of 3.3 x 1073 s~ ! and 3.3 x 10~* s~ ! appeared
around the LS value of 0.13. This LS value was estimated in our previous work as the
deformation stage at which the cavitation phenomenon was initiated (for a strain rate of
3.3 x 1073 57 1) [49]. In the case of HDPE stretched at the lowest strain rate (3.3 x 10~%s71),
no increase in volume strain was observed, which clearly indicates a complete inhibition
of cavitation. SAXS patterns collected for samples deformed to a LS of 0.25 confirmed the
influence of strain rate on the intensity of the cavitation process described above (Figure 6).

In Figure 7a,b, the mean ortho-positronium lifetime (13) and its dispersion (03) for
undeformed HDPE and samples deformed to the LS of 0.25 with different strain rates
were presented, respectively. Additionally, for a better visualization of PALS data, the
size distributions of free-volume pores for deformed samples, both as collected and after
subtracting the distribution for undeformed HDPE, are presented (Figure 7c,d).

As shown in Figure 7a, 13 decreased gradually as the strain rate increased. This meant
that the average size of the free-volume pores of the amorphous phase also decreased.
Considering the observed increase in cavitation intensity with a higher strain rate (Figure 6),
this effect was rather surprising. One would expect the opposite trend. However, this
phenomenon can be explained by considering the initial highly anisotropic/ellipsoidal
shape of the cavities. As mentioned above and detailed in our previous studies [49,52],
only the shortest axis of the cavities is detectable using the PALS technique. It should
be considered that the initial thickness of the amorphous layers in all analyzed systems
was identical. It is also known that the thickness of the amorphous layer naturally limits
the size of the cavitation pores along the short axis. Therefore, with an increase in the
strain rate/cavitation intensity, the number or aspect ratio of cavitation pores can primarily
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increase, whereas the short pore axis will not change significantly. Consequently, only a
slight increase in the content of large-sized cavities (range of pore volume of 0.2-0.4 nm?,
Figure 7¢,d) with an increase in the strain rate/cavitation intensity was observed. At the
same time, with the increase in strain rate, a clear increase in the content of pores with the
smallest sizes was observed (range of pore volume of 0-0.1 nm?, Figure 7c,d). This process
most likely takes place between the lamellar crystals whose deformation is accompanied
by compression of the amorphous layers. This, in turn, ultimately led to a decrease in the
T3 value, as depicted in Figure 7a. With an increase in the strain rate/cavitation intensity,
the dispersion of the mean ortho-positronium lifetime also increased (Figure 7b). The
highest increase in 03 value was observed for sample deformed with the highest strain
rate/cavitation intensity.
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Figure 6. Dependence between volume strain and LS for HDPE as a function of strain rates, and the
SAXS patterns for samples deformed to the LS of 0.25. Direction of deformation: vertical.
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Figure 7. Mean ortho-positronium lifetime (73) (a) and dispersion of ortho-positronium lifetime (o3)
(b) for HDPE at a local strain of 0.25 as a function of strain rate. The dashed lines represent the value
for undeformed samples. Normalized size distributions of free-volume pores in the amorphous
phase of non-deformed HDPE and samples deformed with different strain rate values at a LS of 0.25:
as collected (c) and after subtraction of the distribution for the non-deformed sample (d).
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In the case of LDPE deformed at different strain rates (as shown in Figure 8), the value
of engineering stress also increased with an increasing deformation rate. However, the
changes in yield stress were lower than those in HDPE. The yield stress for the drawing
rate of 3.3 x 1074 s~ was 7.6 MPa, for the drawing rate of 3.3 x 1073 s~ was 9.4 MPa,
and for the drawing rate of 3.3 x 1072 s~ ! was 10.1 MPa.
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Figure 8. Engineering strain-engineering stress (a) and true strain—true stress (b) curves of LDPE as a
function of strain rate at a constant temperature of 20 °C.

In the case of HDPE, the stress at the yield point had to exceed 22-29 MPa before the
cavitation process could be initiated (Figures 5 and 6). Assuming that the susceptibility of
the amorphous phase of LDPE and HDPE to a loss of consistency and to the formation of
cavities during deformation is similar, in order to observe cavitation during deformation of
LDPE, an analogous stress at the yield point should be obtained. Meanwhile, for LDPE,
even when the highest strain rate was used, the yield-stress value was relatively low.
Therefore, it was expected that no cavitation pores would develop during the deformation
of LDPE under the given deformation conditions. Instead, plastic deformation of the
crystals would be initiated before the stress exceeded the critical mechanical resistance of
amorphous regions. The volume strain measurements presented in Figure S10 confirmed
this hypothesis. Within the analyzed range of strain rates, an increase in volume strain
as a function of LS was not observed, so the LDPE samples deformed without cavitation.
PALS analysis (not presented here) did not reveal significant differences in the structural
responses of LDPE samples (compared to HDPE samples) deformed in the analyzed range
of strain rates.

3.2. Temperature

Changes in the temperature of the deformation process had a significant impact on the
tensile behavior of the analyzed polymers. In the case of HDPE (Figure 9), decreasing the
temperature to —30 °C resulted in an increase in stress value from the very beginning of the
process and the appearance of the yield point at a lower strain value compared to standard
strain conditions. Consequently, it was impossible to prepare a homogenously deformed
sample with a LS of 0.25, as was the case with the other samples. PALS measurements
were therefore performed for samples deformed at —30 °C to a maximum local strain value
of 0.17. On the contrary, increasing the deformation temperature to 70 °C resulted in a
decrease in stress values across the range of studied strains and practically suppressed the
micronecking process typically observed in the curves of HDPE deformed at temperatures
of —30°Cand 20 °C (Figure 9). The yield stress for the temperature of —30 °C was 49.0 MPa,
for the temperature of 20 °C was 29.2 MPa, and for the temperature of 70 °C was 11.5 MPa.
Similar influences of temperature on yield stress have been observed by others [23,71,72].
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Figure 9. Engineering strain-engineering stress (a) and true strain-true stress (b) curves of HDPE as

a function of temperature, at a constant strain rate of 3.3 x 10351

It has been shown in the literature that temperature influences the intensity of the
cavitation phenomenon [38,72]. The analysis of the volume strain of HDPE, the results
of which are presented in Figure 10, clearly shows that the volume strain depends on the
temperature. The greatest increase in the value of volume strains was observed in HDPE
drawn at the lowest temperature tested, i.e., —30 °C. Ata LS of 0.17, the increase in volume
of this sample was 5%. At this stage of deformation, at higher temperatures no change in
volume strain was observed. At a LS of 0.25, the volume strain was approximately three
times higher than that of the sample deformed at 20 °C. Meanwhile, in the HDPE sample
stretched at the highest temperature (70 °C), no increase in volume strain was observed
across the range of studied strains, indicating complete suppression of cavitation. SAXS
patterns collected for samples deformed to local strains of 0.17 and 0.25 confirmed the
influence of temperature on the formation of the cavities discussed above (Figure 10).
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Figure 10. Dependence between volume strain and local strains for HDPE as a function of temperature.
The SAXS patterns for samples deformed to a LS of 0.17 (—30 °C) and 0.25 (20 °C and 70 °C). Direction

of deformation: vertical.

In Figure 11a,b, the mean ortho-positronium lifetime (13) and its dispersion (03)
for undeformed HDPE and samples deformed at different temperatures were presented.
The PALS results for selected local-strain values are presented (0.17 and 0.25). The size
distributions of free-volume pores for deformed samples, both as collected and after
subtracting the distribution for undeformed HDPE, are also shown (Figure 11¢,d).
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Figure 11. Mean ortho-positronium lifetime (73) (a) and dispersion of ortho-positronium lifetime
(03) (b) for HDPE at a LS of 0.17 (—30 °C) and a LS of 0.25 (20 °C and 70 °C). The dashed lines
represent the value for undeformed samples. Normalized size distributions of free-volume pores of
the amorphous phase of non-deformed HDPE and samples deformed at different temperature values:
as collected (c) and after subtraction of the distribution for the non-deformed sample (d).

The sample deformed at 70 °C exhibited the lowest changes in 13 and o3 values
compared to the undeformed material (Figure 11a,b). It can therefore be assumed that the
changes in the nanostructure of the amorphous phase at the free-volume level, including
the mean size of free-volume pores and their size distribution, were the smallest. The
greatest changes in the structure of the material after lowering the deformation temperature
were observed in the size distribution of free-volume pores. This effect was mainly caused
by a significant increase in the content of free volumes pores, particularly those of the
smallest sizes and, to some extent, the largest sizes (Figure 11c,d). Similar effect was
observed in HDPE after increasing the strain rate (Figure 7c,d). An insignificant increase in
the content of large-sized cavities (in the range of pore volume of 0.2-0.4 nm?, as shown in
Figure 11¢,d) in the samples deformed at a lower temperature (which exhibited a higher
intensity of cavitation, Figure 11) was explained earlier and is attributed to the initial highly
anisotropic/ellipsoidal shape of cavities. The annihilation of the o-Ps along the longer
axis of the cavities was highly unlikely, and this component was not present in the PAL
spectrum. At the same time, the shorter axis of the cavities was naturally limited by the
thickness of the amorphous layers; hence, despite a clear increase in cavitation intensity
with a decrease in the deformation temperature, the rise in the content of large-sized cavities
detectable by PALS was relatively low.

The mechanical curves for LDPE deformed at different temperatures are presented in
Figure 12. The yield stress for the temperature of —30 °C was 25.0 MPa, for the temperature
of 20 °C was 9.4 MPa, and for the temperature of 70 °C was 3.3 MPa. In the case of the
sample deformed at —30 °C, the engineering curve clearly showed the micronecking phe-
nomenon, previously exclusively observed in HDPE samples. It is also worth mentioning
that the yield stress for this deformation condition was only slightly below the yield stress
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of the cavitating HDPE sample (Figure 5 or Figure 9). It could therefore be expected that
the deformation of the LDPE sample at —30 °C would be accompanied by the phenomenon
of cavitation. However, the volume strain measurements presented in Figure S11 did not
confirm this hypothesis. Across the analyzed range of deformations, there was no increase
in volume strain as a function of local strain, regardless of the deformation temperature.
Therefore, the LDPE samples deformed within the analyzed range of temperatures/LSs
without experiencing cavitation. The measurements with the use of PALS technique (not
presented here) did not reveal significant differences in the structural changes of LDPE
samples (in comparison to HDPE) deformed in the analyzed range of temperatures [49].
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Figure 12. Engineering strain-engineering stress (a) and true strain—true stress (b) curves of LDPE as
a function of temperature, at a constant strain rate of 3.3 x 1073 s,

In order to further “intensify” the mechanical response of LDPE, a deformation pro-
cess was carried out at a temperature of —30 °C, increasing additionally the strain rate
t0 3.3 x 1072 s~1. The mechanical curves for LDPE deformed at those conditions are pre-
sented in Figure 13. After the increase in strain rate, the process of deformation localization
(microneck formation) observed in the engineering strain-engineering stress curve become
even more distinguishable. In Figure 3 volume strain measurements for this LDPE sample
are presented. With the increase in LS, a gradual increase in volume strain was observed
from the earliest stages of the deformation process. Ata LS of 0.25, the increase in sample
volume was 3%. Such an effect usually indicates the formation of cavitation pores in the
material. However, SAXS measurements did not confirm that cavitation was responsible
for the observed increase in sample volume. No characteristic scattering from cavitation
pores was observed in the SAXS pattern (Figure 3). This aspect will require further analysis.

It is worth mentioning that with the increase in the strain rate, the yield stress increased
from 25 MPa to 29.1 MPa. Therefore, for the LDPE sample deformed at —30 °C with a strain
rate of 3.3 x 1072 57!, the yield stress corresponded to that recorded for the cavitating
HDPE deformed at 20 °C with a strain rate of 3.3 x 1073 s~1. Meanwhile, as mentioned
above, the LDPE sample did not cavitate. Therefore, the susceptibility of the amorphous
phase of LDPE to lose its consistency and the formation of cavities is lower than in the
case of amorphous component of HDPE. This can be correlated to the higher content of
branches in LDPE, which ensures higher cohesion of the amorphous component.

In Figure 4a,b, the mean ortho-positronium lifetime (13) and its dispersion (o3) for
LDPE sample deformed at —30 °C with a strain rate of 3.3 x 1072 s™! for LS of 0.25
are presented, respectively (marked in red). Additionally, the size distribution of free-
volume pores is shown (Figure 4c,d, red curve). Both 13 and o3 values were similar
to the values recorded for the LDPE sample deformed at 20 °C with a strain rate of
3.3 x 1073 571, Also, the size distribution profiles were very similar. Consequently, at a LS
of 0.25, the nanostructure of the amorphous component of LDPE, including the mean size
of free-volume pores and their size distribution, was similar regardless of the deformation
conditions. It can therefore be concluded that the deformation conditions have limited
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influence on the evolution of structural changes in the amorphous component of LDPE
under the range of strains studied.
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Figure 13. Engineering strain-engineering stress and true strain—true stress curves of LDPE deformed
at —30 °C with a strain rate of 3.3 x 1072 s~ 1,

4. Conclusions

HDPE and LDPE samples, solidified under the same conditions, were characterized by
different nanostructure of amorphous regions. Both the mean ortho-positronium lifetime
and the dispersion of ortho-positronium lifetime, corresponding to the average size and
size distribution of the free-volume pores of the amorphous component, respectively, were
noticeably higher in LDPE than in HDPE. This effect was induced by a lower and less
uniform molecular packing within the amorphous regions, which resulted from the higher
density of branching in low-density polyethylene.

During the deformation of LDPE, an increase in the T3 value was observed under
local strains within 0-0.25 compared to an undeformed sample. This effect was mainly
stimulated by a significant increase in the interlamellar distances between lamellae ori-
ented perpendicular to the deformation directions (31.8%), in contrast to a mere decrease
(10.1%) in the interlamellar distances between lamellae oriented parallel to the deformation
directions. No significant effect of temperature or strain rate on the 13 value was observed
during LDPE deformation.

Within the range of strains studied, the 03 value of LDPE, and thus the size distribution
of the free-volume pores within the amorphous component, generally remained below
the value observed for the undeformed sample. This effect was mainly caused by a
considerable reduction in the content of the smallest and, to some extent, the largest pores
of free volumes. Consequently, the dimensions of free-volume pores became more uniform.
No significant effect of temperature and strain rate on the o3 value was observed during
LDPE deformation.

A significant impact of the deformation condition on the evolution of the amorphous-
phase nanostructure was observed in the case of HDPE. With an increase in the strain
rate or a decrease in temperature, the cavitation phenomenon was intensified in HDPE.
Meanwhile, a decrease in mean ortho-positronium lifetime was observed. This effect was
mainly caused by a significant increase in the content of the smallest and, to some extent,
the largest pores of free volumes. An insignificant increase in the content of large-sized
pores (which were indeed cavities) in the samples deformed at a lower temperature or
higher strain rate was attributed to the initial shape of the cavities. The annihilation of the
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o-Ps along the longer axis of the anisotropic/ellipsoidal cavities was highly unlikely. The
input of this dimension into the PAL spectrum was therefore limited. At the same time, the
increase in the dimension of the shorter axis of the cavities was limited by the thickness of
amorphous layers; hence, the increase in the content of large-sized pores/ cavities detectable
by PALS was relatively low.

With an increase in the strain rate or a decrease in temperature, the dispersion of the
mean ortho-positronium lifetime increased during the deformation of HDPE. The highest
increase in the o3 value was observed in the sample deformed at the highest strain rate
or at the lowest temperature, and this effect was directly correlated with the initiation or
intensification of the cavitation phenomenon.

The yield stress of the LDPE sample deformed at lowered temperature and increased
strain rate was consistent with cavitating HDPE, but the LDPE sample did not cavitate.
This meant that the susceptibility of the amorphous regions of LDPE to the formation of
cavities is lower than that for the amorphous component of HDPE. This, in turn, can be
correlated to the higher content of branches in LDPE, which ensures higher cohesion of the
amorphous component.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym16030420/s1. Figure S1: Visualization of measurement of LS
recorded with use of sample fixed in tensile testing machine (a) and sample before stretching and
after deformation fixed in the frame with specified torque (b). Figure S2: Values of local strain (LS)
for HDPE samples mounted in frames with different torques for strain rate 3.3 x 103 s~1 at 20 °C.
Figure S3: Values of scattering intensity and LS for HDPE samples mounted in frames with different
torques for strain rate 3.3 x 102 s~ at 20 °C. Figure S4: Values of scattering intensity and LS for
HDPE samples mounted in frames with different torques for strain rate 3.3 x 10~* s~1 at 20 °C.
Figure S5: Values of scattering intensity and LS for HDPE samples mounted in frames with different
torques for strain rate 3.3 x 1073 s=1 at —30 °C. Figure S6: Values of scattering intensity and LS
for HDPE samples mounted in frames with different torques for strain rate 3.3 x 10~3 s~ at 70 °C.
Figure S7: Values of scattering intensity and LS for HDPE samples mounted in frames with different
torques for strain rate 3.3 x 1072 s~! at 20 °C. Figure S8: Values of scattering intensity and LS for
HDPE samples mounted in frames with different torques for strain rate 3.3 x 1073 s~! at —30 °C.
Figure S9: Long periods for LDPE determined from SAXS patterns as a function of local strain and
orientation of lamellar crystals. Figure S10: Dependence between volume strain and local strains for
LDPE as a function of strain rates. Figure S11: Dependence between volume strain and local strains
for LDPE as a function of temperature.
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Supporting Information

a)

Before deformation | After deformation

b)

 Before deformation | After deformation

Figure S1. 2D Visualization of measurement of LS recorded with use of sample fixed in tensile testing
machine (a) and sample before stretching and after deformation fixed in the frame with specitied

torque (b).
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Figure S2. Values of local strain (LS) for HDPE samples mounted in frames with different torque for

strain rate 3.3 x 102 s at 20 °C.
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Figure S3. Values of scattering intensity and LS for HDPE samples mounted in frames with different
torque for strain rate 3.3 x 102 s at 20 °C.
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Figure S4. Values of scattering intensity and LS for HDPE samples mounted in frames with different
torque for strain rate 3.3 x 10~ s1 at 20 °C.
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Figure S5. Values of scattering intensity and LS for HDPE samples mounted in frames with different
torque for strain rate 3.3 x 103 s at -30 °C.
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Figure S6. Values of scattering intensity and LS for HDPE samples mounted in frames with different
torque for strain rate 3.3 x 10 s at 70 °C.
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Figure S7. Values of scattering intensity and LS for HDPE samples mounted in frames with different
torque for strain rate 3.3 x 10 s at 20 °C.
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Figure S8. Values of scattering intensity and LS for HDPE samples mounted in frames with different
torque for strain rate 3.3 x 103 s at -30 °C.
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Figure S9. Long periods for LDPE determined from SAXS patterns as a function of local strain and

orientation of lamellar crystals.
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Figure S10. Dependence between volume strain and local strains for LDPE as a function of strain

rates.
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Figure S11. Dependence between volume strain and local strains for LDPE as a function of temperature.
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