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Profesor Wactaw Krdlikowski z zona Ewg, 2014 .

Profesor Waclaw Krolikowski zmart 30 listopada 2021 r. w Szczecinie w wieku 94
lat. Pelen zycia i energii do dzialania, odszed! nagle, majac jeszcze wiele rodzinnych
i zawodowych planéw. Pozostawil Zong Ewe oraz synéw Marcina i Piotra. Zawsze
podkreslat, ze to, do czego doszed! oraz to, ze mdgl realizowac swoje pasje i zaintere-
sowania, zawdziecza Rodzinie, ktdra w Jego zyciu byla najwazniejsza. Byl cztowiekiem
szlachetnym, pomocnym, z charyzmg i perspektywicznym spojrzeniem na $wiat
i na przyszlos¢, towarzyszem wspdlnych wyjazdow, wielkim naukowcem, prakty-
kiem, wielopokoleniowym mentorem i wspanialtym nauczycielem akademickim,
»Zarazajacym’ swoja ciekawoscia poznawania, mito$nikiem zeglarstwa, narciarstwa
i turystyki gorskiej.
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Zyciorys Wactawa Krélikowskiego
(1927-2021)

Szkota i studia

Wactaw Kroélikowski urodzil si¢ 24 stycznia 1927 r. w Lublinie. Ojciec Stanistaw Kro-
likowski, legionista II Brygady, byl zawodowym oficerem Wojsk Polskich w stopniu
majora, a matka Maria z Zatuskich ukonczyla studia na Uniwersytecie Jana Kazimie-
rza we Lwowie, uzyskujac tytul doktora filozofii. Byta nauczycielka szkét $rednich.

Pod koniec 1942 roku Wactaw Krélikowski, w wieku 15 lat, wstapil do Armii
Krajowej w Lublinie. Po wejsciu do Lublina wojsk sowieckich kontynuowat dziatal-
no$¢ konspiracyjna, za co w lutym 1946 roku zostal aresztowany przez UB i osadzony
w piwnicy przy ul. Spokojnej w Lublinie. W maju tego roku przeniesiony zostat do
wiezienia na Zamku Lubelskim, gdzie odbyt si¢ jeden z pierwszych proceséw AK,
w ktorym uczestniczyl. W wyniku tego procesu zostal skazany na 8 lat wiezienia,
w zawieszeniu na 5 lat. Po wyjsciu z wigzienia we wrzes$niu 1946 roku zdal mature
w Panstwowym Technikum Chemicznym w Lublinie. Przez cale swoje zycie nie byt
czlonkiem zadnej partii politycznej. Po uzyskaniu matury podjat studia na Wydziale
Chemicznym Politechniki Gdanskiej. Dyplom magistra inzyniera uzyskat w 1951 r.
w zakresie technologii chemiczne;j.

Przemyst ttuszczowy - badania i technologia

Po ukonczeniu studiéw rozpoczal prace w Zaktadach Przemystu Ttuszczowego
w Budowie w Brzegu nad Odrg jako kierownik Dziatu Kontroli Jakosci. Do Jego
obowiazkéw nalezato zorganizowanie Laboratorium Kontroli Technicznej. Byl tez
zaangazowany w budowe Oddziatu Ekstrakgji i Ttoczni Olejéw oraz w uruchomienie
produkcji. W 1953 r. przenidst si¢ na wlasng prosbe do Centralnego Laboratorium
Przemystu Tluszczowego w Gliwicach, gdzie zajmowal si¢ opracowaniem metod
analitycznych surowcéw i produktéow niezbednych dla intensywnie rozwijajace-
go sie przemystu ttuszczowego. W 1954 r. podjal prace, przyjmujac propozycje
prof. H. Niewiadomskiego, na stanowisku asystenta (pdzniej adiunkta) w jedno-
stce badawczej Instytutu Przemystu Ttuszczowego z siedzibg w Warszawie (filia
Politechniki Gdanskiej), gdzie wykonywal wiele prac technologicznych, takze na
terenie Zakladow Przemystu Ttuszczowego ,Amada” w Gdansku. Problematyka
badawcza, ktérg wowczas sie zajmowal, obejmowala rafinacje olejow jadalnych,
procesy katalitycznego uwodorniania olejow roslinnych oraz technologie produkcji
margaryny. W 1954 r. otrzymat zespotowa nagrode Ministra Przemystu Rolnego



i Spozywczego za opracowanie dotyczace technologii margaryny prowadzace do
uzyskania znacznych efektéw oszczednosciowych.

Stocznia Marynarki Wojennej

W 1956 r. po rozwigzaniu gdanskiej filii Instytutu Przemystu Tluszczowego rozpoczat
prace w Stoczni Marynarki Wojennej (SMW) w Gdyni, gdzie podjat si¢ zorganizo-
wania Centralnego Laboratorium zajmujacego sie badaniami réznych materiatéw,
szczegolnie tworzywami konstrukcyjnymi z zywic poliestrowych wzmocnionych
widknem szklanym, ktére stanowily wowczas w Polsce calkowicie nowe i nieznane
materialy. Jako kierownik tego laboratorium SMW zorganizowat i skompletowat
wielojezyczny ksiegozbidr techniczno-naukowy, obejmujacy w chwili jego odejscia
z tej placowki ok. 1000 toméw z dziedzin zwigzanych z tematyka prac (w tym wiele
pozycji unikatowych). W ksiegozbiorze tym znajdowalo sie stale abonowanych ok.
45 miesigcznikéw techniczno-naukowych w jezykach polskim, rosyjskim, angielskim,
niemieckim i francuskim, wiele unikatowych pozycji ksigzkowych z dziedziny tworzyw
sztucznych i kompozytéw, 5 zachodnich miesigcznikéw, ktére z chwilg przejscia do
pracy na Politechnice Szczecinskiej zostaly przekazane bibliotece tej uczelni, wzbo-
gacajac dzial tworzyw sztucznych i kompozytow.

Pracujac w Stoczni Marynarki Wojennej, brat udzial w uruchamianiu produkeji
réznych jednostek ptywajacych (cywilnych i wojskowych) z tworzyw sztucznych
(kompozytow), najpierw na bazie pélproduktéw z importu, potem za$ z surowcow
krajowych - po uruchomieniu ich produkcji w Polsce i przebadaniu ich przydatno-
$ci. W tym poczatkowym okresie w 1957 roku zostal delegowany przez MON, dla
zapoznania si¢ z pétproduktami do produkeji tworzyw wzmocnionych i technolo-
giami ich wytwarzana i przetworstwa, na sze$ciotygodniowy staz do Francji i RFN.
Wspolpracowal tez scisle z odpowiednimi biurami konstrukcyjnymi i Instytutem
Okretowym Politechniki Gdanskiej (z prof. Jerzym Doerfterem) w zakresie pro-
jektowania konstrukgji i technologii wykonawstwa sprzetu ptywajacego z tworzyw
sztucznych oraz z Polskim Rejestrem Statkdw w zakresie opracowania przepiséw
dotyczacych ich budowy i odbioru.

Zorganizowal tez, bedac pracownikiem SMW, w ramach kota SIMP oraz NOT
dwie ogolnopolskie konferencje naukowo-techniczne w Gdyni-Oksywiu (1962 r.
11967 r.), poswiecone tworzywom wzmocnionym pt. ,Laminaty poliestrowo-szkla-
ne otrzymywane metodg reczng’ i ,Laminaty poliestrowo-szklane w budownictwie
okretowym”. Konferencje te, w ktorych brato udzial okoto 200 0séb z calego kraju,
przyczynily sie istotnie do rozwoju wytwarzania i zastosowan tworzyw wzmocnionych
w roznych dziedzinach techniki w Polsce; byty to pierwsze fora wymiany doswiadczen
technologicznych i badawczych.

W okresie pracy w Stoczni Marynarki Wojennej, trwajacej do 1968 roku, W. Kro-
likowski opublikowat w réznych czasopismach techniczno-naukowych i materiatach
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konferencyjnych 52 opracowania eksperymentalne i artykuly, w tym 10 za granica,
dotyczace tworzyw wzmocnionych. Uzyskal 3 udzielone z tej dziedziny patenty. Byt
tez inicjatorem i gléwnym wspolautorem monografii (M. Berger, W. Krolikowski,
G. Mizgier, Poliestry wzmocnione w budownictwie okretowym, Wydawnictwo
Morskie, Gdynia 1961), ktora jest pierwsza polska monografig dotyczacg tworzyw
sztucznych wzmocnionych wtéknem szklanym. Brat tez udzial w migedzynarodo-
wych konferencjach naukowo-technicznych dotyczacych tworzyw wzmocnionych,
wyglaszajac referaty w 1962 roku w Londynie oraz w 1965 i 1967 roku w Berlinie.

Zostal takze cztonkiem Rady Naukowo-Technicznej Stalej Komisji Przemystu
Chemicznego RWPG (problem nr 4 : ,Tworzywa wzmocnione wtoknem szklanym”).
Bedac czlonkiem tej rady, bral udzial jako delegat PRL w kolejnych latach w jej
posiedzeniach — dwukrotnie w Moskwie i Berlinie, raz w Budapeszcie, Warsza-
wie, Poczdamie i Pieszczanach k. Bratystawy. W czasie posiedzen tej rady wyglosil
2 referaty w Berlinie, jeden w Moskwie; przy okazji mial tez mozliwo$¢ zwiedzenia
o$rodkéw badawczych i produkeyjnych w tych krajach. W 1962 roku za dziatalno$¢
techniczno-zawodowa w Stoczni MW zostal odznaczony przez Rade¢ Panstwa Zlotym
Krzyzem Zastugi.

Politechnika Szczecinska (PS)

W 1965 roku podjal prace na Wydziale Technologii Chemicznej Politechniki Szcze-
cinskiej w Katedrze Wtokien Chemicznych, jako dojezdzajacy z Gdyni nauczyciel
akademicki, prowadzac zajecia z przedmiotu chemia i technologia tworzyw sztucz-
nych, w wymiarze 45 godzin wykladéw w semestrze, dla studentdéw ostatniego roku
specjalizacji wiokien chemicznych Wydzialu Chemicznego PS. Wyklady te w takiej
formie prowadzil przez 3 lata do 1968 roku.

W 1966 roku za wspoétudziat w pracy, pt. ,,Zastosowanie zywic poliestrowych
wzmocnionych wléknem szklanym do budowy jednostek ptywajacych i innego
sprzetu technicznego, prace naukowo-badawcze i konstrukcyjno-technologiczne,
wykonanie prototypow i uruchomienie produkcji prowadzonej w latach 1957-1965,
uzyskal nagrode zespotowa Ministra Obrony Narodowe;j.

W 1967 r. jako pracownik Stoczni Marynarki Wojennej uzyskat stopien doktora
nauk technicznych na Wydziale Chemicznym Politechniki Wroclawskiej za prace pt.
»Niektore wlasnosci laminatow poliestrowo-szklanych z zakresu struktury, chemii
i technologii w $wietle zjawisk zachodzacych w czasie ich rozciggania” (promotor
prof. Wlodzimierz Laskawski).

Wactaw Krolikowski na stale z Politechnika Szczecinska zwigzat si¢ we wrzesniu
1968 r., kiedy jako doktor inzynier zostal zatrudniony na Wydziale Chemicznym
Politechniki Szczecinskiej i powotany na stanowisko docenta, co wigzalo si¢ z prze-
prowadzka catej Rodziny z Gdyni do Szczecina. Docentowi W. Krolikowskiemu
powierzono funkcje kierownika Zespotu Tworzyw Sztucznych w Katedrze Wiokien
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Chemicznych, a nastepnie - po zmianach organizacyjnych na Wydziale w nowo
powstalym Instytucie Technologii Chemicznej - kierownika Zakladu Tworzyw
Sztucznych i Powlok Ochronnych. Zaktad ten doc. W. Krolikowski zorganizowat od
podstaw; funkcje kierownika petnit do 1991 r., w ktérym na bazie Zaktadu powotano
Instytut Polimer6w; byl jego dyrektorem az do przejécia na emeryture pod koniec
1997 1.

W 1985 roku Rada Panstwa przyznata doc. dr. inz. Wactawowi Krolikowskiemu
tytul profesora nadzwyczajnego, a w 1992 roku Minister Edukacji Narodowej mia-
nowatl go profesorem zwyczajnym na Politechnice Szczecinskiej. W okresie pracy
na PS uzyskat za badania naukowe i publikacje Nagrody MNSzWiT: indywidualng
IT stopnia (w 1976 r.) oraz 3-krotnie zespotowa II stopnia (w latach 1980, 1983, 1987).

Wspodtpraca z przemystem

Na podkreslenie zastuguja sukcesy prof. Krdlikowskiego we wspolpracy z prze-
myslem, w tym wdrozenia w Kro$nieniskich Hutach Szkta technologii produkcji
wzmocnionych ttoczyw poliestrowych réznych typéw, przeznaczonych dla przemystu
elektromaszynowego, a takze ttoczyw epoksydowych do zastosowan elektronicznych.
Pod kierunkiem Profesora oparte na surowcach krajowych wzmocnione wiéknem
szklanym tloczywa poliestrowe typu miekkiego (dough moulding compounds — DMC)
zostaly wdrozone do produkcji przemystowej w Kro$nienskich Hutach Szkta (KHS)
w 1978 roku. W pierwszych trzech kwartatach 1979 roku wyprodukowano w KHS
190 t tych tloczyw. Efekt wdrozeniowy z tytutu antyimportu wynidst za ten okres 13
milionéw zl. Odpis na fundusz efektéw wdrozeniowych dla PS i zespolu za ten okres
wyniost 1,4 miliona zI. Produkowane w KHS tloczywa poliestrowe wg technologii
zaproponowanej przez zespot Profesora, o nadanej przez ten zespot nazwie Estrodur,
znalazly antyimportowe, rosngce stale, zastosowanie w réznych zakladach, gtownie
przemyslu elektromaszynowego, np. w zakltadach: BELMA w Bydgoszczy, APATOR
w Toruniu, ESTER w Lodzi. Produkgja tych ttoczyw w KHS przed rokiem transfor-
magcji ustrojowej wyniosta ok. 1500 t na rok. Zespo6l Profesora wprowadzal do tej
produkeji sukcesywnie opracowywane nowe typy ttoczyw, np. ttoczywa samogasnace
z udzialem jako uniepalniacza krajowego wodzianu tréjtlenku glinu, ttoczywa elek-
troprzewodzace i antystatyczne, te ostatnie dla zastosowan przeciwwybuchowych
w kopalniach oraz specjalnych - na komory tukowe wytacznikéw maloolejowych
dla Zakladow Aparatury Wysokiego Napiecia ZWAR w Warszawie. Za prace badaw-
czo-rozwojowe zespot Profesora otrzymal Nagrode Wojewoddzka NOT w Kroénie,
II stopnia (w1987 r.). W kolejnych latach wprowadzono opracowane antyimportowe
tloczywa epoksydowe dla hermetyzacji ukltadéw scalonych w Centrum Naukowo-
-Produkcyjnych Pétprzewodnikéw CEMI w Warszawie. Te elektroniczne ttoczywa
epoksydowe pod nazwg Epolit wytwarzane byly w CEMI w ilosci ponad 100 t rocznie.
Po zmianach ustrojowych w kraju wytwarzanie tych tloczyw przejeta prywatna firma.
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Wspétpraca zagraniczna

Profesor Wactaw Kroélikowski jako uznany ekspert z zakresu kompozytéw polime-
rowych wspolpracowal z zagranicznymi jednostkami badawczymi, zwlaszcza nie-
mieckimi (Karlsruhe, Darmstadt, Hannower, Aachen, Drezno, Kassel), ale réwniez
we Francji, w Kanadzie i Rydze, ktdrej efektem byly m.in. liczne staze i stypendia
dla wspotpracownikéw. Na zaproszenie strony niemieckiej (prof. G. Ehrenstein)
i za zgoda MNSWIT zaangazowany zostal na rok (od wrzesnia 1980 do wrze$nia
1981 roku) jako Gastprofessor w Instytuty fiir Werkstofttechnik Universitit — Ge-
samtchochshule Kassel (RFN). Prowadzil tam dla studentéw wyzszych lat Wydziatu
Mechanicznego wyklady z zakresu chemii Zywic termoutwardzalnych oraz wta-
$ciwosci i metod wytwarzania tworzyw wzmocnionych. Prowadzil takze badania
nad wlasciwosciami wytrzymatosciowymi i sprezystymi wzmocnionych tloczyw
poliestrowych w wysokich temperaturach, w zaleznosci od struktury tancucha po-
liestrowego i chemicznego zageszczania zywic. Wyniki tych prac przedstawil m.in.
w Kassel w czasie organizowanych przez tamtejszy instytut otwartych seminariow
(wyglosit referaty pt. ,Tloczywa wzmocnione - struktura, wlasciwosci, kierunki
rozwoju” oraz ,Rola warstwy granicznej w tworzywach wzmocnionych wléknem
szklanym”).

Uczestniczyl réwniez jako referent w wielu krajowych, migdzynarodowych i za-
granicznych konferencjach naukowo-technicznych, takich jak ,Reinforced Plastics”
w Londynie, ,Vystuzene Plasty” w Karlowych Varach, w CSRS, ,Verstarkte Plaste”
w Berlinie i Dreznie, w NRD, ,Vestiarkte Kunststoffe” we Freudenstadt, w Mainz,
Berlinie, w REN. Jako ekspert delegowany bywal tez przez rézne ministerstwa do
Wielkiej Brytanii, NRD, WRL, CSRS, ZSRR, RFN i Francji.

W 1973 roku odbyt 3-miesigczny staz naukowo-techniczny w REN jako sty-
pendysta DAAD, w czasie ktdrego odwiedzil 22 instytucje: katedry szkot wyzszych,
instytuty badawcze i jednostki przemystowe, zajmujace si¢ tworzywami sztucznymi,
szczegblnie wzmocnionymi.

W ramach stypendium francuskiego byl takze na 3-miesi¢ecznym stazu w CNRS
i Ecole d'Aplication d'Hautes Polymeres w Strassburgu. Dzieki tym réznym pobytom
zagranicznym mial moznos¢ poznania placéwek badawczych i przemystu tworzyw
wzmocnionych w wielu krajach Europy, a szczegélnie w REN i NRD. Uzyskane tam
informacje pomogly Profesorowi istotnie w ustawieniu tematyki badan, gléwnie
technologicznych na PS, na poziomie aktualnych na $wiecie zagadnien i trendow
rozwojowych. Nawigzal tez dwustronng wspotprace badawcza z Katedrg Chemiczne;j
Technologii Polimeréw Politechniki Ryskiej, ktorg odwiedzil dwukrotnie. W roku
1988 przebywal tez 3 miesigce jako visiting professor w McMaster Uniwersity w Ka-
nadzie w Instytucie Polimeréw oraz dwa tygodnie w Instituto de Struktura de la
Materia w Madrycie.
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Ogodlnopolskie organizacje

Profesor Krolikowski angazowal sie tez w dzialalnos¢ réznorodnych gremidéw na
szczeblu ogélnokrajowym. Byt m.in. przewodniczacym Zespolu Koordynacyjnego
Ministra Nauki i Szkolnictwa Wyzszego ds. Wiokien Weglowych i Kompozytéow
z ich Udzialem, czfonkiem polskiej delegacji na posiedzeniach Rady Naukowo-Tech-
nicznej problemu badawczego ,,Iworzywa wzmocnione” Stalej Komisji Przemystu
Chemicznego Rady Wzajemnej Pomocy Gospodarczej. W latach 1994-2004 byt
przewodniczacym Sekcji Materialéow Kompozytowych Komitetu Nauki o Materiatach
PAN oraz wspolzalozycielem Polskiego Towarzystwa Materialow Kompozytowych.

Publikacje i konferencje

Profesor jest autorem / wspétautorem ponad 130 artykuléw w czasopismach naukowo-
-technicznych oraz ok. 150 publikacji w materiatach konferencji krajowych i zagra-
nicznych, a takze 32 patentéw. Wazng pozycje w Jego dorobku naukowym stanowia
ksigzki dotyczace polimerowych tworzyw konstrukcyjnych i widkien wzmacniajacych.
Profesor jest autorem lub wspotautorem 7 ksigzek wydanych w renomowanych wy-
dawnictwach, w tym m.in. monumentalnego dziela ,,Zywice i laminaty poliestrowe”,
opublikowanego wspolnie z prof. Piotrem Penczkiem i doc. Zofig Ktosowska-Wotko-
wicz (wydanie pierwsze z 1969 r. oraz uaktualnione drugie wydanie z 1986 r., a takze
trzecie wydanie z 2010 r. z udzialem innych autoréw).

Cenione w $rodowisku naukowcow i praktykow sa tez autorskie ksigzki
prof. W. Krélikowskiego: Tworzywa wzmocnione i wtokna wzmacniajace, WNT,
1988 oraz Polimerowe kompozyty konstrukcyjne, PWN, 2012 (ksiazka przygotowana
i wydana juz na emeryturze).

Profesor byt réwniez organizatorem ogoélnopolskich sympozjow i konferencji
dotyczacych kompozytéw polimerowych ,,Konstrukcyjne kompozyty polimerowe”
(w 1989, 1994 1 1997 r.), a nastepnie od 2001 roku wspoélorganizatorem cyklu kon-
ferencyjnego Materialy Polimerowe ,,Pomerania-Plast”. W 1997 roku organizowat
takze w Szczecinie, w ramach kolejnego walnego Zjazdu PTChem, ogdlnopolskie
sympozjum ,,Synteza i przetworstwo polimerdw”.

Dydaktyka, absolwenci, kadra

W okresie aktywnos$ci zawodowej Profesora na Politechnice Szczecinskiej (obecnie
Zachodniopomorski Uniwersytet Technologiczny w Szczecinie) prowadzong przez
Zaklad, a potem Instytut Polimeréw pod jego kierunkiem specjalizacje dydaktyczna
technologia tworzyw sztucznych ukonczyto ponad 100 magistréw studiéw dziennych
i ok. 20 inzynieréw studiow wieczorowych. Wypromowat 11 doktoréw (ostatnia pro-
mocja w 2012 r.), byt tez recenzentem 20 prac doktorskich (w tym 5 na uczelniach
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niemieckich w Dreznie i Kassel). Spod jego ,,skrzydel” tytul profesora tytularnego
uzyskato 4 pracownikéw (Andrzej Bledzki, Tadeusz Spychaj, Artur Bartkowiak,
Zbigniew Czech).

Okres emerytury

Po przejsciu na emeryture w 1997 r. prof. W. Kroélikowski bardzo aktywnie uczest-
niczyl z zyciu PS / ZUT w Szczecinie; prowadzit nadal prace badawcze i zajgcia
dydaktyczne. W latach 2013, 2014 i 2015 prowadzil autorski wyklad (30 godzin) pod
tytutem ,,Polimerowe kompozyty konstrukcyjne” dla studentow kilku wydzialéw ZUT.
Brat tez udzial (kilkukrotnie) w ,,JEC-Composites Show and Coference” w Paryzu,
w Miedzynarodowych Targach Tworzyw Sztucznych i Kauczuku w Diisseldorfie oraz
w Targach ,,Kompozyt-EXPO” w Krakowie, a takze w miedzynarodowych i krajowych
konferencjach oraz spotkaniach naukowych.

Doctor honoris causa

Za wybitne zastugi dla nauki, obejmujace wielki wktad w rozwdj technologii i inzynierii
materialéw polimerowych, osiagniecia organizacyjne, w tym zastugi dla Politechniki
Szczecinskiej oraz Zachodniopomorskiego Uniwersytetu Technologicznego w Szcze-
cinie, a zwlaszcza za znakomita wspotprace z przemystem i ksztalcenie mtodej kadry,
Uchwalg Senatu Zachodniopomorskiego Uniwersytetu Technologicznego w Szczecinie
z dnia 28 listopada 2016 roku, wspartego uchwatami Rady Naukowej Centrum Badan
Molekularnych i Makromolekularnych PAN w Lodzi oraz Senatéw Politechniki Rze-
szowskiej i Politechniki Wroctawskiej nadano prof. W. Krélikowskiemu tytut doktora
honoris causa Zachodniopomorskiego Uniwersytetu Technologicznego w Szczecinie.
Uroczystos¢ nadania tytulu odbyla sie 27 marca 2017 r. w murach tej uczelni.

J. Janik, A. Bledzki, J. Polaczek
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Jubileusz 60-lecia prof. W. Krolikowskiego. Uroczysto$¢ odbyta si¢ 23 stycznia 1987 r. w auli ,,starej
chemii” Politechniki Szczecinskiej. Na zdjeciu wspotpracownicy z Zaktadu Tworzyw Sztucznych
i Powlok Ochronnych, pracownicy PS oraz zaproszeni goscie

_——

KOMPOIYTY | KOMPOIYCJE POLIMEROWE

SICIECIN 22-24 CIERWCA 1994,

Konferencja ,,Kompozyty i kompozycje polimerowe”, 1994, Szczecin (aula ,,nowej chemii”). Przema-
wia 6wczesny dziekan prof. T. Wasag; prof. W. Krolikowski przewodniczy obradom konferencyjnym
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Jubileusz 70-lecia prof. W. Krélikowskiego podczas konferencji ,Kompozyty i kompozycje
polimerowe”, éwinoujs’cie, 1997 r.

Jubilat i wspotpracownicy z Zakladu oraz dwezesny Jubilat i prof. D. Zuchowska z Politechniki
rektor PS prof. S. Berczynski i dziekan WTilCh Wroclawskiej, ktora przyjaznita sie
prof. K. Katucki z Profesorem od lat 60. ub.w.

Obrady Polskiego Towarzystwa Materialéw Kompozytowych, ktore prowadzi
prof. W. Krélikowski

Jubileusz 80-lecia prof. W. Krélikowskiego w trakcie Ogélnopolskiej Konferencji
»Pomerania-Plast 2007” w maju 2007 r. w Kotobrzegu

Otwarcie konferencji. Od prawe;j:
Jubilat oraz dwczesny prorektor
ds. nauki prof. R. Kaleficzuk, prof. T. Spychaj,
6wczesny dziekan WTiICh prof. E. Milchert
idrinz.J. Janik

Jubilat, prof. T. Spychaj, prof. A. Bledzki oraz
najblizsi wpdlpracownicy
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Profesor W. Krélikowski (w §rodku) na Targach Kompozytowych EXPO w Krakowie, 2015 r.,
w towarzystwie prof. T. Spychaja, prof. A. Bledzkiego i studentéw z Wydziatu Technologii i Inzynierii
Chemicznej

U zaprzyjaznionych ,,kompozytowcow” z Politechniki
Wroclawskiej, podczas targéw EXPO w Krakowie, 2014 r.,
od lewej prof. W. Krdlikowski, dr inz. M. Barcikowski,
dr. hab. inz. W. Blazejewski, prof. PWr. Podczas targéw
Profesor promuje swoja ostatnig ksiazke ,,Polimerowe
kompozyty konstrukcyjne”
Profesor W. Krolikowski na Targach
JEC w Paryzu, 2014 r.
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Konferencja ,,Pomerania-Plast 20167, Miedzyzdroje 2016 r. Wyktad prof. W. Krolikowskiego z okazji
jubileuszu 65 urodzin prof. T. Spychaja

Spotkanie z okazji 90 urodzin prof. W. Krolikowskiego, 24 stycznia 2017 r., z najblizszymi
wspoltpracownikami w Zakladzie Technologii Materialéw Polimerowych Instytutu Polimerdw;
»stara chemia’, pokoj Profesora nr 38. Na zdjeciu Jubilat oraz m.in. od lewej E. Fabrycy, T. Spychaj,
A. Bledzki, A. Bartkowiak, S. Spychaj
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Uroczysto$¢ nadania tytutu doktora honoris causa Zachodniopomorskiego Uniwersytetu
Technologicznego w Szczecinie prof. W. Krélikowskiemu, 23 marca 2017 r.

Wyktad Doktora Honorowego W. Krélikowskiego pt. ,,Polimerowe kompozyty konstrukcyjne
z wiéknami szklanymi”

Od lewej prof. T. Spychaj (promotor), prof. R. Kaleniczuk (dziekan WTilICh), prof. W. Krdlikowski,
JM Rektor J. Wrébel, prorektor ds. nauki J. Przepiorski
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W uroczystosci wzieli udzial takze Rodzina Profesora

oraz jego najblizsi wspdtpracownicy, pracownicy ZUT oraz zaprzyjaznieni przedstawiciele polskich
i zagranicznych jednostek naukowo-badawczych
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Ostatnie spotkania uczelniane, w ktérych uczestniczyt prof. W. Krélikowski, pazdziernik
2021 r.; towarzyszyt Profesorowi i byt dla niego duzym wsparciem prof. A. Btedzki

0 Umy Umo

By

[

Uroczystos¢ nadania tytulu doktora honoris causa prof. M. Kleiberowi; od lewej prof. R. Sikora,
prof. W. Krélikowski oraz prof. A. Bedzki

Inauguracja roku akademickiego 2021/2022 na ZUT w Szczecinie
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Wspomnienia o Profesorze

Profesor W. Krolikowski, jako twodrca i pionier polskiej szkoty kompozytéw poli-
merowych, migdzynarodowy autorytet w zakresie technologii tworzyw sztucznych
i materialéw kompozytowych (w tym wzmocnionych wiéknami), nalezy do grupy
pracownikow Wydzialu, dzi§ noszacego nazwe Wydzial Technologii i Inzynierii Che-
micznej, ktorzy w sposdb istotny przyczynili si¢ do jego rozwoju poprzez stworzenie
rozpoznawalnej w kraju i za granica marki: Instytut Polimeréw oraz bazy naukowe;
i kadry naukowo-dydaktycznej. Jego zainteresowania naukowe obejmowaly poli-
merowe materialy konstrukcyjne, zwlaszcza wzmocnione widknami, takze fizyczne
i mechaniczne wlasciwosci tworzyw polimerowych, wtékna wzmacniajace (szklane,
weglowe), napelniacze do tworzyw polimerowych, problemy adhezji polimer / wtékno
lub napelniacz; technologie przetwdrstwa tworzyw polimerowych, polimeryzacje mo-
nomerdw allilowych oraz modyfikacje polimeréw rozwijal nie tylko w kraju, ale i na
calym $wiecie — zar6wno w sferze naukowej, jak i przemystowej. Pozostawit po sobie
liczne wysoko cenione publikacje naukowo-techniczne, wyspecjalizowane zespoty
naukowo-badawcze w kraju i za granicg oraz opracowania i wdrozenia przemystowe
nowych materiatéw i technologii polimerowych.

Wspotautor tych wspomnien, prof. A. Bledzki, prace w zespole doc. W. Kroé-
likowskiego rozpoczal juz we wrzesniu 1971 r. i pamigta jak w trakcie pierwszego
spotkania, zaskoczony bardzo skromnym wyposazeniem laboratorium, w ktérym
obaj mieli pracowa¢, powiedzial: Jako doktorant (na innej uczelni) mialem z kolega
wlasne laboratorium, a tutaj sprzetu niewiele i wszystko wyglada dos¢ ubogo. Docent
W. Krolikowski odpowiedzial: Panie doktorze i tak dobrze Pan tutaj rozpoczyna, ma
Pan biurko i krzeslo, a ja mialem tylko krzesto!

Profesor dr hab. inz. Anna Boczkowska z Politechniki Warszawskiej poznata prof.
W. Krdlikowskiego osobiscie na poczatku obecnego stulecia na konferencji ,,Szkola
Kompozytow” w Wisle. Pisze: Mialam okazje wieczorem, przy lampce wina, wystuchaé
Jego opowiesci o rozlicznych przygodach, ktére przydarzaty sie Mu podczas licznych
wojazy w gorach, na nartach i w trakcie zZeglugi. Bytam pod ogromnym wrazeniem
tych opowiesci i po spotkaniu zapytalam obecnego tam Jego syna Marcina, czy to,
co opowiadal Tata, na pewno si¢ wydarzylo; na co Marcin odpowiedziat ,,Niestety
tak”. Pomyslalam sobie wowczas, ze Profesor jest niesamowitym czlowiekiem. I tak
juz pozostato do konca. Zawsze mnie zaskakiwal, oczywiscie pozytywnie. Wiele
sie od Niego nauczylam, byl dla mnie niedo$cignionym wzorem, skarbnicg wiedzy
o kompozytach.
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Profesor dr hab. inz. Danuta Zuchowska z Politechniki Wroctawskiej poznata
Go w juz polowie lat szes¢dziesigtych XX w., gdy jako doktorant przyjezdzat do Wro-
clawia na konsultacje. Na terenie Katedry bylo podworko, a na nim pod drzewem
byla taweczka, wokot ktdrej skupialo sie Zycie towarzyskie. — Siadat z nami na tej
taweczce (w przerwach miedzy konsultacjami) i opowiadat o Stoczni. Bylismy zafa-
scynowani Jego opowiadaniami o sposobie formowania kadlubéw lodzi. Opowiadat
ze swada, szybko, skrétowo, moze troche chaotycznie, swoim charakterystycznym
glosem. Gdy kto$ nie nadazal za tymi informacjami, méwit troche poirytowany, ale
z uSmiechem, pot zartem, pot serio: ,,Jak mozna tego nie wiedzie¢!” - powiedziata.
Profesor D. Zuchowska zakoniczyta swoje wspomnienia, méwigc: Pézniej po wielu
latach wspoélnie zakltadalismy Towarzystwo Kompozytowe, ktérego byl pierwszym
przewodniczacym; ja bylam sekretarzem. To zdanie prof. W. Kroélikowskiego: Jak
mozna tego nie wiedzie¢ bylo uzywane przez Niego takze w p6zniejszych latach.
Profesora W. Krolikowskiego ciepto wspomina réwniez dr hab. inz. Wojciech
Blazejewski, profesor z Wydzialu Mechanicznego Politechniki Wroctawskiej. Spotkat
sie z nim po raz pierwszy na poswieconej 70-leciu urodzin Profesora konferencji
»Materialy Polimerowe. Pomerania-Plast” w 1997 r., na ktdrej prezentowal skromny
plakat o technologii nawijania. Ku jego zaskoczeniu Profesor zainteresowat sie ta
tematyka i polecil go dr. Wilczopolskiemu z Politechniki Gdanskiej, ktéry przekazat
mu caly swoj dorobek z zakresu nawijania, w tym nawijarke sterowang numerycznie
za pomocg komputera ZX Spektrum+. Dalej sprawy potoczyly si¢ szybko. Zatrudnit
go prof. W. Kasprzak w Zakladzie Dynamiki na Politechnice Wroctawskiej i tak dzieki
prof. W. Krélikowskiemu zostal naukowcem, cho¢ poczatkowo nie miat takich ambicji!
Bardzo dobrze wspominajg Profesora rowniez Kazimierz Piszczek i Stanistaw
Zajchowski, emerytowani profesorowie Politechniki Bydgoskiej, ktérzy poznali Go
jako miodzi doktoranci, gdy w kilkuosobowym gronie wybrali si¢ do Niego z wizyta
w dniach 25-27 maja 1977 r., w czasie Zjazdu Naukowego PTChem, w ktérym brali
udzial ze swoim szefem doc. dr. hab. Janem Skragg. Uczestniczyli wowczas w zor-
ganizowanym przez prof. W. Krélikowskiego Sympozjum ,,Synteza i przetworstwo
polimerdw”. Pisza, ze byli bardzo mile zaskoczeni tym, ze poswiecil im tyle uwagi
i byt ciekawy ich pracy, mimo dzielacego ich doswiadczenia i dorobku naukowego.
Profesor dr hab. inz. Wojciech Gutowski z Uniwersytetu w Melbourne (Au-
stralia), dawny wspdtpracownik prof. W. Krélikowskiego, po Jego $mierci napisal:
Osoba Profesora przywotuje mndstwo glebokich refleksji dotyczacych naprawde
wspanialego czlowieka. Czlowieka o wyjatkowej kulturze i wiedzy oraz wybitnego
inzyniera i naukowca, ktéry zawsze staral si¢ znalez¢ czas, potrafil cierpliwie stu-
chac, by konstruktywnie i z gtebokim zaangazowaniem poméc, a do tego zapewnic
swobode dzialania i pozwoli¢ na osiggniecie samodzielnosci. Profesor Kroélikowski
dbat o to, bysmy naprawde mogli rozwing¢ skrzydla. Profesorowie W. Gutowski oraz
prof. A. Bledzki opublikowali ostatnio w Polymers (2021, 13, 4386) artykul o masach
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formierskich, poswigcony pamigci prof. W. Krolikowskiego, pod ktérego ,,skrzydtami”
wykonywali te prace w latach osiemdziesigtych XX w.

Profesor dr hab. inz. Jacek A. Soroka, dtugoletni dziekan i cztonek Rady Wy-
dziatu Technologii i Inzynierii Chemicznej Politechniki Szczecinskiej, pisze, ze
prof. W. Krolikowskiemu bardzo zalezalo na rozwoju kompozytéw polimerowych
i zawsze stawal w obronie swoich wspotpracownikéw, ktérym wstrzymywano awans
lub ktdrzy byli zagrozeni rotacja. I dodaje: Podczas swojego pobytu w USA zdobyt
broszure o barwnikach laserujacych. Byl to prezent dla mnie, bo wraz z zespotem
prowadzitem intensywne badania w tym kierunku.

Wychowankowie prof. W. Krolikowskiego wspominaja Go szczegdlnie cieplo.
Doktor inz. Krzysztof Goracy i dr inz. Marek Zwir pamietajg, ze codziennie odwie-
dzat ich w laboratoriach, pytajac o postep w pracach doktorskich. Wspominaja Jego
zamilowanie do plywania, a takze Jego ,legendarny” styl prowadzenia samochodu
izwiagzane z tym mocne przezycia. Profesor dr hab. inz. Artur Bartkowiak wspomina
zas Jego ,wskaznik” wykonany z kompozytu wzmocnionego widknem szklanym, ktore-
go uzywal w trakcie wykladow: Profesor byl bardzo przywiazany do niego i pamietam
Jego niepocieszenie, gdy podczas jednego z wykladéw nie miat go ze soba. Byl tak
niepocieszony, ze kazat swoim wspolpracownikom przynies$¢ go ze swojego pokoju.

J. Janik, A. Bledzki, ]. Polaczek
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Historia Zaktadu Tworzyw Sztucznych i Powtok
Ochronnych (1970-1991) przeksztatconego po 1992
roku w Instytut Polimeréw

Poczatek historii materiatow polimerowych na obecnym Zachodniopomorskim
Uniwersytecie Technologicznym w Szczecinie (bylej Politechnice Szczecinskiej
i wezedniejszej Szkole Inzynierskiej w Szczecinie) jest $cisle zwigzany z nazwiskiem
prof. inz. Tadeusza Rosnera (dziekana Wydzialu Chemicznego SI / PS w latach
1950-1953, 1964-1969; rektora SI / PS w latach 1953-1958).

Magister inz. Tadeusz Rosner, specjalista z dziedziny wiokien sztucznych, byt
wczesniej dyrektorem Biura Projektow Przemystu Widkien Sztucznych w Szcze-
cinie. Od 1 wrze$nia 1949 roku rozpoczal prace na Wydziale Chemii w éwczesnej
Szkole Inzynierskiej w Szczecinie i objat kierownictwo w nowo powolanej Katedrze
Inzynierii Chemicznej, a w nastepnym roku akademickim (1951) utworzyt Katedre
Widkien Sztucznych. Problematyka badawcza obejmowata najpierw zagadnienia
technologii wytwarzania widkien wiskozowych, p6zniej badania polimeréw akry-
lowych i polialkoholu winylu, a od 1965 r. - badania nad technologia wytwarzania
wysokoelastycznych wtokien poliuretanowych.

W 1960 r. przy Katedrze Technologii Organicznej utworzony zostal Zaktad Ma-
terialoznawstwa i Powtok Ochronnych pod kierunkiem dr. inz. Czestawa Pietrzyka.
W pierwszym okresie prowadzono badania nad kinetyka autooksydacji ttuszczow,
a nastepnie nad zastosowaniem krajowych zywic epoksydowych do szybkich napraw
silnikéw i maszyn, zabezpieczen zbiornikéw i konstrukeji betonowych. Opracowano
réwniez lakiery epoksydowe i lakiery na bazie estrow allilowych.

Pionierskie lata

1 wrze$nia 1968 roku na stalym etacie na Politechnice Szczecinskiej podjal prace
doc. dr inz. Wactaw Krolikowski (wczesniej przez 3 lata dojezdzal na zajecia ze Stoczni
Marynarki Wojennej w Gdyni). 1 kwietnia 1969 r. w Katedrze Wtokien Sztucznych
zostal powotany Zespot Tworzyw Sztucznych, w ktérym pod kierunkiem doc. dr. inz.
W. Krélikowskiego rozpoczeli prace mgr inz. Joanna Izbicka — absolwentka Politech-
niki Gdanskiej, mgr inz. Wactaw Benecki - absolwent Politechniki Szczecinskiej,
pracownik na stanowisku technicznym Krystyna Hofman oraz pierwszy dyplomant
Roman Sadecki. Warunki pracy byly bardzo skromne. Mimo tych ograniczen zostala
juz wéwczas nawigzana pierwsza wspoélpraca z przemystem; z Kro$nienskimi Hu-
tami Szkla podpisano umowe, ktdrej celem byto opracowanie metod badan wtdkna

27



szklanego stosowanego do wzmocnienia tworzyw sztucznych. W tym czasie zostala
zatrudniona w sekretariacie Grazyna Czeladzinska.

W 1969 roku po przejsciu prof. T. Rosnera na emeryture kierownictwo Katedry
Wiékien Sztucznych powierzono doc. dr. hab. inz. Czestawowi Pietrzykowi, a po jego
$mierci w 1970 roku - doc. dr. inz. Henrykowi Wéjcikiewiczowi.

Zaktad Tworzyw Sztucznych i Powtok Ochronnych

Od 1 wrzesnia 1970 r. zostala wprowadzona nowa struktura organizacyjna Uczelni.
Zmienila si¢ nazwa Wydzialu Chemicznego na Wydzial Technologii Chemiczne;j.
Ponadto w miejsce dotychczasowych 8 katedr powolano do zycia trzy instytuty:
Instytut Chemii Podstawowej, Instytut Technologii Chemicznej i Instytut Inzynie-
rii Chemicznej i Chemii Fizycznej. Instytut Technologii Chemicznej, kierowany
przez prof. dr. inz. Jozefa Kepinskiego i zastepcow doc. dr hab. Urszule Glabisz oraz
doc. dr. inz. Wactawa Kroélikowskiego, obejmowat:

— Zaktad Technologii Nieorganicznej — kierownik doc. dr hab. U. Glabisz;

- Zakfad Technologii Organicznej - kierownik prof. dr inz. Antoni Zielinski;

- Zaklad Wtékien Sztucznych - kierownik doc. dr inz. Henryk Wojcikiewicz;

- Zaktad Tworzyw Sztucznych i Powlok Ochronnych - kierownik doc. dr inz.
Wactaw Krolikowski.

Do nowo powotanego Zaktadu Tworzyw Sztucznych i Powtok Ochronnych zostat
wlaczony Zespot Tworzyw Sztucznych istniejacy w Katedrze Widkien Sztucznych oraz
pracownicy bytego Zaktadu Materialoznawstwa i Powtok Ochronnych: mgr inz. Alicja
Kwasek (z PS zwigzana 0d 1.09.1960 r.), mgr inz. Irena Prusinska, mgr inz. Mirostaw
Pawlak (z PS zwigzany od 2.11.1968 r.) oraz laborant Stawomir Kowalczyk. W tym
okresie Zaklad TSiPO przejal czes¢ pomieszczen, ktore naleza obecnie do Katedry
Technologii Chemicznej Organicznej i Materialéw Polimerowych WTiICh. Jedno-
cze$nie na przefomie lipca i wrzesnia 1970 roku zatrudnieni zostali nowi pracownicy:
mgr inz. Wiestawa (Buszynska) Nowaczek (1.08.1970 r.) — absolwentka Politechniki
Szczecinskiej, technik Wiadystaw Mieczkowski (9.09.1970 r.) i laborant Henryk Papis.

Zespot Zakladu zostal istotnie wzmocniony réwniez przez zatrudnienie dwoch
doktoréw: od 1 wrzesnia 1971 dr. inz. Andrzeja Bledzkiego — absolwenta Politech-
niki Lodzkiej i Technische Hochschule Merseburg / Uniwersytet Halle (NRD), a od
1 wrze$nia 1974 r. — dr inz. Ewy Fabrycy — absolwentki Politechniki Slaskie;j.

W roku 1972, po zakonczeniu budowy nowego budynku tzw. nowej chemii,
Zaklad przejal pomieszczenia technologiczne znajdujace si¢ w przyziemiu ,,starej
chemii’, jednoczesnie zatrudniajac na stanowisku technika chemika Elzbiete (Galgz-
ke) Matkiewicz (10.05.1973 r.), technika mechanika Bogdana Piusa (z PS zwigzanego
od 3.02.1969 r.) oraz technika elektryka Stanistawa Seweryna (z PS zwigzanego od
15.08.1967 r.). Od roku 1974 grupa pracownikéw naukowo-dydaktycznych zostala
zwiekszona o absolwentéw Zakladu: mgr. inz. Tadeusza Spychaja, mgr inz. Sta-
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nistawe (Starczewska) Spychaj oraz, pézniej, o dr. inz. Leopolda K. Kostanskiego
(0d 1.08.1985 r.), od roku 1987 - o absolwentéw kierunku inzynieria materialowa
Wydzialu Mechanicznego PS: mgr. inz. Krzysztofa Gorgcego i mgr. inz. Marka
Zwira. Do pracy na stanowiskach technicznych i administracyjnych przyjeci zo-
stali: samodzielny referent Kazimiera Nakonieczna (z PS zwigzana od 1.10.1967 r.),
starszy technik Anna Galazka (0d 10.09.1981 1.), starszy technik Andrzej Olejniczak
(0d 1.08.1981 r.), laborantka Beata Dudkiewicz (od 1.06.1983 r.), technik Elzbieta
Kotdunska (od 15.04.1985 r.). W Zakladzie na stanowiskach technicznych w latach
80. i poczatku lat 90. ub.w. zatrudnieni byli takze: Czeslaw Zaliwski, Bogustawa
Szczombrowska, Ewa Szlezynger, Stanistaw Ostojski, Marek Kazmierczak, Zbigniew
Widajewicz, Krystyna Borzym i Elzbieta Pytlowska, na stanowisku administracyj-
nym - Ewa Piasecka.

Instytut Polimeréw

W wyniku kolejnych zmian organizacyjnych na Wydziale Technologii Chemicznej,
ktéry w roku 1979 zmienil nazwe na Wydzial Technologii i Inzynierii Chemicz-
nej, z dniem 1 stycznia 1992 roku Instytut Technologii Chemicznej przeksztalcit si¢
w jednostki:

- Instytut Polimeréw - stanowisko dyrektora objal prof. Wactaw Krélikowski (do
emerytury w 1997 r.); po nim funkcje te sprawowal prof. dr hab. inz. Tadeusz Spychaj;

— Instytut Technologii Nieorganicznej - stanowisko dyrektora objat prof. dr hab.
inz. Kazimierz Kaltucki;

- Katedre Technologii Organicznej — stanowisko kierownika objat prof. dr hab.
inz. Jerzy Myszkowski.

Problematyka badawcza Zakladu Tworzyw Sztucznych i Powlok Ochronnych byta
w pierwszym piecioleciu $cisle zwigzana z réznymi aspektami zastosowan widkien
szklanych, takimi jak: preparacje wtdkna szklanego, powlekanie tkanin i nici szklanych
PCW, folia PE wzmocniona wiéknem szklanym, laminaty i tloczywa poliestrowe.
W nastepnych latach profil badan zostal rozszerzony o rézne aspekty polimeryzacji,
zwlaszcza monomeréw allilowych, charakteryzacje polimeréw, szczegdlnie przy uzyciu
chromatografii zelowej, rozne aspekty kompozytéw epoksydowych oraz nowe sposoby
inicjowania polimeryzacji. Ciagle pozostawaly aktualne rézne zagadnienia dotyczace
polimerowych materiatéw konstrukcyjnych, w tym kompozytéw poliestrowych - od
odlewo6w, poprzez laminaty i ttoczywa poliestrowe (ok. 30% zywicy), do skrajnego przy-
padku, jaki stanowig masy formierskie (ok. 2% spoiw poliestrowych); rozwijane byty
takze nowe prace badawcze zwigzane z powierzchniowym przygotowaniem proadhezyj-
nym wldkien wzmacniajgcych i mineralnych napelniaczy proszkowych, z technologia
otrzymywania polimer6w i zywic wodorozcienczalnych oraz recyklingiem polimeréw
i tworzyw sztucznych.
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23 stycznia 1987 roku pracownicy Zakladu zorganizowali jednodniows sesje
naukows, pt. ,Kompozyty polimerowe’, z okazji 60. rocznicy urodzin prof. Waclawa
Krolikowskiego, podczas ktorej przedstawiono osiggniecia naukowo-badawcze i tech-
nologiczne pracownikéw. W wydanym opracowaniu przedstawiono osiggniecia Zakta-
du: problematyke badawczg, wydane skrypty i monografie, wazniejsze nagrody, osrodki
zagraniczne, z ktérymi nawigzano wspodlprace i wymiane pracownikéw, przewody
doktorskie, wykaz absolwentéw studiéw magisterskich i inzynierskich oraz aparaty,
urzadzenia badawcze i technologiczne; zaprezentowano tez streszczenia aktualnie
prowadzonych prac badawczych. W czasie spotkania, oprocz wystgpien przedstawicieli
nauki i przemystu, odbyla si¢ sesja plakatowa. Z inicjatywy prof. W. Krdlikowskiego
w 1989 roku zostal zapoczatkowany cykl konferencji ogélnokrajowych Konstrukcyjne
Kompozyty Polimerowe (kolejne konferencje odbyty si¢ w 1994 i 1997 roku). Kon-
tynuacja tych konferencji (rozszerzonych tematycznie) sg od 2001 roku odbywajaca
sie co 3 lata konferencje ogélnokrajowe, zainicjowane przez prof. Tadeusza Spychaja:
Materiaty Polimerowe Pomerania-Plast (ostatnia konferencja odbyla si¢ w 2019 roku,
kolejna z powodu pandemii COVID-19 zaplanowano na 2023 rok).

J. Janik, S. Spychaj, T. Spychaj, A. Bledzki
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Polymer composites in Technical
University of Szczecin / West Pomeranian
University of Technology 1968-2021






Wactaw Kroélikowski

1. Polymer composites in Technical University of
Szczecin*

An informal group consisting of the employees of Gdynia Oksywie Shipyard and
Department of Ship Manufacturing Technology of Gdansk University of Techno-
logy was set up in 1957, following the inspiration of Prof. Jerzy Doerfer (Gdansk
University of Technology), to produce vessels and floating structures from pla-
stics. Wactaw Krolikowski became part of the team. Unsaturated polyester resins
and glass fibers (for reinforcement) were selected to this end. Reinforced plastics
had not been used in Poland before. Oksywie Shipyard decided to build boats for
inland waterways fleet, rescue boats for merchant fleet, different kinds of motor-
boats, assault boats for the army and later trawlers (approximately 40 m in length)
for the Navy. All those vessels were manufactured with materials imported from
Western Europe as the domestic industry was at that time unable to produce them
at home. At the same time, research was conducted on the properties of the new
materials, damage micromechanics and production technology. In 1968, Wactaw
Krolikowski was given professorship at Szczecin University of Technology, where
he founded Institute of Plastics (later changed into Polymer Institute). Scientific
and technological research was started in the Institute on the new materials that
are currently referred to as polymer composites.

First, research efforts focused on composites made up of unsaturated polyester
resins and glass fibers (for reinforcement) and then also on epoxy resins and carbon
fibers. The Institute started cooperation with the glassware company from Krosno,
Poland (Krosno Glass SA) which produced glass roving for polymer reinforcement.
That cooperation brought about the first science papers [1-3].

In the production of composites it is essential to properly combine a polymer
with reinforcing fibers, i.e. good adhesion between constituent elements is cru-
cial. For good adhesion, fiber wetting with a liquid polymer is necessary (Table L1,
Figs. 1.1-1.3). Many dissertations discussed the problem, including PhD dissertations
and science papers [4-7].

* This chapter was written by Professor Krolikowski in the summer of 2021.
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Table 1.1. Properties of fiberglass-reinforced polyester laminates with different surface
finish (the same fiber sizing formulations and surface texture) [2]

Wettability
angle of  Tensile Bending Young’s Capillary Avalanche Dielectric

Surface finish type resin wetted strength strength modulus content resistance constant
(agent content) fibers  [MN/m?] [MN/m?] [GN/m?] [%vol] [kViem]  [€]
O[]

1. Finish: chlorome:
ihrf’m‘l‘m tﬁcrlflafe s248 377 148

y-metakryloksy 229 m214 220 6.0 1.71 23.8 3.82
propylotri- r13.7 415 595
metoksysilane
0.199%
2. Polymer
preparation: $363 309 223
winylotri-B- 24.1+£1.5 m250 215 7.2 2.11 24.4 3.89
-metoksyetoksysilane r31.1 30.6 67.3
0.601%
ili;‘;ft}rllﬁ s291 216 217

. 24.6+£1.5 m?201 141 6.6 253 18.0-22.5 3.62

-metoksyetoksysilane £29.9 347 69.7
0.190% ) ) )
4. Thermal treatment s 303 194 26.9
—no surface 28.8+1.2 m 180 41 7.7 3.01 6.3 2.97
substances — 0.0% r40.6 78.7 71.4
5. Cloth surface s 372 273 19.5
without bonding 30.1£1.2  m222 67 5.3 3.28 10 3.62
agents 1.52% r40.3 75.6 72.8

s — dry, m — wet after 500 days under water, r — difference (decrease) in %

Fig. 1.1. Saturation of glass rovings with different surface finish and different wettability angle ® with
polyester resin (measurement of light transparency changes in a sample). KHS - domestic
rovings from Krosno Glass SA (currently: Krosglas) [8, 9]
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Fig. 1.2. Systems used for measurement of adhesion with electric methods: a — according to Anderson-
-Healy; b — our own original system used for resistance measurement

Fig. 1.3. Physical and mechanical properties of polyester glass laminates relative to fiber wettability
angle: a) multilayer shear strength and wedge splitting; b) adhesion measured with electrolytic
method, water absorption, light transparency and water penetration time [4, 7, 9]

The research on glass fiber wetting resulted in the development of an original
method of electrometric measurement, based on changes in light intensity while it
passed a resin wetted sample (Fig. 1.1). Adhesion was assessed with electric and me-
chanical measurements using NOL ring test, samples split with a wedge, stretching
notched samples, bending and stretching samples with perpendicular arrangement of
fibers. A significant correlation between composite samples and fiber wetting degree
was demonstrated. Another line of research investigated how resin curing conditions
affected the hardened final product [10, 11].

Another field of research was experimentation on bulk and dough moulding
compounds (DMC, BMC) with applications in mechanical and electrotechnical
industries. Several doctoral dissertation were produced as a result. Additionally,
a range of compounds were developed, which were later produced by Krosno Glass
SA under the commercial brand name of Estrodur (approximately 140 t annually).
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The compounds were used in the electric machinery industry. The range of compo-
unds included materials with low flammability, high chemical, thermal resistance and
low profile. Some compounds were characterized by electric anti-static and magnetic
screening properties. Compounds with particularly high mechanical strength were
used in injection applications. The Institute also started research and production of
sheet molding compounds (SMC). A small scale device was developed to produce
small amounts of SMCs (under 100 kg) (Fig. 1.4, Table 1.2). Several doctoral disser-
tations and science papers were produced on different kinds of compounds [12-16].

Research was also conducted on the development of allyl resins for the production
of compounds with high thermal and corrosive strength. Two doctoral dissertations
and some papers were produced on the topic [17-20].

Fig. 1.4. A scheme of a Y%-technical equipment constructed at Plastics Department, Technical
University, Szczecin, to make SMC: 1 - unreeled glass roving mat; 2 — doctor blades with an
impregnating paste; 3 — film bobbins; 4 - SMC package wound onto a take-up roll

Table 1.2. Properties of sheet moulding compounds (SMC) manufactured in Polymer Institute at

Szczecin University of Technology compared to SMC produced in Germany

Property Szczecin University of ~ Menzolit Plastopreg HUP
Technology experimental RPP 30 N 13/30R
SMC

Tensile strength [MPa] 60-100 80 -

Bending strength [MPa] 160-200 180 180
Impact resistance [k]/m?] 50-90 90 85

Martens heat deflection temperature [°C] 150-250 250 200
Avalanche resistance [kV/cm] - 180-200 200
Volume resistivity [Q-cm] 10%° 10 10
Cure shrinkage [%] 01-0.6 0.15 0.05
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Impact modifications of polyester composites were examined through the in-
troduction of elastomer phase (Figs. 1.5 and 1.6). One doctoral dissertation and
science papers resulted from that line of research [21, 22].

Fig. 1.5. Transmitted-light photographs of the back side of specimens of the composite with basic resin
after balistic impact: a) after 16 J impact, b) after 7 ] impact

Fig. 1.6. Damage area after consecutive impacts (16 J of Energy) in repeated-impact test (numbers in
parentheses indicate consecutive specimens of the same materials). ETBNIUTBN - two types
of liquid rubber

Efforts were made to find new curatives (zinc-based acrylate) for the production
of dry polyester compounds used in injection processing [23, 24]. Those investigations
resulted in published note on the subject [25].

Epoxy resin technology was used for airtight sealing of integrated circuits pro-
duced by CEMI in Warsaw, Poland, in the amount of over 10 t annually. That work
also resulted in several papers and conference reports [26-28].
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Fundamental research was conducted on copolymerization of unsaturated poly-
ester resins with binary silicon-hydrogen compounds, which are used in proadhesive
treatment of glass fiber surface. This line of work resulted in the following publications
[29, 30]. Research on the application of carbon fibers brought about one paper [31].

The investigations during the 1990s focused on thermoplastic composites, their
properties and injection processing. An injection molding crosshead for glass roving
impregnation with thermoplastics was developed. Thermoplastic nanocomposite
production using nano-phyllosilicates was investigated [32]. The following books
were written on polymer composites [33-37].

Three Polish conferences on polymer composites including foreign speakers
were organized in 1989, 1994 and 1997. The conference proceedings were published
as preprints. The Institute scholars frequently delivered reports and moderated panel
discussions at international conferences on composites, including:

- AVK Tagung Verstirkte Kunststoffe (Germany),

— Verstirkte Plaste (Eastern Germany),

- Vystuzene Plaste (Czechoslovakia),

— British Plastics Federation Reinforced Plastics DIV (the UK).

Professor Wactaw Krolikowski was a member of Materials Science Committee in
the Polish Academy of Sciences for three terms in office (10 years). He is the honorary
member of Polish Society of Composite Materials.



Marek Zwir, Dobrostawa Starikowska-Walczak, Andrzej Btedzki

2. Polyester and epoxy moulding compounds for
electrotechnical and electronic applications to obtain
and improve the properties of polyester and epoxy
molding compositions with defined mechanical and
electrical properties, intended for production

2.1. Introduction

In the late 1970s and 1980s, the Institute of Plastics and Coatings in the Faculty of
Chemical Technology and Engineering at Szczecin University of Technology carried
out research to obtai n and improve the properties of polyester and epoxy molding
composites with defined mechanical and electric properties. The materials were
intended for making components of electrical appliances (lamp housings, modular
distribution panels, etc.) and for encapsulation of electronics, including semicon-
ductor integrated circuits produced in Poland. The main research trends included:

1. Development of synthetic epoxy-based materials with electroisolating prop-
erties.

2. Development of duroplastic compounds and other composite materials with
increased electrical conductance using various reactive types of polymer
matrix and a wide range of fillers and modified reinforcing fibers.

3. Development of duroplastic electroisolating and semiconducting antielec-
trostatic compounds with polyester matrix for applications in environments
with high risk of explosion, e.g. in methane mines.

2.2. Epoxy electroisolating compounds

Because electrotechnical and electronic devices have complicated structure and their
production and use can be a complex and specific process, thermoset materials used
for their manufacturing must be characterized by special properties. These include
excellent dielectric properties, good mechanical properties, possibly good thermal
conductivity and resistance to long term increased temperature and other adverse
factors in the environment where they are used, e.g. influence of humidity. The
same importance are processing (technological) properties which include: high flow
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factor for processing at low pressures, quick setting, low temperature of hardening,
ability to be processed immediately after production, ability for long term storage
in standard conditions without losing its essential properties.

Research conducted at the Institute of Plastics and Coatings showed how com-
pounds were affected by their fillers and other additives, such as antiadhesives,
lubricating materials and hardeners. The aim was to obtain favorable features such
as volume and dielectric resistivity, dielectric lossiness, thermal strength and resi-
stance to humidity. The conducted research would often produce results of practical
importance, e.g. patents [38—42].

Plastic pressability of duroplastic materials makes it possible to form precise
thin-walled details under relatively low pressures. Such conditions result in reduced
shear stress acting on encapsulated components, e.g. on semiconductor structures
mounted on metal support or small electromechanical elements. It is therefore de-
sirable to achieve relatively high level of flow ability, the same in the value for every
material charge and stable over time. These properties depend on the type amount
of fillers and flow agents. The hardener or hardeners used in the process, reactivity of
polymer matrix and the possible use of stabilizers are mostly responsible for stability
of the compound over time.

Another interesting achievement was the development of new flow agents [38],
such as polypropylene waxes (atactic polypropylene) and polyolefin copolymers. Such
additives can be used instead of natural waxes or salts of stearic acid. They improve
melt processing, stability of the material over time in successive production processes
including influence of the storage as well as microstructural homogeneity. They can
also eliminate the tendency to delamination. Table 2.1 shows examples of pressability
for some materials containing polyolefin lubricants compared to materials without
such additives. Pressability was examined with EMMI method (in spiral-shaped test
mould in accordance to ASTM D3123-09, ,,Standard Test Method for Spiral Flow of
Low-Pressure Thermosetting Molding Compounds”) expressed in inches of the flow
path length in the standard measurement form.

Table 2.1. Pressability of different polyester materials

Weight fraction =~ EMMI flow path length

Type of lubricant of lubricant [%] expressed in inches
None 0 on average 4.75
Atactic and isotactic polypropylene in 1:19 ratio 5 21
Isotactic polypropylene 8.33 29
Ethylene-propylene copolymer containing 27% of 4.98 25
ethylene comonomer and isotactic polypropylene

in 1:4 ratio
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Another desirable property in electrotechnical-electronic applications is the
ability to quickly cross-link in relatively low temperatures, while long shelf life is
preserved. Typical hardeners with active hydrogen atoms, such as amines and acid
anhydrides, have at least one of the following adverse effects: high curing tempera-
ture, long curing time, short shelf life and long maturation of the compound once
its constituent elements have been mixed.

As part of research on electrotechnical epoxy compounds, some studies were aimed
at developing hardening systems with more favorable properties. Two main trends
dominated in the research: the application of adducts of selected amines with epoxy
compounds, which resulted in practical effects, i.e. Polish patents [40] and [42], and
the application of derivatives of imidazoles used as hardeners, which was practically
used in the patented solutions [39] and [41]. Later, the Institute of Polymers carried out
research on curing resins and epoxy compositions using PET amino-glycolysis products
[43-45], bismetacryl compounds, synthesis of macromolecular structures such as IPN
networks [46-49] and bismaleimides [50] with the view of achieving higher thermal
and environmental resistance of hardened epoxy systems. Those research studies went
beyond the standard applications of epoxy compounds and were extended to heat-re-
sistant glues (also for electronic uses), coating and casting materials. That research was
largely conducted as part of international cooperation with scientific and commercial
bodies (Humboldt University of Berlin, Polymerics GmbH in Berlin).

2.3. Conducting and antielectrostatic polyester compounds

The main motivation of the research on duroplastic materials with modified volume
and surface conductance was to examine fundamental conductance phenomena
occurring in polymer composites containing conducting fillers and to determine the
effect of such additives on processing and strength properties of the composites. The
results were to be used in the engineering of new materials for Polish electrotechnical
industry. One of the possible, prospective applications was production of electrical
appliances capable of operation in environment with high risk of explosion (e.g. Re-
search and Developmental Program for Industrial Sectors). Research and application
work was conducted in cooperation with other research centers, including Institute
of High Voltage (a part of Faculty of Electrical Engineering at Szczecin University of
Technology), Experimental Mine “Barbara” (a part of Main Institute of Mining in
Katowice). The collaborators evaluated the electric properties of prototype compo-
unds (esp. volume and surface conductivity) and some selected functional features.

The housings of electrical appliances operating in the environments at high risk
of explosion must comply with stringent regulations that define their mechanical
strength so that if explosion does occur inside the housing it is not spread outside it to
the external environment [51]. Additionally, explosion in the external environment can
be triggered by different factors, including a discharge of electrical charge with high
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static electricity potential gathered on the surface of the housing. This kind of risk can
be eliminated by increasing surface and volume conductivity of the housing material
and by proper earthing. The period of half-life of electric charge on the surface of an
appliance depending on the efficiency with which it is taken to the earth through the
housing and earthing or the surface resistivity of the housing material can be understood
to be the measures of antielectrostatic properties of structural materials. The antielec-
trostatic properties are classified as the functions of these parameters in Table 2.2 [51].

Table 2.2. Classification of antielectrostatic properties of structural compounds [51]

Half—zilllq;:gc;f[zl]ectric Surface[ g:]sistivity Antielectrostatic level
0 108 complete
0.5 10% very good
0.5-2 10% good
2-10 10 moderate
10-100 10% poor
>100 10'¢ none

Structural plastics, including polyester compounds, unless otherwise modified,
are characterized by good surface resistivity and poor antistatic properties, if any,
properties. The modification of antistatic properties of polyester compounds is po-
ssible by replacing standard mineral fillers with powderized conducting additives:
conductive carbon black, naturally occurring graphite flakes or powder, aluminum
flakes [51, 52] or brass powder [51].

Fig. 2.1. Dependence of volume resistivity of polyester compounds on weight fraction of different
conductive fillers: 160 ym and 63 pm aluminum flakes, graphite powder, natural graphite
(flakes) and carbon black [52]

78



Figure 2.1 shows that once these additives exceed a certain threshold in the total
volume of the material they can significantly reduce volume and surface resistivity
[52]. The critical threshold value depends on the type of additive that modifies elec-
trical conductivity, its shape and size, and on the condition of the surface particles
of the additive [51-53].

The mechanical and processing properties of compounds [51, 52] are also impor-
tant for the practical applications of materials modified with conductive additives. As
the volume fraction of conductive fillers increases, the mechanical properties usually
worsen. This applies to tensile and bending strength as well as to impact resistance.
The addition of graphite flakes improves plastic pressability while that of aluminum
flakes or bronze powder adversely affects hardening and shelf life of compounds [51].
Therefore, it is necessary to conduct application and optimization research to achieve the
best antistatic properties while maintaining required strength and favorable processing
features. That kind of research was done by the team of the Institute of Plastics and
Coatings. The main research (application) trends focused on using known production
techniques, sigma blade mixers, to produce compounds with modified volume and/
or surface conductivity, using Polish made and not imported (then unavailable) mi-
neral fillers, such as glass fibers (Krosno Glass SA) and “Polimal” polyester resin (type
P142 manufactured by Organika Sarzyna chemical plant). SAKAP-6 and SAKAP-625
types of carbon black produced in Poland and Polish made aluminum microflakes
with granulometric specification similar to that used in the production of autoclaved
aerated concrete were examined as modifiers of volume and surface resistivity of pro-
totype compounds. The recipes of mechanically resistant compounds were developed.
Their surface resistivity guaranteed that static electrical charges could be earthed but
their application was limited to few products only. As volume resistivity classified the
materials beyond the class of isolators and as conductivity was too low to effectively
trigger overcurrent circuit breakers, it was impossible to use the developed materials
for equipment powered by high voltage, with potential risk of electric shock caused by
accidental short circuit between the appliance and the housing.

To find a solution to this difficulty, a complementary line of prototype antielectro-
static polyester compounds was developed. They were characterized with unchanged
volume resistivity, reduced surface resistivity and good mechanical properties, typical
for polyester compounds used for general applications. To this end, amphiphilic or-
ganic and hygroscopic substances, including derivatives of amines, compatible with
the resin were used. Such substances are capable of diffusive migration to the surface,
where they combine with air humidity and forma layer which can effectively transport
electrical static charge. Another problem that was discussed was that antistatic ability
can cease to exist in extremely dry atmosphere. Additionally, the “supply” of antistatic
material in the volume of structural material can run out. However, these problems
were not successfully examined due to lack of funds when Poland was undergoing
political change in the 1990s.
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2.4. Polymer composites shielding electromagnetic radiation

Electromagnetic pollution increases as more and more electric and electromagnetic
equipment with plastic housing is used. This increase results in higher electroma-
gnetic interference which leads to problems in smooth operation of such equip-
ment. The range of equipment includes simple household appliances such as TV
sets and advanced diagnostic instruments like magnetic resonance or computer
tomography. Another obvious fact is the increase of electromagnetic radiation
caused by cell phones.

Electromagnetic radiation has direct effect on human organism. The length of
electromagnetic wave is inversely proportional to the frequency and energy of photons.
The longer the wave, the lower the energy. The minimum energy necessary to ionize
elements in the human body is 12-15 eV. Therefore, radiation in the visible spectrum,
infrared, microwave and radio waves do not have the ionizing character. However,
the danger posed by micro- and radio waves depends on frequency, exposure time,
distance from radiation source and its power. The highest absorption occurs when
the object and wave length have the same dimensions.

In the early 1980s, the Institute of Plastics and Coatings conducted research on
the below described compounds with improved electrical properties, used as materials
shielding electromagnetic radiation. Shielding polymer materials are produced by the
addition of the same fillers to the polymer matrix as those used to reduce volume and
surface resistivity. When one wants to make an electromagnetic shield, one should
consider all components of this type of radiation and all variables of magnetic, elec-
tric and electromagnetic fields. When the electromagnetic wave comes into contact
with shielding materials (also known as shields), the wave partly bounces back and
partly is absorbed. The shield induces eddy currents which weakens the effect of
electromagnetic radiation (EMR).

The efficiency of shielding of a given material is measured as the difference of
the field’s intensity before and after shielding and it is expressed in decibels. The
reduction of EMR by 10 dB means a ten-fold efficiency of shielding, i.e. reduction
of energy down to 10% (Table 2.3). It was thought [54, 55] that the field’s reduction
by 30-40 dB meets 95% requirements of shielding materials used in the automotive
and computer industries. It should also be remembered that shielding efficiency
also depends on the frequency of EMR. Shielding effectiveness is usually given up
to 1,000 MHz.

The effectiveness of shielding can be measured with several methods depending
on the size and geometry of the examined material. The most popular methods include
the Faraday cage and coaxial cable [55, 58]. The shielding increases as the proportion
of the conducting filler increases.

The Institute of Plastics and Coatings conducted research on a prototype setup
using coaxial line. A simplified scheme of the setup is presented in Fig. 2.2.
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Table 2.3. Assessment of shielding effectiveness [56, 57]

Shielding effectiveness Damping Shielding characteristics
[dB] [%]
10 90 very low
20 99 low to medium
30 99.9
40 99.99 medium to good
50 99.999
60 99.9999 very good
70 99.99999
80 99.999999
90 99.9999999
over 90 over extremely good, for special
99.9999999 applications

Fig. 2.2. Simplified scheme of cage used for measurement of EMR damping: 1 - the interior of cage;
2 - external walls; 3 - internal cable; 4 - BNC-50 sockets; 5 — examined sample [59]

The advantage of the applied method is the fact that during measurement all
side effects are reduced to zero because their effect on measurement interference is
similar during damping measurement “with the sample” and “without the sample”.

As composites with increased electrical properties can meet the criteria of an
EMR shielding material, polymer composites with vertical resistivity in the range
of 10*-10° Qcm were used in the research. The following fillers were used: graphite
flour, flakes, carbon black and aluminum flakes. Shielding effectiveness was determi-
ned in the EMR frequency range of 30-300 MHz and 30-1200 MHz. The best result
was obtained for the composite with 42 weight % of graphite flour whose shielding
effectiveness was 25-40 dB for vertical resistivity of 2.5-10* Qcm. The composite with
38 weight % of graphite flakes had effectiveness of 30—41 dB for vertical resistivity of
1.4-10* Qcm. It was determined that the composites with 29 weight % of aluminum
flakes and 10 weight % of carbon black had poor shielding properties.
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2.5. Polyester compounds with improved tribological properties

In the early 1980s, the Institute of Plastics and Coatings conducted research on
polyester compounds with improved tribological properties. That research was mo-
tivated by the needs of Polish economy and although it produced materials useful
for technological applications it also expanded scientific knowledge in that area. The
main aim of that research was to develop recipes of polyester compounds with low
friction, low abrasive wear (also at high speeds of working elements), good thermal
conductivity, good thermal stability and good strength parameters, which was im-
portant in the context of using them for structural purposes.

At that time the following thermoplastic materials: PTFE, POM, PA and du-
roplasts (mainly based on phenol formaldehyde resins) were used in friction pairs.
Some knowledge was also available on the modification of thermo- and duroplasts
to improve their friction coeflicients and other abrasive properties using graphite,
molybdenum disulfide, powderized PTFE, bearing bronze and talc.

The problems of friction and abrasion are usually complex, particularly in the
case of multi-phase materials. There are many different phenomena concerning initial
abrasion, as a result of which a material is formed between the friction pair which
has the character of a lubricant that reduces friction. This is the case in composites
with additions such as graphite or molybdenum disulfide with a characteristic crystal
structure that enables easy decohesion along some planes of the crystalline lattice.
Composites modified with PTFE powder move to the counter surface a little amount
of the modifier at the beginning of abrasion. This small amount of the modifier on
the courter surface changes its physicochemical and geometric properties as a result
of which friction coeflicient is reduced.

The presence of reinforcing fibers in the material structure also affects its tribo-
logical properties, not only through the properties (type) and volume fraction of the
fibers themselves, but also through the morphological properties of the composite
in the context of movement vectors of planes working with each other. For example,
reinforcing fibers placed perpendicularly to the friction surface are more favorable in
terms of abrasion than their parallel arrangement (both perpendicular and parallel
to movement vector) [60].

The problem of friction cannot be separated from energy dissipation in the form
of heat, and consequently temperature increase on friction surface. Therefore, the
polymer matrix of composite material needs to be thermostable. Apart from high-
-performance polymers, such as polyamides, engineering duroplasts are important
in the above applications. They obtain their required thermostability owing to their
cross-linking molecular structure. The Institute of Plastics and Coatings used PO-
LIMAL 142 polyester resin with higher thermal and chemical strength reinforced
with glass and carbon fibers and classic fillers and technological additives in research
conducted on polyester compounds with improved tribological properties. In order
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to improve tribological properties, some parts of standard mineral fillers were re-
placed with friction modifiers, such as graphite and PTFE powder. The Institute also
examined the effect the form (natural graphite flakes, synthetic graphite, graphite
flour) and granulometric composition of applied graphite had on the mechanical

and tribological properties of obtained materials [60, 61].

It was particularly found that some mechanical properties of compounds with
significant weight fraction of graphite (Fig. 2.3) and PTFE powder actually worsened
and therefore the optimization of their weight fractions was necessary.

Fig. 2.3. Dependence of selected mechanical properties of compounds with graphite filler on its weight

fraction [61]

Table 2.4. Selected mechanical properties [60]

Property Estrodur GO 4 Estrodur GN 8
Tensile strength [MPa] 17 35
Bending strength [MPa] 50 75
Impact resistance [k]/cm?] 17 20
Young’s modulus (at bending) [GPa] 10 20
Barcol hardness 35 0
Density [g/cm?] 1.73 1.81
Martens temperature - 165
Coeflicient of thermal expansion [°C™] 10-12-10-° 8-10-10"°
Coeflicient of friction (0.53 m/s; 70°C)
at the force of 2 N/mm? 0.010 0.011
at the force of 4 N/mm? 0.021 0.016
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Those research efforts resulted in the development of materials with good me-
chanical and tribological properties. The materials were used for rotor blades of
vacuum pumps that operated without additional lubrication up to 1400 rev/min in
the temperature range of —25-100°C and elements of gas mixers operating continu-
ously at 100°C. “Estrodur GO 4” and ,,Estrodur GN 8” materials are characterized
with a very low friction coefficient and good strength parameters (Table 2.4) [60].



Tomasz Chady, Krzysztof Goracy

3. Non-destructive testing methods

In the early 2000s, research was launched on preventing, detecting, and investigating
defects in duroplastic composites [62]. The natural turn of things began cooperation with
the Electrical Department on NDT, especially applying the modern THz method [62-72].

Non-destructive testing methods (NDT) of polymer composites range from tap-
ing to X-ray inspection through ultrasound and structural health monitoring (SHM).
Moreover, there is still an open research field.

An application of terahertz frequencies electromagnetic waves (often called T-rays)
and time-domain pulsed measurements created an opportunity to fulfil all requirements
of NDT method for polymer composites [68]. Above that THz method achieves sig-
nals allowing to identify various defect types very precisely. It is because of sensitivity
to refractive index variations [62] and very short pulse duration (a few picoseconds).

Our team was one of the first European teams who tried to use THz methods to
test polymer composites practically on real composite parts.

Some examples of these experiments are provided in [62] - algorithms for signal
processing of THz B- and C-scans. Enhanced THz images enabled us better defect
identification and classification. Proposed algorithms were verified using C-scans
achieved for various types of defects (e.g. inclusions or delaminations).

Composite materials for those experiments were hand lay up made. Glass reinforcing
fibers and polyester resin were used. Glass microspheres and mica plates were placed on
different depths to simulate technological defects. These experiments have shown that
THz method is appropriate to identify the defects and their parameters like depth or size.

The results obtained from THz were also compared to the capabilities of other
NDT methods, for example, a radiographic inspection and active infrared thermog-
raphy (Figs. 3.1 and 3.2) [68].

Fig. 3.1. Reference test sample made of polyester resin and 6 layers of glass mate resistance, an
additional resistance wire was inserted for infrared testing. As reference damage, holes with
different diameters were drilled [68]

85



Fig. 3.2. Results of multisource evaluation of the reference composite sample shown in Fig. 3.1:
a) radiogram obtained using the computer radiography system; b) C-scan achieved from the
active infrared thermography system; c) C-scan obtained using the THz system [68]

A set of measurements was carried out for samples with real defects caused by
production faults or impact. Figure 3.3 shows the evaluation results of a large diameter
tube reinforced with glass fibers. The signals were processed with dedicated digital
filters and combined to get a quasi 3D representation.

Figure 3.4 shows THz C-scan after registration and enhancement obtained for
a glass fiber reinforced plate exposed to low energy mechanical impact. One can
observe that the changes in the material’s structure can be easily detected.

Fig. 3.3. Results of the THz evaluation of large diameter tube reinforced with glass fibers. The signals
(C-scans) were processed with dedicated digital filters and combined to get quasi 3D
representation

Fig. 3.4. The selected THz C-scan of glass fiber reinforced plate structure which was exposed to low
energy mechanical impact
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Also, other composite materials were studied, for example, composites reinforced
with basalt fibers or combined with light core material (Fig. 3.5) [67].

Fig. 3.5. The selected B-scans of basalt fibers and polyester resin composite after 0 (a) and 200 (b) load
cycles. Arrow indicates signs of material failure [67]

Later the possibility of using NDT methods to investigate coating defects has also
been studied [69]. Modern paints, and especially those for the automotive industry,
are very complex chemical mixtures. This mixture is applied as a very thin layer of
50-60 micrometers in thickness. Many factors can cause coating failures [69].

We have shown that THz method is also applicable for thin coating inspection.
Examples of paint coating inspection results are shown in Figs. 3.6 and 3.7.

Fig. 3.6. Steel plate coated with clear lacquer (thickness 140 um) with failure (removed piece on the
right edge) and right - selected THz C-scan of failure, the red rectangle indicates the scanning
area on the sample [70]

87



Fig. 3.7. Selected B-scans measured in case of the sample P1; the red line indicates the scanning line
position on the sample [69]

Fig. 3.8. Block scheme of the coating thickness estimation algorithm [70]
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In the case of thin multilayer coatings, there is a problem related to the method’s
too low resolution. The authors proposed a solution to improve the resolution of the
THz method by using an adaptive digital filter [70]. The digital filter (Fig. 3.8) was
designed to reduce the impact of signal reflected from the sample surface, which
allows to extract signals reflecting from the subsequent layers of the paint cover.

The proposed filtration method allowed the detection of layers with a thickness
of 30-50 mm [70]. To sum up, the THz technique in composite inspection combi-
ned with dedicated signal processing algorithms and ADR algorithms has opened
up a new space for precise diagnostics of composite containing materials with very
low electrical conductivity.
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4. Epoxy compositions and composite materials

4.1. Epoxy materials cured with imidazole derivatives

Imidazole and imidazole derivatives with different substituents in 1-,2-,4- and 5-posi-
tions are used as accelerators for anhydrides (especially 1-derivative) and secondary/
tertiary amines as well as independent epoxy resin curing agents. For that purpose
we had applied in 1980s the following imidazole derivatives: 2-methylimidazole,
1-ethanol-2-methylimidazole, 1-allyl-2-methylimidazole, 1-ethyl-p-cyano-2-meth-
yl-imidazole and 2-methyl-5-nitroimidazole [73-75]. Using imidazole derivatives
as independent crosslinking agents has a positive effect on the thermal resistance
[73-76] and functional properties of the obtained materials, including epoxy mould-
ing compounds [73].

Latent epoxy curing agents in form of complexes of metal cations with imidazole
derivatives, both 1- and 2-substituted, were obtained on that curing basis, as well as
epoxy composites with carbon nanoadditives [77-82]. Independently, the synthesis of
imidazole-based hardeners in the presence of carbon nanofillers was also developed
[81, 82]. In result it was possible to obtain conductive materials without the need of
special distribution of nanoadditives in the epoxy matrix [81, 82]. Such imidazole
complexes were obtained using metal salts in the form of: hydrated copper(II) sul-
fate(VI) (CuSO,-5H,0), hydrated magnesium sulfate(VI) (MgSO,-7H,0), hydrated
zinc acetate (Zn(CH,COO),-2H,0) and copper(I) chloride (CuCl), whereas imidazole
derivatives were: 2-methylimidazole (2MI) and 2-ethyl-4-methylimidazole (2E4M).
General structure of the complexes is the following:

Me IM, A

where: Me - metal cations: Cu®*, Cu*, Zn*, Mg**;

IM - imidazole derivatives: 2E4M and 2MI;

A — suitable anion;

x - theoretical molar ratio of imidazole moieties per metal cation (value: 2 or 4).

The pot life of epoxy compositions based on liquid epoxy resin (epoxy value:

0.52 mol/100 g and viscosity about 13 Pa-s) is in the range from 7 to 90 days [77]
(Fig. 4.1). Epoxy systems with Cu** complexes, regardless of imidazole type exhibit-
ed the longest pot lifes. The storage time at room temperature of the compositions
decreased in line with the sequence: Cu** > Cu* > Zn** > Mg*".
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Mg[2E4M]4504
Zn[2E4M]2(CH3C00)2
Cu[2E4M]2C]
Cu[2E4M]4S04
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Cu[2M1]2504
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Fig. 4.1. Pot life of epoxy compositions with various imidazole-derived complexes

The developed epoxy compositions can be used as metal adhesives. The shear
strength of aluminum joints (PN-ISO 4587) at room temperature (RT) and 120°C
for the selected epoxy compositions cured with imidazole complexes and those

cured with imidazole derivatives themselves, for comparison, are presented in
Fig. 4.2 [77].

u(2EAM)4  Cu2M)4  Zn(2E4AM)2 Mg(2EAM)4  2E4M

Shear strength (MPa)
= = = =
H [e)] o] o N = [e)]

N

ERT m120°C

Fig. 4.2. Shear strength of epoxy adhesives cured with metal cation/imidazole-derived complexes
(RT - room temperature)
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Moreover, joints cured with Cu®* complexes, regardless of imidazole type showed
the highest shear strength at room and elevated temperatures. The shear strength at
room temperature of the adhesives decreases in line with the sequence: Cu?*> Cu* >
IM > Mg* > Zn*. Generally, the room temperature shear strength values of epoxy
adhesives cured with these metal cations complexes are similar or slightly higher than
those cured with imidazoles alone (with exception of adhesives with Zn** complex
which is much lower). The strength of aluminum joints cured with metal cations
and imidazole’s complexes adhesives is very favorable at 120°C [77]. The values of
that parameter are similar to those obtained at room temperature. Conventionally
cured adhesives with imidazoles themselves behave in a completely different way
(the shear strength decreases drastically), especially when cured with 2-MI, which
may be related to insufficient cure of the sample.

4.2. Epoxy materials cured with poly(ethylene terepthalate) chemical
recycling products

Research on waste poly(ethylene terephthalate) (PET) chemical recycling and ap-
plication of the products for epoxy resin curing was performed in late 1990s and
the first decade of 2000s. The first announcements about PET degradation products
using polyamines (e.g. triethylene tetramine, TETA) or alkanolamine (triethanol-
amine, TEA) for epoxy resin hardening were described in 1999 and 2000 [83, 84].
Epoxy compositions based on bisphenol A liquid epoxy resin cured with PET/TEA
aminoglycolysate offered acceptable technological features and after curing good
mechanical, thermal and electrical properties. PET-derived products with a wider
range of polyamines or alkanolamines and compounded with a few types of epoxy
resins and various ratios to epoxy resin were applied for material formulation [85-87].
Epoxy resins with PET/TEA exhibited the best set of processing (i.e. long life time)
and mechanical properties. The products were applied for direct epoxy resin curing
or tested as epoxy resin emulsifying agents for water thinnable epoxy paints or polyol
components of rigid polyurethane foam [86]. PET/TEA solvolysate application was
independently continued in other works.

Systematic research on the influence of various types of alkanolamines on waste
PET solvolysis process and efliciency of the products as epoxy resin curing agents
was also performed [87]. On the basis of eleven alkanolamines it was found that the
most active towards epoxy resins were PET degradation products obtained with
alkanolamines without bulky substituents surrounding tertiary nitrogen atom just
allowing for full catalytic activity in epoxy curing process. Generally, PET aminogly-
colysates provide the following benefits as concerning epoxy resin formulation and
cured material properties: (i) long pot life at ambient and elevated temperature up
to ca. 80°C, (ii) rather low viscosity before gelation, (iii) even though PET/alkanol-
amine products acted as epoxy resin catalysts (i.e. used in low nonstoichiometric
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amounts), they can be also applied in higher weight ratios thus positively upgrading
some final material properties (e.g. impact strength) [87]. PET/TEA as epoxy resin
curing agent was closely physicochemically characterized [88]. MALDI-TOF MS
and H NMR studies have confirmed that the main product of PET decomposition
was a symmetric diester of terephthalic acid [88].

Pilot production of PET/TEA was implemented by “ZCh Sarzyna” in Nowa
Sarzyna, Poland (present Sarzyna Chemicals Sp. z 0.0.). Epoxy composites were
manufactured using PET/TEA and mineral fillers [89-91]. In work [89], epoxy com-
positions were filled with silica, aluminum hydroxide or a mixture of talc and silica
(1:1 by wt.). Life time of the epoxy composition at 80°C with the mixed filler was
substantially extended. The composites showed good electrical properties (dielectric
constant, dielectric loss coefficient, tan delta, electric arc resistance, and break down
resistance) and were designed for on-air insulators of low and medium voltage [89].
Epoxy adhesives for aluminum plates were formulated on the basis of three types of
PET degradation products and silanized silicas and joint shear strength was evaluated
at 40 and 70°C [90]. Moreover, a set of epoxy composite adhesives with PET/TEA
filled with modified silicas or organophilized montmorillonite (MMT), for the same
designation, were manufactured and their processing features and shear strength
parameters were evaluated [91]. Table 4.1 presents shear strength results of epoxy
joints cured with PET/TEA (with two ratios resin/hardener) and conventional TETA
polyamine, for comparison purposes.

Table 4.1. The shear strength of epoxy joints between aluminum plates based on epoxy resin
Epidian 6 (E6) cured with PET/TEA product or conventional polyamine (TETA)
with 5 wt. % of the filler

Sample acronym/

E6/TETA E6/PET/TEA-8 E6/PET/TEA-4
Feature

Amount of curing agent, pph 13.0 14.4 28.8
Curing conditions Room temp./24 h + 140°C/2h+2h 140°C/2h+2h

140°C/2 h

Shear strength*, MPa

Filler type:
none 10.4+1.1 18.3+£0.9 15.5+¢1.9
Silbond 800 EST 10.2+1.1 18.4+0.9 14.2+3.1
Organobentonite 11.7+1.0 23.0+2.0 15.5+2.4

* Shear strength determined according to PN-ISO 4587.
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4.3. Epoxy compositions and nanocomposites with ionic liquids and deep
eutectic solvents

The first world publication on ionic liquid (IL) for epoxy resin curing appeared in
2003 [92]. 1-methyl-3-butyl imidazolium tetrafluoroborate was applied for high
temperature curing of Epidian 6 resin. The range of ILs as epoxy hardeners was
later broadened and influence of both cation size and anion type on epoxy curing
was studied [93]. Storage time (20-70 days at ambient temperature) was mainly
dependent on anion type and IL concentration. Glass transition temperatures (T,)
of epoxy materials were also dependent on the anion and cation types and changed
in a range of 120-180°C (IL content 3-9 phr). Another cathegory of IL, i.e. with
phosphonium cation and phosphinate anion (IL;) was used for epoxy resin curing,
including systems filled with carbon nanotubes (CNT) and graphene (GN) [94]. IL;
played tripled function: (i) catalytic curing agent, (ii) carbon nanofiller dispersing
medium, and (iii) antiflamming additive. The life time of the epoxy systems with IL;
was shorter than in cases of imidazolium ILs (4-8 days) whereas the kind of carbon
nanofiller influenced viscosity of the systems in a different way: (while GN caused
a negligible increase, CNT soared the parameter value in the same nanofiller con-
centration range of 0.25-1.0 wt. %). The high increase of CNT filled nanocomposite
electrical bulk resistivity was observed (about 8 orders of magnitude, up to below
10° ohm-m) whereas GN caused depression of the material flammability (limiting
oxygen index 27%) [94].

Table 4.2. Results of DMTA and TGA measurements of epoxy composite materials based
on epoxy resin Epidian 6 (E6) cured with imidazolium dicyanoamide {[EMIM]
N(CN),} and modified with carbon nanotubes (CNT) [95]

Sample acronym DMTA TGA

T Tan Storage Crosslink T, T o0

°C  delta modulus density °C °C

MPa mol/m’
E6/[EMIM]N(CN)2_3 196 017 1708 12,885 395 421
E6/CNT_0.25/[EMIM]N(CN)2_3 184 0.28 1751 6966 386 412
E6/CNT_0.50/[EMIM]N(CN)2_3 195 0.21 1374 7184 388 419
E6/CNT_1.00/[EMIM]N(CN)2_3 193 0.24 1381 6683 383 419
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Comparison of two ILs (imidazolium and phosphonium type, IL;) with the
same, N(CN,) anion, for epoxy resin compounding was described in [95]. The
most characteristic features of the respective unfilled cured materials were high
transparency (85%) when IL; was used and high T, (above 190°C) as well as ther-
mal resistance if imidazolium IL was applied. Moreover, epoxy composites cured
with imidazolium dicyanoamide and filled with CNT were manufactured. Closer
properties of the last class epoxy materials, i.e. their thermomechanical, thermal
and crosslink densities are presented in Table 4.2. The nanocomposites with CNT
exhibited relatively high range of bulk electrical resistivity (2.7x107 up to 1.5x10?
ohm-m) at low filler content 0.0625-0.25 wt. %. The developed nanocomposites
belong to groups of electrostatic and electromagnetic interference materials.

In the search of new epoxy crosslinkers our research group proposed liquid
mixtures known as deep eutectic solvents (DESs), cheaper and more ecologically
acceptable than ILs [96-99]. DESs are eutectic mixtures formed by simple mixing,
heating and homogenizing usually solid components in proper molar ratios. As
a result, liquids with low melting temperatures are formed. DES based on choline
chloride (ChCl) as hydrogen bond acceptor (HBA) and imidazole as hydrogen
bond donor (HBD) was applied for the first time in epoxy resin crosslinking [96].
In our next works a set of HBDs (beside ChCl as HBA) were used for DES formu-
lation and applied for epoxy resin curing [97-99]. DES components, beside ChCl,
were: urea, SnCl,, aromatic amines, guanidine or biguanide derivatives. Epoxy/
DES systems with ZnCl, can be characterized brief in the following manner: (i)
curing mechanism catalytic or mixed, dependent on the kind of DES, (ii) epoxy
composition life time in a rather broad range (few up to above 150 days), (ii) onset
curing temperatures from ca. 140 up to 255°C, (iii) T, values of the cured materials
up to 154°C, and (iv) acceptable thermomechanical features. Moreover, two types
of ionic liquids, i.e. IL (imidazolium type) and DES [based on ChCl and tris(hy-
droxymethyl)propane] as well as their mixture were used for manufacturing of
neat epoxy compositions as well as nanocomposites with GN [100]. DES served
firstly as GN dispersant. Introduction of 0.25-1.0 wt. % GN resulted in electrical
antistatic properties of the nanocomposite (103-10° ohm-m).

4.4. Water-thinnable epoxy coating materials

Research on water-thinnable (or water-borne) epoxy compositions and coatings
started in Department of Plastics and Coatings in the Faculty of Chemical Tech-
nology and Engineering, West Pomeranian University of Technology, Szczecin,
in the early 1990s. Published results belong to two broad categories. The first was
formulations of epoxy paints and coats using self-emulsifying curing agents with
conventional pigments and fillers [101-104]. Three types of curing agents were
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used: (i) polyaminoamides [101], (ii) hydrophilized epoxy adducts [103], and (iii)
waste poly(ethylene terephthalate) (PET) degradation products [102, 104]. The
former hardening agents make epoxy resin cure at ambient whereas the latter cure
the resin at elevated temperature. The curing agents were commercial products
or materials synthesized in a laboratory. Commercial liquid epoxy resins based
on bisphenol A (Epidian 6) or epoxy nowolak were applied. The developed epoxy
paints and coats were designed for concrete painting (especially those with poly-
aminoamide hardeners) or for steel substrate protection.

Nanofillers were used [105-110] in the second group of water-borne coating
materials. Relevant papers discussed varnishes, paints and coats filled with modified
MMT [105-108] or carbon nanofillers [109, 110]. The purpose of MMT addition to
epoxy formulations was to upgrade some varnish/paint features (e.g. leveling, pot
life or drying time) as well as to modify coat mechanical and barrier properties
(scratch resistance, adhesion, water resistance and/or water uptake). It was found
that hydrophobic/hydrophilic character of MMT modifying ammonium agent
influenced coating properties on steel substrates [105-108]. MMT (0.5-5 wt. %)
had commercial, pilot plant or laboratory origin. CNT or GN are often applied to
improve some or broader spectrum of the following coating properties: (i) electric
conductivity (or antistatic features), (ii) electric heating behavior, (iii) corrosion
resistance, (iv) barrier, (v) galvanic protection, (vi) glass transition, (vii) tensile
strength, (viii) adhesion, (ix) flexibility, (x) hydrophobicity, (xi) resistance to envi-
ronmental degradation, (xii) abrasion, (xiii) impact, (xiv) bending, (xv) cupping,
(xvi) scratch, and (xvii) wear [109]. Therefore, some of the mentioned properties
of the epoxy coats were improved as compared to the relevant reference materials
[109, 110]. Solventless epoxy varnishes (based on bisphenol F) and coatings filled
with CNT and/or GN (in the total amount of 0.35 wt. %) were formulated using
synthetic as well as bio-based polyamines (cardanol-derived) [109]. The room
temperature cured coatings showed outstanding combination of optical features
(i.e. high gloss and transparency, low haze in humid conditions) and electrostatic
dissipative properties. Moreover, the coats with CNT cured with cardanol-based
polyamine exhibited increased cupping resistance on steel substrate as well as high
hardness and excellent adhesion to glass surface. In another study [110] epoxy
coatings with CNT (0.025-0.5 wt. %) cured with unconventional curing agent
exhibited improved electrical, barrier and thermal features. The applied curing
agent (i.e. neutralized o-tolylbiguanide) played a triple role: (i) with epoxy resin it
formed aqueous dispersion, (ii) it acted as viscosity depressant, and (iii) it cured
the resin at high temperature.

As a result, it was possible to disperse CNT in a simple mechanical manner
without of necessity of sophisticated mixing/homogenizing methodology typical
for CNT (i.e. sonication). The coats also presented high combination of trans-
parency (up to 83%), surface resistivity (up to 10°ohm), high gloss and low haze
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(Fig. 4.3), chemical resistance, thermal stability (temperature of 5 wt. % mass loss

increased up to 20°C above the reference unfilled coat), and perfect adhesion to
steel surface [110].
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Fig. 4.3. Transparency and surface resistivity R, (A) as well as gloss and haze (B) of epoxy coatings
versus CNT content [110]
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Varnish filled with low CNT content (below 0.1 wt. %) for antistatic coats was
implemented on industrial scale in TBA Protective Solutions, United Kingdom
(coating for lamp housing).

4.5. Modified epoxy materials

4.5.1. Reactive matrices based on epoxy with polyester/vinylester unsaturated resins

In the first years of the second decade of 2000s polymer matrices based on epoxy-poly-
ester resin mixtures (vinylester type, VE) were developed [111, 112]. The proposed
mixtures were characterized by low viscosities (less than 1 Pa-s) and just could be
used for resin transfer molding (RTM) forming. Relevant composites exhibited me-
chanical strengths comparable or better then neat epoxy materials. Such systems of
resins formed a basis for one of the first pre-impregnated materials that could be
stored at room temperature for more than 4 weeks. Some features of the liquid epoxy
and VE resin mixtures as well as hardened with 2-ethylimidazole and dicumyl per-
oxide are summarized in Fig. 4.4 [111, 112].

® Viscosity at RT @ Tensile strength Glass transition temperature

ot____—o-"—r o . — L]

Tendency

< e ®

0 10 20 30 40 50 60 70 80 90 100

Vinylester resin content, wt. %

Fig. 4.4. Viscosity, glass temperature and tensile strength changes of epoxy/vinyl ester resin
compositions or hardened materials versus vinylester content

The increasing content of VE resin causes viscosity decrease of the resin mix-
ture. Addition only 10 wt. % of VE reduces viscosity mixture more than twice. Such
basic resin modification causes significant decreasing of the working composition
viscosity which is necessary for forming by the RTM method [111, 112]. The increase
of mechanical bending strength is observed in most cases as compared to bending
strength for the hardened VE. The maximum value of the parameter was achieved
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for the material containing 30 wt. % of epoxy resin. On the other side for 80 wt. %
of VE in the composition mixture it was observed decrease in the strength of the
material. Composites containing from 30 to 70% wt. of VE resin are characterized
by much higher flexibility than the material based on neat epoxy resin and higher
glass transition temperature than relevant value for the material of neat VE resin.

The developed solution contributed to the creation in Poland of a new company
New Era Materials Sp. z 0.0. and was commercialized later through the purchase of
a license [112] by the firm NEM (currently employed 40 people).

4.5.2. Epoxy-isocyanate materials

Parallely with works on imidazole based latent hardeners for epoxy resins the devel-
opment of epoxy with isocyanates mixtures, with high thermal resistance and glass
transition temperature above 180°C, had started at the Polymer Institute of ZUT
[113]. Epoxy-isocyanate materials were prepared using aliphatic or cycloaliphatic
diisocyanates, e.g. trimethyl-1,6-hexamethylene diisocyanate (TMDI) or isophorone
diisocyanate (IPDI). Accelerators other than those known from the literature, i.e.
1,4-diaza-bicyclo[2.2.2]octane (DABCO), belonging to the imidazole derivatives:
1-methylimidazole, 1-ethylimidazole and 1-butylimidazole were selected. In addition,
it has been proven that the basis of high thermal resistance of materials are not only
oxazolidone groups but also isocyanurates [91, 114-117]. Isocyanate-epoxy materials
with a higher TMDI content usually exhibited slightly higher glass transition tempera-
tures than the composites with lower TMDI content. Studies on latent crosslinking
agents and the modification of thermosets resin matrices allowed for the development
of the new research methodologies [117, 118]. A method to determine the degree
of conversion from rheological curves (change of viscosity and loss modulus) was
developed. Also the influence of the polymer matrix structure on the mechanism of
decomposition of crosslinked composites was determined [118].
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5. Epoxy biocomposites for technical applications

Research has been conducted on the development and analysis of new epoxy bio-
composites based on materials from renewable sources to be used for technical appli-
cations (development, production, modification of polymer matrix, optimization of
properties) [119-149]. The main research trends include the use of microfibers from
cereal husks and natural cork agglomerate used as the reinforcement.

Microfibers obtained from cereal husks which are so far unused grain by-prod-
ucts provide an interesting and competitive alternative to standard wood plastic
composites. Plant microfibers can be harvested in a matter of months rather than
years, which is the case for wood microfibers. Agro-wastes have supply sources
that can more quickly renew themselves, their acquisition is easy and their price
is lower by approximately 40% compared to softwood [123].

New epoxy biocomposites reinforced with 30 and 40 wt. % of microfibers
produced from wheat, spelt, oat, rye and rice husk were developed. To increase
adhesion at the interface of fiber-cereal husk microfiber matrix, microfibers were
modified in enzymatic or low-temperature plasma treatment. Research conducted
on epoxy biocomposites reinforced with modified microfibers of cereal husk (spelt,
wheat, rice, oat, barley) using low-temperature plasma or enzymatic treatment,
showed that the best reinforcement properties, similar to those of reference material
(microfibers of softwood), were obtained for microfibers of spelt, oat and barley.
Plasma modification of microfiber surface, similar to enzymatic modification,
improves mechanical properties (e.g. impact strength by approximately 40%,
bending strength by approximately 15%) of the biocomposites (Fig. 5.1). However,
the obtained results indicate that plasma treatment had slightly better effect on
microfiber properties than enzymatic modification [121, 122, 126, 135, 138].

Strength testing conducted at elevated temperature range (from room tempera-
ture to T,) showed that e.g. modulus of elasticity at bending epoxy biocomposites
with cereal husk and wood microfibers clearly decreases as measurement temperature
increases. At glass transition temperature (T,), its value is by approximately 30%
lower than at 23°C. However, at 80°C, it is lower by around 60% (Fig. 5.2b). As
measurement temperature increases, bending strength decreases - in the vicinity of
T, by approximately 15-20%, and at 80°C by about 30%. Among the manufactured
epoxy biocomposites materials reinforced with different microfibers produced from
cereal husks, spelt and oat microfiber reinforced biocomposites had the highest
resistance to elevated temperature (Fig. 5.2a) [126].
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Fig. 5.1. Flexural strength (a) and Charpy impact strength (b) for epoxy biocomposites reinforced
with 30 wt. % cereal husk and sofwood microfibers unmodified or modified by means of
enzymatic or low-temperature plasma treatment
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Fig. 5.2. Flexural strength (a) and flexural modulus of elasticity (b) at increased test temperature for
epoxy biocomposites with 40 wt. % of spelt, oat and softwood microfibers

Additionally, hybrid epoxy biocomposites reinforced with (oat, spelt) cereal
husks and wood microfibers were developed [123, 124, 127, 131]. Hybrid biocompos-
ites with spelt husk microfibers had higher tensile and bending strength than those
with barley husk microfibers by approximately 10 and 5%, respectively, compared
to classic composites with wood microfibers. All the examined biocomposites had
slightly lower strength compared to bio-based epoxy resin (Fig. 5.3a, b). This effect
was due to the fact that the applied microfibers were not very long and their length
to diameter ratio (from 1.7 to 2.7) was small. Natural microfibers had a positive
effect on Young’s modulus of hybrid biocomposites. The addition of cereal husk
microfibers to the biocomposites with wood microfibers increased modulus by
approximately 30-35% both at extention (Fig. 5.3a) and bending (Fig. 5.3b). Mi-
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crofibers obtained from oat and barley husks in hybrid biocomposites increased
impact resilience by approximately 30 and 25%, respectively, compared to bioresin
and by over 15% compared to a classic composite with wood microfibers (Fig. 5.3¢c)
[123, 124, 127, 131].
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Fig. 5.3. Results from tensile (a), flexural (b) and Charpy impact strength (c) for epoxy hybrid
biocomposites reinforced with oat (20 wt. %), barley (20 wt. %) and softwood (40 wt. %)
microfibers

Aging process were tested for seven weeks on epoxy biocomposites (with 40 wt. %
of wood and cereal husk microfibers) and hybrid composites (with 20 wt. % of wood
fibers plus 20 wt. % of cereal husks). The composites were placed in an aggressive
atmospheric environment in alternate 12 h cycles with the following parameters: the
temperature of +60°C and humidity of 95% followed by the temperature of ~10°C
and humidity of 0%. The tests showed that owing to the reinforcement with (oat,
spelt) cereal husk microfibers, the fatigue resistance of the biocomposites was by
approximately 5-15% higher than that of the classic biocomposites reinforced with
wood fibers (Fig. 5.4) [131].
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Fig. 5.4. Findings of intensive ageing in climatic chamber for epoxy biocomposites reinforced with
different 40 wt. % cereal or/and softwood microfibers

Another group of epoxy biocomposites reinforced with 40 wt. % of natural
short fibers (2 mm) obtained from abaca and jute was also developed. It was demon-
strated that the use of shorter jute and abaca fibers increased bending strength by
approximately 20 and 10%, respectively, compared to bioresin (Fig. 5.5a). Impact
resilience increased two-fold for abaca fibers and by approximately 60% for jute
fibers (Fig. 5.5b) [123].
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Fig. 5.5. Flexural strength (a) and Charpy impact strength (b) for epoxy biocomposites reinforced with
short fibers of abaca and jute

Therefore, a combination of natural fibers with varied geometry used as the
reinforcement of polymer biocomposites can modify the properties of materials
depending on their technical requirements [124, 127, 131].

To increase the amount of biocomponent (up to 100%) in the composition of
biocomposites, not only natural fibers, but also epoxy bioresin produced by mixing
epoxy resin and epoxidized linseed oil as well as biohardener were used. It was demon-
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strated to what extend the claim was true that the higher content of biocomponent in
resin system the lower thermal and mechanical properties (Fig. 5.6) [125, 128-130].
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Fig. 5.6. Flexural strength (a), flexural modulus of elasticity (b) and Charpy impact strength
(c) for bioepoxy laminate with jute, man-made cellulose and glass fabrics

Research was also conducted on developing new, light epoxy sandwich composites
for technical applications using natural cork agglomerate as the core material. Cork
agglomerate is characterized with a range of unique properties, including chemical
and biological resistance and high thermal and acoustic insulation. The material is
non-flammable, impermeable to liquid and gas, highly durable, resistant to tempera-
ture, and most of all has a very low specific weight [139-141].

Sandwich biocomposite blocks were developed, which consisted of a glass-epoxy
laminate and cork agglomerate of different thickness (from 6 to 25 mm) used as the
core material. The biocomposite material was produced with vacuum bagging and
infusion methods. It was observed that strength parameters decreased when thick-
ness of light sandwich increased (Fig. 5.7a, b). It is due to the substantial difference
in the proportions of reinforcement and cladding in the structure of biocomposite.
The thicker the light sandwich, the lower percentage of reinforcement and cladding
and then biocomposite is characterized with increased elasticity and ability to absorb
energy with decreased mechanical strength and specific weight (Fig. 5.7¢c). Biocom-
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posites with light cork sandwich produced with infusion method were demonstrated
to have higher four-point bending strength and compressive strength than those

made using vacuum bagging method by approximately 15% and 35%, respectively
(Fig. 5.7a, b) [142, 143, 148].
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Fig. 5.7. Flexural strength (a), compressive strength (b), specific weight (c) of sandwich biocomposites
with different thickness of natural cork agglomerate cores manufactured by the vaccum bag
and the infusion methods

Sandwich composites were developed which consisted of a glass-epoxy laminate
as a cladding material and core materials such as synthetic foams (Divinycell H60
and Divinycell H130) or natural cork agglomerates (Corecork NL 10 and Corecork
NL 20) in different densities (from 60 to 130 kg/m? and from 120 to 200 kg/m’, re-
spectively). Sandwich composites were made using vacuum bagging method. The
composite with synthetic foam was demonstrated to have much higher static four-
point bending strength and modulus of elasticity (Fig. 5.8a, b). The composite with
cork sandwich had better long term fatigue resistance (Fig. 5.9). Comparison shows
that the composite with natural cork agglomerate with its modest static properties
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and excellent fatigue resistance can very well replace traditional synthetic foam and
additionally offer other useful features at a high level [144].
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Fig. 5.8. Results from the static four-point flexural tests of sandwich composites with foams (H60,
H130) and natural cork agglomerate (NL10, NL20) cores: flexural strength (a) and flexural
modulus of elasticity (b) [144]

H130
Heo
NL20 !
NL10 h
0 2000 4000 6000 8000 10000

Number of cycles

Fig. 5.9. Number of fatigue load cycles for four-point flexural test after which sandwich composites
with foams and natural cork agglomerate cores were destroyed [144]

Sandwich plycork composites were developed with aluminum sheet H22 (thick-
ness 1 mm) used as cladding and natural cork agglomerate Corecork NL 20 of different
thickness (from 9 to 30 mm) used as the core. Sandwiches were produced via vacuum
bonding using vacuum membrane press. Examination of plycork-Al composites
showed that thickness changes of core material had significant effect on mechanical
properties of the composite. The thicker the cork layer, the lower four-point bend-
ing strength and the higher bending modulus (Fig. 5.10a, b). Therefore, through the
control of core material thickness you could optimize material properties required in
different tasks. Light sandwich aluminum-cork biocomposites can very well replace
conventional materials (e.g. birch plywood) in many applications in transport industry
owing to their advantages, particularly in terms of user safety. Research showed no
risk of toxic gases being released in flammability tests of biocomposite panels. The
material produces no sharp edges when being destroyed [145-147, 149].

107



Q
=
O

=

30 6000

5000 I

40004

3000 -

2000 -

1000 -

_ R

Plycork Alu-9 Plycork Alu-15  Plycork Alu-30 Plycork Alu-9  Plycork Alu-15  Plycork Alu-30

Flexural strength [MPa]

Flexural modulus of elasticity [MPa]

Fig. 5.10. Flexural strength (a) and flexural modulus of elasticity (b) of aluminum-cork sandwich
composites with thicknesses of 9 mm, 15 mm and 30 mm [146]

Therefore, in design of light sandwich biocomposites not only the selection of
components, but also the right production method is of importance. Thus, one can
control the required properties of biocomposite materials.



Krzysztof Goracy, Andrzej Btedzki

6. Duroplast recycling

The first research works on the recycling of duroplastic composites began in Europe
in the late 1980s. Among the pioneers of this subject was the Institut fur Werkstoft-
technik of the University of Kassel under the direction of Prof. Bledzki.

The researchers of this institute carried out one of the first works on SMC re-
cycling in Germany. In 1991, he and his coworkers were working on the use of SMC
recyclate for the production of satellite dishes. In a very practical way they proved
the possibility of industrial use of this material [150].

Institut fiir Werkstofftechnik at University of Kassel collaborated in this field with
Polymer Institute of the then Szczecin University of Technology and Riga Technical
University, and they commonly published some papers [151-153].

In 1997, one of the scientific workers of Szczecin University of Technology wrote
his doctorate on Optimizing the Content of SMC Recyclate in Composite Materials.
That work used recyclates produced by ERKOM and FUBA (then Germany’s largest
printed circuit board manufacturer) (Fig. 6.1).

Fig. 6.1. Different fractions of ERKOM SMC (Sheet Moulding Compounds) recyclates

Thanks to the cooperation with the University of Kassel, work was also carried
out on the recyclability of duroplasts at the Polymer Institute itself in the 1990s. The
results of this work were presented at conferences and in publications [154-169]. This
work focused on the possibility of using different recyclate fractions from SMC in
polyester moulding compounds, technological limitations, modification of recipes,
flow of moulding compounds with recyclate in form, etc. Work was also carried out
on the possibility of using shredded polyester-glass laminates in light layers, polymer
concretes and in the solvolysis of hardened polyester resin [165].
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Fig. 6.2. Results of technological test of BMC (bulk moulding compounds) containing different
fractions of ERKOM SMC Recyclates

The interest in this subject was boosted by the actions of legislators and industry.
It was crucial that ERKOM (joint venture of BASE Vetrotex, Menzolit, Owens-Corning
and other companies) started production of standardized recyclates in Germany in
1991. It was the first company in Europe to exclusively collect and grind SMC pro-
ducts on an industrial scale. ERCOM had an SMC shredding and fractionation plant
with a capacity of 1.5t/h (approx. 6000t/year). Shredding took place in several stages
and eventually produced 6 filler fractions; 3 fibrous size < 0.5 mm; 0.5 to 1.25 mm; >
1.25 mm and 3 powder with grain size < 0.2 mm; 0.2 to 0.5 mm; > 0.5 mm (Fig. 6.2).

In [158, 159, 169] SMC recyclates obtained from ERKOM were used to produce
SMC and composite panels using the RTM method. The researchers assumed that
existing SMC recipes should be used as the base and ingredients should be partly
replaced with recyclates in order to reduce the consumption of new materials. It was
taken into account that recyclates bring all the ingredients - fillers, fiberglass and
hardened resin (treated as a filler). They investigated how much recyclate could be
added to the material without significantly compromising the basic mechanical pro-
perties. It has been proven that up to 30% weight recyclate could be added (Fig. 6.3).

Fig. 6.3. Mechanical properties of SMC with 0 and 10 weight % of powder fractions P1 < 0.2 mm and
P20.2t0 0.5 mm
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In order to investigate the possibilities of developing materials almost entire-
ly based on ERKOM duroplast recyclates, an experimental planning method was
used. This made it possible to model the properties of materials from the content of
recyclates. This method was based on simple models of the dependence of material
properties on the variable contents of individual fractions of recyclates, selected in
accordance with the packing theory. The variables of the experiment were the weight
and volume contents of the recyclate fractions. It has been shown that in order to
obtain the maximum content of recyclate in the material and satisfactory mecha-
nical properties, recyclate particles with at least three different diameters should be
used. Using experimental data, a simple model of the dependence of the mechanical
properties of composites on the content of the recyclate fraction was developed
(Fig. 6.4) [158-162].

Fig. 6.4. Example of dependence of mechanical properties of composite material on contain of
different ERKOM SMC recyclates fractions [150]

It was assumed that a composite with recyclate particles consists of glass fibers of
different lengths (new and brought with recyclate), resin containing particles of harde-
ned resin brought with recyclate and new resin, and fillers brought only by recyclate.

Then, for simplicity, the resin with the filler was treated as a “modified resin”
by properly calculating its mechanical properties taking into account the volume
shares of the components. This allowed to use models developed for two-component
composites, e.g. Hirsch, Voigt, Reuss [159].

This was the first work to show that it is possible to produce composites with
a very high content of recyclates and that models can be created to predict the pro-
perties of such materials.

The subject of these works is still relevant today and currently scientists parti-
cipating in this work, using their experience, publish works on recycling polymer
composites reinforced with glass and carbon fibers [170-174].
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The production of polymer composites is also associated with burdening the
environment with emissions of harmful substances, e.g. styrene, and with the harmful
effects of reinforcing fibers, especially glass fibers, on the health of employees. These
topics have also been addressed in publications pointing to ways to reduce emissions
and protect workers [175, 176].
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