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SOUHRN

Piedlozena prace je komentovanym souborem autorovych praci, jez se zabyvaji
morfologii lomovych ploch a jejim vyuzitim pii studiu nadmolekularni struktury a vlastnosti
polymerii. Na podkladé vytvoiené klasifikace polymernich systémii podle fazového slozeni a
podle zakladnich mechanickych vlastnosti se podava obraz o moznostech, jaké fraktografické

studium polymeru poskytuje.

Klasifikace polymernich systémii podle toho, zda jde o latky jedno- Ci viceslozkove, a
zohlednéni poétu fazi (jedno- ¢&i vicefazové), s piihlédnutim k tomu, jak se jednotlivé slozky
¢i faze chovaji pfi lomovém procesu, umoZziuje monitorovani materiali pomoci
mikroskopickych technik. Piitom je treba dobie rozliSovat, zda jednotlivé textury na
studované lomové plose jsou odrazem strukturnich utvari piivodniho materialu, ¢i zda jde o

textury vytvorené procesem vzniku a Sifeni lomové trhliny.

Prace uvadi representativni vysledky pro jednotlivé skupiny materiali z jednotlivych
klasifikacnich skupin a implicitné podava navody, jak je tfeba nahlizet a posuzovat objekty
pozorované na lomovych plochach polymemich systému. Vychazi predevsim z predlozeného
souboru praci, prihlizi také k dalSim, tématicky pfibuznym pracim autora a cituje dalsi

poznatky jinych autoru z vybraného oboru.

Z jednoslozkovych jednofazovych materiali je nejvétsi pozomost vénovana kiehkym
amorfnim polymerum. Zde jsou utvary na lomové plose typickym prikladem artefaktnich
textur vznikajicich v disledku probihajiciho lomového procesu. Jejich znalost pak pomaha
pii interpretaci lomovych ploch slozitéjsich systémi, zejména pak pii odliSeni od struktury
puvodniho materialu. Je také ukazano, jak lomové utvary prispivaji pfi vyhodnoceni

strukturnich pfi¢in vzniku lomu (slaba mista materialu).

U viceslozkovych systémii je vénovana pozomost podminkam, za kterych lom probiha
(teplota lomu) a rovnéz modifikacim lomové plochy pro zvySeni jeji ¢itelnosti. Kvalitativné se
diskutuje také vliv mezifazové adheze. Diskuse je doplnéna i metodickymi poznamkami o

mikroskopickych technikach pouzivanych pri hodnoceni lomovych ploch.

Soubor publikaci je tvofen puvodnimi odbornymi sdélenimi v ¢asopisech urdenych
védecké a odborné verejnosti z oblasti védy o polymerech zlet 1972 az 199] [1 - 15].

Shmuté dosavadni poznatky o morfologii lomovych ploch kiehkych amorfaich polymeru |1]




jsou rozvijeny charakterizovanim tenké, interferenéni jevy zpusobujici vrstvy na lomové plose
polymethylmethakrylatu [3]. Pro tuto charakterizaci byla vyvinuta originalni metoda méreni
optické tloustky klinové tenké vrstvy [2]. Pro tvary lomovych kiivek, jejichz vznik je
charakteristicky pro lom kiehkych polymeri, byl odvozen matematicky popis [4] a pomoci
tohoto popisu bylo charakterizovano zrychleni lomové trhliny Sifici se pies sekundarni lomy
[6]. Bylo ukazano, ze formalismus popisu tvaru lomovych kiivek se hodi i na jiné procesy,
napi. na rust sférolitu, kde se timto zpusobem daji dobie popsat hranice jejich sristu [S].
Vlastnosti tenké vrstvy na lomovém povrchu byly dale studovany pomoci jejiho odbouravani
plasmatickym leptem, kde bylo ukazano, ze rovnomérny ubytek jeji tloustky koresponduje
s namérenymi interferencnimi efekty [7]. Nové navrzena technika pripravy lomovych ploch
ve stavu, kdy matrice je kaucCukovita [8] se ukazala jako uztecny nastroj pro hodnoceni
fazové struktury vicefazovych systému. Potvrdilo se to i pro dvoufazové dvouslozkové

systémy pouzivané pii aplikacich jako biomaterialy [11].

Fraktografické techniky aplikované na vicefazové systémy jsou naplni druhé casti
predkladaného souboru praci [8 — 15]. Kromé zminéné aplikace techniky s mékkou matrici [8,
11] je ukazan také priklad vysledku lomu se sklovitou matrici a nizkou mezifazovou adhezi
[9]. priklad apravy lomové plochy rozpusténim dispergované minoritni slozky [10], aplikace
na polymerni kompozity [15] a porovnani jinych preparacnich technik a moznosti pro

morfologicka hodnoceni s pouzitim fraktografie [12 — 15].
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SEZNAM POUZITYCH SYMBOLU A ZKRATEK

ABS kopolymer akrylonitrilu, butadienu a styrénu

d [um] vzdalenost center primarniho a sekundarniho lomu

E [GPa] Y ounguv modul

EPDM etylén-propylénovy kaucuk
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SMEFS Technika pripravy lomové plochy, kdy matrice ma nizky modul (je
kaucCukovita), zatimco Castice jsou tvrdé. (Ze zkratky soft matrix fracture
surface.)
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V=vi/v pomér rychlosti §ifeni primarni a sekundarni lomové fronty

TEM transmisni (prozarovaci) elektronova mikroskopie, transmisni elektronovy
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UTS [MPa] pevnost v tahu
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PREDMLUVA

Piedkladana prace je komentaiem opatieny soubor praci autora, které se zabyvaji ve
vétsi ¢i menSi mife analyzou ¢i interpretaci lomovych ploch polymeri. Prace zahmuté do
souboru [1 - 15], jez byly publikovany v letech 1972 — 1991, predstavuji pouze Cast publikaci

autora vyuzivajicich fraktograficky pristup pri reSeni uloh polymerni morfologie.

Autor se zabyval studiem lomovych ploch od svych pocatku studia morfologie
polymeru (od roku 1968). Kromé dalsich autorovych praci na toto téma, publikovanych ve
védeckych cCasopisech, byla fraktografie predmétem ¢i soucasti fady puvodnich védeckych

sdeleni na konferencich, vétSinou mezinarodnich.

V Ceske veédecke literature neni fraktografii polymeru vénovana zadna souborna prace.
Autor si neni védom ani zadné souborné prace ve svétové veédecké literature, vénované
tomuto tématu v celé §ifi rozdilnych vlastnosti polymernich systému. Komentar k souboru se
snazi spojit jednotlivé prace tak, aby vzniklo ucelené pojednani o problematice, zahrnujici
polymery a materialy na bazi polymeru v celé skale jejich moznych mechanickych vlastnosti

a moznych nadmolekularnich struktur.




1. UvoDp

Praktické pouziti materialii je limitovano jejich pevnosti. Piekrocenim meze pevnosti
vlivem pfilozeného mechanického napéti dochazi k lomu: napéti prenasené zatézovanym

piedmétem klesne na nulovou hodnotu, dochazi k poruseni celistvosti vyrobku ¢i vzorku.

Pevnostni charakteristiky jsou vlastnostmi materialu. Jsou to parametry, jejichz
hodnoty souviseji se strukturou materialu, jeho chemickym slozenim a nadatomarni i

nadmolekularni strukturou.

Nadmolekularni stavbou se zabyva morfologie, studiem lomovych ploch pak
fraktografie. Ze skutecnosti, ze k poruseni soudrznosti dojde mechanickym piisobenim na
material o dané nadmolekulami struktuie (morfologii), je zfejmé, ze oboji, jak morfologie
samotna, tak i deformace strukturnich elementu zanechaji svoje stopy na vzhledu lomové

plochy (morfologii lomove plochy).

Cilem fraktografie, jez se zabyva studiem lomovych ploch, je interpretovat utvary na
lomové plose a hledat, jak jejich vznik souvisi s vnitini strukturou a podminkami namahani
zkoumaného télesa. Zaméme vyvolany lom se pouziva k odhaleni vnitini struktury materialu,
kdezto nechtény lom byva zpusoben Spatnou volbou materialu, vadami nebo nevhodné

zvolenymi provoznimi podminkami (konstrukce vyrobku, prostiedi, teplota, zatizeni [16]).

K hodnoceni struktury a vlastnosti se vyuziva mnoha ruznych zpusobu a technik.
Souvislost mezi vnitini strukturou a vlastnostmi se pak odvozuje ze srovnani vysledki
strukturnich stanoveni se ziskanymi vysledky vypovidajicimi o vlastnostech. Je ziejmé, ze
korelaci je mozno odvozovat jen porovnanim srovnatelného: Studujeme-li vlastnosti.
zavisejici prevazné nebo vylucné na povrchu vzorku, je spravné vsimat si struktury povrchu
(obr. 1). Naopak, zajimame-li se o vlastnosti ovliviiované celym objemem vzorku, je nutné
hledat vysvétleni ve strukture celého objemu vzorku, ¢i alespon jeho pievazné Gasti. Prevazna
vétsina aplikaci vyzaduje méfeni charakteristik objemovych a proto korelace vnitini struktury

a vlastnosti ma prioritni dulezitost.

Fraktografie studuje pricinnou souvislost mezi lomovou plochou (tedy povrchem) a
vlastnosti objemovou objemovou strukturou a deformaci celého vzorku. Rozdil od
predchazejici uvahy vsak spociva vtom, ze vzhled lomového povrchu je pii jeho vzniku

primarné ovliviiovan strukturou a deformaci celého vzorku. Nehledame zde vysvétleni



vlastnosti, kterymi se projevuje vznikly povrch, ale naopak vznikly povrch vypovida o

davodech jeho vzniku.

_‘._‘_‘-—-—"'"_\—-—-
objemové

charakteristiky
haas i)

mechanické hodnoty
mérfeni zafenim X
struktura vnitiku vzorku

Obr. 1. Povrchové a objemové charakteristiky vzorku [15].

Termin ,,morfologie* je znaméjsi spiSe z jinych védnich obori: jazykoveéda jej pouziva
ve smyslu popisu vytvareni prvki jazyka, ve védach o Zivych organismech (biologické,
lékaiské védy) se pouziva pro popis tvorby organismi nebo jejich ¢asti. V technickych
védach popisuje formace objekti nebo systému. Ve védé o polymerech (polymer science)
zavedl tento termin po¢atkem Sedesatych let minulého stoleti A. Keller pro védni disciplinu
popisujici nadmolekulérni strukturu polymerti a jeji vznik. Termin se velmi rychle ujal a vr.
1971 se konalo prvni symposium o morfologii polymert v Praze. ,,Morfologie* oznacuje jak
studium oboru (nadmolekularni struktury), tak také nadmolekuldrni strukturu samotnou. Dalsi
termin, oznaCujici zminéné uspofadani, ,fazova struktura“, se pouziva prevazné u
viceslozkovych systémi, zvlast€é u polymernich smési. ,Morfologie lomovych ploch*
oznaCuje tedy vzhled lomové plochy, resp. studium tohoto vzhledu. ziskaného
mikroskopickym zobrazenim. (Existuji pfipady, kdy pro studium lomové plochy stadi

zobrazeni bez pouziti mikroskopu, to vak jsou prevazné vyjimky.)

1.1. Pro¢ polymery?

Vysvétleni dileZitosti polymerti a vyznamu materialii vytvofenych na jejich zakladg,

stejn€ jako jejich rychlé rozsifeni a nes€etné aplikace, je tfeba hledat mimo jiné i v druhém




Newtonové zakoné, definujicim silu, a zné odvozenych relaci pro energii a praci
spotfebovanou systémem. Jde o pfimou umérnost mezi vynaloZenou silou a hmotnosti télesa,
stejné jako je tomu u spotiebované prace (energie). Vyraznym charakteristickym znakem
polymerii je jejich nizka hustota, dosahujici u nekterych polymerd hodnot niz8ich jedné.
Nizka hustota polymeri zaruduje nizkou hmotnost materidlového vyrobku. Této skute¢nosti
se vyuZiva zejména u takovych aplikaci, kde se nevyZaduji $pitkové mechanické parametry,
napf. u obalovych technik. Pro aplikaci polymert jako konstruk&nich materiala jsou vsak
diilezité také jiné parametry, napt. dostatena pevnost. Oba shora uvedené faktory (hmotnost a
pevnost) jsou zahrnuty ve veli¢inach specificka pevnost a specificky modul, definovanych

jako pevnost resp. Youngiiv modul vztaZené k hustoté (délené hustotou materialu).

Polymerni kompozity pfedéi v téchto parametrech klasické materidly. Typické
vlaknové kompozity s polymerni (epoxidovou) matrici a s béZnym uspotddanim vyztuzujicich
vlaken maji hustoty v rozmezi 1,343 az 2.09 Mg/mJ, moduly v rozmezi 20 az 557 GPa a
mezni statickou pevnost v tahu 140 aZ 2580 MPa. Specifické moduly polymernich kompoziti
tak dosahuji hodnoty 7 az 309 GP::\!Y\.'Ig,lm3 a specifické pevnosti vtahu 70 az 1562
MPa/Mg/m’ (obr. 2), zatimco klasické konstrukéni materidly vykazuji mnohem niZsi hodnoty
specifickych vlastnosti (tab. 1).

Specificka pevnost [MPa/Mg/m3]

0 100 200 300 400
Specificky modul [GPa/Mg/m3] |

Obr. 2. Specifickd pevnost a specificky modul polymerich kompoziti (prevzato

z www.bturcic.com/composites.htm).




hustota E UTS specificky specificka
Younguv modul | pevnost modul pevnost
Mg/m’ GPa MPa | GPa/(Mg/m’) N[Paf(Mg/myj
nizkolegovana ocel 7,85 206 880 26,24 112,10
| Al slitina 2024-T3 2.8 72 345 25.71 123,21
Ti slitina Ti6Al4V 4,49 121,35 845 27,06 188,20
Mg slitina AZ91D 1,8 45 234 25 130
Be (HIP) 1,89 305 517 161,38 273,54
vodovzdoma preklizka 0,6 7 40 11,67 66,67
smrkové dfevo 0,45 10 80 22.22 177,78

Tab. 1. Specificka pevnost a specificky modul klasickych konstruk¢nich materiali (pfevzato z
www.bturcic.com/composites.htm).

1.2. Pro¢ lomové plochy?

Existuji dva zakladni duvody pro dulezitost studia lomovych ploch. Prvni plyne
prevazné zte skuteCnosti, ze pfi poruseni materialu (nechténém, prfi jeho selhani) lomova
plocha vznika a jako takova velmi Casto svéd¢i o pri¢inach materialového selhani. Druhym
divodem je skutecnost, ze priprava lomové plochy je jednou z cest, kterou lze nahlédnout do
struktury vnitfku materialu, tedy zpusob, jak 1ze pro zjisténi vnitini struktury odkryt vnitiek,

jakési ,otevieni vzorku. Oba tyto duvody v dalSim podrobnéji rozvedeme.

Lom vzorku, at nechtény ¢i zamémy, je reakci materialu na mezni zatizeni.
Deformace materialu a vysledné poruseni jeho celistvosti jsou odrazem dvou zakladnich
vlivii. Jednak je to plvodni struktura a jeji heterogenity (i vcetné jejich nezadoucich
nedokonalosti), za druhé pak samotny proces Sifeni lomu. Abychom pak dokazali lomovou
plochu interpretovat (at’ z pohledu nalezeni puvodni nadmolekularni struktury ¢i sledovani
procesu lamani), je nutné dokazat oba tyto vlivy separovat. K tomuto cili pak potiebujeme

znat oboji, tedy mit znalosti o vnitini struktufe i znalosti o procesu Sifeni lomu.

1.3. Cil prace

Cilem této studie je ukazat, jak je mozno na zakladé dosavadnich poznatki ziskat
maximum informaci z lomovych ploch polymernich materiali. Ziskané informace je tieba

tfidit na ty, které se tykaji nadmolekularni stavby materialu (morfologie) a ty, které vypovidaji




o lomovém procesu, jeho prubéhu a ovlivnéni strukturou materialu, at’ uz toto ovlivnéni
vzniklo zadanou zménou struktury, nebo bylo vyvolino nezadoucim zpusobem, napr.

neéistotami nebo vméstky, nebo tieba nevhodnymi podminkami zpracovani materialu.

Zakladnim materidlem pro tuto studii je soubor praci publikovanych autorem
v odbornych &asopisech [1 - 15], ostatni piivodni publikované a nepublikované vysledky a
zkuSenosti ziskané z autorovy praxe v oboru polymerni morfologie za dobu tiiceti Ctyr let.

V citacich pramenu jsou prace z predkladaného souboru vytiStény tucne.

1.4. Klasifikace polymernich materialu

Pro potieby této studie je vyhodné rozdélit polymerni systémy podle dvou hledisek,
tak jak se uplatiiuji pii vzniku lomové plochy: podle nadmolekularniho uspofadani a podle

deformac¢niho chovani.

Komplikovanost vlivu nadmolekularni struktury na morfologii lomové plochy (Tab. 2)
je mozno nejlépe ukazat na prikladu jednoslozkovych systémii. Material obsahujici polymerni
retézce jednoho typu se muze podle povahy fetézce chovat jako jednofazovy nebo vicefazovy.
Striktné jednofazové jsou amorfni homopolymery. K nim je mozno piifadit 1 krystalické
materialy se stoprocentni krystalinitou, tedy takové, jejichz celé fetézce jsou ulozeny do
krystalografické mrizky. Tento druhy pfipad je vSak velmi vzacny, jde totiz o materialy
krystalizované specialné pti vysokych tlacich, které¢ dosud nenalezly komercni uplatnéni. Pri
obvyklé krystalizaci z taveniny vytvareji jednoslozkove krystalizovatelne materialy takovou
strukturu, ktera obsahuje krystality, kde Casti fetézce jsou ulozeny do krystalografické miizky.
Krystality jsou obklopeny fetézci v amorfnim usporadani, pficemz objemovy podil obou fazi
(krystalické a amorfni) byva velmi srovnatelny. Je-li polymerni fetézec tvofen heterogennimi
bloky (blokové kopolymery, roubované kopolymery), dochazi ke vzniku doménové struktury,

nezavisle na schopnosti nebo neschopnosti jednotlivych bloku krystalizovat.

Kazda ze slozek viceslozkového materialu piinasi do systému svoji vlastni skladbu.
Misitelnost nékterych polymernich smési znamena zjednoduseni, ovéem tato misitelnost je
spise vyjimecna a takto vzniklé jednofazové viceslozkové smési vétSinou nemaji vyznamné;si
komercni uplatnéni. Uz Castecna misitelnost (misitelnost v uréitém koncentraénim rozmezi.
obvykle zkém) byva doprovazena vyraznou fazovou strukturou, tedy vznikem vice fazi

v jednom systému. Nemisitelné polymerni smési, plnéné &i vyztuzené systemy vynikaji

§]




(o1 <

_wod rmyadse RPFMROOR ST
‘oAtuyd (oAruyd L L P{OMEs Ay
AYOLNOWOSTUR ayoruesioue JoeD P lone
+ 2oUlewW AYOLAWOS! (sTe1sA1d
rowAjod + doujew ~_=m =
Yourn Twawijod) B?OH_E )
inzmz
RIinzmz) Aw)sAs 1SS 1SS ArdwAjodoy ArdwAjodowoy YOIRISATY
Azodwoy suguyd QURNSTWAU | | dURISIW 2A0Y0[q iMnzreisAny 2updn Fans
(101yey £r021y
af azaype
BAOZBJIZ21I) aA0Zejoupa 9A0ZBJIIIA aA0Zejoupar
PAOZEJOIIA
JAOYZO[SAIIA JA0YZO[SOUpa[

njeLR)ew PPrRwWAed eqae)s nLIgPOWpPEN ‘7 "qe]




® L peu Aw21sAs 2uBAO JIS.
S0BULIOJAP BYONSe[d BmWRIA dujdn «
(1souzel) ruaznaxd ud soewIojap BYOSAA «

nsouznid mpow Ayz1u .

aoeuLIO)ap eyonse[d nzn[y zowl peu .

almsixa nznpy zoui »

(2115 Pyonse[d
p10ISNY BYOSAA F peu) dy2ru
(°L pod ‘Aeis Aupays) fyosda

:nsouznud mpour «
NZN[y Zoul [uau «

(1souzey) rusznaid ud soeuLIoap BYZIU «

Ananeyy 2HINSEId MY
Aysnoyz 301daj ¥y as alnyejza
J9JEULIOJ9P
mney
]
]
=
mn
wof Aonserd woy £ya.y ,

WA TUBAOYD OYIUIRULIOJIP JIPRIRY)) °€ "qEB




slozitosti struktury a vyraznym vlivem podminek pfipravy a modifikace, coz plati zejména u

polymernich kompoziti.

Charakter deformaéniho chovani ma rozhodujici vliv na morfologii lomové plochy
(Tab. 3). Krehky lom se vyznacuje nizkou deformaci pfi pietrzeni (taznost) a nepiitomnosti
meze kluzu. Modul pruznosti pfitom muze byt vysoky (ve skelném stavu, pod teplotou
skelného piechodu Ty) nebo i nizky (nad Ty, v kauCovitém stavu, pii vysoké hustoté elastické
sité). Pii plastickém lomu dochazi za mezi kluzu k plastické deformaci, ktera vyznamné
poznamenava morfologii lomové plochy. Pii deformaci kaucuki, fidce sifovanych systému
nad Ty, vykazujicich nizky modul pruznosti, dochazi pred pretrzenim k uplné vratne elasticke

deformaci, ktera je pii pretrzeni vysoka (vysoka taznost).

Zakladnim parametrem charakteru deformace je teplota zkousky, kterou je treba
posuzovat vzhledem kteploté skelného piechodu (obr. 3). Obecny charakter zavislosti
modulu pruznosti polymeru vykazuje rozdily az o tii fady. Pii teplotach pod skelnym
prechodem je modul vysoky a material je ve skelnem stavu, vysoko nad teplotou skelného
piechodu je material kau¢ukovity s nizkym modulem. Mezi témito dvéma krajnimi oblastmi
existuje prechodova oblast, ve které se vlastnosti spojité méni (na obr. 3 je obecny priklad pro
amorfni material). V zavislosti na teploté zkousky tak muze dojit u téhoz materialu k lomu
kiehkému, plastickému, nebo i lomu kaucukovitého materialu pfipadné lomu spojencho
s plastickym tokem. Ukazeme pozdéji, ze neni vzdy nejvyhodnéjsi pro odhaleni vnitini

struktury, kdyZz volime kiehky lom ve skelném stavu.

skelny stav
| PFechodova
modul oblast
3 fady
L kaucukovity stav
\Dlaslitky' tok
Ty teplota

teplota skelného prechodu

Obr. 3. Priklad zavislosti modulu pruznosti na teploté pro amorfni material.




Charakter namahani materialu rovnéz poznamenava texturu lomové plochy charakteristickym
zpusobem. Napriklad unavova zkouska s periodickym zatézovanim zpusobi charakteristické
pruhy oznacujici postup lomové trhliny. V této studii budeme vzdy predpokladat jednoduchou

geometrii namahani jednoduchého, neperiodického tahového experimentu.
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3. JEDNOFAZOVE POLYMERNI MATERIALY

Amorfni materialy definitoricky nevykazuji zadnou uspofadanost vnitini struktury. Je
tedy ziejmé, ze pii lomu nedochazi k ovlivnéni morfologie lomové plochy vnitini strukturou.
Amorfni polymery jsou tedy typickym piikladem, kdy textury lomové plochy zdviseji pouze
na zpusobu lomu a jeho §ifeni. Takové utvary, které nachazime na lomovych plochach

amorfnich polymert, je tieba eliminovat pii hodnoceni vnitini struktury z lomovych ploch.

S hlediska lomového chovani a nasledné morfologie lomové plochy neni
pozorovatelny rtozdil mezi jednoslozkovym, jednofazovym amorfnim polymerem a

viceslozkovou, jednofazovou misitelnou smési, ktera vykazuje amorfni strukturu.

Uplné krystalické materialy, tedy takové, které neobsahuji amorfni slozku, nenalezly
praktického uplatnéni. V minulosti byly studovany spiSe teoreticky s hlediska chovani
makromolekulamich fetézcu, nez jako moznost, jak ziskat material se stoprocentni
krystalinitou ¢i jak odstranit pritomnost amorfni faze v polymernim materialu (srov. napf.
[17.18]). Piisné vzato, vysledné materialy snapiimenymi krystaly se nechovaji jako
jednofazové, jejich lomové plochy odhaluji strukturu rozlomenych individualnich

monokrystali. Témito materialy se zde nebudeme zabyvat.

2.1. Lomové plochy kiehkych amorfnich polymeru

Charakteristickym ttvarim na lomovych plochach polymera byla v minulosti
vénovana velka pozomost, zvlasté pak v padesatych az sedmdesatych letech minulého stoleti,
kdy dochazelo k prudkému rozsifeni polymernich aplikaci a také rozvoji mikroskopickych

technik. Rozsahlé prehledy [1, 19] poskytuji bohatou zasobu referenci.

Celkovy charakter vzhledu lomové plochy je v zasadé stejny pro viechny lomové
plochy: zacatek lomu v oblasti jeho pomalého lomu je hladsi, hrubost postupné roste zarover
s rychlosti Sifeni lomové trhliny (srov. [1]). Mikromechanismus vzniku lomové trhliny
predpoklada lokalni plastickou deformaci fetézci za soucasného vysokého lokalniho
adiabatick€ho prehrati v misté orientace a nasledné trhani fetézci. Adiabatické piehiati v malé
oblasti plastické deformace je znaéné, byly naméfeny hodnoty az stovek Kelvinovych stupnu
[20]. (Amorfizace krystalického materidlu jako disledek tani pod vlivem prilozeného
mechanického napéti a Sifici se trhliny byla prokazana i u anorganickych krystali NiTi [21].)

Jednim z dusledku je vznik tenké vrstvy na lomové ploge, kterd vykazuje interferencni barvy




pii pozorovani mikroskopem ve viditelném svétle. Tato vrstva vznika uz pred vznikem vlastni
lomové trhliny, jez pozd&ji tuto vrstvu rozdéli. Efekt je v anglosaské odborné literature
nazyvan crazing, v Ge§tiné byl pivodné nazyvan stribreni (podle stiibfitého charakteru
pozorovanych vrstvicek v prithlednych polymerech), pozdéji také obecné pretvareni a
pretvorend vrstva [1), jesté pozdéji pukani a pukliny [1,22]. Nazev se dosud neustalil a

v Ceske literature muzeme najit i termin Arejzing.

Tloustku pietvofené vrstvy na lomové plose je obtizné zméfit. Méfeni pomoci
interferencénich efektii je spolehlivé pouze tehdy, zname-li u interferencni Cary rad
interference. Jeho stanoveni neni trivialni, nezname-li nulovy fad. Autor vypracoval metodiku
jeho stanoveni pro takové piipady [2] a uspésné ji aplikoval na méfeni profilu optické
tloustky vrstvy na lomové plose polymethylmethakrylatu (PMMA) [3]. Avsak i tehdy, je-li
mama opticka tloustka D této vrstvy, potiebujeme znat jeji index lomu », abychom mohli
urcit skute¢nou, geometrickou tloustku d (opticka tloustka D je definovana vztahem D = n.d).
Skutecnou geometrickou tloustku vrstvy v misté, kde byla zméfena opticka tloustka, se
podarilo urcit pomoci transmisni elektronové mikroskopie [3]. Na zakladé téchto méreni bylo
potvrzeno, ze index lomu vrstvy na lomové plose je stejny jako index lomu vrstvy pred jejim
Tloustka vrstvy neni stejna u ruznych polymeru, u PMMA byva kolem 1 uym — 2 uym, u
polystyrénu (PS) je tlustsi (do 10 pm).

Charakteristickym rysem krehkych lomu amorfnich polymeru ve skelném stavu
(typickymi predstaviteli jsou PMMA a PS) je vznik sekundarnich lomu. Jejich atributem je
vznik nové (sekundami) lomové fronty, ktera se Sifi souCasné s frontou predchazejici
(primarni), poté co vznikne pred jejim celem (srov. [1,4]). Sekundami fronta se §ifi v roviné
kolmé na smér pusobici sily a to vSemi sméry, tedy i naproti hlavni trhliné. Protoze tato
sekundarni lomova fronta vznika vétSinou v jiné urovni (obr. 4a), dochazi v misté stietu
lomovych front k vytvofeni schodu nebo zlomu. Tento schod je pak pozorovatelny jako

lomova krivka (obr. 4b).

LLomové kiivky mohou mit rizny tvar, nejcastéji jsou to kuzelosecky. Byly vsak
nalezeny i jiné tvary. Obecna rovnice tvaru lomovych kiivek, odvozena autorem [4], vychazi
ze tii parametri, urcujicich jeji tvary: vzdalenost d center primarniho a sekundarmiho lomu (P
a Sna obr. 4a), Casové zpozdéni 7, sekundarniho lomu za primamim a pomeér V= v;/v,

rychlosti Sifeni primarni a sekundarni lomové fronty. Rovnice ma v polarnich soufadnicich
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Obr. 4. Lomové kiivky: a - schéma vzniku v misté setkani primarni (P) a sekundarni (S)
lomové fronty [4]; b- lomové kiivky na lomové plose PMMA (SEM).

(srov. obr. 5) a po zavedeni aktivacni vzdalenosti a = d — v;f, tvar
£ - Vyd-2p[VQ - (a/d)) + cos @] + a[2 — (a/d)] = 0. (1)

Skute¢né nalezené tvary lomovych kiivek souhlasi ve vétSin¢ pripadi velmi dobre s
vypoctenymi (3, srov. 1), coz sveéd¢i o tom, ze predpoklady, za kterych byla rovnice
odvozena, velmi dobfe souhlasi se skute¢nosti. Nalezeny nesouhlas (kapkovité tvary na obr.
5b v praci [4] mohl byt vysvétlen az mnohem pozdéji 5], poté, kdyz stejny formalismus byl
autorem aplikovan na rust polymernich sférolita [23] a doplnén o jiny mechanismus -

w

odstinéni nové vzniklym utvarem a novym zakfivenim §ifici se rustové fronty [24].

Obr. 5. Schéma vzniku lomovych kiivek [4]: vzdalenost d center primarniho a sekundéarniho
lomu, r; je vzdélenost, do které se rozsifila priméarni lomova fronta, 7> je vzdalenost. do které

se rozsifila sekundarni lomova fronta, pa ¢ jsou polarni soufadnice bodu M lomové kiivky f,




Analytické vyjadieni tvaru lomové kiivky umoziuje nalézt jejich parametry pomoci
regrese skutecnych kiivek [23]. Takto je mozné vypocitat urychleni sifeni magistralni trhliny

naslednymi sekundarnimi lomy. Bylo ukazano [6], Zze kromé urychleni lomové fronty muze

yyyyy

Tvary moznych lomovych kiivek, jak byly odvozeny [4], vysvétluji fadu ttvari
popsanych dfive v literature (srov. [1]). U materiali s vlastni nadmolekularni strukturou (napf.
sférolitickou) je tieba takovéto Gtvary pfi interpretaci struktury eliminovat. Pfi vybéru mista

snimkovani na lomové plose je vyhodné zobrazovat oblast, kde se lomové kiivky nevyskytuji.

Pietvoiena vrstva na lomové plose je vlastné artefaktem vzniklym pfi lomovém
procesu. Aby bylo mozno Cinit zavéry o strukture, je treba néjakym citlivym zpusobem tuto
vrstvu odstranit. Nabizeji se leptaci techniky, tedy lept chemicky nebo v elektrickém vyboji.
Pro leptaci techniky je charakteristické uvolnéni molekularnich pohybu na povrchu vzorku
s naslednou chemickou reakci (ruseni chemickych vazeb a vytvareni novych). Chemicky lept
spociva v interakci kapalného média s pevnym povrchem. Reakce je pro kazdy material
specificka a u tohoto zpusobu zustava vzdy nejistota, do jaké hloubky dochazi k uvolnéni
molekularnich pohybu: predchazi-li botnaci fronta chemické reakci prilis do hloubky, mohou
opéet vznikat artefaktni struktury. V tomto sméru jsou chemickée lepty obecné nespolehlive.
Pro odstranéni orientované povrchové vrstvy na lomové plose se ukazalo uspésnym pouzit
lept ve vysokofrekvennim vyboji [7]. Tloustka pretvorené vrstvy byla mérena
interferometricky a ukazalo se, Ze jeji odbouravani je prisné lineami v zavislosti na Case pfi

daném vykonu zarizeni.

Povaha sekundarnich center lomu by si zaslouzila samostatného, podrobnéjsiho studia.
,Slabé misto”, ve kterém sekundarni lom vznika, nemusi byt jenom heterogenitou
mikroskopicky pozorovatelnou, jak je uvedeno nize. Napiiklad u cistého PMMA. kde
pocatkem sekundarnich lomu jsou sekundami centra zietelné pozorovatelna i svételnou
mikroskopii, nedokaze ani elektronova mikroskopie nalézt heterogenity typu cizich vméstkii.
necistot nebo fazovych heterogenit [3]. Zda se, ze v takovych pripadech maji na lomové
chovani vliv heterogenity zptsobené fluktuaci molekularnich parametri samotnych fetézci
jednofazového systému. O mikroskopicky pozorovanych heterogenitich v centrech

sekundarnich lomu bude pojednano nize.




2.2. Lomové plochy kau¢ukovitych amorfnich polymeri

Amorfni polymery, které se nachazeji ve stavu kaucukové elasticity, vykazuji hladké
lomové plochy bez vyraznéjsi struktury [8]. Kromé toho, Ze vtomto stavu teplota
experimentu dostatecné pievysuje T, je dalsi podminkou nizka hustota sitovani polymeru
nebo jeho dostateéné vysoka molamni hmotnost (délka fetézce). Takovéto lomové plochy
nejsou zajimavé, ale tohoto faktu je mozno vyuzit u systémi vicefazovych, jak o tom bude

pojednano nize.

Amorfni polymery, nachazejici se vysoko nad Ty, mohou rovnéz vykazovat kiehky
charakter, tj. lom snizkou deformaci pfi pretrzeni. Zde je podminkou vysoka hustota sité,
nedovolujici velkou elastickou deformaci. Piikladem muze byt sitovany silikonovy kaucuk.
Lom neprobiha v jedné roviné, ale od vrubu dochazi k lokalnimu Sifeni lomu pod Sikmym
ahlem, takze lomova plocha je zprohybana a zvinéna. Prechod mezi jednotlivymi urovnémi
na lomové plose neni zlomovy jako u lomovych ploch vznikajicich ve skelném stavu, ale
spiSe povlovny. V malych usecich se da tato plocha povazovat za hladkou. Také v tomto
piipadé je mozno lomu nad T, vyuzit pfi studiu nadmolekulamni struktury vicefazovych

systémil.

2.3. Artefakty na lomové plose

V oboru morfologie polymeri je zvykem striktné rozdélovat pozorované textury na
utvary reprezentujici strukturu a artefakty. Artefakty jsou takové utvary, které nemuzeme
interpretovat jako soucasti nadmolekularni struktury, ale jsou to utvary, které jsou vysledkem
preparac¢niho postupu nebo jinych efektii, jez se zobrazi na preparatu. 1 kdyz odhlédneme od
artefaktu vzniklych pfipravou mikroskopického preparatu, utvary, které pozorujeme na
lomové plose, jsou vysledkem lomové deformace vzorku. Ve vétsiné pozorovanych pripadi
neni lomova deformace Cisté kiehka, obvykle dojde k plastickému pietvoreni alespon
nékterych Casti vzorku. Spolu s ovlivnénim geometrii napjatosti a naslednym S§ifenim lomové
trhliny (lomovych trhlin) se tak vytvafeji lomové utvary i u amorfnich jednofazovych
materiali. Byla popsana fada nejruznéjsich typu takovych lomovych utvari a lomové krivky
patii mezi né [1]. Interpretuje se tak vznik jemnych kopecku, hiebenu, vystipnutych vlaken u
krehkych lomia, Gtvard vzniklych nerovnomérnym Sifenim lomové trhliny (stick-slip
behaviour) ¢i vétvenim lomové trhliny, prymky, péra, feky (river lines), kosoétvercové VZOry

(srov. [1]) a jiné.
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3. VICEFAZOVE POLYMERNI MATERIALY

3.1. OdliSeni strukturnich utvaru od lomovych

Obecné je mozno formulovat pravidlo, ze lomova plocha vhodna pro interpretaci
vnitini struktury se ziska tehdy, probiha-li lom pfi takovych podminkach, kdy se mechanicke
parametry jednotlivych slozek co nejvice lisi [15]. Neexistuje vSak obecné pravidlo, které by
napomahalo spravné interpretaci utvari pozorovanych na lomové ploSe. Zde je potieba
odkazat jednak na zkuSenosti s polymernimi materialy (porovnani efekti pozorovanych u
ruznych polymeru), jednak také na ziskani dalsich informaci o studovaném materialu. Krome
chemického slozeni materialu, které uz samo hodné napovi, je velmi vyhodné znat jeho
zpusob vyroby, postup uprav, dodateéného zpracovani, vystaveni vnéjsim vliviim (teplota,
agresivni okolni prostiedi), vysledky jinych zkousek (mechanickych, tepelnych, spektralnich,
rentgenografickych, optickych) a v neposledni radé opticky vzhled vzorku. Teprve srovnanim
nejruznéjSich informaci je mozno dojit k nejpravdépodobnéjsim interpretacim vnitini

struktury.

Piikladem publikovaného hrubého omylu interpretace, ktery vyplynul jako dusledek
zanedbani nejjednodussiho srovnani vlastnosti materialti, je chybna interpretace lomovych
kiivek u PMMA. U materialu, ktery se pouzival jako skla pro letecké kabiny (pozadavek
dokonalé prihlednosti) bylo na zakladé morfologie lomové plochy (pozorovany lomové
kiivky) konstatovano, Ze jde o material krystalicky, slozeny z pomémé velkych sférolitu
(krystalické sférolitické materialy jsou v tlustsi vrstvé pouze prusvitné ale nepriihledné).

Autor si rovnéz neuvédomil, ze bézny PMMA je atakticky, neschopny krystalizace.

Zaména pouhych lomovych krivek za sférolity nemusi byt chybou piilis vzdalenou od
reality. Ukazali jsme [S], ze tvary lomovych kiivek i tvary hranic sféroliti vznikaji stejnym
formalismem, pro ktery plati rovnice (1). Pfi absenci nezavislych dalSich informaci lze pak

interpretaci vyrazné zkreslit.

Jednoduchym prikladem, kdy na lomové ploSe se vyskytuji jak lomové, tak i struktumi
utvary, je castecné zkrystalovany polykarbonat (PC, obr. 6, [13,14]). Kruhové (kulové) utvary
na obr. 6 jsou individualni sférolity, vyrostlé pii pomalé krystalizaci v mistech. kde se
vytvorily krystalizacni zarodky. Tyto utvary tedy odpovidaji skuteénym strukturnim Gtvaram.

VétSina objemu materialu zistala nezkrystalovana (amorfni). Rovnobézné ¢ary na lomové
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plose (obr. 6) jsou stopy po nerovnomémném §ffeni lomové trhliny (stick-slip behaviour — pfi
pomalejsim Sifeni dochazi k plastické deformaci, pii které se zaroveri akumuluje deformacni
energie a poté se opét lom §ifi rychleji; cely proces se periodicky opakuje). Na obr. 6a
pievazuje fizeni rychlosti §ifeni trhliny od trhliny magistrélni (primarni), zatimco na obr. 6b je
tento proces vysledkem &ifeni sekundarni trhliny ze shluku sféroliti. Dalimi lomovymi
atvary (kiivkami) jsou ¢ary vychdzejici z mist sférolitii, nejcastéji z jejich kraju. Tyto lomoveé
kiivky odpovidaji stfetim lomovych front vznikajicich od sférolitd s primarni lomovou
trhlinou. Je to pripad kiivky vznikajici tehdy, kdyZ sekundarni lom za¢ina pravé v misté, kam

se rozsifila primarni trhlina a sekundarni trhlina ma stejnou rychlost siteni [4].

Obr. 6. Piekryvani vnitini struktury (sférolity) a lomovych deformacnich struktur (systém car
kolmych na smér Sifeni lomu a Cary podél Sifeni lomu). Polykarbonat temperovany 6 dnu pii
teploté 190 °C; reflexni mikroskopie ve viditelném svétle. Obr. 6a je pievzat ze [14], obr. 6b
2 [15].

Material ukdzany na obr. 6 je zaroven typickym piikladem jednoslozkového
vicefazového materidlu. Mechanické vlastnosti obou pfitomnych fazi (semikrystalické a
amorfni) jsou natolik rtizné, Ze rozlozeni fazi (fazova struktura) je z lomové plochy dobie
patrné. Probéhla-li vSak krystalizace v celém objemu vzorku, je situace komplikovanéjsi.
LLomova trhlina mize potom podle typu polymeru a krystalizace probihat bud’ po hranicich
sféroliti nebo napfic¢ sférolity a interpretace obrazu lomové plochy miuze byt podstatné
struktura semikrystalického usporadani (krystalické lamely s amorfnimi mezivrstvami) nelze

vidét pfimo, ale je nutna dodate¢na Giprava preparatu, napf. leptani.




3.2. Vyuziti lomovych kFivek pFi zviditelnéni vad polymernich materiilu

Jednofazovy material obsahujici nezadouci heterogenity (cizi Castice, vméstky,
nedistoty) mizeme povazovat za vicefazovy material s velmi malou koncentraci dispergované
faze. Takovéto heterogenity negativné ovliviiuji mechanické chovani, byvaji rozlozeny velmi
nepravidelné a vzhledem Kk jejich nizké koncentraci je velmi obtizné je v materialu

identifikovat.

Nalezeni pfi¢in poruseni je ¢asta a dilezita tiloha pii studiu vnitini struktury materialu.
Slaba mista ¢i vnitini vady materialu se stavaji sekundarimi lomovymi centry, ze kterych se
Sifi samostatné lomové trhliny. Lomové kfivky, pokud vznikaji, jsou pak vitanym voditkem
pii lokalizaci vad. V mistech sekundarnich lomovych center muzeme tedy hledat ty vady.
které jsou pfi¢inami snadného poruseni materialu. Zvlasté u kombinovanych, viceslozkovych
materiali, kdy nelze dobie zaruéit homogenitu v celém objemu, je snadné heterogenity
v sekundamich centrech lomu objevit. Rastrovaci elektronova mikroskopie je k tomu

vhodnym nastrojem.

Timto postupem se podafilo nalézt heterogenity ve strukture polymeru ABS
[12.13.25], které vyrazné snizovaly mechanické parametry materialu. Byly to jednak shluky
latexovych castic (obr. 7.b), které vznikaly na jednom se stupiii komplikovaného postupu

vyroby, jednak také anorganické, mozna i organické necistoty (obr. 7c.d).

Na tomto misté je tieba konstatovat, ze pokud je koncentrace slabych mist
(heterogenit, necistot) velmi nizka, nepodaii se odhalit je timto zplsobem, pripravi-li se
lomova plocha vrezimu tahového zatézovani vzorku opatieného vrubem. Pii tomto
usporadani je deformacni a lomovy proces lokalizovan vlivem vrubu jakozto koncentratoru
napéti do pomérné malé oblasti vzorku. Na rozdil od toho, pfi deformaci vzorku bez vrubu
dochazi pred zapocetim lomu k nedestruktivni deformaci mnohem vétsi oblasti vzorku.
V prvém piipadé je pravdépodobnost vyskytu nebezpeéného defektu v oblasti lomu mnohem
nizsi, nez v pripadé druhém. Chceme-li tedy odhalit vyskyt nebezpecnych trhlin, je tieba volit
rezim pripravy lomovych ploch tak, aby nedochazelo k jinym vrubovym ué¢inkim béhem

deformace, nez takovym, které jsou zpusobeny slabymi misty.
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Obr. 7. Strukturni heterogenity v mistech sekundarnich center lomu: lomova plocha
kopolymeru ABS. a, b —totéz misto, heterogenity jsou shluky latexovych ¢astic (pfevzato
z prace [12]); ¢, d — piimési (prevzato z prace [13] (c) a [26] (d)).

3.3. Odhaleni fazové struktury v zavislosti na teploté lomu

Pii lomu vicefazovych materiali musime uvazovat rozdilnou reakci jednotlivych
slozek systému na mechanické zatizeni, rozdilny mechanismus mikrodeformace (srov. napi.
[27]). Prisludné materidly muzeme charakterizovat pomoci jejich modul pruznosti, které
podstatné zaviseji na teplot¢ vzhledem k T,. Méame-li v materidlu dvé slozky lisici se T,, pak
vzhled jeho lomové plochy se bude podstatné lisit podle oblasti teplot, kterou pro lomovy

experiment zvolime (obr. 8, srov. [8]).
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Obr. 8. Moduly pruznosti slozek vicefazového polymerniho systému (podle [8]). Oblast teplot
SMEFS je vyuzitelna pro metodu vyuzivajici lom systému s mékkou matrici.

Jsou-li pii teploté¢ lomu obé (vSechny) slozky pod teplotou skelného prechodu. je
chovani slozek kiehké, charakterizované nizkou deformaci pii pretrzeni. Lomova plocha pak
vyrazné zavisi na mezifazové adhezi slozek: pii nizké mezifazové adhezi je fazova struktura
velmi dobie zietelna (obr. 9, srov. [9]), naopak pfi vysoké mezifazové adhezi muze nastat

piipad, Ze dispergovana faze zlstane zcela nebo témér skryta (srov. [8.10]).

Obr. 9. Lomova plocha epoxidu s mletym grafitem, lom pfi teploté mistnosti. Pfevzato z prace
[28].

U systému s polymerni matrici naplnénou tvrdymi anorganickymi ¢asticemi nastava
nékdy situace, ze kiehkym lomem se fazova struktura neodhali. Jina, klasicka technika.
zhotoveni fezii a feznych ploch byva pak obvykle nepouzitelna pro tvrdost plniva, takovy

systém ni¢i i diamantové noze vylamovanim ostii. V takovém piipadé je feSenim technika
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piipravy lomové plochy s kiehkou matrici, vypracovana autorem [8] (srov. obr. 8). Technika.
nazvana SMFS (soft matrix fracture surface), vyuziva toho, ze lze nalézt oblast teplot
experimentu, kde matrice ma nizky modul (je kaucukovitd), zatimco ¢astice jsou tvrdé. Na

lomové plose pak jsou odhalené ¢astice velmi dobie viditelné (obr. 10).

Obr. 10. Lomova plocha EPDM kauc¢uku s nizkym obsahem anorganického plniva. Lom pfi
pokojové teploté, kdy EPDM je kaucukové elasticky. SEM, pievzato z prace [8].

Technika SFMS se ukézala jako velmi vyhodna nejen u plnénych materiala, a
takovych, u kterych je matrice kaucukovita pfi teplot¢ mistnosti. Prikladem muze byt systém
PP/CaCOs;. PP/TiO,, ABS polymer plnény samozhasecim ¢inidlem, EPDM kaucuk/PP [8]
nebo silikonovy kauc¢uk/hydrogel [11].

3.4. Modifikace lomové plochy pro zviditelnéni struktury

,Otevieni™ vnitiku vzorku lomem pro zjisténi jeho vnitini struktury neposkytuje
piimocaré vysledky, pokud se mechanické vlastnosti komponent piilis nelisi. Lomova plocha
muze byt relativné hladka, tak, Ze neni patrné, Ze material je viceslozkovy a vicefazovy.
V takovych piipadech obvykle vypomuze dodate¢né opracovani lomové plochy. Toto

opracovani rozhodujicim zpusobem zavisi na slozeni vzorku.

Jednoduchou moznosti je selektivni rozpusténi minoritni sloZky. Tato technika je
slozky, nebo tam, kde potfebujeme urcitou slozku bezpecné lokalizovat. Piikladem miize byt
systém PP/mastek/EPDM (obr. 11). Ulohou bylo uréit rozlozeni EPDM kau¢uku jakozto
kompatibilizatoru desticek mastku v PP. Na zdkladé vypo¢ti zalozenych na méfeni
mechanickych veli¢in se predpokladala dobra kompatibilizace a tedy preferenéni rozlozeni
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EPDM slozky na povrsich mastku, takové, Ze anorganické &astice jsou tplné obaleny
kauCukovou slozkou. Selektivni rozpusténi minoritni slozky v n-heptanu dokazuje pouze

castecné obklopeni mastku kaucukem.

Obr. 11. PP/mastek/EPDM. Temné prohlubné vznikly selektivnim rozpusténim EPDM v n-
heptanu. SEM. prevzato z prace [29].

Klasickou modifikaci lomové plochy pro ziskani strukturnich informaci je pouziti
leptacich technik. Zatimco selektivni rozpousténi je prakticky pouzitelné jen pro minoritni
fazi, leptaci techniky maji pouziti univerzalni. Principialni rozdil spoc¢iva ve skute¢nosti, ze u
rozpoustécich technik dochazi k botnani a posléze kuvolnéni a odplaveni celych
makromolekularnich fetézci doty¢né slozky, u leptacich metod jde o chemickou reakci
s povrchovou vrstvou vzorku (v naSem pripadé s lomovym povrchem). Leptaci techniky
(srov. napt. [30]) jsou citlivé na usporadani fetézcu v materialu, krystalické oblasti se leptaji
pomaleji, nez oblasti amorfni. Nevyhodou leptacich technik je nutnost testovani slozeni
leptacich smési pro dany material. Snad castéji nez pro lomové plochy jsou leptaci techniky

pouzivany pro fezné plochy [31].

Jak zminéno driive, vlivem adiabatické¢ho ohfati malého objemu v oblasti §ifici se
trhliny vznikaji na lomové ploSe utvary odpovidajici plastické deformaci. i kdyz je kiehky
lom pripraven pii nizkych teplotach. Vyrazné stopy po plastické deformaci vznikaji u
viceslozkovych systému, jejichz matrice se pfi teplot¢ lomu nachazi pod T,, ale minoritni
slozka je nad T,. Pfikladem muze byt ABS polymer, jehoz matrice je pii teploté mistnosti
hluboko pod T, a dispergované elastomerni Castice vyrazné nad T,. Lomova plocha
pripravena pri teploté mistnosti pak vykazuje vyrazné stopy po plastické deformaci (obr. 12a).
takze ucinit zaver o puvodni vnitini struktufe je prakticky nemozné. Ukazali jsme [12], Ze

deformacni struktury je mozno do zna¢né miry eliminovat jemnou relaxaci v parach
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rozpoustédla. Nepatrnym nabotnanim dochazi k rozvolnéni pohybu fetézcu a tak se z tenké
povrchové vrstvy odstrani zamrzla pnuti a zamrzlé plastické deformace v tenké vrstvé na
lomovém povrchu. Pfi vhodné exposici parami se dobie odhali ¢asticova struktura materialu

(obr. 12b).

Obr. 12. Lomova plocha ABS piipravena razem pii teplot¢ mistnosti, bez upravy (a) a po
relaxaci v parach rozpoustédla methylethylketonu (b). SEM. Prevzato z prace [12].

3.5. Vliv mezifazové adheze

U vicefazovych systému patii mezifazova adheze k nejdulezitéjSim parametrim
ovliviiujicim morfologii lomové plochy. Proto také lomové plochy mohou poskytovat
kvalitativni informace o stupni dokonalosti mezifazi. na kterém zalezi fada vlastnosti systému,
pfevazné mechanickych. Otazka po ovlivnéni mezifazi slozkami pridavanymi do systému —
dokonalost kompatibilizace — je velmi ¢astd a jednu z nejjednodussich odpoveédi je mozno

ziskat z morfologie lomové plochy.

3.5.1. Polymerni smési

Kompatibilizator priddvany do nemisitelnych slozek polymerni smési jako dalsi
komponenta, md v systému dvoji funkci. Jednak snizuje velikost ¢astic dispergované faze,
jednak zvySuje mezifazovou adhezi. Oba tyto vlivy se projevi na lomové plose smési a

acinnost kompatibilizace se tak da pomérné snadno porovnavat.

23



Je-li mezifazova adheze nizka, pak obvykle dochazi k $ifeni lomové trhliny pod¢l
mezifazi. V takovém pripadé se fazova struktura dobie zviditelni, hranice fazi jsou dobie
patrné (obr. 13a, 14a). Je-li naopak mezifazova adheze vysoka, je na lomoveé plose casto

hranice fazi rozmyta (obr. 13c¢, 14b.d).

Obr. 13. Lomova plocha systému epoxid (kontinualni faze) — kapalny kaucuk (dispergovana
faze). Nizka (a), stiedni (b) a vysoka (c¢) mezifazova adheze. Lom pii teploté mistnosti [15,
32,33].

Identifikace jednotlivych fazi je jednoducha, jde-li o systém se zietelnou pievahou
jedné zfazi. U systému v intervalu inverze fazi je fazova struktura velmi heterogenni a
vyznacuje se tim, 7ze mizeme nalézt na riznych mistech prurezu vzorku obé faze kontinualni
(bikontinualni nebo ko-kontinudlni fazovéa struktura), nebo strukturu s dispergovanymi
fazemi, ovsem kazda z obou fazi miuze byt v nékterém misté vzorku dispergovana. Interval

slozeni, ve kterém dochazi k fazové inverzi, je Casto dosti Siroky, nejde jen o sloZeni 50:50.



V takovychto piipadech je pii identifikaci fazi nékdy mozné vypomahat si charakterem lomu
v oblasti jedné z fazi. P¥ikladem mtze byt smés polyethylenu (PE) s polyethylentereftalatem
(PET), obr. 14. Polyethylen je charakteristicky tim, Ze i pi lomu v kapalném dusiku vykazuje

zietelné stopy po plastické deformaci, zatimco amorfni PET pii této teploté lomu ma lomovou

plochu hladkou, nanejvyse jsou na ni patrné stupné charakteristické pro kiehky lom (obr.
14c.d).
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Obr. 14. Lomova plocha recyklované smési polyolefini (pfevazné PE) s PET. Lom pii teploté
kapalného dusiku. Nekompatibilizovany systém s nizkou (a.c) a kompatibilizovany systém
s vysokou mezifazovou adhezi (b,d).

3.5.2. PInéné polymery

Pod pojmem pInéné polymery se rozumi material s polymerni matrici, ve které je

dispergovano casticové plnivo. Plnivo byva vétSinou anorganické a je isometrické. tj. rozmery



ve vSech smérech jsou srovnatelné. U takovychto plniv se nepfedpoklada, ze dochazi
k podstatnému  zvySeni mechanickych parametri vlivem tvaru plniva (vyztuzeni -

reinforcement).

Plnéné polymery s nizkou mezifazovou adhezi nepredstavuji velky problém pro
zobrazeni rozlozeni fazi v systému (zobrazeni fazové struktury). Lomova trhlina sleduje
fazové rozhrani a obraz struktury ziskany zlomové plochy je piehledny (obr. 9. 10, 15a).
Zvysenim mezifazové adheze mize dojit k situaci, kdy lomova trhlina neprochazi
mezifazovym rozhranim. Dispergované anorganické castice sice ovliviuji prubéh lomove

trhliny, zistanou vsak skryty pod povrchem lomu (obr. 15c¢).

Zvyseni mezifazové adheze piidanim kompatibilizatoru jakozto dalsi slozky systému
(podobné jako u polymernich smési) je ucinné jen tehdy, dojde-li k jeho ulozeni na rozhrani
fazi, tj. mezi polymerni matrici a anorganickym plnivem. Obvykle se nedafi najit takovy
kompatibilizator, ktery tuto podminku spliiuje stoprocentné. Na mezifazovém rozhrani je
ulozena jen ¢ast kompatibilizatoru a ta pfispiva k soudrznosti. Zbyly dil kompatibiliza¢ni
slozky je dispergovan v matrici a obvykle pfispiva ke zvyseni razové houzevnatosti materialu.
Ruzny podil lokalizovany na mezifazi muze vyrazné ménit morfologii lomové plochy (srov.

obr. 15b a 15¢) a tedy 1 mechanické vlastnosti.

Obr. 15. Zvysovani mezitazové adheze vapence k polypropylenové (PP) matrici smisenim
s kompatibilizujici slozkou (kaucukem). a — nekompatibilizovany systém., b — nizsi
kompatibilizace, ¢ — vySsi kompatibilizace. Lom v kapalném dusiku, SEM. Kau¢ukova slozka
rozpusténa v n-heptanu (b, c).
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3.5.3. Polymerni kompozity

Velk¢ rozdily mezi mechanickymi vlastnostmi slozek polymernich kompoziti,
ztuzujici ucinek tuzsi komponenty (tuzsich komponent), ktera je objemové obvykle minoritni
slozkou nebo dispergovanou fazi, omezuji moznosti jinych morfologickych technik natolik,
ze jsou tézko pouzitelné nebo i nepouzitelné. Fraktografie se zde stava bézné pouzivanou
charakteriza¢ni technikou. Na rozdil od plnénych systému je zvySeni mechanickych
parametru (reinforcement) zpisobeno tvarem castic dispergované slozky. Protoze vlastnosti
systému zavisi jak na tvaru Castic, tak na jejich rozlozeni v matrici a na mezifazové adhezi, je
fraktografie téchto systému cennou technikou, nebot’ dava adekvatni odpovédi na otazky, jak

se uplatiuji vSechny tyto faktory.

Obecné plati, ze mezifazova adheze polymerni matrice k vyztuzujici slozce je nizka.
Zvysit mezifazovou adhezi je mozné povrchovou upravou dispergované slozky nebo pridanim
malého mmnozstvi polymerniho kompatibilizatoru, ktery specificky interaguje s obéma
slozkami. Priklad takového kompatibilizatoru pouzitého pro destickovou vyztuzujici slozku,

ktery vSak neni stoprocentné ucinny, je uveden na obr. 11.

Mezifazovou adhezi kompozitiu je mozno posuzovat podle stupné ulpivani polymerni
matrice na vyztuzujici slozce (obr. 16). Takto se nejcastéji hodnoti viaknove kompozity.
Vyztuzujici vlakna jsou puvodné hladka. Pokud je mezifazova adheze vyssSi, nez pevnost
matrice, zustanou po lomoveém procesu obalena matrici (obr. 16a). Pri adhezi srovnatelné
s pevnosti matrice zustavaji na vlaknech v nékterych mistech ulpélé zbytky matrice, jinde se
odkryva povrch vlaken. Pfi nizké mezifazové adhezi nedochazi k neulpivani matrice na

povrchu vlaken (obr. 16b).

Zakladnimi funkcemi matrice jsou prenaset zatizeni zvlakna na vlakno, branit
spojitému rozsifeni trhliny skrz vlakna a chranit vlakna pred ucinkem okolniho prostiedi.
Vlastnosti matrice a pevnost vazby vlakna k matrici ovliviiuji charakteristiky kompozitu [34].
Efektivita ucinku vyztuzeni zavisi (kromé samotnych vlastnosti materialu) podstatnym
zpusobem na tvaru Castic, jmenovité na aspektnim poméru, tedy poméru délky vlakna k jeho
pruméru. U kompozitii s kratkymi viakny lze vlastni pevnosti vlakna vyuzit pri pienosu napéti
uplné jen tehdy, kdyz jeho délka je vétsi, nez délka kriticka, definovana jako minimalni délka

vlakna, na které se dosahne meze jeho pevnosti [35]. Jednim ze zpusobu jak lze kritickou
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Obr. 16. Lomové plochy polymernich kompozitli s vlaknovym plnivem: a — PP s kratkym
sklenénym vldknem, b — polyamid s uhlikovym vlaknem. SEM. Ptevzato z prace [29].

délku vldkna stanovit, je technika zaloZzena na méfeni délek vlaken vy¢nivajicich z lomové
plochy [36,37]. Uskalim je orientace (kratkych) vlaken v matrici. K tomu, aby kratka vlakna
plnila svou funkci pfenaseni mechanického napéti, je tieba, aby byla orientovana podél sméru
pusobiciho napéti. Tomuto cili by méla byt pfizpusobena vyroba prislusného dilu. Pii vyrobe
7z taveniny, jiz tvoii smés matrice a vlaken, se vldkna orientuji do sméru toku taveniny. Tato
orientace byva v ruznych mistech rizna a rozdily jsou zvlasté vyrazné pii porovnani vnitinich
a povrchovych mist (shell-core effect). Nespravna ¢i chybna orientace vlaken v mistech
pusobiciho napéti byva pficinou selhani materidlu a fraktografie je zde G¢innou metodou
k nalezeni chyby v technologii vyroby. Castym piipadem je selhani materialu v mistech stoku
taveniny. Pfi stoku riznych proudu vstrikované taveniny nedojde k ..propojeni* pramence
kratkych vlaken, ale naopak se vlakna nataceji témeér kolmo k puvodnimu smeéru toku.
V misté styku vnikne slabé misto. prakticky nevyztuzené. Lomova plocha, ktera nasledné
probiha timto mistem, se vyznacuje malym poc¢tem vlaken, ktera jsou navic témér rovnobézna
s lomovou plochou. Textura této lomové plochy je vyrazné odlisna od spravné vyztuZzeného

mista, které se vyznacuje vy¢nivajicimi vlakny s pfevaznou orientaci kolmo k lomové plose.

Pro kompozity s dlouhymi (kontinudalnimi) vildkny je teoreticky mozné zméfit pevnost
vldken tim, Ze stanovime maximalni délku tsekt vlaken vyénivajicich z lomové plochy (obr.
17). Pfedpokladem ovSem je uspofadani vliaken v systému, ktera maji byt rovnobézna se
smérem tahové deformace. Kompozity s kontinualnimi vlakny se pripravuji specialnimi
technologiemi, kdy bud’ pfi vstiikovani matrice do formy dochazi zaroven k zabudovani
vlaken ve sméru toku matrice (Ci jejiho prekurzoru), nebo kdy se piedpiipravené dily
s definovanou orientaci vlaken (prepregy) skladaji tak, aby vznikla komplikovana, avsak

definovana vrstvena struktura. Lomové plochy takovych materialii jsou vétSinou natolik

28



slozité a nepiehledné, ze jejich vyhodnoceni je obtizné a objem takto ziskanych informaci je
maly. [ zde vSak byly vypozorovany charakteristické ttvary na lomové plose, které je mozné

prifadit mechanismu poruseni kompozitni struktury [16].

Obr. 17. Lomova plocha vzorku polyamidu se zalisovanymi dlouhymi uhlikovymi vliakny.
SEM.

Perspektivni kategorii kompoziti jsou nanokompozity a molekularni kompozity.,
vyznacujici se velmi malymi rozméry castic vyztuzujici slozky. Piikladem nanokompoziti
mohou byt specialné vrstvené materiadly pripravené mnohonasobnym  délenim
koextrudovaného filmu, materialy ztuzené velmi malymi Casticemi anorganické latky
zabudované do polymerni struktury, nebo polymerni matrice s velmi tenkymi dispergovanymi
anorganickymi destiCkovymi krystaly, které byly rozdéleny béhem michani, exfoliovanim do
monomeru apod. Pod molekularnimi kompozity se rozuméji smeési dvou (nebo vice) typu
polymert, z nichz minoritni podil tvofi oligomer(y) s tuhym fetézcem, pii¢emz tyto latky
s tuhym fetézcem jsou zamichany do majoritni slozky na molekuldrni Grovni, takZe netvori
agregaty. Vysoky aspektni pomér jak u destickovych velmi tenkych krystali, tak u
individualnich molekul s tuhym fetézcem je pfi¢inou vyrazného vyztuZzeni matrice. U téchto
modernich kompozitt jsou ¢astice natolik mal€é, Ze nevznika vyrazny reliéf na lomové plose.
Morfologicka studia téchto systému se dosud omezuji na sledovani rozlozeni minoritni faze
pomoci transmisni elektronové mikroskopie ultratenkych fezi. Studium lomovych ploch

tohoto typu materialu je otazka budoucnosti.
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4. FRAKTOGRAFIE V KONTEXTU MORFOLOGICKYCH TECHNIK

4.1. Srovnini informaci ziskanych zlomovych ploch s ostatnimi preparacnimi
technikami

K odhaleni nadmolekularni struktury vnittku vzorku jsou k disposici dvé zakladni
techniky, fez a lom. U techniky fezani byly vyvinuty takové postupy, které sniZily lokalni
deformace na minimum (zhotoveni ultratenkych fezil). Proto tam, kde je mozZné tuto techniku
pouZit, povazuje se jeji vysledek za nejvérngjii obraz vnitini nadmolekularni struktury. Obraz
struktury takto ziskany representuje dokonale priimérnou strukturu zobrazovaného materialu.
Plati to, at’ zobrazujeme ultratenké fezy nebo feznou plochu. Takto ziskany obraz je spravné
korelovat s objemovymi charakteristikami (naméfenymi vhodnymi metodami), jako napf.
krystalinitou ¢i dlouhou periodou krystalizujicich polymeri, propustnosti, slozenim podle

spektroskopickych méfeni, s mechanickymi moduly a pod.

—

Obr. 18. Schéma vlivu omezeni velikosti deformac¢ni oblasti vrubem na uplatnéni slabych
mist pfi lomu. Te¢kami jsou oznaena slaba mista, ¢ervené oblast deformace, ktera se uplatni
pfi lomu. Sipkami je oznagen smér naméhéni. Vzorek bez vrubu (a) a s vrubem (b).

Jinak je tomu u lomu. Lomové chovani a vyslednd lomové plocha ziviseji krom&
primémé struktury také na slabych mistech, jejichz koncentrace ve vzorku miZe byt témef
zanedbatelna a jejichz rozloZeni mize byt znainé nepravidelné. Pres nizkou koncentraci je
jejich vliv na pribéh lomu rozhodujici a zalezi na nich také moZnosti pouZitelnosti materiélu
pfi mechanickém namahani. Slaba mista nelze odhalit fezdnim, protoZe pfi jejich témef
zanedbatelné koncentraci ve vzorku je pravdépodobnost jejich odhaleni timto zptisobem
nepatrnd. Mohou je odhalit vyhradné lomové plochy. I tehdy je pfi ptipravé lomové plochy
nutno peclivé volit zptisob lomu tak, aby deformace do lomu zahrnovala co nejvétsi oblast

vzorku. Obecné je moZno fici, Ze omezime-li oblast deformace na minimum, napf. opatiime-li
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vzorek vrubem, vylou¢ime jina slaba mista z Gcasti na lomu a prubéh lomové trhliny je pak

ovlivnén prumérnou strukturou vzorku (obr. 18).

Jako dalSi preparacni techniky, pouzivané pii odhaleni vnitini struktury polymert, je
treba zminit lept a nabrus. Obé mohou byt aplikovany na feznou i lomovou plochu a tak
slouzi spiSe k dopracovani pfipravy vzorku. Jejich aplikace na povrch vzorku je Castéjsi.
slouzi tak k odhaleni podpovrchové struktury. Je vhodné zde uvést, Ze lept (nebo selektivni
rozpousténi) v kombinaci s lomovymi plochami byva pouZivano pii identifikaci nékteré ze
slozek viceslozkového systému (napf. obr. 11 a 15b), pouziti nabrusu je vyhodné u

komplikovanych kompozitnich systémii, kde je potieba zviditelnit fazovou skladbu (obr. 19).

Obr. 19. Technika nabrusu: ulozeni vrstev v epoxy-uhlikovém kompozitu. Cerné tecky jsou
obrazy uhlikovych vldken ulozenych kolmo k roviné obrazu. ¢erné Cary zobrazuji ulozeni
rovnobé&Zné s rovinou obrazu. Zobrazena trhlina ve vrstvé a delaminace. SEM.

4.2. Metodické poznamky k zobrazeni lomovych ploch

Neexistuje universalni predpis ¢i doporucenti, jakou mikroskopickou techniku pro
fraktografické studium zvolit. Velikostem pozorovanych struktur je tfeba prizpusobit techniku

preparace i pozorovani.

Ze viech existujicich mikroskopickych technik jsou pro mikroskopické zobrazovani
lomovych ploch vhodné tii zakladni: svételna mikroskopie (SM), rastrovaci elektronova
mikroskopie (SEM) a prozarovaci (transmisni) elektronova mikroskopie (TEM). V tomto
pofadi uvedenych technik také roste dosazitelna rozliSovaci schopnost zobrazeni. Techniky je

obvykle ticha kombinovat, pficemz se za¢ina od nejjednodussi, tj. svételné mikroskopie,
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Svételna mikroskopie je metodicky relativng jednoducha. Vzorek se umisti do
vhodného drzaku, ktery dovoluje jeho naklanéni a piipadné rotaci. Lomova plocha se nastavi
kolmo k ose mikroskopu a pozorovani (piipadné snimkovani) muze bezprostredné nasledovat.
Zobrazeni SM ve viditelném svétle nevyzaduje prakticky zadnou specialni preparacni
techniku. Interakce svétla se vzorkem (zabarveni, absorpce, piipadné zobrazeni objektii pod
povrchem) umoziuje ziskani dodatecnych informaci o polymeru samotném, piipadné o
podpovrchove vrstvé pod lomovou plochou [3). Prithlednost pozorovaného materialu, jejimz
disledkem je nizka odrazivost povrchu, mize byt i vyhodou této metodiky. Negativnimi
strankami SM technik jsou vsak velmi mala hloubka ostrosti (obtizné zobrazeni nerovnych
objektl, jakymi Casto lomové plochy jsou) a nizka rozliSovaci schopnost. Teoreticky mozné
rozliseni SM dosahuje 0,1 pum, prakticky je obtizné rozlisit na lomové plose objekty o

velikostech jednotek mikrometru.

NejlepSiho rozliSeni dosahuje transmisni (prozafovaci) elektronova mikroskopie
(TEM); spickové mikroskopy dosahuji rozliSeni v desetinach nanometru). Protoze touto
technikou je mozno zobrazovat pouze velmi tenké vzorky (tloustka 50 — 100 nm), neni primé
zobrazeni mozné. Pro preklenuti této zabrany byly v minulosti vypracovany komplikované
techniky pfipravy otisku (replik), pomoci kterych se vakuovymi napafovacimi technikami
(vacuum evaporation) zhotovi velmi tenky film kopirujici vémé povrch vzorku. Uskalim
zvlasté obtiznym pro lomové plochy je separace tohoto filmu od ptivodniho povrchu, ktery je
vzdy hruby a clenity. Preparacni techniky jsou pracné, zdlouhavé a zdaleka nemaji
stoprocentni  vysledek (nutnost opakovani na jiném vzorku). Jejich aplikovatelnost
v defektoskopii je proto zvlasté u polymeru velmi diskutabilni. Presto do doby rozsifeni SEM
techniky byla TEM otisku (replik) lomovych ploch jedinou moznosti, jak pozorovat objekty,

které jsou mens$i, nez ty, ktere jsou dostupné pri aplikaci svételné mikroskopie.

Rastrovaci (fadkovaci, skanovaci) elektronova mikroskopie (SEM) nalezla ve
fraktografii vyznamného uplatnéni, a to z nékolika duvodu. RozliSovaci schopnost je sice o
poznani nizsi, nez u TEM (jednotky az desitka nanometru), ale i tato nevyhoda se v posledni
dobé u novych mikroskopu znacné smazava. Také nejmensi objekty pozorované na lomovych
plochach polymert jsou Casto v dusledku probihajicich deformaci zahaleny do deformované
matrice a tak nejvétsich rozliseni ani nevyzaduji. SEM technika vynika mimoradné velkou
hloubkou ostrosti, takze hruby reliéf lomové plochy neni piekazkou zobrazeni. Preparace

vzorkii pro SEM je rychla, rovnéz i vlastni ziskani obrazu. Nevyhodou u polymernich vzorku.
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které jsou nevodivé, je nutnost pokoveni povrchu vodivou tenkou vrstvou (vrstva kovu,
nejcastéji zlata o tloustce kolem 10 nm nebo platiny o tloustce kolem 5 nm). I tento
preparacni krok je uz v soucasnosti prakticky vyiesen, pokoveni technikou vakuového

naprasovani (vacuum sputtering) netrva déle nez nékolik minut, pfiSemz je mozno najednou

pokovit celou sérii preparatu.

Prevazna vétSina mikroskopickych snimka pouzitych v této studii (kromé obr. 10) byla
zhotovena technikou SEM. Pro nékteré informace ziskané zlomové plochy vsak jsou
nezastupitelné vysledky ziskané svételnou mikroskopii [2,3,7]. Autor ma dlouholeté
zkusenosti se zobrazovanim lomovych ploch v§emi shora uvedenymi technikami a z téchto
zkusenosti vyplyva, ze kombinace SEM spolu se SM je cestou, jak nejlépe lomové plochy
hodnotit a eventualné upravovat techniky preparace pro interpretace Sifeni lomové trhliny a
hodnoceni polymemich materiali. Vyznamnou pomuckou pro prvni ohledani lomové plochy i
pro nasledujici preparaci pro elektronové mikroskopicka studia se ukazuje dobry
stereomikroskop, umoziujici dobry nahled na prostorové rozlozeni jednotlivych textur na

lomove plose, pripadné i pro vybér mist ke sledovani pri velkych zvétSenich.
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5. ZAVERY

|

n

Fraktograﬁe polymeri je nastrojem, pomoci néhoz Ize ziskat diilezité informace o
strukture 1 (mechanickych) vlastnostech polymernich materiali.

. Zakladnimi technikami pro monitorovani vzhledu lomovych ploch jsou mikroskopické

techniky.

Na vzhledu (morfologii) lomové plochy se uplatiiuji jak strukturni ttvary, tak i

deformacni procesy, probihajici pfi lomovém procesu. Pfi vyhodnoceni lomové plochy je
tieba oba tyto vlivy rozlisit.

Podminky lom'ové zkousky, zvlasteé teplotu, pfi které probiha lomovy experiment, lze
vhodneé nastawtl{voht) tak, aby bylo odhalit sledované strukturni itvary. Vedle obvyklého
kiehkého lomu je u¢innym pomocnikem také lom s matrici v kaucukovitém stavu.

Lomove krivky, vznikajici nejCastéji u lomu kiehkych polymeri, jsou dobrym voditkem
pii hledani slabych mist v materialu. Slaba mista se nachazeji v sekundarnich centrech
lomu. Lomoveé kiivky samotné nepfedstavuji strukturni utvary.

Siroka $kala mechanickych vlastnosti polymerii, zahrnujici tisicinasobny rozdil v modulu
mezi sklovitym a kaucukovitym chovanim, se uplatni na vzhledu lomové plochy zvlasté u
vicefazovych systému.

. Vhodna uprava lomové plochy pomaha identifikovat jednotlivé faze disperzniho systému.

Zde se dobre uplatni zvlasté selektivni rozpusténi dispergované slozky nebo chemicky
lept.

Lomova plocha odrazi také mezifazovou adhezi vicefazovych systému. Tato informace je
spise kvalitativni, je vSak vztazena k pevnosti slozek systému, zvlasté matrice.
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FRANTISEK LEDNICKY

Ustav makromolekuldrni chemie CSAV, Praha

MORFOLOGIE LOMOVYCH PLOCH KREHKYCH LOMU
AMORFNICH POLYMERU

The paper summarizes knowledge so far existing about the morfology of fracture surfaces due
to brittle fractures of amorphous polymers. A description of the total appearance of the fracture
surface, the effects of the individual factors on this appearance, and the facts known about fracture
initiation are used as a basis for the interpretation of the interference colours and crazed layer
on the fracture surface, of the relief structure, and of the formation of fracture curves and other
morphological formations on the fracture surfaces.

1. Uvod

Znalost lomového chovani je dileZita proto, Ze podminky lomu materidlu udavaji
meze jeho pouZitelnosti. Morfologické studium lomovych ploch patti mezi metody,
jez studuji lomové chovani retrospektivné: z morfologie lomové plochy se d4 usuzovat
jednak na vznik, Sifeni lomu a jeho podminky, jednak také na ptivodni strukturu
materialu.

Polymerni materialy vSak vykazuji velkou variabilitu vlastnosti a strukturnich
charakteristik. Vzhled lomovy:h ploch riiznych polymert rozrufenych riiznym zpi-
sobem a za rfiznych experimentalnich podminek je proto znatné rozdilny. I kdyz
nékteré utvary (struktury) na lomovych plochich jsou dobfe prostudoviny, neni
dnes zdaleka je3té moZno obecné tvrdit, Ze lomova plocha dava jednoznaény obraz
o podminkéch lomu nebo o struktufe polymerniho materialu.

Lomové chovani materialu se sleduje prakticky dvojim zplisobem: fenomenolo-
gicky (méfenim mechanickych parametrii lbmu) a morfologickym studiem lomovych
ploch. Oba pfistupy se vzijemné dopliuji. Fenomenologickym studiem lomového
chovani se ziskaji materidlové konstanty, jeZ predstavuji urCité¢ primérné hodnoty
ziskané méfenim makroskopického vzorku. Morfologie lomové plochy vSak posky-
tuje nékteré dileZité informace o procesech probihajicich pti deformaci a lomu
polymerniho vzorku v mikroskopickych rozmérech.

V této praci uvedeme piehled dosavadnich poznatkl o morfologii lomovych ploch
vznikajicich pti kiehkych lomech amorfnich polymerii zahrnujici soufasné nazory
na vznik jednotlivych ttvarii na lomovych plochich. Kfehkym lomem budeme na-
zgvat takovy lom, pii kterém v makroméfitku dochdzi pouze k malym deformacim,
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i 2 Vi ticitou nebo plastic-
tj. mtiZeme-li zanedbat piispévky deformace ZPUSOPe}‘eV‘fl_SkdOCéisqém e ey
kym tokem. Budeme sledovat pouze lomoveé c_:hmﬂ'am ?FIIJB ” -“-tLi e ol
h:"mi, které je nejjednodussi z hlediska geometrie plsobiciho napeti @
vzniklych lomovych ploch. 3 o

Ceska terminologie doporutovani CSN nevystihuje e R il
Tam, kde by mohlo dojit k nejasnostem, uvedeme pfi prvem po
také oznaleni uZivand v anglosaské literature.

& yiechny popisované jevy.

2. Celkovy vzhled lomové plochy

Lomové plocha je stopa, kterou po sobé zanechévé. trhlina Efffci se'nfatenalc':m.
Z hlediska fenomenologickych mechanickych teorii je Iomeve vchovamn popsa;;o
mnoha parametry'; vzhled lomové plochy zavisi rovn'éi'fla radé fa-ktoru ’(tal.J.“ )};
jeZ mohou byt zahrnuty do t¥i skupin, které charakterizuji vlastnosti vzorku, jejic

Tabulka I

Faktory ovliviiujici vzhled lomové plochy polymeru

Vlastnosti vzorku  chemicka struktura  sloZeni (tvar retézce, sitovani)
molekulova vdha
piimési (plniva, ztuZovdni, plastifikdtory)
mikrostruktura typy oblasti (krystalické, amorfni)
uspofddéni oblasti (kiystalinita, separace slozek,
textura)
elastické vlastnosti makroskopické (popsané materidlovou funkc)
mikroskopické (elastické vlastnosti jednotlivych
sloZek; zpiisob, jak se uplatni pfenos mechanické
sily do mikrooblasti vzorku)

Zmény vlastnosti zmény struktury zmény vlivem deformace samotné (pretvareni
vzorku b&hem béhem deformovini materidlu-crazing, dlouzeni-yielding, orientace,
deformace korose pod napétim — stress-corrosion cracking)

zmény vlivem interakce s okolim (korose pod
napétim — environmental stress cracking)

Parametry lomu vnéjsi vlivy teplota
okolni prostiedi (vlhkost)
rychlost deformace
geometrie zatéZovanf zplGsob naméahéni vzorku (tah, tlak, smyk,
krouceni, ohyb)

rozloZeni napéti ve vzorky (vliv tvaru vzorku,
nehomogenit, vrubu)
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vzniku lomu, déle oblast, kde vznikla lomova plocha je hruba a kone¢né oblasts
resp. oblasti tvoici pfechod mezi témito dvéma extrémnimi piipady.

Lomové plochy kiehkych lomt amorfnich polymerti nemusi viak vzdy obsahovat
viechny uvedené oblasti. P¥i vétsich rychlostech deformace nebo nizkych teplotéch
experimentu miiZe zrcadlova oblast byt zna¢né redukovana® nebo miiZe chybé&t?®,
pii velmi malych rychlostech miize chybét drsn4 oblast (stov.2). Sesitované polymery
nemaji zrcadlovou oblast zfetelnd ohrani€enou?. Rozdéleni na tii zékladni oblasti
zlistava zachovéno i pfi slozit&jich reZimech deformovani, resp. trhani vzorku?!+2%,

Rychlost Sifeni lomu roste se vzdalenosti od primérniho centra lomu?? a7 do ma-
xima, jehoZ je dosaZeno v drsné oblasti. V hladké zrcadlové oblasti je rychlost Sifent
lomu relativn€ mald, prudky vzrist je pozorovén v prechodové oblasti'®:*# (obr. 1b).

M¢éfenim rychlosti §ifeni lomové fronty bylo stanoveno!?, Ze sklovit& hladk4 oblast
polymethylmethakrylatu vznikd p¥i rychlosti Sifeni trhliny od 0 do 210 m/s. P11
rychlostech 210 az 520 m/s dochézi ke vzniku sekundérnich lomi; pfi rychlostech
mezi 520 aZ 670 m/s vznik4 hrub4 lomové plocha. Pfi rychlostech 3ifeni lomu vétsich
neZz 670 m/s nastava vétveni lomu. Maximalni rychlost §ifeni lomu (srov.'?), které je
dosaZeno v drsné oblasti, je materidlovou konstantou, vznika-li idealng kfehky lom??.
Tomuto idedlnimu piipadu se blizi sklo, jehoZ maximalni rychlost $ifeni lomu (mezi
750 az 2155 m[s) zavisi pouze na chemickém sloZeni??, (srov.?*). U polymernich
materi4lit nebyva obytejné o mnoho v&tsi neZ 670 m/s'°. Pro polymethylmethakrylat
tato maximalni rychlost, jeZ dosahuje hodnoty mezi 400 aZ 700 m/s, roste s rostoucim
statickym zatiZzenim v okamZiku lomu (srov.?). Stejna rychlost lomu nemusi zpiisobit
stejny vzhled lomové plochy; ten zavisi téZ na rychlosti zatéZovani a na historii
namahani vzorku (srov.?).

Vliv teploty na morfologicky charakter lomové plochy polymert se projevuje i pfi
riiznych teplotiach lomu pod teplotou skelného ptechodu'!-'¢:2%:2¢_ U polymethyl-
methakrylatu nastiva zietelnd zména vzhledu lomové plochy'! mezi 40— 50 °C;
v této oblasti pravé vznikd sekunddrni maximum mechanickych ztrat pfi nizkych
frekvencich odpovidajicich pouZitému rezimu zatéZovani (srov.'!). Interpretace
pozorované zmény morfologie lomové plochy pfedpokladd zménu mechanismu
deformace v uvedené teplotni oblasti.

Polystyren a jeho kopolymer s butadienem vykazuji v zavislosti na teploté lomu
pod skelnym piechodem zmény velikosti jednotlivych zén lomové plochy?®. Zpoma-
leni lomové fronty a rozsifeni hladké zony pfi vysSi teploté lomu se uvadi do sou-
vislosti s existenci sekundérnich relaxanich procest vznikajicich pod teplotou skel-
ného prechodu?®. Pfedpoklida se, Ze v oblasti sekundarniho mechanického rela-
xaéniho pfechodu polymeru nastivd zpomaleni procesu trhini (rozruseni vzorku)
a to vede také ke zvygeni pevnosti a tedy price potfebné k pretrZeni vzorku?®.

Vliv molekulové vahy polymeru na charakter lomové plochy byl studovén pro
polystyren®? a pro polymethylmethakrylat®'*:#%, Nizké molekulové vahy polysty-
renu (35 000) davaji vznik hladké lomové plose, podobné, jako je nachézime_u skla.
Vy&si molekulové vahy (82 000 a 222 000) zptisobuji kopecky na lomovych plochich
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Pro polymery'® byl experimentaln€ nalezen vztah
0,43.R =In7 + In(B. Bl

kde C* je rychlost $ifeni trhliny na konci zrcadlové oblasti, ﬁ je sm-érmce -za\iislc');tl
logaritmu rychlosti §ifeni trhliny v zrcadlové oblasti na vzdalenosti od prun:xrm ;
centra lomu, 7 je Zivotnost, jeZ souvisi s pocateéni rychlosti lomu ¥, a parametrem

podle vztahu'®

T =(I”.;,.)3)"I .

Maximalni rychlost §ifeni trhliny v drsné oblasti lomové plochy (srov.”) je blizka
rychlosti zvuku; nejvy3si rychlost §ifeni trhliny na konci zrcadlové oblasti (hodnota
C*) je pro polymethylmethakrylat o nékolik Fada niz§i'® (obr. 1b).

Polomér kiivosti zrcadlové oblasti® byva obvykle 20 aZ 250 pm a jeho zavislost
na piivodnich rozmérech vzorku je velmi mald!*. Velikost zrcadlové oblasti zavisi
na teplotd experimentu'®'6 a méni se také plastifikaci materidlu; u epoxydovych
komposic se zmen3uje'!, u polymethylmethakrylatu se zv&tSuje'* s rostoucim obsa-
hem plastifikatoru.

V pfechodové oblasti jsou nejlépe pozorovatelné tzv. sekundéarni lomy — lomové
fronty iniciujici se pfed hlavni (primarni) lomovou frontou v mistech, kam se jeSté
primarni lomova fronta nerozsifila (viz odst. 3.1.). Tyto sekundéarni lomy se Sifi
viemi sméry, tedy i proti postupujici hlavni lomové fronté. Charakteristicky je vyskyt
lomovych kfivek (viz odst. 4.4.), jeZ byvaji v této oblasti nejlépe separovany.

Drsné oblast se jevi pouhému oku jako matna pii hrubosti povrchu jiz nékolik
mikronti!”. Pfi v&t3im zvétleni je patrné, Ze se zde vyskytuji vétsinou malé tseky
pomérné hladkych ploch, jez jsou v disledku vétveni lomu situované v riiznych
rovinach'®. Hrubost lomové plochy roste se vzriistem rychlosti §iteni lomu zptisobe-
nym zménou pole napéti'®. Drsna oblast byva n&kdy ve sméru $ifeni lomu prerusena
pasy, které maji podobnou strukturu jako pfechodova oblast®.

Jednotlivé oblasti, jak zde byly popsany, neni moZno vzdy pfesné ohranidit®.
Nektefi autofi uvadéji modifikace tohoto klasického rozdéleni lomové plochy.
Murray a Hull'® rozliSuji t¥i oblasti: centralni oblast, kde vznika lom (obsahuje také
pfechodovou oblast nebo jeji ¢ast), dale oblast obsahujici povrchové tenké vrstvy
dobie adherujici k lomové ploSe a kone¢n& oblast, kde nastava vétveni lomu a vznikaji
malé hladké plosky. Bird a spoluprac.!” déli lomovou plochu na tfi oblasti: zrcadlo-
vou (mirror), €arovou (lined) a drsnou (rough). Zrcadlova oblast zde obsahujerovnéz
kuZelose¢ky vzniklé od sekundarnich lomti. Carova oblast vykazuje rlizné povrchové
textury zplisobené pravdépodobné lokalni zménou sméru a rychlosti lomu. Drsna
oblast odpovidajici velké rychlosti Siteni lomu je charakterizovana povrchovou hru-
bosti vétsi nez nékolik mikronti. Cotterell'® rozdéluje lomovou plochu na Ctyfi
oblasti podle rychlosti Sifeni trhliny.

Viechny tyto klasifikace jsou podobné; lis se jen hledisky tfid&ni. Obsahujf oblast
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representuji nehomogenni dvoufazové materialy tvofené dispersi mékkych Castic
E‘?‘“‘?L‘kﬁ ve tvrd€ a obyejng kehké polymerni matrici. Vytrhavani kaudukovych
Castic z matrice pfi lomu za teploty kapalného dusiku se interpretuje nehomogenitou
struktury a malou pevnosti na hranicich obou polymernich f4zi**. Nehomogenitou
v mikroméfitku se také vysvétluje reliéfové struktura povrchu lomut”,

03um
Obr. 2. Lomovy Gtvar v misté sekunddrniho ..{Mﬂ’; W
centra lomu (Leeuwerik>) R R R
N

V centrech sekunddrnich lomfi na lomové ploSe je Casto pozorovina duti-
na’® %33 kterd ma miskovity tvar'? (obr. 2). Jeji existence je u polymethylmetha-
krylatu® (priimér 0,3 pm) podobng jako u epoxidovych pryskyfic®® pova¥ovéna za
diikaz piitomnosti dutin v materidlu. Tyto dutiny se stavaji centry sekundarnich
lomi. ,,Nebezpe€nost* heterogenit Cili schopnost stat se centrem sekundé4rniho lomu
Je smérové zavisla — zaleZi na tvaru, velikosti a uloZeni dutiny ve vzorku. Sledovanim
interferen¢nich jevit na lomové plose bylo zjisténo'®, Ze lom se §ifi od dutin, jejichz
povrchové vrstva neni zorientovana (nevykazuje barevné efekty).

Mikroskopické a submikroskopické nedistoty?® mohou usnadnit vznik pretvore-
nych oblasti (viz odst. 3.2.), v nichZ dochazi ke vzniku sekundarnich lom@. Dal$im
zdrojem sekunddrnich lomi mohou byt heterogenity vzniklé pfi zpracovani poly-
mer(i'!. Centrum primarniho lomu uvnitf lomové plochy prudce zchlazenych vzorka
svedéi o tom, Ze rychlym ochlazenim materidlu vznikaji trhliny'!. Dutiny vznikaji
rovné% ozafenim vzorku intensivnim svétlem laseru®’.

3.2. Pfetvafeni materidalu a pfetvofené oblasti

P mechanickém naméhani materidlu dochazi Casto k zakaleni plivodng€ prithled-
ného vzorku v okoli mista, kde se pozdéji rozlomi (pfetrhne). Tento jev je nazyvan
pretvafeni materialu (crazing). Podrobny ptehled dosavadnich poznatkii o pfetvafeni
materidlu je uveden jinde®®; zde pouze poukdZeme na ntkterd data potfebni pro
ziskani uceleného obrazu o vzniku charakteristickych ttvar{i na lomové plose.

V Zeské literatufe se nékdy pro pretvafeni materidlu (crazing) uZiva téZ vyrazu
| stiibfeni“. Svétlo je rozptylovino drobnymi nehomogenitami vzniklymi deformaci
materialu. Tyto heterogenity nejsou prazdné trhliny®”~*' (crack) (srov.®), nybrz
obsahuji 40 a7 60% polymerniho materidlu a zbytek tvofi drobné dutiny**:*?, Prézdny
obsah je tvofen vzijemnd propojenymi dérami o rozmérech fidové 100 aZ 200 A
v matrici orientovaného polymeru*®~4°. Takové heterogenni struktury materialu,
vzniklé mechanickym naméhanim, jeZ se podobaji houbé s otevienymi d&rami*®
nazyyame pietvotfené oblasti (craze — obr. 3a). Trhlinou (crack) je nazyvéna oblast,
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akteru lomové plochy nastava

i (L pri sch kapalného dusiku. Zména char ch
R 2 eden fetézec nabyva hodnoty

v rozmezi molekulovych vah, kde poCet zapletenin na J : ol
vétsi nez jedna (mezi 35000 a 80 000). Rozméry hrbolkou imvlmnow plose (1 (:Vt"d;
jsou srovnatelné v tomto pripadé se vzdalenosti konct rreﬁcizgs v e rozpfouslek ;
Podobné vysledky byly ziskany pro polymcthylmethakrylzat 2 v rozme'm 'm(i e ;1
Jovyich vah od 90 000 do 3 160 000. Pfi nizkych molekulovych vahach nastava kiehky
lom. '

Sesifované polymery vykazuji obecné mnohem kieh¢i chovan : '
nesesifované. Na lomovych plochach vykazuji vétSinou pouze cary onen?ow’/ane ve
sméru §ifeni lomu?, jeZ sv&d¢i o vétveni lomu a jeho Sifeni v rﬁzn}?’ch rovinach (le
odst. 4. 3.). Fysikdlnim sesitovanim bylo interpretovano kiehnuti polykarbonatu
vlivem temperovani pod teplotou skelného prechodu?®.

Charakteristickym rysem kfehkych lom® amorfnich polymerl je v mnoha pfipa-
dech vznik interferentnich barev na lomovych ploch4ch. Tento jev se komplexné
vysvétluje novymi poznatky o pretvateni materialu (viz odst. 4.1.),

i nez polymery

3. Iniciace lomu
3.1. Heterogenity a dutiny jako centra lomu

Lom zalin4 vZdy na heterogenitich materidlu. Heterogenity struktury pfedstavuji
rovnéZ heterogenity mechanickych charakteristik, které zmeéni distribuci ptisobiciho
mechanického napéti. Piekroceni meze pevnosti v misté velké koncentrace napéti
zptisobi vznik trhliny Sifici se materidlem.

Vznikéa-li na lomové ploSe vice lomovych front $ificich se z riznych defektnich
mist, rozlifuji se lomové fronty na primarni a sekundarni. V obecn&j$im smyslu se
pojem primarni lomové fronty spojuje s nejdiive vzniklou lomovou frontou; v uz$im
smyslu se primérni lomovou frontou Casto nazyva dfive vznikla ze dvou lomovych
front, jez po sob& nasleduji (viz odst. 4.4.).

Heterogenity (dutiny, cizi Castice, nehomogenity struktury) mohou byt zdroji
primarnich nebo sekundarnich lomti. Dutiny v materidlu mohou v$ak pfi vhodnych
parametrech a rozloZeni v materidlu riist trhliny také zastavovat a piisobit jako
lokélni zpeviiovadlo materialu®-3°~32,

Zadny material neni dokonale homogenni, heterogenity jsou vzdy v materidlu

pfitomny. VétSinou v3ak jsou takového druhu, 7e primarni lom zatin4 na povrchu -

vzorku nebo v jeho blizkosti. Uméle zavedenymi heterogenitami struktury je moZno
zptsobit vznik primarniho centra lomu uvnitf vzorku®!*; vzniké-li pti lomu pietvo-
fend vrstva (viz odst. 3.2.), nehomogenity na jejich hranici s pivodnim neptetvofenym
materialem iniciuji vznik sekundarnich lomu®. :

Heterogennim centriim primarnich nebo sekundarnich lomit Je v literatufe véno-
vano pouze velmi mélo pozornosti®®. Vyjimku tvoii ABS polymery??*, které viak
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- r w w 055, & % o I e . : =
vanych polymernich fetézcti**; priméry téchto svazki nejsou vétsi nez 50 A. Elastické

kalt?ltlf?VI't;: Castice resp. kaudukovi sit usnadiiuji vznik pfetvorenych oblasti a jejich
dalsi Siteni®s. ;

Z rozptylu X paprski bylo pro riizné polymery stanoveno®®, e v mistech vzorku,
kde se nachazeji pretvorené oblasti, vyskytuji se diskovité mikrotrhliny o rozmérech
fadové stovek angstrémil (korelaci rozmé&rti mikrotrhlin a uméle aktivovanych
makrotrhlin byla zjiSténa vzdjemna podobnost jejich tvarti®’). Tyto mikrotrhliny
nejsou monodispersni a jejich koncentrace je 1014 a7 10'5 cm~2. Pro polykaprolak-
tamovy film je jejich nejv&tsi rozmér 250 A, pro polyvinylchlorid asi 600 A, pro poly-
propylen 350 A. Doba zatizeni vzorku®® a pfetlak®® m4 vliv na koncentraci mikro-
trhlin, ne vSak na jejich velikosti. Koncentrace klesi ve vzdélenosti od vrubu (obr. 5).

110"

-3
N,em

5.0 -

1.10"
| | i
I—// 03 05 07
| L,mm

Obr. 4. Tvar pretvorenych oblasti Obr. 5. Zavislost koncentrace
polystyrenu (Murray, Hu]lm): mikrotrhlin N na vzdélenosti od vrubu L
a) fez pretvoienou oblasti, b) rozméry (Zurkov a spol.>%)

dvou typickych pfetvofenych oblasti Sipkami je oznagen smér piisoben{

v hlavnich fezech. Méfitka na obou oséch prilozeného mechanického napé&ti

jsou riiznd

Pii zvySujici se deformaci jevi mikrotrhliny tendenci ke sjednocovani*®. K lomu
dochézi pii uréité koncentraci mikrotrhlin nezévisle na velikosti zatiZeni*®. Jedna
z velkych mikrotrhlin se pfitom stane zirodkem primarniho lomu*.

Srovnanim vysledki praci, které jsme zde uvedli, je moZno nahlédnout, Ze tyto
mikrotrhliny predstavuji prazdna mista v pretvofenych oblastech, o nic}_li bylo
pojednéno.
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tomu pretvorend oblast je Castecné vyplnéna
t Rozdil mezi trhlinou (crack) a pfetvofenou
ho na obr. 3b.

v ni7 neni pritomen materidl. Naproti
materialem a ma tedy nenulovou pevnos
oblasti (craze) je patrny ze schématu uvedené

olymer
Pietvoiené oblasti vznikaji plastickou orientaci p
£ 7,44,45,48 y disledku lokalni koncentracc napéti v okoli nehomoge—

veétsinou na netistotach®®

nich fetézcl do sméru

pusobiciho napet
nity v materialu*®. Zatinaji vznikat na jemnych tasticich®®

Irhlina
(crack)

“f’;.' ’}"‘ »‘;;‘H;"*u'c‘u'?f
{,}lt}’f ‘i

pretvorend
oblast
{craze)

a b

Obr. 3. Schématické zndzornéni pretvorené oblasti (modifikovdno podle Kamboura
a Russela®”) (a) a schématické zndzornéni rozdilu mezi trhlinou a pretvofenou oblasti
(Kambour*) (b)

Mechanismus pietvafeni materialu byl oznacen jako napétim vyvolana ,,fibrilace®
v nejexponovanéjsim misté v blizkosti heterogenity (srov.*?). Pfi prenosu vn&jsi sily
plisobici na vzorek a pfi pietvafeni materialu se ponejvice uplatiiuji mezimolekularni
sily; makromolekularni fetézce se pfitom netrhaji, ale klouzaji po sobg*?

V okoli vrcholu trhliny, kde existuje koncentrace napéti, je smér vzniku pietvore-
nych oblasti vizdn na hlavni sméry plsobiciho napéti®®>'. V pfetvofené oblasti
dochazi pfi jejim vzniku k 60% plastickému protaZeni materiélu“ za zna&ného zvy-
Seni teploty’?. Vytvofeni pietvofenych oblasti neni doprovazeno sniZenim pevnosti
materialu® ani zménou modulu elasticity*’

Rozméry pretvofenych oblasti se znafné lisi. Maly pocet velkych pretvofenych
oblasti vzniké pfi zatiZeni, jeZ je rovno 80 az 90% pevnosti materialu; z jedné z nich se
pak Sifi primarni trhliny. Pfi povrchu vzorku vznikaji pfetvofené oblasti malych
rozmér'®. Maji tvar disku, jehoZ tloustka je velmi mald proti $ifce'® (obr. 4).
Stiedni §itka pfetvofenych oblasti je imé€rna pfiloZenému mechanickému napéti*!°3,

Index lomu pretvofené oblasti n, je vZdy meni, nez index lomu n, puvodniho
nepietvoiené¢ho polymeru**>*, Pro polymethylmethakrylat*s-5+ (no = 1,50) je jeho
hognczlta n. = 1,32, pro polystyren*’ (n, = 1,58) je n, = 1,33. !

tudium pretvareni (crazin i (P AT :
i pfctvofe:é ey c(}bsahujgi)v.iiclfli SE:?:1S;EéTftoqou. ultrazcnkych fezli uk;.izulo.
aké strukturu tvofenou svazky oriento-
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Tf:mperov-ém'm pod teplotou skelného prechodu, jeZ zplisobuje zmizeni interferenc-
mc.h ba}'cv, nedochizi k \iplné relaxaci pretvorend vrstvy; geometricka tloustka &
ani opticka tloustka D = n.5 (n je index lomu pretvorens vrstvy) se neméni®’.
Dochazi v8ak k relaxaci &stedné, postihujici horni resp. dolni rozhrani pfetvorené
vrstvy; zména odrazivosti svétla s tim spojens zplisobuje zmizeni interferencnich
barev??.

Barevné vrstvy vznikaji na lomovych plochach riznych polymert (polymethyl—
methakrylat, polyethylmethakrylat, polystyren, polymethylstyren, kopolymer akrylo-
nitrilu a styrenu, polyvinylacetat, epoxidové pryskyfice, polykarbonat) pfi vhodné
teploté lomu pod teplotou skelného prechodu®®, U polymethylmethakrylatu vznika
barevnd vrstva i pii zlomeni vzorku v kapalném dusiku®®, U velmi kiehkého kopoly-
meru methylmethakrylatu s 10% ethylenglykoldimethakrylatu barevné efekty ne-
vznikaji. Zaroveil u tohoto kopolymeru neni pozorovatelnd prechodové oblast na
lomové ploge®S.

Na zékladé€ toho, Ze index lomu tenké vrstvy na lomové plose souhlasi s indexem
lomu v pfetvofenych oblastech polymeru®’ a z pozorovani interferen¢nich jevit na
lomové plose**+°*:°% bylo zjisténo, Ze barevné vrstvy vznikaji v dasledku p¥etvofeni
materidlu (crazing) pied vrcholem trhliny (crack)®®.

4.2. Pretvofena vrstva na lomové plose

Interference svétla na lomoveé ploSe je zplisobena tenkou vrstvou pfetvofeného
materialu®*°*, jejiZ tvar a vznik pfi §ifeni trhliny byl sledovin®®* jednak pomoci
interferencnich efektit (obr. 7a) na 3tépném lomu, jednak pfimym pozorovénim 3iFici
se trhliny®® (srov.?®). Pii trhini vzorku se molekuly materidlu v blizkosti vrcholu
trhliny orientuji do sméru piisobiciho napéti****® — vznika pfetvofené oblast (craze)
(srov.”°). Jejim roztrZzenim se trhlina (crack) zvétsuje a na obou vzniklych lomovych
plochich zlistane vrstva pietvofeného materidlu.

Vzdalenost od vrcholu trhliny, ve které se za¢ina pretvaret materiél, zavisi na druhu
polymeru; pro polymethylmethakrylat &ini**** 25 um (obr. 7a), pro polystyren****
550 pm (podle jiného mefeni®® 350 pm).

Tloustka vzniklé pfetvofené vrstvy na lomové ploSe zavisi na druhu polymeru®*+*3,
podminkéch vzniku lomu®***%* a na rychlosti Sifeni lomu v méfeném mist&33:5¢
(je tedy rizna na rznych mistech lomové plochy). Pro polymethylmethakrylat byly
naméfeny hodnoty 0,58 pm (pfi velmi malych rychlostech deformace**+#%), 0,55 az
0,68 pm (podél lomové plochy Stépného lomu®*) aZ 1,2 pm (maximalni hodnoty
profilu tloustky vrstvy®?). Tlou3tka pfetvofené vrstvy na lomovych plochéch poly-
styrenu***5 dosahuje aZ 3 pym, klesé s rychlosti zatéZovani vzorku® a aZ do urdité
teploty nezavisi na teploté experimentus‘*. S rostouci vzdalenosti od centra lomu se
tlou¥tka pretvofené vrstvy zvétSuje aZz do maxima (obr. 7b), u polymethylmetha-
krylatu mé v oblastech sekundérnich lomt asymetricky priib&h**:** (obr. 7c).
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4. Sifeni lomu

logického studia lomovych ploch polymeri (srov. , _ : ;
filmu na lomové plose vedla k zaveru (51'0"'2’60'61) o existenci tenké vIstvy, g

; : e R . 6). Vytaho-
vznik4 vytahovanim fet&zcil z polymerni matrice a trhanim lj(_?tfizcu (0111; I){ zgilnost
vané segmenty fetézce vytvafeji orientovanou strukturu o jiné hgsto. g. fo i
indextt lomu tenkého filmu a polymerni matrice zpusobuje vznik interferencni

Obr. 6. Mechanismus molekuldrni
orientace béhem lomu (Berryﬁz)
Smér phisobiciho napéti je oznacen Sipkami

barev?. Interferenéni barvy na lomové ploSe vznikajici jako diisledek existence vrstvy
o tloustce kolem 1 pm je moZno pozorovat, lisi-li se index lomu vrstvy od ostatnich
asti vzorku alespoii na tfetim desetinném mist&?,

Interferendni barvy mizi s &asem®'®3, Doba, za kterou barvy zmizi, zavisi na druhu
polymeru a na podminkach, pii nichZ je vzorek uchovavan®®. Pii zvyiené teploté
mizi barvy velmi rychle (u polymethylmethakrylatu pti 50— 60 °C mizi uz za 1 hodi-
nu). V paréach organickych rozpoustédel se méni odstin barev. Barvy jsou ovlivnény
i snizenym tlakem (1. 1077 tor). Zmizeni interferenénich barev #thanim, které nema
prakticky Zadny vliv na povrchovy reliéf lomové plochy, bylo vysvétleno odstranénim

W

vrstvy, jez je pri¢inou interference svétla?-63,

Na zaklad€ pozorovani tvaru mikrotrhlin v ptetvotené oblasti (v niZ se lom Sifi)
se predpoklada, Ze polymerni fetézce jsou zde orientovany*’. Pro interpretaci inter-
ferencnich jevii na lomové plose se vétsinou predpoklada orientace Fetézel i v pie-
tvofené vrstveé na lomoveé plo¥e® ~°?, i kdyz tento predpoklad nebyl

35,63,64 pus e . i
po}vrzv:er’i i sze;n indexu lomu v pfetvotené vrstvé mize viak
,,zfedénim* polymeru®®

experimentalng
u lom byt zplisobeno
malymi dérami, jeZ jsou v pretvofené vrstvé pfitomny.
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4.3. Reliéfova struktura

P;f.iéinou vzniku nerovnosti lomové plochy (reliéfova struktura®?7!) miiZe byt
zaktiveni lomové cesty, vétveni lomu nebo st¥etnut{ dvou lomovych procesi.

I'v pfipadé tiplné€ isotropniho materidlu mie nastat pti uréité rychlosti $ifeni lomu
zakfiveni lomové cesty’?. Nehomogenity struktury (plivodné v materidlu existujici
nebo vzniklé lomem) zpiisobuji, Ze trhlina sleduje slab3i mista materidlu a lomova
plocha netvofi proto hladky povrch. Hrubost lomové plochy roste s rychlosti difeni
lomu'?,

Vétveni lomu (srov.'?), jeZ se projevuje jako rozdgleni drihy lomové trhliny, je
zplisobeno nehomogenitou mechanického napéti. Tvar pole napéti kolem trhliny je
takovy, Ze mlZe podporovat ¥ifeni lomu ve dvou smérech32:73 (obr. 8a). Lom se
vétvi, doséhne-li Sifeni trhliny urité kritické rychlosti’* (obr. 8b) (u polymethyl-
methakrylatu®® kolem 670 m/s). Tato kritick4 rychlost zavisi na materialu a je rovna
asi 1/3 rychlosti ¥ifeni dilata¢nich vIn'®. Velmi silny vliv na vétveni lomu ma pred-
chazejici orientace materi4lu dlouZenim?®. Siti-li se lom v jiném sm&ru neZ je smér
orientace materialu, je vétveni lomu (tj. uhlovéa vzdalenost obou sméri, ve kterych
lom pokracduje) imé&rné stupni orientace materidlu’>. Heterogenity rozloZené nihodn&
v materidlu vétveni lomu napoméhaji'®-32.

Na charakter reliéfové struktury vzniklé pfi stfetnut{ dvou lomovych procesi
maji rozhodujici vliv mechanické vlastnosti materidlu (obr. 9). U kiehkych latek
vznikaji ostré stupné&, u taZznych hfebenovité lomové ¢ary*°. Schématicky jsou moZné
profily na lomové plo3e v misté styku dvou samostatnych lomovych oblasti (srov.??,
podle’®) znazornény na obr. 9a pro fiktivni material, jehoZ mechanické vlastnosti se
méni tak, Ze vznika spojity pfechod mezi kiehkym a taZnym lomem. Reliéfové struk-

Obr. 9. Vznik reliéfové struktury : ; . ) }
a) Zména tvaru piechod(i mezi riiznymi lomovymi oblastmi v zAvislosti na krehkosti, resp.

ta¥nosti materidlu — schématické zndzornéni fiktivnfho materidlu se spojité prom&nnymi
S : il
mechanickymi vlastnostmi (Jacoby, Cramer~”)

. 62
b) Model parabolického biplanérniho Gtvaru (Berry”“)
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Obr. 7. Pietvofena vrstva na lomové plose:

a) tvar vrcholu trhliny a pfetvofené vrstvy polymethylmethakrylatu podle interferen&nich
méfeni (Kambour*®:68), b) diagram profilu pfetvofené vrstvy a lomové plochy (Murray, Hull%),
¢) priibéh optické tloustky D pietvofené vrstvy na lomové plose, méfeny v ose kuZeloseCky
(Lednicky, Pelzbauer>®). Métitka na obou osich jsou riizn4. r je vzdalenost od sekundarniho
centra lomu; 1 plvodni materidl, 2 pfetvofend oblast, 3 pfetvofen4 vrstva na lomové plose,

4 trhlina. Carkované Sipka oznacuje smér §ifenf trhliny.

Obr. 8. Vétveni lomu
a) BOZdéleni naPéti (51021.‘?5; rovnob&zné se smérem piisobici sly) v elastickém t&lese kolem
dutiny (Sternstein a spol.””). Cisla udévaji velikosti v jednotkéch ptilofeného napé&ti

b) Scl;éma vzhledu Iofnové plochy a odpovidajici sméry giteni trhliny (Schwarzl, Staverman’*
podle”). Lomova trhlina se za&ina &ifit z bodu K, Smér plisobici sily je vyznac‘.‘er,l Sipkami

L ]
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Zovéani a podmi}lk'éc'h experimentu'®. Vyi¥ka h ostrych hran, které se vytvafeji pi
§mykovém namahani na rozhrani jednotlivych tirovn lomové plochy (srov. obr. 9d),
je pro polymethylmethakrylat® kolem 0,08 ym. ;

4.4. Vznik lomovych k¥ivek

Nukleace sekundérnich lomt pted hlavni lomovou frontou, jeZ vede ke vzniku
lomovych kfivek, je ziroveti nepfimym diisledkem existence heterogenit nadmoleku-
larni struktury materidlu. V nehomogennim poli napéti mohou vznikat (nebo pokud
UZ existuji, mohou se aktivovat) sekundérni centra lomu leZici v mistech, kam se je§té
primarni lomova fronta nerozsitila'®*®. Koncentrace napéti na nehomogenitich
vzorku se superponuje s koncentraci napéti zptisobenou blizkou lomovou frontou
a zpusobuje pfekrofeni meze pevnosti latky v mistech, jeZ se stavaji sekundarnimi
centry lomu*2. Z nich se kruhové §it{ sekundérni lomové fronty, které se po urcitém
Case setkaji s primarni lomovou frontou®:¢°. ProtoZe sekundarni lomy se vytvaieji
v nepiili§ vzdalenych rovinach rovnobéZnych s rovinou priméarniho lomu, vznik4
v mistech vzdjemného styku stupriovity reliéf, jenZ umoZiiuje tato mista styku po-
zorovat. _

Na lomovych plochich kfehkych amorfnich materiald byly zjistény rlzné typy
lomovych kfivek. Velmi ¢asto byly pozorovany kuZeloseCky, jejichZ ohniska jsou
tvofena centry sekundirnich lomi?*°°, obvykle paraboly nebo hyper-
boly?~+:16.29.74.77  Byly viak nalezeny i jiné tvary lomovych kiivek: piimky*:’8,
uzaviené kapkovité utvary*®817 kruhové ttvary®’? a u skla?:23:32:76.79-82
a nékterych kiehkych polymerti’®:#* Wallnerovy linie.

Tvar lomovych kfivek zdvisi na tvaru fronty lomu, na hodnotich okamZitych
rychlosti §ifeni primérniho a sekundérniho lomu a na €asovém zpoZd€ni zaatku
§ifeni obou lomovych front?:78, Pfedpoklédejme, Ze primarni lom se §ifi z bodu P
rychlosti v, a z bodu S s ¢asovym zpozdénim ¢, se 8ifi sekundarni lom rychlosti v,
(obr. 10a). Za ptedpokladti, Ze oba lomy se §if{ isotropn& v nepfili§ vzdalenych rovi-
nach kolmych na smér piisobici sily a Ze rychlosti ifeni lomt jsou nezivislé na ase,
byla odvozena obecni rovnice tvaru lomovych kitivek’®. Rovnice zAvisi na tfech
parametrech d (vzdilenost center obou lomtl), ¥ = v[v;, a = d — v,t, (aktivadni
vzdalenost, jeZ predstavuje vzdalenost fronty primarniho lomu od centra sekundar-
‘niho lomu S, pfi které se sekundérni lom aktivuje, tj. v okamZiku t = 0); v polarnich

soutadnicich ma tvar

_9;_(1_VZ)_zQ[V(1—§)+cos(p]+a(zég)=0.

7 tvaru lomovych kfivek nelze nezdvisle stanovit veliCiny vy, v, to, je moZno pouze
. v o 3
yyjadfit hodnoty parametrii ¥, a’®.
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tura (obr. 9c, d) tedy vzniké také stietnutim dvou lomovych trhlu’l, jeZ se obycej.m?
obr. 9¢). Vznikaji-li sekundérni lomove fronty ve stejné

O e Mgt e
3k v riiznych rovinach®? ( ) ‘ s
styku hiebenovité profily odpovidajici

roving, vytvaieji se v oblasti jejich vzajemného
tvarem lomu taznych materiali!* (obr. 9f).

A AT B AN EEA
| e e T e
— o=y L e le i g

HEWAES BSOS AN

Obr. 9¢) Reliéf povrchu zobrazeného na pred-
chézejicim obrazku ve sméru kolmém

na smér §iteni lomové trhliny (Berry®%'71)
d) Zagpicatélé hranice lomovych utvari
polymethylmethakryldtu (Leeuwerik>)

e) Hyperbolicky utvar na lomové plose

skla (Schwarzl, Staverman’#). ) Vznik
hrebenli na hranicich lomovych utvar(
vytvoienych ve stejné urovni (Kireenko

a spol.1%)

Plnou §ipkou je vyznaden smér pilisobici sily,
¢arkovanou Sipkou smérsifeni lomové trhliny.

Reliéfova struktura je Casto vysledkem superposice vSech tfi uvaZzovanych vlivil
a vzhled lomové plochy byva znaéné komplikovany. Zak¥iveni lomové fronty nebo
vétveni lomu v n'élzsté sekundarniho centra lomu muze zplsobit vznik biplanarniho
onﬂového utvaru®? (obr. 9b), u kterého se trhlina ze sekundarniho centra lomu iii
ve dvou riiznych rovinch. (Takové biplanarita viak neni y 1

L 1l 1 podstatn

sekundarnich lom®4. : i

Je zfejrzlf’i, ?evvznik re.liéfové struktury je zpiisoben velmi komplikovanym tvarem
pole Ilflpetl, Jeg ial-lrnu_}e 1 smykovd naméhéni. Rozdily troyni jednotlivych &asti
lomové plochy®** jsou kolem 1 [4 aZ 1]2 pm; tato velitina nezdvisi na reZimu zaté-
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KuZeloseCky na lomové plose byly charakterizovany vzdalenosti svych ohnisek

c?d vrchold®, Tyto parametry se u rliznych kuZelosedek na téZe lomové ploie znaéné
l1§i (cil.Jr'. 11). Uvedeny parametr viak nemé jednoznaénou fysikalni interpretaci;
presnéjsi obraz o §iteni lomu dévaji parametry V, a a d, z nichZ kazdy charakterizuje
urcity rys lomového procesu’®,

Kriti€nost defekt se di posuzovat z hodnoty aktiva&ni vzdilenosti a’®, spiSe
nez z doby zpozdéni lomu resp. vzddlenosti vrcholu lomové kfivky od sekundarniho
centra*. Z poméru rychlosti ¥a hodnot ostatnich parametril (a, d) u naslednych lomf
Ize soudit na zménu rychlosti $ifeni lomové trhliny”®. Hustota vyskytu center sekun-
déarnich Jomf vznikajicich ze slabych mist nebo mikrotrhlin®®3, charakterizovana

I [ e I
0,10 (— =
Obr. 11. Distribuce parametri kuZzelosefek A
na jedné lomové ploge: mm 5 ‘e
vzddlenost e ohniska od vrcholu v zdvislosti . ':"
na vzddlenosti / sekunddrniho centra lomu 005 \— s & ‘= - =
od pocate¢niho centra, ze kterého se trhlina : o o o £25%
§iti materialem (Leeuwerik®) .. s-'g'?.;
. o. ® .?‘..
H . 0%
! e !
0 1 2 {mm 3

hodnotami parametru d’®, roste se vzdalenosti od primarniho centra lomu aZ do
maxima, jehoZ je dosaZeno v prechodové oblasti®. Rostouci obsah plastifikitoru
a klesajici molekulova vaha polymeru hustotu vyskytu center sekundarnich lomi
zvysuji®. Pro polymethylmethakrylat obsahujici 47/ dibutylftalatu je maximélni
hustota 500 center/mm?. Z hrubosti reliéfu bylo odhadnuto®, Ze objemovéa kon-
centrace je asi 10° centerfmm3. Hustota vyskytu sekundarnich center spolu
s tvarem lomovych kfivek mohou byt povaZovany za indikaci urovné napéti pfi
lomu'®.

Ka7dé kuzelosedce na lomové plofe se da pfifadit trhlina jako zdroj lomu'!.
Pietvofend vrstva v oblasti kuZeloseCky spliuje vSechny zédkonitosti uvedené
difve!®:3%:5* (srov. odst. 4.2.). Jeji tloustka se m&ni pozvolngji ve sméru Sifeni lomu
nez ve sméru opaéném?°+>*,

Lomové obrazce tvaru kuZelosefek nejsou charakteristické pouze pro makro-
molekularnf latky. Z obecnych tivah o vzniku sekundérnich lomd™ a z pozorovéni
jejich vyskytu i u nepolymernich materialti®® je zfejmé, Ze se mohou vyskytovat bez
ohledu na material v téch piipadech, dochézi-li pii trhéni k deformaci materialu pied
primarni lomovou frontou. '
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Tvary moZnych lomovych kiivek byly klasifikovany flo étyf s?(upin po'dl? :wctnt?t:
kterych- nabyva parametr a (obr. 10b). Typ kfivek v chnm]p‘;_\-’ch’ﬁkllpmﬂ’C1 Z_Cdv.m
) Y \ / ych specialnich piipadi obecné rovnice

na hodnotach parametru V. ReSeni nékter recialn i Nl
lomovych kiivek”® davaji stejné vysledky jako vyjadieni tvaru knvek v kartézskych

32 (yr p
soufadnicich publikované dfive: je-li v, = v, (v = 1)*7* nebo 1/d = 0 (grlmllfOVd
primarni lomova fronta), maji lomové kiivky tvar hyperlraoly, pi'lrabOIY neovo € lp'SY .
Lomové kfivky tvaru kruZnice se vytvareji pfi souéaine?? yzniku dvou lomcix"ych
procesti (V + 1). Kiivky uzaviené kolem S se vytvafeji pil ,I./ > 1 (vy > 132), kiivky
uzaviené kolem P pfi V< lal /d + 0. Wallnerova linie je k.m'fka'uzavreila k(’ﬂcm P,
vznikajici pfi nulové aktiva¢ni vzdalenosti, jez je charakteristicka pro kiehké mate-

rialy’®.

f 1Yd $0 1d=0
Lfl
M I.skupina b -
0 (a=d) A ) &
H
P PN S e
Q Il skupina @
- d <) (0¢a(d) 1% /
12 1
W
a
. skupina L2 s
(@=0) ’ .
Obr. 10. Teoretické tvary lomovych kfivek 2 17\ \1/2
(Lednicky, Pelzbauer’®) ; : H
a) Schéma vzniku lomovych kfivek v roviné iy
kolmé na smér piisobici sily
P centrum primarniho lomu, $ centrum IV.skupina <
sekundérniho lomu, ¢, ¢ poldrni soufadnice (a(0)
bodu M lomové kiivky f, d vzdédlenost ¥
center lomf1 b) Tvary lomovych ktivek 1\ \12
v jednotlivych skupinach
Cislo u kazdé kfivky vyjadfuje hodnotu parametru V b

Velka pismena oznacuji typ lomové kiivky:

R uzaviend kfivka, C kruznice, H hyperbola, Q parabola, E elipsa, L pfimka, W Wallnerova linie
Indexy oznaluji centra lomu P, S, kolem nichZ se k¥ivka uzavir4, &selné indexy oznacuji typ
primek (1 — osa symetrie Usetky PS, 2 — poloptimka p=r, 3 — dvé& polopfimky @ = - konst.)

Stejné rychlosti 3ifeni lomovych front byly v mezich chyb méfeni zjistény pouze
u polymethylmethakrylatu®; obecn& nejsou rychlosti %ifeni jednotlivych lomovych
front stejné*"® a n&kdy zavisi i na &ase*7®%4, Vétsina prise¢nic lomovych front se
od tvaru kuZeloseCek pongkud odchyluje,
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Jedna skupina modeli (obr. 12a, b, ¢, d) vychizi z toho, Zze lom se zacina Sifit
z prazdnych mist vzniklych kolem nehomogenit na rozhrani pfetvoiené oblasti
a ptivodniho neporuseného materi4lu: Z nehomogenit (piivodné ve vzorku existujicich
nebo lomem iniciovanych) se v pretvotenych oblastech vyvijeji prazdna mista (void).
S rostoucim mechanickym namahanim déle rostou a spojuji se v rovinné dutiny,
jejichZ tloustka je rovna tloustce pfetvorené oblasti. Po dosaZeni kritické velikosti
se plandrni dutina za&ini §ifit jako trhlina (crack), a to skrz pfetvofené oblasti.
Dutiny vzniklé z pfetvofenjch oblasti v jiné sti materidlu mohou ovliviiovat §ffeni
primérni trhliny nebo zptsobit vznik sekundarnich lomti. V pretvofenych oblastech
zpiisobuje Sifeni trhliny lokélni adiabaticky ohfev materidlu®®. Teplota se zde zvy3uje
v priméru o 450 °K; pfi vy3Sich rychlostech §ifeni trhliny je vzriist teploty mensi
(méfeno u polymethylmethakrylatu®?). Vysledkem pokradujiciho mechanického
namahani ohfétého materialu jsou pak dlouhd vlikna vytaZeni z lomové plochy.
Katastrofické Sifeni lomu ma za nisledek jeho vétveni.

Obr. 12. Schéma vzniku a §ifeni sekunddrnich lomovych trhlin v pfetvorené oblasti
(Lednicky, Pelzbauer>?) (e), tvary prifezii odpovidajicich sekunddrnich Iomovy-ch tutvarti
stanovené ze stereoskopickych elektronové mikroskopickych fotografii: z ?bla'stl pomalého (f)
a rychlého ifeni lomu (g) (Bird a spol.?; sirokou ipkou je omaiéena vyw:?éemna v centru
sekund4rniho Jomu) Smér deformace je oznacen plnymi §ipkannv, smér 3ifeni trhhny' :
&rkovanymi Sipkami. O pfedstavuje ptivodni materidl, ijfetvoren'ou oblast, H trhlinu, S jsou
centra sekundérnich lomi. Cisla oznaduji pofadi jednotlivych stadii lomového procesu

Parabolické, kruhové, pripadné kapkovité Utvary na lomové ploSe vznikaji tedy
Sifenim trhliny v jedné pietvofené oblasti'®*%. Interpretace vzniku téchto vtvard
na Jomové ploge®, schematicky zn4dzornéna na obr. 12b, ¢, d, v3ak nerespektuje pln&
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4.5. Modely vzniku strukturnich utvard na lomové ploSe

Z povrchové energic lomové plochy byly vypocteny teoretické hodnoty velikosti
trhlin, které zpaisobuji vznik samostatné se Sificiho lomu'®-®7. ProtoZe vféak v mate-
ridlu nebyly Zadné pre-existujici trhliny nalezeny, da se soudit, ze kriticka trhlina
vznik4 teprve piisobenim mechanického napéti'®. Trhlina se prostiednictvim sekun-
darnich lomovych procesit $ifi v jedné pretvofené oblasti®®. Byly proto vypracovany
modely vzniku a ¥ifeni lomu, jeZ respektuji tuto skute¢nost zarovei s mechanismem
pretvafeni materidlu a vytvofenim pfetvofené vrstvy na lomové plose. Neuvazovala
se viak interference dvou pietvofenych oblasti, jez vede ke vzniku velmi hrubého
reliéfu (v drsné oblasti lomové plochy).

Obr. 12. Mechanismus vzniku lomu: Sifeni sekund4rnich loms '

: . omu ze zdrojii na hrani I I
oblasti FMurray a Hull'8) (a), schématické znazornénf vzniku parabolJického (i!t)miCh ey
kapkovitého (uzavieného) (c) a kruhového utvaru na lomové plose (d) (Murray I:{ullﬁ)

1026 '
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Vysxietlen.i vzniku drobnych nerovnosti povrchu je konsistentni s Iifedstavou Sifeni
lomoveé trhliny v ptetvotené oblasti. Je ztejmé, Ze velikost hrbolk{i ukazuje na velikost

mikroheterogenit, které bud existuji v ptivodnim materialu, nebo vznikaji v pritb&hu
lomového procesu. '

1 2
Obr. 13. Vznik hrbolkil na lomové ploge
a) neorientované hrbolky vzniklé relaxaci

vytaZenych vliken (Haward, Brough?’;
Cisla ozna&uji jednotliv4 stadia) a

b) nerovnosti (hrbolky) oriento-

vané ve sméru Siteni lokélniho |

lomu (Bird a spol.”): t
o) pomald trhlina taZné&jsiho
materidlu, f) rychl4 trhlina
ktehkého materidlu

Plnou Sipkou je vyznaden smér
pusobici sily, ¢arkovanou Sipkou
smér postupu lomové trhliny;
Sirok4 Sipka oznaduje oblast zpoz-
déni postupu lomové trhliny

o b B |

U nékterych materidltt (polykarbonat®?, epoxidové pryskyfice®®) se pii lomu

vytvafeji vldkna pomérné velkych rozméri (zfetelné pozorovatelna®® uz pii zvétSeni
4 x) orientovana ve sméru lomu. Jejich vznik byl interpretovan vystipnutim pfi
setk4ni sousednich lomovych front §ificich se v riiznych rovindch?® (obr. 14).

Obr. 14. Vznik vldken na lomové ploSe
yy§tipnutim (Jacoby, Cramer®®)

Plnou Sipkou je vyznaden smér plisobici
sily, ¢arkovanou dipkou smér postupu
lomové trhliny
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pozd&ji zméfeny?® skutetny profil optické tloustky pretvorenc ¥i3tVy NA QO EECE

Iych lomovych plochéch. > O e
Proto byl pro vznik sekundarnich lomu polymethylmethakrylatu navrzen jiny mo

del’” (obr. 12e), ktery piedpoklada iniciaci sekund'érnfich IOjl.lfl nav duujla(;h uvtnnf
pretvoiené oblasti a respektuje skutegny profil opticke tloustky lpr'etvtorcn e iy
Pii rozvoji pretvoiené oblasti se dutiny trhaji ve smérecl} maxmffﬂt}l kon’centrace
napéti (jez jsou totozné se sméry Sifeni pietvorené oblast:).a na jinych T'mSteCh o=
postupné tvoti dutiny nové. Sifeni sekundarni Jomové tl’hlll'l)’ Je d‘?Pr’OVﬂZBl“O =
kradujicim dlouZenim, tedy riistem tlouStky pietvofené oblasti. Porusemm‘ CehSEVOStl
vzorku postupujici hlavni lomovou trhlinou se pisobici silové pole deformuje. Dilsled-
kem je pak asymetrie profilu tloustky pretvofené vrstvy vzhledem k centru Se}ftl'rl-
darniho lomu, ktera se ve vétSich vzdalenostech od tohoto centra projevuje mirncjsim
vzestupem optické tloustky ve sméru Sifeni lomu. Vznikla dvojice lomovych ploch se
vzijemné nereplikuje (vystupktm na jedné plo$e neodpovidaji vZdy dutiny na ploSe
druhé). Vzhledem k ndhodnému rozloZeni dutin se sekundarni lomy nesetkavaji ve
stejnych trovnich a na hranicich jednotlivych lomovych oblasti pozorujeme stupiio-
vity reliéf.

Tento model je ve shodé s pozorovanimi lomovych ploch polystyrenu®, Profily
povrchu strukturnich ttvarii (sekundarnich lomti) stanovené stereoskopickym elek-
tronové mikroskopickym pozorovanim replik lomové plochy (obr. 12f, g) vykazuji
asymetrii. Dosud ne zcela vyjasnénou otdzkou zlistava existence vyvySeniny v mistech
center sekundarnich lomi p¥ibliza& u poloviny pozorovanych ttvari v oblasti poma-
1ého ifeni lomu polystyrenu® (obr. 12f).

MnoZstvi materialu pfetvofené¢ho pfi vzniku lomu se méni podél lomové plochy
v zavislosti na rychlosti ifeni trhliny. Nejméné je ho pritomno v mistech vzdalenéjSich
od primarniho centra lomu, tedy tam, kde se lom 3ifi nejrychleji®. Plastickou defor-
maci materidlu pfi vrcholu trhliny?” (srov.'®) je interpretovan také vznik drobnych
nepravidelnych kopeckit na lomové plose. V ptipadé polystyrenu maji rozméry'”-27
200 aZ 800 A. Jejich priim&rna velikost zavisi na molekulové vaze. V diisledku lokal-
niho ohfevu materialu vznikaji pfi lomu vlakna'®:?7 nebo folie?” vytaZené z lomové
plochy (obr. 13a). O jejich vysoké teploté svédei také to, Ze padaji zpét na lomovou
plochu. Vldkna jsou nékdy i zapletena. Jejich relaxaci nebo zah¥4tim pfi replikaéni
technice!” vznikaji zaoblené hrbolky na lomové ploge.

Kromé téchto neorientovanych hrbolkd vznikajf na lomové plose nerovnosti, jez
jsou zfeteln& orientovany ve sméru 3ifen{ lokalni lomové fronty. Jedna-li se o utvary
Pozorovatelné optickym mikroskopem (velikost fadove jednotky mikrontt), lze
jejich vznik vysvétlit Sifenim lomu v riiznych rovinich (viz odst. 4.3.). Vznik oriento-
va'm}'r'ch hrbolkll o rozmérech fadov& stovky A byl vysvétlen heterogenitou mecha-
nického chc?véni”:. \ mikr.ooblastech materialu, kde se vice uplatiiuje plasticka
deff)rmace, je material taZn€jsi a k jeho pretrZeni dochézi a¥ pii vétSich deformacich,
zatimco v okolnich kieh¢ich oblastech se materi4l pretrhne u diive (obr. 13b

: " ), coZ
vede ke vzniku nerovnosti lomové plochy orientovanych ve sméru ¥ife

ni lomu.
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Relaxaci materialu behem od

lehéeni ie i i / Z-
K 21297 6'93‘94( héeni se vysvétluje i vznik unavovych prouZ

fatigue striation), projevujicich se na lomovych plochéch tinavovych
! €0 korl_f:cntrlcké povrchové znacky. Predstavuji stopy postupu lomové
fronty béhem Jednotlivych zat&Zovacich cyklli. Zpomalenim postupu sekundarnich

lc;m,u 6_]3011 interpretovany také kruhové utvary kolem ohnisek kuZelosefek na lomové
plose®®. ;

lomii rovnéz jak

Obr. 16. Koso&tvercové obrazce a obrazce
podoby pefi na lomové ploge (Andrews>?) AT

Carkovanou $ipkou je oznagen smer

Sifeni lomu '

47. Dals{ obrazce na lomové plo¥e

Dosud probirané ttvary mély velikosti fadové desitek mikronti a men§i. Vedle nich
lze na lomovych plochich pozorovat p¥i malém zvétseni fadové vétsi obrazce, kterymi
je moZno lomové chovani zhruba charakterizovat?:*2, Byvaji nazyvany podle nékte-
rych typickych uspotadéani lomovych &ar: rozvEtvenych linif vychazejicich z jednoho
mista (,,scallops®), paralelnich &ar vychazejicich ze jejich osy (,,chevrons®, ,,herring-
bones®), Car, jeZ se rozvétvuji nebo spojuji (,,river lines*®"), zak¥ivenych Zar vychaze-
jicich z jedné linie a pripominajicich obraz ptagiho péra (,,feather marking*), lomo-
vych &ar, jeZ vytvafeji kosottvercové vzory (,,diamond marking*). Posledni dva typy
lomovych obrazcli jsou schematicky znazornény na obr. 16. ProtoZe tyto obrazce
nejsou specifické pro ndmi sledovanou skupinu materiéli, nebudeme se jimi zabyvat
podrobnéji.

5. Zavér

V praci jsou shrnuty poznatky o morfologii lomovych ploch kiehkych loml
amorfnich polymert a diskutoviny otdzky iniciace a Sifeni{ lomu. Nejvice pozornosti
bylo vénovano problémim interpretace strukturnich utvard, jeZ se na lomovych
ploch4ch vyskytuji a jeZ dosud nejsou vysvétleny adekvatnim mechanismem vzaiku.
Ukazuje se, 7e pfes pom&mé znalny rozsah praci ve sledovaném tuzkém oboru
existuje stale fada nejasnosti i v kvalitativnim hodnoceni pozorovanych efektt.
Kvantitativni postizeni pozorovanych jevit zahrnujici i strukturni charakteristiky
materialit bude pravdépodobné ndrotné na teoretické zpracovani jednotlivych pro-
cest, jeZ se pii lomu uplatiiuji (p‘fetvéfcni materidlu, nukle.acc sekunfiémich lom
atd.), miize viak podstatnou mérou prispét k poznéni a vyuZiti pevnosti polymernich

materiali.
Dékuji Ing. P. Kratochvilovi DrSc za detné diskuse tykajici se zde sledovanych
problémii a za vécné pripominky k této prdci.

Morfologie lomovych ploch kiehkych lomi amorfnich polymeri 1031



4.6. Nerovnomérné §ifeni lomové fronty

V tvahéich o tvaru lomovych kiivek se pfedpoklédalo, ze 101130Vé fronty Ee 511’{
isotropng a konstantni rychlosti (odst. 4.4.). Tyto pfedpoklad).fvvsafw skutetnosti
nemusi byt splnény. Anisotropie materidlu byvé zpiisobena ﬂ?}CaSthl };gterogemtou
materidlu v makroskopickém méfitku nebo makroskopickymi defekt}’r : Nerovno:
mérnost postupu lomové fronty se nejéastéji projevuje jako :a:r_\v’diﬂeﬂ'l a ZPO]]Ial.e!l’I
lomové fronty (stick — slip behaviour). V tomto pripadé na Iomovc' pl?se v.kaa
. koncentricky* systém lomovych obrazci®? (obr. 15a). Cary (hesitation lines),
jejich? vzhjemné vzdalenosti rostou se vzdalenosti od centra primarniho lomu3?
a je? mapuji zaroveii postup lomové fronty, svéd¢i o zméné reliéfu lomové plochy
a tedy i 0 zméné& parametrt lomu. Vznik takovych lomovych Car je vysvétlovan dvéma
zplsoby podle charakteru materidlu. U taZn&jSich latek nastava (pravdépodobné
vlivem interakce pusobiciho napéti s podélnymi nap&fovymi vinami vzniklymi pfi
vytvofeni trhliny?®) periodickd zména piisobici sily (a tedy i rychlosti Sifent trhliny®*),

Obr. 15. Vznik koncentrickych systémi ¢ar
zpusobenych neroynomérnym postupem
lomové fronty

A\

"\l
m\s\l
e
\
W

ZE = !__,-: a) lomova plocha, b) vznik &r vydlouZenim
K i = G g materialu, ¢) vznik ¢ar ,,podfianUZtim“
EEE o == = :
é§£§‘: T 5 lomov?.fronty.(podle Andre'wse. ) i
7 XE =5 Plnou Sipkou je oznacen smér plsobici
AN e Ny r 131 -4
RIS "'-3'? sily, ¢arkovanou Sipkou smér postupu
= lomové fronty. K je primarni centrum lomu

A

J

—
-

umoziiujici relaxaci materialu vytaZenim vrstvy z lomové plochy®?
oblasti (obr. 15b). Takovy druh vzniklych pruht byl nazvan ma
(mackerel pattern)®?. U kfehkych latek, vzroste-li dostateng ryc
nastane vétveni lomové fronty. Tim se spotiebuje ¢ast energie, riist trhliny se zpomali
a v jedné vétvi aZ zastavi. Druha trhlina se zrychluje, az dojde k jejimu o é:né

vétveni®?, Timto zpiisobem nastavé »podiiznuti® lomové fronty (obr. 15¢) K

nebo z pretvorené
krelovitym vzorem
hlost §ifeni trhliny,
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DETERMINATION OF THE OPTICAL THICKNESS
OF POLYMER FRACTURE SURFACE LAYERS
FROM INTERFERENCE PHENOMENA

Z. PELZBAUER, F. LEDNICKY

Institute of Macromolecular Chemistry, Czechosl. Acad. Sci., Prague*)

Optical thickness of thin transparent layers was determined from the extinction condition for
the interference of monochromatic light on the layer. Several ways have been suggested for the
determination of the order of interference of the extinction fringes, based on the fringe shifts
with the wavelength. The method has proved useful in the determination of the optical thickness
of the fracture surface layer of polymers, but the range of its possible applications is wider.

1. INTRODUCTION

It is well known that rainbow colours often occur on the fracture surface layer of
the polymer, and that they are produced by the interference of monochromatic light
on the surface layer in which the polymer has been structurally changed due to the
fracture [1]. However important the quantitative evaluation of the optical thickness
of this layer is for the interpretation of the fracture mechanism, it has been carried
out only sporadically [2] as yet. This fact can be attributed to the difficulties arising
in connection with the determination of the orders of interference. Generally, dark
fringes (the so-called Newton’s fringes of the same thickness) are used for the optical
thickness determination of the nonuniform layers. These extinction fringes do appear
on the layer in the parallel incident beam of monochromatic light in those places
where the path difference of the beam reflected from the upper and lower boundaries
of the layer fulfils the extinction condition. If this condition, the wavelength and the
order of interference of the fringe are known, it is easy to calculate the optical thick-
ness in the place where the fringe is seen [3]. In the case of a layer having the
shape of a regular wedge, the determination of the orders of interference does not
cause any difficulties since the first fringé near the edge of the wedge corresponds to
the first order, and each following one corresponds successively to a higher order.
If, however, the layer has a nonuniform profile, the succession of the orders of inter-
ference of the successive fringes need not be a regular one, nor is the localization of
the fringe of the first order unambiguous. A certain help can be seen in “[hc'so-called
“hot-scratch” treatment [2], which, owing to the formation of an artllﬁc1al wedge
during thermal relaxation of the polymer layer in the place of scratching allows to
determine the order of the respective extinction fringe. However, the structure of the
layer is changed by this procedure and the method does not permit the measurement

of the optical thickness in arbitrary places.

*) Na PerF-:'ndck 1888, Praha 6, Czechoslovakia.
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Determination of the optical thickness of polymer fracture surface layers...

In the present communication, a general method derived from Newton’s inter-
ference theory has been described for assignment of the orders of interference to
fringes of the same thickness on a layer of an arbitrary profile. Use is made of the
differences in the shifts of fringes of different orders with the change in the light wave-
length; at the same time, the shift allows to determine the thickness practically in any
place of the layer. Although the method has been worked out for the characterization
of thin polymer layers, its applicability has a general character.

2. CALCULATION OF THE OPTICAL THICKNESS

Let us consider a nonuniform layer having a refractive index n and adjacent to the
media having refractive indices n, and n, (Fig. 1). In any measured place M the layer
can be approximated by a wedge making the angle «. Let a paralle] beam of light

Fig. 1. Light interference on a thin layer
approximated in the point M by a small-
angle wedge. x is the distance of the point
M from the edge of the wedge, d is layer
thickness, n, n;, n, are refractive indices
of the layer and the surrounding media, ] o
respectively; 1 is the incident beam, 17, 1” A

are reflected beams. n, | 5%

having a wavelength A be incident on this layer. The path difference 0 between the
beams 1’ and 1” reflected from the upper and lower boundaries of the layer is given
by an approximative relationship for low « and perpendicular incident beams (31

(1)

where d is the geometrical and D is the optical thickness of the layer in the place M.
The reflected beams interfere with each other and the extinction of light occurs in
those places of the wedge where the path difference fulfils the extinction condition.
In case that for the refractive indices the 1elationship n, > n > ny = 1 is valid (that
is the case of the crazed fracture surface layer of polymers [3]), & must satisfy the
condition

2)

k being the order of interference. The optical thickness in places with the extinction

fringes is then given by
(3)

For the wedge layer, the following dependence of the position,

0 =2nd = 2D,

5 = (2k + 1) A2,

D = (2k + 1) A/4.

x, of the extinction

31
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Determination of the optical thickness of polymer fracture surface layers...

for the individual fringes depending on their position x must be continuous over the
whole interval of x. With increasing error in the estimation of the orders Ak the
discontinuity 4D also increases, as can be seen from Figs. 2 and 3, illustrating the
results of measurements of polymer layers under a microscope. A correct estimate of
the order of interference is aided by the fact that the purity of the coloured border
of the fringe, observed in white light, increases with decreasing order. The actual
procedure is as follows: several possible values of the optical thickness are plotted
for the respective positions of the extinction fringes x; (for various estimated orders

of k), and the dependence showing the best continuity of points then corresponds to
the correct profile of the optical thickness of the layer.

i I I
.\
s,“‘ O.,\*
“"‘ “\‘h “o‘l
N“n e i >0
2 (== - .“ \“~~ A‘ =L
"‘\ “\ o ~b‘\
D ""'u = ‘a\\ FA"-\-
m ~— 'u..“‘ = -~ \\
Kims “~g el o ~4 %
- """'q.._ ‘w&
— @ o C::.“ =
D-.o.“h o~ o A“'
. R-DNRCN
. . . 0-... o Tt
Fig. 3. Optical thickness D of the exter- “~o. 3 A
: o 5
nal part of a drop of nitrocelluloseon 1 |- o =o ""'45-...&5 -
glass. r is the distance from the charac- T g ‘H"‘*a.‘_a
teristic place of the surface. Errorin the o-...___;_:"'---. ¥
estimate of the order of interference: ~—o,
o
‘-bo 2
4k =0 (—), dk = —1 (———), i B—a_.p
—
dk = 2 (cmime- ), dk = —3 (----- ) 2
Identically designated points refer to
the same extinction fringes. 0 : | ] |
90
0 Sl r [um)

3.2. The numerical method in the case of 4 changing continuously

This method can be used if there is a monochromator allowing a continuous change
of 4, and if two adjacent extinction fringes can be shifted into the place ?f measure-
ment M. Let us assume that to shift a p-th and the adjacent (p — 1)th fringe having
the orders of interference k and k — 1, it is necessary to change the light wavelength

to 1, and ,, respectively. It then follows from (3) that
(5 (2K + 1) 1afd = (2 = 1) Aaf4,

wherefrom the order of interference of the p-th fringe can be calculated,

((,) k = (/11 + }-2)/2(’12 E )")'
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he light wavelength can be

fringe with respect to the edge of the wedge (Fig. I)'uponé ;
derived from (1) and (3) under the conditions described above:

(4) _ x = (2k + 1) Af4na .

3. DETERMINATION OF THE ORDER OF INTERFERENCE

The order of interference of the extinction fringes can be determined on the b'a51s
of their shifts caused by a change in the light wavelength. Three methods of determlfla-
tion are described, the first being a graphical one (general) and the other two being
numerical, for the case of a continuous and a discontinuous chan:ge ofthf: Wav?lcngth.
The effect of the refractive index dispersion was
disregarded in all three| cases, because it can be

I I i o -
,-p neglected in the range of the visible spectrum in
2l which the majority of polymers do not show the
# 7 £| anomalous dispersion [4].
15 I3 ;"’o ,6 -]
: ’_i dp. 7
D i lf.. 'f ?
fuml i b . :'6 /o
Al &/ o
J ® / (o] /
e
fafe 2
= fiesu 0]
1.0 il ;. e
4 './ o
y: o 9
oa & de
o A(_; K
o ®
! 7’
A ®
L ]
A‘A ‘.——-‘
05 |- ' ab =
i o
;‘ Fig. 2. Optical thickness D of a thin layer on the frac-
A turesurface of poly(methyl methacrylate). » is the distance
from the characteristic place of the surface. Error in
the estimate of the order of the interference: 4k — 0
¢ () 4k = 41 (-~~~ ), dk = —2 (cemsmee ). Identically
= [ : | designated points refer to the same extinction fringes.
20!‘ fpmrm

3.1. The graphical method

This method is based on the fact that in each pl
thickness of the layer must be unambiguous, which
been used. It means that the optical thickness found

ace of measurement the optical
ever extinction fringe may have
with a change in 4 from eq. (3)
752
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ges into M is not

iti ibili i i’ t CXtiﬂCtiOﬂ frin

inge i inction, that 1is,
met for fringes having low orders of extmc. )
Joi=s ).f.dfl — 05, where A4 is the maximum applicable change of t.he wavelength.,
The method cannot therefore be used in the case of a weak wedge having a very small

angle of rise.

3.3. The numerical method in the case of 4 changing discontinuously

This method can be generally applied in case that in the surroundings of the p].ace
of measurement, the layer has a wedge-shaped profile in the range of several e?ctmc-
tion fringes. The starting point consists in measuring the positions of two fringes,
adjacent at best, depending on the light wavelength.

600

400

Fig. 4. Dependence of the position of an interfer-
L \ L/ ence fringe on the light wavelength (on the wedge

200 o o, = e T : : :
\k =5 o, given in Fig. 3). A is the light wavelength; the di-
- \ stances r from the characteristic place of the sur-
face are given in the divisions of scale of the mea-
suring eyepiece, k is the order of interference.

0 1 [+1% 1
400 500

Alnml

By differentiating eq. (4) with respect to 2 we find that the change in the position
of the fringe with the light wavelength (v) for a given layer depends only on the order
of interference of the fringe:

(7) v = dx/dA = (2k + 1)/4na.

For the adjacent extinction fringes, the p-th and the (p — 1)th one, with the respective
orders of interference k and k — 1, it can be deduced from eq. (7) that

(8) Up[vp-1 = (2k + 1)[(2k — 1),
wherefrom it is possible to calculate the order of interference of the p-th fringe:
9) k= (v, + vp-1)[2(v, — 1)

An example ofapplication of this method is giVCT] m Flg 4, where the cxperimen[al-
ly established linear dependence x = f(1) is plotted for the extinction fringes p = 4,
5 and 6. From the slopes of two straight lines, the values ks = 413 and k, = 496

have been calculated using eq. (9), sufficiently close to the integer values of the corre-
sponding orders of interference.
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MORPHOLOGY OF THE FRACTURE SURFACE LAYER
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FRACTURE MECHANISM G s

F. LEDNICKY and Z. PELZBAUER
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of Sciences, Prague, Czechoslovakia

SYNOPSIS

Optical and electron microscopic methods were used to investigate the morphology and
optical properties of the fracture surface layer of poly(methyl methacrylate). A new method
developed by us made it possible to evaluate, from interference phenomena, the optical
thickness of the layer which in the proximity of the secondary fracture center always
exhibited a minimum and attained maximum values (1.1-1.6 um) at the boundaries of the
conic fracture formation. After mutual correlation, the local refractive index of the surface
layer was calculated and found to be 1.31 to 1.35. Although the macromolecular chains are
oriented in crazes, no chain orientation in the fracture surface layer was detected. The lower
refractive index of the surface layer is therefore interpreted in terms of material dilution of
about 35% by volume of small holes, When the sample is subjected to thermal treatment,
the profile of the optical thickness of the fracture surface layer remains unaltered, only the
interference colors gradually disappear. This fact is attributed to a change in the reflectivity
on the upper or lower boundary of the surface layer caused by local changes in the material
density. The replica electron micrographs of the fracture surfaces showed pits in the foci of
the conic markings which had various shapes and diameters about 1 um. Using the facts
established about the geometry and morphology of the fracture surface layer, a mechanism
for the initiation and propagation of fracture has been suggested.

INTRODUCTION

The mechanism of fracture formation in amorphous polymers has been
studied in two principal ways: either from the morphology of fractur.e surfaces
or by characterization of crazes preceding the fracture. Morphftnloglcally, the
individual formations on the fracture surface were described in terms of a

geometrical expression of their shape [1] or qualitative analysis of the optical
‘ormation of crazes in which the fracture is

observed phenomena [2]. For the :
initiated, the local orientation conditions of macromolecular chains play a

decisive part [3]. So far, much attention has been devqted to the investigation
of the structure and conditions of craze formation (cf. [4, 5]). The same cannot
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of the fracFuIe surfaces. The ultrathin sections were made by means of a
diamond knife on an ultramicrotome (Reichert) and caught on Formvar film
coverec'l grids. Prior to cutting, the sample was fitted to form a pyramid so that
ultrathin sections could be made across the chosen place with the conic marking
(cf. Fig. 1). A cutting angle « between 20 and 30° appeared to be the most
suitable, since in this case it was possible to distinguish unambiguously the knife
traces from the fracture surface layer. Replicas of the fracture surfaces were
prepared by perpendicular deposition of carbon under vacuum after a

preshadowing of the surface with a Pt-Pd alloy. The replica was isolated by
dissolving the sample in chloroform.

Correlation between Light and Electron Microscopy

To determine the local refractive index of the fracture surface layer, it is
necessary to measure its optical thickness D and geometrical thickness d in the
same place. The local refractive index can then be calculated from the relation
n = D/d. The geometrical thickness is determined from photographs of ultrathin
sections. The problem then arises, however, of how to find the corresponding
points on the sections and fracture surface. The position of the section plane was
identified from light micrographs of the fracture surface before the trimming of
the pyramid, and from micrographs after the section was obtained. The
assignment of the corresponding points on an ultrathin section and on the
fracture surface is made by comparing the electron micrographs of the ultrathin
section and light micrograph of the cutting plane of the pyramid. The
assignment is easier if the cutting plane contains a pronounced fracture relief.

rientation during preparation of ultrathin sections from the

FIG. 1. Outline of sample 0 e between the direction of cutting and the fracture

fracture surface: a is the cutting angl
surface.
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! e izati the fracture surface
i he quantitative characterization of ;
be said, however, of the q (6, 7]. No direct

ue to the breakup of the material in the craze

ﬁgcerr;scipic observation ofpthe fracture surface layer has so far been re%mrtte:d;
only its optical properties have been measured, as well as the average re racf ive
index [6] (on cleavage-type fractures), and the thickness of the fracture surface
layer has been evaluated in some special cases from interferf?nce Phenox?lena [7].

In the present work, the fracture surface layer has been 1dent1fi_ed djre_ctly by
electron microscopy and characterized by the optical and geometrical thlckn.ess,
the local refractive index, and surface and internal morphology. The determina-
tion of the optical thickness and refractive indices in the chosen places of the
fracture surface layer was made possible by applying a newly developed method

[8], as noted below.

EXPERIMENTAL

Materials and Fracturing

The samples were prepared by radical polymerization of methyl methacry-
late at 40°C initiated with 0.1% of isopropyl percarbonate. The monomer was
freed from the inhibitor and further purified by distillation under reduced
pressure at 50°C. The purity of the monomer was checked chromatographically.
The samples (about 15X 5X 2 mm) were broken at room temperature by
bending them along the shorter side of the cross section, so that a tensile
fracture was operative in the vicinity of the fracture center; this tensile fracture
became the object of a further investigation.

Light Microscopy

Light microscopy (polarizing microscope Zetopan, produced by Reichert)
was used to determine the optical thickness of the fracture surface layer and to
obtain micrographs of the fracture surfaces. Micrographs were taken of samples
having the fracture sufrace either untreated or coated with aluminium. The
optical thickness was measured visually on the untreated surface immediately
after fracture or after annealing of the sample. The method of measurement
makes use of the interference phenomena on a thin wedge-shaped layer; the
interference orders of the extinction bands were identified from their shifts with
a change of the wavelength of light [8]. The optical thickness in various places
of the fracture surface was then calculated using the interference equation for

extinction of light D = (2k + 1) \/4, where A is the light wavelength and k is the
interference order.

Electron Microscopy

Electron microscopy (electron microscope JEM 6A, produced by JEOL) was

used to evaluate ultrathin sections across the fracture surface layer and replicas
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0 20 40
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FIG. 3. Micrograph of a conic formation (a) and the corresponding dependence of the
optical thickness D of the fracture surface layer on distance 1 from the focus of the conic
formation (b). The optical thickness Was measured along the intercept AB.
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(a)

p
(b)

FIG. 2. Electron micrograph of an ultrathin section across the fracture surface (a) and a

photometric record of the light transmittance across the fracture surface layer (b): 7 is
relative light transmittance and p denotes position across the fracture surface layer.

RESULTS AND DISCUSSION

Fracture Surface Layer

The fracture surface layer can be observed directly on ultrathin sections (Fig.
2a); it appears there as a rather light strip at the fracture surface. The change in
the structure of the ultrathin section across the fracture surface can be seen on
the densitometric profile scanned from the section picture (Fig. 2b). The highest
optical transmittance corresponds to an undisturbed polymer, the lowest one
corresponds to the part of the photograph with the Formvar film: between these
extreme values there is a transmittance plateau corresponding to the fracture
surface layer.

The light strip at the fracture surface is caused by a lower electron scattering
in those places of the sample where the density or the refractive index of the
material is decreased owing to crazing. The jump-like difference of densities on
the boundary between the fracture surface layer and undisturbed polymer is also
documented by the Fresnel diffraction fringes in the case of image defocusing.

._R‘
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ls::tlsltligc:’ni (1;3;211 4r;1)lC;igraIéh of the cujcting plane after preparing the ultrathin
IN (Fi 4b‘ . In or er'to detf:mune the refractive index along the intercept

1g. ?, the geometrical thickness of the fracture layer was determined
from ‘-?1‘3 micrograph of the ultrathin section, and its optical thickness was
determined bY transforming data measured along PQ (Fig, 5). It follows from
the results (Fig. 6) that the refractive index of the fracture surface layer along
the intercept LN is virtually constant and equal to 1.33 + 0.02 (the scatter of the

D, um

Py M !
0 50 100
r, 4m

FIG. 5. Dependence of the optical thickness D of the fracture surface layer inside the conic
formation on the distance r from its focus. Points designated as in Fig. 4.

D, um 0 d,um
10 e —4

(05]

n

10 20 [, um

cometrical d (curve 2) thicknesses of the fracture surface

FIG. 6. tical D (curve 1) and g ,
6. Optica N (Fig. 4): Q is the distance from point N,

layer evaluated along the intercept L
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."_' 5 -. . I".

FIG. 4. Correlation between the measurements of the optical and geometrical thicknesses.
Total view of the fracture surface in the vicinity of the place under investigation (a), the
trimmed pyramid with selected conic formation (b), the corresponding side profile of the
cutting plane obtained with a light microscope (c), and the corresponding electron
micrograph of an ultrathin section (d). The optical thickness was measured along the
straight line PQ, the ultrathin section was prepared in the normal plane passing through JN.
Circles mark the luminous portions of the conic markings.

All conic formations on the fracture surface under investigation exhibit a
minimum optical thickness at the focus of the conic and a monotonic increase
with increasing distance from the focus (Fig. 3). The measured profile of optical
thickness is asymmetric; the dependence is steeper in the part between the focus
and the top of the conic, that is, in the region where the secondary fracture
crack propagates against the primary fracture. The highest values of optical
thickness measured in the present work for various conic formations on various
samples lay within the range from 1100 nm to 1600 nm. The minimum optical
thickness cannot be determined; this is due to the fact that the width of the
interference bands decreases near the focus owing to the steep drop in the
optical thickness of the fracture surface layer and can assume a value lower than
the resolving power of the microscope. In such a case the whole profile of the
optical thickness would be determined wrongly, if the dark spot in the focus

were regarded as an interference fringe of the first order and the following orders

were derived therefrom. Such uncertainty in the determination of the

interference order, and thus also of the optical thickness, is precluded by the
method used here, since it allows the determination of the interference order of
any fringe independently of the determination of the first-order fringe [8].

To the points on the conic marking (Fig. 4b) chosen on the frac

) : : : acture surface
(Fig. 4a), corresponding points of the ultrathin section can be

assigned (Fig. 4d),



FRACTURE SURFACE LAYER OF PMMA 383

[ —
S5 T RGTESRNC

(b)

FIG. 8. Cavities in the foci of the conic markings visible from the electron micrographs of

fracture surface replicas.

served in polarized light; their luminous
intensity remains unchanged if the sample is turned between crossed nicols. It
can be inferred, therefore, that this effect is not related to the orientation of the
layer, but the depolarization of light at multiple reflections on the appropriate
profiles of the conics. This finding is also corroborated by the fact that even
after the sample was thermostated at 130°C for 3 hr these optical effects did not
change, whereas under such conditions orientation would certainly disappear.

the conic markings can also be ob
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data measured is due, in the first place, to the roughness of t'he fracture surface).
Consequently, the structure of the fracture surface layer 1s also probably not
dependent on the distance from the fracture center. Moreover, the’agrecment
between the refractive indices determined by us in the case of ten.sﬂet fracture
and those determined by Kambour [6] on a cleavage-type fracture indicates the
possible analogy of the structure of the fracture surface layer for both types of
fracture.

For the interpretation of the formation of fracture it is important that th’c
boundary between the crazed and uncrazed material is common for many conic
formations on the fracture surface (Fig. 4). No discontinuity or difference in
levels can be seen on the lower boundary of the fracture surface below the conic
markings.

Surface Relief of the Fracture Surface

An interesting phenomenon can be observed in the reflected light of the
optical microscope, namely, the occurrence of dark spots on the fracture surface
not coated with metal, and also the luminous intercepts of some conic markings
(Fig. 4b). The dark spots were identified by comparing the appearances of the
fracture surface before and after coating with aluminium (Fig. 7). It is evident
that the dark spots on an uncoated fracture surface correspond to spots of a
similar shape on a coated surface. Their origin can therefore be explained by
light reflexions from the rough places of the surface. The luminous intercepts of

(a)

(b)

and before coating with
ate the corresponding surface details

FIG. 7. Light micrographs of the fracture surface after (a)
aluminium (b). The same symbols are used to design




FRACTURE SURFACE LAYER OF PMMA 385

colors is not accompanied by a perceptible change in the optical or geometrical
thickness of the fracture surface layer. Consequently, the whole fracture surface
layer does not relax. It is necessary to consider, however, the partial relaxation
(even at room temperature, roughly 90°C below the glass transition tempera-
ture), which affects particularly the upper or the lower boundary of the fracture
surface layer, thus changing the reflectivity. The change in the ratio of intensities

of the interfering beams connected with it explains the disappearance of the
interference colors.

Fracture Mechanism

The observations described here (continuity of the internal boundary of the
fracture surface layer, sizes and shapes of the pits found in the foci of the conics,
and the minimum in the optical thickness of the fracture surface layer in these
places), and also those of other authors [5, 13, 14] allow us to explain the
fracture mechanism by using the following model (Fig. 9).

Secondary fractures are initiated in the craze on cavities produced by a
mutual joining of small holes (100 to 200 A) present in the polymeric material
(Fig. 9a). Most likely, the fracture center is formed near the middle of the craze
where the macromolecular chains are most extended.

During the development of the craze, the cavities break in the directions of
the maximum stress concentration (identical with the directions of spreading of
the craze), and new cavities are gradually formed in other places (Fig. 9b). The
propagation of the secondary fracture crack is accompanied by a progressive

1 cavity

craze

—_—— crac

o

reading of secondary fracture cracks in the craze. The
h full arrows, the direction of spreading of the main
dividual stages are explained in the text. The

¢

FIG.9. Scheme of the origin and sp
deformation direction is marked wit _
crack is marked with dashed arrows. The 1n

S s vritd iameter P.
secondary fractures were initiated on cavities of dia
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The uneven places on the surface are visible under an elt?ctron mjt-:mscope in
both ultrathin sections and fracture surface replicas. For instance, it has been
established from an ultrathin section in Figure 4 that at the boundary be.tween
two fracture fronts (point N), the difference in level is about 300 nm, while the
roughness of the surface inside a single conic formation reaches half that value at
most (100 to 150 nm). These results which were similar to those found gt other
places on the fracture surface are in complete agreement with those given by
Leeuwerik [9] and Kireenko et al. [10].

The fracture surface replicas show that the roughness of the fracture surface
increases with the distance from the focus of the conic (Fig. 8). The shadow at
the conic marking (Fig. 8a) indicates the difference in the level of separate
regions. Remarkable circular patterns corresponding to the secondary fracture
sources have been observed in the foci of the conics; their extreme forms are
represented in Figure 8. The sizes of these formations vary from 0.4 to 2.3 um;

the highest frequency was found for sizes from 1.0 to 1.3 um.

The case of a shallow pit (Fig. 8a) has been observed by Leeuwerik [9]; the
double pit in Figure 8b has not yet been described in the literature to our
knowledge. The origin of these formations is connected with the fracture
mechanism.

Structure of the Fracture Surface Layer

To interpret the interference phenomena on the fracture surface, it is
generally assumed that the macromolecular chains are oriented in the layer on
the fracture surface [2, 11, 12], even though this assumption has not been
experimentally confirmed [2, 3]. However, it was possible to prove the
orientation of material in the craze in which the fracture propagates [5]. The
question then arises if the fracture surface layer still remains oriented, or if it
loses its orientation owing to relaxation. Our experiments allow us to discuss this
question.

Apart from the proof of existence of the fracture layer, electron microscopy
of ultrathin sections does not yield detailed information about its fine structure.
Optical microscopy did not confirm the orientation of material of the fracture
surface layer; on the edge of the cross-cut through the fracture surface, the
microscope field between crossed nicols of the polarizing microscope did not
make clear whether the sample was turned, although the resolving power of the
microscope was greater than the thickness of the fracture surface layer.
However, the origin of the interference colors can be explained without
assuming orientation of molecules in the fracture surface layer, by decreasing the
refractive index due to creation of holes during crazing in the polymeric
material. The refractive index found in the present work (1.31 to 1.3 5) can be
attained by a mere “dilution” of the polymer with 30-34% of small holes which
actually were detected in the crazed material 5],

Upon annealing, the dark fringes on the fracture surface do not shift: only
their contrast or saturation of the colors in white light diminishes [2]. 1t f(;llows

from the observations described here that disappearance of the interference
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An equation has been derived describing possible shapes of the fracture curves which appear
if two fracture fronts meet on the fracture surfaces of brittle amorphous materials. The
characteristic forms of the curves are compared with the observed ones. The equation
includes the following parameters: the centers distance of the primary and secondary
fractures, the ratio of the spreading velocities of the fracture fronts originating in these
centers, and the so-called activation distance, i.e. the distance of the primary fracture front
from the center of the secondary front at a moment when the secondary fracture is activated.
The fracture curves are divided into four groups according to the possible activation distance
values. The shapes of the fracture curves described so far in the literature are shown to be
special cases of the equation. The qualitative agreement between the theoretical and experi-
mental fracture curves justifies the assumptions introduced while deriving the theoretical
form. The determination of the parameter values can give new information on the fracture
mechanism.

INTRODUCTION

When interpreting the lines on fracture surfaces it is assumed that the cracks
in a brittle material propagate from two structural defects (fracture centers) in
planes perpendicular to the direction of the acting force. If the distance
between these planes is not too large, the material between the cracks is
chipped out in a certain stage of destruction in such a way that the projection
on the fracture surface thus obtained forms the so-called fracture curve.1.2

So far, various types of fracture curves have been detected on the fracture
surfaces of the brittle materials (straight lines and open conic sections,~4,11

t Presented at the conference “General Principles of Rheology”, Prague, September
11-14, 1972.
149
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extension, that is, growth of the craze. A catastrop-h.ic spreading of the
secondary fracture occurs as soon as the cavity reaches a diameter of about 1 um
(Fig 9c¢). ' :
The impairment of the integrity of the sample by the proc?edmg main
fracture crack leads to a deformation of the field of force. This has as its
consequence an asymmetry of the optical profile of the fractu're surface Iayf?r
with respect to the focus; at major distances from the focus, this asymme_try is
reflected in a smaller rise in the optical thickness in the direction of spreading of

the fracture.

The two fracture surfaces obtained in the process do not replicate each other
(the projections on one surface do not always correspond to the pits on the
other surface), which is at variance with Murray and Hull’s [13] conception of
the brittle propagation of the secondary fracture crack.

Owing to the random distribution of cavities the secondary cracks do not
meet at the same levels, and a stepwise relief can be seen at the conic markings.
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FIGURE 1 Scheme of formation of fracture curves (a) in a plane_dctermined by points
P,S and by the direction of the acting force; (b) in a p!ane perpendicular to the direction
of the acting force. P is centre of primary fracture, S is centre of secondary fracture, f is
fracture curve formed. Meaning of the other symbols can be seen from the text.
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closed curves,48-10 the Wallner lines5~7), but only some of them have hce.n
interpreted in mathematical terms (straight lines, open and closed conic
sections,?~4 the Wallner lines?). : '

It has been the aim of the present paper to express theoretically the Posmbie
shapes of fracture curves, to characterize them in terms of a few b&S.lC para-
meters, to classify the curves according to these parameters, and to indicate

the physical meaning of the parameters.

THEORETICAL PART

Equation of shape of the fracture curve

The equation of the fracture curve can be derived on the following assump-
tions: (1) the fractures propagate from two points isotropically in planes
perpendicular to the direction of the acting force, (2) the velocities of fracture
propagation are independent of time.

The scheme of formation of a fracture curve can be seen in Figure 1. Let us
assume that the primary fracture spreads from the point P at a velocity v; and
that the secondary fracture starts spreading from the point S with a time lag
fo at a velocity ve. At a small difference, h (order of magnitude of microns),
between the planes of the primary and secondary fractures (Figure 1a),
the material is chipped out in the surroundings of the sites where the ground
plans of the fracture fronts meet, and the projection formed on the fracture
surface gives rise to a fracture curve, f (Figure 1b).

Besides the mechanism of mutual interaction of two fracture fronts, the
origin of fracture curves can also be explained in terms of an interaction of the
primary fracture front with the stress wave propagating from the point S.
The fracture curves produced by both mechanisms can be described mathe-
matically in a common way. :

In order to derive the equation of the curve f, we shall express the time
dependences of the distances r1 and ry to which the primary and secondary
fracture fronts will propagate from the points P and S respectively by

r1 = v1 (t+1o), (1)
rs =vsl. #))

The fracture curve consists of the points at which both the fracture fronts
under investigation arrive simultaneously. At the same time, for each point M
of the curve f, the geometrical condition

d = rzcos ¢ + [r12 — (ry sin ¢)2]t 3)
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antities shown in Figure 1b. On introducing the polar

is valid, involving qu
. ruling out the parameters [ and ry

coordinates p = ra, ¢ (Figure 1b) and ;
from Egs. (1)-(3), we obtain the equation of the fracture curve:

p2 [1 — (n12/v22)] — 2p [(n12/ve) to + d cos ¢] — n2te? +d2=0. (4)

To simplify the equation and analyze it, we introduce the parameters ¥ and

a defined as follows:
V = v/ve,

a = d — vifto. (5)

The parameter a shall be designated as the “activation distance”, since it
represents the distance of the front of the primary fracture from the centre of
the secondary fracture S at which the secondary fracture becomes actwaj:cd
(i.e. at the moment 7 = 0, as follows from Egs. (1) and (2)). On substitution
the equation becomes :

p2(1 — V2)ld — 2p [V(1 — (a[d)) + cos ¢] + a2 — (a/d)] = 0. (6)

Classification of the fracture curves

The form of the fracture curves according to Eq. (6) depends on the values
of the three parameters d,V,a, of which d can be measured directly, and the
other two can be calculated from the form of the fracture curve. We shall now
investigate in which ranges of values the parameters have a physical meaning.

The distance between the fracture centers, d, is in fact limited by the dimen-
sions of the sample (0 < d < /, / being the longest possible distance on the
fracture surface). For the subsequent mathematical analysis of the fracture
curves, an approximate case d—oo, i.e. 1/d = 0, can also be used, if the
highest value of the coordinate p of the curve is very low compared to the
distance d. A solution to the trivial case d = 0 is represented by a circle
with its center in the fracture center (P = S). We shall therefore assume in our
further considerations that d can assume all positive values. .

The velocities ratio, ¥, has always a finite positive value. The trivial cases
V' =0and ¥—o0 (v1 = 0 or vz = 0 respectively) do not give any solution of
the shape of the fracture curve except for points P or S respectively.

The region of the values of the activation distance a is limited from above by
the distance between the fracture centers, d, and from below by the condition
which must be met for the fracture curve to be formed still on the fracture
surface. The a values lie within the limits

(F=ll—dl<agd

We. shall divide the fracture curves into four groups according to the
magnitude of the activation distance a (Figure 2). A survey of the types
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Group II- Thj o ;
/ 1S group (Figures 2b.c, 3) includes fracture curves obtained

p ) e b

FIGURE 3 Theoretical shape of fracture curve of group II for a/d = 1/4.

The general shape of the curves expressed in terms of Eq. (6) can be simplified
onlyif1/d=0o0r V= 1.
1. For 1/d # 0 and V = 1 (Figure 2b) Eq. (6) has the form
20 [1 — (afd) + cos ¢] — a[2 — (a]d)] = 0. )
From representation in the cartesian coordinates
— 4 x%(a/d) [2 — (a/d)] + 4y*[1 — (a/d)]?
+ 4 xa[2 — (a/d)] — a*[2 — (a/d)]? = 0 (10)

it is evident that in this case the fracture curve is a hyperbola.
2. For 1/d = 0, and simultaneously a/d = 0 (Figure 2¢) Eq. (6) is simplified
and becomes

p(V+ cos¢) —a=0. (11)
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and properties of the fracture curves in the individual groups with respect to

the parameters ¥ and d is given in Table .

TABLE I
Classification of fracture curves

Characteristic

Group of the group 1/d e b V1

0 C |51 Cs

I i ?‘50 ___P h G
#0 RP H Rs

1T O<a<d ot H = =
W L o=

= = #g Ly L: .
R . ==

v a<?0 #g HI’S & -

Capital letters designate type of fracture curve: R, closed curve; C, circle; H, hyperbola;
Q, parabola; E, ellipse; L, straight line; W, the Wallner line. Indexes P,S designate the
fracture centers around which the curve is closed; numerical indexes indicate the type of
the straight lines (1, symmetry axis of the intercept PS; 2, semistraight line ¢ = =; 3, two
semistraight lines ¢ = + const.). Other symbols: t a/d = 0 is valid simultaneously;
— no solution.

Group I This group (Figure 2a) includes fracture curves which are formed
with the simultaneous activation of fracture in the primary and secondary
centers, i.e. it holds a = d.

For this case, Eq. (6) becomes

P2 (1 — V%)jd —2pcos¢ +d=0. (7)

Equation (7) has a final solution only for 1/d # 0.

For V # 1it s a circle, as can be seen from the expression of Eq. (7) in the
cartesian coordinates

(1 — V2 (x2 + y%) — 2dx + d2 = 0. (8)

The center of the circle lies in the point (d/(1 — V), 0); the radius is Vd/(1 —
V?). At V < 1, non-concentric circles are formed around the point P, and
at ¥ > 1, around the point S; the radius of the circle increases with incre’asing '
distance between the centers, d, and with the velocities ratio ¥ approaching
unity. At the same time as the radius increases, the centers of the circle move
away from the points P or S outside their connecting line.

For V' = 1, we obtain from Eq. (8) the straight line x = d/2.
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fracture q“"fﬂc_t‘- The fracture curves that appear on the fracture surface
can also b; an important source of new findings.

According to the extent of information which can be read from the fracture
surface about the fracture curves, the region of the parameters ¥, a can be
ev?lluated qualitatively, or these parameters can be calculated directly by
using Eq. (6). To obtain qualitative limits for the parameters V, a from the data
on the fracture curves, a system given in Table II has been set up from Table I
and Figure 2.

A rough estimate of the parameters is feasible already by using the common
form of the fracture curve. If the direction can be determined on the fracture
surface in which the crack propagates in the material, the region of the para-
meter values can be defined with still more accuracy from the orientation of the
fracture curve with respect to this direction. If, moreover, also the position
of one of the fracture centers is known, it is possible in most cases to assign the
fracture curve to the respective group with the narrowest possible delimitation
of the parameters ¥V, a. However, in some cases (cf. Table II) the position
of both fracture centers must be known for this purpose.

If there is a possibility to determine quantitatively the position of the centers
of the primary and secondary fracture, P or S, respectively, the fracture
curves allow a quantitative determination of both parameters ¥ and a by
the following methods:

1st method—from the shape of the fracture curves; this is a general method
that can be applied to all types of fracture curves. The polar coordinates
of the fracture curve are determined from the micrograph, and the parameters
of the curve are determined from these coordinates by computing non-linear
regression. The parameters can be comparatively easily computed with a
small-size computer (e.g., Hewlett-Packard).

2nd method—from the diameters of the fracture curves; this method is
suited for closed fracture curves only. The parameters @ and V can be deter-
mined from the coordinates of the fracture curve in the direction of the

connecting line PS (¢ = 0 or ¢ = =, cf. Figure 1) by using Eq. (6).
(@) Closed curve around the point P If por and po2 are coordinates of the
points of the curve for which it holds that ¢ = 0, we have

V = (po1 + poz — 2d)/(por — po2),

a = 2poz (po1 — d)/(por — po2)- (17)

(b) Closed curve around the point S Ifppand p, are coordinates of the points
for which ¢ = 0 or ¢ = = respectively, it holds



.L.«NH

10 AA .
10 4y P > DT > 4 "9AINO apIsur sal|
M 0=0‘T > 4 ‘oAId U0 12U F el e ()
ol P>0>0"'T > A ‘9AInd apIsino ‘9AIND AI[-plOIpIR)D)
P>0>0°'1<4
£ ‘aIn3oely JO UONOAIIp 0} [d[[eied J9jawelp 128u0 r=o
T#A
P>0>0°‘T <4y >0 >0 £ ‘pasoD
q ‘(0 = p/1) 1y3ieng ﬁ.u?_:u uvw._.w_ub%
=0 =0 <A P=0 =0T <A 210J2q ; :
m 4 ‘0 # 2/1) eI e e
- o s apisur ar Jo juro
< d P =0T > SuIA] puly=q 1591B3N
o e P=DL <4 o 210j2q
= < 1
v a P=0I >4 purgaq P=0°T # A Spn)
N
S 0>20 >4
< H (0 = p/1) WSreng
H B g =4 0#2P >0 S 4 “9AInd 21053q 19jU)
3 H ‘(0 # p/1) TeM2ID OFvpSoTSA
z H P23 0'15A ‘aonaas J1u0)
8 100 ‘(0 = p/1) ysreng 3
= D=0 >0'l=A P >0 > 0I5 A “9AIND puIyaq I9)us) P =0
= H (0 # p/[1) 1R[NDID [>A4
ks ‘uadp
Q=2 3% 4
£ ‘2INjoeIJ JO UONIIIP Y3im J[Fue ue Sururro g P=p0100=D‘TS 4
e 0 = 2] = A “2IMJOB1} JO UOHIAIIP O} [3[[BIBg ‘aul] JySrensnuas
P=0'I=4 10 14sieng
] ‘2Injoely JO UOHIAIIP 0} IeMoIpuadiag
aurg JUO0IJ 9InjoRl) 9INJOBIJ JO UONIAIIP 03 30adsaI yyim adeys aAIn) ad4) sam)
o Arewrtid jo adeyg

19}U32 2U0 JO uonIsod pue AIND JO UONEIUSLIO

S$3AINJ 2INJIEIJ UO BJRP WOIJ D 4 San[eA Jajawered ay3 jo uoneunuIR

II 3T4V.L



CURVES ON FRACTURE SURFACES 159
V= (P_-_. ot ,ﬁﬂj-’r(;‘lﬂ — po),
a =2 p, po/(py — po). (18)

(c) Closed curve around the points P and S If pgand p, are coordinates of the
points for which ¢ = 0 or ¢ = 7 respectively, it holds

V= = 2d/(P0 == pn)}
a = 2dp,{(p, — po). (19)

At the same time, the agreement or disagreement of results determined by
bot.h methods can inform us to what extent the assumptions are fulfilled
which were used for describing the real fracture curve by Eq. (6).

EXPERIMENTAL PART

In order to correlate the experimental and theoretical forms of the fracture
curves, fracture surfaces of various brittle amorphous materials (polystyrene,
poly(methyl methacrylate), copolymers of methyl methacrylate and alyll
methacrylate, poly(hydroxyethyl methacrylate), inorganic glass) were obtained
by tensile fracture at room temperature. The micrographs of aluminium-
coated fracture surfaces (Figures 4 and 5) indicate the existence of most
varied forms of fracture curves. Criteria summarized in Table II allows to
delimit the region of the values of the parameters ¥ and a. The parameters
of some fracture curves were evaluated quantitatively from their shapes
(1st method—chapter 2). The values thus obtained together with those of the
evaluation of other fracture curves taken from the literature are summarized
in Table III.

For some selected closed curves (Figure 5) the parameters were evaluated
quantitatively by both methods, that is, from the forms and diameters of the

curves (Table IV).

DISCUSSION

Comparatively very little attention has so far been paid to the'solution of the
shape of the fracture curves.2~4 The existing analytical expressions of fracture
curves have been based on the cartesian coordinates, and for reasons of
simplicity special assumptions as to the fracture mechanism have been int_ro-
duced; they have been restricted by certain paramete-r values. The analytical
solutions for some shapes of the curves*~%7 are special cases of our analysis

based on Eq. (6).
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The shape of the fracture curve thus obtained depends on the pnrnmet?rs
d, V, a. The individual shapes of the curves can be seen in Figure 2, which
at the same time adequately demonstrates the transition of their shapes
with a change in the parameter and between the groups, with the exception
of the transition from group II to group I1I. The change in the sign of curvature
in the point pp for ¥ < 1 is obvious at a lower value of a/d from Figure 3.

A qualitative comparison of the fracture curves observed (Figures 4 and 5)
with those derived (Figure 2) indicates that the majority of the theoretically

i

FIGURE d4a-f,
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predicted shapes can actually be detected on the fracture surfaces. Open and
closed curves of group II are those most frequently found (Figure 4a-c,f);
circles have also been found (Figure 4e), as well as intercepts of straight
lines at the points of contact of the fracture formations (Figure 5¢) character-
istic of group I of the fracture curves. Curves of group III have been observed
for both polymeric materials and inorganic glass: the Wallner lines (Figure
4j,k) and straight lines (Figure 4g). A cardioid-like curve (Figure 4d,h) hgs
also been found; it can belong to group II, III, or IV. Identification of this
curve would require an unambiguous determination of the position of the
fracture centres (cf. Table II).

The fulfilment of assumptions used for the description of the fracture
curves by means of Eq. (6) can be established by verifying that both the ir}itial
and the final part of the fracture curve is formed under the same conditions.
To test this finding, a comparison must be made of the parameter values
of curves calculated by the first method (from the shape of the curve) applied

FIGURE 4g-k.

f brittle amorphous materials.

fracture curves on fracture surfaces o :

FIGURE 4 SihaP:tshc;tt-:ry]ate)' b-f, polystyrene; g, poly(hydroxyethyl meth{lcrylatc?,

?1, p(;ly{tmg]hey. j n;opo]ymcr of’ methyl methacrylate and alyll methaciylate; k, inorganic
, polystyr y Js

glass. The bar scale represents 25 pm.
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to a part of the fracture curve adjacent to the primary fracture, :md ahlso
by the second method (from the diameter) which involves the beginning
and the end of the curve. In this way, curves from Figure 5 (Table IV) were
evaluated. The shape of curve 1 given in Figure 5a resembles the shape which
is theoretically possible; Table IV also shows a very good agreement of the
parameter values. Curves 2,3, Figure 5b,c reveal at the first glance the difference
of the shapes from those theoretically predicted ; the parameter values calcu-
lated by both methods also differ considerably. It can be calculated from the
shape of parts of the curves around S adjacent to the primary centre P that the
curve should theoretically be closed at a shorter (curve 2, Figure 5b) or a
longer (curve 3, Figure 5c) distance from the fracture centres than the actual

FIGURE 5a-b.
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dlsta-nce. This fact can be explained, in the first case, either by a sudden
slowing-down of the primary fracture front or by an acceleration of the
secondary front; in the second case, the explanation should probably be
sought in an acceleration of the primary fracture. :

This phenomenon of a sudden change in the velocity of propagation
of the fracture surfaces has been observed in some cases only. In most cases, the
shapes of the fracture curves resemble those theoretically derived, which
together with other data found in the literature!2 indicates that the assumption
of the propagation of fracture fronts at constant velocities may be justified.

The knowledge of the parameter values of the fracture curves can give
important information about the mechanism of the fracture formation.
As yet, this has been done by following po depending on the distance of the
respective fracture curve starting with the beginning from which the crack
propagates in the material.!? However, pp has no unambiguous physical
interpretation (cf. Egs. (17)-(19)). We believe that a more exact picture about
the fracture propagation is offered by the parameters V, a, d, each of which
can characterize a certain feature of the fracture process. The parameter d is
proportional to the density of the original and fracture-initiated defects in the
sample, while the activation distance a indicates the critical character of the

FIGURE 5c.

s luated by two methods (fracture
2 E 5 Closed curves whose parameters are eva _ ‘
grcf};ié{of polystyrene). Evaluated parameters of curves are given in Table IV. The bar

scale represents 25 pm.
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TABLE III
Parameters of experimental fracture curves
V a(pm) v a(pm)
Poly(methyl methacrylate) Polystyrene
y1.18 432 1.65¢ 24.0@
1.14 26.0 1.62¢ 51.2°
1.10 275 15158 0.89¢
1.07 32.1
1.04 11.9 Glass
1.03 344 0.654 ~0d
0.93 20.5 0,278 ~0°

a Curve 1, Figure 5a; ® Figure 4b; ¢ Ref. 8, Figure 10;
¢ Ref. 6, Figure 2; ¢ Figure 4k.

TABLE 1V

Comparison of evaluation results of closed fracture curves
obtained by two methods

1st method— 2nd method—
Parameter from curve shape from curve diameter

Curve 1 (Figure 5a)

V 1.3 1.6
a(um) 19 21
ald 0.61 0.68
Curve 2 (Figure 5b)
1 4.0 13
a(pm) 62 32
ald . 0.06 0.03
Curve 3 (Figure 5c)
y 22 71
afpm) 26 54

ald 0.7 1.5
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defects. The velocities ratio 1
subsequent fractures whose ce
PS allow to draw a conclusion
of the fracture crack.

It follows from the established values of the parameters V, a from the
sele-ct‘ed fracture curves of various materials (Table III) that the values a are
positive, and approximately zero in the case of the Wallner lines. It is note-
worthy that with increasing hardness of the materials (in the order poly-
styrene, poly(methyl methacrylate), glass), ¥ on the average decreases. This
phenomenon is probably connected with the different rate of relaxation of the
material which appears during healing of the secondary fraction. However, a
detailed explanation including the relationships between the parameters of the
curves, on the one hand, and the material constants and the fracture conditions,
on the other, calls for further investigation.

and the values of the other parameters of the
ntres are situated on a common straight line
about the change in the velocity of propagation
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Morphology of Coalescence Processes:
Secondary Fracture, Cracks and Spherulites

FrantiSek Lednicky

Institute of Macromolecutar Chemistry, Czechoslovak Academ of Sci
! ciences,
162 06 Prague 6, Czechoslovakia : e

Summary

Similarity in the shapes of fracture curves and spherulite
boundaries makes possible to generalize the respective theories
to the case of coalescence of two spreading processes of :
growth, disturbances or excitations. The geometrical shape of
a coalescence curve depends on three parametres: the distance
of their spreading centres, the relation of spreading
velocities and the time delay of the spreading. According to
the character of the process, the shielding effect may take
place. In this case, the coalescence curve is composed of two
parts which are to be described separately.

Coalescence Processes

Coalescence process is a phenomenon where the final . struc-
ture (morphology) is a result of two elementary disturbances
or structures spreading or growing in all directions from two
centers, A and B (Fig.1). Loci of contact of both spreading
fronts form a coalescence surface (three-dimensional case) or
a coalescence curve (coalescence in a plane). From an analysis
of the coalescence formations it is.possible to estimate ex
post some important parameters of the process. i

Typical examples of the coalescence process in polymers
are the formation of fracture curves on fracture surfaces and
spherulitic growth during crystallization. The general rules
of the coalescence process are responsible for the fact that
such widely different processes as mentioned above may result
in a very similar shape of coalescence curvesl(Fig.z). This
similarity is the obvious redson of several mistakes in
literature where the authors tried to prove the existence of
spherulites in amorphous polymers, e.g. in the polymethyl-
methacrylate used for aircraft windows. The knowledge of. the
character of coalescence process is important not only ﬁor the
identification of morphology: it makes possible additional
deductions concerning the‘structure, e.g.f growth -character-
istics of particular formations and sometimes gven.phe final
properties of the material. In this paper we restrict ours
selves to a two-dimensional analysis of the qoalescence ,
process (curves oOn fracture surfages, the growth df_sphe;u—
lites in a thin layer). A generalization to three dimensions
is not difficult (LEDNICKY 1977) because. of the axial symmetry
with respect to the straight line connecting centers A and B.
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Fig.1. Scheme of the formation of coalescence curves

; First papers on coalescence processes dealt with a qgali-
tative explanation of the morphology and formation of fracture
curves; only some of the curves were interpreted in mathemat-
ical terms (SCHWARZL and STAVERMAN 1956, REGEL 1956, ANDREWS
1959 and 1968) with simplifying assumptions. Classification

of all possible kinds of fracture curves was suggested later,
after a detailed mathematical description of the process
resulting from the interaction of two elementary processes has
been developed (LEDNICKY and PELZBAUER 1973). The theory
enables one to estimate the acceleration of the fracture front
from the parameters of consecutive fracture curves (LEDNICKY
and PELZBAUER 1975). The same mathematical treatment was used
for the evaluation of relative “growth rate of poly(ethylene
oxide) spherulites. The method (LEDNICKY 1977) was tested for
materials yielding one and/or two types of spherulites growing
simultaneously.

Information obtained from the shape of spherulite bound-
aries proved to be very useful in studying the crystallization
process, viz. for the estimation of nucleation kinetics
(PAKULA et al. 1979, GALESKI and PIOCRKOWSKA 1980) . The pos-
sibility of computer evaluation of crystalline polymeric sys-
tems (GALESKI 1981, GALESKI and PICRKOWSKA 1981 and 1983) has
been investigated. An analysis of the spherulite boundary
shapes (VARGCA 1983) based on the same assumptions as that of
the coalescence processes of the secondary fractures (LEDNICKY
and PELZBAUER 1973) was used to characterize the cylindric
crystallization of polypropylene (VARGA 1983).

Theory

The general quantitative description of the
process (LEDNICKY 1977, LEDNICKY and PELZBAUER 19$3a13§§ggce
1983) includes its basic characteristics: two growtﬁ processes
spreading from two centers separated by a distance d (Fig.1)
one of which is delayed by time to; their velocities are éon:
stant (but not necessarily the same). Let us assume that by
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similarity of different coalescence

3 £ e Morphological

flormfl;igglltO" of poly(ethylene oxide) POLYOX WRS 35 (two-

dimensional spherulites grown fror_n Lha UELE %= ool oy

ture; non-polarized transmitted light;)b curves on the frac-
f ethacrylate) (metal-coated

S ‘ace of oly (methyl m
byt -Urfggzloctgd 1ight) . The bar scale represents 100 um.

surface,
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time t the growth frontf, has spread to the distance

(1}

r. = v1.{t + to)

1

from the point A while the growth front f5 has spread to the
distance

(2)

from the point B; let

L= 6= V1'to

be the activation distance (nucleation distance in the case of
spherulitic crystallization), i.e. the distance of the front
f, from center B at the moment t, when the front f, starts

spreading;
vV = V1/V2

is the relative growth rate. The coalescence curve C can be
then expressed, e.g., in polar coordinates p, ¢ in the form

2 T

0 2 - 2p[V(1 - %) + cos ¢] + a(2 - %) = 0 (3)
where p = r, and ¢ = 0 defines the direction from center B to
center A. Sﬁapes of theoretical coalescence curves are deter-
mined by the three parameters V, a,d of equation (3); the
curves can be either open or closed (LEDNICKY and PELZBAUER
1973 “(Flg.S) -

Discussion

Most of the observed coalescence formations (LEDNICKY and
PELZBAUER 1973, LEDNICKY 1977, VARGA 1983) are in agreement
with the coalescence theory. On the other hand, several shapes
not predicted by the theory were observed; closed coalescence
curves characterized by a kink at the point where the curve
closes during the growth (LEDNICKY and PELZBAUER 1973).

This effect was studied in the case of spherulitic crystal-
lization (LEDNICKY 1984) and the shielding effect was proved
to be responsible, caused by the newly-grown spherulite. (The
main demonstration of the shielding effect are the optical
effects in polarized light, Fig.4.) Shielding may take place
in the case of fracture surface curves as well (cf. Fig.5 in
LEDNICKY and PELZBAUER 1973).

Consequently, the shielding mechanism is to be taken as
a general phenomenon and must be considered when evaluating
coalescence curves. Mathematical details have been published
elsewhere (LEDNICKY 1984). The corresponding coalescence curve
then must not be considered as resulting from a single
coalescence process; its closing part is influenced by two

///
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processes starting respectingly at points B and S (shielding

points - Fig.4). : :
The existence of coalescence processes 1s not necessarily

restricted to either fracture surface curves and gpherullte
boundaries or to polymeric materials. They can arise wherever
two waves interfere, especially when their velocities of
spreading are different. The coalescence process has been usgd
for the measurement of fracture speed by marking thg proceeding
fracture front by letting it interact with ultrasonic shear
waves (cf. KERKHOF 1953 and 1956, GREENWOOD qiQ72 TgKAHASH;

et al. 1978 and 1979, TAKAHASHI and HYODO 1981). Owing to its
general validity, further applications can be expected.
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Determination of Changes in

Fracture Propagation from Fracture
Curves

F. LEDNICKY and Z. PELZBAUER

Institute of Macromolecular Chemistry, Czechoslovak Academy of Sciences
162 06 Prague 6, Czechoslovakia

(Received August 26, 1974)

A method for the calculation of a change in the local and translational velocity of crack
propagation has been suggested from the shape and distribution of curves on the fracture
surface. The relation between the calculated velocities and the fracture surface morphology
has been proven for poly(methyl methacrylate).

INTRODUCTION

Fracture cracks in brittle polymeric materials usually originate and propagate
in the crazel:2 (Figure 1a). This is connected with the formation of secondary
fractures which start propagating from places not yet attained by the main
fracture front. The secondary fracture becomes the primary one for the
following fracture; on meeting with the main fracture it becomes part of the
latter.

Generally, the velocities of propagation of the main fracture front and of
secondary fractures are different.?4 The formation of secondary fractures has
as its consequence that in some places the secondary fract'ure crack propagates
toward the main crack, so that on their meeting (merging of the secondary
fracture crack with the main fracture crack) the main fracture crack “jumps”
in distance. Thus, the parameters of fracture curves (velocities of
actures, activation distances, distribution of centres of

s4) modify the course of the velocity of propagation of the

over a certa
propagation of fr
secondary fracture

main fracture crack. : _ :
It has been an aim of this paper to suggest a theoretical expression for the

velocity of propagation of the main fracture crack from the parameters of

301
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fracture
curve
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fracture
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(b)

FIGURE 1 Schematic view of fracture crack propagating over secondary fractures (a) and
definition of parameters of fracture curves (b) P and S are centres of the primary and or
secondary crack, respectively. Full arrow indicates direction of the applied mechanical

stress, broken arrow indicates direction of propagation of the fracture crack, Dimensions in
direction of the applied stress are greatly magnified,

-
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fracture curves and Ic '
cl € C @ ' R L : . ~ 2
> apply the result to the calculation of changes 1n the

velocity of the crack propagation from the morphology of the fracture surface
of poly(methyl methacrylate).

g{n\h%lIJ(LATION OF THE VELOCITY OF PROPAGATION OF THE

The existence of secondary fracture processes is demonstrated by the occur-
rence of gharacteristic curves on the fracture surface3.5-7 arising on the meeting
of the primary crack with the secondary one (Figure 1b). The shape of the
fracture curve depends on the velocities of propagation of both the primary
and secondary fracture, on the distances between the centres of both fractures,
d, and on the activation distance @ = A4S, i.e. on the distance between the
front of the primary fracture and the centre of the secondary fracture S at a
moment when the secondary fracture starts spreading.4

If the assumptions of an isotropic propagation in planes perpendicular to
the direction of the acting force and of the independence of the velocity of

fracture cracks propagation of time are fulfilled for the fracture fronts, the
equation

p2(1—V?2)/d — 2p[V(1—a/d) + cose] + a(2 — ald) =0 (1)

describing the shape of the fracture curve allows the determination (by using
nonlinear regression method) of the basic parameters F, as needed for the
evaluation of the course of the velocity of the fracture crack propagating over
the secondary cracks.? ¥V is the ratio of the respective velocities of propagation
of the primary and secondary fractures, p and ¢ are polar coordinates of the
fracture curve (Figure 1b). The distance between the fracture centres can be
measured directly on the fracture surface. It is useful when calculating the
velocity of the fracture.crack propagation to employ the minimum value
of the position vector po (which can be measured directly and which
together with the basic parameters V, a, d is bound by Eq. (1) expressed
for @ — 0) instead of the activation distance a. ' -
The validity of Eq. (1) for the shape of the fractur_e curves makes it possible
to express the velocity of the fracture crack propagation. To calcylate them one
has to assume that the individual centres of secondary fractures !le onastraight
line behind each other. Such an assumption is not too_restncting, sincg in
practice series of subsequent fracture curves are f ound qu:te- frequently. Slight
deviations from the distribution on the stn:aight line are not important and the
pathway of the fracture can be approximated by its projections onto the
direction of propagation of the main frac_t_ur-e crack. The average velocity of
fracture crack propagation from the beginning of the fracture (or from the
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of origin of the ith

. . it e place
starting point on the fracture surface) up to the | s o

secondary fracture differs from the average velocity of l1]:»rotpagirz: i
secondary fractures; the velocity increment gorresponds toas Zr en frga i
length of the fracture crack by intercepts in which the secon a.rfyth =
have propagated to meet the main fracture crack, and look as 1 ey_
“yumped over” when both fractures join. '

JA 5aluable information on the crack propagation is prowded by the local
fracture velocity, u;, defined as the average rate at which the main fr'acture
crack propagates over the region of the ith secondary fracture (i.e. it also
includes the jump in the crack propagation).

If #; is the time during which the fracture crack propagates from the cen.tre
of the primary fracture to a distance s; (Figure 2), i.e. before the preceding

et fracture
I 2 | 3 3
_ ok b / curve
| 7
fracture <
surface |
Snn o 2
== R
| 1 3
Pos oy LUT 'rT—L_d_. ——— 1 Py _'?q_‘,‘
B crazed —
material
s, (t,) y
b s,(t,) s (t,) o

FIGURE 2 Schematic view of a series of fracture curves on fracture surface gradually
arising on the straight line in the direction of propagation of the fracture crack. The direction
of propagation is indicated by a broken arrow. Fracture is gradually formed from centres
0,1, 2, 3; fracture curves have been made visible by cutting out a steplike relief in the meeting
points of the individual fracture fronts.

crack joins the ith secondary fracture crack, and if 7; is the time during which

the propagating main fracture crack propagates over the region of the ith
secondary fracture, it holds

i+ 14 = tig1 (2)
withi=1,2,3,....Onecan see from Figure 2 that
Il
=11+ 2 Tk (3)
k=1 4
i
S0= > di— py,l (4)
k=1

e drs1 — (poyks1 + Pg,kz

()

Vk
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1¢ fractufe crack propagation of the kth
secondary fracture. In accordance wit it |

h Eq. (1) it holds

= |
and hence = via/v, | (6)
v=w/ | | ¥, | 0
k=1

vp being the initial propagation rate of the crack to which our measurements
are related. According to the above definition,

ui=(81,1—50)/7s. ' (8)
Eqs. (4) through 7 give the relative local velocity

g vo = di 11— po,is1 + po.i : )
(dis1 — po,i41 — po,i)L I I Vk.
i

The variation of the ratio u;/vo in the individual places of the fracture surface
indicates an acceleration or slowing-down of the propagation of the main
fracture crack in the regions under investigation where secondary fracture’
cracks become operative.

In order to achieve correlation with macroscopic measurements of the
velocity of crack propagation (determined from the time of crack propagation
between two detection points) it is necessary to express the translational
velocity of the crack (the average velocity of the main crack propagation).
The translational velocity, w;, is determined from the time #; during which the
crack propagates to a distance s;:

wi = Sifty. (10)

From Eqs (2) through (7) the relative translational velocity is expressed by

i
z dx — po,i
k=1

= k
di—po,1 + g {[dk+1 — (po,k+1 + po,k)] H V1}. (11)

wifvo =

ate to which the measurements are related. For
velocity wi/vo approaches a certain limit affected
the fracture curves. The effect of the individual
be estimated from a model example of a hypo-
parameters chosen in advances (Figure 3),
= V, di = 1). The local velocity

Here, vp again is the initial r
large i the relative translation
by the average parameters of
parameters on u/vo, Wi/vo can )
thetical series of fracture curves with
the same for all fracture curves (po,t = P0s Vi
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u; increases with increasing po and decreases with increasing ratio of the
velocities V. It can be seen from both Eq. (11) and Figure 3 that the
translational velocity of crack propagation not only represents the
individual elementary fracture processes, but depends on the distribution of
the fracture centres and on the individul velocities of propagation of secondary
fractures, and also on the place in which the transitional velocity is measured.

In areal case, however, the situation is complicated by the different character
of all the three parameters, di, po,i, Vi of the individual fracture curves. To
evaluate the course of the crack velocity (local or translational) it is necessary

to measure dj, po,i, and to determine ¥V from the shape of the curve by non-
linear regression analysis.4
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FIGURE 3 Model example of the dependence of the relative velocity of the crack propa-
gation on the number, i, of subsequent secondary fracture processes included in the calcula-
tions at constant parameters of fracture curves (a) logarithms of local relative velocity
log (ui/vo) illustration of Eq. (9). Full symbols denote values corresponding to po=0.25;

empty symbols po=0.1, ¥=0.5(0);0.75(0); 1 (4); 1.2(0); 2 (V); (b) translational relative
velocity wi/vo (illustration of Eq. (11)). Full symbols denote values corresponding to po=0.25; [
]

empty symbols po=0.1, ¥=0.75(C); 1(0); 1.5(4).In all cases wi/vo=1 fori=1.

EXPERIMENTAL RESULTS

The relative local velocities and relative translational velocities of the fracture
propagation were determined from a series of connected fracture curves due to
fracture propagation in the impact test of poly(methyl methacrylatf:-) (Figure
4). The fracture curves under investigation were chosen from the region of the

D
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g};;:(l:u: :;lztf‘;(:t;ln;;;m;1:1(01}' Prec.c-ciiflg the formation of a rough area. Tt is
approeching fo the r; 13}}313 anfi dlstrxbut%on of the fracture curves vary while
S, accol;r% region R. Thls.di'ﬂ?erence in the morphology of
di, po.¢, Vi, and also ; panle.d by Vef_){ distinct changes in the parameters
i» P0O,i, V1, and also in the relative velocities of fracture propagation u;/vo,wi/vo
calculated from these parameters by using Egs. (9) and (11). Table I). ’

TABLE I

ative velocities of fracture propagation evaluated from a series of subsequent
fracture curves in Figure 4

Rel

Curve di® 0.4° Vie a L gyt
5 s f; m i uifvo wilvo
1 304 51 0-97 253 1-00
2 174 22 0-88 0-958 1:36
3 294 53 1:34 0-637 1-18
4 768 39 1:26 —_ 0-825

“Distance between the centres of the secondary fractures (distances were meas-
ured on the micrograph of the fracture surface); :

Distance between the centre of the secondary fracture and the top of the fracture
curve; ;

¢Ratio of the velocities of subsequent secondary fractures (cf. Eq. (6)):

@Relative local velocity of fracture crack propagation;

¢Relative translation velocity of fracture crack propagation.

DISCUSSION

The method of determination of the relative velocity (local and translational)
of the fracture crack propagating over secondary cracks can be applied if the
expression of the individual forming fracture curves by means of Eq. (1) is
valid. Eq. (1) was derived assuming that fracture cracks propagate
isotropically in planes not too distant from each other and perpendlcu'lar
to the direction of the acting mechanical stress, and also that the propagation
rates of the individual fracture cracks are constant..It_ appears, however,
that the assumptions are fulfilled in most cases; -the'lr invalidity would be
reflected in differences of the surface morphology inside fracture curves and
‘o deviation of the calculated shape of the curve from the real one.4
The acceleration in the propagation of the t.’ract.urf_ front depe_n::}s on tl}e
magnitude of the part of the fracture path which is jumped overf, that is,
the magnitude of po,/di, and also on the other fracture paramleter? (c iJ]Eqs. 9
and (11). The effect is best illustrated by a model exlfmple of su Sf;?_uen;
f (Figure 3): both the relative local ve?ocn-y and the re ative transitiona
ey i i se with increasing po,i/di. A lasting
velocity of crack propagation Increa
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acceleration of the propagating crack with respect to the velecity of vo the
reference crack occurs owing to “jumps’ already at V' = 1; a temporary
acceleration (in the proximity of the beginning of the fracture crack pathway)
appears even in that case when the secondary fracture propagates slower than
the primary one, i.e. ¥ > 1,if pp > d(V — 1)/2V. In a real case when th.e para-
meters of the fracture curves differ for subsequent fractures the oscillating
values of d;, po.i, Vi give no clear indication of the trend, which on the other
hand is distinctly seen from the calculated relative velocities (Table I).

Pronounced changes in the relative local velocity of propagation of the
fracture crack can be expected in those places of the fracture surface where its
morphology changes. .

A calculation carried out by the procedure suggested above showed that
already at a distance of 2 mm from the relatively coarser region R (Figure 4)
the fracture crack propagation is slowed down. This phenomenon could be
explained by the energy consumation before the region R by the initiation of a
large number of secondary fractures in the region R.
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Removal of the Craze La

yer from a Pol ;
Surface by Etchin 2 Iiien Practure

g in a Glow Discharge*

The internal morphology of massive polymer specimens is very often characterized by
electron microscopy of fracture surfaces. To avoid an “artefact”’ procedure, it is nec-
o e;lthe" to dc’d“c? the original structure from the craze structure. or t;) evaluate
the original structure directly after etching off the craze faver ’

The extge layel: on fracture surfaces of glassy amorphous polymers arises by breaking
of a craze preceding the crack.! The existence of such 2 layer on the fracture surface

leads to color effects due to the interference of light beams reflected from the lower and
upper boundary of the layer.2

In an earlier paper we suggested a new interferome
the optical thickness of the craze layer.? The method is based on the shifting of extine-
tion bands of the same thickness with the wavelength of the incident light. Optical
thickness in the place of the extinction band is calculated from the equation D = 2k +
1)A/4, where X is the wavelength of light and k is the order of interference of the band
determined from the magnitude of the shift of the respective band with the change in A.
A good correlation has been obtained between the results of this method on the one hand
and direct measurement of the geometrical layer thickness by electron microscopy* on
the other. On the fracture surface of poly(methyl methacrylate) obtained by fracturing
at 25°C we thus detected a craze layer of optical thickness 0.7-1.2 um; the decrease in
the refractive index in the layer was interpreted in accordance with Kambours by “dilu-
tion"’ of the polymer with 407, of small holes.

The correctness of the method? suggested for the determination of the optical thickness
of a craze layer has been recently confirmed by Doyle® for polystyrene; although he
measured the geometrical thickness in a different way, namely, from the height of the
step in those places where the craze layer became detached from the craze-bulk bound-
ary. This technique is not subject to the error of possible deformation during: ultl_'a—
microtomy,* but it does not allow measurement of the layer thickness at any arbitrarily
chosen point.

In this paper we describe a successful technique of removal of the craze Ia):er from tpe
fracture surface of poly(methyl methacrylate) by its gra(.iua! degradation in glow dis-
charge, i.e., by the method of etching which is widely apphed_ in the elecjf.ron microscopy
of polymers.” The etching process was followed by measuring the oPtlcal thmkm}elss. 0;
the layer. The dependence on the etching time engbles new information to be gat §1e
about the mechanism of etching and the homogeneity of the craze layer, and also about
the geometrical thickness of the layer at any point if the rate of etghlng 3 knm.vr:l. o

The etching of the fracture surface of poly(methyl methacrylate) was carried out

i in ni 1Hz
i .nev discharge in nitrogen at a frequency of 18 MHz,
B g 15 W. The fracture surface

tric method for the determination of

apparatus? producing a hi 3
pressure 2 X 1072 torr, and output power not exceeding

. : - a temperature.
was obtained by bending the specimen at room : e
While the in)terferenoc colors of the craze layer gradually fade away and disappe

. iti inction bands still
during annealing of the fractured sample, w1t.h 1}.18 position of the extinc Lol
unchrﬁ]ged,‘ thegsit.nat ion arising duri'ng et(‘whmg in gllow ?;zilézrfs ;ﬁ;g?{gnt:coiclusion
is just the opposite, as thwntcllm;!itatlz::i:t"luf:il}izgés on heating (similarly to healing
may be drawn, namely, that the layer siruc : ing the layer thick-
of i‘{le craze®), while etching searcely affects the stl;lur_turi,ht;ngﬂreeililoc;nif lightyfrom -
ness. The onset of healing of the craze layer re 'u:efference o st il
boundary, which leads to the disappelarar'me of 'Lh; "Ltem a glow discharge indicates that
such Dhr;rmmenrm is observed if etching is carried 0 ]

L p .
I I 1 8 Tl nim ] hcﬂ;tlng 0[ tahe Sarn le
HIF‘. H]}c‘ lfl‘ surtace f‘ﬁol"t 1 ﬂCCU]npa led by nl a

) T . ECI'[‘)S(‘O i[‘ﬂl
ted i par t on the ] r';Lh (,nnft-.rence of the CZGCIIOSIOVak Tlectron Y| p
ented in part 3 Li ]

* Pres '
Society, Olomouc, September 1973.
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2174 NOTES

Further information on the etching process and the craze layer I afforded by the de;
crease in optical thickness with etching time evaluated rby the mt.crferenc_e mclhod -
along the main axis of a typical parabola, as in Figure 1. The plot shows an ]I].(-TE‘.J.:-xf} in
the optical thickness with the distance r (measured fmm. the focus of t‘.he parabola, i.e.,
from the center of the secondary fracture in the direction of the main fru_ct-urc crack
propagation) and a decrease in this profile with the etching time. The existence of a
minimum in the optical thickness of the craze layer in the center of the second:u‘_}f fra’c-
ture has been described and interpreted earlier;*¢ here we note only the rednc'lmn n
thickness due to etching. By plotting the data from Figure 2 in the respective co-

(a) (b) (¢c)

Fig. 1. Change of interference phenomena on a fracture surface of poly(methyl meth-
acrylate) with etching time (in reflected monochromatic light, wavelength 548 nm).
Etching times: 0 (a), 30 (b) and 42 minutes (c).

I —e
0 min
D,nm
1000 |- =
30
5 42
500+ o
g 52
| L] e T
F r, 200 r 400

r, pm
Fig. 2. Profile of the optical thickness D of the craze

layer as a function of distance r from
the focus of the parabola at various etching times.
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e SR g that the optical thickness of the layer decr
with the etching time for » from 62 tq 290 um (Fie :3): i,llct(lx 1*9
(slopes of tl?o al raight lines) diminishes only inSigni.f.ila;]_n’t[\vn{witlllla‘I the 1“:.11.0, of ‘de_!creasg
t:.> ‘19.4 nm/min. The independence of the ei’-fih.ing I;at.e 4 uh-,enj:;l E;\:;n‘g_r {Irog;. %GT.‘.
SISOt Sox Ao et o £l - stationary etching (aondii".i:)(m) :ﬁ.l;:;‘;lftnil:;?j-

ases strietly linearly
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|
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Fig. 3. Optical thickness as a function of etching time ¢ at various distances from the
center of the secondary fracture r; (plotted from Figure 2).
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: i (electron micrograph of

kem:
zlo-

jed-
mad

po-
erni
jako
lusi-
JIni-
Iné-
‘mo-

od-
uzit
plo-
dn#
10to
ausi
feni
Jro-
roz-
uZit

291




2176 NOTES

geneity of the structure along the thickness of the craze layer and only small structural
differences in the craze layer in the observed region of the fracture surface. s

1f we assume, in accordance with Kambour® and our results,* that the I'ef{'act,lve index
n of the layer is 1.32, it is possible by using the relation between the optlcal- (D) and
geometrical (d) thickness of the layer (D = nd) to calculate the rat.t-: of‘rcduct-m{) of the
geometrical height of the layer due to etching, which in the given region is approxlmat-r:aly
14.0 nm/min. Taking into account a 409, content of holes in the layer, i.e., a porosity
which reduces the original refractive index of poly(methyl methacrylate) to 1.32, we
obtain after recalculation to the compact material an etching rate of 8.4 nm/min. This
value coincides perfectly, within the limits of experimental error, with the rate of etching
of nonporous poly(methyl methacrylate) determined independently under the same
conditions (8.7 nm/min). The agreement with experiment corroborates the correctness
of calculations and the possibility of determining the local geometrical thickness of the
craze layer from measured rates of etching of the optical thickness of the craze layer and
the geometrical thickness of the compact material. _

The surface morphology after etching of the craze layer can be seen from Figure 4.
Here we have an electron micrograph of a carbon replica isolated by dissolving polymer
in chloroform. In this ease (after 30 min of etching) the layer is removed from the whole
region limited by the parabola up to a distance of ca. 75 um from the focus (determined
by linear extrapolation of the time needed for complete etching of the layer to a distance r
plotted from the data in Figure 3). The comparison with the original surface (ef. Figure
8 from Ref. 4) shows that etching makes the fine structure of the polymer more pro-
nounced; the elementary globules after removal of the craze layer (20-80 nm) are com-
parable in size with the finest structure formations on the surface of an unetched fracture.
The removal of the craze layer suppresses topographical unevenness due to fracture; and
the morphological picture becomes more homogeneous and more adequate to the actual
internal morphology of the polymer.

It may be inferred from the results presented here that the craze layer of the fracture
surface of an amorphous polymer can be removed by etching in a glow discharge; the
layer is homogeneous and its structure remains unchanged on etching. A closer char-

acterization of the polymer morphology revealed by etching of the craze layer will be
the subject of further studies.
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yoft matrix fracture surface as a means to
eveal the morphology of multi-

Betoms phase polymer

_LEDNICKY

nstitute of Macromolecular Chemistry, Heyrovsky Sg. 2, 16206 Prague-6, Czechoslovaki
i.H. MICHLER : ; g
nstitute of Solid State Physics and Electron Microscopy, Halle/S, G.D.R

] discfose_ the interior phase structure of soft polymeric materials, a classical procedure exploits
he hardening of a material on freezing, usually, in liquid nitrogen. However, there exist some
olymer systems, for which the application of the procedure is not suitable due to low differ-
nces in the toughness of the individual components in the frozen state. A new procedure of
he fracture surface preparation is described, based on a specific property of polymer materials
1amely up to a three-decade difference in the Young modulus below and above the glass
ransition temperature. According the the procedure, the fracture surface is prepared at a tem-
rerature at which the matrix is soft (sufficiently high above the glass transition temperature)
ind the inclusions are hard (below the glass transition temperature) at the same time. Especially
it a low volume fraction of the hard dispersed phase a relatively smooth and distinct fracture

3

wrface is obtained, the interpretation of which presents no problems. The method has been
iuccessfully tested for several systems, such as, silicon rubber/hard methacrylate copolymer,
:PDM rubber/inorganic filler, EPDM rubber/polypropylene, liquid rubber/epoxy, and ABS/

norganic filler.

|. Introduction

‘t is very well known that polymer material proper-
ies strongly depend on its supermolecular structure
morphology) [1, 2]. It is then obvious that to interpret
ind predict the behaviour of a given material, one has
0 gather information on its supermolecular structure
sy morphology investigations.

There exist a number of experimental techniques to
teveal the polymer morphology (cf. [1]). Among them,
microscopic methods are the most frequently used. To
picture the tiny structural units in the minority phases
of multi-phase polymer systems, transmission electron
microscopy (TEM) and scanning electron microscopy
‘SEM) with appropriate preparation techniques serve
15 very useful tools [3].

SEM is very often preferred to TEM mainly because
of the easiness in both the preparation and obser-
vation steps. As polymers are metal-coated for the
SEM observations, only topographical contrast is
dbtained. As a result, only structurally developed
iurfaces can be observed.

Fracture surfaces are very popular for disclosing the
nterior structure of bulk polymer samples. They are
a8y to obtain, very often being a product of previous
Nechanical tests, However, the preparation of fracture
rfaces always involves sample deformation, also in
he case of a brittle fracture. Thus, the fracture surface
norphology reflects both the interior structure of the
ample and the deformation processes preceding the

022-2461/90 $03.00 4 .12 @ 1990 Chapman and Hall Ltd.

fracture. To obtain information on the entire sample
morphology, the two influences have to be separated.
The aim of this article is to propose a new method
for fracture surface preparation developed to disclose
the bulk morphology, namely, fracturing above the
glass transition temperature of the sample matrix. The
method is based on traditional fracture surface inves-
tigations and on the correlation of fracture surface
morphologies obtained under varied fracturing con-
ditions. Several examples illustrate the method.

2. Experimental details
Fracture surfaces were produced on samples similar to
those used in impact testing. Samples were provided
with a notch on the shortest side of their cross section
and were fractured in bending (hard materials) and
extension (soft materials) at various temperatures.
Fracture surfaces were sputter-coated with a gold
layer about 10nm thick or vacuum-evaporated with
a C/Ag layer and observed in a scanning electron

microscope.

3. Results and discussion

3.1. Fracture surfaces of homogeneous
materials

Homogeneous amorphous polymers do not possess any

interior supermolecular structure. Fracture surl:aces of

such materials, however, show some features given by

the state in which they were fractured depending on a

4549
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Figure | Fracture surlace of an epoxy with rubber
particles: low interfacial adhesion.

Figure 2 Fracture surface of an epoxy with rubber particles: higher
interfacial adhesion.

Figure 3 Fracture surface of an epoxy with a liquid rubber: rubber
partially dissolved in epoxy matrix.

Figure 4 Fracture surface of an ABS copolymer al
liquid nitrogen lemperalure,

-
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igure 5 Fracture surface of an ABS copolymer at room temperature.

wmber of parameters, e.g. molar mass (degree of
rosslinking), glass transition temperature, defor-
nation rate, etc. Brittle materials like poly(methyl-
nethacrylate) and polystyrene, in which plastic defor-
nation occurs prior to fracturing (crazing), show a
yronounced formation of fracture curves [4]. The
urves on the fracture surfaces are not a consequence
f any structure feature, they are only a product of the
rack spreading through the breaking sample (though
n their centres they can reveal sporadic fracture
yrecursors). Extremely brittle materials like cross-
inked epoxies [5] and hard organic glasses [4] show
racture curves in the form of lines oriented in the
firection of the spreading crack. Fracture curves
an be found on fracture surfaces, if the sample is
ractured in the glassy state, i.e. well below its glass
ransition temperature.

A marked difference is observed when examining
10tched fracture surfaces of amorphous polymers well
ibove the glass transition temperature, i.e., in the state
of rubber elasticity. Fracture surfaces are usually flat

Flgure 7 Fracture surface of a system silicon rubbe

r/hard methacrylate copolymer, (a) lowe

nge.d Fracture surface of an epoxyfliquid rubber system after the
phase inversion.

and smooth with hardly any trace of a spreading
crack, The fact will be used to improve the visibility of
particles in polymer composites (Section 3.3).

3.2. Fracture surfaces of particulate
composites with a hard homogeneous
matrix

Simple composites of a hard homogeneous amorph-

ous matrix with evenly distributed soft rubber particles

show differences depending on the interfacial adhesion
of both components. In the systems with low inter-
facial adhesion we obtain a clear-cut fracture surface

picture (Fig. 1).

Fracture paths follow the interface between the
matrix and the rubber particles, and the particles can
be traced (distinguished) without difficulties. Both
spherical particles and the dimples remain after the
particles are observed on the fracture surfaces.

When a similar system (epoxy/liquid rubber) but
with higher interfacial adhesion of the two phases is
fractured at room temperature, the fracture crack
proceeds through the rubber particles. Particles mark
the fracture surface so that it is possible to follow their

r and (b) higher copolymer content.
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size and position in the matrix, but no true particles
can be observed directly (Fig. 2). In a system with an
even higher interfacial adhesion, in which the rubber
phase was partially dissolved in the epoxy matrix, the
marking of the fracture surface by the domains is still
less pronounced: only waving of the fracture surface in
the place of softer domains can be observed (Fig. 3).

High and nearly equal moduli of the matrix and the
particles in the glassy state (well below the glass
transition temperatures of both constituents) are the
reason why the fracture surface is mainly modified due
to the fact that there exist differences in the shrinkage
of the individual phases when the sample is cooled to
the fracture temperature. Rubber particles of an ABS
copolymer can be revealed in this way (although with
some difficulties) by fracturing at the liquid nitrogen
temperature (Fig. 4).

It would seem that a substantial difference in the
moduli of the individual constituents is a sufficient
condition for obtaining a suitable fracture surface to
analyse the phase structure. However, this is not true
in some cases, e.g. when crazing occurs in the matrix,
as in ABS copolymers fractured at room temperature
(Fig. 5). Deformation structures then overwhelm the
fracture surface morphology and no conclusions can
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Figure 9 Fracture surface of a EPDM rubber with a low content of
polypropylene.
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Figure 8 Fracture surface of an EPDM rubber with a
low content of CaCO, filler.

be drawn on the phase structure of the material under
investigation.

3.3. Fracture surfaces of particulate
composites with a soft homogeneous
matrix

3.3.1 Conventional route

In contrast to the fracture surface of a notched sample

of an amorphous polymer well above its glass tran-

sition temperature, hard particles immersed in a soft
matrix yield a fracture surface which is marked almost
exclusively by the particles themselves. Particles are
sometimes covered with remnants of the matrix as in
the case of an epoxy/liquid rubber system after phase
inversion [7] (Fig. 6), but very often they are revealed
as such, perhaps because of low interfacial adhesion,
and the percentage of particles on the fracture surface
corresponds to their amount in bulk [8] (Fig. 7).
Similar conditions are met both in a system of an

EPDM rubber and an inorganic filler (Fig. 8) and in
the same matrix with a low concentration of harder
polypropylene particles (Fig. 9), which simultaneously
shows that crystalline polyproplene (which is only
slightly harder than the matrix), when fractured,
shows the same effect as the relatively very hard
inorganic filler,

3.3.2. Non-conventional route
It is obvious that the results described above can be
generalized to develop a new method for revealing the

Figure 10 A sketch of moduli (G) conditions appropriate for the
method using the soft-matrix fracture: region A in the temperature
(T) or concentration (c) dependence can be exploited.
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1orphology of composite systems, based on an
xamination of the fracture surfaces of systems with a
oft matri. The fracture surface has to be obtained in
uch a state of the material when the matrix has a low
wdulus and the inclusions are of high modulus
Fig. 10, region A). The difference in the moduli can be
btained by varying the sample temperature or any
ther parameter defining its state, e.g. the concen-
ration of low molecular weight components.

Figure 11 Soft matrix fracture surface
(prepared at 140°C) of a polypropylene
composite (a), yielding a better visibility of
CaS0, and TiO, filler particles than the
conventional low temperature fracture O
(b) SEM micrographs.

Polymer composites deformed and fractured at a
temperature close to the melting point of the matrix
may serve as a good example of the method. In
contrast to the room temperature fracture or low
temperature fracture, when the deformation struc-
tures prevail, the high temperature fracture (with a
softened matrix) yields filler particles distributed on
the fracture surface (Fig. 11). Polypropylene, being a
crystallizable polymer, contains a high amount of the

Figure 12 Soft matrix [racture of a flame-
retardant ABS polymer (fracture surface
prepared at 115°C, SEM).
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crystalline phase above the glass transition and below
the melting temperature, which prevents the material
from being as soft as amorphous polymers in the
corresponding state. Successful results can therefore
be obtained only after the crystallites have melted, i.e.
at temperatures close to the melting point.

Additional examples are a flame retardant ABS
polymer after fracturing at 115° C which shows clearly
the shape and size of particles (Fig. 12), and a carbon
black modified rubber fractured at 150°C (Fig. 13).

Another example was presented earlier [9). In an
ABS copolymer, soft rubber particles were hardened
by osmium tetroxide treatment and the sample was
then notched and fractured at 130° C. This tempera-
ture is well above the glass transition temperature
of the styrene-acrylonitrile matrix, but the stained
particles remain hard, so that the conditions for the
relation of the moduli (Fig. 10) are fulfilled.

4. Conclusions

1. While homogeneous hard materials yield fracture
surfaces marked by fracture curves, fracture surfaces
of homogeneous soft materials are smooth.

2. Composites of a soft matrix with particulate hard
fillers yield fracture surfaces which reveal the particles,
and the particle distribution corresponds to their
content in the sample.

3. Soft matrix fracture surface is convenient for
studying the morphology of polymer composites.

4. By varying temperature (or some other state

4554

Figure 13 Fracture surface of a
rubber modified with carbon
black (prepared at 150°C, SEM)

parameters), a sample state can be reached in which
the matrix is rubber-like while the particles are hard.
Fracturing under that condition may be helpful
particularly in those cases when other morphological
methods fail.

5. With crystalline polymer matrices, softening
occurs only at a temperature close to the melting point.
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MECHANICAL PROPERTLES OF EPOXY/QUARTZ COMPOSITES
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Introduction

Curable resins containing various types of reinforcements
represent an important group of structural materials. Optimiza;
tion of their properties for particular applications is a compli-
cated process, empirical to a great extent. The required
properties’ are rigidity, strength, toughness, wear, heat and
corrosion resistance, durability, etc. Epoxies are universal
matrices which are mainly applied in composites reinforced with
filaments, but often also in composites containing short fibres
or particulates., Up to now, mechanical and other physical proper-
ties of epoxies containing glass beads (1-5), hollow glass
spheres” (5), fused silica (5,6), aluminium particles (7,8), mica
(9), and the like have been investigated from various view-
points. Silica is a particulate filler possessing high hardness,
low thermal expansion and chemical inertness. This study had as
its objectives the preparation of epoxy/quartz composites, the
description of their structure, and the determination of their

mechanical properties.

Experimental Part

pared by reacting a low-molecular-weight

epoxy resin of diglycidyl ether of Bisphenol A (DGEBA) with

4 4°-diaminodiphenylmethane (DDM) , in the
r

DGEBA was mixed with

The epoxy matrix was pre

a crosslinking agent,
ratio 100:29. To prepare the composites,
Biion oon (95°Ch ne 50°C; after adding ground fused quartz, the

mixture was homogenized in a laboratory mixer [30°C: 20 min).

Crosslinked Epoxies

i i rman
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The epoxy matrix passed into the B ctaage wilit hdn 5 davs storaage
at 25°C. Then the material was re-homogenized by calendering at
50°C, cooled down to 15°C, and ground to obtain the moulding

compound. The test samples were compression-moulded for 6 min at

160°C (pressure 5.9 MPa).

The filler was obtained by grinding the waste fused quartz in

a ball mill. The particle size is in the range from 0.1 to 100 um
(Fig. 1); the average particle size (the average diameter of an
equivalent sphere in sedimentation) is about 8 um. The particles
have irreqular shapes, their surface is without porosities. The
filler was not surface-treated prior to mixing. The shear modulus,
Gf=31 GPa, and Poisson’s ratio, Ve = 0.17, were taken from the

literature (10).

Dynamic mechanical measurements were carried out using a freely
oscillating torsional pendulum in the temperature range from -190
to 180°C. The flexural modulus and strength were determined by

a three—poiﬁt test with an Instron Tester apparatus. The flexural
modulus was also determined using the same arrangement after one-

-minute creep. The impact strength was measured by the Charpy
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esults and Discussion

'he temperature dependences of the storage and loss shear moduli

ndicate (Fig. 2) that the temperature of transition of the epoxy

watrix from the glassy into the rubber-like state, Ty = 150°C

(1 Hz), is not affected by the filler. (At the frequency 1 Hz, the
loss modulus peak is situated 15-20 K above the glass transition
emperature T .) Similarly, the filler does not affect the
nolecular mobility of the matrix in the glassy state, because the
secondary loss maximum at -65°C changes neither its temperature

bosition nor its shape.

The increase in the composite shear or tensile modulus with the
filler content (Fig. 3) is in good conformity with the theoreti-
cal prediction rendered by the McGee-McCullough theorv (11):

G, = &1 # & BV /(1= ¥ vl (1)
where
Gm = 1.08 GPa (20°C) is the matrix modulus,

fraction on the temperature

; me
Pigure 2., Effect of the filler volu ar moduli of the composites.
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Figure 3. Effect of the filler volume fraction on the rela?ive
shear modulus Gy = G./Gp ( O and the solid line; broken line

- theory) and the relative flexural modulus Er = Ec/Ern (@) at
room temperature.

A = (7 -5 vm)/{B - 10 vm] = 1.167 for the (assumed)matrix
Poisson s ratio M = 0,35,

B = {Gf/Gm = 1)/(Gf/Gm + A) = 0.933 for G¢ = 31 GPa,

Ve = filler volume fraction,

WA= ) Zk]vf - (1 - k}v% is a correction function

taking into account the maximum possible filler fraction Pf,
as k = (1 - Pf}/Pf.

Fig, 3 also shows that the reduced values of the Young s modulus

Er

of the reduced shear modulus. The absolute values of the moduli

EC/Em, determined in flexure, virtually coincide with those

are summarized in Table 1.

Table 1. Mechanical Properties of the Composites Epoxy-Quartz

Shear modulus Flexural modulus Flexural Impact
Filler GPa CPa strength strength
fraction MPa J cm—2
=GONC XN T00" ¢ Instron Creep
0.000 1.48 1.08 0.875 2.81 3 6.2 1.78
0.026 3.41 3.5 80.6 373
0.050 =27 3565 177 1.54
0.095 180 S OR . 14 4.01 4.2 103 0.970
0.136 2,08 1.62 71.30 4.38 4.7 DT 0.966
0.345 3.87 2.97 2.30 7.44 8.8 60.2 0.628
03512 b, 03 4 T RE AL 9 11.2 1256 61.6 0.415
0.677 " 9.06 7.52 6.37 T o4 19.8 Y (ol
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- Figu;e 4, Effect of the filler volume fraction on the composite
density. |

The value of Pf for ground fused quartz was not known; we there-
fore tried to estimate it from the concentration dependence of

the density of the composites. The density increases linearly with
the filler content up to ¥ = 0.68 (Fig. 4), which suggests

a compact structure of composites without voids which usually
impair the wultimate mechanical properties. However, the sample
with et 0.76 has a distinctly lower density than corresponds
to the additivity of the matrix and filler volumes. Since voids
are necessarily formed beyond Pf, it is obvious that 0.68<Pf<0.?6;

hence, one may estimate Pf = 0,72,
The attained level of reinforcement of particulate composites is

often reduced due to thermally induced stress which arises in the

matrix on cooling, because the matrix shrinks more than the filler.

The polymer matrix layer adhering to the filler particle is then
subjected to stress and has a lower modulus than in the stress-
-free state, which accounts for reduction of the resulting modulus

of the composite. This phenomenon has been discussed, e.g., for

composites epoxy/glass beads (1) or poly(2-hydroxyethyl methacry-

late) /glass beads (12). Fig. 5 shows that this is not the case for

epoxy/quartz composites, because the experimental data are in fair

agreement with the temperature dependence predicted by Eq. (1)

without any temperature correction. (The calculation for Ve 7 0.51

was carried out assuming that v increases linearly from 0.30 at

-190°C to 0.35 at 120°C and that at any temperature the modulus of
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-100 0 100

Figure 5. Temperature dependence of the relative shear modulus of
composites (filler volume fractions are given):; broken line -

prediction of equation (1) for Vg o 0.5kl

a) b)

Figure 6. Fracture surfaces

a) vf = 0.095; b) vf = 0.344,

of composites epoxy-quartz
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the matrix.coYncideac :
ENE MadLT 1 X COTRCIdes w - el N e
B th“f of the unfilled epoxy.) This find-

; i e _
ing is difficult to explain, because the linear thermal expansion

coefficient of quartz (10) is 0.57 x 107 %k™?, while that of the
epoxXy matrix is higher by approximately two orders of magnitude.

The ultimate behaviour of the investigated composites is charac-

terized only by the flexural and impact strengths (Table 1). While
?he flexural strength has an indistinct maximum at Ve = 0.1, the
impact strength decreases with the filler content for v.>0.05.
Hence it can be seen that in the range of practically important
concentrations the filler raises the rigidity, but reduces the
ultimate properties of the epoxies. One of the main causes
consists in that the surface-untreated quartz has a low adhesion
to the matrix. Micrographs (Fig. 6) of fracture surfaces show that
brittle fracture propagates mainly along the interface boundary.
For this reason the apparent filler concentration at the fracture

surfaces is higher than the real vf.

Conclusions

Ground fused gquartz is a filler with a broad distribution of
particles of irfegular shapes, which allows the epoxies to be
filled up to the volume fraction Ve = 0.7. The rigidity of the
epoxy/quartz resins is in good agreement with the theoretical
prediction. No thermally induced stress, which on cooling would
lead to an excessive decrease in the relative modulus, arises in
the composites. Insufficient adhesion between matrix and surface-

-untreated quartz is reflected in decreasing ultimate mechanical

properties with increasing filler content.
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Phase structure of ternary composites consisting of

polypropylene/elastomer/filler: effect of functionalized
components
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Composites consisting of polypropylene matrix/ethylene-propylene elastomer/calcium carbonate filler
assume two phase structures: 1, elastomer and filler particles are dispersed separately; 2, elastomer
encapsulates filler particles. Formation of these phase structures can be extensively promoted by adding
functionalized polypropylene or functionalized elastomer to the composites. The former materials, with
good adhesion at the matrix/filler interface, have noticeably higher stiffness and yield stress, while the latter
ones are characterized by higher tensile impact strength and extensibility. The effects of maleic anhydride
or acrylic acid used for functionalization on the phase structure and mechanical properties of the ternary
composites are very similar at the concentration used.

(Keywords: ternary composites of polypropylene; phase structure contral; acid/base interactions; mechanical properties)

INTRODUCTION

Three-component composites consisting of thermoplastic
matrix, elastomer and inorganic filler are of increasing
practical importance because it is possible to control, to
a limited extent, their stiffness and toughness. In ternary
composites with the polypropylene (PP) matrix, various
elastomers and fillers have been used'®. As we have
shown in our earlier papers’'?, the composites
PP/ethylene-propylene copolymer (EPDM elastomer)/
microground calcium carbonate may ideally assume two
differing phase structures: 1, elastomer and filler particles
are separately dispersed in PP matrix; 2, elastomer
encapsulates filler particles, thus forming a low-modulus
interlayer between matrix and filler. Moduli of the second
phase structure are necessarily much lower because the
final effect of the complex inclusions is dominated by the
viscoelastic properties of the outer elastomer layer (if it
is thick enough). Thus, filler cores inside complex
inclusions enhance the apparent volume fraction of the
incorporated elastomer. Yield stress of both phase
structures decreases with the sum of volume fractions of
dispersed components because the interfacial adhesion

Table 1 Mechanical properties of ternary composites polypropylene (60 vol%)/elastomer (20 vol%)/calc

G’ (20°C)

Sample 4
no. fce S, (MPa)
1 MPP 0.51 805
2 MEPR 1.87 310
1 AcPP 0.50 865
4 AcEPR 147 3%0
5 - 0.68 740
6 : 0.48 765

* Functionalized component in the composite; the amount of ma
(Samples 2, 4) was 0.2 wit% of the incorporated P_“rller
*Filler surface treatment with 0.3 wt% stearic acid and 0.5 wt

0263-6476/90/050201-04
© 1990 Butterworth & Co. (Publishers) Ltd

matrix/elastomer or matrix/filler is poor®. Impact
properties are slightly better for the latter phase
structure'’,

The phase structure of ternary composites of PP can
be primarily controlled by the filler surface energy®.
As-received CaCOy fillers with high surface energy are
extensively encapsulated by an EPDM elastomer (up to
70% of incorporated filler). If the filler surface energy is
reduced by surface treatment, e.g. with stearic acid,
the percentage of encapsulated filler diminishes and
approaches zero as soon as the surface coverage of filler
particles by stearic acid is complete. Semiquantitative
thermodynamic calculations'® show, however, that the
ternary composites have a lower sum of interfacial
energies if the filler particles are encapsulated by the
elastomer, which holds also for surface treated fillers
(their surface energy is still much higher than that of
polymeric components). A tentative explanation'® of the
disagreement between the experimental results and the
interfacial energy calculations assumes that the elastomer
interlayer is torn off the filler particles at the stage of
mixing, if the interfacial adhesion EPDM/filler is
decreased so much that it can no longer resist the acting

ium carbonate (20 vol%)

a, a, E5 TIS
(MPa) (MPa) (%) (k] m?)
198 50.9 85 307
125 337 300 301
16.8 39.4 50 167
12.3 328 310 404
13.6 333 270 262
13.2 373 340 400

leic anhydride or acrylic acid in the matrix (Samples 1, 3) or in the elastomer phase

% calcium stearate

POLYMER COMMUNICATIONS, 1990, Vol 31, May 201
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Figure 1 Effect of maleic anhydride (MAnh) on the lemperature dependences of the storage

and loss moduli of ternary composites polypropylene (60 vol%)/elastomer (20 vol% )/calcium -

carbonate (20 vol%). 1, MAnh in PP matrix; 2, MAnh in EPR; 3, no functionalized component,
as-received filler {only parts of curves are included)

A 1 1 -~
-150 -100 -50 0 50 C 100

Figure 2 Effect of acrylic acid (AAc) on the temperature dependence of the storage and loss
moduli of ternary composites polypropylene (60 vol% )/elastomer (20 vol% )/calcium carbonate
(20 vol%). 1, AAc in PP malrix; 2, AAc in EPR; 3, no functionalized component, surface

treated filler (only parts of curves are included)

shear stress. This hypothesis also suggests that the extent
of de-encapsulation increases with increasing particle
size, shear rate and apparent viscosity of the melt, which
was partly corroborated by experiments. Thus, it seems
quite appropriate to control the interfacial adhesion and,
consequently, the phase structure, by means of acid/base
interactions'?!* using functionalized polymer com-
ponents. For basic fillers like calcium carbonate,
polymeric components containing carboxyl groups are
obviously convenient. The objective of this paper is to
assess to what extent the phase structure can be
controlled in this way and how it is reflected in
mechanical properties of several selected ternary
composites.

EXPERIMENTAL

The following species were used for sample preparation:
polypropylene Mosten 52492 (Chemopetrol, Czechoslo-
vakia): melt index 3 g 10 min ' (230°C, 21 N); molar
mass M, =450000 g mol "', crystallinity 63%. Maleated
polypropylene (MPP) (product of the Research Institute
of Macromolecular Chemistry, Brno, Czechoslovakia):
0.92% grafted maleic anhydride. Polypropylene with 6%

of acrylic acid (AcPP): Polybond 1001 (British
Petroleum). Ethylene-propylene elastomer (EPR): Dutral
CO 054 (Dutral, Ferrara, Italy). Maleated ethylene—
propylene elastomer (MEPR): Dutral CO 054 with 3.7%
maleic anhydride (Dutral, Ferrara, Italy). Ethylene—
propylene elastomer with 6% acrylic acid (AcEPR):
Polybond 1016 (British Petroleum). Microground
calcium carbonate Durcal 2 (Omya, Switzerland):
average particle size 3.6 um; specific surface area
33m el

The components were mixed in a PLE 651 Brabender
Plasticorder (chamber W-50 H, charge volume 47 ml,
200°C, 50 rev min~"', 10 min). Plates 150 mm x 150 mm
x 1 mm were compression moulded at 200°C (5 min
without pressure, 2 min 6 MPa) and then cooled down
(about 100°C min~"') under a pressure of 6 MPa. The
cut-off samples for mechanical measurements were
annealed at 114°C for 90 min and slowly cooled to room
temperature.

Dynamic mechanical measurements were carried out
with the aid of a free-oscillating torsional pendulum
(frequency about 1 Hz; heating rate about 0.9°C min~").
Stress-strain dependences were determined by Instron
Tensile Tester TT-CM at room temperature (strain rate

202 POLYMER COMMUNICATIONS, 1990, Vol 31, May
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Phase structure of ternary composites: J. KolaFik et al.

Figure 3 Fracture surfucc of the system with (a) maleated or (b) acrylated PP,
Scanning electron micrograph of a sample broken in liquid nitrogen and etched in

n-heptane

Figure 4 Fracture surface of the system with (a) maleated or (b) acrylated EPR.
Scanning electron micrograph of a sample broken in liquid nitrogen and etched in
n-heptane

300% min~'). Tensile impact strength (TIS) was
measured by Zwick Impact Tester at room temperature
(impact speed 2.9 m s~ *). SEM micrographs were taken
by Jeol JSM 35 on fracture surfaces produced at liquid
nitrogen temperature on notched samples. The fracture
surfaces were etched with n-heptane for 1 min to remove
the elastomers.

RESULTS AND DISCUSSION

Dynamic mechanical measurements reveal conspicuous
differences between ternary composites containing either
functionalized PP or functionalized EPR (Figures 1 and
2; Table 1), even though the volume fractions of
elastomers or of filler are kept constant in all samples.
The samples containing MEPR or AcEPR show: 1, a
larger maximum of the loss modulus situated at about
~60°C which corresponds to the glass transition of the
incorporated elastomer; 2, a deeper drop of the storage
modulus at about —60°C; 3, lower values of the storage
modulus above this temperature. In our previous
papers’'° we have shown that all these [eatures are
typical of the phase structure where filler particles are
encapsulated by elastomer. On the other hand, the loss
modulus peak and the storage modulus drop at —60 C
of samples comprising functionalized PP are mu_ch
smaller, while the G’ modulus above —60°C remains

higher. These latter changes are due to the glass transition
of 20 vol% of elastomer in the PP matrix stiffened by
20 vol% of filler. Both contrasting phase structures are
well documented by SEM micrographs (Figures 3 and 4)
showing that the effects of the components with maleic
anhydride or acrylic acid are essentially the same.
Maleated PP prevents filler particles from being
encapsulated by the elastomer. The PP/CaCO, bonding
i1s very strong so that fracture proceeds through the
matrix; CaCO; particles are therefore hardly detectable
on fracture surfaces (Figure 3a). In samples containing
acrylated PP, the filler is not encapsulated either
(Figure 3b) but the matrix/filler bonding is not so strong
as in the former case. Maleated EPR enables a high
degree of particle encapsulation to be reached (Figure 4a),
similarly to the acrylated EPR (Figure 4b).

To quantify the extent of encapsulation for comparative
purposes, we can calculate the relaxation strength'®
S,=(G,,/G,)—1 characterizing the elastomer glass
transition (Table 1), where G,, or G, is the unrelaxed or
relaxed modulus, respectively. Generally, the relaxation
strength is a measure of the extent of a molecular motion
which sets in over a [requency or temperature interval
of a glass (or of a secondary) transition. In multiphase
systems, S, is thus proportional to the fraction of the
component undergoing such a transition. The values of
G, or G, are approximated here by G'(—90°C) or

POLYMER COMMUNICATIONS, 1990, Vol 31, May 203
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G'(—30°C) which are moderately below or above the T,
of the elastomers used. (The apparent relaxation strengt_h
determined in this way is enlarged due to a decrease in
modulus caused by thermal expansion). For the sake of
comparison, §; of Samples 5 and 6 withoul any
functionalized component is also given in Table I.
Samples 1 and 3 with MPP or AcPP and Sample 6
(where the encapsulation is depressed by the surface
treatment) display virtually the same low S; values
characterizing the relaxation strength of the elastomer
itself. Higher values of S, for Samples 2, 4, 5 prove the
encapsulation, the extent of which varies from sample to
sample. As we have shown earlier®, the encapsulation of
untreated calcium carbonate filler is not complete,
encompassing up to 70% of incorporated filler (in this
case S;=1.10). Thus, Figures I and 2 and Table | bring
enough evidence that the addition of MEPR or AcEPR
make the encapsulation more complete so that it may
entail almost all incorporated filler. At the given
concentration (Table I), MEPR seems to be more
efficient than AcEPR.

The phase structure and/or the extent of encapsulation
are also reflected in the yield and ultimate behaviour of
the ternary composites (Zable I). The yield stress, o,
which can be regarded as an upper allowable stress limit
for many thermoplastic composites, is lowest for Samples
2 and 4 and slightly higher for Samples 5 and 6. These
results show that the interfaces in these composites are
too weak to transfer the acting stress so that the dispersed
components only dilute the load-bearing matrix. Samples
1 and 3 have noticeably higher yield stress; this
enhancement can be ascribed to a good adhesion
MPP/filler or AcPP/filler which makes the stress transfer
possible.

As expected, an increase in stress at break, g, due to
the addition of MPP or AcPP, is accompanied by a
decrease in strain at break, ¢,, (Table I) because if the
interfacial adhesion is strong enough, the interfacial
fracture is replaced by the cohesive fracture and the
plastic deformation of the matrix is suppressed. Tensile
impact strength (Table 1) is slightly higher for the samples
with encapsulated filler. (It is to be noted that the
inclusions consisting of filler core and elastomer surface
layer are much bigger than elastomer particles in the
composites with separated dispersed components).
Tracing out the effect of functionalized components on

impact properties will need more complete series of

samples. ?

In conclusion, we can say that the addition of a
functionalized elastomer into ternary composites poly-
propylene/elastomer/calcium carbonate makes possible
an extensive (presumably complete) enca}psulation of
filler particles. On the other hand, functionalized PP
secures not only separate dispersion of filler and
elastomer in the PP matrix, but also good enough
adhesion at the matrix/filler interface, which markedly
increases the yield stress of ternary composites. The
former composites have somewhat higher tensile impact
strength because the incorporated elastomer is extended
by filler; however, the effectiveness of complex inclusions
consisting of filler core and elastomer surface layer will
have to be tested. It seems realistic to expect that
mechanical properties of ternary PP composites can be
adjusted, to a certain limited extent, with the aid of
acid/base interactions between one polymer component
and incorporated filler.
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Silicone rubber-hydrogel composites
asS polymeric biomaterials

III. An investigation of phase distribution by

scanning electron microscopy
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The structure of silicone rubber~hydroge! composite materials was investigated by scanning electron
microscopy (SEM) and light microscopy. The polymer phases in these materials composed of the
polysiloxane matrix and very small particles of lightly cross-linked poly(2-hydroxyethylmethacrylate) or
poly(2-hydroxyethylmethacrylate-co-methacrylic acid) were visualized using both methods. The
distribution of polymer phases was studied by SEM of fracture surfaces of the materials. The results are
discussed in relation to the transport properties of the materials.

Keywords: Polymer composites, silicone rubber, hydrogels

Silicone rubber-hydrogel composites are two-phase poly-
meric materials which consist of a polysiloxane matrix with
very fine synthetic hydrogel particles (size in micrometers)
dispersed in it'. These materials have the same appearance
as usual silicone rubbers, but they swell in water, and in the
swollen state their surface becomes wettable to some
extent. In the preceding two parts of this series” 3 we report
results of an investigation of biocompatibility of these
materials and of their surface and transport properties.

It was found that composite materials which contain
the powder of lightly cross-linked copolymer of 2-hydroxy-
ethylmethacrylate and methacrylic acid (copoly(HEMA/
MAA)) as the hydrophilic filler are — if swollen in water —
considerably permeable to water-soluble, low-molecular-
weight compounds®. With respect to the impermeability of
the polysiloxane matrix to such compounds it may be
assumed that their transport is effected exclusively by the
hydrogel phase of composite materials and is greatly
dependent on its distribution in the siloxane matrix, or on
communication between particles. Also, the structure of
these materials is related to other properties, such as
comparatively good mechanical properties in both the
swollen and unswollen state, heat-moulding capacity and
shape memory" >,

Carrespondence to Dr F. Lednicky.
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In this study we try to show the phase structure of
silicone rubber-hydrogel composites using microscopic
techniques and to assess its relationship to the properties of
these composites.

MATERIALS AND METHODS

The composition, preparation and properties of composite
materials with the hydrogel phase consisting of the lightly
cross-linked copolymer HEMA-MAA containing 22.9 wt%
MAA have been reported elsewhere? °. Microscopic studies
were carried out using samples with the hydrogel phase
contents 9.1, 16.7, 20, 23.1 and 33.3 wt%. The samples
were extracted in boiling ethyl alcohol (2 X 5 h) and dried to
constant weight, first at room temperature by keeping them
in the air, then at reduced pressure (about 2 h) at 110°C.On
drying, the samples were kept over P,05 in a desiccator.

A sample of the composite with 33.3 wt% of the
hydrogel phase swollen in water, with hydrophilic copolymer
particles stained in advance by immersing the sample into an
aqueous solution of brilliant green was investigated by
transmitted light microscopy. The sample was cut into
wedge-shaped sections using a razor blade, and the thin
edge of the section was micrographed (Photomicroscope I,
Opton).

© 1991 Butterworth-Heinemann Lid. 0142-9612/91/090848-05






Figure 2 Scanning electron microscopy of particles of the dispersed phase
fcopolymer HEMA-MAA). Tilt 60°. Scale bar 1 um. ;

the represented particles are the same as regards the
powder itself and the fracture surfaces, and that no
differences exist in the particle aggregates. Hence we have
shown that adhesion of both components in the composite is
very low. (In an opposite case distinct changes could have
been observed in the particles, such as adhering residues of
the matrix, or the particles would have been broken and/or
completely covered by the matrix.)

It can be seen in Figure 3 that both the individual
particles and their aggregates are uniformly scattered in the
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Figure 3 Scanning electron microscopy of fracture surfaces of the
composite with varying content of the dispersed hydrophilic copolymer
component: (a) 9.1 wt%, (b) 16.7 wt%, (c) 20.0wit%, (d) 23.1 wt%. (e)
33.3 wit% [dry semple). Scale bar 10 um.

matrix and that with increasing concentration of the hydrogel
phase contacts between them become increasingly frequent.
With respect to the characterization of mutual position of the
particles and their contacts it should be borne in mind that
each time the micrographs show only approximately one-
half of the particles, because the formation of complementary
fracture surfaces of both fragments of the sample is
accompanied by tearing out of the particles from the matrix
of one or the other of the fragments and not by their breaking.




In all the other cases the structure was examined by
scanning electron microscopy (SEM). Fracture surfaces
were produced on samples similar to those used in impact
testing. The fracture surfaces were sputter-coated with a
gold layer about 10 nm thick and observed by SEM.

The powder filler was deposited on a substrate
provided with two-sided sticking tape, and a gold layer was
sputtered onto the sample. The samples were micrographed
by SEM (JSM 35, JEOL).

The structure of composite materials was investigated
using fracture surfaces prepared from unswollen and
swollen samples both at room temperature and at reduced
temperature. In most cases the new preparation method soft
matrix fracture surface (SMFS) was used which makes
possible visualization of the inner morphology of systems
containing a soft matrix with hard particles®. The procedure
used in obtaining the fracture surface depended on whether
the polysiloxane matrix was rubberlike or glassy. In the
former case the fracture surface was obtained so that the
samples were provided with a sharp notch on the shortest
side of their cross-section and were fractured in extension. In
the latter, the sample was broken at the liquid nitrogen
temperature in a special cell®. To visualize the structure of
the sample in the swollen state, in one case the swollen
sample was the critical point dried® before breaking.

Sample preparation and test methods

The composites investigated in this study include materials
whose matrix at room temperature is well above the glass
transition temperature T, i.e. it is very soft. The dispersed
powder of the copoly(HEMA/MAA) hydrogel in the dried
state at room temperature is below T, i.e. hard, but by
swelling to equilibrium in water, water solutions and polar
organic solvents, its 7, drops below the room temperature,
and the material is then also quite soft. Such systems for
visualization of the inner structure are very difficult to
prepare.

Observation of particles of powdered hydrogel in a
light microscope has revealed that their average size is below
1 um. This means that possibilities of using light micro-
scopic techniques in the investigation of the structure of
silicone rubber-hydrogel composite materials are con-
siderably restricted by the degree of resolution of the
particles. Moreover, both components of the composite are
amorphous and transparent t, so that methodical possibilities
offered by an untreated sample are restricted to the use of
phase or differential contrast. However, it appeared possible
to apply the absorption contrast method, due to the specific
ability of the hydrophilic hydrogel phase to become stained
with water-soluble dyes of the triphenylmethane type.

SEM, along with a sufficient magnification, makes
possible plastic visualization of the fracture surfaces. It
turned out, however, that resolution of phases and visualiza-
tion of the phase structure depend on the choice of the
preparation procedure. A number of such procedures have
been tested. It was found that classical preparation proce-
dures used in the microscopy of polymers (sections,
staining) do not give positive results. On the other hand,
good results were obtained using the SMFS method, which
is based on the fact that in the tensile experiment a sample of
a soft amorphous material provided with a notch gives a
smooth fracture surface. This smooth fracture surface is
modified with hard particles present in the system, both by

*+ Both polymers are transparent in bulk. The white colour of the copolymer
powder is due to light scattering on the small particles,
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the exposed particles alone and by depressions which
remain after the particles which have been pulled or torn out
(present on the second fracture of the pair). _

Along with the SMFS method, a certain idea about the
phase distribution in the swollen composite material could
be obtained by representing fracture surfaces of the
composite swollen with a non-volatile solvent and obtained
under conditions where both phases are either in the
rubberlike or in the glassy state (at room temperature or at
the liquid nitrogen temperature). To represent fracture
surfaces of a composite material swollen in water we
attempted removal of the swelling agent {isotonic phosphate
buffer pH 7.4)" by critical point drying. Owing to the poor
miscibility of the buffer solution with ethanol (white
turbidity, precipitation of phosphates) it was not possible to
apply the usual procedure in which a series of concentrations
is used with increasing ethanol fraction; the samples were
therefore conditioned by repeated immersion into pure
ethanol (purity for UV spectroscopy).

RESULTS AND DISCUSSION

Light microscopy in transmitted light gave a micrograph of a
thin section of the composite material swollen in water, the
hydrogel phase of which was stained with brilliant green
(Figure 1). Good resolution of the individual phases was
achieved, but it can be seen in the figure that even
magnification at the limit of possibilities offered by the light
microscope does not provide a sufficiently exact picture of
the structure.

Scanning electron micrographs (Figure 2) show the
structure of hydrogel powder used in the preparation of the
composite materials investigated in this study. Most of the
particles form aggregates the size of which varies con-
siderably from 0.3 to 10 um.

Figures 3 and 4 show micrographs of fracture surfaces
of unswollen composite materials with varying content of
the hydrogel phase. In all micrographs the resolution of both
polymeric phases was very good. Light formations in the
micrographs represent particles and particle aggregates of
the hydrogel filler. In composites with a low content of the
hydrogel phase (Figure 3a,b) the occurrence of separated
particles is much higher than in further micrographs in which
particle aggregates markedly predominate. A comparison
between Figures 2 and 4 reveals that the shape and size of

Figure 1 Light microscopy of the composite with the copolymer concen-

tration 33.3 wt%. Dispersed component stained with brilliant green. Scale
bar 10 um.
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This can also be assumed for a considerable part of the
aggregates, as documented by the presence of traces of torn
out particles and aggregates in the micrographs it can be
deduced from Figures 3 and 4 that in composites with the
higher content of the hydrogel phase major domains of
communication between particles and aggregates of the
hydrogel phase arise. At concentrations of the hydrogel
phase below about 20%, however (see Figure 3a,b), this
cannot be documented at all; rather, a sporadic contact
between two hydrogel elements becomes feasible.

An estimation of the possibility of a mutual contact
between particles in the composite material is important
with respect to the characterization of the relation between
the structure of materials and their permeability to water-
soluble low-molecular-weight compounds®. Since per-
meation of low-molecular-weight water-soluble compounds
proceeds in composite materials swollen in water, it is
desirable to examine the structure of these materials in the
swollen state. During vacuum metal sputtering of the
sample, however, an interfering effect of the low-boiling
swelling agent (water} becomes operative in the swollen
samples. To overcome this critical point drying was applicdﬁ,
to ensure that the structure of the swollen material remains
intact also after the swelling agent has been removed.

The result of micrographing the fracture surface of the
composite material containing 33% of the hydroge! phase
can be seen in Figure 5. A comparison between Figures 4
and 5, bottom, and between Figures 3e and 5, top, shows
that, contrary to expectations, the particle size after drying is
even smaller than in the case of the same composite in the
unswollen state. Moreover, gaps appear around the particles
(dark in Figure 5) which also suggest reduction of the
particle volume compared with the volume in the unswollen
state. This result suggests that in the case of cautious drying
(such as by applying the CPD method) the whole sample is
uniformly dried throughout, which leads to a better chain
ordering and minimization of the volume of hydrogel
particles.

T ace f the
Figure 4 Scanning electron microscopy of fracture surfaces rr. =
y reed hydrophilic copolymer igure
fal 9.1 witt,

5 Fracture surfaces of the composite with 33.3wt% of the
hydrogel phase dried by the CPD method. Scale bar 10 um ftop), 2um

composite with varying content of the dispe
1€ " anorn
component. Samples with the hydrogel concentralion

baottom
1 4 23 %. Scale bar 2 ym {bottom).
(b 16.7 wt% and (c) 23.1 wt'. océ ¥
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Another possibility of representing the structure of the
swollen composite material consists in creating a system
which would simulate the state of the sample swollen with a
low-molecular-weight compound, which at the same time
would not be dried (at least not too quickly) if placed in
vacuum at room temperature for a short time. We therefore
chose swelling of the dry sample in triethyleneglycol (TEG,
boiling point 276°C). Fracturing of the sample thus swollen
at room ternperature and in liquid nitrogen gives rise to a very
fine relief (Figure 6, upper part and centre), which corres-
ponds to small differences in Young's modulus of silicone
rubber and of the swollen copolymer (in the glassy state at
the liquid nitrogen temperature, in the rubberlike state at
room temperature). Fine differences in the nature of the
fracture surface in places of the matrix and particles can be

Figure 6 Composite with 33.3 wt% of the copolymer swollen to equilibrivm
with triethyleneglycol: SEM of fracture surface prepared st room temperature
{upper part), at the liguid nitrogen remperature (centre) and at the dry ice
temperature (- 78°C) (lower part), Tilt 60°. Scale bar 1 uim.
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seen only inmicrographs with the sample considerably tilted
{60°), which stresses coarseness of the surface. A much
more distinct picture of the structure is provided by the
fracture surface of the sample swollen in TEG made at the dry
ice temperature (— 78°C), when essential differences can be
anticipated in the values of Young's modulus of the matrix
and of the swollen particles (Figure 6, lower part). Smooth
parts of the fracture surface correspond to the matrix, the
coarser relief obviously corresponds to the particles.

The existence of comparatively smooth fracture
surfaces aobtained at room temperature and at the liquid
nitrogen temperature allows us to deduce that breaking of
swollen particles take place here. Hence, it may also be
deduced that in the swollen state the particle strength is
lower than that of the matrix/copolymer interfaces, in
agreement with the known finding that mechanical properties
of highly swollen synthetic hydrogels based on methacrylic
acid are poorer than those of unfilled silicone rubber. The
structures which exist on the fracture surface around
smooth particles (Figure 6, upper part and centre) obviously
represent fine steps in those places of the fracture surface
where there is the boundary of contact between various
materials (matrix, particles). In micrographs of the composite
permeable to low-molecular-weight compounds and swollen
in TEG (Figure 6) it can be distinctly seen that the particles
communicate with each other and that even large magnifica-
tion does not reveal gaps between particles and matrix.

The results obtained in the investigation of the
structure of swollen and unswollen- composite materials are
in agreement with the assumption that permeation of low-
molecular-weight compounds through composite materials
is obviously connected with communication of swollen
particles in the silicone matrix. An investigation of fracture
surfaces of composite materials with a low content of the
hydrogel phase (up to about 20%) has revealed that in this
case particles of the hydrogel phase are isolated from each
other in the matrix, which fits in with the refractometric
finding? that these materials possess zero permeability to
low-molecular-weight water-soluble compounds. The exis-
tence of free spaces (gaps, microcracks) between particles
of the hydrogel and matrix, which if filled in with the swelling
agent might become the cause of passage of low-molecular-
weight compounds, was not confirmed. This is in agreement
with the pronounced dependence on molecular weight
observed earlier for the permeation coefficients of the
individual low-molecular-weight compounds?®.
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SUMMARY

The supermolecular structure of various types of ABS polymers was
characterized by émploying various preparation and electron-
microscopic observation techniques. The results thus obtained were
compared with the classical techniques of preparation of ultra-thin
sections. The techniques were chosen so as to reveal the structure of the
interior of the sample and the rubber particles (material contrast on cut
surfaces, separation of particles by dissolving the matrix, fracture at low
and high temperatures), the surface structure (surface etching) and the
mechanism of the fracture process (fracture surface at room
temperature). By treatment of the fracture surfaces (relaxation in
vapours of the solvent of the matrix or OsOy-staining), rubber particles
on the fracture surface or adjacent to it can be revealed. The size
distribution of rubber particles, determined by using one sample and
most of the methods mentioned above, shows an agreement in the range
of the most frequently occurring particles. Systematic deviariops in the
range of large particles (aggregates) are explained by differences
between the individual preparation methods.

1 INTRODUCTION

The morphology of ABS polymers is most frequently es_timated f¥0m
ultra-thin sections of stained samples. This classical technique provides
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excellent infofmation about the average structure in the bulk of t}m
sample. To correlate structure and properties, it is necessary to modify
sample preparation and reveal the structure of a chosen part of the
sample: gloss of the sample is to be correlated with surface morphol-
ogy; stress concentrators which are incorporated in the sample and
which influence considerably its strength can be unambiguously re-
vealed from fracture surfaces. When comparing different preparation
techniques, the question arises how the observed morphology is
influenced by the technique used.

In this study, some techniques of preparation are discussed and the
results obtained are compared in terms of morphology and particle size
distribution.

2 EXPERIMENTAL
2.1 Samples

Samples have been selected to cover a wide range of structures and
properties. Both commercial and model samples have been studied; the
range of their properties (Fig. 1), represented by notch impact
resistance and gloss, spreads from 2-7kJ/m* to 18-0 kJ/m? and from
15% to 98% respectively.

2.2 Sample preparation techniques
Ultra-thin sections were prepared by employing the classical techniques

of cutting of samples fixed and stained in OsO, vapour. This procedure
also gave cut surfaces (the block surface after cutting).

20 T
- ®
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g
E
5 % A
o &
00 1
gloss, % 100

Fig. 1. Gloss and impact strength of the investigated samples, A-F.
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aci%:l Da::)l;t()d‘l‘?j Efiglrcltgl;ti;in:‘s‘urtace, the samples were treated with chromic

Fracture surfaces at 25 °C were prepared by impact in bend (as in the
Izoc! _arrang{?ment) on test pieces provided with a razor notch. In
afldmon, stained fracture surfaces were obtained by subjecting the test
pieces to t.he effect of OsO, vapour overnight. Relaxed fracture surfaces
were obtained by treatment with methyl ethyl ketone vapour in a closed
vessel for 2min. The fracture surfaces at —196°C were prepared by
impact with a wedge on the sample in liquid nitrogen. The wedge angle
was 10°, the facet angle 30°. The fracture surfaces at 130°C were
obtained by tensile fracture of samples stained in OsO, vapour at 70 °C
for 4 h; the deformation device has been described elsewhere.!

For the selective preparation of rubber particles from the polymer
block the matrix was dissolved in methyl ethyl ketone. The dispersion
of rubber particles was then stained with OsO, vapour. After sedimen-
tation of the stained particles a part of the matrix solution was removed
and methyl ethyl ketone in excess was added; this operation was
repeated several times. The eventual dispersion of rubber particles was
then spread on a substrate.

2.3 Microscopy

Ultra-thin sections were examined in a transmission electron micro-
scope (TEM) JEM 7A and JEM 200 CX manufactured by JEOL. In the
other cases the structure was recorded with a scanning electron
microscope (SEM) JSM 35, also from JEOL. Material contrast was
examined on samples without metal coating; otherwise the samples
were sputtered with gold.

3 RESULTS AND DISCUSSION
3.1 Ultra-thin sections of stained samples

A convenient cutting plane is suitably chosen when preparing uItr.a-thin
sections. Since the particle size distribution is homogeneous (1.e. is
independent of the chosen cutting plane inside the s.ample)3 this
classical technique provides information on the average .dlstr.lbutlon of
rubber particles. Ultra-thin sections were therefore used_m th!s study as
a basis for the comparison of the suitability and applicability of the

other preparation methods. i
Forpthe characterization of the morphology of the interior of ABS
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polymers, the method of ultra-thin sections is suitable for virtually all
types of samples (Fig. 2): for those with small and large particles
(sample A or E), or for the investigation of their aggregation (samples
B-D, F). With large aggregates (sample D) the limiting factor is their
size with respect to that of the microscope grid.

The quality of interphase boundaries (surface grafting of rubber

T B e O 7 ég.- o LR ;
& : :

Fig. 2. Ultra-thin sections of the samples. TEM of stained material; bar scale 0-5 um
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Partlclcs)' cannot be directly evaluated from ultra-thin sections. Indirect
me{matlon can be obtained by characterizing the aggregation of
part}cles (trend towards aggregation in the case of weakly grafted
p.alo'nclesz). Because of the low frequency of occurrence and nonselec-
tivity of the cutting process, the method of ultra-thin sections does not
inform us about critical structures which become fracture nuclei.

3.2 The use of material contrast on cut surfaces in structure
visualization

The selective reaction between OsO, and rubber particles results in a
concentration of osmium in the particles which can then be utilized in
the formation of material contrast (atomic number contrast). The
particles appear light, the unstained matrix appears dark. An image of
an uncoated sample can be obtained in the scanning electron micro-
scope at an accelerating voltage of 25 kV using a higher beam current
density. Because of the higher penetration of the electron beam into an
unsputtered sample, the osmium-stained particles below the surface are
also imaged, and the resolution is poorer than in the more usual
topographical contrast of sputtered samples.

A comparison with the structure of the same material determined
from ultra-thin sections seems to indicate that in micrographs obtained
by material contrast (Fig. 3) the particles are imaged densely packed
together. An interpretation becomes feasible if one assumes imaging
also of those particles which do not lie directly on the surface, but are
situated in the subsurface layer. The image of these particles appears
somewhat darker than that of the particles on the cut surface. The
application of this method seems to be promising for systems with
aggregates of a considerable size (sample D).

3.3 Fracture surface

The method of determination of the inner morphology of a material
using fracture surfaces is greatly limited, especially in ABS polymers
where the fracture surfaces reflect the deformation processes taking
place in the fracture® rather than the morphology of the material. The
appearance of the fracture surface obtained at room temperature
indicates a considerable absorption of mechanical energy by plastic
transformation in the region where the fracture occurs (Fig. 4). The
extent of plastic deformation of the material can usuz_illy be correlated
with the impact strength values and depends on the internal structure

(cf. samples A and F in Figs 4, 2, 1)
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Fig. 3. Cut surfaces of uncoated samples made visible by material contrast. Osmium-
containing particles appear brighter. SEM.
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Fig. 4. Fracture surfaces of notched samples A and F prepared by impact at room
temperature. SEM; bar scale 1 um.

A unique advantage of the method of fracture surfaces is that
defective weak places are revealed. Heterogeneities in the material
initiate fracture formation. The micrographs show that at certain places
critical heterogeneities can be observed, such as inorganic particles or
cavities (cf. ref. 3). In some cases individual extremely large aggregates
of ungrafted rubber particles which are not connected with the
surrounding matrix can be seen (Fig. 5).

Fracture deformation processes in general do not give information
about the presence and size distribution of rubber particles, with the
exception of enormously large heterogeneities, where the effect upon
the deformation and fracture processes is considerable. However, if
information on the particle size distribution could be obtained from the
fracture surface it could provide interesting findings, both on the role
played by the individual fractions of particle sizes in the breaking of the
material and on the non-uniform (if any) character of the structure
inside the sample. Attempts were therefore made to modify the
fracture surface so as to render visible rubber particles on and close to
the fracture surface by a short-term relaxation in the vapour of a matrix
solvent and by the use of material contrast of stained samples.

Short-term exposure of the fracture surface to solvent vapour makes
rubber particles appear on the surface (Fig. 6). A very short t.ime of
exposure to solvent vapour (methyl ethyl ketone) is not sgfﬁment to
reveal the particles, while too long a time brings about fusion of the
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observed on the fracture surface of the ABS polymer in the place of the primary (P) or
secondary (S) fracture centres. The object located at S (a) is the aggregate (b) of rubber
particles unconnected with the surrounding matrix (c). SEM of a defective sample.
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Fig. 6. Fracture surface of the sample F exposed to methyl ethyl ketone vapour for
2 min. (a) Contact boundary (0) between two secondary cracks (1 and 2); (b) region 1;
(c) region 0. SEM.
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surface, and the rubber particles remain hidden under the surface. A
characteristic feature of the fracture surface thus modified is that only
protruding rubber particles can be observed, both in the regions of
various secondary cracks (regions 1, 2 in Fig. 6a, Fig. 6b) and on their
contact boundary (0 in Fig. 6a, Fig. 6¢c: compare with Fig. 4).

Exposure of the fracture surface to OsO,, vapour also reveals the
rubber particles (Fig. 7). A detailed explanation of the causes would
call for further study; it is quite likely that the formation of material
contrast due to the presence of osmium in the rubber particles (some
particles appear lighter, Fig. 7a) is combined with the partial relaxation
of the deformed structures (Fig. 7b) which is however smaller than in
the case of the effect of solvent vapour.

The easy deformability of rubber particles, which in the deformation
of the ABS polymer causes plastic transformation at fracture, con-
siderably restricts information on the structure obtained from fracture
surfaces. This difficulty can be circumvented by hardening the rubber
particles; in this study we use hardening by osmium-staining and by
freezing.

Deformation of homogeneous amorphous polymers at temperatures
above the glass transition gives rise to a smooth fracture surface; in
systems which moreover contain hard particles the fracture surface is
modified by them. The osmium-treated sample of an ABS polymer (for

> : Paosrangasitd Y R ()

Fig. 7. Fracture surface of the sample F exposed to OsO, vapour overnight. SEM,
sample photographed untilted (a) and at an angle of 55° (b). Bar scale 1 pm.
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the tensile experiment, a plate 30 mm >S5 mm X 2 mm in size provided
with semicircular cut-outs for localization of the fracture) has only its
surface layer stained (thickness about 0-2 mm), while the centre of the
cross-section remains unstained. Deformation at 130 °C gives a fracture
surface the smooth centre of which remains virtually unaffected by
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rubber particles, because the matrix is also elastic at this temperature.
At the boundary between the stained and unstained material (Fig. 8a)
one can clearly see hardened spherical particles shelled out from the
fracture surface and the pits of the shelled-out particles; they both
suggest reduced interphase adhesion. In the stained region the
particulate structure is very distinct, including both small and large
particles (Figs 8b—d). This morphology, characteristic of systems with a
soft matrix and hard particles, allows conclusions to be drawn as to the
internal structure of the material under study.

Unlike the preceding experiment (fracture at 130 °C), in which the
mechanical properties of the components differ essentially, when
breaking the ABS material at the temperature of liquid nitrogen the
elastic moduli of both components are comparable with each other. The
fracture surface thus obtained (Fig. 9) shows both particles and distinct
holes after the shelled-out particles. This type of fracture surface
morphology is usual for polycomponent systems with low interphase
adhesion, when the fracture proceeds preferentially along the inter-
phase boundary.? It may be deduced that in this case too the interphase
adhesion is weak, which may be due to the non-uniform character of
thermal shrinkage on cooling by more than 200 °C. Such a procedure
may however be regarded as one of the possible ways for revealing the
internal structure of ABS polymers.

Fig. 9. Fracture surface of the sample F obtained at the temperature of liquid
nitrogen. SEM; bar scale 1 um.
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3.4 Isclation of Tubber particles by dissolving the matrix

The isolation of particles by dissolving the matrix is a very simple
procedure, much less labour-consuming than the preparation of ultra-
thin sections. It is based on the fact that the osmium-treated particles
are very heavy and sediment readily, which reduces the danger of
elution of the smallest particles in the case of a repeated exchange of
the solvent. At the same time, however, the evaluation of the resulting
image (Fig. 10) becomes more difficult, since it is very difficult to
distinguish aggregates originally present in the block (sample D, Fig.
10a) from those arising by drying of the solvent during spreading of the
sedimented particles on the support (sample B, Fig. 10b).

3.5 Surface etching

Etching of the sample surface reveals the structure of the surface layer
which, due to complicated flow processes occurring in moulding, may
greatly differ in its structure from that of the sample interior. The
particulate structure remains untouched (Fig. 11); differences in the
particle size are also well visible (Fig. 11 A,E). In some samples
orientation of the surface layer can be clearly seen (sample F); in
samples containing particle aggregates (samples C,F) a rougher surface

i i i i i d B (b).
ig. 10. bber particles isolated by dissolving the matrix, samples D (a) an
o g SEM; bar scale 0-5 pm.
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Fig. 11. Salmple surface etched with chromic acid. SEM; bar scale 1 um.

is found (Fig. 11). It can be seen from these results that the etching
method used is suitable for the representation of both the surface and
the internal structure of ABS polymers. With a suitably cut sample (the
surface layer being removed) samples prepared by this method and
viewed by scanning electron microscopy can replace the much more
difficult preparation of ultra-thin sections which must then be examined
by transmission electron microscopy.
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3.6 Comparison of the methods used

Sample F, which possesses the highest impact strength values of the
whole series under investigation, was analyzed for the particle size
distribution using micrographs obtained by all methods described here
with the exception of observation of the cut surface by means of
material contrast. A comparison (Fig. 12) shows a surprisingly good fit
with a few systematic deviations.

The maximum of the distribution frequency of all the preparation
methods employed lies virtually in the same region, about 0-2 um.

‘Hence, it can be seen that none of the methods is selective with respect

:to the particle size. By dissolving the matrix, particle sizes are obtained
where those of larger dimensions are distinctly more frequent. This
finding is probably due to the fact that in the analysis of the particle size
it is sometimes difficult to distinguish individual particles from ag-
glomerates in the micrograph.

The structure of the surface or subsurface layer need not always be
identical with that of the interior of the sample. On the contrary, in
view of the injection moulding procedure used in making the samples,
considerable differences may be anticipated. To evaluate these
differences, the distribution curves obtained from surface observation

10 -

relative frequency
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T

02 04 0.6 08
particle size, am

i ' i ize distributi he sample F obtained

.12. Comparison of the rubber particle size distributions of tl

E;gvarious metl:l)]ods: 1, ultra-thin sections; 2, dissolving the matrix; 3, fracture surface

relaxed in methyl ethyl ketone; 4, fracture surface at —196°C; 5, fracture surface
stained with OsOy; 6, etched surface.
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(after etching) and from ultra-thin sections have been compa'rcd V'.ilth
each other. Sample F is characterized by a particularly great orleqtatxon
of the surface layer (cf. Fig. 11). Marked differences appear in the
range of large particles where their small content in the etched sample
may be explained by surface deformation which systematically reduces
values measured perpendicularly to the direction of orientation. No
such deviation was observed with sample D where the deformation of
particles on the surface is not so pronounced. If, moreover, one bears
in mind that the sizes of the most frequent particles determined by
various methods are virtually identical, a conclusion that the surface
and internal structures differ only slightly is quite justified. Correlation
between the surface and internal structures has been pointed out
indirectly, on the basis of measurements of the surface properties
(gloss):* a change in the gloss is proportional to a change in the particle
size. A comparison of the particle size distributions (Fig. 12) confirms
such a correlation.

Particle size distributions obtained from fracture surfaces by all the
methods used reveal a lower content of larger particles compared with
ultra-thin sections. Elucidation may be found in the different roles
played by small and large particles in the formation and propagation of
the crack. However, a detailed analysis would require a larger amount
of experimental material.

4 CONCLUSIONS

Using various types of ABS polymers, a number of techniques of
preparation and observation have been tested and compared with the
structure revealed by the method of ultra-thin sections. The application
of material contrast in the observation of the cut planes of osmium-
treated samples is promising for systems with aggregates of con-
siderable size. The fracture surfaces provide information on the process
of sample damage (untreated fracture surfaces) and on the internal
structure of the sample (treated fracture surfaces and those obtained at
low or high temperatures). Isolation of rubber particles by dissolving
the matrix is hindered by the fact that the original aggregates are
difficult to distinguish from agglomerates arising by the drying of the
solvent during preparation. Surface etching can be readily used in the
iqvestigatiou of the surface layers of the sample. The particle size
distributions determined for one of the samples under investigation
confirm the earlier correlation between the surface properties and the
internal structure of ABS polymers. They are virtually identical in the
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range of particles of the greatest frequency; deviations in the range of

large particles were explained by differences between the individual
preparation methods used.
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POSSTBILITIES OF THE ESTIMATION OF POLYMER MORPHOLOGY

FROM FRACTURE SURFACES

F. Lednicky

Institute of Macromolecular Chemistry, Czechoslovak Academy
of Sciences, 162 06 Prague 6, Czechoslovakia

Introduction

A rapid record is the main advantage of the fracture surface
method used to reveal the inner supermolecular structure of
polymeric materials in the solid state by the transmission (TEM)
and scanning (SEM) electron microscopy. Fracture surfaces are
often available with samples which have been mechanically tested.
Disadvantages consist in difficulties of replica preparation for
TEM (completely eliminated if SEM is used), and mainly in arte-

facts caused by deformation processes during fracture (Fig.1).

]

¥
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Fig.1. Interference of the inner structure (spherulites) and the
fracture deformation structure (lines perpendicular to the
fracture direction - a stick-slip behaviour). Polycarbonate
annealed for 6 days at 190°C; visible light reflection
microscopy. Bar scale 20 um.

Marphology of Polymers | ‘
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These artificial deformation structures may sometimes be elimin-
ated or, in turn, their existence may prove useful when studying
the mechanism of sample fracturing. The aim of this paper is to
compare the common morphological features of several different
polymers and reveal the possibilities and limitations of the

estimation of polyﬁer morphology from their fracture surfaces.

Fracture Deformation Processes and Fracture Surface Morphology

Plastic deformation observed during the fracture process is
a characteristic feature of most polymeric materials, even with
those materials which are brittle regarding their mechanical

behaviour. An evidence of such deformation occurring in a thin

L
E ]

layer (crazing) prior to fracture may be seen in the appearance of
interference colours on fracture surfaces of poly(methyl methacry-
late) fractured in liquid nitrogen (1).

The fracture surface is smoothest in the region of its first
formation (mirror region); its roughness increases with the dis-
tance from the primary fracture centre. Rough relief is caused

by mutual interaction of different fracture cracks spreading in
different levels. Their contact borders form fracture curves
(Fig.2). From a theoretical analysis (2) it is obvious that struc-
tures formed in this way do not reflect the inner structure of the
material. (Although the process of fracture curves formation is
quite different from that of spherulitic crystallization, the
shapes of fracture curves sometimes resemble the shapes of
spherulites. The similarity resulting from coalescence processes
is reported elsewhere (3)).Formations in the centres of secondary
fractures need not reflect the real structures either (Fig.3).

The smoother relief of the fracture surface of amorphous polymers
can be ascribed to different mechanisms. E.g., the origin of
"hills" has been interpreted by the relaxation of filaments drawn
out during the adiabatic deformation (4), and that of filaments

has sometimes been ascribed to cleavage (5); the origin of humps

has been explained as the local retardation of the spreading o]
crack, etc. ;

e
.

In heterogeneous materials, the fracture Process itself is influ-

enced by their structure. The resulting fracture surface morpho-
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He2.

Fracture curves on the fracture surface of commercial
polystyrene (a) and epoxy resin modified by rubber (b).
Visible light reflection microscopy of Al coated sample (a);
SEM (b). Bar scale 20 ym (a) and 10 ym (b). '

o

econdary fracture centres of amorphous
. They do not correspond to inner
is connected with the mechanism

TEM, primary carbon replica, preshadowed
by Pt-Si0. Bar scale 0.5 um.

Formations in s
poly (methyl methacrylate)
morphology; their origin
of deformation.
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logy is given by superposition of the fracture surface of amorg
ous material and the relief dependent on the supermolecular sta
ture. It is obvious that this interference is least pronounced
the mirror region. For this reason, one is justified to examine
the region close to the primary fracture centre in order to

visuallze the inner morphology.

Material Heterogeneity and Fracture Surface Morphology

The inner morphology is best visualized when the path of the c:
is influenced mainly by the heterogeneity of the material com-
ponents. This is the case with the system of a soft matrix and
hard particles (Fig.4).

A hard matrix gives the clearest picture of supermolecular strt
ture of multicomponent systems when the interfacial adhesion ics
low. The crack path then follows the phase boundaries, particle
are usually nondeformed and are peeled out (Fig.5). An equal nu
of particles and holes remaining after the peeled-out particles

characteristic for such a system. When the interfacial adhesior

Fig.4. Fracture surface of the system with a soft matrix and

hard particles. Epoxy resin modified by rubber; SEM.
Bar scale 10 um. 5
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Fig.5. Fracture surface of a system with low interfacial adhesion
between a hard matrix and soft particles. Epoxy resin
modified by rubber; SEM. Bar scale 5 um.
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higher, the two phases are outlined less clearly. The crack path

does not follow the phase boundaries; the arrangement of particles

within the matrix is reflected only in a different character of

the fracture surface of the matrix and included particle areas

(Bl

Interference of Structure and Deformation Process

With respect to the ﬁaterial properties, the most favourable
polymer systems are such where the interfacial adhesion is as high
as possible. h morphological evaluation of the supermolecular
structure from fracture surfaces is the least suitable in this
case. The crack path is very much influenced by the material
structure: its composition is adjusted so that the spreading crack
is stopped, e.g., by rubber particles or so that preferential
crazing takes place (ABS polymers, high-impact polymers). The
fracture crack "chooses" its path through the material, and hence
the quantitative analysis of the supermolecular structure from
fracture surfaces is very unreliable or even quite impossible
(Fig.7). In such case it is necessary to estimate the supermole-
cular structure in another independent way (e.g., from ultrathin
section); fracturing of a supercoocled material does not yield good
results under g@ven conditions.

Another advantage of the investigation of the fracture surface
morphology is making visible such formations (structures) which
reduce the strength characteristics despite their negligible con-
centration in the material. These formations become the weak
points in which the material breaks preferentially; they are

found in seccondary fracture centres (Fig.8).

Conclusions

In order to interpret the fracture surface morphology adequately,
it is necessary to separate the influence of the structure from
that of deformation processes. A clear two-phase structure sug-
gests weak interfacial adhesion. High interfacial adhesion

usually allows us to investigate only the mechanism of fracturing
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Fig.8.

a b

Comparison between the fracture surface morphology (a)
and the inner morphology (b) of ABS polymers. Sample
Novodur PZT; SEM (a) and TEM of ultrathin sections of the
sample stained by 0s0, (b). Bar scale 1 yum.

Heterogeneous inclusions reducing the strength of the
material. Inorganic crystals in ABS polymer (a), SEM of
the fracture surface; bubble in a sample of poly(methyl
methacrylate) (b), TEM, carbon replica of the fracture
surface. Bar scale 5 uym (a) and 1 um (b).
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from fracture surfaces. Most information on the supermolecular

structure can be obtained from the first steps of fracture sur-

face formation.
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MO.’ZNDST_I ZVIDITELNENI NADMOLEKULARNICH STRUKTUR
POLYMERU MIKROSKOPICKYMI METODAMI

FRANTISEK LEDNICKY (Ustav makromolekularnf
tReferit na konferenci Makrotest 1978, Pardubice)

] chemie Ceskoslovenské akademie véd, Pralia)

Price pojedndvd o moZnostech a preparacnich technikdch pro zviditelnéni polymernich struktur svételnou mikroslopii. rastro-

. waci a prozarovaci elektronovou mikroskopti. Riiznorodost preparacnich technik umo
" “raznéjSich konsistenci a vlastnosti. Mikroskopické metody jsou vhodné i joko testovaci metody,

" lymert lze Casto hledat pFiciny jejich rozdilngch vlastnostf.

.Uyvod

Souvislosti mezi vlasthostmi' polvimert a jejich
nadmolekulirni struktuvou je v posledni dobé pii-
kliddn stile vétsi viznam. Svédéj o tom také rostou-
¢i potel publikaci s mikrolotograliemi struktury sle-
dovanyel materidla. Pomineme-li ptipady. kdy foto-
aralic ma hlavné zyvysit atraktivnost. lze najit Fadu
praci. kdy asili vvnaloZzené na ziskani obrazu o struk-
tuie by mohlo byt vvuZito k ziskini dalSich zivng-
nyeh informaci.

Nedostatek vlastnich zkuSenosti s mikroskopicky-

mi metodami vede obvykle k precenioviani nebo na-
opik podeenoviani jejich moznosti. Proloze pouzili
mikroskopickych metod se neustile rozSifuje. povazu-
jeme za uziteCné v tomto  prisptévku upozornit na
zikladni mozZnosti TeSeni morfologickych uloh zvi-
ditelnit nadmolekulirni strukturu polymernfch ma-

“ teriilit. Prace nema bit navadem k mikroskopickym
preparacim a neni ani jejim cilem poukizat vycerpi-
vajicim zpusobem na piisluSnou odbornou literalu-
ru. Porovnavi ve strutnosti principy mikroskopic-
kel technik: -hlavni ¢idst price je vénovina prepi-
rufnim zvlastnostem a jejich pouziti pri jednotlivych
mikroskopickyeh metodich; v zivéru se strutné za-
byva moznostmi vzuiku artefakti.

Principy mikroskopickych technik

Zakladni funkei mikroskopu je zvétSené zobrazit
zvoleny objekt. aby se zviditelnily pkem nerozeznn-
lelné _detaily.. ‘Rozhodujicim parametrem kazdého
mikroskopu je rozlifovaci schopnost, jez vyjadiuje
nejmensi rozhisitelnou vzdalenost detailit objektu.
Svételnym mikroskopem dosdhneme rozliSeni kolem
0.2 pm;~rastrovacin elcktronovym mikroskopem
obvykle az do-10 nm, prozafovacim elektronovym
- mikroskopem i lepsiho nez 1 nm. |

4

R

_."Kromé rozlisovaci schopnosti pfihliZime "pfi roz-

hodovani7o " pouziti mikroskopu .k zviditelnéni ‘sle-

dovahého objektu obvykle také k dalsim paramet-
rim -;jako jsou hloubka ostrosti zobrazenf; zpiisob
pozorovéni, typ a priprava vzorkii, moZnosti zpraco-
vini obrazu atd. [1, 2]. Odlisnosti a technické para-
metry [2) jednotlivich mikroskopickjch metod uka-
7zuji na to, Ze jejich moZnosti jsou spise komplemen-
tirnf nez konkurenént. - e :
Ve svételném i prozafovacim elektronovém mik-
roskopu vznikd zobrazen{ stejnym princn.pem (1]

Situje strukturni hodnoceni materid li nej-

nebol v rozdilech struktury po-

[uhr: L bj: pouZité ziteni upravené osvétlovacim
systemem  osvétluje prepavit. ziveni difraktovand
prepavitem se  zpracovivi . zobrazovaci  soustavou
avesledkem je skatesny obraz na matnici nebo fil-
mu (svételny mikroskop) € na fuorescenénim sti-
nitkw nebo Totogealicke desee (prozatovaci elektro-
novy mikeoskop). Obraz v rastrovacim elektronoyvém
mikroskopu viak vznika zeela jinym mechanismem
fobe. Lei: elektronovou optikon rastrovaciho mikro-
skopu se elekivonavy paprsek koneentruje do velmi
tenkého svazku n pohybuje se po vioZeném prepa-
vitu. Signdl vzoikly interakei elektronového svazkn
st vzorkem (sekundiirni elektrony, odraZené elek-
trony. fotony aj) se detektuje vhodnym detektorem
a po elektronickém zpracoviini se zobrazi na televiz-
ni obrazovee jako svélly bod. jehoZ intenzita je
nmernd intenzité detektovaného signalu; Synchroni-
zaci pohybu clektronového svazku po preparitu
a odpovidajiciho bodu na televizni ohrazovee obraz.
jehoz zveteni se i ménit zménou velikosti ozafend

“oblusti.

Zvlastnosti preparoce

Preparacni mikroskopické  techniky  maji  své
zyvlistnosti podle odhidnyeh viastnosti a charaktern
struktury stidovanseh materidlic [3]. Polymerni ma-
teridly, tvoriei samostatnon kategorni, se svym cho-
vinim lisi jak od klusickych nizkomolekularnich
pevayeh litek, tak 1 od latek biologickyeh (tvpie-
kyeh velkym obsaliem vody). 1 kdyz s kazdou z
techto skupin maji urtité {yzikalni charakteristiky
spoleéné, -Mikroskopické preparacni techniky pro po-
[vmerni materidly samoziejmé vychizeji z obeenych -
preparaénich zasad '[3], ve speciilnich pripadech
viuk Caslo prejimaji metody obvyklé pfi studiu bio-

logickych vzorkit u polymertt mékkych pii pokojo-

vé teploté nebo metody obvyklé pro.nizkomoleku-
larni pevné latky w polymeri, které jsou pit poko-
jové teploté tuhé. W TR e :

Svételna mikroskopie

7 hlediska techniky sviételné mikroskopie miizeme
viechny druhy pozorovini rozdélit do dvou ziklad-
nich kategorii: pozorovani ve svétle odrazeném od

vzorku(a pozorovéni-ve svétle-odrazeném-od=vzorkn-

a pozorovini ve svétle prodlém vzorkem. V prvém

piipadé jsou viditelné oblasti, jeZ se li¥i intenzitou
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Prozafovacimi technikami (pozorovani v proché-
zejicim-svétle) se zviditeliinji mista preparatu a roz-
dilny¥mi indexy lomu nebo s riznou absorpei svétla.
U viceslozkovych systémii s dostateénym rozdilem
oplického charakteru obou sloZek vznika obraz s dob-
rm kontrastem pil pozorovani ve svétlem poli
whr. 2a). Rozdily indext lomu v anizotropnich
keystalickych polymerech se snadno zviditelni pola-
rizovanym svétlem (obr. 2b, ¢). Pf malvch yozdi-
leeh optické tloustky strukturnich elementii prepa-
ritu jsou vhodné speciilni metody [1] (napf¥. fazo-

vy kuntrast, texmé pole).

Tenké preparaty (filmy, vladkna, drobné castice)
Je moZno bez vétsich obtizi pozorovat primo. Struk-
tura povrehu objemnych vzorki (bloky, desky byva
zpusobem pripravy

do znacné miry ovlivnéna
vzorku; je obvykle replikou formy, v

vznikal. Nejjednodussim zplsobem odhaleni vmitini
struktury byva priprava lomové plochy vzorku:

“Tento zplsob se intize uplatnit u kfehkych vzorkd, -

. nejlépe nékolikaslozkovych, aviak i zde se ¢asto
ubjevi struktury, jeZ jsou vysledkem deformatnich

* provesit pii samotném procesu lomu (obr. 3 a). K
deformaénim procestim dochézi i pri liméani za tep-
lot kapalného dustku [4)., Lomové struktury (obr.

J b je bezpodminetné nutno spravné interpretoval, e

— — el

Obr. 2 — Svételng mikroskopie v prochézejfcim svétle, ne-

upravené vzorky

n — rozlozeni kulitek silikagelu ve filmu polymetylmeta-
krylitu (uepolarizované bflé .svitlo); b — orientované po-
lymerni vlikno (A = 551 nm, polarizované svétlo);
¢ — sférolity polyetylénoxidu, tenky fez (polarizované bilé

sviitln)
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odrazeného svétla. Svétlo se odrazi pouze mna roz-
hranich prostiedi o riznych indexech lomu a tato.
rozhrani se tedy zviditelni. Nejvyramé)si rozhrani
indextt lomu tvoFi obvykle povrch vzorku. U pri-
hlednych materiali — coZ je ¢asto pripad homogen-
nich polymert — se mohou zviditelnit 1 rozhrani
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Obr. 4 — Principy vytvakeni obruzu v mikroskopech (podle [2]) -y
a — svételny mikroskop; b — prozafovaci elektronovy mikroskop; ¢ — rastrovaci clekironovy mikroskop
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Obr. 3 — Vvhodnoceni struktury materidlu z lomovych
ploch
fa. b — lomové plochy v odmZeném svétle, ¢ — plosné
<farolity polvelylénoxidu v prodlém svétle, zkiiZené mkoly!
n — polvkarbonat krystalovany 6 dnii pfi 190 °C. tmavi
kruhv zobrazuji sférolity, &iry napfié snimku vznikly ne-
rivnomérnym postupem lomové fronty; b — polymetylme.
takrvlit, ttvary peipominajici kuzelosetky jsou hraniceni
stvku sousednich selkundérnich lomovych front; ¢ — poly-
vlvlénnxid krystalovany mezi skly pfi POI(D].OVU- teploté,
filvary pripominajici kuZelosetky jsou hranicemi sristu sou-
i < o, sednich - sférolitit

Priprava tenkych fezi pro odhaleni vnitini mor-
fologie umoziuje sledovani feznych ploch. IP(:.nz.o‘rc_)-
vAnim tenkych-fezi {obr.-2 c), pip. jejich séri je
mo#né zmapovat rozlozeni strukturnich -elementi
v objemu vzorku. = 2. L 4
[<romé topografickych studii nabizi svételnd mik-
roskopie moznost fyzikalnich studif polymernich
maoterialit v mikroméfitku. Je mozno ziskat informa-
ce o krystalickém charnkteru yzorku, stanovit index
lomu mikroskopickych E:]stic'lgdv_oj[o.m [‘l_]., I-L:rm‘m—
tativné vyhodnotit mikrodelormaci [9;‘ .Pn‘zmcnnch
teploty nebo prostiedi 1ze sledovat kinetické procesy.

J

Prozaiovaci elektronova mikroskopie

Ilavnim pozadavkemn na preparaty pro prozaio-
vaci elektronovou mikroskopii je dostateéné prostup-
nost, pro elektrony. Prostupnost zivisi na pouZitém
urychlovacim napéti:- u klasickjeh prozafovacich
clektronovyeh mikroskopti s urychlovacim napétim
kolem 100 kV je nutné dodrzet tloustku polymer-
nich preparattt pod 1 um, u vysokonapétovych pro-
zarovacich elektronovych mikroskopt (urychlovaci
napeti kolem 1 MY a vy3si) mize tloustka prepari-
tu dosahovat jednotek wm. Tlusty preparét zhorsuje
rozliSovaci schopnost pfiblizné aZ na desetinu své
tloustky [9]. Malé objekty, jejichz rozméry dovoluji
piimé prohlizeni, jsou experimentilné pomérné ne-
nironé. Vzorky vétSich rozmérti je tieba vhodn#
preparovat.

Morfologii povrchu studovaného vzorku sleduje-
e z otiskd (replik) povrchu neupraveného vzorku.
Morfologii  vnittku vzorku sledujeme z tenkych
vrstev materialu samotného (ultratenké filiny, ultra-
tenké tezy) nebo z otisktt upravenych povrehit vzor-
ku vzniklych rozlomenim, rozfiznutim vzorku apod.
Priprava ultratenkych polymernich filmi je bud vel
mi komplikovand a nevystihuje vlastnosti objemné-
ho vzorku (krystalické polymery, nékolikaslozkové
systémy), nebo filmy maji homogenni strukturu
i pouzivi se jich jako nosnych filmt pro mensi
mikroskopické prepuardty. Studium ultratenkvch
filml je proto vmezeno na nedetné specidlni pripady
tiontovy lept ultratenkyeh filmi — obr. 4 a. ultra-
tenké filmy polykaprolaktamu — srov. [9]). Ultra-
tenké fezy odhaluji strukturu materiilu pfimo. po-
kud se clementy Léto struktury dostateéné lisi pro-
pustnosti pro elektronovy svazek (obr. 4 b). Jestlize
tomu tak neni, je treba nékterou ze sloZek kontras-
tovat litkou obsahujici tézké atomy (obr. 4 c).

l.omové plochy davaji artefaktni vysledky 1 na

el e—— . L 3 - ’ ’ -~
urovni rozliseni prozafovaciho elektronového mikro-

skopu. Morlologie lomové plochy pfipomina struk-
turu orientovanou ve sméru Sifeni lomového procesu.
OdliSeni strukturnich elementit od lomovych tutvari
byvi snadné u kombinovanych systémii, nebot
slozky se obvykle vyrazné hsi mechanickym cho-
vinim; ¢asto se zde viak setkdvdme s obtiZemi pfi
preparaci (oddélovini otiskfi od znatné nerovnych
povrchil) 1 pfi interpretaci (ovlivnéni cesty lomové
trhliny).

Vnitini strukturu polymernich nehomogennich
materidli lze odhalit leptacimi metodami. Leptanin

ve vhodném chemickém médiu nebo v plazmeé vy-

sokofrekvenéniho vyboje (lontovy lept) se pfednost-
né odbouraji méné odolné slozky a postupné se od-
strani -povrchova. vrstva vzorku. Podminky leplani
volime tak, aby se odstranila neZiadouci vrstva: po-
vrch vzorku (ovlivnény nejéastéji formou pri pii-
pravé); vrstva deformovani fezanim nebo lomem
materidlu [10]. R :
Chemicky lept ma specificky uéinek podle lepta-
ného polymeru a uzitého média. Iontovy lept je
mnohem uniformnéjsi, jeho mechanismus viak do-
sud neni jednoznaéné objasnén. Predpoklada se, Ze
na leptacim procesu se tifastni cely komplex vlast-
nosti, zahrnujici jak chemické reakce vzorku s ob-

klopujicim prostfedim, tak i fyzikalni charakteristi--

ky vzorku. K zvyraznéni nehomogeniry struktury
polymeru se vyuZiva toho, Ze rychlosti leptani ruz-
nych oblasti vzorku se lid{ {11]. Vyrazné rozdily ve
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Obr. 4 — Prozafovaci elektronové mikroskopie llll.ralen]\} ch vrstev materidlu .

1— 1ontuvy lept ‘ultratenkého filnw ataktickéhv polystyrénn; b — ultratenky Fez polymernim: sorbenlem po z _.nllll v Durcu-
panu; o— ultratenky fez houZevnatym polystyrénem, kontrastovany 0sO4 po kryoultramikrotomii

vlastnostech jednotlivyeh slozek vzorku nmniﬁuji
jednoznatnou inlerpretaci (napf. pritomuost anorg:
nickyeh &istic ve vzorku (obr. 5 a); vyhodné jsou
aplikuce pro pigmenlované nitérové f:lmyl_. zatimco
nevyrazné rozdily ve struktufe sledovaného mate-

b

Obr. 5 — Pouziti jontového leptu (prozufovaci elektronovi
mikroskopie)
u — jonlovy Jepl poly vm}lfurmalu ubsahujiciho nizkonio-
Jeleuliirni krystalicke pifmési, stinovand ublikové replika
povrehu; b — Jontovy Jept povrehu ataktického polymetyl-
metnkrylitu, stinovani nhlikova replika

rialu mohou byt zdrojem pochy lmnqh pi1 objasnéni
pozorovanych strukinr [11] {obr. 5 b).

Casty tikol stanovit morfologii mékkych vzorki
(kautuky, plnéné polymery s mrk{m teplotou skel-
ného prechodu) nebo vzorki nestabilnich ve vakuu
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* (obsahujicich nizkomn]ukuié.rni primési) vyZzaduje

specidlni metody: fixaci, kryotechniku nebo suseni.
l.ze-li bez vaZnéjiiho nebezpeéi deformace struk-

tury vzorek néjak fixovat, byvéa to obvykle nejméné

pracny postup. Prikladem miize byt vyztuZzeni mék-

kych latext (obr. 6a) bromaci, které se osvédcuje

u |lol\'but'1diénov\?ch latexii (obr. 6 b). Objcrnm'é
zimeény pri fixaci je vSak ifcba vzxL v uvahu pn urco-
vini velikosti ¢éstic.
Kryotechnika . umoZiuje- .- pozorovini. povrchu
zmrazenych vzorkii (obvykle an’ﬂm’m dusikem),
prip. po jejich lomu nebo sefiznuli & i sublimaci
nabotnalé nizkomolckulirni latky (vody) z povreho-

b

Obr, 6 — Prozafovacl elektronovi mikroskopie pUl\h"md"‘

» novyeh latexi: .

n — nestabilizovany mikky latex; b - Jutex vymtuen)
bromaci
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e A Kryvoultramikrotomia  (ilteamilrotomie
I : t I il | | 3 RS EEAT
pemernich materidld mekkyeh pii pokojové teploté,
;;_.~jm{‘n:n u kaucukd (obr. 4 o),

Nizkomolekularni vestvy se z nabotalveh vzor-
ki odsteand suSenime (31, jo# zilezi v prevedeni ka-
palncho skupenstvi nabotualé nizkomolekuliend it
kv do skupenstvi plynného (obr. 7). Povrchové na-
‘.;‘-ii nat rozhreani kapalina — plyn, jez .pa piimém
ensend wbr. 70 kivky 1 oa 2) deformuje strukturn
iohr. 8 a), se snizi vyménou rozpoustédla (prebotni-
ni do kapaliny s nizksm povrchovym napétim), ne-
Lo se eliminuje mrazovym suSenim (obr. 7, kitvka
- 3y @1 prechodem kolem kritického bodu (obr. 7. kiv-
e 41 V¥sledky ziskand metodouw prechodu kolem

R 4
x
i ‘ i
teplota
Obr. 7 — Zobruzeni nabomalych polymernich materiilit —

fazovy diagram a mozné zpiisuby suSeni podle [3]

kritického bodu jednoznaéné tentn zpiisob polvmer-

el { LU0 LUt WL, 1S
Prozarovaci elektronovi mikroskopie je v souds-

- né¢ dob® nenahraditelni predeviim pii zobrazovini
pi velkyeh zvét§enich, tedy ph velk¥eh poZadova-
nyeh rozlisenich. V soutasné dobé zarutuji $pickové
prozatovaei: elektronové  mikroskopy  rozliSovaei -
schopnost  fidové v desetindch nm (nape. lirma
JEOL zaraduje pro mikroskop JEM 100 CX miizko-
vou rozhiSovaci schopoost 0,14 nm). S ohledem na
moznosti tak dobrého rozliSenf je jedinym limituji-
cim faktoremn preparadnd technika,

Snadné moZnosti ziskini elektronové difrakéniho
obrazin se v mikroskopii- polymertt nevyuzivi tak
rasto jako pfi studiu kovit nebo anorganickyeh l4-
tek. Totéz plati také pro nékteré adaptéry, umoziiu-
jici kinetické studie pFi mokroskopovini (deformaéni
a lemperacni zafizenf, goniometry aj.).

Rastrovaci elektronova mik_mskopie.

Praktické moZmnosti rastrovaciho elektronového
mikroskopu mizZeme posuzovat podle téchto krité-
rii:

1. Zptisob pozorovani a registrace signilu volime
podle pozadované informace a materidlu (obr. 9 a).
PFi zobrazen{ v sekundarnich elektronech je kontrast
obrazu urfovin riiznou orientaci jednotlivveh tise-

detektor elekirond

g
g
%
% =

elektronovy
b) svozek
b
' | 1 ; ateniald Obr. 9 — Metoda rastrovaci elektronové mikroskopie
8 i Zebmasl Aiboleelyoh polymaenie) m.:tennl\.;_.g a — elekty v:lniklé interakel elektronového paprsku se vzor-

1 / jovy T trovaci
— materidyl sufeny za pokojovych podiminek (rastry

:leku::\r:m:;m:fﬁkmukopin}; h.— tentyZ mnr.en‘ﬁl sudeny vy-
uiittm kritického bodu (rastrovaci elektronova mikroskopie)

kem (podle [13]); b — roziifeni elektronového svazkn ve
i vzorku (podle [1]) *

)
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k primarnimw paprs-

rehu. =M

kit povrehu vzorku vzhledem

terialovy kontrast (kontrast zpiisobeny riznym che-
mickyim sloZzenim zobrazovaného povrchu) je po-
wmeérné nevyrazny i u nepolymernich vzorkt [12]
s‘a u polymernich materiali je zanedbatelny. I po-
uziti daldich mechanismit k vyvolani kontrastu oh-
razu (napélovy, magneticky kontrast) je u polyme-
ri prakticky nemozné,

Pii zobrazeni v odraZenych elcktronech je kon-
trast obrazu uréovin dvéma rovnocennymi slozka-
mi: lopografickou, ktera v3ak mé charakter jedno-
stranncho osvétleni, a materidlovou, ktera zavisi na -

_ promérném atomovém &isle litky tvorici povrch.
- § prililédnutim k niz8i rozliSovaci schopnosti je po-
uZiti tohoto zplsobu omezeno. u polymeri hlavné

" na kombinované systémy, jeZ se znaéné li§i svym
sloZenim (pFitomnost tézkych atomi),

“Pro nékleré aplikace studia polymernich materia-
It je vhodni katodoluminiscence. V tomto pripadé
sc detekluje svételné zireni wvyvolané dopadem
clektronii. Dal3i metody detekece signilu nenalezly
v polymerni v&édé SirSiho pouZiti (vodivostni obraz.
renlgenovi mikroanalyza, metoda indukované vodi-
vosti). S chemickou anal¥zou mal¥ch oblasti na po-
vrchu vzorku, kterd je vhodni i pro lebhké prvky,
Je dosud malo zkuSenosti.

Zobrazeni pomoei prochizejicich clektronit (pro-
varovaci rastrovaci elektronova mikroskopie) je ob-
dobou klasické prozarovaci elektronové mikroskopie.
Vihodou Fadkovaci techniky je zvy-3eni kontrastu
a moZnost pouzti tlustSich preparati, hlavni nevy-
hodou je mensi rozliSovaci schopnost metody [12].

2. Rozlisovaci schopnost zivisi na druhu detekto-
vaného zifeni [12, 13] (obr. 9b). Je uréovina prii-
mérem a inlenzitou primarniho svazku. je viak silnd
ovlibvutna rozsirenim elektronového svazku . uvnite

“vzorku vlivem pruZného a nepruznélbo rozptylu.
Obraz v sekundirnich elekironech miva rozlisovaci
sehopnost kolem 10 nm, Spi¢kové komeréni pristroje

- *Obr, 10: — Zobrazeni rastrovacim

a — hydrofilni palymc"mi plaive; b — vlaknily

Poméme velmi jednoduché preparace vzorkii je
ditvodem, pro¢ widkovaci elektronova mikroskopie
nahrazuje Fadu topografickych ‘pozorovani svétel-
nym nebo  prozaiovacim elektronovym mikrosko-
pem. PR vyuziti adaptéric je . moZné sledoval i ne-
které kinetické procesy. Vyhiivaci stolek umoziuje
Sludovat chovini pri zvysenych teplotich, co? se
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~“pii vice nez 100krat vétsi proti svélelné‘_.m:ikroskopii
..--[13). Piiblizné, plati, Ze hloubka ostrosti je u obra-

dosahuji hodnoty ncjvyse asi o nm; obrazem vy-

; az 200 nm; konecné ro‘:r:li.io-
vaci schopnost katodoluminiscencénfho obrazu je asi
1 pm. o
3. Hloubka ostrosti obrazu je u fadkovaci elek-
tronové mikroskopie nejvélsi ze viech mikroskopic-
kveh metod. Je to zplisobeno malou d-ivergenci
svazku, ktery zlstivi zaostfen po velmi dlouhé
drize .[12). Srovnénim se svételnym mikroskopem
je vidét, Ze pfi stejném zvétSeni je hloubka ostrosti
obrazu ziskaného Fadkovaci elektronovou mikrosko-

tvoienym odrai troay se dosahuje
teni obvykle mezi 50

71i -vytvoreného sekundéarnimi elektrony’rovna roz-
méru zobrazené plochy {12]. =~ -7 -

7 hlediska studovanych materiali je pro polyimne-
ry nejlepsi moZnosti pouZili fadkovaci elektronové
mikroskopie k studiu topografie- povrchu ‘vzorki.
Unikatni vyhodou fidkovaci elektronové mikrosko-
pie je moZnost zobrazeni &lenitych povrchil, které
priivé nelze zpracovat otiskovou technikou pro pro-
zarovaci clektronovou mikroskopii. Clenitéjdi po-
vrehy naopak prispivaji ke wvzniku topografického
kontrastu obrazu. Viestranné pokoveni wvzorku je
vzdy vyhodné, neni vSak ve vSech pfipadech nezbyt-
né nutné. Dobrého pokoveni se dosdhne u méné
zvrasnénych povrchit (obr. 10 a) naparenim pod
Sikmym tihlem za rotace, u velmi ¢élenitych povrchi.
piipadné u povrchii s nepravidelnymi dutinami, je
vvhodnéjif naprasovaci technika (obr. 10 b).

Studium voitini struktury fadkovaci mikroskopii
je vZzdy nutné prevést na studium povrchii. Toho
Ize dosihnout nékterym ze zphsoblt zminénveh dii-
ve: Fezem. leplem, lomem. Rez materidlu se velini
osvédeil u struktur s hrubou helerogenitou (obr.
10 ¢). Lom materidlu (studium lomovych ploch) je
“vyhodny u kombinovanych materiali, jejichz jed-
notlivé slozky se znaéné lisi v mechanickém chovit-
ni.

clektronovym mikroskopem ‘

materiél (plst); ¢ — pritfez dutou polymerni &istic

osvédtilo napf, pfi sledovani morfologie polymer-
nich vldken a tepelns stabilnich polymeri [14). De-
lr{rmacm' zarizeni wwoZiuje pozorovat piimo pri-
béh - deformaéniho procesy, pripadné i Sifeni trhlin
.zrtatcn:ilcm. Pfi kinetickych studiich je velmi uZited-
né zafizeni umoziujfei zéznam obrazu (videorecor-
der), jez dovoluje retrospektivai pozorovani sledovi
ného déje,




yterpretace obrazu mikrostruktury

Foshizen Il‘lilh-""'-Li'llh[il['}' ODJeRlu je Lypitkyin pri-
ladem procesu poznavani jakozto skladani detaild
-eelek, vylvateni mozaiky tvofené jednotlivvani
ileimi. poznatky.. Priavé tak jako znalost jednblm
amene mozaiky netikd témef nic o celém obrazu.
tejn® tak mdlo vypovida jeden snimek mikrostruk-
ary bez znalosti fady dalSich vlastnosti, at us té-
ulo vlastnostmi rozumime obraz Pl jiném zvétSeni.
ouvislost jednotlivych elementic  mikrostruktury
pho chevani materidlu aj. )

Bez dalSich znalosti je obvykle také obtizné vy-
yucit artefakty, které vznikaji bud nezadoucimi pro-

- tesy pit preparaci vzorku (napf. obr. 8 a) nebo pr

puzurovani prepatatu. Preparacni postupy casto nb-
sahuji fadu krok, z nichz kazdy mize néjuk prispét
ke vzniku nezidouciho pozorovaného elementu.
Nejsou-li k dispozici nezavislé dalgf poznatky. pak je
nezbyté kazdy preparadni krok provéiit, coz ob-
vykle byva velmi pracné.

Neékteré artefakty lze eliminovat pomérné snadno
(obr. L1 b). jiné velmi obtizné (obr. 11 ¢). a o nékte-
rych strukturnich clementech nebylo dosud rozhod-
nuto, zda odrazeji strukturu materidlt nebo zda
jde o preparacni artefakty (obr. 5 b).

a ©
Obr. 11 — Artefakty: a, ¢ — prozafovaci elektrono v4 mikroskopie; b — Fadkovaci elektronova mikroskopie
— nedostateéné rozpuitén¥ polymer pii replikaci iontové le ptaného filmu; b — lomovi plocha polymetylmetakrylatu pii

10°C, prohlubefi vznikld relaxaci materiilu pfi dopadu elekt ronového svazku; ¢ — povreh polymetylmetakrylitu dekoro-

raného Au a deformovaného pii 153 °C, éirv znadené Sipkami

Spravna mterpretace pozorované struktury musi
3wt tedy konzistentni pro vSechny mikroskopické
netody a méla by zahrnovat i relevantni poznatky
tiskané jinymi struklurnimi metodami.

Dékuji RNDr. Z. Pclzbauerovi, CSe. a RNDr. V.
Mvrackové za poskytouti dosud nepublikovanych
inimkil (obr. 4 b, 8 a, b).
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I celostatni konference MAKROTEST 1978 — Pardubice -

Ve dnech 28.—30. #ervna 1978 uspofddal Vy-
kumny Gstav syntetickych pryskyfic a laki v Par-
ubicfch spolu se zévodni pobockou CVTS a Domem

techniky v ®ardubicich jiz 5. celostatni konferenci
MAKROTEST 1978. Toto pravidelné setkdni pra-
covnikii z mnoha védeckych, vyzkumnych, vyvojo-

)
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ROCNIK 26/1989

MOZNOSTI ZVIDITELNENI STRUKTURY KOMPOZITU

FRANTISEK LEDNICKY (Ustav makromolekuldrn! chemie, GSAV, Praha), JAROSLAV KUCERA {VU makromolekulérni

chemie, Brno)

(Redakcl do3lo: 26. 1. 1989; lektor: doc. Ing. FrantiSek Rybnika¥, CSc.)

(Pfedneseno na Konferenci o kompozitech v Gottwaldov# 23, 2. 1988)

V prispéoku se pojedndvd o moinostech charakterizace morfologle kompozitd, TE55t8 diskutopand problematiky a uvd-

déngeh pffkfacf‘:? spadd do oblastt hodnocenf pomocl rastrovacl elektronové mikroskople. Cldnek napomdhd orientovat
se ve struktufe vzorkd zobrazengjch na mikroskopickgeh snimeich.

Pracovnici, ktefi se s hodnocenim nadmole-
kularni struktury kompozith setkdvajli pouze
okrajove, vyjadruji nazor, Ze se nedokéZ{ orien-
tovat ve struktufe vzorku zobrazeného na snim-
ku. Stejny nézor vSak musi zastivat morfolog,
setkd-l1 se se snimkem objektu dosud nezné-
meého. PFi posuzovani struktury totiZ kromé& mi-
kroskopického snimku samotného vychdzime z
rady dalsich informaci, tykajicich se napfiklad
preparatnich podminek nebo Gdajll o strukture
podobnych €i prfibuznych vzorkft a materiald.
Detailni (zv&tSeny) obraz struktury objektu
(obr. 1) nemus{ poskytovat a £asto neposkytu-
je Informaci o objektu jako celku, prestoZe ta-
to detailni struktura je zcela reprezentativni a
pfi vybdru mista snfmku nejpravd&podobné;j3i.
Detailn! snimkovén! celého objektu nenf prak-
ticky moZné (pfl zv&tSeni 10 000 potfebujeme
k zAznamu obrazu o rozmérech 1 mmX1 mm

celkem 10000 snimkid formé&tu 10 cmX10 cm)
a u obvyklych typl materidlt ani nepfindSeji
nové informace.

Pro posouzeni struktury objektu [ pFl libovol-
ném zvétSeni) ma rozhodujici dlleZitost vybér
zébéru, tedy volba mista snimkovéni, které
mus! byt reprezentativni pro zvolené zvét3eni.
Zde hraje hlavni roli zkuSenost pracovnika,
stejné jako pfi volb& zvétSeni, piip. série snim-
k. Krom#& obvyklych technik fotografie a ma-
krofotografie jsou pro charakterizaci morfolo-
gie kompozitll k dispozici mikroskopické tech-
niky (tab. I).

Zvolené mikroskopické zobrazovac{ technice
mus{ byt pfizplsobena preparaéni technika,
tedy zpilsob pfipravy preparédtu. Pfitom je tfeba
brédt ohled na to, ktery strukturnf aspekt chce-
me zviditelnit. Z4sadn® by zobrazeni mikro-
struktury nemé&lo byt samoficelné a nemélo by

Obr. 1 — Detailnf a makroskopicky obraz objektu
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siouzit pouze ke zlepSeni publikace snimkem,
ktery nenf srovnavéan nebo diskutovan.

Tabulka I

Prehled mikroskopickgch technik
Technika Zpilisob pozorovéni Rozlisenf

—— | = S
SM R, T 0,1 pm
SEM R 10 nm
STEM i 5 nm
TEM T : 0,2 nm

i

Symboly: mikroskopie svételnd — SM, rastrovacl elek-
tronova — SEM, transmisnf elektronovd — TEM, rastro-
vacl transmisn! elektronovd — STEM; zpilisob pozorovant
R -~ odrazovy, T — na priichod.

Volbu mikroskopické a preparacn{ techniky
[1] je tedy tfeba pFizplsobit tomu, jaké infor-
mace o vzorku olekdvdme. U kompozitd ob-
vykle studujeme objemné vzorky (vldkna a
tenké folie se vyskytuji jen ojedinéle). Takové
objemné vzorky mtZeme studovat metodami,
které sleduji budto povrchové, nebo objemové
vlastnosti vzorku (aobr. 2). Chceme-li srovndvat
morfologii kompozitniho vzorku s vlastnostmi,
které zaviseji na primérné struktufe celého
vzorku, pak je tfeba tuto strukturu zviditelnit,
napf. vhodn& zvolenou technikou pF{pravy lo-
mov§ch ploch nebo tenkych €&i ultratenkych fe-
z{l. Takového postupu uZivdme pfi korelaci s
vetSinou z hodnot mechanickych charakteristik
polymerfi. Vyjimkou mtZe byt mechanické po-
ruSovéni, kde pro korelaci je &asto t¥eba zvi-
ditelnit ,slab4 mista®, jeZ porufen! podmifiuji
nebo urychlujf. Vlastnosti vzorku z&vislé na je-
ho povrchu, je tfeba srovndvat s povrchovou
strukturou (topografiil povrchu). Pfikladem mi-
Ze byt studium povrchovych uZitngch vlastnostf,
jako je lesk nebo otér, ale i pevnostni chové-
ni, které zna¢né z4visi na povrchovych hetero-
genitach.

Povrchové topogratie povrchu
vicstnosti LESK,
oo nrn Zacingjicl ve vrubu

vlusﬂigl_;‘ﬁ Mg

e nanic

, veliciny

PRUMERMA
STRUKTURA

Obr, 2 — Informace o vzorku korelovateln& s nadmole-
kularn{ ctrukturou

Heterogenity v kompozitnich materidlech mi-
vajl rozméry mezi 0,1 »m aZ 100 pm. Pro jejich
zviditeln&nfi je tedy zvla3t vhodnd SEM (srov.
tab, 1). Touto odrazovou technikou se v¥ak zo-
brazuje povrch vzorku, proto je zviditeln®ng
vnitfku moZné pouze tak, Ze vhodnou prepa-
raénif metodou ziskdme povrch, ktery zobrazu-
je elementy vnitin{ struktury. P¥i pouZit{ SEM
k odhalenf{ struktury kompozitt méme tyto
moZnosti vzorkf:
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— povrch vzorku bez jakékoliv Gpravy,
— leptany povrch,

— fezny povrch (pHp. leptany],

— VIyp,

— lomové plocha (pFip. upravend).

Neupraveny povrch vzorku zobrazi obvykle
pouze povrch formy, ve které vzorek vznikal,
nebo povrchové zmény jako diisledek obrabént
nebo opotfebovéani. Leptaci techniky zaleZi v
selektivnim odstranén{ jedné ze sloZek mate-
rialu chemickou degradaci, selektivnim roz-
pousténfm nebo fyzikalnimi a chemickymi re-
akcemi pii plazmatickém leptu. Rezny povrch
(povrch vznikly obvykle Fezdnim, obvykle po
zhotoveni tenkych nebo ultratenkych fezfi pro
mikroskopii] umoZiiuje nahlédnout do vnitiku
vzorku odstran&nim povrchové vrstvy vzorku.
U kompoziti dochéz{ ¢asto v diisledku velmi
rozdilngch mechanickych charakteristik jednot-
livgch sloZek k deformacim v okolf tvrdych in-
kluzi, Vysledkem je poruSené struktura, kterd
v3ak informuje o rozdéleni zvl&5té tvrdSich slo-
7ek. Nenastdvaji-li tyto lokalnf deformace,
ziskfme obvykle hladky fezny povrch, ktery je
tfeba dale upravit, napf. leptdnim. Uméle zho-
toveny vryp poskytuje informace hlavng o pro-
cesech pfi mechanickém poruSeni povrchové a
podpovrchové vrstvy vzorku. Pi{prava lomovy§ch
ploch byva nejuZivan&jsim zplsobem pfi morio-
logickém studiu kompozitll, pFin4sf v8ak radu
tskalf pfi interpretaci, které vznikaji jako du-
sledek lokélnich deformaci pfi Sifen{ trhliny
vzorkem.

Existence lokélni deformace je s lomovym
procesem neoddé&litelng spjata: plastickéd defor-
mace materidlu byla pozorovdna i pfi laménf
pfi teplot& kapalného dusfku [2]. Zv1&3t& u
rychlych lomii objemn#jSich vzorkli polymertl,
jeZz jsou Spatnymi vodiél tepla, se projevuje
znatny adiabaticky ohfev (3], [4]; bylo na-
méfeno lokdlni zv¢Seni teploty aZ o n&kolik
set K [5].

Lokélni deformace v blizkosti §f¥{cf se trhli-
ny je ovlivngna mechanickymi vlastnostmi ma-
teridlu. U viceslozkového systému, kde se jed-
notlivé sloZky zna&n# 1i8{ mechanickymi para-
metry, je toto ovlivn&ni natollk vyrazné, Ze se
vliv deformace a struktury na vzhled lomové
plochy superponuje. Na lomové plo3e pak na-
léz&me Gtvary odpovidajfcf obSma vlivim. Pro
spravnou interpretaci obrazu lomové plochy a
ziskéni informacf o plivodni struktufe vzorku
méame moZnosti preparacnich a interpretadnich
postupd, pii nichZ struktury vzniklé deformact
dokéZeme budto potladit, nebo odlifit od ele-
mentd pivodni struktury.

kapalny dusfk,
ohybovd sila

vzorek
vrub

dridk

Obr. 3 — Schéma jednoduchého zatizen!{ pro pFipravulo-

movych ploch v kapalném dusfku
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Deformace pfi ldmé&nf vzorku se potladuje
pri. kfehkém lomu. Nenf-li materidl polymeru
plasticky (jako napfF. epoxidy), uZivd se s v§-
hodou ldmdani ve zmrazeném stavu, nap¥. v ka-
palném dusiku (obr. 3). Deformacni struktury,
které vznikaji lomem pfi pokojové teplot® (abr,

4 vlevo) jsou pak zcela potladeny [obr, 4 vpra-
vo].

Obr. 4 — Potlacden{ deformaéni{ch struktur kopolymeru
ABS (vlevo) lomem v kapalném dusiku (vpravo). SEM

OdliZeni elementi struktury od deformadnich
struktur miiZe byt snadné tehdy, kdyZ se typem
podstatné 1i3i, jako napf. u €astecné krystalic-
kého polykarbondtu (obr. 5), kde miZeme zce-
la zfeteln® kruhové Gtvary pfFifadit sférolitm
a carové dtvary pfipsat nerovnomé&rnému Sifenf
lomové fronty (tento typ byva v angl. literatu-
fe nazyvan stick-slip behaviour].

Obr, 5 — Stérolity a lomové &dry na lomové plofe
t4stetn# krystalického polykarbonédtu. SM neupraveného
vzarku

Obecné& je moZno formulovat pravidlo, Ze lo-
movd plocha vhodné pro Interpretaci vnitini
struktury se ziska tehdy, probiha-li lom pfi ta-
kovgch podminkA&ch, kdy mechanické para-
metry jednotlivych sloZek se co nejvice 1i51. To
je pfipad materidld s tuhym pojivem a m&kky-
mi ¢asticem] (obr. 6); je vid&t, Ze pFl nfzké me-
zifdzové adhezl [obr. B vlevo) jsou struktury
podstatné zietelné&]sf, neZ p¥i vy3si adhezi (obr.
6 vpravo).

Podobného vysledku je moZno dosdhnout u
systému:s mékk¢m pojivem a tuhymi C4sticemi.
Interpretace je obtiZnéjsi, je-li rozdfl mecha-
nickych parametri maly, jako napf, u epoxidd
s kauCukovymi ¢4sticemi C4ste¢né& rozpudtény-
mi v pojivua (cbr, 7).

Obr. 8 — Lomové plocha epoxidu s kapalnym kautukamn:
nizkd (vlevo) a vy23l (voravo) mezlfdzovd adheze. SEV
vzorku zlomeného pti teplot® mistnosti

Obr, 7 — Lomové plocha epoxidu s kipalnfm kaulukem:
CAstice C4stednd rozpultény v pojivu. SEM vzurku zlo-
meného p¥l teplot® mistnostl

Dostateény rozdil v modulech pruZnosti jed-
notlivgch sloZek existuje u kompozitld. Snad
nejvyrazné&jsf je v pfipadé& termoplastického po-
jiva s anorganickym plnivem a s elastomerni
sloZkou. V takovém systému se ukazuje jako
nejsnadn#éjsi metoda ldméan{ v kapalném dusi-
ku, kterd odhall rozloZeni anorganického plni-
va. Elastomern{ sloZka se pfi teploté kapalné-
ho dusfku ldme kiehce stejn& jako termo-
plastické pojivo, a musi byt pro zviditelnéni od-
stranéna. Netvofi-li kontinuédlni f4zi, 1ze pouZit
jejiho selektivnfho rozpusténf a na lomové plo-
ge jsou pak viditelné diry v mistech plvodn#
zapln&nych elastormerni sloZkou. Uskali tohoto
postupu zéleZi v tom, Ze zptlsob ldmadni musi
byt zvolen tak, aby se zcela vyloucilo tvofeni
dér pfl deformaci b8hem samotného lomu; pro-
to u preparaéntho postupu se selektivnim roz-
poustsnim Jjedné sloZky neni moZno pouZit
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Obr. 8 — RozloZenf sloZek v terndrnf

SEM lomoavé plochy pii

techniky Fezénf, p¥ které vznikajl diry za tu-
hymi &asticemi, které jsou odtlacoviny noZem.
Uspé3nd preparace viak dokaZe odhalit rozlo-
Zenf viech uvedenych sloZzek i s ohledem na
uspofddani v blizkosti mezifdzového rozhranf
(obr. 8).

Nedostatetné propracovanou a nedocengnou
technikou pro ziskdni cennych informaci o
kompozitech je morfologické hodnocenf po-
vichovych vrypi. Pfiprava vrypu sice znamend
pouZiti znaéné komplikovaného zplsobu defor-
macniho poskozeni povrchu vzorku, lze v3ak
octekéavat, Ze se na vzhledu vrypu projevi Fada
faktori dhleZitych pro praktické aplikace. Me-
zi vnéjsi faktory mZeme poéitat tvar hrotu,
tlak na hrot, smé&r a rychlost pohybu hrotu v
povrchové, pPip. podpovrchové vrstvé: mezi
vznitin! faktory miZeme =zahrnout rozloZent
sloZek v deformované vrstvé (povrchové & pod-
povrchové ), mezifdzovou adhezi, vellkost a tvar
¢éastic. Metoda se zdd byt dostatedn& citlivd |
na nevelké strukturni rozdily, a to 1 tehdy, ne-
ni-li pfesn& dodrZen reZim p¥{pravy vrypu (obr.,
9). Nablzi se zde pffmd korelace s uZitngmi

Obr, t} — Povrchovg vrypy ternérnich
propylénu s anorganickym plnlvem:
(vpravo) adheze plniya, SEM

kompozitn poly
mala [‘."]l!'\.’ljf a \'f,‘?"li
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m kompozitu pclyprop_v.é:‘..-e,asl\c:r. plaien
pravené pli teploté mistnosti

er/plnivo, vievt

vlastnostmi, vztahujicimi se k povrchovému po-
gkozen! vyrobkil.

Ve srovndni se 3iroki
kych technik pouZ

Skédlou morfologic-
pro polymern{ ma-
teridly jsou prepa oZnosti u kompozitd
dosti omezené. Na d né viak zde ziské-
vime informace vé&tSinou pfimo korelovatelné
s vlastnostmi, pfevdaZng mechanickymi. Krom#&
zdkladnich kvalitativhich Gdaji o rozloZenf
jednotlivych sloZek zbyvé& Fada otdzek, které
je tfeba FeSit: nadmolekuldrnf struktura poji-
va, pfip. ostatnich polymernich sloZek, mezi-
fazova adheze, kvantifikace morfologick¢ych v¥¢-
sledkil, napf. souvislosti s tvarem Céstic, stano-
ven{ kritické délky vldken, hodnocen! morfo-
logie sloZitych systémf jako Jjsou konstrukénf
prvky z prepregl aj. Rozvo) prepara®nich mor-
fologickych metod a jejich vyuZit{ k intenziv-
nfmu studiu kompozitd je tak jednfm z dileZi-
tych prostfedkd pro v§zkum a posléze | apli-
kacl téchto nesporn progresivnich materigld
u nés.
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