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A B S T R A C T   

P ol y( et h yl e n e t er e p ht h al at e) ( P E T) i s a t h er m o pl a sti c of hi g h- v ol u m e a p pli c ati o n s, a n d i s i d e n -

ti fi e d a s N u m b er 1 i n t h e R e si n I d e nti fi c ati o n C o d e o n si n gl e- u s e p a c k a g e s. T h e e st er b o n d s i n t h e 

p ol y m er  c h ai n s  ar e  pr o n e  t o  h y dr ol y si s,  b ut  t h e  r at e  of  h y dr ol y si s  i s  e xtr e m el y  l o w  at  r o o m 

t e m p er at ur e. H er e w e s h o w t h at h y dr ol y si s c a u s e s P E T t o gr o w cr a c k s e v e n at r o o m t e m p er at ur e 

a n d u n d er l o w l o a d s. T h e h y dr ol yti c cr a c k s gr e atl y o utr u n er o si o n. W h e n P E T i s s u b m er g e d i n 

w at er a n d s u bj e ct e d t o a fi x e d l o a d, t h e cr a c k v el o cit y i n cr e a s e s wit h p H. At hi g h l o a d s, t h e cr a c k 

gr o w s  r a pi dl y,  a n d  h y dr ol y si s  i s  n e gli gi bl e,  s o  t h at  t h e  cr a c k  gr o w s  wit h  s u b st a nti al  pl a sti c 

d ef or m ati o n a n d t h e fr a ct ur e s urf a c e i s r o u g h. At l o w l o a d s, t h e cr a c k gr o w s sl o wl y a n d h y dr ol y si s 

i s f a st e n o u g h, s o t h at t h e cr a c k gr o w s wit h n e gli gi bl e pl a sti c d ef or m ati o n a n d t h e fr a ct ur e s urf a c e 

i s s m o ot h. T h e s e o b s er v ati o n s s h o w t h at h y dr ol y si s e m brittl e s P E T. U n d er d e v el o p m e nt f or s u s-

t ai n a bilit y a n d h e alt h c ar e ar e bi o d e gr a d a bl e a n d bi o m a s s- d eri v e d p ol y m er s, m a n y of w hi c h h a v e 

h y dr ol y s a bl e gr o u p s i n t h e m ai n c h ai n s or cr o s sli n k s. T h e y ar e all p ot e nti all y s u s c e pti bl e t o h y -

dr ol yti c cr a c k gr o wt h a n d e m brittl e m e nt. It i s h o p e d t h at t hi s st u d y will ai d t h e d e v el o p m e nt a n d 

a p pli c ati o n s of t h e s e p ol y m er s.   

1. I nt r o d u cti o n 

P ol y( et h yl e n e) t er e p ht h al at e ( P E T) h a s hi g h- v ol u m e a p pli c ati o n s d u e t o it s str e n gt h, tr a n s p ar e n c y, di m e n si o n al st a bilit y, a n d l o w 

p er m e a bilit y t o g a s s e s ( Ni sti c ò, 2 0 2 0 ). U bi q uit o u s u s e s i n cl u d e b e v er a g e b ottl e s a n d f o o d c o nt ai n er s ( T h e f ut ur e of pl a si c, 2 0 1 8 ). P E T 

fi b er s, k n o w n a s p ol y e st er fi b er s i n t h e t e xtil e i n d u str y, h a v e l o w m oi st ur e a b s or b e n c y, hi g h s hri n k r e si st a n c e, a n d hi g h w e ar r e si st a n c e 

(Milit k y, 2 0 0 9 ). Bl e n d s of P E T a n d n at ur al fi b er s ar e u s e d i n u p h ol st er y filli n g a n d s p ort s w e ar ( K ot h ari et al., 2 0 0 8 ). T h e d ur a bilit y of 

P E T cr e at e s pr o bl e m s at t h e e n d of it s u s e. D e s pit e d e c a d e s of eff ort i n t h e d e v el o p m e nt of r e c y cli n g, p o st- c o n s u m er P E T i s pri m aril y 

l a n d fill e d (G e y er et al., 2 0 1 7 ; R a g a ert et al., 2 0 1 7 ). A l a n d fill e d P E T b ottl e i s e sti m at e d t o l a st o v er a mill e ni a ( C h a m a s et al., 2 0 2 0 ). 

E v e n f or m ulti- u s e a p pli c ati o n s, s u c h a s cl ot h e s, mi cr o pl a sti c s cr e at e d d uri n g w e ar a n d w a s h m a k e t h eir w a y i nt o t h e w a st e str e a m, t h e 

e n vir o n m e nt, a n d t h e n t h e f o o d c h ai n ( D e F al c o et al., 2 0 1 9 ; H u nt et al., 2 0 2 1 ; Li m, 2 0 2 1 ). U n d er i n v e sti g ati o n ar e s u st ai n a bl e w a y s t o 

s al v a g e p o st- c o n s u m er P E T. F or e x a m pl e, r e c y cl e d P E T fi b er s h a v e b e e n c o n si d er e d t o r ei nf or c e c o n cr et e ( G u a n d O z b a k k al o gl u, 

2 0 1 6 ). 

T h e d e gr a d ati o n of P E T h a s l o n g b e e n st u di e d ( A m b or s ki a n d Fli erl, 1 9 5 3 ; B u x b a u m, 1 9 6 8 ; G oli k e a n d L a s o s ki, 1 9 6 0 ; M c M a h o n 

et al., 1 9 5 9; R a v e n s, 1 9 6 0 ). P E T d e gr a d e s b y h y dr ol y si s, i n w hi c h a n e st er b o n d i n a P E T c h ai n i s br o k e n b y r e a cti n g wit h a n a cti v e 

*  C orr e s p o n di n g a ut h or s. 

E- m ail a d dr ess es: vl a s s a k @ s e a s. h ar v ar d. e d u ( J. J. Vl a s s a k), s u o @ s e a s. h ar v ar d. e d u ( Z. S u o).   
1 T h e s e a ut h o r s e q u all y c o ntri b ut e d t o t hi s w or k. 
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s p e ci e s, s u c h a s a w at er m ol e c ul e or a h y dr o x yl i o n i n t h e e n vir o n m e nt ( Ni sti c ò, 2 0 2 0 ). T h e r at e of h y dr ol y si s i s a p pr e ci a bl e at el e v at e d 

t e m p er at ur e, b ut n e gli gi bl e at r o o m t e m p er at ur e (G oli k e a n d L a s o s ki, 1 9 6 0 ). T h e cl ai m t h at h y dr ol y si s of P E T i s n e gli gi bl e at r o o m 

t e m p er at ur e, h o w e v er, m u st b e r e- e v al u at e d i n li g ht of r e c e nt fi n di n g s i n a n ot h er t h er m o pl a sti c p ol y e st er: p ol y(l a cti c) a ci d ( P L A). 

W h e n  a  P L A  s a m pl e  i s  s u bj e ct  t o  e v e n  a  s m all  l o a d,  g e n er al  er o si o n  i s  gr e atl y  o utr u n  b y  a  h y dr ol yti c  cr a c k  ( Y a n g  et  al.,  2 0 2 1 ). 

F urt h er m or e, P L A s uff er s fr o m h y dr ol yti c e m brittl e m e nt at r o o m t e m p er at ur e ( S hi et al., 2 0 2 2 ). 

T h e di s c o v er y of h y dr ol yti c cr a c k gr o wt h d at e s b a c k t o Or o w a n ( Or o w a n, 1 9 4 4 ). Sili c a gl a s s c a n s u st ai n a l o w f or c e f or a l o n g ti m e, 

a n d t h e n s u d d e nl y fr a ct ur e. Or o w a n attri b ut e d s u c h d el a y e d fr a ct ur e n ot t o vi s c o el a sti cit y, b ut t o h y dr ol y si s at a cr a c k ti p. Wi e d er h or n 

( 1 9 6 7, 1 9 6 8) pr e s e nt e d s y st e m ati c st u di e s o n h y dr ol yti c cr a c k gr o wt h of sili c a gl a s s. It w a s f o u n d t h at t h e cr a c k v el o cit y i s a f u n cti o n of 

r el ati v e h u mi dit y a n d e n er g y r el e a s e r at e. Si mil ar e n vir o n m e nt all y a s si st e d cr a c k gr o wt h h a s b e e n r e p ort e d i n ot h er m at eri al s, a n d h a s 

r ai s e d c o n c er n s i n l o a d- b e ari n g a p pli c ati o n s. A w ell- k n o w n e x a m pl e i s o z o n e cr a c ki n g i n n at ur al r u b b er ( Br a d e n a n d G e nt, 1 9 6 0 ). T h e 

u n s at ur at e d c ar b o n b o n d s i n p ol y m er c h ai n s ar e o xi di z e d b y o z o n e, c a u si n g cr a c k gr o wt h at s m all str ai n s. T hi s p h e n o m e n o n h a s b e e n 

wi d el y o b s er v e d i n pr o d u ct s s u c h a s tir e s, f u el li n e s, a n d r u b b er s e al s. O z o n e cr a c ki n g i s a d dr e s s e d b y a nti o xi d a nt a d diti v e s ( Br a d e n 

a n d G e nt, 1 9 6 0 ). A r e c e nt st u d y s h o w s t h at d uri n g r ai n st or m s p arti cl e s w or n off t h e tir e s ar e w a s h e d i nt o ri v er s, w h er e a nti o xi d a nt s 

l e a c h o ut a n d kill fi s h (Ti a n et al., 2 0 2 1 ). W e h a v e r e p ort e d e n vir o n m e nt all y a s si st e d cr a c k gr o wt h i n s e v er al p ol y m er s wit h h y dr o -

l y s a bl e b o n d s, i n cl u di n g p ol y( gl y c er ol s e b a c at e) (S hi et al., 2 0 2 0 ), p ol y( di m et h yl sil o x a n e) ( Ji a o et al., 2 0 2 1 ; Y a n g et al., 2 0 1 9 ), a n d 

p ol y(l a cti c) a ci d ( S hi et al., 2 0 2 2 ). I n t h e a b s e n c e of h y dr ol y si s, t h e s e p ol y m er s h a v e hi g h t o u g h n e s s. H o w e v er, i n a h u mi d e n vi -

r o n m e nt, s u c h p ol y m er s gr o w cr a c k s e v e n u n d er a s m all l o a d. 

I n t h e a b s e n c e of h y dr ol y si s, a p ol y m er wit h h y dr ol y s a bl e b o n d s c a n u n d er g o g e n er al er o si o n ( Fi g. 1 a). H o w e v er, i n a h u mi d 

e n vir o n m e nt a n d u n d er a s m all e xt er n al l o a d, s u c h a p ol y m er i s v ul n er a bl e t o cr a c k s w hi c h gr e atl y o utr u n er o si o n ( Fi g. 1 b). H er e w e 

i n v e sti g at e if h y dr ol yti c cr a c k gr o wt h t a k e s pl a c e i n P E T. W e s u b m er g e a P E T fil m wit h a pr e c ut i n w at er, s u bj e ct t h e fil m t o a fi x e d 

l o a d, a n d m e a s ur e t h e v el o cit y of t h e cr a c k. T o a c c el er at e cr a c k gr o wt h, P E T i s s u b m er g e d i n a n a q u e o u s s ol uti o n of a hi g h p H. At a l o w 

l o a d, t h e cr a c k gr o w s sl o wl y, a n d h y dr ol y si s i s f a st e n o u g h t o c a u s e c h ai n s ci s si o n, s o t h at t h e cr a c k gr o w s wit h n e gli gi bl e c h ai n sli p. At 

a hi g h l o a d, t h e cr a c k gr o w s r a pi dl y, a n d h y dr ol y si s i s t o o sl o w t o c a u s e c h ai n s ci s si o n, s o t h at t h e cr a c k gr o w s wit h e xt e n si v e c h ai n 

sli p. T h at i s, P E T s uff er s fr o m h y dr ol yti c e m brittl e m e nt. T h e fr a ct ur e s urf a c e i s s m o ot h w h e n t h e cr a c k gr o w s sl o wl y a n d c h ai n s ci s si o n 

d o mi n at e s, b ut i s r o u g h w h e n t h e cr a c k gr o w s r a pi dl y a n d c h ai n sli p d o mi n at e s. W e f urt h er s h o w t h at, u n d er a fi x e d l o a d, t h e h y -

dr ol yti c cr a c k gr o w s r a pi dl y at a hi g h p H, b ut gr o w s n e gli gi bl y at a l o w p H. Alt h o u g h h y dr ol yti c er o si o n of P E T h a s b e e n k n o w n f or a 

l o n g ti m e, h y dr ol yti c cr a c k gr o wt h i n P E T h a s n ot b e e n r e p ort e d b ef or e. T hi s fi n di n g i s dir e ctl y r el e v a nt t o t h e d e v el o p m e nt of s u s -

t ai n a bl e u s e s of p o st- c o n s u m er P E T. F urt h er m or e, m a n y bi o d e gr a d a bl e p ol y m er s a n d bi o m a s s- d eri v e d p ol y m er s h a v e h y dr ol y s a bl e 

gr o u p s i n t h e m ai n c h ai n s, m a ki n g t h e s e p ol y m er s al s o v ul n er a bl e t o h y dr ol yti c cr a c k gr o wt h. It i s h o p e d t h at t hi s st u d y will ai d t h e 

d e v el o p m e nt a n d a p pli c ati o n s of t h e s e p ol y m er s. 

Fi g. 1. H y dr ol yti c er o si o n v s. h y dr ol yti c cr a c k gr o wt h. A P E T s a m pl e i s s u b m er g e d i n a n a q u e o u s s ol uti o n. T h e e st er b o n d s i n t h e p ol y m er c h ai n s 

c a n br e a k w h e n r e a ct e d wit h w at er m ol e c ul e s or a cti v e s p e ci e s i n t h e s ol uti o n. ( a) I n h y dr ol yti c er o si o n, i n t h e a b s e n c e of a p pli e d f or c e, br o k e n 

s e g m e nt s of t h e p ol y m er tr a n sf er fr o m t h e P E T s a m pl e t o t h e s ol uti o n. ( b) I n t h e pr e s e n c e of a n a p pli e d f or c e, p ol y m er c h ai n s br e a k pr ef er e nti all y 

n e ar a cr a c k ti p, a n d t h e cr a c k gr o w s. 

A. K a d o m a et al.                                                                                                                                                                                                       
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2.  M at e ri al s a n d m et h o d s 

P E T fil m wit h a t hi c k n e s s of 5 0 μ m w a s p ur c h a s e d fr o m M c M a st er- C arr ( pr o d u ct # 8 5 6 7 K 2 2). M c M a st er- C arr d e s cri b e s t hi s pr o d u ct 

a s c o m p ar a bl e t o D u p o nt M yl ar ® a n d M eli n e x ® , w hi c h ar e k n o w n t o b e pr o c e s s e d b y bi a xi al str et c hi n g. T h e m a n uf a ct ur er s p e ci fi e d 

t hi c k n e s s of t h e s p e ci m e n w a s v eri fi e d wit h a di git al t hi c k n e s s g a u g e ( N e ot e c k, N T K T L 4 9 5- U S). A s t h e P E T fil m i s a c o m m er ci al 

m at eri al, d et ail s o n c o m p o siti o n a n d pr o c e s si n g ar e u n a v ail a bl e t o u s. T h u s, w e c o n d u ct e d s e v er al c h ar a ct eri z ati o n t e st s. 

T h e P E T w a s c h ar a ct eri z e d b y diff er e nti al s c a n ni n g c al ori m etr y ( T A Di s c o v er 2 5 0). A 4. 3 2 m g m a s s of P E T fil m w a s pl a c e d i n t h e 

c al ori m et er, h e at e d fr o m 2 5 ◦ C t o 3 0 0 ◦ C at a r at e of 1 0 ◦ C / mi n, a n d t h e n c o ol e d at t h e s a m e r at e t o 2 5 ◦ C. 

T h e P E T w a s al s o c h ar a ct eri z e d b y u ni a xi al t e n si o n t e st s i n t w o dir e cti o n s, al o n g a n d tr a n s v er s e t o t h e r olli n g dir e cti o n of t h e fil m. 

D o g- b o n e s h a p e d s a m pl e s of wi dt h 2 m m a n d g a u g e l e n gt h 1 2 m m w er e c ut i n e a c h ori e nt ati o n p er I S O 5 2 7- 2- 5 B st a n d ar d u si n g a 

c utti n g di e ( A c e St e el R ul e Di e s). A t e n sil e t e st er (I n str o n 5 9 6 6) a p pli e d di s pl a c e m e nt at a c o n st a nt r at e of 0. 1 m m / s t o t h e s a m pl e s, 

w hil e t h e f or c e w a s r e c or d e d at a fr e q u e n c y of 2 0 H z. Str e s s i s c al c ul at e d a s t h e f or c e di vi d e d b y t h e cr o s s- s e cti o n al ar e a of t h e u n -

d ef or m e d s a m pl e. Str ai n i s c al c ul at e d a s t h e el o n g ati o n di vi d e d b y t h e g a u g e l e n gt h of t h e u n d ef or m e d s a m pl e. Si x s a m pl e s of e a c h 

ori e nt ati o n ar e t e st e d. 

T o u g h n e s s of t h e p ol y m er fil m i n t h e t w o ori e nt ati o n s w a s m e a s ur e d b y 1 8 0 ◦ t e a r. R e ct a n g ul ar s a m pl e s w er e c ut i n di m e n si o n s 1 0 0 

m m b y 5 0 m m. A 1 0 m m pr e c ut w a s i ntr o d u c e d b y a s ci s s or, w hi c h bi s e ct e d t h e wi dt h of t h e fil m, a n d t h e wi dt h of e a c h ar m w a s B = 2 5 

m m. O n e ar m w a s cl a m p e d b y t h e t o p gri p p er of t h e t e n sil e t e st er, a n d t h e ot h er ar m w a s cl a m p e d b y t h e b ott o m gri p p er. T h e t w o ar m s 

f or m e d a n a n gl e of 1 8 0◦ . T h e t e n sil e t e st er p ull e d t h e t o p ar m at a c o n st a nt v el o cit y of 0. 1 m m / s r el ati v e t o t h e b ott o m ar m, a n d t h e 

f or c e w a s r e c or d e d at a fr e q u e n c y of 2 0 H z. 

A  c h a m b er  w a s  a s s e m bl e d  t o  st u d y  h y dr ol yti c  cr a c k  gr o wt h  i n  P E T  fil m  b y  9 0 ◦ t e a r  (Fi g.  2 ).  A  st yr e n e  m et h yl  m et h a cr yl at e 

c o nt ai n er w a s c o v er e d wit h a r e m o v a bl e a cr yli c li d. T w o L- s h a p e d a cr yli c br a c k et s w er e fi x e d t o t h e li d t o f or m a s h elf. T h e c o m p o n e nt s 

of t h e c h a m b er w er e o pti c all y tr a n s p ar e nt, s o t h at t h e gr o wt h of t h e cr a c k c o ul d b e r e c or d e d b y a di git al mi cr o s c o p e ( C el e str o n, 5 M P 

H a n d h el d Di git al Mi cr o s c o p e Pr o), w hi c h w a s pl a c e d o n t o p of t h e c h a m b er. Pr e c ut s p e ci m e n s w er e pr e p ar e d i n t h e s a m e di m e n si o n s 

a s t h o s e f or t h e m e a s ur e m e nt of t o u g h n e s s. O n e ar m of t h e fil m w a s gl u e d t o a n a cr yli c s u b str at e wit h c y a n o a cr yl at e ( Kr a z y Gl u e), a n d 

t h e ot h er ar m of t h e fil m w a s v erti c all y l o a d e d wit h a h a n gi n g m a s s ( 2 g t o 4 5 g). T h e a cr yli c s u b str at e w a s pl a c e d o nt o t h e s h elf, w hi c h 

w a s t h e n l o w er e d i nt o t h e c h a m b er. T h e s a m pl e w a s t h e n s u b m er g e d i n a b uff er e d a q u e o u s s ol uti o n. B uff er e d s ol uti o n s w er e c h o s e n t o 

e n s ur e t h e p H r e m ai n e d wit hi n ± 0. 1 t hr o u g h o ut t h e d ur ati o n of all e x p eri m e nt s. W e pr e p ar e d v ari o u s b uff er e d s ol uti o n s of p H = 1, 3, 

7, 9, 1 1, a n d 1 3 b y mi xi n g h y dr o c hl ori c a ci d or s o di u m h y dr o xi d e s ol uti o n, s alt s ol uti o n B, a n d d ei o ni z e d ( DI) w at er ( T a bl e 1 ). T h e 

s ol uti o n s w er e m o nit or e d u si n g a p H m et er ( A p ert a I n str u m e nt s P H 6 0). H y dr o c hl ori c a ci d ( H X 0 6 0 3- 3), p ot a s si u m h y dr o g e n p ht h al at e 

( pr o d u ct # 1 0 2 4 0 0 0 0 8 0), a n d p ot a s si u m p h o s p h at e m o n o b a si c ( pr o d u ct # 5 6 5 5) w er e p ur c h a s e d fr o m Milli p or e Si g m a. P ot a s si u m 

c hl ori d e ( pr o d u ct # 6 8 5 8) w a s p ur c h a s e d fr o m M alli n c kr o dt, a n d S o di u m H y dr o xi d e ( S 8 0 4 5) w a s p ur c h a s e d fr o m Si g m a- Al dri c h. 

S c a n ni n g el e ctr o n mi cr o s c o p y i m a gi n g w a s c o n d u ct e d o n fr a ct ur e d s p e ci m e n s. T e st e d s a m pl e s w er e g e ntl y ri n s e d wit h d ei o ni z e d 

w at er a n d dri e d i n air. T o pr e v e nt c h ar gi n g, t h e s a m pl e s w er e c o at e d wit h 5 n m-t hi c k Pt 8 0 P d 2 0 all o y u si n g a s p utt er c o at er ( E M S 1 5 0 T S 

m et al s p utt er c o at er). T h e fr a ct ur e s urf a c e s w er e i m a g e d ( Z ei s s Ultr a Pl u s) at a n a c c el er ati n g v olt a g e of 3 k V. 

Fi g 2. S c h e m ati c of a n e x p eri m e nt al s et u p f or t h e st u d y of h y dr ol yti c cr a c k gr o wt h. O n e ar m of a P E T fil m i s gl u e d t o a n a cr yli c s u b str at e, a n d t h e 

ot h er ar m i s att a c h e d t o a h a n gi n g m a s s. T h e s u b str at e i s pl a c e d o n a n a cr yli c s h elf i n a c h a m b er, s o t h at t h e s a m pl e i s s u b m er g e d i n a n a q u e o u s 

s ol uti o n. Cr a c k gr o wt h i s r e c or d e d b y a di git al mi cr o s c o p e. 
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3.  R e s ult s 

Diff er e nti al s c a n ni n g c al ori m etr y ( D S C) i s c o m m o nl y u s e d t o c h ar a ct eri z e p ol y m er s. D S C s c a n s of a n a s-r e c ei v e d P E T fil m ar e 

pl ott e d a s a f u n cti o n of t e m p er at ur e ( Fi g. 3 ). T h e v erti c al a xi s i s t h e fi o w of e n er g y p er u nit ti m e a n d p er u nit m a s s t o or fr o m t h e 

s a m pl e. T hi s a xi s i s t a k e n t o b e p o siti v e w h e n t h e e nt h al p y of t h e s a m pl e i n cr e a s e s. T h e ar e a u n d er t h e c ur v e di vi d e d b y t h e r at e of 

t e m p er at ur e c h a n g e gi v e s t h e i n cr e a s e i n e nt h al p y. P E T i s a s e mi cr y st alli n e p ol y m er. W h e n t h e t e m p er at ur e i s i n cr e a s e d, t h e a m or -

p h o u s r e gi o n s wit hi n t h e s a m pl e u n d er g o a tr a n siti o n fr o m t h e gl a s s y p h a s e t o t h e r u b b er y p h a s e, a s s e e n b y a s m all p ert ur b ati o n of t h e 

h e ati n g c ur v e. T h e cr y st alli n e r e gi o n s m elt at 2 4 3 ◦ C, a s s h o w n b y a si g ni fi c a nt i n cr e a s e i n t h e r at e of e n er g y fi o w. W h e n t h e t e m -

p er at ur e i s d e cr e a s e d, t h e s a m pl e cr y st alli z e s at 2 1 1 ◦ C, a s s h o w n b y a s u b st a nti al d e cr e a s e i n t h e r at e of e n er g y fi o w. A s t h e t e m -

p er at ur e r e d u c e s f urt h er, t h e a m or p h o u s r e gi o n s u n d er g o a tr a n siti o n fr o m t h e r u b b er y p h a s e t o t h e gl a s s y p h a s e at 7 6 ◦ C. C o m m e r ci al 

p ol y m er s c a n b e c h ar a ct eri z e d b y m elti n g t e m p er at ur e a n d gl a s s tr a n siti o n t e m p er at ur e. F or e x a m pl e, P E T h a s a m elti n g t e m p er at ur e 

of 2 5 5 - 2 6 7 ◦ C a n d a gl a s s tr a n siti o n t e m p er at ur e of 6 7 - 8 1 ◦ C ( Ni sti c ò, 2 0 2 0 ; R o b e rt s o n, 2 0 1 6 ; R o n k vi st et al., 2 0 1 0 ). O ur m e a-

s ur e m e nt s b y D S C ar e c o m p ar a bl e t o t h e v al u e s r e p ort e d i n t h e lit er at ur e, w hi c h c o n fir m s t h at t h e p ur c h a s e d M c M a st er- C arr pr o d u ct i s 

P E T. 

T h e cr y st alli nit y i s e sti m at e d b y 

X =
Δ H m

Δ H m ∘ 

T a bl e 1 

R e ci p e s f or t h e pr e p ar ati o n of b uff er e d a q u e o u s s ol uti o n s. E a c h b uff er e d s ol uti o n i s pr e p ar e d b y mi xi n g t h e i n di c at e d v ol u m e s of A a n d B wit h DI 

w at er t o f or m a 1 0 0 m L s ol uti o n.   

A: a ci d / al k ali s ol uti o n B: s alt s ol uti o n 

p H = 1 0. 2 M H Cl 6 7 m L 0. 2 M K Cl 2 5 m L 

p H = 3 0. 1 M H Cl 2 2. 3 m L 0. 1 M C 8 H 5 K O 4 5 0 m L 

p H = 7 0. 1 M N a O H 2 9. 1 m L 0. 1 M K H 2 P O 4 5 0 m L 

p H = 9 0. 1 M N a O H 4. 4 m L 0. 1 M C 2 H 5 N O 2 2 5 m L 

p H = 1 1 0. 1 M N a O H 4. 1 m L 0. 0 5 M N a 2 H P O 4 5 0 m L 

p H = 1 3 0. 2 M N a O H 6 6 m L 0. 2 M K Cl 2 5 m L  

Fi g. 3. Diff e r e nti al s c a n ni n g c al ori m etr y ( D S C) m e a s ur e m e nt of a s-r e c ei v e d P E T fil m. T h e t e m p er at ur e of t h e s a m pl e i s i n cr e a s e d at a r at e of 1 0 ◦ C / 

mi n, a n d i s t h e n d e cr e a s e d at t h e s a m e r at e. T h e r at e of e n er g y fi o w i s t a k e n t o b e p o siti v e w h e n t h e s a m pl e g ai n s e nt h al p y. T h e t w o i n s et s m a g nif y 

p art s of t h e c ur v e s w h er e t h e s a m pl e u n d er g o e s t h e gl a s s-t o-r u b b er a n d r u b b er-t o- gl a s s tr a n siti o n s. 
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w h er e Δ H m i s t h e s p e ci fi c e nt h al p y of m elti n g o bt ai n e d i n t h e D S C m e a s ur e m e nt, a n d Δ H m ∘ i s t h e s p e ci fi c e nt h al p y of m elti n g of 

cr y st alli n e P E T. W e a d o pt Δ H m ∘ = 1 4 0 J / g ( R o n k a y et al., 2 0 2 0 ). I nt e gr ati n g t h e fi o w of e n er g y fr o m t h e o n s et of m elti n g t o t h e e n d of 

m elti n g a n d di vi di n g b y t h e r at e of t e m p er at ur e c h a n g e, w e o bt ai n Δ H m = 4 1 J / g. C o n s e q u e ntl y, t h e a s-r e c ei v e d fil m i s 2 9 % cr y s -

t alli n e. Si mil arl y fr o m t h e c o oli n g c ur v e, w e o bt ai n Δ H m = 4 0 J / g. C o n s e q u e ntl y, t h e s a m pl e aft er o n e c y cl e of h e ati n g a n d c o oli n g i s 

still a b o ut 2 9 % cr y st alli n e. 

O ur m e a s ur e d cr y st alli nit y i s cl o s e t o t h at c o m m o nl y r e p ort e d f or bi a xi all y ori e nt e d P E T. A bi a xi all y ori e nt e d P E T i s str et c h e d i n a 

t w o st e p pr o c e s s (R o b ert s o n, 2 0 1 6 ). A cr y st alli nit y of 1 0 - 1 4 % i s i n d u c e d b y str et c hi n g t h e fil m i n a m a c hi n e ori e nt e d dir e cti o n. T h e 

fil m i s t h e n str et c h e d tr a n s v er s e t o t h e m a c hi n e ori e nt e d dir e cti o n, t h er e b y i n cr e a si n g t h e cr y st alli nit y t o 2 0 - 2 5 %. T h e fil m i s t h e n 

Fi g. 4. M e c h a ni c al T e st s. ( a) D o g b o n e- s h a p e d t e n sil e s a m pl e s ar e c ut i n t w o ori e nt ati o n s: A ( cr a c k r u n s i n t h e r olli n g dir e cti o n of t h e fil m), a n d B 

( cr a c k  r u n s  i n  t h e  dir e cti o n  tr a n s v er s e  t o  t h e  r olli n g  dir e cti o n  of  t h e  fil m).  ( b)  Str e s s- str ai n  c ur v e s  of  t h e  s a m pl e s  of  t h e  t w o  ori e nt ati o n s.  ( c) 

P h ot o gr a p h s of t h e s a m pl e s i n t h e u n d ef or m e d st at e a n d d ef or m e d st at e. ( d)-(f) S c a n ni n g el e ctr o n mi cr o s c o p y i m a g e s of s e v er al m a g ni fi c ati o n s of a 

fr a ct ur e s urf a c e of a cr a c k r u n ni n g tr a n s v er s e t o t h e r olli n g dir e cti o n ( s a m pl e of ori e nt ati o n B). ( g) Fr a ct ur e s a m pl e s ar e c ut i n t w o ori e nt ati o n s fr o m 

a r oll of fil m. ( h) T h e f or c e- di s pl a c e m e nt c ur v e s f or s a m pl e s of t h e t w o ori e nt ati o n s. (i) S c h e m ati c of 1 8 0 ◦ t e a r. 
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annealed while constrained which can increase the percent crystallinity up to 40%. It is known that crystallinity affects the rate of 
hydrolysis (Allen et al., 1994; Golike and Lasoski, 1960; Hosseini et al., 2007; Kaabel et al., 2021). This effect, however, is not studied 
in this paper. 

We conduct uniaxial tensile tests on dogbone-shaped samples cut in two orientations from the as-received film (Fig. 4a). As the 
tensile tester pulls a sample, the sample deforms elastically, yields, strain-hardens, and fractures (Fig. 4b). All samples deform uni
formly and remain transparent throughout the test (Fig. 4c). When a sample fractures under uniaxial tension, the fracture surface does 
not show substantial localized plastic tearing (Fig. 4d). A high-resolution image shows that some region of the fracture surface has a 
laminar structure (Fig. 4e). Similar laminar structures have been reported before for biaxially processed thermoplastic films (Lu et al., 
2018; Rytoluoto et al., 2017; Shayanipour and Bagheri, 2019). It appears that after homogeneous plastic deformation, the sample 
fractures in a brittle manner (Fig. 4f). We characterize the stress-strain curve of a tensile test by six properties: modulus, yield strength, 
yield strain, fracture strength, fracture strain, and work of fracture. We obtain the work of fracture by integrating the area underneath 
the stress-strain curve. 

We measure the toughness of the PET film using 180 tear. Samples are cut from the as-received film in two orientations (Fig. 4g). 
As the two arms of a sample are pulled by the tensile tester at a constant velocity, the crack advances (Fig. 4i). The machine records the 
force-displacement curve (Fig. 4h). When the displacement is small, the force increases with the displacement, and the crack does not 
advance. When the displacement exceeds a critical value, the force plateaus, and the crack advances steadily. Recall the energy release 
rate for a tear test (Jia et al., 2022; Rivlin and Thomas, 1953): 

where F is the plateau force, is the strain in the arm, H is the thickness of the arm, B is the width of the arm, and W is the elastic energy 
density at steady-state crack growth. The plateau force is on the order of F ~ 4 N, and the width and thickness of the film are B 25 mm 
and H 50 m, respectively. Consequently, the nominal stress in the arm is F/HB 3.2 MPa. We have measured the stress-strain curve 
of the PET (Fig. 4b). At this stress level, the PET is in the elastic regime, and the strain is small, ~ 0.1%. Under the conditions that 
1, W is much smaller than the nominal stress F/HB, so that the above equation reduces to G 2F/H. The tear test is repeated five times 
for cracks running along the rolling direction of the film (orientation A), and three times for cracks running transverse to the rolling 
direction (orientation B). 

The seven properties are listed for samples in which fracture runs transverse to and along the rolling direction of the film (Tables 2 
and 3). We compare average properties of samples in the two orientations. Samples of orientation A have a somewhat higher modulus 
than samples of orientation B. We interpret this observation as an indication that polymer chains are slightly more oriented along the 
transverse direction of the film. Samples of the two orientations have comparable yield strength and yield strain. Samples A strain- 
harden more steeply and have a higher fracture strength than samples B. Samples A have a lower fracture strain and work of frac
ture, but a higher toughness, than samples B. 

Tables 2 and 3 also list the standard deviation and coefficient of variation (COV) of each property. The COV of a property is defined 
by dividing the standard deviation by the average, and gives a dimensionless measure of the dispersion of the property. The standard 
deviation of each property has its own unit, so it cannot be compared to that of another property. By contrast, COV is a dimensionless 
measure of sample dispersion, which allows us to compare COVs of various properties. Observe that the COV for every property of 
sample in each orientation is smaller than 25%. In particular, the fracture strength, fracture strain, and work of fracture have com
parable COVs to those of the modulus and toughness. These observations of PET may be contrasted with those of a brittle material such 
as silica glass. In silica, modulus and toughness have small statistical variations, but fracture strength and fracture strain can vary by 
orders of magnitude from sample to sample (Griffith and Taylor, 1921; Proctor et al., 1997). Such behavior of silica glass is commonly 
understood as follows. Fracture strength and fracture strain are sensitive to flaws, but modulus and toughness are not. We interpret our 
observations of PET to be typical of a ductile material, in which all the seven properties are insensitive to flaws. 

The work of fracture, Wc, measured by performing a tensile test on a sample without precut, is the energy per unit volume required 
to fracture the bulk of a material. The toughness, Gc, measured by performing a tear test on a sample with precut, is the energy per unit 
area required to advance a crack. The ratio of these two material properties defines yet another material property: the fractocohesive 
length, Gc/Wc (Chen et al., 2017). A material may contain flaws of various sizes. When the flaws are smaller than the fractocohesive 
length, the material fractures at a strength independent of the flaw size. On the other hand, when the flaws are larger than the 
fractocohesive length, the material fractures at a strength that decreases as the flaw size increases (Chen et al., 2017). 

The average fractocohesive length of PET is 98 m for samples A and 49 m for samples B. Chen and coauthors have collected the 
fractocohesive lengths for various metals, ceramics, and polymers (Chen et al., 2017). Silica glass has a fractocohesive length of 1 nm. 
The strength of silica glass is extremely sensitive to flaws. Any flaw ranging in size from an atomic-scale flaw to a macroscopic scratch 
will reduce the strength of silica. Consequently, silica has a large statistical variation in fracture strength (Griffith and Taylor, 1921; 

Table 2 
Properties of samples when fracture runs in the rolling direction of the film (orientation A).   

Modulus Yield strength Yield strain Fracture strength Fracture strain Work of fracture Toughness 

Average 3.5 GPa 100 MPa 4% 240 MPa 90% 160 MJ/m3 15,700 J/m2 

Standard deviation 0.3 GPa 7 MPa 1% 9 MPa 6% 10 MJ/m3 500 J/m2 

Coefficient of variation 8.6% 7.1% 25.0% 3.8% 6.6% 7.8% 3.2%  
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Pr o ct or et al., 1 9 9 7 ). N at ur al r u b b er s h a v e a fr a ct o c o h e si v e l e n gt h of 1 m m ( C h e n et al., 2 0 1 7 ). T h e str e n gt h of n at ur al r u b b er i s 

i n s e n siti v e t o mi cr o s c o pi c fi a w s, b ut i s s e n siti v e t o m a cr o s c o pi c fi a w s. T h e fr a ct o c o h e si v e l e n gt h of P E T i s o n t h e or d er of 1 0 0 μ m. 

C o n s e q u e ntl y, w e o b s er v e s m all st ati sti c al v ari ati o n i n t h e fr a ct ur e str e n gt h of t hi s m at eri al ( Fi g. 4 b), a s w ell a s a m o d e st c o ef fi ci e nt of 

v ari ati o n ( T a bl e s 2 a n d 3 ). 

W e st u d y h y dr ol yti c cr a c k gr o wt h i n s ol uti o n s of p H = 1, 3, 7, 1 1, a n d 1 3 at a c o n st a nt e n er g y r el e a s e r at e ( Fi g. 5 a). H y dr ol yti c 

cr a c k gr o wt h i s t e st e d b y 9 0 d e gr e e t e ar, a n d t h e e n er g y r el e a s e r at e i s c al c ul at e d b y G = F / H. W e c h o o s e t o li mit o ur st u d y t o cr a c k s 

r u n ni n g i n t h e dir e cti o n tr a n s v er s e t o t h e r olli n g dir e cti o n of t h e fil m (i. e., t h e dir e cti o n wit h a l o w er t o u g h n e s s, s a m pl e of ori e nt ati o n 

B). T h e t o u g h n e s s i n t hi s dir e cti o n i s G c ≈ 9, 8 0 0 J / m 2 . T o p r e v e nt s u d d e n u ni n hi bit e d cr a c k pr o p a g ati o n, w e l o a d t h e s p e ci m e n s t o a n 

e n er g y r el e a s e r at e of G = 4, 4 0 0 J / m 2 . T h e c r a c k v el o cit y h a s str o n g d e p e n d e n c e o n t h e p H of t h e s ol uti o n (Fi g. 5 a). T h er e i s si g ni fi c a nt 

h y dr ol yti c cr a c k gr o wt h i n b a si c s ol uti o n s. Cr a c k v el o cit y i n cr e a s e s b y a b o ut f o ur or d er s of m a g nit u d e fr o m p H = 9 t o p H = 1 3. O n t h e 

ot h er h a n d, w e d o n ot o b s er v e cr a c k gr o wt h i n n e utr al a n d a ci di c s ol uti o n s wit hi n t h e r e s ol uti o n a n d ti m e of t h e e x p eri m e nt s. T o 

e sti m at e a n u p p er- b o u n d v el o cit y, w e di vi d e t h e r e s ol uti o n of t h e di st a n c e m e a s ur e m e nt i n o ur s et u p (i. e., 1 0 0 μ m) b y t h e d ur ati o n of 

t h e e x p eri m e nt ( 1 4 d a y s), a n d pl ot a d o w n w ar d arr o w f or e a c h e x p eri m e nt i n w hi c h n o cr a c k e xt e n si o n i s o b s er v e d. 

W e al s o st u d y h y dr ol yti c cr a c k gr o wt h i n a hi g h- al k ali n e s ol uti o n, p H = 1 3, u n d er v ari o u s l o a d s ( Fi g. 5 b). Fr o m G = 3 5 0 t o G =

1, 0 0 0 J / m 2 , t h e c r a c k v el o cit y i n cr e a s e s s h ar pl y wit h e n er g y r el e a s e r at e. N e xt, fr o m G = 1, 0 0 0 J / m 2 t o G = 7, 0 0 0 J / m 2 , c r a c k v el o cit y 

i n cr e a s e s m u c h sl o w er t h a n t h e i niti al r e gi m e. Fi n all y, a s t h e e n er g y r el e a s e r at e a p pr o a c h e s t h e t o u g h n e s s of t h e m at eri al, w e s e e 

a n ot h er s h ar p i n cr e a s e i n cr a c k v el o cit y. 

At a l o w e n er g y r el e a s e r at e, G = 3 5 0 J / m 2 , t h e c r a c k g r o w s at a v el o cit y of 1 0− 7 m / s a n d t h e f r a ct ur e s urf a c e s h o w s n e gli gi bl e 

pl a sti c d ef or m ati o n ( Fi g. 5 c). O c c a si o n all y  l a y er s of  m at eri al ar e  p ull e d o ut i n  t h e mi d dl e of  t h e s urf a c e, i n di c ati n g s o m e pl a sti c 

d ef or m ati o n. At a hi g h e n er g y r el e a s e r at e, G = 5, 2 0 0 J / m 2 , t h e c r a c k gr o w s at a v el o cit y of 5 × 1 0 − 6 m / s a n d t h e f r a ct ur e s urf a c e 

s h o w s e xt e n si v e pl a sti c d ef or m ati o n ( Fi g. 5 d). L a y er s of P E T ar e p ull e d o ut of t h e m at eri al. S urf a c e m or p h ol o g y i s n ot alt er e d wit h 

T a bl e 3 

Pr o p erti e s of s a m pl e s w h e n fr a ct ur e r u n s i n t h e dir e cti o n tr a n s v er s e t o t h e r olli n g dir e cti o n of t h e fil m ( ori e nt ati o n B).   

M o d ul u s  Yi el d str e n gt h  Yi el d str ai n  Fr a ct ur e str e n gt h  Fr a ct ur e 

str ai n 

W or k of fr a ct ur e  T o u g h n e s s 

A v er a g e 2. 9 G P a  9 0 M P a 4 % 1 6 0 M P a 1 5 0 %  2 0 0 M J / m 3 9, 8 0 0 J / m 2 

St a n d a r d d e vi ati o n  0. 5 G P a  1 0 M P a 1 % 1 0 M P a 9 % 2 0 M J / m 3 6 0 0 J / m 2 

C o ef fi ci e nt of v ari ati o n  1 7. 2 %  1 0. 1 % 2 5. 0 % 6. 1 % 5. 8 %  1 0. 6 % 6. 1 %  

Fi g  5. H y d r ol yti c cr a c k  gr o wt h.  ( a) Cr a c k  v el o cit y a s  a  f u n cti o n of  p H  at  a n  e n er g y r el e a s e  r at e  of  4, 4 0 0  J / m 2 . E a c h  d at a  p oi nt  r e pr e s e nt s  a n 

o b s er v e d cr a c k v el o cit y. E a c h arr o w r e pr e s e nt s a st ati o n ar y cr a c k wit hi n t h e r e s ol uti o n of l e n gt h ( 1 0 0 μ m) a n d ti m e of o b s er v ati o n ( 1 4 d a y s). D at a 

p oi nt s i n t h e bl u e s q u ar e ar e c o m m o n t o Fi g. 5 a a n d 5 b. ( b) Cr a c k v el o cit y a s a f u n cti o n of e n er g y r el e a s e r at e f or s a m pl e s i n a s ol uti o n of p H = 1 3. 

( c) At G = 3 5 0 J / m 2, t h e c r a c k s u rf a c e i s s m o ot h wit h n e gli gi bl e pl a sti c d ef or m ati o n. ( d) At G = 5, 2 0 0 J / m 2 , t h e c r a c k s urf a c e s h o w s e xt e n si v e 

pl a sti c d ef or m ati o n. I n b ot h c a s e s, t h e cr a c k s pr o p a g at e fr o m l eft t o ri g ht. 
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f urt h er i n cr e a s e s i n e n er g y r el e a s e r at e. Fr a ct ur e o c c ur s b y c h ai n s ci s si o n, c h ai n sli di n g, or a c o m bi n ati o n of t h e t w o pr o c e s s e s n e ar t h e 

cr a c k ti p, d e p e n di n g o n e n er g y r el e a s e r at e. At a l o w G , t h e cr a c k gr o w s sl o wl y e n o u g h f or h y dr ol y si s t o t a k e pl a c e, a n d t h e cr a c k gr o w s 

pri m aril y b y c h ai n s ci s si o n wit h n e gli gi bl e c h ai n sli p: t h e fr a ct ur e i s brittl e. At a hi g h G , t h e cr a c k gr o w s t o o f a st f or h y dr ol y si s t o t a k e 

pl a c e, a n d t h e cr a c k gr o w s wit h e xt e n si v e c h ai n sli p a n d s o m e c h ai n s ci s si o n: t h e fr a ct ur e i s d u ctil e. A s e n er g y r el e a s e r at e i s i n cr e a s e d, 

fr a ct ur e u n d er g o e s a brittl e-t o- d u ctil e tr a n siti o n. 

4.  Di s c u s si o n 

4. 1.  R e a cti o n of p ol y est er i n a q u e o us s ol uti o n 

H y dr ol y si s of e st er b o n d s h a s b e e n e xt e n si v el y st u di e d ( J u n g et al., 2 0 0 6 ). I n a l o w p H e n vir o n m e nt, a h y dr o ni u m i o n ( H 3 O
+ ) 

c at al y z e s t h e r e a cti o n b et w e e n a w at er m ol e c ul e a n d a n e st er b o n d ( Fi g. 6 a), pr o d u ci n g o n e m ol e c ul e t er mi n at e d b y a c ar b o x yli c a ci d 

a n d a n ot h er m ol e c ul e t er mi n at e d b y a n al c o h ol gr o u p. T hi s pr o c e s s i s c all e d a ci d- c at al y z e d h y dr ol y si s. I n a hi g h p H e n vir o n m e nt, a 

h y dr o x yl i o n ( O H − ) di r e ctl y r e a ct s wit h a n e st er b o n d i n a n a q u e o u s e n vir o n m e nt t o pr o d u c e a m ol e c ul e t er mi n at e d b y a c ar b o x yl at e 

gr o u p a n d a m ol e c ul e t er mi n at e d b y a n al c o h ol gr o u p ( Fi g. 6 b). T hi s pr o c e s s i s c all e d b a s e- c at al y z e d h y dr ol y si s. 

It i s k n o w n t h at, f or e st er b o n d s, a ci d- c at al y z e d h y dr ol y si s i s m u c h sl o w er t h a n b a s e- c at al y z e d h y dr ol y si s. T hi s tr e n d al s o a p pli e s t o 

P E T  a n d  h a s  b e e n  c h ar a ct eri z e d  i n  diff er e nt  t y p e s  of  e x p eri m e nt s.  A m b or s ki  a n d  Fli erl  ( A m b or s ki  a n d  Fli erl,  1 9 5 3 )  s h o w e d  t e ar 

str e n gt h a n d t e n sil e str e n gt h d e cr e a s e si g ni fi c a ntl y f or P E T s u b m er g e d i n b a si c s ol uti o n s, b ut m u c h l e s s s o i n a ci di c s ol uti o n s. M e a -

s ur e m e nt s of t h e vi s c o sit y of P E T c h ai n s i n a s ol v e nt al s o i n di c at e t h at h y dr ol y si s i s sl o w er i n a ci di c s ol uti o n s t h a n b a si c s ol uti o n s, 

alt h o u g h t h e r at e of h y dr ol y si s st art s t o i n cr e a s e at a p H l e s s t h a n z er o ( R a v e n s, 1 9 6 0 ). At n e utr al p H, m a n y st u di e s s h o w t h at P E T 

u n d er g o e s n e gli gi bl e h y dr ol y si s b el o w t h e gl a s s tr a n siti o n t e m p er at ur e ( G oli k e a n d L a s o s ki, 1 9 6 0; M c M a h o n et al., 1 9 5 9 ). U nf ort u-

n at el y, w e c a n n ot m a k e a q u a ntit ati v e c o m p ari s o n b et w e e n t h e cr a c k v el o cit y a n d c h e mi c al r e a cti o n d u e t o t h e d at a u n a v ail a bilit y o n 

t h e r at e of h y dr ol y si s at diff er e nt p H. N e v ert h el e s s, o ur o w n o b s er v ati o n s t h at h y dr ol yti c cr a c k gr o w s i n b a si c s ol uti o n s, b ut n e gli gi bl y 

i n n e utr al a n d a ci di c s ol uti o n s i s c o n si st e nt wit h t h e a b o v e o b s er v ati o n s. 

F urt h er m or e, w e n ot e t h at t h e h y dr ol yti c cr a c k gr o wt h e x p eri m e nt c o n d u ct e d i n t hi s p a p er s h o ul d n ot b e c o m p ar e d t o a pr e vi o u s 

m e a s ur e m e nt of t e ar str e n gt h ( A m b or s ki a n d Fli erl, 1 9 5 3 ). T h e s e a ut h or s m e a s ur e d t e ar str e n gt h aft er a s a m pl e w a s s u b m er g e d i n a n 

a q u e o u s s ol uti o n f or s o m e ti m e. T h e y di d n ot m e a s ur e cr a c k v el o cit y w hil e t h e s a m pl e w a s s u b m er g e d i n a n a q u e o u s e n vir o n m e nt. 

C o n s e q u e ntl y, t h eir e x p eri m e nt c h ar a ct eri z e d g e n er al d e gr a d ati o n ( Fi g. 1 a), w hi c h i s diff er e nt fr o m h y dr ol yti c cr a c k gr o wt h ( Fi g. 1 

( b)). 

4. 2.  Cr a c k o utr u ns er osi o n 

A s ill u str at e d i n Fi g. 1 , h y dr ol y si s of a p ol y m er c a n c a u s e b ot h er o si o n a n d cr a c k gr o wt h. At a hi g h p H, w e o b s er v e t h at a cr a c k 

o utr u n s er o si o n. T h e cr a c k gr o w s c e nti m et er s i n a c o u pl e of d a y s wit h o ut n oti c e a bl e c h a n g e i n t h e e xt er n al di m e n si o n s of t h e s a m pl e. 

W e i nt er pr et t hi s o b s er v ati o n a s f oll o w s. 

Fi g 6. H y dr ol y si s of  a n e st er b o n d i n a n a q u e o u s e n vir o n m e nt. ( a) H y dr ol y si s i n  a n a q u e o u s s ol uti o n of l o w p H.  ( b) H y dr ol y si s i n a n a q u e o u s 

s ol uti o n of hi g h p H. 
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For the sample to erode, ester bonds must be broken into oligomers, which are then dissolved into the surrounding solution 
(Gopferich, 1996; Sevim and Pan, 2018). If the reaction is fast, reactants diffuse slowly, and the sample is large, chain scission mainly 
takes place at the sample surface. If the reaction is slow, reactants diffuse fast, and the sample is small, chain scission takes place 
throughout the bulk. When a long polymer chain near the surface of a thermoplastic is broken by hydrolysis of a few ester bonds, the 
broken chains, so long as they are not too short, remain attached to the sample by the same interchain interactions that bind the 
thermoplastic polymer. That is, the debris of broken polymer chains remains attached to the sample and slows down the transport of 
reactive species from the surrounding solution to the interior of the sample. By contrast, a crack provides a path for the reactive species 
from the surrounding solution to reach the crack tip. The crack advances when hydrolysis breaks polymer chains at the surface of the 
crack tip or in a small volume around the crack tip. Compared to erosion, the advancing crack shortens the path for the transport of the 
active species in the polymer. 

Hydrolytic crack growth in polymers has received attention recently, and its mechanism is still under investigation (Baumberger, 
2022; Shi et al., 2022; Yang et al., 2019, 2021). Hydrolysis can break polymer chains either at the surface or in the bulk of a sample 
(Burkersroda et al., 2002). Because a crack outruns surface erosion, here we focus on hydrolysis at the surface, or in a small volume 
around the crack tip. For crack growth by hydrolysis at the surface of the crack tip, the velocity of the crack may be limited either by the 
reaction or by the transport of the reactive species in the surrounding solution. For crack growth by hydrolysis in a small volume 
around the crack tip, the crack velocity may be further limited by transport of the reactants in the polymer. In either case, the applied 
load may also accelerate crack growth by lowering the activation barrier of the reaction by the stress concentrated around the crack tip. 
To sort out these mechanisms of hydrolytic crack growth, further experiments are needed. 

4.3. Potential experiments to study rate-limiting processes for hydrolytic crack growth in PET 

Crack velocity depends on energy release rate, chemical environment, temperature, and the microstructure of PET. By changing 
these conditions, mechanisms of hydrolytic crack growth in PET can be probed. In this paper, we have only varied energy release rate 
and pH. In subsequent work, we hope to observe crack velocity at even lower values of energy release rate, which will further reduce 
the effect of plastic deformation and help to differentiate hydrolytic crack growth by stress-assisted hydrolysis and transport-limited 
hydrolysis. 

We plan to observe hydrolytic crack growth under various other conditions. For example, hydrolysis and transport of active species 
have different dependence on temperature. Measuring crack velocity at various temperatures may help to understand rate-limiting 
processes for hydrolytic crack growth. We also hope to observe hydrolytic crack growth in the atmospheric environment, in which 
both relative humidity and temperature can be varied. 

4.4. Ductile to brittle transition 

When a sample is strained beyond the yield point, the polymer chains overcome the interchain friction, and slip. If chain slip 
mediates extensive deformation, the sample is ductile. As chains slip, they may jam by entanglements between the chains. Once 
jammed, the chains build up tension along themselves. For some thermoplastics, chains disentangle, and the sample fractures by chain 
slip. For other thermoplastics, the tension in the chains reaches the covalent bond strength, and the sample fractures by chain scission. 

When a PET sample with a precut is stretched in air, polymer chains near the crack tip slip due to the stress concentration. With 
increasing applied load, the plastic zone expands with more chains slipping. As the energy release rate approaches the toughness of the 
PET, the crack grows with chain scission. When a PET sample with a precut is submerged in an aqueous environment with reactive 
species, polymer chains break upon a combination of external loading and hydrolysis. Such chain scission takes time. When the crack 
advances too fast for hydrolysis to take place, chains slip extensively prior to scission, leading to a high energy release rate. When the 
crack advances slowly enough for hydrolysis to take place, chains slip negligibly prior to scission, leading to a low energy release rate. 
Consequently, hydrolysis causes a ductile to brittle transition. 

4.5. Hydrolytic crack growth in SiO2 

We can compare hydrolytic crack growth in PET and in silica, which has been extensively studied. In studying hydrolytic crack 
growth in silica, it has been common to use the measured relation between crack velocity and energy release rate (i.e., the v-G curve) to 
deduce the energetics and kinetics of stress-assisted hydrolysis (Cook and Liniger, 1993; Vlassak et al., 2005). Hydrolytic crack growth 
in silica shows three regimes of behavior (Ciccotti, 2009). In regime I, where the energy release rate is slightly higher than the 
threshold, hydrolysis near the crack tip is set by the level of stress concentration, and strained silicon-oxygen bonds lower the acti
vation energy, and accelerate hydrolysis, so that the crack velocity is sensitive to energy release rate. In regime II, at a more elevated 
energy release rate, hydrolysis is controlled by the transport of water to the crack tip; crack velocity is nearly independent of energy 
release rate and plateaus. The plateau velocity increases with the relative humidity in air, and disappears when the sample is sub
merged in water. In regime III, when the energy release rate approaches the toughness, the crack propagates rapidly with negligible 
hydrolysis. 

For hydrolytic crack growth in PET, however, the v-G curve is greatly affected by plastic deformation. Because the plastic 
deformation associated with crack growth is not fully characterized by itself, the v-G curve cannot be used directly to deduce the 
energetics and kinetics of stress-assisted hydrolysis. Furthermore, as suggested by the Lake-Thomas model, before a polymer chain 
breaks, the high stress is transmitted over some length of the polymer chain (Lake et al., 1997). When the polymer chain breaks at a 
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single atomic bond, the energy stored in some length of the chain is dissipated. For PET, the mechanisms for the observed changes in 
crack velocity have not yet been studied. Further investigation is needed to understand the threshold of energy release rate below 
which crack does not grow. It is unknown whether the stress concentration lowers the energy barrier to hydrolysis. The reactive species 
(i.e., water, hydroxide ions, or hydronium ions) can transport in the surrounding solution, as well as in the polymer. The effects of rates 
of transport on crack velocity have not been studied. Given these challenges, in this paper, no attempt has been made to deduce the 
energetic and kinetics of stress-assisted hydrolysis in PET using the v-G curve. This said, the activation energy barrier for hydrolysis of 
PET in neutral pH in the absence of stress is estimated to be 90 kJ/mol (Golike and Lasoski, 1960). 

4.6. Hydrolytic crack growth in poly(lactic acid) (PLA) 

Hydrolytic crack growth has recently been studied in a bio-derived and biodegradable polyester: PLA. At a constant energy release 
rate (G 200 J/m2), the crack velocity varies up to four orders of magnitude between pH 1 to pH 12, where the basic environment 
greatly accelerates crack growth (Shi et al., 2022). The authors demonstrate the trend shows great resemblance with that of the rate of 
hydrolysis of PLA oligomers in various pH environments. 

In the present study of PET, at a high pH, comparable crack velocities are observed at a much higher energy release rate (G 4,400 
J/m2). For a given crack velocity, the energy release rate is set by both chain scission and chain slip. The contribution of chain scission 
is sensitive to the chemistry. The contribution of chain slip depends on the interchain friction. PLA and PET have different molecular 
structures, which may undergo hydrolysis at different rates. The two thermoplastics also have different interchain friction, which may 
cause different amounts of plastic dissipation. To sort out these contributions, however, requires a much more extensive experimental 
investigation than reported here. At a low pH, as we noted before, the duration and spatial resolution of our experiments are too 
narrow for us to observe any crack growth. 

Like PET, PLA also undergoes a ductile to brittle transition. When the crack velocity is low and reaction rate is high, chain scission 
dominates, and the fracture surface is smooth. When the crack velocity is high and the reaction rate is low, chain slip dominates, and 
the fracture surface shows extensive plastic deformation (Shi et al., 2022). 

4.7. Impact on sustainable uses of polymers 

Hydrolytic crack growth in PET has not been reported before. This finding is directly relevant to the development of sustainable 
uses of post-consumer PET. About 65 million tonnes of food packaging plastics are landfilled across the globe (The New Plastics 
Economy, 2016). In a landfill, a PET bottle has an estimated half life of 2,500 years (Chamas et al., 2020). Since PET is abundant and is 
not degradable, one strategy to mitigate waste is to reuse post-consumer PET. It is critical to realize the stability of PET in its con
ventional applications, such as drink bottles and food containers, may be insufficient for repurposed applications. In particular, for any 
load-bearing applications, the chemomechanical stability of PET must be reevaluated to consider hydrolytic crack growth. For 
example, recycled PET fibers have been explored as reinforcement for concrete. Adding recycled PET to fresh concrete decreases its 
weight and increases its workability. It has shown that the addition of PET fibers to concrete leads to increases in flexural toughness 
and impact resistance after 28 days (Gu and Ozbakkaloglu, 2016). However, the enhancement deteriorates quickly and completely 
disappears after only 150 days. The authors attributed this short-lived enhancement to the degradation of fibers in concrete, which is 
highly alkaline (Gu and Ozbakkaloglu, 2016). This observation echoes our finding: load-bearing PET is susceptible to hydrolytic crack 
growth in wet and basic environments. 

Thermomechanical recycling of PET has also long been pursued and has remained a challenge (Schyns and Shaver, 2021). During 
thermomechanical recycling, the post-consumer PET products are cleaned, ground into flakes, dried, melted, and extruded (Awaja and 
Pavel, 2005). Scission of polymer chains leads to PET of inferior mechanical behavior, and should be minimized. Scission may be 
caused by contaminants including water and acid producing products (Webb et al., 2013). It remains to be seen whether thermo
mechanical recycling of PET is affected by hydrolytic crack growth. Hydrolytic crack growth increases the rate of degradation at crack 
tips by orders of magnitude, but not the rate of bulk degradation. Independent of whether hydrolytic crack growth affects thermo
mechanical recycling, our work indicates that one needs to exercise caution when using post-consumer PET in structural applications. 

Growing concerns over non-degradable plastic waste has also led to the development of degradable plastics. Degradable plastics are 
being used for biomedical applications, such as degradable sutures and implants (Chu and Cambell, 1982). Like PLA and PET, many 
biodegradable polymers and biomass-derived polymers under development have hydrolysable chains. Examples include poly(cap
rolactone) and poly(hydroxyalkanoate) (Peptu and Kowalczuk, 2018; Sudesh and Iwata, 2008). These polymers with hydrolysable 
chains are likely vulnerable to hydrolytic crack growth. Polymers in many biomedical applications bear loads, and hydrolytic crack 
growth should be characterized to prevent premature failure. 

5. Concluding remarks 

Hydrolytic crack growth is commonly studied in glass and ceramics, in which oxygen bridges are vulnerable to hydrolysis (Ciccotti, 
2009; Cook and Liniger, 1993; Vlassak et al., 2005; Wiederhorn, 1967). Most familiar commercial plastics, such as polyethylene, 
polypropylene, and polyvinyl chloride, consist of carbon chains, which are not vulnerable to hydrolysis. This fact perhaps explains the 
paucity of literature on hydrolytic crack growth in polymers. By contrast, many biodegradable and bio-derived polymers contain 
hydrolysable groups in their backbones. As these materials are under development to replace conventional plastics, it is significant to 
characterize hydrolytic crack growth in polymers containing hydrolysable groups. Among commonly used plastics, PET is special in 
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that its backbone does contain hydrolysable groups, but hydrolytic crack growth in PET has not been reported in the literature. Given 
its availability at low cost and the broad processing knowledge, PET may as well function as a model material to study hydrolytic crack 
growth in polymers. 

In summary, we have discovered hydrolytic crack growth in PET in aqueous solutions. Hydrolysis embrittles PET. Given the 
widespread use of PET, its hydrolytic fracture should be further studied to uncover the molecular processes. In particular, little is 
known about the transport of active species in PET or the effect of stress on hydrolytic chain scission. Hydrolytic fracture is potentially 
important for any polymer that contains hydrolysable bonds, either as repeat units in polymer chains, or as crosslinks between polymer 
chains. PET today is mostly landfilled and takes millennia to degrade. As the combat against plastic waste escalates, innovative uses of 
post-consumer PET are being explored, some of which require PET to bear loads. Furthermore, biodegradable and biomass-derived 
polymers are being developed, many of which contain hydrolysable bonds and are intended to replace load-bearing nondegrad
able, petroleum-derived polymers. In addition to these opportunities for sustainable uses of polymers, degradable and bio-derived 
polymers are being developed for medical applications. For all these opportunities, it is hoped that the findings of hydrolytic crack 
growth and embrittlement will inform future development. 
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