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Introduction

A Degradation of polymers

There aretwo critical factorsgoverning the degradation of polymers:
(1) Permealbility of environmental mediunfLight, oxygen, solvent etc.)

(2) formation of free radicals

1. Diffusion of environmental 2. Formation of Degradation
medium free radicals (Free radical chain reactions)
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A Major efforts so far focused on the elimination of

free radicalsby using antiaging additives
U Scavenge radicals

V' Alkyl radicals ™\~ vV Peroxy radicals """
A Hindered Amine Stabilizers A Primary antioxidant (phenolic antioxidant)
(HAS) A HAS ]
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U Forestallhydroperoxides

V Hydroperoxide/ \"\~ O—OH
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A Secondary antioxidant ROOH + R-0-R  — ROH + 0-P=0
(trivalent phosphorous, e O
thioethers) ROOH 2

A HAS

To prevent the degradation of polymers, smatiolecule stabilizers are

widely used which act by interrupting in th&ee radicalsreaction cycle

Smith, Accounts of Chemical Research, 2018, 51, 2006; Gijsman, Polymer Degradation and Stability, 2017, 145, 2



A |s there any way else to control the degradation?
block thechannel of permeabilityof environment factors

u Structuring of aggregation of polymers

Crystallization Crosslinking
Crystallinity | Free volume dCerr?sS:S)r:?g‘? Free volume
(%) radius (nm) (molicm?) radius (nm)
5 | 035 | o | 0.34 |

27 l 0.33 l

3.4 l 0.32 l

5
Lin Macromolecules 2005; &ekriardehaniMacromolecules 50(7) (2017) 282855. KBandzierzMaterials 9(7) (2016) 60



Adding barring fillers in polymer matrix ; or producing multiphase materials

V Nano sheet filler (Graphene) V Phase separated structure

°

K

Diffusion path

Dispersed Cocontinuous

0, size:0.30 nm;Mesh size0.28 nm Phase sizel00 nm¢ 100>m

Aggregation structuresnight be used for governing theiffusion of
environmental factors by changing theavailable space for diffusing
channel

Adv. Mater. 2010, 22, 4759; Nanoscale, 2010, 2, 373



Case 1.
Crystallized polymers



A Controlling the permeability by adjustingrystallization
(crystallinity, lamellae S|ze and crystal forrfds
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. Crystalline structuresvould decline the diffusion probability of environmental

factors, which play critical roles in the degradation of polymers




1. IPP: Annealing changes the crystallinity and lamellae s

U Effectsof annealingtime on crystal structures at different
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Annealing induced secondary crystallization: increase|in
crystallinity; thickening of crystals
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Q Liu, GX Li, Polymer Degradation and Stability, 2019, 162, 180



U Effectsof annealingtime on crystalstructures
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Fig. 2 Crystallinity and_Vs. annealing time

Crystallinity increases with increasing annealing time due to the
secondary crystallization, whichecomes stable after 24 h
Primary melting temperature does not change too much
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U Effectsof annealingtemperature on crystalstructure

0.55
Annealing at different Annealing for 24 hours
temperatures for24 hours
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Fig. 3 DSC melting curves at different annealing temperature, and crystallinity vs. annealing temperature

Increasing temperature will enhance crystallinity
remarkably (up to 55%)
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U Effectsof annealingtemperature on lamellaesize

K(2)= Y (a)q” cos(@z)q
fi (@)a°dq

unaged

Long period L =2q
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—— 150 °C-24 h

’\ Annealed for 24 h

I(@)q’
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q(nm)
Fig.4 SAXS curveand corresponding correlation function at different annealing
temperature

Annealing induced SAXS curves shift to lower q, the thickening

of lamellae
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U Effectsof annealingtemperature on lamellaesize

14}

~12}

Unannealed 80°C  100°C 120°C 140°C 150°C
Fig. 5 Lamellae size calculated based on SAXS data vs. annealing temperature

Annealing leads to the thickening of lamellae up to ~ 3@




U Effectsof annealingon storagemodulus
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Fig. 6 (a) Storage modulus vs. annealing temperature measured by DMA

Annealing enhances the storage modulus, resisting deterioration in

5

mechanical properties induced by polymer degradation
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Tand

U Effectsof annealingon glasstransition temperature
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Fig. 6 (b) Glass transition temperature vs. annealing temperature measured by DMA

Annealing reduces the entanglement of polymer chains and the

concentration of polymer segments in amorphous phase, leadir

to the decrease of Tg

15
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U Effectsof crystallizationon the oxygenpermeability
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Fig. 7 Permeability, solubility and diffusivity vs. annealing temperature, measured by gas
permeability tester using film samples with thickness of 560

5

Oxygen permeability of annealed samplesresduced significanthyby
the increase of crystallinity and lamellae thickness

16




U Effectsof crystallizationon the concentrationof free radicals
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Fig. 8 Concentration of free radicals measured by Electron
Paramagnetic Resonance (EPR) under UV light

5

Concentration of free radicals decreased significantly after annea

17
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U Effectof crystallizationon the oxidation of PP

A Formationof C=0Oduring UV degradation

15} Unannealed
80°C

x 10 } 100°C Reduced by 70 %
go) ' when annealed at 150C
f= 120°C
CII> 140°C
O 5 150°C v

OF
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Aging time (h)
Fig. 9 C=0 index vs. photooxidation time measured by FTIR

5

Annealing reduced the concentration of carbonyl group by up to 70

18



U UVcauseddamageof surfacemorphology

Unannealed  ~\nnealedat  Annealed at
120°C (24 h)  150°C (24 h)

pais C %

unannealed 27.1

. 120°C 24.0

Photodegradec"_ == 150°C 24
(192h) ===

Fig. 10 Surface morphology of annealed samples after photooxidation measured by SEM

Annealing suppressed the formation of microcracks after UV expos

19

Table 1Area percentage of cracks (APC)
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U Effectof UVirradiation on the melting point after annealing

170

The drop ofT,, during
photo-oxidation
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when annealed at 15(

160 f

A —4

C

A

~& 150°C
% 1400C

OC)

- 120°C
¥ 100°C

80°C
Unannealed

130 = [ 1 1 1 1
0 50 100 150 200 250
Aging time (h)

Fig. 11 Ivs. photooxidation time for unannealed and annealed samples

The better crystal structure had the better effects in preventing
the UV degradation

5
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Permeable channel of oxygen,hl >~ | + %  XBlock the permeable channel of oxyger
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oxygen permeability, and enhances its resistance to phatadation

Higher crystallinity and thicker lamellae size of annealed PP lowers|th
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2. IPP: Using-nucleating agent>

crystal forms
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Fig. 12 Polarized optical images'eiPP and -PP

5

I -sheet crystals have a better fine structure and higher density,
which reduced the oxygen permeability

YD Lv, GX Li, Polymer Testing, 2013, 32, 179

22



U Effectsof crystalform typeson oxygenpermeability
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Fig. 13 Permeability, solubility and diffusivity fePP and -PP, measured by gas permeability tester
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With a similar crystallinity (48 49%), -PP has much lower

0

oxygen permeability; it is very effective in controlling the
diffusion channelof oxygen




U Effectsof crystalform typeson oxidation (C=0)

Carbonyl index

Thermal oxidation, 100C

12
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Similar degradation products
Fig. 14 C=0 index for neat PP ardP during Fig. 15 FTIR curves for neat PP iaiRP
thermal oxidation during thermal oxidation

I -IPP has much lower carbonyl concentration ascribed to its
better oxygen barrier ability

24



U Mechanisms of the size of crystals on the
degradation(thehigherdensity and lower permeability)
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b-nucleating %
agent 3

~u § 37 1 (W s
1 " I N Y 3
Ao i 3 N {7 A\ 2]
= 2 2 3 s
1R L \ d & RS Y /A
- 1ePRGS Y — v Y (4 IS YW [ 5 7
7 W RN P T A J RS P
) u’n 3 - = = N
¥ o= / i 7
H - / N ’ h 77 ‘e
kW FN SN R (PN N NN I
R | \S R ¢ DY (VY [ | (i
¥ ) Py N A (W
TN ‘ £
4 ) 3 U
¢ l L
crystal form ;

U Lower oxygen permeability
and solubility

Tiny and small diffusion channetf | -PP lower the oxygen

5

permeability, which enhances its resistance to thermaidation
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3. PC: Solvent induced surface crystallization

U Condensedstateson surfaceto hinder diffusion channels

O,, HO, UV, etc. 0,, H,0, UV, etc.
IS 2SS 0 How to construct a

u COOTURARO MR 1T denser barrier layer:
% @ 1 ‘ crystallizatiorf?

U Preparationof surfacecrystallizedPC

A Amorphous PC A Surface crystallized PC

Soaked in acetone
for 1 min to remove residual acetone

on the surface80°C

Acetone, 25C

YL Zhou, GX Li, Polymer Degradation and Stability, 2013, 98, 1465 26




U Effectsof surfacecrystallizationon the hydrophobicity

Fractured cross-section by SEM

’W—-—w—-—m.

Crystallinity=
4.76 %

Acetone induced

(a) Amorphous crystallization
X €00 P = >

Contact angle

(d) Crystallized: 130°

Fig. 14 Crossectional images and contact angle for neat PC and sudastallized PC

Hydrophobicity of PC is enhanced obviously with the

E)

surface crystallization

27



U Effects of surfacecrystallization on the hydrothermal
oxidation stability

Table 2 Reduction in concentration©fO group hot water 650C )

Neat PC Surface crystallized PC

Reduction in C=0

: 33.9% 23.9%
(Hydrolysis for 36 day)s
Retention ofmolecular weight c Retention ofelongation at break
(@] i
=— Amorphous = 1.2 —s=— Amorphous
1.00 1 e —Surface crystallized GC) ] —e— Surface crystallized
0.95 X
c§> @G 0.8
= S
< Qo ]
E; 0.904 - 0.6
c
5 041
0.85 = -
G
o 0.2-
c
5 _
0.80 T T T T T T T T L 00 T T T T T T T T
0 10 20 30 40 0 10 20 30 40

hydrolytic time (day) hydrolytic time (day)

Fig. 15 Retention of molecular weight and elongation at break vs. hydrolytic time for neat PC andaydtatkzed PC

Enhancement in the hydrophobicity of surface crystallized PC

5

Inhibits the hydrolysis

28



Case 2:
Orientated polymer



PAG: Orientation prevented the hydrothermal oxidation

U Effectof drawingorientation on crystalstructuresof PA6

Table 3 Draw ratio against crystallinity — T T T Crystalline morphology
a5} -DR0% of etched surface
—DR01% R 0% .
201 ~+—DR-600% : L
0 39.2 t '
0
T
200 45.0 0.17 Lfl 15¢
400 45.4 0.18 ol
600 53.6 0.21 Trroreee

05 A | N 1 . [ I L
160 180 200 220 240
Temperature ('C)

) . . . Fig. 16 DSC melting curves and crystal
Polymer drawmg Increases the orientation morphology of PA6 and orientated PAG

degree and crystallinity of PA6

30
KH Shi, GX Li, Journal of Thermal Analysis and Calorimetry, 2016, 126, 795



U Effectof drawingorientation on the hydrophobicity of PA6

Table 4Draw ratio against
coefficient of water diffusion

—o— DR-200% | - = ' 400 1.02x 16
—&— DR-400%
—v—DR-600%|{ [PASSALLEL 600 0.71 x 16

0 10 20 30 40 50 60

10 Contact angle

N i _

=)

o -
D _ ]

i — ()

S st o 9.89 x 167
s L v

= 4l

2 . 200 2.40x 10
£

<

i

=¥

st

z

|
|
|
[ —a— DR-0%
|
|
|
]

Time (days)
Fig. 1ANater absorptioncurves of PA6 in hot water at 86

With increase of drawing ratio, water absorption decreases ;

leading to lower coefficient of water diffusion

31



U Effectof drawingorientation on surfacecracking

0% 200% 400% 600%

> rientated

60d |

Fig. 18 SEM and photographs of PA6 samples after immersingtinvater (85°C)for 60 days

Polymer orientation suppresses the cracking and yellowing of

PAG6 during hydrothermal oxidation

32



Effectof drawing orientation on tensile strength

105
100

hot water (85C)

95 ]
90 A

85| ‘
80 | N -
75|

70 | [~

65 .........................................
60

55 [ —ea—200%
L |t 400%
50

L —v— 600%
45 —a 1 1

0 5 10 15 20 25 30 35 40

Retention of tensile strength/%

Time/day

Fig. 19 Retention of tensile strength vs. hydrolytic time

The orientation increases the retention of mechanical
properties during hydrothermal oxidation
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U Effectof drawingorientation on molecularweight

Table 5 Draw ratio against

110 | | | | . Hydrolytic ratek;
! ! ' ' A Auto-catalyzed hydrolytic
hot water (83C) 1 (7]
= In (—) = —kit
= 100 1 e
i L o oy
A
> A -
Rl
-g 90
.z \i | 0 10.04
Z 80 T DR \E - 200 8.94
_Z._’ —o— DR-200% ~$ - 400 6.36
‘E ol —A— DR-400% ~ |
= —v—DR-600% ' 600 398
i 1 . L

0 5 10 15 20 25 30 3

3]
'S
o

Time (days)

Fig. 20 Intrinsic viscosity vs. hydrolytic time

Polymer orientation suppresses the decline of molecular weight
during hydrothermal oxidation

34




Block the diffusion channel
Diffusion channel of water of water

AR [ é‘\"‘ YR 2% ‘
¢ 3, r‘\- 7% fs
| g') III
A A 7 7 f

Mechanical drawing e

LI ,.., oo — l _

el ] ug"&mﬁ‘@m\m» (i Orientation -

259 U Increase in the —
crystallinity

U Lower water absorption
u Higher hydrophobicity

Higher crystallinity and orientation degree of orientated PA6 lowers its

water absorption, produced better resistance to hydrothermal oxidatio

I
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Case 3:
Adding barrier filler
INto polymer matrix



1. Adding oxygerbarrier fillers in polymer matrix

A Two dimensional plane graphene nanosheet

U Graphenehinderedtwo critical factors of degradation
(1) blockingoxygendiffusion  (2) scavengindree radical

CNT, C60, et al.
“‘ ..)
. >
;o ;}3 > ; A0y
.:": :‘:'.;:g-i ."q".- "'.'.'._ 3 ﬁfj’f!‘ ‘ 3
: ,‘ 2
— ."Diﬁtxsxon path P "3 “{; <»J) 3
Mesh size: 0.28 nm, £3ize: 0.296 nm Carbon materials with conjugated double bond

4

Graphene sheets possess great potential in improving the

5

thermal-oxidative stability of polymers

Comptonet al. Advancedaterials 2010, 22, 47594763 GalanoNanoscale2010 2, 373¢380



U Preparationof crGOpolymer composites

(1) Preparation of chemically reduced graphene oxi@eGQ

_— >
= *MNO, N,Hy-HO, NH-HO
/// H2SQ NaNQ 98'C, 3 hours
Graphite powders Graphene oxide (GO)

(a modified Hummers method)

(2) Preparation of composites

crGO +PP(T30s) ~— Vacuum drying

A ﬁ Mmyn'/ I mj
130- ’3‘ Melt blending
m Master batch

(crGO, 5 wt.%)

Ultrasonic dispersing  Solution mixing

Yang JL, Li G3Xournal of Materials Chemistry,2013, 37, 11184

N

N

— /N
“y

crGO

Neat PP
PPRO2 (crGO

PPRO5 (crGO
YAY
PPR10 (crGO

PPR20 (crGO

PPR36 (crGO

, 0.2 Wt.%)

, 0.5 Wt.%)

, 1.0 Wt.%)
, 2.0 Wt.%)

, 3.6 Wt.%)

38



U Characterizatiorof crGO

5.0 nm

OQnm[

-

— Raw
— C=C,C-C
—— C-OH
— C-0-C
— C=0

(C)

Intensity (a.u)

10.0 pmi

Intensity (a.u)

5.0 nm

GO  AFM

0.8 nm I

200 288 286 284 282 280
Binding Energy (eV)

290 288 286 284 282 280

Binding Energy (eV)

Fig. 21 The AFM, XRD and XPS results of G&®@GOd

E)

crGOis successfully synthesized

Relative intensity (a.u.)

XRD

Two-Theta (deg)

neat PP
_/J\J\/\—JL;,JE&
M
d =0.34 nm (26.5°) GO
A _d4=0.861m (10.3°) GO
d=0.34 nm (26.5°) | NG
5 10 15 20 25 30 35
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U Oxygenpermeability and radicalscavengingbility of GO

Po, (3 1014 cm3cm/icm?s Pa)

Barrier effect Radical scavenging (DPPH)
50
7.9
40 4
g
>
E 7 crGO
Reduced | < - B
by 35% =
2
51 S 10.
3
O ]
(0))]
l O j
Neat PP PperO 0 40 80 120 160

Concentration (mg/ml)

Fig. 22 Oxygen permeability and radicals scavenging ability of G&@@@adRadical scavenging ability was

measured using DPPH (@Iphenytl-picrylhydrazyl), which is a stable fresdical molecules.

PP/icrGOcomposites have much lower oxygen permeability and
higher radical scavenging ability

40




U Thermatoxidative stability of PP/crGOcomposites

Weight (%)

Thermal degradation curves Onset thermal degradation temperaturely)

1 (b Ti (C Air
100_(_)_________1\/ ( ) ! 330k

80

‘ 8)
60 T 300
=
40 4
| ——neatPP
—— PPRO2
204 ——PPRO5 270
| ——PPRI10
—— PPR20
04 ——PPR36

T T T T T T T T T T T T T
2000 250 300 350 400 450 500 550
Temperture ( C)

40
Neat PP PPR02 PPRO5 PPR10 PPR20 PPR36

Fig. 23 Thermal degradation curves and thermal degradation temperature of PP/GO ar@@®®emposites

. crGOsuppresses the oxidation of PP in air atmosphere




U Physicamixture of GO/antioxidant (AO)in PP

A Preparationof iPP/GO/AQOcomposites

(a) Preparation of G&oated PP pellets (b) Preparation of GO/iPP composites

) / Neat PP
GO or GOXO IPP(free of AQ

7»

<> &> Vacuum drying Coatedmy 7 LY /_FP/@O)(190/0.5)
o = ey >

PP et blending PP/GO (100/1.0)

Ultrasonic dispersing Solution mixing CoatediPP

. PP/AO/GO (100/0.5/1.0)

AO:
H;@JYO Phenolic antioxidant (3;8i-tertbutyl-4-hydroxycinnamic acid)

(To avoid the complexity of system , no surface modification or compatibilizer is used)

Interaction between AO and GO caused a better dispersion
Oxygen barrier of GO and radical scavenging ability of both GO

and AO could generate much better resistance to the degradation

Yang JL, Li GX. Carbon 2015, 89,349, Journal of Materials Chemistry A, 2013, 1: 11184 42



U Dispersionand oxygenpermeability
Better dispersion of GO iRP Lower oxygen permeability of PP/GO

Reduce(
by 47 %
li

Neat PP PP/AO PP/GO PP/AOC/GO

p ==~

Po, (® 10714 cm3-cm/cm2-s-Pa)

Fig. 24 Dispersion status of GO and oxygen permeability of PP/GO and PP/AO/GO composites

Interaction between AO and GO causeeétter dispersion of
GO,which leads to synergistic effect®etter oxygen barrier

43



Heat Flow (a.u) Endo

Oxidation induction time (OIT) measurements

— !
PP/AO PP/GO/AO
18.4 min 384 min |
PP/GO :
1.2 min ;
PP :
0.8 min :
OIT(min) — =

Time (min)

Weight (%)

U Thermaloxidative stability of PP/AO/GOcomposites

Thermal weight loss curves

100 | Increased by 37C
801 Under Air
60+ Samples T; (°C)
| == Neat PP 241
40 -
| = PP/GO 258
204 = PP/AO 252
1 — PP/AO/GO 278
04
100 150 200 250 300 350 400 450

Temperature ( C)

Fig. 25 Oxidation induction time curves and therma
degradation curves a#f PP/GO and PP/AO/GO
nanocomposites

By incorporating mixture of AO/GO: (0.5 wt. % / 1.0 wt. %),
OIT andT, of PP were improved significantly.

44



2. Opposite example: to produce a diffusion channel
by making surface microcracks

Formulation of PVC material

Component phr

P\V/C 100 Aging at constant strain
Lead sulfate tribasic 2

Lead phosphite dibasic 1

Stearic acid (HSt) 0.5

T=50°C

. . . in=0N-40
Photo-oxidation experiment Strain=0-4%

High-pressure mercury lamp
500 W (55W/m?2 @365nm) Three-point bending clamp
T=50% 5°C Aging at constant stress
Aging time: 20 d, sampling for every 5 d
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U Stresscausedmicrocrackson the surfaceof PVC

300x

Aging time: 20 days
Strain=2%

3000x

d i 3 X L 7 e - ».’Srk
Without stress With stress
Fig. 26 Surface morphology of PVC before and after degradation

X

Deeper microcracks are formed in stressed samples, facilitating
the diffusion of oxygen




