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Background and Motivation

Over 30 Million Ibs of waste
plastic in 2006 in the USA.

E}.\ (_ZA

HDPE

A Melt blending is an attractive
approach for recycling mixed
polymer waste streams.

A Incompatibility of PP and HDPE
results in blends that have
extremely low toughness

Ref. www.epa.gov
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Using Ethylene-Octene Copolymers as Compatibilizers
to Improve Toughness of PP/HDPE Blend

50
Compatibilizer | Toughness
40 - (GPa)
. PP/HDPE 0.20 ° 0.01
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& |\F w/ P/E859 E0855 8.8° 0.4
104 P/E859 7.7°1.1
| P/EST6 13.0° 1.8
0 . ' . . . ' .
0) 200 400 600 800

Strain (%)
A Ethylene/Octene copolymer effectively improved toughness of PP/HDPE blend.
A Block copolymer (OBC) is more effective than the random copolymers.

Ref: Lin YJ, Yakovleva V, Chen HY, Hiltner A,
CRPRI Baer E, J Appl Ploym Sci, 113, 1945 (2009). CASEWESTERNKESERVE
|
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Compatibilizers Migrating at the Interface
of PP and HDPE to Reduce Surface Tension

PP/HDPE Control PP/EO855/HDPE PP/OBC/HDPE
63/10/27 (w/w)

70/30 (Wiw) 63/10/27 (wiw)

\ EO855 at

OBC at
interface interface
20mm 20mm 20mm
Interface Thickness: Interface Thickness:
2007 600 nm 1007 500 nm

A The enhanced interface adhesion between PP and HDPE contributed to the
higher toughness of the blends.

Ref: Lin YJ, Yakovleva V, Chen HY, Hiltner A, Baer E, J Appl Ploym Sci, 113, 1945 (2009).
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Measuring Adhesion between Polymer Blend
Components using Microlayered Tapes

Polymer Blend
O

o
o O

O © ©

Polymer blend: not possible to measure adhesion directly.
Microlayers

nidOo bl end: controlled I nterfaces

Ebeling T, Hiltner A, Baer E. Polymer 1999;40:1525
CRPRI Poon BC, Chum SP, Hiltner A, Baer E, Polymer, 2004,45:893  [J Case Western Reserve
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2-Component System Materials

Sample Styrene DMTA DSC DSC DSC
content T, Cryst. | T  onset| T, peak
(wt. %) (°C) (Wt. %) (°C) (°C)
ES30 30.3 -4 18 -16 61
ES40 39.5 -7 6 -18 31
59.7 16 - - -
68.4 31 - - -
LDPE - - 45 106 110
CRPERI Ronesi V, Cheung YW, Hiltner A, Baer E. J Appl Polym Sci 2003:89:153-62. CASEWESTERNRESERVE
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2-Component Coextrusion Setup

AB Feed block

|

Melt Pump B

LDPE I

Melt Pump A

IREE

w
/M’/
~

Layer

N Multipliers

7))
K

Exit Die

[1] Kendall K. J Adhesion 1973;5:105.
EIDIDIDII [2] RonesiV, Cheung YW, Hiltner A, Baer E. J Appl Polym Sci 2003;89:153-62.
[3] Ebeling, T., Hiltner, A., Baer E. Polymer 1999;40:1525-1536. @;
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Prior Art: Adhesion of Ethylene-Styrene Copolymers to

Polyolefins

200 . 33-layers
_ oo traes ooR® | som0or o5
“ ' LDPE/ES
£ 150 A
@ﬁ l8-15mn
- &/ oo
Z 100 ‘9/560/ —_—
= 7
O
50 -
O

Peel Rate = 10 mm/min
0 , . . AN
10 20 30 40 50 60 70 80
wt. % Styrene
h = initial layer thickness 0J/m?at 72.5 wt. %

CRPERI Ronesi V, Cheung YW, Hiltner A, Baer E. J Appl Polym Sci 2003;89:153-62. CASEWESTERNRESERVE
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Delamination Mechanism of Low Adhesion LDPE/ES

LDPE/ES60 (90/10)
G = 850 J/m?2

Mechanism: Bulk layer
stretching of ES only, small
damage zone. No significant
LDPE deformation.

Recovered ES

SEM of Peel Fracture Surfaces

LDPE Side ES Side

8831 15KV X1,800 10vm D48

CASEWESTERN RESERVE
JUNIVE R STTX
CASE SCHOOL OF ENGINEERING

‘]:Implpll Ronesi V, Cheung YW, Hiltner A, Baer E. J Appl Polym Sci 2003;89:153-62.
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Delamination Mechanism of High Adhesion LDPE/ES

LDPE/ES30 (90/10)
~500% ES Strain
G = 2250 J/m?

Localized stretching and
) cavitation of LDPE

_ Mechanism: Bulk layer stretching
Stretching ES of ES occurs concurrently with
localized stretching and crazing
of the LDPE layer followed by
interfacial failure

Recovered ES

SEM of Damage Zone SEM of Peel Fracture Surfaces
LDPE Slde - ~ES Side

< g0iMggisky 1000 10w ND4g.

© SKU %250 100vm WD1S

CASEWESTERN RESERVE
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Materials
Adherend Layers

Density
Polymer Description Grade (g/cc)
Ziegler-Natta
ZN-HDPE Homopolymer [DMDH 6400 0.961
Ziegler-Natta
PP Homopolymer [H105-03NA 0.900

Adhesive Tie-Layers

Soft Hard
Density | Total C, | Total Cg| Segment | Segment | % Soft
Polymer Description (g/cc) (mol%) | (mol%) | C,; (mol %)| C, (mol %) Segment
Statistical
EO855 | Copolymer 0.855 83 17 - - -
Statistical
P/E 859 | Copolymer 0.859 20 - - - -
Olefinic
Block
OBC Copolymer 0.880 89 11 16 0.4 76

A EO0855 was chosen to have the same density as the soft segment of the OBC.
A P/E859 was chosen to have approximately the same density as the EO.

CRPRI % CASE WESTERN RESERVE
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3-Component MultilayerCoextrusion Setup

Melt Pump B A-T-B-T-A (5 Layer)
Feedblock
B D Adhesive
.
Melt Pump A W Melt Pump T
L
G
SRS L
] ayer
sy | Multipliers

Exit Die

[1] Kendall K. J Adhesion 1973;5:105.
‘Eﬂ'plpll [2] RonesiV, Cheung YW, Hiltner A, Baer E. J Appl Polym Sci 2003;89:153-62. /
[3] Ebeling, T., Hiltner, A., Baer E. Polymer 1999;40:1525-1536.
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ARniIDo Bl ends wi t ALayen ThiCkeessea t T

Tie-layer = 0.2 nm 0.4 mMn 0.8 mm

HDPE
Tie

PP

30mMm - 30mMm 30mMm

1.3 mMm 10 mm

30mm | 50 mm | S— T
A Continuous thin and thick tie-layers were successfully coextruded for the study.

CRPRI A.R. Kamdar et al. / Polymer 50 (2009) 33191 3328 CASE WESTERN RESERVE
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Adhesion Measurements with Microlayered Tapes

1. T-Peel Test Grip

t

Peel 3
G = 23 F

Force

Grip

2. FTIR Micro-ATR performed at 50 mm intervals on matching peeled surfaces

BEEN
4 I

Side A Side B
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Effect of Tie-Layer Thickness on Delamination Toughness

3000 1500

OBC _@ | € —> OBC
1 Thin Thick

Tie-Layer | Tie-Layer

2500 -

1000 ~

= = N
o a1 o
o o e,
o o s
1 1 1

500

Delamination Toughness, G (J m'z)

1 N 1 N 1 N 1 N I i 0 v 1 v I i I

o 2 4 6 8 10 12 14 16 0 1 2 3 4
Nominal Tie-Layer Thickness (nm) Nominal Tie-Layer Thickness (nm)

T —

AThe delamination toughness of OBC was substantially higher than that of P/E859, as
well as EO855.

ATwo regimes were observed:
A OBC and EO855: 21 14 mm thick, and 0.17 1.3 mm thin, tie-layer regimes.

A P/E859: 0.8 14 mm thick, and 0.2 i 0.8 mm thin, tie layer regimes.
1. A.R. Kamdar et al. / Polymer 50 (2009) 33197 3328

CRPRI 2. P. Dias et al. / Polymer 49 (2008) 29371 2946 CASE WESTERN RESERVE
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Identification of Peeled Surface Composition Using ATR-FTIR

PP/EO855/HDPE tape as an example
Side A Side B

vy vy

Ay _/' 11
o 1 Side A (EO855) o 1
3} O Slde B (PP)
m - A & oaf—Hr N
2 A N 2 A ﬂ
3 EO855 control o EO855 control
n 1 rd |
Qo N A o ___]\ — A
< <

0.2 PP control 0_2- PP control

] ‘l ‘ ZN-HDPE control l ZN-HDPE control
0.0~ i ——— L“ 00— = Lh

3200 3000 2800 1400 1200 1000 800 600 3200 3000 2800 1400 1200 1000 800 600

A ATR-FTIR analysis of the peel surfaces was conducted for each sample to confirm
the delamination interface and mechanism.

A Adhesive delamination occurred at the PP/tie interface from the ethylene-based
copolymers.

A Adhesive delamination occurred at the HDPE and P/E859 interface.

1. A.R. Kamdar et al. / Polymer 50 (2009) 331971 3328 .
CRPRI 2.Y.J. Lin. et. al./ POLYM. ENG. SCI., 50:592i 605, 2010. CASEWESTERN RESERVE
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Comparison of the Del ami-b@atBloen
and Toughness of Conventional Blends

O OOO

QOO

3000 - Compatibilizer | Toughness

(GPa)
OBC 14.3° 1.1
NE P/E859 7.7°1.1
S’ EO855 8.8° 04

PP/HDPE 0.20° 0.01

04— T T T T T T T T T T T T T

0 2 4 6 8 10 12 14 16

Tie Layer Thickness (nm)
A Peel test results for 1-D blends agreed with tensile test results for real blends

expect for P/E876.
1. A.R. Kamdar et al. / Polymer 50 (2009) 33197 3328

2. P. Dias et al. / Polymer 49 (2008) 29371 2946 i~
CRPRI 3. Y.J. Lin. et. al./ POLYM. ENG. SCI.. 50:592i 605, 2010, LASEWESTERNRESERVE
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SEM Images of Damage Zones of Thick EO855 Tie-Layers
Thick Tie-Layer Regime
10 mm Tie-Layer 4 mm Tie-Layer

G = 1410 J/m? G= 930 J/m?

s A, hen e

8052 4.0KU X300 100ra HD12 %300 108Pn WD14

A Delamination adhesively occurred at PP/EO855 interface.

A A continuous plastic damage zone with some fibrillation was observed in the
EOB855 tie-layer.

A As the tie-layer thickness increased, the crack-tip opening increased by about
4x and the damage zone length increased by about 1.3x.

. CASEWESTERNRESERVE
UNIVERSIETY
CASE SCHOOL OF ENGINEERING

CRPRI A.R. Kamdar et al. / Polymer 50 (2009) 33197 3328
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SEM Images of Damage Zones of Thin EO855 Tie-Layers
Thin Tie-Layer Regime
0.8 mMm 0.2 mm
G = 530 J/m? G = 110 J/m?

pery 5KV X300 108Fm ND10 9805 5KV %300 100¢n WD1

&= HDPE

ap12  SKU  X1,0080 18vm WD1¢ 2085 SKU  %1,000 10vm W1

AAs the thickness of the EO855 tie-layer was decreased further, the damage zone was
mainly composed of fibrils probably due to insufficient tie-layer material.

CRPRI A.R. Kamdar et al. / Polymer 50 (2009) 33191 3328
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Schematic Representation of Damage Zone in
EO855Tie-Layers

Thick tie-layer
HDPE
o855 Il
PP

a
Thin tie-layer
Void length
j:'e HDPE
EO855 ==
a PP
Aeff = A - Qypids

Gcalculate

Consider damage zone as
an Irwin plastic zone

3 0 2
G _ 2p3a U,
calculated E
3 0| 2
calculated E

4 calculated delamination toughness.

a or a;: damage zone length or effective damage zone length from SEM.

s,: yield stress of EO855 from stress-strain test.
E: 5% secant modulus from stress-strain test.

Ref: Kinloch AJ, Young RJ, Fracture behavior of polymers.
Essex: Applied Science; 1983. p. 74-106. U <Lhata el

CRPRI

Center for Applied Polymer Researc
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Constrained Uniaxial Stress-Strain Curve for
EO855 Tie-Layer

10
T
o 8 4
2
Thickness: 0.6 mm 7
e o
65 mm 5
@)
= 4 4
5] EO855
)
=
oD 2-
LICJ , s, =1.0 MPa
Temperature: 21°C —
: 7 E=1.6 MPa
Rate: 500% min- o
0 500 1000 1500 2000

Engineering Strain (%)

A Constrained uniaxial tensile test was used to simulate the deformation of the tie-layer
in the peel test.

A Yield stress and 5% secant modulus were obtained and used in calculation.

ChPRI A.R. Kamdar et al. / Polymer 50 (2009) 3319 3328 @L CASE WESTERN RESERVE

UNEVERSITY

CASE SCHOOL OF ENGINEERING
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Comparison of G cuiateq USING Yield Stress and G, cyreq fOF
EO855 Tie-layers

Tie-Layer | Damage Zone | Effective Damage| Calculated Measured
Thickness Length Zone Length Delamination | Delamination
d, a Aess Toughness Toughness
(m) (m) (mn) Gcalculated Gmeasured
(J/m?) (J/m?)
0.2 140 33 143 120 + 10
0.4 226 100 430 430 + 30
0.8 244 125 540 530 + 10
1.3 120 112 440 660N 20
2 196 - 728 700 N 40
4 207 - 895 930 N10
10 272 - 1180 1410 N 20
14 362 - 1421 1550 N 100
3 0| 2 3 o 2
G _zpta u, for thick tie-layer G 2P 8 Y, for thin tie-layer

calculated ~ E calculated ~ E

A G_,cuiaed WaS cOmparable (within 10 to 15 %) to the G, ..ureq, iNdicating that the
main contribution to delamination toughness is due to yielding of the tie layer.

CRPRI A.R. Kamdar et al. / Polymer 50 (2009) 33197 3328 % CASE WESTERN RESERVE

: UNIVERSITY
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SEM Images of Damage Zones of Thick P/E859 Tie-Layers
Thick Tie-Layer Regime

14 mm tie-layer 10 mm tie-layer

G = 2184 J/m? G = 1594 J/m?

A Delamination occurred adhesively at the HDPE/P/E859 interface.
A A continuous plastic damage zone was observed in the thick P/E859 tie-layer.

A As the tie layer thickness increased, the crack-tip opening and damage zone
length increased.

CASE WESTERN RESERVE

UNITVERSTITY
CASE SCHOOL OF ENGINEERING

CRPEI Y.J. Lin. et. al./ POLYM. ENG. SCI.. 50:592i 605, 2010.
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SEM Images of Damage Zones of Thin P/E859 Tie-Layers
Thin Tie-Layer Regime
0.8 mm tie-layer 0.4 mm tie-layer

G = 656 J/m? G = 457 J/m?2

AAs thickness of P/E859 decreased into the thin tie-layer regime, the damage
zone was mainly composed of fibrils due to insufficient tie-layer material.

AAs aresult, delamination toughness decreased more rapidly.
COPRI Y.J. Lin. et. al./ POLYM. ENG. SCI., 50:592i 605, 2010. [P GaseWesTERN Resrve

Center for Applied Polymer R e e ar I . coCi00 O GO G




Schematic Representation of Damage Zone in
P/E859Tie-Layers

Thick tie-layer
HDPE
p/Esso Il
PP

a
Thin tie-layer
Void length
j:'e HDPE
P/E859 ==
a PP
Aetf — A - Aygids

GcaIuIate

Consider damage zone as
an Irwin plastic zone

3 0 2
G _ 2p3a U,
calculated E
3 0| 2
calculated E

4 calculated delamination toughness.

a or a;: damage zone length or effective damage zone length from SEM.

s,: yield stress of P/E859 from stress-strain test.
E: 5% secant modulus from stress-strain test.

Ref: Kinloch AJ, Young RJ, Fracture behavior of polymers.
Essex: Applied Science; 1983. p. 74-106. U <Lhata el
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Constrained Uniaxial Stress-Strain Curve for
P/E859 Tie-Layer

16

14 -

12 -

Thickness: 0.6 mm

10 -

65 mm

P/E859

s, =2.3 MPa
E=7.5MPa

Engineering Stress (MPa)
(0]

Temperature: 21AC
Rate: 3000% min-?

O 200 400 600 800 1000 1200 1400
Engineering Strain (%)

A Constrained uniaxial tensile test was used to simulate the deformation of the tie-layer
in the peel test.

A Yield stress and 5% secant modulus were obtained and used in calculation.

CRPRI Y.J. Lin. et. al./ POLYM. ENG. SCI., 50:592i 605, 2010. W C e WESTERN RESERVE

Center for Applied Polymer Researc CASE SCHOOL OF ENGINEERING




Comparison of G cuiateq USING Yield Stress and G, cyreq fOF
P/E859 Tie-layers

Tie-Layer | Damage Zone Effective Calculated Measured
Thickness Length Damage Delamination | Delamination
d, a Zone Length Toughness Toughness
(mn) (mn) Aeff Gcalc:ulated Gmeasured
(mMm) (J/m?) (J/m?)
0.4 340 79 380 457 + 67
0.8 240 90 433 656 = 90
2 146 - 703 734 £ 92
4 177 - 852 990+ 50
10 253 - 1218 1594 + 56
14 293 - 1411 2184 £ 160
o 2 o 2
G.oievinted = p’a 4, for thick tie-layer | | G euated = 2P” B Y, for thin tie-layer

A G_yculates WS comparable (within 10 to 20 %) to the G, .cureq TOF tapes with thin tie-layers.

E

E

A For the thickest tie-layer, G_.yaeq 1S SUbStantially lower than G ..c.eq- It indicated a
critical stress, which is larger than the yield stress, controlled the G.

CRPRI

Center for Applied Polymer Researc

Y.J. Lin. et. al./ POLYM. ENG. SCI., 50:592i 605, 2010.

% CASE WESTERN RESERVE

UNEVERSITITY
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Calculation of Critical Delamination Stress for P/E859

Obtained from _
constrained uniaxial <— I | S Obtained from

stress-strain peel test
3
CI — (E Gmeasured )112
¢ 3
2p3 a
I _, Obtained from SEM
= damage zone
o
2
[7)]
(79}
o
0
=
5 l HDPE
o [
5 ; P/Eg59l
5 I
1 €& PP
0 —] .
0 500 1000 1500
Engineering Strain (%)
l.=e/100+1 < N | ..=d/d,
CRPRI Y.J. Lin. et. al./ POLYM. ENG. SCI., 50:592 605, 2010. W s WESTERN RESERVE
Center for Applied Polymer Researc 5

CASE SCHOOL OF ENGINEERING



Critical Delamination Stress and Draw Ratio for
P/E859 Tie-Layers

Tie-Layer | Damage | Effective| Measured Critical Critical | Critical | Crack | Maximum
Thickness| Zone |Damage|Delamination|Delamination| Strain Draw Tip Draw
d, Length | Zone | Toughness Stress e, Ratio |Opening| Ratio
(mm) a Length G S. (%) | . d | ax
(mm) Aot (J/m2) (MPa) (mm)
(nm)
0.4 340 79 457 + 67 2.5 340 4.4 33 83
0.8 240 90 656 £ 90 2.8 520 6.2 33 41
2 146 - 734 + 92 2.4 240 3.4 20 10
4 177 - 990 + 50 2.5 340 4.4 32 8
10 253 - 1594 + 56 2.6 420 5.2 64 6.4
14 293 - 2184 £ 160 2.9 570 6.7 87 6.2
o — = Gmeasured 1/2
u,=(
2p3 a

A s calculated from the Irwin model is
greater than the yield stress for the
thickest tie layer. Strain hardening
occurs in damage zone prior to

00 1000 1500 delamination.

0
COPRI Engineering Strain (%) Y.J. Lin. et. al./ POLYM. ENG. SCI.. 50:592i 605, 2010. (14 ¢4 VY THRN RESERVE

Center for Applied Polymer Researc

Engineering Stress (MPa)
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SEM Images of Damage Zones of Thick OBC Tie-Layers

10 um tie-layer 4 um tie-layer Thick tie-layer
J HDPE
; oec I
WoP®
— PP
9034 4.0kV X300 100va WD12
0.8 um tie-layer 0.2 um tie-layer
Thin tie-layer
Void length
h‘é HDPE
OBC ==
Pa4t  SKV X300 100¥m w011 < a2 > PP
0.2 um tie-layer _
- | Y et = A - ypids

A Damage zone of OBC is smaller
than EO855 and EO876 in terms
of length and crack tip opening.

A Damage zone for thin tie-layers
is mainly composed by fibrils.
. CASE WESTERN RESERVE

UNIVERSIT
CASE SCHOOL OF ENGINEERING

8045 SKU  X1,000 10vm WDI2

CRPRI P. Dias et al. / Polymer 49 (2008) 2937i 2946
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Constrained Uniaxial Stress-Strain Curve for
OBC Tie-Layer

10
OBC
s, = 2.4 MPa
81 E = 16 MPa

Thickness: 0.6 mm

65 mm

Engineering Stress (MPa)

Temperature: 21°C
Rate: 500% min-? 04

o 50 1000 1500
Engineering Strain (%)

A Pronounced strain-hardening of OBC was observed, which resulted in the
highest fracture stress of the three tie polymers.

A Yield stress and 5% secant modulus were obtained and used in calculation.

1. P. Dias et al. / Polymer 49 (2008) 29371 2946
CRPRI 2. A.R. Kamdar et al. / Polymer 50 (2009) 3319i 3328 W s WESTERN RESERVE

) SIUNIVERSITY
Center for Applied Polymer Researc CASE SCHOOL OF ENGINEERING




Comparison of G cyiateq USING Yield Stress and G, cyreq fOF

OBC Tie-layers

Tie-Layer |Damage Zone Effective Calculated Measured
Thickness Length Damage Delamination Delamination
d, a Zone Length Toughness Toughness
(mn) (mn) At Gcalculated Gmeasured
(mm) (J/m?) (J/m?)
0.2 144 8 18 98 N8
0.4 56 14 33 340 N150
0.8 46 31 70 609 N45
1.3 40 33 75 880 N 140
2 94 - 200 980 N6
168 - 360 1530 N34
10 233 - 475 2100 N72
14 306 - 690 2720 N60
o 2 o 2
G..ivinted = p’a 4, for thick tie-layer T 2P aeEﬁ Y for thin tie-layer
AValues of G_ . .eq Were significantly lower than G c.cured-

At suggested that delamination in OBC was controlled by a critical delamination stress s,

that exceeded Sy
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Calculation of Critical Delamination Stress for OBC

Obtained from _
constrained uniaxial <— I | S Obtained from

stress-strain peel test

E3G

CI — ( measured )]/2
C
2p3 a
I _, Obtained from SEM
= damage zone
o
2
0
0
g
n
2
5 l HDPE
Q |
S I osc N
5 I
1 €& PP
0 — .
0 500 1000 1500
Engineering Strain (%)
| .=e./100 +1 < > Inax=d/d
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OBC Tie-Layers

Critical Delamination Stress and Draw Ratio for

Tie-Layer | Damage |Effective| Measured Critical Critical | Critical | Crack | Maximum
Thickness| Zone |Damage|Delamination|Delamination| Strain Draw Tip Draw
d, Length | Zone | Toughness Stress e, Ratio |Opening| Ratio
(mm) a Length G S (%) | . d | rax
(mm) Ao (J/m2) (MPa) (mm)
(mm)
0.2 144 8 100 + 10 5.6 850 9.5 4 20
0.4 56 14 340 + 150 7.7 1060 11.6 10 25
0.8 46 31 610 + 40 7.1 1000 11.0 10 12.5
1.3 40 33 880+ 140 8.2 1090 11.9 15 11.5
2 94 - 980 £ 5 5.3 780 8.8 18 8.3
4 168 - 1530 = 30 4.9 720 8.2 33 7.4
10 233 - 2100 £ 70 5.0 730 8.3 68 6.5
14 306 - 2720 £ 60 4.8 690 7.9 113 7.8

A Values of calculated /, were comparable with measured |

max-*

A The critical delamination stresses were much larger than the yield stress (2.4 MPa).
A The results confirmed that the critical delamination stress, rather than the yield stress
controlled the delamination toughness for OBC tie-layer tapes.
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