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Background and Motivation 

ÅMelt blending is an attractive 

approach for recycling mixed 

polymer waste streams. 

 

ÅIncompatibility of PP and HDPE 

results in blends that have 

extremely  low toughness 

Over 30 Million lbs of waste 

plastic in 2006 in the USA. 

Ref: www.epa.gov 
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Using Ethylene-Octene Copolymers as Compatibilizers  

to Improve Toughness of PP/HDPE Blend 

Compatibilizer Toughness 

(GPa) 

PP/HDPE 0.20 ° 0.01 

OBC 14.3 ° 1.1 

EO876 2.3 ° 0.7 

EO855 8.8 °  0.4  

P/E859 7.7 ° 1.1 

P/E876 13.0 °  1.8  

ÅEthylene/Octene copolymer effectively improved toughness of PP/HDPE blend. 

ÅBlock copolymer (OBC) is more effective than the random copolymers. 

Ref: Lin YJ, Yakovleva V, Chen HY, Hiltner A,  

Baer E, J Appl Ploym Sci, 113, 1945 (2009). 
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20 mm 20 mm 20 mm 

PP/EO855/HDPE PP/OBC/HDPE PP/HDPE Control 

 63/10/27 (w/w) 

EO855 at 

interface  

63/10/27 (w/w) 

OBC at 

interface 

Interface Thickness:  

200 ï 600 nm 

Interface Thickness: 

 100 ï 500 nm 

 70/30 (w/w) 

Compatibilizers Migrating at the Interface  

of PP and HDPE to Reduce Surface Tension 

ÅThe 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 

Polymer blend: not possible to measure adhesion directly. 

ñ1-Dò blend: controlled interfaces that can be peeled apart. 

Microlayers 

Ebeling T, Hiltner A, Baer E. Polymer 1999;40:1525 

Poon BC, Chum SP, Hiltner A, Baer E, Polymer, 2004;45:893 
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Sample Styrene 

content 

(wt. %) 

DMTA 

 Tg 

 (°C) 

DSC 

Cryst.  

(wt. %) 

DSC 

Tm, onset 

(°C) 

DSC 

Tm, peak 

(°C) 

ES30 30.3   -4 18 -16 61 

ES40 39.5   -7   6 -18 31 

ES60 59.7 16 - - - 

ES68 68.4 31 - - - 

LDPE - - 45 106 110 

2-Component System Materials 

Ronesi V, Cheung YW, Hiltner A, Baer E. J Appl Polym Sci 2003;89:153-62. 
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Prior Art: Adhesion of Ethylene-Styrene Copolymers to 

Polyolefins 

33-layers  

90/10 or 95/5 

LDPE/ES 

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

SEM of Peel Fracture Surfaces 

LDPE/ES60 (90/10) 

  G = 850 J/m2  

LDPE Side ES Side 

LDPE 

LDPE 

ES Stretching ES Recovered ES Mechanism: Bulk layer 

stretching of ES only, small 

damage zone.  No significant 

LDPE deformation.   

Ronesi V, Cheung YW, Hiltner A, Baer E. J Appl Polym Sci 2003;89:153-62. 
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SEM of Damage Zone 

Delamination Mechanism of High Adhesion LDPE/ES 

SEM of Peel Fracture Surfaces 

LDPE/ES30 (90/10) 

~500% ES Strain  

  G = 2250 J/m2  

LDPE Side ES Side 

Mechanism: Bulk layer stretching 

of ES occurs concurrently with 

localized stretching and crazing 

of the LDPE layer followed by 

interfacial failure 

LDPE

ES

LDPE

Localized stretching and 

cavitation of LDPE

Stretching ES

Recovered ES

Ronesi V, Cheung YW, Hiltner A, Baer E. J Appl Polym Sci 2003;89:153-62. 
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Polymer Description Grade 

Density 

(g/cc) 

ZN-HDPE 

Ziegler-Natta 

Homopolymer DMDH 6400   0.961 

PP 

Ziegler-Natta 

Homopolymer H105-03NA   0.900 

Materials 

Polymer Description 

Density 

(g/cc) 

Total C2 

(mol%) 

Total C8 

(mol%) 

Soft 

Segment  

C8 (mol %) 

Hard 

Segment  

C8 (mol %) 

% Soft 

Segment 

EO855 

Statistical  

Copolymer    0.855 83 17 - - - 

P/E 859 

Statistical 

Copolymer    0.859 20 - - - - 

OBC 

Olefinic 

Block 

Copolymer   0.880 89 11 16 0.4 76 

Adherend Layers 

Adhesive Tie-Layers 

Å EO855 was chosen to have the same density as the soft segment of the OBC. 

Å P/E859 was chosen to have approximately the same density as the EO. 



Center for Applied Polymer Research 

3-Component MultilayerCoextrusion Setup 

[1]  Kendall K. J Adhesion 1973;5:105. 

[2]  Ronesi V, 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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ñ1-Dò Blends with Different Tie-Layer Thicknesses 

0.8 mm  

1.3 mm  

0.4 mm  Tie-layer = 0.2 mm  

PP 

HDPE 

PP 

HDPE 

PP 

HDPE 

PP 

HDPE 

4 mm 10 mm 

PP 

HDPE 
HDPE 

PP 

ÅContinuous thin and thick tie-layers were successfully coextruded for the study.  

30 mm 30 mm 30 mm 

30 mm 50 mm 50 mm 

Tie Tie Tie 

Tie Tie 

Tie 

A.R. Kamdar et al. / Polymer 50 (2009) 3319ï3328 
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2. FTIR Micro-ATR performed at 50 mm intervals on matching peeled surfaces 

Side A 

1. T-Peel Test 

Side B 

Peel 

Force

Grip

Grip

F 

³2 F
G =

width

Adhesion Measurements with Microlayered Tapes 
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Effect of Tie-Layer Thickness on Delamination Toughness 

ÅThe delamination toughness of OBC was substantially higher than that of P/E859, as 

well as EO855. 

ÅTwo regimes were observed:  

Å OBC and EO855: 2 ï 14 mm thick, and 0.1 ï 1.3 mm thin, tie-layer regimes. 

Å P/E859: 0.8 ï 14 mm thick, and 0.2 ï 0.8 mm thin, tie layer regimes. 
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Thick 
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OBC 

EO855 

OBC 
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1. A.R. Kamdar et al. / Polymer 50 (2009) 3319ï3328 

2. P. Dias et al. / Polymer 49 (2008) 2937ï2946 

P/E859 P/E859 
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Identification of Peeled Surface Composition Using ATR-FTIR 

Side A 

PP/EO855/HDPE tape as an example 

ÅATR-FTIR analysis of the peel surfaces was conducted for each sample to confirm 

the delamination interface and mechanism. 

ÅAdhesive delamination occurred at the PP/tie interface from the ethylene-based 

copolymers. 

ÅAdhesive delamination occurred at the HDPE and P/E859 interface.  
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1. A.R. Kamdar et al. / Polymer 50 (2009) 3319ï3328 

2. Y.J. Lin. et. al./ POLYM. ENG. SCI., 50:592ï605, 2010. 
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Comparison of the Delamination Toughness in ñ1-Dò Blends  

and Toughness of Conventional Blends 
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Tie Layer Thickness (mm)

OBC 

P/E859 

EO855 

Compatibilizer Toughness 

(GPa) 

OBC 14.3 ° 1.1 

P/E859 7.7 ° 1.1 

EO855 8.8 °  0.4  

PP/HDPE 0.20 ° 0.01 

ÅPeel 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) 3319ï3328 

2. P. Dias et al. / Polymer 49 (2008) 2937ï2946 
3. Y.J. Lin. et. al./ POLYM. ENG. SCI., 50:592ï605, 2010. 
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SEM Images of Damage Zones of Thick EO855 Tie-Layers 

10 mm Tie-Layer 

PP 

G =  930 J/m2 

ÅDelamination adhesively occurred at PP/EO855 interface. 

ÅA continuous plastic damage zone with some fibrillation was observed in the 

EO855 tie-layer. 

ÅAs the tie-layer thickness increased, the crack-tip opening increased by about 

4x and the damage zone length increased by about 1.3x. 

4 mm Tie-Layer 

G =  1410 J/m2 

PP 31 mm 

116 mm 

Thick Tie-Layer Regime 

A.R. Kamdar et al. / Polymer 50 (2009) 3319ï3328 
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SEM Images of Damage Zones of Thin EO855 Tie-Layers 

PP 

HDPE 

0.2 mm 

PP 

0.8 mm 

G =  110 J/m2 G =  530 J/m2 

ÅAs 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. 

Thin Tie-Layer Regime 

A.R. Kamdar et al. / Polymer 50 (2009) 3319ï3328 
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Schematic Representation of Damage Zone in 

EO855Tie-Layers 

Gcalculated: calculated delamination toughness. 

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

sy: yield stress of EO855 from stress-strain test. 

E: 5% secant modulus from stress-strain test. 

p³ ³
=

2

y

calculated

a2 ů
G

E

HDPE 

PP 
a 

Thick tie-layer 

HDPE 

PP a 

Void length 

Thin tie-layer 

d EO855 

EO855 

aeff  = a - avoids 

Consider damage zone as 

an Irwin plastic zone 

p³ ³
=

ef

2

yf

calculated

2 ůa
G

E

Ref: Kinloch AJ, Young RJ, Fracture behavior of polymers.  

Essex: Applied Science; 1983. p. 74-106. 
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Constrained Uniaxial Stress-Strain Curve for 

 EO855 Tie-Layer 

Temperature: 21°C 

Rate: 500% min-1 

65 mm 

40 mm 

Thickness: 0.6 mm 

ÅConstrained uniaxial tensile test was used to simulate the deformation of the tie-layer 

in the peel test.  

ÅYield stress and 5% secant modulus were obtained and used in calculation. 
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A.R. Kamdar et al. / Polymer 50 (2009) 3319ï3328 
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ÅGcalculated was comparable (within 10 to 15 %) to the Gmeasured, indicating that the 

main contribution to delamination toughness is due to yielding of the tie layer.  

Comparison of Gcalculated Using Yield Stress and Gmeasured for  

EO855 Tie-layers 

Tie-Layer 

Thickness 

d0 

(mm) 

Damage Zone 

Length 

a 

(mm) 

Effective Damage 

Zone Length 

aeff 

(mm) 

Calculated 

Delamination 

Toughness 

Gcalculated 

(J/m2) 

Measured 

Delamination 

Toughness 

Gmeasured 

(J/m2) 

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 660Ñ 20 

2 196 - 728 700 Ñ 40 

4 207 - 895 930 Ñ 10 

10 272 - 1180 1410 Ñ 20 

14 362 - 1421 1550 Ñ 100 

p³ ³
=

2

y

calculated

2 a ů
G

E

p³ ³
=

2

eff y

calculated

2 a ů
G

E
for thick tie-layer for thin tie-layer 

A.R. Kamdar et al. / Polymer 50 (2009) 3319ï3328 
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SEM Images of Damage Zones of Thick P/E859 Tie-Layers 

14 mm tie-layer 

ÅDelamination occurred adhesively at the HDPE/P/E859 interface. 

ÅA continuous plastic damage zone was observed in the thick P/E859 tie-layer. 

ÅAs the tie layer thickness increased, the crack-tip opening and damage zone 

length increased. 

10 mm tie-layer 

Thick Tie-Layer Regime 

a = 293 mm 

d = 87 mm 

HDPE 

PP 

100 mm 

a = 253 mm 

d = 64 mm 

HDPE 

PP 

G =  1594 J/m2 G =  2184 J/m2 

Y.J. Lin. et. al./ POLYM. ENG. SCI., 50:592ï605, 2010. 
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SEM Images of Damage Zones of Thin P/E859 Tie-Layers 

PP 

HDPE 

0.4 mm tie-layer 

PP 

0.8 mm tie-layer 

G =  457 J/m2 G =  656 J/m2 

ÅAs 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.  

ÅAs a result, delamination toughness decreased more rapidly. 

Thin Tie-Layer Regime 

100 mm 

Y.J. Lin. et. al./ POLYM. ENG. SCI., 50:592ï605, 2010. 
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Schematic Representation of Damage Zone in 

P/E859Tie-Layers 

Gcalulated: calculated delamination toughness. 

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

sy: yield stress of P/E859 from stress-strain test. 

E: 5% secant modulus from stress-strain test. 
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y

calculated

a2 ů
G
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HDPE 

PP 
a 

Thick tie-layer 

HDPE 

PP a 

Void length 
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d P/E859 

P/E859 

aeff  = a - avoids 

Consider damage zone as 

an Irwin plastic zone 
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Ref: Kinloch AJ, Young RJ, Fracture behavior of polymers.  

Essex: Applied Science; 1983. p. 74-106. 
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Constrained Uniaxial Stress-Strain Curve for 

 P/E859 Tie-Layer 

Temperature: 21ÁC 

Rate: 3000% min-1 

65 mm 

40 mm 

Thickness: 0.6 mm 

ÅConstrained uniaxial tensile test was used to simulate the deformation of the tie-layer 

in the peel test.  

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

P/E859 

E = 7.5 MPa 

sy  = 2.3 MPa 

Y.J. Lin. et. al./ POLYM. ENG. SCI., 50:592ï605, 2010. 
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ÅGcalculated was comparable (within 10 to 20 %) to the Gmeasured for tapes with thin tie-layers.  

ÅFor the thickest tie-layer, Gcalculated is substantially lower than Gmeasured. It indicated a 

critical stress, which is larger than the yield stress, controlled the G. 

Comparison of Gcalculated Using Yield Stress and Gmeasured for  

P/E859 Tie-layers 

Tie-Layer 

Thickness 

d0 

(mm) 

Damage Zone 

Length 

a 

(mm) 

Effective 

Damage 

Zone Length 

aeff 

(mm) 

Calculated 

Delamination 

Toughness 

Gcalculated 

(J/m2) 

Measured 

Delamination 

Toughness 

Gmeasured 

(J/m2) 

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 

p³ ³
=

2

y

calculated

2 a ů
G

E

p³ ³
=

2

eff y

calculated

2 a ů
G

E
for thick tie-layer for thin tie-layer 

Y.J. Lin. et. al./ POLYM. ENG. SCI., 50:592ï605, 2010. 
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Calculation of Critical Delamination Stress for P/E859 

HDPE 

PP 
a 

d P/E859 

p

³
=

³

1/2measured
c ( )

E G

a
ů

2

Obtained from 

peel test 
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constrained uniaxial 

stress-strain 

Obtained from SEM 

damage zone 
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lmax = d / d0 lc = ec / 100 + 1 

Y.J. Lin. et. al./ POLYM. ENG. SCI., 50:592ï605, 2010. 



Center for Applied Polymer Research 

Tie-Layer 

Thickness  

d0 

(mm)  

Damage 

Zone 

Length 

a 

(mm) 

Effective 

Damage 

Zone 

Length 

aeff 

(mm) 

Measured 

Delamination 

Toughness 

G 

(J/m2) 

Critical 

Delamination 

Stress 

sc 

(MPa) 

Critical 

Strain 

ec 

(%) 

Critical 

Draw 

Ratio 

lc 

Crack 

Tip 

Opening  

d 

(mm) 

Maximum 

Draw 

Ratio 

lmax 

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 

Critical Delamination Stress and Draw Ratio for 

P/E859 Tie-Layers 
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2

Åsc calculated from the Irwin model is 

greater than the yield stress for the 

thickest tie layer. Strain hardening 

occurs in damage zone prior to 

delamination. 

Y.J. Lin. et. al./ POLYM. ENG. SCI., 50:592ï605, 2010. 
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SEM Images of Damage Zones of Thick OBC Tie-Layers 

PP

HDPE

PP

HDPE

PP

HDPE
HDPE

PP

(a) 10 mm tie-layer (b) 4 mm tie-layer

(c) 0.8 mm tie-layer (d) 0.2 mm tie-layer

(e) 0.8 mm tie-layer (f) 0.2 mm tie-layer

HDPE 

PP a 

Void length 

Thin tie-layer 

HDPE 

PP 
a 

Thick tie-layer 

d OBC 

OBC 

aeff  = a - avoids 

10 um tie-layer 4 um tie-layer 

0.8 um tie-layer 0.2 um tie-layer 

0.8 um tie-layer 0.2 um tie-layer 

ÅDamage zone  of OBC is smaller 

than EO855 and EO876 in terms 

of length and crack tip opening. 

ÅDamage zone for thin tie-layers 

is mainly composed by fibrils.  

P. Dias et al. / Polymer 49 (2008) 2937ï2946 
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Constrained Uniaxial Stress-Strain Curve for 

 OBC Tie-Layer 

Temperature: 21°C 

Rate: 500% min-1 

65 mm 

40 mm 

Thickness: 0.6 mm 

ÅPronounced strain-hardening of OBC was observed, which resulted in the 

highest fracture stress of the three tie polymers.  

ÅYield stress and 5% secant modulus were obtained and used in calculation. 
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1. P. Dias et al. / Polymer 49 (2008) 2937ï2946 
2. A.R. Kamdar et al. / Polymer 50 (2009) 3319ï3328 
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ÅValues of Gcalculated were significantly lower than Gmeasured. 

ÅIt suggested that delamination in OBC was controlled by a critical delamination stress sc 

that exceeded sy.   

Comparison of Gcalculated Using Yield Stress and Gmeasured for  

OBC Tie-layers 
Tie-Layer 

Thickness 

d0 

(mm) 

Damage Zone 

Length 

a 

(mm) 

Effective 

Damage 

Zone Length 

aeff 

(mm) 

Calculated 

Delamination 

Toughness 

Gcalculated 

(J/m2) 

Measured 

Delamination 

Toughness 

Gmeasured 

(J/m2) 

0.2 144 8 18 98 Ñ 8 

0.4 56 14 33 340 Ñ 150 

0.8 46 31  70 609 Ñ 45 

1.3 40 33 75 880 Ñ 140 

2 94 - 200 980 Ñ 6 

4 168 - 360 1530 Ñ 34 

10 233 - 475 2100 Ñ 72 

14 306 - 690 2720 Ñ 60 

p³ ³
=

2

y

calculated

2 a ů
G

E

p³ ³
=

2

eff y

calculated

2 a ů
G

E
for thick tie-layer for thin tie-layer 
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Calculation of Critical Delamination Stress for OBC 

HDPE 

PP 
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lmax = d / d0 lc = ec / 100 + 1 
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Tie-Layer 

Thickness  

d0 

(mm)  

Damage 

Zone 

Length 

a 

(mm) 

Effective 

Damage 

Zone 

Length 

aeff 

(mm) 

Measured 

Delamination 

Toughness 

G 

(J/m2) 

Critical 

Delamination 

Stress 

sc 

(MPa) 

Critical 

Strain 

ec 

(%) 

Critical 

Draw 

Ratio 

lc 

Crack 

Tip 

Opening  

d 

(mm) 

Maximum 

Draw 

Ratio 

lmax 

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 

Critical Delamination Stress and Draw Ratio for 

OBC Tie-Layers 

ÅValues of calculated lc were comparable with measured lmax. 

ÅThe critical delamination stresses were much larger than the yield stress (2.4 MPa). 

ÅThe 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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