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Polyethylene (PE) has relatively poor adhesion with polar polymeric materials. In
an effort to improve the adhesion between PE and thermoplastic polyurethane (TPU),
maleic anhydride (MA), hydroxyl (OH), and secondary amine (NHR) functionalized
PEs were blended into nonmodified PE. These functional groups will react with ure-
thane linkages in TPU at the temperature of melt processing. We bonded these PEs to
TPU via lamination and coextrusion. To compare the two processes, we determined
the interfacial copolymer density R considering both advection and interfacial area
generation. We found that the development of adhesion in coextrusion was much faster
in comparison with lamination at the same temperature. This difference was attributed
to the extensional and compressive flow in coextrusion overcoming the diffusion bar-
rier at the interface and forcing reactive species to penetrate the interface. The effects
of functional group reactivity and processing variables on adhesion were correlated
with interfacial copolymer coverage. Amine functionalized PE showed dramatic adhe-
sion improvement even at 1 wt %. VVC 2011 American Institute of Chemical Engineers AIChE

J, 57: 3496–3506, 2011
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Introduction

As the workhorses of the plastic industry, polyolefins are
consumed in the largest volume of all types of polymers.

Owing to their remarkable resistance to harsh chemical envi-
ronment and a wide range of physical properties, polyolefins
are found in a variety of applications including food packag-
ing, high strength fibers, building materials, and automotive
exterior parts. Despite their wide spread use, polyolefins suf-
fer from relatively poor adhesion and compatibility with
more polar polymeric materials because of their intrinsic low
polarity and lack of reactive functional groups.1–5

Correspondence concerning this article should be addressed to C. W. Macosko at
macosko@umn.edu.

VVC 2011 American Institute of Chemical Engineers

3496 AIChE JournalDecember 2011 Vol. 57, No. 12

MATERIALS, INTERFACES, AND ELECTROCHEMICAL PHENOMENA



Adhesion between two immiscible polymers is usually
very weak because there is little entanglement across the
interface.6–8 Adhesion can be enhanced by adding a compati-
bilizer that is capable of staying at the interface and entan-
gling with both sides. This kind of ‘‘stitching’’9–11 can be cre-
ated by at least three methods: (1) adding premade block
copolymers; (2) adding a tie layer, a third polymer which is at
least partially miscible in each of the immiscible polymers;
and (3) forming copolymers in situ via coupling reactions at
polymer–polymer interfaces. Premade copolymers tend to
embed in the bulk phases, reducing the concentration of
copolymers available in interfaces. A tie layer always requires
a separate layer of a third component. Interfacial coupling reac-
tions improve adhesion by generating copolymers and ‘‘stitch-
ing’’ across the interface. Coupling reactions have some advan-
tages over the other two methods: (1) most of the copolymers
formed stay at the interface; (2) coupling reactions can link
many homopolymer pairs for which the complementary block
copolymer synthesis is not available; and (3) they also give
processing simplicity as there is no need for a third layer.

Most studies of adhesion have focused on glassy or semi-
crystalline polymers and only a few involved elasto-
mers.6,7,9–11 However, in practice, there is much interest in
combining the properties of elastomers through adhesion, for
example, polyethylene (PE) elastomers, which have excellent
extensibility, flexibility, and low cost, and thermoplastic pol-
yurethanes (TPU), which have high elasticity, abrasion re-
sistance, and impact strength. Using the coupling reaction
strategy, adhesion to polyurethane substrates can be
improved using a polyolefin with functional groups that can
react with urethane linkages.12,13 For example, Lu et al.
found that adhesion between TPU and polypropylene (PP)
was greatly promoted by secondary amine-functionalized PP,
whereas almost no adhesion was found between TPU and PP
homopolymers and only modest improvement with maleic
anhydride (MA) functionalized PP.14 Lu et al. attributed
improved adhesion to coupling of the functional PP with iso-
cyanate groups released from urethane linkages in TPU at
melt processing temperature.

In this research, we grafted MA, hydroxyl (OH), and sec-
ondary amine (NHR) functional groups onto ethylene/1-
octene random copolymers through a continuous reactive
extrusion process. We measured the peel strength of the
functional PEs bonded to TPU through lamination and coex-
trusion. Our goal is to understand the effects of reactivity of
functional groups and processing variables on adhesion. We
compare lamination and coextrusion at the same reaction
time and temperature and, remarkably, we find coextrusion
builds adhesion faster.

Experimental

Materials

Ethylene/1-octene random copolymer (ENGAGETM8200),
LLDPE-1, was provided by The Dow Chemical Company.
This copolymer has 7.3 mol % octene with a melt flow rate
(MFR) of 5.0 dg/min as measured by ASTM D 1238 and
density of 0.870 g/cm3 as measured by ASTM D 792.
The anhydride-functionalized ethylene/1-octene copolymer
(PE-MA) was prepared by free radical grafting of MA

onto another ethylene/1-octene copolymer LLDPE-2
(ENGAGETM8407) in the melt using continuous reactive
extrusion described in detail elsewhere.15 This ethylene/1-
octene copolymer (ENGAGETM8407) has 7.3–7.7 mol %
octene with a MFR of 30 dg/min and density of 0.870 g/
cm3. The MFR of PE-MA was �5 g/10 min, and the anhy-
dride content was determined to be 0.75 wt % by a cali-
brated FTIR analytical method. A total of 0.75 wt % corre-
sponds to about one succinic anhydride group per 1000
ACH2A units on the polyolefin backbone. The hydroxy-
and amino-functional analogs were then prepared directly
from PE-MA by reactive extrusion with 2-aminoethanol and
N-methyl-1,3-propanediamine as described by Silvis et al.15

The relative concentrations of OH and NHR functionalities,
N-(2-hydroxyethyl)-succinimide and N-(3-(N-methylamino)-
1-propyl)-succinimide were 1.08 wt % and 1.28 wt %,
respectively, based on complete conversion of the anhydride
to functionalized imide as determined using FTIR spectros-
copy (anhydride C¼¼O at 1790 cm�1; imide C¼¼O at
1705 cm�1). Because of crosslinking side reactions, the
MFR dropped to �5 g/10 min after grafting with MA; how-
ever, the density and octene content were essentially
unchanged. Conversion of MA to OH or NHR did not alter
the MFR any further. The structures of LLDPE-1 and func-
tional PEs are given in Figure 1.

TPU (Avalon
VR

70 AE) with polyester soft segments was
provided by Huntsman Polyurethanes. It has a number aver-
age molecular weight of 77.5 kg/mol and PDI 1.7 based on
polystyrene standards (EasiCal PS-2, Polymer Laboratories)
as determined by size exclusion chromatography (SEC,
Waters 717 Plus HPLC Autosampler) at room temperature
using tetrahydrofuran (THF) as a mobile phase. Key proper-
ties of PEs and TPU are listed in Table 1.

TPU pellets were dried overnight in a conventional static
oven at �70�C to remove residual moisture before

Figure 1. Structures of the functional polyethylenes
used in this study.

a: LLDPE-1 (ethene/1-octene random copolymer; x/y ¼ 93/
7); (b): Succinimide grafted polyethylene (PE-MA); (c):N-
(3-(N-methylamino)-1-propyl)-succinimide grafted polyeth-
ylene (PE-NHR); (d): N-(2-hydroxyethyl)-succinimide
grafted polyethylene (PE-OH). Wiggly chains in (b), (c), (d)
represent ethene/1-octene random copolymer backbones.
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compression molding and coextrusion. The viscosities were
measured at 180�C under N2 atmosphere by a strain con-
trolled rotational rheometer (ARES, TA Instruments) using
25 mm parallel plates. Differential scanning calorimetry
(DSC) measurements were performed with TA Instruments
DSC Q1000. Approximately 10 mg of dry polymers were
loaded into non-hermetic aluminum pans. DSC scans were
performed at the rate of 10�C/min from �100 to 250�C.
Melting temperature was determined from the first scanning
cycle using TA Instruments Universal Analysis 2000 soft-
ware.

Dynamic viscosity and storage modulus values at 180 �C
for TPU and all the functional PE/LLDPE-1 blends were
similar, within �10%, over the frequency range 10–100 rad/
s. Matching viscosity and elasticity is important to prevent
layer nonuniformities or even instability.16 A less viscous
polymer may encapsulate a more viscous polymer as they
flow through a channel. Elastic polymers flow through a rec-
tangular die can give rise to rearrangement of layer thick-
nesses. The coextrusion line was allowed to run for at least
half an hour before sample collection to achieve steady state.
No interfacial instability was observed.

The maximum shear rate at the die wall was 63 s�1. By
using the dynamic viscosity of the polymer melt at this shear
rate, the shear stress at the wall was calculated to be
10.7 Kpa. In the feedblock, the maximum shear rate at the
wall was 101.1 s�1 and shear stress 12.2 Kpa.

Melt blending

LLDPE-1 and functional PEs were blended with a 16
mm co-rotating twin-screw extruder (Prism Engineering,
Staffordshire, England) at 100 rpm. This extruder has a
length-to-diameter ratio of 25 and five temperature control
zones and a mixing screw configuration with three kneading
elements and one backflow element.17 The barrel tempera-
tures from hopper to die exit were set at 100, 130, 165,
180, and 180�C. The extruded functional PE/LLDPE-1
strand was cooled in an ice water bath and pelletized. All
samples were dried at ambient condition for at least 1 week
before use.

Lamination and T-peel test

Functional PE/LLDPE-1 and TPU films (80 mm � 7.5 mm
� 0.4 mm) were prepared by compression molding from
pellets at 120�C and 180�C, respectively, under 2 MPa
between two polytetrafluoroethylene-(PTFE) coated alumi-
num foils (Saint-Gobain Performance Plastics). Functional

PE/LLDPE-1 and TPU films were dried in vacuum oven at
room temperature and 70�C, respectively. After drying under
vacuum, TPU and functional PE/LLDPE-1 films were
pressed into intimate contact sandwiched within two PTFE-
coated aluminum foils and annealed for various time at
180�C under 0.1 MPa within a rectangular mold (80 mm �
7.5 mm � 0.75 mm).

Immediately after annealing, bilayer samples were
quenched by plunging into ice water. The edges of bilayer
samples were trimmed with a razor blade, and T-peel tests
were conducted 24 h after lamination. A MINIMAT tensile
tester (Rheometric Scientific) with an extension rate of 1
mm/s was used to peel the bilayer. Peel strength was defined
as the ratio of the median plateau value of peeling force (F)
over peeling arm width (b). At least three samples were
tested for each experimental measurement, and the mean
values as well as the standard deviations were calculated.
To generate more flow during melt lamination, a pair of
thicker layers (0.6 mm instead of 0.4 mm) were squeezed
down to 0.75 mm.

Coextrusion

The functional PE/LLDPE-1 and TPU bilayer samples
were prepared by coextrusion at 180�C through dies shown
schematically in Figure 2. TPU was delivered by a single-
screw extruder to a gear pump (Zenith PEP-II), which con-
trolled the flow rate to the feedblock. Compounded func-
tional PE/LLDPE-1 pellets were fed by the 16 mm twin-
screw extruder. Functional PE/LLDPE-1 and TPU were
extruded at equal flow rate. A detailed description of the
coextrusion line can be found in the literature.8,18–20 Based
on the continuity equation, melt velocity in the coextrusion
dies can be deduced from the chill roll speed and film
thickness. At a total flow rate of 38.4 cm3/min as deter-
mined from calibrated gear pumps, the average linear veloc-
ity of the polymer melt in the die land was about 10 mm/s.
Thus, the residence time in the sheeting die and die land
was less than 10 s. Upon exiting the die land, bilayer films
were drawn by chill rolls at 4�C. The temperature of mol-
ten polymer was measured by an infrared thermometer
(Omega Engineering, Inc.). The die exit has dimension of
50 mm � 1.2 mm. The thickness of bilayer samples varied
from 0.4 mm to 1 mm depending on take-up velocities of
the chill rolls. T-peel tests on coextruded films were con-
ducted by using the same procedure as described in the pre-
vious section.

Results and Discussion

Lamination

A typical plot of peel strength vs. crosshead displace-
ment is shown in Figure 3. During a T-peel test, one end
of a bilayer specimen is fixed, whereas the other end
is pulled away at 180� by a moving grip at a constant ve-
locity. Peel strength was determined by taking the average
of all F/b values starting from the onset of peeling. In
Figure 4, adhesion strength, F/b, is plotted vs. functional
group type, functional PE content and annealing time for
laminated bilayers.

Table 1. Key Properties of PEs and TPU

LLDPE-1 PE-MA PE-OH PE-NHR TPU

Tm (�C) 67 66 67 67 152
Crystallinity

(%)
9.4 8.3 8.8 8.5 –

Density
(g/cm3)

0.87 0.87 0.87 0.87 1.21

Viscositya

(Pa�s)
6.3 � 102 – – – 8.8 � 102

aDynamic viscosity at frequency equal to the apparent wall shear rate at the
die exit, 63 s�1.
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Lu et al.12 have shown that at high temperature the ure-
thane linkage in TPU dissociates to generate isocyanate,
which can react with various functional groups. As a result,
polyurethane and functional polyolefins can form copolymers
from melt reaction. In this research, because the functional
groups are randomly distributed along the backbones of the
functional PEs, the coupling reaction between TPU and
functional PEs are expected to form graft copolymers that
bridge across the interface and improve adhesion. To better
understand adhesion properties of functional PEs, the reac-
tion rate between chain coupling is expressed in terms of R,
the number of copolymer chains per interfacial area:

R ¼ mt (1)

where m is the effective two-dimensional coupling reaction rate
in the interface (chains/s/m2), t is reaction time (s). R can be
evaluated from a T-peel test.

In a T-peel test, Ga, the fracture energy per unit crack
propagation length, can be calculated by using the following
energy analysis21,22:

Ga ¼ F

b
ð1þea � cos hÞ � h

Zea

0

rde� Gdb (2a)

Figure 3. Peel strength, F/b, vs. crosshead displace-
ment for T-peel tests of 3 wt % PE-NHR /TPU
bilayers.

Dashed line represents the median plateau values of bilayers
with 30 s reaction time for lamination and residence time of
10 s for coextrusion. A schematic drawing of the T-peel test
is also shown where b and h denote the peel arm width and
thickness respectively, and F is the peeling force.

Figure 4. Peel strength, F/b, of laminated bilayers vs.
content of incorporated functional PE and
annealing time.

n, l: 1 and 3 wt % PE-NHR; !, ~: 3 and 10 wt % PE-
OH; &, *, ~: 10, 20, and 30 wt % PE-MA. Error bars
represent standard deviation of three to six tests. The solid
lines are used to guide the eye.

Figure 2. Schematic of polymer melt flowing through the coextrusion die followed by draw down from the die exit
by the chill rolls.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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where F is peeling force, b is the peeling arm width, h is the
peeling arm thickness, ea is strain in the peeling arms, h is
peeling angle (90� for T-peel test), r is the stress at the cross-
section of the peeling arm, and Gdb is bending energy. Gdb is
negligible for the thin flexible films made from the low
modulus elastomers used in this research. When there is
negligible change on peeling arm width, F

b ea � h
R ea
0
rde.

Based on this analysis, Eq. 2(a) simplifies to Ga ¼ F/b. Ga can
be related to Gc, the critical energy release rate,23 which is the
intrinsic material toughness, by

Ga ¼ Gcð1þ Uð _e;TÞÞ (2b)

where U is a function of peeling rate _e, and temperature T.
Combining Eqs. 2(a) and 2(b) gives

F

b
¼ Gcð1þ Uð _e; TÞÞ: (3)

Thus, when T-peel tests are conducted at constant peeling
rate _e and temperature T, F/b is proportional to Gc.

In Figure 4 for the same type of functional PE, peel
strength, F/b, increased with the amount of functional PE
and annealing time. Log peel strength (F/b) vs. log annealing
time has a slope of ~2. As by Eq. 1 areal density of chains,
R, is proportional to reaction time, t, then F/b is proportional
to R2. Then applying Eq. 3 gives Gc proportional to R2. Gc

is a linear function of R if the interface failure occurs by
simple chain scission or chain pull-out without any extensive
plastic deformation, while it scales with R2 if the applied
interfacial stress is sufficient to activate plastic deformation
of a small volume at the crack tip.7,24 For elastomers, Gc

includes the energy to break the intrinsic interfacial bonding
and also the energy dissipated locally ahead of the peel front
at the crack tip.22 Clearly, the grafted copolymers generated
via coupling between TPU and functional PEs were able to
entangle across their interfaces and provide high adhesion
strength. When peel strength F/b exceeded 500 N/m, plastic
deformation of peeling arms was observed. Although there is
no simple relationship correlating peel strength F/b and criti-
cal energy release rate Gc when there is significant plastic
deformation,25,26 it is the increase of chain density R that
leads to increased peel strength.

To understand the effect of reactive species concentration
on interfacial coupling reaction rate, we varied the concen-
tration of functional PEs. The two-dimensional reaction rate
in the interface, m, as defined in Eq. 1, can be determined as
follows:

m ¼ kCa
Xk (4)

where k is the usual three-dimensional reaction rate coeffi-
cient, CX is the concentration of functional groups at the
interface, a is the reaction order, and k is the interfacial
thickness (the effective distance over which the reactive
groups can interact). The bulk concentration of urethane
groups is at least 100 times higher than that of grafted
functional groups on functional PEs, and therefore, urethane
concentration can be considered constant. CX is the concentra-
tion of functional groups on the PEs. F/b � R2 gives F/b � m2

such that we correlate peel strength with reaction rate. We
found that the reaction order, a, was 0.95 for NHR, close to

first order which might be expected for bimolecular collisions
with a large excess of one reactant. However a decreased to
0.78 for OH and 0.45 for MA. These lower reaction orders
may be due to the fact that the initial concentration of reactive
species is higher in OH and MA grafted PE blends in contrast
to NHR. This could lead to a more crowded interface reducing
the effective concentration of functional groups.27

The reaction rate can be extracted from adhesion data by
combining Eq. 1 and

R ¼ kaquNAV

Mn

(5)

where k, a, q, u and Mn are the interface thickness,
conversion, density, concentration of functional PE in the
blend, and the number-average molecular weight of functional
PE. Assuming k equals to 1–5 nm and conversion a is 1–5% at
120 s for PE-NHR, then R is 0.0006�0.006 chains/nm2. By
combining with Eq. 1, the reaction rate coefficient k in Eq. 4
has a range of 10�4–10�3 s�1.

This result can be compared to homogeneous reaction rate

data obtained by Lu et al.12 on small molecules in dimethyl

sulfoxide (DMSO). The reaction between dioctyl 4,40-meth-

ylenebis(phenyl carbamate) and octylamine follows second-

order kinetics with an activation energy of 115 kJ/mol.

Their data predicts a reaction rate constant of 5 � 10�4 L �
mol�1 � s�1 at 180�C. By multiplying with urethane concen-

tration, the apparent first order reaction rate coefficient is

k � 10�6 s�1. The rate coefficient for urethane and second-

ary amine will be predicted to be even smaller than this.

Therefore, the reaction rate between two immiscible reactive

polymers in a molten interface was significantly higher than

that of small molecule analogues in solution. Zhang et al.8

and Feng and Hu28 also observed similar phenomena. This is

not surprising considering increased collision probability

originating from longer relaxation time of reactive polymer

chains holding functional groups at the interface.
Almost no adhesion was found between PE and TPU.

Among different functional PEs, moderate improvement was

achieved by adding MA and OH modified PEs. Surprisingly,

peel strength with only 3 wt % PE-NHR increased dramati-

cally to F/b � 1000 N/m within only 60 s annealing time,

indicating a fast reaction between urethane linkages and sec-

ondary amine groups.

Coextrusion

Figure 5 shows that for coextruded bilayer samples, peel
strength decreased with drawdown ratio, the ratio of velocity
of polymer at the nip point of chill rolls over velocity of poly-
mer at the die exit. The interfacial copolymer density, R, is
calculated to understand the effect of drawdown on adhesion.

To calculate R, the region where reaction occurred must
be determined. Figure 2 shows that the two molten streams
started contacting each other upon exiting the feed block.
Copolymers were generated at the interface while the poly-
mer streams flowed in the coextrusion die. Upon exiting the
die, the temperature of the molten polymer decreased very
little \5�C, until it touched the nip point, due to the low
thermal diffusivity of polymers and relatively high film ve-
locity.29 Thus, the time polymer spends between the die exit
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and the nip was taken into account as part of the reaction
time calculation. To check whether chill rolls are effective
enough to quench interfacial reaction by reducing tempera-
ture, we solved the unsteady state energy balance.30 By
assuming an isothermal boundary at 4�C, the time for the
interface to be cooled below 60�C (�100�C lower than ure-
thane dissociation temperature) is less than 0.5 s. We also
observed that the temperature of coextrudate decreased to
below 50�C after it passed through chill rolls, indicating
that the interfacial reaction was terminated. Thus, the inter-
facial reaction in a coextrusion line begins in the region
where polymer streams start contacting and ends at the chill
roll nip.

The copolymer number density R is affected by both the
residence time and the change of interfacial area during
coextrusion. In the absence of reaction, an increase in the
interfacial area (dilation) would dilute the areal density R.
We consider this aspect when calculating the resulting copol-
ymer number density via coextrusion. The calculation in the
appendix gives the following conservation expression, which
is a balance between creation and advection,

m ¼ Vx
@R
@x

þ Vy
@R
@y

þ @Vx

@x
þ @Vy

@y

8>>:
9>>;R: (6)

Here m is the effective two-dimensional reaction rate defined
in Eq. 1, and Vx and Vy are the velocity at the interface in the
flow- and spanwise-direction, respectively. The first two terms
on the right hand side represent standard advection. The term
in parentheses represents the dilation of the interfacial area due
to stretching and cannot be neglected for this two-dimensional
case (although in three-dimensions this term would equal zero
for incompressible materials). Equation 6 is solved under the
simplifying assumption of plug flow through the coextrusion
die (i.e. perfect slip at the bounding wall), and the boundary
condition R (x ¼ 0) ¼ 0:

RðxÞ
m

¼ 1

Q
e
R x

0
f ðxÞdx

Zx

0

e
�
R x

0
f ðxÞdx

HðxÞWðxÞdx
8<
:

9=
; (7)

where m has been factored out because it is an unknown
constant, Q is the total volumetric flow rate through the die,
H(x) is the bilayer thickness in the z-direction, and W(x) is the
spanwise width in the y-direction. The term f(x) is the area
dilation term

f ðxÞ ¼ 1

HðxÞ
dH

dx
: (8)

The ratio R /m represents the effective reaction time during
the coextrusion process, which is a combination of the
residence time and any interfacial area dilation which occurs.
We use the definition of effective reaction time,

teff � R
m

(9)

as calculated via Eq. 7, to show the effect of drawdown
on adhesion and to compare coextrusion and lamination
experiments.

Figure 6 shows the solution of Eq. 7 for our coextrusion
die for the draw down ratios used in Figure 5 for the PE-
NHR samples. In section 0!1 and 2!3, because bilayer
thickness H(x) and spanwise width W(x) do not change with
x, R /m simplifies to R /m ¼ HWx/Q. Therefore, R /m is only a
function of residence time and it increases linearly with posi-
tion. In section 1!2 and 3!4, R/m is affected by both the
residence time and the interfacial area dilation. The interfa-
cial area dilation is caused by the change of die dimension
in section 1!2 and drawdown in section 3!4. In section
3!4, increasing drawdown ratio gives rise to reduced teff.
This is due to the fact that faster drawdown not only leads

Figure 5. Peel strength vs. drawdown ratio for adhe-
sion achieved by coextrusion at total volu-
metric flow rate Q 5 38.4 cm3/min.

&, *: 1 and 3 wt % PE-NHR, ~: 10 wt % PE-OH, ^:20
wt % PE-MA. The solid line is used to guide the eye.

Figure 6. An illustrative solution for Eq. 7, teff vs. dis-
tance for different drawdown ratios taken
from Figure 5 for 3 wt % PE-NHR.

The drawdown ratio values are as following ^: 1.02, !:
1.24, ~: 1.73, *: 2.19, &: 3.05. Section 0!1, 1!2, 2!3,
and 3!4 correspond to the notation in Figure 2.
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to shorter reaction time but also increased interfacial area.
Both lead to reduced interfacial copolymer density, thus
weaker adhesion.

The coextrusion peel strength values in Figure 5 were plot-
ted vs. effective reaction time, R/m in Figure 7. As we expect
from the results in Figure 6 increasing drawdown ratio leads
to shorter effective reaction time and hence decreased peel
strength. A similar phenomenon was observed by Morris,31

where the peel strength between coextruded HDPE/Adhesive/
EVOH films increased with process time.

For the same functional PE, all the data follow a double-
log slope of 2, which agrees with the fundamental correlation7

Gc!R2. It is also shown in Figure 7 that 1 wt % PE-NHR, 10
wt % PE-OH, and 20 wt % PE-MA had similar reactivities
while 3 wt % PE-NHR was much faster. This ranking agrees
with the trend of lamination results in Figure 4. Consequently,
lamination tests can be used to rank the adhesion strength
expected for coextrusion of the same polymers.

Reaction acceleration through coextrusion

For lamination, the annealing time in Figure 4 was consid-
ered to be effective reaction time, because it takes less than
0.5 s for the bilayer interface to reach the command temper-
ature (the heat transfer calculation for lamination is analo-
gous to that for the chill rolls during coextrusion). For coex-
trusion, teff ¼ R/m was calculated according to Eq. 7. Thus,
peel strength vs. effective reaction time for both lamination
and coextrusion are compared in Figures 8a, b for different
functional groups. Figure 8a shows that after 90 s of reaction
for lamination, the interface of PE and TPU approached sat-
uration with interfacial copolymers, i.e. peel strength
approached a plateau value. Although for coextrusion, it
took only about 8 s to reach the same value (i.e., about one
order of magnitude faster than lamination).

It is apparent that the interfacial coupling reaction was
greatly accelerated by coextrusion in comparison with lami-

nation. As shown in Figures 8a, b, coextrusion accelerates
the coupling reaction for all types of functional PEs. Similar
phenomena were found in the literature where the coupling
reaction between an amine-terminal polystyrene (PS-NH2)
and an anhydride-terminal polymethyl methacrylate
(PMMA-anh) bilayer took about 1 h for the interface to be
saturated with block copolymers, whereas when these two
polymers were melt blended11,28 or multilayer coextruded,8

it took less than 1 min (i.e., about two orders of magnitude
faster compared to quiescent annealing).

For the coextrusion experiments reported here, the reac-
tion acceleration occurs during laminar flow without mixing.
Furthermore, the interface is located in the middle of the
die, where shear stress approaches zero. However, the inter-
facial plane does experience compression and extension dur-
ing coextrusion, as do the bulk phases above and below the
interface. As the molten polymer stream was converted from

Figure 7. Peel strength data from Figure 5 plotted vs.
effective reaction time, R/m for adhesion
achieved by coextrusion.

&, *: 1 and 3 wt % PE-NHR, ~: 10 wt % PE-OH, ^: 20
wt % PE-MA. The solid lines are used to guide the eye.

Figure 8. Peel strength comparison between lamina-
tion and coextrusion.

(a) 3 wt % PE-NHR: * (coextrusion), l(lamination); 1 wt
% PE-NHR: & (coextrusion), n (lamination); (b) 20 wt %
PE-MA: ^ (coextrusion), ^ (lamination); 10 wt % PE-
OH: ~ (coextrusion), ~(lamination).
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a square shape (10 mm � 10 mm) into a rectangular shape
(1.2 mm � 50 mm) at the end of the fish-tail sheeting die,
the interface of the bilayer experienced extensional strain
(Hencky strain32eHenky ¼ 0.95) in the machine direction (x),
extensional strain (eHenky ¼ 1.4) in the transverse direction
(y), and compressive strain (eHenky ¼ 2.3) in the z direction.
Moreover, during draw down from the die exit to the nip,
additional extension and compression were applied.

Under these compression/extension conditions, in the ab-

sence of shear or mixing, there are several possible causes

of the increase of the interfacial reaction rate or the increase

of the measured peel strength. These include induced crystal-

linity, enhanced diffusive flux of functional groups via com-

pression of diffusion boundary layers, and increased concen-

tration of functional groups in the interfacial region due to

extensional and compressive flow in coextrusion. We will

argue against crystallinity and show that enhanced diffusion

alone cannot account for the dramatic increase in reaction

rate. We, therefore, speculate that extensional and compres-

sive flow in the coextrusion process contributes to the accel-

erated reaction rate during coextrusion.
Crystallinity is known to affect interfacial adhesion,33,34

and this could increase the adhesive force even with constant
copolymer reaction rate. We compared the crystallinity of
laminated and coextruded functional PE/ LLDPE-1 blends
and found that crystallinity was affected little by processing:
8–9% (pellets) and �11% (coextrusion). The stress–strain
curves were also the same for films produced by both lami-
nation and coextrusion. Thus, crystallinity plays a negligible
role in the observed increase in peel strength, and we must
consider possible mechanisms for increasing the copolymer
reaction rate.

We consider the general possibility of modifying diffusive
flux or the local reaction process due to compressive flow
normal to the interface. The absolute reaction rate is deter-
mined by the reaction-diffusion balance,

m ¼ �D
dC

dz
� DðC1 � CXÞ

d
(10)

where m is the two-dimensional coupling reaction rate in the
interface, D is the diffusivity of the functional PE, C1 the
volumetric density of grafted functional groups in the bulk, CX

is the volumetric density of grafted functional groups at the
interface, and d is the diffusion lengthscale. Assuming a ¼ 1
for bimolecular collisions, combining Eqs. 4 and 10 gives

m ¼ DC1
dþ D

kk

: (11)

Equation 11 gives the reaction rate in terms of both diffusion
and local reaction parameters. Flow of the bulk phase material
to the interface will modify the concentration profile of the
reactive species. Compressing the layered sample normal to the
interfacial surface: (i) decreases the diffusion layer d and (ii)
may increase local reaction rate k by forcing polymer chains
towards each other. Each mechanism will increase the reaction
rate m as shown by Eq. 11. The relative importance of these two
mechanisms is determined by the reaction being diffusion-
limited or reaction-limited, i.e. the relative size of the terms in
the denominator of Eq. 11. We compared reaction rate to

transport rate by calculating Damköhler number in the
Appendix and found that although decreasing the diffusion
length scale d due to external mass transfer will increase the
reaction rate, such increase of diffusive flux would be
negligible for the reaction-limited process studied here.

We are, therefore, left to conclude that reaction accelera-
tion was mainly caused by an increase in the local reaction
process and suggest that extensional and compressive flow in
the coextrusion process gave rise to the reaction acceleration.

The interface between two immiscible polymers plays the

role of an obstacle (or diffusion barrier) that hinders the dif-

fusion of both reactive polymer chains to the interface for

chemical reactions. Rafailovich35 et al. found that the diffu-

sion rate is one order of magnitude slower near an interface

compared with in the bulk. We speculate that under coextru-

sion conditions, flow helps to force reactive species to pene-

trate into interface and increases the concentration of reac-

tive species in the interface.
Macosko et al.36 found that flow resulted in a rate constant

over 1000 times higher in heterogeneous melt blending than
that in the quiescent bilayer reaction for an amine-terminal
polystyrene (PS-NH2) and an anhydride-terminal polymethyl
methacrylate (PMMA-anh) system. Although a significant
amount of interface was generated during blending, the rate
constant was still �300 times higher than that of quiescent
bilayer reaction after normalizing by interfacial area.37

Apparently, the complex flow under mixing accelerated
interfacial reaction.

Zhang et al.8 found that for a similar system, the reaction

rate in coextrusion is comparable to that achieved in hetero-

geneous blending, as well as in homogeneous melt reaction,

where the same functional groups were attached to PS chains

and brought together to react. Apparently flow in coextrusion

also accelerated interfacial coupling reaction compared to

quiescent bilayer reaction without the presence of flow.

Moreover, flow may help to stretch the polymer chains and

expose the functional groups thus increasing the probability

of reactive groups colliding with each other.
In this study, the reaction rate difference between coex-

trusion and lamination is less than that measured for the

primary amine/anhydride functional polymers.8 In the PS/

PMMA system, functional groups tend to be depleted from

the interface due to their high surface energy compared

with that of the polymer backbones, leading to very slow

coupling under quiescent conditions. However, the polar

TPU backbones may attract the polar functional groups into

the interface, leading to faster reaction. Additionally, the

model study by lamination is different from quiescent reac-

tion as some compressive flow is almost inevitable in lami-

nation and flow accelerates interfacial reaction. Moreover,

our functional groups are along the polymer chain, while

Zhang et al.8 observed the effect of extrusion acceleration

of interfacial coupling with end functional chains and multi-

layer coextrusion.
It should be noted that for the drawdown process in coex-

trusion, we find that increased chill roll velocity gave

increased reaction rate because of flow and decreased effec-

tive reaction time due to dilation of interfacial area. It

seemed that the latter one was dominant with respect to the

effect of drawdown. However, the overall coextrusion
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process still resulted in reaction acceleration compared with

lamination at the same temperature and reaction time.
To test the hypothesis that compressive deformation nor-

mal to the interface accelerates interfacial reaction, we
repeated some lamination tests with more flow as shown in
Figure 9. For 3 wt % PE-NHR and TPU, a Hencky strain of
0.47 gave much higher peel strength than a Hencky strain of
0.06 at the same annealing time. Thus, when a larger com-
pressive strain was applied normal to the interface, more
copolymers were generated at the interface. This effect is
less pronounced for 1 wt % PE-NHR, presumably due to the
lower concentration of functional groups at the interface.
Note in Figure 9 for the 3% samples, the difference between
large strain and small strain compression decreases with
annealing time. This is reasonable because there is no further
flow during annealing after the initial compression.

Future studies can be designed to test the effect of com-
pressive flow normal to the interface in contrast with com-
pressive/extensional flow in the plane of the interface. This
can be accomplished by modifying the current die design
(Figure 2) to decouple these effects. Compressive flow nor-
mal to the interface can be generated by changing the height
H(x) while keeping width W ¼ constant, in contrast to com-
pression/extension in the plane of the interface caused by
varying the width W(x) while keeping height H ¼ constant.
Such tests would reveal the dependency of the reaction rate
m on the strength of the compressive flow _e, and these results
would be a guide to developing a more specific molecular
theory to explain the increase in reaction rate observed in
this study.

Conclusions

Adhesion between PE and thermoplastic polyurethane was
improved by blending functional PEs into nonmodified PE.
Direct measurements of interfacial adhesion were obtained
using a T-peel test. We investigated the influence of func-

tional group type, annealing time, concentration of incorpo-
rated functional PEs, and processing methods on interfacial
adhesion. We were able to convert the effects of all these

variables on adhesion to interfacial copolymer coverage. The

ranking of adhesion strength of functional PE with TPU was

determined as follows: NHR 	 OH � MA for both lamina-

tion and coextrusion processes. Particularly, amine functional

PE showed dramatic improvement in adhesion with quite

small incorporated amount. This ranking of functional

groups agrees with reaction rates measured on model ure-

thanes.12 We also found increased adhesion strength with

annealing time and concentration of incorporated functional

PEs, as these effects resulted in increased interfacial copoly-

mer coverage. Based on the calculation of interfacial copoly-

mer coverage, reaction rates for two processes, lamination

and coextrusion, were compared. Interfacial coupling reac-

tion was found to be accelerated as much as an order of

magnitude through coextrusion in comparison with lamina-

tion. We also found that the interfacial coupling rate in lami-

nation could be increased by increasing the amount of com-

pressive flow. This result is attributed to an increased con-

centration of functional groups in the interfacial region that

results from the extensional and compressive flow in the

coextrusion process forcing reactive species to penetrate into

interface. Comparison to literature reaction rate data for

small molecule amines with urethane groups in solution indi-

cate that interfacial reactions in polymer melts are substan-

tially faster. Beyond its scientific significance, this work

illustrates why coextusion is so successful for producing

multilayer products within a very short residence time.
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Appendix

Copolymer mass conservation in the two-dimensional
interface

Here, we derive the equations used to model the mass

transport of copolymer compatibilizer chains created at the

interfacial region during coextrusion. We assume that cre-

ated copolymer chains remain at the interface but may dif-

fuse or advect within the two-dimensional x-y plane at the

interface. The mass conservation equation balances crea-

tion and transport, and in this two-dimensional plane it is

given by

m ¼ rxy � j0ð Þ: (A1)

Here, m is the two-dimensional reaction rate (chains/s/m2),
!xy is the gradient operator which operates only within
the plane, !xy : d/dx þ d/dy, and j

0
is the rate of copol-

ymer flux per unit length which occurs only within the
x-y plane. The mass flux can be caused by advection or
diffusion,

j0 ¼ VR� Drxy R (A2)

where V is the velocity vector in the plane, V ¼ (Vx, Vy),
and D is the diffusivity. For our situation, we can show that
diffusion is negligible compared to advection by the flow.
The relative importance of advection to diffusion is deter-

mined by the Peclet number, which we estimate to be large,

Pe ¼ VL/D � 1013. This is estimated using a characteristic

flow velocity V � L/t with maximum contact time t � 11.4

s, process length L � 14 cm, and diffusivity D � 10�12

cm2/s.38,39 Combining Eqs. A1 and A2 and neglecting diffu-

sive flux gives the conservation expression,

m ¼ Vx
@R
@x

þ Vy
@R
@y

þ @Vx

@x
þ @Vy

@y

8>>:
9>>;R (A3)

which is a balance between creation and advection. Equation

A3 is a first order partial differential equation with nonconst-

ant coefficients for the areal number density R (x,y), which
depends on the velocity field at the interface V (x,y) and the
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reaction rate m. We will derive a solution to Eq. A3 under

simplifying assumptions to calculate the number density R
which results at the end of the coextrusion process.
For our estimate we assume plug flow (i.e., perfect slip

at the bounding walls), for which the velocity in the flow
direction is only a function of x, i.e., Vx (x) throughout the
entire volume. Consistent with plug flow, we further
assume that copolymer density is also only a function of x,
therefore dR/dy ¼ 0. With the plug flow assumption, we
can relate the flow velocity Vx to the input flow rate Q by
continuity,

VxðxÞ ¼ Q

AðxÞ (A4)

where A(x) is the local area. For our rectangular cross sec-
tion A(x) ¼ H(x)W(x), where H(x) is the bilayer thickness in
the z-direction and W(x) is the spanwise width in the y-direc-
tion. The parameters Q, H(x), and W(x) are known, and
therefore, Vx(x) and dVx/dx can be calculated for use in Eq.
A3. As our final required input to Eq. A3, we derive an
expression for the stretching in the spanwise direction dVy/
dy. For plug flow, stretching in the y-direction is directly
determined by the confinement in the y-direction W(x). The
interface length in the y-direction must always match W(x),
and is carried along by flow in the x-direction. Assuming a
linear velocity profile of Vy (y), with Vy (y ¼ 0) ¼ 0, leads
to the following expression

dVy

dy
¼ Vx

W

dW

dx
(A5)

where each variable on the right hand side is a function of
only x. Finally, we combine the plug flow velocity field
results, Eqs. A4 and A5, with the conservation expression,
Eq. A3, to yield a first order differential equation for the ar-
eal number density R(x),

dR
dx

� 1

HðxÞ
dH

dx
R ¼ v

VxðxÞ : (A6)

The coefficient in front of R results from dilation of
interfacial area during coextrusion; this term equals zero
when the interfacial area is kept constant, for which case
the resulting number density R(x) would be simply gov-
erned by the residence time fres ¼ $x0 dx/Vx. The full form
of Eq. A6, including the possibility of interfacial area di-
lation, can be solved analytically. The result is Eq. 7 in
the discussion section.

Damköhler number estimate

The Damköhler number, Da, effectively compares reaction
rate to transport rate, defined here as

Da ¼ Reaction rate

Diffusion rate
¼ kCXk

DC1=d
: (A7)

The reaction is diffusion limited for Da 	 1 and reaction-
limited for Da 
 1. We estimate the range of Damköhler
number from the range of possible parameter values. The
reaction constant k in Eq. A7 is determined to be 10�3–10�4

s�1 from adhesion test. The reactive species are grafted onto
polymer chains, and we, therefore, choose a diffusivity D
which is representative of polymer–polymer diffusion, D ¼
10�13 � 10�11 cm2/s.38,39 For the interfacial thickness, we
consider the value k � 5 nm. For the diffusion length, we
consider that the transient concentration boundary layer
grows as dðtÞ � ffiffiffiffiffi

Dt
p

. Finally, for processing time t � 1 �
10 s, and the range of diffusivity and D ¼ 10�13 � 10�11

cm2/s, we calculate the range of diffusion lengthscale d � 3
� 100 nm. For the given ranges of parameter values, we cal-
culate a minimum and maximum Damköhler number, with
the result that Da � 10�7 � 10�2. Even the upper-bound
estimate Da � 10�2 is very small, and we conclude that the
process is reaction-rate limited. Reactive polymer interfaces
have been shown to be reaction limited for several other sys-
tems as well.40–42
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