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a b s t r a c t

Using oscillation mode of rheology and theoretical calculation, we have observed for the first time the
crossover of mutual diffusion coefficient, Dm, from high to low temperatures at the multiple layers
interface of polymer films. A model which reflects a more realistic terminal state has been proposed to
fairly fit the experimental data, by which the mutual diffusion coefficient Dm can be determined. It is
substantially found that the diffusion keeps proceeding for the multilayer system at the temperature
lower than the critical temperature due to the requirement of a period of time for binodal compositions
to reach. Moreover, it is found that the apparent activation energy, Ed, derived from the Arrhenius
relation of Dm versus 1/T, increases surprisingly when the welding temperature is below 150 �C, which
relates closely to the effects of the phase behavior occurring in the two-phase region of the blend.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer diffusion [1e6] is a ubiquitous phenomenon that
dictates a great number of dynamic processes including adhesion,
phase separation through spinodal decomposition or nucleation and
growth, and mixing. Such diffusion [7e10] is important for blends of
miscible, yet chemically dissimilar, polymers where it controls the
kinetics of phase separation and the welding of polymer interfaces.
Such a study about the diffusion of two polymer chains in the melt is
important also from the industrial viewpoint. For example, the
strength of the connectionpart of a hybrid pipe [11] is determined by
the formation process of the aggregated structure of different kinds
of polymer chains in the vicinity of the connection part.

Hitherto, the temperature dependence of the mutual diffusion
coefficient, Dm, well above the melting temperature has been
extensively investigated in the literature [12e18], which yields
a linear Arrhenius relationship between lnDm and 1/T instead of
the Williams-Landau-Ferry (WLF) equation, especially for the
temperatures far above Tg [19]. However, the situation near the
melting point receives scarce attention, although it is indispensable
and crucial for the thorough understanding of diffusion behavior at
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the interface of polymer layers. Tashiro and Gose [15] have already
reported an unusual different activation energies of the two different
polyethylene systems at their interfacial boundary. However, they
simply ascribed the result to small differences in the degree of side
chain branching, rather than the phase behavior, which is impossible
to deliberate essence of that diffusion process. On the other hand,
some work related to the effect of the phase behavior has been
investigated [20e23]. A “thermodynamically slowing down”
phenomenon has been found, forwhich the interdiffusion coefficient
in binary mixture is shown to undergo a minimum in the vicinity of
a critical blend composition according to Eq. (1) derived from the
Flory-Huggins theory [24],

Dm ¼ 2ðcs � cÞfAfB

�
fBNAD

*
A þ fANBD

*
B

�
(1)

where cs is the interaction parameter at the spinodal point, NA and
NB are the degree of polymerization of the A and B polymers,
respectively, D*

A and D*
B are the tracer diffusion coefficient of the A

and B polymers, respectively. However, the discussion on this
phenomenon is based on the variation of mutual diffusion as
a function of composition in mixture or blends. The interdiffusion
in the multilayer [21] can be different in the two-phase region
because Eq. (1) is not valid in this situation.

Owing to the progress of rheology, researchers are now allowed
to investigate the diffusion behavior under the oscillation mode.
The technique does not require any sample labeling, and the spirit
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here is based on the coupling between flow and mass transport
[25]. This kind of study involves nonlinear and nonequilibrium
effects coming from the dynamic dissimilarity of the two compo-
nents [26e28]. However, we have to notice that the nonlinearity of
the rheological response does not change the relatively compara-
tive rules of the variation of Dm [29].

In our study, mutual diffusion at the interface of alternative
polyolefin layers composed of poly(ethylene-co-hexene) (PEH)
and poly(ethylene-co-butene) (PEB) copolymers has been detec-
ted by using a rheometer coupled with a model calculation-based
method on the multiple layers at different molten temperatures.
The material parameters for modeling are obtained from experi-
ments in which the changes of dynamic complex viscosity, h*, as
functions of time have been measured in parallel-plate geometry
at small amplitude of strain. In our data analysis, the mutual
diffusion coefficient, Dm, is determined by fitting the experimental
data at the temperatures from homogeneous state to phase-
separated state. The moving boundary problem [14,30e33]
appeared in the analysis of the diffusion process for the multi-
layer system in other researchers’ work is demonstrated not to
influence our newly proposed model. In order to investigate the
effect of phase separation process on the diffusion behavior at the
interface of multiple layers, the Arrhenius relation [14,15,34] of Dm

versus 1/T is established. It is demonstrated that lnDm changes
nonlinearly with 1/T in the low temperature region, and we
believe that we can obtain more quantitative data, good for
analysis of the effects of phase separation on the diffusion
behavior at the interface of multiple polymer layers [35e37] from
a more fundamental level. It is also worth to note that in this low
temperature region, below the equilibrium melting temperature
but above the nominal melting temperature, the blend is proved
not to crystallize in the welding time, which guarantees that the
diffusion process is happening in the molten state. To our
knowledge, this is for the first time to report the interfacial
polymer chains could still move and diffuse into the adjacent
layers when the tested temperature is lower than the critical point
obtained from the phase diagram. And the activation energy of
diffusion has been surprisingly promoted by the dynamic process
of phase separation at the polymer/polymer interface. The quali-
tative analysis of the data is based on the well-accepted fast mode
theory [38,39], which was proposed by Kramer. The so-called fast
and slow [40,41] mode theories about interdiffusion were devel-
oped independently to elucidate the molecular mass dependence
of the mutual diffusion coefficient.
Fig. 1. The schematic of concentration profile, indicated by red lines, of one-dimensional m
refer to the thickness of the total multilayer system, single layer and interfacial region, res
2. Calculation method

The model about the diffusion is originated from the theoretical
work of Zhao andMacosko [29]. For the miscible PEH/PEB blends in
this study, the apparent viscosity, happ, as a function of volume
concentration of PEB, f, is fit with a power law mixing rule shown
in Eq. (2).

hsapp ¼ fhsa þ ð1� fÞhsb (2)

where ha and hb are the viscosities of PEB and PEH, respectively, and
s is the exponent parameter. On the other hand, the apparent
viscosity of multilayer system at the beginning of the welding,
when no diffusion happens, is derived from the parallel model in
Eq. (3) as shown below

1
happ

¼

P
i
la;i=L

ha
þ

P
i
lb;i=L

hb
(3)

where la,i and lb,i are the thicknessesof PEBandPEH layers, and L is the
total layer thickness which is equal to the gap between the two
parallel plates. Because the number of layers is 12 and the concen-
tration profile tends to continuously distribute in the multilayer
sample, the terminal viscosity of multilayer sample could be consid-
ered as the parallel assembly of N sub-layers for the calculation
convenience similar to Eq. (3), where the apparent viscosity of each
sub-layer is described by Eq. (2). Therefore, the apparent viscosity of
the multilayer sample at the time t is expressed as follows:

1
happðtÞ

¼
XN
i¼1

1=N
h
fðt; xiÞhsa þ ð1� fðt; xiÞÞhsb

i1.s
(4)

where N is the number of elements that have been sub-divided for
the multilayer sample. The value of N is chosen to be 1000 in this
study to guarantee that the maximum concentration difference
within each element is less than 1%. Considering the fact that the
theoretical equilibrium state is hard to reach within the test time
scale of 10 h, we assume the whole concentration profile as shown
in Fig. 1 is divided into the pure component regions and the mixing
regions with the interfacial distance, l0 ¼ bðDm$tÞ1=2, where
b ¼ 4.40 [42,43]. The concentration profile of the mixing region in
the interval of ðl� 1

2l0 ; lþ 1
2l0Þ, denoted as f*ðt; xÞ, can be calculated

by the Fick’s second law,
utual diffusion between alternatively combined PEH and PEB layers, where L, l and l0
pectively.
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l0 (5)
Fig. 2. Phase diagram of the PEH/PEB blends. The solid circles indicate the measured
liquideliquid phase separation temperatures, Tb. The solid and dashed curves repre-
sent the predicted binodal and spinodal curves based on the Flory-Huggins theory. The
open squares are equilibrium melting temperatures, T0

m, which decrease with
increasing PEB concentration in the one-phase region and remain constant in the two-
phase region. The solid straight lines are guides to the eyes.
vt vx 2 2

It is suggested that Dm is a strong function of the concentrations
of the two PE’s. In order to discover the essence of the effects of
phase behavior on the diffusion process, we first assume a constant
diffusion coefficient. The initial and boundary conditions in the
model are shown in Eq. (6).
8>>>>><
>>>>>:

fð0; xÞ ¼ 1; l� 1
2l0 � x � l;

fð0; xÞ ¼ 0; l � x � lþ 1
2l0;

f
�
t; l� 1

2l0
� ¼ 1;

f
�
t; lþ 1

2l0
� ¼ 0;

(6)

Taking Eq. (6) into calculation, an analytical solution can be
given as shown in Eq. (7).

f*ðt;xÞ ¼1
2
�x� l

l0
�
XN
n¼1

2
nx

e
�Dm ðnpÞ2

l2
0

t
cos

np
2
sinnp

�
x� l
l0

þ1
2

�
; l�1

2
l0

<x< lþ1
2
l0 ð7Þ

where n is the total number of layers and k is the Boltzmann’s
constant. The whole concentration profile, fðt;xÞ, can be obtained
by combining the segmented functions of the reflection and
translation of f*ðt;xÞ, together with the pure component regions,
within the interval of (0, L). Substituting this solution fðt;xÞ into
Eq. (3), happðtÞ of the multilayer sample can be calculated and Dm, l0
can be obtained by fitting happðtÞ into the experimentally measured
complex viscosity, h*(t).

3. Experimental section

Statistical copolymers of ethylene and 1-hexene (PEH) and of
ethylene and 1-butene (PEB) were both synthesized with metal-
locene catalysts and supplied by ExxonMobil Co. Ltd. The charac-
teristics of the two polymers, including mass-averaged molecular
mass (Mw), mass density (rm) of as-received polymers, and side
chain density (SCD, in units of per 1000 backbone carbon atoms),
the glass transition temperature (Tg), the melting temperature (Tm),
as well as the polydispersity (Mw/Mn) are listed in Table 1 [44,45].

The multilayer sheets of 12 alternating PEH/PEB layers with the
single layer thickness of 80 � 8 mm and the total thickness of
960 mm were stacked together using the low temperature
compression at 60 �C in vacuum circumstance. The contact of the
multilayers must be made as perfectly as possible.

The multilayer sheets were subsequently cut into round disks
with a diameter of 25 mm. The disks were loaded into the parallel-
plate rheometer set at 160 �C for 10 min to eliminate thermal
history before switched to desired testing temperatures of 180, 170,
160, 150, 145, 140, 135 and 130 �C, respectively, according to the
phase diagram of Fig. 2 obtained by the previous researchers [44].
Note that the critical point of H50 is around 145 �C (H50 denotes
the blend containing 50% PEH by volume). To preserve the original
layer structure, the gap between the two plates was adjusted to be
equal to 960 mm, so no material was squeezed out from between
the plates. The complex viscosity of the multilayer sample was
measured at a frequency of u ¼ 0.1 rad/s by using the time sweep
Table 1
Characteristics of PEH and PEB samples.

Polymers Mw (kg/mol) rm (g/cm3) SCD/103 C Tg (�C) Tm (�C) Mw/Mn

PEH 112 0.922 9 �134 120 w2
PEB 70 0.875 77 �136 48 w2
oscillation mode, for which since the frequency was low (u< 1/srep,
srep was the reptation time) [46] the measured rheological prop-
erties reflected themovements of all short and long chains [28]. The
complex viscosity of pure PEH as a function of time was also
examined at 130 �C following the same procedure to exclude the
possible crystallization effects in the multilayer system and the
result would be shown below. All measurements were conducted
under dry nitrogen purge.

Preparation of the blends followed the method described in
a previous paper [46]. Seven blends were prepared with PEB
volume concentrations as 0, 20, 30, 40, and up to 100%. The
complex viscosities of these blends weremeasured at temperatures
of 180, 170, 160, 150, 145, 140, 135 and 130 �C, respectively. The
viscosities of these blends at u ¼ 0.1 rad/s are plotted as a function
of PEB concentration. As shown in Fig. 3, the data at certain
temperatures can be fitted by using Eq. (2) fromwhich the values of
the exponent parameter s of 0.31, 0.28, 0.31, 0.26, 0.092, 0.031, 0.016
and 0.062 can be obtained directly for the cases of 180,170,160,150,
145, 140, 135 and 130 �C. It is worth mentioning that the values of s
at the temperatures lower than 150 �C are calculated on the basis of
the complex viscosities of blends in the initial state, which guar-
antees the validation of Eq. (2).
4. Results and discussion

Considering the equilibriummelting temperatures T0
m of the PEH/

PEB blends measured with differential scanning calorimetry (DSC)
using theHoffman-Weeks approach [44], especially for the T0m of PEH
which is about 140 �C, the crystallization possibility at the testing
temperatures of 135 �C and 130 �C, lower than 140 �C, has to be
examined firstly before any analysis of the diffusion data. It is seen
from Fig. 4 the complex viscosity of pure PEH keeps almost invariant
within a limited error throughout the whole welding time at 130 �C,
which suggests thatPEHdoesnot crystallizeat130 �Calthough130 �C
is lower than its T0m and a shearing function is exerted. Since pure PEH
is the most crystallizable component in the PEH/PEB blends and
130 �C is the lowest testing temperature, the possibility of crystalli-
zation for any other compositional blends in themultilayer system at
any other testing temperatures can be excluded.

On the basis of the above exemption of crystallization, the
increase of complex viscosity, h*, is demonstrated to only arise from
the diffusion process across the interface of polymer layers in the
molten state. In addition, the absolute value of h* is considered to be
regardless of the diffusion process [29]. Combining the results in
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Fig. 5(a) and (b), one can see that the h* measured by the rheo-
logical method first increases monotonically and then reaches
a nearly steady-state plateau for long times of welding at the
temperatures of 160 and 140 �C, respectively. The increase of h* is
a signature of the diffusion process across the interface due to the
increased friction coefficient. Themore the chains that have crossed
the interface, the higher the torque required for shear, thus, the
higher the complex viscosity [27,28]. Similar trends for the varia-
tions of viscosity are found at other testing temperatures. It is worth
to mention that the complex viscosity of the multilayer system
increases from this dashed line at t ¼ 0 s in the case of 160 �C and
140 �C, which indicates no interlayer slip happens at the initial
state. It is known that the interlayer slip is caused by the interfacial
lubrication due to low viscosity of the narrow interphase [47]. With
the thickening of the interphase in the welding experiment, the
possibility of interlayer slip becomes small. Therefore, no slip
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Fig. 4. Evolution of complex viscosity for PEH during time sweep at 130 �C with fixed
frequency of 0.1 rad/s and strain of 5%.
condition is valid for the PEH/PEB multilayer systems during the
whole rheological testing at each temperature.

Furthermore, it is surprising to observe that polymer chains still
diffuse across the interface at 140 �C, as seen from the increase of h*

in Fig. 5(b), which basically disagrees with the prediction from
Eq. (1). Objectively, the “thermodynamic slowing down” phenom-
enon [20e23] would happen, but it just does not embody in the
plot of Dm versus 1/T. The essential reason is that although the
temperature of 140 �C is lower than the binodal point, the diffusion
starts from the two pure components and polymer chains of each
component definitely move mutually because 140 �C is higher than
the equilibriummelting temperatures of pure components, leading
to the composition variations. The diffusion cannot stop until the
binodal compositions are reached locally. Therefore, the diffusion
process happening during the above period induces the increase of
h* for the multilayer sample, which is benefited from the advantage
of the rheological method, that is to say, at the much low tested
frequency in rheology, the detection ability is enlarged to be able to
capture the diffusion phenomenon.

Assuming the mutual diffusion coefficient is not a function of
concentration, the concentrationprofile and apparent viscosity of the
12-layer samplewith half PEB content can be expressed explicitly by
using Eq. (7). In Fig. 5, the solid line calculated from the modified
model represents the best description of the experimental data
showing the relatively gradual increase followed by a plateau region.
Therefore, themoderately good agreement for the changes of h*with
time between the experimental data and fitting results suggests that
any errors involved in themultilayer preparation are not serious. The
obtained diffusion coefficients are Dm ¼ 9.4 � 10�15 m2/s at 160 �C
with the interfacial distance l0 ¼ 0.81l and Dm ¼ 7.5 � 10�15 m2/s at
140 �C with the interfacial distance l0 ¼ 0.75l, which are in relatively
good coincidence with the reported values when the molecular
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masses and branching structure [48,49] of the samples are taken into
account [17]. Using the same method, Dm values at other testing
temperatures are obtained and displayed in Fig. 6, where the loga-
rithmof thediffusioncoefficient isgivenasa functionof the reciprocal
of temperature. An intriguingphenomenon isobserved in the vicinity
region at the critical point of about 145 �C [44], where the mutual
diffusion coefficient dramatically decreases when the temperature is
below 150 �C. The fitting line is largely curved at this point, indicating
that the temperature dependence does not obey the Arrhenius rela-
tion through the whole temperature range, especially at the low
temperatures, yet still above thenominalmelting temperatures of the
components. Furthermore, note that the slope of the linear regression
line in themixing region determines the activation energy, Ea [13,37].
The Ea for a pair of PEH and PEB in the temperature range from180 to
150 �C is evaluated to be 20.9 KJ/mol, which is in a good agreement
with the values of 21e28 KJ/mol reported for PE serials [14]. On the
other hand, for the case of the low temperature region, because of the
first timediscovery,we are not sure about the linear relation between
lnDm and 1/T, so we define a so-called apparent Ea representing the
slope of the linear fitting line to the data in the temperature range
from 145 to 130 �C. Accordingly, this apparent Ea dramatically
increases to 120.9 KJ/mol, which is about 5 times higher than the
reported value for linear polyethylene [17].

The result that the temperature dependence of Dm has a transi-
tion point around the critical temperature can be understood as
follows. An ideal case is used here to analyze the result, thus the
real situation which follows the same rule can be understood
clearly. Thus, we herein just use the fast mode theory [38] to
analyze the data. When the diffusion process is phenomenologi-
cally depicted by Eq. (7), it should comply with the Fick’s first law,
i.e.

j
!

f ¼ Dm V
/
fð r!; tÞ (8)

where j
!

f is the flux of a certain component with the concentration
of f. On the other hand, j

!
f is in physical principle proportional to

the gradient of the chemical potential m. On the basis of the
incompressibility assumption in the fast mode theory as proposed
by Kramer [38], for one component in the binary system studied in
the present work, j

!
f should be defined as

j
!

a ¼ �La V
/ ðma � mvÞ

j
!

b ¼ �Lb V
/
ðmb � mvÞ

j
!

v ¼ La V
/
ðma � mvÞ þ Lb V

/
ðmb � mvÞ (9)

where ma, mb and mv are the chemical potentials of PEB, PEH and
vacancies, respectively; La and Lb are the Onsager coefficients of
PEB and PEH, respectively. Note that f is independent of temper-
ature, but the chemical potentials of PEB and PEH are functions of
temperature. Combining Eqs. (8) and (9), it is concluded that the
variation of Dm with temperature is closely related to the consis-
tency between V

/
fð r!; tÞ and V

/
mv. When the temperature of the

system is beyond the critical temperature, the equilibrium state of
the system is supposed to be homogeneous from a theoretical
viewpoint, and at this moment, V

/
mv ¼ 0

!
only when

V
/

fð r!; tÞ ¼ 0
!
. In this sense, mv varies consistently with the vari-

ation of f.
However, this synchronal changing relation of the two param-

eters with the welding time may be altered substantially when the
temperature of the system is lower than the critical temperature,
because the system in this case locates within the two-phase region
in the phase diagram. When the system reaches the terminal state,

Vfð r!; tÞs 0
!

due to the gradient distribution of the concentration,

while V
/

mv ¼ 0
!

is the equilibrium condition as proposed above.
Considering the combination of Eq. (8) and Eq. (9), thus the
temperature dependence of Dm has a transition point at the critical
temperature. Furthermore, from a physical viewpoint, due to non-
zero Vfð r!; tÞ, a much lower Dm is needed to derive the similar
concentration profile in Eq. (7) in the two-phase region. In this
situation, the diffusion coefficient becomes smaller and the acti-
vation energy of diffusion becomes higher, reflecting a strong
tendency of segregation for the PEH and PEB chains, quite contrast
to a strong tendency of mutual mixing for the PEH and PEB chains
in the case of welding at high temperatures. At this moment,
interdiffusion of the PEH and PEB components occurs with simul-
taneously happened segregation of PEH (or PEB) chains [15], which
prevents the polymer chains from diffusion across the interface to
some extent. Therefore, Dm values are much lower than that
extrapolated from the high temperature region. Moreover, future
work is needed to further prove our conclusion by using other
techniques such as the fluorescence microscopy with newly well-
defined samples and proper sample thickness [50].
5. Conclusions

The first important observation that emerges from the rheo-
logical measurements is that the diffusion does not stop in the two-
phase region for the miscible polymer pairs, which is significantly
important to correct the previous misunderstanding. From the
rheological results it is found that the remarkable deviation from
the Arrhenius relation between the diffusion coefficient and
temperature results from the counteract effect of phase separation
on the diffusion process at the interface of multiple layers when the
welding temperature depresses below 145 �C. It is demonstrated
that the interfacial diffusion can be possibly hampered at the
temperature above the melting points of both blend components,
whichmust be taken into consideration seriously. The new findings
about effects of phase behavior on mutual diffusion at polymer
layers interface are also valuable in a practical sense since adhesion
strength may correspondingly decrease at the conditions when
phase separation occurs.
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