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The influence of sticker groups (COOH) on the adhesion energy (Gic) of a model
carboxylated polybutadiene-amine terminated silane modified aluminum (cPBD-AIS)
interface was examined using a 7-peel test. An optimal COOH concentration of around
0.5mol% was observed. At this concentration the interface possessed a maximum peel
energy of 6007 /m?, which is approximately equal to the cohesive peel energy of PBD.
The adhesion strength of the interface increased as the interaction parameter (xp_s) be-
tween COOH and the solid substrate increased. Additionally, Gy was strongly depend-
ent on the annealing time, resulting from slow surface reorganization processes. The
interface structure was explored using the self-consistent field lattice model (SCFLM)
developed by Theodorou. An interphase region adjacent to the solid substrate was found
as a consequence of a gradient in chain connectivity and a strong sticker group segre-
gation near the solid surface. The modeling study provided information about how the
interphase structure changed with ¢ and xp_s, explaining the experimental results well.
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1. INTRODUCTION

The synthesis and performance of polymer-solid interfaces are crucial
for many modern technologies [1-6]. Fiber-reinforced composites [3],
biomedical implants [4], targeted gene delivery [5], and packaging for
microelectronics components [6] are a few examples that are dependent
on the integrity of such intérfaces. Although different properties are
desirable for different applications, obtaining strong adhesion is an
issue of fundamental importance because it plays a critical role in deter-
mining the properties, function, and reliability of the interface sys-
tems. The adhesion strength of a polymer-solid interface is controlled
by two correlated principal factors: (1) the extent of polymer chains
adsorbed onto the solid substrate and (2) the connectivity between
adsorbed chains and non-adsorbed chains [7]. The interaction be-
tween the adsorbed polymer chains and the solid substrate can be
improved by incorporating sticker groups onto the chains [7]. These
sticker groups interact with the solid substrate strongly through
hydrogen, ionic, or chemical bonding, resulting in better adhesive
strength. However, the addition of sticker groups also perturbs the
chain connectivity between the adsorbed chains and the non-adsorbed
chains and modifies chain dynamics at the interface.

While several distributions of sticker groups on the polymer chains
may exist, here we only consider one important case: sticker groups
randomly located along the whole length of the polymer chain, as
illustrated in Figure 1. From a fundamental point of view, the fracture
energy, Gic, of such polymer-solid interfaces is controlled by the
polymer areal density (X)), chain length (N), sticker group concentra-
tion (¢), the interaction strength between sticker groups and the solid

-~ Ll

FIGURE 1 Illustration of a polymer-solid interface with sticker groups (X') distributed
randomly along a polymer chain.
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substrate (xp_s), as well as bonding time (¢). The fracture energy of
such polymer-solid interfaces at a constant test condition can be
related to these molecular details by [7]:

GIC zf(H):F{N727¢7XP—S7t} (1)

where H represents the interface structure.

In recent years, considerable attention has been devoted to
understanding the influence of N and ¥ by examining (1) immiscible
polymer —polymer interfaces containing di-block or random copoly-
mer additives [8—13] and (2) polymer-solid interfaces with tethered
polymer chains [14-17]. It is quite well understood how the values of
N and X affect the micro-mechanical deformation processes and how
they impact the interface strength. For example, Creton et al. [12] have
examined the interfaces between poly(2-vinylpyridine) (PVP) and poly-
styrene (PS) reinforced with block copolymer poly(styrene-b-2-vinyl-
pyridine). When the PVP block length (Npyp) of the copolymer is
short and ¥ is low, the interfaces fail by pull-out of the PVP block and
Gic scales with ¥ and Npyp 2, respectively. When both blocks (Nps and
Npyp) are long and ¥ is low, the interfaces fail through chain scission
and Gy scales with T. If Nps and Npyp are long and X is high, the
interfaces fracture by first forming stable crazes, resulting in much
higher values of Gyc in proportion to Y ? (an areal density of chains
with at least one “effective” entanglement). Deruelle ef al. [14, 15] have
reported the adhesion energy between polydimethylsiloxane (PDMS)
and flat silica modified by irreversible adsorption and end grafting
PDMS chains using a JKR experiment. It is found that G;¢ passes
through a maximum with increasing %, as a result of various capa-
bilities of the grafted chains to penetrate into the PDMS network. Lin
et al. [16, 17] have explored the interfaces between polysulfone and
glass fiber modified by end-tethered polysulfone chains using a single
filament pull-out experiment. The influence of the N, 3, as well as the
length polydispersity of the end tethered chains has been investigated.
They conclude that the improvements in interfacial toughness were a
result of the increased mixing between the tethered chains and the
matrix chains.

However, the influence of the other two important parameters, ¢
and yp_s of Eq. (1), on interface structure and strength is not
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fundamentally understood yet. In a previous paper [7], we have exam-
ined the influence of sticker group concentrations by investigating
model carboxylated polybutadiene-aluminum (cPBD-Al) interfaces.
In this interface the carboxylic acid (COOH) groups are distributed
randomly through the entire length of polymer chains and act as stic-
ker groups forming hydrogen bonding with the Al (Al,O5) substrate.
Counter-intuitively, our preliminary results indicate that the peel ener-
gy of cPBD-Al interfaces is not a monotonic function of the COOH
content (¢) as shown by Figure 2. An optimal COOH concentration
(=3 mol%) exists for cPBD-Al interfaces giving rise to a maximum
Gic. The occurrence of such an optimal COOH concentration is rela-
ted to the formation of a weaker interphase region resulting from varia-
tion in polymer chain connectivity near the solid substrate. Essentially
cPBD-ALl interfaces with ¢ > ¢, possess cPBD chains that are adsorb-
ed too densely on the solid substrate and, thus, prohibit efficient en-
tanglement (connectivity) between the adsorbed chains in contact
with the solid substrate and the non-adsorbed chains. While, at ¢ < ¢,

300

Gic (J/nf)

200 r

100 |

0 L 1 1
0.0% 2.0% 4.0% 6.0% 8.0%
¢ (Mmol%)

FIGURE 2 Influence of sticker groups concentrations (¢) on the peel energy (Gic) for
cPBD-Al interfaces annealed for 1000 min at room temperature.
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the interface strength is limited by the adhesive strength. Therefore, the
more the sticker groups, the stronger the interfaces.

An interphase is a three-dimensional transition zone between the
solid substrate and the polymer bulk [18-27]. The thickness of an
interphase region can vary from just several atomic layers near the
solid surface to a few microns [18]. It has been well established that the
properties of polymers in the interphase are generally different from
those in the bulk [19-22, 26]. The presence of an interphase region
could be the result of segregation of low molecular weight polymer
chains, different coefficients of thermal expansion between the polymer
and the solid, migration of the low molecular weight processing addi-
tives, preferential adsorption of one specific component, or surface
induced crystallization 19, 21, 24-27]. However, reports of an inter-
phase caused by variation of chain connectivity are quite few.

In this paper, we present new data supporting the existence of an
interphase region at polymer-solid mterfaces resulting from the per-
turbed chain connectivity. We first explore the influence of xp_s and ¢
(the last two terms of Eq. (1)) on the fracture energy by examining
¢PBD-amine terminated silane modified aluminum (cPBD-AIS) inter-
faces. A self-consistent field lattice model (SCFLM) developed by
Theodorou is then employed to elucidate the origin of the interphase.
Finally, a schematic model is proposed to represent the interphase
microstructure based on the experimental and simulation results.

2. EXPERIMENTAL

2.1. Model Polymers

Carboxylated polybutadienes with varying concentrations of COOH
(0—6mol%) were used as model polymers. These polymers were
synthesized through high pressure hydrocarboxylation of polybuta-
diene (Diene 35 AC 10, supplied by Firestone Company with M, =
98,000, M,, = 182,000) [28]. No significant chain scission or cross-
linking was detected during the reaction and the distribution of COOH
was random along the polymer chains. As listed in Table 1, the glass
transition temperature is only slightly above that of the corresponding
PBD.
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TABLE 1 The glass transition temperatures of carboxylated polybutadienes (cPBD)
with different COOH concentrations

—COOH (mol%) 0.0 0.5 07 09 27 3.6 45 51
7, (°C) —9%6 —-955 —95 -94 -835 —-885 —86.5 *

* no significant glass transition observed.

2.2. Model Substrates

Aluminum foil (25 thick and average roughness= 0.5 manufac-
tured by Shop-Aid Inc., MA) modified with amine-terminated silane
was employed as the model substrate. The pretreated Al foil was first
baked at 300°C under atmospheric air overnight to remove simultane-
ously any possible organic contaminants and form a stable layer of
oxide. As shown in Figure 3, after this treatment, the C-1s peak on the
X-ray photoelectron spectroscopy (XPS) spectrum was significantly
reduced, which means most of the organic contaminants had been
removed. The treated foil was then uniformly coated with a layer of
aminoethylaminopropyl trimethoxysilane (Dow Corning z-6020) by
dipping into an aqueous solution (0.5 wt%) of the silane for 5 min. The
pH of the silane solution was held at approximately 5.5 by the addition
of drops of acetic acid. Subsequently, the silane-coated Al foil was
dried in the air and followed by cross-linking at 110°C under N, and
vacuum for half an hour each. As illustrated in Figure 3, signals from
C, Si, O and Al can be observed clearly on the XPS spectrum of the
amine terminated silane coated Al foil.

2.3. Model Interfaces

The model cPBD-AIS interfaces were prepared by solution-casting a
uniform, thin cPBD layer onto the amine-terminated silane coated Al
foil. The type of interaction between sticker groups (—COOH) and
amine on the solid substrate is believed to be ionic at room
temperature. This is because —COOH and —NH; can be easily
ionized to —COO~ and —NH;" at ambient temperature when they
approach each other. The interaction of cPBD-AIS interfaces has a
strength of xp_s~ 20 [29], which is much higher than the hydrogen
bonding strength for cPBD-Al interfaces (xp_s=6) as reported
earlier [7].
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FIGURE 3 XPS survey scans of aluminum substrates: (1) Al before baking, (2) Al
after baking for 20 hr at 300°C under atmospheric air, (3) silane-modified Al (AlS).

2.4. Peel Energy of the Model Interfaces

The peel energy, Gic, of the cPBD-ALIS interfaces was evaluated by a
T-peel test as illustrated in Figure 4. A layer of cPBD was uniformly
cast onto the amine-terminated silane coated Al foil from a 1wt%
toluene solution. The thickness of the ¢cPBD layer was kept around
15um by controlling the solution volume cast and the surface area
covered. The toluene solvent was allowed to evaporate under atmo-
spheric pressure and further dried under vacuum for 15min. After
this process, the second amine-terminated, silane-coated Al foil was
put onto the top of the cPBD layer to form an AlS-cPBD-AIS sand-
wich structure. These AlS-cPBD-AIS interfaces were pressed together
for 5min to ensure good contact and then annealed under 4kPa
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FIGURE 4 Schematic representation of the T-peel test employed to evaluate the peel
energy of cPBD-AIS interfaces.

of pressure at room temperature for different lengths of times. The
samples for the peel test were cut from this into strips 60 mm in length
and 10mm in width. The peel tests were carried out on a Mini-44
Instron tensile machine at a cross-head speed of 30 mm/min. The peel
energy, Gc, was obtained from the average of 3 tests per material, and
was calculated by:

2P
Gic = 7 (2)

where P is the peel load and b is the width of the test sample.

2.5. Modeling Study of the Interface Structure

A self-consistent field lattice model (SCFLM) simulation developed by
Theodorou [30, 31] was employed to explore the interface structure.
The SCFLM used is essentially an extension of Flory-Huggins’ theory
on thermodynamics of mixing applied to anisotropic polymer melts at
sharp interfaces, e.g., polymer-solid interfaces. It has been shown that
this model is capable of generating very important information about
interface structure, such as the concentration distribution of sticker
groups and the shape of polymer chains at a polymer-solid interface
[31]. The computation was done using the software from Biosym/
Molecular Simulations [32]. Further details on the modeling can be
found elsewhere [7, 30, 31].



10: 25 22 January 2011

Downl oaded At:

ADHESION AT POLYMER-SOLID INTERFACES 197

2.6. XPS and SEM Analysis

Solid substrates and the fresh fractured surfaces were characterized by
XPS and SEM. XPS analysis was carried out on a Leybold-Heraeus
spectrometer equipped with a hemispherical electron energy analyzer
and a Mg Ka source operating at 10kV and 10mA. The equipment
was calibrated with Au 4f and Cu 3p lines. The pressure in the sample
chamber was maintained at around 10~ Torr. SEM micrographs of
the fractured surfaces were obtained with a JEOL 840 microscope
operated at 3kV. The fractured polymer surfaces were sputtered with
gold under 25mA for 1 min.

3. RESULTS AND DISCUSSION

3.1. Influence of Sticker Group Concentration

The influence of sticker group concentrations (¢) on the peel fracture
energy (Gyc) is shown in Figure 5. A long annealing time, around
1000 minutes, was kept for all interfaces to ensure equilibrium. It is
apparent that Gyc initially increases with ¢ up to 0.5mol%. But, after
a critical value of ¢, = 0.5mol%, the peel energy decreases with further
increase of ¢, giving rise to an optimal concentration for maximum
adhesion at the ¢cPBD-AIS interface. At ¢,~0.5mol%, significant
deformation of ¢cPBD was observed during the peel test and residual
polymer was visible by SEM on both sides of the fractured interfaces
as shown in Figure 6. For cPBD-AIS interfaces with ¢ other than ¢,,
deformation of ¢cPBDs was much less severe. However, after exam-
ining the fractured surfaces by XPS, polymer residual was still detect-
ed on both sides and the loci of failure were found mainly in the region
near the second Al substrate.

It has been generally believed that an S-like curve for Gic vs. ¢
should be obtained [33]. With increasing ¢, the strength of the inter-
face should increase gradually and eventually approach a plateau close
to the cohesive strength of the bulk polymer. However, others have
observed the phenomenon of maximum adhesion at critical concentra-
tions, as reported here, when investigating the adhesion of copolymers
to various solid substrates [34—36). These results were attributed to
factors such as crystallization of copolymers [34], excess corrosion
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FIGURE 5 Influence of sticker group COOH concentrations (¢) on the peel energy
(Gic) of ¢cPBD-AIS interfaces, indicating an optimal concentration (¢.)=~0.5mol%
(annealing time: 1000 min at ambient temperature).

of the solid substrates [35], and polymer chain scission [36] associated
with further increase in the surface-sticky components. However, none
of these explanations can justify the results obtained in the present
study. As pointed out in the experimental section, the cPBDs used are
amorphous with 7,’s much lower than room temperature, indicating
that no crystallization should exist. The hydrocarboxylation reaction
does not change the molecular weight significantly [28] and corrosion
of the solid substrate was not observed after the peel test. Therefore,
the cause for the maximum adhesion phenomenon in the cPBD-AIS
system is different from those presented in the past.

As pointed out in the previous section (Fig. 2), for cPBD-Al inter-
faces we also observed a critical concentration of sticker groups, ¢,
around 3 mol% leading to adhesion energy around 300 J/m?. We inter-
preted this result as a consequence of the most efficient chain entangle-
ment between the near-surface adsorbed polymer layer and the
far-surface, non-adsorbed polymer layers in the interphase region.



10: 25 22 January 2011

Downl oaded At:

ADHESION AT POLYMER-SOLID INTERFACES 199
A.

FIGURE 6 SEM micrographs of fractured surfaces (sides A and B) for cPBD-AIS with
¢ = 0.5mol% and annealing for 1000 min at room temperature (magnification 200).
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Such an argument has also been proposed by several other researchers
[36—39] and can be further supported by our modeling studies [7],
which will be discussed in detail. Similar to cPBD-AI interfaces, we
suspect that the dependence of Gic on ¢ for cPBD-AIS interfaces is
mainly caused by a variation of entanglement chain connectivity
within the interphase region.

The influence of yp_g on the interface strength can be observed
through detailed examination of the difference between Figures 2 and
5. First, ¢, shifts from a value of ~23mol% for cPBD-Al to a lower
value (= 0.5 mol%) for cPBD-AIS. Secondly, at the same COOH con-
centrations, the value of Gic of cPBD-AIS interfaces is higher than
that of cPBD-Al interfaces. An additional observation is that the cor-
responding peel energy for cPBD-AIS at ¢, is around 600 J/m?, which
is close to the cohesive peel energy of PBD as obtained by others [40].

3.2. Bonding Dynamics

Bonding dynamics is a key issue since it controls how fast an interface
can develop mechanical strength. This development in the cPBD-AIS
interfaces can be seen in Figure 7, where the peel energy has been
evaluated at various annealing times. We can see that the peel energy
increases with annealing time up to 100 minutes, which is actually
much longer than the characteristic relaxation time of PBD bulk
(around 20seconds at room temperature) [7]. We believe that this
phenomenon is caused by a frustrated surface reorganization process,
which is affected by ¢ and xp_g [41]. With further increase in anneal-
ing time up to about 2000 minutes, the peel energy does not change
considerably.

Bonding dynamics at a polymer-solid interface is determined by
several steps including wetting of the solid substrate by polymer melt,
formation of bonds between the sticker groups and the solid surface,
and reorganization of surface polymer chains to equilibrium [2, 7]. For
cPBD-AIS interfaces, because the cPBD polymer is a rubber with low
T,, full wetting contact between the polymer and the solid substrate
was achieved by pressing them together before annealing. During
annealing, the COOH groups have to diffuse and adsorb to the solid
substrate through strong interactions between the sticker groups and
the —NH, groups. Once a COOH group from a PBD chain is
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adsorbed to the solid substrate, the chain’s mobility is severely
restricted. An adsorbed chain is composed of loops and tails as
illustrated by Figure 8. Without breaking the adsorption sites, loops
will relax through restricted Rouse dynamics, while the tails can be

" / /f\ﬁ[’-ﬂ }
&-\ L :F L
E 400 1 71_/___//—-"'1_& 4
— 1y
- =
¥
i // B ——0.30%
200 v ' |—e—o0s0%) T
L ; ——2.70%
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I | —e—500%
: —
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FIGURE 7 Dependence of the peel energy (Gic) of cPBD-AIS interfaces on the
annpealing time (/) at ambient temperature. COOH concentration: x 0.3mol%, @
0.5mol%, & 2.7mol%, A 4.3mol%, ® 5.0mol%.

FIGURE 8 An adsorbed chain is composed of loops and tails. Without breaking the
adsorption sites, dynamics of tails can be described, in part, by the dynamics model of
end-tethered polymer chains.
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considered as end-tethered chains with a very long relaxation time.
Consequently, as a first approximation, the dynamics of an adsorbed
chain can be described, in part, using the dynamics model of end-
grafted chains.

O’Connor and McLeish have examined the dynamics of end-grafted
chains approaching their equilibrium conformation after being
brought into contact with the same bulk polymer [42]. In this case,
three dynamical regimes were identified: (I) fast Rouse-like penetra-
tion, (2) retraction of the free ends, and (3) slow diffusive dynamics.
The characteristic relaxation time (7g) for the third regimes was
expressed as:

2 2N
TR = TN, eXP(v) [1 —exp(—m(y - ')’O)R0>]
12 6petrx
where vy = \/(Zﬁ—;_l— e )
1 (2 - az/ﬂ'z) 6perrX
and v = \/<ﬁ - 7 +t (3)

The parameters in the above equation are, a, the characteristic dist-
ance between network topological constraints (consisting of around 30
structure units for PBD), b, the monomer dimension (~ 5 A for PBD),
d, the width of an unentangled layer of the network material, R, the
tunneling distance, N, the number of monomers penetrating into the
bulk polymer, ¢.q, the effective grafted-chain surface density and, y,
the Flory parameter describing direct interaction with the solid sur-
face, respectively.

It has been reported that the relaxation time (75} calculated in this
manner is several orders of magnitude longer than the characteristic
relaxation time of polymer bulk [42], which is consistent with our
experimental observation for cPBD-AIS interfaces.

Compared with cPBD-A! interfaces, we found that adhesion in
cPBD-ALIS interfaces develops faster for all ¢, possibly resulting from
the stronger interaction parameter, xp_s. Additionally, the depen-
dence of the interface reorganization rate on the sticker group concen-
trations shown by cPBD-Al interfaces, is not observed for cPBD-AIS
interfaces [7].
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3.3. Structure of Polymer-Solid Iinterfaces: An SCFLM Study

In order to understand further the experimental results, a simulation
study was used to investigate the structure and chain connectivity of
the polymer-solid interfaces. This was done using the SCFLM deve-
loped by Theodorou [30, 31]. The distribution of sticker groups (¢.4,)
at a model polymer-solid interface with N = 100, ¢ = 3mol% and
xp—s = 2.5 is illustrated in Figure 9. The structure of the adsorbed
chain was also determined and expressed in terms of average number
of segments per chain at layer i, N(z), as shown in Figure 10. N; is a
sensitive measure of the local chain structure and is related to the areal
chain density, X, by

1
Ny o< = 4
s )
Therefore, a high value of N represents a flatter chain with lower
areal chain density at the ith layer, while a lower value of N; indicates
that chains are more densely populated and are stretched perpendi-
cularly to the solid substrate.

0.12
= 0.09
=
< 0.06
0.03 -
(I L | 1 |

0 5 10 15 20 25

z

FIGURE 9 Sticker group distribution at a model polymer-solid interface computed
from the SCFLM. z: the distance from the solid surface, ¢ 4(z): the local sticker group
concentration at z layers away from the solid substrate. Interface parameters: polymer
chain length N = 100, sticker group concentration in the bulk ¢a pux = 3mol%,
interaction strength between sticker groups and the solid substrate xa_s = 2.5, interface
thickness L = 50.
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17
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FIGURE 10 Chain shape distribution at 2 model polymer-solid interface computed
from the SCFLM. z: the distance from the solid surface, N,; chain shape parameter, the
average number of segments per chain at layer /. Interface parameters are the same as
those in Figure 9.

Additionally, the number of layers a chain can cross in the z direc-
tion (perpendicular to the solid substrate), R,, is related to N; and N
by

R, x — (5)

In the polymer bulk, as a result of random walk, we have
Ng; ox N®3 (6)

From Figures 9 and 10, we can see that both the sticker group
distribution and the chain shape at the region near the solid surface are
significantly perturbed. The sticker groups segregate to the solid
surface and the chains flatten at the near-solid substrate layers with
larger N;, forming a three-dimensional interphase region with differ-
ent properties from the polymer bulk. The presence of such an inter-
phase zone is a consequence of the interplay between the competition
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for adsorption of the sticker groups to the solid surface and the
impenetrable boundary condition imposed by the solid substrate. Based
on the modeling result, a schematic representation of the polymer-
solid interface is given in Figure 11, with loops representing polymer
chains and shaded background representing the sticker group distri-
bution. The region near the solid substrate is darkly shaded signifying a
high sticker group concentration. Past this region is a sticker-
group-deficient region denoted by less shaded background. The
chains (loops) in the interphase are flatter and then extend to shorter
distances in the z-direction than those in the bulk. Additionally, com-
pared with the polymer bulk, loops within the interphase have shorter

COOH segregation zone COOH depletion zone

Solid interphase Polymer bulk

substrate

>

FIGURE 11 Schematic representation of a polymer-solid interface structure, shaded
background: sticker groups, loops: polymer chains. An interphase region exists adjacent
to the solid surface as a result of sticker group segregation and chain shape perturbation.
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penetration lengths (overlaps) with the adjacent loops in the z-direction,
leading to less efficient chain interpenetration, lower connectivity
and, therefore, poorer strength in general.

Thus, during the peel test, a crack can propagate along the
interfacial line, within the interphase region, or through the bulk poly-
mer depending on the relative magnitude of the adhesive strength (o 4),
the interphase cohesive (67) and yield strength (a;), as well as the
bulk polymer cohesive (62) and yield strength (af). For example,
when o4 is the lowest, pure adhesive failure occurs as in PBD-AIS
interfaces with ¢ = 0%. When 6’ ~ 48 but are much smaller than o4,
cohesive failure is observed and the interface approaches the strength
of the polymer bulk as in the case of cPBD-AIS interfaces with
¢ = 0.5%. However, for most cPBD-AIS interfaces, the interphase
region is the weakest (low 67) and cracks propagate through this
weak region.

We have shown that the structure of such interfaces and the chain
connectivity in the interphase region is a function of N, xp_s and ¢ [7].
Specifically, the relationship between N,; and ¢ at a constant yp_g
is not monotonic. With increasing ¢ at a constant x, we have shown
(Fig. 11 of Ref. [7]) that there exists a critical concentration, ¢,. At this
concentration the adsorbed polymer chains and segments in the
interphase region are most efficiently connected with the non-adsorbed
chains, creating a maximum bonding energy for the interface. The ex-
perimental results of Gyc vs. ¢ for cPBD-AIS interfaces are consis-
tent with this modeling prediction and indicate that ¢.~ 0.5 mol%.

The influence of xp_g on chain connectivity in the interphase region
is shown in Figure 12. At a constant ¢, the values of N, in the in-
terphase region approach that in the bulk as yp_g increases, indica-
ting more efficient connectivity and then a stronger bonding energy
for the interface with a higher yp_g. What happens here is that a
strong interaction will lead to a large segregation of the sticker
groups, which, in turn, will cause more loops between the interfacial
layer and the rest of the polymer chains and, therefore, stronger
adhesion strength. This result explains why, at the same sticker group
concentration, cPBD-AIS interfaces with a high xp_s have a better
peel energy than cPBD-Al interfaces with a lower xp_g.
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FIGURE 12 Influence of xa_s on Ny at a constant bulk concentration of sticker
groups (Pa_pux = 3.0mol%, N = 80, interface thickness = 40), predicted from SCFLM.
(filled diamonds: i = 1, filled squares: i = 2, filled triangles: { = 3, filled circles: / = bulk).

4. CONCLUSION

The peel energy of cPBD-AIS interfaces was examined through a 7-
peel test in terms of the sticker group concentrations (¢) and the
interaction strength (xp_s) between sticker groups and the solid sub-
strate. A critical concentration around 0.5mol% was found giving
maximum adhesion energy of 600J/m?, which is close to the peel
energy of the PBD bulk. The bonding strength was strongly dependent
on the annealing time as a consequence of the slow surface reorgani-
zation processes.

The dependence of the peel energy on ¢ and xp_s was elucidated
through a SCFLM study, which was used to examine how sticker
groups affect the interface structure. An interphase region was found
adjacent to the solid substrate resulting from variation of chain con-
nectivity and sticker group segregation. The modeling studies predicted
how yp_g and ¢ affected the interphase structure and explained



10: 25 22 January 2011

Downl oaded At:

208

L. GONG AND R. P. WOOL

the experimental data very well. Based on the modeling and experi-
mental results, a schematic representation of interface structure was
also proposed.
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