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Abstract

The fracture toughness, Gc, of the interface between a nitrogen plasma-treated poly(ethylene terephthalate) (PET) film and a poly(styrene-
co-maleic anhydride) (PSMA) substrate was measured by using asymmetric double cantilever beam method. The effects of plasma treatment
condition on PET films and post-plasma bonding treatment of the bi-material on the adhesion and the failure mechanism were investigated.
For a given plasma pressure and energy, the amount of incorporated nitrogen on the PET surface as determined from X-ray photoelectron spec-
trometry (XPS) increased with increasing plasma treatment time and reached a plateau value of 7.7 at.%. XPS measurement showed that the in-
corporated nitrogen was primarily in the form of amine and amide. For bonding temperatures between 130 �C and 160 �C, the fracture toughness
increased with increasing nitrogen incorporation on PET surface and reached a saturation Gc which significantly depended on the bonding tem-
perature. The saturation Gc increased from 10 J/m2 at 130 �C to 40 J/m2 at 140 �C, reached a maximum of 120 J/m2 at 150 �C, and then decreased
to 60 J/m2 at 160 �C. The location of failure also changed drastically with the bonding temperature. SEM and XPS measurements showed that for
bonding temperature< 140 �C, failure occurred at the PET/PSMA interface. For bonding temperature¼ 150 �C, the interfacial adhesion ex-
ceeded that of the cohesive strength of PET film and failure occurred within the PET film. At the bonding temperature of 160 �C, failure occurred
within PSMA bulk material. XPS measurement was used to measure the areal joint density, Scross of PSMA chains pinned on the functionalized
PET film surface. A transition in areal joint density below which Gc scales linear with Scross and above which Gc scales with S2

cross was found. The
transition was identified as the transition from the pure chain scission of in situ formed copolymers to plastic deformation of the interface.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The adhesion of polymer interfaces plays a vital role in
many commercial products ranging from multiphase polymer
alloys, multilayer coatings, and multicomponent devices like
semiconductor and optoelectronic devices [1]. However,
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chemically different polymers are normally not miscible due
to very low entropy of mixing between such large molecules
[2e5]. Interface between immiscible homopolymers is nor-
mally very weak but may be markedly strengthened by adding
small amounts of block copolymer or random copolymers
[6,7]. Another strategy in improving the adhesion between
polymer blends or films is to produce chemical reaction of
polymer chains at interfaces where in situ copolymers are
formed [8e13]. Such a method is also known as reactive com-
patibilization which has become increasingly important since
many new functionalized polymers and new processes [14]
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are now available and the functionality in the polymers can be
easily incorporated during the manufacturing process.

However, to improve the adhesion of semicrystalline
polymers is challenging. The crystallinity that gives many
semicrystalline polymers their modulus and toughness compli-
cates the promotion of adhesion when joined with other poly-
mers. A classical example is poly(ethylene terephthalate)
(PET) which is widely used as film, fiber or bottle [15]. Com-
mercial PET flat films are formed by melt extrusion, biaxial
drawing and heat treatment processes [16]. High crystallinity
is resulted due to molecular alignment and strain-induced
crystallization of PET during the stretching processes [17].
Because of its superb properties including thermal property,
mechanical property, transparency, gas barrier and inertness
toward chemicals, PET is used as a leading substrate material
for applications in coating, packaging, electronic, and biomed-
ical industries [18]. In the area of biomedical application, PET
has been used as a substrate material for prosthetic heart
valves and vascular grafts [19,20]. In order to improve the
biocompatibility of PET film substrate, surface treatments or
coatings are needed [21]. However, the interface between
PET film and coatings is rather weak because of its high crys-
tallinity and inertness toward chemicals. Therefore, finding
a solution to improve the interfacial adhesion between two
incompatible polymers in which at least one of the polymers
is semicrystalline is a critical issue and an actively researched
topic.

To overcome the above mentioned problem, surface ener-
getic treatment such as corona discharge or plasma treatment
has been widely used and proven to be an effective method
to modify surface’s reactivity to depths of a few molecular
layers without affecting the bulk properties [22]. Although
large body of literature in the past has studied the effect of
plasma treatment on the surface composition change of
many commercial plastic films [23e28], a direct relationship
between the surface chemistry and the adhesion strength has
not been fully exploited. Many conventional methods used
to measure interfacial adhesion between two bulk materials
e.g. peel test, wedge test, etc. give only qualitative information
on adhesion. There are great demands to explore new methods
for measuring thin film adhesion.

In this paper, we will present a strategy for preparing reac-
tive nitrogen-containing PET surfaces, using the methods of
plasma treatment. Firstly, we will show that the ratios of sur-
face functionalization, which depend on the selected plasma
conditions, are further enhanced by post-plasma heat treatment
of the bi-material. In situ copolymer formation is expected to
occur by reaction of the nitrogen-containing functional groups
on PET surface generated by plasma treatment with an anhy-
dride group on the PSMA to first form an amic acid followed
by ring closure to form an imide [29]. Secondly, we will estab-
lish a direct quantitative correlation between the surface chem-
istry created by plasma treatment and the adhesion strength of
the interface. In addition, the mechanical and thermal proper-
ties of commercial PET films depend strongly on their
manufacturing process [16]. During the drawing and heat pro-
cesses, substantial increase in crystallinity and preferential
chain orientation parallel to PET film surface were resulted,
which lead to anisotropy in its mechanical property [30e
32]. It is well known that if the crystals are too highly ordered
parallel to the surface with too few tie-molecules binding them
in the bulk, then the surface crystal may delaminate under
stress [33]. However, a quantitative failure criterion for inter-
layer delamination was not previously established. Thirdly, we
will show that by using the sample preparation method and the
quantitative adhesion measurement used in this study, such cri-
terion is established.

2. Experimental section

2.1. Materials

The 100 mm-thick poly(ethylene terephthalate) films used
in this study were sequentially biaxially oriented untreated
PET film purchased from the Shin-Kong Synthetic Fibers Cor-
poration, Taiwan. A small piece of PET film with dimension
6 cm� 6 cm was cut from the center portion of the polymer
web in a roll of 1 m in width. Prior to plasma treatment, the
cut PET film was cleaned by rinsing with distilled water and
methanol and then in refluxing hexane for 2 h. Poly(styrene-
co-maleic anhydride) (PSMA) is a random copolymer with
93 wt% of styrene and 7 wt% of anhydride units purchased
from Aldrich Chemical Company. The weight-average
molecular weight of PSMA is w220,000 as measured by gel
permeation chromatography (GPC) and its glass transition
temperature is w120 �C as measured by differential scanning
calorimetry.

2.2. Plasma treatment of PET

All PET films were plasma treated using a radio-frequency
(13.56 MHz) power source and a matching impedance unit at
a nitrogen pressure of 200 mtorr and an output power of 40 W.
We varied the duration of the plasma treatment from 0 to
400 s to enhance the amount of nitrogen incorporated on PET
surface. The high voltage electrode was fabricated from tita-
nium metal and the ground aluminum electrode is the vacuum
chamber itself. PET film samples were placed on a sample plate,
which was located between the high voltage electrode and the
ground electrode. The electrode and sample plate geometry pro-
vide greater uniformity for the treated surface of the samples as
verified by the contact angle measurement (result not shown).

2.3. Surface analysis

Once the PET film is plasma treated, the film is quickly
transferred into the chamber of X-ray photoelectron spectros-
copy for the measurement of chemical composition of the
treated surfaces. The XPS spectra were acquired on a VG
Scientific ESCALAB 250 photoelectron spectrometer with
monochromatic Mg Ka X-rays (1253.6 eV). All spectra
were referenced to the C 1s peak of the aliphatic carbon atoms,
which was assigned a value of 284.6 eV. Spectra were taken at
a 45� electron takeoff angle which roughly corresponds to an
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analysis depth of 5 nm [22]. For the high-resolution spectra,
the full width at half maximum (FWHM) for the individual
components of the C 1s peak in an untreated PET sample
varies from 1.0 to 1.2 eV. The line-shape analysis is done us-
ing a non-linear least squares curve-fitting routine employing
line shapes with 90% Gaussian and 10% Lorentzian character.
To determine the chemical composition of the treated surfaces,
a self-consistent method is used by examining both survey
scan spectra and the high-resolution spectra iteratively for
each plasma treatment condition.

2.4. Sample preparation

Plates of PSMA of 1.5 mm in thickness were made by com-
pression molding at 160 �C. After PET films were plasma
treated, the film was immediately placed on a PSMA plate sur-
face and the bi-material was placed in a compression mold
under a slight pressure and annealed to enhance the bonding
between PET and PSMA at five different temperatures of
120 �C, 130 �C, 140 �C, 150 �C and 160 �C for 2 h. The
bonding is expected to occur by reaction of the amine groups
generated from plasma treatment on PET surface with an
anhydride group on the PSMA to first form an amic acid
followed by ring closure to form an imide [29,34]. Since the
asymmetric double cantilever beam test (ADCB) requires
that the materials on both side of the interface be elastic
beams, PET film alone bonded on a PSMA plate is not suitable
for the test. The problem was avoided by backing the PET film
with a thick poly(methyl methacrylate) slab (thickness in the
range of 1e3 mm) using a commercial cyanoacrylate glue to
adhere PMMA onto the backside of the PET film. The sche-
matic of the sample assembly is shown in Fig. 1(a). After
the fracture experiment, both sides of fracture surface were
analyzed by using scanning electron microscopy and XPS
measurement.

2.5. Fracture toughness measurement

The interfacial fracture toughness, Gc is measured using
ADCB method as shown in Fig. 1(a). A razor blade of known
thickness D is inserted into the PET/PSMA interface. A crack
is initiated ahead of edge of the razor blade. This razor blade is
driven by a servo motor at a constant speed (5� 10�6 m/s).
Steady state crack propagation was established after several
minutes. Based on Kanninen’s calculation for a small crack
in a biomaterial each with finite elasticity, the fracture
toughness of the interface can be measured from the following
equation [35]:

Gc ¼
3D2
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where C1¼ 1þ 0.64h1/a and C2¼ 1þ 0.64h2/a. E1 and E2 are
the Young’s moduli and h1 (w1.6 mm) and h2 (1e3 mm) are
the thicknesses of PSMA and PMMA beams, respectively.
Since the backing PMMA beam (w1e3 mm) for PET film
is much thicker than that of the PET film itself (w100 mm),
the modulus of PET side of the beam is that of the PMMA
slab. It is known now that as a crack propagates along an
interface between two materials with different elastic moduli
and thicknesses the stress field of the crack tip along the inter-
face has both tensile (KI) and shear (KII) components, where
KI and KII are the stress intensity factors corresponding to
tensile and shear components of the stress along the crack
[36]. A phase angle, J of an interface defined as

J¼ tan�1

�
KII

KI

�
ð2Þ

is a measure of the relative shear to tensile components. In
general, the direction of crack deflection depends on the phase
angle as well as the details of the failure and deformation
mechanisms of the interface and those of the bulk materials
above and below the interface. The effect of different thick-
ness ratios of hPMMA to hPSMA, therefore different phase
angles, on the fracture toughness and failure mechanism of
PET/PSMA sample will be studied in the following section.

3. Results and discussion

3.1. XPS analysis of plasma-treated PET surface

We have analyzed PET film surface plasma treated with
nitrogen at a pressure of 200 mtorr and at a plasma power of
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40 W for different amounts of treatment time. The XPS survey
scan measurement gives the elemental composition of PET
surface after the treatment as shown in Fig. 2(a). PET is ini-
tially free of nitrogen. With increasing treatment time, PET
shows an increase in the amount of nitrogen incorporation at
the surface as seen from the growth of N 1s peak in
Fig. 2(a). The integrated area under C 1s, O 1s and N 1s peaks,
corrected for their ionization cross-sections, provides the rela-
tive atomic percentage of carbon, oxygen and incorporated
nitrogen, respectively, on the treated PET surfaces. The atomic
percentage of nitrogen incorporated on PET film surface is
plotted as a function of plasma treatment time as shown in
Fig. 2(b). The amount of nitrogen incorporation increases
quickly with increasing treatment time and gradually reaches
a saturation level of w7.7% for treatment time�w150 s.
XPS high-resolution spectra were also acquired to reveal the
chemical structure produced as a result of exposure of the
PET surface to the nitrogen plasma treatment. Although a vari-
ety of chemical species can be generated on polymer surface
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Fig. 2. (a) XPS survey scans for PET film treated with nitrogen plasma for dif-

ferent amounts of time. (b) The atomic percentage of incorporated nitrogen

measured from XPS as a function of nitrogen plasma treatment time.
by using plasma treatment. For example, it was previously
shown that the oxygen-containing polymers treated with nitro-
gen plasma produce primarily amine, imine and amide func-
tional groups [37]. Recently, Gerenser et al. used XPS as
well as other complimentary surface techniques to thoroughly
examine the chemical structure of poly(ethylene-2,6-naphtha-
late) (PEN), a close derivative polyester of PET, treated with
nitrogen plasma treatment [22]. They found that the plasma
treatment produces disruption of both the naphthalene rings
and ester groups and generates mainly aliphatic-like species,
amine and amide functional groups on the nitrogen plasma-
treated PEN surface.

Fig. 3(a)e(c) shows the changes in the high-resolution
C 1s, O 1s and N 1s XPS spectra, respectively, after different
treatment times of nitrogen plasma on PET surface. In
Fig. 3(a), as the treatment time increases, there is significant
line-broadening of the carbon spectra which indicates a disrup-
tion of long range order in the PET surface as more nitrogen
incorporates onto the PET surface. Plasma treatment also
causes line-broadening of oxygen high-resolution spectra. In
addition, as the treatment time increases, the intensity of the
ester-type oxygen (CeO) decreases relative to the carbonyl-
type oxygen (C]O). At longer treatment times (e.g. 150
and 300 s of treatment time), CeO peak decreases signifi-
cantly and C]O peak becomes dominant. Therefore, for O
1s spectra of nitrogen plasma-treated PET, it suggests a disrup-
tion of ester functional groups with an increase in the amount
of amide functional group as the treatment time increases.
Examination of N 1s spectra also gives evidence of formation
of amine and amide functional groups on the nitrogen plasma-
treated PET surface. The shift of N 1s centroid from
w399.1 eV to w399.9 eV indicates a relative population
change of chemical structure of PET surface from the
amine-type nitrogen (399.1 eV) to amide-type nitrogen
(399.9 eV) with increasing plasma treatment time. Although
other functional groups (e.g. imine groups) can be generated
from the nitrogen plasma treatment of PET, previous work
of Gerenser et al. on nitrogen plasma-treated PEN indicates
that the primary functional groups generated are amine and
amide types [22]. Since the chemical and molecular structures
of PET and PEN are very similar, we can expect similar func-
tional groups to be generated under similar plasma treatment
condition. Therefore, with increasing plasma treatment time,
the amount of nitrogen incorporation primarily in the form
of amine and amide functional groups increases on PET sur-
faces. The increase of functional groups created on the nitro-
gen plasma-treated PET surface can be used to react with
PSMA substrates thus increasing the adhesion between origi-
nally inert PET film and PSMA substrate.

3.2. Effect of thickness ratio (hPMMA/hPSMA) on adhesion
and failure location

In order to measure the interfacial adhesion, one needs to
ensure that the crack propagates at the bi-material interface.
It has been previously studied that the thickness ratio of sam-
ple beams used in the asymmetric double cantilever beam test
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Fig. 3. XPS high resolution (a) C 1s, (b) O 1s, and (c) N 1s spectra for nitrogen plasma-treated PET with different treatment times of 10, 50, 150 and 300 s.
(ADCB) can significantly affect the stress intensity factor and
the phase angle of the crack propagating at the interface [39].
Therefore, the effect of thickness ratios of the PSMA beam to
the supporting PMMA substrate for PET on the adhesion and
failure location needs to be thoroughly studied. As the thick-
ness ratios are varied, the propensity to drive the crack into dif-
ferent locations in the sample is changed. The samples for the
phase angle effect were prepared by treating PET films with
nitrogen plasma at a pressure of 200 mtorr and output energy
of 40 W for 30 s followed by annealing treatment of the PET/
PSMA bi-material at 150 �C for 2 h. From Fig. 4, the fracture
toughness of the samples was measured as a function of thick-
ness ratio (hPMMA/hPSMA). For hPMMA/hPSMA> 1.0, the frac-
ture toughness is relatively constant at a value of 50 J/m2.
However, for hPMMA/hPSMA< 1.0, the fracture toughness
increases dramatically to a value of w100 J/m2. Scanning elec-
tron microscopic observations on the PET side of the fracture
surface show that for hPMMA/hPSMA< 1.0, the crack deviates
from the PET/PSMA interface and propagates into the PET
film, therefore resulting in a significant increase in the fracture
toughness. However, when PMMA beam is made much
thicker than the PSMA substrate (hPMMA/hPSMA> 1.8), the
crack is likely driven more into the PSMA and subsequently
the apparent adhesion is increased. For hPMMA/hPSMA w 1.4,
there is a minimum in the fracture energy. Therefore, in order
to measure a true interfacial fracture energy between PET/
PSMA and minimize bulk energy dissipation, we have chosen
hPMMA/hPSMA¼ 1.4 for all the samples tested by using asym-
metric double cantilever beam method.

3.3. Effect of bonding treatment time on PET/PSMA
adhesion

After PET films were plasma treated, the bonding between
plasma-treated PET films and PSMA substrates was achieved
by heating the PET/PSMA bi-material specimens in a compres-
sion mold at different temperatures for various amount of
heat treatment time. The dependence of interfacial fracture
toughness, Gc on the plasma treatment time for the PET/
PSMA adhesive joints annealed at 150 �C for different heat
treatment times is shown in Fig. 5(a). For heat treatment
time¼ 20 min and 2 h, the fracture toughness increases with
increasing plasma treatment time and then reaches a saturation
value G�c at about 150 s. For plasma treatment time¼ 200 s,
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test on the fracture toughness of PET/PSMA adhesive joints heat treated at

150 �C for 2 h. The PET films used were plasma treated for 30 s prior to

the heat treatment.
the fracture toughness of the interface for two additional heat
treatment times (1 h and 4 h) is also included in Fig. 5(a). It is
shown that with increasing heat treatment time, the G�c value
increases and saturates for the heat treatment time S2 h.
The above results show that for heat treatment time< 2 h,
the enhancement of interfacial adhesion is mainly due to the
increase of areal density of in situ formed copolymers at the
interface. For the heat treatment time S2 h, the areal chain
density at the interface reaches its maximum. Based on the
XPS analysis on the plasma-treated PET surface in the previ-
ous section, the total number of nitrogen incorporation on PET
film increases with increasing plasma treatment time and sat-
urates for treatment time> 150 s. Although amine and amide
groups are generated on PET films during plasma treatment,
the amide functional groups do not react with maleic anhy-
dride groups on PSMA within the experimental temperature
range. Even for plasma treatment time> 150 s, the number
of amine functional groups appears to be sufficient to react
with anhydride groups and forms in situ copolymers at the in-
terface which enhance the adhesion. Since the fracture energy
G�c saturates for heat treatment time S2 h, for the rest of this
study post-heat treatment time of 2 h will be used.

3.4. Effect of bonding treatment temperature on adhesion
and failure location

The effect of post-plasma heat treatment temperature
on the PET/PSMA bi-material adhesion was studied. For the
PET/PSMA adhesive joints annealed at a temperature less
than 120 �C for 2 h, the glass transition temperature of
PSMA, there was essentially no adhesion strength between
all plasma-treated PET films and PSMA. Many PET/PSMA
bi-material specimens annealed below 120 �C cracked as
soon as they were removed from the compression mold. For
samples annealed at a temperature higher than 160 �C, it
was found that the PET/PSMA adhesive joint was bent after
annealing due to the mismatch of thermal expansion coeffi-
cient of the bi-materials. Therefore, for samples annealed at
a temperature> 160 �C, an actuate Gc value could not be
obtained without incorporating additional Gc contribution which
takes into account the residual stress of the PET/PSMA
bi-material assembly [40]. The Gc values and failure mecha-
nisms of PET/PSMA bi-materials at high temperature annealing
(>160 �C) are not studied here.

As shown in Fig. 5(b), the fracture toughness of the PET/
PSMA interface is plotted as a function of plasma treatment
time followed by annealing the PET/PSMA specimens at
four different temperatures: 130 �C, 140 �C, 150 �C, and
160 �C for 2 h. For bonding temperature¼ 130 �C, the Gc

values do not increase much with increasing plasma treatment
time. For bonding temperatures¼ 140 �C, 150 �C, and 160 �C,
Gc increases significantly with the plasma treatment time and
then saturates. The plasma treatment time at which Gc satu-
rates increases weakly on the bonding temperature while the
saturation value itself appears to be a very strong function of
the bonding temperature. A striking feature of Fig. 5(b) is
that the fracture toughness of the interface does not increase
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monotonically with increasing bonding temperature. As the
bonding temperature increases from 140 �C to 150 �C, the sat-
uration fracture energy increases significantly from w40 J/m2

to w110 J/m2. However, as the bonding temperature increases
from 150 �C to 160 �C, the saturation fracture toughness, G�c
decreases from w110 J/m2 to w60 J/m2.

The dramatic increases in the fracture toughness with in-
creasing plasma treatment time correlate well with the amount
of nitrogen incorporation with increasing plasma treatment
time as shown in Fig. 2(b). Although, by treating PET film
with nitrogen plasma a variety of carbonenitrogen functional
groups can be generated. However, based on our XPS mea-
surement shown in Fig. 3, the incorporated nitrogen is mainly
in the form of amine and amide functional groups. In addition,
only amine functional groups are important for adhesion since
amide functional groups do not react with anhydride groups at
an appreciable rate under the current bonding temperature
range [41]. Therefore, the dramatic increases in the fracture
toughness of the interface as specimens annealed above
140 �C are resulted from the formation of chemical bonds
formed by reaction of the amine functional group and an-
hydride functional groups at the interface thus generating
in situ formed copolymers.

The locus of failure of the PET/PSMA adhesive joint was
analyzed by various techniques such as scanning electron
microscopy and XPS analysis. We first examine the location
of failure of sample series of PET/PSMA adhesive joint with
highest fracture energy at different plasma treatment times
(bonding temperature = 150 �C). Fig. 6(a)e(d) shows SEM
micrographs of the PET fracture surface of the adhesive joint
prepared for plasma treatment of 10, 50, 150 and 300 s, re-
spectively, and subsequently annealed at 150 �C for 2 h. For
plasma treatment time¼ 10 s, the fracture surface of the
PET film is relatively flat and the corresponding fracture
toughness of the interface is relatively low (Gc z 25 J/m2).
As the treatment time increases, plastic deformation of PET
surface induced by the interfacial reaction was observed for
treatment time¼ 50 and 150 s, which leads to a significant in-
crease of energy dissipation. For treatment time> 300 s, SEM
micrograph shows a layered fracture surface morphology of
PET film which indicates that the failure occurs within PET
films. For treatment time> 200 s, the fracture toughness of
the PET/PSMA reaches its maximum and saturates at that an-
nealing temperature.

The fracture surface of PET/PSMA adhesive joint was in-
vestigated by XPS in order to understand more precisely the
path of the crack. The detected depth of XPS measurement
was expected to be w5 nm. Fig. 7(a) and (b) shows the XPS
survey scans for the PET and PSMA fractured surface, respec-
tively, of the PET/PSMA adhesive joint annealed for 2 h at
140 �C. Since the monomer units for PET and PSMA have
different number of carbon and oxygen atoms, we can use
the relative peak ratio of carbon to oxygen in XPS measure-
ments to distinguish the identity of the fracture surfaces.
Fig. 7(a) and (b) shows that the relative peak ratio of carbon
to oxygen of PET and PSMA sides of the fracture surface
remains roughly the same with increasing plasma treatment
time. With increasing plasma treatment time, most nitrogen
remains on the PET side of the fracture surface and some
nitrogen signals are shown on the PSMA side of the fracture
Fig. 6. SEM micrographs of fractured PET film after annealing with PSMA for 2 h at 150 �C: (a) 10, (b) 50, (c) 150 and (d) 300 s of nitrogen plasma treatment at

200 mtorr pressure and at energy of 40 W.
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surface. It is therefore concluded that for the adhesive joints
annealed at 140 �C for 2 h, the fracture energy is low
(<40 J/m2) and the location of failure is right at the interface
of PSMA substrate and plasma-treated PET film for all plasma
treatment times. For the adhesive joints annealed at 130 �C for
2 h, the fracture toughness is even lower than those annealed at
140 �C and the failure also occurs at the interface of PSMA
substrates and PET films for all plasma treatment times.

However, a dramatically different failure mechanism is ob-
served for the adhesive joint annealed above 140 �C. Fig. 8(a)
shows the XPS survey scan for the PSMA fracture surface of
adhesive joints annealed at 150 �C for 2 h for different plasma
treatment times. Fig. 8(a) shows that the relative peak ratio of
carbon to oxygen changes with increasing plasma treatment
time. With increasing plasma treatment time, the fracture
toughness of the interface increases (from Fig. 5(b)) and
Fig. 8(a) shows that the PSMA side of the fracture surface
changes from a PSMA surface to a PET-like surface. In addi-
tion, as the PSMA side of the fracture surface becomes more
PET-like, a nitrogen peak also starts to appear on the XPS
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Fig. 7. XPS survey scans spectra for (a) PET side and (b) PSMA side of the

fractured surface of the PET/PSMA adhesive joint annealed for 2 h at 140 �C.
survey scan spectra of the PSMA fracture surface for plasma
treatment time �200 s. The atomic percentage of carbon,
oxygen and nitrogen of the PET side of the fracture surface
for different plasma treatment times as measured from the
XPS survey scan is tabulated in Table 1. For all plasma treat-
ment times, the atomic percentage of carbon and oxygen on
the PET fracture surface is close to that of carbon and oxygen
on the pure PET surface as shown in Table 1. Based on the

200300400500600700

C
ou

nt
s

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

0 sec 

C-1s

N-1s

O-1s

C-1s

N-1s

O-1s

30 sec

100 sec

200 sec 

0 sec 

20 sec 

100 sec 

200 sec 

400 sec 

Binding energy (eV)

200300400500600700

Binding energy (eV)

(b)

(a)

C
ou

nt
s

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

Fig. 8. XPS survey scans spectra for PSMA side of the fractured surface of the

PET/PSMA adhesive joint annealed for 2 h at (a) 150 �C and (b) 160 �C.

Table 1

XPS analysis on the PET fracture surface of PET/PSMA adhesive joints

annealed at 150 �C for 2 h

Plasma treatment time Atomic percentage (at.%)

C O N

Pure PET 72.5 28.8 0

20 s 78.9 20.9 0.2

100 s 82.3 17.4 0.3

200 s 73.7 26.3 0

400 s 72.7 27.3 0

Pure PSMA 90.6 9.36 0
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failure analysis on the PET and the PSMA side of the fracture
surface as measured by using XPS technique and SEM mor-
phology, it is clear that the location of failure of the adhesive
joints annealed at 150 �C for 2 h is an interfacial failure
between PET and PSMA for plasma treatment time< 200 s.
For plasma treatment time �200 s, failure occurs inside the
PET film near PET/PSMA interface. Therefore, both SEM
micrographs (Fig. 7) and XPS results show that there is
a change in the location of failure of the adhesive joint an-
nealed at 150 �C with increasing plasma treatment time. For
plasma treatment time �200 s, the fracture toughness of the
interface reaches a saturation value of w110 J/m2. The change
in the location of failure from interfacial failure to a bulk PET
interlayer failure is therefore resulted from the fact that the
fracture toughness of PET/PSMA exceeds that of the bulk
PET interlayer strength. This is due to more in situ copolymer
formation at the interface resulting from more amine func-
tional groups generated on PET surface with increasing
plasma treatment time.

For the adhesive joints annealed at 160 �C for 2 h, the
saturation fracture toughness, G�c decreases dramatically from
a maximum value of w110 J/m2 at 150 �C to w60 J/m2 at
160 �C. Failure analysis was conducted on the fracture surface
of the adhesive joints. Fig. 8(b) shows the XPS survey scan for
the PSMA fracture surface of the adhesive joints annealed at
160 �C for 2 h for different plasma treatment times. With in-
creasing plasma treatment time, the fracture toughness of the
interface increases (Fig. 5(b)), however, the atomic ratio of
carbon to oxygen of the PSMA side of the fracture surface
does not change with increasing plasma treatment time which
indicates that the location of failure is at the PSMA/PET inter-
face or in the bulk PSMA. The atomic percentage of carbon,
oxygen and nitrogen of the PET fracture surface for different
plasma treatment times as measured from the XPS survey scan
is tabulated in Table 2. For a pure PET film, the atomic per-
centage for carbon is nearly 73% while for pure PSMA, the
atomic percentage is close to 90%. With increasing plasma
treatment time, the atomic percentage of carbon on the PET
side of the fracture surface changes from that of a PET for
plasma treatment time< 100 s to that of a PSMA for plasma
treatment time> 100 s. Therefore, based on the results from
Fig. 9(b) and Table 2, we concluded that the location of failure
changes from an interfacial failure between the PSMA/PET in-
terface for low plasma treatment time ((150 s) to a bulk fail-
ure of PSMA for high plasma treatment time. This result

Table 2

XPS analysis on the PET fracture surface of PET/PSMA adhesive joints

annealed at 160 �C for 2 h

Plasma treatment time Atomic percentage (at.%)

C O N

Pure PET 72.5 28.8 0

30 s 71.8 27.4 0.8

100 s 74.8 25.2 0

200 s 79.2 21.8 0

400 s 81.8 18.2 0

Pure PSMA 90.6 9.4 0
suggests that for the adhesive joints annealed at 160 �C,
more functional groups are generated on PET surface and re-
act with maleic anhydride groups on the interface with increas-
ing plasma treatment time. As the interfacial adhesion exceeds
the cohesive strength of PSMA substrate, fracture near the
PSMA/PET interface but inside PSMA substrate occurs. The
cohesive strength of PSMA should be quite similar to that
of a high molecular weight PS which is much larger than
50 J/m2. Therefore, can the change in fracture toughness and
failure location be affected by the way that PSMA reacts
with functionalized PET film. In general, the adhesion of the
interface depends on the number of in situ formed copolymers
at the interface. However, since PSMA homopolymer has
a large amount of (7 wt%) maleic anhydride functional groups
arranged randomly along the chain, each PSMA polymer can
possibly make multiple chemical bonds with functionalized
semicrystalline PET film surface. A schematic of a PSMA
chain grafted on functionalized PET film surface is shown in
Fig. 1(b). To elucidate this peculiar temperature dependence
on the location of failure, analysis of fracture mechanisms is
necessary.
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3.5. Failure analysis

In order to understand the correlation between the interfa-
cial fracture toughness of PET/PSMA adhesive joints and
the areal density of grafted PSMA chains on the plasma-
treated PET film surface, analysis on both sides of the fracture
surfaces of the PET/PSMA adhesive joint was done by using
XPS measurements. Following the examination by Leger
et al. [42], we use N 1s and C 1s signals on fracture surfaces
obtained from XPS measurement to estimate the areal chain
density, S of in situ formed copolymers at the interface. We
assume that any N 1s signal that appeared on the XPS spectra
of the PSMA side of the fracture surfaces comes exclusively
from functionalized PET chains grafted onto the surface of
PSMA. The analysis is done on the fracture surfaces of the
adhesive joints heat treated at 150 �C for 2 h. The thickness
d of functionalized PET chains grafted on PSMA is related
to normalized nitrogen signal (N/C) through Eq. (3).

ðN=CÞ
ðN=CÞN

¼ 1� exp

�
�d

L

�
ð3Þ

where (N/C)N is the normalized signal for a freshly plasma-
treated PET film at the same plasma treatment time and L

accounts for the escape length of the electrons through the
plasma-treated layer and is estimated to be 5 nm. The areal
chain density of the grafted PSMA can be expressed as
follows:

Scross ¼�
NarL

Mn

ln

�
1� ðN=CÞ
ðN=CÞN

�
ð4Þ

where Na, r and Mn are the Avogadro’s number, density of
PET (r z 1.35 g/cm3), and the number-average molecular
weight of PSMA (Mn z 100,000 g/mol), respectively. Since
each PSMA chain has an average of 7 wt% maleic anhydride
and therefore can react with the plasma-treated PET film for
multiple times, PSMA may form a stitch structure when it is
reacted at the interface. On the basis of the stitch structure
of the grafted PSMA chains at the interface we therefore
define the areal density as the areal joint density, Scross which
is the number density of the grafted PSMA excursions at the
interface. Although, strictly speaking, the calculation of the
areal chain density of grafted PSMA using Eq. (4) is incorrect;
since we overestimate the areal joint density of the grafted
PSMA by assuming that all nitrogen measured on the PSMA
side of the fracture surface reacts with the maleic anhydride
groups on PSMA. As an approximation, the areal joint density
Scross is used as upper limit of the chain density of the co-
polymers and is used to correlate with the fracture energy
measured by the ADCB method as well as the fracture mech-
anism [43].

In Fig. 9(a), the fracture toughness of the PET/PSMA inter-
face is plotted as a function of areal joint density, Scross of
in situ formed copolymers calculated based on Eq. (4). For
Scross< 0.045 chains/nm2, the fracture toughness of the inter-
face increases with increasing Scross of the copolymers. For
Scross> 0.045 chains/nm2, Gc becomes independent of the
areal joint density. For samples with Scross w 0.045 chains/nm2,
the treatment condition for the sample corresponds to a plasma
treatment for 150 s and subsequent annealing of the adhesive
joint at 150 �C for 2 h. Based on the results from Fig. 8(a)
and Table 1, the failure of the PET/PSMA adhesive joints
plasma treated for �200 s occurs inside the PET layer. There-
fore, Gc becomes independent of the areal joint density since
the interfacial adhesion is now exceeding the bulk fracture
toughness of PET film.

We can further understand the deformation mechanism of the
PET/PSMA interface by replotting Gc versus Scross on a double
logarithmic scale. As seen from Fig. 9(b), the areal joint density
can be further divided into three regions: for Scross < S�cross ¼
0:03 chains=nm2, all Gc values are small (<40 J/m2) and Gc

increases linearly with increasing Scross; for 0.045 chains/
nm2>Scross> 0.03 chains/nm2, Gc increases sharply with
Scross and scales with S2

cross; for Scross> 0.045 chains/nm2,
Gc reaches a maximum value and is independent of Scross.

For polymer interface reinforced with diblock copolymers,
Creton et al. [6] have shown that there is a fracture transition
from chain scission of diblock copolymer to crazing of a
homopolymer with a transitional areal chain density, S�di, of
0.03 chains/nm2. Brown [44] and Kramer et al. [45] have
experimentally and theoretically demonstrated the relationship
of interface adhesion and areal chain density of connecting
chains: if failure of the interface occurs by simple chain scis-
sion or chain pull-out without any extensive plastic deforma-
tion, then Gc is a linear function of S; if the applied stress
at the interface is sufficient to activate bulk plastic deformation
mechanisms, then Gc increases significantly and scales with
S2. Creton et al. [6] further demonstrated that the transitional
areal chain density S�di from chain scission to crazing failure of
an interface reinforced with a diblock copolymer can be used
to estimate the force to break a single carbonecarbon bond of
the copolymer at the interface provided that the crazing stress
of the plastically deformed homopolymer is known.

In this study, we observed a similar Gc dependence versus
areal density and approximately the same value of the areal
density for the transition. Therefore, it is reasonable to specu-
late that for a similar failure transition from chain scission of
the copolymer to plastic deformation occurs at the PS/PSMA
reinforced with in situ formed copolymers. For plasma treat-
ment time< 150 s, since nitrogen signals are found on both
sides of the fracture surface as shown in the XPS survey
scan, the crack tip stress is high enough to generate plastic de-
formation of PET/PSMA interface and subsequently failure of
the plastically deformed PET. Note that the areal joint density
Scross is theoretically related to the areal chain density S by
the average number of grafting point n of PSMA pinned on
the PET film surface.

Scross ¼ nS ð5Þ

The number of grafting point of each PSMA chain on PET
film surface gives an indication of the chain conformation
of the PSMA pinned on PET surface. For example, if n is



8593C.-A. Dai et al. / Polymer 47 (2006) 8583e8594
relatively small, then the grafted PSMA chain may form
a stitch structure with large enough loop to entangle with
homopolymer PSMA. If, however, n is large then the grafted
PSMA chain forms many stitches with small loops and the
loops may not be able to entangle well with PSMA homopol-
ymer. In addition, since the value of Scross depends on n and if
n is known, then the transitional areal density S�cross ¼
0:03 chains=nm2 in the current study can be used to estimate
the force to break the in situ formed copolymer chain provided
that the yield stress of the plastically deformed homopolymer
is also known.

The dramatic change in the saturation fracture toughness
and location of failure of the PET/PSMA adhesive joints
with different heat treatment times and temperatures deserves
much attention. Several kinetic theories of interfacial reaction
of functional polymers have recently been proposed [46,47].
The grafting reaction is usually treated with two competing
effects, namely reaction-controlled kinetics and diffusion-con-
trolled kinetics that affect the chain conformation of in situ
formed copolymer, fracture toughness and failure mechanism
of the interface. The effect of heat treatment time on the sat-
uration fracture toughness as shown in Fig. 5(b) can be under-
stood based on the following argument. As more interfacial
grafting reaction occurs, the fracture toughness increases.
However, above a certain critical coverage of the grafted
chains, further reactions are retarded since less functional
group is left unreacted on the PET film surface and the diffu-
sion of PSMA chains in the bulk through the already grafted
layer is difficult because of the concentration gradient.

As shown in Fig. 5(b), the saturation Gc increases from
10 J/m2 at 130 �C, 30 J/m2 at 140 �C, to 110 J/m2 at 150 �C.
The growth rate in the saturation fracture toughness with
increasing heat treatment temperature demonstrates that the
grafting reaction is dominated by the reaction-controlled
kinetics. Although at the heat treatment temperature¼ 150 �C,
bulk failure of PET film occurs. However, this result shows
that the actual adhesion between the PET/PSMA interface at
heat treatment temperature¼ 150 �C is even higher than
110 J/m2. Therefore, at higher heat treatment temperature
the possibility of diffusion-controlled process for adhesion
enhancement is excluded.

For the PET/PSMA adhesive joints annealed at 160 �C, the
saturation fracture toughness decreases significantly to a value
of 50 J/m2 and the location of failure has drastically changed
from a bulk failure of PET at 150 �C to a bulk failure of
PSMA near the interface at 160 �C. This result can be under-
stood as follows: as PSMA chains react with functionalized
PET film, the whole PSMA chain is pinned on the PET sur-
face. With increasing heat treatment temperature, the grafted
chains diffuse between grafted points, react with PET film
and become more confined on the PET surface. Therefore,
as the temperature increases, the grafted chains will have
less entanglement with the bulk PSMA which becomes the
weak link of the system and where the failure occurs. For an
interface between propylene and Nylon 6 reinforced with
ion beam irradiation, Kim et al. showed a similar effect of
the bonding temperature on the saturation fracture toughness
of the interface [14]. However, they observed a much higher
temperature (200 �C in their study compared with 150 �C in
the current study) at which the maximum fracture toughness
is achieved. This difference in the heat treatment temperature
to achieve the maximum adhesion is mainly due to the bulk
failure of PET in our current study.

The failure mechanism and location of failure of PET/
PSMA interfaces reinforced with plasma treatment and subse-
quent different heat treatment temperatures are summarized.
Fig. 10(a) and (b) shows a schematic representation of the
chain conformation of PSMA grafted onto the functionalized
PET surface for two different heat treatment temperatures.
For heat treatment temperature¼ 150 �C, the fracture tough-
ness of the adhesive joints increases with increasing surface
functionality of PET film as plasma treatment time increases.
At this temperature, the average number of grafting point of
PSMA chains near the interface is moderate. However, for
failure at PSMA

increasing plasma
treatment time

increasing plasma
treatment time

failure at interface

failure at interface

PSMA

PET

PSMA

PET

PSMA

PET
failure at PET

PSMA

PET

(a) bonding temperature at 150°C

(b) bonding temperature at 160°C

Fig. 10. Schematic representation of the formation of copolymers at the interface and location of failure with saturation in Gc at bonding temperature of (a) 150 �C
and (b) 160 �C.
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heat treatment temperature¼ 160 �C, the grafted chains are
pinned on PET film surface and there are few entanglements
between the grafted chains and the bulk homopolymer
PSMA. Therefore, fracture occurs there.

4. Conclusion

In this study, the effects of chemical composition of nitro-
gen plasma-treated PET films and the bonding treatments
between the treated PET and PSMA on their adhesion were
investigated. The functional groups generated from the nitro-
gen plasma treatment of PET films are primarily in the form
of amine and amide and the total amount of nitrogen incorpo-
ration increases with increasing treatment time and reaches
a saturation value of w7.7%. The fracture toughness and the
failure mechanism of the interface between the plasma-treated
PET films and PSMA substrates are greatly affected by plasma
treatment time, post-plasma heat treatment time and tempera-
ture. The fracture mechanism map of PET/PSMA adhesive
joint for different plasma and heat treatments was established
by estimating the areal joint density, Scross of PSMA chains
grafted on PET surface. Three failure regions were found for
the adhesive joints annealed at 150 �C; for Scross< 0.03 -
chains/nm2 failure of PSMA/PET interface by chain scission
of in situ formed copolymers and Gc scales linearly with S;
for 0.03<Scross< 0.045 chains/nm2 failure of the interface
by plastic deformation and Gc scales linearly with S2

cross; for
Scross> 0.045 chains/nm2, failure occurs in bulk PET film
and Gc is independent of Scross.
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