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Abstract

A novel method was developed to achieve good adhesion of polyimides (PI, Kapton HNw) and fluorinated polyimides (FPI) on aluminium
and copper surfaces via thermal imidization of the respective poly(amic acid) (PAA) and fluorinated poly(amic acid) (FPAA) precursors onto
the glycidyl methacrylate (GMA) graft-polymerized aluminium and copper substrates. The properly cleaned surfaces of the aluminium and
copper foils were first silanized with 3-aminopropy(triethoxysilane) (APS) (the APS–metal surface). The silanized aluminium and copper
foils were pretreated with Ar plasma to generate the surface peroxides and hydroperoxides before been subjected to UV-induced graft
polymerization with GMA (the GMA-g-APS–metal surface). The graft-polymerized metal surfaces were characterized by X-ray photo-
electron spectroscopy (XPS) and atomic force microscopy (AFM). The 1808-peel adhesion strength achieved with the use of GMA-g-APS–
metal surface was about 10 N/cm, or about five times the value obtainable with the pristine metal surface. It was also found that the presence
of fluorine-containing groups had negligible effect on the adhesion of the FPI to the present graft-modified metal substrates. The high
adhesion strength was attributed to the synergistic effect of coupling the curing of epoxide functional groups of the grafted GMA chains with
the imidization process of the PAA or FPAA, and the fact that the GMA chains were covalently tethered onto the metal surface. The XPS
results revealed that the PI/GMA-g-APS–Cu laminate delaminated by cohesive failure inside the polyimide film.q 2000 Elsevier Science
Ltd. All rights reserved.
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1. Introduction

Poly(pyromellitic dianhydride-co-4,40-oxydianiline)
(PMDA–ODA)-based polyimides (PIs) have played an
important role in the microelectronics industry because of
their low dielectric constants, high thermal stability and
good mechanical properties [1–3]. For their applications
in multilevel thin film devices, most PIs are processed in
their precursor forms and have to be converted into PIs by
thermal imidization at elevated temperatures [1,4].

Good adhesion of PI to metal is an important considera-
tion in microelectronic applications. Therefore, extensive
research on the adhesion of PI to metal has been carried
out [5–7]. In the polyimide–copper adhesion, it has been
known that there exists chemical interaction between PI and
copper during the imidization process. The interaction
generates copper oxide particles, which can diffuse into
the PI film [8,9]. The diffusion of copper oxide particles

causes an increase in the dielectric constant of the polymer
[10]. In order to prevent the reaction of poly(amic acid)
(PAA) precursor with copper, as well as to improve adhe-
sion of PI to copper, Lee et al. [9] have introduced a thin
layer of poly(arylene ether benzimidazole) on the copper
surface as capping material before PAA is coated onto the
copper surface. On the other hand, aluminium surface has
been known to be inert. Thus, silane-coupling agents are
often applied on the aluminium surface as adhesion promo-
ters [11].

In recent years, surface modification of polymers via graft
polymerization with specific functional monomers has been
shown to be a versatile and effective means for improving
the adhesion properties of polymers [12–14]. Prior to graft
polymerization, polymer surfaces are pretreated with high-
energy radiation [15], corona discharge [16], low-tempera-
ture plasma [17], among others, to introduce radicals or
peroxides, which are capable of initiating graft polymeriza-
tion of vinyl monomers. On the other hand, some organosi-
lanes have been used extensively as adhesion promoters
[18]. These silanes are chemically coupled with the metallic
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substrates to form thin films on the substrate surfaces [19–
21]. Thus, further functionalization of the metal surface can
be carried out through modification of the coupled silane
layer by, for example, graft polymerization.

In the present work, the adhesion of PI and fluorinated PI
to surface-functionalized aluminium and copper foils is
explored. Prior to the UV-induced graft polymerization
with glycidyl methacrylate (GMA), the surfaces of alumi-
nium and copper foils are coupled with 3-aminopropy
(triethoxysilane) (APS), followed by treatment with Ar
plasma. The surface-modified and functionalized alumi-
nium and copper foils are characterized by X-ray photoelec-
tron spectroscopy (XPS) and atomic force microscopy
(AFM). The thermal stability of the fluorinated PI, the
GMA homopolymer, and the mixture of fluorinated poly
(amic acid) (FPAA) and GMA homopolymer are investi-
gated by thermogravimetric (TG) analysis. The adhesion
of PI and fluorinated PI (FPI) to the GMA polymer-functio-
nalized metal substrates is evaluated by the 1808-peel test.

2. Experimental

2.1. Materials

The PAA precursors of poly(pyromellitic dianhydride-
co-4,40-oxydianiline) (PMDA–ODA, or PAA), a viscous
liquid of 14^ 1 wt.% solution in 1-methyl-2-pyrrolidinone
(NMP)/aromatic hydrocarbon mixture, and poly(4,40-hexa-

fluoroisopropylidene)diphthalic anhydride-co-4,40-oxydia-
mine (6FDA–ODA, or FPAA), a viscous liquid of
15^ 1 wt.% solution in NMP/aromatic hydrocarbon
mixture, glycidyl methacrylate (GMA) of 97% purity, and
3-aminopropyl(triethoxysilane) (APS) of 99% purity were
purchased from the Aldrich Chemical Co., Milwaukee,
USA. The chemical structures of the PAA and the FPAA,
and those of the corresponding PI and FPI, are shown in Fig.
1. Aluminium foil (99.9% purity) and copper foil (99.9%
purity), both having a thickness of 0.1 mm, were purchased
from Goodfellow Ltd, Cambridge, UK. The aluminium and
copper foils were first cleaned ultrasonically in acetone for
10 min. They were then dipped in 0.5 M HNO3 solution for
10 min, followed by rinsing with double-distilled water. The
metal foils were dried in a stream of argon gas, followed by
60 s of argon plasma treatment, before being subjected to
surface modification. In the present study, the so-cleaned
metal foils were referred to as the pristine metal foils. The
APS were used as-received, while GMA was distilled under
reduced pressure to remove the trace amounts of the inhi-
bitor, dimers and oligomers before the graft polymerization
experiment.

2.2. Silane treatment of the metal surface

The 3-aminopropy(triethoxysilane) was first hydrolysed
with doubly distilled water in 1:3 (silane:water) mole ratio
for 24 h. The hydrolysed silane were then diluted with etha-
nol to obtain the 1 vol.% APS solution. The pristine Al and
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Fig. 1. Schematic representation of the processes of the silane treatment, plasma treatment, UV-induced graft polymerization, and thermal imidization of the
PAA (or FPAA) onto the GMA polymer-modified Al foil surface with simultaneous lamination to form a PI/GMA-g-APS–Al laminate.



Cu foils of 20× 40 mm2 were immersed in the 1 vol.% APS
solution for 10 min. The pH value of the APS solution was
also adjusted to about 4 with 0.1 M HCl solution for Cu
silanization. The silane-coated metal foils were then
immersed in two successive batches of absolute ethanol
for 30 min each, followed by rinsing in a gently flowing
ethanol stream. Finally, the silane-coupled metal foils
were dried in an argon stream and then cured at 1008C in
a vacuum oven for 1 h.

2.3. Plasma treatment

The argon plasma treatment of the silanized metal foils
were carried out in an Anatech SP100 plasma system,
equipped with a cylindrical quartz reactor chamber. The
glow discharge was produced at a plasma power of 35 W,
an applied oscillator frequency of 40 kHz and an argon
pressure of 0.6 Torr. The plasma-treated samples were
subsequently exposed to the atmosphere for about 10 min
to facilitate the formation of surface peroxides and hydro-
peroxides, which were used to initiate the subsequent graft
polymerization [22].

2.4. UV-induced surface graft polymerization

The surfaces of the APS-silanized metal foils were first
activated by Ar plasma and atmospheric exposure. They
were then immersed individually in about 30 ml of 1,4-diox-
ane solution of GMA monomer in a Pyrexw tube. The GMA
monomer concentrations used were 30 vol.%. The dissolved
air in the reaction mixture was removed by purging with
purified nitrogen for about 1 h before the tube was sealed off
with a silicone stopper. The reaction mixture was then
subjected to UV-induced graft polymerization in a Riko
Rotary (Model RH 400-10W) photochemical reactor, manu-
factured by Riko Denki Kogyo of Chiba, Japan. The reactor
was equipped with a 1000 W high-pressure Hg lamp and a
constant temperature water bath. All the UV-induced graft
polymerization experiments were carried out at a constant
temperature of 288C. The metal foils after graft polymeriza-
tion with GMA were washed ultrasonically with copious
amounts of acetone to remove the residual monomer and
adsorbed homopolymer before been dried under reduced
pressure.

2.5. Thermal imidization of poly(amic acid) and fluorinated
poly(amic acid) precursors onto the metal surfaces and
adhesion strength measurements

About 0.2 ml of PAA or FPAA solution was introduced
onto the pristine or modified aluminium and copper foils of
20× 20 mm2 in area. A thin liquid layer of PAA formed
evenly on the metal surface due to the effect of surface
tension of the fluid. The “liquid-coated” metal stripes
were heated initially at 1008C under atmospheric pressure
for 1 h, and then at 1508C under reduced pressure for 2 h, to
remove the solvent [23,24]. The composite films were

further imidized at 200, 250 or 3008C. The so-formed PI
or FPI film on the metal substrate had a thickness of about
70mm.

The composite films were sliced into strips of 20× 5 mm2

in size. The PI or FPI film of the laminate was delaminated
by 1808-peel at a peel rate of 5 mm/min. The peel strength
measurements were carried out on an Instron 5540 tensile
tester from Instron Corp. of USA. Each peel adhesion
strength reported was the average of at least three sample
measurements.

2.6. Thermogravimetric analysis

The thermal stability of the FPI film, the GMA homopo-
lymer, and the FPAA/GMA composites was measured using
a TGA2050 thermogravimetric (TG) analyser supplied by
TA Instruments Inc., a subsidiary of the Waters Corpora-
tion. The FPAA/GMA composite was prepared in film form
by casting from a 10/90 (wt.% ratio) mixture of FPAA and
GMA in NMP. The TG analysis curves of the FPI film, the
GMA homopolymer, and the FPAA/GMA composite film
were recorded at a constant heating rate of 108C/min
under N2.

2.7. Surface characterization

XPS measurements were made on a VG ESCALAB MkII
spectrometer with a Mg Ka X-ray source (1253.6 eV
photon) at a constant retard ratio of 40. The films were
mounted on the standard sample studs by means of
double-sided adhesive tapes. The X-ray source was operated
at a reduced power of 120 W (12 kV and 10 mA). The pres-
sure in the analysis chamber was maintained at 7:5 ×
1029 Torr or lower during the measurements. The core-
level spectra obtained at the photoelectron take-off angle
(a , with respect to the sample surface) of 758 were used
for the analysis. All binding energies (BEs) were referred
to the C 1s neutral carbon peak at 284.6 eV, so as to
compensate for the effect of surface charging. In peak synth-
esis, the line width (full-width-at-half-maximum (FWHW))
for the Gaussian peaks was maintained constant for all
components in a particular spectrum of the sample.
Surface compositions were determined from peak-area
ratios, after correcting with the experimentally deter-
mined sensitivity factors, and were reliable to within
^10%. The elemental sensitivity factors were deter-
mined using stable binary compounds of well-estab-
lished stoichiometries.

The surface morphology of the pristine and modified
metal foil samples was investigated using a Nanoscope
IIIa atomic force microscope (AFM). All images were
collected in air using the tapping mode under a constant
force (scan size: 5mm; set point: 3.34mV; scan rate:
0.5 Hz).
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3. Results and discussion

The processes of the silane treatment, Ar plasma treat-
ment, UV-induced graft polymerization, and thermal imida-
zation are shown schematically in Fig. 1. The details of each
process are described below.

3.1. Surface functionalization of metal foils via graft
polymerization

The surface composition of Al foil has been widely inves-
tigated [25–27]. Fig. 2(a)–(e) shows the respective Al 2p, C
1s and wide scan spectra of a pristine Al foil, an APS-sila-
nized Al (APS–Al surface) foil, the Al–APS foil after 30 s
of Ar plasma treatment, and the 30-s Ar plasma-treated
APS–Al foil after 15 and 60 min of UV-induced graft poly-
merization in 30 vol.% GMA solution (the GMA-g-APS–Al
surfaces). For the pristine Al foil, the wide scan spectrum
indicates the presence of carbon, oxygen and aluminium
species only. Two distinct peak components can be resolved

in the Al 2p core-level spectrum. The smaller component at
the BE of about 72 eV is characteristic of the aluminium
metal, and the main peak component at about 75 eV is char-
acteristic of aluminium oxide and hydroxide [25]. On the
other hand, the C 1s core-level spectrum can be curve-fitted
with four peak components with BEs at about 284.6, 286.2,
287.7 and 288.7 eV, corresponding to theC–C/C–H,C–O,
CyO, and O–CyO functional groups, respectively, and aris-
ing from surface carbon contaminants [25]. Under the ambi-
ent conditions, surfaces of common metals, such as
aluminium and copper, are covered with hydrated oxides
[28], the presence of which is consistent with the presence
of the oxygen signal in the wide scan spectrum of the pris-
tine Al foil surface. Previous studies [29] have shown that
APS can be reactively adsorbed onto the aluminum oxide
surface through the –Si–O–Al bonds. In the present case,
the presence of the APS on the aluminium surface can be
deduced from the appearance of the Si and N core-level
signals in the wide scan spectrum, as shown in Fig. 2(b).
A decrease in the intensity of the Al signal and a change in
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Fig. 2. Al 2p, C 1s and wide scan spectra for: (a) a pristine Al foil surface, (b) an APS–Al surface, (c) an APS–Al surface with 30 s of Ar plasma treatment, and
the GMA-g-APS–Al surfaces from the UV-induced graft polymerization with GMA for (d) 15 min and (e) 60 min.



the C 1s core-level lineshape are also observed. The two C
1s peak components with BEs at about 284.6 and 286.2 eV,
and corresponding to theC–C/C–H and C–O species,
respectively, are now associated predominantly with the
surface-coupled APS silane molecules and to a lesser extent,
the residual carbon contaminants. When the APS-modified
Al foil is subjected to 30 s of Ar plasma treatment, followed
by air exposure, an increase in surface oxygen concentration
and a decrease in carbon concentration are observed. The
decrease in the surface carbon content suggests that the 30-s
of Ar plasma treatment must have also resulted in a certain
extent of etching of the APS–Al surface. On the other hand,
new and oxidized carbon species attributable to theCyO
and O–CyO species appear in the C 1s core-level spectrum.
The significant increase in the [O]/[C] ratio indicates that
the Ar plasma treatment and the subsequent air exposure
have introduced oxygen containing species onto the APS-
silanized Al foil surface (Fig. 2(c)). When the Ar plasma-
treated APS–Al foils are subjected to UV-induced graft
polymerization in 30% GMA solution for 15 and 60 min,
the surface compositions change considerably, as shown in
Fig. 2(d) and (e). In comparison with the spectra shown in
Fig. 2(c) for the sample before the UV-induced graft poly-
merization with GMA, continuous decreases in the [Al]/[C]
and [Si]/[C] ratios with increasing UV graft polymerization
time can be observed. In fact, at the UV graft polymeriza-
tion time of 60 min, the Al and Si signals are no longer
discernible. Furthermore, the presence of surface-grafted
GMA polymer can also be confirmed by the changes in
lineshapes of the C 1s core level spectra before and after
the UV-induced graft polymerization with GMA. The

intensities ofCO and COO components increase readily
with the UV graft polymerization time. At the UV graft
polymerization time of 60 min, the lineshape of the C 1s
core level spectrum becomes grossly similar to that of the
GMA homopolymer [30]. The [CH]:[CO]:[COO] compo-
nent ratio of the surface is very close to the theoretical
ratio of 3:3:1, dictated by chemical structure of the GMA
molecule. This carbon stoichiometry, together with the fact
that no aluminium signal can be detected, readily suggest
that the substrate surface has been completely covered by
the GMA polymer to beyond the probing depth of the XPS
technique (about 7.5 nm in an organic matrix at the photo-
electron take-off angle of 758 used in this work [31]). Thus,
the thickness of the grafted GMA polymer can range from
negligible to over 7.5 nm. The –NH2 group in APS can also
react with the epoxide group of GMA under certain condi-
tions, in addition to the radical graft polymerization reaction
initiated by the decomposition of the plasma-generated
peroxides and hydroperoxides. In the present case, as the
[CH]:[CO]:[COO] ratio is almost identical to that of the
GMA homopolymer after 60 min of UV graft polymeriza-
tion, it is evident that most of the epoxide groups of the
grafted GMA polymer remain intact. Thus, the GMA poly-
mer chain tethered onto the Al foil surface arises mainly
from the graft polymerization reaction.

Fig. 3(a)–(c) shows the respective C 1s, Cu 2p and wide
scan spectra of a pristine Cu foil, an APS-silanized Cu
(APS–Cu surface) foil, and a 10-s Ar plasma pretreated
APS–Cu foil after 30 min of UV-induced graft polymeriza-
tion in 30 vol.% GMA solution (the GMA-g-APS–Cu
surface. For the pristine Cu foil surface, in addition to the
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Fig. 3. C 1s, Cu 2p and wide scan spectra for (a) a pristine Cu foil surface, (b) an APS–Cu surface, and (c) an GMA-g-APS–Cu surface from the UV-induced
graft polymerization with GMA for 30 min.



strong copper signal, there are trace amounts of oxygen and
carbon contaminants owing to the oxygen, water, and
hydrocarbon adsorption on the copper surface [32]. After
the Cu surface is treated with APS, apart from the carbon
and oxygen signals, the corresponding silicon and nitrogen
signals are also discernible, indicating the presence of a
coupled APS layer on the Cu surface. The persistence of
prominent Cu signals in the spectrum of the silanized
Cu surface suggests that the silane-coupling agent exists
as thin overlays. When the APS–Cu surface is subjected
to further graft polymerization with GMA, similar
results are obtained as in the case of the APS–Al
surface. Further increase in graft polymerization time
also results in the complete convergence of the Cu

surface by the GMA polymer to beyond the probing
depth of the XPS technique (see Fig. 4).

Fig. 4 shows the effect of UV graft polymerization time
on the graft concentration of the GMA polymer for the 30-s
Ar plasma-pretreated APS–Al and the 10-s Ar plasma-
pretreated APS–Cu surfaces. The graft concentration of
GMA polymer in this case can be simply defined as the
number of epoxide groups per metal atom, or the [epox-
ide]/[metal] (metal� Al or Cu) ratio, which is also equiva-
lent to the [COO]/[metal] ratio as each GMA unit contains
one COO functional group. Thus, the graft concentrations of
GMA polymer on the APS–Al and APS–Cu surfaces can be
derived from the respective Al 2p, Cu 2p3/2 andCOO spec-
tral components areas ratio. The [epoxide]/[metal] ratios
increase with increasing UV graft polymerization time.
After 60 min of UV graft polymerization, both the [epox-
ide]/[Al] and [epoxide]/[Cu] ratios become infinite
(complete coverage to beyond the probing depth of the
XPS technique), as the Al signal and Cu signal are no longer
detectable. Finally, for both the APS–Al and APS–Cu
substrates, optimum graft concentrations of the GMA poly-
mer are obtained at the Ar plasma pretreatment time
between 10 and 30 s under the present glow discharge
conditions. At Ar plasma pretreatment time above 30 s,
the plasma etching effect has resulted in a substantial
decrease and/or degradation of the coupled APS layer. As
a consequence, the amount of the grafted GMA polymer on
both surfaces also start to decrease at Ar plasma pretreat-
ment time above 30 s.

The changes in the surface morphology of the metal foils
before and after grafting of the GMA polymer are
investigated by AFM. Fig. 5(a) shows the AFM image of
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Fig. 4. Effect of the UV graft polymerization time on the graft concentration
of the GMA polymer on the APS-silanized Al and Cu foils.

Fig. 5. AFM imagines of (a) the APS–Al surface, (b) the GMA-g-APS–Al surface with complete GMA polymer coverage, (c) the APS–Cu surface, and (d) the
GMA-g-APS–Cu surface with complete GMA polymer coverage.



the APS-silanized Al foil surface (APS–Al). The surface is
dominated by tiny but distinct features, which may have
resulted from the etching effects of the nitric acid and the
Ar plasma, as well as from the silanization process. When
the so-prepared Al foil is further subjected to 30 s of Ar
plasma treatment and UV-induced graft polymerization
with GMA for 60 min, the GMA-g-APS–Al surface is
dominated by prominent features, as shown in Fig. 5(b),
and the mean surface roughness (Ra) increases from about
3.3 nm to about 39.8 nm. On the other hand, laminar struc-
tures are observed for the APS-silanized Cu foil surface as
shown in Fig. 5(c). After the APS Cu foil is subjected to 10 s
of Ar plasma treatment and 60 min of UV-induced graft
polymerization with GMA, the surface is also dominated
by prominent features, as shown in Fig. 5(d), and theRa

value increases from about 2.8 nm to about 27.3 nm.
From the distinctive changes in the surface compositions

and surface morphology after the UV-induced graft poly-
merization of GMA, the successful grafting of the GMA
polymer on the silanized Al and Cu foil surfaces has been
ascertained. Thus, the molecular functionalities of the metal
and the metal oxide surfaces can be redesigned through
silanization and graft polymerization with functional mono-
mers to tailor to specific applications, such as adhesion
promotion, corrosion protection, etc.

3.2. Thermal imidization and adhesion strength of the PI/
metal and FPI/metal laminates

Fig. 6 shows the 1808-peel adhesion strengths of the PI/
GMA-g-APS–Al, FPI/GMA-g-APS–Al, PI/GMA-g-APS–
Cu, FPI/GMA-g-APS–Cu laminates as a function of the
GMA polymer graft concentration, expressed in terms of
the UV-induced graft polymerization time of GMA onto
the respective silanized metal surfaces. The relationship
between graft concentration and graft polymerization time

for each substrate has been presented in Fig. 4. For compar-
ison purpose, the 1808-peel adhesion strengths of the PI
films on the pristine Al and Cu foils are also shown in the
same figure. All the laminates are prepared by thermal
imidization of the respective PAAs at 2008C for 4 h. The
points corresponding to 0 min of UV graft polymerization
time are taken to mean that the metal foils are either pristine
in nature or have been treated with APS only. Thus, the PI/
GMA-g-APS–Al, FPI/GMA-g-APS–Al, PI/GMA-g-APS–
Cu, FPI/GMA-g-APS–Cu laminates at the UV graft poly-
merization time of 0 min corresponds to the PI/APS–Al,
FPI/APS–Al, PI/APS–Cu and FPI/APS–Cu laminates,
respectively. The data in Fig. 6 clearly show that the adhe-
sion strengths of the PI/metal interfaces are strongly depen-
dent on the pretreatment of the metal surfaces. The 1808-
peel adhesion strengths between polyimide and pristine Al
and Cu foil are only about 2 N/cm. After silanization of the
Al and Cu foils with APS, an increase in the peel strengths
between polyimide and the metal substrates is observed.
The increase in adhesion strength for the PI/APS–Al lami-
nate is larger than that for the PI/APS–Cu laminate. The
disparity may have resulted from the difference in the
concentrations of the coupled APS on the Al and Cu foils,
as well as from the difference in surface morphology of the
two silanized metal surfaces. The [Si]/[Al] and [Si]/[Cu]
ratios are shown in Figs. 2 and 3, respectively. When the
APS–Al surface is further modified by grafting of GMA
polymer, a substantial increase in adhesion strength with
the thermally imidized PI is observed. The adhesion
strength of the PI/GMA-g-APS–Al laminate increases
with increasing UV graft polymerization time of GMA on
the APS–Al surface up to about 60 min and then levels off.
As the concentration of the grafted GMA polymer on the
metal surface increases with increasing UV graft polymer-
ization time of GMA on the metal surface (see Fig. 4), the
increase in adhesion strength of the PI/GMA-g-APS–Al
laminate can be correlated with the increase in the graft
concentration of the GMA polymer. Thus, the levelling
off in adhesion strength corresponds appropriately to the
complete coverage of the metal surface by the GMA poly-
mer. At the UV graft polymerization time of 90 min, a 1808-
peel adhesion strength of about 9.8 N/cm is achieved for the
PI/GMA-g-APS–Al laminate. Comparable adhesion
strength is obtained for the corresponding laminate invol-
ving Cu substrate. At lower extents of grafting, the adhesion
strengths of the laminates involving the GMA-g-APS–Al
substrates are generally higher than those involving the
GMA-g-APS–Cu substrates. This disparity may have been
resulted, at least in part, from the difference in surface
morphology, as shown in Fig. 5. On the other hand, both
the PI and FPI show similar adhesion characteristics and
adhesion strength when prepared from thermal imidization
of the respective PAAs on the silanized and graft-polymer-
ized metal substrates. This fact suggests that the presence of
fluorine-containing groups, such as the –CF3 groups, in the
PI molecules has almost no effect on the adhesion strength
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Fig. 6. Effect of the GMA polymer graft concentration (expressed in terms
of the UV graft polymerization time) of the APS–metal surface on the 1808-
peel adhesion strengths of the polyimide and fluorinated polyimide from
thermal imidization. The adhesion strengths of the polyimides on the pris-
tine metal surfaces are also shown.



of the FPI/metal interface prepared by the present lamina-
tion technique.

The adhesion between the PIs and metals, such as alumi-
nium and copper, has been widely investigated [5–10].
Direct chemical bond between PI and metal substrate
gives rise to the observed adhesion at the PI/metal interface
[11,33,34]. The treatment of aluminium with APS for adhe-
sion enhancement at the PI/Al interface and the mechanism
of adhesion promotion have also been reported [11,35,36].
On the other hand, Gaw et al. [37,38] have reported that
complex reactions exist between PAA and an epoxy resin.
Thus, in the present case, apart from the self-imidization
reaction of PAA and its interaction with the metal surface,
the reaction between the respective PAA and the grafted
GMA polymer must be responsible for the strong adhesion
at the PI/GMA-g-APS–metal and FPI/GMA-g-APS–metal
interfaces. The reaction must have involved the curing of
the epoxide moieties of the grafted GMA polymer with the
–COOH and OyC–NH functional groups of the PAAs. This

mechanism also helps to account for the fact that PI and FPI
show similar adhesion characteristics. The dependence of
the adhesion strength on the graft concentration of the GMA
polymer must be due to the fact that a higher graft concen-
tration will provide more epoxide functional groups, and
thus results in a higher crosslinking density at the inter-
phase. Furthermore, the increase in concentration of the
grafted GMA polymer at the APS–metal surface will have
the stress deconcentration effect as a result of more uniform
crosslinking at the interphase.

3.3. Thermal stability of the PI/GMA-g-APS–Cu, and FPI/
GMA-g-APS–Cu laminates

The thermal stability of the PI/GMA-g-APS–Cu and the
FPI/GMA-g-APS–Cu laminates prepared from imidization
of the respective PAA and FPAA on the GMA-g-APS–Cu
surface at 2008C for 4 h, is evaluated by exposing the lami-
nates to elevated temperatures for 24 h. The XPS spectra of
the GMA-g-APS–Cu surface before coating of PAA and
FPAA has been shown in Fig. 3(c). For the purpose of
comparison, the stability of the PI/Cu laminate, obtained
from thermal imidization of PAA on pristine Cu, is also
shown in Fig. 7. Thus, the PI/GMA-g-APS–Cu and FPI/
GMA-g-APS–Cu laminates exhibit similar thermal beha-
viour and are thermally stable up to the temperature of
2508C. In contrast to the PI/Cu laminate, the adhesion
strengths of both the PI/GMA-g-APS–Cu and FPI/GMA-
g-APS–Cu laminates decrease slightly at temperature
above 2508C, and then decrease drastically at temperature
above 2758C. This phenomenon can be explained by the
results obtained from thermogravimetric analysis of the
GMA homopolymer and the 10/90 (wt.% ratio) mixture of
the FPAA/GMA homopolymer composite, as shown in Fig.
8. Though the GMA homopolymer begins to decompose at
about 2308C, the onset temperature for the major weight loss
of the FPI/GMA homopolymer composite is at about 2708C.
This result suggests that the presence of a small amount of
the FPAA in the GMA polymer matrix can improve the ther-
mal stability of the latter, as a result of the reaction of the –
COOH and OyC–NH functional groups of FPAA with the
epoxide groups of the GMA polymer. This reaction, when
coupled with the imidization reaction, readily gives rise to
the high adhesion strength of the PI/GMA-g-APS–Cu lami-
nate. Thus, the PI/GMA-g-APS–Cu and FPI/GMA-g-APS–
Cu laminates are thermally stable up to above the decom-
position temperature of the GMA homopolymer. Further-
more, the interactions between the PAA and the grafted
GMA polymer to give rise to a crosslinked structure and a
new onset temperature for the decomposition of the compo-
site must have also induced good miscibility between two
polymers at the interphase. Fig. 8 also shows the TG curve
for the FPI film imidized at 2008C. It can be seen that the
loss of residual solvent continues up to about 2508C. Never-
theless, the onset temperature for the decomposition of the
imidized FPI film is at about 5308C. The thermal stability
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Fig. 7. Effect of 24 h of thermal treatment on the 1808-peel adhesion
strengths of the PI/GMA-g-APS–Cu, FPI/GMA-g-APS–Cu and PI/Cu
laminates.

Fig. 8. TG analysis curves of the GMA homopolymer, FPI film and the 10/
90 (wt.% ratio) mixture of the FPAA/GMA homopolymer composite.



and weight loss behaviour of the FPI are not unlike that of
the non-fluorinated PI or Kaptonw films [23,24]. Thus, the
thermal stability of the present FPI/GMA-g-APS–Cu and
PI/GMA-g-APS–Cu laminates are governed to a large
extent by the thermal stability of the FPAA/GMA homopo-
lymer composite or the PAA/GMA homopolymer compo-
site at the interphase.

3.4. Failure mode of the PI/GMA-g-APS–Cu laminate

The failure mode of the PI/GMA-g-APS–Cu laminate
was briefly investigated by XPS. Fig. 9(a) and (b) shows
the C 1s, N 1s and wide scan spectra of a delaminated PI film
surface and a delaminated Cu surface from a PI/GMA-g-
APS–Cu laminate, having a 1808-peel adhesion strength of
about 6.4 N/cm. The XPS spectra of the GMA-g-APS–Cu
surface before coating of PAA has been shown in Fig. 3(c).
The C 1s core-level spectrum of the delaminated PI film
surface was curved fitted with three peak components asso-
ciated with theCH species (at 284.6 eV),CO and CN
species (at 285.8 eV), and the N(CyO)2 species (at
288.4 eV). On the other hand, only a single peak-component
with a BE of 400.6 eV, attributable to the –N(CyO)2
species, is presence in the N 1s core-level spectrum. The line-
shapes of the C 1s, N 1s core-level spectra and the character-
istic features of the wide scan spectrum of the delaminated Cu
foil surface are grossly similar to that of the PI film. These
results, together with the fact no Cu signal is discernible in the
wide scan spectrum of the delaminated Cu surface, suggest
that the failure must have occurred inside the bulk of the
imidized PI film. In fact, similar cohesive failure is also
observed for the PI/GMA-g-APS–Al laminates having a
1808-peel adhesion strength above 6 N/cm. The cohesive
failure in the PI film of the PI/GMA-g-APS–Cu or PI/
GMA-g-APS–Al laminate must have resulted from the
fact that the grafted GMA chains are covalently tethered
onto the APS–Cu or APS–Al surface, as well as the fact

that the imidization reaction of the PAA is coupled with the
curing reaction of the GMA polymer to give rise to a highly
crosslinked polymer network at the interphase.

4. Conclusion

Surface modification of APS-silanized aluminum and
copper foils via UV-induced surface graft polymerization
with glycidyl methacrylate (GMA) was carried out. The
results obtained from XPS and AFM measurements
revealed that the GMA polymer had been successfully
grafted onto the silanied aluminum and copper substrate
surfaces. Thermal imidization of PAA and fluorinated
PAA precursors on the graft-modified metal surface gave
rise to 1808-peel adhesion strengths, which were about four
times higher than the values obtainable from the corre-
sponding pristine metal surface. It was also found that the
presence of fluorine-containing groups, such as CF3, had
negligible effect on the adhesion of the fluorinated polyi-
mides to the present graft-modified metal substrates. The
significantly enhanced adhesion strength was attributed to
the synergistic effect arising from the curing of the epoxide
groups of the grafted GMA chains with the carboxylic acid
and amide groups of the PAAs during the thermal imidiza-
tion process to result in the extensive crosslinking of the
GMA and the polyimide chains at the interphase, as well
as to the fact that the GMA chains were covalently tethered
onto the silanized metal surfaces. Cohesive failure inside the
polyimides was observed when the laminates exhibited a
1808-peel adhesion strength exceeding about 6 N/cm.
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