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Micro-joints between poly (vinylidene ﬂuoride) (PVDF) ﬁlm and titanium (Ti) foil with a joint width of
250 mm were fabricated by a transmission laser joining technique. The Ti and PVDF surfaces exposed by
debonding the joint were studied by X-ray photoelectron spectroscopy (XPS). The XPS results suggest
that laser joining leads to the formation of Ti–F and Ti–C chemical bonds at the interface.
ß 2008 Elsevier B.V. All rights reserved.
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1. Introduction
Localized joining of dissimilar materials, particularly polymeric
materials, is of great importance in packaging of miniaturized microelectronics, telecommunications, and optoelectronics devices. With
conventional joining technologies for joining of dissimilar materials
such as soldering, adhesive bonding and ultrasonic welding, which
are area bonding techniques, it is difﬁcult to produce localized joints.
Localized joining of dissimilar materials can be achieved by
transmission laser joining. The focused laser beam deﬁnes the
position and size of the joint, and the controlled heat input decreases
the possibility of thermal damage to sensitive components.
Flexibility, shorter processing time, consistent quality and repeatability are the other advantages of laser joining. In transmission
joining, the joining material combination includes one material that
is absorbent and one that is transparent at the laser wavelength. The
laser energy is directed through the transparent part, and it is
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absorbed at the surface of the absorbing part, thus allowing the heat
to be selectively delivered to the interface.
Poly (vinylidene ﬂuoride) (PVDF) is a ﬂexible polymer, which
has a high piezoelectric coefﬁcient, and low acoustic and
mechanical impedance. These properties make the PVDF a very
desirable material for micro-electro-mechanical systems (MEMS)
applications. PVDF is also biocompatible. It is a biomaterial
established for soft tissue applications and as a suture material [1].
It is chemical and weather resistant, durable and has very low
water absorption. PVDF can be considered as a potential material
for application in biomedical devices [2]. Although PVDF possesses
many desirable properties, it is known that the adhesion and
bonding of metals to this polymer is difﬁcult, because of the inert
surface of the polymer. Earlier studies show that reactive metals
(such as Cr, Ti, Ta and Al) react extensively with ﬂuoropolymer
surfaces, whereas inert metals (such as Cu, Ag and Au) do not.
Reactive metals, particularly chromium and titanium interact
strongly with polymers and form sharp and thermally stable
interfaces [3]. Several studies have been conducted on metal/PVDF
interfaces fabricated by evaporation of the metal onto the polymer
surface. It was found that there is a formation of organometallic
species at the interface. The evaporation of Ni onto the PVDF
surface leads to chemical bond formation between the metal and
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the carbon from the –CF2- group of the polymer. The results show
evidence for the formation of nickel ﬂuoride and new carbon
containing products (a combination of –CFNi- and graphite like
carbon). The carbon from the –CH2- group of the polymer was
unaffected by Ni [4]. The interfaces between PVDF and vapor
deposited Cr and Ni metal ﬁlms were studied by another group.
They also reported the formation of carbide and ﬂuoride species on
the substrates [5].
Transmission laser joining has been used to successfully join
dissimilar materials such as polymers to metals or polymers to
metal ﬁlm coated glass [6–10]. The average shear strength of the
laser joint of Ti/PVDF system (described system in this paper) is
6.7 MPa. This is comparable to the average adhesive joint strength
(steel/PVDF/steel) of PVDF ﬁlm which was found to be 5.1 MPa
[11]. Earlier studies conducted by our group on other laser joining
systems like titanium/polyimide give evidence for the formation of
chemical bonds between the polymer and Ti [12,13]. Since the
laser joints are fabricated in ambient conditions, the natural oxide
layer on the Ti surface affects the chemical bond formation so that
in fact Ti–oxide/PVDF interfaces were fabricated. In this paper, the
interactions between Ti and PVDF due to laser joining will be
discussed. X-ray photoelectron spectroscopy (XPS) will provide an
insight into the chemical interactions between the Ti and PVDF
polymer that occurs during the laser joining process.
2. Sample preparation and experimental conditions
A continuous wave (cw) Yb-doped ﬁber laser (l = 1100 nm)
(JDS Uniphase Inc.) having a Gaussian beam power proﬁle was
used in the bonding processes. The laser joined samples were
prepared at the Fraunhofer Center for Laser Technology (CLT),
Plymouth, MI, USA. PVDF ﬁlm (Kynar 460, Atoﬁna Chemicals Inc) of
0.13 mm thickness was laser-joined to 0.05 mm Ti foil (99.99%
purity, Goodfellow Corp.) by using a laser power of 4.5;W and a
scanning speed of 180 mm/min. A 0.05 s initial dwell time was
used during the sample preparation to preheat the starting point
and make joint lines with uniform width. A clamping pressure of
415 kPa was used in the joining procedure to hold the sample
between two boroﬂoat glass plates (11 mm thick). A thin cork
sheet with a nickel plate of 0.5 mm thickness on top of it was
placed between the bottom glass block and the sample to work as a
damper to even out any pressure difference on the sample through
the Ti ﬁlm. The details of the transmission laser joining can be
found in the references [6,12]. The materials were ultrasonically
cleaned with acetone and iso-propanol and then dried with
nitrogen gas before joining. The laser beam is ﬁrst focused on the Ti
surface at the interface, and then it is defocused by the desired
distance to get a joint width of 0.25 mm. The defocusing of the
beam controls the joint width and reduces overheating and
burning of the polymer by lowering the intensity in the center of
the laser spot.
A PVDF/Ti sample with multiple laser joints of the type shown
in Fig. 1 was prepared. The length of the laser joints was measured
to be 6.5 mm. The total widths of the laser joints were measured to
be 0.75 mm (0.25 mm actual bond width plus 0.50 mm heat
affected zone) and the space between joints was 0.25 mm. The
surface that was analyzed thus contained 25% contribution from
the actual bond, 50% contribution from the heat affected zone
and 25% contribution from the non-laser-treated surface of the
sample. The XPS data were collected in the UHV-analysis chamber
of a PerkinElmer model 5500 XPS spectrometer using monochromatized AlKa excitation. The base vacuum pressure was
6  10 10 Torr. An analyzer pass energy of 23.5 eV was used in the
case of the high resolution (multiplex) spectra. The data were
collected from a 2 mm diameter area thus averaging over two joint

Fig. 1. Schematic diagram of a XPS sample.

lines. The joined samples were separated into their plastic and
metal parts by peeling in air. An Ar-ion beam was used to sputter
the sample surfaces in order to obtain spectra from various depths
below the surface. A beam voltage of 4 kV and raster size of
4 mm  4 mm was used during sputtering. A low-energy electron
beam (neutralizer) was used to compensate for charging effects
when studying the polymer surface. The binding energy scales
were adjusted using the C1s line at 284.6 eV. The spectra were not
modiﬁed by the smoothing procedure. The curve ﬁtting was done
by ﬁtting a Gaussian–Lorentzian mixture function (the mixture
ratio was 90:10) to the experimental data using a curve-ﬁtting
program, AugerScan3, supplied by RBD Instruments, Inc. The
variation of the full width at half-maximum (FWHM) for the peaks
was maintained at 1.5  0.1. The curve ﬁtting was preceded by
Shirley integrated baseline subtraction. Sensitivity factors (S) for the
C1s, O1s, Ti2p3, and F1s core level spectra were S(C1s) = 0.296,
S(O1s) = 0.711, S(Ti2p3) = 1.198, and S(F1s) = 1.00.
3. Results and discussion
3.1. XPS survey spectra
The XPS survey spectrum of the PVDF surface of the peeled joint
showed mostly carbon and ﬂuorine and a small amount of oxygen.
There was no evidence for Ti on the PVDF surface. The survey
spectrum of Ti surface was dominated by Ti2p and O1s peaks with
a strong C1s and a detectable N1s peak. The F1s was below the
noise level in survey spectrum, but it was observed in narrower
scans with better statistics. In the XPS signal collection area as
shown in Fig. 1, there is no gross evidence of PVDF residue. It is

Fig. 2. C1s XPS spectrum taken from PVDF.
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likely that a small, unknown fraction of the XPS signal is coming
from a very thin PVDF residue in the interface region.
3.2. PVDF C1s spectrum
The PVDF C1s spectrum (Fig. 2) consists of three components –
peaks at 286.1 eV due to carbon bonded to hydrogen in the
polymer and a peak at 290.4 eV from carbon bound to two ﬂuorines
in the polymer [14] and a peak at 284.6 eV. The ratio of the –CH2–
and –CF2– components in PVDF was nearly 1:1 as estimated from
the XPS intensities. The peak at 284.9 eV is probably due to
adventitious carbon.
3.3. XPS of Ti surface
3.3.1. C1s spectra
The XPS C1s spectrum taken from the surface of the Ti side of
the PVDF/Ti sample is shown in Fig. 3. The spectrum can be
resolved into six peaks with some at relatively high binding
energy indicating that the carbon species are in a very
electronegative environment. The major peak at 284.6 eV is
again most likely due to adventitious carbon. The peaks at
286.4 eV, 288.0 eV and 289.3 eV are likely from PVDF residue
bound to the surface. Similar to the PVDF surface, the peaks at
286.4 ev and 289.3 eV are likely to originate from the –CH2– and
–CF2– components in PVDF respectively. The peak at 288.0 ev is
consistent with carbon bound to single electronegative atom
such as ﬂuorine or oxygen from the TiO2. The ratio of the –CH2–
and –CF2– components of the C1s spectrum is about 0.4. This
observation is consistent with dehydrohalogenation of PVDF
which is a known thermal degradation mechanism for PVDF
[15]. The loss of HF from adjacent carbons will decrease the
number of –CF2– groups and give rise to –CF = CH– groups. The
peak at 288.0 ev is too intense to be accounted for by the –
CF = CH– groups and it probably has some contribution from
oxygenated species.
The peaks at 292.6 and 295.2 eV are in the region associated
with –CF3 and –O–CF3 groups seen in perﬂuorinated ethers.
These high binding energy species may be associated with
carbon bound to multiple ﬂuorine and oxygen atoms at the TIO2
surface. The XPS C1s XPS spectra taken from the Ti side of the
sample during a series of sputter etchings are shown in Fig. 4.
After 30 s of sputtering, the peaks in the range from 290 eV to
284 eV have been signiﬁcantly reduced, and the peaks at 292.6
and 295.2 eV are shifted to 293.7 eV and 296.4 eV, respectively.

Fig. 3. C1s XPS spectrum taken from the Ti side of the sample.

Fig. 4. C1s XPS spectra taken from the Ti side of the sample after sputtering for the
indicated times.

This suggests that the polymer related carbonaceous layer on
the surface is thin, and that the species giving rise to the high
binding energy peaks are tightly bound to the surface. After
sputtering for 120 s the high binding energy peaks are
attenuated and a new feature is emerging at 282.2 eV. This
new peak gains intensity after sputtering for 360 s. The binding
energy of 282.2 eV peak is close to the value for the C1s line in
TiC reported in the literature [12,16]. However, this peak is not
seen initially and it increases with continued sputtering. It is not
possible to say with certainty whether the TiC like species was
formed at the interface of the polymer/TiO2 interface during
bonding, or whether it was formed by ion induced reaction of
the carbon with the TiO2 surface.

Fig. 5. F1s XPS spectra taken from the Ti side of the sample after sputtering for the
indicated times.
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Fig. 8. Comparison between Ti2p spectra taken from the Ti side of the sample and
the non-treated Ti foil after 360 s of sputtering.

Fig. 6. Ti2p XPS spectra taken from the Ti side of the sample after sputtering for the
indicated times.

3.3.2. F1s line
F1s spectra taken from the Ti side of the sample during a
sputtering series are shown in Fig. 5. The F1s line at the surface
consists of a peak at 688 eV, which corresponds to the ﬂuorine
from the polymer chain. After sputtering for 30 s the peak which
corresponds to the ﬂuorine from the polymer disappears and a
new peak at 685 eV appears. The peak at 685 eV is consistent
with compounds such as TiF3 or TiF4 [17]. The absence of this
685 eV peak in the spectrum of the unsputtered surface and the
two high binding energy peaks in the C1s spectrum of the
unsputtered surface indicate that ﬂuorine on the unsputtered
surface is bound to carbon. After sputtering for 30 s both the
carbon are ﬂuorine associated with the polymer are removed.
The remaining carbon and ﬂuorine have binding energies
consistent with carbides and ﬂuorides respectively. These
species may exist at the polymer/oxide interface and indicate
chemical reaction during bonding, or they may be artifacts due
to ion beam induced reactions during sputtering. The spectrum
taken after sputtering for 120 s does not show the presence of
ﬂuorine.

Fig. 7. Comparison between the Ti2p spectra taken from the Ti part of the sample
and the non-treated Ti foil taken after 30 s of sputtering.

3.3.3. Ti2p line
Fig. 6 shows the evolution of the Ti2p spectra taken from the
Ti side of the sample during sputtering. The spectrum taken
from the surface consists of TiO2 with a Ti2p3/2 binding energy of
459.0 eV. As stated above, most of the signal (75%) is obtained
from the non-bonded Ti foil. With sputtering, the Ti2p peaks
broaden and shift to lower binding energy. This is typical
behavior for TiO2 (and other reducible oxides) in which metal
oxide is reduced to a sub-oxide. This beam induced reduction
makes it difﬁcult to directly interpret the sputter series on TiO2.
Therefore it is useful to compare spectra from the joint area with
comparable spectra taken off of the joint area. Fig. 7 makes such
a comparison after 30 s of sputtering. The Ti2p2/3 peak is at a
noticeably higher binding energy in the spectrum taken on the
joint. A component with a higher binding energy in the Ti2p
spectrum and the shift of the ﬂuorine 1 s spectrum to lower
binding after 30 s of sputtering are both consistent with the
formation of titanium ﬂuoride species on the treated Ti foil. In
Fig. 8 a comparison between the Ti2p spectra taken from the Ti

Fig. 9. O1s XPS spectra taken from the Ti side of the sample after sputtering for the
indicated times.
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side of the sample and the non-treated Ti foil after 360 s of
sputtering is shown. The peaks are broad and unresolved. The
major difference between these spectra is that the valley
between the spin-orbit doublet is shallower in the spectrum
taken on the joint. The binding energies for titanium suboxides
and titanium carbide are similar, but the presence of another
species would be expected to broaden the unresolved peak
envelope.
3.4. O1s line
The O1s XPS spectra taken from the Ti side of peeled joint are
shown in Fig. 9. The spectrum taken from the surface of the Ti side
of the laser joint consists of two peaks: main component at
530.7 eV, which can be assigned to oxygen from the natural TiO2
layer of the Ti foil and a second peak at 532.5 eV, which can be
attributed to surface species such as hydroxides. Upon sputtering
for 30 s, the peak at 532.5 eV disappears and the oxygen intensity
increases due to removal of the carbonaceous layer. With
continued sputtering, the O1s peak intensity decreases as oxygen
is preferentially removed from the surface and the peak broadens
indicating a variety of chemical environments on the ion beam
reduced surface.
4. Conclusions
PVDF ﬁlm and an oxidized Ti foil were joined by a transmission
laser joining technique. The interface of the joint was studied by
XPS and optical microscopy. The results of these experiments
suggest that the locus of failure of the joint is in the polymer layer
just below the interface. There is clear evidence of modiﬁed PVDF
on the titanium foil surface and some suggestion of Ti–F and Ti–C
bonding. The laser joining process may lead to the formation of
chemical bonds between the Ti and PVDF ﬁlm, and these chemical
bonds may contribute to the strength of the laser micro-joint of the
Ti/PVDF system
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