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ABSTRACT: Nowadays, hybrid polymer/metal assemblies expe-
rience a growing demand in the industry, especially for transports
and biomedical purposes. Those assemblies offer many advantages,
such as lightweight structures and corrosion resistance. The main
difficulty to assemble them remains. In this sense, laser welding is
more than a promising technique because of its rapidity, the
absence of intermediate materials, and its high design freedom.
Unfortunately, several fundamental aspects are not well under-
stood yet, as the chemical bonding at the interface. For this work,
common materials are studied: polyamide-6.6 and aluminum. A
previous published work strongly suggests the formation of a C−O−Al bond at the interface, but this information needs to be
confirmed and the reaction mechanism is still uncertain. To achieve this goal, two different model samples were prepared. The first
ones are spin-coated layers of polyamide-6.6 on mirror polished aluminum; the other samples are made of a layer of N-
methylformamide mimicking the reactive part of the polymer, dip-coated on aluminum. Both sample types were analyzed with XPS
and ToF-SIMS and display similar results: C−O−Al bond formation at the interface is confirmed and a reaction mechanism is
proposed.

1. INTRODUCTION
To comply with the environmental objectives set with the Paris
agreement on climate change in 2015, the interest for
polymer/metal hybrid systems is increasing in several
industrial sectors, especially for automotive or aerospace
applications. Even if there are many promising possibilities
with these hybrid assemblies, there are still many challenges to
overcome. One of these challenges is the way of assembling the
dissimilar materials. Three main possibilities exist nowadays:
mechanical fastening,1 adhesive bonding,2,3 and welding.3−5

The main drawback of mechanical fastening is that weight
reduction is not optimum and these assemblies present low
fatigue and corrosion resistance. Adhesive bonding needs
several time and energy consuming preparations and curing
steps and is often associated with the use of harmful chemicals.
In order to face at best the environmental challenges ahead, the
use of welding techniques to assemble metal with polymers
appears as the best way.
Among welding techniques, laser welding is catching more

and more attention. Indeed, laser welding presents many
advantages for industrial use: quickness, high reproducibility,
and more importantly, high design freedom. In addition, the
laser welding process can be easily automated, which explains
its high reproducibility. The high design freedom concerns the
different size possibilities, tiny or large parts, and their shape,
flat or round. The spatial flexibility and high precision of the
laser beam allow it to create miniaturized weld seams of
complex geometries. Another interesting point is that laser

welding does not require additional materials than the ones to
be welded like for adhesive bonding. Several articles relate the
possibility to tune the adhesion strength by performing
different surface pretreatments.6−8 Nonetheless, laser welding
remains expensive to implement in a production line.3−5

The basic principle of laser welding is to irradiate a laser
beam on the materials, which will bring enough energy,
transformed into heat, to weld them. Two different welding
configurations3,5 exist: direct and indirect welding. Direct
welding9−11 consists of irradiating the laser beam through the
polymer to reach the interface of the materials. Historically,
this configuration was applied in the first example of polymer−
metal laser welding, in the pioneering work of Katayama and
Kawahito in 2008.10 The beam is absorbed at the interface by
the metal as heat, which will melt the thermoplastic polymer
and thereby forming the weld. The main restriction of this
configuration is that the polymer must be transparent to the
laser, which limits the choice of weldable polymers. In indirect
welding3,5,7,9 (or heat conduction joining) the laser beam is
irradiated on the metal. The energy absorbed is also converted
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into heat, which is not created at the interface but is conducted
from the metal surface to the polymer−metal interface. The
thermoplastic polymer also melts and the two materials are
welded. Here, the choice of weldable polymer is broader than
for direct welding, which is why indirect laser welding was
privileged in this study. Over the years, several material
combinations were tested and showed the great versatility of
the technique.9,12,13 As mentioned above, different surface
pretreatments prior to welding were also tested in order to
tune the joint mechanical resistance.6−8 More fundamental
work on laser welding is quite scarce. Schricker et al.14,15

studied the impact of polymer melting and further recrystal-
lization on the weld mechanical resistance. Lamberti et al.7

investigated the role of the aluminum−polyamide interface
temperature and input laser power and showed that a very low
power does not allow to get a good weld, while a very high
power leads to polymer degradation, certainly because the
corresponding interface temperature is too high. The optimum
temperature is slightly above the polymer melting temperature.
This is completed by the work on interfacial heat transfer done
by Al Sayyad et al.,16 which also allowed to better understand
the impact of surface pretreatment, both on surface properties
and thermal contact resistance of the interface. The existence
of a chemical bond at the interface between laser-welded
polyamide-6.6 and aluminum was investigated in a previous
article.17 In this article, a method to access and analyze the
buried interface of aluminum−polyamide-welded assemblies
was developed. Results show the existence of a C−O−Al bond
at the interface, but a reaction with nitrogen forming a C−N−
Al bond could not be completely excluded. Moreover, the
results did not allow obtaining any conclusion on the reactivity
of the metal, leaving the question of the reaction mechanism
between both materials open. These are the objectives of the
current article: (1) clarifying the existence or not of C−N−Al
bonds and (2) investigating the reactivity of the metal, which
will lead to a conclusion on the reaction mechanism.

2. RESULTS AND DISCUSSION
2.1. Spin-Coated Samples. 2.1.1. Surface Composition.

The surface elemental composition measured with XPS is
presented in Table 1. The nitrogen percentage increases from

the reference samples (3.7%) to the weld zone (4.7%), while
the out of weld (4.4%) has an intermediate percentage. It is
noticeable that the nitrogen percentage in the reference is
more than four times higher than on a simple aluminum
surface (of the same alloy and after mirror polishing). The
oxygen percentage decreases from 42.3 to 37.6% from the
reference to the weld. These two changes are caused by the
presence of a polyamide-6.6 thin film on the surface in the

weld, which is obviously the source of nitrogen but contains
less oxygen than an aluminum oxide surface (12.5% in PA-6.6
against 60% in pure Al2O3). The thin film of polyamide-6.6 is
thinner than the depth of analysis of XPS, so that not only the
polymer is detected in XPS but also the aluminum surface
underneath, which explains why the percentages of the
different elements present intermediate values between the
aluminum surface and pure polyamide-6.6. The average carbon
percentage from the reference to the weld seems to be slightly
increasing in the weld. The average percentage of aluminum
decreases from the reference to the weld and is even lower in
the out of weld, but as for the carbon percentage, the standard
deviations of each zone overlap each other. These results
indicate that some polyamides are still adsorbed in the
reference, the out of weld, and in the weld after dissolution
with 2,2,2-trifuoroethanol but not in the same amount. The
spin-coating process allows the polyamide-6.6 to adsorb on the
surface, and the welding increases the amount of polymer
“sticking” in the weld to amounts comparable to previously
published results on broken assemblies.17 Interestingly, no
fluorine is detected, which suggests that the solvent used for
dissolution2,2,2-trifluoroethanoldoes not adsorb on the
surface. Hence, it does not alter the surface analysis, as
observed previously.17

Figure 1a−c shows the high-resolution spectra of the C 1s
regions in the reference, out of the weld, and in the weld. First,
a C−C/C−H contribution was attributed at 284.8 eV for each
spectrum, which served as a calibration peak. Then, a C−O/
C−N contribution was found around 285.8 eV. At last, a
contribution of CO around 287.9 eV was added. The
calculation of the ratio of the C−O/C−N contribution to the
CO one gives a similar result for all the samples: 1.2 (±0.2)
for the reference, 1.3 (±0.3) for the out of the weld, and 1.1
(±0.1) in the weld. All the spectra of carbon C 1s can be
interpreted with the characteristic peaks of polyamide-6.6.18−21

This is supported by the spectra from the N 1s region shown in
Figure 1d−f, where an amide peak can be identified around
399.8 eV.22−24 It is the only contribution clearly identified.
The O 1s regions of the reference, the out of weld, and in the
weld are depicted in Figure 1g−i. Three contributions were
identified: one for the aluminum oxide at 531.4 eV, one for the
aluminum hydroxide at 532.3 eV, and one for organic
molecules, in this case, polyamide and water at 533.2
eV.22,25,26 The Al 2p region presented in Figure 1j−l, is fitted
using three contributions: one for Al 2p3/2 at 72.4 eV, one for
Al 2p1/2 at 72.8 eV, which are characteristic for metallic
aluminum, and the last broad contribution at 74.5 eV
corresponds to oxidized aluminum (where the Al 2p1/2 and
Al 2p3/2 contributions are not resolved).22

The intensity of the most representative ions specific for
nylon-6.6 measured with ToF-SIMS are presented in Figure 2
(the reference polyamide spectra can be found in the
Supporting Information). The intensities have been normal-
ized by the total intensity of the spectra for comparison
purposes. Their intensity is higher in the weld than outside the
weld and the reference and nearly doubles (see Figure 2c).
Nonetheless, the intensities of these ions in the reference are
already high, meaning that the polymer is already present in
the reference. This is in good agreement with the observations
made with XPS. There is polyamide-6.6 adsorbed on all the
different zones due to the spin-coating process, but in the weld,
there is more polyamide adhering on the surface after the
dissolution process. In all cases, polyamide-6.6 binds to the

Table 1. XPS Average Elemental Composition and its
Standard Deviation of an Aluminum Surface, in the
Reference, out of the Weld, and in the Weld, and the
Theoretical Elemental Composition of Polyamide-6.6 (PA-
6.6)

sample % O % Al % C % N

Al surface 42.2 (±1.5) 27.3 (±1.8) 29.7 (±2.7) 0.8 (±0.4)
Ref 42.3 (± 1.3) 27.1 (±2.5) 27.0 (±3.2) 3.7 (±0.5)
out of weld 39.8 (±0.9) 24.4 (±1.2) 31.5 (±1.8) 4.4 (±0.3)
weld 37.6 (±0.9) 25.7 (±1.3) 32.0 (±1.9) 4.7 (±0.3)
PA-6.6 theory 12.5 75 12.5
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surface, even in “cold” conditions (spin-coating), but more
polymers appear to bind in the weld zone (“hot” conditions).
2.1.2. Chemical Reactivity. The dissolution step does not

remove all the polymers as shown above, but in the weld,
higher amounts of the polymer are detected. The polymer
melts during the laser welding process as the temperature goes
up to 300 °C.7 This temperature appears to activate a reaction
that increases the interactions at the interface, explaining why
more polymers are detected in the weld. In the adhesion
theory,27 the only effect that can explain this behavior is
chemical bonding. The question is now to determine the
bond’s nature and the reaction mechanism. Having a look at
the polyamide-6.6 chemical formula, depicted in Figure 3, five
reactive sites can be identified (marked with red stars). They

can be categorized into three types of sites: three carbon
reactive sites, a nitrogen reactive site, and an oxygen reactive
site. The reactivity of the carbon sites will not be discussed, as
the XPS data shows no aluminum carbide peak around 283 eV
(see Figure 1a−c). Furthermore, the formation of aluminum
carbide seems rather complicated28−34 and is unstable in the
presence of moisture and more generally in the presence of
oxygen atoms. As polyamide-6.6 contains moisture,35 the
formation of a carbide bond appears as impossible. In addition,
the low probability of aluminum carbide formation was already
discussed previously.17

2.1.2.1. Reactivity at the Nitrogen Site. Looking at the XPS
high-resolution spectra from the N 1s region (see Figure 1d−
f), only one contribution at 399.8 eV related to the amide

Figure 1. XPS high-resolution of the C 1s regions in (a) the reference, (b) out of the weld, and (c) in the weld; of the N 1s regions (d) in the
reference, (e) out of weld, and (f) in the weld, of the O 1s regions of (g) the reference, (h) the out of weld, and (i) in the weld; and the Al 2p
regions of (j) the reference, (k) out of the weld, and (l) in the weld.
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function of the polymer is visible. No contribution from an
aluminum nitride bond is identified around the expected 396
eV binding energy.36−38 If such bonds occurred, their
occurrence would be limited and their related intensity
would be below the detection limit of the XPS system. In
the ToF-SIMS data, only four ions from the family
CxHyNzAlw

−/+ were surely identified and are presented in
Figure 4. Their intensity variations are inconsistent. CHNAl−/+

have a higher relative intensity in the weld, nearly twice more,
which would be in favor of a C−N−Al bond. However, the
following ion CH2NAl

− has lower relative intensity in the weld
compared to the out of weld and the reference, while CH2NAl

+

has equivalent relative intensities for all the three zones. These
ions could be preferentially formed by recombination of two
neighboring species emitted simultaneously. This recombina-
tion hypothesis is supported by the comparison with the
CxHyNzOwAlu

−/+ ions intensities (see the next section), which
are significantly higher, although these ions are more complex.
Figure 5 compares the intensities of CHNAl−, CHNOAl−,
CHNAl+, and CHNOAl+, along with CN− and CNO−, in the
weld. The ion CNO−, which could be a source of
recombination for the CxHyNzOwAlu

−/+ ions, has a lower
intensity than CN− that is responsible for the recombination of
CxHyNzAlw

−/+. This tends to prove that the CHNAl+/−ions are

formed mainly by recombination but that the CHNOAl+/−

ions are formed mainly by direct emission, as will be discussed
further. One could argue that the CxHyNzAlw

−/+ ions
correspond to direct emission from C−N−Al bonds, but
these ions would be less stable or present a lower emission
probability than the CxHyNzOwAlu

−/+ ions. In that case, to get
such intensity, the number of corresponding bonds should be
very high, hence detectable in XPS, which is not the case here.
Furthermore, the literature is not supporting a C−N−Al bond
at the interface because nitrides are peculiarly unstable in the
presence of moisture,39−42 and the present coating and heating
experiments were not performed under a controlled atmos-
phere, i.e., certainly in the presence of moisture. Therefore, the
hypothesis of recombination appears as the most probable for
the CxHyNzAlw

−/+ series of ions. Another source for these ions
could also be the direct emission of CxHyNzOwAlu

−/+ ions from
the surface followed by oxygen loss, which would support a C−
O−Al bond.

2.1.2.2. Reactivity with the Oxygen Site. In the XPS high-
resolution spectra from the O 1s region, three different
contributions were used to fit the spectra (see Figure 1). One
at 531.4 eV related to the aluminum oxide, one at 532.3 eV
related to the aluminum hydroxide form, and one related to
the organic molecule and water at 533.2 eV. The last
contribution was related mostly to the amide function and
water, but it is reasonable to add a C−O−Al contribution here
as well.17 In the C 1s region, such contribution would be mixed
in the C−O/C−N peak around 286 eV. This seems to be a
reasonable interpretation, in both spectra, as the C−O−Al
bond is similar to C−O−C in terms of electronegativity,
henceforth similar in terms of chemical shift in XPS.

Figure 2. ToF-SIMS total counts normalized intensity of characteristic peaks are presented as histograms per zone: in blue, the reference; in green,
the out of weld; and in red, the weld of (a) CNO−, (b) C2H3NO

−, (c) CH2NO
+, and (d) C2H4NO

+.

Figure 3. Chemical formula of nylon-66 showing the reactive sites by
red stars on the chain.
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The SIMS data analysis allowed to identify two families of
ions related to a C−O−Al bond: CxHyOzAlk

−/+ and
CxHyNzOwAlu

−/+.
The ions from the CxHyOzAlk

−/+ family (see the Supporting
Information) have an erratic behavior; indeed, some of them
have equivalent or lower intensities in the weld than outside
(CH2OAl−, C2H2OAl−, C2H3OAl−, and C2H5OAl− and
CH4OAl

+, C2H4OAl
+, and C3H4OAl

+), whereas others have
higher intensities in the weld (COAl−, CHOAl−, C2OAl

−,
C2HOAl

−, and CO2Al
− and CHOAl+, CH3OAl

+, C2HOAl
+,

C2H2OAl
+, and CHO2Al

+). The first ions, lower in intensity,
can be explained by adventitious hydrocarbons and CO2
adsorption on the aluminum surface,19,21,43 while the second
ions, higher in intensity, can be interpreted as originating from
the C−O−Al bond or because of a recombination.
Ions from the family CxHyNzOwAlu

−/+ were confidently
identified, as CNOAl−, CHNOAl−, CH2NOAl

−, CHNO2Al
−,

CH2NO2Al
−, and CH3NO2Al

− and CNOAl+, CHNOAl+,
CHNO2Al

+, and CH3NO2Al
+. They all present higher relative

intensities in the weld compared to the out of weld and the
reference, as can be seen for some of the ions in Figure 6.
These ions could originate from a C−O−Al bond, a C−N−Al
bond, or simply a recombination. As discussed above, a C−N−
Al bond is not the favored bond (see section 2.1.2.1).
Recombination from CNO−, H−/+, and Al−/+ to form these
ions is possible and some of the ions detected might originate
from it. Nonetheless, as was noticed in Figure 5, the intensity
of CNO− is much lower than the intensity of CN−, but at the
same time, the ions CHNOAl−/+ have higher intensities than
the CHNAl−/+ ions. If only recombination occurred, the ions
CHNOAl−/+ would have lower intensities than CHNAl−/+

ions. This is even truer since the heavier the ion is, the lower
the probability is to produce it by recombination. Therefore,
the more probable explanation is that there is a C−O−Al bond
that formed during the welding. Literature studies show several
examples of such bonds between polyimides and alumi-
num.44−48 The polymer already binds to the surface during the
spin-coating process, but the welding process allows the
polymer to melt and to rearrange itself by reptation7,49 again,
enabling the polymer to expose the CO reactive sites toward
the aluminum and to create even more bonds between both
materials. This allows to clearly identify the bond as a C−O−
Al bond as depicted in Figure 7, which is in good agreement
with the article of Hirchenhahn et al.17

2.1.2.3. Reactivity of the Metal. Figure 8 depicts the
normalized relative intensity of characteristic ions of aluminum
oxide and aluminum hydroxide. The relative intensities of the
ions related to the oxide are equivalent for all three zones,
while the relative intensities of the ions related to the
hydroxide are slightly lower in the weld than in the reference.
The out of weld has an intermediate behavior for the
hydroxide ions. This supports the assumption that the polymer
reacts with the free-hydroxyl groups present at the surface
during the welding process.

Figure 4. ToF-SIMS total counts normalized intensity of characteristic peaks are presented as histograms per zone: in blue, the reference; in green,
the out of weld; and in red, the weld of (a) CHNAl−, (c) CH2NAl

−, (d) CHNAl+, and (f) CH2NAl
+, and the mass spectra zone with the range of

interest marked by dashed lines of (b) CHNAl− and (e) CHNAl+.

Figure 5. Comparison of the normalized intensities of CN−, CNO−,
CHNAl−, CHNOAl−, CHNAl+, and CHNOAl+ in the weld.
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Figure 9a shows the percentage of aluminum obtained from
the XPS survey for the three zones. The percentage is
equivalent in all zones, especially the reference and the weld.
The oxidized layer thickness was calculated using Strohmeier’s
method50 from the high-resolution spectra in the Al 2p region
(see Figure 9b). It is noticeable that the oxidized layer is
thicker in the weld than in the reference, the out of weld being
in an intermediate position, even if it mostly looks like the
reference. The welding seems to oxidize the metal surface
deeper. This might partly be due to the fact that the reaction of
the polymer with the metal releases water, as depicted in
Figure 10. Moreover, water is also present in the polymer
naturally, which also might be the source of oxygen atoms to
oxidize the aluminum surface.35 To sum up, the laser welding
heats up the metal, activating the oxidation reaction in the
weld, which leads to a thicker native oxide layer at this place.
This oxidation can only take place with a source of oxygen,
which is the case with the polymer itself by reacting as
proposed in Figure 10, or with the moisture present.35

2.2. Model Samples. 2.2.1. Surface Composition. Table 2
summarizes the average elemental composition obtained by
analyzing the XPS survey spectra for the UV-cleaned samples,
the air-dried samples, and the heated samples. The nitrogen
percentage is three times higher on the heated samples than
the UV-cleaned samples, while the air-dried samples show
intermediate values of nitrogen percentage. A first observation
is that the molecule is deposited on the surface of the air-dried

and heated samples. A second observation is that the heating
has an effect on the molecule’s deposition, since there is more
nitrogen on the heated samples than on the air-dried samples.
This indicates that the molecule is more strongly bound after
heating than without heating. On the air-dried samples, some
of the methylformamide that deposited have been desorbed.
Nonetheless, the percentage of nitrogen is far off from the
theoretical value of pure N-methylformamide, leading to the
conclusion that the film deposited is extremely thin. This is
confirmed by looking at the percentages of the other elements.
The carbon percentage is quite high on the UV-cleaned
samples. This is due to experimental reasons. Indeed, the UV-
cleaned samples were transported in air from the cleaner to the
XPS machine. It took only a few minutes, but it was sufficient
for recontamination. The carbon percentage is relatively low
for the air-dried and the heated samples. Maybe the very thin
layer of methylformamide deposited on the substrate prevents
the recontamination of the surface after dipping. At the same
time, the oxygen percentage is higher in the air-dried and
heated samples, which would also support the idea that the
methylformamide limits the recontamination by blocking the
reactive sites. The aluminum percentage is equivalent on the
UV-cleaned and the heated samples but is slightly higher on
the air-dried samples.
The XPS high-resolution spectra of the C 1s region depicted

in Figure 11a−c, were fitted using four contributions. The first
one is attributed to C−C/C−H bonds at 284.8 eV and was
used for calibration. The second contribution at 286.1 eV is
attributed to C−O and C−N bonds. The third one at 288.2 eV
is attributed to a CO function. The fourth one at 289.5 eV is
attributed to carbonate.22 This shows that the surfaces are
contaminated with adventitious hydrocarbons and carbonate;
for the air-dried and the heated samples, the presence of well-
defined C−O/C−N and CO peaks shows that methyl-
formamide was deposited on the surface.

Figure 6. ToF-SIMS total counts normalized intensity of characteristic peaks are presented as histograms per zone: in blue, the reference; in green,
the out of weld; and in red, the weld of (a) CHNOAl−, (c) CHNO2Al

−, (d) CHNOAl+, and (f) CHNO2Al
+ and the mass spectra zone with the

range of interest marked by dashed lines of (b) CHNOAl− and (e) CHONAl+.

Figure 7. Scheme of the chemical bond between the aluminum
surface and polyamide-6.6.
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The O 1s regions, which spectra are presented in Figure
11d−f, were fitted using three contributions. The first one at
531.4 eV is interpreted as aluminum oxide, the second one at
532.4 eV is related to aluminum hydroxide, and the last one at

533.5 eV is due to organic molecules and water. This
interpretation is relatively classical for an aluminum surface
exposed to air.22,25,26 The last contribution is slightly more
intense for the air-dried samples and even more intense on the
heated samples, which indicates a chemical difference in the

Figure 8. ToF-SIMS total count relative intensity of characteristic ions of an oxidized aluminum surface: (a) AlO−, (b) AlO+, (c) AlOH+, and (d)
AlH2O2

+.

Figure 9. (a) Percentage of aluminum obtained from the XPS survey
spectra per zone; (b) oxide thickness per zone calculated from the
XPS Al 2p region using Strohmeier’s method.50

Figure 10. Scheme of the reaction mechanism between the polyamide-6.6 and the aluminum surface.

Table 2. XPS Average Elemental Composition and its
Standard Deviation of UV-Cleaned Aluminum, the Air-
Dried samples, and Heated Samples and the Theoretical
Composition of N-Methylformamide

samples % Al % O % C % N

UV-cleaned 28.3 (±1.2) 44.7 (±0.9) 26.3 (±1.7) 0.6 (±0.2)
air-dried 32.0 (±1.7) 53.1 (±1.5) 14.0 (±3.1) 1.0 (±0.2)
heated 29.0 (±2.4) 53.9 (±3.4) 15.3 (±5.0) 1.8 (±0.2)
N-
methylformamide

25 50 25
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organic oxygen on the top surface. This supports the
assumption that methylformamide molecules are deposited
on the surface.
The XPS high-resolution spectra of the N 1s region, shown

in Figure 11g−i, are of low intensity since there is only about
1−2% nitrogen detected in the survey spectra. Even if the
noise-to-signal ratio is very high, only one contribution at
399.9 eV is observed on the air-dried and heated samples,
which is a characteristic peak for amides.22 This confirms that
some methylformamide is present on the surface after the dip-

coating and the two different drying processes. The nitrogen
signal compared to the noise amplitude is too low on the UV-
cleaned samples to draw any conclusion.
For the XPS high-resolution spectra of the Al 2p region,

presented in Figure 11j−l, three contributions were used for
fitting. The first two at 72.8 and 73.2 eV are attributed to Al
2p3/2 and Al 2p1/2 and are both due to aluminum in its metallic
form. The last contribution at 74.2 eV is attributed to oxidized
aluminum.22 This is the typical spectra of an aluminum surface
covered by its native oxide.51−60

Figure 11. XPS high-resolution spectra of the C 1s region for (a) the UV-cleaned samples, (b) the air-dried samples, and (c) the heated samples, of
the O 1s region for (d) the UV cleaned samples, (e) the air-dried samples, and (f) the heated samples, of the N 1s region for (g) the UV cleaned
samples, (h) the air-dried samples, and (i) the heated samples, and of the Al 2p region for (j) the UV cleaned samples, (k) the air-dried samples,
and (l) the heated samples.
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In Figure 12, the relative ToF-SIMS intensities (normalized
to the total intensity of the spectra) of characteristic ions for N-
methylformamide are presented: CNO−, C2H4NO

− ([M −
H]−), CH4N

+, and C2H6NO
+ ([M + H]+). They all present

higher relative intensities for the air-dried and heated samples.
This confirms clearly the deposition of methylformamide after
the dip coating. However, by comparing the relative intensities

of these ions of the air-dried and heated samples, the [M + H]+

and CH4N
+ ions have much lower intensities after heating.

This seems to contradict the XPS data, where more nitrogen is
detected on the heated samples. On the other hand, the
relative intensity of the CNO− fragment is much higher on the
heated samples, while the intensity of C2H4NO

− is equivalent
for both samples. This is also true for C2H4NO

+ (see the

Figure 12. ToF-SIMS total counts normalized intensity of characteristic peaks of methylformamide presented as histograms per samples: in blue,
the UV-cleaned samples; in green, the air-dried samples; and in red, the heated samples of (a) CNO−, (b) C2H4NO

−, (c) CH4N
+, and (d)

C2H6NO
+.

Figure 13. ToF-SIMS total counts normalized intensity of characteristic peaks presented as histograms per zone: in blue, the UV-cleaned samples;
in green, the air dried ones; and in red, the heated samples and the mass spectra with the range of interest marked by dashed lines of (a, b)
CHNAl− and (c, d) CHNAl+.
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Supporting Information). The hydrogen-rich ions have lower
intensities after heating, while the hydrogen-poor ions are
more or equivalently intense. This points to the direction of a
reaction at the interface between the N-methylformamide and
the aluminum. Since there is more nitrogen detected after
heating, one can conclude that there is a bonding reaction
between both components. As the hydrogen-rich ions are less
intense after the heating, this suggests that hydrogen is lost by
the N-methylformamide during the reaction. This will be
investigated hereafter.
2.2.2. Chemical Reactivity. As said above, these samples

were designed to elucidate the reaction mechanism between an
amide function and an aluminum surface. The molecule
selected, N-methylformamide, is composed of only the amide
function, presenting the same reactive sites as on polyamide-
6.6: carbon reactive sites, a nitrogen reactive site, and an
oxygen reactive site. The reactivity of the carbon reactive sites
will not be discussed for the same reasons as for the spin-
coated samples: no carbide peak on the XPS high-resolution C
1s spectra and low probability of carbide formation in the
presence of moisture and oxygen reactive sites.
2.2.2.1. Reaction of the Nitrogen Sites. From the XPS

high-resolution spectra of the N 1s region (see Figure 11g−i),
it appears that there is no Al−N peak around 396 eV.36−38

However the signal of the nitrogen is very low because there is
only 1−2% on the surface, so the interpretation of the spectra
is rather uncertain. Nonetheless, it is consistent with the
previous experiments on the welded samples and the spin-
coated samples.
In ToF-SIMS, only two ions of the CxHyNzAlw

+/− series
were identified: CHNAl+ and CHNAl− (see Figure 13).
CHNAl− is twice more intense on the heated samples
compared to the UV-cleaned and air-dried samples. However,
this ion has a very low relative intensity of ∼5.10−5, which
tends to indicate a recombination. This ion is actually barely
noticeable on the spectrum. For comparison, the CHNOAl−

ion has an intensity of ∼5.10−4, therefore 10 times more
intense. CHNAl+, on the contrary, presents higher intensities
on the air-dried and the heated samples, which is consistent to
the fact that there is less nitrogen present in the UV-cleaned
samples (see Table 2). The intensity on the air-dried and the
heated samples is equivalent despite the fact that there is more
nitrogen and despite the effect of heating on the heated
samples. This is in favor of recombination. As discussed above
(see section 2.1.2.1), the formation of these ions could also
originate just from a C−N−Al bond and present a lower
emission probability or stability. Similarly, if that were the case,
a huge number of bonds would be present, therefore detectable
in XPS, which is also not the case on these samples. Therefore,
the hypothesis of recombination is favored.

2.2.2.2. Reaction of the Oxygen Sites. As described above,
the XPS high-resolution spectrum of the O 1s region was fitted
using three contributions (see Figure 11). Two are associated
to the aluminum oxide and hydroxide, respectively. The third
one at 531.4 eV was assigned to organic components and
water. As described in sections 2.1.1, 2.1.2.2, and 2.2.1, this
peak could also be attributed to C−O−Al. This is supported
by the spectra of the C 1s region, with the peak at 286.1 eV,
which could also correspond to such type of bond.
The SIMS data analysis allowed identific ation of two

families of ions related to a C−O−Al bond on these samples as
well: CxHyOzAlk

+/− and CxHyNzOwAlu
+/−.

As on the other samples, the CxHyOzAlk
+/− ions (see S.I.)

have an erratic behavior. Some of them have equivalent
intensities on all samples, or lower intensities on the heated
samples compared to the UV-cleaned or air-dried samples
(CH2OAl

+, CH3OAl
+, CH4OAl

+, and C2OAl
−, C2HOAl

−,
CO2Al

−). While a few of these ions have higher intensities on
the heated samples compared to the UV cleaned and air-dried
samples (CHOAl+ and COAl−, CHOAl−). In the negative
mode, the ions with the lowest intensities on the heated
samples have a composition that could be related to

Figure 14. ToF-SIMS total counts normalized intensity of characteristic peaks presented as histograms per zone: in blue, the UV cleaned samples;
in green, the air-dried ones; and in red, the heated samples of (a) CHNOAl−, (c) CHNO2Al

−, (d) CHNOAl+, and (f) C2H5NO2Al
+, and the mass

spectra zone with the range of interest marked by dashed lines of (b) CHNOAl− and (e) C2H5NO2Al
+.
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adventitious hydrocarbons and carbon dioxide contamination
on an aluminum surface. These ions are therefore not good
indicators of the interface bonds.
The CxHyNzOwAlu

+/− family of ions are the negative mode;
only three ions of this family could be surely identified:
CNOAl−, CHNOAl−, and CHNO2Al

−. In the positive mode,
these ions are more diverse than the other samples: CHNOAl+,
CH3NOAl+, CHNO2Al

+, C2H5NOAl+, C2H6NOAl+,
CH3NO2Al

+, and C2H5NO2Al
+. Some of the ions’ intensities

are presented in Figure 14. On the air-dried samples, most of
the ions’ intensities are lower than on the heated samples,
which points in the direction of a C−O−Al bond formation.
However, as for C2H5NO2Al

+, the intensity is much higher on
the air-dried samples than on the heated samples. This ion is
composed of the entire methylformamide molecule and an
AlO fragment of the metal surface. In section 2.2.1, the
hypothesis of a binding reaction of the molecule with the
surface was proposed. This binding induces changes in the

Figure 15. ToF-SIMS total count relative intensity of characteristic ions of an oxidized aluminum surface: (a) AlO−, (b) AlO2
−, (c) AlO2

+, (d)
AlHO2

+, and (e) AlH2O2
+.

Figure 16. Proposition of the reaction mechanism between the molecule and the metal surface.
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molecule, explaining why the ions presenting the whole
molecule are less intense on the heated samples. With the
nature of these hybrid ions and the results presented above, a
C−O−Al bond due to the deposition and heating is the most
suitable option.
2.2.2.3. Reactivity of the Metal. The percentage of

aluminum in the XPS survey spectra on the UV-cleaned and
the heated samples is similar, while it is higher on the air-dried
samples. The XPS high-resolution spectra of the Al 2p region
were fitted using three contributions: two interpreted as from
metallic aluminum and one for the oxidized form of aluminum
(see section 2.2.1). From this, an estimate of the oxide
thickness could be calculated using Strohmeier’s method.50 For
the three samples, there was no statistically significant
difference, and an average value of nearly 8 nm for the oxide
thickness was obtained for all samples (data not provided).
Indeed, the heating here is lower than during the welding
process, only 150 °C compared to nearly 300 °C, and the
methylformamide forms a much thinner deposit than the spin-
coated polymer, which diminishes the impact of the chemical
reaction at the interface.
Some of the ions detected with ToF-SIMS can give us a clue

about the reaction mechanism between polyamide-6.6 and the
aluminum surface. The relative intensities of some metallic
ions are presented in Figure 15. It can be observed that the
hydroxide ions have significantly lower intensities on the
heated samples compared to the air-dried samples, see Figure
15d,e. This points to a disappearance of hydroxide during the
heating process, following their reaction with methylforma-
mide. At the same time, the intensities of the oxide ions are
similar on the air-dried and the heated samples.
As mentioned above in sections 2.2.1 and 2.2.2.2, an

observation was made that the molecule on the heated samples
tends to lose hydrogen. This was confirmed with the lower
intensity of CH4N

+ and C2H6NO
+, and the lower intensity of

C2H5NO2Al
+. In Figure 16, a possible reaction mechanism is

depicted. The fragmentations of the formed compound during
ToF-SIMS measurement are in good agreement with the
spectra. Indeed, it explains that the lower intensity of
C2H6NO

+ is because of the loss of a hydrogen atom during
the reaction. The lower intensity of CH4N

+ can be explained
also by the loss of a hydrogen atom bound to nitrogen but also
because presumably, this nitrogen atom has a double bond
with carbon after the reaction with the surface (Figure 18),

which diminishes the probability of a fragmentation there. The
lower intensity on the heated samples for C2H5NO2Al

+ is due
to the loss of the hydrogen atom bound to nitrogen. The
intensities of CNO− and C2H4NO

− are barely affected by this
chemical reaction, while the intensities of CHNOAl−/+ are also
explained by the C−O−Al bond formation.

3. CONCLUSIONS
In this work, two different types of samples were analyzed in
order to investigate the following: (1) the nature of the
chemical bond between polyamide-6.6 and native oxide from
an aluminum sheet and (2) the corresponding reaction
mechanism. The first types of samples studied were obtained
by spin-coating polyamide-6.6 onto mirror polished aluminum,
which were then laser welded. The polyamide layer was
dissolved to access the interface. XPS and ToF-SIMS
measurements were performed in the weld region, out of the
weld, and on non-welded samples that served as reference. The
second types of samples studied were prepared by dip-coating
a layer of N-methylformamide, a molecule composed of the
reactive part of the polymer, on aluminum plates. Some of the
coated aluminum plates were dried at room temperature; the
others were heated to simulate laser welding. UV/O3-cleaned
aluminum plates served here as references. Three different
samples were analyzed by XPS and ToF-SIMS: the reference,
the air-dried samples, and the heated samples.
On the spin-coated samples, XPS results detect more

nitrogen in the weld zone of the spin-coated samples than
elsewhere, and the characteristic peaks of polyamide-6.6 are
detected on the high-resolution spectra in all three zones. This
shows that polyamide-6.6 is still present after the dissolution
step on all the analyzed zones but in larger amounts in the
weld. These observations are well supported by the ToF-SIMS

Figure 17. Sample preparation (a) for the spin-coated samples and (b) for the dip-coated samples.

Figure 18. Schematic drawing of the laser welding process.
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data, as the characteristic ions present higher intensities in the
weld. This emphasizes the role of the heating due to the
welding on the adhesion between both materials. The possible
chemical reactions were investigated first on the polymer as
well as on the metal. A reaction with the carbon reactive sites
was directly excluded. In XPS, the high-resolution spectra do
not present signs of a nitride bond, but its presence might be
below the detection limit of the XPS machine. In XPS, the
formation of a C−O−Al bond could not be confirmed nor
informed. The analysis of the hybrid ions detected in the ToF-
SIMS spectra shows that the detected CxHyNzAlw

+/− certainly
originates from recombination (probably CN−, H+/−, and
Al+/−), and that the intensity of the ions of the
CxHyNzOwAlu

+/− family can be explained by a C−O−Al
bond formation due to the welding. Having a closer look at the
high-resolution spectra in the Al 2p region, it was shown that
the oxidized layer is slightly thicker in the weld. The weld
induces oxidation of the metal at the interface. At the same
time in ToF-SIMS, the intensity of the hydroxide ions is lower
in the weld than elsewhere, while the intensity of the oxide ions
is equivalent. This leads to the conclusion that the reaction
between the polymer and the metal happens at the free-
hydroxyl groups of the aluminum surface. Based on this, a
reaction mechanism was proposed (see Figure 10), where the
oxygen of the amide group of the polymer reacts with the free-
hydroxyl group of the metal by forming a C−O−Al bond and
an imine bond (CN) while releasing water.
The dip-coating process deposits a very thin N-methyl-

formamide layer on aluminum for the air-dried samples as well
as for the heated samples. This deposition is confirmed in both
XPS and ToF-SIMS, by a higher percentage of nitrogen in XPS
and the detection of characteristic ions for an amide molecule
on ToF-SIMS. On the heated samples, more N-methylforma-
mide is detected than on the air-dried samples because of a
higher percentage of nitrogen in XPS, but also, the character-
istic ion of N-methylformamide presents higher intensities in
ToF-SIMS. N-Methylformamide reacts with the surface to
create more bonds because of the heating. The thickness of the
layer is very thin, making the interpretation of the XPS high-
resolution spectra difficult as the intensity of the N-
methylformamide’s signal is low. Nonetheless, the ToF-SIMS
analysis of the hybrid ions’ intensities and especially the
CxHyNzAlw

+/−, CxHyOzAlk
+/−, and CxHyNzOwAlu

+/− ions allows
here to conclude that the bond formed at the interface is
certainly a C−O−Al bond, as on the spin-coated samples. In
the same manner, the aluminum ions were carefully
investigated, and the results show that the intensities of the
hydroxide ions are lower on the heated samples than on the
air-dried samples, while the oxide ions present equivalent or
even higher intensities on the heated samples than on the air-
dried samples. Again, the observation was made assuming that
the reaction happens with the free-hydroxyl groups of the
metal. The proposed mechanism makes the oxygen of the
amide functional group react with the free-hydroxyl groups of
the metal, by creating a C−O−Al bond and an imine bond
(CN) and releasing water (see Figure 16).

4. MATERIALS AND METHODS
In order to achieve the objectives of this study, two types of
samples have been prepared: spin-coated and dip-coated
samples (see Figure 17).
To prepare spin-coated samples (Figure 17a), aluminum

surfaces were first mirror polished then ethanol cleaned,

permitting the deposition of a thin and homogeneous
polyamide-6.6 layer by spin-coating. Three of these samples
were then treated by laser welding. The welded and non-
welded samples were then immersed in a 2,2,2-trifluoroethanol
bath, to remove the deposited polymer layer and access the
molecules bound to the metal at the interface. Three different
zones were analyzed: the reference, the out of weld, and the
weld. The reference was obtained with the remaining three
non-welded samples. The out of weld and the weld were taken
on the same samples, and these two different zones are simply
distinguished by observing where the laser welding had a
visible effect on the polymer layer and the zone where it did
not.
The dip-coated samples (or “model samples”) were

essentially designed to emphasize the reaction mechanism.
Therefore, a molecule composed only of the chemically
reactive part of the polymer (the amide functional group) and
easily processable for dip-coating was chosen: N-methylforma-
mide, which is liquid at room temperature. The aluminum
surfaces were simply cleaned with ethanol and then underwent
UV/O3 cleaning. They were then dipped in the pure
compound. After, three of them were set to air dry and three
others were heated on a hot plate at 150 °C. The latter
temperature is below the boiling point of N-methylformamide
at 183 °C; thereby, the desorption rate of the molecule during
the heating is reduced. This temperature was chosen below the
decomposition temperature of the molecule, but it is high
enough to initiate reactions between the molecule and the
aluminum surface.

4.1. Materials. A high purity (99.999%) aluminum plate
was purchased from Goodfellow with a thickness of 1 mm. The
plate was cut into pieces of 2 x 2 cm2. Polyamide-6.6 pellets as
well as N-methylformamide at 99% were purchased from
Sigma-Aldrich and used as received. 2,2,2-Trifluoroethanol at
99+% was purchased from Alfa Aesar and was used without
further purification.

4.2. Spin-Coated Samples. 4.2.1. Mirror polishing. The
aluminum pieces were mirror polished using an EcoMet 250
pro from Buehler. The first step was to polish the plates with
SiC foil of 1200 grit from Struers. Then, diamond paste
DiaDuo-2 from Struers of successively 9, 3, and 1 μm were
used for the fine polishing steps. The rotation speed was 120
rpm for the sample holder and 40 rpm in counterclockwise
rotation for the grit plate with 22 N pressure for 5 min. The
final step to polish was made using colloidal silicon of 40 nm
(OP-S from Struers) with 22 N pressure, 180 rpm sample
holder speed, and 40 rpm grit speed counterclockwise for 3
min.

4.2.2. Spin-Coating. A 1% w/w PA-6.6 solution in 2,2,2-
trifluoroethanol was spin-coated on the previously polished Al
pieces, using a Laurell WS-650-23B spin coater. The speed
rotation was 1000 rpm for 1 min. Afterward, the samples were
let to dry for 1 h on a hot plate at 37 °C.

4.2.3. Laser Welding. The welding was performed by a fiber
laser (TruFiber 400 from TRUMPF) with a wavelength of
1070 nm. The metal surface opposite to the metal−polymer
interface was irradiated (indirect welding configuration) with a
laser beam spot diameter of 58 μm. The beam followed a
circular spatial power modulation (wobble trajectory), with a
feed speed of 40 mm/s along the “x” axis, see Figure 2. To
ensure keyhole formation while avoiding polymer degradation
during the process, the heat input was controlled by applying a
temporal power modulation on the laser beam. The resulting
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temperature at the interface during the welding is about
300°C,7 just above the melting temperature of polyamide-6.6
that is 265 °C. The laser welding procedure was described in
detail previously.7,16

4.2.4. Dissolution. In order to access the interface for
analysis, the samples were dipped in 100 mL of 2,2,2-
trifluoroethanol overnight under mechanical stirring at 150
rpm.
4.3. Dip-Coated Samples. The aluminum surfaces were

cleaned using a UVO cleaner model N°42-220 from Jelight
Company Inc. for 5 min. Three of them were put aside to be
used as references. After cleaning, the other samples were
dipped in pure N-methylformamide for an hour at ambient
temperature and pressure. For drying, the samples were then
separated into two series. The first one (three samples) was left
to dry at room temperature overnight, and the second one
(three samples) was put on a hot plate at 150 °C for an hour.
4.4. X-ray Photoelectron Spectroscopy (XPS). Using a

K-alpha spectrometer from Thermo Fisher Scientific, with a
monochromated X-ray source (Al Kα line at 1486 eV), the
survey spectra (three scans at 200 eV pass energy) were
acquired along with the high-resolution spectra of C 1s, O 1s,
Al 2p, and N 1s (20 scans at 20 eV pass energy). The spectra
were analyzed using the Avantage software. The C−C/C−H
bond was set to 284.8 eV for energy scale calibration.
For the spin-coated samples, three reference and three

welded samples were analyzed, with three analysis points for
each zone (reference, out of weld, and weld), giving a total of
nine measurement points per zone. For the dip-coated
samples, three reference samples (description above in section
4.3), three air-dried samples, and three heated samples were
analyzed each time with three measurement points, giving a
total of nine measurement points per sample type.
The survey spectra were analyzed using the automatic tool

of the Avantage software and then checked manually, to
calculate the atomic percentages. The high-resolution spectra
were interpreted by adding as few peaks as possible in order to
fit the data and provide satisfying interpretation. The peak
width was set to be equivalent to that of C−C/C−H with a
tolerance of 0.2 eV.
4.5. Time-of-Flight Secondary Ion Mass Spectrometry

(ToF-SIMS). The mass spectra were acquired using a ToF-
SIMS IV from IONTOF in static mode and both positive and
negative ion modes, using a pulsed Bi3

+ ion beam set at 25 keV
at an incidence angle of 45° to the normal, with a raster size of
200 × 200 μm2 and 60 s acquisition time with a current of 0.37
pA. The extraction voltage was set to 2 kV.
For the spin-coated samples, three reference and three

welded samples were analyzed, with three analysis points for
each zone (reference, out of weld, and weld) in each ion
polarity, for a total of 54 spectra. The same calibration ion list
(in positive mode: CH3

+, Mg+, AlH+, Ca+, C2H3O
+, CH2NO

+,
CH4OAl

+, and C5H12N3
+, and in negative mode: C−, CH−,

C2
−, C2HO

−, AlO−, AlO2
−, C2H3O2

−, C5
−, and C6

−) and the
same analysis peak list were used for all spectra. Large area
images (in stitching mode) of 1500 × 1500 μm2 have also been
acquired under the same conditions.
For the model samples, three samples of each type

(reference, air dried, and heat drying) were analyzed with
three measurement points for each ion polarity for a total of 54
spectra. The same calibration ion list (in positive mode: CH3

+,
CH2N

+, C3H3
+, AlOH+, C4H7

+, AlO2H
+, and AlO2H2

+, and in
negative mode: C−, CH−, C2

−, Al−, Cl−, AlO−, C2H3O
−,

C2H2O2
−, and AlO2

−) as well as the same analysis peak list
were applied to all spectra.
For the spectra interpretation, peaks related to the aluminum

were selected, as well as peaks related to the polyamide-6.6 or
N-methylformamide. Classical contaminations in the SIMS
spectra were also investigated. At last, peaks related to hybrid
ions were identified by looking at the families of these hybrid
ions (CxHyAlz

−/+, CxHyNzAlw
−/+, CxHyOzAlk

−/+, and
CxHyNzOwAlu

−/+) in a systematic manner. The peak lists of
both sample types and for both polarities can be found in the
Supporting Information. To allow a good comparison between
the different spectra, their intensities were normalized to the
total intensities of the spectra. The intensities of the different
ions were compared using histograms; some of them are
displayed in the Results and Discussion. The main bars
represent the average intensity of the corresponding ion in the
zone or sample, while the error bars represent the standard
deviation of the intensity.
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