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a  b  s  t  r  a  c  t

Phenolic  coatings  are  usually  a convenient  and  economical  way  to  protect  metallic  materials  against  wear
and corrosion.  Furan  resins  are  analogous  to  phenolics,  as they  are  obtained  by replacing  formaldehyde
by  furfural  in  their  formulation.  In this  work,  a  furan  resin  based  on  furfural  and  phenol  was  synthesized
and  used  as  an aluminum  coating.  Thus,  toxic  emissions  of  formaldehyde  were  avoided,  while  a  biobased
derivative  was  used  instead.  The  performance  of  the  proposed  resin  was  compared  with  the  one of a
eywords:
uran resins
henolic resins
rganic protective coatings
anoindentation

traditional  phenolic  resin.  Physicochemical  characteristics  including  chemical  structure,  surface  polarity
and glass  transition  temperature  were  evaluated  by  means  of  Fourier  transform  infrared  spectroscopy,
contact  angle  measurements  and  dynamic–mechanical  analysis,  respectively.  Nanomechanical  and  nan-
otribological  properties  were  assessed  by depth  sensing  indentation  techniques.  As well,  the  corrosion
resistance  of  the  furan  coating  was  determined  by  potentiodynamic  polarization  tests.  The  obtained
results  validate  the  furan  resin  as a  feasible  alternative  to  phenolics  to protect  aluminum.
. Introduction

Phenolic resins, synthesized from phenol and formaldehyde,
ave excellent chemical and thermal resistance, compatibility and
eactivity with other resins. Due to these desirable properties,
hey have been widely used for over 100 years in many indus-
rial applications that range from molding compounds to laminates,
dhesives and protective coatings [1–3]. Particularly, the latter
pplication takes advantage of their minimal thermal expansion
ogether with their high resistance to abrasion, wear and corro-
ion. For example, they are used as protective interior varnishes,
lectrical insulators layers and anticorrosion coatings for metals,
hus preventing the direct contact of metallic substrates with the

edium [4,5]. However, due to its high toxicity, there are rigorous
egulations concerning the reduction of formaldehyde emissions
ince the 80s [6–13]. The main restriction is pointed to indoor

pplications, but formaldehyde release can also occurs in every
roduction, usage, storage, transportation and deposition stage of
roducts containing residual formaldehyde [7].
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Following the current tendencies to a minimization of
petroleum-based materials, furfural is an appealing option to
replace formaldehyde in the resins formulation. Furfural can be
easily obtained from agriculture wastes; it is harmless to the ozone
layer and is not as toxic as formaldehyde is. Novolak resins prepared
from furfural, phenol and formaldehyde have been used during
decades for molding compounds, and many commercial patents
have been registered [14–17]. Despite the great efforts to elimi-
nate formaldehyde from formulations, up to our knowledge, there
is only one recent commercial register for molding resins based on
furfuryl alcohol, glyoxal and urea, without formaldehyde [18].

The reaction between phenol and furfural to give a furan resin
without using formaldehyde in the initial formulation has been
recently studied in our group [19,20]. In this work, the formu-
lated furan resin was proposed as a potential protective coating for
aluminum in replacement of the traditional phenolic resins. The
anticorrosion function of the coating may  be strongly related to its
mechanical performance, thus directly influenced by its chemical
structure. Hence, an extensive experimental analysis was  carried
out to evaluate the efficiency of the proposed coating.
In order to characterize the mechanical performance of thin
coatings deposited onto substrates, nanoindentation combined
with nanoscratch tests appear as the most appropriate and accurate
techniques [21–24]. In a nanoindentation test, a tip of well-defined

dx.doi.org/10.1016/j.porgcoat.2013.09.015
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eometry is driven into the material surface while the applied
orce and tip displacement data are collected. From nanoindenta-
ion data, near surface elastic and plastic properties can be easily
etermined using the widespread method of analysis proposed
y Oliver and Pharr [25]. This method has been already applied
o characterize different polymeric films with success [26,27] but
equires suitably designed experiments. In a nanoscracth test, the
ip is moved over the surface while a constant or progressive normal
oad is applied. The tangential force and the normal displacement
re recorded. Nanoscratch tests have been effectively used to deter-
ine the friction coefficient and scratch resistance of polymeric

oatings and to study the near surface deformation mechanisms
28]. In addition, the adhesion strength can be evaluated for coat-
ng/substrate systems, provided that coating debonding along the
nterface occurs in response to load [26,29].

The corrosion protective quality of coatings can be characterized
y potentiodynamic polarization tests that measure the current
ensity generated after applying a cyclic potential to the coated
etal sample. An electrical response implies the existence of pores

r defects that allow the passage of ions, thus evidencing certain
orrosion damage. This technique has been successfully employed
o evaluate the corrosion process of several metal/polymer coating
ystems [30–33].

In this work, a deep study concerning the comparison of phys-
cochemical characteristics and surface nanomechanical behavior
f furan and phenolic resins deposited onto aluminum was carried
ut. In addition, the corrosive protection of the furan coating to
luminum was evaluated.

. Experimental

.1. Materials and sample preparation

A resol-type phenolic prepolymer was prepared with a
ormaldehyde to phenol molar ratio equal to 1.3. Samples of phe-
ol and a formaldehyde aqueous solution (37%, wt/wt) (Cicarelli)
ere placed in a stainless steel reactor equipped with a low veloc-

ty stirrer, a thermometer and a reflux condenser. The pH was kept
t 9.0 with a solution of NaOH 40% (wt/wt) and the mixture was
llowed to react for 2 h at 90 ◦C. Thereafter, the mixture was  neu-
ralized with a solution of boric acid until a pH value of 6.8–7.0 was
eached. A 10 wt% solution of phenolic prepolymer in acetone was
repared.

A furan prepolymer was  synthesized from phenol (Anedra) and
urfural (Fluka). Phenol was molten into a reactor supplied with a
efrigerant, a thermometer and constant mechanical stirring. The
eaction media was adjusted using an aqueous solution of K2CO3
0 wt/vol%. After heating up to 135 ◦C, furfural was dropped during
0 min  in a furfural to phenol molar ratio equal to 1. The temper-
ture was maintained at 135 ◦C for 4 h. A detailed chemical and
tructural characterization of the furan prepolymer has been pre-
iously reported [20]. The furan prepolymer was then heated up to
10 ◦C and 12 wt% of hexamethylenetetramine (HMTA) was  added
s a catalyst. A 10 wt% solution of furan prepolymer in acetone was
repared.

Different samples of aluminum (6063-TG) coated with both
ypes of resins were made. The aluminum substrate was previ-
usly polished with increasing grades of silicon carbide paper and
lumina suspensions with particle sizes up to 0.05 �m.  Polymeric
lms of different thickness were prepared by dip-coating process
sing the prepolymer solutions and two different withdrawal rates

50 and 100 cm/min). In all cases, the immersion time was 4 s.

A two-step thermal curing cycle was applied to both types of
oated aluminum plates. They were first heated from room tem-
erature to 120 ◦C at 1 ◦C/min and the samples were kept for 30 min
 Coatings 77 (2014) 247– 256

at this temperature to allow the release of water and oligomer bub-
bles. In the second step, the temperature was raised up to 180 ◦C
(for furan coatings) and 190 ◦C (for phenolic coatings) at 1 ◦C/min
and kept for 30 min  to complete the curing.

Hereafter coated aluminum samples are identified as F-50 and
F-100 for furan coatings and P-50 and P-100 for phenolic coatings.
The numbers indicate the dipping withdrawal rate.

2.2. Methods

2.2.1. Viscosity measurements
The viscosity of the 10 wt% prepolymer solutions was measured

in an Anton Paar Physica Rheometer (MCR 301-CC27) at 20 ◦C, with
a configuration of concentric cones. The stationary viscosity was
measured among 1 and 100 rpm using 20 ml  of solution sample.

2.2.2. Fourier transform infrared analysis (FTIR)
The evolution of characteristic bands associated to different

functional groups was  followed by FTIR analysis through the whole
curing cycle. Spectra were obtained in a Mattson Genesis II, trans-
mission mode, equipped with a heating furnace. Samples were
scanned every 10 ◦C from room temperature to 180 ◦C in the range
of 600–4000 cm−1. For comparison purposes, spectra were normal-
ized with the intensity of the band assigned to the C C benzene ring
stretching (1595 cm−1) whose value is expected to remain constant
[34].

2.2.3. Dynamic mechanical analysis (DMA)
DMA experiments were carried out in a Perkin Elmer DMA  7 at

a heating rate of 10 ◦C/min from 15 to 300 ◦C and at a frequency
of 1 Hz. Prismatic specimens were cut from plaques obtained by
curing the resins between two glass slides previously treated with
silicon release agent (Siliar S.A., Argentina).

The glass transition temperature (Tg) was taken as the temper-
ature corresponding to the maximum displayed in the tan ı curve.
The average results of three replicas were reported.

2.2.4. Contact angle measurements
Static contact angle determination was  made by the sessile drop

method using a Ramé Hart model 500 Advanced Contact Angle
Goniometer/Tensiometer equipped with DROPimage Advanced
Software. Drops of 5 �l of doubly distilled water were placed onto
the surfaces of coated samples. The average contact angle of six
drops was reported for each coating.

2.2.5. Scanning electronic microscopy (SEM) and Calotest®

SEM and Calotest experiments were used to determine the
actual thickness of furan and phenolic coatings.

SEM was  performed in a JEOL JSM-6460LV equipment. Samples
were cryofractured and coated with a 300 Å gold layer previously
to expose their lateral side. A typical micrograph is shown in Fig. 1.

Coated samples were ground by a rotating steel ball of 30 mm
diameter in a Calotest Compact unit from CSM Instruments. It
was operated at 2500 rpm for 2 min  with an abrasive suspension
(0.2 �m particles). Coating thickness was  determined by optical
inspection of the abraded coating and substrate section applying
a geometrical relationship [35].

2.2.6. Nanoindentation and nanoscratch tests
Nanoindentation and nanoscratch experiments were carried out

on coated samples in a Triboindenter Hysitron equipped with a
Scanning Probe Microscope module (SPM).
Analysis procedures for determining reliable mechanical prop-
erties of thin polymeric films deposited onto metal substrates by
nanoindentation are not yet standardized as for other engineer-
ing materials. For the sake of simplicity and aiming to compare
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chemical structure of phenolic resins are well documented [42–44].
Fig. 1. Coating thickness determination by SEM analysis in F-100 sample.

anomechanical properties of furan and phenolic films, experi-
ents were accurately designed to apply the simple Oliver and

harr approach [25,36].
Nanoindentation tests were performed under load control con-

itions using a diamond Berkovich tip. Maximum loads (Pmax) were
aried from 0.1 to 9 mN  to obtain properties at different indentation
epths aiming to analyze the possible influence of the aluminum
ubstrate [37,38].

For each loading condition, 5 indentations were made. A hold-
ng period of 15 s was applied at maximum load between loading
nd unloading stages to minimize the creep effect on the unload-
ng curve [39,40]. Tip displacement was corrected by thermal drift
sing the standard Hysitron routine.

Using the approach outlined by Oliver and Pharr, reduced elas-
ic modulus (Er) and indentation hardness (H) were calculated as a
unction of indentation depth [25,36]. As well, the maximum load
o contact stiffness-squared parameter (P/S2), which is a measure

f the material resistance to permanent deformation, was evalu-
ted [27,41]. The contact stiffness (S) was calculated from the initial
lope of the unloading curve.

Fig. 2. Scheme showing the condensation reactions t
 Coatings 77 (2014) 247– 256 249

Two  types of nanoscratch experiments were performed. In the
first one, a diamond Berkovich tip was  used to obtain the friction
coefficient. A constant load of 100 �N, a sliding speed of 0.33 �m/s,
and a lateral displacement of 10 �m were applied. For each sample,
10 experiments were carried out. The apparent friction coefficient
(�) was  calculated as the ratio of the measured tangential (Fx) and
normal (Fz) forces. The second type was  intended to analyze the sur-
face damage behavior during scratch deformation of furan coatings.
A diamond spherical tip with 2 �m radius of curvature was slid at
a speed of 0.33 �m/s  while the load was  linearly increased up to
9 mN,  which was the maximum force experimentally available.

2.2.7. Potentiodynamic polarization
Potentiodynamic polarization tests were carried out with a

standard three-electrode system to quantify the anticorrosive pro-
tection of the furan coating. The specimens were connected to the
aluminum either coated or uncoated as working electrode, a pure
platinum wire was  used as the counter electrode and standard
calomel electrode (SCE) was  used as the reference electrode. Poten-
tiodynamic scans were performed in NaCl solution (0.15 mol/L)
from −0.8 to 0.5 V at a scan rate of 1 mV/s and backwards. The polar-
ization curves were measured in a Gamry Ref 600 electrochemical
unit (Gamry Instrument, USA) initially and, after 12 and 30 days of
immersion in the solution at 20 ◦C.

3. Results and discussion

3.1. Physicochemical characterization

The synthesis of phenolic resins starts with the addition of
formaldehyde to the phenol ortho and para positions. Then, con-
densation reactions take place during curing in which methylene
bridges are formed and water and formaldehyde are released, as
schematized in Fig. 2.

Characteristic infrared spectra wavelengths corresponding to
substituted benzene rings as well as methylene bridges in the
The bands corresponding to methylene bridges, directly related
to the crosslinking density, appear in the 1400–1500 cm−1 wave-
length range of the infrared spectra, and their specific position

hat take place during curing of phenolic resins.
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Fig. 4. Region of the FTIR spectra showing the characteristic bands corresponding
to bridges in (a) furan and (b) phenolic resin. Some spectra obtained at different
temperatures during curing are shown.
ig. 3. Scheme showing the chemical structure of (a) phenolic and (b) furan resins.

an be related to a particular position in the phenol ring; i.e.
ara–para′ (p–p′), ortho–ortho′(o–o′) and ortho–para′ (o–p′) methy-
ene bridges, respectively [34]. Similarly, CH bridges are formed
n furan resins during their curing reactions. The resulting highly
rosslinked structure of both resins are shown in Fig. 3 [4,45].

As expected, furan and phenolic resins displayed similar FTIR
pectra due to their analogous chemical structure though slight dif-
erences were observed. The three types of bridges were assigned
n the furan resin spectra (Fig. 4a), but the band associated with o–o′

ridges was not detected in the phenolic resin spectra (Fig. 4b) con-
istently with previous reports [46,47]. The variation in the amount
f bridges formed during curing is compared in Fig. 5. The amount
f o–p′ and p–p′ bridges was larger in the completely cured phe-
olic resin, but additional o–o′ bridges appeared in the furan one.
owever, the final amount of total bridges contained in both resins

esulted similar.
The values of glass transition temperature (Tg) and storage mod-

lus in the rubbery state (E′
rubber) of phenolic and furan resins arisen

rom DMA  experiments are reported in Table 1. Tg and modulus
alues of both resins were practically identical, evidencing their
imilar chemical structure. Moreover, as E′

rubber is directly related

o crosslink density [48], the total amount of bridges appeared to be
ery similar in both resins in agreement with FTIR results (Fig. 5).

The contact angle measurements for both types of coated sam-
les are included in Table 1. The lower value measured for the furan

Fig. 5. Evolution of the bridges amount in phenolic and furan resins during curing.
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Table 1
Dynamic-mechanical properties and contact angle of the resins.

Resin E′
rubber (GPa) Tg (◦C) Contact angle (degree)

Phenolic 0.25 255 74.9 ± 0.8
Furan 0.24 252 66.8 ± 2.5

Table 2
Coating thickness values of furan and phenolic samples.

Sample P-50 P-100 F-50 F-100
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Coating thickness
(�m)

0.24 ± 0.08 0.29 ± 0.08 2.14 ± 0.10 2.62 ± 0.04

oating displayed its greater hydrophilic character. The higher
olarity is a result of the polar groups in the furan coating surface,
ut it is also related with the interaction between these groups
nd the hydroxyls of the aluminum substrate, as it will be later
iscussed.

.2. Coating thickness

Actual thickness values of furan and phenolic coatings mea-
ured by SEM and verified by Calotest® experiments are reported in
able 2. Phenolic films were notably thinner than furan ones when
repared using the same prepolymer solution concentration and
ithdrawal rate. As expected, the coating thickness decreased as

he withdrawal rate diminished for each type of resin.
It is well known that the dip coating process is controlled by

everal forces such as gravitational, inertia, capillary and viscous
rag [49,50]. The latter force moves the liquid solution upward with
he substrate and it is proportional to the liquid viscosity and with-
rawal speed. So, larger solution viscosities and withdrawal speeds

ead to thicker coatings.
The viscosities of the 10% (w/w) solutions of furan and pheno-

ic prepolymers in acetone were 17.93 ± 0.24 cP and 3.95 ± 0.12 cP,
espectively. So, the great difference in the resulting coating thick-
esses can be directly related to the dissimilar viscosity of their
repolymer solutions.

The withdrawal speed, u0, is the most common parameter used
o control the film thickness, t. The relationship between t and u
0
s usually expressed as a power law mathematical form (t  ̨ u0

x)
ith x values ranging from 0 to 1 [51]. Fig. 6 shows thickness data
lotted according to the mentioned correlation. For both coatings

ig. 6. Relationship between coating thickness and withdrawal rate for phenolic
nd furan resins. Additional data at 25 cm/min are also included.
Fig. 7. Load vs. indentation depth curves for different maximum applied loads for (a)
F-100 and (b) P-100 systems. The indentation response of the aluminum substrate
is  included for comparison.

a value of x about 0.3 was observed, evidencing the same thickness
dependence with withdrawal speed. Hence, as differences in thick-
ness are mainly due to the viscosity, similar values for both coatings
could be achieved by adjusting the solution concentration.

3.3. Nanomechanical properties

Typical load–depth curves obtained at different maximum
applied loads for two  of the studied systems are shown together
with the substrate response in Fig. 7. The mechanical response
of the coated systems was completely different from the one of
the substrate. While aluminum deformed plastically, the coat-
ing was able to elastically recover deformation after the tip was
removed from the surface. Properties were determined as a func-
tion of indentation depth and analyzed considering the influence
of the underlying substrate. The time-dependence of the indenta-
tion response of the systems was clearly evident by the increase in
indentation depth during the holding period at peak load (indenta-
tion creep). For the thickest coatings (i.e. F-100 in Fig. 7a), loading
curves practically overlapped while the shape of unloading curves
changed with increasing maximum applied load. For the thinner
coatings (i.e. P-100 in Fig. 7b), the curves resembled the alu-
minum response especially at high indentation loads. For all cases,

load–depth curves did not exhibit discontinuities, which are gen-
erally attributed to failure events like coating detachment [52–54].
Therefore, the adhesion of both furan and phenolic films to the
aluminum substrate appeared to be very good.
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ig. 8. Contact stiffness vs. indentation depth for furan coatings and phenolic
oatings on aluminum.

The contact stiffness values, S, are plotted against maximum
enetration depth in Fig. 8. For a homogeneous material, S is
xpected to increase linearly with indentation depth since elas-
ic modulus does not vary with depth [38]. Data showed a positive
eviation from linearity, which increased with increasing inden-
ation depth or reducing coating thickness. This means that the

easured indentation response was influenced by the stiff alu-
inum substrate.
Reduced elastic modulus values, Er, obtained from nanoin-

entation experiments are shown in Fig. 9 as a function of
hickness-normalized depth. A value of 72.5 ± 2.8 GPa was  inde-
endently determined for the aluminum substrate. As expected,
he Er values of the coating/substrate systems increased with inden-
ation depth. These values represent an apparent property which
ombines the mechanical properties of the coating and the under-
ying substrate, and are not an elastic modulus profile through the
oating [22]. The dissimilar hmax/t range achieved in the exper-
ments for furan and phenolic coatings was due to the large
ifference in their thicknesses (Table 2).

For furan coatings, a plateau value was clearly observed at
ery low indentation depths (Fig. 9a). This value was  the intrin-
ic elastic modulus of the furan coating. It coincided with the value
etermined by applying the “10% rule”, which establishes that for
ompliant coating/stiff substrate systems and for coatings thicker
han 1 �m,  the elastic modulus of the coating can be evaluated
t depths lower than 1/10 of the coating thickness [25,55]. The Er

alues of furan coatings turned out to be independent on coating
hickness and near 10 GPa (Table 3).

On the contrary, a plateau value could not be observed for the
ase of phenolic coatings (Fig. 9b). Because coatings were too thin
about 0.2 �m),  the minimum experimentally achievable hmax/t
ange resulted higher than 1/10 of the coating thickness. Obtaining
eliable indentation curves at very low displacements (<20 nm)  is
enerally difficult since uncertainties appear due to errors in con-
act area estimations, surface roughness, tip variations and signal
ibrations. In this case, to extract the intrinsic elastic modulus of
henolic coatings, a model proposed in the literature for compli-
nt coating/stiff substrate systems was applied [56,57]. The model
onsiders the contribution of coating and substrate modulus to the
pparent modulus as a function of contact depth, hc [56], as:
∗ = Ec + (Es − Ec) × e−(˛×t/hc) (1)

here E* represents the apparent reduced elastic modulus, Ec and
s are the intrinsic properties of the coating and the substrate, t
Fig. 9. Reduced elastic modulus values as a function of thickness normalized
indentation depth for (a) furan coatings and (b) phenolic coatings deposited onto
aluminum substrate.

is the actual coating thickness and  ̨ is a fitting parameter. If Es

is known, the model fitting provides the values of Ec and ˛. The
mathematical form of Eq. (1) predicts a plateau value for low con-
tact depths. Fitted model parameters are shown in Table 3. The ˛
parameter increased while decreasing the coating thickness indi-
cating a not straightforward dependence of apparent modulus with
coating thickness, which is associated with the complex stress field.
The Ec value of the phenolic coating was  very similar to the one of
the furan coating. Note that, this model also described quite well
the furan systems behavior (Fig. 10 and Table 3). The Ec value of
furan coatings coincided with the modulus obtained by the “10%
rule”.

Indentation hardness values, H, plotted as a function of
thickness-normalized depth for furan and phenolic systems
(Fig. 11) exhibited a completely different behavior than Er values.
For each type of coating, H data belonging to different thicknesses
overlapped. This can be attributed to the less spatially spread plastic
strain field beneath the indenter in comparison to the elastic strain
field. As a consequence, for a given indentation depth, the substrate
influence on hardness resulted lower than on indentation modulus

[58].

An almost constant H value was  observed for furan coatings
(Fig. 11a) in the whole indentation range; i.e.  up to h/t equal to
0.4. The averages of H values were taken as the intrinsic coating
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Table 3
Intrinsic nanomechanical properties of furan and phenolic films.

Property Method F-50 F-100 P-50 P-100

Coating elastic
modulus (GPa)

“10% rule” 9.8 ± 0.7 9.5 ± 0.6 – –
(Ec) Eq. (1) 10.2 ± 0.1 (R2 = 0.91) 9.7 ± 0.1 (R2 = 0.87) 12.4 ± 1.2 (R2 = 0.93) 10.5 ± 1.2 (R2 = 0.92)
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recovered after load removal, i.e. an elastic deformation mode
prevailed. The �app values reflected the adhesion characteristics
between the coating and the diamond tip since the principal fric-
tion mechanism under elastic contact conditions is adhesion. The
Coating  hardness (GPa) Average value 0.63 ± 0.03 

(Hc) Eq. (2) – 

ardness (Table 3). The intrinsic hardness of the furan coating was
bout a half of the aluminum hardness.

On the other hand, H values increased with increasing thickness-
ormalized depth for the case of phenolic coatings (Fig. 11b).
oreover, it is observed that for hmax/t larger than 1, H data

pproached the value of the aluminum (1.15 ± 0.05 GPa). Aiming to
btain the intrinsic hardness of phenolic coatings, a simple model
roposed by Bhattacharya and Nix [59] was applied. The model
onsiders the combined effect of substrate and coating properties
n the apparent hardness as a function of indentation depth, as:

∗ = Hs + (Hc − Hs) · exp

(
−˛n ·

(
h

t

)n
)

(2)

here H* represents the apparent hardness, Hc and Hs are the
ntrinsic properties of coating and substrate,  ̌ is a fitting parameter
nd n is equal to 2 for the case of soft coatings/hard substrates sys-
ems [23]. The fitted Hc values are reported in Table 3. The Hc value
f the phenolic coating was very close to the H value displayed by
he furan coatings.

The values of the ratio of maximum load to stiffness squared,
max/S2, i.e. the material’s resistance to plastic deformation [54], are
lotted as a function of thickness-normalized depth in Fig. 12 for
oth types of coatings. Due to the influence of the substrate, Pmax/S2

arameter decreased as the indentation depth increased. How-
ver, it clearly emerged that furan and phenolic coatings resulted
ore resistant to plastic deformation than aluminum substrate.

his result could be explained by the beneficial combination of
lastic and plastic properties of polymeric coatings in relation to
luminum. Polymeric coatings showed about a 7-fold lower mod-
lus but only 2-fold lower hardness than the substrate. Hence, at

 given indentation depth, the coating was able to accommodate

 larger amount of elastic deformation than the substrate, leading
o a lower permanent damage. In addition, Pmax/S2 values of both
ypes of coatings overlapped for the lowest hmax/t range, indicat-
ng that the mechanical protection conferred by both coatings was

ig. 10. Reduced elastic modulus as a function of thickness to contact depth ratio.
olid lines show model fittings according to Eq. (1). The  ̨ parameter is reported.
0.62 ± 0.05 – –
– 0.57 ± 0.04 (R2 = 0.82) 0.59 ± 0.02 (R2 = 0.89)

similar. Consistently, the H/Er
2 ratio which is proportional to the

Pmax/S2 parameter, was almost identical for both types of coatings
(Table 3).

3.4. Nanoscratch behavior

The average values of the apparent friction coefficient, �app,
measured at low loads were 0.35 and 0.38 for furan and phenolic
coatings, respectively. In these experiments, the scratch grooves
were imperceptible indicating that deformation was  completely
Fig. 11. Hardness values as a function of thickness normalized indentation depth
for  (a) furan coatings and (b) phenolic coatings deposited onto aluminum substrate.
The  dashed line represents the hardness of the aluminum substrate.
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ig. 12. Maximum load to the stiffness squared values as a function of thickness
ormalized indentation depth for furan and phenolic coatings. The dashed line
epresents the value determined for the aluminum substrate alone.

lightly lower �app of the furan resin was consistent with its higher
olarity.

The damage mechanism was investigated through nanoscratch
xperiments under increasing normal load. A typical response
btained for furan coatings is shown in Fig. 13. An almost constant
lope in the normal displacement vs. lateral displacement curve
as observed indicating that the mechanical response was  uni-

orm. The apparent friction coefficient increased with increasing
he normal force (or scratch distance) consistently with a defor-

ation mechanism of ductile ploughing [60]. SPM images of the
cratch grooves revealed that during the sliding process the furan
oating deformed plastically and accumulated at both sides of the
rack as well as ahead of the crack tip (Fig. 14). The scratch pro-
ess caused shear-dominant stresses in the immediate vicinity of
he tip, thus promoting shear yielding of the furan resin [61]. As
ell, in SPM images there were no evidences of coating delami-
ation, demonstrating that the adhesion strength between furan
oating and aluminum was excellent. It is known that for the case

f a compliant coating on a stiff substrate, delamination could occur
f the shear stress along the interface exceeds the adhesion strength
f the system because the shear stress tends to dislocate the

ig. 13. Normal displacement and friction coefficient as a function of lateral dis-
lacement measured for F-100 sample in Nanoscratch tests under ramping normal

oading.
Fig. 14. SPM image of the scratch groove left on the furan coating surface of F-100
sample after ramping normal loading.

coating [62]. A similar scratch behavior was  observed for the phe-
nolic coating.

In resume, nanoscratch tests showed that coating deformation
mechanism was dominated by the yield stress. As the indentation
hardness, which is proportional to the yield stress, of furan and
phenolic resins was  practically the same, it can be stated that there
is no difference in the mechanical protection that both types of
coatings offered to the aluminum substrate.

3.5. Corrosion behavior

Results of potentiodynamic polarization tests at different
immersion times are shown in Fig. 15 for uncoated and furan coated
aluminum specimens.

After immersion in the NaCl solution, the uncoated aluminum
showed a strong diminution of the current density in the vicin-

ity of the corrosion potential, due to the development of a passive
film that remained stable in the assayed period. The electrochemi-
cal response of uncoated and furan coated specimens showed clear
differences. For the coated sample, the current density decreased

Fig. 15. Typical potentiodynamic polarization curves of uncoated and furan coated
aluminum samples.
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Fig. 16. Change of the relative amount of the bands corresponding to the hydroxyla-
ted aluminum species measured at the wavelenghts: (�) 670 (stretch Al O), (�) 738
( −1
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[20] G. Rivero, A. Vázquez, L.B. Manfredi, Synthesis and characterization of
longitudinal stretch Al O), (�) 763 (vibrations Al O) y (�) 830 cm (vibrations
l  OH), with immersion time. Evolution of furan bridges amount during immersion

ime is also included.

pproximately one order of magnitude with respect to the uncoated
luminum. This fact can be attributed to the diminution of the
ubstrate exposed area. However, after a long-time immersion, it
ollowed the same trend as the uncoated material because of the
ormation of the passive film, and the corrosion protection was
mproved with the immersion time.

As expected, local corrosion spots were formed after the poten-
iodynamic destructive tests. Nevertheless, neither delamination
or furan coating detachment was evidenced in the surrounding of
uch defects.

The good adhesion between the organic furan coating and the
luminum substrate could be attributed to the excellent affin-
ty among the hydrophilic groups of the polymer (Fig. 3) and a
ydroxylated aluminum surface. It is well known that when alu-
inum is in contact with air a thin layer of aluminum oxide is

pontaneously formed and then, ambient water is absorbed on that
ayer causing the hydroxylation of the aluminum oxide surface [63].
he presence of such hydroxylated aluminum species in the coated
amples immersed in NaCl solution was verified by FTIR analysis.
here was observed an increase in the intensity of the character-
stics bands associated with Al O, Al OH [63–67] with increasing
xposure time as shown in Fig. 16. On the other hand, it was  probed
hat the chemical crosslinks of the furan coating remained unal-
ered during the whole corrosion test, as demonstrated in Fig. 16.

. Conclusions

A deep characterization including physico-chemical, mechani-
al and aluminum corrosion protection was performed aiming to
ompare the performance of coatings based on a proposed furan
olymer and a traditional phenolic resin.

The coating’s thickness obtained using the same prepolymer
oncentration solutions and dipping rates greatly differed due to
he large disparity in furan and phenolic solutions viscosities.

Both resins exhibited similar chemical structures and hence
ractically the same dynamical–mechanical properties (Tg and E′′).
s well, it was proved that, despite the difference in thickness, their

urface nanomechanical elastic (Ec) and plastic properties (H) are
quivalent.

The furan resin showed a greater hydrophilic character than the
henolic one, related to its larger content of polar groups. This was

[
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reflected in a slight difference in their apparent friction coefficient
(�app).

Both types of coatings showed the same mechanical protection
to aluminum. The scratch deformation behavior was dominated
by the yield stress of the polymers (ductile ploughing mechanism)
with no evidences of coating delamination.

Furan coatings were able to efficiently protect aluminum from
corrosion by conferring a stable barrier. In addition, a combining
positive effect was  displayed under severe conditions, as the intrin-
sic aluminum passive film may  be capable to block eventual pores
or defects in the polymeric film.

The lack of signs of coating detachment confirmed the excellent
adhesion of the coating with the substrate, probably due to the great
affinity between hydrophilic groups of the furan polymer and the
oxides/hydroxides evidenced in the aluminum surface.

It was proved that the proposed furan resin could replace the
traditional phenolic resin to protect aluminum against scratch and
corrosion.
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