Variation in Physical and Mechanical Properties with
Coating Thickness in Epoxy—-Diamine-Aluminum System
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ABSTRACT: The mechanical properties and glass-transi-
tion temperature within different thickness organic coatings
made of diglycidyl ether of bisphenol A epoxy resin and
3-aminomethyl-3,5,5-trimethylcyclohexylamine  hardener
are determined. The coatings are deposited on aluminum
alloy (1050) substrates after degreasing. Dynamic mechani-
cal thermal analysis and differential scanning calorimetry
experiments are carried out on debonded coatings before
and after the material from the opposed surface to the poly-
mer/metal interface is removed by polishing. The results
clearly show that the values of the physical and mechanical
properties in those coatings depend on their thickness, but

there is no gradient of properties within such coatings.
Therefore, at a given thickness, those properties are homo-
geneous within the coating. To gain a better fundamental
understanding of this behavior, a qualitative model involv-
ing the chemical reactions that take place at the epoxy/
metal interface and the related diffusion phenomena is
given. © 2005 Wiley Periodicals, Inc. ] Appl Polym Sci 98:
891-895, 2005
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num interphase

INTRODUCTION

Epoxy resins and epoxy/aluminum alloy composites
are widely used in many fields, such as the electronic
and aerospace industries, because of epoxy’s excellent
thermal and chemical resistance and superior electri-
cal and mechanical behavior. For example, epoxy res-
ins have been used as anticorrosion protective coat-
ings for metals and semiconductors in the electronics
industry and as thermosetting adhesives in the aero-
space industry. Thus, knowledge of the factors affect-
ing the adhesion between epoxy polymers and alumi-
num surfaces is of substantial importance.

Among several curing agents employed to formu-
late epoxy resins, amines are undoubtedly the most
extensively used. When epoxy—amine mixtures are
applied onto metallic substrates and cured, a strong
interaction between the amino groups and the metallic
oxide and/or hydroxide takes place.!

Roche and coworkers®” have widely studied the
system of diglycidyl ether of bisphenol A (DGEBA)-
3-aminomethyl-3,5,5-trimethylcyclohexylamine

Correspondence to: S. N. Goyanes (goyanes@df.uba.ar).
Contract grant sponsors: Fundaciéon Antorchas at Univer-
sidad de Buenos Aires, and CONICET.

Journal of Applied Polymer Science, Vol. 98, 891-895 (2005)
© 2005 Wiley Periodicals, Inc.

(IPDA)-aluminum and found that the chemical,
physical, and mechanical properties of the coating
materials differed from those of the bulk as a func-
tion of the coating thickness. They argued that this
behavior corresponded to the formation of a thick
interphase between the substrate and the bulk ma-
terial. Thus, the polymer/substrate interphase
should be a complex region containing gradients of
chemical, physical, and mechanical properties. With
this idea in mind, they developed a three-layer
model (bulk coating/interphase/substrate) to eval-
uate the residual stress profile along the coating
thickness. Thus, the calculated residual stress pro-
file strongly depends on the Young’s modulus val-
ues postulated for each position along the coating
thickness. The practical adhesion of the coatings to
the aluminum substrate, characterized as the ulti-
mate load or the ultimate displacement in a three-
point flexure test (ISO 14679-1997), was then found
to correlate with the calculated residual stress at the
interphase/metal interface. Indeed, when residual
stresses at the interphase/metal interface increased,
the ultimate load decreased.

Because we were interested in the chemical, physi-
cal, and mechanical properties of epoxy resin compos-
ites filled with aluminum powder and how the results
reported by Roche et al.>” could affect them, we fo-
cused our work on the determination of the mechan-
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ical properties and the glass-transition temperature
within the postulated interphase region. This was ac-
complished by measuring them in the debonded coat-
ing before and after the material from the opposed
surface to the polymer/metal interface was removed
by polishing.

EXPERIMENTAL
Materials

The metallic substrate used was a 1 mm thick com-
mercial rolled 1050 aluminum alloy (Aluar Argen-
tina). Aluminum sheets were cut into rectangles (60
X 60 mm?). Before any polymer application, the sub-
strate surfaces were treated by ultrasonic degreasing
in acetone for 15 min, drying off by flowing hot air and
15 min in an oven at 120°C, and cooling to room
temperature.

Several layers of a rectangular (45 X 30 mm®) frame
of Teflon (50 um thick) were stuck together with the
treated metallic sheet using double-faced adhesive
tape in order to obtain the desired liquid coating thick-
ness.

The epoxy prepolymer and curing agent were
DGEBA LY 556 and IPDA HY 2962, both from Ciba
Geigy. The epoxy resin was mixed with the hardener
by stirring at room temperature under a vacuum for
30 min. A stoichiometric ratio (aminohydrogen/ep-
oxy) of 1 was used.

The degased mixture was poured into a mold cavity
placed on a metallic surface and spread with a cylin-
drical glass rod. For bulk materials, 45 X 30 X 15 mm®
prismatic pieces were prepared using a Teflon mold.

The curing cycle was 30 min at 30°C, 30 — 60°C at
1°C C/min, 2 h at 60°C, 60 — 140°C at 1°C/min, 1 h at
140°C, 140 — 190°C at 0.25°C/min, 6 h at 190°C, and
cooling in the oven to 25°C.

Four coated sheets for each coating thickness and
three bulk samples were prepared. After curing and
cooling, coated 25 X 5 mm? samples were cut from the
central part of the coated sheet with a diamond saw.
Bulk material 25 X 5 X 0.6 mm® samples were ob-
tained with the same procedure applied on the central
parts of the prismatic pieces. The measurement of the
coating thickness (0.065-0.485 mm), after removal
from the metallic substrate, was performed using a
micrometer (sensitivity =5 wm).

Methods

All mechanical and thermal characterizations were
carried out on debonded coatings.

Differential scanning calorimetry (DSC) experi-
ments were performed in a Shimadzu DSC 50 appa-
ratus to determine the glass-transition temperature
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Figure 1 The loss tangent (tan 8) as a function of temper-
ature for the bulk material and coatings with different thick-
nesses.

(T,) of epoxy resins at a rate of 10°C/min from 30 to
200°C.

Dynamic mechanical thermal analysis (DMTA) ex-
periments were carried out in a Rheometric Scientific
DMTA 1V apparatus. Measurements were performed
in rectangular tension mode with an initial gauge
length of 15 mm. The sample was deformed sinusoi-
dally to a controlled strain amplitude of 6 X 10 * at a
fixed frequency of 1 Hz. The temperature was varied
from 25 to 200°C using a heating rate of 2°C/min. This
type of test allows us to obtain information about the
dependence of the storage modulus (E’), loss modulus
(E") as well as the ratio E”/E’ = tan & (loss tangent) as
a function of temperature.

Two samples for each coating thickness were mea-
sured with both DSC and DMTA.

RESULTS AND DISCUSSION

Figure 1 shows the loss tangent as a function of tem-
perature for the bulk material and coatings with dif-
ferent thicknesses. The T, for each specimen is identi-
fied as the temperature at the maximum of the tan 8
peaks. A significant shift of these peaks to lower tem-
peratures is observed with decreasing thickness val-
ues.

The T, values obtained from DMTA are plotted
versus the coating thickness in Figure 2. The results
from DSC measurements on the same coatings are also
plotted. Both curves show the same tendency with the
coating thickness (t,). The T, values from the DMTA
measurements are higher than those from the DSC
tests because of the well-known fact that an increase in
the test frequency shifts the T, to higher values.® For
thinner coatings (0.065 < t. < 0.25 mm) a gradient
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Figure 2 The glass-transition temperature (T,) of the coat-
ing as a function of the coating thickness.

region for the T, values is observed whereas for thick
coatings (f. > 0.25 mm) these values remain close to
the bulk one. The values of their storage modulus that
were obtained from DMTA data at 53°C are plotted
versus the coating thickness in Figure 3. The storage
modulus decreases as the coating thickness increases
within the gradient region. The behavior of the glass-
transition temperature and the storage modulus with
the coating thickness agrees with those reported by
Roche and coworkers in similar coating materials.*~°
They propose that these experimental results define an
interphase between the substrate and the bulk mate-
rial.

Considering the hypothesis that a thick interphase
is created between the substrate and the bulk material,
one should expect to measure lower T, values and
higher E'values in the coating if the material from the
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Figure 3 The storage modulus (E’) of the coating, mea-
sured at 53°C, as a function of the coating thickness.
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Figure 4 A comparison of the loss tangent (tan §) curves
for unpolished and polished coating specimens.

opposed surface to the polymer/metal interface is
removed by polishing. Thus, we took three samples
with initial coating thicknesses of 0.48, 0.25, and 0.12
mm. They were polished from the opposed surface to
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Figure 5 A comparison of the storage modulus (E") curves
for unpolished and polished coating specimens.

the polymer/metal interface to a thickness of 0.065
mm and their loss tangent and storage modulus were
measured as a function of temperature.

Figures 4(a) and 5(a) show a comparison between
the results obtained for the sample with 0.48-mm orig-
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inal coating thickness, the sample polished from a
thickness of 0.48 mm to a thickness 0.065 mm, and a
sample whose original thickness was 0.065 mm.
Clearly, there is no increment of the value of E’ nor a
decrement in the value of T, in the coating when the
material from the opposed surface to the polymer/
metal interface is removed by polishing. The same
behavior is obtained with the samples of 0.25- and
0.12-mm initial coating thicknesses as shown in Fig-
ures 4(b) and 5(b) and 4(c) and 5(c), respectively.
These results were confirmed by DSC measurements
on similar samples. Therefore, both the storage mod-
ulus and the glass-transition temperature of these
coatings depend on their thicknesses. However, for a
given thickness, these properties are homogeneous
within the coating.

The results obtained in our work show that the
variation in physical and mechanical properties with
the coating thickness in the epoxy-diamine-alumi-
num system does not define a thick interphase be-
tween the substrate and the bulk material.

The interesting work done by Roche and cowork-
ers*” describes the chemical reaction observed when
epoxy—diamine is applied onto a metallic substrate,
leading to a dissolution of the surface oxide and/or
hydroxide followed by metallic ion diffusion. Metallic
ions react by coordination with the amine groups of
the diamine monomer to form organometallic com-
plexes. When the complex concentration is higher than
its solubility limit, complexes crystallize as sharp nee-
dles. During the curing cycle, uncrystallized organo-
metallic complexes react with the epoxy monomer to
form a new epoxy network with a lower T, and the
crystallized complexes act as short fibers in the or-
ganic matrix, leading to an increase of the elastic mod-
ulus. Thus, the proposed mechanism has at least three
reaction times: the reaction time for surface oxide
and/or hydroxide dissolution (7;), the diffusion time
for the metallic ion into the liquid polymeric mixture
(7,), and the reaction time for the organometallic com-
plex formation (73).

Roche et al.>” proposed that their results on the
variation in the physical, chemical, and mechanical
properties with the coating thickness in the epoxy—
diamine-aluminum system could be explained con-
sidering that 7, is longer than 7; and 5. In fact, in their
work, the interphase formation is related to the spatial
concentration of metallic ions and that is governed by
a diffusion phenomenon. This spatial concentration of
metallic ions could form a spatial concentration of
organometallic complexes. As soon as the solubility
product of organometallic complexes is formed, part
of the organometallic complexes may crystallize, giv-
ing a spatial concentration of crystals; then, the
Young’s modulus within the coating would vary from
the substrate surface. Of course, the remaining part of
the organometallic complexes, which do not crystal-
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lize, will have a spatial concentration and then the
glass-transition temperature within the coating will
also vary from the substrate surface. However, this
picture contradicts our experimental results.

We understand that the variation observed in the
physical, chemical, and mechanical properties with
the coating thickness in the epoxy-diamine-alumi-
num system can be explained in a different way, as-
suming the following: the chemical reactions pro-
posed by Roche and coworkers®” are valid, the reac-
tion time T, is shorter than 7, and 7;, and the amount
of available superficial oxide and/or hydroxide to
dissolve is fixed by the superficial treatment of the
substrate. The first assumption allows us to talk about
reaction products identical to those appearing in the
mechanism proposed by Roche et al.>” The second
assumption enabled us to propose that, whatever the
thickness of the coating can be, the concentration of
metallic ions in the liquid monomer is homogeneous
before the curing cycle. Then, the crystallized organo-
metallic complexes and those not crystallized would
be distributed homogeneously, giving a homogeneous
storage modulus and glass-transition temperature
within the coating, in agreement with our experimen-
tal results. The third assumption is the key to under-
standing why different physical, chemical, and me-
chanical properties are obtained when the coating
thickness varies. Let us consider that the contact time
between the liquid prepolymer and the metallic sub-
strate is long enough to finish the reaction, from one or
the other side, between the IPDA monomer and the
superficial oxide and/or hydroxide. Because the stoi-
chiometric ratio of the prepolymer mixture is fixed,
the amount of available IPDA monomers for the con-
tact area linearly increases with the thickness. Then,
for much thinner coatings the reaction finish from the
IPDA side and the concentration of organometallic
complexes is high but remains constant when the
thickness increases. However, for a given thickness,
the reaction starts to finish from the oxide and/or
hydroxide side and the concentration of organometal-
lic complexes begins to decrease when the thickness
increases. Now, the concentrations of the crystallized
organometallic complexes and those not crystallized
will follow the same evolution with the thickness of
the coating because they depend on the difference
between the total concentration and the solubility
limit. That means the Young’s modulus and the glass-
transition temperature will remain constant for very

thin coatings, but the Young’s modulus will decrease
and the glass-transition temperature will increase as
the thickness increases for thicker ones. This picture is
in agreement with our experimental findings and
those of Roche and coworkers.””

Finally, our results indicate that the residual stress
at the polymer/metal interface of DGEBA-IPDA lay-
ers deposited onto 1050 aluminum should be calcu-
lated using a bilayer model with a uniform elastic
modulus for the polymer layer. The value of the elastic
modulus depends on the thickness and the curing
cycle of the polymer layer.

CONCLUSIONS

It is well known that, when prepolymer DGEBA-
IPDA is applied on an aluminum substrate and cured,
the obtained organic layer has chemical, physical, and
mechanical properties that are dependent on its thick-
ness. This behavior was taken as an evidence of the
formation of a thick interphase between the substrate
and the bulk material. However, in this work we
demonstrated experimentally that there is no gradient
of physical and mechanical properties within such
coatings. Thus, the residual stress generated at the
polymer/metal interface of such systems should be
calculated using a bilayer model with a uniform
Young’s modulus for the polymer layer instead of a
three-layer model with an interphase region where the
Young’s modulus varies from the substrate surface.
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