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Driving forces, responsible for the migration of a fluorinated additive added to a thermoset resin, toward
the air/solid interface, were investigated. On this subject, the surface chemistry as characterized by XPS
analyses was compared to theoretical models based on the rheological properties of the blend. It appears
that the migration of the fluorinated molecules toward the surface cannot be described by a conventional
diffusion model. A second model derived from the latter suits better to the experimental data and should
be presented as another proof that additional motion forces drive the fluorine molecules migration in
curing epoxy resin.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Fluorinated molecules as additives are well suitable for the
preparation of low surface energy materials and numerous papers
deal with the decrease of surface energy of polymers thanks to the
incorporation of such molecules [1–8]. This behaviour was related
to the migration of the fluorinated chains at the air/solid interface
thus, leading to the surface enrichment in fluorinated groups, well
known for their low surface energy [9,10]. For blends composed of
thermoplastic polymers, evidences of such a migration phenomena
were given [4,11–16]. This migration was explained by the pres-
ence of a thermodynamic driving force [4] not only resulting from
the gradient of the surface energies between the fluorinated part
and the host polymer [11,12] but also from the difference between
the molecular weights of fluorinated molecules and the host poly-
mer [13–16]. It should be pointed out that no evidence was given
on these driving forces responsible for the migration in a thermo-
setting host polymer, even if the concept was applied to thermo-
plastic blend [6,7]. Moreover, for such a blend, the transition
between the oligomeric and polymeric states must be taken into
account. Indeed, in the oligomeric state, each molecule can inde-
pendently move inducing high blending entropy and a good misci-
bility of the components even those with low affinities. In an
opposite manner, at the gel point corresponding to the macromo-
lecular lattice appearance, the chain motion is reduced leading to a
decrease of the blend entropy and miscibility. The phase segrega-
tion observed during the curing of the thermoset polymer in pres-
ence of thermoplastic modifiers was also explained by this
transition [17,18]. In this work, we investigated how a fluorinated
additive migrates to the surface of a modified epoxy resin during
its curing. To this purpose, a theoretical relationship between the
curing temperature of the resin and the final surface composition
was first set up and then, compared to the experimental data
extracted from contact angle and XPS measurements.
2. Experimental part

2.1. Products

Diglycidyl ether of bisphenol A (DGEBA) type epoxy resin Poly-
pox E064 (purity 100%) was supplied by Dow Chemicals (Ger-
many). An aromatic diamine: the 4,40-methylenebis(2,6-diethylan
iline) (MDEA, purity > 99%) supplied by Lonza (Switzerland) was
used as the curing agent. Three perfluorinated acids: perfluohepa-
noic acid (F13), perfluorononanoic acid (F17) and perfluorododeca-
noic acid (F23) were supplied by Aldrich (France). All products
were used as received.
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2.2. Substrate synthesis

Fluorinated epoxy resins were synthesized by first mixing the
perfluorinated acid and the DGEBA leading to the formation of an
ester [6,19] as described in the schematic reaction pathway
(Fig. 1). The complete reaction of fluorinated acids to the epoxy
resin is proven by the shift of the carbonyl FTIR absorption band
from 1771 cm�1 (characteristic of a carboxylic acid function) to
1781 cm�1 (characteristic of an ester group) [20]. Then, a stoichiom-
etric amount of curing agent (MDEA) relatively to that of DGEBA is
added and the whole blend is cured at a given temperature during
the time needed to reach the gel point (Fig. 1). Whatever the addi-
tive, its concentration was kept constant and equal to 1 wt% of the
final blend. The curing of samples for surface analysis was per-
formed in an aluminium cup of 50 mm diameter in a standard oven
at atmospheric pressure. A controlled quantity of blend was poured
in the cup in order to produce 1 mm thick samples.

2.3. Rheological properties of the blend

Rheological studies of the blends were realized with an ARES G2
rheometer which allows an imposed strain (TA Instruments). A
80°C

(B)

180°C

Fig. 1. Reaction pathway of fluoroalkano
planar geometry was used for all the measurements thanks to
two flat plates of 25 mm or 40 mm diameter. Plates of 25 mm
diameter were used for the monitoring of rheological behaviour
of the blend at given temperatures whereas 40 mm diameter plates
were used for the viscosity measurement since the bigger torque
induced by these plates leads to more reliable measurements of
low viscosities. The blend mixture was placed on the lower plate
once the plate’s temperature reaches the fixed one. An average
threshold of 1 ± 0.1 mm was imposed between the upper and
lower plates in order to keep the same blend volume for each mea-
surement. An initial 200% stress was set up to reach easily the
imposed strain when the viscosity is still low. This stress is auto-
matically decreased during the test when the strain value is
overloaded.

2.4. Surface properties

Before to be analysed, the surface sample, which was in contact
with air during the curing of the blend, was washed with acetone
which is a good solvent of the fluorinated additives in order to pre-
vent that any not grafted fluorinated molecules remain at the sam-
ple surface.
(A)

(C)

ic acid addition and DGEBA curing.
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Surface physico-chemistry was investigated through contact
angle measurement. Contact angle of 5 lL drops of water (wCA)
and diiodomethane (dCA) were measured using the sessile drop
technique. Measurements were done with a Ramé-Hart 100-00-
230 goniometer once samples were cooled to ambient tempera-
ture. For each sample, 10 measurements were performed.

The surface chemical composition of substrates was investi-
gated by X-ray photoelectron spectroscopy (XPS). XPS spectra were
collected with an Axis Nova X-ray photoelectron spectrometer
from Kratos Analytical (Manchester, UK). XPS measurements were
performed with a Mg Ka X-ray source at 15 kV and 20 mA emis-
sion. Charge neutralization was applied during sample analysis.
Emission angle of photoelectrons was 90� which approximately
corresponds to a penetration depth of 6 nm [7]. Spectra decompo-
sition was realised thanks to Casa XPS software.

3. Results

3.1. Theoretical background

Migration is always related to a Brownian motion which can be
associated to others phenomena which enhance or limit the parti-
cle movements [21]. Particles diffusion in a liquid state environ-
ment is well defined by the Fick’s first and second laws. The
Fick’s first law (Eq. (1)) relates the particle flux (J) to their diffusion
coefficient (D), their concentration (c) in a steady state by assum-
ing that the flux goes from higher to lower concentrated regions
(@x).

J ¼ �D
@c
@x

ð1Þ

However, in a non-steady state, since concentration at a given
position continuously evolves with time, a state equation (Eq.
(2)) needs to be introduced.

@J
@x
¼ � @c

@t
ð2Þ

where t is the diffusion time.
The association of Eqs (1) and (2) yields to a second order differ-

ential equation: the Fick’s second law (Eq. (3)), which predicts how
the diffusion causes the particles concentration to change with
time.

@c
@t
¼ D

@2c
@x2 ð3Þ

In the present study, a simpler model was used to follow the
migration of the fluorinated additive. The blend composed of the
epoxy resin, the cross-linker and the fluorinated additive was con-
sidered as a source of diffusive species with a constant blend con-
centration equal to the initial blend concentration (CB = C0). The
interface formed between this blend and the atmosphere was con-
sidered as an empty infinite tube which cannot be filled, so its con-
centration stays null with time. In these conditions, the flux of
molecules which crosses the interface remains constant with time
so that the quantity of these crossing molecules (Q) only depends
on their diffusion coefficient (D) and their diffusion time (t):

Q / D �
ffiffi
t
p

ð4Þ

The diffusion coefficient (D) results from the competition
between the driving force (which is the thermal motion, kB�T)
and the friction term (f) which is dependent on the nature of the
particle environment [22–25]. D is considered constant with time
for a steady environment. However, in the case of the particles dif-
fusion in curing epoxy resins, D continuously changes with time
since epoxy molecule size evolve from the monomer state (liquid)
to a macromolecular state (gel). As a consequence, in order to take
into account the environment modification which occurs during
the curing, the friction term has to evolve from f = 6pg0R which
describes diffusion mechanism in a liquid [22] to f = 31NL2/R2

which refers to the de Gennes model for polymer chains reptation
[23] which is better suited for the epoxy resin gel state. In these
two terms, g0 is the liquid viscosity, R, the diffusive particle radius,
1, a friction coefficient and L, the length of the reptation tube.

Generally, in thermosetting polymers, this transition is progres-
sive with the formation of oligomers before observing the macro-
molecular state. However, the gelation point enables to
distinguish the liquid state from the gel one. Since the diffusion
in the former state is much higher than in the latter one, we con-
sidered in this study than the gel state diffusion can be neglected
in comparison to the liquid state one. Therefore, only the diffusion
before the gelation time was only studied here. The second approx-
imation deals with the resin viscosity which is considered as con-
stant and equal to the initial resin viscosity before the gelation
time. In fact, even if the viscosity increases with the appearance
of oligomers, it remains low in comparison to that observed after
gelation. According to these hypotheses, D in the present system
was considered constant and was written as:

D ¼ kT
6pg0R

ð5Þ

where g is the initial viscosity of the epoxy resin and R is the radius
of the fluorinated additive.

Another consequence of these hypotheses is that the maximal
diffusion time taken into account in the Eq. (4) corresponds to
the time needed for the resin gelation (tgel). Eq. (4) was written as:

Q / kT
6pg0R

�
ffiffiffiffiffiffiffi
tgel

p
ð6Þ

where g and tgel are both dependent on the epoxy resin curing tem-
perature (T). Assuming that kT is constant because the variation of
curing temperature is negligible compared to k value, and since
6pR is also constant Eq. (6) can be simplified as:

QðTÞ / A �
ffiffiffiffiffiffiffi
tgel

p

g0
ð7Þ

where A is constant.
Eq. (7) only depends on the epoxy curing temperature because

of the competition between kinetic (tgel = f(T)) and rheological
(g = f(T)) terms. In fact, when the curing temperature is increased,
g0 decreases so that D is increased. However, tgel is also decreased
which means the diffusion time is decreased. So, the curing tem-
perature variation leads to 2 opposite effects and, in order to pre-
dict their influence onto the total diffusion (Q) it was necessary to
develop Eq. (7) as a function of T [25–27]:

QðTÞ ¼ D �
ffiffiffiffiffiffiffi
tgel

p
¼ A � exp

1
2Ea�Egð Þ=RTð Þ ð8Þ

with Ea and Eg, the activation parameters respectively associated to
the gelation and the viscosity. Three types of evolution of Q with T
are thus possible: Q can exponentially increase with T increase
when Ea < 2Eg; exponentially decrease with T increase when
Ea > 2Eg or can be independent on T in case of Ea = 2Eg.

3.2. Experimental determination of Ea and Eg

Ea and Eg are both resin parameters which respectively allow
predicting the dependence of the gelation time and the initial vis-
cosity on the resin curing temperature. These parameters were
determined by rheological study of the epoxy resin at different
temperatures [28,29]. At a given temperature and at the beginning
of its curing, the initial viscosity of the resin can be measured; then



Table 1
Experimental values of g0 and tgel at different curing temperatures.

T (�C) g0 (Pa s) tgel (s)

50 0.454 ± 7 � 10�3 –
70 0.135 ± 4 � 10�3 83350
90 0.060 ± 7 � 10�3 28530

110 0.027 ± 1 � 10�3 –
130 – 4870
150 0.009 ± 1 � 10�4 2100
180 – 640

Table 2
Values of the different curing temperatures and times.

Curing temperature (�C) Curing time (h)

90 16
120 8
150 4
180 2
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its rheological monitoring allows the determination of the gelation
time.

Dependence of g0 and tgel on curing temperature is shown in
Fig. 2 and Table 1. Value of g0 drops with the increase of the tem-
perature, from 4.5 � 10�1 ± 7 � 10�3 Pa s at 50 �C to 8.5 � 10�3 ± 1�
10�4 Pa s at 150 �C. The linear dependency of Ln(g0) with 1/T (Fig. 2a)
indicates that g0 follows an Arrhenius law with a calculated Eg equal
to 45 kJ mol�1. This value is consistent with those reported in the
literature (40–70 kJ mol�1) for blends composed of aromatic diamine
based hardeners [28,30]. Table 1 also shows that tgel values decrease
from more than 83,000 s at 70 �C to less than 650 s when T = 180 �C.
Such drop results from the curing reaction kinetic which is
increased at higher temperature and the cross-linking occurs faster
leading to an earlier gelation of the blend. Moreover, if the loga-
rithm of tgel was plotted versus 1/T (Fig. 2b) and the linear shape
of the curve indicates an Arrhenius dependency. A value
Ea = 57 kJ mol�1 was extracted from this curve.

As described by the Eq. (8), Ea > Eg which means that Q should
decrease with the increase of T. This evolution is characterized by
an activation energy Ed related to the molecule diffusion in the
blend (Ed = Ea � Eg = 12 kJ mol�1).

3.3. Experimental evidence of fluorinated additive diffusion

Formulations containing 1 wt% of additive (F13, F17 or F23)
were cured at various curing temperatures in function of the dura-
tion needed for each blend gelation (Table 2). Their surface proper-
ties were then studied by water (wCA, Fig. 3a) and diiodomethane
(dCA, Fig. 3b) contact angle analysis.

We can first observe that CA increases with the additive size
whatever the curing temperature. For example, at a curing temper-
ature of 90 �C, wCA of cured EMF23 (109.3�) is higher than that of
EMF17 (105.8�) itself higher than that of EMF13 (99.8�). Same
trend is also observed with dCA at a curing temperature of
180 �C, dCA of EMF23 (70.1�) is higher than that of dCA of EMF17
(58.4�) itself higher than that of dCA of EMF23 (42.9�). Moreover,
the CA values decrease with T whatever the chemical nature of
the additive. As an example, wCA of EMF23 resins drops from
109.3� when cured at 90 �C to 103.5� when cured at 180 �C and
the corresponding dCA decreases from 88.9� to 70.1�, respectively
at T = 90 �C or 180 �C. This decrease of CA could be explained by
surface fluorination thanks to the migration phenomena bound
to the curing temperature. The migration seems to be more effi-
cient at lower temperatures as showed by higher CA obtained at
T = 90 �C than at T > 90 �C. Moreover, these first results are not in
accordance with the proposed theoretical model predicting an
increase of Q when T is increased.

The surface of all these formulations was also studied through
XPS (Fig. 4; Table 3). The wide spectra show the surface enrich-
ment in fluorinated additive since the peak at 690 eV is character-
istic of the fluorine atoms (F1s, Fig. 4) which are bound to carbon
atoms and leading to the appearance of CF2 and CF3 groups as
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Fig. 2. Dependence of g0 (A) and tgel (B) with the
already reported [31]. Moreover, the variation of the F/C elemental
ratio (r) is in agreement with previous results on the CA additive
molecular weight-dependence. Indeed, with the same curing tem-
perature, r decreases when the additive molecular weight also
decreases leading to a higher surface fluorination. Moreover, what-
ever the chemical composition of the blend, r always decreases
when T is increased (Table 3). As an illustration (Fig. 4), the inten-
sity of the F1s XPS peak of EMF17 cured at 90 �C is higher than that
of the C1s peak of the same blend cured at 180 �C. Same trend is
noticed for all other types of formulations (Table 3); r of EMF13
decreasing from 0.11 at T = 90 �C to 0.02 at T = 180 �C. These data
are consistent with the CA dependence. The fluorinated additive
surface-concentration increases when the curing temperature is
lowered inducing a better migration yield.

When plotting the fluorine surface proportion of the cured
blends versus 1/T (K�1; Fig. 5 and Table 4), it appears that whatever
the studied blend, the dependence of the fluorine concentration
versus 1/T follows an exponential law as given below :

%F1s ¼ A � expðEd=RTÞ ð9Þ

where Ed is related to the diffusion coefficient.
Once again, these experimental features are opposite to the

broadly accepted theoretical model (Eq. (8)).
4. Discussion

According to the experimental evolution of %F versus the curing
temperature (Fig. 5), such a diffusion model (Eq. (8)) is not suitable.
With such theory, %F should increase with T; but here, it clearly
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curing temperature (T) of the epoxy resin.



Fig. 3. Water (A) and diiodomethane (B) contact angles of epoxy resins modified with 1 wt% of fluorinated additive (F13, F17 or F23) and cured at various temperatures.
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Fig. 4. XPS spectra of the surface of epoxy resin modified with 1 wt% of F17, cured at 90 �C (A) or 180 �C (B).

Table 3
XPS elemental ratio of fluorine (F1s) and carbon (C1s) of epoxy resins modified with 1 wt% of additive (F13, F17 or F23) and cured at various temperatures.

Formulation Curing temperature (�C) %F1s %C1s r (%F1s/%C1s)

EM1F13 90 8.8 77.4 0.11
120 8.0 78.5 0.10
150 3.9 81.7 0.05
180 1.9 82.2 0.02

EM1F17 90 26.7 66.4 0.40
120 21.7 68.1 0.32
150 17.8 71.9 0.25
180 8.8 75.9 0.12

EM1F23 90 33.7 65.4 0.52
120 28.4 67.7 0.42
150 21.8 70.1 0.31
180 13.1 75.3 0.17
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Fig. 5. Evolution of surface fluorine proportion (%F1s) versus 1/T.

Table 4
Diffusion coefficients of epoxy resins modified with
1 wt% of fluorinated additive.

Formulation Ed (kJ mol�1)

EMF (th) 12.0
EM1F13 16.6
EM1F17 15.2
EM1F23 13.8
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decreases. One can conclude that Brownian diffusion is not effi-
cient to describe the fluorinated additive diffusion.

Another model should be suggested, where the total migration
of fluorinated molecules is described by ‘‘Q / D ⁄ t’’ rather than
‘‘Q / D ⁄pt’’. In this case, Eq. (8) should be written:
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QðTÞ ¼ D � tgel ¼ A � exp ðEa�EgÞ=RTð Þ ð10Þ

As a consequence, Q could exponentially increase with T
increase when Ea < Eg; exponentially decrease with T increase
when Ea > Eg or can be independent on T in case of Ea = Eg. With
such a model, a better correlation is obtained with the experimen-
tal data, specifically with the migration activation energies
(Ed = Ea � Eg) shown to be of the same order (Table 4).

Evidence of fluorinated additive migration at air/liquid interface
was given but its mechanism could not be assigned to the only
Brownian diffusion. As a consequence, its surface concentration
varies, and therefore, decreases with T increase. Several explana-
tions could be drawn. Before the gelation, all molecules of the
blend, i.e. momomer–oligomers and additives, diffuse and reach
the air/liquid interface. However, at this interface, their respective
behaviour differs depending on their affinity with the blend and
should impact the surface chemical composition. Since the blend
is mostly composed of DGEBA and MDEA molecules, according to
the thermodynamics, these molecules will be surrounded by sim-
ilar molecules instead of being in contact with air molecules. So,
the decrease of the blending enthalpy could be obtained by a
retro-diffusion process. Consequently, this favours the accumula-
tion at the air/liquid interface of the fluorinated molecules which
are less affected by this phenomenon since their affinity with the
whole blend is limited. At the end of the gelation, since diffusion
phenomena are strongly decreased, the molecule position at the
surface is almost fixed and the surface additive composition only
depends on post-gelation diffusion.

5. Conclusions

In this work, explanation was given on the migration phenom-
ena responsible for the fluorine surface enrichment observed for a
cured epoxy resin modified with perfluorinated additives. In the
common Brownian diffusion model,

ffiffi
t
p

is used to describe the
non linear movements of a diffusive molecule. In this study, we
showed that such a model cannot be applied to the case of the fluo-
rinated molecules migration in a curing epoxy resin. At the con-
trary, it appears that the fluorinated molecules migration is ruled
by t rather than

ffiffi
t
p

. It signifies that fluorinated species migration
follows a linear movement during their migration toward the
epoxy resin surface. This observation demonstrates the existence
of additional motion forces such as thermodynamic driving ones
which seems to govern the migration of fluorinated species.
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