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ABSTRACT: A new class of cationic initiators, lanthanide
triflates, has been studied in the curing of diglycidyl ether
of bisphenol-A (DGEBA). Two metal salts (Erbium and Yt-
terbium (III) trifluoromethanesulfonate) in various propor-
tions (0.5, 1, and 2 parts per hundred of resin) have been
used and the thermal and mechanical properties of the
thermosets compared to a common solid epoxy system
(crosslinked with o-tolylbiguanide). The kinetics of these
processes has been evaluated by the isoconversional
method that has been proved to be an excellent tool to

predict the principal curing parameters (conversion/time/
temperature). Their mechanical properties have been eval-
uated by dynamic mechanical thermal analysis (DMTA),
stress-strain curves, impact resistances and adhesion to metal-
lic substrates, and the thermal characteristics were measured
by calorimetry (DSC) and thermogravimetry (TGA). � 2007
Wiley Periodicals, Inc. J Appl Polym Sci 105: 3097–3107, 2007
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INTRODUCTION

Catalysts are important in polymerization processes
because they decrease the activation energies and
accelerate the reaction. They can be stimulated by
heating or photoirradiation but, from the practical
point of view, heating is the easiest option: homoge-
neous heating of reaction mixtures can be achieved
without difficulty.1 Moreover, elementary reactions
are accelerated and the viscosity of the reaction mix-
ture decreases in the first steps of the reaction.

Among the new thermal initiators, sulfonium, amo-
nium, phosphonium, and hydrazinium salts are
described as latent initiators that can polymerize
epoxide monomers by a cationic mechanism. The
order of reactivity of the cationic salts also depends
on the nature of the counter anions: Cl�, BF4

�, SbF6
�,

PF6
� being more active the less nucleophilic. Low

nucleophilicity minimizes or prevents the reaction of
the growing chain with the anion, which stops the
growing of the polymeric chain.

It is well documented2 that the high acid character
and great oxophilicity of lanthanide compounds is
highly improved in the case of lanthanide triflates
because of the electron-withdrawing capacity of the
anionic group. Lanthanide cations can coordinate to
the epoxide oxygens leading to a weak C��O bond.
The lanthanide trifluoromethane-sulfonate salts stud-
ied in this article contain an anion with an extremely
poor nucleophilicity. Therefore, very low proportions
of chain-end processes are expected.

The most widely used cationic polymerization cata-
lyst in the field of epoxy technology has been the
BF3/amine compound. Epoxy formulations catalyzed
by these compounds are relatively stable at room tem-
perature and cure rapidly when exposed to high tem-
perature. Unlike them, lanthanide triflates are stable
even in aqueous media and have strong Lewis acid
character. Lanthanide ions have low electronegativity
and strong oxophilicity, which allows the metal to
tightly coordinate to the oxiranic oxygen. They have
large ionic radii and their coordination sphere can be
modified leading to a different activity. All these
characteristics allow the creation of template struc-
tures in the epoxide network.3

In the present work, we have studied the possibility
to use two lanthanide triflates (erbium and ytterbium
triflates) in the thermal crosslinking process of me-
dium molecular weight diglycidyl ether of bisphenol-
A resins as initiators and as catalysts of a conventional
powder system epoxy/o-tolylbiguanide. Ytterbium
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and erbium triflates were chosen among other lantha-
nide triflates because their coordinative abilities are
similar and might not produce great variation in the
reaction rate. The curing conditions, and the mechani-
cal, morphological, and adhesion to metal properties
of the cured materials have been obtained to test their
potential use in powder coating industrial applica-
tions.

EXPERIMENTAL

Materials

Nine different samples (see Table I) were prepared
using a solid bisphenol-A based epoxy resin of me-
dium molecular weight (Scheme 1), and an average
equivalent weight of 733 g/equiv ep. A first sample,
used as the reference one, was the epoxy resin poly-
merized in the ratio given by the producer with a
Huntsman o-tolylbiguanide (TBG), with an Hþ active
equivalent weight of 37 g/equiv. The same system
was catalyzed with two lanthanide triflates (erbium
III and ytterbium III trifluoromethanesulfonate) in a
proportion of 1 phr (parts of initiator per hundred of
resin, w/w). Both triflates were also used to promote
the homopolymerization of the same epoxy resin. To
do so, three different proportions of each triflate were
prepared: 0.5, 1, and 2 phr of each one.

Those materials, when applied on steel substrates
for impact resistance tests, were formulated with ben-
zoine (0.18 phr) to avoid porosity, and flux agent
(1.27 phr) to allow the application by corona spray as
powder coating.

Production of materials

Samples were premixed and hand-shacked until good
dispersion was afforded. After that, the materials
were extruded in a single screw extruder (Haake
Rheomex 254), where operating conditions were 808C
along the extruder and 60 rpm. After extruding, the
materials were grinded in an ultra-centrifugal mill
ZM 100 and sieved at 100 micron, obtaining the dif-
ferent powder coatings ready to be applied on steel
substrates or cured as free films for mechanical stud-
ies.

For the impact resistance tests the materials were
applied on cold-rolled low-carbon steel normalized
tests panels (15 � 7.5 � 0.1 cm3). All test panels were
degreased with acetone, and the powders were de-
posited by means of a corona electrostatic powder
gun (powder coating equipment Easy 1-C). The epoxy
formulations were totally cured for 15 min at 1508C in
an oven (25 min for the samples using TBG, reaching
total cure). Curing conditions were established after
the kinetic study and with the objective of fixing a
general curing condition. Thicknesses determined
were always within the range 60 6 5 mm.

For mechanical and thermal tests the materials
were deposited manually on a polypropylene sub-
strate and cured in an oven at 1508C for 1 hour assur-
ing that the samples reach the total cure. After curing,
the samples were peeled and tested.

Reactions taking place

Depending on the formulation used, different chemi-
cal reactions during curing process can take place giv-

TABLE I
Composition of the Studied Samples

Sample
Epoxy
resin

TBG
(phra)

Benzoine
(phra)

Flux Agent
(phra)

Er(TfO)3
(phra)

Yb(TfO)3
(phra)

TBG 100 4.8 0.18 1.27 – –
TBG/Er(TfO)3 1phr 100 4.8 0.18 1.27 1 –
TBG/Yb(TfO)3 1phr 100 4.8 0.18 1.27 – 1
Er(TfO)3 0.5phr 100 – 0.18 1.27 0.5 –
Er(TfO)3 1phr 100 – 0.18 1.27 1 –
Er(TfO)3 2phr 100 – 0.18 1.27 2 –
Yb(TfO)3 0.5phr 100 – 0.18 1.27 – 0.5
Yb(TfO)3 1phr 100 – 0.18 1.27 – 1
Yb(TfO)3 2phr 100 – 0.18 1.27 – 2

a phr, parts per hundred resin (w/w).

Scheme 1 DGEBA resin.
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ing various networks with different structures and
properties. Principal reactions are:

1. In epoxy systems using TBG the reactions tak-
ing place are between amino and oxirane
groups4 (Scheme 2).

This kind of reaction (in the proportions used
in this work) produces the total curing of the
system in a range of temperature above 1608C.
This polycondensation process produces shrink-
age of the system during the curing, and as
Scheme 2 shows a high number of hydroxylic
groups are formed which can promote the adhe-
sion to the metallic substrate.5

2. When adding to this system (epoxy-TBG) a lan-
thanide triflate as catalyst, the reaction presented
in Scheme 2 becomes accelerated because of the
creation of the oxiranic cation (Scheme 3), which
promotes a faster reaction between the epoxy
and the amine group of the TBG due to the high
nucleophilicity of the nitrogen (higher than the
one of the oxirane ring).6

3. In the case that we use lanthanide triflates to
homopolymerize epoxy resins these compounds
act as cationic ring-opening polymerization initia-
tors and, therefore, two main mechanisms can be
expected: the activated chain-end mechanism
(ACE), which may be the most important one
(Scheme 4), and the activated monomer mecha-
nism (AM) as the secondary one (Scheme 5)
which probably increases when more lanthanide
triflate is added.7,8 This kind of reactions also car-
ries to a shrinkage which is usually lower than in
case 1, because of the ring-opening polymeriza-
tion mechanism. Moreover, these kind of reac-
tions do not lead to the formation of hydroxyls,
but lead to a highly crosslinked network and
weakly plasticized (properties varying depending
on the proportion of initiator used).9

Testing methods and equipment

Thermal characterization

A Perkin–Elmer DSC 7 differential scanning calorime-
ter was employed for dynamic scans to study the

nonisothermal curing process and to apply the results
to isothermal curing. The samples were analyzed in
covered aluminum pans, using high purity indium
sample for calibration. A flow of 20 cm3/min of argon
was used as purge gas. The weight of the samples
was between 8 and 9 mg. Nonisothermal scans were
performed at rates of 2.5, 5, 10, and 158C/min to not-
cured-samples of the four prepared powder epoxy
systems. The scans were done at the range of temper-
ature from 25 to 3008C.

Isoconversional STARe software from Mettler-Tol-
edo was used to calculate conversion degrees and
kinetics of the process.

Differential scanning calorimeter was also used to
determine the vitreous transition temperature (Tg) of
the different cured samples. Scans were performed
under the same conditions of the kinetic study using
cured samples of 8 mg weight, at a scan rate of 108C/
min in the range of 25–2508C.

Thermogravimetric analysis (TGA)

To determine the influence of triflate salts on the ther-
mal stability of an epoxy network thermogravimetric
tests were carried out in a Setaram thermogravimetric
analyzer (Setaram TGA92). Samples between 15 and
20 mg were scanned up to 9008C at 58C/min. All
scans were performed with an argon flow of 50 cm3/
min.

Dynamic-mechanical thermal analysis (DMTA)

A dynamic mechanical Analyzer Seiko DMS210U was
employed to perform mechanical measurements from
25 to 2208C at 18C/min and a constant frequency of
1 Hz in three point bending mode.

From the theory of rubber elasticity10,11 and using
the modulus of relaxed material (E’r) obtained from

Scheme 2 Reaction O-tolylbiguanide (TBG) oxirane ring.

Scheme 3 Oxiranic cation produced by the presence of
the triflate.
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the DMTA analysis (E’ at Tg þ 508C), it can be calcu-
lated the average molecular weight between cross-
links (Mc) by applying the simplified equation

Mc ¼ 3nrRT
E0 (1)

where n is the front factor (n ¼ 1, in this work), r is
the density of the sample, T is the temperature in Kel-
vin (T ¼ Tg þ 508C) and R the universal gas constant.

The apparent density of the samples was calculated
by an apparatus of density measurement (from Met-
tler-Toledo) coupled to a weight balance and using
eq. (2).

rap ¼ mair

mair �mliq
ðr0 � rLÞ þ rL (2)

where, r0 is the density of the liquid (distilled water),
rL is the air density (0.0012 g/cm3), mair is the weight
of the sample in air, and mliq is the weight of the sam-
ple immersed in the liquid.

Morphology study—(scanning electron microscopy)

The morphology of the samples was studied with a
scanning electron microscopy (SEM). Samples were
frozen with liquid N2 and hand broken. The measure-
ments were carried out on a Jeol-JSM 6300 at 10 kV.

Mechanical tests (stress-strain curves)

Tensile testing up to failure was performed with an
Adamel-Lomargy DY34 using a fixed crosshead rate
of 10 mm/min with a 1 kN cell. Five cured samples
of each formulation were standardly cut and tested so
the results were an average of five tests. Traction tests
were performed according to ASTM D 1708 96 and D
638. Young’s modulus was calculated in the region of
deformation over 0.5%.

Impact resistance test

Samples were deposited and cured on steel sub-
strates. A 1-kg dart-mass was impacted at the back of
each sample at different highs up to 1 m. The effect of
the impact was visually evaluated and compared.

Adhesion test

Adhesion test was performed in accordance to ISO
4587 (1979). It consists on the deposition of the pow-
der clearcoat between two rectangular and cleaned
steel substrates, giving rise to a glued area of 13 � 25
mm2 (Fig. 1). When the powder is deposited, the two
rectangular substrates are fixed by means of two pin-
cers and cured for 1508C 1 hour. After the curing pro-
cess and three days of ambient exposure, the samples
were tested with an Instron Universal Test Machine
4469 H 1907 at a traction speed of 1 mm/min. The
data of tension and deformation were registered.
With the break force (F) and the glued area, the shear
stress is obtained (sshear (MPa) ¼ F/area), giving the
adhesion of the clearcoats to the substrates. Almost
all the specimens showed an adhesive failure type.
Five probes of each sample were prepared and tested.

RESULTS AND DISCUSSION

Thermal properties

Curing kinetics and Tg

It is known that initiators have a large influence on
the processability, mechanical properties, adhesion,
long-term stability, reactivity in different chemical/
physical environments, and even in the total cost of
the resulting crosslinking polymers. As has been
mentioned above, Lewis acids induce cationic poly-
merizations leading to homopolymerization reactions.

Homopolymerization of epoxides by cationic mech-
anism has been recently kinetically studied in sam-
ples where DGEBA was dissolved in methanol and

Scheme 4 Activated chain-end (ACE) mechanism.

Scheme 5 Activated monomer (AM) mechanism.
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the triflate salt in dichloromethane.12 It has been
established that propagation occurs via nucleophilic
attack of the monomer and with the production of a
polyether.

The physical and mechanical properties of a ther-
mosetting resin mainly depend on the degree of cure.
On the other hand, the processability of a thermoset
depends on the rate and extent of polymerization
under process conditions. Thus, the kinetic characteri-
zation of the reactive resin is not only important for a
better understanding of structure–properties relation-
ships, but also to optimize the processing conditions.
Among a great number of experimental techniques
relating to the research on thermosetting curing reac-
tions, differential scanning calorimetry (DSC) has
been used by a number of researchers to study the
kinetics and thermal characteristics.

To study the curing kinetics of all the systems, four
DSC scans were performed from 25 to 3008C at differ-
ent heating rates for each formulation (2.5, 5, 10, and
158C/min). With those scans and the use of the
STARe software form Mettler-Toledo it can be

obtained the curing enthalpies (Table II), the activa-
tion energy and the conversion as a function of the
temperature. Using the isoconversional method of the
software, graphics of conversion in function of tem-
perature and time can be plotted for systems formu-
lated with erbium triflate (Fig. 2), and for systems for-
mulated with ytterbium triflate (Fig. 3) both for a con-
version of 90%. The representation of time against
curing temperature for each system at a given conver-
sion gives a comparative idea of the curing kinetics.

As it can clearly be seen for systems initiated by
lanthanide triflates (homopolymerization), when more
triflate is added the curing reaction is catalyzed and
the curing rates are faster (as lanthanide triflate con-
tent increases the mechanism AM becomes more
important and the curing is faster.) The curing enthal-
pies are almost the same independently on the pro-
portion of triflate added, as expected. Moreover, the
curing kinetics do not vary too much depending on
the metal of the triflate (the coordinative abilities of
the two lanthanide salts are similar and do not pro-
duce great variation in the reaction rate9) although
systems with ytterbium present lower curing enthal-
pies values and slower curing rates.

When both lanthanide triflates are used in the pres-
ence of TBG there is a catalytic effect, although the
curing rates are slower than for the cases where the
lanthanide triflate is used to homopolymerize. The
acceleration of the system using TBG, when triflate is
added, is because of the activation of the epoxide ring
as a cation by the metal. It could be expected that the
first reaction should be the homopolymerization,
nevertheless a complete kinetic study6 showed that,
due to the high nucleophilicity of TBG nitrogens, the
reaction TBG/activated epoxide became accelerated
and is the main process (Scheme 3), although the
homopolymerization reactions could also take place
but in a lower extent.

From the practical point of view, in the powder
coating industry the curing time is normally in the
range of 20–25 min, which means a curing tempera-
ture for a conventional system (using TBG) of 1508C

Figure 1 Adhesion test.

TABLE II
General Properties

Sample
DH

(kJ/equiv ep) Tg (8C)

Tdegradation

(5% mass
loss) (8C) Ta(8C)

Ta þ
50(8C)

E
0
rubber

(Pa)
rap

(g/cm3)

Mc

(g/moL)

TBG 64.3 95 349 109 159 3.97E6 1.1048 2998.5
TBG/Er(TfO)3 1phr 62.5 100 337 110 160 4.59E6 1.1451 2690.9
TBG/Yb(TfO)3 1phr 66.6 97 337 108 158 4.08E6 1.1445 3010.9
Er(TfO)3 0.5phr 75.9 109 296 121 171 15.45E6 1.1437 819.2
Er(TfO)3 1phr 73.9 109 289 119 169 15.16E6 1.1305 821.5
Er(TfO)3 2phr 75.3 118 276 124 174 10.23E6 1.062 1156.3
Yb(TfO)3 0.5phr 62.8 107 299 119 169 15.22E6 1.1525 833.9
Yb(TfO)3 1phr 57.8 109 312 119 169 16.54E6 1.1469 763.8
Yb(TfO)3 2phr 68.7 115 277 123 173 8.87E6 1.1133 1396.0
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minimum while for a system using 2 phr of triflate
the temperature can be reduced to nearly 1008C if
additives are introduced for reducing the vitrifying
effect (when curing temperatures are below the vitre-
ous transition temperature, vitrification of the resin is
produced). This fact can be a considerable advantage
when using epoxy formulations as matrix of coatings
especially if they have to be applied on thermosensi-
ble substrates (like wood or plastic).

In Table II the different values of Tg can be seen.
The use of lanthanide triflates increases the vitreous
transition temperature in the homopolymerizing sys-
tems in a very similar way for erbium and ytterbium
salts, being slightly higher when the proportion of ini-
tiator increases. The use of the lanthanide triflates as
catalysts in systems epoxy-TBG slightly increases the
Tg of the system. However, the values of Tg obtained
in TBG systems do not reach the values obtained for
homopolymerized thermosets.

Degradation process

Figures 4 and 5 shows the thermogravimetric curves
of the thermosets obtained from systems formulated
with erbium and ytterbium triflates, respectively.
When the content of lanthanide triflate is increased
there is a decrease in the thermal stability (thermal
stability is always lower than that of the reference
system).

A possible explanation to this fact can be found in
the Lewis acid characteristics of the lanthanide tri-
flates, which can help to break the ether linkages of
the material by coordination of the metal to the ether
group. The higher the content of lanthanide triflate
the lower the initial degradation temperature (see Ta-
ble II, data calculated at 5% of mass loss), which is
due to the increase of the proportion of metals break-
ing the bonds. On the other hand, systems cured with
TBG have higher thermal stability because of the
lower number of ether groups and more unreactive
groups coming from the attack of the TBG nitrogen to
the epoxy ring (C��N bonds).

Figure 2 Time–Temperature for a 90% conversion of the
systems with erbium triflate: epoxy resin/TBG (&), epoxy
resin/TBG/erbium triflate 1 phr (*), epoxy resin/erbium
triflate 0.5 phr (~), epoxy resin/erbium triflate 1 phr (!),
and epoxy resin/erbium triflate 2 phr ( ).

Figure 3 Time–Temperature for a 90% conversion of the
systems with ytterbium triflate: epoxy resin/TBG (&), ep-
oxy resin/TBG/ytterbium triflate 1 phr (*), epoxy resin/
ytterbium triflate 0.5 phr (~), epoxy resin/ytterbium tri-
flate 1 phr (!), and epoxy resin/ytterbium triflate 2 phr
( ).

Figure 4 Thermogravimetric graphics obtained at 58C/
min for samples using Er(TfO)3: epoxy resin/TBG (&), ep-
oxy resin/TBG/erbium triflate 1 phr (*), epoxy resin/er-
bium triflate 0.5 phr (~), epoxy resin/erbium triflate 1 phr
(!), and epoxy resin/erbium triflate 2 phr ( ).
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Morphology study (SEM)

Figures 6 and 7 show the SEM-pictures at 75 magnifi-
cations of the thermosets obtained using erbium and
ytterbium triflates, respectively. The lowest porosity
is obtained for the samples cured with TBG (with or
without lanthanide triflates). When the system is
homopolymerized with lanthanide triflates there is an
increase in porosity, being higher when more initiator
is added. This increase of the macroporosity is prob-
ably due to the fact that the higher the curing rate the

higher the increase of viscosity with time and the
higher the probability of occluding air in the material.
Sample with 2 phr of triflate has a special morphol-
ogy. Not only it is full of macropores but also the
resin particles are not sinterized at all, so the final
structure is not homogeneous. The reason for this
phenomenon can once more be the rapid curing
kinetics for the 2 phr system that avoid the material
to flow and to get sinterized.

DMTA

Dynamo-mechanical-thermal analysis of the cured
samples were carried out to test the mechanical prop-
erties of these materials and to obtain more informa-
tion of the extent of curing and morphology of the
formed network. The results of the dynamic mechani-
cal studies are presented in Figures 8 and 9. The prin-
cipal drop in the storage modulus, and the corre-
sponding maximum in the loss factor curve are
because of the principal transition associated with the
increase in internal freedom, such as long range seg-
mental motions at the primary (a) transition.

The change of the mechanical relaxation as meas-
ured by the peak in the dynamic loss curve, and the
change of the storage modulus, is often used to char-
acterize the behavior of polymeric plasticizers and
plasticized polymers.13

When lanthanide triflates are added to the epoxy
system the peak of tand does not become broader,
indicating no increase in the heterogeneity of the ma-
terial. The peak also has a displacement towards
higher temperatures as Tg does, indicating a possible

Figure 5 Thermogravimetric graphics obtained at 58C/
min for samples using Yb(TfO)3: epoxy resin/TBG (&), ep-
oxy resin/TBG/ytterbium triflate 1 phr (*), epoxy resin/
ytterbium triflate 0.5 phr (~), epoxy resin/ytterbium tri-
flate 1 phr (!), and epoxy resin/ytterbium triflate 2 phr
( ).

Figure 6 SEM pictures at 75 magnifications for samples using erbium triflate.
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higher crosslinking density with lower mobility of the
chains and less free volume in the network. Moreover
the addition of lanthanide triflates increases the rub-
ber storage modulus (E’rubber in Table II) which
implies that the material is more rigid and in accord-
ance to the results obtained with tand, because of the
increase of the crosslinking density. It should be said,
that the network of the homopolymerized materials is
much more compact than that one obtained from
TBG as curing agent.

Molecular weight between crosslinks (Mc)

Apparent densities (rap) and values of Mc are pre-
sented in Table II. It can be observed as was expected
from other studies with lanthanide triflates9 that the
use of these compounds as initiators in the homopoly-
merization of epoxy resins leads to low molecular
weight between crosslinks and a bigger crosslinking
density as can also be observed from the Tg and Ta

values. On the other hand, the reference system,
obtained from catalyzed and un-catalyzed TBG,

Figure 7 SEM pictures at 75 magnifications for samples using ytterbium triflate.

Figure 8 Storage modulus (E’) and loss tangent (tnd) ver-
sus temperature obtained by DMTA for the formulations:
epoxy resin/TBG (&), epoxy resin/TBG/erbium triflate 1
phr (*), epoxy resin/erbium triflate 0.5 phr (~), epoxy
resin/erbium triflate 1 phr (!), and epoxy resin/erbium
triflate 2 phr ( ).

Figure 9 Storage modulus (E’) and loss tangent (tnd) ver-
sus temperature obtained by DMTA for the formulations:
epoxy resin/TBG (&), epoxy resin/TBG/ytterbium triflate
1 phr (*), epoxy resin/ytterbium triflate 0.5 phr (~), ep-
oxy resin/ytterbium triflate 1 phr (!), and epoxy resin/yt-
terbium triflate 2 phr ( ).
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presents much more Mc values than the samples
homopolymerized with lanthanide triflates. This is
due to the inclusion of the structure of the TBG in the
network, which raises the value of Mc.

Nevertheless samples with 2 phr of triflate present
higher values of Mc and lower values of E’rubber. This
surprisingly result could be a consequence of the spe-
cial morphologies of this type of materials, which are
heterogeneous and full of macroscopic pores.

Stress-strain

Figures 10 and 11 show the stress-strain curves corre-
sponding to the traction tests performed to the formu-
lated coatings using erbium triflate and ytterbium tri-
flate, respectively. Table III shows the parameters
obtained from the mechanical tests: elastic modulus
(E), elastic limit stress (sel), elastic limit strain (eel),
maximum stress (smax), break stress (sbreak), break
strain (ebreak), and toughness.

On comparing a homopolymerized system initiated
by 0.5 or 1 phr of erbium triflate to a system having
TBG, it can be observed that the homopolymerized
materials present higher break deformation and stress
(which implies higher ductility), higher toughness
(which implies that homopolymerized samples can
absorb more energy before they break down), and a
slight increase of the elastic modulus (rigidity) that
can be correlated to an increase in the crosslinking
density (lower Mc). The increase in rigidity can also
be detected in the increase of Tg and Ta.

For samples initiated by ytterbium triflates results
are less clear and effects less positive compared to
systems with erbium salt. Proportions of erbium and

ytterbium salts of 2 phr showed no linear correlation
with the lower proportions and they presented lower
mechanical properties probably due to the lower sin-
tering. When lanthanide triflates are used as catalysts
in systems with TBG, there is also an increase of rigid-
ity (higher E), increase of ductility (higher break
strain), and higher toughness (more energy absorp-
tion before break).

Impact resistance

Figure 12 shows the pictures of the nine impacted
samples at a height of 100 cm with a mass of 1 kg. For
homopolymerized systems, a formulation with 1 phr
of ytterbium triflate presents good impact resistance,
while the other formulations with triflates did not. In
any case, samples with ytterbium presented better
results than those with erbium.

When the lanthanide triflates were employed as
catalysts of a system with TBG, impact results were
very good independently of the lanthanide triflate
used.

A possible explanation of the good impact proper-
ties of samples with TBG and the bad ones in the
homopolymerized systems can be the more expanded
structure of the network when using TBG, and the
higher internal stresses produced by the fastest curing
of homopolymerized materials.6–8,14

Adhesion

Figure 13 shows the shear stress for the materials
obtained using erbium and ytterbium triflates. A sim-
ilar trend can be observed using both erbium and yt-

Figure 10 Stress-strain curves of the samples using er-
bium triflate: epoxy resin/TBG (&), epoxy resin/TBG/er-
bium triflate 1 phr (*), epoxy resin/erbium triflate 0.5 phr
(~), epoxy resin/erbium triflate 1 phr (!), and epoxy
resin/erbium triflate 2 phr ( ).

Figure 11 Stress-strain curves of the samples using ytter-
bium triflate: epoxy resin/TBG (&), epoxy resin/TBG/yt-
terbium triflate 1 phr (*), epoxy resin/ytterbium triflate
0.5 phr (~), epoxy resin/ytterbium triflate 1 phr (!), and
epoxy resin/ytterbium triflate 2 phr ( ).
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terbium triflates. The system with TBG presents the
best adhesion to the substrate (high sshear), probably
due to the hydroxyl groups produced in the reaction.
A higher proportion of hydroxylic groups promotes a
higher adhesion15–18 to the metallic substrate because
of the increase in the possibility to establish hydrogen
bonds between both materials. It can also be seen that
the use of lanthanide triflates lowers the dry adhesion
to the steel substrate, being the higher the decrease

when the higher the triflate content is. This trend is
probably due to the inexistence of hydroxylic groups,
the less polar character of the network, and the stress
generated by the fast curing rate, and by a possible
shrinkage which can lead to warping. Both ytterbium
and erbium triflates showed similar results.

When lanthanide triflates were added as catalysts
to TBG formulations there was also observed a
decrease in adherence.

TABLE III
Mechanical Properties from Stress–Strain Tests

Sample E(MPa) sel (MPa) eel (%) smax (kN) sbreak (MPa) ebreak (%) Toughness (MPa)

TBG 1881.3 6 205.6 46.7 6 1.49 2.36 6 0.13 56.01 6 1.07 49.4 6 0.77 5.55 6 0.28 2.32 6 0.114
TBG/Er(TfO)31phr 2479.9 6 363.2 46.7 6 1.01 2.107 6 0.26 55.20 6 2.79 46.26 6 2.34 7.75 6 0.84 2.82 6 0.51
TBG/Yb(TfO)3 1phr 2410.4 6 223.7 45.2 6 2.81 2.08 6 0.14 59.63 6 0.40 49.65 6 3.27 6.85 6 1.29 3.23 6 0.062
Er(TfO)3 0.5phr 2328.1 6 217.7 46.1 6 2.82 2.40 6 0.20 59.21 6 0.54 57.50 6 0.56 6.97 6 1.26 3.35 6 0.72
Er(TfO)3 1phr 1894.8 6 139.0 52.12 6 1.56 2.96 6 0.12 59.05 6 2.33 57.62 6 1.45 6.66 6 0.94 3.18 6 0.63
Er(TfO)3 2phr No linear behavior 21.88 6 1.17 21.88 6 1.17 4.04 6 0.43 0.38 6 0.061
Yb(TfO)3 0.5phr 1901.6 6 234.6 49.56 6 2.39 3.35 6 0.62 53.94 6 1.65 53.40 6 1.50 5.92 6 0.37 2.50 6 0.24
Yb(TfO)3 1phr 2464.9 6 123.9 44.35 6 3.46 2.01 6 0.23 48.37 6 2.88 48.37 6 2.88 2.49 6 0.37 0.73 6 0.22
Yb(TfO)3 2phr No linear behavior 11.11 6 0.54 11.11 6 0.54 3.78 6 0.16 0.16 6 0.016

Figure 12 Impact resistance pictures of the prepared samples tested at 100 cm height with 1 kg of mass dart.
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CONCLUSIONS

The results obtained show that the use of erbium and
ytterbium triflates as initiators of the homopolymeri-
zation of DGEBA resins, and as catalysts of systems
epoxy/o-tolylbiguanide (TBG) diminishes the curing
temperature and time with respect to the reference
system DGEBA/TBG.

All samples using lanthanide triflates presented
lower thermal stability compared to the reference sys-
tem, being lower when a higher proportion of lantha-
nide triflate was added.

With respect to the influence on mechanical proper-
ties (including adhesion) and impact resistance, the
homopolymerization of the epoxy resin by means
of lanthanide triflates lead to good results when the
proportion of lanthanide triflates was below 2 phr.
Nevertheless, the systems did not offer mechanical
properties as good as the system using TBG, probably
due to the final composition of the epoxy network
itself (nonexistence of OH� groups in homopolymer-
ized systems) and to the increase of internal stresses
in the homopolymerized due to the fast curing rate.

The system with 1 phr of ytterbium salt (with and
without TBG) presented a good combination of prop-

erties: good mechanical properties together with high
curing rate.

As these new systems have proved to increase
some important properties needed in powder coat-
ings (such as reducing curing rate and fragility
decrease) they can be an alternative to actual systems,
although further research has to be done to improve
mechanical and impact resistance properties.

Authors thank Ms Eva Romero and Ms Maite Rodrı́guez
for their help in the development of this project.
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12. Castella, P.; Galià, M.; Serra, A.; Salla, J. M.; Ramis, X. Polymer
2000, 41, 8465.

13. Rodrı́guez, M. T.; Garcı́a, S. J.; Cabello, R.; Gracenea, J. J.;
Suay, J. J. J Coat Technol 2005, 2, 557.

14. Mas, C.; Ramis, X.; Salla, J. M.; Mantecón, A.; Serra, A. J Polym
Sci Part A: Polym Chem 2003, 41, 2794.

15. Greenfield, D.; Scantleburry, J. D. JCSE 2000, 3, paper 5.
16. Vaca-Cortés, E.; Lorenzo, M. A.; Jirsa, J. O.; Wheat, H. G.; Car-

rasquillo, R. L. In Adhesion Testing of Epoxy Coating; Centre
for Transportation Research, Bureau of Engineering Research,
University of Texas, Austin, 1998.

17. Gaynes, N. I. In Testing of Organic Coatings; Noyes Data:
Park Ridge, NJ, 1977.

18. Lorenzo, M. A. Experimental Methods for Evaluating Epoxy
Coating Adhesion to Steel Reinforcement. M.S. Thesis, Univer-
sity of Texas at Austin, 1997.

Figure 13 Shear stress of the samples formulated with:
ytterbium triflate: solid line (—); and erbium triflate: dash
line (- -).
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