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Dynamics of cross linking fronts in alkyd coatings
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The dynamics of the curing process of alkyd coatings is an important aspect for coating
performance. The formation of cross links in an alkyd coating film has been followed in time using
a microimaging nuclear magnetic resonance setup, having a spatial resolutionuof 5
perpendicular to the film. During this cross-linking process a front has been observed inside the
coating film. The position of this front varied with the square root of time. With the help of a simple
reaction model, we have proven that this dynamics results from the fact that the curing rate is limited
by the oxygen flux into the coating. This model can also explain, the differences in curing rates
observed for various coatings. @05 American Institute of PhysidDOI: 10.1063/1.188691]3

Legislation concerning the use of coatings with volatile periments were performed on two alkyd samples: a water-
organic component®/OC) drives coatings manufacturers to borne sample and a commercially available solvent-borne
focus on the production of water-borne coatings. Much resample. Both coatings were cast on a 100 cover glass
search is done to develop water-borne coatings with the sansheet, using a 20@m spiral application rod.
performance as their solvent-borne counterparts. An impor- The water-borne system is an emulsified alkyd resin
tant aspect of a coating is its network structure and the demixed with NuoDex WebCo 8%, as a catalyst. The profiles
velopment of this structure during the drying process. Techof this water-borne sample are shown in Fig. 1. At the right
niques to probe the spatial and temporal evolution of the¢dge of the profiles the glass sheet is located. The first three
coating structure are essential. Most available techniques aRsofiles show the evaporation stage, during which the solvent
optical techniques, e.g., confocal Raman microsd@iM), evaporates and the coating shrinks. The vertical dashed line
which can be used to obtain spatially resolved chemical incorresponds to the position of the surface of the coating after
formation. Recently, new techniques using high spatial reso€vaporation. After this evaporation stage, a front forms and
lution nuclear magnetic resonaneMR), e.g., GARField moves away from the surface of t_he coating towards_ the
have become available for research and characterization /2SS sheet. The observed front arises from a NMR signal
thin layers of hydrogen containing materials. These NMRIOss due to fast signal decay in the cured regions. This cor-

setups can be used to measure the spatial and temporal eJ§SPonds to the formation of a cross-linked network, as has
lution of the structure of a thin coating film, with a high P&en proven by comparing NMR with confocal Raman mi-

7 L
spatial resolution perpendicular to the film layer. A major CrOSCOPY(CRM).” After a certain time a layer at the top of

advantage of NMR over any optical technique is that alsdn® _crcr)]atlng ??s cr?sr‘]-lmk?d; th'; layer is oftlen calle(rj] a skin.
nontransparent coatings can be imaged. e profiles of the solvent-borne sample are shown in

An important class of commercially available paints Fig. 2. Again the first profiles show the evaporation stage.

contain alkyd resins. These resins consist of polymers Witl;I'he vertical dashed line shows the position of the surface of

unsaturated fatty acid side chains. In recent years the drying
process of alkyd resins has been studied extensivéljhe
drying process of these resins consists of two stages. First 12
the solvent evaporatdphysical drying and next a network
is formed by chemical reactions of double bortdsring). In
previous work it has been shown that both stages can bts
studied with NMR>*7 In this letter we study the dynamics
of the observed cross-linking fronts and explain it with a
simple model.

The measurements were performed with a microimaging
NMR setup, consisting of an electromagnet with specially
shaped pole tip§GARField), generating a magnetic field of , T — — — — — — —
1.4 T with a gradient of 36.4 T/m perpendicular to the coat- /
ing film. The NMR pulse sequence used to obtain the hydro-
gen density profiles and the signal decay is an
Ostroff-Waugh sequence(90,-7-[90)-mecho],). The in-
terecho time(27) used in the experiments equals 208.
The spatial resolution is pm. The acquisition of each pro- FIG. 1. NMR hydrogen profiles of a water borne alkyd sample during dry-

file took about 10 min, using 512 signal averages. The exing. The left side is the top of the coating, at the right the cover glass is
located. The vertical dashed line shows the top of the film after evaporation.
The profiles are plotted for 0, 1.25, 2.5, 5, 8, 10.5, 26, 53, 79, 105, 132, and
¥Electronic mail: |.pel@tue.nl 158 h.
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FIG. 4. Schematic representation of the drying model. The dashed line

indicates the oxygen density. The black line indicates the amount of double
bonds. At the curing front the oxygen density is zero, due to the high
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FIG. 2. NMR hydrogen profiles of a solvent-borne alkyd sample during .
drying. The left side is the top of the coating, at the right the cover glass isA certain amounn of oxygen molecules are consumed per

located. The vertical dashed line shows the top of the film after evaporationdouble bond during the cross-linking process, and a fraction
The profiles are_plotted for 10, 20, 30, 50, 70, 90, and 120 min. After the¢ of the bonds is used during the cross-linking process.
seventh the profiles are plotted for every 3 h, 20 m. The cross linked volume per mole oxygen is given by
v=1/n¢py. We assume that the reaction rate is very high,
the coating after evaporation. Note that in this system thvhich means that the oxygen flux into a small layer at posi-
signal has not completely vanished after the cross-linkingion x at a timet will instantaneously be used for the cross-
front has passed. This is caused by the fact that the netwollnking reaction, until all possible oxygen reaction sites have
is not as rigid as in the water-borne sample. CRM measureyanished. At that moment, the front has passed this position.

ments have shown that the network has indeed only partiallfhe speed of the front movement is therefore given by
cross-linked. We will return to this observation later on.

In order to characterize the dynamics of the curing front, ~ df
we have determined the front positiohdgrom the intersec- dt
tions of the fronts visible in the different profiles with the )
horizontal dashed line. For both samples we place this horiwhereJ(_moI/mzs) is the molar flux of oxygen. The flux of
zontal dashed line about half the height of the front. ThePXygen in the cross-linked region is given by
moment that the front forms and starts to move into the d
coating we will refer to as=t,. The position of the front at J=- D_p’ (2
t=ty is denoted byf,. The front positions obtained for both dx

samples are plotted in Fig. 3 #&6—fy)? againstt—t,. This where D(m?/s) and p(mol/nm®) are, respectively, the diffu-
figure reveals that within experimental inaccuracy the frontjon constant and the molar density of oxygen in the cross-
position varies with the square root of time in both the waterjkeq region. Since the surface of the coating is in equilib-
borne and the solvent borne system. _ rium with the surrounding air, the oxygen densityin the

To explain this front movemerit~ vt-{, the following  gyrface layer of the coating film will be constant. Because we
model is used. We consider a plane of thicknésst posi-  assumed that at the front all oxygen is consumed instanta-
tion x within the coating film. The coating consists of unsat-negusly, the oxygen density equals zero at the front. Further-
urated fatty acids with a certain densjy of double bonds. more, we assume that the oxygen flux is constant in the

cross-linked region. This assumption is valid because the

=], (1)

6000 amount of oxygen lost in this region is negligible. In addi-
tion, the oxygen distribution is assumed to adapt itself im-
5000 |- mediately to changes of the front position, resulting in a
quasi-steady-state approach for the oxygen distribution.
e w00 With these assumption§ the oxygen density Iinearly_ de.—
= creases over the cross-linked region, see the schematic dia-
< 200l gram of our model in Fig. 4. Equatid@) can now be rewrit-
3 ten as
2000 - Po
water-borne alkyd J=D 0 -fo (3)
1000
When Egs.(1) and(3) are combined, the following expres-
o B sion for the front position can be obtained:
0 20 40 60 80 100 120 140 160
t-t,[h f(t) = fo+ V2rDpg(t — to). (4)
FIG. 3. Squared front position against time, for a solvent-borne and-l-mS equation is in agreement with the_ observed behavior.
water-borne alkyd system. This suggests that the oxygen supply is indeed the key factor
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10000

Fig. 3). The difference of oxygen density in the surface layer
po between both coating systems is expected to be small.
However, the diffusion and cross-linked volume per mole
oxygen vary significantly. One expects an increase of the
diffusion constant in a system with a higher polymer mobil-
ity in the polymer matrix, which is the case for the solvent-
borne system compared to the water-borne system. As we
have already noted, the NMR signal from the solvent-borne
sample remaining after cross-linking indicates this higher
mobility. Furthermore, this solvent-borne system was known
to have a smaller fractiogp of double bonds used during the
cross-linking proces@which also indicates a higher polymer
mobility. Since less double bonds have cross-linked, the
cross-linked volume per mole oxygen is also higher.
Hence, the factowDpg [EqQ. (4)] is higher in the solvent-
FIG. 5. Squared front position against time for the solvent-borne alkydborne S_ySte_m’ WhIC.h agrees with the higher curing rate, ob-
system. After 18 h of drying an argon atmosphere was created above the€rved in Fig. 3. This shows that our model can also be used
film. At t=40 h the air atmosphere was restored. to explain the difference in curing rates of coatings which are

limited by oxygen diffusion.

limiting the rate of the curing process, and not the capacity
of the catalyst. This research was financially supported by the Center for

To check this model we have performed an experimenBuilding and Systems TNO-TUE.
in which the oxygen supply was limited by creating an argon
atmosphere above the coating film. The results of this experi-P. M. Glover, P. S. Aptaker, J. R. Bowler, E. Ciampi, and P. J. McDonald,
ment are shown in Fig. 5. At-t,=18 h essentially all oxy- ~J- Magn. Reson139, 90 (1999. _
gen was removed above the film. The front stops, which ZWAJéIM;r'éebgtr* J-CcoétH4leir2t,1 ?g'o\é\g F. Nielen, R. P. Klaasen, and K. H.
indicates that the chemical reaction stops. It appears tha‘tJ. Mal’legolg.A. I\?I Barr)./ E Ciampi P M. Glover, P. J. McDonald, J. L.
only a few minutes are needed to deplete the oxygen inSideKeddie, M.’ Wallin, A. l\/’lotiejauskai’te, and P. K.‘Weissenborn, J.’ Coat.
the cross-linked region. This justifies the quasi-steady-statetechnol. 74, 113(2002.
approach for the oxygen distribution. When 22 h later “J. P. Gorce, D. Bovey, P. J. McDonald, P. Palasz, D. Taylor, and J. L.
(t-to=40 b the argon atmosphere is removed and the air Keddie, Eur. Phys. J. B, 421(2002.
atmosphere is restored, the front movement returns to itSs‘]' Laven and U. K. Uravind, Athens Conference on Coatings Science and
original speed. This experiment unambiguously demonstrategge‘gmoolor%nzo\/?f“in and R, van der Linde. Prog. Ora. Cost. 80
that oxygen supply is the limiting factor for the reaction and (2'00'3. yman, T Wing. ' 7109 P9 ’
proves the validity of our model. ’S. J. F. Erich, J. Laven, L. Pel, H. P. Huinink, and K. Kopinga, Prog. Org.
Equation(4) also explains the higher front speed of the coat.(in press.

solvent-borne coating compared to water-borne codteg 8. D. Ostroff and J. S. Waugh, Phys. Rev. Let6, 1097 (1966.

8000

3
8

(f - fo) [um]®

4000

2000

20 40 60 80 100

t-t, [

Downloaded 05 Apr 2007 to 131.155.151.48. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



