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NMR Imaging of Coatings on Porous Substrates
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Coatings are often applied on porous substrates, for example, wood, stone, or gypsum layers. The type
and porosity of the substrate influences the coating performance. Until recently, no techniques were
available to monitor the drying process in-depth as a function of time with a high spatial resolution
(about 5um) in nontransparent coating systems. In the study presented in this paper, we show that with
high resolution NMR imaging the drying process, consisting of penetration and evaporation of solvent
and subsequent curing (chemical cross-linking) on and inside the substrate (wood and gypsum), can be
monitored. The drying of a waterborne alkyd emulsion on a gypsum substrate was investigated. The
curing of the emulsion was studied for both glass and gypsum substrates as a function of catalyst
concentration, in this case cobalt based. Curing was not only observed at the coating surface, but also,
in the case of gypsum, it was observed at the coating/substrate interface. On both substrates a concentration
dependence of the catalyst concentration was observed. On the gypsum substrate the speed of the observed
curing front was always higher than on glass. This indicates that part of thHei@g originating from
the gypsum might act as a secondary drier after migration to the coating. The drying of a commercially
available solvent-borne alkyd coating was monitored on gypsum and pine wood. The measurements
showed that the coating completely penetrates the substrate and starts to cure inside. The results stress
that to optimize the coating performance one should explicitly take the substrate into account.

1. Introduction porous substrate can differThe size and viscoelastic
deformation of the emulsion droplets together with the pore

One example of a type of paint, which is often applied on size of the substrate determines whether the resin will enter

porous substrates, is alkyd paint. When an alkyd paint is the substrate. It was suggested by Ostberg éttiat the
a_ppilled .onto a porous substrate three drying §tages can b‘?Nater phase penetrates deeper into wood than the alkyd resin,
distinguished. First, the solvent and/or the resin penetrates, . .. ise of the high molecular weight of the resin. The
the substrate._During the second s;age, the solvent e\{aporateéifference in penetration behavior of the water and resin
frqm the coating an_d the underlyln_g_substrate. Durlr_lg the phase will have consequences for the additives present inside
third stage, the coating starts to SOl'd.'fy by the forma_uon_ of the coating, such as driers, anti-fungal agents, and pigments.
chem|ca.l cross-links (curing). Immediately after appllcatlor) Additives that are partly present in the water phase might
the coating penetrates the substrate. When the penetration, - up inside the substrate instead of in the coating, which

|?]to thg subst_ratlgklsl hlgher, thz;(_j:esélon r?f tfhe coatmg ONOcan have a negative influence on the drying process and many
the substrate is likely to increase.fhe depth of penetration o properties. An important class of additives are the

depends on the'pamt properties such as the viscosity anddriers. Driers enhance the drying process of alkyd coatings.
the surface tension and substrate properties such as PErMertair main purpose is to catalyze the oxidative curing

ability and cha_lracteristic pore s@zes. Note_ that the Condl.JC' process. The most commonly used catalysts for the curing
tance of flow in porous media is _deter_mmed by_ the ratio - ¢ alkyd resins are cobalt based. During the penetration of
_between th_e permeability a_nd the viscosity. The driving fo_rce the coating into the substrate also part of the catalyst might
is the capillary force, Wh'.Ch is_proportional FO the ratio be transported into the substrate. As a result the concentration
between the surface tension and the pore size. The flowin the coating drops, thereby affecting the curing of the

properties of the three different types of alkyd paint (solvent- Hi hich miaht affect oth i h th
borne, high-solid, waterborne) differ, because of differences fggslg\?i’tywaglj(;ingt“gmoisa':u?rircs ofher properties, such as the

in viscosity34 . .
y . . - , To study the effects of the substrate on the drying behavior,
Many waterborne coatings consist of emulsified resin . : ; :
information on the dynamics of the drying process of the

droplets in water. When these emulsions are applied on a . . :
) . . _alkyd coating on a porous substrate as a function of depth is
porous substrate the penetration of the different phases in a . :
required. Except for NMR there are no techniques to follow

*To whom correspondence should be addressed. E-mail: |.pel@tue.nl.

(1) de Meijer, M.; Militz, H. Holz Roh- Werkst200Q 58, 354—362. (5) Ostberg, G.; Bergenstahl, B.; SorenssenJKCoat. Technol1992

(2) Bardage, S. L.; Bjurman, J. Coat. Technol1998 70, 39—47. 64, 33—-43.

(3) Nussbaum, R. MHolz Roh- Werkst1994 52, 389-393. (6) Thomas, N. LProg. Org. Coat.1991, 19, 101—121.

(4) Nussbaum, R. M.; Sutcliffe, E. J.; Hellgren, A. €.Coat. Technol. (7) van der Wel, G. K.; Adan, O. C. ®rog. Org. Coat1999 37, 1-14.
1998 70, 49-57. (8) de Meijer, M.; Militz, H. Holz Roh- Werkst2001, 58, 467—475.

10.1021/cm060744x CCC: $33.50 © 2006 American Chemical Society
Published on Web 08/04/2006



Coatings on Porous Substrates Chem. Mater., Vol. 18, No. 18, 20661

the drying process as a function of depth in nontransparent

coating systems. By using a high resolution NMR imaging B,
setup in combination with additional techniques in a previous
study, like Confocal Raman Microscopy, and mass measure-y film y

Cover glass ~ 100pm

ments, we were able to distinguish the physical and chemical l = l
drying (curing) stage of alkyd coatings in our NMR RF ol

measurementWhen cobalt was used as a catalyst a curing —
front was observed which was the result of oxygen diffusion — ‘BO,
limitation and the rate of high chemical reactidfsn case Figure 1. RF coil, film placement, and local magnetic field gradient in
of an alternative catalyst based on manganese the curing wa§¢ NMR setup.

observed to be more homogenedu this study, we use ] ) ]
such a NMR setup to investigate the curing process of alkyd 9YPSum substrate approximately 0.3 mm thick and a thin layer of
coatings on porous substrates as a function of depth and time?'"e wood approximately 0.5 mm thick. For more details on the

. . microscopic structure of pine wood and a microscopic investigation
Two types of alkyds are investigated: solvent-borne and a paint penetrating pine wood, see ref 14
waterborne. The waterborne alkyd coating is appheq On. 2.2. NMR Setup.Magnetic resonance imaging (MRI) is a well-
nonporous glass, as a reference, and on gypsum which is

. LN ) own NMR technique for making images of the human body. Its
highly porous. The solvent-borne alkyd coating is applied yinciple is based on the fact that magnetic nuclei located in a

on gypsum and wood. The depth of penetration, the curing, magnetic field have a specific resonance frequency and can be
and the effect of the substrate on the speed of the curing isexcited by a radio frequency (RF) pulse. The resonance frequency
investigated. In section 2, we briefly discuss the materials f [Hz] depends linearly on the magnitude of the applied magnetic
and NMR setup used. In section 3 the results of the NMR field B [T] according tof = y|B|, where y [Hz/T] is the
measurements are presented. This section is subdivided irgyromagnetic ratio (for hydrogen nuclei,= 42.58 MHz/T). To
three parts. First NMR measurements of the waterborne a|kydobtain spatial information the resonance frequency is varied with
coating on glass are presented. The catalyst concentratiorP0Sition according t6 = y(Bo + Gyy), whereG, = dB,/dy [T/m]
to cure the coatings is varied, and the speed of curing is d€notes the field gradient in thedirection andBy is the magnetic

; . field in thez direction aty = 0. To obtain a high spatial resolution
analyzed. The curing of alkyd on the gypsum subsrate is (<10 um) a very high magnetic field gradient should be applied
presented in the second part. In the third part, the drying of ! y g g ppec.

. . ; However, Maxwell's equations show that when a magnetic field
a solvent-borne alkyd on gypsum and pine wood is studied. gradient in a certain direction is applied, the magnitude of the field

Finally, the conclusions are presented in section 4. |B| in a plane perpendicular to that direction and, hence, the
resonance frequency are not constant. The corresponding decrease
2. Experimental Details in spatial resolution is very pronounced at high field gradients.
2.1. Materials. A waterborne alkyd emulsion, containing ap- To solve this problem for high magnetic field gradients, the so-

proximately 50% water and 50% resin, was used. Nuodex WebCo called GARField was introduced.In this design a gradient in the

8 catalyst was added in different concentrations to catalyze the Magnitude of the magnetic field is realize@}™ = d|BJ/dy (see

curing process. The emulsion has an average droplet size of 0.3F9ure 1), by using specially shaped magnetic pole tips. It is then

um*12The glass transition temperature of the un-cross-linked alkyd possuble_ to dlstlnguls_h th_|n layers within a film that is oriented

resin is 24 2 °C. Except for the catalyst no other additives or Perpendicular to thg direction. The advantage of a setup as shown

pigments were added to the emulsion. After the addition of the in Figure 1 is that a sample can be placed directly on top of a

cobalt catalyst to the emulsion and subsequent mixing, the emulsionSurface coil, which gives a good signal-to-noise ratio. Also the

was applied on the substrate (nonporous glass or gypsum) using &ravity acts perpendicular to the applied coatlng,_whlch makes it

spiral application rod. The glass substrate used was at0Mick possible to measure wet films. Our NMR setup incorporates an

microscope cover glass. The gypsum layer (CasB,0) had a electromagnet generating a mggnetlc flgld qf 1.4 T at the position

thickness of approximately 4Q@m and a porosity of about 45%. of the sample. The magnetic field gradient is 36:4.2 T/m.

The layer was made from pure hemihydrate (Ca8eH,0) using The obtained NMR signals give information not only on the

a water to binder mass ratio of 0.66. The average pore diameter ofdensity (concentration) of the magnetic nuclei (spsh our case

the gypsum was found to be on the order gfrth by ref 13, which hydrogen nuclei, but also on the mobility of these nuclei. The

was calculated from mercury intrusion porosimetry data assuming network structure generated by cross-linking restricts the mobility

cylindrical pores. The peak to peak surface roughness was reportedf the hydrogen atoms connected to the polymer chains. This is

to be approximately xm. reflected in a decrease of the transverse relaxation fipnthat
Besides the waterborne formulation, a commercially available describes the decay of the NMR signal.

solvent-borne alkyd was used. This coating was applied on a Directly after application of the paint on the substrate, the sample

was immediately placed in the NMR setup. The NMR pulse
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Figure 3. Squared curing front positions of alkyd resins plotted against

time for three cobalt catalyst concentrations. The coatings were all applied

on a glass substrate. Both the high and the low catalyst concentrations lead
to faster curing of the sample.
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Figure 2. NMR profiles of a coating with 0.007% mass cobalt/mass of
the alkyd resin applied on a glass substrate. The profiles are giver at

0, 1.3, 2.6, 5.2, 7.8, and 10.4 h and then every 13 h. The dotted profiles
indicate the evaporation stage, and the solid profiles indicate the curing
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3. Results
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3.1. Waterborne Alkyd Applied on Glass. First the g
X2
c
e

drying behavior of the waterborne alkyd emulsion on a glass 30 -

substrate was investigated. In Figure 2 the NMR profiles
are shown for a coating with a cobalt concentration of 20
0.007% (mass/mass). At the left side of the profiles the
surface of the coating is located, and at the right side the 10
glass substrate is located. Directly after application the
evaporation stage sets in, represented by the dotted curves.  0—=——
One can see the formation of a cross-linking front: When

polymers CrOSS?llnk and form a network, the mobility of the Figure 4. Front speeds of alkyd resins plotted against the catalyst
hydrogen nuclei decreases. As a consequence, the decay ra@ncentration for both the glass and the gypsum substrates.

of the NMR signal increases and part of the signal is lost,

which allows the curing to be visualiz8dThe drying coating,po [mol/m?] is the oxygen density in the surface layer
behavior was studied for different cobalt catalyst concentra- of the coating film, and’ [m¥mol] is the cross-linked volume
tions, ranging from 0.7% (mass/mass) to the alkyd resin to per mole of oxygen.

il PR | PR |
0.01 0.1 1

catalyst concentration % m/m

0.007% (mass/mass). In Figure 4 the front speed{Ppy) is plotted as a function
To characterize the dynamics of the cross-linking frontin of the catalyst concentration (open squares). The curve
more detail, we have determined the front positidfi®m through the points is drawn as a guide to the eye. At the

the intersections of the fronts with a line positioned halfway lowest and highest concentration the fastest front speeds are
to the height of the front. We will refer to the moment that observed. The slowest curing occurs at the cobalt concentra-
a front appears and starts to move into the coating=as, tion of 0.07% (mass/mass), which is a common concentration
which is roughy 2 h after application. The position of the used in commercial products. According to eq 1 changes in
front att = to is denoted byo. The front positions for three the front speed can be attributed to three variabbesb,
typical concentrations (0.7%, 0.07%, and 0.007%) are plotted and p,. It seems that the catalyst concentration influences
in Figure 3 as f(— fo)? againstt — to. This figure reveals  the final network structure. If the network structure would
that within experimental inaccuracy the squared front position becomes less dense (highey, the diffusion of oxygen
varies linearly with time. In a previous study it has been increases (higheb), resulting in an increase of the front
shown that oxygen diffusion limits the speed of the cross- speed by both variables. This would mean that the highest
linking front and can be described with the following eq 10: network density is formed exactly at the Co catalyst
concentration of 0.07% (mass/mass).
f(t) =, + /2vDpg(t — to) Q) 3.2. Waterborne Alkyd Applied on Gypsum. The
waterborne alkyd emulsion was also investigated on the
In this equatiorf, [m] is the front position at the momeng gypsum substrate. The profiles of the NMR measurements
[s] at which the front forms and starts to move into the are plotted in Figure 5. At the left side the coating is located,
coating,D [m?s] is the diffusion constant of oxygen in the and at the right side the gypsum is located. The surface of
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Figure 6. Squared curing front positions observed at the surface of the
alkyd coatings applied on a gypsum layer plotted against time for three
cobalt catalyst concentrations. Only a high catalyst concentration leads to
faster curing of the sample.

position (um)
Figure 5. Waterborne alkyd emulsion with 0.07% Co (mass/mass) as a
catalyst. The dashed profiles show the penetration and evaporation of the
solvent. These profiles are giventat 0, 0.3, 0.6, 1.0, and 1.3 h. The solid
profiles show the curing of the coating. These profiles are givern-a8,

16, 49, and 65 h after application. The horizontal line shows the signal . . . .
from the hydrated gypsum layer, both before and after paint application. POrosity of gypsum from mercury intrusion porosimetty,

it is likely that the emulsion droplets are still too large to

Table 1. Possibility of Penetration of Waterborne Alkyd Emulsi .
ane - F oSSy ol mengiraton ol yvateyborne Ay SMUIsion penetrate the substrate. In addition, as a result of the fast

Droplets into a Porous Substrate Based on Droplets Size and

Deformability of the Alkyd Droplets, Assuming that the Driving absorption of the water phase the resin droplets might already
Capillary Forces Are High Enough start coalescing before penetrating the substrate.
size hard droplets deformable droplets After the evaporation stage, curing sets in, which is
droplet> pore impossible possible denoted by the two bold arrows in Figure 5. A curing front
droplet< pore possible possible is visible not only at the surface of the coating but also at

the coating and the coating/substrate interface are denotedh® coating/gypsum interface. Itis obvious that, at the surface
by the two vertical lines. The measurements show that the ©f the coating, the front moves toward the bottom of the
penetration of the water phase into the gypsum layer is almostc0ating, whereas gt the supstrate side the front moves toyvard
instantaneous and wets the gypsum layer. In practical the top of the coating. Obviously, oxygen transpprt is taking
applications the gypsum substrate is thicker, and as a resullace through the gypsum layer, which is possible because
the water uptake would be even higher. Directly after this it iS & porous layer in contact with air.
water uptake, the water present in the coating and substrate We have plotted the square of the position of the curing
starts to evaporate. This process is indicated by the dashedront (at the surface) against time in Figure 6 for three typical
profiles in Figure 5. The signal intensities from the gypsum catalyst concentrations. Again this figure reveals that within
layer before application of the paint and after the evaporation €xperimental inaccuracy the squared front position varies
stage are the same. Therefore, it can be concluded that thdinearly with time. In Figure 4, the front speeds found for
resin has not penetrated the substrate, except possibly at théhe gypsum substrate are plotted as a function of the cobalt
interface with a penetration depth smaller than the experi- concentration. In general the trend is comparable to that
mental resolution. observed for the glass substrate. However, the front speeds
In general, the penetration depth of the resin droplets in observed for the coating on the gypsum layer are always
the substrate is determined by the deformability of the resin higher than for the same coating applied on glass. Besides
droplets and the size of the alkyd droplets compared to thethis effect, we observe that at higher cobalt concentrations
characteristic pore sizes of the substrate, as was discussethe front speed for the coating on the gypsum layer increases
in section 1. Table 1 indicates whether penetration can bemuch faster than in the case of the glass substrate.
expected for a waterborne alkyd emulsion, based on the size Transport of cobalt to the substrate cannot explain the
of the droplets and the deformability of the droplets, observation that the overall front speed is faster on a gypsum
assuming that the driving capillary forces are high enough. substrate. For cobalt concentrations above 0.07% on glass,
If the droplets are difficult to deform but their size is small Figure 4 shows that the front speed increases with cobalt
compared to the pore size, penetration is possible. However,concentration. If part of the catalyst would be transported to
if the droplets are difficult to deform but larger than the pore the substrate, the concentration and, consequently, the front
size, the coating is not expected to penetrate the substratespeed in the coating would decrease. This is not in agreement
In our case the emulsion droplet size () is comparable  with the data shown in Figure 4, which clearly indicates a
to the pore size of the gypsum (approximatelyrh), and higher front speed when the coating is applied on gypsum
the droplets are difficult to deform (their shape is still visible instead of glass. However, that part of the cobalt catalyst
with atomic force microscopy after drying). Because the has been transported out of the coating into the gypsum
internal structure of gypsum is irregular and the pores are substrate was confirmed by inductively coupled plasma
not cylindrical, as was assumed in the calculation of the spectrometry. So another effect is required to explain the
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Figure 7. Solvent-borne alkyd coating applied on a gypsum substrate. The po . H .
NMR profiles are given every 3 h. Figure 8. Solvent-borne alkyd coating applied on a wooden substrate. The

dashed NMR profiles show the penetration and evaporation of the coating.

. . . These profiles are given at= 0.3, 0.6, 1, 1.3, 1.6, and 3.3 h. The solid
overall increase of front speed. We attribute the increase toprofiles are given every 1.7 h after the last dashed profite=a8.3 h. The

the presence of Ga Directly after application the water vertical line indicates the wood surface.

penetrates the substrate, dissolves some Ca from the gypsum,

and via the water Ca ions from the CaS@might migrate  the penetration of the coating in the substrate, the evaporation

from the substrate |_n_to the coating. In a recent s.tjt]dzye of the solvent, and the curing.

have found that addition of Ca/Zr as secondary driers results

in an increased front speed, which might indeed explain the We have observed that the alkyd resin from the waterborne

observed increased front speed on gypsum substrates.  emulsion remained on top of the gypsum layer, whereas the
3.3. Solvent-Borne Alkyd Applied on Gypsum and water phase penetrated into the substrate. For the waterborne

Wood. This section shows that curing can be investigated alkyd, curing is observed both at the surface of the coating
even inside a porous substrate. We have studied a solventand at the coating/gypsum interface. The speed of the curing
borne alkyd coating on two porous substrates: gypsum andfront on nonporous glass and on porous gypsum showed a
wood. The NMR profiles for the gypsum substrate are plotted clear dependency on the cobalt concentration. A minimum
in Figure 7. The alkyd completely penetrates the gypsum in the front speed was found for a cobalt concentration of
layer, because it is molecularly dispersed in the solvent and0.07% Co (mass/mass), which is a commonly used concen-
the overall liquid has a low viscosity. In this particular case tration in alkyd coatings. When the coating was applied on

it is difficult to distinguish the evaporation of the solvent a gypsum substrate instead of glass a higher front speed was
and the curing process. A small curing front is visible, as is found. Although a part of the cobalt catalyst was found in
indicated in Figure 7 by the arrow at the left. The solvent- the substrate, the faster front speed observed on gypsum
borne alkyd was also applied on a thin layer of pine wood cannot be related to the observed higher front speeds. To
with a thickness of approximately 0.5 mm. The results of explain the higher front speeds observed, we suggest that
the measurements are given in Figure 8. The surface of thepart of the C&" ions of the gypsum are transported to the
coating is located at the left side of the profile, and the coating during the evaporation stage. This assumption is
vertical line shows the surface of the wood. The solvent and Strengthened by a recent Study, showing that the front Speed
resin both penetrate the wood almost instantaneously afterincreases when Ca/zr are added as secondary driers. Further
application; after the first profile no changes are observed experiments are needed to test this hypothesis, for example,

in the deeper region of the wood. In this case the depth of j,, monitoring the curing speed of waterborne coating on an
penetration into the wood is approximately equal to the jnert porous substrate, such as glass.

thickness of the pine wood. After the penetration of the

substrate the solvent starts to evaporate. This stage is For the solvent-borne alkyd coating the penetration of the

indicated by the dashed profiles in Figure 8. Again a curing coating inside the pine wood substrate was clearly visible,

front develops, which slowly moves down into the wood. whereas also the curing process could be visualized inside
the substrate as a function of depth.

4. Conclusions . - .
The results unambiguously indicate that to optimize the

The results presented in this paper have shown that highoverall coating performance one should explicitly take the
spatial resolution MRI is an excellent tool to image the effect of the underlying substrate into account.
dynamical drying processes of alkyd coatings in and on

porous substrates. Three drying stages could be visualized: Acknowledgment. This research was supported by the
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