
I Ram�� 
and �nalys1s In this two-part tutorial, the use of Raman spectroscopy for characterizing and testing coatings is examined. Part I covered the type of information that can be obtained using Raman spectroscopy (August 2005 JCT CoatingsTech, page 38), and described how a coat­ing is studied in a typical Raman experiment. Part I also discussed the thickness of the coat­ing to be studied, and the influence of the substrate. In this section, we focus on examples that illustrate the capabilities and limitations of Raman spectroscopy. 

APPUCATIONS AND 
EXAMPLES 

Compositional Mapping 

Perhaps the most obvious applica­
tion of Raman spectroscopy to coating 
technology is compositional mapping, 
whereby a map or image of the compo­
sition of a coating can be built up in 
one, two, or three dimensions. Raman 
mapping involves sequential acquisition 
of Raman spectra as a laser beam is in­
crementally rastered over a sample. An 
image can then be constructed based 
upon the intensity ( or some other pa­
rameter, such as position or width) of a 
Raman band as a function of position 
on the sample. (Global) Raman imaging 
involves defocusing the laser to illumi­
nate a large, 2D area of a sample, and 
then sequential acquisition of images at 
distinct Raman frequencies ( selected us­
ing a tuneable filter). In principle, this is 
an attractive approach, and for simple, 
stable systems, where it is only necessary 
to record images at a few (well-separated) 
Raman frequencies, it can be very fast. 
However, if many Raman bands have to 
be analyzed to understand the coating 
chemistry, then it can take a long time 
to acquire images at all of the necessary 
frequencies. In addition, Raman imag-

ing requires a high power laser beam 
(to generate a reasonable power density 
at the sample when the beam is defo­
cused), and it turns out that samples are 
more prone to thermal decomposition 
under global illumination than point il­
lumination, due to the difficulty in con­
ducting heat away from a "sheet" of hot 
material at the sample surface. There are 
also hybrid technologies available, 
where the laser is focused to a line on 
the sample; spectra are acquired simul­
taneously at each point along the line, 
using a spectrograph/CCD (Charge­
Coupled Device) camera combination, 
then the line is moved to a new point 
on the sample. Approaches to Raman 
mapping and imaging have been sum­
marized in detail elsewhere.18-20-33 

Many of the examples discussed in 
this tutorial involve measuring spatial 
variations in a property, so only a few 
examples of compositional mapping 
and imaging will be given here. Roberts 
and Evans studied the influence of 
manufacturing variables on the surface 
quality of paper laminates impregnated 
with melamine-formaldehyde (MF) and 
urea-formaldehyde (UP) resins.34 They 
used Raman microscopy to map the MF 
distribution as a function of the 
amount of UP that was added to the 
system. They showed that if the UF level 
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was too low, then the MF tended to fill 
voids in the center of the laminate, leav­
ing the surface MF-deficient and causing 
visible defects. Increasing the amount 
of UF prevented ingress of the MF into 
the body of the laminate, thereby in­
creasing the MF concentration at the 
surface, giving fewer defects. Larsson et 
al. used confocal Raman axial profiling 
with a water-immersion objective to 
map ligand distributions in surface­
treated chromatographic adsorbent par­
ticles. 35 They showed how accurate axial 
profiles of allyl, sulphopropyl, and dex­
tran concentrations could be obtained 
from particles immersed in water. This 
proved that the sulphopropyl groups 
were confined to thin ( rv20 µm) shells 
on the surface of 100 µm diameter 
bead, and allowed coating thickness to 
be assessed for different particle types. 
The power of global Raman imaging 
was shown in a detailed study of the 
near-surface composition of a thermo­
plastic olefin (TPO) that was sprayed 
with a chlorinated polyolefin (CPO) to 
form a primer layer for subsequent 
painting.36 The TPO was a blend of eth­
ylene-propylene rubber (EPR) and 
poly(propylene) (PP). The Raman im­
age showed separation of the TPO in 
distinct EPR and PP phases, with the 
EPR and CPO being co-localized near 
the surface. The authors suggested that 
the solvent carrier for the CPO spray 
was responsible for inducing separation 
of the TPO into its EPR and PP compo­
nents. This work also highlighted the 
need for multivariate data processing to 
analyze the large volume of data that is 
generated in spectroscopic images (Figure 9). 

JCT Coatings Tech 

Crystallinity in Polymeric 
Coatings 

On occasion, one needs to character­
ize crystallinity gradients in polymer 
films and coatings. For example, in or­
der to achieve good adhesion between 
the polyester coatings and metal sub­
strates used in can production, it is im­
portant to control the polymer crys­
tallinity so as to retain an amorphous 
layer near the metal surface, while main­
taining a reasonable level of crystallinity 
elsewhere to avoid compromising the 
mechanical performance of the coat. 
The critical changes can occur within 
just one or two microns of the metal 
surface, so excellent spatial resolution is 
required. Figure 10 shows a Raman line 
map, taken at 1 µm increments through 
a cross-section of a steel-polyester lami­
nate. As one approaches the metal, the 
crystallinity falls dramatically ( decrease 
in intensity of the 1096 cm·1 band over 
a distance of just 2 µm to yield amor­
phous polymer at the metal interface). 
This result confirms that both the coat­
ing and the can-forming processes have 
been controlled to produce an accept­
able film structure both in the bulk and 
at the interface. Similarly, using polar­
ized confocal Raman microscopy, it is 
possible to map changes in polymer 
molecular orientation rather than crys­
tallinity, because the intensity of a 
Raman band depends on the polariza­
tion of the laser and Raman fields and 
the orientation of the scattering unit.37 

We have used this approach to map gra­
dients through the thickness of uniaxi­
ally-oriented PET films.38 

Cure 

UV CuRE: Raman spectroscopy is 
ideally suited to studying the cure of re­
active C=C groups; Figure 11 provides a 
simple example. In this case, an unsatu­
rated polyester resin was cured using 
lN light and a cationic initiator, and a 
microtcimed cross-section was then 
mapped with a Raman microscope to 
monitor consumption of the C=C 
groups as a function of distance from 
the air interface. The cis and trans C=C 
isomers can be easily distinguished by 
their stretching frequencies (an advan­
tage over infrared spectroscopy, where 
the trans band is almost invisible). We 
can see that the cis isomer is almost 
fully consumed irrespective of the dis­
tance from the air surface, whereas the 
trans isomer only cures near the surface. 
The UV light is attenuated as it pene-
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trates into the coating, and this ad­
versely affects the consumption of the 
trans C=C groups. The cis isomers are 
apparently more labile, and so cure to 
completion despite the lN attenuation. 
The practical conclusion is that one 
could maximize the cure in this system 
by increasing the level of cis isomer in 
the resin. In this example, the UV pene­
tration controlled the cure profile, 
whereas in radical-initiated systems one 
often finds that oxygen inhibition in­
hibits cure near the surface. In such 
cases, the 1 µm lateral resolution of the 
Raman microscope can be vital in quan­
tifying significant changes in cure in the 
top few microns of a sample.7 

There is extensive literature on study­
ing lN-cure using Raman spectroscopy; 
only a few examples are quoted here. 
Schrof et al. combined confocal Raman 
and confocal laser scanning microscopy 
( CLSM) to study filler distribution and 
cure of urethane-acrylate and ester-acry­
late resins, although they neglected the 
effect of spherical aberration on the 
Raman depth resolution.39 Kim et al. 
combined Raman and ATR-FTIR spec­
troscopy to study the cure of a polyester 
acrylate to which an acrylate-functional­
ized poly( dimethylsiloxane) (AF-PDMS) 
was added, and showed that there was 
an optimum level of AF-PDMS which 
resulted in maximum surface cure and 
hardness.40 Unfortunately, it was not
clear whether the authors could differ­
entiate acrylate functionality in the 
PDMS from that in the ester-acrylate 
copolymer. Nichols 
and colleagues dis-
cussed several lN 

8), or by oxygen inhibition. It was 
claimed that sufficiently high UV dose 
could overcome 01 inhibition at the 
surface, but their spatial resolution ( 10 
µm) was not adequate to resolve any 
cure gradients which might be present 
within the first few microns of the coat. 

Raman microscopy is pre-eminent 
for monitoring spatial cure profiles, but 
cure kinetics can often be measured 
more easily using IR spectroscopy. For 
example, real-time IR spectroscopy has 
been pioneered by Decker for monitor­
ing lN cure on the ms timescale.42 It 
would be difficult to obtain adequate 
spectral quality as rapidly using Raman 
spectrossopy. 

Thermal Cure 

In the paint industry, the drying (i.e., 
room temperature cure) of alkyd resin 
is a complex process involving cis-trans 
isomerization, C=C bond migration and 
crosslinking, and formation of peroxide 
and hydroperoxide species. While 
Raman can follow the C=C consump­
tion and 0-0 production, FTIR is far 
better suited to detecting O-O-H pro­
duction. Claybourn et al. have used 
Raman and FTIR spectroscopy to follow 
the drying process in the bulk of paint 
films and model systems, and observed 
features such as cis-trans isomerization 
and the effect of TiO2 filler on the rate 
of cure.43-44 Mirone et al. used confocal 
Raman to depth profile the cure of C=C 
in alkyd films, and monitored the dry-

clearcoats in which 
spectral overlap 
made it difficult to 
resolve bands ade­
quately for quanti­
tation.41 They 
showed how sec­
ond derivatives 
could be used to 
improve band reso­
lution and permit­
ted quantitative 
cure profiling. They 
cut cross-sections 
and mapped cure 
at 10 µm intervals 
through the coat 
thickness, and 
compared situa­
tions in which cure 
was limited by ei­
ther lN penetra­
tion ( as in Figure Figure 9-Near-surface distribution of poly(propylene), ethylene­

propylene rubber, and chlorinated polyolefin components, in a CPO­
sprayed thermoplastic olefin, as visualized using global Raman im­
aging. Adapted from Figure 9 of reference 36, with permission of The 
American Chemical Society. 
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Perhaps the most obvious applica­
tion of Raman spectroscopy to coating 
technology is compositional mapping, 
whereby a map or image of the compo­
sition of a coating can be built up in 
one, two, or three dimensions. Raman 
mapping involves sequential acquisition 
of Raman spectra as a laser beam is in­
crementally rastered over a sample. An 
image can then be constructed based 
upon the intensity ( or some other pa­
rameter, such as position or width) of a 
Raman band as a function of position 
on the sample. (Global) Raman imaging 
involves defocusing the laser to illumi­
nate a large, 2D area of a sample, and 
then sequential acquisition of images at 
distinct Raman frequencies ( selected us­
ing a tuneable filter). In principle, this is 
an attractive approach, and for simple, 
stable systems, where it is only necessary 
to record images at a few (well-separated) 
Raman frequencies, it can be very fast. 
However, if many Raman bands have to 
be analyzed to understand the coating 
chemistry, then it can take a long time 
to acquire images at all of the necessary 
frequencies. In addition, Raman imag-

ing requires a high power laser beam 
(to generate a reasonable power density 
at the sample when the beam is defo­
cused), and it turns out that samples are 
more prone to thermal decomposition 
under global illumination than point il­
lumination, due to the difficulty in con­
ducting heat away from a "sheet" of hot 
material at the sample surface. There are 
also hybrid technologies available, 
where the laser is focused to a line on 
the sample; spectra are acquired simul­
taneously at each point along the line, 
using a spectrograph/CCD (Charge­
Coupled Device) camera combination, 
then the line is moved to a new point 
on the sample. Approaches to Raman 
mapping and imaging have been sum­
marized in detail elsewhere.18-20-33 

Many of the examples discussed in 
this tutorial involve measuring spatial 
variations in a property, so only a few 
examples of compositional mapping 
and imaging will be given here. Roberts 
and Evans studied the influence of 
manufacturing variables on the surface 
quality of paper laminates impregnated 
with melamine-formaldehyde (MF) and 
urea-formaldehyde (UP) resins.34 They 
used Raman microscopy to map the MF 
distribution as a function of the 
amount of UP that was added to the 
system. They showed that if the UF level 
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was too low, then the MF tended to fill 
voids in the center of the laminate, leav­
ing the surface MF-deficient and causing 
visible defects. Increasing the amount 
of UF prevented ingress of the MF into 
the body of the laminate, thereby in­
creasing the MF concentration at the 
surface, giving fewer defects. Larsson et 
al. used confocal Raman axial profiling 
with a water-immersion objective to 
map ligand distributions in surface­
treated chromatographic adsorbent par­
ticles. 35 They showed how accurate axial 
profiles of allyl, sulphopropyl, and dex­
tran concentrations could be obtained 
from particles immersed in water. This 
proved that the sulphopropyl groups 
were confined to thin ( rv20 µm) shells 
on the surface of 100 µm diameter 
bead, and allowed coating thickness to 
be assessed for different particle types. 
The power of global Raman imaging 
was shown in a detailed study of the 
near-surface composition of a thermo­
plastic olefin (TPO) that was sprayed 
with a chlorinated polyolefin (CPO) to 
form a primer layer for subsequent 
painting.36 The TPO was a blend of eth­
ylene-propylene rubber (EPR) and 
poly(propylene) (PP). The Raman im­
age showed separation of the TPO in 
distinct EPR and PP phases, with the 
EPR and CPO being co-localized near 
the surface. The authors suggested that 
the solvent carrier for the CPO spray 
was responsible for inducing separation 
of the TPO into its EPR and PP compo­
nents. This work also highlighted the 
need for multivariate data processing to 
analyze the large volume of data that is 
generated in spectroscopic images (Figure 9). 
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Crystallinity in Polymeric 
Coatings 

On occasion, one needs to character­
ize crystallinity gradients in polymer 
films and coatings. For example, in or­
der to achieve good adhesion between 
the polyester coatings and metal sub­
strates used in can production, it is im­
portant to control the polymer crys­
tallinity so as to retain an amorphous 
layer near the metal surface, while main­
taining a reasonable level of crystallinity 
elsewhere to avoid compromising the 
mechanical performance of the coat. 
The critical changes can occur within 
just one or two microns of the metal 
surface, so excellent spatial resolution is 
required. Figure 10 shows a Raman line 
map, taken at 1 µm increments through 
a cross-section of a steel-polyester lami­
nate. As one approaches the metal, the 
crystallinity falls dramatically ( decrease 
in intensity of the 1096 cm·1 band over 
a distance of just 2 µm to yield amor­
phous polymer at the metal interface). 
This result confirms that both the coat­
ing and the can-forming processes have 
been controlled to produce an accept­
able film structure both in the bulk and 
at the interface. Similarly, using polar­
ized confocal Raman microscopy, it is 
possible to map changes in polymer 
molecular orientation rather than crys­
tallinity, because the intensity of a 
Raman band depends on the polariza­
tion of the laser and Raman fields and 
the orientation of the scattering unit.37 

We have used this approach to map gra­
dients through the thickness of uniaxi­
ally-oriented PET films.38 

Cure 

UV CuRE: Raman spectroscopy is 
ideally suited to studying the cure of re­
active C=C groups; Figure 11 provides a 
simple example. In this case, an unsatu­
rated polyester resin was cured using 
lN light and a cationic initiator, and a 
microtcimed cross-section was then 
mapped with a Raman microscope to 
monitor consumption of the C=C 
groups as a function of distance from 
the air interface. The cis and trans C=C 
isomers can be easily distinguished by 
their stretching frequencies (an advan­
tage over infrared spectroscopy, where 
the trans band is almost invisible). We 
can see that the cis isomer is almost 
fully consumed irrespective of the dis­
tance from the air surface, whereas the 
trans isomer only cures near the surface. 
The UV light is attenuated as it pene-
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trates into the coating, and this ad­
versely affects the consumption of the 
trans C=C groups. The cis isomers are 
apparently more labile, and so cure to 
completion despite the lN attenuation. 
The practical conclusion is that one 
could maximize the cure in this system 
by increasing the level of cis isomer in 
the resin. In this example, the UV pene­
tration controlled the cure profile, 
whereas in radical-initiated systems one 
often finds that oxygen inhibition in­
hibits cure near the surface. In such 
cases, the 1 µm lateral resolution of the 
Raman microscope can be vital in quan­
tifying significant changes in cure in the 
top few microns of a sample.7 

There is extensive literature on study­
ing lN-cure using Raman spectroscopy; 
only a few examples are quoted here. 
Schrof et al. combined confocal Raman 
and confocal laser scanning microscopy 
( CLSM) to study filler distribution and 
cure of urethane-acrylate and ester-acry­
late resins, although they neglected the 
effect of spherical aberration on the 
Raman depth resolution.39 Kim et al. 
combined Raman and ATR-FTIR spec­
troscopy to study the cure of a polyester 
acrylate to which an acrylate-functional­
ized poly( dimethylsiloxane) (AF-PDMS) 
was added, and showed that there was 
an optimum level of AF-PDMS which 
resulted in maximum surface cure and 
hardness.40 Unfortunately, it was not
clear whether the authors could differ­
entiate acrylate functionality in the 
PDMS from that in the ester-acrylate 
copolymer. Nichols 
and colleagues dis-
cussed several lN 

8), or by oxygen inhibition. It was 
claimed that sufficiently high UV dose 
could overcome 01 inhibition at the 
surface, but their spatial resolution ( 10 
µm) was not adequate to resolve any 
cure gradients which might be present 
within the first few microns of the coat. 

Raman microscopy is pre-eminent 
for monitoring spatial cure profiles, but 
cure kinetics can often be measured 
more easily using IR spectroscopy. For 
example, real-time IR spectroscopy has 
been pioneered by Decker for monitor­
ing lN cure on the ms timescale.42 It 
would be difficult to obtain adequate 
spectral quality as rapidly using Raman 
spectrossopy. 

Thermal Cure 

In the paint industry, the drying (i.e., 
room temperature cure) of alkyd resin 
is a complex process involving cis-trans 
isomerization, C=C bond migration and 
crosslinking, and formation of peroxide 
and hydroperoxide species. While 
Raman can follow the C=C consump­
tion and 0-0 production, FTIR is far 
better suited to detecting O-O-H pro­
duction. Claybourn et al. have used 
Raman and FTIR spectroscopy to follow 
the drying process in the bulk of paint 
films and model systems, and observed 
features such as cis-trans isomerization 
and the effect of TiO2 filler on the rate 
of cure.43-44 Mirone et al. used confocal 
Raman to depth profile the cure of C=C 
in alkyd films, and monitored the dry-

clearcoats in which 
spectral overlap 
made it difficult to 
resolve bands ade­
quately for quanti­
tation.41 They 
showed how sec­
ond derivatives 
could be used to 
improve band reso­
lution and permit­
ted quantitative 
cure profiling. They 
cut cross-sections 
and mapped cure 
at 10 µm intervals 
through the coat 
thickness, and 
compared situa­
tions in which cure 
was limited by ei­
ther lN penetra­
tion ( as in Figure Figure 9-Near-surface distribution of poly(propylene), ethylene­

propylene rubber, and chlorinated polyolefin components, in a CPO­
sprayed thermoplastic olefin, as visualized using global Raman im­
aging. Adapted from Figure 9 of reference 36, with permission of The 
American Chemical Society. 
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ing front as it moved into the film.45 The data was used to develop a model to predict the degree of crosslinking and Young's Modulus as a function of film thickness and drying time. Erich et al. combined NMR imaging and confocal Raman microscopy to monitor the pen­etration of drying fronts into alkyd films.46 The NMR data were used to cal­ibrate the true sampling depth of the Raman probe, which was shown to be about 1.6 times deeper than the nomi­nal focal point. This confirmed that re­fraction must be accounted for to cor­rectly analyze the position of the drying front. Perhaps surprisingly, it is also possi­ble to use Raman spectroscopy to pre­dict the viscosity of paint emulsions. Ito et al. used partial least squares (PLS) re­gression to predict viscosity over the range 20-350 mPaS with a precision of about 25 mPaS.47 The model used spec­tral features relating to chain length and styrene content which had positive and negative correlations with viscosity. Combined with the more obvious measurements of composition and ex­tent of polymerization, 44 this could bean interesting tool for on-line analysis and production control, particularly given the ease with which Raman spec­trometers can be configured for process analysis. 48Despite Raman spectroscopy's ad­vantages in terms of sampling and spa­tial resolution, sometimes the basis spectroscopy of the system dictates that IR spectroscopy is the preferred ap­proach. For example, isocyanates are common components of coating mate­rials which cure by reaction with alco­hols or water to form urethane (-NCOO-) and urea linkages. Cure of NCO is easily monitored using IR spectroscopy (loss of antisymmetric stretching band near 2280 cm·1 ), but"this band is completely invisible in the Raman spectrum (Figure 12). The sym­metric NCO stretch, which is Raman active, falls at lower frequency and is often masked or overlapped by other bands, notably the amide II ( coupled NH bend and CN stretch) bands of the urethane and urea groups that are formed during cure, so it is much harder to locate and quantify. In sim­ple cases, one can still quantify the cure with this peak, 49 but in situationswhere the urethane is present in both H-bonded and non H-bonded formsthere are multiple overlapping spectral features and quantification becomes very difficult. Hence, quantification of NCO cure is usually far more straight­forward using IR spectroscopy. In other cases, there is little spectroscopic rea­son for preferring IR or Raman spec­troscopy over the alternative, and ei­ther technique can be used. The cure of epoxies is a good example, since the oxirane ring has strong bands in both the IR and Raman. Here, the choice of technique might depend on other fac­tors, such as whether remote sampling is required ( e.g., fiber-optic coupled), or whether another component masks the IR or Raman band of interest. Most cure examples involve fairly straightforward monitoring of simple functional groups with easily assigned group frequencies, but more compli­cated examples have appeared. Scheepers et al.5° studied the cure of melamine formaldehyde in water using Raman spectroscopy coupled with NMR and HPLC. Ab-initio calculations of vi­brational frequencies enabled confident assignment of bands to monitor the consumption 
Figure 10-Crystallinity line-map through poly( ester) coating on 
steel substrate. Sample prepared by sectioning with diamond­
blade. Note decrease in crystallinity band (dashed) near interface. 
Band near 1000 cm·1 is due to additive used to control crys� 

of methylol groups (CH2-OH), and the generation of crosslinks from methylene (-NH-CH2-NH­and O-CH2-OH) and methylene ether (NH-CH2 -O-CH2-NH-)groups. This was anexcellent demon­stration of how de­tailed cure chemis-tallinity. 
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tries can bestudied. Sol-Gel Sol-gel processes have been exten­sively studied with Raman spectroscopy, particularly for hybrid systems where it might be necessary to monitor the cure of a number of individual reactive groups in conjunction with the forma-
1 tion of both organic and inorganic net­works. Posset et al. investigated the UV 
1 cure of a formulation containing vinyl triethoxysilane and tetra-ethoxysilane, with additional vinyl and acrylate com­ponents.51 They followed the hydrolysisof the alkoxysilane and the crosslinking of the acrylate and vinyl groups, and correlated the degree of crosslinking with the surface hardness before and af­ter weathering. I� a more detailed ex­ample, Davis et al. used a combination of Raman spectroscopy with 29Si/13CNMR spectroscopy to study the poly­merization of an epoxy-functionalized alkoxysilane (glycidoxypropyltrimeth­oxy-silane, or GPTMS).52 Cure was initi­ated with an amine agent that can cat­alyze both ring-opening of the epoxy and condensation of the silanol groups that result from hydrolysis of the methoxysilane species. The GPTMS was dissolved in water and the amine was added, and then the liquid was cast onto a steel substrate, dried at room temperature, and then cured at 1 so0cfor an hour. The GPTMS:amine ratio was varied systematically to investigate the effect on the cure chemistry. The Raman data proved that for high levels of cure agent, extensive ring-opening of the epoxy had occurred after drying (significant loss of 1256 cm 1 band), thealkoxysilanes had completely hy­drolyzed (loss of 613 and 643 cm·1bands), and a substantial silicate net­work had formed (broad features near 480 cm 1). Subsequent heating did notsignificantly advance the loss of epoxy or the generation of silicate, despite the presence of uncured epoxy rings. This implies that the amine rapidly catalyzed the formation of a rigid network that then prevented further consumption of epoxy groups on heating. Reducing the level of amine resulted in a smaller ini­tial consumption of epoxy rings and a less rigid organic network. This is a very nice example of how both the organic and inorganic components of a hybrid system can be monitored with Raman scattering. The 29Si NMR results provedthat the average silicate coordination number was higher for samples cured with lower concentrations of amine, and supported the conclusions drawn from the Raman work. 
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FIBERS/COMPOSITES The interface between a fiber and the surrounding matrix plays a crucial role in the performance of fiber­reinforced composites. Glass fibers are usually sized ( often with a silane) to improve fiber wetting and adhesion. Shih and Koenig carried out a fairly de­tailed analysis of the spectra of eight different silane coupling agents, and were able to directly observe their reac­tion and adsorption on glass fiber bun­dles. 53 The resultant spectra were actu­ally quite strong, but no indication was given as to the thickness of the silane layers. Ishida et al. were able to observe sub-monolayers of silane on glass, but this was a somewhat artificial example using a molecule that contained a ph­thallocyanine ring.54 UV laser excitationgenerated a strongly resonance-en­hanced Raman spectrum and allowed submonolayer detection, but the result­ant spectrum contained only vibrations due to the chromophore, so only indi­rect information on the interaction with the glass was obtained. (Resonant Raman scattering occurs when the laser excitation wavelength falls near or within an electronic absorption band of the sample; under these conditions one can observe several orders of mag­nitude enhancement in the Raman bands of the chromophore). In another example of this effect, Li et al. showed how very thin ( "'5 nm) coatings of PEEK (poly( aryl-ether-ether-ketone)] could be detected on carbon-fibers using 1064 nm excited Raman spec­troscopy.55 Normally this would be far too thin a layer for detection by FT­Raman spectroscopy, particularly on a highly absorbing substrate, but the au­thors postulated a strong electronic in­teraction between the PEEK aryl rings and the carbon fiber, which activated formerly forbidden bands in the Raman spectrum. Presumably this interaction resulted in an electronic absorption near 1064 nm that causes strong reso­nance enhancement of the PEEK signal. It remains to be seen whether this is a generally-applicable approach for the study of carbon-fiber reinforced com­posites. In some cases, one needs to study the fiber-resin interface in the presence of thick overlayers of resin. This can be achieved if the spectrum of the interface is much more intense than in the bulk. For example, Young et al. have used res­onance Raman spectroscopy to analyze stress-transfer in glass-fiber reinforced 
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�lytical Series epoxy composites.56 Prior to forming the composite, the fibers were coated with a diacetylene-containing urethane copolymer that was then cross-polymer­ized to yield a conjugated system of alternating dou­ble and triple bonds. This conjugated system gives very strong, resonant-en­hanced Raman bands which show significant fre­quency shifts under ap­plied stress. This allows the stress to be monitored as a function of position on the discontinuous fibers, which in turn gives Figure 11-Line-mapping cis and trans double bond consump­
tion in UV-cured unsaturated poly(ester). Note the rapid de­
crease in trans C=C consumption on moving below the air sur­
face, due to attenuation of the UV. The cis groups are more 
labile and cure more extensively irrespective of the UV intensity. 
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0 after washing E-glass fibers, and were able to analyze both hydrolysis of the silane, and the loss of silane from solu­tion due to uptake by the fibers.57 Thisdoes not give us direct information on the fiber surface chemistry, but it could be an important tool for monitoring the fiber sizing process. 

CARBON Raman spectroscopy is extremely sensitive to the different structures that elemental carbon can assume, and, as such, it is one of the most widely used tools in its study, in forms ranging from amorphous carbon to nanotubes. In coating technology, diamond-like car­bon (DLC) coatings, and polycrystalline diamond coatings, are hard, chemically inert, and bio-compatible, with applica­tions ranging from semiconductors to bio-implants. Raman is useful for their characterization since it can distinguish sp2 and sp3 hybrids, and give informa­tion on the size of nanocrystalline do­mains. 58 The Raman characterization of carbon coatings is a huge field; in a lit­erature search utilizing the terms ♦ •• ♦ ♦ ••
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Distance from Air Interface (µm) "Raman" and "Coating," well over half of the 600 or so references produced pertained to DLC! As well as being directly deposited, carbon can be formed as a by-product of other processes-for example, ion­implantation of plastic, 59·60 heat treat­ment of sol-gels, 61 and thermal anneal­ing of metal-carbide ceramics, 62 toname but three. Raman spectroscopy is an invaluable tool for characterizing the carbon by-products of these and similar processes. 
CORROSION SCIENCE Raman spectroscopy can be readily applied to study corrosion in-situ. Bernard et al. used Raman microscopy to study the corrosion of iron that was protected with an epoxy-amine varnish. 63 Here the ability to focusthrough the overcoat onto the iron sur­face was critically important, avoiding possible perturbation of the surface through removal of the coating. Also, Raman spectroscopy is well suited to detection of specific crystal forms of in­organics. Consequently, the authors 
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ing front as it moved into the film.45 The data was used to develop a model to predict the degree of crosslinking and Young's Modulus as a function of film thickness and drying time. Erich et al. combined NMR imaging and confocal Raman microscopy to monitor the pen­etration of drying fronts into alkyd films.46 The NMR data were used to cal­ibrate the true sampling depth of the Raman probe, which was shown to be about 1.6 times deeper than the nomi­nal focal point. This confirmed that re­fraction must be accounted for to cor­rectly analyze the position of the drying front. Perhaps surprisingly, it is also possi­ble to use Raman spectroscopy to pre­dict the viscosity of paint emulsions. Ito et al. used partial least squares (PLS) re­gression to predict viscosity over the range 20-350 mPaS with a precision of about 25 mPaS.47 The model used spec­tral features relating to chain length and styrene content which had positive and negative correlations with viscosity. Combined with the more obvious measurements of composition and ex­tent of polymerization, 44 this could bean interesting tool for on-line analysis and production control, particularly given the ease with which Raman spec­trometers can be configured for process analysis. 48Despite Raman spectroscopy's ad­vantages in terms of sampling and spa­tial resolution, sometimes the basis spectroscopy of the system dictates that IR spectroscopy is the preferred ap­proach. For example, isocyanates are common components of coating mate­rials which cure by reaction with alco­hols or water to form urethane (-NCOO-) and urea linkages. Cure of NCO is easily monitored using IR spectroscopy (loss of antisymmetric stretching band near 2280 cm·1 ), but"this band is completely invisible in the Raman spectrum (Figure 12). The sym­metric NCO stretch, which is Raman active, falls at lower frequency and is often masked or overlapped by other bands, notably the amide II ( coupled NH bend and CN stretch) bands of the urethane and urea groups that are formed during cure, so it is much harder to locate and quantify. In sim­ple cases, one can still quantify the cure with this peak, 49 but in situationswhere the urethane is present in both H-bonded and non H-bonded formsthere are multiple overlapping spectral features and quantification becomes very difficult. Hence, quantification of NCO cure is usually far more straight­forward using IR spectroscopy. In other cases, there is little spectroscopic rea­son for preferring IR or Raman spec­troscopy over the alternative, and ei­ther technique can be used. The cure of epoxies is a good example, since the oxirane ring has strong bands in both the IR and Raman. Here, the choice of technique might depend on other fac­tors, such as whether remote sampling is required ( e.g., fiber-optic coupled), or whether another component masks the IR or Raman band of interest. Most cure examples involve fairly straightforward monitoring of simple functional groups with easily assigned group frequencies, but more compli­cated examples have appeared. Scheepers et al.5° studied the cure of melamine formaldehyde in water using Raman spectroscopy coupled with NMR and HPLC. Ab-initio calculations of vi­brational frequencies enabled confident assignment of bands to monitor the consumption 
Figure 10-Crystallinity line-map through poly( ester) coating on 
steel substrate. Sample prepared by sectioning with diamond­
blade. Note decrease in crystallinity band (dashed) near interface. 
Band near 1000 cm·1 is due to additive used to control crys� 

of methylol groups (CH2-OH), and the generation of crosslinks from methylene (-NH-CH2-NH­and O-CH2-OH) and methylene ether (NH-CH2 -O-CH2-NH-)groups. This was anexcellent demon­stration of how de­tailed cure chemis-tallinity. 
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tries can bestudied. Sol-Gel Sol-gel processes have been exten­sively studied with Raman spectroscopy, particularly for hybrid systems where it might be necessary to monitor the cure of a number of individual reactive groups in conjunction with the forma-
1 tion of both organic and inorganic net­works. Posset et al. investigated the UV 
1 cure of a formulation containing vinyl triethoxysilane and tetra-ethoxysilane, with additional vinyl and acrylate com­ponents.51 They followed the hydrolysisof the alkoxysilane and the crosslinking of the acrylate and vinyl groups, and correlated the degree of crosslinking with the surface hardness before and af­ter weathering. I� a more detailed ex­ample, Davis et al. used a combination of Raman spectroscopy with 29Si/13CNMR spectroscopy to study the poly­merization of an epoxy-functionalized alkoxysilane (glycidoxypropyltrimeth­oxy-silane, or GPTMS).52 Cure was initi­ated with an amine agent that can cat­alyze both ring-opening of the epoxy and condensation of the silanol groups that result from hydrolysis of the methoxysilane species. The GPTMS was dissolved in water and the amine was added, and then the liquid was cast onto a steel substrate, dried at room temperature, and then cured at 1 so0cfor an hour. The GPTMS:amine ratio was varied systematically to investigate the effect on the cure chemistry. The Raman data proved that for high levels of cure agent, extensive ring-opening of the epoxy had occurred after drying (significant loss of 1256 cm 1 band), thealkoxysilanes had completely hy­drolyzed (loss of 613 and 643 cm·1bands), and a substantial silicate net­work had formed (broad features near 480 cm 1). Subsequent heating did notsignificantly advance the loss of epoxy or the generation of silicate, despite the presence of uncured epoxy rings. This implies that the amine rapidly catalyzed the formation of a rigid network that then prevented further consumption of epoxy groups on heating. Reducing the level of amine resulted in a smaller ini­tial consumption of epoxy rings and a less rigid organic network. This is a very nice example of how both the organic and inorganic components of a hybrid system can be monitored with Raman scattering. The 29Si NMR results provedthat the average silicate coordination number was higher for samples cured with lower concentrations of amine, and supported the conclusions drawn from the Raman work. 
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FIBERS/COMPOSITES The interface between a fiber and the surrounding matrix plays a crucial role in the performance of fiber­reinforced composites. Glass fibers are usually sized ( often with a silane) to improve fiber wetting and adhesion. Shih and Koenig carried out a fairly de­tailed analysis of the spectra of eight different silane coupling agents, and were able to directly observe their reac­tion and adsorption on glass fiber bun­dles. 53 The resultant spectra were actu­ally quite strong, but no indication was given as to the thickness of the silane layers. Ishida et al. were able to observe sub-monolayers of silane on glass, but this was a somewhat artificial example using a molecule that contained a ph­thallocyanine ring.54 UV laser excitationgenerated a strongly resonance-en­hanced Raman spectrum and allowed submonolayer detection, but the result­ant spectrum contained only vibrations due to the chromophore, so only indi­rect information on the interaction with the glass was obtained. (Resonant Raman scattering occurs when the laser excitation wavelength falls near or within an electronic absorption band of the sample; under these conditions one can observe several orders of mag­nitude enhancement in the Raman bands of the chromophore). In another example of this effect, Li et al. showed how very thin ( "'5 nm) coatings of PEEK (poly( aryl-ether-ether-ketone)] could be detected on carbon-fibers using 1064 nm excited Raman spec­troscopy.55 Normally this would be far too thin a layer for detection by FT­Raman spectroscopy, particularly on a highly absorbing substrate, but the au­thors postulated a strong electronic in­teraction between the PEEK aryl rings and the carbon fiber, which activated formerly forbidden bands in the Raman spectrum. Presumably this interaction resulted in an electronic absorption near 1064 nm that causes strong reso­nance enhancement of the PEEK signal. It remains to be seen whether this is a generally-applicable approach for the study of carbon-fiber reinforced com­posites. In some cases, one needs to study the fiber-resin interface in the presence of thick overlayers of resin. This can be achieved if the spectrum of the interface is much more intense than in the bulk. For example, Young et al. have used res­onance Raman spectroscopy to analyze stress-transfer in glass-fiber reinforced 
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�lytical Series epoxy composites.56 Prior to forming the composite, the fibers were coated with a diacetylene-containing urethane copolymer that was then cross-polymer­ized to yield a conjugated system of alternating dou­ble and triple bonds. This conjugated system gives very strong, resonant-en­hanced Raman bands which show significant fre­quency shifts under ap­plied stress. This allows the stress to be monitored as a function of position on the discontinuous fibers, which in turn gives Figure 11-Line-mapping cis and trans double bond consump­
tion in UV-cured unsaturated poly(ester). Note the rapid de­
crease in trans C=C consumption on moving below the air sur­
face, due to attenuation of the UV. The cis groups are more 
labile and cure more extensively irrespective of the UV intensity. 
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Raman Shift (cm-1)information on the adhe­sion between the resin and the fibers. Finally, we note that analysis of sizing solutions before and after fiber treat­ment is a generally appli­cable approach, since it does not rely on either co­incidental or engineered conditions for resonant enhancement of Raman signals. As an example, Norstrom et al. analyzed silane solutions before and 100 
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0 after washing E-glass fibers, and were able to analyze both hydrolysis of the silane, and the loss of silane from solu­tion due to uptake by the fibers.57 Thisdoes not give us direct information on the fiber surface chemistry, but it could be an important tool for monitoring the fiber sizing process. 

CARBON Raman spectroscopy is extremely sensitive to the different structures that elemental carbon can assume, and, as such, it is one of the most widely used tools in its study, in forms ranging from amorphous carbon to nanotubes. In coating technology, diamond-like car­bon (DLC) coatings, and polycrystalline diamond coatings, are hard, chemically inert, and bio-compatible, with applica­tions ranging from semiconductors to bio-implants. Raman is useful for their characterization since it can distinguish sp2 and sp3 hybrids, and give informa­tion on the size of nanocrystalline do­mains. 58 The Raman characterization of carbon coatings is a huge field; in a lit­erature search utilizing the terms ♦ •• ♦ ♦ ••
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Distance from Air Interface (µm) "Raman" and "Coating," well over half of the 600 or so references produced pertained to DLC! As well as being directly deposited, carbon can be formed as a by-product of other processes-for example, ion­implantation of plastic, 59·60 heat treat­ment of sol-gels, 61 and thermal anneal­ing of metal-carbide ceramics, 62 toname but three. Raman spectroscopy is an invaluable tool for characterizing the carbon by-products of these and similar processes. 
CORROSION SCIENCE Raman spectroscopy can be readily applied to study corrosion in-situ. Bernard et al. used Raman microscopy to study the corrosion of iron that was protected with an epoxy-amine varnish. 63 Here the ability to focusthrough the overcoat onto the iron sur­face was critically important, avoiding possible perturbation of the surface through removal of the coating. Also, Raman spectroscopy is well suited to detection of specific crystal forms of in­organics. Consequently, the authors 
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Figure 12-Comparison of IR and Raman spectra of a 
polyurethane prepolymer based on methylene-diiso­
cyanate reacted with a polyol. The NCO:OH ratio was 
2:1, so as to leave an excess of unreacted NCO groups. 
The asymmetric NCO stretch is strong in the IR but in­
visible in the Raman. The symmetric NCO band is visible 
in the Raman (~1525 cm-1) but is heavily overlapped by 
the amide II band of urethane and urea groups. Samples 
kindly provided by M. Diaz, IC! PLC. 

low frequency modes (0-400 
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differentiating crystal forms. 
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stretching frequency near 
1080 cm·1 gives a good indi­
cation of the counter ion that 
is present, or a strong band 
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were able to detect the formation of ele­
mental sulphur, aFeOOH (goethite), 
FeS2 and aFe203' after bubbling H2S 
through a salt solution in which a 
coated steel coupon was immersed. 
Bubbling CO2 resulted in the formation 
of iron carbonate. Impedance spec­
troscopy showed that the films were in­
tact (no ionic diffusion), implying that 
transport occurs by molecular diffusion 
through polymer interstices, rather than 
via macroscopic defects. Le et al. stud­
ied electropolymerized polypyrrole 
films as protective coatings on iron.64 
Not only did this work allow the redox 
state of the protective coating to be 
characterized, the corrosion products at 
the solution/film interface were identi­
fied. Tomandl et al. studied the alkaline 
dissolution of phosphate layers on zinc­
coated steel using in-situ Raman spec­
troscopy.65 They showed how the pres­
ence of Mn can passivate the zinc phos­
phate layer via formation of manganese 
hydroxide, conveying greater protection 
than monocation zinc phosphate. 

IN ORGANICS 
Raman spectroscopy is often superior 

to IR analysis for speciation of inorgan­
ics. Raman spectra tend to be sharper 
than in the IR, making subtle changes 
in peak position easily visible, and 
Raman spectrometers give easy access to 
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near 142 cm·1 allows detec­
tion of sub percent levels of 
anatase that would be missed 
by FTIR analysis. Some use­
ful, albeit small, collections 
of inorganic reference spectra 
have appeared to aid identi­
fica-tion. 66,67 Numerous elec­
tronic collections are avail­
able with free access and can 
be located with simple 
searches on the World Wide 
Web ( see, for example, 
http://www.nuigalway. 
ie/ chem/ AlanR/ ARyderP9. 
html#9B for useful links to 
numerous collections). 

Perhaps surprisingly, 
Raman spectra can be very 

sensitive to crystal size.68 The sensitivity 
is highest for nanophase materials, 
where small changes in crystal diameter 
give a large change in the surface/vol­
ume ratio. As an example, Weminghaus 
and colleagues applied micro-Raman 
spectroscopy to characterize cubic 
boron-nitride ( c-BN) thin films de­
posited onto Si(l0O).69 Prior measure­
ments on c-BN crystals of known size 
established the relationship between 
position and asymmetry of the Nl260 
cm·1 Raman band, and the approximate 
crystal size. The average crystallite size 
in the film was Nl.3 nm (although 
strictly speaking, as the authors pointed 
out, this is the average distance between 
lattice defects, rather than a true crystal 
size). The authors were also able to map 
damage and stress at the silicon surface 
by measuring the frequency and shape 
of the silicon phonon near 520 cm·1, 
and related this to the state of the c-BN 
overlayer. 

Raman spectroscopy is ideal for fol­
lowing phase transitions as a function 
of temperature. Djaoued et al. deposited 
brookite-rich titania films onto glass 
substrates by a sol-gel process, and then 
monitored the phase composition and 
crystal size as the temperature was 
ramped up to 9OO°C.70 At temperatures 
below 6O0°C, nanophase brookite dom­
inated. Anatase was the dominant phase 
between 7OO-8OO°C, with significant 

1 crystal growth occurring in this regime, 
while at 90O°C .the system adopted the 
pure rutile phase. These changes were ir­
reversible. Surface coatings on biomed­
ical implants are amenable to macro 
and micro Raman characterization, as 
exemplified by the study of the hydrox­
yapatite (HA) coatings which are added 
to improve the biocompatibility of tita­
nium implants. Darimont et al. used 
confocal Raman microscopy to map the 
phase structure in plasma-sprayed im­
plants as one moves from the "bulk" 
coating towards the titanium substrate.71 
They identified two phases-HA, and P­
tricalcium phosphate (TCP)- in the 
coating, with the TCP/HA ratio increas­
ing towards the metal_ surface. This was 
attributed to differential cooling rates, 
with fast cooling at the metal favoring 
the TCP structure. Because the TCP is 
acid-soluble, it is bio-active and can be 
reabsorbed ( an undesirable effect since 
it weakens the joint). Hence, Raman mi­
croscopy allows one to adjust the 
plasma-deposition to produce a thick­
enough layer of HA to prevent reabsorp­
tion of the underlying TCP. Raman 
measurements were ideal for this study 
since they can differentiate these materi­
als quite easily compared with X-ray dif­
fraction (XRD) or FTIR, and the spatial 
resolution of confocal Raman is well­
matched to the morphology of the sys­
tem. 

We have already discussed how 
Raman bandshifts can be used to meas­
ure stress in organic materials, but the 
same is true of inorganics. Portinha et 
al. measured residual stresses in thermal 
barrier coatings (Zr02 doped with 
Y203) on iron, using Raman and XRD.72 
They analyzed samples after spraying, 
thermal-shock at 10OO°C, and annealing 
at 11OO°C. The authors mapped the 
stress distribution through the coat 
thickness using the shift in position of 
the 640 cm·1 zirconia band. Prior cali­
bration showed a linear relationship be­
tween band shift and applied stress, 
with a gradient of 220 MPa per cm·1. 73 
They found a compressive stress at the 
zirconia/iron interface, and a tensile 
stress at the air surface. The compressive 
stresses increased after annealing. 

THIN COATINGS ON METALS 
Under certain conditions, the Raman 

spectra of molecules near the surface of 
roughened metals can be massively en­
hanced in a process known as surface 
enhanced Raman scattering, or SERS. 
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The enhancement can be very large, 
( 104-106), and arises from a large in­
crease in the electric field strength near 
the metal surface (up to 104), coupled 
with a chemical enhancement due to a 
charge-transfer interaction between the 
adsorbate and the metal. For strong 
SERS, one needs a noble metal sub­
strate, ( silver and gold being the most 
common choices), which has a surface 
roughness on the 10-100 nm scale, laser 
excitation at a wavelength that excites a 
collective electronic oscillation in the 
metal (a surface plasmon), and adsorp­
tion of the analyte molecules onto the 
metal surface. Under optimum condi­
tions, submonolayer coverage yields 
strong SERS spectra. A detailed discus­
sion of the SERS mechanism is beyond 
the scope of this tutorial; the reader is 
referr�d to other review articles for 
more detail.74,75 Despite its sensitivity, 
SERS is not widely applicable as a rou­
tine analytical tool. First, not all metals 
and analytes give strong SERS spectra. 
Second, the SERS spectrum can look 
very different to the normal Raman 
spectrum ( selective band enhancement, 
activation of new bands, molecular ori­
entation effects at the surface), making 
interpretation difficult. Third, the metal­
adsorbate complex can be highly reac­
tive, photolyzing in the laser beam to 
give a range of products. Fourth, the 
scale of the roughness needs to be care­
fully controlled to give reproducible re­
sults. 

From a coating technology \li.ew­
point, SERS is most applicable if one is 
interested in a coating on a noble 
metal. This situation does arise, for ex­
ample, in the development of anticorro­
sion coatings for copper, where the elec­
trodeposition of benzotriazole and its 
derivatives onto copper is of great inter­
est.76·78 However, in principle, one can 
use SERS to detect and analyze thin 
coatings on any substrate, using the con­
figuration shown in Figure 13. For ex­
ample, we tried to use SERS to detect 10 
nm acrylic coatings on PIT film, by de­
positing a thin (NS nm) silver film on 
top of the coating, and then focusing 
the laser beam onto the silver and col­
lecting the Raman scatter through it.79 
Uncoated PIT gave a very strong SERS 
spectrum, but the acrylic coating was 
only weakly SERS active, so its spectral 
quality was poor. However, the presence 
of a coating was sufficient to completely 
block generation of SERS from the PIT. 
So, although little information on the 
coating itself was obtained, we could in­
fer the presence of the coating by the 
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absence of a PIT SERS 
spectrum. This could 
provide a simple 
method for mapping 
coat continuity. 
Without the silver over­
layer, one can only ob­
serve PET bands irre­
spective of the presence 
or absence of the 
acrylic coating. 

Figure 13-Possible configuration for obtaining SERS spectra of 
any coating on any substrate. If the coating is SERS active, then 
by depositing a thin (~10 nm) silver film onto the coating, one 
can generate SERS spectra by focusing the laser beam onto the 
silver. 

Laser 

SERS from coating 
With modem instru­

ments it is possible to 
detect monolayer coat­
ings on smooth metal 
substrates in the ab­
sence of any SERS en-

Silver 
Coating �-------------. 
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hancement. The spectra 
are much weaker than 
with SERS, but they are 
more stable and more readily inter­
preted. For optimum signal strength, 
one needs to control the angle of inci­
dence of the laser beam and the angle 
of collection of the Raman scatter. 
Campion has summarized the effect of 
varying the incident and collection an­
gle, and the polarization, on the de­
tected Raman signal. 80 According to this 
analysis, using incident and collection 
angles of approximately 60° can boost 
the Raman signal by about an order of 
magnitude. Excitation using a Raman mi­
croscope with a high numerical aperture 
objective will excite and collect radiation 
with a wide range of angles, so it is not 
optimized for detecting thin layers on 
metals. 

CONCLUSIONS 
This tutorial has attempted to illus­

trate the ways in which Raman spec­
troscopy can contribute to the study of 
coatings. An article of this length can 
only give a flavor for the possibilities, 
but hopefully the examples given and 
the literature cited will give a broad in­
dication of what can be achieved. This 
discussion is far from exhaustive, and a 
number of exciting technologies ( such 
as sum-frequency generation and near­
field Raman microscopy) have been 
omitted simply on the grounds of space 
considerations and a current lack of 
general applicability in the coatings 
field.W 
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Figure 12-Comparison of IR and Raman spectra of a 
polyurethane prepolymer based on methylene-diiso­
cyanate reacted with a polyol. The NCO:OH ratio was 
2:1, so as to leave an excess of unreacted NCO groups. 
The asymmetric NCO stretch is strong in the IR but in­
visible in the Raman. The symmetric NCO band is visible 
in the Raman (~1525 cm-1) but is heavily overlapped by 
the amide II band of urethane and urea groups. Samples 
kindly provided by M. Diaz, IC! PLC. 
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were able to detect the formation of ele­
mental sulphur, aFeOOH (goethite), 
FeS2 and aFe203' after bubbling H2S 
through a salt solution in which a 
coated steel coupon was immersed. 
Bubbling CO2 resulted in the formation 
of iron carbonate. Impedance spec­
troscopy showed that the films were in­
tact (no ionic diffusion), implying that 
transport occurs by molecular diffusion 
through polymer interstices, rather than 
via macroscopic defects. Le et al. stud­
ied electropolymerized polypyrrole 
films as protective coatings on iron.64 
Not only did this work allow the redox 
state of the protective coating to be 
characterized, the corrosion products at 
the solution/film interface were identi­
fied. Tomandl et al. studied the alkaline 
dissolution of phosphate layers on zinc­
coated steel using in-situ Raman spec­
troscopy.65 They showed how the pres­
ence of Mn can passivate the zinc phos­
phate layer via formation of manganese 
hydroxide, conveying greater protection 
than monocation zinc phosphate. 

IN ORGANICS 
Raman spectroscopy is often superior 

to IR analysis for speciation of inorgan­
ics. Raman spectra tend to be sharper 
than in the IR, making subtle changes 
in peak position easily visible, and 
Raman spectrometers give easy access to 
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near 142 cm·1 allows detec­
tion of sub percent levels of 
anatase that would be missed 
by FTIR analysis. Some use­
ful, albeit small, collections 
of inorganic reference spectra 
have appeared to aid identi­
fica-tion. 66,67 Numerous elec­
tronic collections are avail­
able with free access and can 
be located with simple 
searches on the World Wide 
Web ( see, for example, 
http://www.nuigalway. 
ie/ chem/ AlanR/ ARyderP9. 
html#9B for useful links to 
numerous collections). 

Perhaps surprisingly, 
Raman spectra can be very 

sensitive to crystal size.68 The sensitivity 
is highest for nanophase materials, 
where small changes in crystal diameter 
give a large change in the surface/vol­
ume ratio. As an example, Weminghaus 
and colleagues applied micro-Raman 
spectroscopy to characterize cubic 
boron-nitride ( c-BN) thin films de­
posited onto Si(l0O).69 Prior measure­
ments on c-BN crystals of known size 
established the relationship between 
position and asymmetry of the Nl260 
cm·1 Raman band, and the approximate 
crystal size. The average crystallite size 
in the film was Nl.3 nm (although 
strictly speaking, as the authors pointed 
out, this is the average distance between 
lattice defects, rather than a true crystal 
size). The authors were also able to map 
damage and stress at the silicon surface 
by measuring the frequency and shape 
of the silicon phonon near 520 cm·1, 
and related this to the state of the c-BN 
overlayer. 

Raman spectroscopy is ideal for fol­
lowing phase transitions as a function 
of temperature. Djaoued et al. deposited 
brookite-rich titania films onto glass 
substrates by a sol-gel process, and then 
monitored the phase composition and 
crystal size as the temperature was 
ramped up to 9OO°C.70 At temperatures 
below 6O0°C, nanophase brookite dom­
inated. Anatase was the dominant phase 
between 7OO-8OO°C, with significant 

1 crystal growth occurring in this regime, 
while at 90O°C .the system adopted the 
pure rutile phase. These changes were ir­
reversible. Surface coatings on biomed­
ical implants are amenable to macro 
and micro Raman characterization, as 
exemplified by the study of the hydrox­
yapatite (HA) coatings which are added 
to improve the biocompatibility of tita­
nium implants. Darimont et al. used 
confocal Raman microscopy to map the 
phase structure in plasma-sprayed im­
plants as one moves from the "bulk" 
coating towards the titanium substrate.71 
They identified two phases-HA, and P­
tricalcium phosphate (TCP)- in the 
coating, with the TCP/HA ratio increas­
ing towards the metal_ surface. This was 
attributed to differential cooling rates, 
with fast cooling at the metal favoring 
the TCP structure. Because the TCP is 
acid-soluble, it is bio-active and can be 
reabsorbed ( an undesirable effect since 
it weakens the joint). Hence, Raman mi­
croscopy allows one to adjust the 
plasma-deposition to produce a thick­
enough layer of HA to prevent reabsorp­
tion of the underlying TCP. Raman 
measurements were ideal for this study 
since they can differentiate these materi­
als quite easily compared with X-ray dif­
fraction (XRD) or FTIR, and the spatial 
resolution of confocal Raman is well­
matched to the morphology of the sys­
tem. 

We have already discussed how 
Raman bandshifts can be used to meas­
ure stress in organic materials, but the 
same is true of inorganics. Portinha et 
al. measured residual stresses in thermal 
barrier coatings (Zr02 doped with 
Y203) on iron, using Raman and XRD.72 
They analyzed samples after spraying, 
thermal-shock at 10OO°C, and annealing 
at 11OO°C. The authors mapped the 
stress distribution through the coat 
thickness using the shift in position of 
the 640 cm·1 zirconia band. Prior cali­
bration showed a linear relationship be­
tween band shift and applied stress, 
with a gradient of 220 MPa per cm·1. 73 
They found a compressive stress at the 
zirconia/iron interface, and a tensile 
stress at the air surface. The compressive 
stresses increased after annealing. 

THIN COATINGS ON METALS 
Under certain conditions, the Raman 

spectra of molecules near the surface of 
roughened metals can be massively en­
hanced in a process known as surface 
enhanced Raman scattering, or SERS. 
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The enhancement can be very large, 
( 104-106), and arises from a large in­
crease in the electric field strength near 
the metal surface (up to 104), coupled 
with a chemical enhancement due to a 
charge-transfer interaction between the 
adsorbate and the metal. For strong 
SERS, one needs a noble metal sub­
strate, ( silver and gold being the most 
common choices), which has a surface 
roughness on the 10-100 nm scale, laser 
excitation at a wavelength that excites a 
collective electronic oscillation in the 
metal (a surface plasmon), and adsorp­
tion of the analyte molecules onto the 
metal surface. Under optimum condi­
tions, submonolayer coverage yields 
strong SERS spectra. A detailed discus­
sion of the SERS mechanism is beyond 
the scope of this tutorial; the reader is 
referr�d to other review articles for 
more detail.74,75 Despite its sensitivity, 
SERS is not widely applicable as a rou­
tine analytical tool. First, not all metals 
and analytes give strong SERS spectra. 
Second, the SERS spectrum can look 
very different to the normal Raman 
spectrum ( selective band enhancement, 
activation of new bands, molecular ori­
entation effects at the surface), making 
interpretation difficult. Third, the metal­
adsorbate complex can be highly reac­
tive, photolyzing in the laser beam to 
give a range of products. Fourth, the 
scale of the roughness needs to be care­
fully controlled to give reproducible re­
sults. 

From a coating technology \li.ew­
point, SERS is most applicable if one is 
interested in a coating on a noble 
metal. This situation does arise, for ex­
ample, in the development of anticorro­
sion coatings for copper, where the elec­
trodeposition of benzotriazole and its 
derivatives onto copper is of great inter­
est.76·78 However, in principle, one can 
use SERS to detect and analyze thin 
coatings on any substrate, using the con­
figuration shown in Figure 13. For ex­
ample, we tried to use SERS to detect 10 
nm acrylic coatings on PIT film, by de­
positing a thin (NS nm) silver film on 
top of the coating, and then focusing 
the laser beam onto the silver and col­
lecting the Raman scatter through it.79 
Uncoated PIT gave a very strong SERS 
spectrum, but the acrylic coating was 
only weakly SERS active, so its spectral 
quality was poor. However, the presence 
of a coating was sufficient to completely 
block generation of SERS from the PIT. 
So, although little information on the 
coating itself was obtained, we could in­
fer the presence of the coating by the 
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absence of a PIT SERS 
spectrum. This could 
provide a simple 
method for mapping 
coat continuity. 
Without the silver over­
layer, one can only ob­
serve PET bands irre­
spective of the presence 
or absence of the 
acrylic coating. 

Figure 13-Possible configuration for obtaining SERS spectra of 
any coating on any substrate. If the coating is SERS active, then 
by depositing a thin (~10 nm) silver film onto the coating, one 
can generate SERS spectra by focusing the laser beam onto the 
silver. 

Laser 

SERS from coating 
With modem instru­

ments it is possible to 
detect monolayer coat­
ings on smooth metal 
substrates in the ab­
sence of any SERS en-

Silver 
Coating �-------------. 

Substrate ____,. 

hancement. The spectra 
are much weaker than 
with SERS, but they are 
more stable and more readily inter­
preted. For optimum signal strength, 
one needs to control the angle of inci­
dence of the laser beam and the angle 
of collection of the Raman scatter. 
Campion has summarized the effect of 
varying the incident and collection an­
gle, and the polarization, on the de­
tected Raman signal. 80 According to this 
analysis, using incident and collection 
angles of approximately 60° can boost 
the Raman signal by about an order of 
magnitude. Excitation using a Raman mi­
croscope with a high numerical aperture 
objective will excite and collect radiation 
with a wide range of angles, so it is not 
optimized for detecting thin layers on 
metals. 

CONCLUSIONS 
This tutorial has attempted to illus­

trate the ways in which Raman spec­
troscopy can contribute to the study of 
coatings. An article of this length can 
only give a flavor for the possibilities, 
but hopefully the examples given and 
the literature cited will give a broad in­
dication of what can be achieved. This 
discussion is far from exhaustive, and a 
number of exciting technologies ( such 
as sum-frequency generation and near­
field Raman microscopy) have been 
omitted simply on the grounds of space 
considerations and a current lack of 
general applicability in the coatings 
field.W 
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