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Localized sudden changes in the surface energy of a surface to be painted are commonly held responsible for causing paint
craters. However, it is not necessarily an easy task to identify the material(s) that produced the defects. Automotive paint
cratering, when it happens, often requires immediate identification of its causes because the product line may have to be shut
down until the problem is solved. For the past 18 years, Surface Science Western has applied time-of-flight secondary ion mass
spectrometry (ToF-SIMS), amongother techniques, to help its clients in the automotive industry identify the chemicals responsible
for producing paint craters. In this article, we demonstrate that ToF-SIMS is a unique and powerful technique in identifying the
chemicals such as siloxane, fluorocarbons and fatty acids that are responsible for causing paint craters. We further show that
the chemicals can be foreign contaminants, as well as segregation of additives in the paint systems, and even from contaminated
solvents used in the paint. When the chemicals causing the paint craters can be identified by ToF-SIMS analysis, the automotive
company can often track down the primary source and remove the root cause. As such, surface analysis and in particular ToF-SIMS
is invaluable in understanding paint cratering for both the surface analysis research community and paint manufacturers and
users. Copyright © 2017 John Wiley & Sons, Ltd.
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Introduction

Automotive painting amounts to a major portion of the production
cost for a vehicle because of the energy consumed in the painting
process.[1] It is thus important to make sure the finished paint wets
the surface completely and is defect free. The two most critical
parameters to ensure a smooth and defect-free paint film[2] are
the surface energy γS of the surface to be painted and the surface
tension γL of the paint.

[3] When a liquid droplet is placed on a solid
surface, it will either bead up partially or completely wet the
substrate, depending on the surface tensions of the liquid and
the solid. Figure 1 shows a liquid droplet on a substrate, in its
equilibrium state, with a contact angle θ. Also shown in the figure
is the liquid–vapour surface tension γLV, the solid–vapour surface
tension γSV and the solid–liquid interfacial tension γSL. When these
forces at the contact line balance, the liquid droplet will reach
its equilibrium state, which is expressed by Young’s equation
γSV � γSL � γLVcosθ = 0. It is obvious that when θ = 0, the liquid
droplet completely wets the solid surface. A general rule for a liquid
to wet the substrate it is placed on is that the spreading
coefficient,[4] S = Wa � Wc, must be positive, where Wa is the work
of adhesion andWc work of cohesion.

[5–9] The spreading coefficient
can be intuitively understood in that the liquid will completely wet
the surface if its attraction with the substrate is stronger than its
attraction with itself.

With Wa = γSV + γLV � γSL and Wc = 2γLV, one arrives at
S = γSV � (γSL + γLV). Although the dynamics[5] of the wetting of a
liquid on a solid surface is more complicated,[6–8] Young’s equation
and spreading coefficient are adequate for us to qualitatively
understand the wetting of paint on a substrate. If the surface
energy of the surface to be painted is fixed, then the surface tension
of the paint should be as small as possible for the paint to wet the
surface. Therefore, for a paint to work well with a surface, a paint

formulation requires the use of surfactants to reduce the surface
tension of the paint.[1,9,10] Paint formulators typically incorporate
either hydrocarbon, siloxane or fluorocarbon surfactants into their
paint formulations. This is especially true for water base systems,
because of the rather large surface tension of water (72 mN/m).
Among the three types of surfactants, fluorocarbon surfactants
have the smallest surface tensions, usually less than 20 mN/m,
followed by siloxane and hydrocarbon surfactants having a surface
tension of ~24 and <30 mN/m, respectively.[11,12]

Paint craters often happen when there is a contaminant present
on the surface that has a surface energy less than the surface
tension of the paint to be applied. As shown in Fig. 2, because of
their low surface energies, the presence of these materials on the
substrate will likely cause paint cratering[13] as the paint will dewet.
It is worth noting that even if the surface energy of the particle
shown in the figure is not especially low, a defect may still form
because of the incompatibility between the particle and the paint.

Figure 3a–c shows the optical, scanning electronmicroscope and
profilometry images, respectively, obtained on a paint crater.
Figure 3d shows that the crater is 45 μmdeep. Not only is the crater
visually distinctive within an automobile paint layer but the
thinning of the paint will also diminish the protection of the paint.
It is therefore imperative that the cause of the crater be identified.
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As even a monolayer of contamination can cause such defects,
surface sensitive analytical techniques are required. While compli-
mentary techniques are available, time-of-flight secondary ionmass
spectrometry (ToF-SIMS) has certain advantages[14,15] over other
techniques, thereby making it the technique of choice in many
instances. While ToF-SIMS has been used to find industrial
solutions,[16,17] little has been reported on when it comes to paint
crater analysis.[18–21]

In ToF-SIMS, a pulsed primary ion beam is used to bombard the
sample surface to generate particles that are mostly neutrals with
electrons and ions. These secondary ions, with a kinetic energy
determined by the extraction voltage and the charge it carries, tra-
verse the flight tube and arrive at the detector according to their
times of flight, which are a function of their mass. The arrival time
of an ion is converted to its mass to charge ratio (m/z). A secondary

ion mass spectrum is the intensities of ions against their m/z. The
detection limit of ToF-SIMS is believed to be in the range of 1 ppb
to 1 ppm, depending on element or ion species. However, ToF-SIMS
is not a quantitative technique because ion yields are significantly
different for different elements and molecules. These different ion
yields may vary significantly according to chemical environments
(matrix effect).

Because the information ToF-SIMS provides are the mass of
chemicals or their fragments, it provides unique specificity.
The molecular ion, either the molecule itself, protonated or
deprotonated is detected for many materials. For example, for the
two most encountered fatty acids palmitate and stearate, whose
masses are m/z 28 (C2H4) apart, ToF-SIMS provides direct
identification for their molecular ions C16H31O2¯ and C18H35O2¯ at
m/z 255 and 283, respectively. Other examples ofmaterials we have
examined include deprotonated erucamide ion C22H42NO¯ (m/z
336), dodecyl sulfate C12H25SO4¯ (265), dodecylbenzenesulfonate
C18H29SO3¯ (325), octadecylphosphonate

[22] C18H38PO3¯ (334) and
dimethyldioctadecylammonium ion[23] C38H80N

+ (551). For the
two most common cratering agents siloxanes and fluorocarbons,[1]

they have diagnostic ions, both negative and positive, which allows
ToF-SIMS to easily identify these two chemicals. Their ion fragmen-
tation patterns will be discussed later in detail.

ToF-SIMS is also a valuable technique because of its imaging
capabilities with relatively high spatial resolution (~2 μm) in the
high mass resolution mode.[24] For instance, if a crater contains a
localized contaminant at the centre, the contaminant may not be
readily determined solely from the secondary ion mass spectra
but is visible when ion imaging is used.

Other techniques that are often used in crater analysis, especially
if ToF-SIMS is unavailable, are scanning electron microscopy
coupled with energy dispersive X-ray spectroscopy (SEM/EDX),
Fourier-transform infrared spectroscopy (FTIR) and/or X-ray photo-
electron spectroscopy (XPS). Although these techniques can be
valuable in determining the cause of a crater, we have found that

Figure 3. (a) Optical, (b) scanning electron microscope and (c) profilometry images of the same crater. The false colour height scale in μm is shown beside
the surface morphology in (c). The crater is 45 μm deep as shown by the profile (d) isolated from (c) indicated by the broken line.

Figure 1. Young’s observation on contact angle formed by a liquid droplet
placed on a solid surface. The equilibrium contact angle (θ) is such that the
lateral force at the point where air, liquid and solid meet be kept balanced.
The three forces are the solid–vapour interface tension (γSV), liquid–vapour
interface tension (γLV) and solid–liquid interface tension (γSL).

Figure 2. Illustration of paint crater formation caused by a contaminant
with low surface energy, from which the applied paint is displaced.
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in most instances, ToF-SIMS is superior in its sensitivity and chemi-
cal selectivity. FTIR spectroscopy provides compositional informa-
tion, but it does not have the same surface sensitivity as
ToF-SIMS, and, more often than not, the crater has formed
because of a contaminant that is either too small for FTIR analysis
or is not visible in the crater. SEM/EDX allows for the analysis of
smaller visible contaminants, but it only provides elemental, not
chemical structural information. Because ToF-SIMS is only qualita-
tive, sometimes XPS, which is quantitative, will be used in conjunc-
tion with ToF-SIMS. For example, if siloxane is detected in a crater
using ToF-SIMS but the peak intensities are very similar to that of
the siloxane detected away from the crater, XPS will be used to
determine if there is a quantifiable difference that could account
for the crater formation. However, XPS does not have the same
surface sensitivity and chemical selectivity in identifying chemical
structures, as well as the superior mapping capabilities that
ToF-SIMS provides.

We present in this Surface Science Western special issue several
typical examples from our ToF-SIMS analysis of paint craters in
the hope that this will help increase the awareness of ToF-SIMS as
a powerful analytical technique to provide automotive and paint
companies clues towards solving their paint cratering issues.

Experimental

Samples, once received, were kept as clean as possible[21] and cut
to the appropriate size prior to analysis with no further sample
preparation. ToF-SIMS was performed using an ION-TOF (GmbH,
Germany) ToF-SIMS IV with a bismuth liquid metal ion source. The
base pressure of the analysis chamber was ~10�8 mbar. The
25 keV Bi3

+ primary ion beamwas pulsed at a 1 ns width, generating
a target current of ~1 pA. In most cases, the Bi3

+ beam was rastered
over an area of 500 × 500 μm at 128 × 128 pixels. The action of the
primary ion beam bombardment on the sample surface induces
the emission of positive and negative secondary ions (as well as

neutral species and electrons). These secondary ions are extracted
using an extraction voltage of 2000 V from the sample surface
and mass separated via a reflectron-type of ToF analyser. The ions,
either positive or negative at a time, traverse the flight tube and
arrive at the detector at a time according to their m/z. At each
and every pixel where the primary ion beam bombarded the
surface, a spectrum was obtained. An ion image was constructed
by plotting the intensity of that ion against all pixels. Ion mass
spectra were calibrated using hydrogen and carbon, or other
known species. The mass resolution for spectra obtained in the
rather large area (500 × 500 μm) was 3000–4000 for C3H5

+ and
C4H9

+. The m/z range was 1–900 with a cycle time of 100 μs; higher
m/z ranges were possible with longer cycle times. Because of the
insulating nature of the samples, a pulsed electron flood gun was
employed for charge neutralization at the end of each cycle time.

Examples of craters investigated using
time-of-flight secondary ion mass
spectrometry

Fluorocarbon contamination

Although siloxanes and fluorocarbons are used as additives in paint
to lower the surface tension of the paint, they are also the most
common cratering agents encountered because of their low sur-
face tension. In certain instances, when a crater is caused by a fluo-
rocarbon, there is a small particle at or near the centre of the crater,
where the paint has dewetted by the low surface energy material.
Because of the small size of the particle, it is often difficult to
identify the contaminant using FTIR spectroscopy. Fluorine can be
detected by SEM/EDX spectroscopy, but with only elemental
identification, it is difficult to determine what type of material the
fluorine arises from. However, as shown in Figs 4a and 4b, ToF-SIMS
readily identifies a perfluorocarbon (e.g. Teflon™) and a
perfluoroether (e.g. Krytox™) in individual craters, respectively.

Figure 4. (a) Optical image and ion images of F¯, CF+ and CF3
+ for a crater containing a perfluorocarbon and (b) optical image and ion images of CN¯, F¯ and

COF¯ for a perfluoroether.

ToF-SIMS Analysis of Paint Craters
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The characteristic ion fragments for perfluorocarbons include F¯
(19), C+ (12), CF+/� (31), CF3

+/� (69), C3F5
+ (131) and other CxFy

+/� spe-
cies, while for perfluoroethers, they are F¯, COF3¯ (85), C2OF5¯ (135),
C3O2F5¯ (163), C3OF7¯ (185), C

+, CF+, COF+/� (47), CF3
+/�, C2OF3

+ (97),
C3OF5

+ (147) and other CxOyFz
+/� species. ToF-SIMS is also useful in

the identification of other fluorine-containing polymers such as
polyvinylidene fluoride or polyvinyl fluoride, each of them has its
own diagnostic ions. It is worthmentioning that fluorine originating
from (inorganic) fluorides can be easily differentiated from fluoro-
carbons as there are no ions containing both fluorine and carbon.
Another immediate sign of the presence of fluorocarbons is that
C+ is more abundant than CH+.
Some uses of fluorocarbons include lubricants, pipes and fixtures

such as washers and connectors. In the case that these are fractured
or released, they may land on the surface to be painted or become
incorporated into the paint andmost likely cause a crater. In certain
instances, a suspect material may be provided so that the cause of
the crater is identified and removed.
A prime example of how ToF-SIMS was able to match a crater

contaminant to a suspect material is presented in Fig. 5. The ToF-
SIMS analysis of the crater detected fluorocarbon fragments and
chlorine. A suspect glove was analysed for comparison, and the
coating on the glove contained the same fragments to what was
detected in the crater. Eliminating the use of the gloves from the
paint site resulted in a large decrease in craters.
As shown in Fig. 6, EDX analysis of a similar crater only detected

elements common to the clearcoat, and chlorine and fluorine were
not detected. The EDX results thus prove that the contaminant in
the crater was too thin for EDX to detect. This is a perfect example
of how the surface sensitivity of ToF-SIMS was able to identify the
source of the crater contamination, where other techniques are
lacking.

Siloxane contamination

Siloxanes are another common cratering agent because their sur-
face tension is as small as ~24 mN/m. Analysis of one particular cra-
ter determined that a siloxane contaminant in a paint solvent was
causing craters when the paint was applied. Figure 7 shows the
ToF-SIMS spectrum of the residue of a suspect paint solvent after

evaporation in a clean aluminium boat. Characteristic siloxane ions
SiC3H9

+ (73) and Si2C5H15O
+ (147) can be seen, which are absent in

the control solvent. The presence of siloxane is further confirmed
by the other characteristic ions (not shown) Si3C5H15O3

+ (207),
Si3C7H21O2

+ (221) and Si4C7H21O4
+ (281).

Although the detection of siloxane in a crater is usually straight-
forward, it can be difficult to determine what type of siloxane is
causing the crater, especially when the paint contains siloxane as
an additive. In certain instances, with the use of ToF-SIMS, we can
narrow downwhat type of siloxanemay be present in the crater.[18]

Presented in Fig. 8a is an optical microscope image of a crater
showing a contaminant with a birefringent pattern, whose location
is indicated by the circle. The negative ion mass spectrum shown in
the upper panel of Fig. 8b shows that the crater contains siloxane.
As shown in the lower panel of Fig. 8b, the clearcoat reference
(i.e. the area away from the crater) also contains siloxane. The com-
mon negative ions for siloxane are SiC2H5O¯ (73), SiCH3O2¯ (75),
SiC3H9O¯ (89), SiC2H7O2¯ (91), Si2C3H9O3¯ (149), Si2C5H15O2¯ (163),
Si2C4H13O3¯ (165), Si3C5H15O4¯ (223) and Si3C7H21O3¯ (237).

Although siloxane was detected both in the crater and the
clearcoat, the ion ratios are different. We have confirmed that the
fragmentation pattern of negative siloxane ions can vary depend-
ing on the type of siloxane used. For example, the siloxane contam-
inant detected in the crater contains stronger negative ions at
SiC2H7O2¯ (91), Si2C3H9O3¯ (149) and Si3C5H15O4¯ (223), whereas
the siloxane in the clearcoat has strong negative ions at Si2C5H15O2¯
(163) and Si3C7H21O3¯ (237). Based on these differences, we inferred
that the siloxane concentrated in the crater is not the same as the
siloxane additive in the clearcoat.

Our ToF-SIMS work dealing with numerous types of siloxanes
suggests that for pure polydimethylsiloxane, the intensities of the
negative ions SiC3H9O¯ (89) and Si2C5H15O2¯ (163) are larger than
those SiC2H7O2¯ (91) and Si2C4H13O3¯ (165), respectively, which
has also been discussed before.[18] While for cross-linked
siloxanes[25] or cyclosiloxanes, the ion intensity for these two pairs
of negative ions were reversed. Our explanation is that the two
peaks at m/z 89 and 163 (SiC3H9O¯ and Si2C5H15O2¯) both have a
group with an Si atom bonded to three methyl (CH3) groups, while
in the two peaks at m/z 91 and 165 (SiC2H7O2¯ and Si2C4H13O3¯), all
Si atoms are bonded to only two methyl groups. The presence of

Figure 5. (a) Positive and (b) negative secondary ion mass spectra collected from a crater (upper panel) and coating on suspect glove (lower panel).
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end groups of –Si(CH3)3 in a siloxane structure prefers to enhance
the ion yield of SiC3H9O¯ (89) over SiC2H7O2¯ (91) and Si2C5H15O2¯
(163) over Si2C4H13O3¯ (165). We also noticed that –Si(CH3)3 groups
favour the formation of the negative ion Si3C7H21O3¯ (237). There-
fore, ToF-SIMS can be used to differentiate the structures of silox-
anes by comparing ion intensity ratios between SiC3H9O¯ and
SiC2H7O2¯, as well as between Si2C5H15O2¯ and Si2C4H13O3¯. These
are the common cases that we have dealt with. Theremay be other
chemical structural differences (e.g. different end groups, block co-
polymers and branched polymers) that can cause changes in rela-
tionships among the siloxane ions.

Aggregated additives

Paint is a rather complex system containing multiple ingredients,
each brought in tomeet a specific aspect of the designed paint per-
formance or property, such as wettability, drying dynamics, me-
chanical strength and chemical stability. Therefore, even without
a foreign contaminant, any incompatibility among the ingredients
or imperfection of any ingredient may find a way to manifest as a
paint defect.

Shown in Fig. 9a are an optical microscope image and images of
CN¯ and negative ions at m/z 43, 71, 89 and 249 for a crater, in
which there was a visible contaminant at the centre. The CN¯ image
confirms that the contaminant is on the outmost surface of the
clearcoat (represented by CN¯). The contaminant has more abun-
dant negative ions at m/z 43, 71, 89 and 249, as well as positive ions
of C2H5

+, C3H5
+ and C4H9

+ (positive ions not shown). As shown in
Fig. 9b, when a suspect additive (chemical composition not known
to us) was analysed, the additive contained the same mass frag-
ments that were evident in the contaminant.

Figure 6. (a) Scanning electron microscopy image and energy dispersive X-ray spectroscopy spectra collected from the (b) crater and (c) clearcoat.

Figure 7. Positive secondary ionmass spectra collected from the residue of
a contaminated solvent and a control solvent prepared on clean aluminium
boats, as well as a clean aluminium boat.

Figure 8. (a) Optical image and (b) negative secondary ion mass spectra
collected from a crater (upper panel) and a clearcoat reference (lower panel).

ToF-SIMS Analysis of Paint Craters
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From the ToF-SIMS results shown in Fig. 9, we infer that the crater
formed because of aggregation of the suspect additive either be-
fore or during application to the surface.

Fatty acid contaminant

Another common contaminant detected in craters by ToF-SIMS is
fatty acids. Fatty acids or their derivatives have many uses, and
when detected in a crater, although not restricted to, it can

sometimes indicate that the crater has been caused by a personal
care product.

Presented in Fig. 10 is an example showing the detection of long
chain fatty acids palmitate C16H31O2¯ (255) and stearate C18H35O2¯
(283) in a crater that were not detected in the reference clearcoat.
They were in a circular shape and spanned approximately half a
millimetre. These two fatty acids are the most common ones en-
countered. They are readily identifiable because we have not seen
any other ions with decent abundance around the m/z positions

Figure 9. (a) Optical image and negative secondary ion images collected from a crater and (b) negative secondary ion mass spectrum collected from the
suspect additive.

Figure 10. Ion images of C16H31O2¯ (palmitate), C18H35O2¯ (stearate)¯ and the total ion collected from (a) a crater and (b) its edge.
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of the two fatty acids. With their relatively long hydrocarbon chains,
the fatty acids are characterized as having low surface energy.
Therefore, concentration/aggregation of fatty acids on the surface
to be painted or in the paint provides an environment prone to
paint cratering.

From our experience, shorter chain fatty acids, such as caprylic
acid (C8H16O2) and capric acid (C10H20O2), also cause craters. Their
deprotonated molecular ions are C8H15O2¯ (143) and C10H19O2¯
(171), respectively. Sometimes also detected is a positive ion at
m/z 551.5, which is assigned to C35H67O4

+, most likely from glyceryl
dipalmitate (C35H68O5), a fat, with the removal of the OH group of
themolecule. Fats, which are similar to fatty acids in terms of having
a low surface energy, also tend to cause craters.

Additional examples

Other species can also lead to crater formation. The ToF-SIMS
analysis of a paint crater detected a high level of hydrocarbon

throughout the crater, and as shown in Fig. 11, lithium was de-
tected near the centre. Considering the crater came from an auto-
motive plant where lubricants are used and the fact that there is
even a slight increase in hydrocarbon on the spot (not shown),
we infer that the cause of the crater may be a lithium-based grease,
even though no specific ions pointing to the chemical structure of
the grease were identified.

Finally, we present a case where the formation of a crater is
difficult to explain using the surface energymodel. Figure 12 shows
an example where streaks of calcium nitrate were observed. In this
figure, Ca+, a typical hydrocarbon ion C3H5

+, CN¯ (arising from the
clearcoat), NO3¯, Ca(NO2)(NO3)2¯ and Ca(NO3)3¯ are shown. Based
on the detection of calcium nitrate, which is commonly used in
concrete, we were able to determine that the crater was caused
when concrete work was being performed near the paint line.
However, because the detection of calcium nitrate does not fit
the surface energy model, it is postulated that the crater may have
formed by the incompatibility of the paint with the inorganic

Figure 11. Optical image and Li+ and the total ion images collected from a crater. The Li+ corresponds with the small circular contaminant visible in the
optical image.

Figure 12. (a) Positive and (b) negative secondary ion images collected from a crater showing streaks running through it.

ToF-SIMS Analysis of Paint Craters
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calcium nitrate. This explanationmay be somewhat speculative, but
nevertheless, the detection of the contaminant still provides
valuable information.
Another scenario is that the crater might be caused by a volatile,

low surface energy contaminant, which would have evaporated
during the baking process. In this scenario, we obviously assumed
that the volatile contaminant was associated with the calcium
nitrate.
There are also instances when the ToF-SIMS analysis of the

surface of the crater does not detect any differences from the
rest of the painted surface. In these cases, either whatever
caused the crater is no longer present on the surface or the
crater originated below the surface being analysed. It is worth
mentioning that in these cases, the craters tend to be rather
shallow and large.

Conclusions

The surface sensitivity, selectivity in identifying chemical structures
and superior mapping capabilities make ToF-SIMS a valuable
technique in attempting to determine the causes of paint craters.
Unfortunately, ToF-SIMS is not quantitative without the use of
standards, and identification of an uncommon contaminant can
be difficult because the reference spectra in commercial spectral
libraries are limited. However, as shown in this article, ToF-SIMS is
invaluable in detecting common cratering agents such as siloxanes,
fluorocarbons and fatty acids, as well as many others. We also
demonstrated that if a suspect material is provided, ToF-SIMS can
match the contaminant to it.
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