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Secondary lon Mass
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Coating Systems

by Steven J. Simko, Steven L. Kaberline, and Larry P. Haack
Ford Resesrch and Innowvation Center

This arlicle is the final installimont in &
serles foclising on surface analwsis tech
nlqUcs, Frevious arlicles examined ray
phokoslaciion SPeCTrascopy and AUgor
elettron spectroscopy. THESE cormplemer:
tory methods serve 83 vallable tonls for
resoliEing questions on the surfacoe com-
pasition of soifd materials n spplications
sLCh 85 autornoiive paint systems.,

INTRODUCTION

Sacondary i0h Mass spectromatry
I5IMSY is a specialized torm of surface
analysis that is used prirmaily 1o deter-
minge the elemental and chemical struc-
ture of selid materigle.X? It is bhased on
mass spectromeatry which is a family of
fechnigues whera elements, molcoulcs,
and rmalgcular fragments are sorted
bascd on their alomic/malaculay weights.,
The Llechnigue employs a source to eagite
the material of inferest inlo the gas phage
with zome portion of it as iohized spe-
cies. Tha ions then pazs through o mass
fittor which sorts them based on their
rmess-lo-charge ratio, The
resulting mass spectrum
Bives a represenlalion
ol lhe elemental and/

OF molocular comprsi- Primary

tinn of the matarial of ion beam

interest.’® Often, the Hst
of molecular fragments
in Lhe spectrum can b
pieced togother to obtain
a detailed understanding
of the chemical structire
of the material 131

THEQRY

I Z1M5, the excitation source cin-
sists of @ vacuum chamber and an ion
Eun, Placing the sample in a vacuuam
keeps the suface clean and allows for
easy transpoit of ians Whrough the imstru-
ment, The ion gun produces o stroam of
icns, called primary igns, that illuminale
the sample, As the primary ions reach
the zample suface, they transfor cnerdy
Lo Lhe gtoms in the solid through elastic
collisions in & process called a “collision
cascade.” A schematic diggram of this
process is shown in Figure 1. Enough en-
argy is transferred in the collision cascade
1o break, chemical bonds and o displace
aloms lrom Lhelr posilions in the solid
lattice, & small fraction of these atoms
and melecular fragments obtain enough
energy 1o escape he solid arnd enter the
Fas phose. Some of the ejected particles
are electrically charged (ionized). These
particles, called sémndar}r ions, can he
pazsed through a mass spectrometer to
geterale the SIMS spectrum of the solid,
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Flgure 1=—&impliled illustmation of e ion spottering procoss,



A nuriler of different ion sources and mass
spectrometers are available for perfanming SIMS
cxporiments which gives the analyst great flaxibility
in designing how e experment is performed. The
axperimental set-up also influsnoes the type of data
that can be denerated. The wide variety of SIS
instrurnentation can be classified inlo e gan
eral categosies, dynarmic SIMS and static SIMS.L
Histarically, the first SIMS instrumcnts that were
develnped were dynamic SIMS systems designed
Lo take advantage of the method s high sensilivily
which can approach parts-per-billion {PPE levels,”
This is achigved in part by emploving @ high flus
ol primary ions. During analysis, a craler is eroded
into the solid, producing enough secondary ions o
achigve high sensitivity. These instruments have
evolved inle sophislicated systems designed o
measure ultra low cancontrations, dopth distribu-
tions (depth profies), and lateral distribuotiong
imapst of elements® One of the main uses of
dynatnic 313 is determining the distribution of
dopants in semi conductor devices. This informa-
tion is indispensible in tailoring the electrical prop-
eries of a device and is responsiblc in part for the
dramatic: improvernerts in semi-conductor peror-
mance.? However, the high primary ion fluxes am-
ploved i dynamic SIMS break most of the chemical
bonds in the selid resulting in minimal stroctural
and chemical information. Thus, dynamic 5IMS has
litmitod utility for studving coating systems which
are often compozed ol organie malerials.

This limitation was ractified in the lste 1960s
when Benninghoven introduccd the concept of
static SIMS 2 If the total fluw of prirmacy oS osed
in the experimeant was held below a certain thrash-
oldd, statistically cach primary ion would interact
with the salid in & region thal was undamaged
ko & priar primary ion bambardment, Since those
secondary ions had anly suffered ane collision cas-
rade, they contain a higher percentage of molecu-
lar fragments that contain structural information
about the materials in the =olid. This threshold was
dubbed the static limit <5 £ 1077 ionsfem®), and
the tochnique static SIS,

Bearause the flux of secondary ions that are
genarated in static SIMS is 50 (0w, 8 mMass spec-
trometer with high efficicncy is desirable to main
tain adegquale sensilivity. The pe ol spectrameter
that has proven mast useful for the static SIMS
exparirvent is the time-of flight (ToF) thass spac-
trometer,? There are no signal-wasting slits in this
spoctrometer; instead, it relies on differences in
flight lirne Lhrough Lhe inslrument Lo separate
ions of differcrt masses, Hence, a high porcont-
Age of the denerated secondary ions is detected
in this type of instrement. A schematic of the ToF
spectroreter is shown in Fidurs 2. Note that the

Energy fller

Figure 2—=Schematic
diagrarm ot a Tal-3[M5
sjectronmelar,

ian source generales A pulse of iohs rathey than a
continuous stream. The areival time of this primary
ion pulsc starts the time clock as this is the instant
when sgeondary ions are ganaraled. Secondary
inns are accelerated to 8 constant kingtic cnordy
using a grid held &t a high electrical potential. They
then pass Lhroogh e long flight ke and hit the
detectar wheye the time clock is stoppod, The ar-
tival times of the secondary iong st the deteclor are
determined by Lhe simple Kinetic energy equation:

K =1:2ml*

where KE 5 the kinetic enargy the ion receives
frarm the accoleration grid, /vy is the mass of the
ion. and ¥ is the final veloeity Lhe ion 2 17T we sub-
stilule length of the flight tube &) over flight time
for welacity, this couation can be rearranged to:

fishgrive —dd 172

Hence, flight time is inverscly propartional to
the square root of the ions' mass. Lighl ions take
A shorl Lime to reach the detector and heavier
ians take longor, Thonumber of ions of & given
mass are counted, resulling in an inlensity at that
mass. The resulting spectrurm consists of a plot
of intonsity of ions a5 a function of mass. The rich
collection of peaks in the resulting spectrum is rep-
resentative of the cermpostion of the sclid and b
cloments are combined. The abiiity of ToF-SIMS Lo
measure molecular fragments with high sensiiyv-
ity makes it 8 popular choice for shpdving coating
systarms. 2

Tahle 1 lists soime key characteristics of the
TaF-3IMS experiment.* Both positive and negative
ions can be exzmined with this instrurment. This
ncreases the scnsitivity of the technique as some
materials prikduce high amounls of posilive ions
while others praduce greater amaounts of negative
ions, The collision rascade only propagates a lew
rnanalayers into the solid so the technique is very
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Tahkle +—HKey Characierlstics af the TeF alME
Exmerimant

ToF-8IMS Feature | Specification

r

| Surface probe Izn bomm

. Speci_es detected +- I0ns
Analysis depth Menalayers

'_Sur‘face damage Minimal
Detection limit 1 ppm
Spatial resalution 180 nm

| Mass r_t—:-sc:lutian G 000

Analysis area 1 or 50 mm?

Elements detected

&ll + izotopes

_ Cuanlilcation o Diffir;ult_ B
Melecular information Fragments «-
208 amu

surface seneitive. Operaling in Lhe sealic regime
resulls in rminimal surface damags. yet SIMS can
be very sensilive with detection limits in the 1 ppm
rartde, Tho primary ion baam can be focused o a
small diameter resulting in a spatial resalution of
1580 nm. This allows characterization of small lo-
calized areas and/or generation of elermental and
mobecudar fregment maps with high spatial detail,
In addition, modern instrurmernts have a movabla
slage which allows for examination of relativaby
large areas fup to S0 mmd),

A gregt advanlage of 4 ToF SIMS instrument is
Lhat sample charging during analysis is not usdally

a serious prabicm, even when dealing with non-con-
ducting sarfples such a5 gaints and polrmers. Thare
arc two neasons for this. First, since the primary ion
sourne in pulsed, the duty cycle of the primary ions
is very [, Typkcally, the primary ion bearn is "on"
for anly nanaseconds each pulse, then the electron-
s “wait” for milliseconds for all of the ions to reach
the deteclor and be counted, Secondly, during Lhis
dead tirme while wailing for the ions to seach the
detector, an clectron floed gun can be used to direct
& pulse of electrons onto the sample surlace, which
halances out the positive primany ions and greatly
minimizes any samale charging.

Often ians ot different elamental cormposi
tichs will have Lhe same nominal mass. This is
ifystrated in the comparson of 10w and high mass
resohution spectra included in Figure 3. In this ex
ample, bolth aluminum (&%) and the Rydrocarbon
fragment C.H,™ are present. The low mass resalu-
Lon spactrum, mddm = 300, shows only a broad
featureless peak at mass 27. However, the high
mass resalution spectra al mam — 2000 roveals
two peaks separatcd by approximalsety 0.04 amu.
Thus, the true masses of thesc two materials differ
encugh to allow Tor their peaks to he separatcd by
cperaling the spectromaoter at high mass resolu-
ticn. In this exampke, the broad peak observed at
mass 27 is actually composed of bath aluminum
(Mmass 26.9815) and the CH,* hydrocarbon Mrag-
ment at mass 27.02358.

With 31M3S analysis, all @letnents in the poriodic
table are detectable inchuding hydrogen, which is 2
significant advantage over othor surface analysis
techniques. In addition, SIMS can identify differ-

Figure 3—Coimpariaion of low
mass resalution (top) and ligh
mass resolution (hottom)
SohE spectta of the mass a7
region of & coating seocimen.

VA Ly 0"
B COATINGETECH

] 27,0070 Lo rriass resolution
S0 : rrfdm = 300 |
c Eﬂﬂﬂé [
E ]
3 4
& 20007
DGO
26,001 27 03 " o7n
Mass [y
High rass resolutian
400(}-: 270238 [C,H," s = B0
g 3007 26,0815 {AI*)
E -
1001
g - — = T
2890 2805 o705 2710

Mess [miz)



BNt isotopes of @ given element which allows for
interesting and powerful lakeling cxperiments,
Guantdication is difficult as concentrations rely on
Lhe Tonizalion efficiency of the elemeanlts and frag-
ments, a paramater that can vany by several orders
af magnitude. However, with effort and the use of
suitable SIMS slandards, quanlitalion ol 10-205%,
i possinla,

ANALYSIS METHODS

There is a lot of flexibility in how the SIMS in-
strument can be operated, which allows the analyst
Lo tailor the experiment Lo Lhe lype of infarmalion
that is nesded, The simplest SIMS experimeant is to
ebtain @ spectrum from an area of interest on the
surface of a material. Resulls are oflen compared
o spectra akbtained from the surrcunding area andy’
or gther samples. For example, Figure 4 shows twn
SIMS spectra obtained from an adlomaolive paint
system where the clearcaat does not completely
wet out on the hasecnat, causing & grater to form.
The spectrum from outside the crater (Figive 4,
hottom) shows spoctral poaks that can be attrib-
wted to the clearcoat paint system. In contrast,
the spectrum from inside the crater (Figure 4. tap
cahibms numerous poaks that can ke identificd as
nass fragrments from poledimethylsilozane (PORMS
Siloxanes are comimon contaminants that possess
[ surtace encrgy, The proschnce of 8 low-surface-
etergy contarminand will resull in poor wetking af
the subseguently applied paint layers. Only a few
minglayers of POMS will cause craters to form, so
a surface sensilive amnalysis melhod such as SIMS
is required 1o identify the presence of this material.

SIS can alsoe he used to generate chemical
and elemenal rmaps showing how alermesnts and
compounds are distributed laterally across the sur-
face of a sarmpie. This is accomplished by rastering
the primarny ion bhaam over the area of interest and
tuning the mass spectromcter 1o pass cnly the so-
lecled mazses of nlerest. Specific looations or the
specimean whare the material of interast is pres-
ent result in a high SIMS signal when the heam
is prabing that [ocation. The high signal is larned
inte a right pixel an the 3IMS map. The result is
illustrated in Figore 5 which is 8 SIMS map of the
POMS fragment (mass 73] from ong of the paint
craters previously discussed. For comparisoen, the
figure also containg an cplical micregraph of the
paint crater showing the one-to-one cornespon-
cherioe betwesn the crater and the FOMS comtami-
narit on this coating surface. The high SIMS signal
im present throughout the crater bottom showing
that the comtaminant is uniformly distribuled in this
arca, This resueld confirms that POWS contamina-
tiorn was Lhe rool cause of poor clearcoat wetting
and crater formation.
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Figure 4—510% gpocira ol an aulemolive clearcoal socimen Ina region with a
crater defect (topd and @ regiom with ro crater defeces (bottom].

Figure s—A0 optical microgroph of a crater detect i an automaiive clearcoat
specimen {loft Image] and a SIMS map of Lhe mass 73 silcon- cantalning lrag-

rment from the crater.

The collisicn cascande that is the basis for SIS
resulls in material being removad from the sample
sirface during tho cxperirnent, Whon a high flux of
primary ions is employved, s resuls in erosion of
a cratar into the specimen, Measuring the intansity
of clerments that are sjgoted from the sample as A
funelion of sputter tinte results in a depth profile of
the near surface region. The depth profile is useful
for idenllving how a solick mighl change in elemean-
tal composition from the top swface down into tho
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Flgure 6—a SIS sputter deprth profile fron o semi<condictor
davice speoiman.
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Flgure — schematic representation of 3 paint weathering
expariment showing how pholooxidation preducts get
labeled with axegen-d.
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bullk of the material. An example ol 8 SIMS depth
prafile is shown in Figure & The sample is a sami-
conductar davice with an aluminum surlface Tilm on
top of @ gallivrm chromiom laver on a silicen nitride
substrate, The elemental composition of sach
lzver and the contarminants that are distributed
Wwithin each can be observed on this plot. However,
lirmited chemical or malecular informalion abwaut
Lhe sample is presented in the profile duc 1o the
extensive damage caused by the impact of Lhe pri-
mary ion beam. Thus, analogous o dynamic SiIMG
mentionad earlier, damage caused by extended
caposure of the primary ien beam in sputter depth
profiling also limits the ulility of this technigue for
determining malecular ar structural infurination as
a function of depth in crganic coating systems.,

The high scrsitivity of SIMS is an imponant ad-
vantage over other surface sensitive analysis tech-
higues which allows the experirnent 1o be conducted
in unigue ways, Far cxample. elermantal mapping
can be combined with sputter depth profiing to gen-
erate a three-dimensional imags of the specimen,
These images shaw the distributions of elements
both latarally across the surface as well as 2 short
deplh inlo Lhe specimen. The ulility of generaling
three-dimensional maps will be demonstrated in tho
following Applications section by rovealing how bake
avens can aller the surface chemistry of organic
coatings during the cure procecses,

APPLICATIONS OF SIMS
TO PAINT TECHNOLOGY

The ability 1o analyze insulating samples with
high sensitivity and high spatial resolution makes
SIMS an ireal methed for characlericing paint and
coating systems. b the Ford Research Lab, 5IMS
is routinely used to study and compare the extenl
of paint weathering and how stabilizing additives
arz distributod within the coating system. A fow ex
armples of these studies are highlighted as follows.

When & paint syslem i exposed to LY light or
sunlight in an oxygen atmosphere. photooxidation oo-
curs. 4 Bonds are broken and atmospheric oxvgdern
reacts with paint malecules to produce carboxylic
acids, alcohols, ketones, and other oxidized spocies.
Becauss there alraady are significant amours of ox-
ween incorporated in the paint system malecules (ap-
proximatcly 1% atamic), it is impossiblc to measure
the photooxidation produsls directly with SIMS as
ahy axygen-containing fragments could ke the result
of either undisturted paint melecules or ghotooxids-
L. Hevwenver, by taking advanlage of Lhe ability of
=I5 to separate and measure isotopes. the pho-
tormidation products can be labeled with 3 unigue
isctope of axygen, allwing direct measurement of
the photooxidation products (sec Figure 711519 If the
painl syslem s expesed Lo WV ighd in an sdmosphers
of axypen-18, then oxyeen-18 labeled photocxidation
products will be created.

Figire B outlines Lhe oxygen labeling ex-
petiment. & complete automative paint system
iclearcoaty basacoat/ prirner/ glectrocoat) is sealed
in an aw-tight chamber fitted with a gquartz Ly-
transparcnt window, The chamber is cvacuated
and back-Mled wilh & 13:1) misture of oxygen-12
Eas and nitrogen. The paint system is expased
top down (i, through the clearcoat) to WY light
Depending on the reactivity of the paint system,
eyden-18 can permcats into subsurface regions
and possibly reacl wilh the differenl coaling kayw-
crs through photaoxidation. After expasure, the
paint sample s micretemed sdges on to produce 3
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=moolh eross-sectich allowing examination of all
the paint layers by SIKS. During S35 analysis, the
primary ion beam is rastered across Lhis smooth
cross-seclion and the resulting secondary ions arc
detectad, The photoaxidation products are readily
detected with SIMS by anabvzing fragments that
hawve unigue massas due 10 the presence of the
cyEen-18 isoiope, Elemental and chemical frad-
meant maps can be generaled o reveal where pho-
Lonkidation has eccurred within the stack of layers
forming the automaotive paint system.

The use of high-intensily artilicial sunbght carmn-
hined with the sensitivity of the SIMS allows for
wery short UV cxposurs times. This greatly aceeler-
ates the phoweoxidalion process allowing coating
systems to be evaluated in much loss time than
with conventional weathering tests. Saveral weeks
of exposurs in Lhe onvgen-18 cell can produce
phorooxidation results that are equivalent to
several years of exposure in Florida-based
weglheting experiments. These experiments
have been shown to provide critical inforres-
tion to paint design enginesrs as they can
he used to rapidly predict the weathering du-
rabkility of paint forrmulations in developmenl,
for fulure paint systems,

Figure G shaows the results of a twical
oxyden-18 weathering sxperiment. On the lefl
side is Lhe oxypen-18 map shawing the locs-
tions where photoaxidation had ooourred. On
the right side is & corresponding oxygen-18
linescan which was genarated by drawing a
wirtical line from the top of the rmap through
to thee boltom and then plotting the pisel court
valle at each linescan point, The oxygen 18
signal sssovialed with Lhe reactivity of each
lavar within the paint svstem can o roadily
iclentified. The two layers marked "sld” are an

oxygen-18 reference standard that is sandwichad
over the sample before mizrotoming. They serve as
markers to delineals the locstion of the coating lay-
ers and 1o calibrate the intensity of the meygen 18
signal. On the top of the clearcoal laver, a thin layer
of surface oxidation is apparent. This thin layer 15
lypically seen on the top clearcoat surface of &l ex-
pased paint systemns and corresponds to the small
arnount of photoskidation that occurs on the unpro-
Lected paint srface, The remainder of the clearcoal
layer shows anly & small amour of photooxidation.

In this example, the top surface of the
basecedt glso shows a small amount of phitooxi-
dation indicated by the rise in Lhe oxygen-18 signal
at the surface of this layer. Far the basoecoat. this
indicatas that the light absarbing additives [
additives) in the clearcoat are not completely

Figure &—# schematic
representation of the

oNvEen 15 weatiering
gxperiment siioaldng the
spacimen orisntaticr
during light exposure (left)
and analysis [Hgnt).
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Figure g—CryEen-18 weathering results frim a paint system that exhlblls acceptable
perfornance, The SIS map for mass 18 (0-18) is shawr at left and the corresponding
linescan displaying relative intensities in the different paint segions is shown anthe rlght.
Std=standard, F=primer, BC-bazecoat, CC=clearcoat,
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Figure 10— xyZen-18 weathering
results from a peire syster that ex-
kikits poor perfermance. The 5IMS
map for rmass -8 {0187 is shown at
lett and the lincscan siomawingd rela-
tive intonsities of cupden- 8 in the
different paint regions is given on
the right. std-standard, P=primer,
BL-basecoat, CC=cloarcoat.

Flgure n—0wygen-18 weathering
reeults from a paint systemn show-
iny the difference in weathiering
perfanmance for three difleront
colars. The 3IMS map for mass

15 (3-48] from the white paint is
shivarn at left and the Fnescan
shipwing relative intansities in

the diffarent paint regions for all
three colars teslad 15 shawwn an
tha rhgl. Std-standard, P=primer,
Bl tsanecoat, {C=claarcoat,

Figra 12—
Struciusal rep-
resentaticns

of Bwa Comemnan
hindered armine
lieght wthilizer
adelitives.
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effective at blocking all of the light and phologkics-
tion of Lhe basecoat top surface is beginning to
oGl Thene is no oeygan-18 signal inthe prirmer.
Thus, for this paint svstem, the UVA additives in the
clearcoat along with the mgment in the basecoat
are cffoctively Blocking all light from the prirmer,
This sarmple was sxposed lor only 200 hr (eight
days) in the cevgen-18 cell which cquates to three
months’ Florida exposure. Even from this short
exposure tine, Lhe overall longevity of this paint
system can bo predicted to be "pood.”

Figure 10 shows the weathering results ob-
tained from a different paint system. In this exanm-

a0 100 150
mlcrans

ple, we sea not anly the typical thin layer of surface
owidation in the clearcoat, but also & strong signal
lor omygen-12 in the basecoat. There is concern
ahout the long-term durability of this painl and it
can he predicted that the svstom will eventually fail
by cracking and peeling wilh adhesion loss at the
hasecoat laver. This Is an example of a paint system
which is predicted to fail prematurely in scrvice.

An experimenl designed to rapidly compare the
L perfarmance of muttiple paint systems is shown
in Figere 11 Thess paint systems wore identical ex
cept for the color of the basecoal layver, which was
either silver, bluc, orwhite, The UY exposures and
Lhe sample preparation methods were alsg identi
cal, Fighre 11 shaws the oxygen-18 map genearated
from the paint system with the white basecoat
layer. The graph shows the SIMS linescans from all
three paint systems suparimposed onte one plot,

The results reveal clear diffcrencos in photo-
ciidation susceptibilily of the threes colors. Under
the samo U cxposure conditions, the white colar
basecnat shows rmuch mere photooxidation than
gither the silver ar blue colors, Based on these
rasults, the white paint systom was refonmulated
1o bring its photooxidalion perdformance to the
same lovel as the other colers that were tested,



This example illustrates how the oxygen-15 ToF-
SIS techninque offers & rapid way to compare the
weathering porformance of “identical” coating sys-
tams. The SIMSE allows one Lo gquickly identify miner
difforonces in weathering that would not be easy to
accomplish oy any other analytical technigue.

Much of the weathering performance of the
paint systems included in Lhe examples iz gov-
crnod by the additives that are incorporated into
each laver to absorh light photons and provont
thermn from generating pholoosidalion reactions.
Twa imporant classes of thesze compaunds are
long wavalength (400-320 nmj ultraviolet Bght
absorbers (UVAs] and hindered amine light sta
hilizers (HALS), which are effective at preventing
photooxidation reactions whoen incorporated into
coatings al low concenlrations, typically L 2%,
The low conceniratiaon levels present a challenge
for analyring their presence and Iocatian within
the coating system. However, Lhe sersitivity and
microanalysis capakdiny of SIM5 makes it an ideal
technique for studying these coating additivos.

The chemical fonmula and structure of tag
cammanly used HALS additives, Tinuis 123 {mw
T38) and Tinuvin 292 [mw 5090, are given in
Fidure 12, Despite their low concentration, these
additives can yield a strong 3IM5S signal and can
he readily detected, Figure 12 includes three
speclra thal illuslrale how SIMS can identify the
presence of the Tinuvin £23 (mw 738 additive
within a pairt system. The top mass spoctrum
in Figure 13 shows the high mass portion of the
mass spoctrum from the surface of an automotive
clearcoat containing no additives. The hydrocarbon
peaks presant at nearly every mass are (rom Lhe
clearoaat chomistny as well as from an adventitious
carbom conlEmination layer on the surface. Therg
are no additivie peaks detected in this spectrurm.
The hottom spectrum cantains the mass spectrum
af a sample of pure liquid Tinuvin 123 acouired
fram a onc-nanoliter droplet depasited on a clean
silican wafer. The clearceat system shown in the
mmiddle spectrum contained a 2% Tinuvin 123 addi-
tiva. Mote that the SIMS data in this mass region is
rearly idenLical b Lhe pure Tinovin 123 standard.
Fram this data it was determinead that the signal
strength of the mass G038 peak of Tinuvin 123 in
the clearcoat is strong enough W idenlify as litle
a3 0.2 wit of the additive in the paint systam.

The high sensitivity of ToF-5IMS allows the
mapping of these additives in arder 1o rachk migia-
tiorn and longewity. An cxperirnent was condected
in which a threetayer clearcost test sample was
gencrated, containing 4%, 2%, and 1% concentra-
tions of Tinuvin 282 light stabilizer. Each layver was
completsly cured before the next layer was adoed
to the stack. SIMS data were acouircd immediately
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=
=
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el 1 " i b
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@ 10eee 512 29 Tinuvin-123
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Flgure 13—5IM5 spectra from an automotiva clearcoat with no addilhaes [Los), 2
ALS additive (bottem), and a cearcoat conlalning 2% of the HALS additive Dmidele].
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Flgure 14—>3IMS data tram & gaing sLack consurue led with three sutonotive
clearcnal speclmens Lhal conialn different armounts of the HALS, Tinuvin 292, after
e ek of agingg Thie SIS mdp for mass 507 is showen at left and a line scan
throsigh the map showing the relative intensity changes is shown on the Aght.

aller Lhis paint stack was conslruclad and again
after onc wock of aging at roam temperatura in a
lahioratony environment. The peak at mass 507 was
uzed to characterize the additive a5 it tacks one ol
the unique molecular ions for Tiowyin 292, The paint
stack was microtomed edge on and then analyzed
by ToF-SIMS. The results aftor one week of aging
are showr in Figure 14, The Lhree distinct Tinuwvin
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Figure 15—35I k45 data from a paint stack consUrucked with lour automotive
clearcoat specimens that contaln ditforent amousts of the HALS, Tiuwin <23, The
SIMSE map for mass 608 Is shown at left and 2 line szar through the map showing
the relaive inlensity clianges is shown on the right.

layers are still intact and show minimal diffusion
when compared to the unaged sample (not shown).

The: marme gxpariment was repeated, bas time
uwsing a different HALS additive, Tinuvin 123, and
four lavers containing 4%, 2%, 1%. and (7 con
centrations of the light stablizer. The Tinuvin 123
fragment peak at rmw G068 was selected Tor map-
ping this compound a5 it was an intense peak in
the speclrurm and had no interfering contrbutions
fram cleareoat fragmernts (see Figure 135 The re-
sults from the trestly constructed paint stack (nol
shown] are sirmilar to the Tinuvin 292 results dis-
cussed previously, with four distinct layers visible.
Hrrweswver, in contrast 1o the Tinuwin 292 addilive,
the Tinuvin 123 shows extensive diffusicn into
adjaccrdt layers after just one waek of aging (see
Figure 151, The signal prafile exhibits & continuous
gradient and the distinel layers are no longer

Electric Owven Bake

Figure 16—Threc dimcnsinral
image deplh profiles from
aulornative cledrcoat spec-
rmens after haking in an
slectrical oven [toplara
das-fired oven (bottom?,
Wiavy 1 contains dala fram
thres different companants
whille Wiew 2 is the same data

with cameanent A remaoved Gas Oven Bake
foor emsier viewing of the £l
other dwo conzonents, o = ﬁ\\
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discernable. The finescan plot clearly shows the ex
tort af the additive migration. |t is remarkable (hat
just 8 changs in aliphatic cnd groups, or what might
b considered a minor slructural changs in the
Tinuvin malzcule {see the chemical composilions in
Fidure 12), has such a large offect an the diffusion
of the addilive in the clearcoat. With this informa
tion, the Tinuvin additive can be Lailored Lo Lhe
given application and designed (o either anhance
or retard ils diffusion within & coating systom.

Adfinal example highlighls how Tok SIMS can
|2 yscd to characterize chemistry induced it a
paint coating during bake oven cure, 1T is Known
that water vapar and nilrogen oxides formed in the
combustion exhaust of gas fired bake ovens can
react with the surface of 8 coating during cure, #17
Far exarmiphe, experiments revegled that nitrogen
ciide radicals can react with and remove a craler-
control additive from the surface of an epoxy-
based eleclrocoal during cure. This chomistry oid
not accur when the epoxy was cured in an eleclic
hake pven. In the example, the top clearcoat of
an aulormolive painl systerm was cured efther in
an electric or gas fired oven in order Lo idenlily
whether differences in surface chemistry would oc-
cur, These specimens were analyzed by ToF-SIME
throe-dimensional depth profiling, which combines
elemeantal mapping with sputtcr degth profiling to
create a wisuat represenilation of where spenies
cuist within the near surface in the paint clearcoat,
The thres dimensicnal maps in Cguee 16 show the
distribution of three dilferenl componants after
efther gas of cloctric oven cure. View 1 includes
amap of compenents &, B, and C, while Viow 2
remaoyes campohent A from Lhe map allowing vi-
sudliFation ot the layers boneath, It can be seen
thal Component A Torms & thin, uniform coating on

| | Component A

. Component B
|:| Camponznt O



both specimens. In cantrast, component B forms
a thick, unitorm film on Lhe panel baked in the
cloctric oven but a thin, patchy layer on the panazl
baked in the gas-fired oven. This variation in the
distribulion ol companent B clarffied why adhesion
performance diffcrences wore obscrvcd on pancls
baked in the different cure ovens. Based on these
results, recommendaticns were made ta specify
the precise paint formulation to cmploy kascd on
the type of hake oven used to oure the coating,

CONCLUSIONS

Previous articles i this journal 22 have shoowe
Lhat ¥-ray photoelectron spectrascapy (KPS) and
Auger elactron spoctroscopy (ALES) can bo usctul
surface Analysis tonls fur characterizing materials
and coatings. XPS s excellent for accurately detear-
mining the composition and chomical state of ele-
rrets, while AES excels in measuring the integrily
aof conversion layers used ta impade corrosion oh
rictal substrates undor coatings.

The gdreat flexibiity of ToF SIMS completes this
suile of surface analysis lechnigques. TaF-5IMS
complements XPS and AES with the ability to vicld
rgleclze information with high sensitivity at high
spalial resolution. The vich structural information
provided by SIS is unique in 8 sufacs analysis
technique, and the wide wariety of experirments Lhal
are available make 5IMS the ideal analysis methaod
for studying a varicty of coatings issues.

In autnrctive paint systems the techaigue can
serve &5 a problem-sciving tool to elucidate the
presence of contaminants. while at the same time
sErve J25 8 premier research ool Lhal can measure
and quantify the migraticn of additivas. Its ability
to measure isotopes allows the analyst to parform
inleresting and powerlul labeling experimeants that
can predict the longevity of coating systems. In the
future, ToF SIMS will serve well a5 an analysis tool
and as a predictive tool 1o help design and formu-
[tz the noxt goncration of coatings tor a wide vari
ety of induslries and applicalions.
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