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Transiion temperature nicrascopy
ITTMY is & novel lueal thermal analysis
technigue thal maps spatial variations in
thormel propertics on length scales from
miliimaters to nanometers. Traditioral
bulk thormet analysis provides a sample-
averaged resuit and cannot generally sup
ply sufficient information about cormphes
structurgs or heterogeneaities within films
or coalings, There currenitly exists a na
nascale thormal analysis (nano TA) Lech-
rHgue i which &8 nanascale thermal probe
hents a lacalized region on the sampls
surface to measure its thermal properiies,
including Whermal transition temperaturcs
like crystalling melling points and glass
transitions. TTM enatics these hanc-TA
Measurements {o be cawried aut rapidly
al & succession of points. thus creating
autormated high-resslution spatial maps
of the thermal properties of o sample. In
this article we also dermnonstrate how TTM
can ber used o characterize chemical and
structural heterogensities and thereby
gencrate vital wwformation in applications
ranging from coating defects, to insitu
property measurement of individual layers
it multikayered films, to the detection ot
gradients and intarlaces.

INTRODUCTION

Thermal methods such as diffarantial
scAnNIng calorimetry {0DSC), modulated
termpearature DSC (MDSC), thermogravi-
mctric: analysis {TEA), thermamechanical
anatysis [ThA), and dynamic mechanical
analyzis (DWMA] are well eslablished tech-

niques for characterizing polyrmers, hin
lilrs, and costings, However, & serigus
limitation of these comeantional thermal
methads is that they can only measure a
sample-averaged response and cannaot
oftcr specific information on localized
defecls, structural non-unifarroities, ar
chemical hetorogensitizs, nor can they
give thermal property data ot coatings ar
film surfaces ar intcrfaces thal are less
than a fow micrens thick. This analbtical
limitation oflen impacts innovation in the
CoEtings industry whore new metrologios
are nocded for quanlilyving the impact

of micre- and nanostruciured addiives
on performance and explore sclvent of-
fects in high solids, 10wS0C coatings.
Increased pressure 1o dovelop “green” or
"sustainablc” producks provides increased
impetus and wrgency to develop toals to
measure and guantity thermaomechanical
propertics of films and coatings at inoreas-
ngly smaller lapgih-scales,

HOW TRANSITION
TEMPERATURE
MICROSCOPY WORKS

TTM extends into an imaging ar mi-
croscopy mode, the current point-mea-
surement technique of nanoscale thermal
analysis (nanc-Ta), which makes use of a
thermal probe to locally heat the surface
ot & sample while simultanaously manitar-
ing the softening of e sample surface
under the heated probe.” 8 The nana-TA
technique is similar to thermomaoesnani-
cal analysis with the important difference



that inslead of heating the entire sample, as is
done in a TMA cxperiment, nane-TA probes the
thermal response of the material in contact with
the prabe and therefore can locally detormine the
transition temperature of the sampie on the micro-
or nanoscale. TTW plats an array ol nano-TA mea-
suremenls o olitain an image of map of the transi
tinn temperatures aoross the region of interessl.

Figure 1is an SEM image of the thermal
prabe used v TTR. Similar to probes employad
for atarmic force microscopy (AFW), the thermal
profe is made using microfabrication techniques,
allowing very small geomctries and repegtable por
farmance.” The apox of the probe which contacts
the sample surface has a radius that is less than
30 nm and the probe incorporates ar embedded
miniature heater to porform a variety of transition
lemperaturs messuwrements, Bocause of its small
size, the temparature of the probe can be changod
quickly, allowing heating rates from E°C/min to
10,000 Cys0e. This enakles the moaswerent
titme por paint Lo be faster than one second, thus
significantly improving theoughput,

The Dasic principla of TTM is outlined in Figure
2. At each point of interest on the sample, the
probe is brought inte contact wilh the sample sur
fuee and heated, while simultaneously monitoring
tha thermal expansion of the samplae under the
prabe. Al a tranaition temperature, the surface
soflens, allwing the probe to panctrate slightly
into the sample. The avray of nano TA measuro-
ments is automatically analyzed to determineg the
ransition formperasture at each paint ar pixel within
the scanned region, Then a falkse colar map is cre
ated where the pixcls are shaded acoording to the
measured trarsition temperatures. The resulting
spatial map allows visualization of thermal gradi-
ents and can dotect the presence of inhomogene-
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Fgure +—4n SEM image of the microfalricated
ranoscale thamal pralbe used Tor TTR mcasurements.
The inscl is a zoom of the i which makes comtac with
tha sample surface. These tips have a tadius of <30 [m
allorwdnes foor a laleral resolution of cach point measume-
izt of -t fm,

itics in & wide range of samples, Thoe TEM image
can also bo analvzed by plotting the fransition tem-
pErature versus latersd pasition on the sample as
well 85 selacting points from the image 0 generate
A histogram of transition tempeoratures.

TTM APPLIED TO COATINGS AND
MULTILAYER FILMS

Orianic palymeric matcrials are widely used as
coatings in a varisty of markels and for numerous
applications, primarily due to the relative ease with
which the raw materials can be processed, vorsa-
tility in Term, and their tunable propertics, which
provide improved appearance and performance,
Thase applications are bocoming mare sophisti-
cated. and due to the mullivariate nature of coat-
ngs, thoir decreased dimensions often produce

Figure 2—TTX maps local variations

in mealting Lemperatures and glass
ransiiom temperatures. A heate
prooe locally measures the tempsrature
at which softening ol the material
CCEWrS, Arravs of measurciments can be
made 13 assemble a spatially resolved
irmage of the samola.
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Figure s—{A) An ootical image of a cross scctloned mullilayer LCD filrr:
showing Lhe various layers, (B] An 84 & 200 micrapn TTW image of the
crass section shown in &y, which is positioned so that the Teatures are
aligrae] with the corresponding aptical image in A. (7 A histogram of the
eransition temperalures in tae TTM image, allowing measuroment &l Lhe
average and dislribution of transiton temperalurcs i the various layers.
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lawzrs of polyrmers having ditforent functions. (o
addition, the viscoelaslic nalure of most polyimeric
materials leads to a marked time and temperature
dependence on perfarmance,”

In thiz article, we discuss examples where TTH
has haen uscd as a toal for problem solving in
LOEmings, multilayer tilms, and composites.

li-situ Analysis of Multilayer Films

The dilferent layors in multilayered filims are
ofton onginesred and designed to contribute 1o the
final performance of the ensemble. Howewver, no
direct methods are currently availabls to study the
thermad properties of the individual layers ar intee
faces onee thoy are embadded in the composite
stack. TTM can =nlve this problem by providing 2
corvenicnt mathod for spalially resolving the ther
mal response of individual layers and their inter-
faces by generaling ransition termperature maps of
aress scanncd by the thermal probe. The intensily
of @ach pixel within the TTM image can be com-
parcd 0 the optical er AFM imagde Aand privides g
fuarilitative measure of the thermal characteris o
of the individual pixel within the image. The spatiaf
resolution of TTR is priraarily lirmited by Lhe disgm
eter of Lhe thermal probe and thermal response of
the matesial in conlact with the probe. Provided bo-
low are two cxamples of TTM analvsis of individual
layers within rutilavcrod fillms and coatings

Flat-Panel Disptays and
Gther Multilayver Materials
Palymicrs are an inlegral part of flat panel dis

plays and most ofton applied as thin filtrms in order
to provide their lunctionality. The critical proporty

of flat pancl displays is clearly the optical disper-
sion characteristics of the malerials, which com-
hinz to contral resclution, brightness, ard contrast.
Since light scattaring is impacted by the density
distribulion within films, densily variations ass0ci-
atod with chemical sand structural helerngensitios
will play a dominant robe in the measured refractive
index and performance. Mareover, the torperature
dopendance of density makes thermal propedy
messLUrcrnert more significant for bath design of
eleclronic displave and for failuee analysis.

A polymer rnultiloyer from a liguid crystalling
dizplay [LCEY was micretomed 1o gain access o
Lhe differcht layvers within the LCD stack and the
cut surface was then imaged wsing TTW. Figuro 38
shows an oaticad image that revaals the moelliple
laver construction of the LCD stack, ranging in size
fram a lew micrors toe many tens of microng. Bolow
this image is Figure 3B, which is the correspond-
g color-caded TTh image that is scaled to track
with Lhe cptical image, This figure clearly illustrates
the variations in Lharmal properties acrmss Lhe
different loyers that are not evident in optical mi-
crographs. Similar analyses could ke perfarmed on.
automaotive or alber multilaycred coatings by sec-
linning with o microtome and using TTh o charac-
terize Lhe different layers and inlerfaces within the
coating. Estimates could be made of the degree of
cure of the different layers from mcasured soften-
ing poinL walues. In additicn, TTM can be combined
with spectroscopic methods such as 1§ microscopy
ar confocal Raman to hetter understand and study
diffusion and maleclar migration effects on cure
rates and performance.?

T can also detect Lhe prescnoe of thermal
gradienls and thermal transitions within layers.
In additicn, TTM irmages can provide a quanlila-
Irvee measure of the spatial distribution of thermal
inhomogeneiias, in the farm of Lhermal propey
maps. Such features are vsually not visible or de-
teclable in gptical images. Transiion lemperaturcs
can also be displayed inthe form of & histogran
that pravicdes a plot of the measurcd distribution of
thermal {and hence, mechanical) properties avor
the sample. This superpesition of thermal anatyvsis
and microscopy Makes the TTH technique unigue
in its abilily Lo generato high-resclulion thermal
propory maps.

In-situ, Time-Resolved Cure-Rote
Measurements in Autometive Refinish Coatings

Automotive rofinish clearcosts are crosslinkoed
coatings thal are usually cured threugh a reaction
hetween two ar mare components, The primary
function of clearcoats is to protecl themsahes a2nd
the coatings under hem against environmental
influences and provide scratch, mar, and chip ro-
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sistance, a5 well 55 erosion and solvenl resistance,
whilz still maintaining & high gloss and excellent
appearance. 't Due to the facl that the clearcost

iz the firsL line of defonse agafnst environmenial
influcnces, understanding surfaco, near-surface
chermical, and maochanical properly development as
o function of composition. cure tirme, and anviron
mental cxposure is fundamental to improving their
perforrnance. Furthermore, the demand for lower
YOO systems in the automoctive refinish induslry
means that new resins, solvents, and additives

are being introducod, This, coupled with demands
for attaining fasl cure at ampicnt temperalure Lo
reduce the investmert in drying eguipment and the
tirme of repair, points e the need for a4 thormugh un-
derstanding of the dynamics of film formation.

Figurc 4 is a schamalic of the diffcrent stages
ir Lhe filrm formation process and is provided to
showy its complesity and time dependence.
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The coaling initially goes through a liguid phage
a5 it s depogited, 1o tack Mree, and then to the
final fully cured state. This progression depends
ptimarily on Lhe solvent evaporation rates, speed
of chamical reactions, rales of diffusion, and the
T, of the indepondent systems which comgrise the
filris. Figura 5 dednonstrates how nanc-TA can be
uscd to fallow the cure kinetics taking place at the
coating sufane. Figure BA displays the termpera-
ture ramps taker: on an acrylic clearcoat at Lhree
diftorent times after the coating was doposited.
The sollening termporatune can be easily megsured
from these curves and, if plottod viersus cure times
(Higuwre TR, provides eritical inlarmation on cross
linking rales and reaction kinetics, The akbility to
measure chemical Kinelics opens now apportuni-
tes to explore the offects of compasiion, addi-
tives, and processing conditions o the speed of
filry drying, and mechanical property dovelopmeant
al surfaces and intcfaces. The abilily to measure
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Flgure 5—Maro-TA measuraments of « dearcoat measured at three ditterent times after denosition (A) and the plat of seivening

tameeratue vs cure time {8,
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Figure 6—{A) Time resalved nanoTA measurerents allow the study of realtime dynamics of a coaling™ cure tate, {B)
Compatison with el of comparable coatings Lhat wera removed from substrates before testing. b4 and nano-Th
resulls showesd excellent correlatlen far the tamperature dependant properties of the WO compliant and YO0 non

campliant films,

rates of chemical processcs can also yield infar-
malicn about the reaction mechanism, transition
states, as well as provide mathematical models
Lhat can be used o quantify and describe the time
scales of the chemical reaclons.tt

As can bk soon in Figure 84, the lransilion tem
perature iwhich is a direct function of the crosslink
density) shows a linear correlation with cure time,
Since the roalecatar structure and thermodynamics
nesr the airsurace inteface usually differ from
the bulk, this can lead to significant deviationg
in glass transition temperaturas and medulus as
rreasured by methods such as OS50 or Tha, 18

Fidure & iz anather example of how nanas-T4
can be used to measure and quantify the effect of
additives on mechanical proporty dovelopment of
coatings, A8 a function of drying Lirne and compo-
sition. This Tigure shows an increase in sofiening
lermperature (or crosslink densit over tirng for the
five differert coating products tesled by nano TA.
Thesc consist al @ commercigl YO0 noncompliant
farmulation; @ commetrcial YOC-compliant and a

Table t—Manc-TA moasore of drying rates or
rate of increase of softaning temperature.

Formulaticn Drying Rate {°Cfhr}
24-438 hr

Intamal condrol [.518
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VOC-compliant inlernal comtral with lwo different
addilives, Eastman Solus™ 2100 (o performance
additive for high salicls 2K coalings): and a devel-
opmental parformance additive (DAL

MNang-TA of the VOO noncompliant coaling,
which is a low solids, high-solent formulation,
shiows a linear incresass in softening Lemperature
with cure time, while all of the ¥OC- compliant
farmulations thigh-salids and low selvent contant)
display ~24-hr lag or transition period durfrg which
tirme Lhere: is no measurable ingroase in softening
temperature. After the 24-hr lag lLme, the ate of
increasc of softening Lernperature, or Tilm cure (dry
ing] rate, for the VOC-compliant coatings ncreases
at & faster rate than the commercial VOO noncom-
pliant fermulations (Table 1), Bocause nano-TA
can be applied on in-sity coatings, the softening
tempergturas can be meonitored over lme and thus
provide cure-rate infommalion from sufaces that
arc difficult tr measure by other lechnigues.

Comparisen of nanc-Ta with DMA of films
GO-70 prn thick, having similar compesitions, bul
pocled from substrates before Lesting, provides
a measure of the temperature dependence of
the sterage modulys of the Tully cured fifms, as a
function of testing lemperature, The DMA results
(Figury GB) compare favorably with the nano-ThA re-
sults (Figure G4) and show the YOO compliant films
as having the lowesl softening temperalures, while
the YOO nencempliant coatings {low-solids, high-
solvent cortent} display the highest storage modu-
lus at ambicnt iemperalures and highest soflening
tempearatures, above Ta' These data offer unambig-
unue evidence that addition of Solus 2100 to the
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Comparison of MDEC and TTM of Weathered
Acrylic Clearcoats
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Flgure p—Cpmparison of softening temperatures mesasurad for gutdoor exposed {o, 2o, and 41 weeks) clezrand 1 Q.
filled (F*5 and Rgl acrelic urethane coatings using nana-TA and WMDSC, Surtace morphotogy was alse analvzoed Ty SEM.

VOC-eompliant, imtornal conlrol formulation gives a
measuralle improvement in mechanical propertias
Az measured by nano-TA for surface mechanical
propery developmoent and DA for mechanical
property development of the fully cured films, and
hridges the gap in performance botween the YOO
compliant and V0T noncompliant coating formula-
tions. DMA results Turther suppot the rend for
inoreased crosslinking by he ingroased T ¢ and in-
creasing modulus above TE.'-’1

The major advartages of nanc-Th over DMA
are its surface sensitivity, ability to measure coal-
ings on their substrates, and provide time-resolved
thermomechanical properby data for films Lhat
are not sef-supporting, In Lhis set of experiments,
nana-FA conlirmed the henefits of Solus 2100
aadition to VOO compliant formulations in aocel-
erating both drying rates and inechanical property
development al Lhe air/coating interface.

Surface Property Measurements

Photodegradation and weathering effects an
coatings is another area of potcntial application
of the nano-TA methad, Acrylic urethane costings
wert crposed 20 and 41 weeks to US4 and
U-B.-% Samplos ware scraped from sufoces and
analyzed by modulated DSC (MDSC), whils nann-TA
ahdlysis was performed, insity, on the weathered
suifaces. To make a valid comparizen of nana-TA
with MOSC, the glasse transition onset temperatuces

wis caleulated from the MDOSC curve amd used to
ciHnpare with the nanc-TA softening temperature.
Although & moere appropriate comparison with
nanc-Ta would have been conventional Tha, this
riethind was not available.

Mano-TA, due 1@ its surface sensitivity, was able
to provide a measure of the weathering phencr-
enen, while the DSC mathnd could not differentiate
the surface from the matrix (Figure 7). Theso data
further reinforce the need for suface sensitivity and
value of combining imaging with thermal analysis.

Showrn in Higure T are SEM inages of weath-
ored films used Mor comparison of nano-TA and
MOSC measurements, Thraee difforont types of
photo-degraded acrylic polyurethane coatings
were analyzed after outdoor cxposure for up to 41
weeks. Since the nano-TA Lechnique is & surface
property measurement, the effect of weasthering
is easily detected as an increasc in softening tem
perature a5 a funcltion of outdoor exposurs time.
MDSC. being a bulk measurement, is not capakblie
ol differentiating surface effects from bulk and
cannot delect the swface chemical and structural
degradation suffered by the coatings as shown by
the scanning electron micrographs.

Biaxially Oriented Polypropylene Films

Biaxialy orientod polypropylens (BOPP) is
extensively used in Lhe packaging industry with
construclions that can be eithaer hoat sealable or

Fabrvany 2070
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Figure 8—an AR irmage (left) and nano-TaA measurements (Hghl) of
a microtanied multilaver BOPP Zilm.

nanheat sealalle, These ims can be composed
of gither uni- or multilayered struclores and have
typical total thickness of only 15-25 pm. The most
comman multilayer films consist of & three-layer
&lructurc: one thick core layer that iz composed

of a polypropylene hemaopolvmer, sandwiched be-
twecon twad thin (usually —1 prm thick) skin tawees,
Each laver has ils cwn contribution to the filmn's
property. in the standard Lhres-lgycr structure,

Ihe core laver mainly provides the flm's rigicy,

whereas the skin provides scaling and/or surface
properties 517 Figure B is an example of a cross
section af an gpoxy embeddad film and demon-
Bfrales An insitd localized nanc-TA measurcment.
of the transition tomperalure of the skin layer, core
laver, and embedding cpaxy used to suppart the
mwllilayer GOPP film =8

Analysis of Processing Defacts in
Fiber-Reinforced Composites

Transition temperature micraseepy providcs 2
now analylical window for 1esting heterogensous,
fiberrcinforced structures, since interfacial bonding
is critical to parfonmance. For example, a polvester
fiber-rainlorced composile was prepared lor cross
secticnal analysis in crder t measurc the fiber’s in-
ternal morphiology and diameters. The fiber sample
wiag embedded in epoxy, cured, and seclioned by
microtomy. Inspection of cross sections by optical
microscopy, shown in Figore 9, revealed the pros-
ence 0l & skin layer arcund the microfibers. This
skin layer was later identifled as an unintended
arlifact that was formed during the microfiber em-
hedding pricess and was the rosult of the use of
“amgod” epoxy resin and catalyst that had Medrolyeed
during sterage. To explors the chemical and ther-
mal properies of the micron sized skin layar sur
rounding the Tibers, & TTH images was generated.
The TTr map displayed in Figure S identified the
akin laver as having a significantly higher lransi
tion tomperature than cither matrix ar tiker, A plot
of lransition temperalures displayed in the TTW
image as a histogram, identifying the presence of
three distingt transition temperatures in the com-
posile structure, The highast thermal Lransition is
conterad al ~170°C and is associated with the i
crifibor skin layer, or ring-like arlifact surrounding
the microfibers. The TTM data also suggest that the
microfiters contain cither a skructucal or compasi-
lienal dradient with its sudace hawing the Jowest
softening temporature (~80FC), and 8 core which
saftons at —100°C. The cormbination of optical, TTM
mapping, arnd a summery ot transilion tempera-
tures ity Lhe: form of & hislogram provided a most
useful approach for unraveling the complasities as-
gsocialed with the fiker-reinforced composite.

Figure g—~"An aptical microscope
irmage (left], | IM image (conter],
and histograrm fright) ol a filer
rainforced composite sazmpla.
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CONCLUSION

Transition temperatureg microscopy (TTHMI s
& technigue that combires Lhe benefits and ad
vartagas of micrascapy with nanoscale thermal
probe technalogy. The addition of o probe wih
an inlegrated heater to an oplical microscope
or a conventional AFM gdds a new dimension
and the valuahle capability of spatially resolved
thermal analysis. This combination facilitates the
characterizalion of complex, heterogensous, and
multilavared struclures by providing high resolution
thermal propery mapping. The ability to heat and
test very sl regions of a sample swirface an-
ablos the TTM technique to ke uniguely valuable in
applications ranging from coating defect analysis
o in-sitl charactedzation of reinfored composites
and time-reschved dynaric measurements tor
coating design. This technigue iz made possible
by the recent advances in microfabricated tharmal
prolye technology, which permit scienlists to heat
and measure thermal propertics from regions on
the nana- and microscale,
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