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Transition temperature microscopy
(TTM) is a novel local thermal analysis
technique that maps spatial variations in
thermal properties on length scales from
millimeters to nanometers. Traditional
bulk thermal analysis provides a sample-
averaged result and cannot generally sup-
ply sufficient information about complex
structures or heterogeneities within films
or coatings. There currently exists a na-
noscale thermal analysis (nano-TA) tech-
nique in which a nanoscale thermal probe
heats a localized region on the sample
surface to measure its thermal properties,
including thermal transition temperatures
like crystalline melting points and glass
transitions. TTM enables these nano-TA
measurements to be carried out rapidly
at a succession of points, thus creating
automated high-resolution spatial maps
of the thermal properties of a sample. In
this article we also demonstrate how TTM
can be used to characterize chemical and
structural heterogeneities and thereby
generate vital information in applications
ranging from coating defects, to in-situ
property measurement of individual layers
in multilayered films, to the detection of
gradients and interfaces.

INTRODUCTION

Thermal methods such as differential
scanning calorimetry (DSC), modulated
temperature DSC (MDSC), thermogravi-
metric analysis (TGA), thermomechanical
analysis (TMA), and dynamic mechanical
analysis (DMA) are well-established tech-

niques for characterizing polymers, thin
films, and coatings. However, a serious
limitation of these conventional thermal
methods is that they can only measure a
sample-averaged response and cannot
offer specific information on localized
defects, structural non-uniformities, or
chemical heterogeneities, nor can they
give thermal property data of coatings or
film surfaces or interfaces that are less
than a few microns thick. This analytical
limitation often impacts innovation in the
coatings industry where new metrologies
are needed for quantifying the impact

of micro- and nanostructured additives
on performance and explore solvent ef-
fects in high-solids, low-VOC coatings.
Increased pressure to develop “green” or
“sustainable” products provides increased
impetus and urgency to develop tools to
measure and quantify thermomechanical
properties of films and coatings at increas-
ingly smaller length-scales.

HOW TRANSITION
TEMPERATURE
MICROSCOPY WORKS

TTM extends into an imaging or mi-
croscopy mode, the current point-mea-
surement technique of nanoscale thermal
analysis (nano-TA), which makes use of a
thermal probe to locally heat the surface
of a sample while simultaneously monitor-
ing the softening of the sample surface
under the heated probe.'® The nano-TA
technique is similar to thermomechani-
cal analysis with the important difference



that instead of heating the entire sample, as is
done in a TMA experiment, nano-TA probes the
thermal response of the material in contact with
the probe and therefore can locally determine the
transition temperature of the sample on the micro-
or nanoscale. TTM plots an array of nano-TA mea-
surements to obtain an image or map of the transi-
tion temperatures across the region of interest.

Figure 1 is an SEM image of the thermal
probe used in TTM. Similar to probes employed
for atomic force microscopy (AFM), the thermal
probe is made using microfabrication techniques,
allowing very small geometries and repeatable per-
formance.” The apex of the probe which contacts
the sample surface has a radius that is less than
30 nm and the probe incorporates an embedded
miniature heater to perform a variety of transition
temperature measurements. Because of its small
size, the temperature of the probe can be changed
quickly, allowing heating rates from 5°C/min to
10,000°C/sec. This enables the measurement
time per point to be faster than one second, thus
significantly improving throughput.

The basic principle of TTM is outlined in Figure
2. At each point of interest on the sample, the
probe is brought into contact with the sample sur-
face and heated, while simultaneously monitoring
the thermal expansion of the sample under the
probe. At a transition temperature, the surface
softens, allowing the probe to penetrate slightly
into the sample. The array of nano-TA measure-
ments is automatically analyzed to determine the
transition temperature at each point or pixel within
the scanned region. Then a false color map is cre-
ated where the pixels are shaded according to the
measured transition temperatures. The resulting
spatial map allows visualization of thermal gradi-
ents and can detect the presence of inhomogene-

Tip heating

Figure t—An SEM image of the microfabricated
nanoscale thermal probe used for TTM measurements.
The inset is a zoom of the tip which makes contact with
the sample surface. These tips have a radius of <30 nm
allowing for a lateral resolution of each point measure-
ment of ~100 nm.

ities in a wide range of samples. The TTM image
can also be analyzed by plotting the transition tem-
perature versus lateral position on the sample as
well as selecting points from the image to generate
a histogram of transition temperatures.

TTM APPLIED TO COATINGS AND
MULTILAYER FILMS

Organic polymeric materials are widely used as
coatings in a variety of markets and for numerous
applications, primarily due to the relative ease with
which the raw materials can be processed, versa-
tility in form, and their tunable properties, which
provide improved appearance and performance.
These applications are becoming more sophisti-
cated, and due to the multi-variate nature of coat-
ings, their decreased dimensions often produce

Measure local thermal transitions

TTM image shows transition
temperature variations

image of the sample.

Figure 2—TTM maps local variations

in melting temperatures and glass
transition temperatures. A heated
probe locally measures the temperature
at which softening of the material
occurs. Arrays of measurements can be
made to assemble a spatially resolved
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Figure 3—(A) An optical image of a cross-sectioned multilayer LCD film
showing the various layers. (B) An 80 x 200 micron TTM image of the
cross section shown in A, which is positioned so that the features are
aligned with the corresponding optical image in A. (C) A histogram of the
transition temperatures in the TTM image, allowing measurement of the
average and distribution of transition temperatures in the various layers.
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layers of polymers having different functions. In
addition, the viscoelastic nature of most polymeric
materials leads to a marked time and temperature
dependence on performance.®

In this article, we discuss examples where TTM
has been used as a tool for problem solving in
coatings, multilayer films, and composites.

In-situ Analysis of Multilayer Films

The different layers in multilayered films are
often engineered and designed to contribute to the
final performance of the ensemble. However, no
direct methods are currently available to study the
thermal properties of the individual layers or inter-
faces once they are embedded in the composite
stack. TTM can solve this problem by providing a
convenient method for spatially resolving the ther-
mal response of individual layers and their inter-
faces by generating transition temperature maps of
areas scanned by the thermal probe. The intensity
of each pixel within the TTM image can be com-
pared to the optical or AFM image and provides a
quantitative measure of the thermal characteristic
of the individual pixel within the image. The spatial
resolution of TTM is primarily limited by the diam-
eter of the thermal probe and thermal response of
the material in contact with the probe. Provided be-
low are two examples of TTM analysis of individual
layers within multilayered films and coatings

Flat-Panel Displays and
Other Multilayer Materials

Polymers are an integral part of flat-panel dis-
plays and most often applied as thin films in order
to provide their functionality. The critical property

of flat-panel displays is clearly the optical disper-
sion characteristics of the materials, which com-
bine to control resolution, brightness, and contrast.
Since light scattering is impacted by the density
distribution within films, density variations associ-
ated with chemical and structural heterogeneities
will play a dominant role in the measured refractive
index and performance. Moreover, the temperature
dependence of density makes thermal property
measurement more significant for both design of
electronic displays and for failure analysis.

A polymer multilayer from a liquid crystalline
display (LCD) was microtomed to gain access to
the different layers within the LCD stack and the
cut surface was then imaged using TTM. Figure 3A
shows an optical image that reveals the multiple
layer construction of the LCD stack, ranging in size
from a few microns to many tens of microns. Below
this image is Figure 3B, which is the correspond-
ing color-coded TTM image that is scaled to track
with the optical image. This figure clearly illustrates
the variations in thermal properties across the
different layers that are not evident in optical mi-
crographs. Similar analyses could be performed on
automotive or other multilayered coatings by sec-
tioning with a microtome and using TTM to charac-
terize the different layers and interfaces within the
coating. Estimates could be made of the degree of
cure of the different layers from measured soften-
ing point values. In addition, TTM can be combined
with spectroscopic methods such as IR microscopy
or confocal Raman to better understand and study
diffusion and molecular migration effects on cure
rates and performance.®

TTM can also detect the presence of thermal
gradients and thermal transitions within layers.
In addition, TTM images can provide a quantita-
tive measure of the spatial distribution of thermal
inhomogeneities, in the form of thermal property
maps. Such features are usually not visible or de-
tectable in optical images. Transition temperatures
can also be displayed in the form of a histogram
that provides a plot of the measured distribution of
thermal (and hence, mechanical) properties over
the sample. This superposition of thermal analysis
and microscopy makes the TTM technique unique
in its ability to generate high-resolution thermal
property maps.

In-situ, Time-Resolved Cure-Rate
Measurements in Automotive Refinish Coatings

Automotive refinish clearcoats are crosslinked
coatings that are usually cured through a reaction
between two or more components. The primary
function of clearcoats is to protect themselves and
the coatings under them against environmental
influences and provide scratch, mar, and chip re-
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sistance, as well as erosion and solvent resistance,
while still maintaining a high gloss and excellent
appearance.’® Due to the fact that the clearcoat
is the first line of defense against environmental
influences, understanding surface, near-surface
chemical, and mechanical property development as
a function of composition, cure time, and environ-
mental exposure is fundamental to improving their
performance. Furthermore, the demand for lower
VOC systems in the automotive refinish industry
means that new resins, solvents, and additives
are being introduced. This, coupled with demands
for attaining fast cure at ambient temperature to
reduce the investment in drying equipment and the
time of repair, points to the need for a thorough un-
derstanding of the dynamics of film formation.
Figure 4 is a schematic of the different stages

in the film formation process and is provided to
show its complexity and time dependence.
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The coating initially goes through a liquid phase

as it is deposited, to tack free, and then to the
final fully cured state. This progression depends
primarily on the solvent evaporation rates, speed
of chemical reactions, rates of diffusion, and the
Tg of the independent systems which comprise the
film. Figure 5 demonstrates how nano-TA can be
used to follow the cure kinetics taking place at the
coating surface. Figure 5A displays the tempera-
ture ramps taken on an acrylic clearcoat at three
different times after the coating was deposited.
The softening temperature can be easily measured
from these curves and, if plotted versus cure times
(Figure 5B), provides critical information on cross-
linking rates and reaction kinetics. The ability to
measure chemical kinetics opens new opportuni-
ties to explore the effects of composition, addi-
tives, and processing conditions on the speed of
film drying, and mechanical property development
at surfaces and interfaces. The ability to measure
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Figure 4—Film
formation dynamics.
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Figure 5—Nano-TA measurements of a clearcoat measured at three different times after deposition (A) and the plot of softening

temperature vs cure time (B).
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Figure 6—(A) Time resolved nano-TA measurements allow the study of real-time dynamics of a coating’s cure rate. (B)
Comparison with DMA of comparable coatings that were removed from substrates before testing. DMA and nano-TA
results showed excellent correlation for the temperature dependent properties of the VOC-compliant and VOC non-

compliant films.

rates of chemical processes can also yield infor-
mation about the reaction mechanism, transition
states, as well as provide mathematical models
that can be used to quantify and describe the time
scales of the chemical reactions.!?

As can be seen in Figure 5A, the transition tem-
perature (which is a direct function of the crosslink
density) shows a linear correlation with cure time.
Since the molecular structure and thermodynamics
near the air-surface interface usually differ from
the bulk, this can lead to significant deviations
in glass transition temperatures and modulus as
measured by methods such as DSC or TMA, 1213

Figure 6 is another example of how nano-TA
can be used to measure and quantify the effect of
additives on mechanical property development of
coatings, as a function of drying time and compo-
sition. This figure shows an increase in softening
temperature (or crosslink density) over time for the
five different coating products tested by nano-TA.
These consist of a commercial VOC noncompliant
formulation; a commercial VOC-compliant and a

Table 1—Nano-TA measure of drying rates or
rate of increase of softening temperature.

Formulation Drying Rate (°C/hr)
24-48 hr

Internal control 0.519

Solus 2100 0.607

DPA 0.633

VOC noncompliant 0.391

VOC compliant 0.499

VOC-compliant internal control with two different

additives, Eastman Solus™ 2100 (a performance
additive for high solids 2K coatings); and a devel-
opmental performance additive (DPA).

Nano-TA of the VOC noncompliant coating,
which is a low-solids, high-solvent formulation,
shows a linear increase in softening temperature
with cure time, while all of the VOC- compliant
formulations (high-solids and low-solvent content)
display ~24-hr lag or transition period during which
time there is no measurable increase in softening
temperature. After the 24-hr lag time, the rate of
increase of softening temperature, or film cure (dry-
ing) rate, for the VOC-compliant coatings increases
at a faster rate than the commercial VOC noncom-
pliant formulations (Table 1). Because nano-TA
can be applied on in-situ coatings, the softening
temperatures can be monitored over time and thus
provide cure-rate information from surfaces that
are difficult to measure by other techniques.

Comparison of nano-TA with DMA of films
60-70 um thick, having similar compositions, but
peeled from substrates before testing, provides
a measure of the temperature dependence of
the storage modulus of the fully cured films, as a
function of testing temperature. The DMA results
(Figure 6B) compare favorably with the nano-TA re-
sults (Figure 6A) and show the VOC-compliant films
as having the lowest softening temperatures, while
the VOC noncompliant coatings (low-solids, high-
solvent content) display the highest storage modu-
lus at ambient temperatures and highest softening
temperatures, above Tg. These data offer unambig-
uous evidence that addition of Solus 2100 to the
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Figure 7—Comparison of softening temperatures measured for outdoor exposed (0, 20, and 41 weeks) clear and TiO
filled (P25 and R9) acrylic urethane coatings using nano-TA and MDSC. Surface morphology was also analyzed by SEM.

VOC-compliant, internal control formulation gives a
measurable improvement in mechanical properties
as measured by nano-TA for surface mechanical
property development and DMA for mechanical
property development of the fully cured films, and
bridges the gap in performance between the VOC
compliant and VOC noncompliant coating formula-
tions. DMA results further support the trend for
increased crosslinking by the increased Tg and in-
creasing modulus above Tg.14

The major advantages of hano-TA over DMA
are its surface sensitivity, ability to measure coat-
ings on their substrates, and provide time-resolved
thermomechanical property data for films that
are not self-supporting. In this set of experiments,
nano-TA confirmed the benefits of Solus 2100
addition to VOC compliant formulations in accel-
erating both drying rates and mechanical property
development at the air/coating interface.

Surface Property Measurements

Photodegradation and weathering effects on
coatings is another area of potential application
of the nano-TA method. Acrylic urethane coatings
were exposed 20 and 41 weeks to UV-A and
UV-B.15 Samples were scraped from surfaces and
analyzed by modulated DSC (MDSC), while nano-TA
analysis was performed, in-situ, on the weathered
surfaces. To make a valid comparison of nano-TA
with MDSC, the glass transition onset temperature

was calculated from the MDSC curve and used to
compare with the nano-TA softening temperature.
Although a more appropriate comparison with
nano-TA would have been conventional TMA, this
method was not available.

Nano-TA, due to its surface sensitivity, was able
to provide a measure of the weathering phenom-
enon, while the DSC method could not differentiate
the surface from the matrix (Figure 7). These data
further reinforce the need for surface sensitivity and
value of combining imaging with thermal analysis.

Shown in Figure 7 are SEM images of weath-
ered films used for comparison of nano-TA and
MDSC measurements. Three different types of
photo-degraded acrylic polyurethane coatings
were analyzed after outdoor exposure for up to 41
weeks. Since the nano-TA technique is a surface
property measurement, the effect of weathering
is easily detected as an increase in softening tem-
perature as a function of outdoor exposure time.
MDSC, being a bulk measurement, is not capable
of differentiating surface effects from bulk and
cannot detect the surface chemical and structural
degradation suffered by the coatings as shown by
the scanning electron micrographs.

Biaxially Oriented Polypropylene Films

Biaxially oriented polypropylene (BOPP) is
extensively used in the packaging industry with
constructions that can be either heat sealable or
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Figure 8—An AFM image (left) and nano-TA measurements (right) of
a microtomed multilayer BOPP film.

Figure 9—An optical microscope
image (left), TTM image (center),
and histogram (right) of a fiber
reinforced composite sample.
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nonheat sealable. These films can be composed
of either uni- or multilayered structures and have
typical total thickness of only 15-25 ym. The most
common multilayer films consist of a three-layer
structure: one thick core layer that is composed

of a polypropylene homopolymer, sandwiched be-
tween two thin (usually ~1 pm thick) skin layers.
Each layer has its own contribution to the film’s
property. In the standard three-layer structure,

the core layer mainly provides the film’s rigidity,
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Optical microscope image showing
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whereas the skin provides sealing and/or surface
properties.'®17 Figure 8 is an example of a cross
section of an epoxy embedded film and demon-
strates an in-situ localized nano-TA measurement
of the transition temperature of the skin layer, core
layer, and embedding epoxy used to support the
multilayer BOPP film.18

Analysis of Processing Defects in
Fiber-Reinforced Composites

Transition temperature microscopy provides a
new analytical window for testing heterogeneous,
fiber-reinforced structures, since interfacial bonding
is critical to performance. For example, a polyester
fiber-reinforced composite was prepared for cross-
sectional analysis in order to measure the fiber’s in-
ternal morphology and diameters. The fiber sample
was embedded in epoxy, cured, and sectioned by
microtomy. Inspection of cross sections by optical
microscopy, shown in Figure 9, revealed the pres-
ence of a skin layer around the microfibers. This
skin layer was later identified as an unintended
artifact that was formed during the microfiber em-
bedding process and was the result of the use of
“aged” epoxy resin and catalyst that had hydrolyzed
during storage. To explore the chemical and ther-
mal properties of the micron-sized skin layer sur-
rounding the fibers, a TTM image was generated.
The TTM map displayed in Figure 9 identified the
skin layer as having a significantly higher transi-
tion temperature than either matrix or fiber. A plot
of transition temperatures displayed in the TTM
image as a histogram, identifying the presence of
three distinct transition temperatures in the com-
posite structure. The highest thermal transition is
centered at ~170°C and is associated with the mi-
crofiber skin layer, or ring-like artifact surrounding
the microfibers. The TTM data also suggest that the
microfibers contain either a structural or composi-
tional gradient with its surface having the lowest
softening temperature (~80°C), and a core which
softens at ~100°C. The combination of optical, TTM
mapping, and a summary of transition tempera-
tures in the form of a histogram provided a most
useful approach for unraveling the complexities as-
sociated with the fiber-reinforced composite.
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CONCLUSION

Transition temperature microscopy (TTM) is
a technique that combines the benefits and ad-
vantages of microscopy with nanoscale thermal
probe technology. The addition of a probe with
an integrated heater to an optical microscope
or a conventional AFM adds a new dimension
and the valuable capability of spatially resolved
thermal analysis. This combination facilitates the
characterization of complex, heterogeneous, and
multilayered structures by providing high-resolution
thermal property mapping. The ability to heat and
test very small regions of a sample surface en-
ables the TTM technique to be uniquely valuable in
applications ranging from coating defect analysis
to in-situ characterization of reinforced composites
and time-resolved dynamic measurements for
coating design. This technique is made possible
by the recent advances in microfabricated thermal
probe technology, which permit scientists to heat
and measure thermal properties from regions on
the nano- and microscale.
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