
Introduction

In the last decade there has been an increasing interest

in the use of heated atomic force microscope (AFM)

cantilever tips for various applications, such as scan-

ning thermal microscopy [1–4], data storage [5–9],

nanomanufacturing [10–13], topographical measure-

ments [14–16], micro infra-red spectroscopy [17],

room temperature chemical vapor deposition [18], lo-

calized evolved gas analysis [19] and localized ther-

mal analysis [20–27]. Three different kinds of cantile-

vers with an integrated heater have emerged: the

Wollaston wire [22, 28], the microfabricated wire in-

side polyimide [29, 30] and the micromachined doped

silicon probe [31–33]. The Wollaston and the silicon

probe have both been used to perform local thermal

analysis (LTA) measurements. However, up till now

no real comparison was made between transition tem-

peratures measured using different probes while per-

forming LTA measurements on the same sample.

Moreover there exists a temperature gradient along

the platinum-rhodium filament of the Wollaston

probe, which might cause a significant temperature

difference between the apex of the filament and its av-

erage temperature [34, 35]. In the case of the silicon

probe, the current flows through the highly doped

cantilever legs to the region at the free end where the

concentration of the dopants is lower, such that it has

a higher electrical resistance, inducing resistive heat-

ing at the free end above the tip. The thermal

resistance across the thickness of the cantilever is

small compared to the thermal resistance due to air

conduction, free convection or radiation. So one can

assume that the heat flows from the top of the cantile-

ver into the substrate beneath the tip [16, 36, 37]. The

heat transfer between probe and sample is complex

and not yet fully understood. The possible physical

mechanisms of heat transfer between probe and sam-

ple are multiple: (a) gas conduction, (b) direct heat

conduction through solid-solid contact between tip

and sample surface, (c) conduction through the liquid

film between tip and sample surface and (d) radiative

heat transfer. The predominance of these different

heat transfer mechanisms depends on the sample ther-

mal conductivity. However, modeling the differences

in heat diffusion between the different probes and an

evaluation of the amount of material which gets

heated, was not within the scope of this work.

In this paper we compare the transition tempera-

tures obtained by micro-thermal analysis, which uses

a Wollaston probe, and by nano-thermal analysis,

which uses a silicon probe, while investigating

biaxially oriented polypropylene (BOPP) films.

Biaxially oriented polypropylene films are exten-

sively used in the packaging industry, as both heat

sealable and non-heat sealable films. They consist of
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one or multiple layers having a typical total thickness

of only 15–25 �m [38]. The simplest multi-layer films

correspond to three-layer structures: one thick core

layer of polypropylene homopolymer sandwiched be-

tween two thin (usually close to 1 �m) skin layers.

Each layer has its own contribution to the properties

of the film. In the standard three-layer structures, the

core layer mainly provides the rigidity of the film,

whereas the skin layers provide sealing and/or surface

properties. Studying these systems in detail is not an

easy task since it implies characterizing each individ-

ual layer. Barral et al. performed local thermal analy-

sis measurements on embedded cross sections of

BOPP films using micro-thermal analysis [39]. They

demonstrated the melting of the core layer. In the im-

ages however, skin layers with a thickness of 1 �m or

less could not be detected due to the resolution of the

thermal probes. Van Assche et al. proved that, using

through-thickness analysis, it was possible to measure

accurately and rapidly the melting transition and the

thickness of the skin layer with the micro-thermal an-

alyzer without any special surface treatment or sur-

face preparation [26]. A schematic drawing of both

measurement methods is presented in Fig. 1.

Experimental

Materials

Co-extruded, biaxially-oriented films with an isotactic

polypropylene (iPP) core layer (about 20 �m thick) and

with a skin layer of approximately 1 �m were studied.

The skin layer material is a copolymer of propylene with

�-olefins. All films were supplied by Solvay SA.

Through-thickness analyses of the skin layers were per-

formed on 5×5 mm
2

of film cut from a larger foil and

fixed on metallic sample stubs using double-sided adhe-

sive tape. For the nano-TA measurements on the differ-

ent layers of the BOPP film ultramicrotomed cross sec-

tions were used. The film was first embedded in an

epoxy matrix. After curing at 45°C for 24 h, the cross

section was obtained using ultramicrotomy.

Techniques

�TA

The Micro-Thermal Analyzer �TA 2990 (TA Instru-

ments) was operated in two modes: atomic force mi-

croscopy (AFM) and thermal analysis mode. All mea-

surements were performed in air on a temperature

controlled stage (Linkam TP 93 temperature control-

ler with TA Instruments heat/cool stage) using a

Wollaston thermal probe (Veeco). Topographic and

thermal conductivity images are obtained by scanning

the probe – in contact mode – over the surface while

maintaining the probe at a constant temperature. Im-

ages of 100×100 �m
2

were recorded with a scanning

frequency of 1 Hz using a contact force correspond-

ing to 30 nN. The spring constant of the probe was

0.03 N m
–1

. Local thermal analysis measurements

(LTA) were performed on selected spots on the sam-

ple surface. After subtraction of a baseline recorded in

air, the sensor response (in �m) of the probe is fol-

lowed during a controlled fast heating (at 5 K s
–1

).

The temperature was calibrated using a two-point cal-

ibration at 30°C (on stage) and 256°C (melting of

PET). For more information concerning �TA and its

applications, the reader is referred to [4, 28].

Nano-TA

The nano-TA add-on (Anasys Instruments) was used in

combination with a Topometrix Explorer AFM to ac-

quire topographic images in contact mode. Using a sili-

con thermal probe (Anasys Instruments) it is possible to

perform local thermal analysis measurements with a

higher spatial resolution than obtainable with �TA. Two

different probe types are available; on the one hand the

AN type probe, on the other hand the GT type probe.

The specifications of both probe types are given in Ta-

ble 1. The GT type was used for the cross-sectional

measurements, as the measurement holes resulting from

the LTA’s were smaller in comparison to the measure-

ment holes obtained using the AN type. The AN type

probes were used for the annealing and through-thick-

ness measurements as they are easier in use. Images of
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Fig. 1 Scheme of the cross-sectional measurements inside

the different layers of the embedded BOPP film (left)

and schematic drawing of the through-thickness

analysis (right)

Table 1 Comparison between AN and GT type nano-TA probes

Probe model GT AN

Material doped silicon

Length/�m 200 300

Thickness/�m 1 2

Tip height/�m 1 3–5

Spring constant/N m
–1

0.1–1 0.7–2

Tip radius/nm <40 <30

Maximum controllable temperature/°C 500 350



50×50 down to 10×10 �m
2
, were recorded with a fre-

quency of 1 Hz using a contact force of approximately

30 nN. The temperature was calibrated using a

three-point calibration at 30°C (stage temperature),

61°C (melting of PCL), and 256°C (melting of PET).

Local thermal analysis measurements were performed

using a temperature ramp of 5 K s
–1

from 30°C up to

penetration temperature with a contact force of approxi-

mately 30 nN. The sensor signal is obtained in Volt.

One can, however, calculate the sensor signal in �m, by

calibrating the internal signal from the photodetector for

each probe vs. the voltage signal which is given by the

Anasys Instruments add-on.

DSC

The melting of the skin layer and core layer material

was investigated in bulk by DSC using a TA Instru-

ments Q2000 differential scanning calorimeter equipped

with a refrigerated cooling system and purged with ni-

trogen (25 mL min
–1

). The system was calibrated for

temperature and enthalpy using the melting of indium.

Non-hermetic aluminum crucibles were used in order to

avoid thermal degradation. All measurements were per-

formed at a heating rate of 10 K min
–1

.

SEM

The different probes were observed with a JEOL

JSM 6500F Scanning Electron Microscope.

Results and discussion

One has to keep in mind that the physical dimensions

of the Wollaston and the silicon probe are totally dif-

ferent. The tip of the Wollaston probe consists in a

small 2.5 �m radius platinum-rhodium filament with

a radius of curvature of approximately 25 �m (Fig. 2).

The silicon probe is micromachined, having a tip with

a radius of curvature of approximately 30 to 50 nm,

which is a little more than standard AFM probes

(Figs 3 and 4). Due to the large difference in radius of

curvature, the pressures exerted by the tip on the sam-

ple surface in the early stages of the measurement, be-

fore penetration due to local softening, are of a com-

pletely different order of magnitude, although the

applied forces in �TA and nano-TA are comparable

(30 nN). In nano-TA the pressure was calculated by

using the radius of curvature and was around 10 MPa.

For �TA, the contact area was calculated using the re-

sidual indents and the radius of curvature, which is a

well known method [40]. In that case the calculated

pressure did not exceed 200 Pa. Based on this large

difference in pressure between both techniques, one

can expect a different response while performing

LTA measurements on the same sample.

Through-thickness analysis using �TA and nano-TA

Prior to any quantitative discussion of the LTA re-

sults, it is necessary to illustrate the reproducibility of

the measurements using �TA and nano-TA. Figure 5

shows through-thickness local thermal analysis ex-

periments using �TA measured on ten different loca-

tions. The stepwise penetration proves to be very sim-

ilar for all LTA’s of this sample. The observed step

height of the first indentation (starting around 110°C)

corresponds to the thickness of the skin layer. The

second indentation, starting closer to 180°C, corre-

sponds to the sinking of the thermal probe into the iPP

core layer, which melts at a more elevated tempera-

ture than the copolymer skin layer. Based on the step

height of ten measurements, the skin layer thickness

equals 0.9�0.1 �m. In a previous paper [26], the
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Fig. 2 SEM micrograph, showing a bottom view of the Wollaston

wires and the 5 �m diameter platinum–rhodium filament

used in �TA as thermal element

Fig. 3 SEM micrograph: general bottom view of the 300 �m

long legs of the AN type nano-TA probe (right);

magnified view of the 5 �m high tip (left)

Fig. 4 SEM micrograph: general bottom view of the 200 �m

long legs of the GT type nano-TA probe (right); magni-

fied view of the 1 �m high tip (left)



thickness obtained in �TA was shown to correspond

to the one measured by TEM. The reproducibility of

the local thermal analysis experiments using nano-TA

is illustrated in Fig. 6. In contrast to the �TA measure-

ments, where a complete heat-cool cycle was per-

formed prior to withdrawing the probe tip, in

nano-TA, the measurements were voluntarily stopped

as soon as the first indentation started, in order to

minimize the danger for tip breakage on retraction

and to keep the measurement holes as small as possi-

ble. As for �TA, first a fairly straight increase is ob-

served in the sensor signal due to the thermal expan-

sion of the heated material and the probe. It is

followed by a downward curving caused by the pene-

tration of the probe tip into the material. The maxi-

mum at 78°C is taken as the transition temperature.

These results indicate that the penetration as observed

in nano-TA, starts at a lower temperature in compari-

son with �TA. Due to their difference in physical di-

mensions, �TA and nano-TA probe different thermal

effects. To support this statement, �TA and nano-TA

experiments were performed on BOPP films annealed

at 60°C for 24 h. The annealing of the skin layer mate-

rial was first studied in bulk using DSC (Fig. 7). The

melting of the skin layer material starts at 51°C for the

non-annealed sample and is shifted to 64°C due to the

perfectioning of the crystal lamellae upon annealing.

The largest fraction of the crystals melts at 111°C in

the case of the non-annealed and 116°C in the case of

the annealed samples. The effect of annealing as ob-

served by �TA in a through-thickness measurement is

illustrated in Fig. 8. This graph shows the average of

five LTA’s for non-annealed and annealed samples,

measured in different areas with the same thermal

probe. In the non-annealed sample, the sensor signal

shows a smaller increase before the main penetration

around 116°C. This is due to a slow gradual penetra-

tion of the probe into the material. In the annealed

samples no slow penetration is observed until the

same major step at 116°C. Thus the gradual melting

of the material between the onset and the main peak

of the melting range leads to a gradual penetration of

the �TA probe. Nevertheless, the major step is only

observed when the majority of the crystals has molten

and is quasi-independent of the annealing, which is in

good agreement with Fig. 7. In the case of the

nano-TA experiments (Fig.9), the sensor maximum is

observed 6°C earlier for the non-annealed sample in

comparison to the annealed one, with a maximum at

72 and 78°C, respectively. This is well below the

main penetration observed in �TA and demonstrates

that nano-TA is truly sensitive to the effect of the an-

210 J. Therm. Anal. Cal., 95, 2009

GOTZEN et al.

Fig. 5 Reproducibility of the local thermal analysis

experiments as measured on ten different locations by

through-thickness analysis of a BOPP film using �TA

Fig. 6 Reproducibility of the local thermal analysis experi-

ments as measured in through-thickness analysis on

nine different locations using nano-TA on an annealed

BOPP film

Fig. 7 Melting of a bulk sample of the skin layer material

1 – annealed at 60°C for 24 h and 2 – non-annealed,

measured with DSC. The onset of the melting is shifted

to higher temperatures due to the perfectioning of the

crystal lamellae upon annealing

Fig. 8 Local thermal analysis measurements for

1 – non-annealed and 2 – annealed BOPP film,

measured by through-thickness analysis with �TA



nealing procedure on the onset of the melting. Hence,

nano-TA seems to be sensitive to smaller changes in

the start of the melting process; probably a smaller

fraction needs to melt for the probe to penetrate due to

the very high aspect ratio of the probe in comparison

to the �TA Wollaston probe. This indicates the need

for narrow-melting range materials for the tempera-

ture calibration. In contrast, �TA is mainly probing

the end of the melting process.

Thus, both �TA and nano-TA show differences

between the annealed and the non-annealed films. How-

ever in �TA, the difference is very small since the tem-

perature of the main penetration in the skin layer is not

significantly influenced. In nano-TA however, the tem-

perature of the maximum of the sensor signal is signifi-

cantly increased due to the annealing procedure.

Cross section analysis using nano-TA

The higher spatial resolution of the nano-TA probes

enables one to study individual layers in cross sec-

tions of multilayered films. Figure 10 shows a

10×10 �m
2

topographic image, obtained in contact

mode, in which the 0.9 �m skin layer can be seen. In-

side the different layers, the holes resulting from LTA

measurements using nano-TA can clearly be ob-

served. In the LTA curves shown in Fig. 11, initially a

straight rise in the sensor signal is observed for all

materials due to the thermal expansion of the heated

material and the probe, followed by a (gradual) down-

ward curving caused by the penetration of the probe

tip into the material. To avoid tip breakage upon re-

traction, the tip is retracted as soon as the penetration

is observed. The maximum is taken as the transition

temperature. For the iPP core layer the melting is ob-

served around 147°C and for the copolymer skin layer

around 78°C. For the epoxy resin, the penetration of

the probe tip due to the softening at the glass transi-

tion is observed around 66°C. Comparison with DSC

experiments on the individual skin and core layer ma-

terials, indicates again that in nano-TA the transition

is observed when only a limited fraction of the mate-

rial has molten (neither of these two materials were

used as calibrants for nano-TA) (Fig. 12). It should be

noted here that only a qualitative comparison can be

made with the DSC results, as these are performed on

bulk samples instead of films with a preferential

in-plane orientation of the chains induced by drawing.

These local thermal analysis results clearly dis-

tinguish between the different materials. Moreover

the layers can not only be identified, but the effects of

processing (e.g. annealing) on the individual layers

can be studied directly, as was illustrated in the previ-

ous section. However, this is only the case on the con-

dition that the material properties are unaffected by

the embedding and cross sectioning procedure re-

quired to obtain cross sections.

The discrepancy in the melting temperatures of the

iPP core layer as detected by �TA (177°C) and

nano-TA (147°C) in comparison to the DSC value on

the bulk material (160°C) is due to mainly two reasons.

In �TA, the transition temperature was determined by a

through-thickness measurement, whereas, in the case of
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Fig. 9 Local thermal analysis measurements for

1 – non-annealed and 2 – annealed BOPP film,

measured by through-thickness analysis with nano-TA

Fig. 10 10×10 �m
2

image of a three-layer BOPP film embed-

ded in an epoxy resin showing the 1 �m skin layer

(middle), the core layer (left) and the epoxy resin (right)

in which the film is embedded. Four holes in the BOPP

core and skin layer resulting from previous LTA mea-

surements using nano-TA GT type probe can be seen

Fig. 11 Local thermal analysis measurements, performed us-

ing the GT type probe, inside a – core layer, b – skin

layer and c – epoxy matrix, measured on a cross sec-

tion with nano-TA



nano-TA, the melting of the core layer is detected in a

cross sectional measurement. This means that, in �TA,

the probe first has to indent through the skin layer in or-

der to heat up the underlying core layer material, which

usually causes a transition at a higher temperature in

comparison to DSC. While in nano-TA the measure-

ment is performed directly on the iPP core layer. More-

over, as was the case for the measurements on the skin

layer material, the melting is detected in the early stages

of the melting process. This due to the large contact

pressure under the nano-TA tip (10 MPa) in comparison

to �TA (200 Pa) and the very small sample size of the

heated zone under the tip.

Despite the fact that the skin layer materials in

the through-thickness and the cross sectional mea-

surements are different, their melting onset tempera-

ture, as measured using DSC, is in both cases 51°C

(Figs 7 and 12). The transition temperatures obtained

using nano-TA are 72 and 73°C, respectively (Figs 9

and 12). Both measurements were performed with the

same probe type (AN), but with a different probe and

a different calibration file. This is a strong evidence of

the reproducibility of the calibration and the stated

sensitivity of nano-TA to the initial stages of the melt-

ing process as detected by DSC.

Conclusions

The improved resolution of the nano-TA enables us to

perform local thermal analysis measurements inside the

different layers on cross sections of multi-layered films,

even for layers of less than 1 �m thickness. This is a ma-

jor amelioration in comparison with �TA, offering new

opportunities for the study of layered films and the study

of multiphase materials in general. The major advantage

of �TA in comparison with nano-TA is the ease by

which the thickness information is obtained when per-

forming a through-thickness measurement. The results

illustrate that �TA is more sensitive to the end of the

melting process, while nano-TA probes the early stages

of the melting process. Using both types of probes will

improve the comparative analysis of samples having

differences in the shape of their melting transition either

due to the intrinsic material properties or their thermal

history. This opens prospects for the study of local dif-

ferences in melting behavior in cross sectioned bulk

samples, e.g., injection-molded parts, since this would

allow us to obtain information on the local thermal his-

tory of the material.
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