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A B S T R A C T   

It is proposed to transfer the capabilities of a high sensitivity photothermal technique, developed by the group 
and widely used in the study of thermal properties of ceramics, metals and glass, to the study of polymer 
composites. The technique uses a sensing beam for the measurement of the thermal response of the sample due to 
local effects induced by heating with a modulated pump laser. With a simple spatial sweep of the beams on the 
sample surface, information on a micrometric scale of the thermal diffusivity of the material, distribution of 
phases and pores is obtained. Post-process analysis allows calculating average values of relevant properties such 
as thermal diffusivity, degree of crystallinity and distribution of aggregates. These measurements are performed 
at low laser powers (of the order of micro watts) avoiding the damage of the studied samples and turning this 
technique into a powerful tool of non-destructive characterization.   

1. Introduction 

The applications of polymers have grown with the beginning of the 
new century. Today there are many uses in all types of areas, such as 
coatings, adhesives, engineering materials, packaging, clothing, solid 
supports for organic synthesis, biomedicine, prostheses and their 
emerging applications in additive manufacturing (3D printing). 

This huge field of applications leads to the constant development of 
new materials with improved properties for each purpose, as is the case 
of polymers based micro or nanocomposites that in recent years have 
been used in many industrial fields. They allow an improvement of the 
properties of the pure polymer such as its rigidity or can add some 
properties that are almost non-existent in raw materials, such as gas 
permeability, fire resistance, electrical and thermal conductivity [1,2]. 
The latter is particularly interesting as it offers new possibilities for the 
replacement of metal parts in electrical systems [3] or in flame re
tardants [4,5]. In addition, automotive, aerospace and related industries 
are interested in thermally conductive nanocomposite polymers, among 
which we can highlight those based on conductive particles such as 
carbon nanotubes, graphene [6], metals [7], graphite [8] and expanded 
graphite [9–11]. 

The appearance of new materials presents the challenge of devel
oping new versatile techniques for their characterization. In particular, 
the mechanical and thermodynamic properties require the development 
of specific techniques that discriminate the surface from the volume or 

even determine the gradient of properties generated by material treat
ments. This discrimination becomes particularly difficult when the 
substrate is of the same composition as the treated zone. 

Although it is possible to identify the presence of the different 
metastable phases by means of X-ray diffraction techniques at grazing 
incidence, microstructural characterization is a problem that these 
techniques do not solve. X-ray diffraction provides information on the 
phases obtained but lacks of good spatial resolution, handling sample 
volumes above 1mm3. With microfocus systems, smaller volumes can be 
analyzed, but it is not suitable for sweeping thick samples (due to the 
penetration of X-rays). Electronic scanning microscopy (SEM) in 
conjunction with X-ray energy scattering spectroscopy (EDS) provides a 
mapping of the atomic composition for sample volumes of the order of 
1–10μm3, but does not provide information on the degree of crystalli
zation. Diffraction of backscattered electrons (EBSD) provides the 
complete information of the microstructure but at the expense of a high 
cost, a complex sample preparation and a high acquisition and pro
cessing time consumption. There are also difficulties in the measure
ments associated with characteristics of each technique that produce 
undesirable effects on the sample. A clear example of this can be seen in 
an SEM microscope where due to the intensity of the electron beam, 
irreversible damage can occur in the observed area of some polymers 
[12,13]. 

Previous works of the group showed that methods based on photo
thermal techniques can display a high contrast between the different 
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phases due to their distinct thermal diffusivity. Mapping structures with 
micrometric resolution, the study of homogeneity, composition and 
phase transformations in a diverse set of materials such as ceramics, 
metals, glass and thin layers have been achieved [14–17]. 

The thermal response of a material is given by the value of its thermal 
diffusivity (D), which characterizes the heat conduction, its effusivity 
(e), which defines the thermal contact between two surfaces, and its 
conductivity (κ), which determines the heat flow associated with a given 
temperature gradient. 

In materials of industrial use it is of great interest to be able to predict 
and understand their behavior. For example, in computational modeling 
of heat transfer under stationary or transitory conditions, an adequate 
knowledge of these physical parameters, such as the properties of each 
of the constituents at microscopic scales, is fundamental. 

It should be noted that the nature of the molecular structure of 
polymers makes the properties of these materials strongly dependent on 
temperature. Although a series of correlations have been reported 
associating structural variables such as polymer molecular weight, 
crystallinity, orientation, etc. with thermal properties [18–20], the 
development of precise techniques for such measurements is still 
essential given that, due to factors such as resistance to thermal contact 
and inhomogeneities in the sample, these measurements in polymers 
have always presented difficulties. 

Several techniques capable of polymers thermal properties charac
terization can be highlighted, the flash laser and the hot-wire technique 
being the most commonly used [21,22]. The first is used for the mea
surement of thermal diffusivity, heat capacity and thermal conductivity 
but lacks of good spatial resolution since the pulse absorbed on the 
sample surface to be measured diffuses through the entire thickness of 
the sample [23,24]. The second is used for the measurement of thermal 
conductivity with advantages over traditional calorimetry methods that 
cannot measure this parameter at room temperature, but the informa
tion obtained also comes from the full volume of the sample and cannot 
be used with electrically conductive samples [22,25,26]. 

Thus, there is currently no simple and unifying technique capable of 
revealing the microstructure of the polymer, giving simultaneous in
formation of homogeneity (identifying, for example, crystallized zones 
and different species) with a simple sample preparation, without dam
age during the measurement and with short processing times. 

In this work we propose the usage of the Photothermal Microscopy 
[27], to respond to such inquiries. It is based on the measurement of the 
thermal response of the sample due to local effects induced by heating 
with a modulated laser. The method consists of detecting the reinjected 
signal in an optical fiber from the reflection on the sample surface of a 
second probe laser. The usage of fiber optic technologies makes this 
system a robust tool, preserving the alignment of lasers perpetually. By 
performing maps of the photothermal signal, the distribution of the 
constituents can be found and histograms displaying the homogeneity of 
the sample can be performed. 

The study carried out on samples of PMMA (Poly
methylmethacrylate) and a polymeric composite of PP (Polypropylene) 
þ 5% Quartz is presented. The studied samples are only examples to 
show the capabilities of this technique that can be extended to many 
types of polymers or polymer composites. 

2. Experimental 

In this section, the fundamental aspects of the proposed technique 
are described. Afterwards the samples studied and the measurement 
process are detailed. 

2.1. The technique 

The instrument used has been completely described in a previous 
work [17]. Fig. 1 shows a simplified schematic of the experimental 
configuration. 

A fiber coupled laser that emits at 660 nm is used as a pump beam 
modulated in intensity to excite the sample and another one that emits at 
785 nm is used as a CW probe beam to sense the thermal response of the 
material. The lasers are combined in a single mode fiber by means of a 
wavelength division multiplexer (WDM). Both beams emerge from the 
fiber passing through a lens system that directs and focuses them at a 
distance δ from the sample surface. A portion of the pump beam is 
absorbed by the surface and increases the local temperature of the 
sample. This increment in temperature produces an expansion modu
lated at the excitation frequency that curves the surface at the pump 
beam impinging location. The probe beam is reflected on the surface and 
returns through the lens system, focusing at a distance ε from the edge of 
the fiber. The reinjected portion reaches the detector passing through 
the WDM and a circulator. It should be noted that a filter is interposed 
before the detector to prevent that any reflection of the pump beam 
reaches it. 

To ensure the absorption of the pump beam and reflection of the 
probe beam, a nanometric layer of platinum is deposited on the surface. 
The layer is thin enough (~50 nm) so that the lateral heat conduction, 
within the platinum layer, can be neglected [28]. 

The reinjection signal has a modulated component at the pump beam 
frequency (ω) due to the defocusing generated by the surface curvature 
that modifies the transmission through the fiber (curvature effect). In 
this way, the signal is amplified and filtered by a lock-in amplifier, 
obtaining the information of the amplitude and the phase delay (with 
respect to the pump beam) of the power of the reinjected beam. 

This signal is modeled as Equation (1) [27]: 

Sω¼
λz

κ

 

PprobeR
∂tr

∂Q’
ηPωz0

16πσ2
Pump

Ccal

!

hðω =ω0Þ (1)  

where parameters Pprobe, R, and z0are associated with the probe beam, 
being its power, the reflectivity of the superficial layer at its wavelength 
and its confocal parameter, respectively. The parameters Pω, η and σPump 

are associated with the pump beam, being its power modulation 
amplitude, the absorption of the surface layer at its wavelength, and its 
beam radius (½ the beam waist) on the surface, respectively. The 
parameter tr denotes the reinjected portion of the probe beam in the 
fiber and the term ∂tr=∂Q’denotes the variation of said reinjection with 
the change of the inverse of the radius of curvature (Q’) induced by the 
pump beam. The Ccal, is the detector calibration constant. The param
eters κ and λzcorrespond to the sample thermal conductivity and thermal 
expansion coefficient. 

The magnitude ω0, called critical frequency ð2πf0Þ, is the frequency 
for which the heat diffuses a distance equal to the pump beam radius 

Fig. 1. Experimental configuration.  
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(σPump) in a period of modulation. It only depends on pump beam radius 
and the thermal diffusivity (D) at the impinging location as described in 
Equation (2): 

ω0¼
2D

σ2
Pump

(2) 

The function h is complex and is plotted against the frequency in 
Fig. 2, where it can be observed that, after overcoming the critical fre
quency ω0, the amplitude decays with slope � 1 (in log-log scale) and at 
high frequencies a jump of π/2 in the phase delay of the signal with 
respect to the modulation can be noticed. 

The measurement of the thermal diffusivity of the micrometric zone 
excited by the pump beam is obtained by fitting the experimental data 
(corresponding to the reinjection signal measured by the Lock-in 
amplifier when the modulation frequency of the pump beam is 
changed) by the theoretical curves of Fig. 2. In fact, this fit allows the 
determination of the critical frequency that is converted to diffusivity 
values by means of Equation (2). 

It should be noted that the dimensionless photothermal signal 
amplitude and phase delay theoretical curves are universal and do not 
depend on the material or the experiment parameters. This leads to the 
fact that the phase delay at a fixed modulation frequency can be used to 
obtain the critical frequency (and therefore the thermal diffusivity) 
directly, which speeds up the measurements, allowing spatial sweeps 
with great speed and avoiding overheating the sample. This is achieved 
from the construction of a calibration curve that arises from the inver
sion of the phase delay graph axes [16,29]. 

From the slope of the curve to the critical frequency a sensitivity for 
the diffusivity measurement of 5.9%/degree is obtained. 

On the other hand, the reinjected signal has a continuous component 
(SDC) proportional to the reflectivity of the surface at the probe beam 
wavelength. 

The control of the sample position was carried out by means of a 
motorized unit XYZ that allows focusing and sweeping the surface in 
order to make maps of the photothermal signal and know its 
homogeneity. 

2.2. Samples studied and procedure 

In order to show the capabilities of the technique for the study of 
polymers and polymer composites, an exhaustive study of the photo
thermal signal as a function of the position was carried out in two types 
of samples with very different characteristics. 

The first one, labeled as sample M1, consisted of a commercial sheet 
of PMMA (TEDPELLA code: 260226) with a nominal thickness of 1 mm. 
In a first stage, the photothermal signal measurement was performed as 
a function of the modulation frequency of the pumping beam in one 
pixel for 30 equidistant values in logarithmic scale between 257Hz and 
50007Hz. This measurement (not shown) was used to estimate the 

critical frequency of the material and thus defines the frequency to be 
used in a spatial sweep. Then a 40 � 40 pixel spatial scan was performed 
(step 9.3  μm � 6.6  μm) measuring at a fixed modulation frequency, f ¼
2467Hz, with an integration time of the Lock-in of 100 ms and waiting 
1s between measurements. The pump beam radius in this case was σ ¼
2:9μm. 

The second sample studied, labeled as sample M2, consisted of a 
polymer composite manufactured by the Group of Mechanical Proper
ties and Fracture, of the Institute of Polymers Technology and Nano
technology (ITPN, Argentina). This composite consists of a commercial 
polypropylene (PP) matrix provided by Petroquímica Cuyo (Code: 
PP1102H) with 5 wt% of quartz particles used as reinforcement. The 
manufacturing process of this sample, that results in a sheet of 1 mm of 
nominal thickness and with a quartz particle sizes distribution ranging 
from submicron values to 8.5 μm, is described in Ref. [30]. Given the 
inhomogeneity of the sample and the strong dispersion of particle sizes, 
the study in this case requires a deeper analysis. 

In a first stage, a study was carried out in a zone containing a single 
quartz particle. For this, 15 spatial sweeps of 23 � 31 pixels were per
formed (step ~ 1 μm), measuring each map at a different frequency, 
equidistant in logarithmic scale, between 1497Hz and 149797Hz, with 
an integration time of the Lock-in of 1s and waiting 10s between 
measurements. 

In the second stage and, having determined the average critical 
frequency of the majority material (PP), a spatial sweep of 170 � 220 
pixels was carried out (step ~ 1 μm), measuring at a fixed frequency f ¼
14979Hzwith an integration time of the Lock-In of 100 ms and waiting 
1s between measurements. 

The pump beam radius in both those stages was σ ¼ 1:5μm. 
The powers of the pump (average) and probe beams used for all the 

measurements in the different samples were PPump ¼ 60:5μWand 
Pprobe ¼ 58:4μW. 

The DC component (SDC), the amplitude and the phase delay at the 
frequency of the pump beam of the signal reinjected into the fiber were 
acquired in each zone of a sample. 

A simple analysis of equation (1) allows predicting the relative 
photothermal signal levels according to the pump beam impinging 
location. For either, spatial or frequency sweep, if the system parameters 
are maintained, the signal will be determined by the term "λz=κ" of each 
material. In the particular case study, the thermal conductivity and 
expansion coefficients of PP and quartz have been reported in different 
works [31–33] and it can be seen that areas of pure PP will have pho
tothermal signal levels up to 3200 times higher than those of pure 
quartz. This considerable difference between the relative signals extends 
to a large number of polymers compared to samples widely studied by 
the proposed technique such as ceramics, glasses and metals. As a 
consequence, the power of the beams can be reduced thousands of times, 
maintaining usual signal levels (~100–1000 μV), without heating the 
sample. This strong reduction in power causes that the photothermal 

Fig. 2. Theoretical curves of the frequency response (adimensionalized by ω0) of the amplitude and phase delay of the curvature effect (h) [27].  
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signal will fall below detection levels in areas of pure quartz. However, 
the reinjection signal SDC will be equivalent to those in the areas of PP 
since it depends mainly on the surface layer. This fact allows locating the 
zones with quartz clusters and differentiating them from the pores, since 
in these zones the photothermal signal and the SDC signal will be null. 

3. Results 

In Fig. 3(a) a thermal diffusivity map measured on sample M1 is 
observed in an area of approximately 350  μm � 250  μm. Fig. 3(b) shows 
the histogram of the diffusivity map. A mean diffusivity value of Dmean ¼

​ 0:000898cm2=sconsistent with the bulk values reported for this ma
terial at room temperature [34] can be observed. 

Since a highly homogeneous sample has been measured, the factor 
ΔD=D ¼ 2:4%accounts for the precision of the technique. On the other 
hand the accuracy (absolute position of the mean value, i.e. calibration) 
of the technique is dominated by the uncertainty in the determination of 
the beam size, being 15%. 

Fig. 4 shows the different maps acquired over the same area for each 
frequency (Multimap) of the signal SDC for sample M2. The modulation 
frequency for each spatial sweep grows from bottom to top and from left 
to right. The presence of a cluster can be noted in each sweep whose 
repeatability in the position guarantees the stability of the sweep. 

Fig. 3. Sample M1. (a) Thermal diffusivity map (40 � 40 pixels), the white areas correspond to values where the photothermal signal is canceled due to pores, 
scratches or dust particles. (b): Diffusivity histogram. The ΔD/D factor accounts for the precision of the technique. The fluctuations in the map are due to the noise of 
the measurements. 

Fig. 4. Sample M2. Multimap of the DC component (SDC) of the reinjection 
signal. The number inside each map indicates the order of the sweep. Pixel size 
~ 1 μm. 

Fig. 5. Sample M2. Multimap of the measurements of (a) amplitude and (b) phase delay. White zones correspond to the areas where the amplitude signal falls below 
the noise level. The number inside each map indicates the order of the sweep. Pixel size ~ 1 μm. 

F. Zaldivar Escola                                                                                                                                                                                                                               



Polymer Testing 84 (2020) 106378

5

The multimaps of the amplitude and phase delay measurements for 
the sample M2 are shown in Fig. 5(a) and Fig. 5(b), respectively. 

By distinguishing the zones of null signal amplitude but not null SDC 
signal, the location of the quartz clusters can be recognized. This pro
cedure is carried out starting from the construction of the amplitude and 
SDC signal binary matrices. The binarization of these matrices was done 
by choosing a cut-off threshold for each map that corresponds to the 
average value of the measured area minus two times its standard devi
ation. The “pixel by pixel” product of the binary SDC signal matrix, by 
the negated binary matrix of the amplitude signal, allows the zones with 
quartz to be revealed. The result of this process is shown in Fig. 6. 

In order to show the correspondence between the pixel to pixel 
photothermal signal and the graphics of Fig. 2, the amplitude and phase 
delay maps were plotted, in the “position"-"modulation frequency” 
plane. The “position” in this case corresponds to the consecutive 
numbering of the pixels measured in a spatial sweep. For example, in a 
spatial scan of 23 � 31pixel for a given frequency, the “position” will go 
from 1 to 713 (pixels). Knowing the pixel size (~1 μm); we can 

transform this scale into length units. Fig. 7 and Fig. 8 show these maps, 
where zones without photothermal signal (noise) have been removed 
and scale position has been changed to microns. 

It should be noted that all the measurements are local and with 
micrometric resolution. To compare with the bulk mean values reported, 
an average pixel to pixel should be performed, that is, the average over 
the entire swept area at each frequency, and then to perform the 
adjustment by the theoretical curves of Fig. 2. Fig. 9 shows this adjust
ment from which an average thermal diffusivity of D ¼ 0:0012cm2=sis 
obtained, which is consistent with the interval of values of thermal 
diffusivity ½0:0009 � 0:0012�cm2=s ​ that can be estimated from Equa
tion (3): 

D¼
κ

ρCp
(3)  

for the reported values of heat capacity (Cp ¼ ð1700 � 1900Þ10� 6=K), 
thermal conductivity (κ ¼ ð0:1 � 0:22ÞW=mK), and density (ρ ¼
0;91g=cm3) of bulk polypropylene [31]. 

The analysis presented shows the feasibility of using the proposed 
technique for the characterization of polymers and polymer composites. 

Fig. 6. Sample M2. Binary multimap corresponding to areas with pure quartz. 
The number inside each map indicates the order of the sweep. Pixel size ~ 
1 μm. 

Fig. 7. Sample M2. Map of Amplitude vs. “position"-Frequency (normalized by 
the critical frequency estimated for the PP). Null signal zones (either by the 
presence of pores or quartz) have been removed. The expected trend corre
sponding to the curves of Fig. 2(a) can be observed. 

Fig. 8. Sample M2. Map of Phase Delay vs. “position"-Frequency (normalized 
by the critical frequency estimated for the PP). Null signal zones (either by the 
presence of pores or quartz) have been removed. The expected trend corre
sponding to the curves of Fig. 2(b) can be observed. 

Fig. 9. Sample M2. Graphs of Amplitude and Phase delay averaged over the 
total swept area for each frequency and the adjustment by the theoretical 
curves of Fig. 2. It includes the values of critical frequency (f0), average thermal 
diffusivity (D) and the mean squared error of the adjustment (MSE). 
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As an example of the capabilities of the technique, a map measured 
on the sample M2 in an area of 230 μmx130μm is presented in Fig. 10. 
The map of quartz clusters is shown in Fig. 11, where an inhomogeneous 
distribution of clusters can be observed. 

Unlike PMMA (sample M1), which is completely amorphous, PP has 
a crystalline phase coexisting with an amorphous matrix. The map in 
Fig. 10 shows the existence of zones with vermicular shape of larger 
thermal diffusivity than the amorphous matrix, which can be assigned to 
the crystalline phase. These structures were not seen on the map shown 
for the PMMA, consistent with its amorphous nature (see Fig. 3). 

A corroboration of what has been said arises from the comparison of 
the measurement of the degree of crystallinity of the sample M2 by 
means of the Differential Scanning Calorimetry technique (DSC) [35] 
with the structures occupation rate (SOR) over the swept area. The de
gree of crystallinity by DSC was measured by the Group of Mechanical 
Properties and Fracture of the ITPN (Argentina), where a value of (42 �
2)% was obtained. 

The SORwas estimated from the two Gaussian peaks adjustment of 
the histogram of map in Fig. 10, shown in Fig. 12. The area of each 
Gaussian peak has information on the occupation rate of each species. 
The peak centered on the highest value of thermal diffusivity was 
assigned to the crystalline phase and its area (A2) was compared with the 
area occupied by the other peak (A1). In this way, the SORwas estimated 
using Equation (4): 

SOR¼
A2

ðA1 þ A2Þ
¼ ð40:2� 1:2Þ% (4)  

where each area was calculated from the integrals of the Gaussians 
curves and the uncertainty from the errors propagation, considering the 
coincidence interval of the adjustment of Fig. 12 as the error in each 
parameter. It can be seen that within the error, the SORobtained is in 
accordance with the value obtained by the DSC technique. 

4. Conclusions 

A powerful photothermal technique, for the local characterization of 
polymers and polymer composites has been presented. The technique 
allows, with a simple scan of 1s per pixel, the determination of thermal 
diffusivity with micrometric spatial resolution, a property that allows 
exposing with high contrast the different phases of a sample. The real
ization of photothermal signal maps allows characterizing the distribu
tion of phases and pores. 

Maps measured over the same area at different frequencies has 
allowed to show the great scan stability and the correspondence be
tween the photothermal signal measured at each pixel with the theo
retical curves of the photothermal model. The average values of thermal 
diffusivity on the swept areas for PMMA and PP are in agreement with 
the values reported for the same materials in bulk. 

On the other hand, a map of thermal diffusivity has been shown on a 
highly homogeneous PMMA sample. 

The histogram of this sweep provides a reference for the precision of 
the technique from the factor ΔD/D, being 2.4%. With this precision the 
presence of structures on areas with PP of the sample M2 can be 
revealed, assigned to the crystalline phase of said material. Through the 
analysis of the diffusivity histogram of the measured area the occupation 
rate of this phase, being (40.2 � 1.2)% was determined, a value 
consistent with the degree of crystallinity measured by the DSC 
technique. 

It should be noted that the study could be done with very low power 
(order of the micro watts), so the material is not affected by the study, 
proof of this are the multiple sweeps carried out on the same area where 
no degradation is observed. 

Fig. 10. Diffusivity map of the measured area. The area without a signal either 
by the presence of pores or quartz is plotted in white. It can be seen the dis
tribution of crystalline phases (zones with vermicular shape of larger diffu
sivity) and amorphous (lower diffusivity background). 

Fig. 11. Binary map of areas with pure quartz.  

Fig. 12. Thermal diffusivity histogram of measured area shown in Fig. 10 and 
two Gaussian peaks adjustment for SOR estimation. 
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