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Micrometric scale thermal diffusivity measurement by photoreflectance microscopy is now a well-known 
technique. Until now the experiments were performed essentially at room temperature. In this paper we explore 
temperature resolved tests. We describe the modifications introduced in the experimental set-up and the 
procedure followed to determine the temperature dependent diffusivity. Different analysis methods are 
described and first tests performed on known materials and a C/C composite is presented.

1. Introduction

C/C composites are made of several micro-components [1]

whose properties are often not known precisely as a function

of temperature. Such a lack of knowledge makes it difficult

to use multi-scale numerical simulations that require reliable

microscopic data [2] to predict the influence of individual

micro-parameters on the macroscopic thermal properties.

Because of the size of the constituents, conventional methods

are not suitable; only photoreflectance microscopy [3] has the

required spatial resolution to determine precisely the thermal

properties of a carbon fibre with a material volume as small

as a few cubic micrometres in diameter. This purely optical

method is based on the measurement of the thermally induced

variation of the sample reflection coefficient [4, 5]. From the

analysis of the experimental data, the local thermal properties

are deduced [6].

Until now, C/C composites were characterized with this

technique only at room temperature [7] whereas thermal

diffusivity measurements at various temperatures have already

been performed by infrared microscopy with a 30 µm spatial

resolution [8]. Our purpose is to measure the thermal

diffusivities of the constituents of C/C composites heated at

temperatures up to 1000˚C. After presenting the modifications

we have introduced in our photothermal microscope to perform

these experiments, we describe the experimental procedure

that we follow to determine the evolution of the thermal

diffusivity of a material with temperature at a microscopic

scale. To show the possibilities inherent in this method,

we present first the results for two well-known materials

(molybdenum and chromium) and second the results for a

PAN-based carbon fibre at 1000˚C.

2. Microscopic thermal characterization by
photoreflectance microscopy

Photothermal microscopy is based on the measurement and

analysis of the periodic temperature increase induced by the

absorption of an intensity-modulated laser beam (pump beam).

By detecting the variations of the thermally induced reflection

coefficient with the help of a secondary continuous laser

beam (probe beam), the local temperature increase at the

sample surface can be measured. Thermal parameters are

then identified by fitting the periodic signal to a suited model.

Unlike other photothermal methods, this contactless technique

has a micrometric spatial resolution.
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2.1. Thermal wave propagation

When an isotropic, homogeneous medium is heated by a

periodic point-like heat source of power Q, the periodic

temperature increase, also called ‘thermal wave’, at a distance r

from the pump location is described by the following equation:

δT (r, t) =

Q

4πkr
exp

(

−

r

µ

)

cos

(

ωt −

r

µ

)

, (1)

where

µ =

√

α

πf
(2)

is called the thermal diffusion length, f being the modulation

frequency of the harmonic heat source, α = k/ρC the thermal

diffusivity of the material, k its thermal conductivity, and

ρC its volume specific heat. Equation (1) holds when the

size of the pump beam is small compared to the thermal

diffusion length. We note that the thermal waves are damped:

the higher the modulation frequency, the sharper the periodic

temperature decrease. At a few hundreds of kilohertz and for

usual thermal diffusivity values (smaller than 10−4 m2 s−1),

the thermal wave is confined in a volume of a few cubic

micrometres. It can be seen that the phase shift ϕ = −r/µ

between the periodic temperature rise at the surface of the

medium and the modulation of the heat source decreases

linearly as the distance from the heat source r increases. The

slope of the phase curve along r is constant and equal to −1/µ.

Thus, the recording of this curve measure enables us to evaluate

easily the thermal diffusivity by a linear fit using equation (2).

Nevertheless, the focused pump beam energy distribution,

which limits the spatial resolution of the measurements [6],

must be taken into account to determine the thermal diffusivity

precisely.

Figure 1. Thermal microscope set-up.

2.2. Photoreflectance measurement principle and

experimental set-up

To perform a photothermal experiment at such a local scale,

the only available technique is photoreflectance microscopy

[3]. It consists in measuring with a photodiode the light flux

of a continuous laser beam (intensity I0), called the probe

beam, after it has been reflected on the sample surface in the

periodically heated zone. If the temperature variation is small,

the reflection coefficient of the surface can be assumed to vary

linearly with temperature according to relation (3) [9]:

δR(r, t) = R0

[

1 +
1

R0

∂R

∂T
δT (r, t)

]

. (3)

After reflection, the ac component of the probe beam intensity

δI (r, t) is directly proportional to the temperature increase:

δI (r, t) = R0I0

[

1

R0

∂R

∂T
δT (r, t)

]

. (4)

These intensity variations can be detected with a photodiode

whose signal is filtered by a lock-in amplifier. The amplitude

of the signal depends on both thermal and optical parameters;

on the other hand, the phase term is independent of optical

artefacts and depends only on the thermal diffusivity of the

material.

The experimental set-up, described in figure 1, consists of

three main parts: an optical set-up for focusing and positioning

the pump and probe beams, a device for measuring the

reflected probe beam intensity, and several electronic devices

for detecting the signal and driving the experiment.

The pump beam is a continuous Ar+ laser whose

maximum power is 2 W. Its intensity is modulated by a
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frequency generator-driven acousto-optic modulator operated

at frequencies up to 2 MHz. The pump beam is then directed by

a dichroic mirror and finally focused onto the sample surface

in the heating stage with a microscope.

The probe beam is a laser diode (wavelength 780 nm,

power 20 mW) that travels through a quarter-wave plate and

the dichroic mirror, and is then focused onto the sample surface

with the same microscope. After reflection, it travels through

the quarter-wave plate again and is then sent to the photodiode

by a beam splitter cube. An optical filter prevents any pump

beam photon from reaching the detector.

A lock-in amplifier extracts the amplitude and phase of

the periodic signal collected by the photodiode. A PC controls

the dichroic mirror orientation and, consequently, the distance

r between the probe and pump beam locations.

The heating stage window, made of fused silica, transmits

93% of the intensities of the two beams. An objective (×40)

with a large work distance specially designed to correct the

spherical aberrations due to the heating stage window is used.

The highest temperature that the heating stage can reach is

1500˚C under a vacuum level better than 10−3 mbar.

A mirror polishing of the sample is necessary to ensure

good reflection. The sample has a diameter less than 7 mm

and a thickness around 1 mm. Its thickness must be as small

as possible to avoid any temperature gradient in this direction

caused by the heating and, thus, have a homogeneous sample

temperature.

3. First high temperature tests

3.1. Isotropic material characterization

Tests were first performed on homogeneous and isotropic

materials, which are easier to characterize. When heating the

sample up to a few 100˚C, new difficulties appear, such as a

change in the surface aspect, oxidation, thermal expansion of

the sample and a related defocusing of the laser beams. To

avoid or at least reduce the oxidation that may appear during

the measurements, we apply a primary vacuum sequence and

then set a neutral gas circulation.

The procedure that we apply for temperature-resolved

thermal characterizations can be described in several steps.

First, we perform a two-dimensional scanning of the sample

surface at room temperature. Figure 2 shows a typical result

obtained on a molybdenum sample. We note that, in the

vicinity of the pump beam, the isophase lines are a little

elliptic: this is due to the probe beam, which is quite elliptic

and induces an apparently anisotropic behaviour of the sample

when the two beams are close to each other. But far enough

from the pump beam, isophase lines become circular and one

may exclude any thermal anisotropy in this case.

This experiment typically takes 8 h. Nevertheless, this

tedious two-dimensional scanning operation is necessary for

three reasons: first, it allows us to rapidly visualize the degree

of thermal anisotropy of the sample, second, it permits us to

identify the two thermal diffusion principal axes in the case of

an anisotropic material, and third, it allows us to check that

these principal axes are in the sample surface plane.

For isotropic materials, characterizations at higher

temperatures are performed via one-dimensional scannings
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Figure 2. Two-dimensional amplitude scan at 300 kHz and 20˚C
collected on a molybdenum sample.

of the sample. The thermal diffusivity can be roughly

estimated from the two slopes of the one-dimensional phase

profile (section 2.1). Then, a complete model integrating

the finite sizes of both the pump and the probe beams

allows the determination of the thermal diffusivity. In the

following two plots obtained for chromium (figure 3) at 750˚C

and molybdenum (figure 4) at 300˚C (both materials being

thermally isotropic), the crosses are the experimental data and

the continuous lines are the calculated fits.

The thermal diffusivity of chromium at 750˚C determined

from figure 3 is 1.5 × 10−5 m2 s−1, i.e. exactly the value

recommended in [10].

On the other hand, for molybdenum at 300˚C, we find a

diffusivity of 4.0 × 10−5 m2 s−1 from figure 4, whereas [10]

recommends a value of 4.5×10−5 m2 s−1. The accuracy of our

evaluation can be improved by a simultaneous adjustment of

several profiles recorded at different modulation frequencies.

This constitutes the third step, illustrated in figure 5 for the

molybdenum sample at 300˚C.

The diffusivity evaluated at figure 5 from the multi-

frequency adjustment is found to be 4.3 × 10−5 m2 s−1. So

the multi-frequency adjustment produces a result that is nearer

to the one from the literature.

Figure 6 shows that we obtain, like in [10], a molybdenum

diffusivity decreasing with temperature. We can note that our

thermal diffusivity measurements determined by least squares

adjustment are lower than the accepted values above 800˚C.

We think this discrepancy is due to the beginning of a surface

oxidation observed above this temperature. Indeed, when

we did these experiments, there was a leak in the neutral

gas circulation circuit. Nevertheless, these first tests have

demonstrated the ability of the photoreflectance technique to

perform temperature dependent diffusivity measurements.

3.2. Anisotropic material characterization

A thermally anisotropic material is characterized by its thermal

conductivity tensor K , which is diagonal in the coordinate

system defined by the three principal directions of anisotropy.

If two of these directions, x and y, are parallel to the surface of

the sample, and the z direction is normal to the surface of

the sample, the temperature field induced by a point-like

periodic heat source of power Q (anisotropic Green solution)
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Figure 3. One-dimensional scan of chromium at 750˚C and its related least square adjustment. The frequency is fixed and the radii
identified are rpump = 0.85 µm and rprobe = 1.23 µm.

Probe/pump offset (µm) Probe/pump offset (µm)

Figure 4. One-dimensional scan of molybdenum at 300˚C and its related least square adjustment. The frequency is fixed and the radii
identified are rpump = 1.12 µm and rprobe = 1.66 µm.

Figure 5. Thermal diffusivity determination of molybdenum at 300˚C by simultaneous least square adjustment of several one-dimensional
phase profiles collected at different frequencies. The radii identified are rpump = 1.11 µm and rprobe = 1.61 µm.
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Figure 6. Thermal diffusivity of molybdenum versus temperature: comparison of our measurements to literature data.

is described by the following equation [11, 12]:

δT (x, y, z) =

Q

4π
√

kxkykzR
exp(−(1 + j)

√

πfρCR), (5)

where

R (x, y, z) =

√

1

kx

x2 +
1

ky

y2 +
1

kz

z2. (6)

In these expressions, kx , ky and kz are the thermal

conductivities along the x, y and z directions. Isotherms are in

this case elliptic, their ellipticity being equal to the square

root of the thermal anisotropy kx/ky . The slopes of the phase

curves of the periodic temperature increase along the principal

directions of thermal anisotropy still enable, using relation (2),

the determination of the corresponding principal thermal

diffusivity values.

As in the case of isotropic materials, the actual energy

distributions of the pump and probe beams can be taken into

account to calculate the exact periodic temperature increase at

the surface of a thermally anisotropic sample [11]. But practi-

cally, because of the number of parameters we need to adjust,

we use the basic description of the periodic temperature ele-

vation (equations (5) and (6)) to analyse the photoreflectance

measurements that we perform on anisotropic materials [7].

3.2.1. Thermal parameters extraction scheme

3.2.1.1. Thermal diffusivity extraction from phase measure-

ment. As in the isotropic case, we first focus on the phase

measurement. According to relations (5) and (6), this measure-

ment should allow us to extract two of the principal thermal

diffusivities, provided that the corresponding principal axes

of anisotropy are parallel to the sample surface. Indeed, the

phase of the periodic temperature increase at the surface of the

sample is given by

ϕ(x, y) = −

√

x2

µ2
x

+
y2

µ2
y

. (7)

The slope of the phase curve in a radial direction from the

heating point is equal to

dϕ

dr
(θ) = −

√

cos(θ)2

µ2
x

+
sin(θ)2

µ2
y

, (8)

Figure 7. Photograph of the scanning zone of the composite
obtained at 1000˚C.

where θ is the polar angle between the x and radial

directions.

From the slope of the phase along the two principal thermal

directions of anisotropy one can deduce the corresponding

principal thermal diffusivities. To make full use of the

numerous experimental data points, we reconstruct the radial

phase profiles, then calculate the phase slopes for several

orientations θ and fit these values with relation (8).

3.2.1.2. Thermal anisotropy extraction from amplitude

measurement. Like the isophase lines, the isoamplitude

lines are also elliptic. Their ellipticity degree is also equal

to the square root of the thermal anisotropy. We use this

property to extract the thermal anisotropy applying a best

fit procedure to the experimental elliptic isoamplitude lines.

Indeed, Jumel [13] has demonstrated that an evaluation of the

thermal anisotropy based on the isoamplitude lines provides a

lower uncertainty (better than 10%) than an evaluation based on

isophase lines, which are more sensitive to convolution effects.
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Figure 8. Isoamplitude line fit result after a two-dimensional scanning of a carbon fibre at 1000˚C. The thermal anisotropy determined is 5.

3.3. Carbon fibre characterization at 1000˚C

Using our photothermal microscope and the previously

described thermal parameter extraction scheme, we measured

the thermal diffusivity tensor of a PAN-based carbon fibre

within a three-dimensional C/C composite heated at 1000˚C.

Figure 7 shows a photograph of the scanning zone obtained

at 1000˚C. The fibres, whose diameter is generally smaller

than 8 µm, are supposed to be transversally isotropic. We

have chosen to characterize one of these fibres, cut along

its longitudinal section (cf figure 7). As carbon is very

sensitive to oxidation when the temperature increases, we have

conducted our experiments at a vacuum level of 10−3 mbar.

Figure 8 shows an isoamplitude line fit result after a two-

dimensional scanning of the carbon fibre surface at 1000˚C.

The anisotropy level determined in this way is 5. Moreover,

the maximum thermal diffusivity (longitudinal) mean value

extracted from the phase measurements is equal to 1.3 ×

10−5 m2 s−1, while the smallest one (transversal), deduced

from the thermal anisotropy derived from the amplitude

measurements, is 2.6×10−6 m2 s−1. The longitudinal thermal

diffusivity determined in situ can be compared to those found at

1000˚C by Pradère [14] for a similar PAN-based carbon fibre

alone (i.e. ex situ): 1.0 × 10−5 m2 s−1 to 3.0 × 10−5 m2 s−1

depending on the heat treatment applied to the carbon fibre

before characterization.

4. Conclusion

Photoreflectance microscopy allows the determination of

micrometric scale thermal diffusivity as a function of tem-

perature. The choice of the analysis method (two-dimensional

scanning, least squares adjustment of one or several one-

dimensional phase profiles) depends on the material studied,

the accuracy desired for the characterization, the temperature

level and the time available. The next step will be the study of

the composite constituents (matrix and fibres) at temperatures

up to 1500˚C, which is the maximum temperature allowed by

our heating stage.
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