
HAL Id: hal-01611999
https://hal.science/hal-01611999

Submitted on 10 Jul 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Quantitative temperature field measurements on a
non-gray multi-materials scene by thermoreflectometry

Rémi Gilblas, Thierry Sentenac, D. Hernandez, Yannick Le Maoult

To cite this version:
Rémi Gilblas, Thierry Sentenac, D. Hernandez, Yannick Le Maoult. Quantitative temperature field
measurements on a non-gray multi-materials scene by thermoreflectometry. Infrared Physics and
Technology, 2014, 66, p. 70-77. �10.1016/j.infrared.2014.05.014�. �hal-01611999�

https://hal.science/hal-01611999
https://hal.archives-ouvertes.fr


Quantitative temperature field measurements on a non-gray
multi-materials scene by thermoreflectometry
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h i g h l i g h t s

!We evaluate experimentally a non-contact camera based temperature measurement method called thermoreflectometry.
! This method is based on a continuous evaluation of emissivity by reflectometry.
! A heterogeneous multi-materials scene composed of dielectrics and metals is elaborated and characterized by spectrometry.
! True temperature fields are retrieved on this complex scene and compared to reference methods.
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a b s t r a c t

This article addresses the problem of measuring an accurate temperature field on a multi-materials scene
composed of two dielectric and one metallic materials. The measurements of thermo-radiative properties
demonstrate that the scene exhibit very different emissivity spectra and thermal conductivities inducing
high thermal gradients. From these radiative properties, the calculation of the theoretical temperature
error of conventional passive methods highlights that a method may be suitable for measuring only
one material but no method provides satisfactory measurements of the sets of materials. The proposed
method, called thermoreflectometry, performs a simultaneous measurement on all materials thanks to
an on-line indirect determination of emissivity based on a bidirectional reflectivity measurement. Its
temperature error is compared to that of the selected passive method for each material through an
experimental validation on the multi-materials scene. These results highlight the accuracy of thermore-
flectometry and shows opening prospects for the on-line temperature control of dynamical processes.

1. Introduction

For numerous scientific or industrial projects in aeronautical
[1], nuclear [2] or space [3] domains, thermal diagnosis is a major
issue. The measured hot surfaces under process are often com-
posed of different opaque materials, metallic or dielectric, and
are submitted to spatially variable high heat flux. These surfaces
also exhibit some strong surface-state variations (localized oxida-
tions, delaminations) and some possibly steep temperature gradi-
ents (convection effects, localized heating, multimaterial objects).

In our laboratory, a multi-material scene representing such mea-
surement case has been developed and is displayed in Fig. 1. The
scene exhibits different materials (metallic and dielectric), with
different emissivity spectra (increasing and decreasing with
wavelength) and thermal conductivities (low and high), and these
properties may vary with time. This scene regroups all the major
problems of a thermal diagnosis based on temperature measure-
ments with non-contact and non-invasive methods. These
methods involve an analysis of the flux emitted by the scene.
Unfortunately, this flux is a complex function of mainly two
parameters: temperature and emissivity. The major problem for
non-invasive methods is then to separate in the signal obtained
Sr the temperature and emissivity influence, as shown by Eq. (1).

Srðk; TÞ ¼ erðk; TÞS0ðk; TÞ ð1Þ

For a scene involved in dynamical processes, the emissivity is
always unknown, but, in addition, varies during the measurement
with temperature and surface’s roughness. To provide a
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quantitative temperature measurement, non-invasive techniques
have to take into account these emissivity variations which are
specific to each material of the measured scene. This article then
addresses the problem of an accurate, in situ and on-line measure-
ment of the true temperature field on a multi-material scene under
real dynamical conditions with both emissivity and temperature
gradients.

The non-intrusive methods based on the definition of emissivity
[4] (comparison of the object’s radiance to the black body’s radi-
ance at the same temperature) are not considered here because
they are not suitable for dynamic processes. However, for dielectric
materials, monochromatic thermography at Christiansen’s wave-
length (around 10 lm, see[5]), where emissivity is equal to unity,
can be an elegant approach. Performing thermography at these
wavelengths is possible with a specific filter for each material.
Although the Christiansen’s wavelength depends slightly on tem-
perature and surface, the filter would be effective on a restricted
temperature range and a relatively homogeneous surface to mini-
mize the uncertainty of temperature measurement. For metallic
materials, bichromatic thermography [6–8], can perform a real
time temperature field measurement. Bichromatic thermography
assumes that the emissivity ratio at two wavelengths is known
and constant. Unfortunately, emissivity ratio of metallic material
usually decreases with temperature and oxidations. Multiwave-
length thermography [9] then infers that the emissivity variation
versus wavelength follows a particular law (linear, polynomial or
exponential). For a multi-materials scene with dielectric and
metallic materials, designing a law suitable for all variations of
emissivity materials can be tricky. These passive methods are suit-

able for temperature field measurement on some specific materials
but their application to a multi-materials scene is difficult. In addi-
tion, they are often very limited for dynamical conditions, when
in situ properties quickly go off initial hypothesis. Without making
assumptions on the emissivity behavior, the best approach would
be to perform an emissivity measurement online and in situ with
an active thermography method which require an external excita-
tion of the material. This excitation creates a heat increase on the
material surface, which is detected by the camera. This excitation
can be optical (lock-in [10], pulsed or stimulated thermography
[11]), mechanical (vibrothermography [12]), acoustic (thermoson-
ics [13]), or magnetic (Eddy-current thermography [14]). These
techniques all exhibit the same drawback: the difficulty of extrap-
olating the excitation source size to a surface-like measurement.
Thanks to Kirchhoff’s laws, active methods enabling the determi-
nation of emissivity via a reflection factor require less energy.
Methods involving reflectance measurement are usually realized
by an integrating sphere [15]. Flash assisted multiwavelength
pyrometry (FAMP) [16] is more complete and take into account
external radiations. Unfortunately, these methods require labora-
tory equipment (integrating sphere, parabolic mirrors, a spectrom-
eter and an in situ reference) with a low ability to be integrated
into embedded systems. On the other hand, pyroreflectometry or
thermoreflectometry [17,18] performs an on-line evaluation of
the reflection factor with only two low-power lasers. For opaque
materials, the true temperature field measurement is computed
from a measurement of bidirectional reflectivity and radiance tem-
perature achieved with a specific near infrared radiometric model
[19]. An extensive sensitivity simulation study of this method is
provided in [20], and leads to the dimensioning of a prototype.

The novelty aspect presented in this paper is the challenging
case of retrieving an accurate temperature field on a scene
composed of different materials (dielectric and metallic) heated
to different temperatures. After a description of radiative proper-
ties of the multi-materials scene, the conventional passive meth-
ods, such as monochromatic, bichromatic and multiwavelengths
thermography, are evaluated in a simulation study. This compari-
son is also continuing in the experimental section. Christiansen’s
monochromatic thermography is carried out on the dielectric
materials, and bichromatic thermography on the oxide metal part,
and these temperatures constitute the reference temperature for
each part. The errors of thermoreflectometry are then calculated
and used to evaluate the accuracy of the method. This method also
provides the emissivity field of the scene, which is a relevant
parameter to evaluate the physical consistency of the overall
results.

Nomenclature

k wavelength, lm
K bichromatic effective wavelength, lm
i; r; x incidence, reflexion and any direction, –
er directional emissivity, –
er

r emissivity ratio, –
f i;x;r reflexion indicator, –
qi;\ directional hemispheric reflectivity, –
qi;r bidirectional reflectivity, sr%1

gr;i diffusion factor, sr
S camera signal, DL
C2 second planck constant = 1.44 & 104 K lm
T thermodynamical temperature, !C
Tr

R radiance temperature, !C
T1k monochromatic thermography temperature, !C

T2k bichromatic thermography temperature, !C
T2k;q thermoreflectometry temperature, !C
ai parameters fitting the emissivity variation, –
XA quantity X expressed on the Erbium oxide part, –
XB quantity X expressed on the Dysprosium oxide part, –
XC quantity X expressed on the Steel Oxide part, –
X spatial mean value of quantity X, –
rX spatial standard deviation of quantity X, –
DX error commited on quantity X, –
Xi directional quantity X expressed in incidence direction i
Xr directional quantity X expressed in reception direction r,

–
Xi;r bidirectional quantity X expressed in directions i and r, –

Fig. 1. Photograph of the complex scene mounted on the heating element. Item A:
Erbium oxide part (Zr02 þ Er2O3). Item B: Dysprosium oxide part (Zr02 þ Dy2O3).
Item C: Steel Oxide flange.



The paper is organized as follows. In Section 2, the thermo-
radiative properties of the multi-materials scene are measured. From
these values, the theoretical temperature error of passive methods
(monochromatic, bichromatic and multiwavelength thermogra-
phy), and their accuracy are calculated. In Section 3, theoretical
basis, apparatus and influencing quantities are outlined. Finally,
temperature field measurements are carried out on the multi-
materials scene by thermoreflectometry in Section 4 and the
results are compared to monochromatic and bichromatic thermog-
raphy. The main benefits of thermoreflectometry compared to
passive methods are then discussed.

2. Multi-materials scene and theoretical temperature error of
passive methods

This section describes the multi-materials scene composed of
metallic and dielectric materials in terms of thermo-radiative
properties measurement (emissivity and thermal conductivity).
The theoretical temperature errors of passive methods (monochro-
matic, bichromatic and multiwavelength thermography) are esti-
mated on this multi-materials scene with a high thermal and
emissivity gradient.

2.1. Multi-materials scene

The scene suggested is a disk 3 cm in diameter and 3 mm thick,
stuck between two Steel Oxide flanges, presented in Fig. 1. It is
composed of three parts: the left part (item A), slightly pink, is a
Zirconia (Zr02) sample doped at 30% in mass with Erbium oxide
(Er2O3). The right part (item B), white, is a Zirconia sample doped
at 30% with Dysprosium oxide (Dy2O3). These two parts were pre-
pared by mixing powders of both materials (Zirconia and dopants)
and then sintering. The below part is one of the two flanges,
composed of Steel Oxide.

2.2. Thermo-radiative properties

The measurements of emissivities and thermal conductivities
are provided in this section.

2.2.1. Emissivity determination
The emissivity determination is divided in two items: the first

one, at room temperature, investigates the radiative properties
for near infrared (NIR) wavelengths, where thermoreflectometry

operates, and where the sensibility for high temperatures is maxi-
mum. Secondly, the radiative properties for temperatures from 500
to 1000 !C in the middle infrared (MIR) are measured, to locate the
Christiansen’s wavelength.

For the NIR measurements, a Bruker Infrared Fourier Transform
spectrometer equipped with an Infragold integrating sphere
enables the measurement of reflectance. Following Kichhoffs’
law, for an opaque material, the sum of absorptivity and
hemispherical reflectance is equal to unity. Then, at thermal
equilibrium, absorptivity is equal to emissivity, so the sum of
emissivity and reflectance is equal to 1.

As shown in the (a) part of Fig. 2, the emissivity of dielectrics
vary a lot with wavelength due to absorption bands. Moreover,
for some spectral bands, their variations are inverted. On the other
hand, for the Steel Oxide part, emissivity is high and varies little
with wavelength. This small spectral decrease of emissivity is typ-
ical for metallic oxides. For this part of the sample, and as the gray
body hypothesis is valid, bichromatic thermography should be
applied.

For the MIR measurements, the CEMHTI laboratory performs a
direct calculation of the emissivity by a comparison with a black-
body only on dielectric materials. The part (b) of the spectrum pre-
sented Fig. 2, shows strong similarities for the two dielectrics.
Christiansen’s wavelength is equal to 12.8 l m, it matches with
an emissivity equal to one and does almost not vary with temper-
ature. As characterized in reference [21], this wavelength is the
same as the Christiansen’s wavelength of Zirconia. Radiative prop-
erties in the MIR are then governed by pure Zirconia, and dopants
have little impact. This Christiansen’s wavelength will be used in
Section 4 to provide a reference temperature on the dielectric parts
of the scene.

2.2.2. Thermal conductivity measurement
The thermal conductivity kc is measured with the method of the

hot disk [22]. It consists in inserting a heating probe between two
identical pieces of the sample under study, and to measure the
temperature variation, which is linked with the thermal conductiv-
ity, given with 5% accuracy. The values found are 0:96 W m%1 K%1

for the Erbium oxide part and 0:73 W m%1 K%1 for the Dysprosium
oxide part, which are close to pure Zirconia values (typically
between 1 and 2 W m%1 K%1 [23]). The resolution of the 1-D Fourier
equation with the assumption of same radiative and convection
losses on this sample gives a surface temperature difference
between the two parts of 34 !C for a 1000 !C backside uniform
heating.

Fig. 2. Emissivity spectra of the scene in the near infrared (NIR) at room temperature for the three parts (a) and in the middle infrared (MIR) for several temperatures for the
two dielectric parts (b).



About the Steel Oxide part, the thermal conductivity is around
16 W m%1 K%1 as found in article [24]. However, the major influ-
ence quantity for the surface temperature is the thermal contact
resistance, which is very high for this part. Indeed, it is not directly
in contact with the heating plate, so the surface temperature will
be lowered because of the presence of this air gap.

2.3. Temperature error of passive methods

From the previous radiative properties, theoretical temperature
errors of conventional passive methods (monochromatic, bichro-
matic and multiwavelength thermography) are computed.

2.3.1. Monochromatic thermography
Principle. The temperature T1k provided by a monochromatic

system is obtained using Eq. (1), expressing the signal S0 following
Planck’s law. The error on temperature is then given Eq. (2).

DT1k

T1k
¼

kT1k

C2

Der

er ð2Þ

Error incurred on our scene. (1) For the dielectric parts, as the
emissivity varies a lot with wavelength (see Fig. 2), it is necessary
to set the wavelength at a particular wavelength where emissivity
is constant. As shown by Fig. 2, it would be wise to choose wave-
length 12.8 lm for a good accuracy in the whole thermal range.
At this wavelength and at 1000 !C, a realistic emissivity error of
1% caused by the use of non-monochromatic filters leads to an
absolute error on the temperature around 12 (C. (2) For the Steel
Oxide part, emissivity is continuously changing because of the oxi-
dation, so this method cannot be applied.

Application. This method set at Christiansen’s wavelength will
be used to provide a reference temperature for the dielectric parts.

2.3.2. Bichromatic thermography
Principle. Writing Eq. (1) for two wavelengths, and supposing

that emissivity is constant for the wavelengths selected (er
r ¼ 1),

we are free from the absolute knowledge of emissivity. The error
involved by this approximation is written in Eq. (3):

DT2k

T2k
¼ KT2k

C2

Der
r

er
r

with er
r ¼

er
1

er
2

and K ¼ k1k2

k2 % k1
ð3Þ

Error incurred on our scene. (1) For the dielectric parts, the emis-
sivity varies a lot with wavelength, so this method cannot be
applied. (2) For the Steel Oxide part, the behavior is almost as a
gray body (the error on the emissivity ratio is 10% from k1 ¼ 1 to
k2 ¼ 2 lm), and the resulting error at 1000 !C is 18 !C.

Application. This method will be used to provide a reference
temperature for the Steel Oxide part.

2.3.3. Multiwavelength thermography
Principle. Writing Eq. (1) for N wavelengths, and assuming that

emissivity follows a model (see [9]) versus wavelength, it is possi-
ble to perform multiwavelength thermography. If the number of
wavelengths (equations) is set to N, the degree of a polynomial
model (er ¼

PM
i¼0aik

i) must be M ¼ N % 2. For our scene, and in
the near infrared domain, the number of wavelengths will be lim-
ited to three in order to use a rather simple mathematical system
for resolution and to avoid spectral band covering. With three
wavelengths, the model must be linear, and the wavelengths
where emissivity variations are the most linear are 1.31, 1.38
and 1.44 lm, as testified by Fig. 2.

Error incurred on our scene. As there is no analytical form for the
error, it is calculated numerically by solving Eq. (1) for three wave-
lengths and a temperature of 1000 !C. (1) For the dielectric parts,
the error is %7 and %9 !C respectively for the Erbium and the

Dysprosium oxide part. (2) The error is only %19 m !C for the Steel
Oxide part.

Application. This method is very precise for this spectral domain.
However, in practice, these wavelengths are very close and require
the use of narrow band filters to avoid band covering. Such filters
induce low signal detections and penalize middle-temperature
measurement. Moreover, the choice of the wavelengths is very
‘‘material-dependent’’, so is possibly inefficient on other non-gray
bodies. For these reasons, this method is not implemented.

Finally, these methods can be accurate but only for a specific part
of the sample. Monochromatic thermography enables a reference
temperature measurement on the dielectric part at 12.8 lm, where
emissivity does not vary with temperature. Bichromatic thermogra-
phy provides an accurate temperature for the Steel Oxide part,
which is an almost gray body. Multiwavelength thermography is
practically difficult to develop because of the closeness of the wave-
lengths where the model is valid, so would not be considered. In next
part, an active method allowing a simultaneous measurement of
temperature on the three parts will be presented.

3. Thermoreflectometry method

In this section, the active thermoreflectometry method is
described.

3.1. Principle of the method

A recall of the theoretical basis of this technique is given with
the main items: measurements, hypothesis and resolution. A com-
plete description is given in [20].

3.1.1. Indirect measurement of emissivity by reflectometry
Thermoreflectometry proposes an indirect measurement of

emissivity by reflectometry. For an opaque material and following
Kirchhoff’s laws, the directional spectral emissivity and the direc-
tional hemispherical spectral reflectivity qr;\ obey the following
equation:

erðk; TÞ ¼ 1% qr;\ðk; TÞ ð4Þ

The directional hemispherical reflectivity is given by the inte-
gration in all directions x of the bidirectional reflectivity qr;x which
is carried out over the upward hemisphere \, as follows:

qr;\ðk; TÞ ¼
Z

Xx¼2p
qr;xðk; TÞ cosðhxÞdXx ð5Þ

The first step of the method is to perform the measurement of
the bidirectional reflectivity in a single direction i, called qr;iðk; TÞ.
The directional hemispherical reflectivity is then expressed with
respect to the measured bidirectional reflectivity as follows:

qr;\ðk; TÞ ¼ qr;iðk; TÞ
Z

Xx¼2p
f r;x;iðk; TÞ cosðhxÞdXx ð6Þ

where f r;x;i is the reflection indicator function, which represents
normalized values of bidirectional reflectivities.

3.1.2. Introduction of the diffusion factor
The second step is to consider the previous integral as an

unknown variable equal to the diffusion factor g as follows:

gr;iðk; TÞ ¼
Z

Xr¼2p
f r;x;iðk; TÞ cosðhxÞdXx ð7Þ

For an opaque material, the diffusion factor is a shape factor,
mainly geometrical, and it represents the volume of the
bidirectional reflectivities normalized in the reference direction i.



It characterizes the proportion of reflected radiation in the
direction of measurement with regard to the reflected radiation
scattered over the hole hemisphere.

According to Eqs. (4, 6 and 7) and thanks to Helmholtz’s reci-
procity theorem applied to bidirectional reflectivity qr;iðk; TÞ, the
emissivity is then expressed as a function of the measured bidirec-
tional reflectivity in a single direction r and the unknown diffusion
factor, as follows:

erðk; TÞ ¼ 1% qi;rðk; TÞgr;iðk; TÞ ð8Þ

Eq. (8) shows that emissivity has a physical sense only if the
diffusion factor is positive and less than 1=qi;r .

3.1.3. Main hypothesis and bichromatic system
The third step consists in assuming that the diffusion factor is

constant for two wavelengths gr;iðk1; TÞ ¼ gr;iðk2; TÞ and to re-write
Eq. (1) for those two wavelengths and with Wien’s approximation
(valid for [0.9–1.7] lm spectral and [300–1000] !C thermal ranges,
when kT 6 3000 lm K). Radiance temperature Tr

R are measured by
inverting the radiometric model chosen without considering
emissivity value.

In a first approach, the hypothesis seems realistic because the
diffusion of light by reflexion refers more to the roughness of the
material than to its optical indexes. Hence, for two near wave-
lengths, the reflectivity shapes should be homothetics. Moreover,
experimentally, this hypothesis has been verified for several
materials and conditions [17].

The directional emissivity is replaced by Eq. (8) with the above
assumption, and system (9) is obtained:

1
T2k;q

¼ 1
Tr

Rðk1Þ
þ k1

C2
ln 1% gr;iqi;rðk1; TÞ
! "

ð9Þ

1
T2k;q

¼ 1
Tr

Rðk2Þ
þ k2

C2
ln 1% gr;iqi;rðk2; TÞ
! "

Measuring radiance temperature and bidirectional reflectivity
at two wavelengths, and assuming that shapes of reflectivity distri-
bution are homothetic for both wavelengths, the system of Eq. (9)
provides the true temperature T2k;q and the diffusion factor gr;i.

3.2. Temperature error

As depicted by Eq. (10), the temperature error of thermoreflec-
tometry is governed by two factors: the wavelength and the cor-
rectness of the hypothesis. Note that the error on radiance
temperature and bidirectional reflectivities are considered as null
to obtain this expression.

DT2k;q

T2k;q
¼ 2

KT2k;q

C2

Dg
g ð10Þ

About the wavelengths choice, K is low if k1 are k2 are the far-
thest possible. About the correctness of the hypothesis, the diffu-
sion factor is most likely constant if the wavelengths chosen are
the closest, so a compromise must be reached.

To help us in that decision, some practical considerations must
be taken into account. First of all, only wavelengths where laser
emission exist have to be considered (1.064, 1.208, 1.31, 1.4 and
1.55 lm for the NIR spectral band). Secondly, we will try to have
detection for rather-low temperatures, so we would not favor
1.064 lm for the first wavelength. Thirdly, the wavelengths chosen
must not be too close in order to avoid peak recovering when using
filters.

To conclude, wavelengths 1.31 and 1.55 lm provide a good
compromise for a thermoreflectometer accurate on an unknown
material.

3.3. Apparatus

The thermoreflectometer is a simple packaged instrument,
located at 1 m from the heated scene and comprised of: (1) A near
infrared camera and a near infrared lens. The possibility of adjust-
ing the camera integration time related to the aperture of the lens
opens a very wide temperature range from 300 to 1000 !C. The
defects (non-uniform pixels, radiometric errors, chromatic aberra-
tions) of the images have been characterized in [19,18]. Back-
ground subtraction is applied to each of the raw images, and
corrects the majority of the defects. (2) The optical source is based
on laser diodes. Only lasers, with their high spectral density power,
could produce a beam powerful enough to be detected against
thermal emissions. Moreover, the source has to illuminate a larger
surface, so a stage of collimation and enlargement has been
installed. This way we obtained a 5 cm diameter bichromatic beam
at two near infrared wavelengths: 1.31 and 1.55 lm. The basic
sources are continuous 20 mW laser diodes, which induces a satis-
factory signal-to-noise ratio up to 1000 !C. (3) A motorized filter
wheel provides the spectral selection of the camera at wavelengths
1.31 and 1.55 lm. (4) All the commands and treatments are man-
aged by a specific software developed within the framework of this
project.

To sum up, thermoreflectometry brings out several advantages:
firstly, compared to monochromatic thermography, it does not
require apriori knowledge of emissivity, because a measurement
is performed. Secondly, compared to bichromatic thermography,
and even if the theoretical error shows a factor 2 in the expression
(see Eq.(10)), the hypothesis on the diffusion factor is less restric-
tive than the one on emissivity. Indeed, the diffusion factor is
mostly a function of the roughness of the material, whereas emis-
sivity is a function of both optical indexes and roughness of the
material. Thirdly, its performances are less ‘‘material-dependent’’
than multiwavelength thermography, for which the wavelengths
must be optimized for each material (domain where the model fits
real variations).

4. Experimental results

In this section, the heating plate is set to a temperature of
850 !C, which is its maximum temperature. As testified by Eq.
(10), these conditions should induce a maximum error on temper-
ature. The thermoreflectometer visualizes the scene following the
outer circle presented in Fig. 1. The entire determination of true
temperature is given in this section, with the preliminary measure-
ments of radiance temperatures and bidirectional reflectivities.

4.1. Reference temperature

To prove the accuracy of the results obtained, we need a refer-
ence method to simultaneously measure temperature with the
thermoreflectometer.

! For the dielectric part (isolating and porous), the use of thermo-
couples is very difficult and poses the problem of thermal
bridges. Referring to part 2, monochromatic thermography is
performed with a 12.8 lm filter mounted on a MIR microbolo-
meter camera. The average temperature obtained, is 679 and
659 !C, respectively for the Erbium and the Dysprosium oxide
part: this gradient of 20 !C can be attributed to the thermal con-
ductivity difference characterized in Section 2.
! For the Steel Oxide part, two thermocouples have been welded

on the coldest part. They measured temperatures of 608 and
611 !C. However, these are punctual measurements, and repre-
sent the minimum reference temperature because they are



located on the coldest part of the region of interest. On the con-
trary, bichromatic thermography displays a mean temperature
of 628 !C in the region of interest.

4.2. Radiance temperatures

The radiance temperature field at 1.31 lm is given in Fig. 3, as
an image and a histogram. The results for the other wavelength
1.55 lm are presented in Table 1, in the form of spatial means
and standard deviations.

For the dielectric part, one can notice the very good separation
of the two parts, which testifies to the difference of emissivity, and,
to a lesser degree, to the thermal conductivity, between the two
parts. Hence, the two peaks are well separated in the histogram.
For the Erbium oxide part, the spatial mean increases with wave-
length, from 624 !C at 1.31 lm to 665 !C at 1.55 lm, in conformity
with the emissivity variation. Each area is relatively homogeneous,
with a standard deviation of only 4 !C, which is probably due to the
better mechanical contact of the upper and the bottom side of the
sample, both of which are hotter than the center. For the Dyspro-
sium part, the spectral variation is inverted, as is emissivity. The
spatially averaged radiance temperature is equal to 654 !C at
1.31 lm and 635 !C at 1.55 lm.

For the metallic part, the radiance temperature is low due to the
high contact thermal resistance between the flange and the heat-
ing plate. The radiance temperatures for both wavelengths are very
close, which corresponds to a gray body behavior.

4.3. Bidirectional reflectivity measurement

The bidirectional reflectivity field at 1.31 lm is given in Fig. 4,
as an image and a histogram. See Table 1 for the other wavelength.
About the dielectric part, the left side of the sample is now brighter
than the right side, contrary to the previous image of radiance tem-
peratures. This is due to the fact that emissivity goes down as
reflectivity goes down. At 1.31 lm, the Erbium oxide part reflects
more than the Dysprosium oxide part, which can be linked to the
emissivity spectrum. Here also, the two peaks are well separated.

For the metallic part, bidirectional reflectivity is low because of
the oxidized surface, and slightly increases with wavelength, in
conformity with the emissivity spectrum.

Then, one can notice that the bidirectional reflectivity field uni-
formity is worse than for radiance temperature. This phenomenon
is explained by the fact that bidirectional reflectivity is not only an
intrinsic physical property of the materials, but also depends on
the configuration of the detector. More precisely, it depends on
the angle between the pixel and the surface normal. As each pixel
involves different angles, bidirectional reflectivity also varies.

4.4. True temperature retrieving

With the radiance temperature and the bidirectional reflectivity
fields at two wavelengths, it is possible to determine the true tem-
perature field using system (9). It is displayed in Fig. 5 and the
mean values are presented in Table 1.

Analyzing the image on the dielectric part, the sample looks less
heterogeneous than for the previous measurements. Indeed, the
two spatial means of temperatures (688 !C for Er2O3 and 667 !C
for Dy2O3) are separated by 21 !C and parts of the two peaks are
superimposed. The differences with the reference temperatures
are only 9 and 8 !C respectively for the Erbium and the Dysprosium
part. Moreover, the measured temperature difference between the
two parts (21 !C), is close to that of the reference (20 !C).

For the metallic part, the spatially averaged temperature
retrieved is low (622 !C) and close to the radiance temperature
one, due to the high emissivity value. The difference with the ref-
erence temperature obtained by bichromatic thermography is only
6 !C. The high dispersion of temperature on the area of interest is
explained by the distribution of temperature on the flange. The
dielectric sample heats the flange at the contact area, and the tem-
perature decreases as we get distant from the sample.

The important conclusion is that the value retrieved on this
sample is very close from the reference temperature, this allows

Fig. 3. Radiance temperature field at 1.31 lm as an image (a) and a histogram (b).

Table 1
Results of spatial means and standard deviations obtained by thermoreflectometry on
the three parts of the scene.

!xðk1Þ rxðk1Þ !xðk2Þ rxðk2Þ

Zr02 % Er2O3 x ¼ qi;rðsr%1Þ 3:13:10%1 3:0:10%2 1:13:10%1 1:30:10%2

x ¼ Tr
R (!C) 624 4 665 7

x ¼ Tref (!C) 679 11 –
x ¼ T2k;q (!C) 688 7 –
x ¼ gr;i (sr) 1.80 0.22 –
x ¼ er 0.443 0.025 0.796 0.036

Zr02 % Dy2O3 x ¼ qi;rðsr%1Þ 8:40:10%2 1:00:10%2 1:64:10%1 2:4:10%2

x ¼ Tr
R (!C) 654 6 635 5

x ¼ Tref (!C) 659 10 –
x ¼ T2k;q (!C) 667 7 –
x ¼ gr;i (sr) 1.84 0.38 –
x ¼ er 0.846 0.032 0.705 0.033

Steel Oxide x ¼ qi;r ðsr%1Þ 0.053 0.007 0.067 0.031
x ¼ Tr

R (!C) 618 2 617 3
x ¼ Tref (!C) 628 7 –
x ¼ T2k;q (!C) 622 14 –
x ¼ gr;i (sr) 0.792 3.072 –
x ¼ er 0.959 0.155 0.959 0.134



us to state that thermoreflectometry is a quantitative temperature
field measurement method.

The diffusion factor is also calculated, and its mean value is pre-
sented in Table 1. As noticed for the characterization part, the dif-
fusion factor is the same for the two dielectric parts, which
supposes that the type of reflection is the same for the two parts
and that the hypothesis of the method is respected for this sample.
For the metallic sample, its value is lower because oxidized metals
diffuses less light than a high-roughness dielectric. These results

have then a physical meaning and reinforce the physical consis-
tency of the method.

4.5. Emissivity fields

With the bidirectional reflectivity and the diffusion factor field,
it is possible to calculate the emissivity field. Fig. 6 shows the emis-
sivity field at 1.31 lm and the mean values for the other wave-
lengths are presented in Table 1.

Fig. 4. Bidirectional reflectivity field at 1.31 lm as an image (a) and a histogram (b).

Fig. 5. True temperature field as an image (a) and a histogram (b).

Fig. 6. Emissivity field at 1.31 lm as an image (a) and a histogram (b).



About the dielectric part, the two parts are very distinct, as tes-
tified by the peak separation of the histogram. This corresponds to
the strong non-gray behavior of this sample, enhanced by the high
emissivity difference for the two dopants for the wavelength
1.31 lm. The metallic part exhibit the highest emissivity, which
almost does not vary with wavelength (gray body).

However, the emissivities are a bit different than the one char-
acterized at room temperature in Fig. 2. This phenomenon can be
explained by the effect of temperature on emissivity, which has
been quantified in the article [5], and is more important for the
part of the spectrum involving low emissivities. On the metallic
part, it is explained by the continuous oxidation of the surface.

4.6. Results summary

All the results are summarized in Table 1, in the form of spatial
means and standard deviations.

These results show the high consistency of thermoreflectome-
try. On a scene considered to be a very difficult case for non-con-
tact measurements because emissivity varies with the pixel
considered and the temperature, our method has retrieved the sur-
face temperature field accurately and on-line. Moreover, the emis-
sivity field of the sample at high temperature has also been
determined, which is a crucial criteria for evaluating the surface
of the sample, and offers interesting prospects for the in situ con-
trol of the surface state.

5. Conclusion

The main objective of this paper was to emphasize the temper-
ature error of thermoreflectometry, a new method of temperature
field measurement, on a multi-materials scene divided in three
materials: two dielectrics composed of rare earth oxides dopants
and one metal oxide.

The multi-materials scene represents a difficult case for non-
contact temperature measurement and exhibits an emissivity
and temperature gradient over the surface. The experimental mea-
surement of radiative and thermal properties demonstrates that
the dielectric material is a non-gray body, and emissivities of the
two parts vary in opposite ways versus wavelength. The metal
oxide material is an almost gray body. The calculation of tempera-
ture error of conventional passive methods emphasizes the fact
that: (1) Monochromatic thermography at Christiansen’s wave-
length can provide a reference temperature for the dielectric part,
but is not suitable to the metal oxide one. (2) Bichromatic ther-
mography performs a low temperature error on the metal oxide
part, but a high error on the dielectric one. (3) Multiwavelength
thermography, with a polynomial model expressed at first order,
is accurate if the spectral band chosen is very short, which restricts
a lot the method due to practical reasons (filters’ bandwidth, sig-
nal’s amplitude).

The suggested method which performs a low temperature error
for all materials is based on the measurement, at two wavelengths,
of the radiance temperatures in a passive step, and of bidirectional
reflectivity in an active step. The knowledge of these two quanti-
ties enables the true temperature to be determined in dynamical
conditions. The simple apparatus was presented, and the choice
of the influence quantities (hypothesis, wavelengths) was dis-
cussed. The wavelengths 1.31 and 1.55 lm are well adapted to this
scene.

Thirdly, the multi-materials scene was heated to a temperature
of 850 !C on its back side, and the temperature measurement was
performed on the front side. Despite the strong variations of radi-

ative properties, the true temperature field retrieved is accurate. In
each case the temperature was compared to that of a reference
measurement. Moreover, the emissivities calculated by thermore-
flectometry were very distinct from material to material. This tes-
tifies to the overall consistency of the method.

To sum up, this prototype is able to perform true temperature
measurement on very non-gray scenes, with a possible variation
of emissivity with space, wavelength and time. The diffusion factor
calculation enables indirectly the in situ control of the surface
state, and could detect some physical phenomena such as oxida-
tion, delamination or phase transformations.

After the investigation of the influence of emissivity on temper-
ature (this paper) and of convection [25], another influence quan-
tity is now being treated in our laboratory: the shape of the object,
which involves the under- or over-estimation of the temperature
caused by multi-reflections. Following this approach, the fusion
of thermoreflectometry with shape reconstruction performed in
the near infrared domain is now in progress.
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