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1 Introduction and objectives

The metallurgical industry has been and still is a key component of the
global economy and even more so within the Basque Country industri-
al framework. In many of the materials used in this area it is vital to
know the radiation heat losses that occur in either the fabrication pro-
cesses or when the fabricated products are being used. For that it is
necessary to study the thermo-radiative and optical properties of these
materials, being the spectral emissivity measurement the best way to

understand this radiation processes.

The work of this thesis was developed by focusing on three concrete
objectives. These objectives were based on the fact that the Basque
Country University possesses a High Accuracy Infrared Radiometer in
Leioa (HAIRL), unique in Spain, which is able to measure the direc-
tional spectral emissivity in the mid-infrared area as a function of tem-
perature in a controlled atmosphere. This thesis was almost entirely

made using measurement made in this radiometer.

A brief summary of the three objectives is made in the following para-

graphs.

The first objective of this thesis, compiled in Chapter 2, consists on the
improvement and completion of the work on the analysis of measure-
ment and calibration methods made by Dr. Leire del Campo and Dr.

Luis Gonzalez during their doctorates. A new measurement method
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1 Introduction and objectives

that improves greatly the measurement of emissivity in low emitting
materials by avoiding the detection of spurious signals is developed.
Besides, the radiometer is adequately calibrated in order to avoid sys-
tematic errors. Methods on temperature measurement and total normal

emissivity calculation are also developed.

The second objective, which is divided in Chapters 3 and 4, focuses on
the spectral emissivity study in metals. The fact that very little about
the emissivity at high temperatures in metals has been studied makes
this type of research very compelling. Besides, although the electro-
magnetic theory provides a qualitative description, it is not possible to
obtain valid quantitative values since the theory does not take into ac-
count effects provoked by the surface roughness or sample impurities
among others. In Chapter 3, the spectral and total emissivities of four
low-emitting pure metals are studied between 200 and 800 °C in the
mid-infrared area. Their spectral and temperature dependence as well

as the evolution of the surface state are also studied.

In Chapter 4 the anomalous skin effect in metals is studied. This phe-
nomenon occurs when the conduction electrons mean free path have
the same magnitude order as the electric field penetration depth. The
influence of this effect on the spectral emissivity is studied. First, a
theoretical analysis of the emissivity for twelve high conducting metals
is performed. Then, the experimental results of directional emissivity
measurements of copper are compared with the values predicted by

the theory.

The last objective, encompassed in Chapters 5 and 6, consists on
emissivity measurements of materials used for solar thermal energy
applications. Chapter 5 focuses on the solar selective stacks used in
solar thermal collectors (STCs). For the first time, normal spectral
emissivities at working temperature (200 — 600 °C) are measured. Be-

sides, the need of measuring the emissivity at working temperature, as

16



1 Introduction and objectives

opposed to extrapolating reflectivity values from room temperature, is

demonstrated.

Finally, in Chapter 6, the radiative properties of three solar energy har-
vesting alloys are studied. Radiative heat losses are important when
analyzing the performance of an energy harvesting material. In this
chapter the spectral and total emissivity between 200 °C and the melt-
ing point are obtained. The alloys performance at an ambient atmos-
phere is tested around 300 °C to observe possible oxidations. Solid-
solid phase transitions are detected in two alloys by emissivity meas-
urements, which show the radiometer precision when observing small

emissivity variations.
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2 Experimental: calibration and

measurement methods

En este capitulo se indican las principales caracteristicas del radiéme-
tro HAIRL (disefiado y construido en el laboratorio) utilizado para las
medidas de emisividad, las cuales son la base experimental funda-
mental en esta tesis. Ademas, se describen brevemente los métodos
de medida y de calibracion del aparato utilizados previamente. Estos
métodos han sido analizados y completados para realizar esta memo-
ria. Las modificaciones introducidas permiten hacer mas precisa la
medida de la emisividad espectral. Esta mejora es muy notable para
los materiales bajoemisivos como los estudiados en este trabajo, don-
de la radiacién emitida por la muestra puede llegar a ser del orden de
magnitud de las radiaciones espurias que son detectadas también por
el radibmetro. Ademas, se analizan y afladen otras contribuciones. Por
ejemplo, un método de medida de temperatura alternativo a la solda-
dura intrinseca utilizada anteriormente para muestras metalicas y un

método para la integracién de los espectros de emisividad.
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2 Experimental: calibration and measurement methods

2 Experimental: calibration and measurement

methods

2.1 Introduction

Most of the work presented in this dissertation is based on directional
spectral emissivity measurements. The measurements are made using
the HAIRL radiometer, designed and constructed in the LAMA labora-
tory of the Universidad del Pais Vasco. Since the radiometer has been
previously commented in depth [1,2] a brief description with the fun-
damental aspects will only be made. However, a more detailed expla-
nation of new contributions related to the measurement and calibration
methods on one side and temperature measurements on the other is

given.

Section 2.2 describes the main parts of the experimental device. Sec-
tion 2.3 talks about the emissivity measurement and calibration meth-
ods. Section 2.4 explains the improvements that notably increased the
precision of the measurements. Section 2.4.1 explains the improve-
ments on the calibration methods while Section 2.4.2 does it with the
measurement ones. Section 2.4.3 describes how the temperature is
measured in situ while the emissivity measurements are made. Then,
in Section 2.5, the total emissivity calculation from emissivity spectra is

explained.
2.2 Experimental setup

The HAIRL (High Accuracy Infrared Radiometer, Leioa) radiometer is
composed by four main parts, shown in Figure 2.1: a detection system,
a blackbody, an optical entrance and a sample chamber [1,2]. This
radiometer allows a direct spectral directional emissivity measurement

by comparison between the sample and the blackbody radiation as a

21



2.2 Experimental setup

function of temperature. Figure 2.1 shows a schematic view of the ex-
perimental device, and a picture of the radiometer is shown in Figure
2.2.

Blackbody
FT-IR KBr
—— window
[$‘_| X Optical
entrance
i !

1 | KBr
R T i window
2 1 N T

\ ™.
Y Sample
) Sample

Detector D 2Prradm chamber
Shutter._

TOP VIEW

-L Plane
Parabolic SaW"ple/ flip-mirror

mirrors \\\

FRONT

Figure 2.1 Schematic view of the experimental setup.

The detection system is a Fourier Transform Infrared Radiometer (FT-
IR) that allows fast signal detection and data processing. There it can
be seen that there is a Michelson interferometer and that it also has
pyroelectric DLaTGS detector. The wavelength detection range is de-
termined by the detector, the windows of the experimental setup and

the beam splitter. In our case the range goes from 1.43 to 25 ym.
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2 Experimental: calibration and measurement methods

Figure 2.2 Picture of the HAIRL radiometer at UPV in Leioa.

The optical entrance contains two parabolic mirrors that allow chang-
ing the radiation plane so it can enter the radiometer parallel to the
Michelson interferometer and a rotating plane mirror that allows select-
ing either the blackbody or the sample radiation. Both the optical en-
trance and the detection system are connected by a vacuum tube so
they can be vacuumed simultaneously. That way, possible absorptions

through the optical path are avoided.

A commercial blackbody is used. The oven has a cylindrical graphite
cavity with an aperture on its base. The blackbody also has a tempera-
ture controller as well as measurement and control thermocouples. In
order to avoid water and CO, absorptions a purge system has been
installed.

A stainless steel cylindrical sample chamber permits either vacuuming
or introducing a specific atmosphere (inert, oxidizing or reducing). In-
side the chamber a sample holder is placed in the center. The sample
holder has a heating system made by a Kanthal® heating wire rolled
around an alumina support. It is sustained by a steel axis that allows

23



2.2 Experimental setup

changing the emitting angle. Besides, the chamber has a double wall
so it can be refrigerated by water. It is also painted in black inside
(Nextel Velvet Coating 811-21 [3]) in order to avoid multiple reflections
inside the chamber. This way the background radiation can be dimin-

ished considerably.

In Table 2.1 the device measuring ranges are shown:

Table 2.1 Device temperature, wavelength, angle and pressure measuring

ranges.

Variable Measuring Range

Sample Temperature >T00om -1200 °C
Wavelength 1.43 - 25 pym
Angle 0-80°

Chamber Pressure  1.5-10° — 1013 mbar

2.3 Previous measurement and calibration methods

In this section the measurement and calibration methods used previ-
ously and developed when the radiometer was built are briefly ex-
plained. The emissivity calculation can be done through various meth-
ods, and among those the most popular are the direct ones [2,4-7].
Some of these methods, which are usually based on the comparison
between the sample and blackbody emission under the same condi-
tions, were studied in a previous paper published by our group [8].
Among those methods, the blacksur method is the best suited to use in
our laboratory. It does not only take into account the sample radiation,
but it also assumes that the surrounding radiation emits as a black-

body at its temperature and then it is reflected on the sample.
Therefore, the exiting sample radiation L;(4, Ts) could be defined as:
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2 Experimental: calibration and measurement methods

Ls(A,Ts) = es(A T)L(A T) + [1 = &5(A4, T)IL (A, Tour), (2.1)

where the s and sur sub indexes refer to the sample and the surround-
ing, and g, is the directional spectral emissivity at temperature T,.The
function L(4,T) refers to directional spectral emission intensities for a
blackbody at the sample and surrounding temperatures for Equation

2.1 (T, and Ty,,.), which are given by the Planck equation:

2mhc?
L(AT) =

e , (2.2)
15(9 AkgT _ 1)

where h is the Planck constant, c is the speed of light and kg is the

Boltzmann constant.

From Equation 2.1 it is deduced that:

LZ (A' Ts) - L(A' Tsur)
L(A' Ts) - L(A' Tsur)

&4, T) = (2.3)

In order to use this equation both the sample and surrounding temper-
atures and the surrounding radiation must be known. However, the
sample signal that the detector measures is S¢(4, Ts), which is not ex-
actly Ls(4,Ts). This signal depends on the response function R(4) and
the background radiation S;(4) that is emitted by the radiometer. This

signal S;(4, T;) can be defined as:

Ss(A,Ts) = RALs (A, Ts) + So(A) . (2.4)

This means that the radiometer needs to be calibrated. A proper cali-
bration is fundamental for the measurements to be as precise as pos-

sible. In our case the calibration is needed in order to determine the
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2.3 Previous measurement and calibration methods

response function R(4) and the background radiation S;(1), as seen in
Equation 2.4. Therefore, a source whose emissivity is well known
should be measured, being a blackbody the ideal candidate. The

blackbody signal can be described as:

Spp (A4, Tpp) = R(L(A, Tpp) + So (D), (2.5)

where the sub index bb refers to the blackbody.

There are various methods for obtaining both R(1) and S,(4) [7,9-16].
In our case, the modified two-temperature method is the chosen one
[17]. This method consists of two measurements: one high-
temperature blackbody measurement and a shutter measurement at
room temperature in the blackbody position. The shutter is a metallic
plate covered with the Nextel Velvet Coating 811-21 that has a known
emissivity g, = 0.975 [18]. This method allows doing a faster calibra-
tion by not needing the blackbody to stabilize at two different tempera-
tures [1,8].

Since there are two radiometer sources situated to the left and right of
the optical entrance, another factor needs to be taken into account in
its calibration. It cannot be assumed that for the same sample the sig-
nal detection is identical from the sample chamber side and from the
blackbody side. This means that for the signals measured for the

blackbody, the shutter and the sample we have the following formulas:

Svp (A Tpp) = RL(ADL(A, Tpp) + Sor(1)
Ssn(A,Tsn) =Ry, (/‘DgshL(A' Tsn) + Sor(4)

Ss(ATs) = RR(DLs(4,T5) + Sor(A), (2.6)
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2 Experimental: calibration and measurement methods

where the sh, L and R subindexes refer to shutter and the left and right
side incoming radiation respectively. Until now it has been considered
that both left and right background radiations (S, (1) & Spr(4)) are in-
dependent from the incoming side and therefore equal, whereas re-
sponse varies by a factor named a, which is considered independent

of the radiation wavelength:

a= = 1.08, (2.7)

By combining Equations 2.3, 2.6 and 2.7 we obtain the emissivity for-

mula:

1 Ss(ATs) = Ssn(A Tsp) L(A, Tpp) — €snL(A, Tsp)

es(L,Ty) ==
s y a Sbb (A' Tbb) - Ssh (A' Tsh) L(A' Ts) - L(A' Tsur)

s L(A,T.
sh (a Sh)_L(A'Tsur)

+ (2.8)

L(ﬂ., Ts) - L(ﬂ., Tsur)

2.4 New contributions on the experimental system

2.4.1 Improvement on the calibration method

The spectral dependence of the a factor and the possible presence of
spurious signals unanalyzed until now are analyzed so that the radi-
ometer precision can be incremented. In order to measure the a factor,
an emission source placed inside a cylinder is used at both sides of
the optical entrance (see Figure 2.3). A k-type thermocouple is used in
order to measure the temperature of the emission source. The signal is
measured from both the blackbody (Figure 2.3a) and the sample
chamber side (Figure 2.3b) from the focal points on both sides several

times and at different temperatures when the temperature is stabilized.
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Figure 2.3 Schematic view of the radiometer when the a factor is calibrated.

a) Signal measurement from the blackbody side and b) signal measurement

from the sample chamber side.

Figure 2.4 shows two signal curves measured from both sides. It can

be seen that at the same temperature, the incoming signal from the

sample chamber side is indeed stronger than the one from the black-

body. Nevertheless, the quotient between both signals is wavelength

dependent as it is observed in Figure 2.5. Various signal curves were

used in order to obtain a mean value. As we can see, it significantly

varies from the constant value 1.08 used previously.
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Figure 2.4 Signals at T= 526 °C from both blackbody (left) and chamber side

(right). The peaks in the spectra are due to CO, and H,O absorptions.
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2 Experimental: calibration and measurement methods

Besides, it will be considered that the background radiation also de-

pends on the a factor:

This fact modifies Equation 2.7 and it will be taken into account later

when the emissivity formula is reformulated.
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Figure 2.5 spectrum between 1.43 and 25 pym.

2.4.2 Improvement on the measurement method

Besides the wavelength dependence of the a factor, the contribution
from two spurious signals is analyzed. In Equation 2.1, the blacksur
method assumes that the only exiting radiation coming from the cham-
ber outside the sample radiation is the chamber emission reflected by
the sample. Nevertheless, when normal spectral emissivity is detected,
two extra radiation sources need to be taken into account. The detec-

tor emits radiation that follows the inverse optical path of the sample
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2.4 New contributions on the experimental system

signal by entering the chamber and then it is reflected on the sample
only to go back to the detector. Besides, the sample emission that is
reflected on the KBr window, then reflected again on the sample and
finally detected in the FTIR needs to be taken into account as well.
These two signals are especially relevant when measuring highly re-
flecting materials such as metals. When calculating the first of these
spurious signals it must be remembered that there is an extra signal
loss of the detector radiation due to the optical entrance as the signal
goes through the optical path twice.

At the same time, when studying materials whose reflection is mostly
specular, the second term from the blacksur method
([1 — &5(A, THIL(A, Tsyr)) should be neglected since the sample will
reflect the chamber radiation specularly only to be reabsorbed later
somewhere inside the chamber. If the sample is perpendicular to the
optical path this radiation cannot be detected due to the specular re-
flection (Figure 2.6a).

a)

Figure 2.6 Schematic view of a) exiting normal radiation and b) exiting radia-
tion at an angle a. The blue arrows refer to the sample emitted radiation; the
continuous arrows being transmitted light and the dashed ones the reflected
radiation on the KBr window. The red arrows refer to the detector radiation

whereas the green ones indicate the surrounding radiation.
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2 Experimental: calibration and measurement methods

The samples studied in this work are all low emitting materials, and
therefore the assumptions made previously are correct for the emis-
sivity calculations shown in this dissertation. If we take into account all
the previously described factors the following equation for normal radi-

ation is obtained:

LZ (A: Ts) =& (A: TS)L(AJ Ts) +£det (A: Tdet)TKBrFopt[l — & (A: Ts)]L(A: Tdet)

&L T)L(A, T)Ripr[1 — £5(4,T5)], (2.10)

where JTyg, and Rgg, are the KBr window transmittance and reflec-
tance respectively and the det subindex refers to the detector. F,,; is a
signal loss factor given by the mirrors, the beam splitter and other de-
vices used in the optics. Both F,,; and Ty, are factors of the response
function where R = Txp,FopiDger, beING Dyer the DLATGS detector
detectivity. These two factors appear since the detector emitted radia-

tion travels through the optical path twice and therefore they need to

be taken into account.

This equation would be very difficult to solve since we do not know the
detector temperature and emissivity. However, as we can see in Fig-
ure 2.7, the spectral emissivity of metals follows Lambert’s cosine law
[19], and therefore the emissivity almost does not vary in the 0-20 °
range. In fact, if we take the complex refractive index values from cop-
per at room temperature between 1 and 25 ym [20] we can see that
the emissivity value between normal emission angle and a 10° angle

varies only 0.01%.

31



2.4 New contributions on the experimental system
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Figure 2.7 Directional spectral emissivity of platinum at wavelength 1 = 2 um
[19].

This means that the Equation 2.1 of the Blacksur method can in fact be
used as long as the sample is inclined to a certain degree. This is be-
cause, from a certain angle onwards, the reflected radiation coming
from the detector and the KBr window will go onto the chamber walls
and at the same time, the radiation emitted by the chamber will be re-
flected by the sample and then detected (Figure 2.6b). Therefore, we

can finally rewrite the emissivity equation:

ST Z AR e L T) = L Tour)

L(ﬂ., Ts) —L (A: Tsur)

,(2.11)

es(ATs) =

where R(1) = R, (4).

The previous formula will only be valid as long as the emission angle is
large enough for the detector and the KBr reflected radiation not to be
detected and at the same time small enough for the emissivity to be

equivalent to the normal emissivity.
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2 Experimental: calibration and measurement methods

Figure 2.8 is displayed in order to experimentally confirm the assump-
tion made until now. It shows, as an example, the measured magnesi-
um emissivity at 11.5 ym between -70 and 70 °. As we can see the
emissivity values strongly decrease down to 6 © and stay stable up until
around 20 °. Except for very small angles, the measurements give val-
ues predicted by Lambert’s cosine law. The previously described spu-
rious contributions appear nearby the normal incidence angle, as it can
be seen in Figure 2.8. Therefore the measurements between 6 and 20
° do not have an angular dependence. As a consequence, the meas-
urements made in this work will be done at a 10 ° angle, although the
measurements will be referred as normal spectral emissivity meas-

urements unless it is stated otherwise.
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Figure 2.8 Directional spectral emissivity of magnesium measured at wave-
length m at T= 300 °C.

In order to see the difference influence of the spurious reflections in
the entire mid-infrared spectra, curves of the Mg-47%Zn-4%Al (mass
%) alloy at 325 °C are plotted in Figure 2.9. The difference between

both curves is notable since the signal coming from a low emitting
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2.4 New contributions on the experimental system

sample at low temperature is comparable with the spurious detected
signal. It can be noticed that the emissivity of both curves tend to the
same value at short wavelengths. This happens due to two factors: on
one hand the detector radiation emission is almost non-existent below
4 ym since it is emitted at a much lower temperature ( 50 °C). On the
other, the average height of the surface roughness profile ( 1 um) of
this sample is comparable to short wavelengths of the studied emis-
sivity spectrum and therefore the surface is not as smooth as it is for
longer wavelengths. As a consequence, the radiation at shorter wave-
lengths is not as specularly reflected as it is at longer ones and less

radiation reflected by the sample should be detected.
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Figure 2.9 Comparison of the calculated emissivity with the previous blacksur

method at 0 ° and the new method at a 10 ° angle inclination.

Finally, the detector emission contribution is quantified since it is the
only emission source we consider where we are not able to determine
its emissivity and its temperature. For that we use the signal values
from the Mg-47%Zn-4%Al alloy from which we calculated the

emissivities in Figure 2.9. Those two emissivities are obtained by using
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2 Experimental: calibration and measurement methods

the former blacksur method and the new method described in Equation
2.10 for 0 ° and Equation 2.11 for 10 ° respectively. By combining both,

the following equation is obtained:

Figure 2.10 shows the detector contribution for the Mg-47%Zn-4%Al
alloy at 325 °C whose emissivity was shown previously compared to
the Planck function at 52 and 60 °C. The KBr window is considered to

have a [21] and [22].

i T l L) T L) L) I L) L) T L) l T T L) T | T T T T ]

16 |- - op{':derLdet -

- —L(T=60°C) -

= 12F -

= R =0.083

s L _ ]

E oL T..=09 h

E L 4

— - -

5 10 15 20 25
Wavelength (uum)

Figure 2.10 Comparison between the Planck curve at T=52 °C, T= 60 °C and

the detector contribution.

2.4.3 Temperature measurement

One of the most important factors to consider while measuring the

emissivity is the temperature. The main reason for this is that even
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2.4 New contributions on the experimental system

slight errors in the temperature measurements can provoke erroneous
calculations on the emissivity due to the Planck function (Equation 2.2)

strong temperature dependence.

In the HAIRL case, four different temperatures are needed for each
emissivity measurement. The blackbody and shutter temperatures are
needed to obtain R(1) and Sy(4). Besides, the sample and the sur-
rounding chamber temperatures are necessary, as indicated in Equa-
tion 2.10. All the temperatures are measured by means of a thermo-
couple. K-type thermocouples are used for all the temperature meas-

urements, except for the blackbody ones (R-type).

Among all these measurements the sample temperature measurement
is by far the most difficult one. The thermocouples must be placed out-
side the measured spot (with a 4 mm diameter approx.) so they are not
seen by the detector and at the same time stay in a place where the
temperature is homogeneous. Previous studies about the temperature
homogeneity indicate that the thermocouples placed at 5 mm from the
measuring spot centre and in diametrically opposed positions will have

the temperature homogeneity ensured [1].

In order to place the thermocouples on the sample three different
techniques can be used as it can be seen in Figure 2.11. In the first
one, in Figure 2.11a, two thermocouple wires are first welded to each
other and then welded onto the sample. This technique has a large
drawback: the thermocouple will measure the temperature on the
thermocouple welding spot, which depending how well they are welded
can be far away from the surface, causing large errors on the tempera-
ture measurement. In Figure 2.11b the two wires are welded separate-
ly onto the sample surface and as close to each other as possible. This
is known as the intrinsic measurement method [23] and it has the ad-
vantage that the thermocouple union is made on the surface, improv-

ing considerably the temperature measurement.
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2 Experimental: calibration and measurement methods

A third option, shown in Figure 2.11c, was developed during the
course of this work. In the case where thermocouples cannot be weld-
ed, pairs of holes of the same diameter as the thermocouple wires can
be made so they can be introduced across the sample. This way the

thermocouple union will also be made on the surface.

Alumel Chromel Alumel Chromel Alumel Chromel
a) l b) l c) l
Sample Sample Sample

Figure 2.11 Schematic drawings of the three different thermocouple placing
methods: a) standard welding (welded together), b) intrinsic welding (welded

separately) and c) inserted in holes.

In order to show the thermocouple performance, Figure 2.12 shows
the measured temperature evolution with the three methods normal-
ized to the temperature measured by the second method on an
ARMCO iron sample. As we can see both the intrinsic method and the
hole method present very similar temperature measurements with a
maximum temperature variation of a 0.3% while the first method
measurements fluctuate much more and can reach variations of over
1%.
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Figure 2.12 Method A (Figure 2.11a), Method B (Figure 2.11b) and Method C
(Figure 2.11c) temperature measurements normalized to the Method B tem-
perature values on an ARMCO iron disc.

2.5 Total normal emissivity calcul ation

When we obtain the spectral emissivity curves it is very useful to ob-
tain the integrated value along the entire spectrum in order to extract
extra information from the piece of data obtained that otherwise would

be very difficult to interpret.

In order to do that we need to use the following formula:

However, we cannot use this formula straightforwardly since we can
only possess information about the emissivity spectra between 1.43
and 25 ym. Fortunately, around 98% (depending on the measured
temperature) of the emitted radiation is between those wavelength

values.
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2 Experimental: calibration and measurement methods

Besides, it happens that sometimes, especially at very low tempera-
tures, for radiation at very short wavelengths (i.e. A < 2 um) and for
very large wavelengths (i.e. A > 22 um), the emissivity values that are
obtained are not accurate enough and therefore need to be disregard-
ed.

So when the emissivity is integrated along the electromagnetic spec-
trum, the gaps where the emissivity is unknown need to be filled. For
that we need to take into account that for metallic materials the emis-
sivity monotonously decreases while the wavelength increases. There-
fore, two integrals will be calculated: one where the emissivity values
on the unknown areas are overestimated and another one where the
emissivity values are underestimated. In the overestimated curve, the
emissivity values at short wavelengths will be given a maximum value
of one, whereas at longer wavelengths, where the emissivity is sup-
pose to decrease, the last valid emissivity value is considered to be
constant and therefore it does not decrease in the far-infrared area.
Analogously, in the underestimated curve at short wavelengths the
emissivity value given is the one of the last wavelength where we ob-
tain a valid emissivity value and at longer wavelengths a value of zero

will be given.

This can be observed in Figure 2.13, where both underestimated and
overestimated curves are shown with the actual measured emissivity
spectrum. Finally, the mean value of both integrals will be calculated in

order to have a more accurate value.

39



2.5 Total normal emissivity calculation
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Figure 2.13 The spectral emissivity curve of pure nickel at T= 394 °C with the
overestimated and underestimated curves are plotted. The Planck curve at T=
394 °C is also plotted.
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3 Spectral emissivity of pure

metals

La ausencia de estudios en los que aparezcan bien definidas las con-
diciones experimentales de la emisividad espectral en funcion de la
temperatura de la mayoria de los metales puros ha impulsado el traba-
jo presentado en este capitulo. Aqui se presentan brevemente las me-
didas de emisividad del cobre, la plata, el niquel y el magnesio, cuatro
metales presentes, tanto en su estado puro como en aleaciones, en
diversas aplicaciones industriales. Entre otros aspectos, se estudia la
relajacion de tensiones superficiales producidas en el mecanizado de
las muestras, asi como las dependencias con la temperatura y la lon-
gitud de onda de la emisividad. Ademas, se analizan las curvas de
emisividad dentro de la aproximacién clasica dada por la funcion de
Hagen-Rubens. Esto ha permitido obtener valores de la resistividad
eléctrica y compararlos con los encontrados en la bibliografia. Por
ultimo, pensando en aplicaciones industriales, se hace un calculo de la
emisividad normal total y se observa su dependencia lineal con la

temperatura.
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3 Spectral emissivity of pure metals

3.1 Introduction

Pure metals emissivity measurements are of interest for two main rea-
sons. On one hand, it allows demonstrating the radiometer precision
even with very low emitting materials. On the other, knowledge of the
radiative properties of pure metals is essential for many applications
related to the heat transfer in energy, industrial and scientific process-
es. Direct absolute measurements of the radiative properties are of
great importance because of the theoretical relations between these
physical quantities and the optical and electrical properties of materials
[19,24]. In particular, experimental radiative measurements in metals
have great interest for mid and far infrared frequencies as the direct
measurement of optical constants on metals in this spectral range of-
fers serious difficulties. Only room temperature experimental values of
optical constants can be found [20,25-28]. This explains the discrep-
ancies between the emissivity calculated by using experimental optic
constants via the classical electromagnetic equations [19,24] and
those experimental values obtained with a radiometer. On the other
hand, some discrepancies appear because real materials do not meet
the ideal surface conditions assumed by the theory. Their radiative and
optical properties are highly influenced by the surface state, and de-
pend on surface roughness, oxidation, surface contamination, impuri-
ties, thermal uniformity, etc. This fact explains the differences among
experimental emissivity values found in the literature when the meas-
urements are carried out with samples without a good characterization
of their surface state or without adequate atmosphere control. At the
present time, radiometers with a proper sample holder and a FT-IR
spectrometer allow faster and more accurate measurements of the

radiative properties as a function of wavelength, temperature and
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emission angle in a controlled atmosphere. If one adds the possibility
of controlling the surface state, the radiative properties measurements
may increase significantly the knowledge of optical and electrical prop-

erties of materials.

In this chapter the radiative properties of four pure elements, copper,
silver, nickel and magnesium, are widely studied. These metals were
chosen since, at this moment, there is only a partial experimental
knowledge of their radiative properties in the mid-infrared range. Nev-
ertheless, all these metals except for magnesium are employed in ap-
plications in which the knowledge of their radiative properties is very
important. Copper is, for example, largely used for electrical wires,
heat sinks and heat exchangers. Silver is also used for heat exchang-
ers, but also in low emissivity coatings and many other applications.
Nickel is used to provide hardwearing decorative and engineering
coatings, and plays an important role in alloys developed for a great
number of specific and general purposes. Recently, some of these
metals have been studied due to their effectiveness for decreasing the
emissivity of coatings and as diffusion barrier layers between low-
emissivity films and substrates [29-31]. Anyway, one can find some
experimental data in the literature about the optical and electrical
properties in the infrared spectral range of both metals. The total hemi-
spherical emissivity of copper was measured at different temperatures
[32-35]. Its normal spectral emissivity was studied at its melting point
[36-38], above the melting point [39], between room temperature and
750 °C at 1.55 um and at 400 °C [40]. The total hemispherical emissivi-
ty of silver was also studied at different temperatures [32,34,41], and
the normal spectral emissivity at its melting point [36,38] and at 150 °C
[42], where the total directional emissivity was also studied. In the case
of nickel, its total normal emissivity was measured for different surface

states [43], whereas its total hemispherical emissivity was obtained in
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3 Spectral emissivity of pure metals

the 77-737 °C range using calorimetric techniques [44]. The normal
spectral emissivity was measured at 400 °C [40] using a radiometer,
and a few disperse data were calculated from optical constants [45].
Additional spectral emissivity values were obtained between 1167 and
1332 °C for a high-purity nickel sample [46] and at its melting point with
a pulse-heating technique [47]. The radiance temperature of nickel at
its melting point [48] and the optical properties of liquid nickel were
also measured [49]. However, a systematic study of its directional
spectral emissivity as a function of the temperature has not been
found. As far as we know, there are no pure magnesium emissivity

studies of any kind.

In this work, the copper, silver, nickel and magnesium emissivity de-
pendence on temperature and wavelength is studied in the mid-
infrared range using a high accurate radiometer. The results obtained
in this study are compared to the few experimental measurements
available in the literature for the same temperature range. In addition,
using the electromagnetic theory, experimental data are compared to
literature data from electrical measurements. Finally, the total normal

emissivity will be calculated.

3.2 Sample description

For copper, a high purity (>99.9%) sample of electrolytic copper is
used. A film of this metal with a thickness greater than 36 ym was de-
posited on a 60 mm diameter and 3 mm thick Armco iron disc. In the
case of silver and nickel, Goodfellow ® sputtering targets of very high
purity (>99.99%) with a 50 mm diameter and 3.2 mm thickness are
used. The magnesium sample is a commercial one and has a purity of
99.94%. Its dimensions are 40x40 mm with a 2 mm thickness. Except

for the copper sample, where the thermocouples were welded on to
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3.2 Sample description

the ARMCO iron, the temperature is measured by placing the thermo-

couple wires across 0.5 mm holes drilled in the sample.

In order to make sure that the samples are pure enough X-Ray diffrac-
tion patterns are obtained. Figure 3.1 plots the four diffractograms of

the four different metals.
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Figure 3.1 X-Ray diffraction patterns of pure Cu, Ag, Ni and Mg.

Finally, the samples roughnesses were measured using a conventional
rugosimeter and the obtained values are showed in Table 3.1. It must
be noticed that the surface roughness has no significant effect on the
infrared emissivity in some coatings [50], but it has noticeable effect in

metals in the near infrared [51].
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Table 3.1 Summary of the Cu, Ag, Ni and Mg surface roughness: roughness
average (R.), root mean square roughness (R,), average maximum height

(R,), and maximum height of the profile (Ry).

Sample Ra (um) Rq (um) R, (um) R (um)
Cu 1.22 1.43 7.12 8.02
Ag 0.02 0.02 0.11 0.14
Ni 0.01 0.02 0.10 0.11
Mg 0.25 0.33 2.15 2.99
3.3 Copper

The measurements have been made following this experimental pro-
cedure. Once a sample is introduced in the sample chamber a moder-
ate vacuum is made inside with a rotary pump. Then, before the sam-
ple is heated up to the measurement temperatures, a slightly reducing
atmosphere (N, + 5% Hy) is introduced into the chamber in order to
prevent the oxidation of the sample surface. The measurements are
carried out during five successive heating thermal cycles between
room temperature and 810 °C approximately. For each heating cycle
the emissivity is measured at seven temperatures between 250 °C and
the maximum temperature with temperature steps of around 100 °C.
The temperature must be stabilized before measuring the emissivity.

The error analysis has been made in previous works [8,17,52].

Normal spectral emissivity measurements have been carried out be-
tween 3 and 21 ym for each cycle. Figure 3.2 shows the spectral
emissivity curves at the lowest and highest measured temperatures

from the first and fifth cycle.
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Figure 3.2 Normal spectral emissivity of copper as a function of temperature

at two temperatures for two different cycles.

The emissivity decreases with the wavelength, as predicted by the
electromagnetic theory [19,24]. On the other side, the experimental
results show a significant decrease in the emissivity values between
the first and the fifth thermal cycle. A similar behavior was previously
seen in other metallic materials such as Armco iron and Ti—-6Al-4V
alloy [53,54]. This behavior is associated to a surface stress relaxation
process. The first heating cycle acts as an annealing process that re-
lieves the surface stresses. This explains why the emissivity during the
fifth thermal cycle is lower than during the first one and the difference
in the emissivity value between the first and fifth thermal cycles in Fig.
3.2 is larger for the lowest temperature than for the highest. This is due
to the measurement method used in this study, in which the tempera-
ture is stabilized during 20 min every 100 °C approximately in order to
measure the emissivity. Thus, during the first cycle, at around 250 °C,
the sample still retains all the surface stress, but, at around 810 °C, it
has accumulated a significant stress relaxation produced in the previ-

ous temperature steps. Therefore, during the first heating cycle the
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3 Spectral emissivity of pure metals

relaxation kinetics has already begun before the last temperature step.

This feature was extensively analyzed for titanium alloys [54].

In order to have a better comprehension of the relaxation processes
between the first and fifth cycle, we can see in Figure 3.3 the emissivi-
ty evolution with the cycles at three different wavelengths (5, 10, and

15 um) for all the measured temperatures.
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Figure 3.3 Normal emissivity values of copper at 5, 10 and 15 ym for the five

cycles at all temperatures.
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3.3 Copper

As we can see in all three wavelengths there is a clear evolution be-
tween the first and third cycle where the emissivity decreases. In fact,
in this graphs it can be seen how the emissivity increases with temper-
ature, but when looking at the first cycle the emissivity at 810 °C is
already lower than the one measured at 545 °C. This is in agreement
with what it was stated before, the relaxation processes have already
begun during the first cycle. After the third cycle though, we can see

that the emissivity has stabilized.

In Figure 3.4 the normal spectral emissivity curves between 3 and 22
pm from the last cycle are plotted. Here, once the sample has been
totally relaxed we can see more clearly how the emissivity evolves with
the wavelength and the temperature. Here we can see more clearly
how the emissivity decreases while the wavelength increases. Howev-
er, we can see a plateau region between 8 and 12 um. This matter will
be later discussed in Chapter 4. We can also see how the emissivity

clearly increases with temperature.
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Figure 3.4 Normal spectral emissivity curves of copper from the fifth cycle at

seven different temperatures.
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3 Spectral emissivity of pure metals

In order to see this behavior more clearly, Figure 3.5 shows the emis-
sivity dependence on temperature at three wavelengths. At short
wavelengths (5 um) the normal spectral emissivity of copper increases

linearly while at longer wavelengths (15 ym) it has a parabolic evolu-

tion.
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Figure 3.5 Normal spectral emissivity evolution with temperature of copper at
5, 10 and 15 ym on the fifth cycle.

Finally, in Figure 3.6, the normal spectral emissivity curves from the
fifth cycle at 349 and 445 °C are compared with the curve obtained by
Bauer et al. [40] at 400 °C. There is quite a good agreement between
the curves even though there are a few discrepancies. This discrepan-
cies at short wavelengths are probably related to the surface state.
Even if we do not know anything about the sample Bauer measured,
less rough samples tend to have lower emissivities at shorter wave-
lengths and the copper sample measured in this work was not pol-
ished.
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Figure 3.6 Comparison between normal spectral emissivity curves from this
work at 349 and 445 °C and from Bauer et al. [40] at 400 °C.

3.4 Silver

For the silver sample, the measurements are performed the same way
the copper ones are, with the exception that an argon atmosphere is
introduced instead of a reducing one. Three cycles were performed
and the emissivity was measured at six temperatures between 300
and 800 °C.

Figure 3.7 shows the normal spectral emissivity curves between 2 and
22 um from the first and third cycle at two different temperatures. We
can see that the emissivity has decreased with the cycling, but this

time it seems that the evolution has not been as strong as in copper.

In Figure 3.8 the normal emissivity evolution with the cycling at 5, 10,
and 15 um is plotted at all temperatures. There is little to no evolution
at 5 um, whereas at 10 and 15 um there is a slight evolution between

the first and the second cycle, especially at high temperatures. In any
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3 Spectral emissivity of pure metals

case, the sample is completely stable by the time the third cycle

measurements are done.
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Figure 3.7 Normal spectral emissivity of silver as a function of temperature at

two temperatures for two different cycles.

In Figure 3.9 the normal spectral emissivity curves between 2 and 22
pm from the last cycle are plotted. The low emissivity measured in this
sample is quite remarkable. In fact, silver is supposed to be the lowest
emitting pure metal. This shows how accurate the HAIRL radiometer
can be for low emissivities. However, the emissivity at low tempera-
tures such as 295 °C is not easy to obtain at very short and long wave-
lengths. As a consequence, the obtained emissivity values at 295 °C
below 4 yum and at 395 °C below 3.5 um present too much noise and
therefore they are not shown in the graph. We can also see that the
emissivity in silver follows a similar behavior to the one presented in
copper: the emissivity decreases as the wavelength decreases, while it

increases when the temperature rises.
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Figure 3.8 Normal emissivity values of silver at 5, 10 and 15 ym for the three

cycles at six temperatures.

The temperature evolution can be seen more clearly in Figure 3.10,
where the emissivity evolution with temperature is plotted for 5, 10,
and 15 ym. Once again, we see a linear evolution of the emissivity at 5
um, while longer wavelengths (10 and 15 ym) the increase tends to be

parabolic.
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Figure 3.9 Normal spectral emissivity curves of silver from the third cycle at

six different temperatures.
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Figure 3.10 Normal spectral emissivity evolution with temperature of silver at
5, 10 and 15 pym on the third cycle.
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3.5 Nickel

The nickel measurements are made the same way as the silver ones,
where an argon atmosphere is used. Five measurement cycles be-
tween 200 and 800 °C with seven measurements in each cycle are

made.

Figure 3.11 displays the normal spectral emissivity curves of two tem-
peratures at the first and last cycle between 2 and 22 yum. Once again
stress relaxation can be observed, especially at longer wavelengths,
where mayor evolution has also been detected in the previous metals

of this chapter.
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Figure 3.11 Normal spectral emissivity of nickel as a function of wavelength

at two temperatures for two different cycles.

Figure 3.12 shows the normal emissivity values at 5, 10 and 15 ym
from the first to the fifth cycle at seven different temperatures. At 5 yum
there seems to be no appreciable evolution. At 10 and 15 ym though,
there seems to be an emissivity increase on the second cycle at low

temperatures. This is the main reason why another extra two cycles
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3 Spectral emissivity of pure metals

are performed compared to the silver. Nevertheless, the emissivity

seems to be stable after the third cycle.
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Figure 3.12 Normal emissivity values of nickel at 5, 10 and 15 ym for the five

cycles at all temperatures.

Normal spectral emissivity curves between 200 and 800 °C are dis-
played in Figure 3.13. The curves also show the typical metallic behav-
ior with the emissivity increasing with temperature and decreasing with

wavelength. Figure 3.14 shows the evolution with temperature at 5, 10
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3.5 Nickel

and 15 ym. Here again, the linear increase at short wavelengths shifts

towards a parabolic one at longer ones.
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Figure 3.13 Normal spectral emissivity curves of nickel from the fifth cycle at

seven different temperatures.
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Figure 3.14 Normal spectral emissivity evolution with temperature of nickel at
5, 10 and 15 ym on the fifth cycle.
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3 Spectral emissivity of pure metals

Finally, the spectral emissivity curves obtained in this work are com-
pared to the ones obtained in previous studies. Curves at 394 and 799
°C from the last cycle are compared to the curves obtained by Bauer et
al. at 400 °C [40] and Teodorescu et al. at 1167 °C [46] respectively in
Figure 3.15. Bauer’s curve and ours at 394 °C have quite a similar be-
havior up to 5 ym, while at longer wavelengths this works measure-
ments present a lower value than his. In the case of the curve at 1167
°C, it is compared to our highest measured temperature at 799 °C. At
longer wavelengths even if the absolute values differ the behavior is
quite similar. At shorter wavelengths the emissivity at 1167 °C rapidly
increases. This is probably due to the presence of surface oxidation,
since it is known that in the early stages of oxidation the emissivity
increases at short wavelengths [18,55]. However, the lack of infor-
mation about the samples used in both works does not allow making

any definite observations when comparing the results.
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Figure 3.15 Comparison between normal spectral emissivity curves from this
work at 394 and 779 °C and from Bauer et al. at 400 °C [40] and Teodorescu
et al. at 1167 °C [46] respectively.
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3.6 Magnesium

The magnesium sample is also measured under an argon atmosphere
inserted after vacuum has been made inside the sample chamber.
Magnesium is quite a tricky metal to measure since it rapidly oxidizes
at room temperature and therefore it has to be polished right before
putting it inside the sample chamber. Besides, measurements were
only made between 300 and 450 °C, because it has a spontaneous
combustion temperature of 472 °C. Even if there should be almost no
oxygen left in the chamber, in case anything happens it has been de-
cided not to heat the magnesium over its critical temperature. A total of
five cycles were made and measurements were made every 50 °C

approximately.
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Figure 3.16 Normal spectral emissivity of magnesium as a function of wave-

length at two temperatures for two different cycles.

Figure 3.16 shows the normal spectral emissivity curves at two tem-
peratures from the first and last cycle between 2 and 22 ym. The mag-

nesium sample clearly also suffers the stress relaxation. Figure 3.17
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3 Spectral emissivity of pure metals

shows how the relaxation occurs at 5, 10 and 15 ym during the five
cycles. At short wavelengths the emissivity does not evolve due to
these relaxations, but as it happened in previous metallic samples this
phenomenon can be detected at longer wavelengths such as 10 and
15 uym. Here the emissivity clearly evolves up to the fourth cycle and
then stabilizes. The reason why it has taken longer to stabilize com-
pared to the previous metallic samples is probably related to the fact

that the sample is only heated up to 450 °C instead of 800 °C.
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3.6 Magnesium

Figure 3.17 Normal emissivity values of magnesium at 5, 10 and 15 ym for

the five cycles at all temperatures.

The normal spectral emissivity curves at the four different tempera-
tures from the last cycle are displayed in Figure 3.18. Here a slightly
different behavior from the previous metals is observed. Even if at
shorter wavelengths the emissivity slightly increases with temperature,
from around 11 ym onwards the emissivity becomes almost constant

with temperature.
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Figure 3.18 Normal spectral emissivity curves of magnesium from the fifth

cycle at four different temperatures.

What is more, this can be clearly observed in Figure 3.19, where the
temperature dependence between 300 and 450 °C is observed once
again at 5, 10 and 15 ym. At 5 ym, a slight increase is observed
whereas at 10 and 15 ym the emissivity stays almost constant with

temperature.
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Figure 3.19 Normal spectral emissivity evolution with temperature of magne-

sium at 5, 10 and 15 pym on the fifth cycle.

3.7 Hagen-Rubens equation

The wave solutions to Maxwell's equations provide means for deter-
mining the complex refractive index from the electric and magnetic
properties of the materials [19]. For metals where the resistivity is
small and for m, the and equations can be reduced to the

Hagen-Rubens equation [56]:

where is the wavelength in microns and is the electrical resistivity in
ohm cm. Even if the approximation is not a very precise one,

some useful results can be obtained for certain metals.

Once and are known an equation for the normal spectral emissivity

can be obtained:
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3.7 Hagen-Rubens Equation

Now we can fit the previously obtained emissivity curves to this equa-
tion and compare the electrical resistivity values obtained to the ones
found in the literature [57-60]. Figure 3.20 displays the resistivity val-
ues obtained from fitting the spectral emissivity curves at different
temperatures from the four pure metals (dots) and the electrical resis-
tivity values obtained from the literature (lines). The Hagen-Rubens
Equation fits well only with copper. In nickel and silver, despite show-
ing the same behavior, the absolute values of the resistivity are way
apart one from each other. Finally, it fits the worst with the magnesium,
since not even the same tendency is observed between both sets of

data.
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Figure 3.20 Comparison between the electrical resistivity data from the litera-

ture (lines) and the values from the Hagen-Rubens fitting (dots).
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3.8 Total normal emissivity

The last section from this chapter is dedicated to the total normal
emissivity. The total normal emissivity is calculated from the spectral
emissivity curves obtained the way it is explained back in Chapter 2.
Figure 3.21 shows the total normal emissivity values obtained for cop-
per, silver, nickel and magnesium. In all cases the total normal emis-
sivity increases linearly with temperature. This increase is not only due
to increase of the spectral emissivity with temperature, but also be-
cause of the shift of the maximum of the Planck function towards
shorter wavelengths as temperature increases (Wien’s displacement
law). Since the emissivity of metals at shorter wavelengths is higher
than at larger ones the total normal emissivity will increase even for
magnesium, where there is little to no evolution of the normal spectral
emissivity curve with temperature. Here we can also see how little the
two lowest emitting metals, copper and silver, emit. The four sets of

data are fitted to a linear function.
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Figure 3.21 Total normal emissivity data from copper, silver, nickel and mag-

nesium. The four sets of data are fitted to a linear function.
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3.9 Conclusions

The normal spectral emissivities of four pure metals (Cu, Ag, Ni and
Mg) are studied in this chapter. Three different aspects are studied in
each one of them: the surface stress relaxation and its effect on the
evolution in the emissivity with the cycling; the spectral dependence,
where the emissivity in metals decreases as the wavelength increases;
and the temperature dependence, where the emissivity increases with
temperature. The lack of temperature-dependent measurements
makes this work especially valuable. However, emissivity curves of
copper and nickel are compared to those ones found in the bibliog-
raphy. Besides, the Hagen-Rubens equation is used to obtain electri-
cal resistivity values. The results show that only the copper values fit
correctly with the previously measured resistivity found in the bibliog-
raphy. Finally, the spectral emissivity curves are integrated along the
spectrum in order to obtain the total normal emissivity values. All four

metals have a linear increase with temperature.
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4 Optical properties of metals:

the anomalous skin effect

En metales con una conductividad eléctrica muy alta, el recorrido libre
medio de los electrones de conduccion puede ser del orden de la pro-
fundidad de penetracion del campo eléctrico. En estos casos la
aproximacion de Drude de campo constante deja de ser valida y surge
el efecto skin andmalo. Cuando se resuelven las ecuaciones de trans-
porte con una fuerza debida al campo eléctrico que depende del tiem-
po, se observa que en el caso de reflexion especular aparece un
minimo en la reflectividad el cual hasta ahora no se ha detectado ex-
perimentalmente. Solo existen indicios de su existencia. En este capi-
tulo se hace un analisis tedérico del efecto skin anémalo para los doce
metales puros con mayor conductividad eléctrica. En el caso del cobre
el analisis es mas detallado con el fin de obtener el comportamiento
de la emisividad con la temperatura y el &ngulo de emision. En la parte
experimental se observa que las medidas experimentales de la emisi-
vidad espectral del cobre a 250 °C, muestran un maximo del mismo
orden y en la misma regién que aquél predicho por la teoria del efecto
skin andbmalo. Este resultado es una evidencia de la presencia de este

fendmeno incluso a altas temperaturas donde el efecto es mas débil.
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4 Optical properties of metals: the anomalous

skin effect

4.1 Introduction

The theoretical and experimental study of the optical and electrical
properties of metals has drawn a lot of attention since the first years of
the 20" century. In fact, at the beginning of this century, the classical
theory (Drude) that allowed describing the conducting electrons behav-
ior under the influence of an electric field applied to a metal surface

had already been completely developed.

Nevertheless, in 1947, A.B. Pippard indicated that the Drude behavior
would be valid only if the electron mean free path [ were too small in
comparison to the field penetration depth 6 [61,62]. When [ and § are
of the same magnitude, the static field approximation is no longer valid
and the spatial dependence needs to be taken into account. This

means that when introducing this dependence on the Boltzmann equa-

tion the distribution function will depend on k and therefore the equa-
tion will become much more complex. As a consequence it can be
demonstrated that for a good electrical conducting metal, reflectivity

must show a wide minimum in the infrared area.

Until now, experimental evidence that confirms this event has not been
found. This is due to the fact that accurate measurements of optical
constants in metals in the infrared area are not found or at least are
limited in frequency and temperature. In this work, the anomalous skin
effect will be analyzed by studying the emissivity, related to the reflec-
tivity by the equation e =1 — R. On one hand, the emissivity maxima
for different metals will be studied by using the anomalous skin effect

theory. On the other, copper emissivity values will be obtained experi-
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mentally and then compared to the previously obtained results using
the anomalous skin theory. Previously (in section 4.2), metals that are
potential candidates to present the anomalous skin effect are studied

and their emissivity curves predicted by the theory are obtained.

4.2 Background

Starting from Pippard’s suggestion in 1947 [61,62], Reuter and
Sondheimer developed a theory for the anomalous penetration effect
for the first time by using the semiclassical theory [63]. Later works
would help incorporating this theory to the general theory of optical
properties of metals [64-69]. It has also been proved that the quantum
treatment of the problem presents the same results as the
semiclassical one [70]. The formulae coming up next are mainly based
in Reuter and Sondheimer’s work [63] whereas the approximations
come from Dingle’s articles [66-68]. Calculations related to the anoma-

lous skin effect appear in detail in Appendix I.

In most metal optical applications (e.g. metal mirrors), it is necessary
to know the response of the electrons to the incident electromagnetic
field. Depending on the frequency this response is related to the
intraband transitions of the conduction electrons, the interband transi-
tions due to internal photoelectric effect or both of them. Other absorp-
tion mechanisms, such as lattice absorption and localized states,
should only be considered in specific frequency ranges. For a large
portion of the infrared spectrum, the interband transitions are forbidden
for the metals analyzed in this paper. In this spectral region, the ab-
sorption mechanism is associated to intraband transitions. Assuming
that other possible absorption effects such as electron-electron or mul-
tiple phonon processes are negligible, the interaction is described by
means of the relation between the current density and the electrical

field of the metal. This relationship requires solving the relaxation time
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4 Optical properties of metals: the anomalous skin effect

approximation Boltzmann equation for the non-equilibrium part of the
electron distribution function. This equation contains a diffusion term
that can be omitted when the electric field inside the metal can be con-
sidered spatially constant. This assumption is valid when the quotient
between the electron mean free path [ and the penetration depth of the

electromagnetic field §(w) fulfills the following condition:

l 3
5< (1 + w?t?)%. (4.1)

The penetration depth of the electromagnetic field for optical frequen-

cies given by

1
§(w) = Re | L1002 | 4.2)

(2moyw)2z(1 +1)

where o, is the dc conductivity and t is the relaxation time. In many
papers the penetration depth is obtained using a simplified formula
8§ = 2¢? /w,wT Where wj = 4n.e?n/m* is the plasmon frequency of
conduction electrons. Other physical parameters used in the theoreti-

cal calculus are

_8m (mvp)3 _ nee’l l 3 (l)z
e =3\ )  omvp —Urh 47505
o _ io ) 43
ﬂ_wr' f_(1+iaur)3 mEmy (4:3)

where n, is the electron density, vr is the Fermi velocity, m* is the
electron effective mass, ¢ is a parameter that takes into account the

relative sizes of the energy loss mechanisms and a and g are coeffi-
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cients used in the theory. If Equation 4.1 is satisfied, the interaction
between the electromagnetic field and the metal is called normal skin
effect. Al low and high infrared frequencies (wt «< 1 and > 1), the ine-
quality will hold regardless of the value of T and o, and the experi-
mental results must be in reasonably good agreement with the classi-
cal Drude theory [71]. The impedance Z can be obtained using the

classical equation:

4na)l\/wzlz 4i «a

Zclas = o2 2 31+iwr’ (4.4)
where the emissivity is obtained by
Cc

= —RelZ]. 4.5

£ = RelZ] (45)

The impedance is related then to the refractive index n and extinction

coefficient k through the following formula:
fi=—- fi=n—ik. (4.6)

At mid and far-infrared frequencies, Eqg. 4.1 may not be satisfied even
above room temperature. It is a wide region, with [ = §, where the
Drude classical theory is not valid, that we will call the anomalous skin
effect spectral region. In this case, the dependence of the optical prop-
erties with the conduction electrons must take into account the non-
local character of the relationship between the field and current density
which forces to retain the diffusion term in the Boltzmann equation.
Since the first paper about the phenomenological approach of the

anomalous skin effect [63], a major effort to complete the theory has
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4 Optical properties of metals: the anomalous skin effect

been done. The theoretical approaches [63,66] express the metal opti-
cal properties in terms of the surface impedance Z = R + iX (where R
is the surface resistance and X is the surface reactance). From the
surface impedance, the reflectance and the emissivity as a function of

the relaxation time and optical conductivity can be obtained.

In most of the papers, the experimental results are compared with two
sorts of semiclassical equations for the theoretical surface impedance:
those that take the form of definite integrals solved numerically [63-65]
and those where the surface impedance is obtained from series ex-
pansions [66-68,72]. Even though we will make use of integral equa-
tions a comparison with theoretical predictions of series expansions
will be displayed. The full calculations of the definite integrals are

shown in Appendix I.

Furthermore, the model assumes that a fraction p (0 < p < 1) of the
electrons arriving at the surface are scattered specularly, while the rest
are scattered diffusely [73]. The value of this parameter, which is
known a priori, is between p = 1 assuming complete specularity and
p = 0 assuming complete diffusiveness. From an experimental point of
view, this parameter is related to the surface roughness and has been
extensively discussed in the literature [74-81]. Using the de Broglie
wavelength of electrons as well as the roughness value is possible to
find when the surface loses its specular character and therefore when
to use theoretical formulas with p = 0 instead of p = 1. However, in a
great number of papers about metals, semimetals and semiconductor
p = 0 is obtained for both specular and diffuse surfaces [64,65,72-81].
This means that the surface roughness value for which is assigned
complete diffusiveness cannot be the same as the obtained one from
the diffraction theory. Furthermore, it is easy to see that even with the
interpretation of the indicated parameter p, its value expressed in

terms of probabilities of scattering is different from that of the kinetic
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probability of specular reflection [81]. This analysis shows that p =1
for a metal does not necessarily imply that a metal surface is smooth
compared with the de Broglie wavelength [74]. This conclusion, which
has an experimental demonstration in this work, indicates that many
interpretations have assumed p = 0 for a value that is related to p = 1

or an intermediate value.

In any case, considering the following experimental results, we will
consider the equations for p = 1. For the optical region, when using

definite integrals the emissivity is given by [63]:

) ’20: wtRe[l] — Im[I] @7
e(w) = goqs |— , .
31+ w212y —wt + V1 + w2r?

where | is a definite integral

B «® dz 18
_L 22 + &k(z)’ (4-8)

where k(z) is a function of z (perpendicular to the metal surface):

;[(1 + z?%)arctan z — z]. (4.9)

k(z) =

On the other hand, the series expansion proposed by Dingle [66] for

the optical region is

(1 +iwt)c?
_l—

1 2
= 3 T34 .-
rrpe— 0.7698(m&) 3 + 0.6534(m&) 3 + -,  (4.10)

and for the near and mid-infrared region it can also be used
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V3

(1 +iwt)c? V3
' 15

7 =

1 1
- 2—=&+ - 4.11
4TtwTUR 2 d 65 ( )

1
¢ 2+t

For p = 0 a definite integral is yet to be obtained. However, Dingle de-

veloped a series expansion that can be used

(I+iwt)c? . 3 __1 3 833 <4ln2 8723
_l—

Z=75%*%3 105 T 322560)'(4'12)

4twtUR T2 6 1920 ¢+

4.3 Numerical calculations
4.3.1 Numerical integrations and series expansions

Figure 4.1 shows the normal spectral emissivity for the classical theory
(Eq. 4.4 and 4.5) and for the anomalous skin effect with p = 1 (Eq. 4.7)
in copper at three different temperatures (80, 293 and 526 K). It must
be noticed that the anomalous skin effect shows, for p = 1, a broad
peak in the mid and far-infrared region. In the same figure, the two
series approximations for p =1 (Eqgs. 4.10 & 4.11) and the one for
p = 0 (EqQ. 4.12) are plotted. The three plots confirm the range of validi-
ty of the two series for p = 1. Thus, Eq. 4.10 is a better approximation
for higher temperatures, while Eq. 4.11 works better for lower ones.
Two facts should be outlined: on the one hand, the strong dependence
of the anomalous skin effect with temperature; on the other, it is better
to use the integral equation because the series expansion approach

only covers a fraction of the anomalous wavelength range.

Before calculating the definite integrals or the series expansions for
specific materials, a selection a metal candidates is made to see which
ones present a stronger anomalous behavior. Table 4.1 shows the
physical properties related to the anomalous skin effect of twelve met-

als at room temperature considering that p = 1.
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Figure 4.1. Classical emissivity given by Eq. 4.4 (dotted, green), anomalous
skin effect emissivity with by Eq. 4.7 (solid, red), Eq. 4.10 (dashed,
black), Eqg. 4.11 (dotted-dashed, blue) and series expansion for by Eq.
4.12 (long-dashed, pink). a) 80 K, b) 293 K and c¢) 526 K. The physical pa-

rameters used are those for copper from Table 4.1.

The first physical properties represented in Table | are the relaxation

time , the carrier density , the plasmon frequency , the dc con-

ductivity , the dc resistivity , the mean free path and the Fermi ve-

locity . All these parameters are used one way or the other on the
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4 Optical properties of metals: the anomalous skin effect

Reuter and Sondheimer [63] and Dingle [66] formulas. The second set
of parameters show the strength of the anomalous skin effect. Litera-
ture bulk metal experimental data (n,, 7, g, vy and [) were used to ob-
tain the other physical parameters in Table 4.1 [59,71]. The order in
which the metals are listed in Table 4.1 is based on the value of the

strength of the anomalous behavior for each metal (8 and ¢).

Table 4.1 Physical parameters of the metals that according to Eq. 4.1 must
present an anomalous skin effect spectral region at room temperature, t is the
relaxation time, n, is the carrier density, w, is the Plasmon frequency, o is the
dc conductivity, p is the dc resistivity, [ is the mean free path, and vy is the
Fermi velocity. The rest of parameters show the strength of the anomalous
skin effect on the optical properties and those with an asterisk are calculated

for 1 = Aax-

Tuwork Ag Cu Au Ca Al Rh Mg Mo Ir w Zn Ru
T(fs) 382 | 25.0 | 271 | 229 | 72 | 109 | 94 [ 106 [ 48 | 51 | 45 | 64
n (10%cm?) 5.86 | 847 | 590 | 461 | 18.07 | 7.26 | 861 | 6.41 | 14.12 | 12.64 | 13.14 | 7.27
Wpismon (10°°Rad/s) | 1.37 | 1.64 | 137 | 1.21 | 2.40 | 1.57 | 166 | 1.43 | 212 | 2.01 | 2.05 | 1.52
6(10"esu) 567 | 536 | 405 | 267 | 3.30 | 2.00 | 2.05 | .71 | 1.70 | 1.64 | 150 | 1.18
p(10°0m) 159 | 1.68 | 2.21 | 3.36 | 2.82 | 449 | 466 | 523 | 529 | 549 [ 595 | 7.60
1(10°¥cm) 531 | 393 [ 378 | 294 | 146 | 1.62 | 149 | 1.52 | 090 | 0.92 | 0.82 | 0.96
Vi(10%cm/s) 139 | 157 | 139 | 1.28 | 2.03 | 149 | 158 | 1.43 | 1.87 | 1.80 | 1.82 | 1.50
B 439 | 3.47 | 224 | 106 | 1.02 [ 051 [ 051 ] 039 [ 030 [ 0.28 [ 0.23 ] 0.18
Amax (pm) 313 | 215 [ 255 | 243 | 77 [ 126 [ 120 127 | 58 | 63 | 56 | 82
Eofeamax (%) | 216 | 183 [ 132 | 75 | 72 | 41 | 41 | 33 | 26 | 25 [ 21 | 17
wr * 230 | 219 [ 200 | 177 | 176 [ 163 | 161 | 157 | 155 | 153 [ 1.51 | 148
B.12:(10°cm) * 205 | 175 | 219 | 262 | 133 | 219 | 2.01 | 237 | 161 | 1.71 | 1.69 | 2.29
'E 083 | 073 | 056 | 034 [ 033 [ 019 | 020 | 0.6 [ 0.2 [ 0.2 [ 0.10 | 0.08
€+ 0.64 | 055 [ 0.40 | 0.22 [ 0.22 [ 0.2 [ 012 | 0.10 | 0.07 | 0.07 | 0.06 | 0.05
Apeak (Mm) 273 | 183 | 205 | 17.2 | 5.4 7.1 6.2 6.3
Emax 0.0046 | 0.0057 | 0.0060 | 0.0076 | 0.0121 | 0.0123| 0.0130{ 0.0134

A few conclusions can be made while looking the table. The better
electrical conductor a metal is, the stronger anomalous skin effect is
going to have. Silver, copper and gold, being elements of the same
column in the periodic table (with a d*° s* electronic configuration), are
the best conductors and the ones that present the strongest behavior.

Besides, the electrical field penetration depth § where anomalous skin
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4.3 Numerical calculations

effect is larger does not have a particular tendency related to the ef-
fect. However, the mean free path [ has a linear dependence with de
dc electrical conductivity and therefore is larger for those metals that
present a stronger anomalous skin effect. When looking at the [/§ co-
efficient it can be seen that while silver and copper present values over
2, materials such as ruthenium and zinc have a mean free path of less
than half of the field penetration depth. This is in agreement with the
ideas that A. B. Pippard pointed out back in 1947 [61,62].

When looking at the wavelength values where effect is stronger (1,,4x)

compared to the Drude classical theory ((E/gclas)maX) one can see that

they do not match with wavelength values where peak is situated at
(Apeak)- While the anomalous contribution has the form of a wide peak,
the classical contribution in metals does in fact decrease monotonous-
ly while wavelength increases. In those metals with very little contribu-
tion (in all cases under 3% of the classical contribution) such as iridi-
um, tungsten, zinc and ruthenium the effect will be so little that even
with p = 1 a peak will not be formed. Last, it should be noted that the
predicted emissivity values at A,.4x (Emax) for metals under ideal con-
ditions (no roughness, no oxidation,...) are really small which shows us

how difficult it can be detecting this maxima.

With Equations 4.4 and 4.7 and the parameters from Table 4.1 allow
us to obtain the theoretical predictions of the classical and the anoma-
lous skin effect emissivities for different metals. Figure 4.2a shows the
emissivities of five different metals at room temperature are shown for
comparison. In the anomalous skin effect region, the emissivity of the
five metals shows a broad peak in the mid-infrared at room tempera-
ture. As we can see in Figure 4.2b and 4.2c and in Table 4.1, the high-

est values for (E/Eczas)max’ Amax @nd Ayeq, correspond to silver. In fact,

the lower the emissivity is, the better electrical conductor is the metal

and therefore the stronger the anomalous skin effect compared to the
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4 Optical properties of metals: the anomalous skin effect

Drude contribution is going to be. However, when looking at the abso-
lute anomalous contribution at room temperature in Figure 4.2c, cop-
per is the metal that stands out the most since even if it has a smaller
relative contribution, its higher emissivity compared to silver makes up

for the difference.
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Figure 4.2. a) Predicted classical (Eq. 4.4) and anomalous skin effect
emissivities (Eq. 4.7), b) fraction between both anomalous and classical
curves and c) anomalous contribution to the emissivity of five metals at room

temperature.
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4.3.2 Temperature dependence

At low temperature, the emissivity broad peak is shifted towards larger

wavelengths, (E/Sczas)max grows and the anomalous skin effect spec-
tral range is larger, while at higher temperatures. A,.q is shifted to
shorter wavelengths and the relative value of (S/Sczas)max as well as

the anomalous skin effect range diminishes.

This theoretical prediction is particularized for copper in Figure 4.3. In
Figure 4.3a both classical an anomalous curves are plotted at three
different temperatures (80, 293 and 526 K). The emissivity increases
with temperature, as it is usual in metals. Figure 4.3b shows the value

of (¢/e.,,,) @t those temperatures. The relative emissivity (/. Imax

changes from 330% at 80 K to 7% at 526 K in the anomalous skin ef-
fect spectral range changes, from Al = 1000 um for 80 K to Al =
50 um for 526 K. Figure 4.3c shows again the anomalous contribution
by using the ¢ — ¢, calculation. Here we can see that not only that
the proportional contribution of the anomalous skin effect diminishes
with temperature, but also its absolute one. In contraposition to the
Figure 4.2c curves, in Figure 4.3c the electron density is constant
(same metal) and therefore the decrease of the conductivity values will
also result on the decrease of the absolute anomalous contribution. In
any case, it must be remembered that the emissivity calculated from
Equations 4.1 and 4.4 is very sensitive to the relaxation time values, or
equally, to the conductivity data. Small changes in the value of these

experimental parameters may lead to noticeable differences on 4,4

and ;-
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Figure 4.3. a) Predicted classical (Eq. 4.4) and anomalous skin effect
emissivities (Eq. 4.7), b) fraction between both anomalous and classical
curves and c) anomalous contribution to the emissivity of copper at 80 (blue),
293 (red) and 526 K (green).

4.3.3 Angular dependence

Another aspect to take into account is the angular dependence of the
emissivity and the effect that the anomalous skin effect has on it. >If

the complex refractive index is obtained through Equation 4.6, the di-
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rectional spectral emissivities can be obtained using the classical elec-

tromagnetic theory [19]:
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Figure 4.4. Classical and anomalous directional spectral emissivity curves
obtained with Equation 4.13 for copper at room temperature for four different

emission angles. It can be observed that the does not vary.

Figure 4.4 plots the classical and anomalous spectral emissivity curves
at 0, 60, 70 and 80 ° between 3 and 120 um for copper at room tem-
perature. The emissivity increases with the emission angle, but the
curve shapes in both classical and anomalous skin effect functions do
not change. In fact, as we can see in Figure 4.5, the anomalous curve
shows a lambertian behavior with the emission angle, which is the be-
havior predicted on the classical theory [19]. This can be essential on

the experimental measurements for two reasons. First, higher emissivi-
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ty values will allow detecting more easily possible anomalous peaks;
second, looking at the emissivity at various angles we can observe if
the experimental values follow a lambertian behavior and disregard the

anomalous maxima that don't.
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Figure 4.5. Classical and anomalous directional spectral emissivity values for

m from O to 80 °© for copper at room temperature.

4.4 Experimental results

Copper emissivity measurements between 3 and 22 ym were carried
out in the HAIRL radiometer [2]. The measurements were carried out
on electrolytic copper films deposited on 60 mm diameter ARMCO iron

discs. This sample and the one used in chapter 3 are the same one.

When we look at the curve obtained in the previous chapter for copper
at 253 °C (526 K) that is shown again in Figure 4.6 how a broad peak
appears between 8 and 14 um approximately, which is in agreement
with predictions made in the anomalous skin effect theory, where the

peak reaches its maximum around 10 um (see Figure 4.3).

83



4.4 Experimental results

0.04 rr+|rrr|rrrJjrrr.rrro [ 1111
T=253°C 3
Py ]
= 1
a3 " ]
= 0.03 ~ -
Ll - J
T [ ]
i3 - 3
[0 n -
Q L 4
w L 4
£ f ;
[<] C . ]
= [ e, J
: es ..q:
OO'] [ 1 1 1 l Ll 1 Ll 1 | 1 1 1 | 1 a1 L Ll ]

4 6 8 10 12 14 16

Wavelength (ium)

Figure 4.6 Normal spectral emissivity curve of copper at 253 °C (526 K).

Figure 4.7 shows three copper emissivity experimental results as a
function of wavelength. Curve (a) corresponds to the curve shown in
Figure 4.6. Curve (b) was obtained from literature reflectivity data [82]
at room temperature and curve (c), also at room temperature, was

obtained using Equation 4.14 with literature optical constant data [20].

where and are the real and imaginary part of the complex refrac-

tive index.

The curves show evidences of the emissivity broad peak associated to
the anomalous skin effect. In the case of curve (a), the broad peak is
around 10 uym, as it was stated before. A broad plateau is observed in
curve (c) around 16 um, whereas in curve (b) one can consider that it
shows a broad peak between 9 and 29 um. Since finding the position
of a maximum in curve (b) is not easy, curves (a) and (c) will be the

ones used for further analysis. Taking into account that cannot be
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obtained experimentally, the experimental is obtained from
, Where is the experimental curve baseline that
replaces . These baselines cannot be obtained very precisely (in

this case a straight line replaces the emissivity from the peak area),
and therefore this approach leads to differences between experimental
and theoretical values, which also depend on the spectral range of the
experimental measurements. As a consequence, it is better to use

, whose values at room temperature and 526 K are in good

agreement with the theoretical prediction for those temperatures (17.4

and 9.4 um, respectively).
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Figure 4.7 Copper normal spectral experimental emissivity : (a) from

radiometric measurements at 526 K; (b) from room temperature reflectivity
measurements [82] and (c) from Equation 4.14 using experimental complex

refractive index [20].

The broad peak in the three copper emissivity curves in Figure 4.7
together with similar peaks found for aluminum, gold and molybdenum
[82-84] are experimental evidence on these metals that suggests an

agreement with the prediction with the predictions of the semiclassical
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theory of the anomalous skin effect for p = 1. As indicated before, the
parameter p introduced in the anomalous skin theory has a simple
boundary condition which in terms of distribution function is written as
ff(v) = pf(—v) [64,65], where f is the distribution function for incident
and reflected conduction electrons. This boundary condition entails
that p = 1 — W,, where W, is the probability that an electron can be
diffusely scattered. The qualitative agreement between Equation 4.7
with experimental results (Fig. 4.7) shows that, according to the
boundary condition used in Equation 4.7, W, should be approximately
zero. This probability can be calculated using diffraction theory. Con-
sidering electrons as a non-degenerate system, it was found that the
surface must be nearly atomically smooth for specular electronic re-
flection to occur [74]. However, the sample surfaces in Fig. 4.7 have
high roughness, particularly those that have been used in the direct
normal emissivity measurements. The values obtained should fit better
with p = 0 but they do it much better with p = 1. This result indicates
that p is probably not the simple parameter that it is usually assumed

to be.

The experimental results in Fig. 4.7 seem to be in agreement with a
more general electron gas boundary condition [81] that leads to a new
current equation with bulk and surface contributions. In particular, the
surface contribution contains two terms associated to the outgoing flux
in a particular direction: the specularly reflected electrons and the dif-
fuse ones whose angular distribution depends on the detailed scatter-
ing mechanisms at the surface. This means that in degenerate sys-
tems an additional weighting factor appears. For this reason, p can be
nearly 1, even when the restricted boundary condition gives 1 — W, =
0. Thus, the specularity is present in surfaces with larger roughness
values than those predicted by the W, calculus. Therefore, there is a

higher maximum roughness value than the one predicted by the dif-

86



4 Optical properties of metals: the anomalous skin effect

fraction theory. In addition, the roughness does not only affect the
functional form of the parameter p but also modifies the absolute value
of the emissivity [85]. If the sample has a roughness r < 1,4, the
general boundary conditions allows p = 1 in the semiclassical theory
and the experimental results in Fig. 4.7 must have the same qualitative
behavior. However, a quantitative agreement is not possible since the
experimental data (absolute value) depends on the roughness value. It
is interesting to recall that for a given roughness the reflectivity rises as
wavelength increases because the surface is relatively smoother to the
incident radiation. This explains not only the differences in the absolute
values of emissivity but also the slope differences between the exper-
imental data in the literature and the results obtained with theoretical

predictions.

Besides, other considerations must be taken into account. The con-
ventional emissivity concept implies that thermal emission is a surface
phenomenon. However, there are evidences to assume that thermal
radiation emission is a volumetric process that can often be approxi-
mated as a surface process because only a small portion of the vol-
ume below the emitting surface contributes significantly to the emitted
spectrum. But when we want to observe very small emissivity changes
it is compulsory to take into account a small volumetric portion defined
as the critical thickness. Therefore, Drude emissivity, emissivity in the
anomalous skin effect region, and emissivity due to the surface plas-
mon could show different effective surface roughness. This concept of
volumetric process is in agreement with the idea of a current equation

with bulk and surface contributions [81].

Figure 4.8 shows the theoretical and experimental emissivity ratios

(%/ep1qs @Nd €/g, . ) at 526 K from our work and room temperature

from Ordal et al. data [20] respectively. It should be noted that the ex-

perimental baseline used in both experimental curves is smaller than
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4.4 Experimental results

the anomalous region at both temperatures (Figure 4.3) due to the
experimental limitations of this method, where the interval is too short
in comparison with the anomalous skin effect range. This fact produc-
es important differences between the experimental and the theoretical
peak width. The agreement is best at room temperature since the
spectral range of these measurements is larger than those at 526 K,
and therefore, the experimental baseline is closer to the classical theo-
ry prediction. This result is in complete agreement with the influence of
roughness on both the theoretical predictions and the quantitative
emissivity experimental values. Anyway, more accurate measurements
in a broader wavelength spectrum are required in order to see if it is
necessary to consider a non-asymptotic approximation [64,65] of the
anomalous skin effect theory. This reformulation predicts the same
value for the width of the anomalous skin effect region but a peak val-

ue lower than the predicted one by equation 4.7.
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Figure 4.8 Theoretical and experimental emissivity ratios and

at 526 K and room temperature [20].
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4 Optical properties of metals: the anomalous skin effect

Eventually, the semiclassical theory of the anomalous skin effect pre-
dicts that the emissivity position , must be the same for directional
and normal measurements (Fig. 4.4) since the theoretical surface im-
pedance predictions showed that the angular dependence is negligible
in the anomalous skin effect regime [63,64]. The experimental curves
in Figure 4.9 from copper at 523 K show a clear dependence of the
broad peak on the incidence angle . This is in agreement with the
theoretical curves shown in Figure 4.4, where the broad peak was
much larger at 80 ° than the one at normal incidence. However, the
emissivity value rises when the angle increases. This behavior is in
agreement with the theoretical prediction if we take into account that,
according to the general electromagnetic theory, the emissivity must
show an increase when the angle increases [19,24], as it was dis-

cussed previously in Chapter 2.
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Figure 4.9 Spectral emissivity results on copper at 523 K for eight emission
angles. The angular dependence is in agreement with the electromagnetic

theory and the asymptotic approach of the anomalous skin effect theory.
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Therefore, good qualitative agreement between the experimental and
theoretical curves was found. Nevertheless, we find again quantitative
differences in the emissivity values. Here they are larger than those we
saw for normal incidence because as a result of diffraction effects, the
directional properties are significantly influenced by the roughness and

the parameter does not take into account this influence.

In any case, it is interesting to study the emissivity angular depend-
ence for a fixed wavelength. Figure 4.10 provides the experimental
and the theoretical copper emissivity for three wavelengths at 523 K.
The emissivities are expressed as ( and

). Once again, there is a good qualitative agree-
ment and both are in complete agreement with the predictions of the
electromagnetic theory [19,24]. However, the experimental values are
not of the same order as the predicted ones. These quantitative differ-

ences can be associated with the surface roughness.
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Figure 4.10 Experimental and theoretical copper directional emissivity for
three wavelengths at 523 K. The quantitative differences are associated with

the surface roughness.
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4 Optical properties of metals: the anomalous skin effect

4.5 Conclusions

A complete literature review of the experimental optical constants of
twelve metals in the infrared spectral region is presented. According to
theoretical predictions these metals have an anomalous skin effect
region in the mid and far-infrared at room temperature. Experimental
data for Cu, Al, Au, and Mo show signs of a reflectivity broad peak
around the wavelength predicted by theory. However, this data does
not allow an experimental analysis except for Cu, where the data clear-
ly show the anomalous skin effect for p = 1. In this case, experimental
emissivity measurements as well as emissivity obtained using optical
constants data confirm the predictions of the theory. In particular, the
directional emissivity measurements have revealed that the emissivity
value increases as well as the broad peak position is independent of
the emission angle, being both in complete agreement with the elec-
tromagnetic theory. Finally, quantitative comparison between experi-
mental emissivity data with theoretical predictions shows that the
specularity parameter can be equal to one for roughness values larger
than those predicted by the diffraction theory. The present results indi-
cate the need to carry out optical measurements in metals in order to
study a wider spectral range, reduce the probable errors, and extend
measurements at low temperatures. It also shows that the anomalous
skin effect theory needs to be revised and improved since factors such

as the roughness are not taken into account.
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5 Emissivity of solar selective
stacks at working tempera-

ture

Uno de los problemas mas importantes a los que se enfrenta la indus-
tria de la energia termosolar es el desarrollo de recubrimientos selecti-
VOs capaces por un lado, de ser capaces de absorber la mayoria de la
radiacién proveniente del sol, y por otro, de tener la menor cantidad de
pérdidas por irradiacion infrarroja. Los recubrimientos estan formados
por un conjunto de capas de espesor nhanométrico en donde destacan
las de nanocomposites cerdmico-metalicos. Hasta el trabajo realizado
como parte de esta tesis no se habia planteado la necesidad de carac-
terizar las propiedades Opticas de estos recubrimientos a la tempera-
tura de trabajo. Las propiedades Opticas del recubrimiento a alta tem-
peratura se extrapolaban de los resultados a temperatura ambiente
admitiendo que el recubrimiento no presentaba un comportamiento
anomalo con la temperatura. En este capitulo se obtienen por primera
vez medidas de emisividad infrarroja espectral, asi como total, de re-
cubrimientos entre 200 y 600 °C. Ademas se muestra la necesidad de
medir a temperatura de trabajo ya que las extrapolaciones pueden
llevar a errores que repercuten a posteriori en la eficiencia y como

consecuencia en el rendimiento econémico de estos recubrimientos.
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5 Emissivity of solar selective stacks at working

temperature

5.1 Introduction

Solar thermal devices are an alternative to produce heat from the sun
for heating systems (T<150 °C) and also to produce solar thermal elec-
tricity (150 °C<T<800 °C). In these devices, both the thermal energy
storage (TES) and the solar thermal collectors (STC) with different
configuration (i.e. flat-plate collector and parabolic concentrated solar
collector) have a special relevance. In the case of STCs, the solar ab-
sorber surface (SAS) is the most important component. A surface that
facilitates the conversion of solar radiation into useful heat should pos-
sess two important properties: first, to absorb the incoming solar radia-
tion as much as possible (i.e. high solar absorptivity, «, at the vis-NIR
wavelengths) and second, at the same time, to retain the collected
heat (high thermal reflectivity, R, or low emissivity, &, at the NIR-MIR
region [86]).

The most common type of absorber is based on materials which are
black in the solar radiation range but transparent for the heat, like met-
al-ceramic nanocomposites (“cermets”). Among all the existing mech-
anisms, an absorber-reflector tandem consisting of small transition
metal particles embedded in a dielectric matrix deposited on a highly
infrared reflecting substrate is the most suited method. These thin film
coatings offer a high degree of flexibility in order to obtain the desired
optical properties to achieve the expected solar selectivity values by
changing the thickness, metal volume fraction, and the shape of metal

nanoparticles. [87].

Currently, the most commercial SAS are prepared by magnetron sput-

tering technology, which is a dry, clean and eco-friendly process allow-
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5.1 Introduction

ing large area deposition as compared to the electro-chemical meth-
ods [88-91]. These SASs are composed of either two or four cermet
layers with a graded refractive index [92.93]. The selectivity, defined as
the quotient between absorptivity in the vis-NIR region and emissivity
in the NIR_MIR region (s = a/¢), can be increased by adding more
layers [94] but, in this case, the price increases and durability decreas-
es [95], being the double layer cermets the base for the most success-
ful solar selective coatings for medium-high temperature applications
[96-99].

Generally the tandem absorbers are degraded at high operating tem-
peratures due to their unstable microstructure, which cause a de-
crease in the solar selectivity. One of the essential requirements of
solar selective absorbers is their stability when they operate at high
temperatures, from approximately 400 to 600 °C. Optical properties of
these coatings should not be deteriorated with the temperature rise
during the period of use. To accomplish this, new more efficient selec-
tive coatings are needed to get both high solar absorptivity (a>0.96)
and low thermal emissivity (€<0.05) at the working temperature range
(400-600 °C). In fact, for high temperature applications, low ¢ is the
key parameter since the thermal radiative losses of the absorbers in-

creases proportionally to T* [100].

Figure 5.1 shows the emissivity values obtained from reflectivity curves
at room temperature of the two stacks whose emissivity is obtained in
this chapter, together with a Planck function for a blackbody at 400 °C
and the solar irradiance curve. The green area shows where the spec-
tral emissivity of an ideal collector: high emissivity at short wavelengths

and a low one for the longer ones.
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Figure 5.1 Solar irradiance (red) and blackbody radiation at 400 °C (black)
together with a SAS emissivity at room temperature of Sm4 (blue) and S10

(orange). The green area shows the emissivity of an ideal collector.

In order to analyze heat losses, a complete knowledge of the radiative
properties of the coating structure is essential for their use in high tem-
perature solar collectors. However, a systematic study of direct spec-
tral emissivity as a function of the temperature for a homogeneous
cermet two layers has not been performed up until this work. For in-
stance, all the measurements reported in the literature were carried out
at room temperature or, at most, at 100 °C. Therefore, the values of
emissivity at working temperatures (400—-600 °C) are obtained by ex-
trapolation, which can introduce significant errors in the final result.
These errors are mainly due to the assumption that the spectral emis-
sivity €,(1,T) of the SAS is constant with temperature. In one of the
methods the total emissivity is measured at a fixed temperature, usual-
ly at T<100 °C using a commercial emissometer. In the other method,
&(T) is obtained by using the reflectivity spectrum measured at room
temperature, R(4), and extrapolating to working temperature T using

the following integral:
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J, 11 = RIDIL(A, T)dA
Jy LA, T)dA

er(T) = ) 6.1

where L(A,T) is the Planck function described in Chapter 2 for the
emission of a blackbody and it is the only parameter in Equation 5.1

that is temperature dependent.

Both methods, the one that uses the emissometer and the one that
uses the reflectivity, can give &, (T) values that significantly differ from
the real sample emissivity at working temperature because the coating
spectral emissivity (and therefore the reflectivity) has usually a tem-
perature dependence in the range of wavelengths where radiative
transfer occurs. In addition, as it can be observed in other materials
[54] the coating can even show an atypical temperature spectral emis-
sivity behavior. Therefore, Equation 5.1 should be replaced by Equa-
tion 2.13, explained in Section 2.4 of this dissertation, where the actual
spectral emissivity values replace 1 — R(1). This fact is crucial since
the difference between the values obtained between Equations 5.1
and 2.13 produces and equivalent difference in radiative heat losses.
As a consequence, these differences may have a significant economic
impact on the final cost of the electricity produced in a thermo-solar

plant.

This chapter is focused on two main features: first, on measuring the
spectral emissivity of two different types of solar selective absorbers
and its substrate between 200 and 600 °C; and second, on demon-
strating from an experimental point of view that the analysis of the effi-
ciency of a solar selective coating at its working temperature requires
the calculation of & (T) from the emissivity spectrum measured at that

temperature.
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5 Emissivity of solar selective stacks at working temperature

5.2 Sample fabrication

The ceramic-metal nanocomposites (cermets) were obtained at the
Thin Films Laboratory at the ICMM CSIC institute. 20x20x2 mm plates
of stainless steel AISI SS321 were used as substrates for the coatings.
The substrate roughness was measured with the Mitutoyo ®
rugosimeter and the obtained values were: an average roughness
R.=0.13 ym, a root mean square roughness R,=0.17 ym, an average
maximum height R,=0.87 ym and a maximum height of the profile
R=2.14 ym.

Two different stacks are studied in this work. The first one (Sm4) is
made of silicon oxide based cermets. The selective solar coating was
prepared by sequential sputtering deposition on steel substrate, air-
annealed during two hours to develop a thermally grown oxide barrier
layer. The base pressure was around 10° mbar. High purity silver was
sputtered with an RF power of 25 W with Ar gas at 5x10° mbar with a
deposition rate of 10 nm min™. Pure molybdenum and silicon targets
were sputtered with DC (1 W) and RF (100 W) respectively. While Mo
was sputtered in an Ar gas at a 1.7 nm min™, the silicon target was
sputtered with a 10%0,/Ar atmosphere at 7 nm min™ rate. The selec-
tive solar coating, prepared using these growing conditions, is sche-
matically represented in Figure 5.2. The deposited stack is formed by
four layers: (i) a 250 nm thick silver layer acting as IR-mirror, (ii) a 85
nm thick layer of high metal volume fraction (HMVF) cermet composed
by Mo and SiO, with a 50% filling factor, (iii) a 85 nm thick layer with
low metal volume fraction (LMVF) cermet composed by Mo and SiO,
with a 20% filling factor and, on top, (iv) a 53 nm thick antireflective
layer of SiO, [31].
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Figure 5.2 Schematic representation of the solar selective coating based in

silicon oxide (Sm4).

The second stack is based on silicon nitride (S10) instead of silicon
oxide. The same substrate was used and the thermally grown oxide
was obtained the same way. Once again, the base pressure was
placed around 10° mbar. A silver layer was deposited by DC sputter-
ing with an Ar atmosphere at 9x10° mbar at 15 W with a deposition
rate of 5 nm min™’. After the silver deposition, the silver layer surface
was passivated at the chamber by flowing oxygen, achieving a pres-
sure of 5x10% mbar during 5 min. Mo-SisN, cermets were prepared by
simultaneous cosputtering of Si and Mo targets using N, as the reac-
tive gas at 7x10° mbar. RF and DC sputtering were performed for Si
and Mo respectively. The metal volume fraction was modified by tuning
the power supplied to each target. Parameters for a cermet with a 37%
filling factor (used for the HMVF layer) are 100 W for both Si and Mo
targets to get a 7.1 nm min™ deposition rate. To obtain a 20% filling
factor (LMVF layer), the Mo parameter was lowered to 17 W in order to
get a 2.7 nm min™ rate instead. The SisN, antireflecting layer was pre-
pared by RF sputtering of Si with N, at 7x10 mbar and at 200W (dep-
osition rate of 1.7 nm min™). The schematic representation of the stack
is shown in Figure 5.3. The stack is once again formed by four layers:

() a 175 nm thick silver layer acting as IR-mirror, (i) a 50 nm thick lay-
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5 Emissivity of solar selective stacks at working temperature

er of high metal volume fraction (HMVF) cermet composed by Mo and
SisN4 with a 37% filling factor, (iii) a 60 nm thick layer with low metal
volume fraction (LMVF) cermet composed by Mo and SizN4 with a 20%
filling factor and, on top, (iv) a 80 nm thick antireflective layer of SizN,4
[101].

Figure 5.3 Schematic representation of the solar selective coating based in
silicon nitride (S10).

5.3 Thermo- radiative properties of solar selective  stacks
5.3.1 AISI 321 stainless s teel substrate

The normal spectral emissivity measurements were carried out on the
steel substrate for five consecutive cycles in a slightly reducing atmos-
phere (5% H, and 95% N,). Figure 5.4 displays the spectral emissivity
curves at two temperatures from the first and the last cycles, where a
slight emissivity decrease happens due to the release of surface ten-

sions.

Figure 5.5 shows the emissivity evolution with the cycling at 5, 10 and
15 pym around three different temperatures. As we can see in all three
wavelengths there is very little evolution and the variations detected in

the last performed cycles are within the error margin.
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Figure 5.4 Normal spectral emissivity of AISI 321 stainless for a substrate
around 180 and 700 °C on the first and fifth cycle.
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Figure 5.5 Emissivity evolution with cycling at 5, 10 and 15 ym for three dif-

ferent tem peratures.
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5 Emissivity of solar selective stacks at working temperature

Figure 5.6 shows the normal spectral emissivity for seven different
temperatures between 173 and 688 °C during the fifth heating cycle.
According to the electromagnetic theory, the emissivity decreases as
wavelength increases for metals [19,24]. However, it can be observed
that the emissivity behavior undergoes a change between 2 and 3 ym.
This is the X point for the stainless steel sample. Above the X point the
emissivity increases with temperature, whereas for lower wavelengths
the behavior is inversed. Figure 5.7 shows the temperature depend-
ence at four wavelengths. At 2.4 um, where the X point is located, we
can see how the emissivity is temperature independent; whereas at 5,
10 and 15 uym it linearly increases with temperature. Emissivity values
at wavelengths below the X point have not been given since data at
wavelengths below 2 ym is too noisy (especially at lower tempera-

tures) to be analyzed properly.

0-5 | T L I L T T L I L T L T I L T T L I T i

[ « C5T=173°C ]

2 oaf « C5T=262°C ]
2 i « C5T=350°C 1
£ [ ]
% 03| « C5T=520°C -
§ : . C5T=688°C :
& 02fF -
2 - ]
E o -
o [ S88snsnsnns —-
z 01 o T
O [ 1 L 1 I L 1 L 1 I L 1 L 1 I 1 L L 1 I 1 q

5 10 15 20
Wavelength (um)

Figure 5.6 Normal spectral emissivity at seven different temperatures for AISI
321 SS.
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Figure 5.7 Emissivity evolution with temperature at 2.4 5, 10 and 15 ym.

Since the first layer of the selective coating is thermally oxidized steel,
an in situ thermal oxidation of the substrate was carried in order to
study the variation of the steel emissivity with the oxide thickness. Fig-
ure 5.8 shows the normal spectral emissivity during the oxidation pro-
cess for the substrate at 600 °C with oxidation times up to 22 hours. As
expected, the emissivity increases with the oxidation time as it usually
happens with metallic materials [18,54,55]. In addition, the first interfe-
rential maximum can be observed for t > 10 h. Maxima and minima
appear when the film is semitransparent in the observed wavelength
range. The maxima are located at and the minima
at , Where is the oxide refractive index, is the film thick-

ness and is the maximum or minimum order [18,55].
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Figure 5.8 Normal spectral emissivity of the substrate for various times during

the oxidation process in air at T=600 °C.

5.3.2 Sm4 SiO ,-based stack

The emissivity measurements of the coating are carried out between
200 and 600 °C and under a moderate vacuum (3x10°° mbar), accord-
ing to the working conditions in the solar collectors. Four cycles are
performed on which emissivity is measured every 30 °C when the tem-
perature is stabilized. Each measurement step takes around 20
minutes and the heating rate was of 10 °C min, which is the operative

heating rate in a solar collector.

Figure 5.9 shows the emissivity values as a function of the heating
cycle for two temperatures (325 and 600 °C) and four wavelengths (5,
10, 15 and 20 um). It can be stated that the emissivity does not evolve
during the four heating cycles since it is observed that the emissivity
variations between the first and fourth cycle are lower than the experi-

mental uncertainty.
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Figure 5.9 Sm4 stack emissivity as a function of the heating cycle at 5, 10, 15
and 20 um for a) T=325 °C and b) T=600 °C.

Figure 5.10 represents the normal spectral emissivity at five tempera-
tures between 236 and 600 °C during the fourth heating cycle. These
emissivity spectra show the behavior of a metal in the mid-infrared
range due to the presence of the silver film. If Figure 5.6 and 5.10 are
compared it is easily seen that the stack has significantly lowered the
emissivity between 3 and 25 ym, where most of the heat between 400
and 600 °C is dissipated. Below 3 ym there is a drastic emissivity in-
crease, equivalent to the one seen on the reflectivity curve at room
temperature in Figure 5.1. This drastic change is done in order to be

able to absorb as much solar radiation as possible.
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Figure 5.10 Normal spectral emissivity of the Sm4 stack for five different tem-

peratures in the fourth heating cycle.

Figure 5.11 displays the emissivity as a function of temperature for five
wavelengths. The emissivity shows an almost negligible decrease at
longer wavelengths, stays constant at 5 um and slightly increases at 3
pm. This type of behavior where the emissivity is almost constant with
temperature is good for calculating the total emissivity from reflectivity

measurements at room temperature, as we shall see in Section 5.6.
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Figure 5.11 Normal emissivity of the Sm4 stack as a function of temperature

at the fourth heating cycle for five different wavelengths.
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5.3.3 S10 Si3zN4-based stack

The emissivity of the S10 stack was measured between 200 and 600
°C under the same conditions as the Sm4 stack. Figure 5.12 displays
the emissivity values as a function of the heating cycle for two temper-
atures and four wavelengths. The emissivity presents a clear evolution

from the first to the second cycle, but stays constant from the third to

the fifth heating cycle.
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Figure 5.12 S10 stack emissivity as a function of the heating cycle at 4, 8, 14
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5 Emissivity of solar selective stacks at working temperature

Figure 5.13 shows the normal spectral emissivity at five different tem-
peratures from 226 to 602 °C. Once again a metallic behavior, where
the emissivity decreases when the wavelength increases, is observed.
This time however, the emissivity values are not as low as the Sm4,
especially at shorter wavelengths, where the emissivity strong increase
starts happening before 3 um. This fact is a clear indicative that the

selectivity of this coating is not a good one for a solar selective ab-

sorber.
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Figure 5.13 Normal spectral emissivity of the S10 stack for five different tem-

peratures in the fifth heating cycle.

Finally, Figure 5.14 represents the emissivity evolution with tempera-
ture at four different wavelengths. This time there is a significant differ-
ence with the Sm4 stack behavior. While at longer wavelengths such
as 5, 9 and 13 ym the emissivity is practically constant, at 2 ym there
is a very strong decrease of the emissivity value (around a 30% de-

crease).
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Figure 5.14 Normal emissivity of the S10 stack as a function of temperature

at the fifth heating cycle for four different wavelengths.

5.4 Data comparison and total normal emissivity cal  culation

In Figure 5.15, the spectral emissivity curves from the final cycles of
the AISI 321 stainless steel, the Sm4 stack and the S10 stack are
compared. Both stacks show a much lower emissivity at long wave-
lengths. The S10 shows a much poorer performance though in the 3-
10 ym range, which is in fact the most important range since the
Planck function maximum between 400 and 600 °C is around 3.5-5
pm. In fact, the S10 emissivity at 5 um is even higher than the one of
the substrate. Therefore, it is concluded that the S10 stack is not a
suitable one for industrial applications. The Sm4 stack however has

at >10 ym and changes from a low emitting material to a
high absorbing one between 2 and 3 um, which is near the ideal wave-
length. This makes it a more suitable candidate even if it is far away

from the ideal conditions.
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Figure 5.15 Normal spectral emissivity of the SS321 substrate and the Sm4
and S10 stacks.

Finally, an analysis of both main methods total normal emissivity is
done. Figure 5.16 shows the total normal emissivity calculus through
both methods for both stacks while being compared to the substrate
total normal emissivity. As it can be seen in Figure 5.16a the extrapola-
tion method (Equation 5.1) obtains very close results compared to the
direct emissivity measurements one (Equation 2.13). This is due to the
very weak dependence of the normal spectral emissivity with tempera-
ture. The total normal emissivity increases with temperature though.
This is because the Planck function evolves with temperature and the

weight of the emissivity values at different temperatures varies.

Nevertheless, we can see in Figure 5.16b that the extrapolation meth-
od is far from showing the same behavior as the direct one. This is
probably due to the stronger dependence of the spectral emissivity
with temperature. A conclusion can be made then: it is necessary to
measure the spectral emissivity at working temperature in order to

make a good calculation of the heat losses in solar thermal collector.
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5.4 Data Comparison and total emissivity calculation

The extrapolation method is only valid when the spectral emissivity is

not temperature dependent.
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Figure 5.16 Total normal emissivity values calculated with Equations 5.1 and
2.13 for a) Sm4 and b) S10.

5.5 Conclusions

In this chapter it is presented, for the first time, a complete radiometric
characterization of two solar selective absorber surfaces by using
measurements of spectral emissivity at the whole working temperature
range (200 — 600 °C). The total emissivity values obtained from spec-
tral emissivity measurements are compared with those obtained from

reflectivity data. This allows knowing the actual behavior of coated
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5 Emissivity of solar selective stacks at working temperature

stainless steel system at the operation temperatures for concentrated
solar power (CSP) applications. In fact, it is the only way to compre-
hend the coating performance at high temperatures and its depend-
ence with wavelength. When comparing the total emissivity value cal-
culus of the emissivity measurements and the extrapolation from the
reflectivity data at working temperature, it can be seen that both values
will only agree when the spectral emissivity does not depend on tem-
perature within the wavelength range in which the radiative transfer is
made. When these differences between the two values appear, they
introduce significant discrepancies in the calculation of radiative ther-
mal losses and therefore influence significantly in the calculation of the
economic profitability of solar power plants. Therefore, the interest of
measuring the temperature dependence of the spectral emissivity is
fully justified. In addition, it is essential, for solar selective coatings
applications, to assess the emissivity changes with heating cycles and
heating rate, which can only be proven with spectral measurements at

different temperatures.
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6 Emissivity of solar thermal
energy harvesting PCM Mg-
Zn-Al based alloys

Este capitulo pone la mirada en el otro gran problema que presenta la
energia termosolar: el almacenamiento térmico. Hoy dia el almacena-
miento térmico se hace con sales inorganicas las cuales a pesar de
que su precio aun no es alto, almacenan energia haciendo uso del
calor sensible. Este hecho presenta, entre otros, dos problemas: gran-
des dimensiones de complejos sistemas de almacenamiento y un ren-
dimiento pobre. Desde hace afios se estan estudiando materiales con
cambio de fase (PCMs) que el almacenamiento de energia por calor
latente. En este capitulo se estudian, con medidas de emisividad, el
comportamiento de tres aleaciones eutécticas pertenecientes al siste-
ma Mg-Zn-Al. Estas aleaciones poseen una buena conductividad
térmica y alta densidad energética. Se ha medido la emisividad espec-
tral y total infrarroja entre 200 °C y la temperatura de fusion. Este es-
tudio forma parte de un marco en donde es necesario conocer las
pérdidas por radiacion de los materiales utilizados para almacena-
miento térmico. Ademas, se ha puesto en evidencia la sensibilidad de
las medidas de emisividad en las transiciones de fase solido-solido

resultado que demuestra la alta sensibilidad del radiémetro utilizado.
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6 Emissivity of solar thermal energy harvesting
PCM Mg-Zn-Al based alloys

6.1 Introduction

In this chapter, the normal spectral emissivity of three alloys from the
Mg-Zn-Al system that are candidates for successful thermal energy
storage (TES) is studied. These three alloys, Mg-51%2n, Mg-%47Zn-
4%Al and Zn-3%Mg-4%Al (mass %), are eutectic compositions that in
some previous studies showed promising results [102-104]. They all
possess reasonable cost, availability, high latent heat, high heating
conductivity and an adequate melting temperature, among others [102-
108]. The principal structural and thermophysical properties of these
eutectic alloys (melting point, specific heat, heating conductivity, latent
heat, etc.) can be found in the literature [102-107, 109,110]. On the
other hand, we know that in energy harvesting modeling, heat ex-
change by radiation needs to be considered. Therefore, the detailed
knowledge of all the parameters related to the radiative heat transfer,

and among them the thermal emissivity, becomes very important.

Until now the current storage technology in both industrial heat recov-
ery and concentrated solar power (CSP) plants has been based on
sensible heat storage using binary or ternary mixtures of simple inor-
ganic salts [111,112]. It is well known that an alternative to sensible
storage is the use of phase change materials (PCM) [113-116]. Differ-
ent potential candidates for PCM with a solid-liquid phase transition
have been proposed and in some cases studied in the literature;
among them, inorganic salts, paraffins, hydrated salts and fatty acids
[113,114,117-121]. Compared to all these materials, the eutectic alloys
studied in this chapter, in addition to its high energy density, its con-

stant heat supply and its recovery temperature, have the further ad-
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vantage of a high thermal conductivity. This allows a considerable
simplification of sophisticated heat exchangers currently used in TES
systems [113,122].

Despite these advantages, the various applications of phase change
materials are still under investigation [102-104,123-125]. Besides, the-
se storage materials must guarantee a reproducible behavior during a
great number of heating cycles because the solar thermal power gen-
eration must present a service life of around twenty years. Therefore,
the stability of the all the thermophysical properties becomes a crucial
requirement. Another requirement, not essential but very competitive,
is the absence of oxidation since it avoids using a protective atmos-

phere.

This chapter has three main objectives related to the possible use of
the alloys as part of a TES system: the first one is the measurement of
the radiative properties between 200 °C and the melting temperature;
then, the stability analysis of the thermophysical parameters; and final-
ly, the study of oxidation in an open air atmosphere. In addition, the
experimental results have allowed us checking the sensitivity of these
radiative measurements in detecting structural phase transitions in two

alloys.

In Section 6.2, the three different samples are described. In Section
6.3, emissivity measurements of the Mg-51%2Zn alloy as a function of
the heating cycle, wavelength and surface oxidation are shown. Total
emissivity measurements as a function of temperature are also applied
in order to study sequences of structural phase transitions as well as to
analyze the possible metastable phases. Section 6.4 and 6.5 show the
same features but for the Mg-%47Zn-4%Al and Zn-3%Mg-4%Al re-

spectively.
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6 Emissivity of solar thermal energy harvesting PCM Mg-Zn-Al based alloys

6.2. Sample description

The samples were synthesized at the CIC energiGUNE by Risuefio et
al. [102,104]. Figure 6.1 displays the binary Mg-Zn diagram where the
eutectic Mg-51%2Zn can be found, while Figure 6.2 is the ternary Mg-
Zn-Al diagram. The “E” points in the Mg-Zn-Al diagram refer to the
eutectic points. Three of them can be found. However, only two of
them (E3 for Mg-%47Zn-4%Al and E2 for Zn-3%Mg-4%Al) are studied

here.
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Figure 6.1 Mg-Zn binary phase diagram.
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Figure 6.2 Mg-Zn-Al ternary phase diagram.

The three eutectic alloys were synthesized from Mg, Zn and Al ingots
with a purity of 99.94, 99.995 and 99.7 % (mass %), respectively. The
stoichiometric proportions of the primary metals in the respective alloys
were used to prepare pre-alloys with a weight of 60 g of each one. The
pre-alloys, previously placed in alumina crucibles, were hermetically
closed inside stainless steel reactors under inert argon atmosphere in
order to avoid the oxygen presence during the alloying process. The
reactors were placed in an electrical muffle furnace and were main-
tained at 723 K for 10 hours for the ternary alloys, while the Mg-51%2Zn
alloy was maintained at 923 K for 12 hours. During the melting pro-
cess, in order to guarantee the homogeneity of the alloys, an external

mechanical movement was applied each 30 minutes. After cooling
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6 Emissivity of solar thermal energy harvesting PCM Mg-Zn-Al based alloys

down at 10 K/min rate, the alloy samples were turned around and the
synthesis process was repeated three times. The homogeneity of the
prepared materials was confirmed by inductively coupled plasma (ICP
- Ultima 2 Horiba) spectrometry [102,104].

The sample roughnesses were also measured with the rugosimeter
before placing them inside the chamber. All three sample surfaces
were grinded under the same conditions. The roughness parameters

are shown in Table 6.1;

Table 6.1 Summary of the three eutectic alloy surface roughnesses: rough-
ness average (R,), root mean square roughness (Ry), average maximum

height (R,), and maximum height of the profile (Ry).

Sample Ra (um) Rq (um) R, (um) Ry (um)
Mg-51%2n 0.17 0.21 1.23 1.63
Mg-%47Zn-4%Al 0.11 0.14 0.65 0.93
Zn-3%Mg-4%Al 0.08 0.12 0.94 1.15

Besides, a complete structural and thermal characterization was per-
formed at the CIC energiGUNE, where X-ray powder diffraction
(XRPD), scanning electron microscopy (SEM), energy dispersive X-ray
spectrometry (EDX) and differential scanning calorimetry (DSC) tech-
niques were used [102,104]. Figure 6.3 shows the DSC measurements
and Figure 6.4 the X-ray diffractograms for Mg-51%2Zn, Mg-%47Zn-
4%Al and Zn-3%Mg-4%Al respectively. Besides the melting points, the
DSC shows that both the Mg-51%Zn and the Zn-3%Mg-4%Al alloys
present a solid-solid phase transition around 330 and 275 °C respec-

tively when heating up the sample.
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Figure 6.3 Differential Scanning Calorimetry (DSC) measurements for the
three eutectic alloys. The Mg-51%2Zn and Zn-3%Mg-4%Al alloys show a solid-

solid transition around 330 and 275 °C respectively.
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Figure 6.4 X-Ray diffractograms for a) Mg-51%2n, b) Mg-%47Zn-4%Al and c)
Zn-3%Mg-4%Al.

123



6.3 Mg-51%2Zn

6.3 Mg-51%2Zn

In order to analyze the sequence of phase transitions that appear in
the phase diagram of the Mg-51%Zn alloy, two types of radiometric
measurements along the five heating cycles, shown in Figure 6.5,
were performed. First, time-dependent spectral emissivity measure-
ments (Cycles 1-4) at a constant temperature (250 and 330 °C) were
done in order to analyze the eutectoid reaction reviewed before. Then,
spectral emissivity temperature dependence measurements between
225 and 320 °C (only for Cycle 5) were performed. The red dots in
Figure 6.5 show the temperature and time for each radiometric meas-
urement of each heating cycling. X-ray diffraction patterns for phase
identification were made at the end of each heating cycle at room tem-
perature (green dots in Figure 6.5). This characterization was made as
there is a relationship between the behavior of the emissivity and the

phases present in each heating cycle.

400
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Liquid 3h 3h
Mg7Zn3 + Mg
MgZn + Mg
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150
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100
50
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Figure 6.5 Schematic representations of the five heating cycles where the
emissivity measurements are carried out. In each cycle, except in Cycle 5, the
sample was slowly heated to the measurement temperature (red dots). This
temperature is kept constant for the time indicated. In Cycle 5 measurements

at various temperatures between 225 and 320 °C are made.
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In Figure 6.6, the X-ray diffraction patterns corresponding to the green
dots (a-d) displayed between cycles in Figure 6.5, are shown. Spectra
of Figures 6.6a, 6.6b and 6.6d correspond to the sample cooled down
to room temperature from 250 °C, below the solid-solid phase transi-
tion temperature (around 325 °C). The three diffractograms show the
peaks associated to the MgZn and Mg phases, the same ones appear-
ing in the X-ray diffraction pattern of the alloy sample before heating
cycling. On the other hand, the diffraction pattern displayed on Figure
6.6¢ is obtained after cooling down freely from 330 °C. In this spectrum
a mixture of Mg,Zns;, MgZn and Mg phases is observed. These results
are in agreement with structural data found in the literature [102] as

well as with the phase diagram in Figure 6.1.

In Figure 6.7, the normal spectral emissivity experimental curves ob-
tained from the first four heating cycles are shown. The times indicated
for each curve correspond, at constant temperature, to the time
elapsed since the beginning of the heating cycle. Figure 6.7a shows,
for the heating Cycle 1, the spectral emissivity curves at 250 °C. The
sample is kept under isothermal conditions for two hours. It can be
seen that emissivity remains constant over time. This behavior is in
agreement with the structural results of Figure 6.6 and the phase dia-
gram of the alloy. Throughout the cycle the sample contains Mg and

MgZn phases without the presence of metastable phases.
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Figure 6.6 X-Ray diffractograms after the each heating cycle. Each
diffractogram (a-d) is indicated in where it was performed in Figure 6.5 (green
dots). For identification purposes the Mg, MgZn, and Mg-Zn; main peaks are

labeled in the diffractograms.
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6.3 Mg-51%2Zn

After maintaining the sample for some more time to 250 °C without
observing appreciable changes in emissivity, it was cooled down to
room temperature and then heated up to 330 °C (Cycle 2). This tem-
perature is above the eutectoid temperature (325 °C) but below the
melting one (341 °C). In this cycle spectral emissivity measurements
were made at two temperatures. They are called Sequence 2.1 and
2.2 in Figure 6.5. Figure 6.7b displays the spectral emissivity curves
from Sequence 2.1 at 330 °C. Here it can be seen that the spectral
emissivity values increase for two hours for all wavelengths and after-
wards no significant evolution occurs. No growth is observed in the
early stages (20 min.). Then it increases for the rest of the two hours
and then it stops evolving. These changes in the emissivity values
agree with the phase diagram where the Mg + MgZn -> Mg + Mg,Zn;
transformation occurs at this temperature. Therefore, emissivity be-
comes constant when the transformation is complete. After 3 hours the
sample was cooled down to 250 °C (Sequence 2.2). The spectral
emissivity curves of this sequence are shown in Figure 6.7c. The
dashed curves in the plot display dynamic emissivity measurements
done while the sample is cooling down between 330 and 250 °C. The
dashed curves show considerable noise because, in order to obtain
several emissivity curves in a short period of time, recording is carried
out with a single scan. It is interesting to compare with the noise of
other experimental curves in this chapter, which were obtained from
100 scans each. After the temperature stabilized at 250 °C, normal
100-scan measurements were performed. Here it was observed that
the emissivity decreases during 20 minutes. When the emissivity be-
comes stable with time it means that the inverse phase transition is
completed. This result confirms the metastable nature of the Mg-;Zn;
phase [102-104,126], in agreement with the X-ray diffractogram in Fig-
ure 6.6b and the phase diagram in Figure 6.1.
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In order to confirm the previous analysis, spectral emissivity measure-
ments were made on a new heating cycle at 330 °C (Cycle 3). Figure
6.7d shows the emissivity plot at 330 °C in this cycle. In these condi-
tions, the phases are the same ones as the ones measured in Figure
6.7b and the emissivity results show the same behavior. After two
hours the phase transition is completed and the emissivity becomes
constant with time. In this cycle, instead of lowering the temperature to
250 °C and staying there for two hours, the sample was cooled down
freely to room temperature. In this case, the X-ray diffractograms show
the existence of the metastable phase Mg,;Zn; at room temperature
(Figure 6.6¢). This result is in agreement with the fact that the quench-

ing of metastable phases is favored by the fast cooling rates.

In Cycle 4, the sample was heated again to 250 °C. In this case the
time-dependent spectral emissivity curves (Figure 6.7¢) are in com-
plete agreement with the heating Cycle 1 (Figure 6.7a). This result
shows that during heating from room temperature to 250 °C the trans-
formation of the metastable phase is performed. Therefore, the emis-
sivity values must be those of a sample containing the stable MgzZn

+Mg phases.

In energy storage calculus and simulations is necessary to use total
normal emissivity. The value of this physical quantity for each of the
heating cycles from Figure 6.5 has been calculated using the Equation
2.14. Figure 6.8a shows the total normal emissivity plots correspond-
ing to the MgZn + Mg phases at 250 °C obtained from Cycle 1, Se-
quence 2.2 and Cycle 4. In the same figure the solid line shows the
variation of temperature with time during the measurement Sequence
2.2. On the other hand, Figure 6.8b displays the total normal emissivity
values for the MgZn + Mg ->Mg;Zn; + Mg phase transition at 330 °C
on the Sequence 2.1 and the Cycle 3.
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In Figure 6.8a, the values of total normal emissivity are the same for
the heating Cycles 1 and 4. Both emissivities slightly increase during
the initial minutes and remain constant for the rest of the time. The
total normal emissivity of Sequence 2.2 shows a clear decrease over
time until it reaches the same value as the one obtained for 250 °C
(heating Cycles 1 and 4). From that moment no significant variations
are observed. The decrease is performed in three steps. In the first 5
minutes, the sample is cooled down freely between 330 °C and 250
°C. During this step, emissivity dynamic measurements show a de-
crease of total normal emissivity that is associated with the tempera-
ture decrease. In the second step (5 minutes) the temperature reaches
250 °C slowly and experimental measurements indicate that the emis-
sivity remains almost constant. In the third step, however, the de-
crease of the total normal emissivity is associated to the Mg-Zns; + Mg -
> MgZn + Mg phase transition, which occurs for 20 minutes at a con-
stant temperature of 250 °C. On the last phase, when the sample con-
tains only the MgZn + Mg phases, the total normal emissivity remains
constant. The differences between experimental values obtained

through the three cycles are within the experimental error.

In Figure 6.8b the total normal emissivity curves for Sequence 2.1 and
Cycle 3 are plotted. Both curves are similar and show three steps. The
Mg + MgZn -> Mg + Mg,Zn; phase transition occurs along the second
step over two hours with the sample at 330 °C. During this time the
total normal emissivity shows a nearly parabolic increase with time.
Again it must be remembered that the differences between the two

curves are within the experimental error.
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Figure 6.8 Total normal emissivity variation with time for cycles 1-4: a) Cycle
1, Sequence 2.2 and Cycle 4 at 250 °C and b) Sequence 2.1 and Cycle 3 at
330 °C.

Figure 6.9 shows curves for normal spectral emissivity at five tempera-
tures between 225 and 320 °C for Cycle 5. All the measurements are
carried once the temperature is stabilized. The emissivity shows a
slight increase with temperature, which is the normal behavior among
alloys and metals [53,54] and is in agreement with the prediction of

electromagnetic theory [19].
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Figure 6.9 Normal spectral emissivity dependence with temperature between
225 and 320 °C.

Another important factor to consider in the TES applications of a given
material is its resistance to oxidation. It is therefore interesting to know
the process of oxidation of this Mg-51%Zn alloy. The experimental
equipment used in this work is capable of obtaining information about
this process. Thus, when growing an oxide layer, a record of the emis-
sivity versus time shows typical wave behavior with displaced maxi-
mum for each wavelength [18,55]. In this work the alloy is heated in an
inert atmosphere. Once the temperature is stable the sample chamber
is opened and the emissivity is measured in open atmosphere for 12
hours. None of the recorded emissivity curves show waves associated
with the growth of an oxide layer [18,55]. This means that the emissivi-
ty does not show significant changes during the measurement time. An
example of this behavior is shown in Figure 6.10 for a measuring time
of 12 hours at 310 °C. It should be stated that the air absorption peaks

have not been eliminated in the green curve in this figure.
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Figure 6.10 Normal spectral emissivity spectra of Mg-51%2n before and after

12 hours in open atmosphere at 310 °C.

6.4 Mg-47%Zn-4%Al

Due to the lack of solid-solid transitions, the emissivity study of the Mg-
47%Zn-4%Al alloy is much simpler than the one for the Mg-51%Zn
alloy. The emissivity measurements made will be only temperature
dependent ones between 200 and 325 °C since the melting tempera-
ture is also around 340 °C. Measurements are performed under an

argon gas atmosphere in order to prevent the sample from oxidizing.

Before measuring the emissivity between 200 and 325 °C the sample
is heated up to 325 °C, near the melting temperature, and the emissivi-
ty is measured for 6 hours at constant temperature in order to see if
any evolution is observed. Figure 6.11 shows no significant evolution
whatsoever in the entire measuring span. Therefore we can assume
that during temperature-dependent emissivity measurements no emis-

sivity variations due to stress relaxations will occur.
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Figure 6.11 Time dependent normal spectral emissivity measurements of Mg-
47%Zn-4%Al at 325 °C.

Figure 6.12 displays the spectral emissivity curves at five different
temperatures between 200 and 325 °C. The emissivity slightly increas-
es with temperature, especially at higher wavelengths, as it is usual in
metallic compounds. The total normal emissivity is also shown in Fig-
ure 6.13, where a clear linear dependence with temperature is ob-

served.

Finally, the sample is heated up to 300 °C and afterwards the chamber
is opened in order to see whether the sample oxidizes or not. Figure
6.14 shows the normal spectral emissivity curves before the chamber
was opened and after 12 hours. Even though there is a very slight in-
crease of the emissivity at larger wavelengths, the results show no

apparent oxidation since no significant changes are observed.
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Figure 6.12 Temperature-dependent normal spectral emissivity measure-
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Figure 6.13 Calculated total normal emissivity for Mg-47%ZzZn-4%Al.
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Figure 6.14 Normal spectral emissivity spectra of Mg-47%Zn-4%Al before

and after 12 hours in open atmosphere at 325 °C.

6.5 Zn-3%Mg-4%Al

The Zn-3%Mg-4%Al alloy also has a solid-solid phase transition. How-
ever, this time this transition occurs over sixty Celsius degrees below
the melting point. This fact allows studying the phase transition from a
different approach from the one used for the Mg-51%Zn alloy that
shows more clearly the phase transitions through hysteresis cycles in

the emitted radiation.

Before studying the phase transition the sample is maintained at 250
°C during 8 hours in order to observe if any emissivity variations due to
stress relaxations occur. Figure 6.15 shows the normal spectral emis-
sivity at the beginning and after 5 and 8 hours. It can be seen that the
emissivity slightly decreases from the first measurement to the one
made after 5 hours. After 5 hours the emissivity stops evolving and
therefore we can conclude that the sample shouldn’'t have any stress

left from the sample machining.
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Figure 6.15 Normal spectral emissivity measurements for Zn-3%Mg-4%Al
after 0, 5 and 8 hours at 250 °C.

After that three measurement cycles are performed. All the measure-
ments are made when the temperature is stabilized. Cycle 1 meas-
urements are made in heating steps of 10 °C every 14 minutes. The
cycle lasts 4 hours in total. Cycle 2 has measurements of both when
the sample is being heated up and when it is cooled down. This time 5
°C temperature steps are introduced every 10 minutes. The complete
cycle lasts 10 hours this time. The last one, Cycle 3, is similar to Cycle
2 but this time temperature steps of 1 °C every 5 minutes are intro-
duced around the solid-solid phase transition temperature and the 5 °C
steps are introduced every 10 minutes when heating up and every 15
minutes when cooling down (this is done since it takes more time for
the sample to stabilize when cooling down than when heating up). This

cycle is therefore longer (15 hours).

Figure 6.16 shows the total normal emissivity values obtained from the
integration of the spectral emissivity curves. Cycle 1 total normal emis-

sivity values (black) show a slight slope decrease around the phase
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transition temperature (281 °C). Cycle 2 values (red) show this behav-
ior more clearly both when the sample is heated up (around 280 °C)
and when is cooled down (around 260 °C). However the cycle is done
too quickly. This is seen on the large discrepancies of the total normal
emissivity calculated when the sample is heated up and when it is
cooled down. This is probably due to the fact that the sample tempera-
ture is not completely stabilized, especially when it is being cooled
down. As a consequence a slower cycle is made afterwards. Values
from Cycle 3 show a very clear hysteresis cycle between 260 and 285
°C approximately. This is in agreement with the DSC data showed in

Figure 6.3, where this phase transition was previously observed.

Once we clearly observe the phase transition we will be able to inter-
pret better the spectral emissivity curves that have been obtained pre-
viously. Figure 6.17 shows the normal spectral emissivity curves at six
different temperatures. Although the emissivity at longer wavelengths
seems to behave the way metals usually do (emissivity increases with
temperature), at shorter wavelengths the emissivity seems to decrease
above the solid-solid transition temperature. This can be better seen in
Figure 6.18, where the emissivity is plotted between 3.5 and 5.5 ym.
The emissivity notably decreases from 277 °C (green) right before the
beginning of the transition to 282 °C (red), when the transition is occur-
ring. At 292 °C (blue), when the transition has already finished the
emissivity is even lower than at 282 °C. Afterwards the emissivity in-

creases as metals usually do (brown triangles at 319 °C).
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Figure 6.16 a) Total Normal Emissivity values of Zn-3%Mg-4%Al for three
different cycles; b) cycle 3 is zoomed around the solid-solid phase transition

temperature.
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Figure 6.17 Normal spectral emissivity of Zn-3%Mg-4%Al at six different tem-
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Figure 6.18 Normal spectral emissivity of Zn-3%Mg-4%Al between 3.5 and

5.5 um at five different temperatures.
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Furthermore, if we observe the evolution of the emissivity at certain
wavelengths the effect can be seen more clearly. Figure 6.19 shows
this evolution with temperature at four different wavelengths. The hys-
teresis can be easily observed at shorter wavelengths (7 um). It fades
as the wavelength increases until it can no longer be detected by the

emissivity measurements at wavelengths such as 15 ym.

Finally the sample is also left at an open air atmosphere in order to
study a possible oxidation by the evolution of spectral emissivity. How-
ever, Figure 6.20 shows that the emissivity does present neither an
emissivity increase at shorter wavelengths nor the presence of interfe-
rential maxima and minima usually seen in oxidizing samples [18,55].
Therefore we can conclude that no appreciable oxidation is observed

in the mid-infrared area.
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Figure 6.19 Normal spectral emissivity of Zn-3%Mg-4%Al at four different

wavelengths.
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Figure 6.20 Normal spectral emissivity spectra of Zn-3%Mg-4%Al before

oxidizing and after 12 hours in open atmosphere at 300 °C.

6.6 Conclusions

The spectral and total normal emissivities of three phase change mate-
rial alloys, candidates for thermal energy storage, are obtained at their
solid states. The emissivity temperature dependence is studied be-
tween 200 °C and their melting points. For that, spectral emissivity
measurements are performed and the total emissivity is calculated
from them. When studying the temperature dependence of the Mg-
51%Zn and the Zn-3%Mg-4%Al alloys, solid-solid phase transitions
are observed. This shows the radiometer precision and capability
when measuring very slight emissivity changes. Besides, all three
samples are left for 12 hours at an open air atmosphere to observe
possible oxidations. No significant changes in the emissivity related to
oxidations are observed, which is a good sign from an economic and

logistic standpoint.
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In order to obtain the different optical properties we start from a metal-
lic surface where an electromagnetic field is applied. Due to the con-
duction electron collisions with the net and the field a stationary state

whose distribution is given by the Boltzmann equation appears:

of e/
E‘E(”

1
c

mﬁ)vg%v;f:—f_f", (A1)

T

where e is the electron charge and t is the conduction electrons relax-
ation time. The metallic surface is within the XY plane and the positive
side of the Z axis goes inside the metal. The fields are described by:

E =E@@)e™t; H=H(z)ewt. (A2)

Then, the Maxwell equations can be written in the following way:

dH iw_ A4m.

- =_F 4+ —
dz c + c J
dE _ iwﬁ A3
dz ¢ (43)
Combining them we obtain:
d E w? B Amiw - 24
d 2 c . ( )
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An extra equation is needed if we want the field and current density
relations. This equation can be obtained from the Boltzmann equation.

The free electron model is used, where the energy is:

e wfi
T o2m* 2m

(45)

where electron effective mass is considered to be equal to its actual

mass.

Afterwards, a first order approximation is made on the distribution func-

tion.

f=fot+fi#2), (A6)
where f, is the Fermi-Dirac distribution function:

1
fo=fr-p = - (A7)
e ksT +1

and f; is a function to be determined. If we substitute this distribution

function in the Boltzmann equation we have that

0(fo—fu e(rz 1 - . fi
I (BT H) Vo + ) + 95— ) = =2 (48)
m C
It has to be taken into account that;
hk = 2Tm3. (49)

The equation is simplified since we are in a stationary state. If we also

disregard the terms with H, Vf, = 0, and =2 afl = iwf;, we obtain that:
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eE(z) 0fy 0f 4 1+iwt

. A10
mv, dv, 0z TV, h (410)

In the classic model the f; partial derivative is neglected, the equation

solution is easily reached and the current density formula is obtained:

et dafo

=—F—F All
h m(1 + iwt) 0v, @) (411)
S e?1E(z) af, ne’t E(z) 0E(2)
= 2 D = 25— =
]—ejvfldp 1+iwt) "’ avx” m 1+ iwt 1+i(m:'(A12)

When we want to know the limits of the classical treatment the inte-

grals need to be done taking into account that:

_ (+d)z c
2nTwo

where § is the field penetration depth at low frequencies (wt < 1).

When solving the partial derivative of the arbitrary function we get:

. (1+i)z _ :
% = L%Eoeﬂ&\/1+iwr ﬂ
0z m(+iwt)dv, oVl +iwt
2fi —(1+10)
—==h {— : (A14)
0z 6Vl +iwt

and therefore its absolute value is:

%| - fi

— (A15)
21 51 + w2e2yd
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The equation A10 other term’s modulus is:

(1+ wzrz)%
fi| ~ i (416)

|1+iwr

TV,

where | = t|v] is the mean free path. We can put both expressions all

together and we have that:

l 3
5 < (1 + w?t?)= . (A17)

At very low frequencies (wt < 1) the mean free path is much lower

than the penetration depth.

At high frequencies (w7 > 1) the electron is required to travel short

distances through a field period compared to the penetration depth.

Therefore, A17 represents the conditions in which the classical behav-
ior happens; at very high and very low frequencies. The equation can

also be written as:

3

Y7 L wr(1l+ )%, (A18)

w?t?

where gamma is a constant. The function tends to the infinite in both

wt = 0 and wt = o and has a minimum for

WwT = (A19)

N |UJ
Nl Dw

Equation A17 must be fulfilled for high and low frequencies at any col-
lision time. Nevertheless, when temperatures are not very high and 7 is

large, there is a frequency where the relation is no longer valid.
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f1

In this case we have to go back to Equation A10, where = cannot be

neglected for the general case. The equation obtained after integrating

is the following one:

_(1+iwt)z

_(1+iwn)t

where F(¥) is an arbitrary function that needs to be determined. In

order to achieve it, two different situations with two different equations
are studied: f(l) y f(z) where the first one is for v, < 0 and the second

one for v, > 0. Besides, f; must be small when z — oo, so:

o e af _(1+iwt)z (1+iw)t

TV, T,
£ T fz E(t)e dt (421)

For the second function the scattering is considered the following way:
a fraction p of the electrons will be dispersed specularly while the rest
(1 —p) will do it diffusely. p is considered to be independent of the
electron movement direction. Therefore, the electrons that abandon

the surface will have the following distribution function:
fo+ fl(z)(vx, Vy, Uy Z = 0) =
= W ~v,z=0)|+ (1~ A22
plfot+ i "Wy, =,z =0)|+ (A =pfo. (A22)
This determines F(v) for v, > 0.

2 = pfP(v,, vy, U,z =0) =

e afo _(1tiwt)z © _(1+iwDt
Tz pf E(t)e ™z dt=
z

T mv, avx

147



Appendix |

e af _(1+iwt)z © _(1+iwn)t z (1+iwD)t
Tz pf E(t)e ™z dt+f E(t)e 7z dt]. A23
muv, avx [ 0 0 (© (423)

If we take into account that E(z) = E(—z); z < 0, we observe that:

_(1+iwt)z z (1+iwT)t
@__©¢ afo = f E
z t Wz dt+
fi i P) (e
e af _(+iwt)z (1+iwD)t
wz (1-— E(t Wz dt. A24
e (=) [ B (424)

These two equations are precisely the solutions we were looking for.

Now that we know the distribution function the current density can be
calculated.

J(2) = —2e fﬂ v (fo + f1)dvydvydv, . (A25)

Using the equations A21 and A24 in polar coordinates we have that:

T
0 2
J(2) Z”emj fo, f 30 sech do x
Z— h a sin SecC
0

(1+iwt)(t—2) z (1+iwTt)(t—2)
[ f E®e ™ dt +(1-p) J E®e ™ “ar|+
0

27'[e m? m @ Msece
f —dvf sin Qsecedef E(t)e ™z dt .(A26)

V4
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When integrating on v, the fact that the electron gas is degenerated,
where 52 = v2, needs to be considered. After a simple transformation

the expression is

2me?m?v?  (t° iz —t
10 =-T0 [ k() B -

~2
2me’m?v (1—29)_[

= )E(t)dt (427)

l
where a = wt,l = v and

ko) = Ei;{(1 + id)ul} — Eiz{(1 + i) |ul}; Ein(w) =

oo e—su
= f ds . (A28)
1

Once it is obtained we replace it into equation A4.

Q..

2F w?. 8mliwe?m?i? +oo z—t
Fra T”J_w ko () E@ae +

8mliwe’m?v?
+——— - P)f

o )E(t)dt (429)

l

This equation is simplified when adimensional coordinates such as

8n’we?m?p? 13

_ 313 int
253 =55z are intro-

x = % y = f E(lx) = f(x), as well as a =

duced.

272

e+

f&x) =
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= ia [p f kaGr =) FO)dy + (1 - p) f ke(x — ) f)dy|. (430)
— o0 0

To know the Z impedance it is not compulsory to solve f(x), since:

_4nE0)  4miwl f(0)
T cHO) 2 10

(A31)

Classical theory

In this case we have that the mean free path is too little and as a con-
sequence we can consider the electric field to be constant for practical

reasons. Therefore, Equation A30 results in:

2[2

f00 +

f) =

c2

~ iaf (%) [p f ke(x — y)dy + (1 - p) f ko(x - y)dy] ~
— o0 0

+ 00

, 4
=~ jaf(x) » k, (wdu = 31T i

104

f ). (432)

The y" + Ay = 0 type equation is integrated so the impedance can be

1

obtained. This way the solutions will be of the form y = e!42* and in

this case:

212 4«

2 31+iwt

w
A=

(433)

Obtaining f(0) y f'(0) and substituting in the equation A31:
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[u

Aol (W?1? 4 ia \ 2
Za =Rat+Xa = c? 2 31+iwt) ’ (434)
where:
w?1? 7\ 2
— = w’T? (—) ~ 10" 5w?72 . (A35)
c c

Since ¥ = ct for a given metal, it will be possible of studying the case

for different frequency ranges

wZ

2
For very low frequencies (wt « 1), we have that zl & a.This pro-

c
w?1?
)

vokes the neglecting of terms such as and iwt. In this case:

4wl
<z nwl |6 ]
Zo = — = C—Z\/;(]_ + l) (A36)
T3
ntwl |6 21w
Rcl=Xcl:C_2\/;: prpt (A37)

At room temperature is valid up until around 12 > 10~*m, but for noble
metals at liquid helium temperature they stop being valid at 2 ~ 10~ m.

w?1?
c

For frequencies around wt =~ 1 the term keeps being neglected.

2

The resistance and reactance values are the following ones:

2w -
R, = Ty —wT++ 1+ wt (A38)
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21w )
X = py wT ++ 1+ wt°. (A39)

In the case where wt > 1:

R, = o (A40)
i3
X = 2wt g (441)

2[2 .
-— cannot be neglected and it can even become

w

For high frequencies

c

a dominant term. The critical frequency in which this happens is when

212 4 . . L
“’cz = 3—51 where the dielectric function is zero and the metal becomes
transparent.

From A34 it can be inferred that both R and X have a maximum at this

critical frequency:

1
4m(mto)4
Rpax = Xmax = T . (A42)

General solutions

For the study of general solution the case where p = 1 will be consid-

ered. In the case of p = 1 we have that A30 becomes:

2[2 +00

f)=ia| kolx=y)f()dy. (443)

— 00

w

f0 +

c2

The equation is solved by assuming that the function f(x) can be inte-

grated in all the range and that it tends to zero when x — oco. Moreover,
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both f(x) and f"'(x) are continous in the entire x interval and so is
f'(x) except for x = 0. f'(x) will tend to a value ¢ when x - 0" and - u

when x - 0™.

In order to proceed we need to introduce the following transforms:

o(t) = f f(x)e ¥tdx = 2 foocos(xt)f(x)dx (444)
—0 0

[oe]

k,(t) = Jka(x)e‘ixtdx. (A45)

— 00

We integrate by parts:

+00

R | .
+ f Ef’(x)e‘”‘tdx =

[ reoemax = 2 peoei

— 00

+00

! , toq .
- %e—m _ f S f (e ¥ dx, (446)
and
+oo ' +oo ‘
f'(x)e ™tdx = —t? fl)e ™ ™tdx = —t2¢(t) — 2u. (A47)

On the other hand, when we part from Equation A43 we have that:

2[2

¢(0) +

c?

+00 ) w
f f'(e™*tdx = -

+ 00

+ia f_+ooe_iXtdx ko(x—y)f(y)dy . (A48)

— 00
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The integration needs to be permuted:

+ o0 272

f'(x)e ™tdx = —

— 00

o(t) + iak,(H)P(t). (A49)

c2

Then we match both results to obtain

272

c?

ou= [tz ey iaka(t)] b(t) . (450)

If we go back to Equation A44 we do the inverse transformation:

1+
fx) = ;Jo ¢(t) cos(xt) dt =

2u [ cos (xt)
= I dt . (A51)
0 t2— 2t iak,(t)

Afterwards we make a variable change with s =it so k,(t) = K,(s),

which allows us using the following transformation:

1
1+ i(m:K (1 + i(m:)'

K,(s) = J+mka(x)e‘s" dx = (A52)

where how k,(u) is defined has been taken into account and that the

change from K, (s) to K(s) is when a = 0.

This last equation can be written in an explicit way:

K(s) =Si3 25— (1 —szln(i J_rz)] (453)
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The function is monovaluated in the entire s range that goes from —oo

to —1 and from +1 to +co0. Then we have that A51 is:

2, 0 @ cos(xt) A54
f(x)—;f()o 0T, i K( - ) (A54)
c? 1+iwt \1+iwt
Thanks to that we are able to obtain:
f() 2 f‘” dt
== - - (A55)
/o) mly, ., w?l? ia it
t c? + 1+iwt (1 + i(m:)
and from there we have the impedance:
7= 8iwlf°° dt A56
ot )y ., wP? ia it ' (456)

L= c? +1+inK(1+in)

Optical region

When studying high frequencies (infrared), the integration must be
done without neglecting the wt terms, which makes the calculations

much more difficult. In our case we will again use the case where
p=1

We are going to study the difference between the behaviors of R and

2[2
—— terms are neglected):

w

R.;. We part from the impedance (where the

c

dmiwl f(0)  8Biwl 1 © dt
2 f1(0) ¢? 1+i(m:f 2 ia -
o (1+ iwt)? e(®)

_8ia)l 1 I_Siwll—iwrl
T2 1+iwt ¢? 14 w?t?”
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@ dt
I= f — (A57)
Ct+ Tt ion? KO

7= Lot + QRe() + itm(D)] A58
BT i e(D) + itm(1) (458)
_<8wl : ){[ Re(I) — Im(D)] + i[wtIm(I) + Re(D]} =
2 1+ w22 wtRe(l) — Im(I)] + ilwtIm(I) e(D]} =

=R+iX. (A59)
Then we have the following quotients:

8wl 1 1 [wTRe(I) — Im(1)] <t

- L= —
c? _27;(‘)1 +w?t? V—wr + VI + 0?2 622mw
\ cZo

R
Rcl

i_i\/g [wtRe(I) — Im(I)] (460)
Rg my3 1+ wzrz)\/—wr VIt i

We analogously obtain a formula for the reactance:

X 4 |2a [wtIm(I) + Re(1)]
2 =2 /— . (461)
Xa T3 1+ w2r2)Vor + VI + wt?

Now we only need to obtain the emissivity which is given by the follow-

ing formula [63]:

e= (462)
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Resumen en castellano

Resumen en castellano

Dentro del marco industrial mundial y en del Pais Vasco en particular,
el sector metallurgico ha tenido y tiene un peso muy importante. En
muchos de los materiales utilizados es vital conocer las pérdidas de
calor por radiacion, ya bien sea durante el proceso de obtencion de
éstos o0 mientras estan en funcionamiento. Para ello es necesario es-
tudiar las propiedades termorradiativas y Opticas de estos materiales,
siendo la medida de la emisividad espectral la mejor forma de enten-

der los procesos de radiacion.

La tesis se planted con tres objetivos muy concretos basados en que
el laboratorio del Departamento de Fisica de la Materia Condensada
de la UPV/EHU dispone de un radiometro de alta precision (HAIRL)
gue permite realizar medidas de emision térmica espectrales y direc-
cionales en el infrarrojo en funcién de la temperatura y en una atmos-

fera controlada.

El primer objetivo era completar los andlisis que se hicieron hasta aho-
ra sobre los métodos de medida, precision de las medidas de emisivi-
dad y temperatura, sistema y parametros de calibracion, etc. (estudia-
do en el Capitulo 2). El segundo objetivo estaba dirigido a medidas
espectrales de los metales puros entre 200 y 800 °C y al estudio del
efecto skin andmalo en metales bajo emisivos (desarrollado en los
Capitulos 3y 4). El tercer objetivo estaba relacionado con los materia-
les utilizados en centrales termosolares para la absorcion de la luz por
un lado y para el almacenamiento térmico en otro, ya que es necesa-
rio conocer las pérdidas de calor por radiacion en ambos casos y en la
literatura no se encontraban estudios a temperatura de trabajo (reali-

zado en los Capitulos 5y 6).
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A continuacion se hace un breve resumen de los cinco capitulos pre-

sentados:

Experimental: métodos de medida y calibracion. En este capitulo
se indican las principales caracteristicas del radidmetro HAIRL (dise-
fado y construido en el laboratorio) utilizado para las medidas de emi-
sividad, las cuales son la base experimental fundamental en esta te-
sis. Ademas, se describen brevemente los métodos de medida y de
calibracion del aparato utilizados previamente. Estos métodos han
sido analizados y completados para realizar esta memoria. Las modifi-
caciones introducidas permiten hacer mas precisa la medida de la
emisividad espectral. Esta mejora es muy notable para los materiales
bajoemisivos como los estudiados en este trabajo, donde la radiacion
emitida por la muestra puede llegar a ser del orden de magnitud de las
radiaciones espurias que son detectadas también por el radiémetro.
Ademas, se analizan y afiaden otras contribuciones. Por ejemplo, un
método de medida de temperatura alternativo a la soldadura intrinseca
utilizada anteriormente para muestras metalicas y un método para la

integracion de los espectros de emisividad.

Emisividad espectral de metales puros.  La ausencia de estudios en
los que aparezcan bien definidas las condiciones experimentales de la
emisividad espectral en funcion de la temperatura de la mayoria de los
metales puros ha impulsado el trabajo presentado en este capitulo.
Aqui se presentan brevemente las medidas de emisividad del cobre, la
plata, el niquel y el magnesio, cuatro metales presentes, tanto en su
estado puro como en aleaciones, en diversas aplicaciones industria-
les. Entre otros aspectos, se estudia la relajacion de tensiones super-
ficiales producidas en el mecanizado de las muestras, asi como las
dependencias con la temperatura y la longitud de onda de la emisivi-
dad. Ademas, se analizan las curvas de emisividad dentro de la

aproximacion clasica dada por la funcién de Hagen-Rubens. Esto ha
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permitido obtener valores de la resistividad eléctrica y compararlos
con los encontrados en la bibliografia. Por dltimo, pensando en aplica-
ciones industriales, se hace un calculo de la emisividad normal total y

se observa su dependencia lineal con la temperatura.

Propiedades 6pticas de metales: el efecto skin aném  alo. En meta-
les con una conductividad eléctrica muy alta, el recorrido libre medio
de los electrones de conduccidén puede ser del orden de la profundi-
dad de penetracién del campo eléctrico. En estos casos la aproxima-
cion de Drude de campo constante deja de ser valida y surge el efecto
skin andémalo. Cuando se resuelven las ecuaciones de transporte con
una fuerza debida al campo eléctrico que depende del tiempo, se ob-
serva que en el caso de reflexion especular aparece un minimo en la
reflectividad, el cual hasta ahora no se ha detectado experimentalmen-
te. Solo existen indicios de su existencia. En este capitulo se hace un
andlisis tedrico del efecto skin anémalo para los doce metales puros
con mayor conductividad eléctrica (los célculos detallados se desarro-
llan en el Apéndice I). En el caso del cobre el analisis es méas detalla-
do con el fin de obtener el comportamiento de la emisividad con la
temperatura y el &ngulo de emisiéon. En la parte experimental se ob-
serva que las medidas experimentales de la emisividad espectral del
cobre a 250 °C, muestran un maximo del mismo orden y en la misma
region que aquél predicho por la teoria del efecto skin anémalo. Este
resultado es una evidencia de la presencia de este fendmeno incluso

a altas temperaturas donde el efecto es méas débil.

Emisividad de recubrimientos selectivos para la ene rgia termoso-

lar a temperatura de trabajo. Uno de los problemas mas importantes
a los que se enfrenta la industria de la energia termosolar es el desa-
rrollo de recubrimientos selectivos capaces por un lado, de ser capa-
ces de absorber la mayoria de la radiacion proveniente del sol, y por

otro, de tener la menor cantidad de pérdidas por irradiacion infrarroja.
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Los recubrimientos estan formados por un conjunto de capas de es-
pesor nanométrico en donde destacan las de nanocompaosites cerami-
co-metalicos. Hasta el trabajo realizado como parte de esta tesis no se
habia planteado la necesidad de caracterizar las propiedades épticas
de estos recubrimientos a la temperatura de trabajo. Las propiedades
Opticas del recubrimiento a alta temperatura se extrapolaban de los
resultados a temperatura ambiente admitiendo que el recubrimiento no
presentaba un comportamiento anémalo con la temperatura. En este
capitulo se obtienen por primera vez medidas de emisividad infrarroja
espectral, asi como total, de recubrimientos entre 200 y 600 °C.
Ademas se muestra la necesidad de medir a temperatura de trabajo
ya que las extrapolaciones pueden llevar a errores que repercuten a
posteriori en la eficiencia y como consecuencia en el rendimiento

econdmico de estos recubrimientos.

Emisividad de aleaciones de cambio de fase de tipo Mg-Zn-Al pa-
ra el almacenamiento térmico de la energia termosol  ar. Este capi-
tulo pone la mirada en el otro gran problema que presenta la energia
termosolar: el almacenamiento térmico. Hoy dia el almacenamiento
térmico se hace con sales inorgénicas las cuales a pesar de que su
precio adn no es alto, almacenan energia haciendo uso del calor sen-
sible. Este hecho presenta, entre otros, dos problemas: grandes di-
mensiones de complejos sistemas de almacenamiento y un rendimien-
to pobre. Desde hace afios se estan estudiando materiales con cam-
bio de fase (PCMs) que el almacenamiento de energia por calor laten-
te. En este capitulo se estudian, con medidas de emisividad, el com-
portamiento de tres aleaciones eutécticas pertenecientes al sistema
Mg-Zn-Al. Estas aleaciones poseen una buena conductividad térmica
y alta densidad energética. Se ha medido la emisividad espectral y
total infrarroja entre 200 °C y la temperatura de fusion. Este estudio

forma parte de un marco en donde es necesario conocer las pérdidas
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por radiacion de los materiales utilizados para almacenamiento térmi-
co. Ademas, se ha puesto en evidencia la sensibilidad de las medidas
de emisividad en las transiciones de fase solido-sélido resultado que

demuestra la alta sensibilidad del radidometro utilizado.
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