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The emissivities of metals are strongly affected by the growth of oxide films. For
small film thicknesses, perturbations are limited to the visible range. As
thicknesses increase, they spread to the infrared range. Various samples of
optically polished metals (Fe, Ni, Cr) and stainless steels (ELLT 1803 MoT and
AISI 304 or 316) have been oxidized at temperatures ranging from 400 to
800°C. Their spectral polarized directional emissivities, ¢ and &}, , have been
measured with two experimental techniques. The spectral range studied extends
from 0.4 to 14 um; the measurement directions vary between O and 80° from the
normal to the sample. After measurement, each sample was analyzed by glow-
discharge optical spectroscopy (GDOS). From the results of the analysis and
from the survey of bibliographical data, we characterized the structure of the
oxide films, ie., their approximate thicknesses and compositions. If the complex
optical indices of the metals and oxides are known, the stratified media theory
enables the computation of the emissivities &y, and &;,. Computed and
measured values have been compared. It appears that the theory accounts well
for experimental data when the thicknesses of the oxides are small as in stainless
steels. But for thicker oxide films, discrepancies are ascribed to several reasons.

KEY WORDS: emissivity; oxidized metals; radiative properties; spectral direc-
tional emissivity; stratified media theory.

1. INTRODUCTION

Radiative properties of materials have to be more accurately evaluated as
temperature levels of the operation of industrial systems increase and safety
rules are enforced.
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For opaque materials, knowledge of only a single directional spectral

factor is required [1]; in fact, the equations [2, 3]
gy=al=1-p0e=1-p3” (1)

relate the energetic emissivity &) to the absorptivity a}® and reflectivities
p:0= and p2° [2, 3]. The subscript 4 recalls that the factors are spectral;
the ' symbol means that the flux, leaving or incident on the surface, is
directional. The & symbol indicates a flux coming from (p2°') or reflected
toward (p;°°) the whole hemisphere surrounding the sample (2=
steradians). For measurements of the hemispherical-directional reflectivity
p2% the incident flux must be isotropically distributed (m); for
absorptivity and reflectivity measurements, the incident fluxes must be
depolarized (0).

When the two classical directions of polarization are considered,
relations identical to Eq. (1) can be written [1] for “polarized” factors
parallel (&}, a},...) or perpendicular (g}, , &, ,..); furthermore,
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The radiative factors depend on the wavelength A, direction 4, and
temperature T. They are also strongly influenced by the state of the
material, i.e., surface state, impurities, grain sizes, oxidation. It is difficult to
separate the effects of the different parameters. For example, oxidation and
surface state are closely related; in fact, the growth of oxide grains on a
polished surface may generate a rough surface.

In this work, we study the applicability of the stratified media theory
[4] to the calculation of the emissivities of some oxidized metals and
alloys. We used optically polished samples which were thermally oxidized
at various temperatures. The emissivities are computed (Section 2) assum-
ing that the interfaces between the oxide layers as well as the surface of the
material are optically smooth. Thicknesses and compositions of the layers
have been evaluated (Section 3) by glow-discharge optical spectroscopy
(GDOS).

Two experimental arrangements are used to measure the radiative
properties in the 0.4- to 14-um range. They have been described elsewhere
[5] and here we only summarize their principles.

(a) In the 0.4- to 3-um and 200-1000 K ranges, the reflectivities s
and p$?’ are measured with an integrating sphere illuminated by a xenon
lamp (0.4-1 um) or a quartz-iodine lamp (1-3 ym).
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(b) In the 3- to 14-ym and 400-1000 K ranges, the emissivities &},
and ¢}, are measured by comparing the spectral fluxes emitted by the sam-
ple and a blackbody at the same temperature. In order to control the
influence of the reflected parasitic fluxes, the sample is placed in a cooled
tank.

Measurements of p§’, peY, ey, and g;, are made for different
wavelengths A, directions 4, and temperatures 7. Metals (Fe, Ni, Cr) and
stainless steels (AISI 304, 316, 1803 MoT) are previously oxidized at
various temperatures. After the measurements, the samples are analyzed by
GDOS. The experimental values of the spectral polarized directional
emissivities &) mes and &}, . are then compared to the calculated values

€jjcate. AN €} a1 . Some of the results are presented in Section 4.

2. INTERPRETATION OF THE RADIATIVE PROPERTIES OF AN
OXIDIZED ALLOY BY THE STRATIFIED MEDIA THEORY

We consider a stratified medium of M layers assumed to be
homogeneous and isotropic. Each stratum is characterized by its thickness
h, refractive index n,,, and extinction index x,, (Fig. 1). If the interfaces
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Fig. 1. Stratified medium of M layers.
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are parallel and optically smooth, the reflection is specular. We assume that
the substratum S is opaque. Let 6 be the angle between the incident
radiation and the normal to the sample.

In an absorbing layer, the wave vector k., = k/, + ikZ, is complex and
its modulus is equal to

k= 15 = (1 + i) (3)

where ¢, is the speed of radiation in vacuum. The components of k., in the
system of axis in Fig. 1 are [3]

0
ko= s=kiysinf =k,sinf (4)

m

Qm = ki, cos 0, + ik,
The following can easily be shown [3].

(a) For a transverse electric (TE) wave, the components E_ of the
electric field and H, of the magnetic field satisfy the relations

E E Lmds E E
(.o )G B, v ), o
HOy EN) Hsy M m21m22 HSy ZM m HSy ZM

with
in(q,, /
cos(qu i) Ok Slg(qm m)
M= ah ) (6)
G SN ) cos(quh)
Who

The magnetic permittivity p,, of medium m is assumed to be equal to that
Uo of vacuum.

(b) For a transverse magnetic (TM) wave, the components H, and
E, are bound by

<H0x> — M|| <H5x> — (mllllmllt2> (st) — (TC Myn) <st> (7)
EO}’ zQ ES}/ M mglmg2 Esy M m Esy M
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with
%2 o3 h
COS(thm) l-we()nm Sln(qm m)
M= Um ®)
i h
wen

where ¢, 1s the dielectric permittivity of vacuum.

The electric field reflection factors are deduced from Eqgs. (5)-(8) as
follows:

. [mi; + miz(q/oue) 1(qo/ope) — [ma; + mas(qy/op,)]

= 9
R = Tt T mb(ayone) (Qo/opo) + [m + mb(a /o) ] ®)
R = [mi, — m|1‘2(qs/a)80n5*2)]( —(o/weg) — [mgl - mg2(qs/a)80ns*2)] (10)

- [mllll —m!z(qs/a)gons”d)]( —qo/wey) + [ml; — mgz(qs/wsons*z)]

The intensity is proportional to the square of the amplitude of the
electric field, and the spectral directional emissivities are given by

8il\calc. =1- Rﬁ’ giilcalc =1— Ri (1 1 )

A knowledge of the thicknesses 4., of the indices n,, and x,, is required
for the computation of &}, and &) ... The quantities n,, and x,, can be
extracted from the literature if the type of oxide formed is determined by a
physicochemical analysis.

3. GLOW-DISCHARGE OPTICAL SPECTROSCOPY (GDOS).
OPTICAL INDICES

In GDOS [6, 7], the sample is submitted to impacts of accelerated
argon ions which extract some superficial atoms. The analysis of the
resulting plasma radiation enables the determination of the sample com-
position. The velocity of erosion of the surface varies from 2 to 3 um/min
for the iron and stainless-steel substrates; it is closer to 1 um/min for the
oxides studied here.

Various samples were analyzed, corresponding to different metals and
oxidation temperatures. We present results only for iron 400, iron 600, 304
or 316 steel 400, and 304 or 316 steel 600 samples. The 400 and 600 num-
bers mean that oxidation temperature is 400 and 600 Celsius degrees,
respectively. The oxidation duration is 9 h.

The GDOS curves, which give the intensity of the typical radiations of
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Table I. Results of GDOS on Thicknesses of Oxide Layers

Surface layer Layer Layer

Sample 1 2 3

Iron 400 Fe, 0, (0.3 um) Fe;O4 (2 um)

Iron 600 Fe, 0, (1 um) Fe; O, (2 um) FeO (9 um)
Steel 304 or Fe,0; and Cr,0,

316400 (0.03 to 0.05 um)
Steel 304 or Fe,0; or FeO and Cr, 054

316-600 (0.15 to 0.25 um)

oxygen, chromium, and iron versus erosion duration, and literature
examination (Refs. 8-10 for iron and Refs. 11 and 12 for stainless steel)
lead to the results presented in Table I for the probable stratification of the
samples. No significant differences have been observed between the 304 and
the 316 stainless steels.

The optical indices » and k obtained from the literature are given in
Figs. 2 to 6. For Fe,O,, FeO, and Cr,05 (Figs. 2, 3, and 4), « tends to
zero and » remains constant when / is greater than 1 um; these oxides may

n
3 —./ \ K
\-l
2 41
1 1 K ] ] 0
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Fig. 2. Optical indices of hematite Fe,O; [13]. For A>1 ym, k=0, and for A>2 um,
n=2.50.
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Fig. 3. Optical indices of wustite FeO [14]. For 4> 1.2 um, n=2.40, and for 1> 1.4 um,
Kk=0.
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Fig. 4. Optical indices of Cr,O; [13]. For A>0.5um,
n=2.08, and for 1>0.94 um, k=0.
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Fig. 5. Optical indices of magnetite Fe;O, [15].

thus be considered as transparent in the infrared. But for Fe; O, (Fig. 5)
and 304 or 316 stainless steel (Fig. 6), n and « increase with A and a 2-um-
thick layer of Fe;O, can be considered as opaque in most of the thermal
spectrum. Thus the following applies.

(a) For iron 400 and iron 600 samples, the magnetite Fe,O, con-
stitutes the substrate and the radiative structure to be considered is
Fe,05/Fe;O,; the FeO layer (Table 1) has no influence on the emissivity.

(b) For the stainless-steel samples, the structure to be taken into
account includes two oxidized layers, the respective thicknesses of which
are not evaluated by GDOS (Table I); the substrate is the stainless steel.



Spectral Emissivity of Oxidized Metals 1199

1 r e gaald 1 Lol
04 1 Aem 10 %
Fig. 6. Optical indices of 304 or 316 stainless steel [16].

4. COMPARISON OF THE EXPERIMENTAL AND CALCULATED
EMISSIVITIES

Variations of the emissivities &}y, and &} . versus wavelength 1
and direction 4 have been measured for the four samples previously
presented. The measurements refer to ordinary and oxidation temperatures
(400 or 600°C) whenever possible (i.c., when the integrating sphere is used)
or to 400°C in the 3- to 14-um range only. Indeed, the influence of tem-
perature can be considered negligible, but oxidation strongly affects
radiative properties.

The spectral emissivities g5, (0°), for the direction normal to the sur-
face of the sample (6 =0°), are presented in Figs. 7 to 10 in the 0.4- to
14-pm range. Several comments can be made.
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Fig. 7. Spectral emissivity of iron for the normal direction. (1) Polished unoxidized
iron. (2) €5 (0°) for iron 400. €.,.(0°) for (3) Fe,0; (0.2 ym)/Fe;O, and
(4) Fe, 05 (0.4 um)/Fe; O,.

(a) When the thickness of the oxide layers is less than 0.1 um, as for
the stainless steel 316-400 sample (Fig. 9), oxidation increases emissivity in
the visible range but has no influence in the infrared region. So the solar
flux absorbed by the steel is much greater than the flux emitted. This selec-
tivity has been applied to the receiver of the Themis central tower solar
facility [17]. €)mes (0°) varies slightly between 1.5 and 2.2 ym, depending
on the temperature (curve 2a, 20°C; curves 2b and 2¢, 400°C; Fig. 9). For
400°C measurements, the oxidation is probably greater although it is not
evidenced by GDOS analysis.

(b) For thicker oxide layers, the stainless steel 316 sample emissivity
is increased over the entire range under investigation (Fig. 10) but it still
remains lower than 0.5 in the infrared. The oxide film is thicker when the

Ko
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Fig. 8. Spectral emissivity of iron for the normal direction. (1) Polished unoxidized
iron. (2) €)mes(0°) for iron 600. &), (0°) for (3) Fe,O; (1 um)/Fe;O, and
{4) Fe,0; (4 um)/Fe; 0,
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Fig. 9. Spectral emissivity of 304 or 316 stainless steel for the normal direction.
(1) Polished unoxidized 304 or 316 stainless steel. &), (0°) for 304 stainless steel
400; measurements at (2a) room temperature and (2b) 400°C. (2C) &/ e (0°) for
316 stainless steel 400; measurements at 400°C. &.,.(0°) for (3) Fe, O,
(0.01 pm)/Cr, 05 (0.005 um)/stainless steel and (4) Fe,O; (0.02 um)/Cr, O,
(0.005 um )/stainless steel.

measurements are made at 400°C (curve 2¢) or 600°C (curve 2b) instead
of at room temperature.

(¢) For iron 400 and 600 samples (Figs. 7 and 8), the radiative
properties are determined only by the oxides Fe,O; and Fe,O,, as the
Fe; Oy layer is opaque. Thus the emissivity is large (over 0.8) in the entire
spectral range. The results show no dependence on the measurement tem-
perature. After 9 h of oxidation, the oxide films are opaque; small
variations of their thicknesses have no influence on &4, .

0 F D W T | { | [ I I B

10 A, um

Fig. 10. Spectral emissivity of 304 or 316 stainless steel for the normal direction.
(1) Polished unoxidized 304 or 316 stainless steel. (2a) €1mes(0°) for 304 stainless
steel 600; measurements at room temperature. &, (0°) for 316 stainless steel 600;
measurements at (2a’) room temperature, (2b) 600°C, and (2c) 400°C. &/ (0°)
for (3) FeO (0.12 pum)/Cr,05 (0.04 ym)/stainless steel and (4) FeO (0.16 um)/
Cr,05 (0.08 um)/stainless steel.
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The spectral emissivities for the normal direction &}, (0°) have also
been calculated from the stratified media theory. The optical indices were
found in the literature (Figs. 2 to 6); the thicknesses and nature of the
oxide were established by GDOS and comparison with published results.
The GDOS accuracy in thickness determination depends on the erosion
velocity, which is not well known for the analyzed samples. Consequently,
thicknesses of the layers are sometimes adjusted within the possible range
of values in order to adjust experimental and calculated values.

Figures 7 to 10 show that the calculated and experimental values are
in general agreement. In particular, the theory accounts reasonably well for
the increases in the emissivity, whether they are limited to the visible range
(Figs. 9 and 10) or extend down to the infrared range (Figs. 7 and 8). For
thick layers, the theory predicts interference effects which should induce
rapid variations of emissivity with wavelength; we do not observe these
variations (Figs. 7 and 8). In order to fit approximately experimental and
calculated extrema for the iron 600 sample (Fig. 8), it is necessary to
assume a thickness of 4 um for Fe,O;, which is considerably above the
I yum given by GDOS. As a general rule, it can be said that the thinner the

Fig. 11. Spectral directional “polarized” emissivities of iron 600
for 4=09 um. (——~--) Measured values; ( ) calculated values
for Fe,O; (4 um)/Fe;O,.
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Fig. 12. Spectral directional “polarized” emissivities of iron 600
for /=4 um. (———-) Calculated values for Fe,O; (4 um)/Fe;Oy;
(——) measured values.

oxide layers are, the better is the agreement between theory and
measurements (Fig. 9).

The analysis of the variations of the emissivities versus the direction 4
leads to the following conclusions. v

(a) The existence of a thin oxide layer does not modify the dis-
tinctive metallic aspect of curves ¢, (6) and & (#) in the infrared, with a
pronounced maximum of ¢},(6) close to 85° (Fig. 15). The agreement
between &) mes. and €))cq1, On the one hand, and ¢}, ., and €}, .., on the
other hand, is quite good in the visible range (Fig. 14) and correct for 4
greater than 1 ym (Fig. 15).

(b) For thicker oxide layers (~0.20 um), the measured values are
always lower than the calculated ones for both directions of polarization
(Figs. 16 and 17). However, the general aspects of experimental and
theoretical curves are identical; they have the typical shape observed for a
dielectric material.

(c) When the oxides turn to be opaque (for example, iron 600), the
emission is almost depolarized and the &}, (0) experimental curves are

840/7/6-7



1204 Ane and Huetz-Aubert

Fig. 13. Spectral directional “polarized” emissivities of iron 600
for A=6 um. (-——-) Calculated values for Fe,O, (4 um)/Fe;O,;
(——) measured values.

closed to a circle for 8 lower than 60° as can be expected (Figs. 11-13). A
correct agreement between theory and experiment may casually be met, as
for €}y mes and €} at 6 um for iron 600 (Fig. 13). But considerable dif-
ferences appear for other wavelengths for the same sample (Figs. 11
and 12).

The examples presented are intended to demonstrate the usefulness of
the experimental determinations of radiative properties, as a function of
wavelength, direction, and state of polarization, in order to validate a
model. A similar conclusion was drawn in Ref. 18.

The discrepancies observed between experimental results and theory
can be ascribed to the following reasons.

(a) Even if the oxide layers are homogeneous and isotropic and if,
for example, Fe,O; and Fe; O, oxides grow separately without reciprocal
interdiffusion, the interface is probably not as smooth as was the surface of
the polished unoxidized metal. The roughness of interfaces may be respon-
sible for the nonspecularity of the reflection; it damps the interference
effects and is all the more important as the oxide thickness increases, which
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Fig. 14. Spectral directional “polarized” emissivities of 304
stainless steel 400 for A =0.7 um. (——-) Measured values; (——)
calculated values for Fe,O; (0.01 um)/Cr,O; (0.005 um)/stainless
steel.

0
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Fig. 15. Spectral directional “polarized” emissivities of 316
stainless steel 400 for A =6 ym. (———-) Measured values; (——)
calculated values for Fe,O; (0.01 um)/Cr, 05 (0.005 um)/stainless
steel.
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Fig. 16. Spectral directional “polarized” emissivities of 304
stainless steel 600 for 2 =0.7 ym. (——--) Measured values; (—)
calculated values for FeO (0.16 um)/Cr,O; (0.08 um)/stainless
steel.

explains the increase in discrepancies between theory and experiment as
oxide layers grow.

(b) Literature on optical indices is scarce and the values given by the
different authors vary over a wide range. All the more, the rare deter-
minations of n and x are usually made at ordinary temperatures and for
pure materials. The measurement temperatures and the impurities diffused
into the oxides during the oxidation process may strongly influence the
values of the indices. In particular, it is well known that impurities tend to
increase the extinction indice « in the infrared. For most oxides (Figs. 2—4),
except for Fe; O, (Fig. 5), x is low and is close to zero for 1 greater than
1 ym; the measurement of low « is difficult and may be partially respon-
sible for the discrepancies observed.

(c) Only one surface analysis method (GDOS) was used, which is

not enough to determine the exact structure of the superficial layers, in par-
ticular the values of the thicknesses and the exact composition of the strata.
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Fig. 17. Spectral directional “polarized” emissivities of 316

stainless steel 600 for 2 =6 ym. (~——-) Measured values; (——)
calculated values for FeO (0.16 um)/Cr,O; (0.08 yum)/stainless
steel.

5. CONCLUSION

Due to the sensitivity of the radiative properties to the surface state, it
is difficult to find reliable data in the literature. One is often faced with the
problem of needing numerical values for the evaluation of radiative energy
transfers. For metallic compounds, oxidation strongly influences the spec-
tral polarized directional emissivities in the visible range but has no effect
in the infrared when the oxide thicknesses are small; in this case, the
stratified media theory gives a good interpretation of experimental data, as
the hypotheses underlying it (i.c., homogeneous and isotropic media,
parallel and smooth interfaces) are realistic. For larger oxide thicknesses,
emissivities are increased over the entire spectrum and the calculated fac-
tors do not fit the experimental ones. The use of more sophisticated
theories implies an improvement of the measurement of radiative properties
(in particular, the proportion of light diffusely reflected has to be
evaluated) and of the optical indices (which are often computed from
reflectivity measurements), as well as better material characterization
techniques.
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