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THEORETICAL APPROACH FOR DETERMINING AN EMISSIVITY
OF SOLID MATERIALS AND ITS COMPARISON WITH EXPERIMENTAL
STUDIES ON THE EXAMPLE OF 316L POWDER STEEL
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Abstract. The work used Maxwell's electromagnetic theory to quantitatively describe the emissivity of solid materials through electrical resistivity
and temperature. An equation is proposed for recalculating the emissivity of smooth surfaces into powdery or rough surfaces. The obtained theoretical
characteristics of the change in the emissivity of 316L powder steel were compared with experimental ones. As a result of the comparison,
it was established that the experimental results obtained correlate with theoretical calculations and do not go beyond the limits of the expanded
uncertainty of measurement.
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TEORETYCZNE PODEJSCIE DO OKRESLANIA EMISYJNOSCI MATERIALOW STALYCH
1 JEJ POROWNANIE Z BADANIAMI EKSPERYMENTALNYMI NA PRZYKLADZIE
STALI PROSZKOWEJ 316L

Streszczenie. W pracy wykorzystano teorig elektromagnetyczng Maxwella do ilosciowego opisania emisyjnosci materiatow statych poprzez opornosé
elektryczng i temperature. Zaproponowano réwnanie umozliwiajgce przeliczenie emisyjnosci gladkich powierzchni na sypkie lub szorstkie powierzchnie.
Uzyskane teoretyczne charakterystyki zmiany emisyjnosci stali proszkowej 316L porownano z doswiadczalnymi. W wyniku porownania ustalono, ze wyniki
eksperymentalne uzyskaly korelacje z obliczeniami teoretycznymi i nie wykraczajq poza granice rozszerzonej niepewnosci pomiaru.

Stowa kluczowe: produkcja addytywna, emisyjnos¢ gladkiej powierzchni, teoria elektromagnetyczna Maxwella, emisyjno$¢ chropowatej powierzchni, stal proszkowa 316L,

uczenie maszynowe
Introduction

In additive manufacturing of metals, non-contact temperature
measurement methods based on the emissivity properties
of materials are widely used today. For accurate temperature
determination of materials used in additive manufacturing,
it is necessary to know their emissivity characteristics over
a wide temperature range in the visible and infrared areas
of the spectrum. The need for such data is particularly strong due
to the trend towards the intensification of thermal processes
by increasing operating temperatures [3, 8, 12, 16-19, 21].

Theoretical determination of the emissivity characteristics
of solid substances has received considerable attention, especially
in works [8, 12, 16-18, 21]. These works extensively examine
the conclusions obtained using electromagnetic (classical),
electronic, and quantum theories. We will briefly consider these
conclusions. The main goal of this article is to compare
the obtained experimental data on determining the emissivity
of 316L powder steel with existing theoretical methods
for calculating the emissivity to test the hypothesis about
the possibility of using them in machine learning algorithms.

1. Methods

The first attempts to compute emissivity characteristics were
made within the framework of Maxwell's electromagnetic theory.
According to this theory, the following relationship exists between
the dielectric constant of the substance y, its conductivity o,
and the frequency of the electromagnetic radiation v incident
on the substance.

T ®
o = nkv
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where n is the refractive index; k = T— is the absorption index;

T
m is the absorption coefficient; 2 is the wavelength of the incident
radiation [8, 16-18].
The optical indices n and k depend on the wavelength
and temperature T. These formulas are valid for isotropic materials
with a magnetic permeability of x=1. If an electromagnetic wave

is incident from a vacuum onto a metal with an optically smooth

surface, then the reflectance at normal incidence will be equal
to [16]
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The refractive index of metals can be expressed in complex

form as N = n — i*k, where 1=4/—1. Then the reflectance
for normal incidence will be expressed as

N-1 2

p}L - N+1 (3)

It should be noted that the absorption index k in the metal,

as well as in a dielectric, determines the attenuation

of light waves. In the thickness of the metal, only a small part

of the energy of the incident wave is converted into Joule heat.

In the long-wavelength part of the radiation spectrum for metals
o/v >> y [8, 16-18], and one can consider

n=k=(5)" @

Then, using formula (1), for the reflectance, we obtain a series
with terms decreasing in magnitude
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Following Kirchhoff's law, monochromatic emissivity ¢,
equals monochromatic absorptivity a, or

a=a=1-p, (6)
since the transmittance is practically always zero [2, 4, 5].
Restricting ourselves to the first two terms in (5) and using
formulas (4) and (6), we obtain

&) =2 (3)0'5 @

g

Typically, the dependence for the emissivity €, is represented
as a function of wavelength A and specific electrical resistance ry
[6, 7, 9-11, 20]. Then formula (2) transforms into the following
formula

& = 0.365 (%)0'5 ®)
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By the definition, the integral emissivity g; is described
by the expression

_foeoE;\I;Ldk
& = fooo Ldh (9)
where 1, is the intensity of monochromatic radiation

of a blackbody in the direction of the normal, which is calculated
using Planck’s formula [7, 12, 16].

If we use formula (9) and formulas (2) and (8), then
for the integral normal emissivity €; we obtain the well-known
Ashkinass relation

g = 5.76(r,T)°> (10)

where ry is the electrical resistivity of the material (Om-m),
T is the temperature in Kelvin (K) [10, 11].

A formula that more accurately describes the dependence
of the integral emissive power of metals on temperature
and specific electrical resistance into which additional terms
were introduced and numerical values of the coefficients were
adjusted considering the radiation constants ¢, and ¢, [7, 10],
is as follows

g = 5.78(1,T)%° — 17.97,T + 44(r,T)1*° (11)

Formulas that reflect the dependence of emissivity power
on the direction of radiation are derived based on Fresnel's
formulas for reflection coefficients. Davisson and Weeks were
the first to draw attention to the need to consider the dependence
of the reflectivity of metals on direction [10, 16]. Considering
the radiation constants ¢; and c,, the Davisson and Weeks formula
is written as follows

g = 7.54(1T)%% — 63.51,T + 673(1,T)1° (12)

It should be noted that the specified equations (10), (11),
and (12) for calculating the emissivity of solid substances can only
be applied to smooth surfaces.

It is also known from works [2, 4, 5] that the values
of the emissivity of smooth solid metal surfaces can be converted
into the values of the emissivity of the rough surface or metal
powder. It is known that the emissivity increases with increasing
surface roughness. If the roughness exceeds the radiation
wavelength by several times, then the emissivity of the rough
surface or metal powder &, can be recalculated using the following
empirical formula

& = &i(1+2.8[1 - &]9) (13)
where & is the emissivity of the smooth surface,
&p is the emissivity of metal powder or the rough surface.

Thus, knowing the electrical resistivity and temperature
of the metal using formulas (10)-(12), you can calculate
the emissivity of a metal solid surface, after which, by substituting
the emissivity values in formula (13), you can -calculate
the emissivity for the metal powder.

2. Results

To verify the theoretical information presented above
regarding the possibility of calculating the emissivity of metals
based on their specific electrical resistance and temperature,
we conducted experimental studies to determine the temperature
and emissivity of 316L powder steel. During the experiment,
the 316L powder steel was heated to reference temperature values
in the range from 333 K to 1174 K, which were determined using
thermocouples and IR camera. The image of the experimental
setup is shown in Fig. 1.

As a result of repeated studies to determine the emissivity
of 316L powder steel, a characteristic of changes in the average
values of the emissivity of metal powder as a function
of temperature was obtained, which is presented in Fig. 2.

The relative value of the combined measurement uncertainty
of the emissivity of 316L powder steel was 5.5%
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in the temperature range from 333 to 1174 K. In this case,
the expanded uncertainty in determining the emissivity was +0.06.
Expanded measurement uncertainty shows the maximum possible
deviations from the obtained average measurement result at each
study point. This means that there is not one specific value
for the measurement result, but rather many values within
this range [13-15].

Since the resistivity values of metals are well known
from reference data, for example, for stainless steel 316L its value
is 7.4-107 Ohm-m [1], then using equations (10), (11) it is possible
to plot the dependence of the emissivity from temperature.
Using formulas (10)-(12), which describe the dependence
of emissivity on temperature at a known value of the resistivity
of 316L powder steel, their variation characteristics were obtained
in the Maple software (Fig. 3).

To construct theoretical dependences of the emissivity
of 316L powder steel (the rough surface) on temperature, equation
(13) was used, and their change characteristics were obtained,
which are shown in Fig. 4. At the same time, the obtained
experimental data on the emissivity of 316L powder steel, which
are presented in Fig. 2, were also plotted in Fig. 4.

Fig. 1. Equipment for experimental determination of the emissivity of 316L powder
steel in the temperature range from 333 K to 1174 K
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Fig. 2. Emissivity values for 316L powder steel in the temperature range from 333 K
to 1174 K
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Fig. 3. Theoretical dependences of the emissivity of the solid smooth surface of 316L stainless steel on temperature in the range from 333 K to 1174 K
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Fig. 4. Theoretical and experimental dependencies of the emissivity of 316L powder
steel in the temperature range from 333 K to 1174 K

In Figure 4, the red line shows the experimental dependence
of emissivity on temperature. The green line shows the theoretical
dependence of emissivity on temperature, which is described
by equation (12) after recalculating it according to equation (13)
for non-smooth surfaces (metal powder). The blue line shows
the theoretical dependence of emissivity on temperature, which
is described by equation (10) after recalculating it according
to equation (13) for metal powder (the rough surface).
The yellow line shows the theoretical dependence of emissivity
on temperature, which is described by equation (11) after
recalculating it according to equation (13) for metal powder.

As can be seen from Figure 4, the emissivity of 316L powder
steel varies from 0.29 to 0.47 in the temperature range
from 333 K to 1174 K when using the theoretical function (11)
and recalculating its value according to formula (13)

for a non-smooth surface. When using the theoretical functions
(12) and (13), the emissivity of 316L powder steel varies from
0.34 to 0.53 in the temperature range from 333 K to 1174 K.
The experimental results showed that the experimental
emissivity values of 316L powder steel varies from 0.31 to 0.58
in the temperature range from 333 K to 1174 K (red line in Fig. 4).

Having analyzed the obtained results of modeling theoretical
functions that describe the characteristics of changes
in the emissivity of 316L powder steel and comparing tchem
with the experimental results, it can be seen (Fig. 4)
that the theoretical values of the emissivity of powder steel
are close to the experimental results obtained. Moreover,
the deviations of the theoretical and experimental values
of the emissivity coefficients do not exceed the expanded
uncertainty value of £0.06 (in Fig. 4 there are purple error bars
from experimental data). Also, as can be seen from Fig. 4,
in the temperature range from 333 K to 680 K, the theoretical
values of the emissivity of 316L powder steel are very close
to the experimental values when they were described by equation
(11) using equation (13) for non-smooth metal surfaces (metal
powder). And in the temperature range from 680 K to 1174 K
the theoretical characteristic described by equation (12) using
equation (13) is closer to the experimental value of the emissivity
of 316L powder steel. The increase in emissivity values
that were observed in experimental studies after the temperature
of 700 K is most likely due to the onset of oxidation processes
in 316L powder steel, which manifests themselves when metal
powder samples are heated to higher temperatures.

Based on the above results, we can assume that theoretical
equations (11), (12), and (13) can be used to determine
the emissivity of 316L powder steel when introducing machine
learning elements into metal additive manufacturing processes.
But it should also be noted that the only way to obtain reliable
data on the emissivity characteristics of metals is through
experimentation.
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3. Conclusions

Thus, the article examined the possibility of theoretically
determining the value of the emissivity of solid metals
through the value of the electrical resistivity of the metal
and the temperature of the object. There are several analytic
expressions that can describe the characteristics of changes
in the emissivity of metals with an increase (change)
in the temperature of the metal under study. Moreover, these
expressions (10)—(12) describe the characteristics of the change
in emissivity for smooth hard metal surfaces. Therefore, equation
(13) was proposed to convert the emissivity values of smooth
metal surfaces into those of rough metal surfaces or powdered
metal materials. When comparing the obtained theoretical
characteristics of changes in the emissivity of powder steel 316L
with the experimental characteristics, we find that the results were
close in value and do not exceed the expanded uncertainty value
of 0.06. At the same time, to describe the characteristics
of changes in the emissivity of 316L powder steel
in the temperature range from 333 K to 680 K, equations (11)
and (13) are better suited. To model the characteristics of changes
in the emissivity of 316L powder steel in the temperature range
from 680 K to 1174 K, the characteristics described by equations
(12) and (13) were closer to the experimental data.

The equation for converting the emissivity of smooth, hard
surfaces to powdery or rough surfaces (13) is supported
by experimental data for many metals, such as nichrome, nickel-
cobalt alloy, stainless steel, brass, and aluminum. However,
there are also materials for which it is impossible to quantitatively
describe the dependence of emissivity on the nature of the surface,
as well as on its temperature and degree of oxidation. Therefore,
the best way to determine the emissivity values is to conduct
an experimental study.

In our case, as shown by experimental studies
of the emissivity of 316L stainless steel powder, equations (11),
(12), and (13) can be used in machine learning algorithms
to predict (determine) the emissivity.
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