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Abstract

This paper presents the experimental determination of
the dependence of emissivity of brass on surface rough-
ness and temperature. The investigation was conduct-
ed using the infrared thermographic technique on
brass alloy C27200 workpieces with different degrees
of surface roughness, during the continuous cooling
process. The results obtained showed that the emis-
sivity of the chosen brass alloy increases with greater
surface roughness and decreases during the cooling
process, its value ranging from 0.07 to 0.19. It was con-
cluded that surface roughness has a greater influence
on the increase of the emissivity at higher tempera-
tures, which can be seen in the three-dimensional in-
frared images. Multiple regression analysis confirmed
a strong correlation between the examined parameters
and the emissivity, and an original multiple regression
model was determined.
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Povzetek

V prispevku je prikazano eksperimentalno dolocanje
emisivnosti medi glede na hrapavost in temperaturo
povrsine. Izvedena je bila raziskava na obdelovancih iz
medi C27200 z razli¢nimi stopnjami hrapavosti povrsi-
ne med postopkom neprekinjenega hlajenja in z upo-
rabo infrardeCe termografije (ITT). Dobljeni rezultati
so pokazali, da se emisivnost preizkuSane medi pove-
Ca z vecjo povrsinsko hrapavostjo in se med procesom
hlajenja zmanjsa, njena vrednost pa se giblje med 0,07
in 0,19. Pri vi$jih temperaturah ima hrapavost vecji
vpliv na povecanje emisivnosti, kar je razvidno na tri-
dimenzionalnih infrardecih slikah (3D IR). Veckratna
regresijska analiza je potrdila moc¢no korelacijo med
preiskovanimi parametri in emisivnostjo. DoloCen je
bil izvirni vec¢kratni regresijski model.

Klju¢ne besede: emisivnost, med, infrardeca termo-
grafija (ITT), tridimenzionalne infrardece slike (3D IR),
regresijska analiza.
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Introduction

Infrared thermographic technique (ITT) is one
of the non-destructive testing techniques used
for preventive and predictive maintenance, as
well as for non-contact temperature measure-
ment [1,2]. ITT works on the principle of trans-
formation of spatial variations in the infrared
(IR) radiation emitted from the surface of an
observed object into a two-dimensional (2D)
IR image, where the differences in temperature
distribution are presented as a range of colours
or tones [3]. The key material parameter for
the practical use of ITT is emissivity. Emissivi-
ty is defined as the ratio of emissive power of
the materials’ surface (grey body) to that of an
ideal black body under the same geometric and
spectral conditions [4]. The emissivity of a met-
al can easily change due to physical and chem-
ical conditions of the surface, such as the type
of material, surface roughness, microstructure,
temperature, wavelength, and so on [5]. Due to
the low and varying emissivity of metals, nu-
merous authors have investigated the effect of
these mentioned parameters on metals’ emis-
sivity characteristics. Deheng et al. [6] studied
the effect of surface oxidation on the spectral
emissivity of brass over the temperature range
from 527°C to 797°C at the wavelength of
1.5 um. The temperature of the specimen sur-
face is monitored by averaging the two R-type
platinum-rhodium thermocouples. It was
shown that the spectral emissivity of brass rap-
idly increases with increasing temperature [6].
Zhibin et al. [7] investigated the influence of
the surface roughness on the emissivity of the
Au films for high-temperature application. The
samples were heated in air at 600°C for 200 h to
simulate the application environment. The re-
sults showed that the substrate roughness had
great influence on the emissivity characteristics
of the Au films. The average IR emissivity of the
samples with low roughness just increased a
little after heat treatment, while it greatly in-
creased for the sample with high roughness [7].
Wen and Mudawar [8] determined the emissiv-
ity of different aluminium alloys depending on
temperature, surface roughness and oxidation,
using multispectral radiation thermometry. At
the same temperature, the emission spectra of
different alloys were similar in shape, but oxi-

RMZ - M&G | 2018 | Vol.65 | pp. 115-122

dation led to significant differences in the mag-
nitude. An increase in temperature and surface
roughness mostly resulted in higher emissivity
of the examined alloys [9, 10].

Previous studies showed that the emissivity of
metals increases with increase in temperature
and surface roughness during heating. This pa-
per includes an investigation into the emissivi-
ty behaviour of the brass alloy C27200 during
the continuous cooling process when using ITT.
The reason for this is the similar heating and
cooling rates of metals. For a more detailed
analysis of the effect of surface roughness and
temperature on the emissivity characteristics
of brass alloy C27200, three-dimensional IR
images (3D IR) were used. This study consid-
ered the possibility of use of multiple regres-
sion analysis for the theoretical determination
of the emissivity, on the basis of experimentally
obtained data. The aim of the study was to in-
vestigate whether ITT can be used for reliable
temperature measurement of heated metal sur-
faces on the work equipment and, by implica-
tion, for the assessment of risk of burn injuries.

Materials and methods

The experimental determination of the emis-
sivity was conducted on the brass alloy C27200.
Due to the excellent mechanical properties, ma-
chinability and corrosion resistance of brass,
it is widely used in pipes, valves and fittings in
systems that transport water and other aque-
ous fluids [11]. Chemical characteristics of the
chosen brass alloy are given in Table 1.

Table 1. Chemical characteristics of the chosen brass alloy

UNS No. 1SO No. Common Copper Zinc
name % %
63/37

C27200 CuZn37 Common 62-65 ~37
brass

For the purpose of the experimental work, four
workpieces were made with dimensions of
(150 x 150 x 10) mm. The first workpiece was
ground, whereas the other three were milled
under different regimes of face milling with the
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Figure 1. Experimental set-up.

Table 2. Surface roughness of the workpieces

e
Grinding 1.23 B,
3.24 B,
Milling 3.38 B,
3.92 B

aim of obtaining different surface qualities, i.e.,
roughness values. The roughness of the work-
pieces was measured with a contact method
using a Mar Surf PS1 device. The mean rough-
ness (roughness average, Ra) was measured at
30 points uniformly distributed on the surface
of the workpiece. The average value of the mea-
sured roughness (Ra) was taken as the surface
roughness of the workpiece (Table 2).

A common method for determining the emis-
sivity using an IR camera is based on the simul-
taneous heating of a workpiece, measuring the
temperature using an IR camera and measuring
the reference temperature on the analysed sur-
face. The reference temperature can be mea-
sured using a contact device for temperature
measurement or by applying a special coating
with known emissivity on the examined surface

within the field of view of the IR camera. The
emissivity is determined by adjusting the value
from zero to one until the temperatures on the
IR camera and the reference temperature are
equal [12]. For the purpose of this paper, a heat
treatment furnace was used for heating the
workpieces. For achieving a uniform tempera-
ture distribution on the target area of the sam-
ple, every workpiece was placed upright in the
centre of the furnace and tested separately. The
radiation emitted from the heat furnace can
affect the thermography test to a large extent.
Thus, prior to the measurement, a 2-mm black
tin box was placed into the furnace in order to
eliminate the effect of the furnace walls on the
measurement results. The IR camera used for
thermal imaging was camera IR ThermoPro
TP8S, with a spectral range of 8-14 um and
temperature accuracy of *1°C. The reference
temperature was measured using type-K ther-
mocouples. Two thermocouples were placed on
the back surface of the workpiece, whereas the
third thermocouple was attached to the front
surface of the workpiece using black rubber.
The experimental set-up is presented in Fig-
ure 1.

After installing the thermocouples and setting
the IR camera, a workpiece was heated up to
200°C. On reaching this temperature, the work-

Determination of Emissivity of Brass Alloy using Infrared Thermographic Technique

117



118

piece was cooled down to the ambient tem-
perature of 25°C. At the same time, the camera
took an IR image of the workpiece at every 10°C
decrease in temperature. The described proce-
dure was repeated for every workpiece. The
obtained IR images were processed using the
Guide Ir Analyser program, where the average
emissivity of a workpiece was adjusted to a val-
ue ranging from zero to one until the tempera-
ture became equal to the reference tempera-
ture. During the IR-image processing step, the
temperature used as the reference temperature
was the average of the temperature values ob-
tained with the thermocouples. The described
method was used for determining the emissivi-
ty of all four workpieces at temperatures rang-
ing from 50°C to 200°C.

Results and discussion

The experimental data show that the average
emissivity of brass alloy C27200 in the spectral
range of 8-14 um decreases during the cooling
and mainly increases with an increase in the
surface roughness (Figure 2). The emissivity
ranges from 0.07 to 0.19. At temperatures from
50°Cto 120°C, the emissivity values of the work-
pieces are constant, and their mutual differenc-
es are only the results of the surface roughness.
At temperatures >120°C, the emissivity values
increase, first with the B, workpiece and fi-
nally with the B, workpiece. The emissivity of
the ground workpiece B, is the lowest and not
prone to drastic changes as in the case of the
other workpieces, which were milled.

150 200 50 200
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020 020
015 015
010 010
2
£ 1
‘é B3 B4
A 020 020

; ;
200 50 200

Temperature

150 100 150

Figure 2. Emissivity of brass alloy C27200 at low and medium
temperatures.
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Study of 3D IR images

A more thorough investigation into the effects
of the temperature and surface roughness on
the emissivity was conducted using 3D IR im-
ages. 3D IR images are the three-dimensional
representations of the surface of a workpiece,
with more strictly defined boundaries between
the areas with small temperature differences,
which are almost invisible in a normal IR im-
age. There are various commercial software
programs for the construction of 3D IR images,
but in this paper, we used the new method pre-
sented by Lanc et al. [13]. The method is based
on exporting the temperature values per pixel
of an IR image using the Guide Ir Analyser pro-
gram into a Microsoft Excel table. In the table,
the data are grouped in such a way that the x-
and y-coordinates determine the position of a
pixel in the IR image, whereas the z-coordinate
determines its temperature. With a simple se-
lection of all the data and the construction of
a surface contour diagram in Microsoft Excel,
3D IR images are obtained. Figure 3 presents
the 3D IR images of the ground workpiece B,
and the workpiece with the greatest surface
roughness, B,, at the temperature of 50°C.
Their comparison shows that the temperature
is more evenly distributed in the B, workpiece
than in the B, workpiece due to the more re-
flective surface of the B, workpiece. While mea-
suring the arithmetic mean roughness using
the Mar Surf PS1 device, it was noticed that
the right side of the B, workpiece had a great-
er roughness than the left side. These data
correspond to the presented 3D IR images of
the B, workpieces. Although the average tem-
perature of both workpieces was 200°C, in the
B, workpiece, temperatures from 0°C to 50°C
were more frequent than in the B, workpiece,
where the most frequent temperatures ranged
from 50°C to 100°C. The reflective surface con-
tributed to the higher temperature of the B,
workpiece. The defects are clearly visible in
Figure 4 and are represented with yellow areas,
which correspond to the highest temperatures.
In Figure 4, the temperature of black rubber is
>400°C, although its real temperature is 200°C.
This error occurred because it is possible to ad-
just only one value of the emissivity in a 3D IR
image. In this case, the values of the emissivi-
ty were adjusted for the B, and B, workpieces,
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Figure 3. 3D IR images of B, workpiece (left) and B, workpiece (right) at the temperature of 50°C.
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Figure 4. 3D IR images of B, workpiece (left) and B, workpiece (right) at the temperature of 200°C.

which is why the temperatures of black rubber
drastically increased.

The effect of the reflected radiation on the bot-
tom part of the workpiece is noticeable here
as well, leading to the so-called ‘false tempera-
tures’. At higher temperatures, the differences
in the surface roughness are more conspicuous
than at lower temperatures. In the 3D IR images
of the milled workpieces, the difference in the
surface roughness is bigger at the temperature
of 200°C than at the temperature of 50°C. At
higher temperatures, the milling direction and
the boundaries between the tool passes are
more conspicuous, which can be seen in the 3D
IR images of the B, workpiece, whose surface
was machined in two tool passes. This leads to
a conclusion that the surface roughness causes
a greater increase in the emissivity at higher
temperatures.

Multiple linear regression analysis

Multiple regression analysis makes it possible
to examine the effect of several independent
variables on the dependent output variable.
The result of this approach is a multiple regres-
sion model, which, in the form of a mathemati-
cal formula, connects the effect of two indepen-
dent variables on the dependent variable [14].
In this concrete case, the dependent variable -
the emissivity (¢) - is related to two indepen-
dent variables - temperature (T) and surface
roughness (R) - according to the following
model (Equation 1):
e=P,+p,T+p,-Ra+r (1)
where 8, B, B,, B, represent the regression coef-
ficients and r is the component of random error.
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Figure 5. Scatter plot.

For assessment of the model for n = 64 observa-
tions and the number of independent variables
k = 2, the matrix form of Equation 1 is given by
the following matrix Equation 2:

eq 1 x4 X12
e 1 x X

Y = 22 ) X = ?1 ?2 )
€64 1 Xx@en1 X2

(2)

To
1
Te4

Bo
B= [ﬁll; p=
B2

The matrix Equation 2 is solved according to re-
sults in the following multiple linear regression
model (Equation 3):

€=0.000179 - T+ 0.027565 - Ra - 0.06101 (3)

The presented model can be used for the tem-
perature range from 50°C to 200°C and surface
roughness ranging from 1.23 pm to 3.92 pm. In
this case, the multiple coefficient of determina-
tion R? shows that 87.94% of the variation in
the emissivity comes from variation in the tem-
perature and surface roughness, whereas the
remaining 13.06% is the consequence of the
effect of other parameters, such as humidity,
permeability of the atmosphere, temperature
of the environment, and so on. The model can
be used for prediction of the emissivity at tem-
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peratures and surface roughness values that
are beyond the mentioned ranges, with a some-
what lower coefficient of determination Rzpred of
87.55%. Multiple regression was used to deter-
mine the strength of dependence between the
emissivity and the observed parameters based
on the correlation coefficient r. The correlation
coefficient was 0.9, which points to the fact that
there is a strong (direct) linear dependence be-
tween temperature and surface roughness on
the one hand and the emissivity on the other
hand. The scatter plot (Figure 5) shows a small
degree of data deviation around the established
regression line, indicated by the value of the
standard error S of 0.01.

Conclusions

The emissivity of brass alloy C27200 during the
process of cooling from 200°C to 50°C was ex-
perimentally determined using the ITT.

The investigation showed that the emissivity of
the chosen alloy ranges from 0.07 to 0.19 and
that it decreases with decrease in temperature
and increases with increase in surface rough-
ness. At higher temperatures, the differences
between the emissivity values of the work-
pieces are bigger. The analysis of 3D IR images
showed that this phenomenon is a consequence
of a more significant effect of surface roughness
on the emissivity at higher temperatures.
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Additionally, the paper used a new method of
creating 3D IR images using Microsoft Excel.
This method is simple, and unlike commercial
programs, it is more affordable. Although ITT is
not recommendable for the precise determina-
tion of the emissivity of metals, in the post-pro-
cessing stage of IR images, the authors managed
to determine small variations in the emissivity,
even when the differences between the IR im-
ages were 10°C. Multiple regression analysis
confirmed a strong correlation between the in-
vestigated parameters and the emissivity, and a
multiple regression model was determined.
The herein-presented model can only be ap-
plied with low and medium temperatures, since
at higher temperatures, there is a somewhat
greater deviation of the experimental data from
the regression line. The reason for this is the
uneven distribution of temperature on the sur-
face of a workpiece due to the defects that occur
during its machining.
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