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Abstract

Accurate temperature measurement is a key parameter that determines the quality of addi-
tive manufactured components in directed energy deposition processes. Optical pyrometers
which are used to provide in-process temperature data require accurate emissivity data of
the metal surface. Process-specific emissivity data for metals used in these processes is not
readily available. This paper provides the emissivity of a variety of metals used in wire-arc
directed energy deposition processes. For the first time, the test samples were fabricated
using typical deposition processes and systems. The metals evaluated were titanium alloy
(Ti-6Al-4V), Inconel 718, mild steel, aluminum alloy 2319, and nickel aluminum bronze.
At ambient temperature, the measured normal emissivity was 0.26-0.28 for Ti-6Al-4V; for
Inconel 718, it was 0.45-0.54; for mild steel, it was 0.4-0.72; for aluminum 2319, it was 0.14;
and for nickel aluminum bronze, it was 0.35. The approximate emissivity values are also
given over the temperature range 20-1400 °C. The effect of residual oxygen in the shield
gas on emissivity is explored for the first time. The spectrophotometric technique was used
to measure the metal thermo-optical properties.

Keywords: wire-arc; optical; emissivity; directed energy deposition; nickel aluminum
bronze; additive manufacture

1. Introduction

Metal additive manufacturing (AM) of large components will have a major impact on
the production of high-performance components due to its cost and material savings as well
as offering design flexibility and component customization [1-6]. One of the two principal
AM processes is wire-arc-directed energy deposition (DED-Arc). Here, metal wire is fed into
an electric arc, which is then moved to deposit molten metal in predetermined positions, and
a structure is built by implementing this in repeating layers [7,8]. Structures built using this
technique can have excellent material properties, but due to variations in the thermal field
within the vicinity of the melt pool, anisotropic microstructures often arise with undesirable
variations in the final mechanical properties [9-11]. Temperature measurements of the wire
DED-Arc layers address this challenge by ensuring the production of reproducible material
microstructures, layer geometry and part thermal history. Thermal camera and pyrometer
measurement of the layer surface is challenging as the intense optical radiation environment
(arc or laser) can saturate the optical sensor or degrade measurement accuracy [12]. These
instruments also require specific knowledge of the emissivity of the metal surface to provide
accurate temperature data [13-15], especially as they can operate in a defined wavelength
band. Published emissivity data can be inaccurate as the emissivity can depend on both
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the sample preparation process and measurement technique employed. The emissivity of
the metals is also dependent on the properties of the radiating surface, namely its surface
roughness, viewing angle, temperature, chemical composition of the metal being deposited,
phase transition effects, surface oxidation, reactivity, and process repeatability [16-18].

There have been a variety of techniques described in the literature to measure the
emissivity of metals commonly used in additive manufacturing. Recent research has been
undertaken on titanium alloy (Ti-6Al-4V) using a variety of processes and measurement
techniques. Hagqvist et al. [19] used an induction heater, in a very-low-oxygen atmosphere,
to heat a sample fabricated using laser metal deposition. The surface emissivity at elevated
temperatures was determined using a narrow band pyrometer (operating between 1.45
and 1.8 um) and thermocouples. Shur et al. [20] used electron kinetic energy heating of a
polished sample in a high vacuum environment. This ensured the polished surface had
minimal oxidation present. Three pyrometers were then employed to determine the sample
emissivity at elevated temperatures. Mohr et al. [21] used the electromagnetic levitator
instrument on-board the International Space Station to heat the alloy to elevated tempera-
tures in an argon environment, so the oxygen level was minimized. The sample surface was
in the form of a sphere which had a specular surface. The modulation calorimetry method
was then used to determine the Ti-6Al-4V emissivity. Baier et al. [22] used a thermal camera
together with thermocouples to determine the emissivity of a DED-Arc deposited wall.
They also compensated for transmission losses affecting the temperature measurements,
when using a protective window in conjunction with the camera.

Limited emissivity data has been published for Inconel 718 using DED-Arc; however,
Keller et al. [23] used a calorimetric technique on a variety of differently processed sheet
samples and measured the emissivity to be 0.2-0.7 depending on surface finish and ox-
idation state over a temperature range of 377-1027 °C. Curry et al. [24] determined the
spectral emissivity of Inconel 718 samples using a direct laser sintering system process
to produce an AM sample, which was then polished to produce a specular surface. The
samples’ optical properties were measured using Fourier transform infrared (FTIR) reflec-
tivity and ellipsometry techniques over the spectral measurement range 0.35-8.3 um. Li
et al. [25] measured the spectral emissivity of a 3D-printed Inconel 718 rocket nozzles using
an induction heater and fiber optic spectrometer over the temperature range 700-1000 °C.

Ren et al. [13] using a selective laser melting additive manufacturing technique, de-
termined the emissivity of steel using a heat transfer simulation model coupled with
thermocouples for experimental confirmation. Jones et al. [26] reports the emissivity mea-
surements of oxidized evaporated aluminum using the spectrophotometric reflectance
technique. Wade [27] determined the emissivity of mild steel by fine-polishing samples
and then oxidizing them in a heated chamber while using a pyrometer and thermocouple
arrangement. Touloukian et al. [28] determined the emissivity of highly oxidized mild steel
at 816 °C using the reflectance technique. Sadiq et al. [29] determined the emissivity of
carbon steel by heating in a furnace to 600 °C and using thermocouples and a calibrated
thermal model. Table 1 summarizes the previously published results together with the
results from this study.

Table 1 shows that there is limited current data on the emissivity of typical metals
processed using DED-Arc techniques. Given the sensitivity of emittance measurements to
sample preparation conditions and the requirement to make accurate pyrometer measure-
ments, this work is focused on deriving emittance data for typical metals processed using
DED-Arc techniques, which AM process engineers can then use in their activities.

Test samples of the metals to be investigated were fabricated using DED-Arc pro-
cesses using standard operating parameters. The samples were fabricated from Ti-6Al-4V,
aluminum 2319, Inconel 718, mild steel, and nickel aluminum bronze (NAB). The former
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alloys are commonly used in aerospace applications whereas NAB is used in maritime
applications due to its combination of high strength, wear, corrosion, and bio-fouling
resistance [30,31]. No data on the emissivity of NAB has been identified in the literature.

Table 1. Published emissivity of metals used in AM processes compared with results from this study.

Metal Fabrication Process Reference Temp. Range/°C Emissivity
Aluminum 2319 C"ldgggﬁimf” This study 20-500 0.14-0.16
Aluminum Oxidized sheet Jones et al. [26] 200-600 0.11-0.19
Inconel 718 Low O,, DED-Arc This study 20-1200 0.45-0.66
Inconel 718 High O,, DED-Arc This study 20-1200 0.54-0.71
Inconel 718 Processed sheets B. Keller et al. [23] 377-1027 0.2-0.7
Inconel 718 P‘miegﬁg‘;‘ﬁssf“' Curry et al. [24] >1300 0.3 (~A=1pm)
Inconel 718 3D-printed, oxidized Li et al. [25] 700-1000 0.55-0.72
component
Nl‘;;g; a;:m' Cold wire MIG DED-Arc This study 20-1000 0.35-0.38
Mild steel Low Oy, DED-Arc This study 20-1400 0.4-0.55
Mild steel High O,, DED-Arc This study 20-1400 0.72-0.86
Mild steel Polish, low oxidation Wade [27] 315-427 0.3-0.6
Mild Steel Polish, high oxidation Touloukian et al. [28] 316-816 0.85-0.945
Carbon steel Steel rod, low oxidation Sadiq et al. [29] 60-600 0.28-0.69
Ti-6Al-4V Low O,, DED-Arc This study 20-1400 0.26-0.42
Ti-6Al-4V Medi. O,, DED-Arc This study 20-1400 0.28-0.47
Ti-6Al-4V High O,, DED-Arc This study 20-1400 0.28-0.67
Ti-6Al-4V Low Oy, inductive heating Hagqvist et al. [19] 477-1077 0.3-0.35
Ti-6Al-4V Very low O, polished bars Shur et al. [20] 827-1427 0.26-0.3
Ti-6Al-4V Very low O, heating coil Mohr et al. [21] 1327-1487 0.3-0.36
Ti-6Al-4V Medium O,, DED-Arc Baier et al. [22] 200 0.35

Due to the high temperatures of AM processes, oxidation is usually observed as a
non-uniform discoloration of the finished part. This tends to be most common with Ti-6Al-
4V, Inconel 718 and mild steel. The discoloration is due to the formation of a thin oxide
scale or layer on the metal surface but also results in oxides being distributed throughout
the component [32,33] due to the layer-by-layer deposition process. As well as forming a
surface scale, a brittle oxygen-rich (TiOx) layer is formed near the surface which is a concern
for the end user. For steel, the oxide (FeOx) layer [27] impacts on the reproducibility of the
AM deposition process and can influence the mechanical properties [33], as the oxides are
distributed throughout the material. To assess the sensitivity of emissivity to variations in
the oxide layer, Ti-6Al-4V, Inconel 718, and mild steel alloys were deposited under different
residual oxygen levels in the gas shielding environment.

2. Theory

The emissivity of a surface is defined as the ratio of radiance from the surface to that
from a black body viewed under identical optical and geometrical conditions and at the
same temperature [26,34]. There are a variety of techniques for measuring the emissivity of
surfaces: visible/infrared spectrophotometry, calorimetric techniques, and thermal balance
methods [28,34,35]. Each method has its specific advantages and limitations. The simplest
method to measure emissivity is calculation using a reflectance versus wavelength curve of
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the surface. The total normal emissivity ¢(T), is then determined by weighting the surface
spectral reflectivity R(A) with the Planck function I, (A, T), as shown in Equation (1):

2 (RA)I,(A, T)dA

T)=1- M 1
(T) 2 1y(A, T)dA @

The wavelength interval (A; — Ay), is ideally chosen such that ~95% of the emitted
Planck energy spectrum is included in the calculation [34].

3. Materials and Methods

Measurement of the normal emissivity of a metal surface requires a measurement
of reflectivity [34] at a near normal incidence angle (0 £ 8°), over a wavelength interval
within the visible and infrared (IR) spectrum. The specific wavelength band is determined
by the spectral response of the pyrometer/thermal camera and the spectral distribution
of the black body emitter at a specific temperature. The visible reflectance test sample
measurements were undertaken using a Jasco V670 UV-visible spectrometer (Jasco UK,
Heckmondwike, UK), which has a wavelength range of 0.19-2.7 um and 60 mm diam-
eter Spectralon integrating sphere. The IR measurements employed a Jasco FTIR 6200
Fourier transform infrared spectrometer (Jasco UK, Heckmondwike, UK), which has a
wavelength range of 1.28-28.5 um and a 76 mm diameter gold-coated Pike integrating
sphere (Figure 1) (Pike Technologies, Madison, WI, USA). The dimensions of the metal
samples were 25 x 25 x 10 mm given the space constraints within the spectrometers. In
this study, one sample was fabricated and tested for each metal/process variant, which
was investigated.

Sample port

Integrating
sphere
attachment

Figure 1. FTIR 6200 spectrometer used for measuring surface reflectivity.

3.1. Titanium Alloy

Ti-6Al-4V components fabricated using DED-Arc have been shown to exhibit varying
degrees of surface coloration depending on the level of oxygen present in the argon depo-
sition environment [32] and the thermal cycling, which the part undergoes as layers are
successively added [33]. The coloration is caused by a varying thickness of an optically thin
titanium oxide layer on the surface of the component, which can range from no coloration,
to a straw color, to a deep blue/violet [32], depending on the process conditions and oxide
layer thickness. The presence of the titanium oxide layer modifies the wavelength specific
reflectance of the metal surface via the optical interference mechanism [36] and hence its
emissivity. As pyrometers and thermal cameras, which use single wavelength channel
detectors, assume the object’s emissivity is constant, variations caused by oxidation effects,
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can result in increased errors in temperature measurements during use [37]. Thiessen et al.
has compared the temperature deviation between a pyrometer and a thermocouple for a
progressively oxidizing steel sample and recorded a deviation of 52 °C at 850 °C [38].

To quantify these effects, four samples of Ti-6Al-4V were deposited under different
residual oxygen levels within the AM machine enclosure to assess the influence on emissiv-
ity. A Viper MC plasma torch (supplied by PWP Industrial, Bedford, UK), 1.2 mm feedstock
wire (supplied by Perryman, Houston, PA, USA) and substrate were contained within an
argon gas-filled enclosure to provide “global” shielding (Figure 2a,c). The plasma torch
parameters were 190 A @ 23.6 V powered by a Fronius TransTig 5000 welder and Plasma
module 10 (supplied by Fronius UK, Milton Keynes, UK). The torch travel speed was
6 mm/s and the wire feed rate was 1.75 m/ min. using 10 L/min. of argon shield gas. The
individual metal layer width and height was 6.2 mm and 1.4 mm, respectively. The plasma
torch was programmed to follow an oscillation path, shown in Figure 2b, generating a
rectangular weld with a flat top surface profile.

T E 4 = e J
' 4mm Fronius
(b) Nl 2l 'l ol o e~
y | g S0
1[’ ! vl W v

]
start finish

Process
i, camera

X, Y, Z motion
stage
."

Plasma
torch

Ti substrate

Figure 2. Cont.
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Figure 2. (a) shows the DED-Arc arrangement used to fabricate the AM samples. (b) shows the
oscillation path of the plasma torch. (c) Schematic of the AM experimental arrangement showing
process control elements.

For each sample deposition, the residual oxygen atmosphere in the enclosure was ad-
justed from 1850 to 5 ppm, measured using a PurgEye 600 weld monitor from Huntingdon
Fusion Techniques, Letchworth Garden City, UK. The enclosure gas was sampled from a
location within 100 mm of the titanium alloy melt pool for samples A-D. Sample E was
fabricated separately, using a local gas shielding end-effector [5] attached to a multi-axis
robot. The end-effector provides a “local” shielding environment to limit oxidation during
the deposition. The aim of this trial was to compare the effectiveness of global versus local
gas shielding. Flat test samples (25 x 25 x 10 mm) were then cut from each rectangular
weld using an electrical discharge machine (EDM) due to the hardness of the material
Figure 3a,b). The measured surface was protected during cutting to preserve the deposited
surface. The samples were then cleaned with an acetone wipe. The visual appearance of
the sample top surface is shown in Figure 3b, illustrating the color change with oxygen
level. Table 2 summarizes the different oxygen deposition conditions. The typical melting
point of Ti-6Al-4V is 1650 °C [16].

Table 2. Ti-6Al-4V sample deposition conditions.

Layer Number, Residual .
Sample Ref. Oxygen Level/ppm. Visual Appearance
A 2 layers, 1850 Green/blue color
B 2 layers, 85 Dark straw color
C 2 layers, 12 Straw color
D 2 layers, 5 Light straw color
E 3 layers, <5 Clear, no color
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Iﬁ—-—__..__ e T
(b)

Figure 3. (a) Three-layer Ti-6Al-4V weld. Sample E was EDM cut from the indicated blue square,
dimensions 25 x 25 mm. (b) Images of Ti-6Al-4V samples with differing levels of oxygen ((A)—
1850 ppm, (B)—85 ppm, (C)—12 ppm, (D)—5 ppm, (E)—<5 ppm) in the environment. Sample
dimensions are 25 x 25 mm.

3.2. Inconel 718

Inconel 718 was DED-Arc deposited on a steel substrate (S355) in an argon filled
enclosure. The same equipment and conditions were used as described in the previous
section. Two residual oxygen partial concentrations were used: 41 ppm for sample F and
464 ppm for sample G. In both cases, the plasma torch current was 180 A, wire feed speed
was 1.1 m/min., and a torch travel speed of 5 mm/ s was employed. The typical melting
range of Inconel 718 is 1260-1336 °C [16].

3.3. Mild Steel

Mild steel wire (SupraMig Ultra—supplied by Lincoln Electric, Sheffield, UK) was
deposited using an end-effector attached to a robot so providing a local argon gas shielding
environment [5]. The robot was programmed to follow a “square” wave oscillation path,
thus generating adjacent overlapping walls with a flat surface profile. The residual oxygen
level around the mild steel melt pool was limited by the high argon gas flow rate within
the trailing shield of the end-effector. For the low oxygen deposition (sample H), the
argon flow rate was 70 L/min. In the higher oxygen process (sample I), the argon flow
rate was reduced to 20 L/ min. In both cases, the deposition travel speed was 4 mm/s,
plasma current was 205 A and the wire feeding speed was 1.9 m/min. The typical melting
temperature of mild steel is greater than 1450 °C [16].

3.4. Aluminum Alloy 2319

Aluminum 2319 was deposited using the Fronius cold metal transfer (advance) pro-
cess [39]. This alloy consists of ~6% copper. The samples were fabricated in an open
environment with argon gas torch shielding of 25 L/min. The aluminum wire feed rate
was 7 m/min. with a work piece travel speed of 10 mm/s. The effect of differing oxygen
levels was not explored for this material. The aluminum 2319 samples (J) were then EDM
cut to the dimensions indicated earlier. The typical melting temperature of this alloy is
greater than 543 °C [16].
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3.5. Nickel Aluminum Bronze (NAB)

The NAB alloy (UNS C63280) wire was supplied by Bohler Welding, Oldbury, UK. The
material was deposited using a cold wire metal inert gas welding process (CW MIG) [40]
with argon gas shielding at 18 L/min. The two wire feed speeds were <10 m/min, and
the torch travel speed was 0.7 m/min. The effect of differing residual oxygen levels was
not explored for this material. The typical melting temperature range of this material is
1040-1077 °C [16]. The NAB sample (K) was then EDM post-machined to the dimensions
indicated in the previous section.

A summary of the parameters used in the fabrication of the AM samples investigated
in this study is provided in Table 3 and the composition of the metals studied is given in
Table 4.

Table 3. Summary process parameters used for the deposition of the metal samples.

Parameter Ti-6AL-4V  Inconel 718 Mild Steel Aluzr:r;ir;um NAB
Travel speed, 6 5 4 10 700
mm/s
Wire feed 1.75 1.1 1.9 7 10and 6
speed, m/min. (2 wires)
Arc current, A 190 180 205 - -
Argon gas, 10 10 20-70 25 18
liter /min
AC plasma - - - yes -
CW MIG - - - - yes

Table 4. Summary chemical compositions for the metal wires used in this study.

Element (%) Ti-6AL-4V  Inconel 718 Mild Steel Aluminum 2319 NAB

Mn - - 1.7 0.3 1.0
Ni - balance - - 4.5
Fe 0.18 17.16 balance - 3.5
Al 6.14 0.53 - balance 9.0
Cu - - - 6.3 balance
Zr - - - 0.17 -
Ti balance 1.03 - 0.15 -
C 0.021 0.03 0.08 - -
Si 0.012 - 0.85 - -
Cr - 19.31 - - -
Nb - 4.88 - - -
Mo - 3.02 - - -
O 0.15 - - - -
\Y 3.94 - - - -

The test samples had their reflectance measured at near normal incidence from 0.4 to
2.5 um in the visible and near infrared (NIR) spectrum and from 1.35 to 18 um in the infrared
(IR) spectrum. The visible spectrometer was referenced using a Labsphere Spectralon
diffuse reflectance standard (R~99%) (supplied by Pro-lite Technology, Bedford, UK),
and the IR spectrometer was referenced using a Labsphere infra-gold diffuse reflectance
standard (R~94%). From the processed sample reflectance data, the normal emissivity was
then calculated using Equation (1) at various black body temperatures. The wavelength
range used for the calculations was 0.4-15 um.
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4. Results
4.1. Titanium Alloy

The reflectance of the Ti-6Al-4V samples, deposited with differing residual oxygen
levels (Table 2), is shown in Figure 4a,b. Sample A, deposited under the highest level
of oxygen, has the lowest reflectivity (R) in the visible and NIR compared to the other
samples but increases at wavelengths longer than 8 um. Sample A has the most oxidized
surface as it was deposited with the highest residual background of oxygen. This results
in the formation of a relatively thick semi-transparent titanium oxide layer [41] on the
surface of the metal, which reduces the reflectance of the underlying metal, producing a
local reflectance minimum at ~1.35 um. A thinner oxide layer would cause a displacement
of this minimum to shorter wavelengths, and a thicker layer will shift the minimum to
longer wavelengths.

80 r

70 F
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S o o
= =] S
T

(93]
o

0 b e e )

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
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- o o
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Figure 4. (a) Visible and NIR reflectance of Ti-6Al-4V samples with differing levels of oxygen
(A—1850 ppm, B—85 ppm, C—12 ppm, D—5 ppm, E—<5 ppm) in the deposition environment.
(b) IR reflectance of Ti-6Al-4V samples with differing levels of oxygen (A—1850 ppm, B—85 ppm,
C—12 ppm, D—5 ppm, E—<5 ppm) in the deposition environment.
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Sample E was deposited with the lowest oxygen level and has the least coloration
(Figure 3b), which is evidenced in Figure 4a. For sample E, the reflectance is high over the
visible spectrum (0.4-0.75 pm) with more blue light being reflected, giving a silver-white
color. For samples C, B, and D, there is a progressive reduction in blue light (0.4-0.47 um)
being reflected. This changes the sample color perceived by the eye, giving the samples
a straw color with increasing hue as shown in Figure 3b. For sample A, which appears
green/blue in Figure 3b, the orange/red (0.59-0.75 um) reflectance has now decreased
in Figure 4a. This latter effect changes the perceived color of sample A, as green light
is emphasized.

There are several measurement artifacts and absorption peaks evident on these re-
flectance curves. These are primarily due to atmospheric water (e.g., curve A at 2.7 pm,
3.4 um, and 5-8 um) and carbon dioxide (~4.2 um) absorption bands, because the spec-
trophotometers were not purged with dry gas during the measurements [41,42]. In
Figure 4a, there is also a spectrometer grating change at 0.85 um giving a characteristic step
in the reflectance curve.

The effect of differing residual oxygen levels on sample reflectance/emissivity is
most evident over the wavelength range 0.4-1.8 um. As most commercial pyrometers and
cameras used in AM processes operate within the wavelength band 0.8-1.7 um, it would
be advantageous to limit oxygen variations within the process, to reduce temperature
measurement errors caused by Ti-6Al-4V emissivity variations.

Using the reflectance data from Figure 4a,b and Equation (1), the total emissivity
at 20 °C was calculated for samples A, B, C, D, and E, and the results are presented in
Table 5. At a temperature of 20 °C, the black body emission curve peaks at ~10 pm and so
the reflectance values, at longer wavelengths, weight the emissivity calculation more. As
total emissivity is approximately proportional to (1-R), samples A and B have the highest
emissivity and sample E had the lowest emissivity at room temperature. Samples C, D, and
E were deposited under low levels of oxygen and thus have higher levels of reflectivity and
lower emissivity compared to samples A and B. Table 5 gives the calculated total emissivity
values for these samples, at a black body temperature of 20 °C.

Table 5. Normal emissivity of Ti-6Al-4V deposited under various residual oxygen levels.

Sample Reference Residual O, Atmosphere Normal Emissivity
During Deposition/ppm @20°C
A 1850 0.28
B 85 0.28
C 12 0.26
D 5 0.27
E <5 0.26

When the surface temperature of a metal increases, its emissivity can change, as its
black body emission spectrum translates to shorter wavelengths, if there are significant
wavelength dependent reflectance and surface absorption variations. The reflectance mea-
surement method used in this study does not have the capability of varying the sample
temperature within the spectrophotometer sphere and so the effect of temperature increases
was approximated, by recalculating the emissivity at successively higher black body tem-
peratures [32], using Equation (1) [43]. This approach assumes the reflectance/temperature
properties of the underlying metal and any surface oxide layer are constant [28] and that
micro-structural and /or phase changes in the metal are ignored [16]. The results from Ta-
ble 5, calculated at higher black body temperatures, are shown in Figure 5. The temperature
range was limited to the region where Ti-6Al-4V is solid as it is known there can be abrupt
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changes in emissivity in the solidus/liquidus region (~1650 °C) [16,19]. The curves shown
in Figure 5 show the increasing emissivity of Ti-6Al-4V to both surface temperature [43]
and residual oxygen level increases.

0.7 1
0.65 4
0.6 -1

0.55 A

—_—F —B

=
S
L

0.45 - ‘

Normal emissivity

\\

0.35 4

0.25 -

0.2 B L E— I e e—
20 220 420 620 820 1020 1220 1420
Temperature / deg. C

Figure 5. Emissivity of Ti-6Al-4V with differing levels of oxygen (A—1850 ppm, B—85 ppm,
C—12 ppm, D—5 ppm, E—<5 ppm) in the deposition environment, as a function of black
body temperature.

As the surface temperature increases, the black body emission peak translates from
10 um to shorter wavelengths (~1.5 um) which corresponds to regions on the sample
reflectance curves which are comparatively low and the emissivity thus increases. Sample E
has the smallest emittance change because its reflectance is higher over a wider wavelength.
Sample A exhibits the highest emittance change because its reflectance reduces more rapidly
than the other samples, especially below 6 um in Figure 4b.

Table 1 shows the literature data for Ti-6Al-4V emissivity. Previous researchers have
focused on emissivity measurement at very low oxygen levels. In this study, sample E
deposited with less than 5 ppm oxygen in the argon shielding environment is the most
comparable to their work. The range of emissivity values reported in the literature is
0.26-0.36, which is to be expected, as the measurement temperature ranges varies from 200
to 1487 °C. This study suggests a comparable range of 0.29-0.42 over a temperature range
of 200-1400 °C. The gradient of the sample E emissivity curve in Figure 5 is representative
of that seen in the published data, indicating the emissivity—temperature approximation
can produce similar results.

4.2. Inconel 718, Mild Steel, Aluminum 2319, and NAB

The visible and NIR reflectance of Inconel 718 and mild steel, deposited under differing
oxygen levels, is shown in Figure 6. Aluminum 2319 and NAB samples are also shown in
Figure 6 but with no variation in oxygen levels. The aluminum 2319 alloy has the highest
reflectance of the samples but is lower than expected. This was most likely due to the
formation of an aluminum oxide surface layer in combination with the ~6% copper present
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in this alloy, which lowers the reflectance in the visible spectrum. There is a dip in the
reflectance at ~800 nm, which is typical for aluminum metal.
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Figure 6. Visible and NIR reflectance of Inconel 718 (F, G)*, mild steel (H, I)*, aluminum 2319 (J), and
nickel aluminum bronze (K), [*: See Table 4 for O, levels].

The highly oxidized mild steel sample (I—black solid line) has the lowest reflectivity
both in the visible and NIR spectrum. This is indicative that a surface iron oxide layer
has formed and is partially transparent and relatively thick at these wavelengths [27,29].
The less oxidized mild steel sample (H—black dashed line) has a higher reflectivity than
I, which is indicative that the surface oxide layer is physically thinner and therefore has
less optical absorption at these wavelengths. For Inconel 718, higher oxygen levels reduce
the reflectance and hence increase the measured emissivity value. For both these materials,
oxidation affects the NIR region more than the visible spectrum and suggests that tempera-
ture measurements should be undertaken using shorter wavelength detectors if possible.
NAB has a relatively high constant reflectance curve over the NIR spectrum.

Using Equation (1) and these reflectance curves, Table 6 gives the calculated emissivity
values for these metals at a black body temperature of 20 °C.

Table 6. Normal emissivity of metals at 20 °C deposited with differing residual oxygen levels.

Sample Reference Levlv:/{)efilf (Voazrie d Normal Emissivity @ 20 °C
F Inconel 718 (41 ppm O,) 0.45
G Inconel 718 (464 ppm O5) 0.54
H mild steel (low oxygen) 0.4
I mild steel (high oxygen) 0.72
J aluminum 2319 0.14
K nickel aluminum bronze 0.35
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The reflectance curves shown in Figure 6 correlate well with Table 6, with higher
sample reflectance associated with low emissivity, e.g., aluminum 2319 and NAB. The low
reflectance samples being associated with higher-emissivity metals, e.g., oxidized Inconel
718 and oxidized mild steel. For the oxidized metals Inconel 718 and mild steel, the Inconel
718 samples are less sensitive to oxidation than mild steel, which exhibits an emissivity
change from 0.4 to 0.72.

From the results shown in Table 6, the approximate emissivity as a function of tem-
perature was then calculated for each metal and the results are shown in Figure 7. The
background assumptions with this approach were discussed in Section 4.1. The samples
exhibit, to varying degrees, increasing emissivity as their temperature increases due to
a reduction in surface reflectivity at shorter wavelengths (Figure 6). The NAB and alu-
minum 2319 samples exhibit a minimal change in emissivity with temperature, as their
reflectance is more constant with wavelength variation. Process oxidation markedly affects
the emissivity of mild steel, but Inconel 718 to a lesser degree [25].
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Figure 7. Normal emissivity as a function of black body temperature for Inconel 718 (F, G), mild steel
(H, I), aluminum 2319 (J), and NAB (K).

Sadiq et al. [29] measured the increase in mild steel emissivity in a progressively
heated atmospheric environment (50-600 °C) and identified an emissivity transition region
(~450 °C), which showed a step change in emissivity around this temperature.

Such an effect could not be observed in this study as the two specimens were separately
manufactured in different argon gas environments using an AM deposition technique and
heated to ~2500 °C during fabrication; thus there is no progressive increase in tempera-
ture. It is difficult to compare the magnitude of the emissivity values derived from these
two studies as the gas environment and sample processing temperatures are dissimilar.
The gas environment, fabrication temperature, and processing time interval influences the
degree of surface oxidation and directly impacts on the emissivity value for mild steel.
That said, the emissivity values follow the same trend and are comparable for both studies.
In Sadiq’s work the measured emissivity was 0.28 below 380 °C, whereas in this study; it
was 0.4 (sample H). At temperatures above 520 °C, Sadiq measured the emissivity to be
0.69, whereas in this study, the calculated emissivity is 0.82 (sample I) at 520 °C. Table 1
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summarizes the mild steel results achieved by Touloukian et al. and Wade and illustrates
the same trend and emissivity values.

As no emissivity data on aluminum 2319 alloy could be identified in the literature,
data on oxidized aluminum coating on glass (Jones et al. [26]) was used as a comparison. It
was expected that the emissivity of the alloy would be higher than oxidized pure aluminum,
due to the alloy having an addition of 6.3% copper, which should reduce reflectance in
the visible spectrum. However, both metals had a similar average emissivity of ~0.15. No
emissivity data could be found in the literature for the NAB alloy, as a comparison.

Both the highly oxidized and less oxidized Inconel 718 samples have higher emissivites
at 20 °C than Keller et al. [23] and Curry et al. [24] in Table 1. This may be due to the
surface finish of the components, as one was in sheet form and the other was highly
polished. However, the results from the Inconel 718 samples are comparable with the
components measured by Li et al., which were additively manufactured and oxidized.
Over the 700-1000 °C range, which Li et al. [25] took measurements; Figure 7 curve G (blue
solid line) suggests the emissivity variation will be 0.67-0.7. This compares well with the
Li-measured range of 0.55-0.7. It also appears from the existing literature and this study
that ~0.71 is the typical upper value for the emissivity of this material at ~1100 °C.

The results from this study compare well with the literature (Table 1) and provide
process specific emissivity values for these metals. This data is most useful when developing
accurate thermal models for DED-Arc processes and using optical pyrometers and thermal
cameras for in-process temperature measurements.

5. Conclusions

The emissivity of metals commonly used in DED-Arc processes have been measured
using the spectrophotometer technique. The results are summarized in Table 1 and com-
pared to the results obtained by other researchers. For the first time, the test samples were
fabricated using typical AM deposition parameters and processes. The effect of residual
oxygen in the argon shielding gas on emissivity values was explored for some of the mate-
rials. Approximate emissivity values at higher temperatures are also given and compare
well to published data. The results for Ti-6Al-4V provide a more complete understanding
of the interplay between emissivity, residual oxygen and surface temperature. The results
obtained for aluminum 2319 and NAB are new, as limited information has been published
for these materials. The emissivity data from this study can be used when accurate fi-
nite element thermal modeling of DED-Arc processes is required. The reflectance curves
presented in Section 4 can also be used by process engineers as spectral emissivity data
when using pyrometers for precise in-process temperature measurements. In both cases,
this results in improvements in the accuracy of thermal measurements, with concomitant
improvements in the overall quality of the finished parts.
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