
´ ´

μ

–

´

journal homepage: www.elsevier.com/locate/addma 

mailto:Afernandez16@miners.utep.edu
mailto:raffar@pyrometry.com
mailto:caterrazas2@utep.edu
mailto:rwicker@utep.edu
mailto:rwicker@utep.edu
www.sciencedirect.com/science/journal/22148604
https://www.elsevier.com/locate/addma
https://doi.org/10.1016/j.addma.2021.102138
https://doi.org/10.1016/j.addma.2021.102138
https://doi.org/10.1016/j.addma.2021.102138
http://crossmark.crossref.org/dialog/?doi=10.1016/j.addma.2021.102138&domain=pdf


–

−

◦ ◦

◦

◦

’



◦ ◦

’

– 

μ μ
−

×
−

◦

–

μ

μ

×

μ

◦





Additive Manufacturing 46 (2021) 102138

5

2.2. Material 

The material used for this experiment was high conductivity copper 
(HCCu) powder obtained from Sandvik (Sandvik Osprey Ltd., UK) with a 
particle size range of 45–100 µm (d50~75 µm) as per the powder 
specification from the provider. The powder had a 99.95% purity with a 
maximum oxygen content of 0.3%, as specified by the manufacturer 
[20]. 

Two HCCu copper powder lots were mixed to produce the 10 kg 
batch that was employed in the experiment. The mixture consisted of 
equal parts (5 kg) of powder lots 16D0323 and 16D0338. The mixing 
procedure was performed in a Turbula T10B (WAB Group, Switzerland) 
for 1 h. 

The experiment was performed using copper due to its low electrical 
resistivity that enables direct powder preheating without electrically 
charging it and preventing the detrimental electrostatic powder ejection 
or “smoke” effect. Nonetheless, it is expected that the presented meth
odology can be directly applied to other materials used in PBF as a 
means to study emissive behaviors for these other materials during the 
rapid and non-equilibrium phase transitions experienced in PBF AM.  
Fig. 2a) and b) show 100 × and 700 × magnifications of the mixed 
powders observed by electron microscopy in a JEOL IT500LV (Tokyo, 
Japan) microscope. 

Fig. 2. Scanning electron images of the copper powder used to form the powder bed. a) corresponds to 100x magnification whereas b) is at 700x.  
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2.5. Device synchronization 

The logged values from the FMPI pyrometer, the thermocouple in the 
powder bed, and from the thermocouples attached to the heat shield 
walls provided a time stamp that could be used for tracking and corre
lating the measurements amongst instruments. Before experimentation, 
the timestamps of all the devices used were manually synchronized to 
the computer logging the data from the FMPI pyrometer. 

3. Results and discussion 

3.1. Temperature measurements 

3.1.1. Preheating steps 
Fig. 3a) shows a plot of the temperature values recorded by the FMPI 

pyrometer (black circles), the thermocouple underneath the powder bed 
surface (gray circles), the thermocouple attached to the front heat shield 
(gray triangles), and side heat shield (black triangles) throughout the 
length of the experiment. Colored boxes are included in the figure to 
help the reader identify the different steps of the process (pre-heat, melt, 
and cool down), as identified in the legend. Nine steps are clearly visible 
in the temperature plot corresponding with each preheating step. This 
plot indicates that the FMPI pyrometer captured higher temperature 
values compared to the thermocouple; this effect can be explained by the 
fact that the thermocouple was measuring ~100 µm below the surface of 
the powder bed whereas the pyrometer was measuring directly on the 
exposed surface of the bed, as schematically shown in Fig. 1a). 

Using a simple 1-D steady-state conduction model, it was determined 
that 100 µm of powder (with an assumed thermal conductivity of 
0.232 W/m-K, as described by [39] for 75 µm diameter Cu powder) 
would decrease the readings from the thermocouple by 28–63 ◦C, 
depending on the temperature of the surface (i.e. the preheating step). 
Nevertheless, similar overall behavior was shown by both instruments, 
as shown by Fig. 3a), and although there were differences in location 
and time response, the thermocouple measurements helped support that 
the FMPI was accurately capturing the surface temperature. This 
conclusion will also be supported throughout the discussion of the re
sults that follow. 

The regions indicated with small boxes and arrows in Fig. 3a) 
correspond to amplified sections of the third (Fig. 3b)) and seventh 
(Fig. 3c)) preheat steps demonstrating a fluctuation behavior in tem
perature that is evident for these and every preheating step. The origin of 
this fluctuating behavior of the measurements was related to the scan
ning strategy of the electron beam which can be thought of as subse
quent heat transfer fronts advancing through the powder bed. For this, 
an analysis was conducted to examine if the period in the temperature 
plots matched the time it took the preheat front generated by the elec
tron beam to cycle and pass over the measurement region of the FMPI 
pyrometer. The total time it takes for the electron beam to scan the 

preheat area was calculated using the scanning parameters described 
previously (Section 2.1.1) and it resulted in a time of 0.6 s. This time 
corresponds to the period measured from the pyrometer signal peaks 
shown in both Fig. 3b) and c) which was 0.61 ± 0.06 s; considering a 
total of 17 measurements over 10 s elapsed at 3500 s of the experiment. 

3.1.2. Melting 
Towards the end (right) of the plot in Fig. 3a), there are seven 

melting events depicted as seven consecutive peaks. These seven melt 
events, shown in the expanded view in Fig. 4a), were executed by the A2 
system with no powder spread during the raking time in between scans. 
The data indicate that the melting point for copper (~1084 ◦C) was 
exceeded in every melting event with the maximum and minimum 
temperatures of individual peaks measured at 1277 ◦C and 1103 ◦C, 
respectively. Further, there was an overall decreasing trend observed by 
the FMPI pyrometer during these melt events, as shown in Fig. 4a). This 
behavior can be explained given that no powder deposition occurred in 
between each of these melting steps, and the increasing volume of so
lidified material after each melt scan resulted in larger lumped- 
capacitance that effectively increased heat capacity after every subse
quent scan, as shown by the decreasing trend in temperature in Fig. 4a). 
However, the peak temperatures measured may be lower than the actual 
maximum temperatures reached during the melting due to the self- 
adjusting exposure time feature of the FMPI. This does not refer to a 
lack of accuracy but rather sparse data in rapidly changin thermal en
vironments, as the FMPI’s algorithm determining the acceptable signal- 
to-noise ratio requires computation time and limits acquisition rates. 
Ongoing work in this area is focused on developing methods for 
improving data resolution within the melt region. The span in between 
peaks corresponded with the time involved in the regular raking step 
(~14 s), although no powder deposition was performed, so each melt 
after the initial melt is a re-melt event. Further, the 14 s time in between 
melts served to provide a very effectively resolved cool down region. 

3.1.3. Heat shield temperatures 
The experimental setup allowed for measurements of the tempera

tures of two heat shield walls using type-K thermocouples as described in 
Section 2.4 and depicted in Fig. 1. Fig. 3a) includes the plot for the 
temperature of the side heat shield wall, shown in light gray. This plot 
shows a steady increase from room temperature up to about ~310 ◦C (at 
the 3000 s mark) followed by a second region with a lower temperature 
slope that reached a maximum temperature of ~354 ◦C (at ~5500 s) 
before preheating was stopped. At this point in time, the corresponding 
powder bed temperature captured by the FMPI pyrometer was ~960 ◦C. 
The temperature values captured for the front heat shield wall remained 
below those of the side heat shield, as can be seen in Fig. 3a). 

3.1.4. Acquisition rates 
The high scanning speeds of the beam (~500–2000 mm/s) in EB-PBF 

Table 2 
FMPI pyrometer temperature measurements used for each powder bed preheating step. Temperatures in columns 2, 3 and 4 have the temperatures ± the FMPI 
tolerances reported. The values before and after the median were taken 1 min from the median. The values in column 5 are the mean of all the values within a span of 1 
sec before and after the median to accomodate for the oscillation of temperature, accompanied by its corresponding standard deviation.   

Temperatures 

Preheating 
Step 

Median (Temperature ± FMPI 
tolerance) 

Before median (Temperature ± FMPI 
tolerance) 

After median (Temperature ± FMPI 
tolerance) 

Mean (average Temperature ± standard 
deviation)  

1  610.0 ± 1.89 ◦C  611.1 ± 1.91 ◦C  610.0 ± 1.87 ◦C  609.9 ± 0.8 ◦C  
2  731.4 ± 1.11 ◦C  731.7 ± 1.10 ◦C  730.9 ± 1.12 ◦C  737.0 ± 4.2 ◦C  
3  786.9 ± 1.23 ◦C  796.0 ± 1.04 ◦C  784.4 ± 1.22 ◦C  785.7 ± 5.1 ◦C  
4  827.5 ± 1.78 ◦C  834.8 ± 1.70 ◦C  821.4 ± 1.71 ◦C  827.8 ± 5.3 ◦C  
5  834.4 ± 1.45 ◦C  839.9 ± 1.40 ◦C  825.9 ± 1.48 ◦C  831.5 ± 5.8 ◦C  
6  842.4 ± 0.96 ◦C  835.3 ± 1.01 ◦C  835.9 ± 0.97 ◦C  841.1 ± 6.1 ◦C  
7  875.3 ± 0.55 ◦C  871.8 ± 0.64 ◦C  883.1 ± 0.44 ◦C  875.5 ± 7.2 ◦C  
8  918.1 ± 0.32 ◦C  911.1 ± 1.35 ◦C  905.6 ± 1.82 ◦C  910.8 ± 8.9 ◦C  
9  949.7 ± 0.90 ◦C  954.0 ± 2.35 ◦C  953.1 ± 0.38 ◦C  941.2 ± 7.9 ◦C  
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of one of the side walls and the front wall of the heat shield enclosure of 
the Arcam A2 system. The plot for the temperatures for the heat shields 
is shown in the two light gray plots in Fig. 3a) indicating that the tem
perature peaked at ~354 ◦C, similar to the temperatures measured for 
Ti6Al4V in [1]. Given the relatively low temperatures reached by the 

heat shield walls (Fig. 3a)), it is expected that their contribution is small 
in the measurements obtained by the FMPI. The study by Ruffino used 
ratio pyrometry to measure hot spots of a surface under non-isothermal 
planar conditions and the influence of cooler spots. His results indicated 
that the effects in the measured temperatures due to spots of the surface 

Fig. 5. a) Acquisition rate in Hz over temperature recorded. The acquisition rate was obtained by taking the reciprocal of the difference between time signatures at 
each data point obtained. b) Exposure time against temperature obtained during the experiment (close-up limits the y axis from 0 to 1). 
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at lower temperatures could be considered negligible until the two 
temperatures were within ~200 ◦C; outside this range, errors in mea
surements were below a single digit of temperature [28]. In our work, 
the contribution from the heat shields can be assumed negligible as the 
temperature difference between the target and the heat shield walls 
exceeded 400 ◦C during the length of the experiment, as shown by 
Fig. 3a). The set of plots in Fig. 6 show the ratios of spectral radiance 
contribution at each preheating step, using the median temperatures in 
Table 2 for the pyrometer and the corresponding temperatures for the 
heat shields. The plots indicate the spectral or wavelength dependency 
of the ratios. Temperature values are shown for reference only. 

The maximum ratio of contribution was ~0.125% belonging to the 
ninth preheating step (at the corresponding powder bed temperature of 
934.8 ◦C). This contribution was considered negligible since the theo
retical contribution of 1% of the ratio to the maximum temperatures 
measured was calculated to be ~5 ◦C. This contribution could be 
included when considering more accurate surface temperature mea
surements, following the method outlined in [1]. 

3.3. Spectral emissivity plots 

3.3.1. Preheating steps 
During preheating, the variation of the emissivity for the heated 

copper powder over the spectral range from 1080 to 1640 nm was 

measured as temperature was increased. The spectral emissivity plots 
(shown in Fig. 7) indicate that the emissivity was spectrally (i.e. wave
length) and temporally dependent, and it also indicated the non- 
graybody behavior for the copper powder used. The temporal 
dependence is evident in the plots for preheating steps 8, and 9 
((Fig. 7h) and i)), where large variations in the measured emissivity 
spectra are observed for the three sampled temperatures at each 
preheating step. These variations were measured in the range from 
10% to 15% when comparing individual values in the three spectrums 
of a given plot. For the rest of the preheating steps (i.e. a), b), c), d), 
e), f), and g)), the emissivity values are clustered within tighter ranges 
and they exhibit reduced variability. The variations in emissivity 
might be attributed to changes in the chemical composition of the 
target or could even indicate the start of coalescence and sintering of 
the powder. Further characterization is still needed to confirm the 
occurrence of these effects, but it should be noted that this technique 
may provide a useful diagnostic method for identifying particle 
sintering and a variety of other useful PBF processing conditions, such 
as defect formation, that can be detected via accurate temperature 
and/or spectral emissivity measurements. The work described by 
Olinger et al. in [25] shows a diagram of the emissivity and 
temperature during solidification of a casting of a nickel superalloy, 
specifically showing the emissivity changes as a function of phase (i.e. 
liquid to solid transition). Similarly, in our work, as the material is 

Fig. 6. Planck radiance curves over the working wavelength of the FMPI for the temperatures shown at the nine preheating steps corresponding figure parts a) 
through i). The black curve represents the temperature of the powder bed. The gray curve represents the temperature of the heat shields. The black dashed curve 
represents the percent ratio of the spectral radiance at each wavelength. 
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being scanned by the electron beam during the preheating sequences, it 
is hypothesized that changes occur to the material, such as partial 
sintering, that change the morphology and perhaps chemistry of the 
sample, leading to abrupt changes in emissivity of the target, as 
exemplified in the varying plots in Fig. 7a)–i). The plots on emissivity 
in Fig. 7 show an anomaly at the wavelength range from ~1340 nm to 
~1425 nm, represented as a double peak. This is a result of the 
calibration that was conducted in air (with humidity) before the 
experiments inside the Arcam A2 (in vacuum). This highlights 
environmental absorption effects due to the presence of humidity 
which might be an issue for single or two-color pyrometers that have 
a narrow waveband over this spectral range. The decrease in trans
mission provided by water vapor in the environment at that wavelength 
range is well described in [43,44]. The increase in radiation in the 
evacuated Arcam machine results in the double peaks for the emissivity 
plot over that wavelength range. Although the corrected intensity and 
the spectral target emissivity plots calculated by the instrument exhibit 
these peaks, this interference is discarded by the FMPI before the 
calculation of temperature [24]. The calibration of the FMPI in an inert 
gas environment can effectively remove this double peak feature. 

3.3.2. Melting steps 
Melting was induced in seven consecutive steps with no powder 

deposition and the time-dependent measured surface temperatures and 
emissivity values (at 1500 nm) are shown in Fig. 8a) and b), respec
tively. The emissivity values in the figure show quite remarkably the 
variation of emissivity throughout the melting, solidification, and 
cooling process, showing emissivity values of ~0.3 before the initial 
melt event (i.e., starting with the sintered powder after the pre-heating 
steps) and then varying between ~0.025 and ~0.15 during the subse
quent melt events (melting, solidification, cooling). Fig. 8a) shows an 
almost mirrored behavior between the temperature and emissivity plots 
in which the minima values for emissivity (valleys) coincide with the 
maxima temperature values (peaks). Assuming the peak temperature 
corresponds with liquid phase (molten) copper and the minimum 
correspond with solidified copper, these emissivity values can be 
roughly compared with the published data of [45] for molten copper and 
[14] for solid copper. Prior to every melt event, a discontinuity is 
observed in the temperature and emissivity measured (as indicated by 
black arrows Fig. 8a)); this is a feature of the exposure time algorithm as 
described above. Also, the drop in emissivity shown in Fig. 8a) (indi
cated by gray arrows), is attributed to the rake mechanism moving 

Fig. 7. Spectral emissivity plots for the nine preheating steps, corresponding to figure parts a) through i). The spectrums shown were calculated for the median 
temperature (gray), one minute before median temperature (light gray), and one minute after the median temperature (black). 
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literature for copper powder is not available for comparison, the 
behavior showing the change in emissivity from the liquid (i.e. melt) to 
solid shown in our results (plots 2–7 in Fig. 8b)) show consistency, and 
are comparable to those reported in literature for liquid and solid copper 
[46]. 

Fig. 9a) shows the temperature decrease (i.e. cooling) following the 
first melt event, with error bars indicating the standard deviation as 
calculated by the FMPI pyrometer for each data point. The horizontal 
line in the figure indicates the melting point for copper (~1084 ◦C [47]), 
used to simply indicate a possible phase transition in the region of this 
temperature. The standard deviation above the melting point of copper 

is ~6 ◦C, and it drops to < 1 ◦C below the melting point. The difference 
in standard deviation is attributed to the FMPI pyrometer observing 
multiple coexisting phases (i.e. powder, liquid, and solidified copper) or 
a modest temperature gradient, or both. In the latter case, the relatively 
large size of the measurement spot compared to the melt pool can lead to 
higher standard deviation values. Below the melting point line, the low 
standard deviations in the measurements suggest the material has 
transitioned to the solid phase and is experiencing slower cooling con
ditions, compared with the rapid non-equilibrium solidification during 
melting. 

The plots in Fig. 9b) and c) show the spectral emissivity for the 

Fig. 9. a) Close up of decaying temperature for the first melt (i.e. after scanning) with standard deviation error bars. The arrows point at selected temperatures on the 
following plots. b) Spectral emissivity plots for selected temperatures above the melting temperature of copper. The black and gray line correspond to the black and 
gray arrows above the melting point of copper. c) Spectral emissivity plots for selected temperatures below the melting temperature of copper. The black and gray 
plots correspond to the black and gray arrows below the melting point of copper. 
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