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We present an in-situ energy dispersive X-ray fluorescence measurement of the content of Chromium and Nickel
in the fumes produced by selective laser melting on an Inconel 625 powder. Significant variations of the inten-
sities of the Chromium and Nickel Ka fluorescence lines were evidenced as a function of the laser power, lasing
velocity and chamber atmosphere. Calibration has been carried out using Monte—Carlo particle transport simu-

lations allowed to obtain a quantitative estimate of the Chromium and Nickel mass fraction in the fumes. The
experimental data has been compared to the predictions of an analytical physico-chemical model with consistent
results. This approach thus also allows to provide information on the temperature of the metallic bath.

1. Introduction

In a number of Additive Manufacturing (AM) techniques (e.g. Laser
Powder Bed Fusion, LPBF or Wire Arc Additive Manufacturing, WAAM),
part fabrication proceeds from repeated fusion and solidification steps.
The monitoring and characterization of the molten pools are therefore
of paramount importance for the control of the process, and this is spe-
cially true in the Powder Bed techniques where the energy density in-
puts are very high. As a matter of fact, in addition to the heat transfer
phenomena that define the geometry of the liquid pool, a number of
processes, such as fume evaporation, spatter generation or powder de-
nudation, take place within or in the vicinity of the melt [1]. To gain
some insight into these complex phenomena, both visible and infrared
cameras can be implemented within LPBF chambers [2,3]. In 2.5D sam-
ples, very accurate information on powder melting and spatter behavior
can be retrieved from in situ X-ray imaging [4].

Conversely, much less attention has been paid to the chemical phe-
nomena occurring within or in the vicinity of the melt pool, with the
noticeable exception of the work carried out by Lednev et al. [5] us-
ing Laser Induced Breakdown Spectroscopy (LIBS). In Tungsten carbide
(WC) reinforced Nickel-based clads, these authors were able to in situ
measure both the W and C melt concentrations. More generally, such
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concentration measurements would be very valuable in LPBF process
conditions. Indeed, in view of the high energy densities involved, a ma-
jor issue regarding the chemistry of the melt pool is that a number of
elements will have strong vapor pressures, especially in the vicinity of
the heat source, as a consequence of the very high temperatures reached.
In an alloy where constituents have significantly different evaporation
temperatures (e.g. Zinc and Magnesium in Aluminium based systems),
this could result in noticeable differences between the compositions of
the starting and solidified materials.

Therefore the issue of monitoring the fume composition should be
of interest for the AM community, and the objective of the present let-
ter is to show that the evaporation fumes typical of a standard LPBF
process on an Inconel 625 alloy can be monitored using Energy Disper-
sive X-ray Fluorescence (ED-XRF), an elemental analysis technique. To
do so an experimental campaign has been conducted on an LPBF lab-
oratory bench. With the help of a calibration method, these in-process
ED-XRF measurements are able to detect mass fraction around 10~ for
Chromium and Nickel in the fumes. These results have been interpreted
in the frame of an analytic physico-chemical model to support the over-
all consistency of our quantitative in-situ fumes monitoring method. An
independent analysis of the Chromium and Nickel data results in fairly
close agreement in terms of melt bath temperatures.
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Fig. 1. Sketch of the LPBF process with fumes ED-XRF monitoring.

2. Materials and methods
2.1. ED-XRF in-situ measurement of a LPBF process

The principle of the X-ray fluorescence technique is to illuminate
a material with an ionising source, for instance an X-ray tube, to in-
duce X-ray fluorescence events. Then a detection system, for example a
solid-state detector, is used to collect the fluorescence lines that will be
sorted according to the photons energies (ED-XRF). The energies asso-
ciated to these lines are characteristic of the elements constituting the
material, allowing their identification, and with an adequate calibra-
tion it becomes possible to quantify them. Typically, the elements of the
Mendeleev table ranging from Magnesium to Uranium are suitable for
ED-XRF analysis.

The technique is mostly used for post-process analysis (recent work
can be found in the review of Vanhoof et al. [6]), but it appeared in-
teresting to test its potential for the in-situ monitoring of an LPBF pro-
cess, the basic idea being to target the fumes in an interrogation volume
above the lasing area. A schematic view of the system used is shown in
Fig. 1. The interrogation volume corresponds to the intersection of the
X-ray emission cone and the detector cone (shown in blue and orange
in Fig. 1). These cones are based respectively on the 3 mm diameter
cylindrical Lead collimator of the X-ray tube and on the 7 mm diameter
cylindrical stainless steel collimator of the detector. Once the laser is set
in motion along a predefined scan trajectory, its interaction with the un-
derlying material will induce fumes above the metallic pool. The process
is implemented in a specific protective atmosphere. During our experi-
ments, a portion of the fumes is illuminated with an X-ray source result-
ing in X-ray fluorescence events, characteristic of the elements compos-
ing the fumes. Then, these fluorescence events are collected by a spec-
tral detector. The fluorescence measurements are cumulative during the
lasing scan.

The main parameter that contributes to element evaporation is the
local melt pool temperature, which depends on a number of process
parameters but also on the thermophysical properties of the alloy. In
this letter, we investigated the effect of the laser nominal power and
velocity, as well as the effect of the structure (powder or solid plate)
of the alloy and the chemistry (Nitrogen and Helium) of the protection
atmosphere.

2.2. LPBF laboratory bench and ED-XRF material

The setup is shown in Fig. 2. A homemade interaction chamber (la-
bel A) was designed for samples layout and isolation from the surround-

Fig. 2. Photography of the setup with the interaction chamber (A); the laser
(B1) and the scanning head (B2); the X-ray tube (C) and the spectral detector
(D).

ing atmosphere. The laser beam (label B) passes through a transparent
window at the top of the chamber (label A1) and the ED-XRF measure-
ment system is positioned sideways with the X-ray tube and the detector
represented respectively with labels C and D. As in standard LPBF ma-
chines, a cross jet is positioned above the illumined sample to evacuate
the fumes. On the ED-XRF measurement side, the box is closed by a Kap-
ton window (label A2) in order to minimize the X-ray attenuation while
maintaining the chamber confinement.

A single mode 500 W laser from SPI Lasers (now Trumpf, see la-
bel B1), with a spot diameter estimated at 1/e? =75 pm and a laser
trajectory control system Hurryscan 14 with a scanning head (label B2)
from Scanlab and a focal lens Ftheta of 420 mm from Linos were used.
As for the X-ray tube, we used the Jupiter 5000 model from Oxford
Instruments (label C), with a Silver reflection target completed by an
Aluminum filter of 400 pm thickness. The purpose of the filtration is to
decrease the unwanted scattering contribution in the energy range of 3
to 8 keV (see green bar on energy axis in Fig. 3) as this energy range
will be shown to be particularly interesting for the fumes analysis. The
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Fig. 3. Example of spectra acquisitions (left) and net counting estimation (right) for the case of Ni Ka.

maximum voltage and current were respectively of 21 kV and 1 mA.
The spectral detector used was an Amptek XR-100SDD of 25 mm? area
(label D) plugged with a multichannel analyzer from LabZY (nanoMCA-
II). The distance from the X-ray tube to the center of the interrogation
zone is estimated to be 20.5 cm and the distance from the detection
to the center of the interrogation zone is estimated to be 18.5 cm. The
angle between the X-ray tube and the detector is determined to 80°.
These geometrical characteristics are given since they play an impor-
tant role in the calibration procedure to be detailed further on.

The lasing experiments are carried out on Inconel 625 solid plates
and powders from Oerlikon (MetcoAdd 625A reference). This powder
is characterized by values of the D10, D50 and D90 volume percentiles
of respectively 21 ym, 34.7 pm and 57.5 pm. The samples are placed
in the centre of the chamber. Two lasing powers and two scan veloci-
ties have been considered, respectively: 150 W, 250 W and 0.025 m/s,
0.2 m/s. The higher lasing velocity is a more representative value of an
industrial machine while the lower lasing velocity allow us to have a
more important power density at the interaction surface, favoring the
fumes generation. In the same line of thought, the choice of two laser
powers was made to highlight significant variation within the ED-XRF
signals. Finally, in addition to the Nitrogen (N) gas, Helium (He) is also
considered due to its low density inducing less attenuation of the X-ray
and therefore favouring the acquisition of ED-XRF signals. In addition,
He is also known for reducing the number of spatters and the size of the
vapour nanocondesates due to its higher thermal conductivity [7].

2.3. ED-XRF measurement method

The left hand side of Fig. 3 presents an example of an ED-XRF spec-
trum obtained from a 163 s long measurement on Inconel 625 powder
with a laser power of 250 W and 0.025 m/s scanning velocity (blue
curve). Fluorescence lines corresponding to the Chromium (Cr Ka at
5.41 keV), Iron (Fe Ka at 6.40 keV) and Nickel (Ni Ka at 7.48 keV) ele-
ments can be identified. A large part of the spectrum is due to scattering
events associated with the surroundings and the use of polychromatic X-
ray source (see red bar on energy axis). Shown superimposed in orange
is the result of a similar ED-XRF acquisition but without any lasing. We
call this type of acquisition “Background” (X-ray ON, laser OFF). Such a
background is due to the presence in the surroundings of various sources
of Cr, Fe and Ni that contribute also significantly to the counting (am-
plitude) of their respective fluorescence lines. Therefore, to be sensitive
only to the useful laser related signal, a background measurement has
to be acquired and subtracted.

For every ED-XRF measurement, a net counting N, of the fluores-
cence lines of interest (here Cr and Ni lines) is calculated as follow.
First, for a selected fluorescence line, for instance Ni Ka (7.48 keV), a

Gaussian fitting is made in order to calculate the Full Width at Half Max-
imum (FWHM) and the amplitude of the peak, as described by the green
dotted line in the right hand side of Fig. 3. Based on the norm ISO-11929
[8], a Region Of Interest (ROI) is defined as 2.5 times the value of the
FWHM, given here at 0.162 keV. Therefore a global counting N, is given
(the blue area). Then, the contribution of the noise, N, is estimated by
using two enlarged ROI (see yellow areas) at the right and left of the
peak. Finally the net counting calculation is given by N, = N, — Nj.

2.4. ED-XRF calibration method

In order to attribute a mass fraction to each net counting, a calibra-
tion method has been set up, based on a numerical model. Indeed, it is
complicated to conceive of physical standards representative of a LPBF
fume. Therefore, to avoid transfer coefficients and biases potentially in-
duced by a matrix effect, the choice was to elaborate a numerical cal-
ibration model. Then, by using the reference particle transport Monte-
Carlo simulation code PENELOPE [9], representative configurations for
the X-ray spectrum, flux, geometry, detector and detector collimation
have been modelled. For the two atmospheres chemistry (N and He) of
the interaction chamber, a fixed number of ten mass fraction values of
simulated Ni and Cr materials have been considered. The Ni and Cr ma-
terials are assumed homogeneously distributed in the simulated interac-
tion chamber. This amounts to forty simulation configurations with 10'?
primary photons emitted by the X-ray source, simulated for each case.
All Monte—Carlo simulations were performed with PENELOPE 2006 im-
plemented on a Linux cluster. The most demanding configurations with
low metallic mass fraction (below 0.01% in atmosphere) required up to
40 h and 50 processors Intel(R) Xeon(R) CPU E5-2680 v2 @ 2.80 GHz.
The simulation result gives a probability density which corresponds to
the probability for one primary photon to interact and to be detected.
This value has to be converted in count in order to be used as calibra-
tion for the experimental data. To do so, we take into account the exact
X-ray tube parameters that we used during the experimental campaign
(voltage, power, target material) and the detector response in terms of
energy resolution and efficiency. Then, with the spectrum converted, the
net counting (N,,) of Cr and Ni Ke lines are estimated and the calibration
curves can be built. They are shown in Fig. 4 with a specific zoom on the
low mass fraction values. In this range, a linear trend curve describes
very well the fluorescence net counting variation as a function of the Ni
and Cr mass fraction. It is thus possible using these curves to attribute
a given mass fraction to a given net count number for both Cr and Ni
materials present in the fumes for both N and He atmospheres.

It should be mentioned that our assumption of constant number of
atoms in the interrogation zone is a priori not representative of the ex-
perimental configuration, where assuming the melt pool temperature
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Fig. 4. Calibration curves for Ni Ka and Cr Ka lines in N and He atmosphere (left) with a zoom for low mass fraction (right) where linear variation occur.

Table 1

Net counting of Cr and Ni Ka line in count per second (cps) as function of laser
power (P,,,,,) for Inconel 625 solid plate and powder in an N atmosphere with
a lasing velocity of 0.025 m/s. Notice that at P,,,,, = 150 W on a solid plate the
net counting of Cr Ke is not significant.

Solid plate Powder
Poser (W) Cr Ka (cps) Ni Ka (cps) Cr Ka (cps) Ni Ka (cps)
150 0.06 + 0.23 2.33 +0.30 0.75 + 0.14 2.40 £ 0.29
250 1.04 + 0.25 5.20 + 0.30 1.84 +0.39 9.20 + 0.28

to be constant, the quantity of matter is expected to increase linearly
with time. However, taking advantage of this linear behavior, calibra-
tion and experimental data can be compared assuming that the fumes
concentration is evaluated at a time given by half the duration of the
experiment.

3. Results and discussion

In a first approach, a low lasing velocity of 0.025 m/s was chosen,
experiments being carried out on both a solid plate and a powder layer.
As explained earlier the idea with the use of such an unconventionally
low velocity is to maximise the power density delivered to the metallic
sample to enhance Cr and Ni element evaporation and therefore their
fluorescence detection. The measurement was produced in an N atmo-
sphere with a lasing scanning square area of 20 x 20 mm? during 163 s.
The Table 1 presents the net counting of the Cr and Ni Ka lines in count
per second (cps). Repeatability measurements have been made for the
tested lasing configuration. The net counting difference between two-
repeatability measurements is taken into account in the error bar in ad-
dition to the statistical counting error. All uncertainty values appearing
in the manuscript are given with an enlargement factor of 2.

For a laser power (P,,,,,) variation from 150 W to 250 W a signifi-
cant increasing of the Cr and Ni Ka net counting is measured for the two
types of Inconel 625 material (solid plate and powder), highlighting the
impact of the laser power change. The Table 1 shows also the influence
of the Inconel 625 material structure on the ED-XRF measurement. It ap-
pears that globally the fluorescence signal is significantly more impor-
tant when the laser interacts with the powder compared to the Inconel
625 solid plate despite the fact that, on average the mass density of the
powder should be of the order of 50% less compared to the plate. Such
a result can tentatively be explained by a lower effective reflectivity of
the powder compared to the solid plate, leading to a better absorption
of the laser energy [10].

OCr solid plate
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BCr powder

ONi solid plate
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Fig. 5. Mass fraction of Cr and Ni elements present in the fumes during two
LPBF process of Inconel 625 solid plate and powder at laser power of 150 W and
250 W with a lasing velocity of 0.025 m/s in an N atmosphere. Notice that the
Cr mass fraction estimation of the solid plate case is not significant according to
the net counting measurement from Table 1 (see red value). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

To retrieve physical concentration values, the calibration curves
(Fig. 4) are used. Figure 5 shows the variation of the Cr and Ni mass
fractions detected in the fumes for the two laser powers at low lasing
velocity on Inconel 625 solid plate and powder. When the laser power
increases, the Cr and Ni proportions increase as well. Similarly, we es-
timate a higher proportion of Cr and Ni in the fumes when the laser
interacts with powder.

In order to be more representative of an industrial LPBF setup, we
consider now only Inconel powder and we increase the lasing velocity
to 0.2 m/s for a lased area of 34 x 42 mm? during 78 s. Changing these
parameters results in a diminution of the injected energy density. There-
fore, in order to maximise the sensitivity of the ED-XRF measurement
we decided to use He gas that allows a minimal attenuation of the fluo-
rescence rays. For example, at the energy of the Cr Ka line of 5.41 keV,
only 0.04% of the photons are attenuated by 5 cm of He gas, as com-
pared to 14.03% for N atmosphere, 18.20% for dry air and 94.79% for
Ar atmosphere. The Table 2 presents the net counting (cps) of the Cr
and Ni Ka lines. The trends of these measurements are comparable to
those of the low scanning configuration (see Table 1) with a correla-
tion between the increase of the laser power and the Cr and Ni Ka net
counting values. By applying the calibration on the net counting mea-
surement, we obtain, as shown in Fig. 6, the variations of the Cr and Ni
mass fractions detected in the fumes for the two laser powers at high
lasing velocity on Inconel 625 powder.
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Table 2
Net counting of Cr and Ni Ka line in count per second
(cps) as function of laser power (P,,,,,.) for Inconel 625
powder in an He atmosphere with a lasing velocity of
0.2 m/s.

Pser (W) Cr Ka (cps) Ni Ka (cps)

150
250

0.88 +0.15
1.14 £0.32

4.55 +1.20
7.68+1.41

BCr powder @ONipowder

4.00E-04
3.00E-04

2.00E-04

Mass fraction

1.00E-04

0.00E+00

150 W 250 W

Fig. 6. Mass fraction of Cr and Ni elements present in the fumes during two
LPBF process of Inconel 625 powder at laser power of 150 W and 250 W with a
lasing velocity of 0.2 m/s in He atmosphere.

4. Comparison with an analytic physico-chemical model

To support the validity of the results of the mass fraction analysis
presented before and therefore of our whole experimental approach and
calibration method, we propose to confront them with a simple analytic
physico-chemical model that can nevertheless capture some interesting
features. The basic idea is to estimate the quantity of matter Q of the Cr
and Ni elements that is present within the interrogation volume under
the conditions presented before. To estimate the value of the interroga-
tion volume, a Monte-Carlo method of 3D random sampling was used
[11]. To start with, based on the work of Mayi et al. [12], we estimate
the quantity of matter dQ/dt in mol/s that evaporates and condenses in
form of fumes, written as:

do

X A
dt

P,
=(1-p R)A—”’
\V2zMRT
where f represents the retro-diffusion coefficients, i.e. the fraction of
the molecules that do not make it to the interrogation zone because they
recondensate in the liquid pool, M is the molar mass (kg/mol), R the

(€]
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Table 3

The molar mass (M), the boiling points (7,) and
enthalpies of vaporization (A,,,H,,) of Cr and Ni
elements from [13].

vap

M (kg mol™!) T,(K) A, H,,(J mol™")
Cr 0.052 2755 347.10°
Ni 0.059 3003 379.10°

ideal gas constant (J/Kmol) and T the metallic bath temperature (K). As
noted in Mayi et al. [12], depending on the local temperature and Mach
numbers, the retro-diffusion coefficient is expected to vary from values
close to fz = 1 below the boiling point of the considered species down to
pr = 0.18 at high vapor pressures. Regarding the vapor pressure P,, of

pure elements, it can be calculated at a given temperature T according
to the Clausius-Clapeyron relation:

st (1)
RT, T
With P,,,, the atmospheric pressure (Pa), A, H,, the enthalpy of vaporiza-
tion (J/mol) and 7, the boiling temperature under atmospheric pressure
(K). Because our samples are alloys, Raoult’s law has to be considered
for the calculation of the Ni and Cr vapor pressure above the melt. As-
suming that the fumes are solely generated from the laser spot area A,
(even if it can be expected that the material located in the vicinity of the
laser spot is also at high temperatures and thus prone to evaporation) it
becomes possible to derive the mass concentrations of Ni and Cr within
the fumes at a given temperature. The results are shown in Fig. 7 for both
the He and N atmospheres and two f values (f = 0.18 and fz = 0.95)
using the boiling temperatures and enthalpies of vaporization of Ni and

Cr from reference [13] listed in Table 3.

However, what is required to get an estimation of the melt pool tem-
perature from the experimentally observed number of counts is an in-
verse model based on the calibration procedure. As mentioned above,
we have to consider that, in the experimental conditions, the quantity of
matter in the interrogation zone increases linearly with time, meaning
that the time input for the model calculations should be taken as half
the duration of the experiment.

From the also above mentioned assumption that the fumes are ho-
mogeneously distributed within the interaction chamber, the quantity of
matter present within the interrogation volume derived from the model
should be weighted by the ratio of the interrogation volume to the to-
tal chamber volume. From a mathematical standpoint, the interrogation
volume is defined as the intersection between the X-ray cone-beam emis-
sion with the solid detector angle. Taking all these assumptions into ac-
count, the temperatures corresponding to the fumes mass concentration

Psat = Patm exp [ (2)

2000 2600 2800

Temperature (K)

3000 3200 3400

----- CrinN =====CrinHe =====NiinN =====NiinHe
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Fig. 7. Cr and Ni fumes mass fractions (%) as a function of the metallic bath temperature in both the He and N atmospheres. The dash lines correspond to g = 0.95

and the continuous lines correspond to g = 0.18.
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Metallic temperature bath estimation (K) in function of the mass fractions of Cr (wt,) and Ni (wty;) elements
estimated by ED-XRF method with gz = 0.18 and g = 0.95. Case of low laser velocity of 0.025 m/s in N atmo-
sphere (see Fig. 5) on Inconel 625 solid plate and powder.

Solid plate Powder
Praser(W) Wi, Te,(K)  wty; Ty, (K  wie, To,(K)  wty; Ty, (K)
p=0.18 150 NA NA 1.19 10~ 2380 2.90 107* 2370 1.22 1074 2390
250 4.05 1074 2420 2.65 1074 2490 7.14 107* 2500 4.68 107* 2640
p =095 150 NA NA 1.19 107 2810 2.90 107* 2835 1.22 107* 2975
250 4.05 1074 2900 2.65 1074 2960 7.14 1074 3025 4.68 107* 3170

Table 5

Metallic temperature (K) bath estimation deduce from the mass frac-
tions of Cr (wt.,) and Ni (wty;) elements estimated by ED-XRF
method with g = 0.18 and g = 0.95. Case of high laser velocity of
0.2 m/s in He atmosphere (see Fig. 6).

Paser (W) wtc, T, (K) Wty Ty; (K)
p=0.18 150 2.60 107+ 2300 1.97 10* 2380

250 335107 2320 3.3210% 2450
p =095 150 2.60 107 2720 1.97 10+ 2810

250 3.35107* 2760 3.3210™* 2900

from the calibration procedure presented earlier, are listed in Tables 4
and 5 using as done previously the two limiting retrodiffusion coefficient
cases, namely fz = 0.18 and g, = 0.95.

Focusing first on the results for g = 0.18, it can be stated that the
values listed in Tables 4 and 5, while of the expected order of magnitude,
are a few hundredth of K below the boiling point of the respective ele-
ments, and thus not consistent with the hypothesis of large vapour pres-
sure. On the other hand, the temperatures obtained assuming gy = 0.95
are in the vicinity of the boiling temperatures of the respective elements
(see Table 3) consistent with the fact that it is necessary to take a fg
value of the order of unity. An accurate determination of g, is outside
the scope of the present work, see [12] for a detailed discussion on the
topic, but it is encouraging to see that the temperature values deduced
from the simple physico-chemical model take reasonable values. Even
more satisfying, temperatures deduced independently from Ni and Cr
data remain within close bounds, with a difference around 100 K on
average. In view of the numerous assumptions of the model, such a re-
sult was far from a priori obvious. In any case, taking into consideration
the numerous assumptions involved the consistency between our exper-
imental, calibration and model data is worth stating.

5. Conclusion and perspectives

The objective of this preliminary work was to propose a proof of
concept of fumes monitoring during an LPBF process by ED-XRF. A sig-
nificant net counting variation of the Ka fluorescence lines of Cr and Ni
is established for variations of the laser power, scanning velocity and
chamber atmosphere. To relate number of counts and fumes concentra-
tions, a numerical calibration method has been developed. Finally, to
gain some insights on the melt pool temperatures, a physico-chemical
model is proposed, leading to consistent results between two indepen-
dent measurements.

Regarding perspectives, our opinion is that the developed ED-XRF
methodology could be extended to other metallic systems, such as Al-Zn
where a significant differential evaporation can be expected. On the the-
oretical side, a further development would be to estimate, using again
some type of mass balance, the composition of the solidified metal from
the fumes measurements.

In addition to the LPBF process, our methodology could be adapted
to the Electron Beam Powder Bed Fusion (EB-PBF), where the vacuum

atmosphere should be favourable for the detection of material with low
energy fluorescence lines. Away from LPBF, our approach could be fruit-
fully extended to WAAM or WLAM (Wire Laser Additive Manufacturing)
configurations as well as welding processes.
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