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I. Introduction

Electron beam powder bed fusion (E-PBF) is a low-pressure selective melting process used in additive manufacturing (AM) to build three-dimensional parts layer by layer. Briefly, a thin layer (~100 µm) of metal powder is spread on a solid metal building surface and selectively melted by a moving heat source, here an electron beam, following the topological requirements transmitted from a computer-aided design (CAD) representation of a specific layer within the part being built. E-PBF is similar to laser PBF (L-PBF), but uses a well-focused electron beam under secondary vacuum (typically <1 Pa) to melt a very localized area instead of a focused laser beam under atmospheric pressure using inert (e.g., Ar) or minimally reactive (e.g., N 2 ) gases. The significant advantage of E-PBF is the fast and easy tuning of the beam, whose energy, focusing, and trajectory are controlled by the high voltage and current passing through the coils that act as electromagnetic lenses. The electron beam scan speed reaches very high velocities of up to 10 5 m s -1 within the building area, meaning that the beam can jump practically instantaneously from one point to another [START_REF] Körner | Additive manufacturing of metallic components by selective electron beam melting -a review[END_REF]. Another advantage of E-PBF over L-PBF is the lower residual stress in the final part, which is due to the higher temperature of manufacture, because the powder must be pre-heated, and the reduced thermal losses at very low pressure.

High-quality E-PBF AM parts are used in advanced aerospace and biomedical applications, and their quality is directly related to the powder melting process. If the beam power is insufficient to melt and overlap more than two powder layers, adhesion defects may appear between the layers or porosity may develop [START_REF] Mccann | In-situ sensing, process monitoring and machine control in Laser Powder Bed Fusion: A review Addit[END_REF][START_REF] Kasperovich | Correlation between porosity and processing parameters in TiAl6V4 produced by selective laser melting[END_REF]. In contrast, excessive beam energy can induce a depression zone ('keyhole') in the melt pool, which also generates porosity defects [START_REF] Calta | Pressure dependence of the laser-metal interaction under laser powder bed fusion conditions probed by in situ X-ray imaging[END_REF]. Keyholes are created when a strong anisotropy in the dissipation of the energy excess along the beam line leads to local overheating and the rapid (i.e., faster than the beam scan velocity), direct evaporation of the liquid phase. This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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In the case of alloy powders, as studied here, the interaction of the electron beam with the powder results in the immediate evaporation of the alloying element with the lowest fusion temperature. However, if the beam energy is too high, some amounts of the other alloying elements can melt and evaporate as well, and these evaporative losses increase exponentially with increasing beam power [START_REF] Juechter | Processing window and evaporation phenomena for Ti-6Al-4V produced by selective electron beam melting[END_REF]. These losses can be highly problematic, especially for low-concentration (stabilizing) elements, because they will eventually change the chemical composition and thus the mechanical and microstructural properties of the fabricated parts. Furthermore, evaporated atoms are deposited on all inner surfaces of the building chamber, covering windows and dramatically reducing their transparency, thereby hampering optical monitoring systems (e.g., visible-light cameras). Therefore, it is critical to control the energy deposited in the powder and its effects on the melt pool and the main evaporated element.

To that end, it is crucial to develop in situ measurement techniques capable of quantitatively characterizing the evaporation of metallic elements (pure or alloy) during E-PBF. On one hand, the time evolution of the concentration of the evaporated element can be used for in situ monitoring to increase the reliability and improve our understanding of the E-PBF process. On the other hand, quantitative measurements can be used as model inputs or outputs to verify the predictions of simulations [START_REF] Cook | Simulation of melt pool behaviour during additive manufacturing: Underlying physics and progress Addit[END_REF][START_REF] Klassen | Evaporation model for beam based additive manufacturing using free surface lattice Boltzmann methods[END_REF]. The metal used herein is a titanium alloy (Ti-6Al-4V); during the interaction of the electron beam with the metal (powder), a plasma is created whose properties can be investigated using typical low-pressure, highdensity plasma diagnostic methods, as used, for instance, for physical vapor deposition techniques.

Optical emission spectroscopy (OES) is a common and nonintrusive plasma diagnostic technique. It is widely used to characterize plasmas and plume formation when a metal vapor expands under vacuum (e.g., ablation) [START_REF] Harilal | High-resolution spectroscopy of laser ablation plumes using laser-induced fluorescence[END_REF][START_REF] Zhou | Laser ablation assisted spark induced breakdown spectroscopy and its application Front[END_REF], for chemical analyses and quantification (e.g., the evaporation of compounds vs alloys) [START_REF] Tomozeiu | Optical spectroscopy used to investigate water evaporation rate from aqueous solutions[END_REF][START_REF] Posada | In-situ optical emission spectroscopy for a better control of hybrid sputtering/evaporation process for the deposition of Cu(In,Ga)Se2 layers[END_REF], and can be exploited in AM processes [START_REF] Kawahito | Characterisation of plasma induced during high power fibre laser welding of stainless steel[END_REF][START_REF] Lough | In-situ optical emission spectroscopy of selective laser melting[END_REF][START_REF] Stutzman | Multi-sensor investigations of optical emissions and their relations to directed energy deposition processes and quality Addit[END_REF][START_REF] Szymanski | The spectroscopy of the plasma plume induced during laser welding of stainless steel and titanium[END_REF]. OES measures the electron densities and temperatures using excited species (atoms and molecules, neutral or ionized) in a plasma based on their radiative emission lines [START_REF] Junjuri | Dependence of radiation decay constant of laser produced copper plasma on focal position[END_REF][START_REF] Lacroix | Spectroscopic characterization of laser-induced plasma created during welding with a pulsed Nd:YAG laser[END_REF]. However, evaluating the ground-state density of a gas species by OES requires sophisticated modeling schemes such as the collisional-radiative model [START_REF] Bretagne | High-energy electron distribution in an electron-beam-generated argon plasma[END_REF][START_REF] Bretagne | Low-energy electron distribution in an electron-beam-generated argon plasma[END_REF][START_REF] Hurlbatt | Concepts, Capabilities, and Limitations of Global Models: A Review Plasma Process[END_REF] because (1) the plasma is out of equilibrium and (2) excitation and ionization are highly nonlinear processes that depend mainly on the high-energy tail of the electron energy distribution function, which is hardly accessible using experimental techniques. In addition, OES can only identify high-concentration elements in the alloy; elements at lower concentrations are usually below the detection limit [START_REF] Kawahito | Characterisation of plasma induced during high power fibre laser welding of stainless steel[END_REF]. Recently, Simonds et al. [START_REF] Simonds | Laser-induced fluorescence applied to laser welding of austenitic stainless steel for dilute alloying element detection[END_REF] developed laser-induced fluorescence (LIF) to detect these low-concentration elements and better control the AM process during laser welding. Nonetheless, neither OES nor LIF is a quantitative technique, and the precise estimation of the densities of metal vapor and gaseous species remains a challenging task requiring the use of very sophisticated calibration methods.

Quantitative measurements of the densities of such species and, moreover, the temperatures of atoms evaporated during AM can be performed by another optical technique: tunable diode laser absorption spectroscopy (TD-LAS). Here, we show that TD-LAS is the most appropriate in-process diagnostic technique for obtaining absolute values of the vapor parameters (density and temperature) near thermal equilibrium. TD-LAS has been successfully used to characterize metal vapor in a magnetron discharge for physical vapor deposition on several atoms including titanium [START_REF] Sushkov | Time-resolved tunable diode laser absorption spectroscopy of excited argon and ground-state titanium atoms in pulsed magnetron discharges Plasma Sources[END_REF][START_REF] Vitelaru | Time resolved metal line profile by near-ultraviolet tunable diode laser absorption spectroscopy[END_REF], aluminum [START_REF] Wolter | Aluminium atom density and temperature in a dc magnetron discharge determined by means of blue diode laser absorption spectroscopy[END_REF], and tungsten [START_REF] Desecures | Characterization of energetic and thermalized sputtered atoms in pulsed plasma using time-resolved tunable diode-laser induced fluorescence[END_REF], and this technique presents two major advantages over OES. First, by probing the ground state, evaporated atoms can be measured even at low concentrations in the gas phase. Second, the velocities that can be theoretically probed by TD-LAS are limited only by the spectral range of the diode and not the technique itself (see Sec. II), enabling a good description of Doppler broadening, even at velocities far beyond the thermal velocities. Consequently, TD-LAS shows great potential for characterizing E-PBF while operating at low pressure.

Here, we present the first implementation of TD-LAS in an E-PBF AM machine (Sec. II). We then explain how we used TD-LAS to probe the ground state of evaporated neutral titanium atoms (Sec. III). We detail the physical phenomenon affecting the shape of the spectral line in the laser absorption profile and investigate the influences of scan speed and beam power on titanium evaporation (Sec. IV). Based on these results, we discuss evaporation as a function of linear energy density. Finally, we summarize our conclusions in Section V. This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0091349

II. Experimental setup

The AM machine used herein was a General Electric ARCAM A1 operating under secondary vacuum. Before running the E-PBF process, the beam column was pumped to a high vacuum (2 × 10 -5 Pa) and the building chamber, containing the powder, to 10 -3 Pa. Measurements were performed at a working pressure of 0.2 Pa of helium. The high vacuums in the column and build chamber are necessary to facilitate the energy transport of the electron beam and to avoid oxidation (nitridation) of the pure metallic powder. The electron source was a hot tungsten filament. The emitted electrons were accelerated to 60 keV and focused with an electromagnetic lens. The electron beam spot size on the building surface (~40 cm from the last electromagnetic lens) was ~200 µm. The acceleration voltage was fixed at 60 kV and the beam power was adjusted by changing the beam current intensity within the range 2-10 mA. The linear energy density of the electron beam was adjusted by varying the scan speed within the range 0.05-5 m s -1 . The TD-LAS measurements were performed during the melting phase of the E-PBF process. We used a Ti-6Al-4V alloy powder with an average particle diameter of ~60 µm (ARCAM Titanium Ti-6Al-4V, GE). We studied the influence of the process parameters (power and scan speed) while printing a cubic block of Ti-6Al-4V.

Fig. 1 shows a schematic of the TD-LAS optical arrangement installed on the E-PBF machine. The ARCAM chamber was equipped with a 25-cm-long pipe 1 cm in diameter and fitted with a quartz window for the tunable diode laser beam to pass through; the pipe acts as a collimator to avoid metal deposition on the quartz window. Two mirrors were installed in the building chamber and a thin slit (~2 mm wide) was cut into the borders of the powder bed to reflect the laser beam parallel to the layer of powder on the building surface. The mirrors allow for the measurements to be performed very near (1-30 mm above) the melt pool surface. An optical collimator connected to an optical fiber was used to collect the laser beam in the chamber and a photodiode was installed above an optical vacuum feedthrough outside the machine. Because the diameter of the optical collimator is fixed at 1 mm, the spatial resolution of these measurements in the direction normal to the building surface (z-axis, Fig. 1(a)) is defined by the laser beam diameter and refined by the detection system. The laser absorption results are averaged along the laser path parallel to the building surface (x-axis, Fig. 1). This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. The probing laser source was a Toptica Phototonics DL 100 15 mW tunable diode blue-laser system operating in single mode with the line centered at λ 0 (Ti) = 398.176 nm. This wavelength corresponds to the ground state of titanium atoms and its absorption can excite atoms from the ground state 3d 2 4s 2 to the upper state 3d 2 ( 3 F)4s4p( 1 P°) [START_REF] Farsy | Characterization of transport of titanium neutral atoms sputtered in Ar and Ar/N2 HIPIMS discharges Plasma Sources[END_REF][START_REF] Revel | Transition from ballistic to thermalized transport of the metal sputtered species in DC magnetron Plasma Sources[END_REF]. The diode temperature was kept constant while the wavelength was tuned by controlling the current. The current was modulated with a low-frequency generator using a sawtooth signal of 90 Hz, which was also the scanning frequency. The wavelength scanning range available without cavity mode jumping was ~10 pm centered on λ 0 . This range is large enough to capture the entire convoluted absorption profile, including broadening due to different effects (see Sec. III), at high spectral resolution (at least 100 dots per line profile). The probing laser beam was separated via a beam splitter into two beams (Fig. 1), one of which was used as the wavelength reference. The reference beam passed through a Fabry-Perot interferometer with a free spectral path of 1 GHz, enabling the scale conversion from time to wavelength on the oscilloscope. The electrical signals from the photodiodes at the end of each optical path (i.e., the signal from the Fabry-Perot interferometer and that of absorption through the vapor) were registered on a digital oscilloscope (LeCROY WaveSurfer, 3 GHz).
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III. Density and temperature of titanium atoms evaporated during E-PBF

Fig. 2(a) shows a schematic of the probed volume of evaporated atoms, which corresponds to the intersection of the field of view of the optical collimator and the spread of the metal vapor. We selected a bi-directional hatching to melt a surface of area S ≈ 0.8 × 0.8 cm 2 , with the electron beam scanning parallel to the probing laser beam (Fig. 2(b)). This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0091349 While scanning the surface S, we acquired more than 50 characteristic intensity curves of probe laser scans (I t ) passing through the titanium vapor at a typical scanning velocity of 0.5 m s -1 (Fig. 3(a)). At high scanning velocity, the measurements must be averaged over the melting of several (up to five) layers. The corresponding absorption profile (Fig.

3(b)

) was calculated from the Beer-Lambert law as 𝑘 𝜆 𝐿 ln 〈 〉 , where L is the absorption length (estimated to be 10 mm; Fig. 2(a)) and k(λ) is the absorption coefficient. The metal vapor is assumed to be homogeneous within the probed volume. From this profile, we can calculate the density and temperature of neutral titanium atoms. TD-LAS measures the absorption line for a chosen transition as well as its broadening profile, which can result from various mechanisms. Because the probe laser had a spectral resolution of 0.005 pm, which is much narrower than the measured linewidth, instrumental broadening can be neglected. Here, we estimate the impacts of the other mechanisms affecting the linewidth profile in the specific case of E-PBF.

• Natural broadening: this broadening effect is due to the lifetime of the probed level. Because the absorption measured here corresponds to the ground state of neutral Ti, natural broadening is very small (<0.05 pm) compared to other broadenings and can be neglected.

• Stark broadening: titanium atoms can be described as electric dipoles, and their interaction with an external electric field results in an energy-level shift. Near the powder layer on the building surface, it is estimated that there is a very weak electric field due to the low charge density (mainly secondary electrons produced by the electron beam) [START_REF] Depond | Laser-metal interaction dynamics during additive manufacturing resolved by detection of thermally-induced electron emission[END_REF][START_REF] Bidare | Laser powder bed fusion at sub-atmospheric pressures[END_REF]. Thus, even if a plasma is created, it diffuses quickly due to the low pressure. We assumed a low electron density above the building surface which could only generate very weak Stark broadening (δλ S < 0.1 pm) that can safely be neglected in this study.

• Zeeman broadening: our measurements were performed ~40 cm away from the electromagnetic lens. Furthermore, the magnetic field on the building surface is very low, at about 10 -4 T, and the electron beam can generate a magnetic field of about 5 × 10 -4 T. Under these conditions, Zeeman broadening is negligible (δλ Z < 0.1 pm).

• Van der Waals broadening: this broadening effect is due to collisions with the background gas (He atoms) and evaporated (metal) atoms. Because E-PBF is performed at very low pressure on the order of 0.2 Pa (secondary vacuum), Van der Waals broadening is also negligible (δλ VdW < 0.01 pm) [START_REF] Britun | Fast relaxation of the velocity distribution function of neutral and ionized species in high-power impulse magnetron sputtering[END_REF][START_REF] Epstein | Principles of Plasma Spectroscopy[END_REF].

• Doppler broadening: the velocity component (v x ) measured by the laser is that parallel to the probing direction of the laser, and thus also parallel to the building surface. Assuming that the metal vapor leaving the liquid phase is in thermal equilibrium, its three velocity components are equivalent; i.e., the thermal velocity corresponds to the melting temperature. In our experiments, because Doppler broadening is the only non-negligible broadening effect impacting the spectral linewidth due to the very low operating pressure of E-PBF, it is possible to evaluate the density and temperature of the metal vapor based on the degree of broadening. A Gaussian fit of the linewidth provides the temperature of the titanium vapor as:

𝑇 K 𝑀 . , (1) 
where T (K) is the vapor temperature, δλ D is Doppler broadening, and M (amu) is the molar mass of titanium.

A typical recorded signal, obtained from a probed volume 7 mm above the surface of the melt pool, is shown in Fig. 3. As expected, the corresponding absorption profile exhibits a Maxwellian velocity distribution. The measured absorption profile is well fit by three Gaussian functions. Of the five stable natural isotopes of titanium ( 46 Ti, 47 Ti, 48 Ti, 49 Ti, 50 Ti), 46 Ti, 48 Ti, and 50 Ti are by far the most abundant in the powder used, with respective relative abundances of 10%, 83%, and 7% [START_REF] Lu | Fine-structure-changing collisions in atomic titanium[END_REF]. Therefore, we deconvoluted the absorption profiles using three Gaussian functions, one for each of the three dominant isotopes, and the intensity of each Gaussian curve is proportional to the relative abundance of that isotope. Indeed, because the measured velocity field is the component parallel to the melted surface, even if the measurements were performed within the Knudsen layer, where a transformation from a nonequilibrium (half-Maxwellian distribution This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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of the perpendicular velocity component) to the equilibrium distribution (Maxwellian distribution) occurs [START_REF] Bäuerle | Laser Processing and Chemistry[END_REF], the measured absorption profile should be Gaussian.

The absolute density of evaporated metal atoms can be calculated from the absorption profile. After fitting by the three Gaussian functions, the amplitude A max of the absorbance profile can be extracted. Because the TD-LAS measurements were performed on the lower level of the ground state (J = 2), the density of titanium atoms at this level is calculated as:

Ti cm . , (2) 
where f is the oscillator strength of the probed line. We assumed that neutral titanium atoms are in Boltzmann equilibrium and calculated the absolute value of the density of ground-state titanium atoms as:

Ti cm Ti 1 ∑ exp , (3) 
where [Ti] J , E J , and g J are the density, energy, and statistical weight, respectively, of state J and k B is the Boltzmann constant.

The titanium ground state has a triplet structure in which the levels J = 2, 3, and 4 are at respective energies of 0, 0.021, and 0.047 eV. Therefore, Eq. ( 3) simplifies to:

Ti cm Ti 1 exp exp . (4) 

IV. Results and discussion

Our first TD-LAS measurements of evaporated titanium were performed during the powder melting phase of a standard E-PBF process to build a cube. Each powder layer was preheated to 800 °C using a fast sweep of the electron beam as it is set in the pre-heating step (ARCAM procedure) to assure a stable process. During melting, absorption measurements were averaged over the melting of up to five layers to increase the accuracy of our results, taking advantage of the high scan speed. Fig. 4 shows the obtained density and temperature of titanium vapor as a function of beam current intensity at a constant scan speed of 4 m s -1 , as is commonly used during the E-PBF melting step. All measurements reported hereafter were recorded at 7 mm above the melting surface (see Fig. 2(a)).

This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. Fig. 4(a) shows the density of ground-state titanium atoms at only level J = 2 and the corresponding absolute (levels J = 2-4) density of ground-state titanium atoms (calculated from Eq. 4 using the temperature obtained from Eq. 1). The absolute density of titanium ground states is 8.2 × 10 12 cm -3 for a 5 mA beam and increases to 10 14 cm -3 when the beam current reaches 9 mA. In this range of beam currents, TD-LAS measurements are exploitable, and increasing the beam current increases the evaporation rate of titanium atoms and thus the accuracy of the measurements. At lower beam currents, evaporation decreases dramatically and the absorption signal becomes very noisy. The evolution of the vapor temperature as a function of beam current intensity is shown in Fig. 4(b). The vapor temperature is 2700 K at 5 mA, but exceeds 4500 K at beam current intensities above 6 mA.
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The boiling temperature of titanium at atmospheric pressure (P atm = 10 5 Pa) is T atm ≈ 3560 K, but its equilibrium boiling point decreases in a vacuum following the Clausius-Clapeyron equation as [START_REF] Calta | Pressure dependence of the laser-metal interaction under laser powder bed fusion conditions probed by in situ X-ray imaging[END_REF][START_REF] Bidare | Laser powder bed fusion at sub-atmospheric pressures[END_REF][START_REF] Zhang | Microstructure evolution and density behavior of CP Ti parts elaborated by Self[END_REF]:

ln , ( 5 
)
where Δ𝐻 431 kJ/mol is the enthalpy change required to change the state of Ti from liquid to gas [START_REF] Zhang | Microstructure evolution and density behavior of CP Ti parts elaborated by Self[END_REF]. The boiling temperature of titanium at 0.2 Pa, corresponding to the operating pressure of the ARCAM machine, is 1949 K. Thus, regardless of the beam current intensity, the measured vapor temperature was always higher than the boiling point (Fig. 4(b)). As suggested by Zhang et al. [START_REF] Zhang | Microstructure evolution and density behavior of CP Ti parts elaborated by Self[END_REF] for selective laser melting (L-PBF), a plasma could be created at the surface of the melt pool. Evaporated particles in the vapor can become ionized by absorbing some of the power of the electron beam and by secondary electrons. Moreover, the pressure at the surface of the melt pool can be significantly higher than the ambient pressure due to recoil pressure, which could effectively increase the boiling point. Thus, the overheating of the vapor can be explained by the formation of plasma atop the melt pool. Nevertheless, the TD-LAS probes a volume very near the surface of the melt pool (z = 7 mm), and the measured velocity is the component parallel to the surface. Therefore, assuming that the atoms in the probed volume are mostly issued from evaporation and that they are practically not interacting with the gas (helium), the evaporated atoms leave the surface with a temperature very near the surface temperature. This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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The variation of the ground state density of titanium atoms appears to be nonlinearly related to the electron beam power (Fig. 4(a)). Assuming that the titanium vapor behaves as an ideal gas, its partial pressure is obtained from the ideal gas law by multiplying the density by the temperature (Fig. 4) to be 0.7 and 7 Pa at 5 and 9 mA, respectively. Both of these values are higher than the operating pressure, which is maintained at 0.2 Pa by pressure regulation between the injected helium flow and the turbopump gas exhaust.

These pressure values suggest that the measurements were performed beyond the Knudsen layer. Indeed, the mean free path of Ti-Ti collisions induced by the partial pressure of the vapor is λ mfp-1Pa ≈ 3 mm, less than the ~7 mm between the probed volume from the surface of the melt pool. Therefore, the evaporated atoms are leaving the liquid phase according to the half-Maxwellian distribution and, consequently, all have a positive velocity component in the z-direction. However, most of them undergo at least two collisions and thus approach the thermal equilibrium between the perpendicular (zdirection) and parallel (x-direction) velocity components.

Some experimental difficulties with TD-LAS measurements can occur during the melting phase, the most critical being due to charge accumulation on powder grains if the conductive path of electrons towards the ground is impeded by a high resistivity powder. In such cases, the electrostatic repulsion forces between charged particles can exceed their adhesion forces: the powder spreads throughout the chamber, even entering the electron gun, and the process brutally stops in a phenomenon known as 'smoke'. To avoid the smoke effect, the ARCAM process includes a pre-heating step prior to melting in which the collimator is held on for several minutes at the beginning of the process, as well as after the laser signal is lost. Therefore, we investigated evaporation under E-PBF conditions by performing TD-LAS measurements over a wide range of electron beam scan speeds (0.1-4 m s -1 ) and current intensities (2-7 mA) on a Ti-6Al-4V block of previously printed in the same machine. All other E-PBF conditions were the same for the Ti-6Al-4V block as for the Ti-6Al-4V powder. Fig. 5 summarizes the titanium densities and temperatures obtained for several beam currents as functions of scan speed. The density of the vapor strongly decreases with increasing scan speed for a given beam current, whereas the temperature seems to have only a minor dependence on scan speed but increases with increasing beam current. Table 1 compares the density and temperature of the titanium vapor when using the powder against those using the printed block under the same printing conditions. The vapor produced from the powder is slightly hotter, by 600 K at a beam current intensity of 6 mA, but by only 300 K at 7 mA. The vapor produced from the powder is also slightly denser, potentially because the powder grains (typically 50 µm in diameter) heat up faster than metal grains in the bulk metal block. Indeed, because heat diffuses farther in the block, its surface temperature is slightly lower for the same impinging beam energy. The highest estimated error on temperature for this kind of measurement is 600 K. Errors could originate from neglecting other broadening mechanisms, from the optical arrangement (as the measurements are averaged over the laser path), or from the slight discrepancy between using the raw measured data and Gaussian fit. Considering these potential errors, the titanium vapor seems to have the same properties regardless of the material (powder or bulk) from which it evaporated.

Table 1. Density and temperature of evaporated atoms during the melting of a powder and solid block of Ti-6Al-4V. We calculated the linear energy density (𝐸 , where P beam is the beam power and v the scan speed) and the variation of the vapor density as a function of E l (Fig. 6(a)). As expected, the vapor concentration is linearly dependent on the linear energy density. We fit these variations using linear functions (full lines). The obtained slopes ( are shown in Fig. 6(b) as a function of vapor temperature. For this, we assumed that the evaporated atoms leaving the surface of the melt pool were in thermal equilibrium, and thus had practically the same temperature in the probed volume. Moreover, although the vapor temperature varies slightly with the scan speed (Fig. 5(b)), an average temperature can be attributed to each current intensity. The saturation vapor pressure can be described by the Clausius-Clapeyron relation as [START_REF] Cook | Simulation of melt pool behaviour during additive manufacturing: Underlying physics and progress Addit[END_REF][START_REF] Bäuerle | Laser Processing and Chemistry[END_REF]:

Melted

𝑃 𝑇 𝑃 exp , (6) 
where P 0 is the ambient pressure of the helium in the building chamber. The metal vapor is assumed to behave as an ideal gas, therefore:

𝑇 ∝ 𝑇 . (7) 
From Eq. ( 6), we can write the variation of saturation vapor pressure with temperature as:

𝑇 ∝ exp . ( 8 
)
We fit the variation of as a function of temperature (Fig. 6(b)) using Eq. ( 8). The fit curve gives that the enthalpy of evaporation is 457 kJ/mol, closely corresponding to the enthalpy of evaporation of titanium (431 kJ/mol). This result confirms that the measured vapor density mainly represents the saturation vapor pressure. The density values measured herein can therefore be used to calculate the recoil pressure P rec exerted by the expanding vapor on the evaporation surface, which depends mainly on the saturation pressure. Klassen et al. [START_REF] Klassen | Evaporation model for beam based additive manufacturing using free surface lattice Boltzmann methods[END_REF] derived an expression for P rec in terms of the saturation pressure. Using their formula and considering evaporation into a high vacuum under powerful irradiation, the minimum recoil pressure in our experiments was P rec = 0.56P s , which corresponds to our measured vapor pressures of 0.5-3 Pa. Recoil pressure and interfacial forces (surface tension and thermo-capillarity) drive fluid flow in the liquid domain. Recoil pressure acts in the direction normal to the free melt surface, inducing the formation of a depression (the 'keyhole') that might lead to defects (e.g., porosity) in the final fabricated part.

V. Conclusions

We presented a quantitative in situ investigation of the density and temperature of evaporated titanium atoms during additive manufacturing by electron powder bed fusion (E-PBF), using tunable diode laser absorption spectroscopy (TD-LAS) to study titanium atoms in their ground state. This technique probes the entire range of velocities of atoms evaporated from the melt pool. We presented the physical mechanisms that can affect line broadening during E-PBF, and found Doppler broadening to be the only non-negligible effect. The results obtained herein demonstrate that evaporation occurs out of equilibrium: the measured temperature of evaporated titanium atoms near the molten surface is ~4000 K, far above the equilibrium boiling point of the melted alloy (Ti-6Al-4V) under vacuum (T b = 1949 K). We found the vapor pressure corresponding to the partial pressure of evaporated titanium atoms to be higher than the ambient pressure (typically 0.2 Pa of He) and, indeed, typically >1 Pa. We assumed that the molten surface and the titanium vapor are in thermal equilibrium. The relationship between the vapor pressure and the surface temperature of the melt confirms that the measured vapor pressure corresponds to the saturation pressure of the vapor. Knowledge of the vapor saturation pressure is crucial for modeling the formation of melt pools because it, alongside interfacial forces, drives the formation of the surficial depression termed the 'keyhole' thought to generate defects (porosity) in fabricated parts.

Our results demonstrate that TD-LAS measurements provide quantitative information on the evaporation mechanism during E-PBF and are helpful for understanding evaporation processes. This technique can be implemented in additive manufacturing machines to monitor the building process, and especially to track and eventually prevent the evaporation of low-concentration alloy elements, which may also be responsible for defects in printed parts. Although the measurements presented herein are time averaged, the formation of a liquid pool and its subsequent cooling and solidification occur over microseconds; therefore, further experiments should aim to develop time-resolved This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0091349

Fig. 1 .

 1 Fig. 1. Experimental setup for measuring evaporated metal atoms by TD-LAS: (a) side and (b) top views. The laser beam travels parallel to the building surface.

Fig. 2 .

 2 Fig. 2. (a) Schematic view of the E-PBF process in the (x,z) plane, illustrating the intersection between the probing laser beam and the metal vapor (probed volume in orange). (b) Illustration of the electron beam scanning pattern in the (x,y) plane; we used a bidirectional hatching with adjacent scan lines separated by 100 µm.

Fig. 3 .

 3 Fig. 3. (a) The typical time evolution of the laser intensity in the absence of vapor (I 0 , dashed line) and those after passing through the evaporated neutral titanium atoms (I t, thin gray curves). During the hatching, more than 50 scans are acquired, each spanning a wavelength range of 9 pm centered on the reference (in air) value of λ 0 = 398.176 nm. The measurement averaged over all scans 〈𝐼〉 is shown by the thick black curve. This example was acquired in a probed volume 7 mm above the surface of the melt pool. (b) The absorption profile corresponding to 〈𝐼〉 in (a). We fit the absorption profile using three Gaussian functions corresponding to absorption

Fig. 4 .

 4 Fig. 4. (a) Density and (b) temperature of the ground state (J = 2 level) of evaporated titanium atoms as a function of beam current intensity during the melting of a preheated powder. The beam scan speed was 4 m s -1 .

Fig. 5 .

 5 Fig. 5. (a) Absolute density and (b) temperature variations of ground-state, neutral, evaporated titanium atoms at different beam current intensities and as functions of the beam scan speed.
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Fig. 6 .

 6 Fig. 6. (a) The absolute density of neutral evaporated titanium atoms at different current intensities as a function of the linear energy density. (b) The change in slope of the density curve in (a) (i.e., ) as a function of vapor temperature, here taken as the average temperature for each current intensity in Fig. 5(b).
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characterization techniques to study the dynamics of the melt pool.