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Abstract

In powder-based additive manufacturing (AM), thermal exposure during processing can
modify powder surface chemistry and promote oxide growth, even under inert atmospheres
from residual oxygen contamination. This study investigates the effect of thermal oxidation
on the surface chemistry and triboelectric charging behavior of three AM metal alloy powders:
AlSi10Mg, 316L stainless steel (SS 316L), and Ti6Al4V. The work examines the evolution of the
oxide layer during baking at 100 and 300 ◦C using triboelectric charging corroborated by X-ray
photoelectron spectroscopy (XPS), diffuse-reflectance spectroscopy, and work-function mea-
surements. The results show that heating modifies the surface oxide state of all powders, with
changes dependent on the alloy composition and baking temperature. For AlSi10Mg, heating
modified the Al2O3-rich surface oxide, with changes consistent with increased oxide ordering
and γ-Al2O3-like characteristics, with the work function increasing from 4.34 ± 0.01 eV in
the as-received (AR) condition to 4.92 ± 0.03 eV after baking at 300 ◦C. The corresponding
triboelectric n-exponent increased from 0.91 to 1.38. For SS 316L, transformation of Cr(OH)3

to Cr2O3 reduced triboelectric charge accumulation, while the oxygen concentration increased
from 49.92 to 54.87 at.% and the work function decreased from 5.74 ± 0.02 to 5.28 ± 0.04 eV
after baking at 300 ◦C. This reflected a drop in the n-exponent from 0.82 for AR to 0.73 at
300 ◦C. For Ti6Al4V, charging variations were associated with titanium oxide evolution and
surface modifications consistent with rutile-related titanium oxide characteristics, with the
work function increasing from 5.33 ± 0.01 to 5.44 ± 0.03 eV after baking at 300 ◦C. The corre-
sponding triboelectric n-exponent increased from 0.49 to 0.52. Overall, triboelectric charging
is a sensitive approach for detecting thermally driven surface oxide modifications in additive
manufacturing powders.

Keywords: aluminum alloys; Ti6Al4V alloy; stainless steel; triboelectric charging; powder
characterization; surface chemistry; oxidation

1. Introduction
Metal powders used in laser powder bed fusion (LPBF) are repeatedly exposed to ther-

mal cycling, residual oxygen, humidity, spatter, sieving, and handling during processing
and reuse. These exposures can modify the surface state of the particles even when the
particle size distribution and morphology remain nearly unchanged [1]. In LPBF, potential
modifications are important as the quality of the repeatedly spread thin powder layer
depends on powder properties such as flowability, continuity, uniformity, and packing
density [2–7]. Surface changes such as oxide growth, hydroxylation, and contamination
can therefore influence powder spreading, laser–powder interaction, melt-pool stability,
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and defect formation in printed parts [1,8]. Recent studies have shown that conventional
powder metrics alone are not sufficient to fully describe powder quality. Ilangovan et al. [8]
investigated AlSi10Mg powder surface chemistry and showed that surface oxidation in-
creases defect formation during LPBF. Similarly, Elambasseril et al. [9] studied Ti6Al4V
powders using surface chemistry, morphology, particle size distribution, rheological mea-
surements, and powder-bed layer density. They showed that common powder metrics such
as apparent density, tap density, and angle of repose alone were not sufficient to predict
part quality. These studies show that powder characterization should include both bulk
powder properties and surface-sensitive measurements.

Powder reuse studies have also highlighted the importance of surface chemistry.
Warner et al. [10] used X-ray photoelectron spectroscopy (XPS) to investigate reused
AlSi7Mg powder and showed that the surface remained dominated by Al2O3, while
SiO2 increased with reuse. Our previous work on reused AlSi10Mg powder showed that
reuse modified the aluminum oxide layer and changed its interaction with moisture [11,12].
Raza et al. [13] also reported degradation of AlSi10Mg powder during LPBF reuse, includ-
ing the formation of a thicker oxide layer mainly composed of Al2O3 with MgAl2O4 spinel
at the outer surface. For SS 316L, Kazi et al. [1] used high-resolution SEM and XPS to show
that reuse modifies the chemistry of the surface oxide layer. These studies confirm that
reuse-related degradation is strongly linked to the surface oxide state. However, reuse
combines several effects at the same time, including thermal exposure, oxidation, spatter
interaction, and humidity exposure. As a result, the effect of temperature alone on powder
surface chemistry remains difficult to isolate from reuse studies.

The selected powders in this work represent three widely used LPBF material systems
with different native oxide chemistries. AlSi10Mg is commonly used in powder bed
additive manufacturing because of its low density and good processability [8,14]. However,
the surface oxide thickness, oxide composition, and hydroxylated species can affect powder
behavior and part quality [13]. SS 316L is widely used because of its corrosion resistance and
processability, but its chromium-rich surface oxide can still evolve during thermal exposure
and reuse [1,15]. Ti6Al4V is used in aerospace and biomedical applications, where oxygen
pickup and titanium oxide evolution must be controlled to ensure quality [2]. Therefore,
AlSi10Mg, SS 316L, and Ti6Al4V provide suitable systems for comparing thermally induced
changes in Al-based, Cr-based, and Ti-based surface oxides.

Surface-sensitive techniques such as X-ray photoelectron spectroscopy (XPS) and
Auger spectroscopy can provide detailed information on oxide species and chemical states,
but they are expensive, time-consuming, and require specialized expertise. Their use is
therefore limited for routine industrial powder quality control. In contrast, triboelectric
charging has recently been proposed as a rapid method to detect surface changes in AM
powders. Galindo et al. [16] introduced a triboelectric charging-based method for assessing
AM metal powder quality using several alloy systems, including commercially pure tita-
nium (CpTi), Ti6Al4V, AlSi10Mg, IN738, and SS 316L. Their work showed that differences
in powder surface chemistry identified by XPS can be reflected in the triboelectric charging
response. This method was further applied to aluminum alloy powders, where changes in
composition, particle size distribution, moisture adsorption, hydroxylated species, and sur-
face oxide condition were associated with specific variations in charge accumulation [17,18].
These studies show that triboelectric charging is sensitive to powder surface chemistry, but
the effect of controlled thermal oxidation on the charging behavior of AM metal powders
has not yet been systematically documented.

The present work investigates whether triboelectric charging can be used as a surface-
sensitive indicator of thermally induced oxidation in AM metal powders when particle size
distribution and morphology remain nearly unchanged. AlSi10Mg, SS 316L, and Ti6Al4V
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powders were baked in air at 100 and 300 ◦C as an accelerated treatment to isolate the
effect of thermal oxidation on the powder surface. The resulting surface changes were
characterized using XPS, optical absorption, work function measurements, and triboelec-
tric charging. The oxide chemistry evolution and work function changes were linked
with the measured charge response, showing that triboelectric charging can be used as a
complementary quality-control tool for detecting surface degradation in AM powders.

2. Materials and Methods
The work utilizes commercial AlSi10Mg powder that was supplied by Equispheres

Inc. (Ottawa, ON, Canada) and produced using the technique described in [19], SS 316L
powder supplied by Renishaw (Wotton-under-Edge, UK) and produced by gas atomization,
and Ti6Al4V powder supplied by AP&C (Advanced Powders & Coatings, Boisbriand, QC,
Canada) produced using plasma atomization. The particle size distribution (PSD) was
measured using a Microtrac MRB SYNC particle size analyzer (Microtrac MRB, Osaka,
Japan). The specific surface area (SSA) was calculated from the 2D particle projections
obtained during the PSD analysis. Powder morphology was examined using a Hitachi
SU3500 scanning electron microscope (SEM; Hitachi, Tokyo, Japan). Powder flow rate
and apparent density were determined using a Hall flowmeter funnel (HLL Landgraf
Laborsysteme, Langenhagen, Germany) following ASTM B213-20 and ASTM B212-21,
respectively [20,21]. SEM images were acquired using an accelerating voltage of 10 kV for
AlSi10Mg and 15 kV for SS 316L and Ti6Al4V. To produce controlled surface oxidation,
the powders were baked in air at 100 and 300 ◦C for 60 min using a Lindberg box furnace
(Lindberg, Riverside, MI, USA). This baking treatment provides a controlled approach to
induce and compare thermally driven surface oxidation across different alloy powders. The
as-received (AR) powders were used as the reference conditions. The baking temperatures
were selected to represent moderate thermal exposure that powder particles may experience
during LPBF within the thermally affected region surrounding the printed part. The
powder bed is typically operated from room temperature to 200 ◦C with steep temperature
gradients generated during printing [22]. Therefore, powders located near the printed
part can experience higher thermal exposure above the build temperature and below the
melting temperature. The selected temperatures of 100 and 300 ◦C were therefore chosen
to represent the upper range of the thermally affected surrounding powder. All physical
property tests were performed on three independently prepared powder samples for each
condition, and the results are reported as the mean ± standard deviation.

Surface chemical characterization was performed using a K-Alpha monochromatic
X-ray photoelectron spectrometer (Thermo Fisher Scientific, East Grinstead, UK) equipped
with an Al Kα X-ray source (1486.6 eV, 0.834 nm). Analyses were carried out in a high-
vacuum chamber of 10−8 Torr. The procedure reported by Buzukashvili et al. [12] was
followed, where an elemental survey was acquired at a pass energy of 200 eV and high-
resolution spectra were collected at a pass energy of 50 eV. To minimize surface charging
effects, an electron charge gun was used. Depth profiling was performed using the standard
monatomic Ar+ sputtering method of the instrument, with a nominal ion energy of 1.0 keV,
a sputtering raster area of 1 × 1 mm2, and a reference-material sputtering-rate calibration
of approximately 0.1 nm/s. Spectra were collected after cumulative sputtering (etching)
times of 0, 10, 20, 30, and 40 s for AlSi10Mg and SS 316L, and 0, 5, 10, 15, and 20 s for
Ti6Al4V. The spectra were calibrated using the C 1s peak for C–C bonding at 284.8 eV and
processed using CasaXPS, version 2.3.27 (Casa Software Ltd., Teignmouth, UK). The peak
position and full widths at half maximum (FWHM) of each fitted component are provided
in the Supplementary Materials.
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The work function of the powders was measured using Photoemission Yield Spec-
troscopy in Air (PYSA) with a Riken AC-2 system (Riken Keiki Co., Tokyo, Japan). The
measurements were carried out by exposing the powder surface to ultraviolet (UV) photons
with energies ranging from 4.0 to 6.5 eV in 0.05 eV increments, using a light intensity of
25 nW and a counting time of 30 s per step. The work function was determined from the
photoemission threshold by extrapolating the onset of the photoemission yield curve to the
baseline. To ensure repeatability, measurements were performed on three independently
prepared powder samples for each condition.

The optical absorption response of the powders was evaluated by diffuse reflectance
spectroscopy (DRS) using a PerkinElmer LAMBDA 750 ultraviolet–visible–near-infrared
(UV–Vis–NIR) spectrophotometer (PerkinElmer, Inc., Shelton, CT, USA), equipped with an
integrating-sphere accessory. Diffuse reflectance spectra were recorded over the wavelength
range of 400–1300 nm using BaSO4 powder as the reference material. The powders were
prepared for measurements in a quartz-glass cuvette. At the LPBF laser wavelength, metals
exhibit optical penetration depths in the order of nanometers. Therefore, transmission
through the powder samples was assumed to be negligible [23]. With this assumption, the
apparent absorption (%) was calculated as [A(%) = 100 − R(%)], where (R) is the measured
diffuse reflectance.

Triboelectric charging experiments were conducted using a GranuCharge™ apparatus
(GranuTools, Awans, Belgium) within a controlled atmosphere chamber maintained at
25 ◦C and 30% relative humidity. The initial and final charge of the powder were measured
by flowing the powder through a fixed stainless-steel V-tube geometry at different feeding
times of 15, 20, 25, 30, and 35 s. The powder mass flow rate was measured using a balance
positioned beneath the V-tube. For each feeding time of 15, 20, 25, 30, and 35 s, the mass of
powder collected after passing through the tube was recorded as a function of time, and
the average mass flow rate was calculated from the slope of the mass-versus-time curve.
For each feeding time, the charging data were fitted by nonlinear regression using the
following compressed exponential model [24]:

Q (t) = Q f [1 − exp(−(αt )β)], (1)

where Q (t) is the normalized charge density at time t (nC/m2), Q f is the saturation charge
density (nC/m2), t is the charging time (seconds), α is the characteristic charging-rate
constant (s−1), and β is a dimensionless parameter. The value of β was fixed at 1.5 for all
powder conditions, consistent with the previously established fitting procedure of several
metallic systems, including Al, Ti, Fe, and Ni-based materials [16]. Q f and α were treated
as free parameters and obtained by nonlinear least-squares fitting of Equation (1).

The fitted Q f and α pairs obtained under the different feeding conditions were subse-
quently related using the empirical power-law expression:∣∣∣Q f

∣∣∣= kαn (2)

where k is the fitted proportionality coefficient and n is a dimensionless exponent describing
the dependence of the charge density on the characteristic charging rate. Further details on
the method are provided in [16–18].

3. Results and Discussion
3.1. AlSi10Mg Powder

The AlSi10Mg powder was first analyzed to determine whether baking modified
the particle size distribution, morphology, and surface chemistry of the powder. The as-
received (AR) powder was used as the reference condition, while the powders baked at 100
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and 300 ◦C were used to evaluate the effect of thermal exposure. Table 1 shows the PSD
main diameters, SSA, and Hall flow data of AlSi10Mg powders. The main particle size
diameters (D10, D50 and D90), SSA, Hall flow rate and apparent density remained nearly
unchanged for all conditions. These results indicate that the heat treatment produced
minor variations in the measured extrinsic powder characteristics. Figure 1 presents SEM
micrographs of the AR and baked powders. In all conditions, the particles remained
predominantly spherical with smooth surfaces with some satellites.

Table 1. PSD, SSA and Hall flow data of the AlSi10Mg powders.

Powder Condition D10
(µm)

D50
(µm)

D90
(µm) SSA (m2/g) Hall Flow

Rate (g/s)
Apparent Density

(g/cm3)

AlSi10Mg, AR 43 ± 2 55 ± 3 74 ± 6 0.04 0.90 ± 0.01 1.573 ± 0.003
AlSi10Mg, 100 ◦C 42 ± 1 54 ± 1 73 ± 2 0.04 1.06 ± 0.02 1.536 ± 0.005
AlSi10Mg, 300 ◦C 42 ± 2 54 ± 1 72 ± 4 0.04 0.87 ± 0.03 1.469 ± 0.001

Figure 1. Low- and high-magnification SEM micrographs of (a) AR and baked at (b) 100 ◦C and
(c) 300 ◦C AlSi10Mg powders.

Table 2 summarizes the atomic concentrations of Al 2p, O 1s, Mg 1s, Si 2p, and C 1s
measured at different etching times for the AR and baked powders. For the AR powder,
the Al 2p concentration increased from 15.19 at.% at the surface to 37.33 at.% after 40 s
of etching, indicating a progressive thinning of the oxide layer with etching. At the same
etching depth, the Al 2p concentration remained lower in all baked powders than in the
AR condition, confirming that baking increased the oxide layer thickness. Overall, the XPS
survey indicates progressive oxidation with increasing baking temperature.

Figure 2a shows the high-resolution Al 2p spectra to further clarify the changes in
surface chemistry. Three main contributions were identified, corresponding to metallic Al
(72.6 eV), Al2O3 (74.2 eV), and AlO(OH) (75.6 eV) [25]. The Al 2p3/2 peak was detected at
71.8 eV in some specific cases. Figure 2b depicts the relative concentrations of the species
detected as a function of etching time. As the baking temperature increased, the metallic
Al and AlO(OH) contributions progressively decreased. In particular, the absence of the
AlO(OH) peak at shorter etching time for the 300 ◦C condition indicates conversion of
hydroxylated species into Al2O3 [26]. In addition, the Al 2p3/2 component showed a
progressive reduction at higher baking temperatures, further indicating modification of the
oxide structure with heating [27].
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Table 2. Surface concentration (at.%) of the AlSi10Mg powders from XPS survey.

AlSi10Mg, AR

Etching Time, s Al 2p O 1s Mg 1s Si 2p C 1s

0 15.19 47.26 6.07 4.22 27.27
10 24.84 48.12 11.35 5.66 10.04
20 28.88 42.46 9.88 8.66 10.10
30 33.62 33.07 8.05 11.14 9.82
40 37.33 33.79 5.99 11.62 11.25

AlSi10Mg, 100 ◦C

Etching Time, s Al 2p O 1s Mg 1s Si 2p C 1s

0 16.14 42.98 7.17 5.81 27.89
10 23.81 38.91 8.55 9.72 19.03
20 25.56 32.92 7.69 13.07 20.75
30 28.81 29.01 6.37 14.87 20.93
40 30.84 25.99 5.37 15.91 21.90

AlSi10Mg, 300 ◦C

Etching Time, s Al 2p O 1s Mg 1s Si 2p C 1s

0 11.65 46.38 11.00 3.38 27.60
10 15.98 45.22 21.08 5.02 12.71
20 18.13 43.08 19.35 6.49 12.95
30 21.37 40.39 16.84 7.51 13.89
40 25.19 37.26 14.17 9.53 13.86

Figure 2. (a) High-resolution Al 2p spectra and (b) relative content vs. sputtering (etching) time plots
of the AR and baked powders.

To further support the interpretation of the temperature-induced surface changes in
AlSi10Mg, additional Auger parameter (AP) analysis was performed following the Wagner
approach [28–30]. The detailed results are provided in the Supplementary Materials. The
observed Auger parameter shifts are consistent with changes in the structural and electronic
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state of the Al2O3-rich surface oxide and suggest increased oxide ordering after baking
at 300 ◦C. Similar shifts have been associated in the literature with γ-Al2O3-like oxide
characteristics [27,31]. These shifts are in line with previous work linking Auger parameter
variations to changes in oxide structure and defect state [11,28,30,32]. As suggested by Van
den Brand et al. [33], shifts in the AP obtained by XPS analysis are associated with changes
in the Fermi level position within the oxide band gap, which in the case of Al2O3 are
induced by defect states due to an oxide enrichment. The changes observed in this work are
therefore consistent with increased Al2O3 ordering or γ-Al2O3 formation. These transitions
have also been reported in other work at oxidation temperatures of 100 and 200 ◦C [33–35].

Figure 3 shows the apparent optical absorption spectra of the AlSi10Mg powders
between wavelengths of 400 and 1300 nm. At the LPBF laser wavelength of 1070 nm, the
AR powder absorbed 65.5% of the incident light, compared with 66.1% for the 100 ◦C
powder and 67.5% for the 300 ◦C powder. Relative to the AR condition, this corresponds to
increases of 0.9% and 3.0% for the 100 and 300 ◦C powders, respectively. Based on the XPS
and Auger parameter results, this increase in absorption is associated with modification and
increased ordering of the Al2O3-rich surface oxide at 300 ◦C, with characteristics consistent
with γ-Al2O3-like ordering.

Figure 3. Apparent optical absorption as a function of wavelength for AlSi10Mg powders un-
der different conditions. The vertical dashed line represents the wavelength of LPBF fiber laser
(λ = 1070 nm).

Figure 4a shows the triboelectric charging behavior of the AlSi10Mg powders as a
function of mass flow rate. As the baking temperature increased from the AR state to 300 ◦C,
the powders accumulated increasingly negative charge. This behavior can be interpreted
based on the literature-reported work function difference between the stainless-steel V-tube
(4.08–4.19 eV) and the oxide-covered aluminum particles [36,37]. The work function of
the powders, measured by PYSA, was 4.34 ± 0.01 eV for the AR powder, 4.20 ± 0.03 eV
after baking at 100 ◦C, and increased to 4.92 ± 0.03 eV after baking at 300 ◦C. Since the
stainless-steel tube has a lower work function than the oxide surface of the powder, electron
transfer occurs toward the powder during triboelectric charging, producing a negative
charge on the particles. The increase in negative charge with baking temperature is also
consistent with the XPS results, which showed modification of the Al2O3-rich surface
layer and a reduction in hydroxylated aluminum species after baking. The more negative
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charging observed from 100 to 300 ◦C is therefore consistent with the changes in the surface
oxide identified by XPS.

Figure 4. Triboelectric charging data; (a) accumulated charge density as a function of mass flow rate,
and (b) empirical power equation fitting for AlSi10Mg powders.

Table 3 provides the n-exponent of the powders obtained from the fitting of Figure 4b.
The fitted n-exponent showed a dependence on baking temperature. The AR powder
exhibited an exponent of 0.91, which increased to 1.23 at 100 ◦C. This increase is consistent
with thickening of the amorphous-Al2O3 layer and matches the calculated shift in the XPS
analysis of Figure 2 [31]. From 100 to 300 ◦C, the exponent increased to 1.38, ascribed to an
increase in the degree of crystallinity of the γ-Al2O3 and the continued structural ordering
of the oxide [31,38].

Table 3. Surface properties of the AlSi10Mg powders and the fitted n-exponent.

Powder Condition Surface State n-exponent R2

AR Amorphous-Al2O3 0.91 ± 0.01 0.99

AlSi10Mg, 100 ◦C Amorphous-Al2O3 enrichment 1.23 ± 0.03 0.93

AlSi10Mg, 300 ◦C γ-Al2O3 1.38 ± 0.01 0.99

3.2. SS 316L Powder

The PSD, SSA, and Hall flow data of the SS 316L powders are summarized in Table 4.
Minor variations in the data were observed after baking. Figure 5 shows SEM micrographs
of the AR and baked powders. In all conditions, the powder consisted of spherical, elon-
gated, and slightly deformed particles, with some satellites. These observations indicate
that baking produced minor variations in the extrinsic powder characteristics.

Table 4. PSD, SSA and Hall flow data of SS 316L powder at different conditions.

Powder D10
(µm)

D50
(µm)

D90
(µm)

SSA
(m2/g)

Hall Flow
Rate (g/s)

Apparent Density
(g/cm3)

SS 316L, AR 25 ± 1 35 ± 4 50 ± 3 0.03 2.56 ± 0.03 4.322 ± 0.009

SS 316L, 100 ◦C 26 ± 3 36 ± 1 53 ± 1 0.03 2.49 ± 0.01 4.336 ± 0.010

SS 316L, 300 ◦C 22 ± 1 32 ± 2 50 ± 1 0.03 2.28 ± 0.06 4.335 ± 0.027
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Figure 5. Low- and high-magnification SEM micrographs of (a) AR and baked at (b) 100 ◦C and
(c) 300 ◦C SS 316L powders.

Table 5 summarizes the XPS survey atomic concentrations of Fe, Cr, Ni, O, and C
measured on the surface of the SS 316L powders by XPS. The concentrations of Fe 2p and
Ni 2s changed only slightly after baking at 100 and 300 ◦C compared with the AR powder.
In contrast, the Cr 2p concentration increased more noticeably at 300 ◦C, reaching 3.36 at.%.
The O 1s concentration also changed with baking, increasing to 53.06 at.% at 100 ◦C and
54.87 at.% at 300 ◦C. These variations suggest modification of the chromium-based oxide
species present at the powder surface.

Table 5. Surface concentration (at.%) of SS 316L powders from XPS survey.

Sample Fe 2p Cr 2p Ni 2s O 1s C 1s

SS 316L, AR 12.05 2.57 0.70 49.92 34.76

SS 316L, 100 ◦C 12.15 2.67 0.76 53.06 31.36

SS 316L, 300 ◦C 12.01 3.36 0.71 54.87 29.05

Figure 6 presents the high-resolution Cr 2p spectra and the corresponding depth
profiles for the SS 316L powders. Three main peaks were identified and assigned to
metallic Cr, Cr2O3, and Cr(OH)3 at binding energies of 574.10, 576.80, and 577.10 eV,
respectively [25]. The AR powder surface was rich in both Cr2O3 and Cr(OH)3, with
relative contents of 39% and 42%, respectively, while the metallic Cr contribution was
19%. After baking at 100 ◦C, the relative content of Cr2O3 increased to 45%, indicating
progressive oxidation of the chromium-rich surface. When the powder was baked at 300 ◦C,
the Cr2O3 contribution further increased (55%), consistent with continued thermally driven
oxidation. Stainless-steel powders are known to form a native chromium oxide layer during
atomization [39,40], and the growth of this layer with temperature has been reported to
follow parabolic kinetics controlled by chromium and oxygen diffusion [41]. In addition,
Li et al. [42] and Zhang et al. [15] reported that α-Cr2O3 can form in the temperature
range between 100 ◦C and 200 ◦C and remain stable at higher temperatures. Therefore, the
Cr2O3 enrichment observed after baking at 300 ◦C is consistent with the development of
α-Cr2O3-related oxide characteristics.
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Figure 6. (a) High-resolution Cr 2p spectra and graphs of relative content vs. etch time of (b) AR,
(c) baked at 100 ◦C and (d) 300 ◦C SS 316L powders.

Figure 7 presents the apparent absorption spectra of the SS 316L powders between
wavelengths of 400 and 1300 nm. At the LPBF laser wavelength of 1070 nm, the AR powder
absorbed 63.6% of the incident light, compared with 64.3% for the 100 ◦C powder and
64.0% for the 300 ◦C powder. Relative to the AR condition, this corresponds to increases of
1.1% and 0.7% for the 100 and 300 ◦C powders, respectively. Baking therefore produced a
minimal increase in laser absorption of SS 316L in all conditions.

 
Figure 7. Apparent optical absorption as a function of wavelength for SS 316L powders at different
conditions. The vertical dashed line represents the wavelength of LPBF fiber laser (λ = 1070 nm).
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Figure 8 shows the triboelectric charging behavior of the SS 316L powders. For all
conditions, the magnitude of the accumulated charge decreased as the flow rate increased,
indicating that longer powder-tube interaction promoted greater charge accumulation.
Since both the powder and the V-tube are stainless-steel-based systems, a nearly neutral
charging response would be expected. However, charge accumulation can still occur due to
differences in surface state between the powder and the tube, including differences in oxide
coverage, crystallographic orientation, and surface contamination [43–45]. These factors
modify the surface electron distribution and, consequently, the triboelectric response [46].

Figure 8. Triboelectric charging data; (a) accumulated charge density as a function of mass flow rate,
and (b) empirical power equation fitting for SS 316L powders.

The work function measurements support the surface modifications identified by XPS.
In particular, the work function of the SS 316L powder decreased from 5.74 ± 0.02 eV in the
AR condition to 5.35 ± 0.01 eV after baking at 100 ◦C, and further to 5.28 ± 0.04 eV after
baking at 300 ◦C. This reduction indicates that baking altered the electronic surface state
of the powder, consistent with the evolution of chromium-based oxide species observed
by XPS. For the AR powder, the charging behavior is therefore attributed to surface-state
differences between the powder and the V-tube. After baking at 100 ◦C, the transformation
of Cr(OH)3 into Cr2O3 modified both the oxide composition and the surface electronic
state, which is reflected in the work function decrease and the corresponding triboelectric
charging response. At 300 ◦C, the oxide layer evolved further, with additional enrichment
and modification of the Cr2O3-rich surface. These changes are consistent with α-Cr2O3-
related oxide characteristics [15], together with the continued decrease in work function
and the distinct charging behavior measured for this condition. Thus, for SS 316L, the
triboelectric response follows the changes in chromium oxide structure and the associated
variation in work function induced by thermal oxidation [37].

Table 6 provides the n-exponent of the powders obtained from the fitting of Figure 8b.
The fitted n-exponents for SS 316L were 0.82 for the AR powder, 0.87 for the powder
baked at 100 ◦C, and 0.73 for the powder baked at 300 ◦C. These variations indicate
that the kinetics of charge accumulation changed with baking temperature, in agreement
with the oxide evolution identified by XPS and the work function measurements. In
particular, the increase in n-exponent at 100 ◦C is associated with the initial transformation
of hydroxylated chromium species, whereas the lower n-exponent at 300 ◦C is associated
with further α-Cr2O3-related ordering, resulting in charge dissipation.
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Table 6. Surface properties of the SS 316L powders and the fitted n-exponent.

Powder Condition Surface State n-exponent R2

SS 316L, AR Cr2O3, Cr(OH)3 0.82 ± 0.02 0.94

SS 316L, 100 ◦C Cr2O3 0.87 ± 0.01 0.94

SS 316L, 300 ◦C α-Cr2O3 0.73 ± 0.04 0.97

3.3. Ti6Al4V Powder

The PSD, SSA, and Hall flow data of the Ti6Al4V powders are reported in Table 7.
Similar to the case of SS 316L and AlSi10Mg, minor differences were observed between the
AR powder and the powders baked at 100 and 300 ◦C. Figure 9 shows SEM micrographs
of the three conditions. The powders were predominantly spherical, with minor amounts
of deformed particles and satellites. No substantial morphological change was observed
after baking.

Table 7. PSD, SSA and Hall flow data of Ti6Al4V powder at different conditions.

Powder D10
(µm)

D50
(µm)

D90
(µm)

SSA
(m2/g)

Hall Flow
Rate (g/s)

Apparent Density
(g/cm3)

Ti6Al4V, AR 27 ± 2 36 ± 3 51 ± 5 0.05 1.22 ± 0.02 2.601 ± 0.007

Ti6Al4V, 100 ◦C 24 ± 2 33 ± 4 48 ± 3 0.05 1.10 ± 0.01 2.603 ± 0.004

Ti6Al4V, 300 ◦C 23 ± 1 32 ± 2 47 ± 6 0.05 1.12 ± 0.03 2.613 ± 0.002

Figure 9. Low- and high-magnification SEM micrographs of Ti6Al4V powders (a) AR, (b) baked at
100 ◦C and (c) baked at 300 ◦C.

Table 8 summarizes the XPS survey atomic concentrations of Ti, Al, O, and C on the sur-
face of the Ti6Al4V powders. The Ti 2p concentration varied between 13.18 and 15.01 at.%,
which increased with baking temperature, while the Al 2p concentration remained nearly
constant. The O 1s concentration increased by 1.3 at.% from the AR condition to the powder
baked at 300 ◦C. These variations suggest modification of the titanium oxide species present
at the surface after thermal exposure.
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Table 8. XPS surface concentration (at.%) of the Ti6Al4V powders from XPS survey.

Sample Ti 2p Al 2p O 1s C 1s

Ti6Al4V, AR 13.18 8.46 50.40 27.96

Ti6Al4V, 100 ◦C 13.37 8.43 50.81 27.39

Ti6Al4V, 300 ◦C 15.01 8.53 51.70 24.76

Figure 10 presents the high-resolution Ti 2p spectra and the corresponding depth
profiles for the Ti6Al4V powders. Peaks associated with Ti metal, Ti(II), Ti(III), and Ti(IV)
were identified at binding energies of 454.0, 455.6, 456.8, and 458.5 eV, respectively [25]. The
relative contributions of metallic Ti and Ti(III) remained relatively stable with etching depth,
ranging from 15 to 25% for metallic Ti and from 5 to 20% for Ti(III). In contrast, Ti(IV) was
the dominant species at the surface for all conditions, with a relative content of about 75%
for the AR powder, increasing to 85% for the powder baked at 300 ◦C. Although the relative
content of Ti(II) was minimal at the surface of the powder, its contribution increased with
etching depth and reached up to 40%, while the relative content of Ti(IV) decreased to about
40%. Vaquila et al. [47] reported that oxidation of titanium between room temperature and
200 ◦C mainly produces Ti(IV), while oxidation in the range of 200 ◦C < T < 350 ◦C results
in Ti(II) and Ti(III) species. In addition, the presence of Al and V in Ti6Al4V promotes
the stabilization of rutile-related oxide structures during oxidation [48,49]. The surface
changes observed for the powder baked at 300 ◦C are therefore consistent with rutile-related
oxide characteristics.

Figure 11 shows the apparent absorption spectra of the Ti6Al4V powders between
wavelengths of 400 and 1300 nm. At the LPBF laser wavelength of 1070 nm, the AR powder
absorbed 67.5% of the incident light, compared with 68.2% for the 100 ◦C powder and 68.7%
for the 300 ◦C powder. Relative to the AR condition, this corresponds to increases of 1.1%
and 1.9% for the 100 and 300 ◦C powders, respectively. This behavior is consistent with the
XPS results, which indicated the evolution of titanium oxide species and modification of the
TiO2-rich surface oxide at 300 ◦C, with characteristics consistent with rutile-related ordering,
together with Ti(II) and Ti(III) suboxide species. This increase in absorption at the laser
wavelength is attributed to the oxygen-deficient TiOx species, which introduce electronic
states within the band gap and have been reported to absorb in the NIR region [50].

The work function measurements further support this interpretation. The work
function of Ti6Al4V was 5.33 ± 0.01 eV for the AR powder, remained nearly unchanged at
5.32 ± 0.02 eV after baking at 100 ◦C, and then increased to 5.44 ± 0.03 eV after baking at
300 ◦C. The negligible change at 100 ◦C suggests that the oxide layer remained dominated
by Ti(IV)-rich species with limited structural modification, which is consistent with the
lower charge accumulation measured for this condition. In contrast, the increase in work
function at 300 ◦C indicates a modification of the oxide surface, with characteristics that are
consistent with rutile-related oxide ordering, together with the appearance of additional
titanium oxide species identified by XPS. This change in the surface electronic state matches
the increase in charge accumulation observed for the powder baked at 300 ◦C. Therefore,
for Ti6Al4V, the combined XPS and work function results indicate that the triboelectric
behavior is linked to the thermal evolution of the titanium oxide layer.
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Figure 10. (a) High-resolution Ti 2p spectra and graphs of relative content vs. sputtering (etching)
time of (b) AR, (c) baked at 100 ◦C and (d) 300 ◦C Ti6Al4V powders.

Figure 11. Apparent optical absorption as a function of wavelength for Ti6Al4V powders under different
conditions. The vertical dashed line represents the wavelength of LPBF fiber laser (λ = 1070 nm).

https://doi.org/10.3390/app16157778

https://doi.org/10.3390/app16157778


Appl. Sci. 2026, 16, 7778 15 of 19

Figure 12a shows the triboelectric charging behavior of the Ti6Al4V powders as a
function of flow rate. The variation in charging response with temperature indicates that
thermal oxidation altered the oxide structure and therefore the charge transfer behavior of
the powder.

Figure 12. Triboelectric charging data; (a) accumulated charge density as a function of mass flow rate,
and (b) empirical power equation fitting for the Ti6Al4V powders.

The Ti6Al4V charging data were analyzed using the compressed exponential model
and power-law relationship described above, as provided in Figure 12b. The fitting n-
exponent, corresponding to different surface species at the surface of the Ti6Al4V powder,
is provided in Table 9. The n-exponents were 0.49 for the AR powder, 0.36 for the powder
baked at 100 ◦C, and 0.52 for the powder baked at 300 ◦C. These variations in n-exponent
are associated with the different titanium oxide species present at the surface after baking.
Since the model is derived from a capacitor-based description of the charging process,
the change in n-exponent is interpreted as reflecting variations in differential capacitance
and charge relaxation behavior caused by the oxide structure present on the powder
surface [51,52].

Table 9. Surface properties of the Ti6Al4V powders and the fitted n-exponent.

Powder Condition Surface State n-exponent R2

Ti6Al4V, AR TiO2, TiO 0.49 ± 0.02 0.95

Ti6Al4V, 100 ◦C TiO2, TiO 0.36 ± 0.01 0.92

Ti6Al4V, 300 ◦C TiO2/rutile-related species 0.52 ± 0.02 0.93

Overall, the combined work function and triboelectric charging results show that the
charging response of AlSi10Mg, SS 316L, and Ti6Al4V powders is highly sensitive to ther-
mally induced surface modifications. The oxide species formed after baking altered both
the electronic surface state and the kinetics of charge accumulation, and these effects were
captured by work function measurements and the fitted triboelectric charging n-exponents.

4. Conclusions
This study demonstrated that triboelectric charging can be used to assess surface

chemistry changes induced by controlled thermal oxidation in AlSi10Mg, SS 316L, and
Ti6Al4V powders, three material systems widely used in AM. In all powders, baking at 100
and 300 ◦C produced minor variations in the particle size distribution and morphology,

https://doi.org/10.3390/app16157778

https://doi.org/10.3390/app16157778


Appl. Sci. 2026, 16, 7778 16 of 19

indicating that the changes in triboelectric charging behavior were mainly associated with
thermally induced modifications in the surface oxide chemistry rather than changes in
extrinsic powder characteristics. For AlSi10Mg, baking modified the Al2O3-rich surface
layer and reduced hydroxylated aluminum species. The work function increased from
4.34 ± 0.01 eV in the AR condition to 4.92 ± 0.03 eV after baking at 300 ◦C, while the
fitted n-exponent increased from 0.91 to 1.38. These changes indicate that thermal exposure
modified both the oxide chemistry and the charge accumulation behavior of the powder.
For SS 316L, baking promoted the evolution of chromium-based oxide species, with the
oxygen concentration increasing from 49.92 to 54.87 at.% and the work function decreasing
from 5.74 ± 0.02 to 5.28 ± 0.04 eV after baking at 300 ◦C. This resulted in a drop in the
n-exponent from 0.82 for AR to 0.73 at 300 ◦C. For Ti6Al4V, the charging behavior was
associated with the evolution of titanium oxide species, with the work function increasing
from 5.33 ± 0.01 to 5.44 ± 0.03 eV after baking at 300 ◦C. The corresponding triboelectric
n-exponent increased from 0.49 for AR to 0.52 at 300 ◦C. The change in triboelectric response
indicates that the method is sensitive to thermally induced modifications of Ti-based surface
oxides. The variation in the n-exponent of the fitting model with baking temperature
indicated that the kinetics of charge accumulation depend on the nature and structure
of the surface oxide layer. The main contribution of this work is the correlation between
XPS-identified oxide evolution, work function variation, and triboelectric charging behavior
across three AM powder systems with different oxide chemistries and their evolution with
heating. Since the powders were oxidized in air, the treatment represents an accelerated
comparative condition and does not directly reproduce the low-oxygen atmosphere or
thermal history of LPBF. The results demonstrate the sensitivity of triboelectric charging to
surface-oxide modifications and highlight its potential as a rapid complementary tool for
powder-quality control.
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Table S7. XPS peak-fitting parameters for the Ti 2p spectra of Ti6Al4V powders; Table S8. Triboelectric
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