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A B S T R A C T   

Smoking is the explosive powder-scattering by Coulomb interaction, and it is a difficult issue to avoid in electron 
beam powder bed fusion (EB-PBF) process. In this study, we investigated the effectiveness of mechanical ball 
milling to prevent powder-bed smoking in EB-PBF using gas-atomized Ti–48Al–2Cr–2Nb powder. The surface 
of the gas-atomized powder was confirmed to be composed of outer porous TiO2 + Al2O3 and inner dense Al2O3 
rich bilayer oxide film that gives rise to a high electrical resistance. The electrical resistivity after ball milling 
with 300 rpm (BM300) was significantly decreased due to the formation of the degenerated TiO2 and TinO2n–1- 
type suboxide. The electrical equivalent circuit of the powder bed of BM300 was essentially a single resistor- 
capacitor (RC) circuit, owing to the mechanically deformed outer oxide film. Besides, through ball milling at 
300 rpm for 30 min, the relaxation time of the gas-atomized powder was significantly decreased 1/16 times, and 
its electrostatic force decreased approximately 1/57 times. Finally, the suppressing effect of smoking on the EB- 
PBF building process was experimentally examined using ball-milled powders. It was clearly demonstrated that 
mechanical ball milling is an effective method to restrict smoking during the EB-PBF building process without 
any chemical treatment and composition change.   

1. Introduction 

Lightweight γ-TiAl alloys possess outstanding properties, such as 
high melting point, low density, high stiffness, and intrinsic strength 
retention. Therefore, Ni-based superalloys can be partially substituted 
by γ-TiAl alloys at operating temperatures ranging from 600 to 900 ◦C 
[1]. The main limitation pertaining to the industrial applications of 
γ-TiAl alloys is that the fabrication process is difficult using conventional 
techniques, such as casting, thermomechanical treatment, and hot 
deformation, owing to the inherent low ductility and brittle cracking of 
intermetallic compounds [2]. In recent years, additive manufacturing 
(AM) techniques have demonstrated the competitive advantages of 
fabricating metal parts with a complex design based on computer-aided 
design [3]. Dense γ-TiAl parts have been manufactured through electron 

beam powder bed fusion manufacturing (EB-PBF), a type of AM, per-
formed at a high preheating temperature (above 1100 ◦C), to suppress 
their high crack susceptibility [4,5]. Nevertheless, one of the problems 
in applying EB-PBF for manufacturing γ-TiAl parts is the explosive 
powder-scattering by Coulomb interaction during the EB-PBF building 
process, also known as “smoking” [6]. Until now, restricting methods for 
smoking events have mainly been developed through trial-and-error 
optimization, focusing on machinery control. The rule of thumb to 
restrict smoking is related to the following factors: using a defocused 
electron beam, adapting large powder, keying of the building plate, 
optimization of process parameters (i.e. beam current, scan speed, scan 
patterns), and using higher preheating temperature [7–10]. There are a 
couple of new approaches using a biased substrate that could be 
mentioned, although the academic literature on this is very sparse. 
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However, these methods are empirical and depend on uncertain factors 
and are not consistently effective. 

One key factor causing smoking is the surface state of the metal 
powder that is encapsulated by an electrically insulating oxide film [10]. 
This oxide layer can act as a capacitor to inhibit charge redistribution 
across the particle contacts [9,10]. During the EB-PBF building process, 
the metal powder bed is preheated and selectively melted to solidify 
them into designed bulk parts in a layer-by-layer manner using a 
high-voltage electron beam. If the irradiated electrons are accumulated 
in the powder bed, the negatively charged particles mutually repel each 
other and explosively scatter into a vacuum chamber by Coulomb 
interaction [11]. During the building process, smoking must be avoided 
because the scattered powder clouds can remove the powder feedstock 
and prevent electron beam penetration, resulting in a build failure. Sigl 
et al. [7] has demonstrated that the electrostatic overcharge of powder 
particles is the major factor causing smoking in the powder bed. Eschey 
et al. [8] has suggested that the charge of the powder bed depends on the 
electrical resistance between the particles, owing to their extremely 
small contact areas. Cordero et al. [9] reported that powder-bed 
charging is predominantly affected by the relaxation times associated 
with their surface states, based on the developed analytical model. 
Therefore, it is essential to manipulate the powder surface to avoid 
smoking of the powder bed during the EB-PBF building process. How-
ever, the research on surface treatments to prevent smoking in the 
EB-PBF building process is inadequate. 

Recently, our research group reported that the electrical resistivity of 
Inconel 718 powder was greatly reduced by mechanical stimulation, and 
smoking did not occur after ball milling, even when the powder bed was 
not preheated [10]. According to Mott [12], the oxide of a 3d transition 
metal whose d band is not completely filled is an insulator, but it has 
been found that the transition to metal is caused by the introduction of 
lattice strain [13]. Their studies are the first to find that the electrical 
properties of the Inconel 718 powder, which is covered with a thin oxide 
film of 3d transition metal can be transitioned from an insulator to metal 
by mechanical stimulation using a ball milling [10]. On the other hand, 
the surface oxide film of TiAl powder could also be covered with Ti 
oxide, which is a 3d transition metal, and could undergo metal-insulator 
transition by ball milling. Therefore, in this study, the mechanical ball 
milling was conducted to modify the powder surface to avoid smoking 
during the EB-PBF building process. The gas-atomized 
Ti–48Al–2Cr–2Nb powder was selected to investigate the influence 
of ball milling on the powder surface at various rotation speeds. The 
electrical equivalent circuit (EEC) of the powder bed in the EB-PBF 
building process was investigated based on impedance spectroscopy, 
and a quantitative factor was established to estimate the electrostatic 
force through electrical charging of the powder bed. Finally, the sup-
pressing effect of smoking in the EB-PBF building process was experi-
mentally validated using ball-milled powders. 

2. Materials and methods 

2.1. Mechanical ball milling 

Commercial gas-atomized Ti–48Al–2Cr–2Nb powder was sourced 
from Daido Steel Co., Ltd. The chemical composition was examined via 
inductively coupled plasma mass spectrometry (ARCOS ICP-OES, 
SPECTRO Analytical Instruments, Germany), as shown in Table 1. To 
modify the powder surface, the gas-atomized Ti–48Al–2Cr–2Nb 
powder was mechanically ball-milled using a planetary high-energy ball 
milling machine (Pulverisette 7, Fritsch GmbH, Germany) for 30 min in 

an air atmosphere. The large disk and vial rotated in opposite directions, 
and the ranges of rotation speeds were 200, 250, 300, 350, and 400 rpm, 
with an interval of 50 rpm, and the respective powders were referred to 
as BM200, BM250, BM300, BM350, and BM400, respectively. Powder 
and tungsten carbide (WC) balls (with a diameter of 6 mm) were placed 
in a stainless-steel vial with a volume ratio of 33.3%. 

2.2. Powder characterization 

The particle size distribution of the powders was investigated using a 
laser particle size analyzer (LS 230, Beckman Coulter, Inc., USA). The 
oxygen content of all the powders was measured via inert gas fusion 
using an oxygen-nitrogen analyzer (ON736, Leco Corp., Japan). The 
crystal structures of the powders were observed via X-ray diffraction 
(XRD) using a Cu Kα source at 45 kV and 40 mA (Philips X′PERT MPD, 
Malvern Panalytical, United Kingdom). Quantitative phase analysis 
using the Rietveld method was performed using the MAUD software. 
The morphologies of the raw and ball-milled powders were observed via 
scanning electron microscopy (SEM, S-3400 N, Hitachi High-Tech Sci-
ence Corp., Japan). The surface contamination of ball-milled powders 
was analyzed via energy dispersive spectroscopy analysis using the 
benchtop SEM (JCM-6000, JEOL Ltd., Japan). Even under the high 
milling velocity > 350 rpm, the W and C elements were below 0.71 and 
0.13 wt% on the surface of ball-milled powders, which is comparable to 
that of raw powder (0.63 and 0.14 wt%), respectively. Therefore, the 
effect of W and C elements on the electrical properties of ball-milled 
powders was neglected. Scanning/transmission electron microscopy 
analysis (STEM, Titan3TM 60–300 with double Cs-corrector, FEI-Com-
pany) was performed to further detail the morphology and composition 
of the powder surface. The samples for TEM investigation were prepared 
using a focused ion beam workstation (FIB, Helios Nano-lab 600i, FEI, 
USA). The powder surface was coated with platinum and carbon to 
protect its surface structure from an irradiated ion beam. 

2.3. X-ray photoelectron spectroscopy (XPS) analysis 

The surface chemical composition of the raw and ball-milled pow-
ders was determined via XPS (PHI5000 VersaProbe II, ULVAC-PHI Inc., 
Japan) using a monochromatic Al Kα source (1486.7 eV). The powder 
samples were distributed on the carbon tape and then compressed using 
hand press. The survey spectra were collected to identify major chemical 
elements as following: O 1s, Ti 2p, Al 2p, Cr 2p, and Nb 3d. The high- 
resolution narrow-scan profiles was conducted to determine further 
detail of surface chemical composition. The XPS spectra were analyzed 
using Common Data Processing System (Version 12) with the Shirley 
background. The peak position was calibrated using the detected strong 
C 1s peak (284.8 eV) that most probably introduced during sample 
preparation [14]. XPS depth profiling was performed to estimate the 
oxide film thickness using the Ar+ ion gun with a kinetic energy of 1 keV, 
providing an etching rate of 13.6 nm/min, as calibrated based on the 
SiO2 standard. 

2.4. Direct current resistivity and impedance spectroscopy test 

To evaluate the direct current (DC) electrical resistivity of the pow-
ders, a four-point probe measurement was performed using a tailored 
contact device that enabled functioning based on powders in a vacuum 
environment (< 4.5 × 10− 4 Pa). A powder sample (2.45 g) was placed 
inside a measuring Al2O3 cylinder, and both sides were sealed by cir-
cular nickel electrodes with a diameter of 10 mm. After that, the upper 
electrode was compressed by the load punch with the compressive force 
of 7 N to ensure a constant contact area under the vacuum environment. 
The temperature-dependent DC electrical resistivity was measured at a 
heating rate of 5 ◦C/min up to 800 ◦C. After that, the powder was held at 
800 ◦C for 1 h and then furnace-cooled to room temperature. The 
impedance spectroscopy measurement was performed to characterize 

Table 1 
Alloying composition of gas-atomized Ti–48Al–2Cr–2Nb determined via ICP.  

Element Ti Al Cr Nb O 

at%  46.18  49.58  1.85  2.24  0.14  
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further detail of electrical properties, such as resistance, capacitance, 
inductance. The electrical parameters were controlled and recorded by a 
multichannel AD converter, and the impedance was measured in the 
frequency range of 1 Hz to 2 × 106 Hz using an LCR meter (ZM 2376 
LCR, NF Corp., Japan). The measured impedance data was approxi-
mated using the software package EC-LAB (BioLogic Science In-
struments Ltd., France) with the possible EEC models. 

2.5. Smoking experiment in EB-PBF process 

The powder bed smoke experiment during preheating in the EB-PBF 
building process was performed using a JEOL EB-PBF machine (JBS- 
Z0100EBM, JEOL Ltd., Japan). The powder was placed in a machined 
square hole (10 × 10 × 1 mm3) at the center of the stainless-steel base 
plate (100 × 100 × 10 mm3). After that, powder spreading was con-
ducted to eliminate overflow powder from the base plate. Preheating 
was conducted under the conditions of accelerating voltage of 60 kV, a 
beam current of 5 mA, a scanning speed of 200 m/s, and the scanning 
pattern was a snake shape at room temperature (approximately 25 ◦C) 
under the vacuum environment (< 10− 3 Pa). The occurrence of smoking 
was determined using recorded high-speed camera images with a 250 
frame per second. 

3. Results 

3.1. Gas-atomized and ball-milled Ti–48Al–2Cr–2Nb powder 

Fig. 1a shows the morphology of the gas-atomized 
Ti–48Al–2Cr–2Nb powder, most of which possessed a spherical 
shape. The average particle size was 71.71 µm, with a broad size 

distribution (Fig. 1c). The cross-sectional microstructure (Fig. 1b) 
observed from the backscattered electron (BSE) and X-ray profiles 
(Fig. 1d) suggests γ-TiAl and α2-Ti3Al phases with dendritic structures in 
the gas-atomized Ti–48Al–2Cr–2Nb powders. 

The surface morphologies of the raw and ball-milled powders under 
various ball-milling conditions are shown in Fig. 2a–f. An irregular 
flexural surface was observed in the raw powder, owing to the high 
cooling rate during the gas atomization process [15]. The partially 
deformed surface (relatively smooth) on the BM200 powder was 
confirmed, as indicated by the red circle in Fig. 2b. The smooth area 
increased in the BM250 powder, as indicated by the red circle in Fig. 2c. 
In the BM300 and BM350 powders, almost the entire surface became 
smooth (Fig. 2d and e). The powder deformation became more severe 
with the increasing milling velocities above 350 rpm, causing 
non-spherical powders, as indicated by the yellow arrow in Fig. 2e and f. 

The measured particle sizes of the raw and ball-milled powders 
under various ball-milling conditions are plotted in Fig. 3. The average 
particle size gradually decreased after ball milling to that of BM300; it 
nonetheless increased from that of BM300 to that of BM400. The d90 of 
the ball-milled powders gradually increased up to BM300, and there-
after rapidly increased from BM350, owing to the formation of large 
agglomerates (approximately 200 µm). This suggests that the pulveri-
zation related to the formation of a fresh surface is the dominant milling 
process for rotation speeds below 300 rpm, while agglomeration is the 
predominant milling process for milling velocities above 350 rpm, 
owing to the supplied high impact energy [16]. The calculated impact 
force and maximum deformation depth by the collision between the WC 
ball and Ti–48Al–2Cr–2Nb particle depending on milling velocities 
can be found in appendix 1. 

The X-ray profiles of the raw and ball-milled powders are shown in  

Fig. 1. Microstructure and particle size of gas-atomized Ti–48Al–2Cr–2Nb; (a) SEM image of surface, (b) BSE image of cross-section, (c) particle size distribution, 
and (d) XRD result. 
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Fig. 4, and all the profiles consist of γ-TiAl and α2-Ti3Al peaks, while the 
peaks broadened after ball milling. Quantitative phase analysis was 
performed using the Rietveld method to determine the relative weight 
fraction of each phase. The phase fraction of α2-Ti3Al increased up to 
that in case of BM300 and thereafter decreased above that for BM350, as 
shown in Fig. 4. The oxygen content of the raw powder gradually 
increased with increasing milling velocities up to 300 rpm, while it was 
maintained above 350 rpm, as shown in Table 2. Oxygen is known to be 
a strong α2 phase stabilizer in γ-TiAl alloys [17]. Therefore, the 
increased α2 fraction after ball milling could be due to the oxygen 
contamination from the air atmosphere. This result suggests that the 
oxide film thickness in ball-milled powder could be increased at milling 
velocity above 300 rpm by consuming solute oxygen with the α2 → γ 
reaction. 

Fig. 2. Surface morphology of Ti–48Al–2Cr–2Nb powders; (a) gas-atomized, (b) BM200, (c) BM250, (d) BM300, (e) BM350, (f) BM400. (Red circle indicates 
partially deformed region, yellow arrows indicate fractured particles). (For interpretation of the references to colour in this figure, the reader is referred to the web 
version of this article.) 

Fig. 3. Size distribution of gas-atomized and ball-milled Ti–48Al–2Cr–2Nb 
powders under various milling velocities and corresponding BSE image. 

Fig. 4. XRD results of raw and ball-milled Ti–48Al–2Cr–2Nb powders 
depending on the milling velocities. 
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3.2. Electrical properties of powders 

3.2.1. Direct current electrical resistivity 
The DC electrical resistivity of raw and ball-milled powders at room 

temperature is presented in Fig. 5a. The electrical resistivity of the raw 
powder was high and comparable to those of insulating or dielectric 
materials. This could be attributed to indirect contact between neigh-
boring metal particles through the surface oxide films. The resistivity of 
raw powder was gradually decreased, and it was decreased to approxi-
mately 1/6 times in BM300 powder. For the BM350 and BM400 pow-
ders, the resistivity dropped by approximately 10− 7 magnitude 
compared to the raw powder. The temperature-dependent DC electrical 
resistivity of the raw and BM400 is presented in Fig. 5b. Upon heating, 
the electrical resistivity of the raw powder decreased, converging to the 
order of 2.17 × 10− 4 Ω⋅m, which is similar to a metallic conductor, 
while that of BM400 powder was slightly decreased above 400 ◦C to 
approximately 1.87 × 10− 4 Ω⋅m. During the heating at 800 ◦C for 1 h, 
the resistivity of raw and BM400 powders was preserved, and both 
powders were very loosely sintered after cooling. Thus, the rapid drop in 
electrical resistivity of the raw powder during heating predominantly 
originated from the properties of the surface oxide film, rather than the 
sintering between the particles. It is well known that the oxide of 3d 
transition metal suffers the metal-insulator transition at a high tem-
perature [12,18]. The room temperature resistivity of BM350 and 
BM400 is reminiscent of the metal-insulator transition of Mott in-
sulators. From these experimental results, it can be concluded that ball 
milling can increase the electrical conductivity of the surface oxide film 
that contained 3d transition metal oxide. The ball milling effect on 
electrical properties is further discussed in Section 4.2. 

3.2.2. Impedance spectroscopy analysis 
A schematic of the EB-PBF building process with the corresponding 

EEC can be shown in Fig. 6a and c according to the previous study [10]. 
In the EEC model for the EB-PBF building process, IEB is the amount of 
irradiated electron beam current, RPB and CPB are parallel resistors and 
capacitors of the powder bed, respectively, RBP is the resistor of the base 
plate, and IG is the discharged current through the ground wire. An 
extremely small contact area between the spherical particles can result 
in a high electrical resistance [19]. Moreover, a capacitor is formed 
when two conducting components are isolated using a nonconducting 
material. Therefore, the electrical charging of the powder bed is pre-
dominantly affected by the RC circuit during the EB-PBF building 

process [7–10] as indicated by the red box in Fig. 6c. To evaluate the RC 
circuit of the raw and ball-milled powders, an impedance spectroscopy 
test was conducted, as shown in Fig. 6b and d. In the impedance test, 
each particle of the placed powder was assumed to be in a connected 
state, and the current was transferred through the connected network 
consisted of conductive metal and oxide film [19]. Therefore, the EEC of 
the powder bed is predominantly affected by their oxide film states. A 
typical example of the Nyquist plot with single RC circuit of a powder is 
shown in Fig. 6d. In the Nyquist plot, the x-intercept of the semicircular 
arc represents the metallic core resistance (Rm) and oxide film resistance 
(Roxide) in the high-frequency and low-frequency ranges, respectively. 

The Nyquist plots of the imaginary versus the real impedance com-
ponents with respect to the frequency variations of the raw and ball- 
milled powders are presented in Fig. 7a and b. A semicircular arc 
shape wherein the center was slightly depressed along the x-axis was 
observed in all the powder specimens. On one hand, for all the powders, 
there was no significant difference observed in the Rm value, regardless 
of ball milling, while the diameter of the semicircle (Roxide) decreased 
with the increasing milling velocities up to 300 rpm (Fig. 7a). On the 
other hand, the imaginary component of the impedance in the BM350 
and BM400 powders changed to a positive value associated with the 
inductive response in the high-frequency range (Fig. 7b). 

The relationship between the phase angles and frequency, deter-
mining the number of time constants, is presented in the Bode plots 
(Fig. 8a–f). The real impedance in the raw powder was maintained in the 
low-frequency range, and the phase angle was below − 5◦, indicating a 
dominant contribution of the resistor [20]. In the intermediate fre-
quency range, the − 45◦ slope in logZ′ versus logfrequency was 
observed to be related to the characteristics of the passive oxide film 
[21]. The multiple phase angle peaks were identified in the 
high-frequency range of − 67◦ to − 78◦ in the raw, BM200, and BM250 
powders. This indicates that its electrical circuit would contain at least 
two times constants. The single-phase angle peak at − 77◦ was detected 
in BM300, representing a single time constant. In contrast, the phase 
angles of the BM350 and BM400 powders were changed to positive 
values of 65◦ and 62◦, respectively. 

The impedance spectra of each powder were quantitatively evalu-
ated using the EEC model fitting. The two types (Type 1 and 2) of the 
EEC model that has already been used for fitting Ti and TiAl alloys in 
electrochemical impedance spectroscopy (EIS) tests [22,23], are dis-
played in Fig. 9a and b. Type 3 of the EEC model was suggested to 
explain the inductive reactance behavior in BM350 and BM400 powders 
[24]. The constant phase element (CPE) is used to explain the non-ideal 
behavior of the capacitances as follows: 

ZCPE = [Q(iω)
n
]
− 1

, (1)  

where Q is the CPE constant of the passive oxide film, i is the imaginary 
number (i2 = − 1), and n is the CPE exponent that is related to the 

Table 2 
Oxygen concentration of raw and ball-milled powders.  

Specimen Raw BM200 BM250 BM300 BM350 BM400 

O concentration 
(wt%)  

0.0632  0.0755  0.0867  0.1125  0.1100  0.1115  

Fig. 5. Direct current electrical resistivity of raw and ball-milled Ti–48Al–2Cr–2Nb powders; (a) room temperature, (b) temperature-dependent.  
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nonequilibrium current distribution due to the surface roughness [20]. 
The simulated responses (solid red lines) of the EEC model matched well 
with the experimental data (Fig. 7a and b). The fitting parameters of the 
EEC model for each specimen are provided in Table 3. In Type 1 of the 
EEC model, R2 was higher than R1 in the raw, BM200, and BM250 
powders. The total oxide resistance (Roxide) in Type 1 of the EEC model 
can be expressed as [25]. 

Roxide = R1 +R2 . (2) 

The total resistance of the raw powder gradually decreased up to that 

of BM250 and thereafter decreased to that of the BM300 powder. 
Conversely, both Q1 and Q2 increased slightly after ball milling, 
depending on the milling velocities. The minimum Roxide was obtained in 
the BM350 and BM400 powders, and they showed an almost similar 
inductance value (L1). These results suggest that the surface state of the 
raw powder is significantly changed in the BM300 and BM350 powders 
after ball milling. 

Fig. 6. Schematics of the (a) EB-PBF building process, (b) impedance spectroscopy, (c) electrical equivalent circuit in the EB-PBF building process, and (d) Nyquist 
plot with the corresponding EEC. 

Fig. 7. Nyquist plots of Ti–48Al–2Cr–2Nb powders; (a) gas-atomized, BM200, BM250, BM300, (b) BM350, BM400.  
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3.3. XPS and TEM analysis 

The XPS spectra of the raw, BM300, and BM350 powders (Fig. 10a) 
consisted of major alloying elements (Ti 2p, Al 2p, Cr 2p, Nb 3d), carbon 
(C 1s), and strong oxygen (O 1s) peaks. High-resolution narrow-scan 
profiles of the Ti 2p, Al 2p, Cr 2p, Nb 3d, and O 1s peaks are shown in 
Fig. 10b–f. Strong oxide peaks, such as Ti4+, Al3+, Cr3+, and Nb5+, were 
detected in all the samples, indicating that the surfaces of all the pow-
ders were insulated by the oxide film. The chemical compositions of the 
outermost oxide films of the raw and ball-milled powders were deter-
mined from the XPS spectra, as shown in Table 4. The outermost oxide of 
all the powders was mainly composed of Al2O3 and TiO2; however, their 
concentration changed slightly after ball milling. As shown in the Ti 2p 
spectra (Fig. 10b), the Ti2+ and Ti3+ peaks increased in BM300 and 
BM350, compared with that in the raw powder, and it was approxi-
mately 2.1 at% and 2.9 at% in BM350, respectively (Table 4). In the O 1s 
spectra (Fig. 10f), Al-O and Ti-O peaks were detected, and the concen-
tration of O2- gradually decreased in the BM300 and BM350 powders 
(Table 4). The decrease in O2- concentration after ball milling could be 
due to the formation of TinO2n–1 type suboxides, such as TiO and Ti2O3, 
on the powder surface. In the Al 2p and Nb 3d spectra, the metallic Al0 

and Nb0 peaks gradually decreased in the BM300 and BM350 powders 
after ball milling (Fig. 10c and e). This suggests that the thickness of the 

oxide film increased after ball milling due to oxygen contamination. 
To investigate both the thickness and composition of the oxide film, 

the depth profile was performed using Ar+ ion beam sputtering with an 
etching rate of 13.6 nm/min, calibrated by the SiO2 standards. The 
atomic concentration of each element versus the calculated depth is 
shown in Fig. 11a, d, and g. It is worth noting here that the O 1s 
component is always detectable in the XPS survey spectra of the powder 
even after longer sputtering, owing to their spherical shape [26]. The 
concentration of the O 1s component gradually decreased, while the Ti 
2p and Al 2p components increased with an increasing etching depth. 
The oxide film thickness can be suspected as half of the maximum O 1s 
concentration [27], and the calculated thicknesses were 34, 47.6, and 
95.2 nm in the raw, BM300, and BM350 powders, respectively. The 
composition of the oxide film was analyzed using a detailed fitting of the 
Ti 2p and Al 2p spectra. The concentration of Ti4+ rapidly decreased, 
while that of Ti0 increased with the increasing etching depth. Based on a 
constant element concentration, the TiO2 oxide thickness of raw, 
BM300, and BM350 powders was estimated as 20.4, 27.2, and 20.4 nm, 
respectively [28]. In the same manner, the thickness of the Al2O3 oxide 
layer was estimated to be 47.6, 68, and 81.6 nm in the raw, BM300, and 
BM350 powders, respectively. 

The oxide film thickness and composition of the raw and ball-milled 
powders were further investigated via TEM using a FIBed film from a 

Fig. 8. Bode plot of Ti–48Al–2Cr–2Nb powders; (a) gas-atomized, (b) BM200, (c) BM250, (d) BM300, (e) BM350, and (f) BM400.  
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single particle surface. The dark field, element mapping, and line 
scanning images of the raw, BM300, and BM350 powders are shown in  
Fig. 12a–c. The oxide film thickness of the raw, BM300, and BM350 
powders were measured as 13.4, 46.7, and 91.1 nm, respectively, based 
on the line scanning results. The increasing trend of oxide film thickness 
depending on milling velocities is well matched to that of the XPS re-
sults, while their thickness difference between the TEM and XPS results 
could be due to the diameter deviation of the powder particles in the XPS 
measurement [26]. Furthermore, the maximum oxygen concentration in 
the line scanning results was approximately 40 at% in the raw powder; 
however, it was significantly decreased to approximately 16 at% and 
20 at% in BM300 and BM350 powders, respectively. (Fig. 12b and c). 

3.4. Smoking test in the preheating process 

To experimentally verify the effect of mechanical ball milling on 
smoking in the EB-PBF building process, preheating was performed 
using the raw and ball-milled powders at room temperature. Fig. 13 
shows the images of the raw, BM300, and BM350 powders during pre-
heating in the EB-PBF building process. The recorded videos for the 
smoking test of the powders can be found in appendix 2. The yellow 
circle indicates the starting point of the electron beam irradiation. In the 

raw powder, the powder bed was scattered after preheating for 0.07 s, 
and it was completely removed into the vacuum chamber after 0.21 s 
because of charge accumulation. On the other hand, the smoking of 
BM300 and BM350 was suppressed during the preheating process at 
room temperature, and those powders can be heated above 800 ◦C 
without smoking by manipulating the beam current. These results 
demonstrate that mechanical ball milling is an effective method for 
restricting smoking during the EB-PBF building process. 

4. Discussion 

4.1. Oxide film of gas-atomized Ti–48Al–2Cr–2Nb powder 

The oxide film of the gas-atomized Ti–48Al–2Cr–2Nb powder was 
investigated via impedance spectroscopy, XPS, and TEM. As shown in 
Fig. 10b and c, the outermost oxide film of the raw powder mainly 
consisted of TiO2 and Al2O3, and their corresponding depths were esti-
mated to be approximately 20 nm and 48 nm, respectively, based on the 
depth profile method (Fig. 11b and c). This suggests that the oxide film 
of the gas-atomized powder consisted of an outer TiO2 + Al2O3 layer and 
an inner Al2O3 rich bilayer. Moreover, multiple phase angle peaks rep-
resenting two types of oxide films were detected in the raw powder 
(Fig. 8a), and the resistance of the outermost film (R1) was much lower 
than that of the inner film (R2), as shown in Table 3. It is well established 
that the surface oxide film of the Ti-based or TiAl alloy is composed of a 
bilayer, that is, an inner barrier and outer porous layer; the outer layer 
showed far lower resistivity than that of the inner layer in the EIS test 
[22,23]. This indicates that the oxide film structure between the outer 
and inner films would be different in the gas-atomized 
Ti–48Al–2Cr–2Nb powder. It has been reported that the formation 
of the initial oxide film in γ-TiAl alloy is closely related to the oxidation 
temperature [29]. The formation of TiO2 is dominant above 1000 ◦C, 
while the formation of Al2O3 is favorable below 1000 ◦C [30–32]. This 
could be due to the preferential solubility of oxygen atoms to α2-Ti3Al 
phase (16 at%) than γ-TiAl phase (2 at%) [30]. Dai et al. [33] reported 
that the porous oxide films of Ti and Ti alloys are mainly formed at high 
temperatures due to oxide scale cracking and weak bonding with the 
metallic core. In the gas atomization process, the liquid metal is atom-
ized by gas jets and thereafter rapidly cooled to room temperature [34]. 
This indicates that a relatively porous TiO2 film could form on the 
outermost surface of Ti–48Al–2Cr–2Nb powder at the initial high 
temperature, and the oxidation was continued by the fast diffusion of 
oxygen through the outmost porous TiO2 layer [35]. Thus, the Al 
element could be locally enriched underneath the TiO2 oxide layer, and 
the relatively dense Al2O3 rich layer was subsequently formed by oxygen 
diffusion into the metallic core at low temperature. As mentioned 
earlier, the Al2O3 film was thicker than the TiO2 film in the gas-atomized 
Ti–48Al–2Cr–2Nb powder. The Gibbs free energy of the oxidation 
reaction in Ti and Al elements can be calculated as [36]. 

ΔGTiO2 = − 943490+ 179.08T(298 ∼ 1940K). (3)  

ΔGAl2O3 = − 1120480+ 214.22T(932 ∼ 2345K). (4) 

Thus, the Al2O3 oxide would be more stable than TiO2 oxide, and its 
fraction would be further higher in the oxide film of gas-atomized 

Fig. 9. Three types of electrical equivalent circuit used to fit the impedance 
data for (a) two time constants, (b) a single time constant, and (c) the resistance 
and inductance in parallel. 

Table 3 
Fitting results from impedance test of raw and ball-milled powders.  

Sample Rm [Ω] R1 [Ω] Q1[nF] n1 R2 [Ω] Q2 [nF] n2 L1 [μH] 

Gas-atomized  0.681 116,842 0.097 0.907 648,431 0.113 0.887 – 
BM200  0.697 109,120 0.103 0.896 614,127 0.136 0.871 – 
BM250  0.687 80,982 0.111 0.901 544,832 0.134 0.869 – 
BM300  0.655 95,171 0.186 0.871 – – – – 
BM350  0.661 12.3 – – – – – -0.352 
BM400  0.495 13.6 – – – – – -0.338  
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Ti–48Al–2Cr–2Nb powder. In addition, it had been reported that the 
Nb addition in TiAl alloy can suppress the growth of TiO2 due to 
decreased oxygen vacancy concentration by replacing Ti4+ to Nb5+

[37]. Therefore, the oxide film of the gas-atomized Ti–48Al–2Cr–2Nb 
powder could consist of a bilayer with outer porous TiO2 +Al2O3 and 
inner dense Al2O3 rich layers. 

4.2. Electrical properties of ball-milled powders 

In Fig. 2a–d, the deformed surface area expanded with increasing 
milling velocities, and the entire surface was deformed above 300 rpm. 
It should be noted that the electrical resistivity of the powder gradually 
decreased after ball milling, while the thickness of the oxide film 
increased with the milling velocity. These results indicate that the 
removal of the oxide film by surface grinding is not a major factor in 
decreasing the electrical resistivity of the powder. As shown in Fig. 10b, 
the TinO2n− 1 type suboxide was observed on the oxide film surface after 
ball milling, and its quantity gradually increased with the increasing 
milling velocity (Table 4). Moreover, the oxygen concentration of the 
oxide film in the raw powder significantly decreased from approxi-
mately 40 at% to 20 at% in the BM300 and BM350 powders, owing to 
the formation of the titanium suboxide phase (Fig. 12a–c). During the 
ball milling, the surface TiO2 phase was mechanically deformed by the 

Fig. 10. (a) XPS survey spectra on the powder surface and corresponding high-resolution spectra; (b) Ti 2p, (c) Al 2p, (d) Cr 2p, (e) Nb 3d, (f) O 1s in raw, BM300, and 
BM350 powders. 

Table 4 
Atomic concentration of oxide surface of raw, BM300, and BM350 powders.  

Specimen Atomic concentration of oxide surface (at%) 

O2- Ti4+ Ti3+ Ti2+ Al3+ Cr3+ Nb5+

Gas-atomized  61.8  8.2  1.1  0.5  26.7  1.6  0.2 
BM300  60.1  10.6  1.8  0.6  25.3  1.4  0.3 
BM350  57.1  10.6  2.9  2.1  25.6  1.3  0.4  
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Fig. 11. Depth profile results with the high-resolution spectra of Ti 2p and Al 2p depending on the sputtering time; (a)–(c) raw, (d)–(e) BM300, (g)–(i) 
BM350 powders. 
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Fig. 12. Dark field TEM image with the elemental mapping and line scanning results; (a) raw, (b) BM300, and (c) BM350 powders.  
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WC ball, and the position taken by the O2- anion in the ordered lattice 
can be replaced by free electrons to minimize the energetic cost of va-
cancy formation in the defective crystal. Therefore, the reduction of 
TiO2 to TinO2n− 1 type suboxide through ball milling can be expressed as 
[38]. 

TiTi +OO→Ti∗Ti +VÖ + e− +
1
2
O2(g) , (5)  

where TiTi and OO are the titanium and oxygen atoms on the perfect site 
of crystal lattice, respectively, Ti∗Ti is a Ti3+ ion in a titanium site, VÖ is a 
doubly ionized oxygen vacancy, e− is the free electron. These results 
suggest that the mechanically deformed surface through the ball milling 
would be replaced with a TiO2 + Al2O3 + TinO2n− 1 mixed layer by 
defect accumulation. Thus, the quantity of TinO2n− 1 type suboxides was 
increased with the milling velocity due to supplied high impact force. It 
has been reported that the formation of titanium suboxides can signifi-
cantly alter the electrical conductivity, owing to oxygen vacancies [39, 
40]. Xu et al. reported that the electrical resistivity of various TinO2n− 1 
type suboxides was far lower than that of TiO2 (> 1013 times) at room 
temperature [41]. However, the quantity of TinO2n− 1 type suboxides 
was 2.4 at%, and the most of oxide layer consisted of TiO2 and Al2O3 in 
BM300. Thus, the increased TinO2n− 1 type suboxides cannot fully 
explain why electrical resistance is far decreased after ball milling. Mott 
[12] suggested the metal-insulator transition arises due to an increase in 
carrier concentration by doping, causing the formation of degenerate 
bands. Rajender et al. [42] demonstrated that the band gap narrowing in 
TiO2 particles is caused by the combined effect of lattice strain and 
defects induced by the ball milling. Benson et al. [13] reported that the 
degenerate doping of titanium dioxide by mechanical strain can result in 
metal-semiconductor transition due to an increase in carrier concen-
tration. This result suggests that the formation of degenerated TiO2 by 
strain accumulation can significantly alter the electrical properties of the 
surface oxide layer via ball milling. Therefore, the decreased electrical 
resistance of the ball-milled powder would be due to the combined effect 
of degenerate doping of the TiO2 phase by the strain accumulation and 
formation of TinO2n− 1 type suboxides through ball milling. 

As shown in Fig. 8a− d, the multiple phase angle peaks at − 67◦ and 
− 78◦ of the raw powder were changed into a single peak at − 77◦ in the 
BM300 powder. This result suggests that the outermost TiO2 + Al2O3 
film was mechanically deformed and transitioned into the conductive 
deformed layer containing degenerated TiO2 and TinO2n− 1-type sub-
oxide through ball milling at 300 rpm. Therefore, the outer conductive 
deformed layer of BM300 powder did not act as a dielectric, while the 
undeformed compact inner film sustained its RC circuit. As the milling 
velocities were further increased above 350 rpm, the resistance in 
BM350 and BM400 was significantly decreased below 13.6 Ω, and they 
showed an inductive behavior that directly proves the high electrical 
conductivity. This means that the entire insulative oxide film of the raw 
powder was electrically broken down and replaced with a conductive 
deformed layer after ball milling at velocities above 350 rpm. Thus, the 
mechanically deformed oxide layer of BM350 did not act as an insulator; 
it functioned similar to a conductive metal owing to the increased 
fraction of degenerated TiO2 and TinO2n− 1 type suboxides. Therefore, it 
is clearly confirmed that mechanical ball milling is an effective method 
for increasing the electrical conductivity of Ti–48Al–2Cr–2Nb 
powder. 

4.3. Effect of ball milling on smoking behavior during EB-PBF building 
process 

Powder-bed smoking in the EB-PBF building process is closely 
related to the electrical interaction among the EEC elements. The 
interaction force on the powder bed during the preheating process can 
be expressed as [8]. 

Ftotal = Frepulsion +Fattraction +Felectrostatic . (6) 

The repulsion force (Frepulsion) between the irradiated electron beam 
and the negatively charged powder bed can be expressed as follows: 

Frepulsion =
1

4πε0
∙
QEB∙QPB
d2EB,i

, (7)  

where QEB is the negative charge of the electron beam, QPB is the 

Fig. 13. Snapshot image during preheating in electron beam powder bed fusion manufacturing building process; (a)–(d) raw, (e)–(h) BM300, and (i)–(l) BM350.  
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negative charge of the powder bed, dEB,i is the distance between the 
beam axis and negatively charged arbitrary particle, and ε0 is the vac-
uum permittivity. The attraction force (Fattraction) between the posi-
tively charged base plate and the negatively charged powder bed can be 
expressed as follows: 

Fattraction = −
1

4πε0

QBP∙QPB

d2
BP,i

, (8)  

where QBP is the positive charge of the base plate, and dBP,i is the dis-
tance between the negatively charged arbitrary particle and the posi-
tively charged base plate. The electrostatic force (Felectrostatic) of the 
negatively charged powder bed can be expressed by 

Felectrostatic =
1

4πε0

∑np − 1

i=1

Q2
PB

r2
i

, (9)  

where ri is the radius of the powder-bed particles. Therefore, it is evident 
that all the driven electrical forces are closely related to the charging 
degrees of the powder bed. The electrical charging of the powder bed 
can be expressed as [9]. 

QPB = Jπri
2ητ

(
1 − e− Δt

τ

1 − e− T
τ

)

, (10)  

where J is the uniform current density of the electron beam, η is the 
absorption efficiency, τ is the relaxation time related to the charging 
dissipation across the oxide film, Δt is the time for the beam to pass over 
the powder particle, and period T is the time required by the beam to 
raster across the area during preheating. Therefore, the smoking of the 
powder bed was predominantly affected by the relaxation time between 
the powder particles. In this study, two types of EEC models were sug-
gested based on impedance spectroscopy, to measure the relaxation time 
of the powder bed in the EB-PBF building process (Fig. 9a and b). The 
relaxation time from the EEC model fitting data can be calculated by 

τ = R × C . (11) 

From the CPE model, the true capacitance (C) of a single RC circuit 
can be expressed by [43]. 

C =
(Q × R)1/n

R
. (12) 

In the two parallel RC circuits, effective capacitance (Ceff) can be 
approximated by [25]. 

Ceff =
(Q1 × Rm)

1/n1

Rm
. (13) 

The calculated true capacitance, effective capacitance, and relaxa-
tion time are provided in Table 5. The relaxation time of raw powder 
was significantly decreased approximately 1/16 times from 56.18 μs to 
3.5 μs in BM300, while preserving the particles shape with a small size 
deviation. 

To evaluate the effect of ball milling on smoking during the EB-PBF 
building process, only the electrostatic force between the two spherical 
particles that is the dominant electrical force in smoking is considered. 
The electrostatic force between the two spherical particles can be 
expressed by [9]. 

FQ =
QP

2

16πε0ri
2∙fξ . (14) 

The normalized force (fξ) between the contacted spheres encapsu-
lated by the oxide film can be expressed by [44,45]. 

fξ =
1

(
ξ + ξ2)

(

1 + 1
2 log(1 + 1/ξ)

)2 , (15)  

where ξ is the spacing radius ratio of the oxide film and metallic core 
(roxide/rmetal), as shown in Fig. 14a. The input parameters for the pre-
heating process were used to be J = 50.66 kA/m2, Dbeam = 200 µm, v 
= 200 m/s, and η = 0.9 [46], which is same condition to smoke test. The 
calculated electrostatic force between the two particles gradually 
decreased after ball milling at velocities up to 250 rpm and significantly 
decreased to 300 rpm (Fig. 14b). Through mechanical ball milling, the 
electrostatic force of the raw powder decreased by approximately 1/57 
times from 4.69 × 10− 3 N to 8.29 × 10− 5 N. 

As mentioned before, the powder bed smoke of raw powder started 
after preheating for 0.07 s owing to their long charge dissipation time, 
and particle scattering was primarily observed in the surface region, as 
shown in Fig. 13b. When the powder bed is irradiated by the electron 
beam, the spread particles are electrically negatively charged, while the 
base plate is positively charged. Therefore, the particles near the base 
plate are affected by Fattraction, and the smoking of the bottom particles is 
suppressed. Moreover, the upper site of charged particles could be 
affected by Frepulsion, while the bottom site of the particles is compressed 
by the upper deposited particles due to gravitational force; therefore, a 
significantly higher electrostatic force is required to eliminate the bot-
tom particles into the vacuum chamber compared with that for the 
surface particles. Therefore, smoking of the powder bed occurs prefer-
entially in the surface area where there is no electrical attraction or 
compressive force. As the preheating time increased, the outer side of 
the powder bed was removed. In the preheating process, the scanning 
pattern of the electron beam was a snake shape, and the returning beam 
first made contact with the outside of the powder bed. Therefore, elec-
trons accumulate locally on the outside of the powder bed and are first 
removed into the vacuum chamber because of an induced large amount 
of electrostatic force. This result indicates that the relaxation time of the 
raw powder is insufficient for discharging irradiated electrons during 
the preheating process. However, in the powder bed of BM300, the 
smoking was suppressed despite the presence of capacitor. This result 
suggests that the charge accumulation would be relaxed by the forma-
tion of the conductive deformed layer, and the electrostatic force be-
tween the charged particles would not be enough to occur the particle 
scattering. Therefore, the smoking of BM300 could be suppressed by 
rapid charge redistribution owing to the formation of conductive 
deformed layer. On the other hand, the capacitance response was dis-
appeared, and the inductance response that directly proves metal-like 
conductivity was observed in BM350. This result indicates that the 
irradiated electron beam on the powder bed of BM350 could be 
completely discharged owing to the absence of the capacitor. Therefore, 
the powder bed smoke of BM350 and BM400 powders could be 
completely suppressed during the preheating process due to the for-
mation of the resistor-inductor circuit. 

The surface modification mechanism of the gas-atomized 
Ti–48Al–2Cr–2Nb powder via mechanical ball milling is proposed 
and shown in Fig. 15a–d. The oxide film of the raw powder consisted of 
outer porous TiO2 + Al2O3 and dense inner Al2O3 rich double films, and 
its EEC contained two RC circuits (Fig. 15b). After ball milling at 
300 rpm, the outer porous oxide film was mechanically deformed, and it 
replaced with an electrically conductive deformed layer containing the 
degenerated TiO2 and TinO2n–1 type suboxide. Therefore, the EEC in 
BM300 powder consisted of a single RC circuit owing to the preserved 
dense inner oxide film (Fig. 15c). When the milling velocity is increased 

Table 5 
True capacitance, effective capacitance, and time constant of raw and ball- 
milled powders.  

Sample C [nF] Ceff [nF] τ [μs] 

Gas-atomized – 0.0745  56.18 
BM200 – 0.0987  54.87 
BM250 – 0.1005  52.35 
BM300 0.0368 –  3.50  
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to 350 rpm, the entire oxide film is changed into the conductive 
deformed layer via ball milling, and its EEC consists of a parallel circuit 
of a resistor-inductor, implying a high electrical conductivity (Fig. 15d). 
Through mechanical ball milling, smoking of raw powder in the EB-PBF 
building process can be suppressed, owing to the decreased relaxation 
time. Therefore, it is believed that mechanical ball milling is a potent 
method for suppressing smoking in the EB-PBF building process. 

Up to now, several studies have suggested a chemical treatment to 
deoxidize Ti-based powder. The hydride-dehydride (HDH) process is a 

well-known method to deoxidize Ti-based alloy utilizing the brittle na-
ture of hydrogenated titanium and the reversible reaction between ti-
tanium and hydrogen [47]. However, this process can cause an irregular 
particle shape that gives rise to many defects in the parts produced via 
EB-PBF owing to their low flowability [48]. Kim et al. [49,50] reported 
that Ti-based alloys can be deoxidized by Ca vapor, but this process 
could change the composition of the alloy system. Furthermore, metal 
coating and sputtering of the powder is very difficult due to the spherical 
shape, discrete nature, and high cost [26]. Therefore, the mechanical 

Fig. 14. (a) Normalized force (fξ) as a function of radius ratio (ξ) and (b) calculated electrostatic force of raw and ball-milled powders.  

Fig. 15. Schematics of (a) EB-PBF building process, corresponding powder particle and electrical equivalent circuit of Ti–48Al–2Cr–2Nb; (b) raw, (c) BM300, 
(d) BM350. 

S. Yim et al.                                                                                                                                                                                                                                      



Additive Manufacturing 51 (2022) 102634

15

ball milling process can be a cost-effective alternative to suppress 
smoking during the EB-PBF building process and is applicable to various 
powder feedstocks such as Ti-based, Ni-based alloys without composi-
tion change. 

5. Conclusion 

In this study, mechanical ball milling was conducted to evaluate the 
suppressing effect on powder-bed smoking in the EB-PBF building pro-
cess, using gas-atomized Ti–48Al–2Cr–2Nb powder at various milling 
velocities. The oxide film of the gas-atomized Ti–48Al–2Cr–2Nb 
powder comprised of porous outermost TiO2 + Al2O3 and dense inner 
Al2O3 rich bilayers. The oxide film was expanded after ball milling, as 
the milling velocity increased, owing to oxygen contamination, while 
the composition of the oxide film was sustained. The EEC of the 
Ti–48Al–2Cr–2Nb powder was analyzed via impedance spectroscopy. 
The total resistance of the gas-atomized Ti–48Al–2Cr–2Nb powder 
gradually decreased after ball milling at a velocity of up to 250 rpm, and 
the EEC was preserved as two RC circuits. The total resistance of BM300 
was significantly decreased due to the formation of the degenerated 
TiO2 and TinO2n–1-type suboxide. The EEC of BM300 was composed of a 
single RC circuit owing to the mechanical deformation of the outer 
porous oxide film into the conductive deformed layer via ball milling. 
The relaxation time of the gas-atomized Ti–48Al–2Cr–2Nb powder 
was decreased from 56.18 μs to 3.50 μs, and the calculated electrostatic 
force further decreased from 4.69 × 10− 3N to 8.29 × 10− 5 N after ball 
milling under 300 rpm for 30 min. The conductive response was 
observed after ball milling at a velocity above 350 rpm, owing to the 
formation of an entire conductive deformed layer, and the EEC was 
changed to a resistor-inductor circuit. Moreover, it was experimentally 
validated that smoking in the EB-PBF building process was suppressed in 
ball-milled powders at 300 and 350 rpm for 30 min. Therefore, the 
effectiveness of mechanical ball milling to restrict smoking during the 
EB-PBF building process was demonstrated without the composition 
change. 
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