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a b s t r a c t 

Smoke is unexpected powder-splashing caused by electrostatic force and is one of the main problems 

hindering the process stability and applicability of the powder bed fusion electron beam (PBF-EB) tech- 

nology. In this study, mechanical stimulation was suggested to suppress smoke of gas-atomized (GA) Ti–

48Al–2Cr–2Nb powder using Al 2 O 3 and WC ball milling. The deformation mechanism of the GA powder 

depending on the ball milling media was discussed based on the developed particle morphology distribu- 

tion map and contact mechanics simulation. It was revealed that the rapid decrement of flowability and 

packing density after WC ball milling owing to the formation of angular fragments by the brittle fracture. 

The variation of surface and electrical properties by mechanical stimulation was investigated via XPS, 

TEM, and Impedance analysis. The electrical resistivity of the ball-milled powders gradually decreased 

with increasing milling duration, despite the increased oxide film thickness, and the capacitive response 

disappeared in Al-60 and WC-30 via metal–insulator transition. This could be due to the accumulation 

of strain and defects on the oxide film via mechanical stimulation. The smoke mechanism of ball-milled 

powders was discussed based on the percolation theory. In the smoke experiment, smoke was more 

suppressed for WC-10 and WC-20 than that for Al-40 and Al-50, respectively, despite the longer charge 

dissipation time. This could be due to the high probability of contact with conductive particles. For the 

Al-60 and WC-30 powders, smoke was further restricted by the formation of a percolation cluster with 

metal-like electrical conductivity. We believe that this study will contribute to a better understanding of 

the smoke mechanism and process optimization of the PBF-EB. 

© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Over the past decade, additive manufacturing (AM) techniques 

ave been actively researched and developed, particularly in in- 

ustrial fields. The high demand for AM techniques is attributed 

o their distinct advantages, including design freedom, short lead 

ime, low material waste, and the distinctive microstructure of the 

roduct caused by rapid cooling [1] . In particular, the powder bed 

usion electron beam (PBF-EB) method, an AM technique, has at- 

racted considerable attention for fabricating non-weldable or brit- 

le materials because it decreases the crack susceptibility [ 2 , 3 ]. The

ower crack susceptibility originates from the distinctive building 
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rocess of PBF-EB, in which the powder bed is preheated using a 

efocused electron beam to a high temperature at which the pow- 

er becomes slightly sintered. Then, the preheated powder bed is 

electively melted using a high-voltage electron beam to produce a 

ulk part in a layer-by-layer manner. The high preheating temper- 

ture can reduce the residual stress to avoid distortion and failure 

f the final products built by PBF-EB [4] . 

However, unexpected powder scattering during the preheating 

rocess (which is known as the “smoke” phenomenon) limits the 

tability of the building process and the applicability of the PBF-EB 

echnique [5] . During the preheating process, the irradiated elec- 

ron beam is transferred through the powder bed into the base 

late and then discharged through the ground wire. The pow- 

er feedstocks, such as Ni-based and Ti-based powders, generally 

ave a core–shell structure, in which the surface of the powder 

s shielded by an insulating oxide film [ 5 , 6 ]. Thus, charge redis-
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ribution is blocked by the capacitive behavior of the dielectric 

ayer, and charge can accumulate on the powder particles. During 

he preheating process, when the repulsive Coulomb force between 

he charged particles far exceeds the gravitational force, the pow- 

er feedstock splashes into the vacuum chamber from the powder 

ed, which is called smoke [7] . Smoke should be avoided because 

t leads to building termination through the complete removal of 

owder feedstock from the base plate. 

Several studies have been conducted to explain the factors af- 

ecting smoke in the PBF-EB building process. Qi et al. reported 

hat smoke can be affected by the momentum of the electrons 

nd the electrostatic force [8] . Sigl et al. suggested three poten- 

ial causes of smoke during the preheating process: water residue, 

he momentum of the electrons, and the electrostatic charge of the 

owder [9] . The electrostatic charge was identified as the predom- 

nant cause of smoke in the PBF-EB building process [9] . Cordero 

t al. demonstrated that powder bed smoke can be restricted 

y decreasing the charge dissipation time based on an analytical 

odel [7] . Eschey et al. reported that the particle shape can af- 

ect the smoke probability, where the smoke in the preheating pro- 

ess was further suppressed using elongated powders compared to 

hat using spherical powders [10] . However, the relationship be- 

ween the powder bed properties and smoke probability remains 

nclear due to the difficulty of direct observation. Moreover, while 

retreatment of the powder is an effective pathway to suppress 

moke, it is challenging owing to the fine particle size and discrete 

ature of the powder. 

In the previous study, mechanical stimulation was suggested 

o improve the electrical conductivity of Inconel 718 alloy pow- 

er, and the electrical resistivity of the powder was greatly re- 

uced through ball milling [5] . More recently, it has been reported 

hat the relaxation time of gas-atomized Ti–48Al–2Cr–2Nb powder 

as greatly reduced by mechanical ball milling, and smoke was re- 

tricted during the preheating process for ball-milled powders be- 

ause of the decreased charge dissipation time [11] . However, the 

article size and shape distributions of the gas-atomized Ti–48Al–

Cr–2Nb powder were significantly altered by ball milling. Be- 

ause the effect of mechanical ball milling varies with the milling 

onditions and grinding media [ 12 , 13 ], the ball-milling conditions 

hould be optimized to obtain a high packing density and good 

moke suppression of the powder bed. Moreover, the relationship 

etween the powder bed properties and smoke probability should 

e investigated to understand the smoke mechanism in detail. 

The aim of this study is to investigate the effect of ball 

illing on the electrical and powder bed properties under var- 

ous milling conditions. Gas-atomized Ti–48Al–2Cr–2Nb powder 

as ball-milled using Al 2 O 3 and WC balls for various milling du- 

ations. The influence of the particle size and shape distributions 

n the flowability and packing density was analyzed. A spread- 

ng discrete element method (DEM) model was developed using 

he multi-sphere method to evaluate the packing density and coor- 

ination number of the ball-milled powders. The relationship be- 

ween the smoke probability and powder bed properties was in- 

estigated based on percolation theory. Finally, a possible electrical 

ircuit of ball-milled powders in the PBF-EB building process was 

uggested. This study provides a better understanding of the smoke 

echanism and a possible method to suppress smoke in the PBF- 

B building process. 

. Materials and methods 

.1. Mechanical ball milling and powder characterization 

Gas-atomized (GA) Ti–48Al–2Cr–2Nb powder was prepared by 

aido Steel Corp., Japan. The detailed chemical composition of the 

A powder has been illustrated in the previous study [14] . Two 
37 
ypes of milling media were used to manipulate the GA powder 

urface: (1) an Al 2 O 3 ball (diameter of 5 mm) in an Al 2 O 3 vessel

nd (2) a WC ball (diameter of 6 mm) in a WC vessel. The GA pow-

er and each type of grinding ball (33.3 vol% each) were put in the 

illing vessel. Mechanical ball milling was conducted at 350 rpm 

or 10 to 60 min with an interval of 10 min in an air atmosphere

sing a planetary high-energy ball milling machine (Pulverisette 7, 

ritsch GmbH, Germany). 

The particle size distribution (PSD) of the powders was exam- 

ned using a laser particle size analyzer (LS 230, Beckman Coulter, 

nc., USA), and the particle morphology was observed using scan- 

ing electron microscopy (SEM, S-3400N, Hitachi High-Tech Sci- 

nce Corp., Japan). After ball milling, the area fraction of the de- 

ormed surface, which was characterized to a relatively smooth 

urface, was carefully measured via SEM image analysis (more than 

00 particles) using the Zessis Axio-Vision microscope software 

ollowing ASTM E562-11. To evaluate the morphological evolution 

fter ball milling, a particle morphology distribution (PMD) map 

as constructed based on roundness ( φR ) and sphericity ( ψ S ), as 

ollows [15] : 

R = 4 π · Area 

( Perimeter ) 
2 

= 

r A 
r P 

(1) 

 S = 

Area 

4 π × ( Major axis ) 
2 

= 

r A 
r M 

(2) 

here r A , r P , and r M 

denote the computed particle radii based on 

he area, perimeter, and major axis, respectively. Thus, φR indicates 

he angularity of the particle surface, while ψ S indicates the sim- 

larity of the particle shape to that of a sphere with the equiva- 

ent volume. Owing to considerable overlap of the data, 2D kernel 

ensity estimation was used to visualize the PMD map with the 

robability density function. The gravity-induced flowability of the 

owders was measured using a Hall flowmeter (JIS-Z2502, Tsut- 

ui Scientific Instruments Co., Ltd., Japan) following ASTM B213. 

he crystal structures of the powders were investigated via X-ray 

iffraction (XRD, Philips X’PERT MPD, Malvern Panalytical, United 

ingdom) with a Cu K α source at 45 kV and 40 mA. The oxygen 

ontent of the powders was determined using an oxygen–nitrogen 

nalyzer (ON736, Leco Corp., Japan). 

.2. XPS and TEM analyses 

The surface composition of the powders was examined via XPS 

PHI50 0 0 VersaProbe II, ULVAC-PHI Inc., Japan) using a monochro- 

atic Al K α source (1486.7 eV) with a beam diameter of 50 μm. 

he powders were fixed on the carbon tape and then compressed 

sing a manual hand press. The deformed surface was used to in- 

estigate the effect of mechanical stimulation on the surface prop- 

rties. Survey and high-resolution spectra were collected to iden- 

ify the following chemical elements: Ti (2 p ), Al (2 p ), Cr (2 p ), Nb

3 d ), and O (1 s ). The chemical composition of the particle surface

as analyzed using the Common Data Processing System (Version 

2). The XPS peak position was calibrated using the strong C 1 s 

eak with a binding energy of 284.8 eV. To examine the oxide film 

hickness, thin films from the surfaces of the GA and ball-milled 

owders were prepared using a focused ion beam workstation (FIB, 

elios NanoLab 600i, FEI Company, USA). Before the FIB treatment, 

he particle surface was coated with platinum to protect it from 

he electron beam. The oxide film thickness of the powders was 

xamined using scanning transmission electron microscopy (STEM, 

itan 

3 TM 60–300 with a double corrector, FEI Company, USA). 

.3. Electrical property analysis and smoke tests 

The direct current (DC) resistivity of the powders was mea- 

ured using a customized electrical measurement system under a 
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Fig. 1. Schematics of the smoke test during preheating of the PBF-EB building process: (a) powder bed with the scan strategy, (b) time dependence of the repeated electron 

beam pulse, and (c) high-speed camera images during the smoke test. 
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acuum environment ( < 5.0 × 10 −4 Pa). The bulk powders of ap- 

roximately 2.5 g were placed inside an Al 2 O 3 tube (diameter of 

0 mm), and the top and bottom of the powder were sealed by 

pper and bottom electrodes (diameter of 10 mm). Subsequently, 

he powder was compressed by an upper punch with the com- 

ressive force of 7 N to retain a constant contact area between 

he particles in each measurement. To investigate the frequency- 

ependent electrical properties of the powders (such as resis- 

ance, capacitance, and inductance), impedance spectroscopy anal- 

sis was conducted between 1 Hz and 2 MHz using an inductance–

apacitance–resistance (LCR) meter (ZM 2376 LCR, NF Corp., Japan). 

he details of the measurement method can be found in a previous 

tudy [5] . 

The smoke probability was investigated via the pulse repetition 

ethod using a JEOL PBF-EB machine (JBS-Z0100EBM, JEOL Ltd., 

apan), as shown in Fig. 1 . The powder was placed in a machined

quare hole (10 × 10 × 1 mm 

3 ) in the center of the base plate and

hen recoated using a stainless-steel comb to remove the excess 

owder. The packing density ( ρPB ) of the powders was estimated 

sing the mass of the deposited powder at least five times, as fol- 

ows: 

PB = 

m PB 

V H 

× 100 

ρt 
(3) 

here m PB is the mass of the deposited powder bed, V H is the vol-

me of the machined square hole, and ρt is the true density of the 

i–48Al–2Cr–2Nb alloy (3.979 g/cm 

3 ). Preheating was conducted in 

 snake pattern using electron beam with a beam current of 5 mA, 

can pitch of 2 mm, and scan speed of 200 to 350 m/s ( Fig. 1(a) ).

uring the smoke test, the powder bed was repeatedly charged by 

 traveling electron beam, whose pulse interval was inversely pro- 

ortional to the scan speed ( Fig. 1(b) ). Smoke occurrence was val- 

dated more than three times using a high-speed camera with a 

ramerate of 250 frames/s ( Fig. 1(c) ). 
38 
.4. Contact mechanics simulation 

The contact mechanics model for the collision between the 

rinding ball and a single Ti–48Al–2Cr–2Nb particle was developed 

ased on a finite element framework [16] . The contact radius ( r c )

etween the grinding ball and Ti–48Al–2Cr–2Nb particle can be 

xpressed as [17] 

 c = 

(
3 F 

8 

· R 

∗

E ∗

) 1 
3 

(4) 

here F is the applied impact force, E ∗ is the equivalent modulus, 

nd R ∗ is the equivalent radius. E ∗ and R ∗ can be expressed as 

1 

E ∗
= 

1 − v 2 g 

E g 
+ 

1 − v 2 p 

E p 
(5) 

1 

R 

∗ = 

1 

R g 
+ 

1 

R p 
(6) 

here E g and E p are the Young’s moduli, νg and νp are the Pois- 

on’s ratios, and R g and R p are the radii of the grinding ball and Ti–

8Al–2Cr–2Nb particle, respectively. The pressure variation in the 

ontact region can be expressed as 

p = 

3 F 

2 π r 2 c 

{
1 −

(
r d 

2 

r 2 c 

)} 1 
2 

(7) 

here r d is the distance from the center of the contact surface. The 

otal indentation depth ( d ) can be expressed as 

 = 

(
9 

16 

· F 2 

R 

∗E ∗2 

) 1 
3 

(8) 

The parameters for contact mechanics finite element simulation 

re listed in Table 1 . 
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Table 1 

Parameters for the contact mechanics simulation. 

Parameter WC ball Al 2 O 3 ball Ti–48Al–2Cr–2Nb 

Particle diameter 6 mm 5 mm 71 μm 

Density (g/cm 

3 ) 15.63 3.91 3.789 

Poisson’s ratio 0.21 0.21 0.24 

Young’s modulus (GPa) 650 365 220 

Table 2 

Parameters for the spreading DEM simulation. 

Parameter Ti–48Al–2Cr–2Nb 

Density (g/cm 

3 ) 3.979 

Poisson’s ratio 0.31 

Young’s modulus, E (GPa) 220 

Surface energy, γ (mJ) 0.0103 

Normal coefficient of restitution, e n 0.35 

Shear coefficient of restitution, e s 0.22 

Sliding friction coefficient, μs 0.531 

Rolling friction coefficient, μr 0.234 

Damping coefficient 0.112 
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.5. Discrete element method simulation 

Experimental characterization of particle interactions in a pow- 

er bed is difficult because of their discrete nature and local accu- 

ulation of numerous particles. DEM is one of the available path- 

ays for investigating the interactions of many discrete particles 

 > 10 3 ). In this study, a spreading DEM model was developed to 

imulate the powder bed for smoke testing using the open-source 

ADE framework [18] . The Hertz–Mindlin contact model combined 

ith the Derjaguin–Muller–Toropov (DMT) model was used to sim- 

late the particle flow during the powder deposition process. The 

article interactions were considered as physical contact between 

wo elastic particles, and the contact force was determined us- 

ng Hertzian contact theory [17] . This assumption is acceptable be- 

ause the metallic particles are not plastically deformed during the 

preading process. The detailed equation can be found in the pre- 

ious study [14] . The multi-sphere approach was implemented to 

pproximate the elongated particle shape according to the ψ S dis- 

ribution with an interval of 0.1. The parameters ( Table 2 ) for the

preading DEM model were fixed to clarify the influence of the PSD 

nd ψ S distribution. 

. Results 

.1. The particle size distribution and particle morphology 

istribution variation 

The particle morphology and microstructure of the GA powder 

re presented in Fig. 2 . The raw powder consisted of spherical par- 

icles with several satellites, and the surface exhibited a coarse tex- 

ure ( Fig. 2(a) and ( b )). In the cross-sectional images, a dendritic

icrostructure composed of α2 -Ti 3 Al and γ -TiAl was observed, and 

he surface was covered with a thin oxide film ( Fig. 2(c) –( e )). In a

revious study, it was confirmed that the electrical resistance of In- 

onel 718 and Ti–48Al–2Cr–2Nb powders was significantly reduced 

y mechanical stimulation using ball milling [ 5 , 11 ]. In this study,

o investigate the influence of grinding media on the electrical and 

urface properties of the powder, mechanical ball milling was per- 

ormed using Al 2 O 3 and WC balls at 350 rpm for up to 60 min.

he physical and electrical properties of the GA powder changed 

nly slightly after Al 2 O 3 ball milling for up to 30 min; thus, these

horter milling times were not considered in this study. For sim- 

licity, the powders mechanically ball-milled using the Al 2 O 3 ball 

or 40, 50, and 60 min are denoted as Al-40, Al-50, and Al-60, re-

pectively. Similarly, the powders ball-milled using the WC ball for 
39 
0, 20, and 30 min are denoted as WC-10, WC-20, and WC-30, re- 

pectively. 

The PSDs and mean diameters of the powders are presented in 

ig. 3 . The PSD of the GA powder gradually widened after Al 2 O 3 

all milling with increasing milling duration, while the mean par- 

icle diameter decreased because of the consistent decrease in the 

10 and d90 values ( Fig. 3(a) and ( c )). Compared to that after

l 2 O 3 ball milling, PSD broadening was more significant after WC 

all milling, despite shorter milling durations ( Fig. 3(b) ). The mean 

article diameter decreased up to WC-20, while it increased for 

C-30 because of the increase in d90 ( > 100 μm). This result sug- 

ests that pulverization was dominant in WC ball milling for up 

o 20 min, while agglomeration became dominant for longer dura- 

ions (30 min). 

The PMD maps of the powders are shown in Fig. 4 . The colored

robability density can be standardized using a shape-classification 

hart, as shown in Fig. 4(a) . The shape factor ( k ) representing the

urface irregularity of the powder was defined using linear regres- 

ion analysis: y = kx + b. As shown in Fig. 4(b) , the GA powder was

ainly composed of spherical particles ( ψ S > 0.8). The fraction of 

longated particles ( ψ S < 0.8) and shape factor of the GA pow- 

er were calculated to be 0.204 and 0.544, respectively. Compared 

o that after Al 2 O 3 ball milling, the fraction of elongated particles 

apidly increased after WC ball milling, despite the shorter milling 

ime. The shape factor decreased to 0.422 after Al 2 O 3 ball milling 

or 40 min, and then increased after Al 2 O 3 ball milling for 50 min

r longer. It should be noted that φR of Al 2 O 3 ball-milled powders 

as lower than that of the GA powder, indicating a smoother sur- 

ace. In contrast, the shape factor gradually increased after WC ball 

illing with increasing milling duration, indicating a more angular 

urface. 

Images of the particle surface and the deformed area fractions 

 f d ) of the powders are shown in Fig. 5 . After Al 2 O 3 ball milling for

0 min (Al-40), the textured surface of the GA powder changed 

o a relatively smooth surface, and the surface-attached satel- 

ites were eliminated (indicated by the green arrows in Fig. 5(a) ). 

his suggests that the decrease in the shape factor after Al 2 O 3 

all milling was due to the removal of surface-attached satellites 

hrough continuous pulverization. After WC ball milling for 10 min 

WC-10), the surface satellites were removed, while several angular 

ragments were observed owing to brittle fracture of the particles. 

his indicates that the increased shape factor after WC ball milling 

as due to the formation of angular fragments. Compared to that 

f the Al 2 O 3 ball-milled powders, f d rapidly increased for the WC 

all-milled powders with increasing milling duration owing to the 

ormation of fresh surfaces ( Fig. 5(g) and ( h )). 

To clarify the different mechanisms of Al 2 O 3 and WC ball 

illing, the contact force caused by the collision between the 

rinding ball and a single GA particle was examined using the de- 

eloped contact mechanics model ( Fig. 6(a) ). The applied impact 

orce of the grinding ball during ball milling can be expressed as 

19] 

 ( t ) = 4 π2 m g v 2 m 

{
r 2 d + r 2 v + 2 r d r v cos [ 2 π( i + 1 ) υt ] 

} 1 
2 (9) 

here m g is the weight of the grinding ball, υm 

is the rotation 

peed of the milling vessel (rad/s), r d is the radius of the main 

isk, and r v is the internal radius of the milling vessel. The maxi- 

um impact force of the WC ball was calculated to be 1.15, which 

s 0.19 higher than that of the Al 2 O 3 ball because of its higher

eight ( Fig. 6(b) ). The maximum von Mises stresses caused by 

ollision with the Al 2 O 3 and WC balls were determined to be 

369 and 5549 MPa, respectively ( Fig. 6(c) and ( d )). The maximum 

eformation depths of the GA powder were estimated using the 

ield strength of the TiAl alloy ( ∼400 MPa) to be 15 and 48 μm

rom collision with the Al 2 O 3 and WC balls, respectively ( Fig. 6(e) 

nd (f)). This indicates that the severe deformation after WC ball 
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Fig. 2. Microstructure of the gas-atomized Ti–48Al–2Cr–2Nb powder: (a), (b) SEM images of the surface, (c) backscattered electron image of the cross section, (d) dark-field 

TEM image, and (e) XRD pattern. 

Fig. 3. Particle size distributions and mean particle sizes of the Ti–48Al–2Cr–2Nb powders: (a), (c) GA and Al 2 O 3 ball-milled powders and (b), (d) GA and WC ball-milled 

powders. 

40 
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Fig. 4. Particle morphology distribution maps of the Ti–48Al–2Cr–2Nb powders: (a) shape classification chart, (b) GA, (c) Al-40, (d) WC-10, (e) Al-50, (f) WC-20, (g) Al-60, 

and (h) WC-30 (red lines represent the linear regression plot). 

m

t

d  

t

c

m

m

t

o

illing was due to the high supplied contact force originating from 

he high weight of the grinding ball. 

The mass flow rate measured by Hall flowmeter and packing 

ensity of the powders are shown in Fig. 7 . The mass flow rate of

he GA powder decreased slightly after Al 2 O 3 ball milling with in- 
41 
reasing milling duration, while it decreased rapidly after WC ball 

illing, despite the relatively short milling time. Interestingly, the 

ass flow rate of WC-10 (1.39 g/s) was considerably lower than 

hat of Al-60 (1.45 g/s), despite their similar PSDs and fractions 

f elongated particles ( Fig. 4(d) and (g)). In contrast, the packing 
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Fig. 5. SEM images of the Ti–48Al–2Cr–2Nb powders: (a) Al-40, (b) Al-50, (c) Al-60, (d) WC-10, (e) WC-20, and (f) WC-30. Area fractions of the deformed surface: (g) Al 2 O 3 
and (h) WC ball-milled powders. 
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Table 3 

Oxygen concentration of the GA and ball-milled powders (wt%). 

GA Al-40 Al-50 Al-60 WC-10 WC-20 WC-30 

0.063 0.105 0.141 0.168 0.0921 0.105 0.111 
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ensity increased after Al 2 O 3 ball milling with increasing milling 

uration, while it consistently decreased after WC ball milling. 

.2. Surface characterization of the ball-milled powders 

Dark-field TEM images and the corresponding oxygen element 

istributions of the powders are presented in Fig. 8 . The oxide film 

hickness of the GA powder was approximately 6.5 nm, and the 

etallic matrix directly below the oxide film consisted of wide α2 

nd thin γ plates, which followed the Blackburn orientation rela- 

ionship of {111} γ //(0 0 02) α2 and < 110 >γ // < 11 ̄2 0 >α2 [20] . Based

n the oxygen distributions, the oxide film thicknesses of the Al-40 

nd WC-10 powders were estimated to be 12.6 and 9.1 nm, respec- 

ively. As the milling duration increased, the oxide film thickness 

ncreased considerably to 42.3 nm (Al-60) and 101.1 nm (WC-30) 

wing to oxygen contamination. In the oxygen content analysis, the 

xygen concentration of Al-60 was higher than that of WC-30 ow- 

ng to a longer ball milling duration ( Table 3 ). Moreover, the metal-

ic matrix near the oxide films of Al-60 consisted of single grain, 

hile that of WC-30 consisted of several fine grains. This result 

ndicates that the oxide layer formation via ball milling needs suf- 

cient strain and defects accumulation for reducing the energetic 

ost for oxidation. Therefore, extended oxide film via ball milling 
42 
ould be consisted of fine crystallites due to the defects and strain 

ccumulation, as shown in Fig. 8(d) and (e). 

The surface chemical states of the powders were character- 

zed via XPS analysis and are presented in Fig. 9 . The survey 

pectra of the GA and ball-milled powders were similar, indi- 

ating similar surface chemical compositions ( Fig. 9(a) and (b)). 

he detailed chemical composition was examined using the high- 

esolution deconvolved Ti 2 p , Al 2 p , Cr 2 p , Nb 3 d , and O 1 s spectra.

he oxide films of the powders were mainly composed of Al 2 O 3 

nd TiO 2 , and the composition changed slightly after ball milling 

 Table 4 ). In the Ti 2 p spectra, the GA powder exhibited TiO 2 and

etallic Ti peaks, and the metallic Ti peak disappeared after ball 

illing ( Fig. 9(c) and (d)). Similarly, the intensity of the metallic 

l peak of the GA powder decreased with increasing milling du- 

ation ( Fig. 9(e) and (f)). This could be due to the increased ox- 

de film thickness after ball milling, which impeded X-ray pene- 



S. Yim, K. Aoyagi, K. Yanagihara et al. Journal of Materials Science & Technology 137 (2023) 36–55 

Fig. 6. (a) Schematic of the contact mechanics simulation and (b) force per impact of the Al 2 O 3 and WC balls. Snapshot images and corresponding deformation depths of 

the Ti–48Al–2Cr–2Nb powder after collision with the (c), (e) Al 2 O 3 and (d), (f) WC balls. 
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ration to the metallic matrix [21] . In contrast, the intensities of 

i n O 2 n -1 -type suboxide peaks, such as TiO and Ti 2 O 3 , increased 

ith increasing milling duration, while the intensity of the O 

2 −

eak decreased owing to the formation of Ti n O 2 n -1 -type suboxides 

 Table 4 ). This result suggests that the oxide film can be partially

educed by ball milling, even under an air atmosphere. 

The XPS spectra near the valence band region of the powders 

re presented in Fig. 10(a) and (b). The valence band maxima of 
43 
he powders were similar, near 3.74 eV. An elongated valence band 

ail representing metal-like conductivity was observed in the GA 

owder. As mentioned previously, the metallic matrix peaks in the 

i 2 p and Al 2 p spectra were caused by X-ray penetration into 

he matrix owing to the very thin oxide film ( ∼6.5 nm). There- 

ore, the elongated valence band tail of the GA powder was due 

o the contribution of the metallic matrix. The valence band tail 

apidly decreased with the increasing oxide film thickness in the 
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Fig. 7. Gravity-induced mass flow rate and packing density of the Ti–48Al–2Cr–2Nb powders: (a), (c) GA and Al 2 O 3 ball-milled powders and (b), (d) GA and WC ball-milled 

powders. 

Table 4 

Surface chemical compositions of the GA and ball-milled powders. 

Specimen 

Atomic concentration of oxide surface (at%) 

O 2 − Ti 4+ Ti 3+ Ti 2+ Al 3+ Cr 3+ Nb 5+ 

GA 65.86 8.49 0.95 0.49 23.01 0.86 0.35 

WC-10 65.02 9.99 1.39 0.53 22.30 0.44 0.32 

WC-20 64.11 9.79 1.52 0.98 22.47 0.71 0.43 

WC-30 60.26 8.77 1.86 1.89 26.22 0.57 0.43 

Al-40 65.21 9.39 1.27 0.62 22.21 0.82 0.48 

Al-50 64.26 8.91 1.44 0.80 23.07 0.98 0.54 

Al-60 60.03 8.41 2.26 1.04 27.07 0.76 0.43 
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l-40 and WC-10 powders, while it increased as the milling dura- 

ion increased further, despite the increased oxide film thickness. 

nterestingly, the valence band tails of Al-60 and WC-30 are com- 

arable to that of the metallic material. 

.3. The direct current and alternating current (AC) electrical 

roperties of the ball-milled powders 

The DC resistivities of the powders at room temperature are 

hown in Fig. 11(a) and (b). The electrical resistivity of the GA pow- 

er was 1.92 × 10 4 
 m, which is similar to that of a dielectric 

aterial. This could be due to the synergistic effect of the insu- 

ating oxide film and the extremely small contact area between 

he spherical particles. The electrical resistivity decreased by ap- 

roximately 1/3 for the Al-40 and WC-10 powders, despite the 
44 
xpanded oxide film, and it was almost six orders of magnitude 

ower for Al-60 and WC-30, which is similar to that of metallic 

aterials. 

The AC impedance results of the powders are shown in Fig. 12 . 

n the Nyquist plot, the real parts of the impedance in the low- 

nd high- f AC ranges represent the ohmic ( R m 

) and oxide film ( R o )

esistances, respectively. For the GA powder, R o was approximately 

66 k 
, and it decreased after ball milling to 161 and 167 k 


or Al-40 and WC-10, respectively ( Fig. 12(a) ). In the Bode plots 

f the GA, Al-40, and WC-10 powders, an almost −45 ° slope in 

he intermediate f AC range was observed, representing the charac- 

eristics of the passive oxide film, and the maximum phase angle 

as approximately −90 °, indicating an ideal capacitor ( Fig. 12(c) 

nd (d)). However, the maximum phase angles of Al-40 and WC- 

0 were slightly shifted toward higher f AC values, indicating rapid 

harge dissipation compared to that of the GA powder at a phase 

ngle of 45 ° [22] . As the milling duration increased, the R o val- 

es of Al-50 and WC-20 rapidly decreased to approximately 42 and 

7 
 ( Fig. 12(b) ), respectively. From the Bode plot, the maximum 

hase angles of Al-50 and WC-20 decreased to −15 ° and −30 °, re- 

pectively, indicating degradation of the capacitive characteristics 

 Fig. 12(f) ). The R o values of Al-60 and WC-30 decreased consid- 

rably to 5 and 3 
, respectively, despite the increased oxide film 

hickness, and the peak phase angles decreased to 25 ° and 50 °, re- 

pectively, representing an inductive response ( Fig. 12(f) ). This in- 

icates that the oxide film of the GA powder transitioned from ca- 

acitive to inductive, exhibiting metallic-like electrical conductivity 

n the Al-60 and WC-30 powders. 
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Fig. 8. Dark-field TEM images, the oxygen maps, and diffraction patterns of the Ti–48Al–2Cr–2Nb powders: (a) GA, (b) Al-40, (c) WC-10, (d) Al-60, and (e) WC-30. 
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Table 5 

Impedance spectroscopy results of the GA and ball-milled powders. 

Sample R metal ( 
) R oxide ( 
) f AC,p (Hz) ω Max τ (μs) 

GA 92 765,950 600 3770 265.258 

A-40 92 161,249 3200 20,106 49.736 

A-50 23 42 1.68 × 10 6 10.6 × 10 6 0.095 

A-60 3 5 1.38 × 10 6 8.7 × 10 6 –

W-10 95 167,036 2700 16,965 58.946 

W-20 58 97 1.83 × 10 6 10.0 × 10 6 0.99 

W-30 2 3 1.24 × 10 6 7.8 × 10 6 –

W

t

t

A

e

(

s

F

w

p

.4. Electrostatic force and smoke test during the preheating process 

The ideal relaxation processes in a parallel resistor–capacitor 

 R–C ) circuit can be expressed by Kirchhoff’s current law [23] : 

 R + I C = 

V 

R 

+ C 
d V 

d t 
(10) 

 ( t ) = V 0 exp 

(
− τ

RC 

)
(11) 

here V 0 is the applied voltage at τ = 0, and τ is the time con-

tant representing the dielectric relaxation or charge dissipation 

ime. Using the impedance data, the τ of the R–C circuit can be 

xpressed as 

= 

1 

ω p 
= 

1 

2 π f AC , p 

(12) 

here f AC,p is the peak frequency from the Bode plot. The detailed 

mpedance data is presented in Table 5 . Generally, the number of 

hase angle peaks in the Bode plot represents the number of re- 

axation processes, and the phase angle peaks can overlap when 

he relaxation time scales are similar [23] . To simplify the calcu- 

ation, the R–C circuit of the powders was assumed to be a sin- 

le R–C circuit. The calculated τ values of the powders are shown 

n Fig. 13(a) . The τ value of the GA powder was 265.3 μs, and it

ecreased after ball milling to 49.7 and 58.6 μs for the Al-40 and 
45 
C-10 powders, respectively. As the milling duration increased fur- 

her, the τ values decreased substantially to 0.095 and 0.099 μs for 

he Al-50 and WC-20 powders, respectively, and it disappeared for 

l-60 and WC-30 owing to the formation of the inductive layer 

xhibiting metal-like electrical conductivity. The electrostatic force 

 F ES ) between two contacting particles, which mainly affects the 

moke during the preheating process, can be calculated by [7] 

 ES = 

Q C 
2 

16 πε 0 r i 2 
· f ξ (13) 

here Q C is the charging degree of the particles, ε0 is the vacuum 

ermittivity, r i is the equivalent radius of particle, and f ξ is a nu- 



S. Yim, K. Aoyagi, K. Yanagihara et al. Journal of Materials Science & Technology 137 (2023) 36–55 

Fig. 9. (a), (b) XPS survey spectra of the Ti–48Al–2Cr–2Nb powders. High-resolution XPS spectra of (c), (d) Ti 2p, (e), (f) Al 2p. (a), (c), and (e) correspond to the GA and 

Al 2 O 3 ball-milled powders, whereas (b), (d), and (f) correspond to the GA and WC ball-milled powders. 

m

Q

w

a

a

J  
erical geometry-dependent function. Q C can be expressed as 

 C = Jπ r i 
2 ητ

(
1 − e −

�t 
τ

1 − e −
T 
τ

)
(14) 
a

46 
here J is the input current density from the e-beam, η is the 

bsorption efficiency, and T is the raster time of the preheating 

rea. For the calculation, the preheating parameters were set to be 

 = 50.66 kA/m 

2 , beam diameter = 200 μm, scan speed = 200 m/s,

nd η = 0.9. The calculated electrostatic forces of the powders are 
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Fig. 10. XPS spectra near the valence band region of the Ti–48Al–2Cr–2Nb powders: (a) GA and Al 2 O 3 ball-milled powders and (b) GA and WC ball-milled powders. 

Fig. 11. Room-temperature DC resistivities of the Ti–48Al–2Cr–2Nb powders: (a) GA and Al 2 O 3 ball-milled powders and (b) GA and WC ball-milled powders. 
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hown in Fig. 13(b) . The F ES value of the GA powder decreased 

ith increasing milling duration because of the reduced charge 

issipation time. Comparing the powders with time constants on 

he same scale, the F ES value of Al-40 was lower than that of WC-

0, and the F ES value of Al-50 was lower than that of WC-20, in-

icating that smoke was less likely to occur for Al 2 O 3 ball-milled 

owder under the same preheating conditions. 

The experimentally verified smoke probabilities of the pow- 

ers during the preheating process are presented in Fig. 14(a) and 

 b ). Smoke occurred in the GA powder bed for scan speeds above

50 m/s, while it was prevented in the Al-40 and WC-10 pow- 

er beds owing to the decreased charge dissipation time. Interest- 

ngly, the smoke probability of Al-40 at 300 m/s was higher than 

hat of WC-10, despite the lower charge dissipation time. As the 

illing duration increased further, smoke was prevented for Al-50 

or scan speeds of up to 300 m/s, and it was prevented for scan 

peeds of up to 350 m/s for WC-20. This result does not match 

he trend of the charge dissipation time and the predicted elec- 

rostatic force. Thus, it can be deduced that there are other factors 

hat significantly influence powder bed smoke in the PBF-EB build- 

ng process. The smoke was completely prevented at a scan speed 

f 350 m/s for the Al-60 and WC-30 powders, where it was pre- 

eated above 900 °C by manipulating the beam current. Therefore, 

t is confirmed that mechanical ball milling is an effective method 
47 
or inhibiting smoke for the Ti–48Al–2Cr–2Nb alloy in the PBF-EB 

uilding process. 

.5. Electron trajectory simulation during preheating process 

A Monte Carlo simulation was conducted to determine the in- 

eraction between the irradiated electron beam and powder bed. A 

napshot of the electron beam trajectory with the GA powder bed 

s shown in Fig. 15(a) . The mean energy loss model for the acceler- 

ted electrons was established using the following equation [24] : 

 i +1 = E i −
d E 

d S 
· L i (15) 

d E 

d S 
= 

−4 πe 4 

m 0 c 2 β2 
i 

N 0 ρ
n ∑ 

i =1 

C i Z i 
A i 

[
ln 

(
297 . 91 β2 

i 

f i 

)
− ln 

(
1 − β2 

i 

)
−β2 

i 

]

(16) 

here E i is the kinetic energy of an irradiated electron at point i, 

 i is the distance between two elastic collisions, −d E/ d S is the rate

f energy loss according to Bethe’s equation, m 0 c 
2 is the rest en- 

rgy of the primary electron, β i is the ratio of the speed of the 

lectron to that of light, N 0 is Avogadro’s number, and C i , Z i , A i ,

nd f are the weight fraction, atomic number, atomic weight, and 
i 
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Fig. 12. Impedance spectroscopy results of the GA and ball-milled Ti–48Al–2Cr–2Nb powders: (a), (b) Nyquist plots and (c), (d), (e), (f) Bode plots. 
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ean ionization potential of element i , respectively. In this model, 

ree electrons were accelerated to 60 keV and then irradiated into 

he deposited powder bed with a beam diameter of 200 μm. The 

eposited GA powder bed was assumed to comprise spherical par- 

icles with a diameter of 71 μm, which were stacked in a face- 

entered cubic structure. When the electron beam struck the GA 

owder bed, the kinetic energy of the electrons was converted into 

eat energy by multiple elastic and inelastic collisions with the 

attice atoms in an arbitrary direction, while a certain number of 

lectrons were backscattered into the vacuum atmosphere. In this 

imulation, the backscattering coefficient ( η) was determined to be 

.186 ( Fig. 15(b) ). The electrons were continuously scattered until 

hey lost their kinetic energy and were trapped in the lattice atoms 

f the powder particles. As shown in Fig. 15(c) and ( d ), most of

he electrons were trapped in the GA powder bed within a width 

f 160 μm and penetration depth of 90 μm. This result indicates 

hat electrical charging initially occurred in the upper powder bed 

egion during the preheating process. 
48 
.6. Powder bed properties from the discrete element method (DEM) 

imulation 

The packing density and coordination number of the powder 

ed were investigated based on the developed spreading DEM 

odel. A typical example of the powder deposition process for 

he smoke test is shown in Fig. 16 . The multi-sphere method 

as implemented to imitate the non-spherical particles accord- 

ng to the ψ S distribution with an interval of 0.1. Firstly, a loose 

phere pack without contacts between particles was generated 

ased on the corresponding PSD to imitate the powder pouring 

or the smoke test ( Fig. 16(a) ), and arbitrary spherical particles 

ere replaced with clump particles according to the correspond- 

ng f s ( Fig. 16(b) ). The replaced clump pack was deposited into a 

quare hole (1 × 1 × 1 mm 

3 ) via the raindrop method by gravita- 

ional force ( Fig. 16(c) ). Subsequently, a stainless-steel comb trav- 

led along the y-direction with a velocity of 500 mm/s to fill the 

quare hole with a flat surface ( Fig. 16(d) ). 
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Fig. 13. Calculated (a) time constants and (b) electrostatic forces of GA, Al-40, Al-50, WC-10, and WC-20. 

Fig. 14. Smoke probability of the Ti–48Al–2Cr–2Nb powders during the preheating process: (a) GA and Al 2 O 3 ball-milled powders and (b) GA and WC ball-milled powders. 
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The extracted powder beds from the spreading DEM simula- 

ion are shown in Fig. 17 . The clump particles were randomly dis- 

ributed, and the deposited powder bed formed a network con- 

ected by individual particle contacts. The packing density of the 

owder bed can be calculated as 

PB = 

V P 

V voxel 

× 100 (17) 

here V P is the volume occupied by the particles, and V voxel is the 

omputed voxel volume. The coordination number ( Z ∗) of a clump 

article depending on ψ S can be calculated as follows: 

 

∗ = 

1 

n 

n ∑ 

i =1 

( N C ,i − N O ,i ) (18) 

here N C ,i is the total contact number of particles in clump i, N O ,i 

s the contact number according to the particle overlap in merged 

lump i , and n is the total number of clump particles depend- 

ng on ψ S . The packing density and coordination number obtained 

y the DEM simulation are shown in Fig. 18 . The packing den- 

ity consistently increased after Al 2 O 3 ball milling with increasing 

illing duration, and it well matched the trend of the experimen- 

al results ( Fig. 18(a) ). The packing density increased after WC ball 

illing up to WC-20 and then decreased for WC-30, which did not 

atch the trend measured in the experiment ( Fig. 18(b) ). Further- 
49 
ore, the coordination number of the GA powder increased with 

ncreasing milling duration. The increase in the coordination num- 

er was more rapid after WC ball milling than that after Al 2 O 3 ball

illing ( Fig. 18(c) and ( d )). This result indicates that the increase

n the coordination number was not proportional to the packing 

ensity of the powder bed. The coordination numbers according to 

he ψ S distribution are presented in Fig. 18(e) and ( F ). The gen- 

ral trend was that the coordination number of clump particles in- 

reased with decreasing ψ S . Therefore, the rapid increase in the co- 

rdination number after WC ball milling was due to the increased 

raction of elongated particles. 

. Discussion 

.1. Flowability and packing density of the ball-milled powders 

The effect of ball milling on the packing density and flowability 

f the GA powder was investigated via coupled experiments and 

EM simulations. Compared to Al 2 O 3 ball milling, the flowability 

eduction of the GA powder was more rapid after WC ball milling, 

espite the shorter milling time ( Fig. 7(a) and ( b )). It is well known

hat the flowability of metallic powders is affected by the parti- 

le size, shape, and surface state [ 14 , 25 , 26 ]. Fine powders with a

ize of less than 45 μm can deteriorate the gravity-induced flowa- 
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Fig. 15. Monte Carlo simulation of the smoke test of the Ti–48Al–2Cr–2Nb powder bed: (a) snapshot image colored by the acceleration voltage, (b) probability of backscat- 

tering, and electron trajectory colored by the probability density in the (c) X–Y and (d) X–Z planes. 

Fig. 16. Snapshot images of the spreading DEM model with the clump model: (a) sphere pack generation, (b) clump pack replacement, (c) clump pack deposition, and (d) 

powder spreading. 

50 
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Fig. 17. Extracted powder bed of the Ti–48Al–2Cr–2Nb powders colored by sphericity: (a) GA, (b) Al-40, (c), Al-50, (d) Al-60, (e) WC-10, (f) WC-20, and (g) WC-30. 
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ility owing to the increased surface area and cohesive force [27] . 

urthermore, the presence of elongated powders can increase in- 

erparticle friction, resulting in low flowability [28] . However, the 

ass flow rate of WC-10 was far lower than that of Al-60 despite 

heir similar PSDs and fractions of elongated particles. It has been 

eported that the presence of angular fragments can also deterio- 

ate the gravity-induced flowability owing to increased particle in- 

erlocking and interparticle friction [29] . As shown in Fig. 4(d) and 

 g ), the φR broadening of WC-10 was more significant than that of 

l-60, and its shape factor was higher despite the shorter milling 

uration. Based on the XRD and TEM observations, the GA powder 

ainly consisted of a lamellar microstructure comprising stacked 

ide α2 + thin γ plates ( Fig. 1(d) and ( e )). It is well known

hat the α2 phase is extremely brittle owing to limited disloca- 

ion glid in 〈 11 ̄2 0 〉{ 10 ̄1 0 } systems at low temperatures [30] . From

he contact mechanics simulation, the maximum contact force of 

he WC ball was higher than that of the Al 2 O 3 ball (approximately 

our times), and the deformation depth was more than three times 

igher ( Fig. 6(c)–(f) ). This indicates that brittle fracture of the GA 

owder was favorable during WC ball milling, and the formation of 

ngular fragments was probably owing to the high supplied con- 

act force. Therefore, the flowability of the GA powder rapidly de- 

reased after WC ball milling owing to the formation of angular 

ragments. 

The packing density of the GA powder increased substantially 

or Al-40 after Al 2 O 3 ball milling, and it gradually increased with 

ncreasing the milling duration ( Fig. 7(c) ). It has been suggested 

hat a broad PSD is advantageous for obtaining a high packing den- 

ity [14] , whereas the presence of elongated particles can decrease 

he packing density through heap pore formation [ 31 , 32 ]. As men-

ioned previously, the fraction of fine particles ( < 60 μm) increased 

ith increasing Al 2 O 3 ball-milling duration ( Fig. 3(a) ), while the 

hape of the powder was only slightly altered ( Fig. 4(c) , ( e ), and

 g )). Moreover, the attached satellites on the GA powder surface 

ere eliminated after Al 2 O 3 ball milling for 40 min ( Fig. 5(a) ).

his indicates that the significantly increased packing density of 

l-40 was due to the combined effect of the broadening of the 

SD and the removal of surface satellites. Thus, the packing den- 

ity increased with increasing Al 2 O 3 ball-milling duration owing to 

SD broadening. However, the packing density of the GA powder 

onsistently decreased after WC ball milling despite PSD broaden- 

ng and satellite removal ( Fig. 7(d) ). In the DEM simulation, the 
51 
acking density increased up to WC-20, indicating heap pore fill- 

ng through PSD broadening had a larger contribution to the pack- 

ng density. This simulation result does not match the experimen- 

al results. In contrast to Al 2 O 3 ball milling, the shape factor in- 

reased considerably after WC ball milling because of the forma- 

ion of numerous angular fragments exhibiting irregular surfaces. 

his result suggests that the decrease in packing density after WC 

all milling was mainly due to the formation of angular fragments, 

hich caused local voids in the deposited powder bed. The above 

esults demonstrate that Al 2 O 3 ball milling is more suitable than 

C ball milling for GA powder to obtain a high packing density 

ith superior flowability. 

.2. Electrical properties of the ball-milled powders 

The electrical properties of the GA and ball-milled powders 

ere investigated via DC resistivity and AC impedance tests. The 

lectrical resistivities of Al-40 and WC-10 decreased after ball 

illing, and it was decreased as increasing milling duration de- 

pite the expanded oxide film thickness ( Fig. 11(a) and ( b )). In the

PS results, the quantity of Ti n O 2 n -1 -type suboxide increased in 

he deformed surfaces of Al-40 and WC-10, and its fraction grad- 

ally increased with increasing milling duration ( Table 4 ). During 

all milling, strain and defects can accumulate in the powder ox- 

de film through collisions with the grinding ball and the milling 

essel wall, which can even lead to the formation of amorphous 

hases [33] . Thus, the introduced defects in the surface oxide film 

an partially reduce the TiO 2 phase as follows [34] : 

i 
4+ 
Ti + O 

2 −
O → Ti 

3+ 
Ti + V ˙ o + e − + 

1 

2 

O 2 ( g ) (19) 

here Ti 4+ 
Ti is a Ti 4 + ion at a titanium site, O 

2 −
O 

is an O 

2 − ion at an

xygen site, Ti 3+ 
Ti is a Ti 3 + ion at a titanium site, and V ˙ o is a dou-

ly ionized oxygen vacancy. Xu et al. [35] reported that Ti n O 2 n -1 - 

ype suboxide exhibited metal-like electrical resistance owing to 

he presence of ionized oxygen vacancies. Zheng et al. [36] re- 

orted that an applied tensile strain can reduce the V ˙ o formation 

nergy by the combined effect of both elastic and polaronic en- 

rgy gains. Thus, the decrease in the electrical resistance of the 

all-milled powders could be contributed by the synergistic ef- 

ect of the accumulation of strain and defects in the oxide film, 

hich can decrease the V formation energy, resulting in an in- 
˙ o 



S. Yim, K. Aoyagi, K. Yanagihara et al. Journal of Materials Science & Technology 137 (2023) 36–55 

Fig. 18. Powder bed properties of the Ti–48Al–2Cr–2Nb powders: (a), (b) packing density and (c), (d), (e), (f) coordination number. (a), (c), and (e) correspond to the GA and 

Al 2 O 3 ball-milled powders, whereas (b), (d), and (f) correspond to the GA and WC ball-milled powders. 
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rease in the oxygen vacancy density. Interestingly, the capaci- 

ive response of GA powder transitioned to an inductive response 

n Al-60 and WC-30 powders, and their valence band tails in- 

reased considerably, representing metal-like electrical conductiv- 

ty ( Fig. 10(a) and ( b )). In the Ti 2p spectra, the Ti 3 + and Ti 2 + 

eaks broadened, indicating the accumulation of numerous defects 

nd considerable strain at the particle surface ( Fig. 9(c) and ( d ))

37] . From the TEM observations, the diffraction pattern of oxide 

lm near the metallic matrix exhibited amorphous-like diffraction 

atterns in Al-60 and WC-30 owing to the fracture of crystallites 
52 
y ball milling ( Fig. 8(d) and ( e )). Mott firstly suggested that the

xide of a 3d transition metal, which is a type of Mott insulator, 

an be transitioned to metal by the manipulation of temperature, 

ressure, doping degrees [38] . Benson et al. [39] demonstrated that 

he strain-induced metal–insulator transition of TiO 2 is due to the 

ncreased energy distribution of oxygen vacancies near the con- 

uction band. Moreover, Chiba et al. [ 5 , 11 ] demonstrated that the 

hin oxide film of Inconel 718 powder can be occurred the metal- 

nsulator transition by mechanical stimulation via ball milling ow- 

ng to accumulated strain and defects. This result indicates that 
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Fig. 19. Contact probability with conductive particles and percolation probability of the Ti–48Al–2Cr–2Nb powders: (a), (c) Al 2 O 3 ball-milled powders and (b), (d) WC 

ball-milled powders. 
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he entire oxide film of GA powder was mechanically deformed in 

l-60 and WC-30 via ball milling, and the accumulation of strain 

nd defects is sufficient to cause the metal–insulator transition of 

he thin oxide film. Therefore, the deformed oxide films of Al-60 

nd WC-30 could not act as a capacitor; rather, they acted like 

onductive metal by the metal–insulator transition via mechanical 

timulation. 

.3. Elucidation of the smoke mechanism 

The smoke probability of the ball-milled powders during the 

reheating process was investigated at various scan speeds. The 

moke probability of WC-10 was lower than that of Al-40 at a 

can speed of 300 m/s, despite the longer charge dissipation time 

 Fig. 14(a) and ( b )). This does not match the predicted electrostatic

orce based on the analytical model ( Fig. 13(b) ). Similarly, smoke 

as suppressed for WC-20 at a scan speed of 350 m/s, while 

moke occurred for Al-50, despite the shorter charge dissipation 

ime. This result indicates that the charge dissipation time mea- 

ured by the impedance test cannot fully predict the powder bed 

moke tendency during the preheating process. From the electron 

rajectory simulation, most of the electrons lose their kinetic en- 

rgy and are trapped in the powder within a penetration depth of 

0 μm ( Fig. 15(d) ). Therefore, the contact state between the pow- 

ers can significantly affect the electrical charging of the powder 

ed because the irradiated charges should be transferred through 

he connected network of individual powder particles into the base 
53
late. In the deposited powder bed, the possible transfer paths of 

he electrical current increase with increasing coordination num- 

er of the powder [ 40 , 41 ]. As mentioned previously, the chemical

ompositions of the deformed surfaces in the powders with τ val- 

es on the same scale, such as Al-40 and WC-10, Al-50 and WC- 

0, and Al-60 and WC-30, were nearly identical ( Table 4 ). Assum- 

ng that the deformed surface properties are the same for powders 

ith τ values on the same scale, the contact probability with the 

onductive particles ( Z c,c ) can be expressed as [42] 

 c , c = Z ∗ · f d (20) 

Based on percolation theory, the percolation probability ( P ) of 

he powder bed can be expressed as [43] 

 = 

(
1 −

(
3 . 764 − Z c , c 

2 

)2 . 5 
)0 . 4 

(21) 

Thus, the threshold of Z c,c for percolation was determined to be 

.764. The calculated Z c , c and P values of the ball-milled powders 

re presented in Fig. 19 . The Z c,c value of WC-10 was higher than

hat of Al-40, indicating more possible paths for charges to pass 

hrough the conductive particles. Moreover, the φR broadening of 

C-10 was more significant than that of Al-40, and its shape fac- 

or was considerably higher, indicating irregular particle surfaces 

 Fig. 4(c) and ( d )). Jennings et al. [44] reported that the maximum

oordination number increases with increasing irregularity of par- 

icles owing to the increased probability of multiple contacts with 
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Fig. 20. (a) Schematic of possible charge conduction paths through the powder bed during the preheating process and corresponding equivalent electrical circuits: (b) 

resistor–capacitor and (c) resistor–inductor. 
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eighboring particles. Thus, it can be deduced that the coordina- 

ion number of the WC-10 powder bed was higher than that of 

he Al-40 powder bed owing to the multiple contacts of particles 

ith irregular surfaces. Therefore, the occurrence of smoke during 

he preheating process was more difficult for WC-10 than that of 

l-40 because of the rapid charge dissipation through the conduc- 

ive particles. However, the Z c,c values of Al-40 and WC-10 were 

ower than the percolation threshold of 1.764. Thus, the charges 

upplied to Al-40 and WC-10 should transfer through the insulat- 

ng oxide film acting as a capacitor, and smoke should occur at 

can speeds above 300 m/s owing to limited charge redistribution. 

he Z c,c value of WC-20 was higher than that of Al-50, and these 

alues were higher than the percolation threshold. This indicates 

hat the smoke probability of WC-20 should be lower than that 

f Al-50 because of the rapid charge dissipation through the con- 

acting conductive particles. However, in the impedance test, a ca- 

acitive response was observed for Al-50 and WC-20 owing to the 

nsufficient accumulation of strain and defects in the oxide film 

 Fig. 12(b) and ( F )). Therefore, smoke would occur for Al-50 and

C-20 under certain conditions despite the increased percolation 

robability owing to the capacitive behavior of oxide film. As the 

illing duration increased, sufficient defects and strain were ac- 

umulated on oxide film for Al-60 and WC-30, and a capacitive 

esponse was altered to inductive response, which directly proves 

he metal-like electrical conductivity, via metal–insulator transi- 

ion. Moreover, the percolation probabilities of Al-60 and WC- 

0 increased to 0.846 and 0.977, respectively ( Fig. 19(c) and ( d )).

herefore, smoke can be effectively suppressed for Al-60 and WC- 

0 through the formation of a conductive percolation cluster ex- 

ibiting metal-like electrical conductivity. 

Finally, a schematic of the possible charge conduction paths 

hrough the powder bed during the preheating process is pre- 

ented in Fig. 20 . In the Al-40 and WC-10 powders, the oxide film

as partially deformed, and Z c,c was lower than the percolation 

hreshold. Thus, powder bed smoke can occur owing to the re- 

tricted charge redistribution, as shown in Path A in Fig. 20(a) . In 

he Al-50 and WC-20 powders, the deformed area and coordina- 

ion number increased, and their Z c,c values were higher than the 

ercolation threshold. However, the oxide film on the partially de- 

ormed particle surface exhibited capacitive behavior owing to in- 

ufficient strain and defect density. Thus, electrical charges can ac- 

umulate on the powder bed, and smoke can occur under certain 

onditions, as shown in Path B in Fig. 20(a) . Therefore, the equiva- 

ent electrical circuit of Paths A and B in the PBF-EB building pro- 
54 
ess is a resistor–capacitor circuit, as shown in Fig. 20(b) . In the 

l-60 and WC-30 powders, the entire oxide film was mechanically 

eformed, and it acted like a metal via metal–insulator transition 

ecause of the sufficient strain and defect density in the oxide film. 

oreover, the percolation probabilities of Al-60 and WC-30 were 

igher than 0.846 because of the increased coordination number 

nd deformed area. Therefore, powder bed smoke was completely 

uppressed by the formation of a percolation cluster exhibiting 

etal-like electrical conductivity, as shown in Path C in Fig. 20(a) . 

urthermore, the equivalent electrical circuit of Path C in the PBF- 

B building process is determined to be a resistor–inductor circuit, 

s shown in Fig. 20(c) . Based on the above results, we can conclude 

hat the most desirable powder feedstock for PBF-EB is the Al-60 

owder, which exhibited a high packing density and good smoke 

uppression during the preheating process. 

. Conclusions 

In this study, the influence of mechanical stimulation using the 

l 2 O 3 and WC ball milling on the electrical and powder bed prop- 

rties of gas-atomized Ti–48Al–2Cr–2Nb was investigated. Further- 

ore, the smoke mechanism of ball-milled powders was eluci- 

ated based on percolation theory using experimental and simu- 

ation results. The conclusions of this study are as follows: 

1) Gas-atomized Ti–48Al–2Cr–2Nb was mechanically ball-milled 

for up to 60 min using Al 2 O 3 and WC balls. Compared to that 

after Al 2 O 3 ball milling, PSD widening was more extensive after 

WC ball milling, despite the shorter milling duration. The for- 

mation of angular fragments was more favorable after WC ball 

milling than that after Al 2 O 3 ball milling owing to the high im- 

pact force originated by heavy weight. Moreover, the formation 

of angular fragments by WC ball milling significantly reduced 

the flowability and packing density due to increased particle in- 

terlocking and residual pores. 

2) The electrical properties of the ball-milled powders were char- 

acterized via DC resistivity and AC impedance tests. The elec- 

trical resistivity of the GA powder gradually decreased with in- 

creasing ball-milling duration despite the increased oxide film 

thickness. This could be due to the accumulation of strain and 

defects promoting the Ti n O 2 n -1 -type suboxide in the surface 

oxide film via ball milling. The capacitive response in Al-60 

and WC-30 was replaced by an inductive response represent- 

ing metal-like electrical conductivity. This could be due to the 
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metal–insulator transition of deformed oxide film caused by the 

accumulation of sufficient stain and defects via ball milling. 

3) The smoke probability during the preheating process was in- 

vestigated using the pulse repetition method. Smoke was more 

suppressed for WC-10 than that for Al-40, despite the longer 

charge dissipation time. This could be due to the high con- 

tact probability with conductive particles, which provided rapid 

charge dissipation paths. Smoke was further suppressed for Al- 

50 and WC-20 owing to the decreased charge dissipation time 

and increased Z c,c . However, smoke occurred for Al-50 and WC- 

20 under certain conditions owing to charge accumulation due 

to the capacitive behavior of oxide film. The powder bed smoke 

was completely restricted for the Al-60 and WC-30 because of 

the formation of a percolation cluster with metal-like electrical 

conductivity. 

In conclusion, the Al-60 powder is the most desirable powder 

eedstock for PBF-EB owing to its high packing density and good 

moke suppression. 
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