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Factors determining the flowability and spreading quality of gas-atomized 
Ti-48Al-2Cr-2Nb powders in powder bed fusion additive manufacturing 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Flowability of GA powder under the 
dynamic condition was improved after 
ball milling owing to the decreased 
cohesion force. 

• High cohesive force in GA powder was 
mainly attributed to the electrostatic 
force caused by charge accumulation on 
the oxide film. 

• Spreadability of GA powder was 
improved after ball milling due to the 
decreased cohesion force.  
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A B S T R A C T   

A high-quality powder bed is necessary for obtaining high-quality products using powder bed fusion-based ad
ditive manufacturing. In this study, mechanical ball milling was suggested to improve the flowability and 
spreadability of gas-atomized (GA) Ti–48Al–2Cr–2Nb powder in the powder bed fusion additive manufacturing 
process. The deformation mechanism of the GA powder significantly differed depending on the ball milling 
media. Surface grinding mainly occurred during Al2O3 ball milling, while the pulverization was dominant in WC 
ball milling because of the higher impact force. The flowability of the GA powder under dynamic conditions was 
improved after Al2O3 and WC ball milling owing to the decreased cohesive force. The high cohesive force in the 
GA powder under dynamic conditions was attributed to the electrostatic force caused by charge accumulation on 
the oxide film. The packing density of GA powder was increased after WC ball milling despite the formation of 
numerous irregular particles owing to the synergetic effect of rapid energy dissipation, minimized wall effect, 
and void filling effect. Furthermore, the spreadability of the GA powder was improved by ball milling because of 
the decrease in the cohesive force. Therefore, it was demonstrated that the flowability and spreadability of the 
GA powder can be improved via ball milling because of changes in particle size, shape, and surface properties.   
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1. Introduction 

In the last decade, powder bed fusion additive manufacturing (PBF- 
AM) techniques have attracted significant attention in the industrial 
fields because they enable rapid prototyping, near-net-shape design, and 
short process lead time [1]. For instance, General Electric and Rolls 
Royce fabricated some parts for aircraft and automotive industries using 
the PBF-AM to improve fuel efficiency using the structural design [2–4]. 
The powder feedstock in the PBF-AM process is dropped from the 
feedstock chamber and spread by a stainless-steel blade or rotating roller 
on the building stage [5]. The deposited thin powder layer is then 
selectively melted using the high-energy heat source based on the sliced 
computer-aided design data. The powder spreading and selective 
melting processes are repeated layer by layer until the completion of the 
three-dimensional product. Several studies reported the significance of 
high-quality powder beds in PBF-AM. Boley et al. reported that laser 
absorption in powder bed was substantially affected by particle size 
distribution (PSD) in laser powder bed fusion (L-PBF) [6]. Lee et al. 
reported low melt pool stability at a low-quality powder bed, resulting in 
balling defects during L-PBF [7]. Zhao et al. pointed out that the heat 
absorption and conduction, which determine the molten pool and so
lidification behaviors, were significantly affected by powder bed prop
erties in the powder bed fusion electron beam (PBF-EB) process [8–10]. 
Rausch et al. reported that the high packing density of powder bed can 
significantly reduce the internal defects of the product in the PBF-EB 
process [11]. Therefore, the high-quality powder bed is a prerequisite 
to obtaining high-quality products without defects in the PBF-AM 
process. 

The powder bed quality is significantly affected by powder proper
ties and process parameters in the powder spreading process [12]. The 
powder bed quality has been improved by optimizing the spreading 
process parameters such as spreading velocity, layer thickness, spreader 
geometry, and vibration method [13–16], but there is still controversy 
regarding the major factors affecting the powder bed quality in the 
powder spreading process. Snow et al. reported that the increase in the 
angle of repose worsened powder spreading quality, and the spread
ability was mainly controlled by powder characteristics rather than 
spreading parameters [17]. Mussatto et al. confirmed that the quality of 
powder bed could not be explained by flowability alone—it was mainly 
affected by the spherical shape and surface smoothness of the powder 
[18]. Yim et al. demonstrated using coupled experimental and discrete 
element method simulation studies that the packing density of the 
powder bed was predominantly affected by PSD rather than particle 
shape or surface properties [19]. Chen et al. pointed out that the powder 
bed quality is mainly controlled by the PSD, and that the presence of fine 
particles smaller than 21.8 μm results in low packing density owing to 
the increased cohesive force [20]. Thus, the major factor among the 
powder properties controlling the powder bed quality should be clari
fied to improve powder bed quality in the PBF-AM process. Further
more, several studies suggested pretreatment for the powder to improve 
the product quality produced via the PBF-AM process using surface 
coating, sputtering, and chemical treatments, but these methods were 
limited owing to the process difficulty and high cost [21–23]. Thus, cost- 
effective pretreatment to improve the spreadability and packing density 
of the powder bed in the PBF-AM process should be suggested. 

In the previous study, we reported that the electrical properties of 
Inconel 718 and Ti–48Al–2Cr–2Nb powders, containing 3d transition 
metal oxides, can be transitioned from insulating to metallic via me
chanical stimulation using ball milling [24–26]. Furthermore, the ball- 
milled Inconel 718 and Ti–48Al–2Cr–2Nb powders were heated by 
electron beam irradiation in the PBF-EB process without smoke gener
ation even at room temperature. However, ball milling results in vari
ation in particle size and shape depending on the milling conditions and 
grinding media. Therefore, the effect of ball milling on the flowability of 
powder and powder bed quality should be investigated. 

In this study, ball milling was used to improve the flowability and 

spreadability of gas-atomized (GA) Ti–48Al–2Cr–2Nb alloy in the PBF- 
AM process. The two types of ball milling media were tested to con
trol the particle size, shape, and surface properties of the virgin powder. 
The flowability of the powder was evaluated under gravitational and 
rotating conditions using the Hall flowmeter and rotating drum tests, 
respectively. The powder bed properties were examined using specially 
designed spreading equipment under various spreading speeds and layer 
thicknesses. Finally, the factor determining the flowability and powder 
bed quality was determined based on the particle properties. We believe 
that this study contributes to improving the understanding of the pow
der spreading mechanism and improvement of the powder bed quality in 
the PBF-AM process. 

2. Materials and methods 

2.1. Mechanical ball milling 

The virgin Ti–48Al–2Cr–2Nb (at.%) powder produced by gas atom
ization was provided by Daido steel Co., LTD., Japan. Its specific 
chemical composition and microstructure can be found in our previous 
study [24]. The virgin powder was ball milled to manipulate its particle 
size, shape, and surface properties. The Al2O3 and WC milling vials and 
grinding balls (prepared by Fritsch GmbH, Germany) were used in this 
study. The 33 vol% of Al2O3 (5 mm in diameter) and WC (6 mm in 
diameter) grinding balls were placed in the milling vials, followed by the 
addition of the 33 vol% of the GA powder. All these operations were 
performed in the glove box under Ar atmosphere. Ball milling was 
performed at 400 rpm for 40 min using a planetary high-energy ball mill 
(Pulverisette 7, Fritsch GmbH, Germany). The Ar gas was recharged into 
milling vials at intervals of 20 min using the glove box system to ensure 
milling under inert atmosphere. For convenience, the powders ball- 
milled using Al2O3 and WC grinding media are referred to as BM-A 
and BM-W, respectively. The oxygen contamination owing to ball mill
ing was examined using an oxygen–nitrogen analyzer (ON736, Leco 
Corp., Japan). The results confirmed that the oxygen contamination of 
the GA powder did not occur during ball milling under Ar atmosphere, 
as shown in Table 1. 

2.2. Particle size and shape analysis 

The particle morphology was observed using scanning electron mi
croscopy (SEM, S-3400 N, Hitachi High-Tech Science Corp., Japan). The 
PSDs of the GA and ball-milled powders were determined via the linear 
intercept method following ASTM-E112 using >1000 particles. The 
particle morphology distribution (PMD) map was developed to charac
terize the particle shape evolution via ball milling. The particle pixel 
data from the SEM images was computed via the thresholding contrast 
method using the ImageJ software (National Institutes of Health, USA) 
[27]. The roundness (ϕR) and sphericity (ψS) of particles were computed 
as follows: 

ϕR =
ra

rp
(1)  

ψS =
ra

rm
(2)  

where the ra, rp, and rm are the particle radii calculated using the area, 
perimeter, and major axis from the binary images, respectively. In the 
PMD map, the low sphericity indicates the elongated particle shape, and 
the low roundness indicates the irregularity of particle shape. The values 

Table 1 
Oxygen concentrations in the GA and ball-milled Ti–48Al–2Cr–2Nb powders.  

Sample GA BM-A BM-W 

O concentration (wt%) 0.0657 0.0691 0.067  
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of sphericity and roundness were obtained with an interval of 0.1, and 
the fraction of elongated particles was determined to total fraction of ψS 
< 0.9. The multivariate kernel density estimation was employed to 
visualize overlapping data points in the PMD map according to the 
following equation: 

f (x, y) =
1
n
∑n

i=1

1
2πwxwy

exp

(

−
(x − vXi)

2

2w2
x

−
(y − vYi)

2

2w2
y

)

(3)  

where f is the kernel density estimate, n is the number of elements in 
vector vX or vY, subscript i is the ith element in the vector, and wx and wy 
are the optimal bandwidths values, respectively. To characterize the 
surface-attached satellites in particles, the fraction of satellite-contained 
particles was carefully measured by counting the number of particles 
with surface-attached satellites on >1000 particles. 

2.3. Flowability and powder spreading test 

The gravity-based flowability of the powders was examined using a 
Hall flowmeter (JIS-Z2502, Tsutsui Scientific Instruments Co., Ltd., 
Japan) based on the ASTM B213 standard. The static angle of repose 

(AOR) was determined to be the average slope angle of the deposited 
powder dummy without collapse using the edge tracing linear regression 
method. The rotation-induced flowability of the powders was examined 
using the rotating drum test at an angular velocity of 10 rpm. The dy
namic AOR was determined to be an average angle of the upper 
avalanche slope in the constant flow regime. The detailed flowability 
test methods can be found in the previous study [19]. The powder 
spreading test was conducted to evaluate the packing density and sur
face roughness of powder beds using specially designed powder 
spreading equipment. The powder (50 g) was poured on the base plate 
and then spread with a blade at the velocities of 50, 150, and 250 mm/s. 
The layer thickness during powder spreading ranged from 100 to 200 
μm, which is a range of effective layer thickness in the PBF-AM process 
[28]. The surface roughness of the powder bed (ξSR) was evaluated using 
the 3D optical profilometer (VR-3200, Keyence Corp., Japan) with a 
resolution of ±2.5 μm as follows: 

ξSR =
1
A

∫∫

A
|Z(x, y) |dxdy (4)  

where A is the total sampling dimension, and Z is the height variation in 
the profile point. The packing density of the spread powder bed was 

Fig. 1. Particle size distribution of Ti–48Al–2Cr–2Nb powders: (a) GA, (b) BM-A, (c) BM-W.  

Fig. 2. Surface morphology images of Ti–48Al–2Cr–2Nb powders: (a), (d) GA, (b), (e) BM-A, and (c), (f) BM-W. (g) Cross-sectional BSE image of GA 
Ti–48Al–2Cr–2Nb powder. 
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calculated using gain powder mass according to the following equation: 

ρPB =
m

VPB
×

100
ρt

(5)  

where VPB is the theoretical volume of the spreading area, m is the 
weight of the deposited powder bed, and ρt is the true density of the 
Ti–48Al–2Cr–2Nb alloy (3.87 g/cm3). The powder spreading test was 
performed five times to obtain packing density deviation owing to the 
discrete nature of the powder. 

2.4. Analysis of surface and electrical properties 

The chemical compositions of the GA and ball-milled powders were 
examined using X-ray photoelectron spectroscopy (XPS, PHI5000 Ver
saProbe II, ULVAC-PHI Inc., Japan) with a monochromatic Al Kα source 
(1486.7 eV) in a survey scan mode. The chemical compositions were 
further characterized by high-resolution narrow-scan profiles near the O 
1 s, Ti 2p, Al 2p, Cr 2p, and Nb 3d element peaks. The XPS spectra were 
analyzed using COMPRO software package with the Shirley background. 

The direct current (DC) resistivity and alternating current (AC) 
impedance spectroscopy tests were conducted using a tailored contact 
device in a vacuum environment. A four-point probe measurement was 
performed to evaluate the DC electrical resistivity of the powders. The 
powder (2.45 g) was placed inside the Al2O3 cylinder, which was further 
sealed with a Pt plate. Both sides of the powder sample were compressed 
by the electrode with 10 N to maintain constant contact between the 
particles. The AC impedance spectroscopy was performed to 

characterize the equivalent electrical circuit of powders. The impedance 
of the powders was determined in the frequency range of 1 Hz–5 × 106 

Hz using an LCR meter (ZM 2376 LCR, NF Corp., Japan) to characterize 
the inductance (L), capacitance (C), and resistance (R) of an electrical 
circuit component. The impedance data was analyzed using the EC-LAB 
software package (BioLogic Science Instruments Ltd., France) to deter
mine the possible electrical circuit and charge dissipation time of the 
capacitor. Further details on the impedance analysis can be found in the 
previous study [24–26]. 

3. Results and discussion 

3.1. Effect of ball milling on PSD and morphology 

The PSDs of the GA and ball-milled powders are presented in 
Fig. 1a–c. The particle size of the GA powder ranges from 25 to 120 μm, 
and its mean diameter is 68.87 μm. The peak position in PSD of the GA 
powder is slightly shifted to the left side after ball milling using the 
Al2O3 media, while it is significantly shifted after ball milling using the 
WC media. The mean particle diameter of GA powder was slightly 
decreased to 60.65 μm after Al2O3 ball milling, while it was far 
decreased to 45.72 μm after WC ball milling. 

The surface images of the GA and ball-milled powders are presented 
in Fig. 2a–f. The GA powder is composed of spherical and elongated 
particles with several satellites and coarse flexural texture on the surface 
(Fig. 2a and d). The dendritic microstructure consisting of α2-Ti3Al and 
γ-TiAl phases is observed in the cross-sectional basckscattered electron 

Fig. 3. Nanoscale surface topography of Ti–48Al–2Cr–2Nb powders: (a) GA, (b) BM-A, and (c) BM-W. (d) Height variation in the GA and ball-milled powders. (λq 
indicates average roughness). 
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(BSE) image of the GA powder (Fig. 2g). This result suggests that the 
coarse flexural surface of the GA powder could be attributed to the 
dendritic solidification caused by rapid cooling during gas atomization 
[29]. In the BM-A powder, the particles are spherical and elongated 
without satellites, and the surface is deformed rather than coarse flex
ural because of ball milling (Fig. 2b and e). The BM-W powder contains 
spherical and flake-shaped particles, and the fractured surface of flake 
particles has irregular morphology at a microscale (Fig. 2c and f). This 
result suggests that the deformation behavior of the GA powder during 
ball milling strongly depends on the ball milling media. 

The nanoscale surface morphology and height variation in the GA 
and ball-milled powders are presented in Fig. 3a–d. The GA particle 
shows a fluctuating dendritic surface with a surface roughness (λq) of 
68.5 nm (Fig. 3a). The λq of the GA powder increased after ball milling 
with Al2O3 (93.1 nm) despite the removal of the flexural texture; at the 
same time, after ball milling with WC, λq significantly increased (147.2 
nm), as shown in Fig. 3b–d. This result indicates that the mechanical 
deformation via ball milling could locally occur on the particle surface, 

and the accumulated deformations could result in variations in surface 
height at a nanoscale. 

The PMD and the fraction of satellite-contained particles in the GA 
and ball-milled powders are shown in Fig. 4a–d. In the PMD map, the 
surface irregularity trend of the powder can be represented using the 
shape factor (k) obtained via linear regression: y = kx + b [26]. The 
fraction of elongated particles is 0.41 for the GA powder, and the shape 
factor is 0.54. The fraction of elongated particles increased to 0.5 in the 
BM-A powder, while the shape factor decreased to 0.36, indicating a 
smoother surface than in the GA powder. The fraction of elongated 
particles is significantly increased to 0.67 in the BM-W powder, and its 
shape factor is 0.58, indicating a more irregular particle surface than in 
the GA powder. The fraction of satellite-containing particles in the GA 
powder is 0.355, and it is significantly decreased to 0.106 and 0.084 
after ball milling with Al2O3 and WC, respectively. This result indicates 
that the decrease in shape factor after ball milling with Al2O3 could be 
attributed to the removal of surface-attached satellites, while the in
crease in shape factor after ball milling with WC could be attributed to 

Fig. 4. Particle morphology distribution of Ti–48Al–2Cr–2Nb powders: (a) GA, (b) BM-A, and (c) BM-W. (d) Fractions of satellite-containing particles in the GA and 
ball-milled powders. 
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the formation of the fractured flakes with an irregular surface. 

3.2. Deformation mechanism depending on ball milling media 

To clarify the deformation mechanism of the GA powder during ball 
milling depending on the grinding media, the numerical calculation 
model was developed based on the Hertzian contact theory. During ball 
milling, the position taken by the grinding ball at an arbitrary time 
moment can be approximated by [30]: 

R(t) = r2
d + r2

v + 2rdrvcos[4πωt(k+ 1) ] (6)  

where rd and rv are the radii of the main disk and milling vial in the ball 
mill, respectively, ω is the angular velocity of the main disk, and k is the 
speed coefficient of the rotating vial. Based on the turning angle of the 
main disk (φ = 2πωt), the impact force of the grinding ball, which acts on 
a powder particle or the mill wall, can be expressed by: 

F(t) = 4π2mω2R(t) (7)  

where m is the weight of Al2O3 (0.27 g) and WC (1.65 g) grinding balls. 
The calculated impact force of grinding balls during rotation is pre
sented in Fig. 5a. The impact force continuously changes during ball 
milling, and the maximum impact force of the WC ball is about 6 times 
higher than that of the Al2O3 ball because of heavier weight. The contact 
mechanical analysis was conducted to evaluate the collision stress dur
ing ball milling depending on the grinding media. The detailed numer
ical equation for contact mechanical simulation can be found in the 

previous study [24,26]. The mechanical deformation depth of 
Ti–48Al–2Cr–2Nb powder was estimated using the general tensile 
strength (400 MPa) of bulk alloy. The maximum deformation depth by 
WC ball is 40.9 μm, which is almost 5.5 times that by Al2O3 ball (7.5 
μm), as shown in Fig. 5b and c. As discussed in the previous section, the 
surface-attached satellites in the GA powder were removed, and the 
shape factor decreased after Al2O3 ball milling, indicating a smooth 
surface. Furthermore, the nanoscale surface roughness slightly increased 
after Al2O3 ball milling, while the fraction of spherical particles 
remained above 0.5. This result indicates that the Al2O3 ball milling at 
400 rpm could be insufficient to pulverize the GA powder owing to low 
impact force. Thus, surface grinding predominantly occurred without 
particle fracture during Al2O3 ball milling. In contrast, after WC ball 
milling, fine flake-shaped particles were observed, and the shape factor 
increased indicating an irregular surface. The nanoscale surface rough
ness significantly increased to 147.2 nm, while the fraction of elongated 
particles increased to 0.67. In the contact mechanical simulation, the 
maximum deformation depth by the WC ball was about 5.5 times that by 
the Al2O3 ball. It is well known that the α2-Ti3Al is the brittle phase in 
the TiAl alloy system because of its intermetallic character and limited 
slip system on 〈1120〉{1010} [31]. Thus, the brittle fracture of the GA 
powder could be favorable during WC ball milling at 400 rpm, thus 
leading to predominantly pulverization owing to the high impact force. 

3.3. Effect of ball milling on flowability 

The mass flow rate and static AOR of the GA and ball-milled powders 

Fig. 5. (a) Impact force of grinding balls during ball milling, (b) deformation depth of GA Ti–48Al–2Cr–2Nb, and (c) snapshots of contact mechanic simulations using 
Al2O3 and WC balls. 
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obtained by the Hall flowmeter test are presented in Fig. 6a–d. The mass 
flow rate of the GA powder (1.66 g/s) decreased to 1.61 g/s after ball 
milling with Al2O3, indicating a decrease in flowability despite the 
removal of surface satellites. At the same time, the mass flow rate 
decreased to 1.22 g/s after ball milling with WC (Fig. 6a). The flow
ability of coarse particles has been reported to be higher than that of fine 
particles because of the smaller surface area [32]. Mussatto pointed out 
that the satellite-containing particles can decrease the flowability 
because of higher mechanical interlocking compared to spherical or 
elongated particles [18]. Yablokova et al. demonstrated that irregular- 
shaped particles can deteriorate flowability owing to high interparticle 

friction [33]. This result indicates that the decreased flowability in the 
BM-W powder could be attributed to the increase in the fraction of fine 
and irregular particles via brittle fracture. At the same time, the gravity- 
induced flowability of BM-A powder was lower than that of the GA 
powder despite their similar PSDs and the removal of satellites. The 
surface roughness of particles is one of the factors through which the 
flowability may be controlled. Tay et al. reported that rougher particles 
showed poorer compressibility and particle flow owing to the higher 
interparticle friction for particle motion [34]. In the BM-A powder, 
nanoscale surface roughness increased owing to locally repeated 
deformation via ball milling. Thus, the decrease in the gravity-induced 

Fig. 6. (a) Mass flow rate and static AOR of deposited powder piles of Ti–48Al–2Cr–2Nb powders: (b) GA, (c) BM-A, and (d) BM-W.  

Fig. 7. Snapshots of the rotating drum tests of Ti–48Al–2Cr–2Nb powders: (a)–(c) GA, (d)–(f) BM-A, and (g)–(i) BM-W.  

S. Yim et al.                                                                                                                                                                                                                                      



Powder Technology 412 (2022) 117996

8

flowability of the BM-A powder could be attributed to the increased 
interparticle friction because of high surface roughness. At the same 
time, the static AOR in the GA powder is the highest (29.8◦) despite 
improved flowability, while it is 27.5 and 28.4◦ for BM-A and BM-W, 
respectively (Fig. 6b–d). Interestingly, a conical pile of the GA powder 
had a wavy surface, while this was not observed for the BM-A and BM-W 
powders. Gärtner et al. reported that the wavy surface in powder pile is 
mainly attributed to cohesion force, and it can be suppressed by 
increasing surface roughness owing to decreased van der Waals force 
using a dry surface coating [21]. This result suggests that the high static 
AOR of GA powder could be contributed by high cohesion force despite 
rough surface. Therefore, it can be deduced that the cohesion force of GA 
powder could be not attributed to van der Waals force, but there are 
other factors to increase cohesion force. 

The snapshots of the rotating drum test using the GA and ball-milled 
powders are presented in Fig. 7a–i. In the initial state, 30 vol% of the 
rotating drum was filled with the tested powder. The drum was then 
rotated up to maximum avalanche slope, which showed the interparticle 
friction and cohesive force that prevented the collapse because of the 
gravitational force. The maximum avalanche angle of the GA powder is 
the highest at 54.0◦, and BM-A and BM-W powders show significantly 
lower values of 35.5 and 39.6◦, respectively. As the drum was further 

rotated, the powder formed a continuous flow regime, and the angle 
variation was obtained using continuous image analysis. The recorded 
videos of the rotating drum tests of the GA and ball-milled powders are 
presented in Supplementary video 1. The variation in the avalanche 
angle during the rotation of the GA and ball-milled powders is presented 
in Fig. 8a. The avalanche angle of the GA powder fluctuates, which 
represents the cascading flow, and the dynamic AOR is 54.8◦. The 
fluctuations in avalanche angle are much lower in the BM-A and BM-W 
powders, which is similar to the rolling flow, and their dynamic AOR 
values are 41.8 and 43.3◦, respectively (Fig. 8b). The surface fractal 
dimension (Df) of the powder in the rotating drum test can be expressed 
by [35]: 

L(ε) = Mε(1− Df ) (8)  

where L is the total length of free surface of the powder during rotation, ε 
is the measurement scale for free surface, M and Df are constants 
determined by fitting at various measurement scales. In the fractal 
analysis of the rotating drum test, Df = 1 indicates the perfectly smooth 
surface without agglomeration, while the Df ˃ 1 indicates the fluctuating 
surface that causes powder agglomeration [36]. Thus, Df represents the 
cohesive force of the powder under the rotating conditions. The Df of the 

Fig. 8. (a) Avalanche angle variation in the rotating drum test, (b) dynamic AOR and surface fractal dimension of the GA and ball-milled powders.  

Fig. 9. (a) Direct current resistivity and (b) alternating current impedance test results for the GA and ball-milled powders.  

S. Yim et al.                                                                                                                                                                                                                                      



Powder Technology 412 (2022) 117996

9

GA powder is 1.47, indicating cohesive characteristics under rotating 
conditions, while for the BM-A and BM-W powders it is almost 1.16 and 
1.17, respectively, indicating a smooth surface (Fig. 8b). This result 
suggests that the cohesive force is significantly higher in the GA powder 
than in the ball-milled powders under rotating conditions. 

3.4. Electrical and surface properties 

The DC resistivity and AC impedance test results for the GA and ball- 
milled powders are presented in Fig. 9a and b. The DC resistivity of the 
GA powder (19,246.3 Ω⋅m) is much higher than those of the BM-A 
(0.012 Ω⋅m) and BM-W (0.009 Ω⋅m) powders (Fig. 9a). In the AC 
impedance test, the capacitive response is observed in the GA powder, 
and the electrical resistance of the oxide film is 763,792 Ω (Fig. 9b). In 
contrast, the inductive response representing metal-like electrical con
ductivity is observed in the BM-A and BM-W powders, and their elec
trical resistances of the oxide film are similar to those of metallic core 
parts, as shown in Table 2. The further detailed theory of an equivalent 
electrical circuit for powder can be found in the previous study [24–26]. 
These results indicate that the electrical resistance of the oxide film in 
the GA powder was significantly decreased by ball milling. 

The survey and high-resolution spectra of the GA and ball-milled 
powders are presented in Fig. 10a and b. The surface spectra of the 
GA and ball-milled powders are similar, indicating that the chemical 
composition of the oxide film did not change after ball milling (Fig. 10a). 

As mentioned previously, the oxygen concentration of GA powder was 
preserved after Al2O3 and WC ball milling (Table 1). Thus, the elimi
nation of oxide film by surface grinding is negligible in ball-milled 
powders. In the high-resolution Ti 2p spectrum, the Ti3+ and Ti2+

peaks in BM-A and BM-W powders have higher intensities than those in 
the GA powder owing to the deformation accumulation on the oxide film 
during ball milling, as shown in Table 3. It is well known that the 
electrical conductivity of Ti suboxide resembles that of the metallic 
material because of the presence of oxygen vacancies acting as free 
electrons [37]. In the previous studies, the electrical resistance of the 
oxide film containing 3d transition-metal oxides was significantly 
decreased via mechanical deformation, and the capacitive response 
disappeared because of metal–insulator transition caused by the accu
mulation of strain and/or defects in the oxide film [24–26]. Thus, in the 
present study on Ti–48Al–2Cr–2Nb, the metal-like electrical resistance 
of the BM-A and BM-W powders may be attributed to the increase in the 
number of oxygen vacancies in the oxide film because of mechanical 
deformation, and the capacitor component could be replaced by an 
inductor via deformation-induced metal–insulator transition. 

3.5. Factor determining cohesive force 

As discussed in the previous section, the cohesive force under the 
dynamic conditions was significantly higher in the GA powder than in 

Table 2 
Electrical properties of the GA and ball-milled Ti–48Al–2Cr–2Nb powders.  

Specimen DC 
resistivity 
[Ω⋅m] 

Resistance of 
metallic matrix 
[Ω] 

Resistance of 
oxide film [Ω] 

Charge 
dissipation 
time [μm] 

GA 19,246.3 1.131 763,792 55.95 
BM-A 0.012 1.057 1.814 – 
BM-W 0.009 0.959 1.722 –  

Fig. 10. Survey and high-resolution Ti 2p spectra of the GA and ball-milled powders.  

Table 3 
Atomic concentration in powder surface of the GA and ball-milled 
Ti–48Al–2Cr–2Nb powders.  

Specimen Atomic concentration of oxide surface (at.%) 

O2¡ Ti4þ Ti3þ Ti2þ Al3þ Cr3þ Nb5þ

GA 65.03 8.43 0.98 0.55 23.82 0.91 0.28 
BM-A 62.73 8.41 2.11 1.42 24.11 0.85 0.37 
BM-W 62.79 8.51 1.89 1.92 23.78 0.77 0.34  

S. Yim et al.                                                                                                                                                                                                                                      



Powder Technology 412 (2022) 117996

10

the ball-milled powders. The cohesive force causing the agglomeration 
of the powder may be caused by several factors, such as van der Waals, 
electrostatic, capillary, and magnetic forces [38]. The humidity and 
magnetic field were very weak in the powder flowability test; thus 
capillary and magnetic forces were negligible. Several studies reported 
that the van der Waals force is the predominant cohesive factor for the 
powder flowability and spreading process [39–41]. The van der Waals 
force in the powder can surpass the gravitational force at a sufficiently 
small particle size [41]. Spurek et al. reported that the surface fractal in 
the rotating drum test significantly increased with decreasing mean 
particle size below 20 μm in 316 L powder [36]. However, the mean 
particle size of the GA powder was 68.87 μm, which is considerably 
higher than that of the BM-W powder, even though the cohesive force 
was higher in the GA powder. This suggests that the van der Waals force 
is a minor factor in the increase in the cohesive force in the GA powder 
under dynamic conditions. Therefore, the cohesive force under dynamic 
conditions may be predominantly caused by the electrostatic force 
through triboelectric charging and the formation of a potential differ
ence [42]. The electrostatic force (Fc) between the charged and un
charged particles at a certain distance can be expressed using the 
classical Coulomb Eq. [43]: 

Fc =

Q2
(

1 − d

(r2+d2)
1/2

)

16πε0d2 (9)  

where Q is the particle charge, d is the distance between the particles, r is 
the equilibrium radius of the particle, and ε0 is the vacuum permittivity 
(8.854 × 10− 12 F⋅m− 1). In the previous study, it was confirmed that the 
GA Ti–48Al–2Cr–2Nb powder consisted of resistor–capacitor circuits 
owing to the core–shell structure of the particles: a metallic matrix 
encapsulated by an oxide film [24]. Thus, the charging degree of the 
powder containing resistor–capacitor circuit can be expressed by [43]: 

Q = CVC = CVS
(
1 − e(− t/τ) ) (10)  

where C is capacitance, VC is the voltage across the capacitor, VS is the 
supply voltage, t is the duration after the supply voltage, and τ is the 
charge dissipation time. The charge dissipation time equals the product 
of the capacitance and resistance of the oxide film acting as a capacitor 
[44]. This result suggests that the charge accumulation on the oxide film 
could result in a high electrostatic force between the particles owing to 
the long-term charge retention. In the DC resistivity measurement, the 
electrical resistance of GA powder was the highest, while it was signif
icantly lower in the BM-A and BM-W powders (Fig. 9a). As shown in the 
XPS results, the quantity of Ti suboxide on the oxide film increased after 
ball milling with both media owing to the accumulation of deformations 
(Fig. 10b). It has been reported that the resistance of oxide films can be 
decreased by increasing the oxygen vacancy density on the powder 

surface via mechanical stimulation [24–26]. Furthermore, the resis
tor–capacitor circuit in the GA powder changed to the resistor–inductor 
circuit in the BM-A and BM-W powders via deformation-induced met
al–insulator transition (Fig. 9b). This result suggests that the charge 
accumulation in the BM-A and BM-W powders was limited because of 
their particles did not act as capacitors. Therefore, triboelectric charge 
can be accumulated in the GA powder under the dynamic conditions 
owing to the long charge dissipation time. The cohesive force in the GA 
powder is mainly attributed to the electrostatic force caused by the 
dielectric properties of the oxide film. On the other hand, the tribo
electric charging of GA powder under static conditions (i.e. gravity) 
could be suppressed due to insufficient particle interaction. Therefore, it 
can be deduced that the gravity-induced flowability of GA powder is 
minorly affected by cohesive force caused by triboelectric charging and 
is mainly contributed by nanoscale surface roughness (Figs.3 and 6). 
Recently, Zhao et al. reported that the nanoscale surface roughness is the 
main factor determining flowability using three types of Inconel 718 
powder, which were produced by gas atomization, plasma atomization, 
and plasma rotating electrode process; they also showed that the 
avalanche angle in the rotating drum test increased with oxide film 
thickness [45]. Considering the obtained results, oxide film thickness 
rather than surface roughness was considered the controlling factor 
determining the flowability of the powder because of the high electro
static force caused by the long-term charge retention. Therefore, the 
cohesive effect of the electrostatic force was demonstrated to be the 
predominant factor controlling the flowability of the GA powder under 
dynamic conditions. 

3.6. Factor determining powder bed quality and spreadability 

The powder spreading test was conducted to determine the critical 
factor affecting the packing density and spreadability in the powder bed 
fusion-based additive manufacturing process. The packing density at a 
layer thickness of 100 μm in the GA and ball-milled powders depending 
on the spreading velocity is presented in Fig. 11a. The packing density of 
the powders is the highest at 50 mm/s and rapidly decreases with 
increasing spreading velocity. The packing density of the BM-W powder 
is the highest (38.4%) at a spreading velocity of 50 mm/s, while that of 
the GA powder is the lowest (33%). As mentioned above, the BM-W 
powder exhibited the smallest mean particle size of 45.72 μm, while 
those of the GA and BM-A powders were similar (68.87 and 60.65 μm, 
respectively). However, the shape factor of the BM-W powder was the 
highest indicating irregular particle morphology owing to the brittle 
fracture via ball milling. Nan et al. demonstrated that high interparticle 
friction can improve the packing density due to the suppressed particle 
motion during the powder spreading process [46]. This result indicates 
that the kinetic energy of BM-W powder more rapidly dissipated 
compared to GA and BM-A powders in powder spreading process. 

Fig. 11. Packing density of the GA and ball-milled powders depending on the spreading velocity at a layer thickness of (a) 100 μm, (b) 150 μm, and (c) 200 μm.  
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Haferkamp et al. reported that the fine particle is advantageous to 
minimize the wall effect in the powder spreading with a thin layer 
thickness [47]. Thus, the surface pores of deposited powder bed could be 
suppressed in BM-W powder than in GA and BM-A powders owing to the 

decreased kinetic energy and minimized wall effect. On the other hand, 
Yim et al. reported that the irregular particle shape can decrease the 
packing density of the powder bed because of the increased pore size and 
number caused by sharp edge contact [26]. Zhu et al. demonstrated that 

Fig. 12. Deposited powder beds of Ti–48Al–2Cr–2Nb powders at a layer thickness of 100 μm under different spreading velocities: (a), (d), (g) GA, (b), (e), (h) BM-A, 
and (c), (f), (i) BM-W powders. Spreading velocities: (a)–(c) 50 mm/s, (d)–(f) 150 mm/s, (g)–(i) 250 mm/s. 
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the addition of fine particles can improve the packing density because of 
the void filling effect in the deposited powder bed [48]. This result 
suggests that the void filling effect by fine particle could be more 
dominant than void increase effect by irregular particle in a deposited 
BM-W powder bed. Therefore, the highest packing density of BM-W 
powder bed at a layer thickness of 100 μm was attributed to the 
decreased surface and inside pores. 

The images of the deposited powder beds of the GA and ball-milled 
powders with a layer thickness of 100 μm at different spreading veloc
ities are presented in Fig. 12a–i. The homogeneous distribution without 
large defects is observed in the BM-A and BM-W powder beds at a 
spreading velocity of 50 mm/s, while the unoccupied area is observed in 
the GA powder bed. At the spreading velocity of 150 mm/s, the wave- 
like height variation is observed in all powder beds owing to the 
temporally decreased spreading velocity because of the stepping motor 
motion. The height variation in powder beds increases with spreading 
velocity, and the maximum height, observed at the spreading velocity of 
250 mm/s, is >100 μm, which was set as layer thickness in the powder 
spreading experiment. This result implies that the deposited powders 
could prolong the particle flow after deposition under high spreading 
velocities. In the deposited powder bed, the spreadability of the powder 
can be expressed based on the occupied area factor (ξAF) as follows: 

ξAF =
APB

ATotal
(11)  

where APB and ATotal are the occupied and total observation areas in the 
deposited powder bed, respectively. The measured ξAF in deposited 
powder beds at a layer thickness of 100 μm is presented in Fig. 13. The 
ξAF values in the BM-A and BM-W powders are similar at a spreading 
velocity of 50 mm/s, while it is lower in the GA powder. The ξAF values 
of the BM-A and BM-W powders gradually decreases with increasing 
spreading velocity, while that of the GA powder decreases more rapidly. 
This result suggests that the spreadability of the BM-A and BM-W 
powders is superior to that of the GA powder. Interestingly, the pack
ing density and spreadability of the BM-A powder are superior to that of 
the GA powder despite similar PSDs. As discussed in the previous sec
tion, the cohesion force under dynamic conditions was considerably 
higher in the GA powder than in the BM-A and BM-W powders because 
of the high electrostatic force caused by its capacitive properties. 
Furthermore, the shape factor of the GA powder decreased after ball 
milling with Al2O3, indicating a smoother surface and more spherical 
shape, because of the removal of surface-contained satellites via surface 
grinding. Chen et al. reported that the cohesion force can significantly 
decrease the packing density during powder spreading owing to the 

particle agglomeration [49]. It is well known that the presence of sat
ellites on the surface can increase the particle interlocking during 
powder spreading, resulting in a low packing density because of an in
crease in pore size [18,50]. This indicates that the packing density and 
spreadability of the GA powder could be decreased by high cohesion 
force and particle interlocking compared to the BM-A powder. 

The packing density of the powder beds gradually increased with a 
layer thickness under the spreading velocity of 50 mm/s. Particularly, 
the packing densities of the powder beds are >40% higher (compared to 
those at 100 μm) at a layer thickness >150 μm (Fig. 11b and c). Nan et al. 
reported that the decrease in flowability can improve the packing den
sity by suppressing particle motion during powder spreading [46]. In the 
previous study, the rapid stress dissipation during powder spreading was 
confirmed to improve the packing density owing to the suppression of 
force-arch formation [19]. This indicates that the increase in layer 
thickness could increase the number of inter-particle interactions 
resulting the rapid kinetic energy dissipation. Wu et al. demonstrated 
that application of the additional compressive force during powder 
spreading can improve the packing density of the deposited powder bed 
[51]. During spreading, the high layer thickness leads to the increase in 
the compressive force exerted by the upper deposited powder layer. 
Furthermore, the wall effect can be minimized as increasing layer 
thickness in powder spreading process [47]. Based on the obtained re
sults, the increase in packing density with layer thickness in powder 
spreading was attributed to the synergetic effect of rapid energy dissi
pation, increased compressive force, and decreased wall effect. 

The deposited powder beds of the GA and ball-milled powders at a 
layer thickness of 150 μm under different spreading velocities are shown 
in Fig. 14a–i. The deposited powders are homogeneously distributed on 
the base plates without an unoccupied region at a layer thickness of 150 
μm, while the height variation is higher at a spreading velocity of 250 
mm/s. However, the evaluation of spreadability using ξAF was difficult 
because of the homogeneous deposition of particles on the base plate 
even at a spreading velocity of 250 mm/s, as shown in Fig. 14g–i. The 
surface roughness of the powder bed is one of the factors representing 
the spreadability of the powder in the powder spreading process [19]. 
The surface roughness (ξSR) was determined in the center region of the 
deposited powder bed, as shown in Fig. 15a. The ξSR values of the 
powder beds with different layer thicknesses are presented in 
Fig. 15b–d. Although the differences in ξSR between the powders are not 
significant at a spreading velocity of 50 mm/s, they increase with 
spreading velocity under various layer thicknesses. The general trend is 
that the ξSR of the GA powder is higher than that of the BM-A and BM-W 
powders under various layer thicknesses and spreading velocities, rep
resenting low spreadability. This result suggests that the spreadability of 
the GA powder is mainly affected by cohesion caused by high electro
static force; however, the spreadability may be improved through the 
suppression of charge accumulation, caused by deformation-induced 
metal–insulator transition, via ball milling. Overall, it was demon
strated that the packing density and spreadability of the GA powder can 
be improved by controlling the particle size, morphology, and surface 
properties via ball milling. 

4. Conclusion 

In this study, ball milling was used to improve the flowability and 
powder bed properties of GA Ti–48Al–2Cr–2Nb powder in the PBF-AM 
process. The main conclusions drawn from this study are as follows. 

1) The deformation mechanism of the GA powder during ball milling 
was investigated depending on the ball milling media. The mean particle 
diameter of the GA powder slightly decreased after Al2O3 ball milling 
and significantly decreased after WC ball milling. The spherical shape of 
particles was preserved after Al2O3 ball milling, while flake particles 
with irregular shapes were observed after WC ball milling. The contact 
mechanic simulation results suggested that the brittle fracture of the GA 
powder was favorable during WC ball milling at 400 rpm owing to the 

Fig. 13. Measured occupied area factor in deposited powder beds of 
Ti–48Al–2Cr–2Nb powders at a layer thickness of 100 μm. 
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high impact force. 
2) The effect of ball milling on the flowability of the GA powder was 

examined using the Hall flowmeter and rotating drum tests. The gravity- 
induced flowability of the GA powder decreased after ball milling owing 

to the increased interparticle friction caused by high surface roughness 
of the particles. The rotation-induced flowability of the GA powder was 
considerably improved by ball milling owing to the decrease in the 
cohesive force. The cohesive force in the GA powder is primarily 

Fig. 14. Deposited powder beds of Ti–48Al–2Cr–2Nb powders at a layer thickness of 150 μm under different spreading velocities: (a), (d), (g) GA, (b), (e), (h) BM-A, 
and (c), (f), (i) BM-W powders. Spreading velocities: (a)–(c) 50 mm/s, (d)–(f) 150 mm/s, and (g)–(i) 250 mm/s. 
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constituted by the electrostatic force caused by the charge accumulation 
under dynamic conditions. 

3) The packing density and spreadability of the GA powder were 
optimized using ball milling. The packing density of the GA powder 
increased after WC ball milling because of the combined effect of rapid 
energy dissipation, minimized wall effect, and void filling effect. The 
spreadability of the GA powder was limited because of the cohesive 
force caused by electrostatic force; however, it can be improved by 
eliminating the capacitor component via deformation-induced metal
–insulator transition using ball milling. 

Overall, it was demonstrated that the flowability and spreadability of 
GA Ti–48Al–2Cr–2Nb powder can be improved by manipulating the 
particle size, morphology, and surface propertyies via ball milling. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.powtec.2022.117996. 
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