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Spreadability of cohesive and frictional powder is critical in powder spreading of additive manufacturing.
Different to flowability, the experimental test techniques and underlying powder mechanics of spread-
ability have not yet been thoroughly acknowledged. In this work, the effects of operation conditions
and particle properties on the spreadability of metal powder are experimentally investigated. A measure
of relative spreadability based on D90 is proposed, considering the effect of size classes of powder. The
results show that the spreadability is a non-monic function of the spreading speed, and there is an opti-
mal spreading speed. A concept of dynamic spreadability is also proposed to consider the demand of a
high manufacturing rate in AM. The spreadability is strongly affected by the detachment of particles from
the heap and the re-filling process of the depletion region. Excellent spreadability could only be obtained
in a specified range of flowability, where the powder should neither extremely cohesive nor excessively
free-flowing with little frictional resistance.
� 2022 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

Additive manufacturing (AM) has attracted great attention in
recent years in a wide range of industrial applications [1–5]. In
the powder-based manufacturing method, the dry powder is
spread onto the work surface by a blade or roller spreader to form
a thin powder layer with a thickness of a few of particle diameters,
and then the powder layer is shone by the laser or electron beams
in a scanning mode to melt/sinter a selected area. However, pow-
der used in additive manufacturing is usually fine and cohesive,
and it poses great challenges for the spreading process due to the
inter-particle attractive and frictional forces. They could cause
the formation of empty patches, insufficient amount of powder
within the powder layer, and in some particular cases, the powder
even could not be spread through the narrow spreading gap [6,7].
Therefore, an in-depth understanding of the spreadability of the
cohesive and frictional powder flowing through a narrow spread-
ing gap is helpful for further development of this technology and
introduction of new materials.

Although various work has addressed the effects of operation
conditions and particle properties on the powder spreading pro-
cess by Discrete Element Method (DEM) [8–17], there are limited
experimental techniques and no standard test methods so far to
assess powder spreadability for AM. Flowability of powder used
in AM has been widely characterised [18–21] using the devices
for bulk cohesive powder flow [7,22,23] (e.g. FT4 Powder Rheome-
ter, Granudurm), but flowability is not the measure of spreadability
[6,7]. The detailed definition of spreadability is firstly proposed by
Nan et al. [6] and Ghadiri et al. [7], which is given as the ability of
the powder to be spread uniformly as a thin layer of a few multi-
ples of particle size without the formation of any empty patches,
presence of agglomerates and rough surfaces. They also clarified
spreadability and flowability are two different measures of powder
flow characteristics, albeit inter-related. However, till now, only a
few of work is related to the spreadability of cohesive and frictional
powder in AM. Snow et al. [24] attempted to establish powder
spreadability metrics by comparing the fraction of powder cover-
age of the build plate, the rate of powder deposition, the average
avalanching angle of the powder heap, and the rate of change of
the avalanching angle. Ahmed et al. [25] developed a criterion for
describing the powder spreadability by using the size and fre-
quency of empty patches. They proposed a simple and quick
method to quantitatively access the spreadability of 316L stainless
steel powder based on the image analysis, where the spread layer
was re-constructed by several segmented SEM images through
image processing. Although spreadability was also mentioned in
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Cordova et al. [26], it mainly focused on the flowability of cohesive
powder while the details of spreadability were not detailed
reported. Mussatto et al. [27] analysed the effects of powder mor-
phology and spreading parameters on the spreadability, which was
described by profile height and profile void volume measured from
powder bed topography, but no criterion was proposed to compare
the relative spreadability of different powder. Shaheen et al. [28]
explored the influence of materials and process parameters on
the layer quality, and they showed that increasing the spreading
speed could decrease the layer quality for both non– and weakly
cohesive powders whilst improve the layer quality for strongly
cohesive powder. Le et al. [29] proposed a method to assess pow-
der bed quality as a function of both powder conditions and recoat-
ing strategies based on powder bed scanner technology, which
offers a new opportunity to explore the spreadability of powder
materials to optimise PBF processes.

In this work, the spreadability of cohesive and frictional powder
is experimentally reported. A criterion is proposed to quantify the
spreadability of powder with different materials and size classes.
The effects of the operation conditions and particle properties on
the spreadability are analysed, and the underlying mechanisms
are also investigated. The difference between the spreadability
and flowability is also clarified based on the experimental results.
This provides a further step towards understanding the spreadabil-
ity of powder in additive manufacturing, and it also provides a ref-
erence to validate powder spreading simulations.
Fig. 1. Particle size distribution of the powder: (a) number-based, and (b) volume-
based.
2. Materials and methods

Three kinds of metal powder in additive manufacturing are
used here: 15–53 lm 316L stainless steel powder, 15–53 lm
AlSi10Mg powder, and 1–15 lm 316L stainless steel powder. They
have been widely used in the commercial machines of additive
manufacturing. It should be noted that 15–53 lm and 1–15 lm
here are the product label, which do not accurately represent the
real particle size range of the powder. For convenience, they are
assigned as powder A, B, C, respectively. The number-based and
volume-based particle size distribution is shown in Fig. 1, with
D10, D50 and D90 shown in Table 1, which is measured by the Mal-
vern Mastersizer 2000, and the SEM images are shown in Fig. 2.
According to previous work [6,7,25,30–32], the number-based
D90 is used as the characteristic particle size, which is 32.7 mm,
37.6 mm and 13.4 mm for powder A, B and C, respectively. The
flowability of powder is examined by Hall Flow Tester (i.e. opening
size of 2.5 mm) based on the test procedure of ASTM B213. The
flow rate of powder A is 19 s /50 g, whilst no flow could be
observed for C. For powder B, the flow is interrupted after a small
amount of powder flowing out the funnel. The flowability of pow-
der is also examined by the static repose angle. It is measured from
the fixed funnel method, in which a fixed mass of the powder is
poured through a funnel with an opening size of 5 mm. For powder
B and C, the powder is gently stirred to facilitate flowing out the
funnel. The static repose angle of these three kinds of powder is
31�, 39� and 49�, respectively, as shown in Table 1. Thus, according
to Table 1, powder A is slightly cohesive, and powder B and powder
C are moderately cohesive and very cohesive, respectively. The par-
ticle density is shown in Table 1, which is provided by the powder
suppliers.

The experiment rig is shown in Fig. 2, mainly comprising of a
baseplate, blade, linear servo motor, and accessories. The gap
height between the blade tip and baseplate is precisely controlled
by a lifting platform with a micrometre calliper, and a feeler gauge.
The flatness of the baseplate is ± 20 lm. The blade moves at a con-
stant velocity, which is controlled by a linear servo motor with
high accuracy. Four gap heights are used in this work, i.e. d = 50,
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100, 150 and 200 lm. The gap height is controlled by the feeler
gauge before spreading, and it is also re-examined after the spread-
ing using the same method. For each gap height, six spreading
speeds are adopted, i.e. U = 0.001, 0.01, 0.04, 0.08, 0.12 and
0.16 m/s. For each spreading condition, three repetitive experi-
ments are carried out and the averaged results are used. The pow-
der is fed into a rectangular slot by a micro-vibration feeder and
then the slot is removed upwards to form a powder pile in the
preparation area naturally. After removing the slot, the powder
heap is spread onto the baseplate by a 316L stainless steel blade.
After slightly removing the strips along with the baseplate, the
baseplate is taken out carefully, and the spread layer on the base-
plate is brushed down and weighed by a balance with a precision
of 0.01 g. In this work, the powder is dried before and after each
test, in which the effect of moisture during storage and spreading
process could be minimised.
3. Results

According to the work of Nan et al. [6], Ghadiri et al. [7] and
Ahmed et al. [25], powder spreadability is defined as the ability
of powder passing through the gap and being spread uniformly
as a thin layer of a fewmultiples of particle size without the forma-
tion of any empty patches, presence of agglomerates and rough
surfaces. Based on this concept, two methods could be used to



Table 1
Physical properties of the metal powder used in the experiment.

Powder Material Density
(g/cm3)

Volume-based
D10, D50, D90 (lm)

Number-based
D10, D50, D90 (lm)

Repose angle (�) Standard deviation of repose angle Flow
rate

A 316L stainless steel 7.9 18.5, 32.3, 55.3 13.0, 19.3, 32.7 31 1.33 19 s/50 g
B AlSi10Mg 2.67 22.2, 34.6, 53.5 16.6, 24.2, 37.6 39 0.92 –
C 316L stainless steel 7.9 7.6, 13.7, 24.0 5.0, 7.7, 13.4 49 1.69 –

Fig. 2. Experiment system in this work: (a) SEM images of powder; (b) snapshot of the experiment rig; (c) work surface; (d) spread layer.
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quantify the spreadability of powder in additive manufacturing, i.e.
image/morphology analysis of the empty patches within the
spread layer, and the normalised mass of the spread layer. The first
method is attractive, but it is usually limited to a small area of the
spread layer [25,27] due to the small visual field in microscope or
SEM or x-ray technique, thus, it may be not representative of the
whole spread layer. Although the splicing technique of segmented
images could be adopted to get a larger visual field as used in
Ahmed et al. [25], the post-processing and analysis of the images
are complex. Contrarily, the second method is simple and also
quick, although it is less accurate than the first method. In this
work, the second method (i.e. the normalised mass of the spread
layer) is used. The spreadability (SP) is defined in Eq. (1), and the
spreadability between different powder could be compared by
plotting SP with d/D90:

SP ¼ M
qLWD90

ð1Þ

where M is the measured total mass of the particles within
spread layer; L is the length of the spread layer (i.e. in the spread
direction);W is the width of the spread layer; q is the particle den-
sity, as shown in Table 1. The adoption of D90 in Eq. (1) is based on
the analysis in our previous work [6,7,25,30–32], where more
details could be found. It should be noted that the spreadability
defined in Eq. (1) does not indicate a definite value for a specified
powder, and its exact value depends on the spreading conditions,
such as spreading speed and gap height. Therefore, it is only used
to determine the spreadability of specified powder relative to a
standard powder. It should be noted that the relative spreadability
of different powders should be compared at the same ratio of the
3

gap height to particle size (i.e. d/D90) instead of gap height. Taking
an extreme case as an example, at very small gap height, e.g.
50 mm, finer particles (e.g. 15–53 mm) usually could get a better
spread layer than the ones with a larger size class (e.g. 53–
106 mm), but it is due to the size effect (e.g. 53–106 mm could
not even pass through the gap) instead of good spreadability. This
is also one of the reasons that D90 is used in Eq. (1) for normalisa-
tion instead of the gap height.

The variation of the spreadability with spreading speed is
shown in Fig. 3. For all kinds of powder and spreading gap heights
in the experiment, almost the same trend is observed. With the
increase of spreading speed, spreadability increases first and then
decreases. Therefore, there is an optimal spreading speed, at which
a maximum spreadability is obtained. This non-monotonic trend
has not been found in previous DEM simulations [30], where the
cases with low spreading speed (e.g. 0.01 m/s) are usually not
involved. To depict the underlying mechanisms of this non-
monotonic relationship between spreadability and spreading
speed, the spreading state is divided into two regimes based on
the optimal spreading speed: regime I and regime II. In the former,
the spreading speed is less than the optimal spreading speed, for
which the spreadability increases with the spreading speed, and
in the latter, it is in the opposite situation.

In regime I (i.e. spreading speed is lower than the optimal
speed), the shearing strain rate is small. At extremely low spread-
ing speed (e.g. U = 0.001 m/s), the shearing strength of the blade on
the heap is not enough to counteract the adhesion between parti-
cles. Due to the attractive tensile force, the particles are adhered to
each other, and the powder heap is pushed forward like a moving
block. Thus, the powder close to the blade tip cannot be freely



Fig. 3. Variation of the spreadability with the spreading speed: (a) powder A, (b)
powder B and (c) powder C.
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sheared, and there is no enough powder being sheared down and
detached from the heap. As the spreading speed increases, the
shearing strength of the blade on the heap is enhanced, resulting
in enough powder being able to be spread onto the baseplate,
and thus the spreadability is improved. For example, compared
to powder A, the adhesion between particles in powder B is stron-
ger, resulting in a larger difference of spreadability between
4

U = 0.001 m/s and U = 0.01 m/s, which is intuitively expected based
on this mechanism.

In regime II (i.e. spreading speed is higher than the optimal
speed), the shearing strain rate is very large. The particle dynamics
in the powder heap are mainly dominated by the shearing effect of
the blade. With the increase of spreading speed, blade shearing
action is enhanced, resulting in two major effects: more prone to
transient jamming especially for small gap height, and larger iner-
tia of particles within the heap in the spreading direction. In the
former, the particle flow through the gap is transiently interrupted,
resulting in a decrease of the amount of powder spread onto the
baseplate. In the latter, the expending of particles at the space close
to the blade as they are spread onto the baseplate, could not be
immediately replenished by the upper particles falling down under
gravity, resulting in fewer particles that could further spread onto
the baseplate. Both effects could lead to a decrease of spreadability
with the increase of the spreading speed.

As shown in Fig. 3, the maximum value of spreadability could
be obtained at the spreading speed of U = 0.01–0.04 m/s, which
depends on particle properties and spreading conditions. For
example, for powder A, the maximum value of spreadability occurs
at U = 0.01 m/s for gap height of d = 100 mm whilst U = 0.04 m/s for
gap height of d = 200 mm. However, in reality, a larger spreading
speed is usually demanded to speed up the manufacturing process.
Based on this point, the spreadability in Eq. (1) could be further
extended to the dynamic spreadability, namely, the ability of get-
ting the spread layer with good quality in a short time, which could
be given as:

SPd ¼ SP � U ð2Þ
As shown in Fig. 4, with the increase of the spreading speed, the

dynamic spreadability for powder A and B increases firstly and
then approaches to a plateau. Considering the spreading efficiency
in the manufacturing process, the optimum spreading speed could
be defined as the speed at which the dynamic spreadability starts
to approaches to a plateau with the increase of spreading speed.
For powder A and B, the optimum spreading speed is between
0.08 and 0.12 m/s. It agrees well with the suggested value (i.e.
0.1 m/s) in Nan et al. [30].

As shown in Fig. 3, the spreadability is also significantly affected
by the spreading gap height, which is re-plotted at the spreading
speed of 0.08 m/s in Fig. 5. For powder A and B, with the increase
of the gap height, the spreadability first increases almost linearly,
and then it shows a sharp increase as the gap height is increased
to 200 mm, as the wall effect of the baseplate on the particle flow
in the gap region is minimised at this gap height among all cases
in this work. For powder C, the spreadability shows a larger value
than powder A and B, but it is due to the size effect (smaller D90 in
Eq. (1) and also smaller boundary effect of the baseplate wall on
the particle flow in the gap region). It again suggests that the rela-
tive spreadability of powder with different size classes should be
compared at the same ratio of the gap height to particle size
instead of at the same gap height.
4. Discussions

4.1. Factors affecting spreadability

Based on the above analysis, the spreading process of powder
onto the baseplate could be divided into three stages: detachment
of particles from the heap, re-filling of the depletion region by its
surrounding particles, particle flowing through the gap region, as
shown in Fig. 6. The spreadability is affected by the particle
dynamics in these stages:



Fig. 4. Variation of the dynamic spreadability (SP � U) with the spreading speed: (a)
powder A, (b) powder B and (c) powder C.

Fig. 5. Variation of the spreadability with the gap height at the spreading speed of
0.08 m/s.

Fig. 6. Illustration of the spreading process at single-particle scale.
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More easily the detachment of particles from the heap indicates
more particles being able to enter into the gap region. The detach-
ment of particles is mainly affected by the blade shearing on the
heap and the adhesion between the particles and the heap. If the
particles are very cohesive, they would be adhered to each other
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like a paste and could not detach from the heap if the blade shear-
ing is also weak (very small spreading speed). In this situation, the
particles in front of the blade move like a slug, resulting in a very
low spreadability.

The sustainability of the detaching stage is affected by the re-
filling stage. The detaching of particles from the heap would result
in a depletion region in front of the blade. As reported by Nan et al.
[31], in the blade spreading process, the convection/circulation of
particles within the heap is very weak, thus, the re-filling process
is mainly driven by gravity and gravity-indcued contact force. If
the blade spreading speed is very high, i.e. U�(gD90)0.5 [31], the
re-filling rate under gravity is less than the depletion rate. In this
case, the depletion region due to detachment could not be imme-
diately re-filled by the surrounding particles, and the detachment
would not be sustainable. Therefore, the amount of particles
detached from the heap would auto-decrease to achieve a balance
between the re-filling rate and depletion rate.

The sustainability of the detaching stage is also affected by the
particles flowing through the gap region. Less velocity of particles
flowing through the gap region, indicates a larger velocity



Fig. 7. Comparison of the spreadability between different powders at the spreading
speed of 0.08 m/s.

Table 2
Physical properties of the glass beads for comparison.

D10 (mm) D50 (mm) D90 (mm) Repose angle (�)

Slight-cohesive 47 63 89 28
Free-flowing 241 327 472 23

Fig. 8. Comparison of the spreadability between free-flowing and slight-cohesive
glass beads at the spreading speed of 0.08 m/s.

Fig. 9. Schematics of the variation of spreadability with flowability: zone I- powder
is too cohesive to be spread by the blade spreader; zone II: powder is moderate-
cohesive, where the spreadability could be significantly improved by enhancing the
flowability; zone III: powder with slight cohesion or interlocking due to particle
shape, where excellent spreadability could be obtained; zone IV: free-flowing with
little frictional resistance, where spreadability is slightly reduced with further
increase of flowability.

W. Nan and Y. Gu Advanced Powder Technology 33 (2022) 103466
difference between the spreader and particles. In this case, the par-
ticles could be more quickly left away from the blade, i.e. the gap
region could be more quickly emptied to leave space for the
detached particles entering into the gap. If not considering partic-
ular cases, the particles usually are not in contact with the blade in
the gap region, thus, particle velocity in the gap region is mainly
determined by the initial particle inertial when detaching from
the heap. Frictional resistance due to baseplate and particle–parti-
cle interaction also has effects on the particle velocity, but the
effects are usually minor due to the small length of gap region.
Compared to the detaching and re-filling stages, the effect of parti-
cles passing through the gap region on the spreadability is smaller.
6

However, it may also have a significant effect on the spreadability,
if particle jamming occurs in the gap region, or the roller spreading
with strong particle-gas interaction is considered [32].

With the increase of powder cohesion, the detachment of parti-
cles by the blade shearing is reduced, the re-filling rate of the
depletion region is also slow down, thus, the spreadability is
reduced. It could be found Fig. 7, where the spreadability of pow-
der A-C at the spreading speed of U = 0.08 m/s is compared at dif-
ferent gap heights, which are normalised by D90. Similarly, with the
increase of the gap height, the shearing strength on the heap is
enhanced, resulting in a large amount of particles detached from
the heap and thus an increase of spreadability, as shown in
Fig. 5. With the increase of spreading speed, the detaching process
is enhanced but the re-filling process is weakened, thus, there
would be a competition between these two processes, resulting
in an optimal spreading speed, as shown in Fig. 3.

4.2. Spreadability and flowability

Spreadability is significantly affected by flowability to some
extent, however, they are different measures of powder flow char-
acteristics, as previously clarified by Ghadiri et al. [7] and Nan et al.
[32]. Flowability mainly affects the detachment of particles from
the heap and the re-filling of the depletion region in Fig. 6, where
the particle flow is in the form of bulk flow. However, the spread-
ability is also affected by the particle flow in the gap region, which
is in the form of thin-layer flow with significantly discrete features,
such as the particle jamming in the narrow spreading gap [6] and
the gas effect in roller spreading for very fine powder [32]. Here,
another special case is reported here to experimentally validate
the difference between spreadability and flowability. Instead of
using better metal powder (e.g. excellent good sphericity and opti-
mised particle size distribution) at high cost, two kinds of glass
beads are used as reference materials to illustrate the difference
between flowability and spreadability, and larger particle size (less
cohesion) is used to enlarge this difference. The physical properties
of the glass beads are shown in Table 2, with number-based D90 of
89 and 472 mm, respectively. One is slight-cohesive and the other
one is free-flowing, with the repose angle of 28� and 23�, respec-
tively. The spreadability of these two kinds of powder is compared
in Fig. 8, where only part of results is shown here for a clear spot
while not affecting the conclusions. It is clear that the spreadability
of the free-flowing glass beads is worse than that of the slight-
cohesive glass beads. For the free-flowing glass beads, the particle
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inertial is large, and they are not easy to pack as a thin layer under
gravity effect due to their spherical shape with less flow resistance.
It may be also attributed to other effects, which need further inves-
tigation in future. However, it should be noted that the spreadabil-
ity in Fig. 8 is still better than that shown in Fig. 7. Therefore, to
gain a better spreadability, the powder should not be too free-
flowing, and the powder with slight cohesion or interlocking due
to particle shape is more attractive.

Based on the above discussion, a general variation of spread-
ability with flowability could be empirically summarised and
schematically shown in Fig. 9, which may need further investiga-
tion in future. For convenience, it is classified into four zones. If
the flowability is very worse (i.e. zone I), the powder could even
not be spread onto the baseplate due to the strong adhesion force
between particles and also the agglomerations. In this case, the
blade spreader is not suitable anymore, and a roller spreader with
a large rotational speed is attractive. Thus, to spread the powder
onto the baseplate by using a blade spreader, the flowability
should be above the critical value. With the increase of the flowa-
bility, the spreadability increases first (i.e. zone II, e.g. metal pow-
der A-C in this experiment) and then approaches to a plateau (i.e.
zone III, e.g. slightly cohesive glass beads in this experiment),
where the spreadability varies little with the flowability. With fur-
ther increase of the flowability (i.e. zone IV, e.g. free-flowing glass
beads with little frictional resistance in this experiment), the
spreadability is slowly reduced. Therefore, to get an excellent
spreadability, the flowability should be controlled in a specified
range, where the powder should neither be extremely cohesive
nor excessively free-flowing with little frictional resistance.
5. Conclusion

The spreadability of cohesive and frictional powder is experi-
mentally reported in this work. The effects of the operation condi-
tions and particle properties on the spreadability are analysed, and
the underlying mechanisms are also investigated. The difference
between the spreadability and flowability is also clarified based
on the experimental results. The main results from the present
study are summarised as follows:

1) A measure of spreadability is proposed for powder with dif-
ferent size classes, where the normalised mass of the spread
layer is plotted against the gap height divided by D90. A con-
cept of dynamic spreadability is also proposed considering
the demand of a high manufacturing rate in additive manu-
facturing. The relative spreadability of powder with different
size classes should be compared at the same ratio of the gap
height to particle size instead of at the same gap height.

2) Spreadability is usually affected by three stages in the
spreading process: detaching of particles from the heap,
re-filling of the depletion region by its surrounding particles,
particle flowing through the gap region.

3) With the increase of spreading speed, there would be a com-
petition between the detaching and re-filling processes,
resulting in an optimal spreading speed. With the increase
of powder cohesion, the spreadability is usually reduced
due to less detachment of particles from the heap and slow
re-filling rate of the depletion region, if not considering par-
ticular cases.

4) Spreadability is significantly affected by flowability to some
extent, but they are different measures of powder flow char-
acteristics. Excellent spreadability could only be obtained in
a specified range of flowability, where the powder should
neither be extremely cohesive nor excessively free-flowing
with little frictional resistance
7
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