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ARTICLE INFO ABSTRACT
Keywords: Powder spreadability is critical to particle spread layer and thus the quality of final product in powder-based
Plastic deformation additive manufacturing. In this work, the effect of plastic deformation on the spreadability is investigated, in
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Is)pre:dablhty @ which particle jamming, particle dynamics within the heap, and spread layer are analysed. The results show that
J::mei;Sprea ng under the effect of plastic deformation, mechanical jamming at narrow gap is significantly reduced, and flow-
Flowabiigi ty ability of particles becomes worse. Large tensile force of contacts could be induced by jamming even when

Discrete element method

cohesion yield number (CY) is larger than 1. Better spreadability could be obtained if plastic deformation is

involved, due to less jamming. However, if the plastic deformation of particles within the heap is too large,
spreadability would be significantly reduced, due to worse flowability. The results also clarified that the effect of
plastic deformation on powder spreadability could not be simply replaced by adding extra surface energy to the

particles.
1. Introduction in AM providing flexibility in the manufacturing process which makes
AM more desirable amongst the others [5-7]. Broadly, AM techniques
Additive manufacturing (AM) or 3D printing technology has revo- could be classified into two parts: powder-based process and liquid-
lutionized the design and manufacturing industries removing the barrier based process. In the powder-based process, micrometre sized fine and
in achieving complex design and process with inexpensive tools and dry powders are spread in thin layers by a spreading blade or a roller
shortened process time [1-4]. A wide range of materials have been used [8-10]. Then the spread layer is locally heated by a radiative energy
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beam to melt or sinter the layer, and this process is repeated until the
production of the final part is finished. However, powders show peculiar
flow characteristics during spreading such as mechanical arching and
transient jamming, which leads to defective final products with poor
mechanical performance [11-13]. Although previous studies have
quantified the microscopic behaviour of bulk powder, there is still a lack
of clear understanding, as reviewed by Ghadiri et al. [14]. Therefore,
there are still many challenges in this research domain, from realistic
quantitative and predictive simulations to experimental validation of
many-particle systems as well as transitions from microscopic contact
properties to macroscopic flow behaviour.

In recent years, discrete element method (DEM) has been used to
explore the fundamentals of powder spreading in AM which provides
information of individual particles allowing to conduct studies in a
controlled manner [15-24]. In context of the definition of powder
spreadability, no detailed study is found until Nan et al. [13] and Gha-
diri et al. [14]. They firstly proposed the idea of spreadability as the
ability of the powder to spread uniformly as a thin layer which is a few
multiples of particle diameter thick without empty patch formation and
agglomeration. Furtherly, Snow et al. [25] described the spreadability
metrices by fraction of powder coverage in the powder bed, mass
deposition rate, the average avalanching angle of the heap before the
blade and the rate of change in the avalanching angle. In addition, many
researchers have also made corresponding research on the influencing
factors of spreading process. Parteli and Poschel [26] and Haeri et al.
[27] discovered that increasing spreader speed and using wider ranged
particle size distribution could result in poor powder bed with higher
surface roughness. Yao et al. [28] studied the influence of blade speed
and gap height on the quality of the spread powder bed. They found that
the high quality of powder bed can be effectively obtained by properly
adjusting the spread parameters. Chen et al. [29,30] found that rolling
and sliding friction coefficients between particles and percolation effect
in powders with a bimodal particle size distribution had significant
impacts on the powder bed, where the mechanical properties of the
spherical particles were tuned. Mussatto et al. [31] analysed the influ-
ence of powder morphology, spreading speed and powder layer thick-
ness on powder spreadability through experiments, but did not put
forward a standard to compare the relative spreadability of different
powders. Le et al. [32] obtained the high-precision morphology of
powder layer by scanning technology and studied the spreadability of
powder based on the morphology of powder layer. Zhang et al. [33]
studied the spreading process of nylon powder by roller and blade. By
dividing the powder flow area into several bins and analysing the par-
ticle flow behaviour and powder layer density in each area, they
comprehensively evaluated the spreadability of these two spreading
methods, and considered that roller-spreading could lead to better
spreadability. Shaheen et al. [20] analysed the influence of material and
process parameters on spreadability, and found that irregular particles,
rough particle surfaces and high interfacial cohesion mostly resulted in
poor spreadability. Finally, particle size was concluded as a crucial
spreadability parameter by He et al. [34], they discovered that an ideal
layer could either be obtained by small particle size with weak surface
cohesiveness or large particles with moderate surface cohesiveness.
However, particles tend to be more cohesive as the particles become
smaller which leads to a sparse and non-uniform spread layer. According
to Nan et al. [35], particles with size below a critical value could be
affected by adhesion-induced plastic deformation or jump-in induced
plastic deformation, which increase the particle's cohesiveness even
more and become an obstacle to form ideal powder bed. Therefore, in
depth study about the effect of plastic deformation during powder
spreading is necessary so that the spreadability could be improved.

In this paper, we report the effects of plastic deformation on the
spreadability of cohesive powder based on numerical simulation using
Discrete Element Method (DEM). A heap of cohesive powder is subjected
to a translational motion of a vertical blade with a gap allowing particle
to spread and form a thin layer. The results from the cases with and
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without considering plastic deformation are compared, including the
spread layer, jamming and particle dynamics in the heap. This work
highlights the importance of plastic deformation on spreadability of
cohesive powder, which could provide a good reference for powder-
based AM.

2. Methods
2.1. Contact model

Particle dynamics in the spreading process are modelled by Discrete
Element Method (DEM), in which particle motion is tracked individually
by solving Newton's laws of motion and calculating the contact force for
each contact pair [36,37]. For powder used in AM, the contact could be
elasto-adhesive, or elasto-plastic and adhesive, as shown in Fig. 1. For
the first, as the particles tend to stick to each other, additional work is
needed to separate them, but the deformation could be fully recovered
after detachment. It could be well described by Hertz-Mindlin model
with Johnson-Kendall-Roberts (JKR) theory [38]. For the latter, only
partial deformation could be recovered, and permanent deformation
with flattened area is retained during detachment, which makes the
contact behave more cohesively. It could be described by a linear model
recently developed by Nan et al. [35]. The schematics of both models are
shown in Fig. 2, with key information described below, and more details
could be referred to Nan et al. [35].

In Hertz-Mindlin model with JKR theory, the normal force F,, is given
as:

4E"
F, = 3R" —\BAITE@ &)

where [ is the interfacial surface energy; E* is the equivalent Young's
modulus, given as 1/E* = (1— V3)/E1 + (1 — 1v3)/E,, where v is the
Poisson's ratio; R* is the effective radius, given as R* = R1Ra/(R1+ R2); a
is the contact radius, which could be calculated from overlap a. The
maximum pull-off force f, in Fig. 2 is independent of the loading pro-
cess, given as:

foe = 1.52R" @)

In the linear elasto-plastic and adhesive contact model (LEPA), the
normal force f is given as:

min(ﬂ,, ﬁ,) a> o
f= fe ap < a < A 3)
0 a<ap| cs=0
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Deformation Deformation
Deformation during contact
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Fig. 1. Contacts with and without plastic deformation.
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See

Fig. 2. Schematic of particle spreading process in simulation and contact model.

where ay, is the overlap where the maximum pull-off force f;, is reached;
ay is the overlap where the particles in contact are detached; cs is a
parameter describing the contact state; f,, f, and f; are the forces, given
as:

fo=k(a—a,) @)
fp:fy"'kp(a_ay) (5)
fo= —fptk(ag—a) 6)

where a;, is the overlap after yielding where the normal force is zero; k. is
the elastic stiffness after yielding; f, is the yield force; k; is the plastic
stiffness; ay is the overlap at the yielding point; k. is the stiffness when
the overlap is less than a,. The maximum pull-off force f, in Fig. 2 is
given as:

A+ A +4§(§A+ 1)
fi _ ol \ @0 (7)

ﬁ'E 2

ke Amax
WV a (8)

where A is constant for each contact pair; ke and qg are the parameters
before yielding, corresponding to k. and ap, respectively; amax is the
maximum overlap with force fax at which the unloading commences,
and it would be only immediately updated and equal to the normal
overlap when the contact is yielded again, to prepare for the possible
unloading process in the next time step. During the reloading stage, the
contact could only be re-established at a« = a9 with an initial value of
~fop- Yield point and plastic stiffness could be calculated based on the
yield contact pressure. Compared to Hertz-Mindlin model with JKR
theory, yield contact pressure py is needed to be additionally provided in
LEPA model. It should be noted that for the contact before yielding,
LEPA model could be simplified into the linear version of Hertz-Mindlin
model with JKR theory, in which same cohesive behaviour of an indi-
vidual particle could be predicted.

2.2. Critical particle size

For a given material, the effect of plastic deformation must be
accounted if the particle size is below the critical value. Nan et al. [35]
proposed a non-dimensional number to quantify the critical particle
radius, below which the attractive force itself could induce plastic
deformation (i.e. adhesion-induced plastic deformation or jump-in
induced plastic deformation), given as:

_p'R

CY =
E’T

9

For a given material (i.e. py, E, I is fixed), below the critical particle
size (CY = 1), the smaller the particle size, the particle behaves more
cohesively than the one predicted by JKR theory. For powder used in

AM, the data of the surface energy of an individual particle is usually not
available in the literature, in which the surface energy in most simula-
tions was artificially evaluated to get the same bulk flowability (i.e.
repose angle of the heap) as the experiment. According to this fact, the
critical particle diameter is only examined for gas-atomised 316L
stainless steel powder, the properties of which are experimentally
characterised by Nan et al. [13]. Fig. 3 shows the variation of critical
particle size with yield contact pressure py,where E =211 GPaand ' =9
mJ/m? from Nan et al. [13] is used. The critical particle size is calculated
based on Eq. (9), where CY = 1 is specified. In real AM process, the
diameter of 316L stainless steel powder is usually in the range of 15-53
pm or <10 pm. It could be found that the range of critical particle size
and particle size distribution (PSD) of powder used in reality is over-
lapped. For example, considering the fact that the yield stress of 316L
stainless steel is usually 200-300 MPa, resulting in contact pressure
about 320-480 MPa and p,/E around 0.0015-0.0023, the critical par-
ticle diameter would be about 24.5-7.2 pm, where the ratio of the
contact pressure to yield stress is about 1.6 based on the work of Nan
et al. [35]. Therefore, for fine powder used in AM process, the effect of
plastic deformation should be considered. Of course, for powder above
the critical size, the plastic deformation may be also induced by the heap
weight or the blade/base force. The modeling of the spreading process of
very fine powder is too time-consuming, due to billions of particles and
nanosecond time-step. Therefore, large particles but with low yield
contact pressure are used to highlight the effect of plastic deformation
on the powder spreading process, where the cases with CY number
larger and smaller than 1 are both included, as described in Section 2.3.

py (MPa)
200 300 400 500 600 700 800
i T : T . T T T 2 T T
50 + =
e 40 ol
=
230 .
g
=
S 20 .
8
=
O 10 -
0 L o
1 n 1 i 1 n 1 " 1 L 1
0.0010  0.0015  0.0020 0.0025 0.0030 0.0035
y2

Fig. 3. Variation of critical particle size (beyond which adhesion-induced
plastic deformation could occur) with yield contact pressure, where E = 211
GPa and I" = 9 mJ/m? from Nan et al. [13] is used.
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2.3. Simulation conditions

The particulate system includes a spreading blade and a rough base,
as shown in Fig. 2. Total 24 kinds of particles are used, for which the
physical properties of particles are shown in Table 1 [13], and the
number-based equivalent-circle diameters D;g, Dsg and Dgg are 20 pm,
32 ym and 45 pm, respectively. The dimensions of the simulation
domain in the spreading and lateral directions are 400Dgy and 10Dg,
respectively. The front and rear boundaries of the simulation domain are
periodic. The base is of the same length (X direction) and width (Y di-
rection) as the simulation domain, and it is made up of clumped cylin-
ders with axes along the Y direction. All the simulations are carried out
in two steps: heap generation and particle spreading. The initial heap for
spreading is produced by poured packing method (total mass is
approximately 3 mg). At the beginning of the spreading process, the
spreading blade is lifted (along Z axis) to maintain a gap height of §
between the blade and the layering base, then quickly accelerates for a
short duration of time to reach a constant speed of U = 0.08 m/s in the
spreading direction, according to the work of Nan et al. [39]. The
spreading blade moves forward at this constant speed until a layer with
the length about 320Dy is formed.

To investigate the effect of plastic deformation on powder spreading
process, six cases with and without considering plastic deformation are
used, i.e. cases J1-J3, and cases L1-L3, as shown in Table 2. For each
case, two gap heights are used, i.e. § = 2.2Dg and § = 1.5Dgy. In cases
J1-J3, only the surface energy is varied. Cohesion number and bond
number are used to quantify the effect of surface energy on the adhesive
behaviour of an individual particle [40], given as:

r
0= 2 — (10)
2 pgDyy
5 1/3
CohzL r a1
pg \E*R®

In cases L1-L3, the surface energy is the same as case J1, and only the
yield contact pressure is varied. The range of yield contact pressure in
cases L1-L3 is selected to get similar repose angles as cases J1-J3, and
two classes of CY number, i.e. CY > 1 for case L1 and CY < 1 for cases L2
& L3, as shown in Table 2. Fig. 4 shows the snapshots of the initial heap
before spreading. With the increase of surface energy or the decrease of
yield contact pressure, the repose angle increases, resulting in worse
flowability. Meanwhile, cases J1 and L1 have similar repose angle,
which is also true for cases J2 and L2, cases J3 and L3.

3. Results
3.1. Particle jamming

Fig. 5 shows the snapshots of burst particles, where the burst parti-
cles are coloured by their velocity in the spreading direction. Here, the
burst particles are referred to the particles behind the blade, but their
centre of mass is higher than § 4+ Dgg. In case J1, several burst particles
have negative velocity with the magnitude close to blade speed U, which
could give the particles enough momentum to fly further away from the
blade and reach a higher elevation. For example, the highest position of
burst particles in case J1 could be >20 times of the gap height. The
nature of bust particles in cases J2 and J3, is similar to that of case J1,
but the particles are relatively larger and stay at a much lower elevation.

Table 1

Physical properties of particles.
Parameters Value Parameters Value
Particle diameter, Dgo (pm) 45 Poisson ratio, v 0.3
Particle density, p (kg/m%) 7980 Friction coefficient, u 0.5
Young's modulus, E (GPa) 2.11 Restitution coefficient, e 0.64
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Table 2
Parameters in cases J1-J3 and cases L1-L3.
Cases  Surface Yield Cohesion Bond CcY
energy pressure number* number* number*
I'(mJ/m? P, (MPa)
J1 1.4 - 0.0003 40 -
J2 11.2 - 0.01 318 -
J3 20 - 0.028 568 -
L1 1.4 50 - - 451
L2 1.4 5 - - 0.45
L3 1.4 2.5 - - 0.056

* Cohesion number and Bond number is calculated from surface energy, while
CY number is calculated from yield contact pressure.

i AOR=18° L1

AOR=16°

AOR=68° AOR=66°

I3 L3

AOR=84° AOR=89°

Fig. 4. Snapshots of the initial heap before spreading, where angle of repose
(AOR) is included.

Meanwhile, the velocity of burst particles in cases J2 and J3 is much
lower, and some burst particles tend to be adhered to the blade under the
effect of strong cohesion (i.e. large cohesion number and bond number).

Compared to cases J1-J3, the behaviour of burst particles in cases L1
& L2 is much different. There are only a few of burst particles in cases L1
and L2, with vertical locations close to the base. The frequency of the
formation of burst particles in cases L1 & L2 is also much less than that of
J1, which could be observed from the video recording of the spreading
process (not shown here for simplicity). This could be further illustrated
by the time-averaged number of burst particles, as shown in Fig. 6. At
the gap height of §/Dgy = 2.2, almost no burst particles could be found,
expect for case J2. At the gap height of §/Dgp = 1.5, with the increase of
the cohesion number or the decrease of CY number, the average number
of burst particles decreases. Meanwhile, compared to cases J1-J3, the
number of burst particles in cases L1 and L2 is significantly reduced,
which is consistent with Fig. 5. It suggests that the mechanical jamming
is much weaker due to plastic deformation.

Fig. 7 shows the variation of the total force on the blade and base
with time, where the force is normalised by the total weight of the heap
Mg. To avoid the small fluctuations due to the heap weight and highlight
the effect of mechanical jamming, the value of force with magnitude
<2Mg is neglected and not shown in the figure. Here, only the cases with
the gap height of 1.5Dgq are shown, as the force at the gap height of
2.2Dy is always <2Mg and not shown here for simplicity. As shown in
Fig. 7(a), in case J1, the data points are sparse with a few of very large
value, indicating the occurrence of mechanical jamming due to narrow
gap. With the increase of cohesion number, i.e. cases J2 and J3, the data
points are denser, and more data points have a large value. For example,
force with the magnitude around 500Mg could be found at several time
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Fig. 5. Snapshots of burst particles at the gap height of 6/Dgo = 1.5, where the burst particles are coloured by their velocity in the spreading direction, and the blade

is referred to the vertical rectangle in dark grey.
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Fig. 6. Time-averaged number of burst particles.

points in cases J2 and J3, while it could only be found around t = 0.17 s
in case J1. It suggests that proper cohesion would promote the strength
of mechanical jamming. As shown in Fig. 7(b), compared to cases J1-J3,
the magnitude of data points in cases L1-L3 is much smaller. For
example, the maximum force in cases L1 and L2 is only around 100Mg
and 20Mg, respectively, and most data points in case L2 are only a little
larger than 2Mg. Compared to the force on the blade, the downward
force on the base, as shown in Fig. 7(c-d), is much larger, but the trend is
similar, i.e. the force in cases L1-L3 is much smaller than that of cases J1-
J3. These results suggest that both the frequency and strength of me-
chanical jamming is significantly reduced by the plastic deformation for
the cases with narrow gap. It is mainly due to that the particles after
plastic deformation become less resistant to the blade shearing action.

3.2. Particle dynamics within the heap

Fig. 8 shows the contact chain in case L2, which is coloured by the
magnitude of the contact force. Here, only the contacts in a tensile state
and with force magnitude larger than f., = 1.57R*I" is shown for better
illustration, where R* = Dg/4 assuming two contact particles with
diameter of Dgy. It shows that the tensile force is not homogenous within
the heap. The contacts close to the blade have a larger tensile force,
which is mainly due to the effect of blade shearing. It also shows that the

tensile force could be larger than the value predicted by JKR theory, i.e.
fee = 1.57R*I", which is intuitively expected as plastic deformation could
be easily induced by the jump-in attractive force for CY < 1 in case L2, as
described in Section 2.2. Therefore, different to case J1, where the
tensile force is not larger than f., = 1.5aR*I", the cohesion intensity of an
individual particle in case L2 is in a dynamic state and varies signifi-
cantly with the external load.

Fig. 9 shows the variation of the maximum value of the tensile force
with time for all particle-particle contacts in front of the blade, where
the force is normalised by f., = 1.57R*I" with R* = Dgo/4. For case L1,
the force is around f,, at both gap heights, especially for §/Dgg = 2.2,
indicating that particle-particle contacts are not yielded, and the parti-
cles behave as elasto-adhesive. This is mainly due to large CY number in
case L1, requiring large external load to yield the contact. With the
decrease of CY number, i.e. cases L2 and L3, the time-averaged value of
force increases, which is much larger than f, predicted by JKR theory.
The force in cases L2 and L3 mainly fluctuates around the mean value,
especially for 6/Dgg = 2.2. It is interesting that a few of scatters with
large value could be found at the gap height of §/Dgg = 1.5 in case L1, i.e.
the maximum tensile force could jump to about 40f,. It is mainly due to
the effect of jamming, where the contacts are yielded under the large
force caused by jamming, although the CY number is much larger than 1.

To further explore the effects of plastic deformation on powder
spreading, the trajectories of particles forming the final layer are ana-
lysed. Here, the particles in a cube with a size of 4Dgg x 10Dgg x 2Dgg in
the spread layer at t = 0.2 s are tracked backwardly, and their spatial
positions are shown in Fig. 10, where the tracked particles are in red
colour while other particles are transparent. In case J1, particles cascade
along the heap, and then they are dragged and move along the bottom of
the heap by the stagnation effect of the rough base. With the increase of
the cohesion number, i.e. cases J2 and J3, the initial position of particles
becomes lower, and the particles tend to slide along the bottom of the
heap, in a simple and straight route. Compared to case J1, the trajectory
of case L1 is similar, as the effect of plastic deformation on the flow-
ability in case L1 is limited due to large CY number. This is consistent
with the maximum tensile force in Fig. 9. However, in case L2, the initial
position of particles is very close to each other, and the particles tend to
move in the form of cluster.

The effects of plastic deformation on powder flow within the heap
could also be analysed by the shear velocity distribution in front of the
blade. Here, the region highlighted in the snapshot embedded in Fig. 11,
is divided into 11 bins in Z direction with height equal to Dgg, and the
neighbouring bins are overlapped by 50% in Z direction. The variation
of time-averaged particle velocity i, in each bin with height H from the
base is illustrated in Fig. 11. In all cases, particle velocity u, increases
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Fig. 7. Variation of force with time in the cases with the gap height of 1.5Dq, (a)-(b): total force on the blade in the spreading direction, (c)-(d): total downward
force on the base, where the force is normalised by the total weight Mg of heap in front of the blade, and the data points with magnitude <2Mg are neglected and
not shown.

with height H and finally reaches a plateau with value equal to blade
0.1992s speed U. For case J1 and L1, their trend is similar at both gaps. With the
decrease of CY number, the velocity distribution becomes closer to the
blade speed at the bins with H less than gap height. It suggests that the
particles tend to be more dragged by the blade shearing action. For case
L3, the particle velocity could be larger than 0.9U even for the particles
in contact with the rough base. Meanwhile, the velocity distribution is
not affected by the gap height. These results suggest that the particles
within the heap in case L3 move in the form of block.

3.3. Spread layer

Based on the earlier work of Nan et al. [13,41,42] and Ghadiri et al.
[14], the spreadability is quantified by three metrics of the particle
spread layer, i.e. empty patches, total volume of particles deposited on
the rough base, and local volume deviation along the spreading direc-
tion. Here, empty patches are referred to the area of the base which is

Fig. 8. Contact chain with contacts in tensile state and tensile force larger than not covered by any particles. Total particle volume of spread layer Vi
fee = 1.50R*I", where R* = Dgo/4 assuming two contact particles with diameter is normalised as:
of Dgo.
V,
4} _ total (12)
LWDy,

where L and W are the length and width of the spread layer, respectively.



W. Nan et al.

(a) 100 ¢

00
o
o

—_
A re
°
o
°
°
°
o
o
o
°

—
=)}
=

Powder Technology 425 (2023) 118577

10 ¢
EL1

°

time-averaged: 1.5

°

100 F— _

20 S00.8

L s % %: % 3588 ‘z’oﬁ @ % g‘%ﬂ oo ‘.- © 900 ° 69‘9 %ﬁ%

e x? %”%ﬁ ol ey OO%Q D§§§% o
0

E time-averaged: 20
100 £ g

FL3 . ., g 8 o, o 2

[Co0 20 B ‘@ ° qmoo s ooo%om Q’”"

080 000 S

Normalised maximum tensile force

g"’e&%’%’

°b
%ﬁy “"9%?"

time-averaged: 28
0.16 0.18

10 |

1 1 1 | L
0.06 0.08 0.10 0.12 0.14
Time (s)

0.20

time-averaged: 1

100 £

© o

o %0 0%o

i el
LRy %Qﬁ%
PR

o
o o &

100 tlme-averaged: 18]

Normalised maximum tensile force

FL3 .
o) :‘5“%}% SRR ety 2
%‘@fgﬁéﬁi@ 0@: (st 800 “’ﬁ%swgm 6‘ %%%2’3
10
E | . . ) time-averaged: 25
0.06 0.08 0.10 012 0.14 0.16 0.18 020
Time (s)

Fig. 9. Variation of the maximum value of the tensile force with time for all particle-particle contacts in front of the blade, (a): 6/Dgp = 1.5 and (b): 6/Dgo = 2.2,

where the force is normalised by f.. = 1.5aR*I" with R* = Dgo/4.
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Fig. 10. Snapshots of the spatial positions of the particles in the selected cell which are back-tracked.
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Fig. 11. Variation of averaged particle velocity u, with the height H of the
centre of the bins from the base, where dash line with solid symbol: §/Dgy =
1.5, and solid line with open symbol: §/Dgg = 2.2.

Local volume deviation SI along the spreading direction is calculated as:

% |Viori = Vinean
2\ Vo
S/ = 7
N

(13)

where the spread layer is divided into N = 20 bins along spreading di-
rection, and the total particle volume Vj; is calculated locally for each
bin, Vipean is the corresponding mean value of Vi ;. Lower value of SI
indicates more uniform spread layer.

Fig. 12 shows the snapshots of the particle layer after spreading,
where particles are coloured by the volume. For case J1, there are a
number of empty patches at the gap height of § = 1.5Dq, while the base
is almost fully covered by particles at the gap height of § = 2.2Dg,. With
the increase of cohesion number, more empty patches could be found,
especially for case J3, where large empty patches could be obviously
found at both gap heights. Compared to case J1, i.e. at the same cohesion
number, with the decrease of CY number, there are more and more
empty patches. For case L2, large agglomerates are observed in the
spread layer, which is different to case J2, although their repose angles
of the initial heap are similar. For case L3, particles could even not be
spread onto the base like other cases. The worst spreadability of case L3
is mainly due to large additional cohesion caused by plastic deforma-
tion, and particles tend to move with the blade like a block.

The ratio of the area of empty patches to that of the base is shown in
Fig. 13, which is calculated from the image analysis of the snapshots in
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Fig. 13. Fraction of empty patches within the spread layer.

Fig. 12. Similarly, total normalised volume of particles within the spread
layer is shown in Fig. 14. At large gap height of § = 2.2Dgy(, with the
increase of cohesion number or the decrease of CY number, the fraction
of empty patches area increases, while the total volume of particles
decreases. It suggests that the area ratio of empty patch is directly
related to the amount of particles deposited on the base. Thus, large area
ratio of empty patches is mainly due to not enough powder flowing
through the gap. At small gap height of § = 1.5Dg, the extent of the
variation of empty patches area and total particle volume with cohesion
number or CY number is much reduced, as the jamming effect is
dominant at this condition. Meanwhile, compared to case J1, case L1 has

Gap (5/D90)

DX 1.5
V2.2

e
N
T

N
N
N

7 |

Normalised total particle volume
= (=]
[\ W
T T
1

=
j—
T
1

o
=)

J1 2 J3 L1 152
Cases

Fig. 14. Total volume of particles within the spread layer.

larger total particle volume of spread layer and less area ratio of empty
patches. This is mainly due to that the jamming effect in case L1 is much
smaller than that of case J1, as discussed in Section 3.1. This is clear
evidence that powder spreadability is strongly affected by particle
jamming.

As shown in Fig. 15, with the increase of cohesion number or the
decrease of CY number, the trend of non-uniformity is similar to that of
empty patches area and total particle volume. However, for the case of
J1 at gap height of § = 1.5Dqg, the value of SI is much larger than other
cases at the same spreading conditions. It agrees well with the snapshots
of spread layer in Fig. 12, where the particles are pushed together while
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several long empty patches could be found. This is mainly due to the
jamming effect, which agrees well with Fig. 6. Correspondingly, the
uniformity of case L1 is better than that of case J1. The data in
Figs. 13-15 all shows that case L1 has the best spreadability at both gap
heights, i.e. smallest empty patches area and non-uniformity, largest
total particle volume. This is mainly due to that particles in case L1 have
less jamming around the gap and better flowability within the heap.
Therefore, the spreadability is strongly affected by the plastic defor-
mation of particles.

4. Conclusion

In this work, the effect of plastic deformation on the spreadability of
cohesive powder is detailed investigated. Particle jamming, particle
dynamics within the heap, and the quality of spread layer is analysed.
The main results highlight the importance of plastic deformation on
spreadability, which are summarised as follows:

1) Mechanical jamming at narrow gap is significantly reduced by the
effect of plastic deformation. There are almost no burst particles and
the blade force is weak when considering plastic deformation. The
strength of mechanical jamming could be enhanced by large cohe-
sion of particles.

2) Under the effect of plastic deformation, the flowability of particles
within the heap becomes worse, even making the particles be drag-
ged by the blade as a block. Large tensile force of particle-particle
contacts could be induced by jamming even when CY number is
larger than 1. The tensile force usually has larger value in the region
close to the blade, and it could be 100 times of the value predicted by
JKR theory.
Effects of plastic deformation on powder spreadability could not be
simply replaced by increasing the surface energy of particles. Better
spreadability could be obtained if the effect of the plastic deforma-
tion is considered due to less jamming. However, if the plastic
deformation of particles within the heap is too large, spreadability
would be significantly reduced due to worse flowability.
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