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The mechanism of powder spreading for thin layers 
in additive manufacturing has been explored by several 
researchers [4–13], including the effects of the spread-
ing conditions and material properties on the quality of 
the spread layer. For example, Phua et al. [7] explored the 
effects of recoater geometry and speed on the granular con-
vection and size segregation in powder spreading process. 
Nan et al. [14] and Ghadiri et al. [15] defined the spread-
ability of AM powder as ability of powder to be uniformly 
spread through a constriction to form a thin and dense layer 
without any defects such as empty patches and particle 
agglomerations. However, diversity of powder properties 
and sensitivity to spreading conditions make the prediction 
of spreadability challenging, but highly desirable, especially 
in binder jet 3D sand printing. Snow et al. [16] attempted 
to use four metrics to evaluate spreadability of metal pow-
der through experiments, including the powder coverage 
percentage of substrate, the rate of powder deposition, the 
average avalanching angle of the powder heap, and the 
rate of change of the avalanching angle. Nan et al. [17] 

1 Introduction

In powder-based Additive Manufacturing (AM), especially 
employing the binder jet 3D printing technology, the utilisa-
tion of cohesive powders is commonplace. However, these 
powders present challenges during the spreading process, 
and finally impact the quality of the final manufactured parts 
[1–3]. In the process of binder-jet sand printing, the sand 
particles are in angular shapes, and they are usually mixed 
with binder before spreading, making the powder very 
cohesive. The sand powder is spread by a blade spreader 
to form a thin and dense layer over a build work surface, 
and then another kind of binder is selectively spray onto the 
spread layer with locations corresponding to the 2D slice 
plane of the part. This process is repeated by lowering the 
build platform until the part is finished. However, the strong 
cohesion of powder and the angular shape of particles make 
the spreadability and the quality of sand layer not easily to 
be well controlled and thus induce quality problems for the 
final product.
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experimentally investigated the effect of particle proper-
ties on the spreadability of metal powder, and the results 
showed that excellent spreadability could only be obtained 
in a specified range of flowability, where the powder should 
be neither extremely cohesive nor excessively free-flowing 
with little frictional resistance. Lupo et al. [18] experimen-
tally analysed the surface roughness of the spread layer of 
four kinds of polymer powders and found that the flowabil-
ity and spreadability of these powders were not consistent. 
Shaheen et al. [19] explored the influence of particle mate-
rial and process parameters on the spreadability, and found 
that irregular particles, rough particle surfaces and high 
interfacial cohesion mostly resulted in poor spreadability. 
Xu et al. [20] simulated the effects of the interfacial surface 
energy and rolling friction coefficient of single particle as 
well as the roughness of work surface on the spreadability. 
They concluded that powder spreadability was the com-
bined effects of the shear action by the blade, the stagna-
tion effect due to the rough base, particle jamming around 
the gap region, and the effect of powder flowability within 
the heap. They also clarified that jamming made powder 
spreadability different from powder flowability. Recently, 
Nan et al. [21] experimentally explored the characteristics 
of jamming for the blade spreading system, where metal 
powder and sand powder were used. Depending on the gap 
size normalised by particle D90 diameter, particle interlock-
ing caused by irregular particle shape, and particle cohe-
sion, a regime map of jamming of granular flow through 
constriction was deduced in their work, including mechani-
cal jamming, transition zone, cohesion-induced jamming, 
and slug or full slip.

Following our previous research [14, 20–22], the spread-
ability and jamming of powder used in binder-jet sand 
printing is detailed investigated in this work. The spreading 
process with a blade spreader is simulated by using Discrete 
Element Method (DEM). The spreadability is quantified by 
the empty patches and total particle volume of the spread 
layer, and the characteristics of mechanical jamming are 
analysed. It is followed by the discussions on the relation-
ship between the spreadability and mechanical jamming. 
This provides a further step towards better understanding of 
powder spreadability and jamming of granular flow.

2 Methods

The particle flow in the spreading process is modelled by 
Discrete Element Method (DEM) using Altair EDEM soft-
ware package, in which particle motion is tracked indi-
vidually by solving Newton’s laws of motion [23, 24]. The 
contact interaction force of particle against particle/wall is 

described by Hertz-Mindlin model with JKR theory [25], in 
which the normal contact force is given as:

Fn =
4E∗a3

3R∗ −
√

8πΓE∗a3  (1)

where Г is the interfacial surface energy; E* is the equiva-
lent Young’s modulus; R* is the equivalent radius; a is the 
contact radius. An example of the variation of the normal 
contact force with the normal overlap is shown in Fig. 1. 
More details and the information of the damping force and 
tangential contact force could be referred to Thorton [24]. 
To describe the resistance of non-spherical particles to roll-
ing, the rolling friction model developed by Ai et al. [26] is 
used, given as:

M r = M k
r + M d

r  (2)

where Mr is the total rolling resistance, including a non-vis-
cous term Mr

k and a viscous term Mr
d, which are given as:

M k
r = −krθr  (3)

∣∣M k
r

∣∣ � µrRrFn  (4)

M d
r = −2η

√
Irkrωr  (5)

where θr is the relative rotation angle; ωr is the relative rota-
tional velocity; Rr= R* is the equivalent rolling radius; Ir is 
the equivalent moment of inertia for the rotational vibration 
mode about the contact point; µr is the coefficient of rolling 
friction; η is the rolling viscous damping ratio; kr is the roll-
ing stiffness, given as:

kr = 3knµ
2
rR

2
r  (6)

where kn is the normal contact stiffness. It should be noted 
that the viscous term Mr

d is only applied when the mag-
nitude of the non-viscous term Mr

k is below the limit as 
defined in Eq. (4). More information could be referred to 
Ai et al. [26].

The powder-based spreading system is consisted of a 
rectangular blade, a baseplate and a powder heap, as shown 
in the Fig. 1. The base is in the same material as the pow-
der, while the blade is 316 L stainless steel. Sand powder 
in binder-jet printing of sand moulds is used in this work. 
The particle size distribution (PSD) based on particle 
number is shown in Fig. 1, as characterised by Master-
sizer 2000 (Malvern Panalytical Ltd., Malvern, UK). The 
number-based D10, D50, D90 are 100 μm, 140 μm, 207 μm 
[21], respectively. Although the particle shape is angular 
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as shown in the SEM image in Fig. 1, spherical particles 
are used here for simplification, and the effects of shape on 
particle dynamics are described by using the rolling friction 
model described above and a large value of rolling friction 
coefficient. Meanwhile, totally 13 different particle sizes 
are used in the simulation, with the size distribution same 
as the original ones shown in Fig. 1. The friction angle is 
measured by the sliding method, as detailed described in 
Nan et al. [14]. The averaged friction of particles against 
particle/base and blade is 0.65 and 0.44, respectively. The 
surface energy Г and rolling friction coefficient µr are cali-
brated through experiments by reproducing the same static 
response angle (42 deg.) using the funnel method, and 
similar behaviour of the heap during the spreading process. 
The physical and mechanical properties of particles used in 
the simulation are summarised in Table 1. If not specified, 
the interaction parameters of particle-wall are assumed to 
be the same as that of particle-particle. A powder heap is 
firstly formed in front of the blade, and then the blade is 
lifted vertically in 0.005 s to the specified height δ above the 
top surface of the base. Afterwards, the blade accelerates 
quickly in X direction in 0.02 s to reach the spreading speed 

of U = 80 mm/s, which is in the range of the ones used in 
real equipment, and then the blade moves forward at this 
constant speed, followed by powder heap spreading onto the 
base. The computational domain is periodic in the Y direc-
tion with a width of 3 mm. Four gap heights are used, i.e. 
300 μm, 400 μm, 500 μm, 600 μm, which are about 1.5D90, 
2.0D90, 2.5D90, 3.0D90, respectively. To investigate the for-
mation mechanism of spread layer and spreading dynamics 
of sand powder, two kinds of rigid base are used, i.e. rough 
base and smooth base, as shown in Fig. 1. The former is 
represented by overlapping geometries, with a roughness of 
about 3.2 μm. The latter is represented by an ideal plate. It 
should be noted that the base used here is different from the 
real case of the powder spreading process in binder-jet sand 
printing, in which the base is comprised of particles bonded 
to each other through binder, allowing in a compressibility 
to some extent.

3 Results and discussions

3.1 Spread layer

Based on our previous work [14, 15, 20], spreadability is 
defined as the ability of powder to be uniformly spread 
through a constriction to form a thin and dense layer with-
out any defects such as empty patches and particle agglom-
erations. Based on this concept, two kinds of metrics are 
used as the measurement of powder spreadability applied 
in thin layers for additive manufacturing, including empty 
patches and total particle volume of spread layer. Here, 
empty patches are referred to the area on the surface of the 
base which is not covered by any particles. Based on the 
snapshots of the spread layer with high resolution, total area 

Table 1 Physical and mechanical properties of particles used in simu-
lation
Parameter Value
Diameter, D90 (µm) 207
Density, ρ (kg/m3) 2650
Young’s modulus, E (MPa) 50
Poisson’s ratio, ν 0.3
Friction coefficient, µ 0.65*
Restitution coefficient, e 0.7
Rolling friction coefficient, µr 0.8
Interfacial surface energy, Г (mJ/m2) 8.0
* 0.44 is used for particle-blade interaction

Fig. 1 Schematics of the spreading system in simulation and corresponding details
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the empty patches almost disappeared when the gap height 
increased to 2.5D90 and beyond. It may be due to the com-
bined effects of strong cohesion and large rolling resistance 
of particles used in this work. Meanwhile, the data of the 
spreading experiment of sand powder carried out by Nan et 
al. [21] is also included in Fig. 2, which validates the simu-
lation results to some extent.

Compared to the rough base, there are more empty 
patches at the same gap height for the cases with smooth 
base. There are almost no particles deposited on the base at 
gap height of 1.5D90 and 2.0D90, indicating the occurrence 
of a full-slip flow pattern of particles. Under this condition, 
the base has less ability to scrape particles out of the powder 
heap due to the lack of surface roughness, and thus pow-
der heap tends to fully slip on the base. The scattered par-
ticles on the far left of the base are due to the destabilisation 
effect of the initially sudden moving of blade. It also sug-
gests that the surface roughness has positive effects on the 
improvement of spreadability, due to the reduction of the 
probability of slug (full slip) flow pattern [21]. As the gap 
height increases to 2.5D90 and 3.0D90, the particles could 

of empty patches could be calculated through image analy-
sis with the aid of ImageJ software package [27]. The total 
volume of particles within the spread layer Vp is calculated 
and normalised by the width W and length L of the spread 
layer, given as [20]:

φ=
Vp

LW
 (7)

Figure 2 shows the snapshots of whole spread layer after the 
spreading process, and the corresponding area percentage 
of empty patches is shown in Fig. 3. In the case with rough 
base, a number of empty patches with different size and 
shapes are formed along the spreading direction. With the 
increase of gap height, fewer empty patches with smaller 
size could be observed within the spread layer. For example, 
the area percentage of empty patches decreases from 60 to 
16% as the gap height increases from 1.5D90 to 3.0D90, as 
shown in Fig. 3. It should be noted that there are still empty 
patches even when the gap height is larger than 2.5D90. This 
is different to previous findings in Nan et al. [14], where 

Fig. 2 Snapshots of deposited 
spread layer at different gap 
heights in the cases with (a) 
rough base and (b) smooth base, 
where particles are coloured 
based on particle diameter
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the gap due to size limit. With the increase of gap height, 
the size distribution curve moves right, indicating more and 
more particles with large size being spread onto the base. 
This is consistent with the observation in Fig. 2. The par-
ticle size distribution also becomes closer to the ones of the 
initial powder heap. It is interesting that at the gap height 
of 2.5D90 (500 μm), the spread layer is in the absence of 
the largest particle (416.9 μm) although it is smaller than 
the gap height. It may be caused by jamming. As shown 
in Fig. 4(b), at both gap heights (2.5D90 and 3.0D90), there 
are almost no difference of the size distribution of particles 
within the spread layer between the cases with rough and 
smooth base. It indicates that the stagnation effects [20] due 
to base are minimised at large gap heights. Of course, all 
size distribution curves of particles within the spread layer 
are different to the ones of the initial powder heap, with 
more small particles and less large particles, indicating size 
segregation occurs before particles entering the gap between 
the blade and base. Several mechanisms may be responsible 
for this size segregation, such as percolation, shear-induced 
segregation, and also jamming reported in this work, which 
need to be further addressed in future.

Figure 5 shows the normalised total volume of particles 
within the spread layer. In the case with rough base, the total 
volume of particles for rough base increases almost linearly 
with the increase of gap height, as more particles could pass 
through the gap between the blade and base. Total particle 
volume of spread layer in the case of smooth base is much 
smaller than that for rough case at the same gap height, indi-
cating again that the roughness of base is prone for better 
quality of spread layer. With the increase of gap height, the 
difference of total particle volume between the cases with 
rough base and smooth base is reduced. This is consistent 
with area percentage of empty patches shown in Fig. 4. It 
suggests that the gap height has more effects on the quality 
of spread layer than base roughness. In the case with smooth 
base, the curve of area percentage increases sharply when 
the gap height increases from 2.0D90 to 2.5D90. This is due 
to the sudden disappearance of slip flow pattern under the 
effect of large gap height.

3.2 Mechanical jamming

Figure 6 shows the variation of forces on the base and blade 
with time, where the force of base in vertical direction (Z 
direction) and the force of blade in spreading direction (X 
direction) are included. As shown in the Fig. 6(a), the trends 
of Fz,base (solid line) and Fx,blade (dotted line) are similar, 
although Fz,base is a little larger than Fx,blade. As discussed in 
Nan et al. [21], the peak of forces could be used to represent 
the occurrence of mechanical jamming. It is interesting that 
with the increase of gap height, the number and value of 

be successfully spread onto base, although there are still 
some empty patches. Correspondingly, the area percentage 
of empty patches decreases sharply from almost 100% to a 
value less than 50%.

As shown in Fig. 2, the size distribution of deposited par-
ticles on the base varies with the gap height. In the case 
of rough base, with the increase of gap height, more and 
more particles with a large size could be observed within 
the spread layer. For example, almost all particles at the gap 
height of 1.5D90 are in small size (blue to green colour), 
while largest particles (red colour) could be observed as 
the gap height increases to 3.0D90. In the case with smooth 
base, largest particles are absent even when the gap height 
increases to 2.5D90 and 3.0D90. For a clear illustration, the 
size distribution of particles within the spread layer is ana-
lysed and shown in Fig. 4. As shown in Fig. 4(a), at gap 
height of 1.5D90 (300 μm), the largest particle within the 
spread layer is 275.4 μm, which is expected as larger par-
ticles (i.e. 316.2, 363.1, 416.9 μm) could not pass through 

Fig. 3 Area percentage of empty patches at different gap heights in the 
cases with rough base and smooth base, where the experimental data 
from Ref [21]. is also included
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are much larger than that of the case with smooth base at 
the same gap height. This suggests that rough base is more 
prone to generate mechanical jamming, and it could pro-
duce more violent jamming events than smooth base .

Based on the characteristics of the peaks shown in 
Fig. 6, the jamming could be divided into two classes: 
short-jamming and long-jamming. The first refers to the 
transient force with large peaks, but this large force dis-
appears quickly. Two examples are labelled in Fig. 6, i.e. 
t = 0.325 s at the gap height of 1.5D90 with a rough base, 
and t = 0.225 s at the gap height of 2.5D90 with a smooth 
base. The latter refers to the transient force with large 
peaks, and this large force could survive for a much lon-
ger period than that of the first. It is only observed at the 
gap height of 2.0D90 and 2.5D90 with a rough base. Two 
examples are labelled in Fig. 6, i.e. t = 0.3025–0.3135 s 
at the gap height of 2.0D90, and t = 0.385–0.412 s at the 
gap height of 2.5D90. The long-jamming has a lower fre-
quency than that of short-jamming. For example, in the 
case of δ = 2.5D90 with a rough base, there are only 1 
long-jamming event while 4 short jamming events could 
be observed.

To illustrate the jamming structure, the force chain and 
jammed particles are shown in Fig. 7, where only the time 
steps labelled in Fig. 6 are included. For a clear illustra-
tion, only the jammed particles are shown while other par-
ticles are hidden, and the diameter of jammed particles is 
also measured. As shown in Fig. 7(a), a strong force chain 
is formed around the blade edge, and its direction is almost 
vertical. This is consistent with the spatial structure of 
jammed particles. Only 2 particles are jammed with a size 
ratio of 1.3, and the ratio of the size of largest particle to the 
gap height is 0.8. As shown in Fig. 7(b), it is interesting that 

the peaks first increase and then decrease quickly. It maybe 
due to that with the increase of the gap height, initially 
there is more space for particle entering into the gap region, 
and these abundant particles in contact with each other 
will enhance the particle jamming. However, with further 
increase of gap height, the wall effect would be much weak-
ened, resulting in less occurrence of particle jamming. As 
shown in the Fig. 6(b), there are almost no fluctuations on 
the curves even when the gap heights are 1.5D90 and 2.0D90, 
indicating that the particles are mainly slipping on the base. 
As the gap height is increased to 2.5D90 and 3.0D90, several 
peaks could be observed, suggesting that the mechanical 
jamming could occur even when the base is smooth. The 
number and value of the peaks in the case with rough base 

Fig. 5 Total particle volume of spread layer at different gap heights, 
which is normalised by the width and length of the spread layer shown 
in Eq. (7)

 

Fig. 4 Particle size distribution of spread layer: (a) the case with rough base, where the total number of particles is labelled; (b) comparison of the 
results between the cases with rough base (dotted line) and smooth base (solid symbol)
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The contact force of jammed particles in the case with rough 
base is about 5 times of that of smooth base, indicating that 
rough base could generate a stronger jamming.

For long-time jamming, to illustrate the evolution of 
jamming structure, the information at two time points is 

in the case of smooth base, strong force chain could also be 
formed even at the gap height of 500 μm. Three particles are 
jammed in a chain structure with a vertical direction. It sug-
gests that the occurrence of mechanical jamming is mainly 
controlled by the gap size instead of roughness of the base. 

Fig. 6 Variation of Fz,base (solid 
line) and Fx,blade (dotted line) 
with time at different gap heights 
in the cases with (a) rough base 
and (b) smooth case
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survival period of jamming; (2) large strain energy 
is stored during the survival period of jamming, and 
this energy would release suddenly and kick away the 
jammed particles once the jamming state is suddenly bro-
ken by the moving blade, resulting in particle colliding 
within the spread layer and significantly inducing non-
uniform distribution of particles within the spread layer. 
Following this concept, the formation of empty patches 
maybe related to the occurrence of mechanical jamming. 
Here, the vertical force on the base is plotted against the 
snapshot of the spread layer, as shown in Fig. 8, where 
only the results at gap heights of 2.0D90 and 2.5D90 in the 
case of rough base are included for brevity. The location 
x of the spread layer is linked to the time by x = U×t − th, 
where th is the thickness of the blade. When the jam-
ming events are severe (more and larger peaks of force), 
the corresponding spread layer has more empty patches. 
Especially, when the long-time jamming occurs, as boxed 
by a dashed box, a long strip could be observed at the cor-
responding locations within the spread layer. It indicates 
that empty patches could be induced by the mechanical 
jamming.

included. As shown in the Fig. 7(c)-(d), it is interesting 
that the jammed particles belong to the same particles 
during the whole jamming state. The fluctuation trend of 
force curve is consistent with the state of jammed par-
ticles. There are only 2 jammed particles, and the large 
particle is almost static while the small particle rolls 
around the large one. It indicates that the resistance to 
particle rolling is important for the mechanical jamming 
reported here. If the particle is free of rolling, the small 
particle would easily roll away from the bottom of large 
particle, thus, the jammed structure would be quickly 
damaged as the blade moves forward. Therefore, long-
jamming is only observed in the case of rough base, as 
the roughness would promote enough resistance to the 
rolling of bottom particles. Meanwhile, the size ratio of 
the jammed particles is larger than that of short-jamming. 
For example, the size ratio is about 2 in Fig. 7(c) while it 
is 1.3 in Fig. 7(a). It indicates that the jammed particles 
with a large size ratio is more stable.

As summarised by Nan et al. [21], mechanical jam-
ming has two adverse effects on the formation of spread 
layer: (1) the particle flow is transiently and locally 
halted, resulting in no particles on the base during the 

Fig. 7 Snapshots of the force chain and jammed particles: (a) gap height of 1.5D90 with rough base. (b) gap height of 2.5D90 with smooth base. (c) 
gap height of 2.0D90 with rough base. (d) gap height of 2.5D90 with rough base
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particle rolling is important for the mechanical jam-
ming reported in this work. The jammed particles with 
a larger size ratio tend to be more stable. An interesting 
correlation between jamming effect and local defects 
(empty spaces) in the powder layer is identified.

Supplementary Information The online version contains 
supplementary material available at https://doi.org/10.1007/s10035-
024-01420-8.
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