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The binder jetting additive manufacturing (AM) process provides an economical and
scalable means of fabricating complex parts from a wide variety of materials. While it is
often used to fabricate metal parts, it is typically challenging to fabricate full density
parts without large degree of sintering shrinkage. This can be attributed to the inherently
low green density and the constraint on powder particle size imposed by challenges in
recoating fine powders. To address this issue, the authors explored the use of bimodal
powder mixtures in the context of binder jetting of copper. A variety of bimodal powder
mixtures of various particle diameters and mixing ratios were printed and sintered to
study the impact of bimodal mixtures on the parts’ density and shrinkage. It was discov-
ered that, compared to parts printed with monosized fine powders, the use of bimodal
powder mixtures improves the powder’s packing density (8.2%) and flowability (10.5%),
and increases the sintered density (4.0%) while also reducing the sintering shrinkage
(6.4%). [DOI: 10.1115/1.4036640]

Keywords: additive manufacturing, 3D printing, binder jetting, sintering, powder metal-
lurgy, copper

1 Introduction

1.1 Achieving Full Density—A Challenge in Binder Jetting
of Metals. The binder jetting AM process can be used to fabricate
metal parts by selectively inkjet printing a liquid binding agent
into a powder bed, followed by postprocess sintering of the
printed green part. As shown in Fig. 1, the jetted binder droplets
interact with the powder particles to form primitives that stitch
together to form a cross-sectional layer. Once a layer is printed, a
new layer of powder is recoated on top of the previous layer,
which is then printed and stitched to the previous layer by the jet-
ted binder. The layer-by-layer process is repeated to create the
complete green part. The unbound loose powder in the bed that
surrounds the part supports overhanging structures during the
build, and can be removed after printing via compressed air. Once
depowdered, the green part is thermally treated to burn off the
binder and sinter the powder particles together to obtain final den-
sity and strength.

As binder jetting of metals functionally separates part creation
from powder sintering, the common processing challenges found
in direct-metal additive manufacturing processes—such as the
requirement of anchors and/or heat sinks added to the geometry—
are avoided [1]. The ability to fabricate a metal part in a powder
bed without the need for built anchors enables binder jetting to
create large and geometrically complex parts without difficult
postprocess cleaning. Binder Jetting is also an inherently scalable
technology as it does not require an enclosed chamber and fea-
tures high throughput enabled by the inkjet printing technology.
In addition, as binder jetting does not use an energy beam to pro-
cess material, it is well suited for optically reflective and ther-
mally conductive metals, which can be challenging for powder
bed fusion processes. For example, the feasibility of

manufacturing high purity copper via binder jetting has been dem-
onstrated in the authors’ previous work [2].

The primary challenge in fabricating metal parts using binder
jetting is in achieving a fully dense product following the sintering
postprocess. Pores typically exist in sintered ceramics or metals
fabricated in binder jetting [3,4]. For example, while the authors
were able to create complex structures from copper powders in
their prior work, the overall mechanical strength (116.7MPa) is
limited by the substantial porosity (15%) in sintered parts [2].
Porosity is challenging to eliminate during sintering because of a
low powder bed density and the inability to process ultra-fine
powders. Coarse powders are suitable for spreading and packing,
but the large particles significantly inhibit sintering densification
due to the low sintering driving force. Fine powders are preferred
for sintering; however, the powder bed is typically poorly packed,
and the powder recoating can be difficult due to powder’s low
flowability and agglomeration. As such, metal parts made by
binder jetting are typically infiltrated with a lower melting point
material in order to obtain full density.

Fabricating highly dense metal parts in binder jetting without
infiltration has been a major focus for binder jetting research.
Spray-dried granules and slurry-based powders have been used to
overcome the difficulty to recoat fine powders [5,6]. A powder
compaction mechanism has been developed to increase the pow-
der packing density [7,8]. Liquid-phase sintering mechanism or

Fig. 1 Green part printing process in binder jetting (see figure
online for color)
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optimized sintering parameters can also increase sintered density
[3,9,10]. Pressure-assisted sintering has been demonstrated to be
able to approach full density in binder jetting of ceramics [11].

1.2 Improving Sintered Density Via Bimodal Powder
Mixtures. One well-established theory to improve powder packing
and increase green density in powder processing techniques is
using bimodal powder mixtures. The well-packed powder mixtures,
wherein the small particles fill the interstitial voids between large
particles, have many benefits such as (i) improved green part prop-
erty (density and strength) and (ii) less shrinkage after sintering.

However, compared with the certainty and reliable prediction in
improving the powder packing and green density by bimodal pow-
der, the sintered density improvement is often complicated and
uncertain. While small particles have rapid sintering rate and
enhanced sintering stress [12], in bimodal powder mixtures, the
added smaller particles typically bond to the large particles and
offer little influence on the overall densification. The addition of
coarse powders to a fine powder matrix may increase the packing
density, but the difficulty to sinter large particles also hinders den-
sification. German developed a prediction of sintered density of
bimodal mixtures and validated with a series of experiments using
various materials [13]. In this prediction, the sintered density
improvement in a bimodal mixture is influenced by many factors
including coarse-fine particle size ratio, powder constituents’ pack-
ing density and sintering shrinkage, and powder mixing homoge-
neity. According to the bimodal powder sintering experiments
known to the authors, fine powder constituent should be used
rather than the bimodal mixture in order to achieve the maximum
sintered density.

Particle size distribution and bimodal mixtures have been
explored in powder-bed-based AM processes. The modeled pow-
der bed formation process using discrete element method shows a
dependency on layer thickness in predicting bimodal powder
bed’s packing density [14]. The experiments with bimodal powder
has demonstrated capabilities of increasing layer density by 15%
[15]; preventing balling phenomenon and achieving higher radia-
tive heat flux in the powder bed [16]; and influencing final density
and mechanical properties [17]. However, the study of sintering
bimodal powder mixtures in the context of binder jetting of metals
is limited. Lanzetta and Sachs studied the improved surface finish
and printed primitive morphology in unfired bimodal powders
parts [18]. Verlee et al. explored the sintered density of stainless
steel bimodal mixtures; no improvement in sintered density was
observed in the experiments [19].

1.3 Context. While the sintering experiments in the literature
do not validate bimodal powder mixtures as an effective method
to increase sintered density, it is hypothesized that in binder jet-
ting the bimodal powder mixture has a greater potential to
improve sintered density when compared with the coarse or fine
powder constituents. Unlike traditional powder shaping methods,
the poor flowability of fine powders in binder jetting inhibits
achieving satisfactory powder bed packing and green density,
which becomes a main obstacle in achieving fully dense parts.
Bimodal powder mixture overcomes the poor powder packing of
fine powder, and is capable of producing dense green parts that
contain high sintering stress small particles, which may finally
lead to an improved sintered density.

Additional benefits also exist in using bimodal powder mixture
in binder jetting. As most metal parts in binder jetting undergo a
large degree of shrinkage after sintering (without infiltration),
there is a need to increase powder bed packing density to reduce
shape distortion for a better product dimensional control. In addi-
tion, a powder mixture containing coarse powders typically lowers
the powder cost as compared to a powder bed composed of solely
fine powders.

The main research goals of this work are to (i) validate the
hypothesis that bimodal powder mixtures can improve sintered

part density in binder jetting, (ii) develop an understanding in the
manufacturing process’s influence on the relationship between
particle size distribution and final green/sintered part property,
and (iii) develop a framework in material property improvement
through powder particle size optimization in binder jetting. To
achieve these goals, the authors experimentally investigated the
use of bimodal powder mixtures in binder jetting of copper. The
experimental method is detailed in Sec. 2. A discussion of the
results is provided in Sec. 3, and a closure is offered in Sec. 4.

2 Experimental Method

To explore the effects of bimodal powders on binder jetting’s
performance, the authors evaluated five mixtures (Sec. 2.1) on (i)
powder bed density (Sec. 2.2), (ii) green and sintered part density,
and (iii) part shrinkage (Sec. 2.5). In addition, the experiments
were conducted to explore the impact of sintering conditions on
powder mixtures (Sec. 2.4). The printing process parameters are
detailed in (Sec. 2.3).

2.1 Powder Selection and Characterization. Binder jetting
of metals inherently impose upper and lower limits of particle size
selection in order to successfully recoat and sinter [20], therefore,
the coarse-fine particle size ratio was explored in a small range in
this work (1:3–1:6). Gas-atomized copper powders (over 99%
purity) were chosen for easy recoating. The copper powders used
for mixing are listed in Table 1 with particle size information.
Five bimodal mixtures were created by mixing fine powder with
coarse powder with 73–27 (a ratio that is efficient in maximizing
powder packing density [21]) or 27–73 weight ratios. As the
bimodal mixture has been extensively studied in the prior litera-
ture with a large variety of different coarse-fine powder mixing
ratios, this work chose fewer mixing ratios to explore the unique-
ness of sintering performance in binder jetting. Each mixture was
mixed for 2 h in a rotating drum without media to ensure homoge-
neity. Laser scattering with a Horiba LA-950 was used to analyze
particle size distribution (ASTM B822) of the powder mixtures.

2.2 Powder Packing Density Assessment. Powder apparent
density, tap density, and powder bed density were measured for
evaluating powder packing efficiencies. Apparent density, which
should be the lower density threshold in binder jetting, was meas-
ured using a Hall flow meter (ASTM Standard 212). Tap density,
which should be the upper threshold, was measured using a tap-
ping apparatus (ASTM Standard 527). The ratio of apparent and
tap density (Hausner ratio) was used to assess powder flowability
(lower ratio corresponds to better flowability).

2.3 Printing Process Parameters. An ExOne R2 printer and
solvent-based polymeric binder was used for all experiments;
18mm� 6mm� 3mm test coupons were printed for density
evaluations.

The layer thickness should be larger than the largest particle
and is recommended to be at least three times of the particle diam-
eter for higher packing density and smoother surface finish [20].
Given the powder size ranges from 5lm to 75lm, all samples
were printed with 80–100 lm layer thickness (except for 150lm
thick layer for 75lm powder). The counter-rotating roller spread
powder with a constant speed of 5mm/s to maintain a similar
compaction effect across the tested powder mixtures.

Binder saturation ratio describes the amount of binder in the
void space between powder particles (a detailed description of
binder saturation variable is available in the authors’ previous
publication [2]). While 100% saturation ratio was used for all
parts to obtain satisfactory printing quality, 150% was used for
5 lm powders, as its large total surface area requires extra binder
for sufficient bonding. The measured apparent density (Sec. 2.2)
was used for each powder to ensure accurate binder saturation.

The powder bed temperature was maintained at 80 �C during
printing, and an overhead heater (185 �C) was used to dry each
printed layer with a scanning speed of 5mm/s.
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2.4 Postprocessing and Sintering. Sintering experiments
were conducted in a tube furnace with atmosphere control. All
sintering cycles used in this work feature a pure hydrogen atmos-
phere for copper oxide reduction and an isotherm at 450 �C for
30min to facilitate debinding. Peak sintering temperature, dura-
tion, and heating rates were later altered to study the sintered
density of bimodal mixtures under different sintering conditions
(Sec. 3.3). Three samples were printed and sintered for each sin-
tering condition.

2.5 Green and Sintered Part Characterization. The sin-
tered density was measured by an immersion method with Archi-
medes principle following ASTM Standard 962. Green density,
on the other hand, was calculated by the measured printed part
weight and dimensions as the immersion method is not applicable
to green parts printed with water-soluble binder.

An FEI Quanta 600 FEG Environmental scanning electron
microscope (SEM) was used to examine the surface morphology
of sintered parts. Sintered parts were also sectioned and polished
for optical microscopy imaging to observe pore morphology and
porosity.

3 Results and Discussion

3.1 Bimodal Powder Mixture’s Impact on Powder
Packing

3.1.1 Particle Size Distribution. The median particle size and
standard deviation of the powder mixtures and their constituents
are shown in Table 2. With the exception of the 75þ 15 powder,
most powder mixtures exhibit expanded particle size deviation
without discrete bimodal distribution. This can be explained by
the insufficient large-to-small particle size ratio used in this work
(3:1–6:1).

3.1.2 Measured Powder Density and Printed Part Green
Density. Table 2 shows that the apparent/tap density in bimodal
mixtures noticeably surpass the constituent powders. For example,
after introducing a small portion of large particles to the 5 lm
powder, the apparent density has improved by 12.7% (30lm) and
5.6% (15 lm), and the tap density has improved by 5.6% (30 lm)
and 4.9% (15 lm), respectively. The increase in apparent density
is higher than that in tap density, which is particularly useful for
binder jetting due to the relatively loosely packed powder bed.

A similar trend is also seen in the printed green part density
(Fig. 2). For example, after mixing 15lm or 30lm particles into

the 5 lm powder, the printed green part density improves by
3.0–9.4%. While the counter-rotating roller typically densifies the
powder in powder bed-based AM processes, Fig. 2 shows that
green part density that is lower than the powder apparent density.
This can be explained by (i) the inherent inaccuracy in the green
density measurement method (Sec. 2.3) and (ii) an insufficient
powder compaction effect from recoating.

3.1.3 Powder Flowability. The Hausner ratio (tap density
over apparent density) shows the powder flowability in bimodal
mixtures noticeably improved over the fine constituent powder
(Table 2). The improved flowability is critical in achieving
smooth and dense powder layers in the binder jetting process.

3.2 Sintered Density and Shrinkage of Bimodal Powder
Mixtures. With a demonstrated benefit in improving green part
density and spreading quality, the bimodal powder mixture’s
impact on sintered density was then explored. Five micrometer
powders were mixed with 15 and 30lm powders at two different
mixing ratios (73:27 and 27:73), and then sintered by a sintering
profile with a 2-h hold at 1080 �C peak temperature and 2 �C/min
heating/cooling rate (Sec. 2.4).

As seen in Fig. 3, there exists a trend in improved sintered den-
sity for all bimodal mixtures compared to the 5 lm powder, of
which the sintered density is stymied by the low green density
(44%) due to the poor powder flowability.

As compared with the fine constituent powder (5lm), the
bimodal powder is capable of improving sintered density while
reducing the shrinkage (Fig, 3). While a 40–50% volumetric
shrinkage (about 15% linear shrinkage) is normal for binder jet-
ting of metals and can be compensated by scaling the STL file, the
reduced shrinkage achieved by bimodal mixtures can provide
additional dimensional control for printing high precision parts.

3.3 Influence of Sintering Conditions on Bimodal Powder
Mixtures

3.3.1 Effect of Isotherm Temperature and Duration. In order
to explore the impact of sintering conditions on bimodal powder
mixtures, the authors evaluated three powder mixtures (15þ 5 lm,
75þ 15lm, and 30þ 5 lm), which were sintered under different
heating profiles (Fig. 4), where a peak temperature was held at
1020 �C or 1060 �C for a duration of 30min or 120min.

The sintered density and densification were compared across
the powder mixtures in each quadrant of Fig. 4. The densification
in this result corresponds to the density gain from green density to
sintered density. While a powder part typically densifies upon sin-
tering, the 75þ 15 lm powder mixture in Fig. 4(a) has shown a
slight reduction in density after sintering, due to the strong sinter-
ing inhibition effect of the large particles under insufficient sinter-
ing conditions and possible part expansion due to debinding
outgassing.

Under the least sufficient sintering condition, the powder bed
density dominates in determining sintered density, as the sintering
densification is limited. For example, when the powder mixtures
that contain large particles (e.g., 75lm) are sintered with the

Table 1 Copper powders used for creating mixtures

Powder
name

D10 (10% particle
pass diameter

D50 (median
particle diameter)

D90 (90% particle
pass diameter)

75 lm powder 58.0lm 77.0lm 101.5lm
30 lm powder 15.0lm 30.0lm 37.5lm
15 lm powder 8.0lm 17.0lm 28.0lm
5 lm powder 0.65lm 5.5lm 9.0lm

Table 2 Particle size and density of the powder mixtures

Mixture name Powder components Median size (D50) Standard deviation Apparent density Tapped density Hausner ratio

75 75lm 77.9lm 23.2lm 56.1% 64.9% 1.16
75þ 15 75lm (73wt %)þ 15lm 27.0lm 39.2lm 59.7% 66.9% 1.12
30 30lm 26.4lm 10.9lm 48.5% 60.8% 1.25
30þ 5 30lm (73wt %)þ 5 lm 17.4lm 12.4lm 53.7% 63.9% 1.19
15 15lm 17.0lm 6.7lm 52.9% 65.1% 1.23
15þ 5 15lm (73wt%)þ 5 lm 10.8lm 4.7lm 54.6% 67.4% 1.23
5þ 30 5 lm (73wt %)þ 30 lm 8.3 lm 15.4lm 54.4% 61.2% 1.13
5þ 15 5 lm (73wt %)þ 15 lm 5.8 lm 2.7lm 47.3% 60.5% 1.28
5 5 lm 5.5 lm N/A 41.7% 55.6% 1.33
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insufficient condition (Fig. 4(a)), the initial green density is most
influential on final sintered density. However, when treated with
additional energy during sintering (Figs. 4(b)–4(d)), the high
green density in 75þ 15lm powder parts has failed to generate
dense sintered parts as compared to the 15lm powder.

The powder mixtures without extra coarse powders were able
to improve powder bed packing, and green density without dra-
matically shifting median particle size was effective in improving
sintered density. Compared with the 15lm powder (median size
of 17.0lm), the 30þ 5lm powder mixture has a similar median
particle size (17.4 lm) but a wider distribution, which results in a
4.0% more dense green parts, and a 7.5–11.7% more dense sin-
tered parts depends on the sintering condition (Fig. 4).

3.3.2 Effect of Heating Ramp. The influence of heating/cool-
ing rate on bimodal powder mixtures was studied by sintering
loosely packed powders contained in crucibles at 1080 �C for
120min with different heating rates (Fig. 5). While heating rate is
usually associated with facilitating debinding outgassing in sinter-
ing powder compacts, this experiment isolated the debinding
effect from sintering and solely studied the heating rate’s impact
on sintered density. It exits a general trend from the result that
monosized powders (5, 15, and 30lm powders) are more sensi-
tive to heating rates than the powder mixtures. For example, 5 lm
and 15lm powders have seen approximately 10% increase in sin-
tered density by lowering heating rate from 5 �C/min to 3 �C/min,
while the sintered density of bimodal powder mixtures does not
rely on lowering heating rate to achieve maximum density.

Low heating rates provide more energy input into solid state
diffusion and provide longer time window that allows particles to
rearrange and densify. The authors believe that the improved
green density provides more contacting areas among particles and
creates a network of particles as a diffusion path in bimodal

powder mixtures, which makes it less sensitive to total energy
input compared with the monosized powders.

3.4 Microscopic Analysis of Sintered Bimodal Powder
Parts. The microstructure of the surfaces in sintered bimodal
powder parts were characterized by SEM. Figure 6(a) shows that
the necking has developed between 15lm and 75lm particles,
while there is a limited direct necking and merging between
75lm particles. The sintered part, therefore, is composed of a
rigid skeleton of 75lm particles, wherein the high sintering rate
of fine powders has little contribution to the overall densification,
which corresponds to the limited densification of the 75þ 15lm
powder in Fig. 4. The 30þ 5lm powder, on the other hand, has a
better densification result through the merging of 30lm and 5 lm
particles into a coherent body (Fig. 6(b)). The powder mixture
provided more contact points as available neck formation sites
and formed an integrated structure by surface reduction.

The sintering advantage of bimodal powders is also evident in
the microscopic images of the sectioned and polished sintered
parts (Fig. 7). The 30þ 5lm sintered part has less pores with
smaller sizes and a smoother outer surface compared with the
5 lm sintered sample. The sectioned XY plane (perpendicular to
build orientation) shows pores aligned between the lines of printed
primitives. As the binder droplet wets and penetrates powder, the
surface tension of the binder typically leads to powder balling and
rearrangement of powder particles within the primitive, leaving
behind more porosity between primitives, especially in a loosely
packed powder.

3.5 Discussion. While prior literature in sintering of compact
powders suggests using the fine powder constituent to achieve
maximum-sintered density, the results from these sintering trials
suggest the maximum sintered density achieved by using the
bimodal powder mixtures. This is mostly attributed to the green
parts’ increased density and small particles’ high sintering driving
force when bimodal powder mixture is used in binder jetting.

The unique-sintered density improvement of bimodal powders
in binder jetting can be also explained using German’s prediction
model, which states that there exists a critical relationship
between the large and small powder shrinkage and the design of
powder mixtures for maximum sintered density [13]. In general,
when a powder mixture contains small particles with large sinter-
ing shrinkage and large particles with small sintering shrinkage,
the highest density is achieved by only using the small particles
(region A in Fig. 8); when a powder mixture is a combination of
small particles with small sintering shrinkage and large particles
with large sintering shrinkage, the highest density is achieved
with bimodal mixture (region B in Fig. 8).

In binder jetting, the sintering shrinkage of fine powders is usu-
ally constrained by the poor powder flowability and low packing

Fig. 2 Comparison of apparent density, tap density, and green density for differ-
ent powders (see figure online for color)

Fig. 3 Sintered density and volumetric shrinkage of 5lm pow-
der and its bimodal mixtures, sintered at 1080 �C for 2h
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Fig. 4 Sintered density and densification comparison under various sintering conditions (error
bars are constructed with the min and max of the data)

Fig. 5 Sintered density of loosely packed powders in crucible
with different heating rates

Fig. 6 Surface microstructure of bimodal powder parts sin-
tered at 1060 �C for 120min: (a) 75115lm powder (8003) and
(b) 3015 lm powder (20003)

Fig. 7 Optical microscopy of 5lm powder (left) and 30(73%)
1 5lm powder (right), sintered under the conditions in Sec. 3.2

Fig. 8 An illustration of the relationship between the constitu-
ent powder shrinkage and the design of powder mixtures for
maximum sintered density (the separation line is only represen-
tative in this figure and needs to be determined for each powder
mixture based on particle size ratios)
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density, which makes the bimodal powder to have a stronger tend-
ency to fall in region B. In this work, when 5 lm powder is mixed
with 15lm or 30lm powder, the sintering shrinkage difference
between small and large particles is relatively small, and there-
fore, the maximum sintered density is achieved by bimodal mix-
ture. When 15lm powder is mixed with 75lm, the sintering
shrinkage of coarse powder is significantly reduced; therefore, the
bimodal powder mixture is not effective at improving sintered
density.

As a result, while it is more likely to achieve the maximum sin-
tered density through bimodal powder mixtures in binder jetting
than compacted powders, its effectiveness is still affected by
many factors, especially, the sintering shrinkage of the constituent
powders of the material in question.

4 Conclusion

Several benefits of using bimodal powder mixture in binder jet-
ting of metals have been demonstrated in this work with copper
powders. The bimodal powder mixtures have successfully
improved powder packing density and powder flowability. As a
result, the printed green part density is able to increase by up to
9.4% as compared to the monosized powder counterparts (Fig. 2).

The use of bimodal powder mixtures in binder jetting can also
improve sintered density. For example, by replacing the mono-
sized 15lm powder with the 30þ 5 lm powder mixture, the sin-
tered density improved by 12.3% (Fig. 4); However, when large
particles (75 lm) were mixed into a fine powder (15 lm), the sin-
tered density was not improved due to the rigid skeleton formed
by large particles where the sintering contribution of fine powders
is constrained (Fig. 4). The feasibility of improving sintered den-
sity by bimodal mixtures over the constituent powders has also
been demonstrated by the sintering experiments, however, its
effectiveness is complicated by many factors, especially, the parti-
cle size ratio and the relative difference in sintered shrinkage of
the constituent powders (Sec. 3.5).

In addition to increased sintered density, the use of bimodal
powder mixtures shows additional benefits: (i) the shrinkage is
reduced due to increased green (see figure online for color) den-
sity (Fig. 4); (ii) the bimodal powder mixture is less sensitive to
sintering conditions, and potentially can be sintered with less
energy input compared to monosized powders (Fig. 5).

There is an opportunity to explore the effects of bimodal pow-
der on additional materials and powder sizes. This work provides
(i) an evidence of improved sintered density by bimodal mixture
in binder jetting of copper, (ii) an insight on how powder size dis-
tribution affects product property in powder bed-based additive
manufacturing, and (iii) a framework for powder optimization in
order to achieve high sintered density in binder jetting of metals.
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