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Abstract

This study investigates the effects of two process parameters (dispense delay and recoat
speed) on green part density and powder bed density in binder jetting additive manufac-
turing using silicon carbide powder. These two process parameters control the amount
of powder dispensed on the powder bed for each powder layer. Experiments were con-
ducted at three levels of dispense delay (0.2, 1, and 5 s) and three levels of recoat speeds
(5, 10, and 20 mm/s). The one-way Analysis of Variance (ANOVA) results reveal that both
dispense delay and recoat speed have statistically significant effects on green part density
and powder bed density. Experimental results show that increasing dispense delay or
decreasing recoat speed leads to higher green part density and powder bed density. These
findings provide useful insights into optimizing binder jetting additive manufacturing
process parameters to achieve the desired green part density without employing powder
bed compaction.

Keywords: binder jetting; dispense delay; green part density; powder bed density; recoat
speed; silicon carbide

1. Introduction
Binder jetting additive manufacturing involves binder jetting as well as several post-

printing processing steps. Binder jetting forms printed parts by jetting a liquid binder
onto selected regions of a powder bed. After going through curing and depowdering, the
printed parts are referred to as green parts. These green parts usually need to go through
debinding and sintering to achieve the desired properties. More detailed descriptions of
binder jetting and its post-printing processing steps can be found in the literature [1].

Figure 1 shows the schematic diagram of roller–powder interaction at varying dispense
delay. A counter-rotating roller is used to distribute dispensed powder across the powder
bed. The amount of powder dispensed and subsequently spread by the roller significantly
affects powder packing, which in turn governs both the powder bed density and green part
density. While spreading, some excess powder is pushed off the powder bed by the roller;
a portion of the excess powder is also pushed downward into the powder layers below.
When a relatively large amount of powder is dispensed prior to spreading, a higher powder
pile forms in front of the roller during the spreading process. As the roller advances, the
higher pile of powder in front of the roller causes more powder to be pushed downward.
Dispensing too much powder onto the powder bed can lead to waste of powder and cause
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the powder pile in front of the roller to reach the screen, making it difficult for the roller to
spread and remove the excess powder effectively. In binder jetting, the screen refers to the
perforated plate located at the bottom of the powder dispensing hopper. The powder in the
hopper is dispensed through the screen on to the build plate or powder bed. Conversely,
if too little powder is dispensed, it may result in uneven powder distribution across the
powder bed.

Figure 1. Schematic diagram of the of roller–powder interaction at varying dispense delay.

Published studies have examined the effects of some printing parameters (such as
layer thickness, binder saturation, drying time, roller speed, and compaction thickness)
on green part density. A summary of reported studies on green part density is presented
in Table 1.

Table 1. Reported studies on green part density in binder jetting.

Material Printing Parameter Reference

Alumina Layer thickness, recoat speed, binder saturation, drying time [2]
Alumina Layer thickness, binder saturation [3]
Alumina Layer thickness, compaction thickness [4]

Barium Titanate Binder saturation [5]
Copper Ultrasonic intensity, roller traverse speed [6]

Inconel 625 Binder saturation [7]

Potassium sodium niobate Binder saturation, binder set time, drying time, target bed
temperature [8]

Silicon Carbide Layer thickness, compaction thickness [9]
Stainless steel 316L Layer thickness [10]
Stainless steel 316L Layer thickness, binder saturation [11,12]
Stainless steel 316L Layer thickness, roller diameter, roller speed [13]

Stainless steel (316, 420) Layer thickness, binder saturation [14]
Stainless steel Layer thickness, binder saturation, roller traverse speed [15]

Stainless steel 316L Print head speed [16]
Stainless steel 316L Layer thickness, droplet volume, printhead speed [17]
Stainless steel 316L Recoat speed [17]

Tungsten carbide–cobalt Layer thickness, binder saturation [18]
Tungsten carbide–cobalt Binder saturation, drying time [19]
Tungsten carbide–cobalt Layer thickness, binder saturation [20]

Zirconia Compaction thickness [21]

Published studies have shown that spreading-related parameters, such as roller rota-
tion speed and recoat speed, strongly influence powder packing behavior and green part
density. For instance, it was experimentally demonstrated that increasing recoat speed
results in a decrease in green part density and a larger variation in density among printed
parts within each print [17]. A previous study investigated roller-based powder spreading
of Al2O3 ceramic powder with a particle size of 48 µm [22]. The study showed that particles
undergo shear-induced rearrangement and avalanche-type flow ahead of the roller during
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spreading. Increasing roller traverse speed reduces the time available for particle settling
and void filling, causing a decrease in powder bed density. A previous DEM-based study
on roller-based spreading of 316L stainless steel powder with a particle size of 53 µm
showed that particles accumulate in front of the roller during spreading [23]. The powder
is transported through a free-flow region ahead of the roller and a compression region
beneath the roller. In the compression region, roller–powder contact promotes particle
rearrangement, which governs the resulting powder bed density. There are no reported
studies focusing on powder pile formation influenced by dispense delay and dynamic
interactions governed by roller traverse speed. However, no systematic experimental
investigation has been reported to quantify how dispense delay and recoat speed influence
green part density in binder jetting. This study aims to fill the gap in the literature.

The paper is structured as follows: Section 2 describes the materials and methods.
Section 3 presents the results. Section 4 concludes with key findings and directions for
future research.

2. Materials and Methods
2.1. Feedstock Powder

The silicon carbide (SiC) powder used in this study was supplied by Electro Abrasives
LLC (Buffalo, NY, USA). Its particle size distribution (PSD) was analyzed using a laser
scattering particle size analyzer (Horiba LA-960, Kyoto, Japan). The PSD was characterized
by D10, D50, and D90 values of 6 µm, 14 µm, and 70 µm, respectively. After drying, the
raw powder was sieved through a 100 µm sieve (ASTM Mesh No. 140) to remove large
agglomerates prior to binder jetting.

2.2. Binder Jetting of Printed Parts

A binder jetting 3D printer (Innovent+, ExOne, North Huntington, PA, USA) along
with an aqueous binder (BA005, ExOne, North Huntington, PA, USA) was employed to fab-
ricate printed parts. The 3D model of the printed parts—20 mm in length, 22 mm in width,
and 3.5 mm in thickness—was designed using Creo Parametric v9.0 (Boston, MA, USA).
This CAD software was also used to export the 3D model as an STL file, which was then
converted into G-code to guide the printer with detailed instructions for printing.

The binder jetting process, illustrated in Figure 2, began with lowering the build plate
by a predefined layer thickness (LT). A heat lamp then passed over the build plate to dry
the powder bed, as shown in Figure 2a. Next, the feedstock powder was dispensed from a
horizontally moving hopper and spread across the powder bed by a counter-rotating roller,
as shown in Figure 2b. The print head then selectively deposited the binder onto specified
regions of the powder bed (according to the STL files) to bind the powder particles together,
as shown in Figure 2c.

Figure 2. (a–c) Illustration of steps in binder jetting 3D printing (LT stands for layer thickness).
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Table 2 presents the fixed parameters used during the printing process. The definitions
of these printing parameters are available in the literature [24]. While these printing
parameters were kept constant, the recoat speed and dispense delay were systematically
varied, as summarized in Table 3. It is worth noting that roller traverse speed and recoat
speed are two different parameters. The roller traverse speed corresponds to the speed
of the roller that moves across the powder bed, while the recoat speed refers to the speed
at which the hopper traverses across the build plate while dispensing powder onto the
powder bed [25].

Table 2. Fixed printing parameters and their values.

Printing Parameter Value

Layer thickness (µm) 60
Compaction Thickness (µm) 0

Ultrasonic intensity (%) 100
Roller traverse speed during spreading (mm/s) 5
Roller rotation speed during spreading (rpm) 200

Binder saturation (%) 60
Binder set time (s) 20

Bed temperature (◦C) 50
Drying time (s) 30

Packing rate (%) 50

Table 3. Values of parameters at each experimental condition.

Experimental Condition Dispense Delay (s) Recoat Speed (mm/s)

1 0.2 5
2 1 5
3 1 10
4 1 20
5 5 5

The positions of printed parts on the XY plane are shown in Figure 3. These parts were
labeled as M1 through M8. Their thickness direction was aligned with the direction of the
build (Z) direction. In the figure, the X-direction is the direction in which the roller spreads
the dispensed powder from right to left.

Figure 3. Layout and labels of the printed parts on the build plate.
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After printing, the build plate, along with the printed parts and loose powder, was
placed in an oven (DX402C, Yamato Scientific, Tokyo, Japan) at 125 ◦C for 5 h to cure the
binder in the printed parts. After curing, green parts were obtained by depowdering.

2.3. Experimental Design of Printing to Study the Effects on Printed Part Density

To investigate the effects of dispense delay and recoat speed on green part density
and powder bed density, the one-factor-at-a-time (OFAT) approach was employed. In this
method, one parameter was varied while the other was held constant to isolate its effect on
the response variables. Three levels of dispense delay (0.2 s, 1 s, and 5 s) and three levels of
recoat speed (5 mm/s, 10 mm/s, and 20 mm/s) were individually evaluated. There were
five unique experimental conditions based on the OFAT design, each representing a distinct
combination of dispense delay and recoat speed. Because this was not a full factorial design,
no interaction effects could be revealed. Table 3 displays the values of parameters at each
experimental condition. There were two replications under each experimental condition.

2.4. Measurement of Green Part Density

Green part density (ρ), the density of a green part, was calculated using Equation (1),
where m is the mass of the part, and l, w, and t represent its length, width, and
thickness, respectively.

Green Part Density(ρ) =
m

l × w × t
(1)

The dimensions—length, width, and thickness—were measured with a digital slide
caliper (500-196-30 Digimatic, 0–6′′/150 mm, Mitutoyo, Kawasaki, Japan). The mass was
measured using a precision scale (300 g/0.001 g) with a resolution of 0.001 g.

2.5. Measurement of Powder Bed Density

Powder bed density was measured in a set of experiments separate from the experi-
ments used for green part density measurement. In this set of experiments, no printing was
performed and, hence, some parameters associated with printing (like binder saturation,
binder set time, bed temperature, and drying time) were not applicable.

Figure 4 illustrates the steps in powder bed density measurement. Three rectangular
paper sheets (65 mm × 40 mm) were placed on the build plate at three locations (front,
middle, and back) labeled as P1, P2, and P3 respectively, as shown in Figure 4a. Feedstock
powder was then dispensed and then spread over the powder bed, as shown in Figure 4b.
This dispensing and spreading process was repeated for 30 layers, each with a layer
thickness of 60 µm to build a powder bed of 1.8 mm above the paper sheets, as shown in
Figure 4c. Three cylindrical cups were inserted into the powder bed at the three locations
where the three paper sheets were, respectively, as shown in Figure 4d. The powder outside
the cylindrical cups were removed, leaving only the powder confined within the cylindrical
cups, as shown in Figure 4e. The cylindrical cups were then lifted, leaving the powder (to
be collected) resting on the paper sheets, as shown in Figure 4f. The retained powder at each
location was the sample to be weighed using a precision balance, as shown in Figure 4g.

The following equation was used in calculation of powder bed density at each location.

Powder bed density =
m
V

(2)
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where m is the mass of the sample (g), and V is the geometric volume (cm3) of the sampled
region bounded by the cylindrical cup and calculated by the following equation:

V = π(
d
2
)

2
h (3)

where d (=25 mm) is the inner diameter of the cup, and h(= n × LT) is the height of the
powder bed. Here, n (=30) is the number of layers and LT (=60 µm) is the layer thickness
of each layer.

Figure 4. (a–g) Illustration of steps in powder bed density measurement (LT stands for layer thickness).

3. Results and Discussion
3.1. Effects of Dispense Delay on Green Part Density

Figure 5 presents the physical images of green parts fabricated at a constant recoat
speed of 5 mm/s with varying dispense delay (0.2, 1, and 5 s). No noticeable differences
in overall geometry or surface appearance of samples were observed among the three
experimental conditions, indicating that varying dispense delay under a constant recoat
speed did not significantly affect the macroscopic morphology of the green parts.

Figure 5. Green parts fabricated at a constant recoat speed of 5 mm/s with varying dispense delay:
(a) 0.2 s, (b) 1 s, and (c) 5 s.
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Table 4 presents the experimental data of green part density under varying dispense
delay (0.2, 1, and 5 s) and a constant recoat speed of 5 mm/s. For each experimental
condition, green part density was measured on sixteen green parts (eight build plate
locations × two replications). The average green part density and standard deviation were
calculated from these 16 green part density data.

Table 4. Green part density under varying dispense delay and a recoat speed of 5 mm/s.

Dispense Delay (s) Location
Green Part Density (g/cm3) Average Green Part

Density (g/cm3)
Standard

Deviation (g/cm3)Replication 1 Replication 2

0.2

M1 1.58 1.57

1.55 0.0206

M2 1.56 1.55
M3 1.57 1.59
M4 1.54 1.53
M5 1.56 1.56
M6 1.55 1.53
M7 1.54 1.52
M8 1.53 1.52

1

M1 1.60 1.61

1.58 0.0175

M2 1.59 1.58
M3 1.60 1.59
M4 1.60 1.55
M5 1.59 1.56
M6 1.58 1.55
M7 1.59 1.57
M8 1.57 1.59

5

M1 1.68 1.66

1.64 0.0242

M2 1.67 1.63
M3 1.64 1.64
M4 1.63 1.60
M5 1.63 1.65
M6 1.69 1.64
M7 1.60 1.64
M8 1.64 1.62

Figure 6 (drawn from the data in Table 4) presents graphically the results regarding the
effects of dispense delay on green part density. Figure 6, the mean indicates the arithmetic
mean of the green part density dataset, referred to as the average green part density. The
median line represents the 50th percentile of each green part density dataset, indicating
the midpoint which half of the data lie below, and half lie above. The bottom and top
edges of box correspond to the 25th (Q1) percentile and 75th (Q3) percentile of the green
part density dataset, and the box height represents the interquartile range (IQR = Q3–Q1).
The two ends of the ranges represent the lower extreme and upper extreme of green part
density values within the dataset, extending from the lower quartile (Q1) to the smallest
value that is ≥(Q1 − 1.5 × IQR) and from the upper quartile (Q3) to the largest value that is
≤(Q3 + 1.5 × IQR). Both the interquartile range (box height) and the range within 1.5 IQR
show the overall spread of the green part density dataset at each of the three dispense
delay values.

As dispense delay increased, the average green part density shifted upward. Among
the experimental data, the highest average green part density was recorded at the longest
dispense delay of 5 s. The median line of green part density followed an identical trend.
The interquartile range was the largest at the dispense delay of 0.2 s, while the range within
1.5 IQR was the largest at the dispense delay of 5 s and the smallest at the dispense delay of
1 s. The lowest standard deviation was observed at the dispense delay of 1 s, indicating

https://doi.org/10.3390/jmmp10030080

https://doi.org/10.3390/jmmp10030080


J. Manuf. Mater. Process. 2026, 10, 80 8 of 16

more consistent green part density values at this experimental condition compared with
the dispense delay of 0.2 s and the dispense delay of 5 s.

Figure 6. Effects of dispense delay on green part density at a recoat speed of 5 mm/s.

Table 5 shows the one-way Analysis of Variance (ANOVA) results regarding the
effects of dispense delay on green part density. Minitab Statistical Software (version 22.1.0)
was used to perform one-way ANOVA [26]. The low p-value (p < 0.05) indicates that
dispense delay has a statistically significant effect on green part density, whereas the error
term represents only random variation. A dispense delay of 0.2 s and a recoat speed of
5 mm/s were used as the baseline condition. Increasing the dispense delay to 1 s and 5 s
while keeping recoat speed as constant resulted in green part density improvements of
approximately 1.9% and 5.8%, respectively. It should be noted that these comparisons are
based on an OFAT design and do not account for interaction effects. The corresponding
effect size (η2 = 0.623) indicates a large magnitude of influence of dispense delay on green
part density.

Table 5. One-way Analysis of Variance (ANOVA) results regarding the effects of dispense delay on
green part density.

Source Degree of
Freedom

Adjusted Sum of
Squares

Adjusted Mean
Squares F-Value p-Value η2

Dispense Delay 2 0.05265 0.026327 37.26 0.000 0.6234
Error 45 0.03179 0.000707
Total 47 0.08445

A longer dispense delay results in a larger amount of powder being dispensed prior
to spreading, leading to a higher powder pile in front of the roller. During the spreading
process, as the roller moves across the powder bed, the powder pile in front of the roller
causes more powder to be pushed downward and promotes powder particle rearrangement,
resulting in more effective powder packing and higher green part density [27]. Conversely, a

https://doi.org/10.3390/jmmp10030080

https://doi.org/10.3390/jmmp10030080


J. Manuf. Mater. Process. 2026, 10, 80 9 of 16

shorter dispense delay dispenses less powder, producing a lower powder pile in front of the
roller. The reduced pile height limits powder to be pushed downward and powder particle
rearrangement during spreading, leading to lower powder packing and, consequently,
lower green part density compared with conditions with a higher powder pile. A previous
study on binder jetting (performed on a ExOne Innovent+ printer) using copper powder
with a particle size of 5 µm [5] provides support for this interpretation. Specifically, this
study showed that increasing the ultrasonic intensity of the powder hopper from 25% to
75% increased the amount of powder deposited onto the powder bed, which led to a higher
green part density [6].

3.2. Effects of Dispense Delay on Powder Bed Density

Table 6 presents the experimental data of powder bed density under varying dispense
delay (0.2, 1, and 5 s) and a constant recoat speed of 5 mm/s. For each experimental
condition, powder bed density was measured on six samples (obtained at three locations on
build plate × two replications). The average powder bed density and standard deviation
were calculated from those six samples.

Table 6. Powder bed density under varying dispense delay and a recoat speed of 5 mm/s.

Dispense Delay (s) Location
Powder Bed Density (g/cm3) Average Powder Bed

Density (g/cm3)
Standard Deviation

(g/cm3)Replication 1 Replication 2

0.2
P1 1.59 1.60

1.64 0.0303P2 1.65 1.65
P3 1.66 1.67

1
P1 1.78 1.71

1.72 0.0978P2 1.84 1.81
P3 1.60 1.60

5
P1 1.94 1.94

1.94 0.0205P2 1.94 1.97
P3 1.93 1.90

Figure 7 (drawn from the data in Table 6) presents graphically the results regarding the
effects of dispense delay on powder bed density. As dispense delay increased, the average
powder bed density shifted upward. Among the experimental data, the highest average
powder bed density was recorded at the longest dispense delay of 5 s. The median line
of powder bed density followed an identical trend. Both the interquartile range and the
range within 1.5 IQR were the largest at the dispense delay of 1 s and the smallest at the
dispense delay of 5 s. The lowest standard deviation was observed at the dispense delay of
5 s, indicating more consistent powder bed density values at this experimental condition
compared with the dispense delay of 0.2 s and the dispense delay of 1 s.

Table 7 shows the one-way ANOVA results regarding the effects of dispense delay
on powder bed density. The low p-value (p < 0.05) indicates that dispense delay has a
statistically significant effect on powder bed density whereas the error term represents only
random variation. A dispense delay of 0.2 s and a recoat speed of 5 mm/s were used as the
baseline condition. Increasing the dispense delay to 1 s and 5 s while keeping recoat speed
as constant resulted in powder bed density improvements of approximately 4.9% and
18.3%, respectively. The corresponding effect size (η2 = 0.8140) indicates a large magnitude
of influence of dispense delay on powder bed density.
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Figure 7. Effects of dispense delay on powder bed density at a recoat speed of 5 mm/s.

Table 7. One-way ANOVA results regarding the effects of dispense delay on powder bed density.

Source Degree of
Freedom

Adjusted Sum of
Squares

Adjusted Mean
Squares F-Value p-Value η2

Dispense Delay 2 0.28690 0.143450 32.83 0.000 0.8140
Error 15 0.06555 0.004370
Total 17 0.35245

A longer dispense delay dispenses a larger amount of powder on the powder bed,
resulting in a higher powder pile in front of the roller during spreading. This higher powder
pile allows the roller to push the higher amount of powder downward and promotes
powder particle rearrangement, thereby improving powder bed density. This denser
powder bed in turn contributes to a higher green part density. A reported study showed
that increasing the ultrasonic intensity of the hopper from 25% to 75% deposited more
powder across the powder bed, which led to a higher green part density in binder jetting
(performed on a ExOne Innovent+ printer) using copper powder with a particle size of
5 µm [6]. Another reported study on binder jetting (performed on a ComeTrue T10 printer)
using alumina powder with a particle size of 20 µm further showed that an increase in
powder bed density led to an increase in green part density [28]. One more study on shell
printing on an ExOne Innovent+ printer using alumina powder with a particle size of
70 µm showed similar trends [29]. It showed that regions on the powder bed with higher
powder packing exhibited higher green part density. It was also reported that the green
part density was lower than the powder bed density, through combined experimental
and numerical investigations of binder jetting (performed on an ExOne Innovent+ printer)
using alumina powder with a particle size of 70 µm [30].

3.3. Effects of Recoat Speed on Green Part Density

Figure 8 presents the physical images of green parts fabricated at a constant dispense
delay of 1 s with varying recoat speed (5, 10, and 20 mm/s). No noticeable differences
in overall geometry or surface appearance of samples were observed among the three
experimental conditions, indicating that varying recoat speed under a constant dispense
delay did not significantly affect the macroscopic morphology of the green parts.

https://doi.org/10.3390/jmmp10030080
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Figure 8. Green parts fabricated at a constant dispense delay of 1 s with varying recoat speed:
(a) 5 mm/s, (b) 10 mm/s, and (c) 20 mm/s.

Table 8 presents the experimental data of green part density under varying recoat
speed (5, 10, and 20 mm/s) and a constant dispense delay of 1 s.

Table 8. Green part density under varying recoat speed and a dispense delay of 1 s.

Recoat Speed (mm/s) Location
Green Part Density (g/cm3) Average Green Part

Density (g/cm3)
Standard

Deviation (g/cm3)Replication 1 Replication 2

5

M1 1.60 1.61

1.58 0.0175

M2 1.59 1.58
M3 1.60 1.59
M4 1.60 1.55
M5 1.59 1.56
M6 1.58 1.55
M7 1.59 1.57
M8 1.57 1.59

10

M1 1.56 1.57

1.55 0.0137

M2 1.58 1.54
M3 1.58 1.55
M4 1.57 1.54
M5 1.57 1.55
M6 1.57 1.55
M7 1.56 1.54
M8 1.56 1.54

20

M1 1.53 1.55

1.51 0.0309

M2 1.42 1.50
M3 1.54 1.51
M4 1.49 1.52
M5 1.55 1.50
M6 1.49 1.51
M7 1.53 1.49
M8 1.54 1.51

Figure 9 (drawn from the data in Table 8) presents graphically the results regarding
the effects of recoat speed on green part density. As recoat speed increased, the average
green part density shifted downward. Among the experiment data, the highest average
green part density was recorded at the lowest recoat speed of 5 mm/s. The median line of
green part density followed an identical trend. Both the interquartile range and the range
within 1.5 IQR were the largest at the recoat speed of 20 mm/s and the smallest at the
recoat speed of 10 mm/s. The lowest standard deviation was observed at the recoat speed
of 10 mm/s, indicating more consistent green part density values at this experimental
condition compared with the recoat speed of 5 mm/s and the recoat speed of 20 mm/s.
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Figure 9. Effects of recoat speed on green part density at a dispense delay of 1 s.

Table 9 shows the one-way ANOVA results regarding the effects of recoat speed on
green part density. The low p-value (p < 0.05) indicates that recoat speed has a statistically
significant effect on green part density whereas the error term represents only random
variation. A recoat speed of 20 mm/s and a dispense delay of 1 s were used as the baseline
condition. Decreasing the recoat speed to 10 mm/s and 5 mm/s while keeping dispense
delay as constant resulted in green part density improvements of approximately 2.6% and
4.6%, respectively. The corresponding effect size (η2 = 0.726) indicates a large magnitude
of influence of recoat speed on green part density, which is higher than that of dispense
delay (η2 = 0.623).

Table 9. One-way ANOVA results regarding the effects of recoat speed on green part density.

Source Degree of
Freedom

Adjusted Sum of
Squares

Adjusted Mean
Squares F-Value p-Value η2

Recoat Speed 2 0.05025 0.025127 59.69 0.000 0.7262
Error 45 0.01894 0.000421
Total 47 0.06920

A lower recoat speed results in a larger amount of powder being dispensed across the
powder bed, leading to a higher powder pile in front of the roller. During the spreading
process, as the roller moves across the powder bed, the powder pile in front of roller causes
more powder to be pushed downward and promotes powder particle rearrangement,
resulting in more effective powder particle packing and higher green part density [27].
Higher green part density at lower recoat speed may occur because the slower roller can
better push larger particles downward into the powder bed instead of dragging them
across the powder bed surface. Conversely, a higher recoat speed dispenses less powder,
producing a lower powder pile in front of the roller. The reduced pile height limits powder
particles to be pushed downward and powder particle rearrangement during spreading,
leading to lower powder particle packing and, consequently, lower green part density
compared with conditions with a higher powder pile.
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3.4. Effects of Recoat Speed on Powder Bed Density

Table 10 presents the experimental data of powder bed density under varying recoat
speed (5, 10, and 20 mm/s) and a constant dispense delay of 1 s.

Table 10. Powder bed density under varying recoat speed and a dispense delay of 1 s.

Recoat Speed
(mm/s) Location

Powder Bed Density (g/cm3) Average Powder Bed
Density (g/cm3)

Standard
Deviation (g/cm3)Replication 1 Replication 2

5
P1 1.78 1.71

1.81 0.0541P2 1.84 1.81
P3 1.88 1.84

10
P1 1.64 1.63

1.70 0.0485P2 1.74 1.74
P3 1.73 1.74

20
P1 1.49 1.48

1.50 0.0134P2 1.51 1.52
P3 1.51 1.50

Figure 10 (drawn from the data in Table 10) presents graphically the results regarding
the effects of recoat speed on powder bed density. As recoat speed increased, the average
powder bed density shifted downward. Among the experiment data, the highest average
powder bed density was recorded at the lowest recoat speed of 5 mm/s. The median line
of powder bed density followed an identical trend. The interquartile range was the largest
at the recoat speed of 10 mm/s and the smallest at the recoat speed of 20 mm/s, while the
range within 1.5 IQR was the largest at the recoat speed of 5 mm/s and the smallest at the
recoat speed of 20 mm/s. The lowest standard deviation was observed at the recoat speed
of 20 mm/s, indicating more consistent powder bed density values at this experimental
condition compared with the recoat speed of 5 mm/s and the recoat speed of 10 mm/s.

Figure 10. Effects of recoat speed on powder bed density at a dispense delay of 1 s.

Table 11 shows the one-way ANOVA results regarding the effects of dispense delay
on powder bed density. The low p-value (p < 0.05) indicates that recoat speed has a
statistically significant effect on powder bed density whereas the error term represents only
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random variation. A recoat speed of 20 mm/s and a dispense delay of 1 s were used as the
baseline condition. Decreasing the recoat speed to 10 mm/s and 5 mm/s while keeping
dispense delay as constant resulted in powder bed density improvements of approximately
13.3% and 20.7%, respectively. The corresponding effect size (η2 = 0.8996) indicates a large
magnitude of influence of recoat speed on powder bed density, which is higher than that of
dispense delay (η2 = 0.8140).

Table 11. One-way ANOVA results regarding the effects of recoat speed on powder bed density.

Source Degree of
Freedom

Adjusted Sum of
Squares

Adjusted Mean
Squares F-Value p-Value η2

Recoat Speed 2 0.29423 0.147117 67.24 0.000 0.8996
Error 15 0.03282 0.002188
Total 17 0.32705

The increase in powder bed density with lower recoat speed can be attributed to the
larger amount of powder dispensed from a horizontally moving hopper. A lower recoat
speed allows more powder to accumulate on the powder bed, and the roller subsequently
compacts the powder layer by removing loose excess powder and filling surface voids. This
process improves powder packing and reduces interparticle voids, resulting in a denser
powder bed.

Figure 11 presents condition-level scatter plot of green part density (g/cm3) and pow-
der bed density (g/cm3) for all the data collected from this study. Black squares represent
the mean values for each experimental condition. Horizontal and vertical error bars indi-
cate the standard deviation of powder bed density and green part density, respectively. The
blue line represents the linear regression trend. With the increase in powder bed density,
an increase in green part density is observed, indicating a positive relationship between
the two density values. This observation is consistent with a reported study on binder
jetting (performed on a ComeTrue T10 printer) using alumina powder with a particle size
of 20 µm [6]. That study showed that an increase in powder bed density led to an increase
in green part density [28]. A linear regression line is included in Figure 11 to illustrate this
overall trend, although the relationship is not strictly linear. It should be noted that powder
bed density was measured without binder deposition, whereas green part density included
the binder. Consequently, the observed relationship of green part density and powder bed
density should be interpreted as indicative rather than strictly causal.

Figure 11. Condition-level scatter plot of green part density (g/cm3) and powder bed density (g/cm3).

https://doi.org/10.3390/jmmp10030080

https://doi.org/10.3390/jmmp10030080


J. Manuf. Mater. Process. 2026, 10, 80 15 of 16

4. Conclusions
This study is the first to investigate the effects of dispense delay and recoat speed on

green part density and powder bed density in binder jetting additive manufacturing. These
effects have been largely underreported in the literature despite extensive research on other
process parameters.

The results showed that varying dispense delay and recoat speed significantly en-
hanced both green part density and powder bed density. At a fixed recoat speed of 5 mm/s,
increasing the dispense delay from 0.2 to 5 s led to an improvement in green part density
and powder bed density. Similarly, decreasing the recoat speed from 20 to 5 mm/s at
a constant dispense delay of 1 s increased the green part density and powder bed den-
sity. One-way ANOVA results showed that both dispense delay and recoat speed had
statistically significant effects on green part density and powder bed density.

Future studies will investigate the interaction effects of dispense delay, recoat
speed, and other process parameters to better understand their combined influence on
green part density and powder bed density under conditions with and without powder
bed compaction.
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