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ABSTRACT

Binder jetting is one of the most important additive manufacturing methods because it is cost-
effective, has no thermal stress problems, and has a wide range of different materials. Using
binder jetting technology in the industry is becoming more common recently. However, it has
disadvantages when compared to traditional manufacturing methods in terms of manufacturing
speed. In this study, adaptive slicing was used to increase the manufacturing speed of binder
jetting. The real use of adaptive slicing in binder jetting was applied for the first time in this
study. In addition, a variable binder amount algorithm has been developed to use adaptive
slicing efficiently. Quarter-spherical shaped samples were manufactured using variable binder
amount algorithm and adaptive slicing method. Samples were sintered at 1250°C for 2 hours
with 10 °C/min heating and cooling ramp. SEM analysis and surface roughness tests were
done. According to the results obtained from the analyzes, similar surface quality is achieved by
using 38% fewer layers than uniform slicing.

1. Introduction

Additive manufacturing technology was first developed and popularized in the mid-1980s. The
first additive manufacturing machine was built and patented by Charles Hull in 1986 [1]. Before
Hull's patent, some studies and patent applications have been done [2]. After Hull's patent,
many additive manufacturing methods were developed. One of these methods is binder jetting,
developed by Sachs et al [3]. Binder jetting is a very important additive manufacturing method
and many companies are interested in this technology [4-6]. All kinds of powdered material can
be used in binder jetting. Therefore, it has the widest range of materials among all additive
manufacturing methods [7-10]. Binder jetting is also one of the most cost-effective additive
manufacturing methods and does not require a support structure [11-15]. It is more
advantageous to use binder jetting than powder bed fusion methods in terms of thermal stress
[16]. Surface roughness and dimensional tolerance are important parameters in manufacturing.
There are many studies to investigate surface quality for binder jetting [17-23]. Hartman et al.
[24] tried to remove stair-step effect by using the greyscale method. They controlled the
saturation by droplet size variation. They used these methods to make sand molds. Rodomsky
and Caitlyn [25] also studied the stair-step effect and surface roughness. They manufactured a
sample that has surfaces with angles from 5° to 30° at 5° intervals. They observed that the stair
step effect is prominent on surfaces between 5° and 20°.

Generally, layer thickness should be reduced in order to improve surface roughness. However,
using thin layer thickness increases manufacturing time. Manufacturing time can be reduced by
using multiple print heads [10]. Adaptive slicing can be used to increase manufacturing speed.
Adaptive slicing was first developed by Dolenc and Makela [26] and is generally used in the
fused filament fabrication method.

Persembe et al. [27] have mentioned that adaptive slicing can be used in binder jetting.
However, the concept they propose may not be considered to be exactly adaptive slicing. They



manufactured samples with a spherical upper part and a rectangular lower part. The one has

127 pm uniform layer thickness, the second one has 381 um uniform layer thickness, and the
third one has two step layer thickness that layer thickness of the spherical part is 127 um, and
the layer thickness of the rectangular part is 381 um. But, in order to fully implement adaptive

slicing, layer thicknesses must not be constant in the sphere part [27].

In this study, the adaptive slicing method is fully utilized in binder jetting. Quarter-spherical
models were used for adaptive slicing. In the sliced models, the layer thicknesses gradually
decrease from the bottom region to the top region. In addition, a variable binder amount
algorithm was applied in this study. This algorithm is needed because the layer thicknesses are
gradually changing. The same amount of binder should not be sent to the layers with different
thicknesses. To the best of our knowledge, adaptive slicing has been fully implemented in
binder jetting for the first time. Similar surface quality was achieved by using lower number of
layers resulting in increasing manufacturing speed.

2. Materials and methods
2.1. Materials and equipment

Commercial alumina powder was used to print the test samples [28]. Miao et al. [29] determined
and analyzed the morphology and particle size distribution of the powder. An open-source
binder jetting 3D printer [30] was used to investigate adaptive slicing method because
commercial binder jetting machines have closed software and hardware, hence it is too hard to
implement adaptive slicing. To get better results, some modifications were made to the powder
spreader and a rotating roller was added to the 3D printer. A commercial cartridge (HP C6602A)
and the black ink of the cartridge were used for printing.

Mitutoyo SJ-400 surface roughness tester used for surface roughness measurement. JEOL
JSM-7001F device was used for SEM analysis.

2.2. Adaptive slicing

The open-source Slic3r [31] program was used to adaptively slice the stl. files of the samples. In
order to print from the open-source 3D printer, an additional operation is required on the sliced
file. Additional open-source software was used to perform this operation [32]. After this
operation, the samples can be printed.

2.3. Variable binder amount algorithm

During this study, the variable binder amount algorithm was developed by our research team.
Since the layer thicknesses are changing, jetting the same amount of binder on each layer
cause problems in adaptive slicing method. In this case, the saturation changes between layers.
If the layer thickness is thin and binder amount is high, binder can be spilled out laterally. If the
layer thickness is too much and binder amount is too low, binder can’t contact enough to the
substrate layers which causes inadequate bonding between layers (Fig. 1). In order to solve this
problem, variable binder amount algorithm is developed.
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Fig. 1. Relation between binder amount and layer thickness [33]

The steps of the variable binder amount algorithm are shown in Fig. 2. First of all, it is necessary
to determine the optimum amount of binder for a specific layer thickness (optimum saturation or
calibrated layer thickness and binder amount). In the first step, the Z coordinate is read from the
g-code file. In the second step, the Z coordinate value is subtracted from the previous Z
coordinate value and the layer thickness is determined. In the third step, the layer thickness is
divided by the calibrated layer thickness. In the fourth step, the result obtained in the third step
is multiplied by the amount of calibrated binder. By doing so, the required amount of binder is
determined and this binder amount is sent from the nozzle.
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Fig. 2. Variable binder amount algorithm

2.4. CAD models of samples

A quarter-spherical shape was used as a model in this study (Fig. 3). The spherical model was
chosen to better understand the effects of adaptive slicing. The radius of the spheres is 9 mm.
The lower surface is flatly extended by 2 mm.



Fig. 3. Quarter-spherical model
2.5. Adaptive sliced samples

Two different adaptive slicing strategies, thick-layered and thin-layered, were preferred. A thick-
layered sample was chosen so that the layers can be seen easily with the naked eye.

2.5.1. Thick-layered adaptive sample

The upper limit was chosen as 400 um in the slicing program. The resulting layer thicknesses
are shown in Fig. 4. The total number of layers is 45. The thickness of the first 7 layers is 400
pum, and the thickness of the remaining layers gradually decreases to 150 um. The three-
dimensional view of the sliced thick model (A400-150) is shown in Fig. 5. The layers are clearly
visible in the figure.
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Fig. 4. Layer thickness of the thick model (adaptive)



Fig. 5. Thick-layered model (adaptive 0.40-0.15mm)

2.5.2. Thin-layered uniform and adaptive samples

While the sample was sliced adaptively, 60 ym was chosen as the upper limit. The layer
thicknesses of the adaptively sliced sample (A60-28) are shown in Fig. 6. There are 242 layers
in total. The thickness of the first 59 layers is 60 um. Later, the thickness gradually decreases to
28 um. Whereas, layer thicknesses of 28 and 60 uym were used for uniform slicing. A sample of
uniform 28 ym (U28) has 392 layers, while a sample of uniform 60 um (U60) has 183 layers.
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Fig. 6. Layer thickness of the thin layered model (adaptive)



2.6. Printing parameters

The spreader traverse speed was 3 mm/s, the spreader rotation speed was 200 rpm and the
printing speed was 40 mm/s. The powder packing rate was measured as 25%. Saturation
adjustment is made with a parameter called print density in the used printer. Print density was
chosen as 600% and contours were jetted 4 times. According to these parameters, saturation
was calculated as 25%.

3. Results and discussions
3.1. Thick layered adaptive sample
A400-150 was manufactured to demonstrate the adaptive layers better (Fig. 7). When looking at

this sample, the layers are easily seen. It can be observed that the layer thicknesses decrease
from the lower regions of the sample to the upper regions.

Fig. 7. Thick layered adaptive green part (A400-150)

A400-150 was sintered at 1250° for 2 hours before SEM analysis. SEM images of A400-150 are
shown in Fig. 8. Bottom region has a worse surface because of the thick layers (Fig. 8b). It is
seen that the surface has improved at the upper region (Fig. 8a).
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Fig. 8. a) Top region of A400-150, b) bottom region of A400-150

3.2. Thin layered uniform and adaptive samples
Uniform and adaptive samples (green part/unsintered) are shown in Fig. 9. The layers are not

visible by naked eye because of the very thin layer thicknesses. The printing time of the U28
took 302 minutes, the U60 took 141 minutes, and the A60-28 took 182 minutes.

u60

A60-28

Fig. 9. Thin layered samples (green part)

Quarter spherical samples are sintered at 1250°C for 2 hours with 10 ‘C/min heating and cooling
ramp. SEM images of thin layered samples are shown in Fig. 10. The SEM image of the U28
sample (Fig.10.a) and the SEM images of the A60-28 are similar (Fig. 10.c and Fig. 10.d). But
the top surface of the A60-28 has the best quality (Fig.10c). U60 has the worst surface quality
(Fig.10b).
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Fig. 10. SEM images of thin layered samples (after sintering). a) U28, b) U60, c) Top region of the A60-
28, d) Bottom region of the A60-28.

After sintering, surface roughness tests were made. For each sample, a total of 6
measurements were taken, 3 from the top and bottom regions. A normality test was performed
on the obtained data from experiment samples (Tab.1.). According to the results of statistical
analysis, it was seen that the data were normally distributed.

Tab.1. Tests of normality.

. Shapiro-Wilk
Sample-region . :
Statistic  df Sig.
u28 0.876 6 0.251
Sample U60 0.979 6 0.947
A60-28 0.925 6 0.541
. Bottom Region  0.939 9 0.566
Region .
Top Region 0.946 9 0.651




According to the results of the normality test, it was seen that the data were normally distributed.
Since the p-value is less than 0.05, the data shows a normal distribution. The descriptive
information about the obtained data is summarized in Tab.2.

Tab.2. Result of the tests.

Sample-region Mean (u) gtg\}iation Minimum Maximum Variance
u28 10.458 2.051 8.120 14.230 4.206
Sample U60 12.737 1.559 10.610 14.950 2.431
AB60-28 11.965 0.795 11.070 13.070 0.632
. Bottom Region 11.670 1.778 9.620 14.950 3.161
Region Top Region 11.770 1.842 8.120 14.230 3.391
Total 11.720 1.757 8.120 14.950 3.086

It has been determined that the measurement values of the surface roughness of samples vary
between 8.12 (um) and 14.95 (um). It can be said that the decrease in the layer thickness of the
sample decreased the value of the surface roughness of samples. The values of surface
roughness in the adaptive slicing method were obtained close to the U28. It can be said that the
surface roughness value is partially affected by the place where the measurement is taken on
the sample surface. The result of variance analysis determined from test samples is given in
Tab.3.

Tab.3.The results of variance
Dependent Variable: Measurement

Type Il Sum of Significant Level
Source Squares df Mean Square F (p<0.05)
Corrected Model 18.514 5 3.703 1.309 0.324
Intercept 2472.451 1 2472.451 874.040 0.000
Sample 16.113 2 8.056 2.848 0.097
Region 0.045 1 0.045 0.016 0.902
Sample * Region 2.356 2 1.178 0.416 0.669
Error 33.945 12 2.829
Total 2524.910 18
Corrected Total 52,459 17

a. R Squared = 0.353 (Adjusted R Squared =0.083)

According to the variance analysis, the effects of slicing, measuring region of surface
roughness, and interaction of them were not found statically significant at 95% significance
level. The comparisons of the means were done by employing a Duncan test to identify which
groups were significantly different from other groups, and the results are given in Tab.4.

Tab. 4. The Results of the Duncan Test

Subset
Sample N Roughness value Homogenous group
(HG)
u28 6 10.458 A
u60 6 11.965 AB

A60-28 6 12.736 B




According to the Duncan test, the surface of the roughness values were determined by
changing between 10,458 (um) and 12,736 (um). It has been determined that the surface
roughness of the samples which are consisting of thin layers (U28) is next close to the surface
roughness of the samples made by adaptive slicing (A60-28). It can be said that the surface
roughness values of the test samples increase with the increase of the layer thickness. A
comparison of surface roughness values is shown in Fig. 11. U28 has the best surface quality.
U60 has the worst surface quality. The surface quality of the bottom regions is better in uniform
samples. However, the surface quality of the upper region is better in the adaptive sample.
Because the layer thickness decreases towards the upper regions. The standard deviation of
the measurements was slightly high due to some regional defects on the surface of the
samples. This is because the C6602A cartridge has a very low resolution (96 DPI) and black ink

is not very adequate as a binder.
All
mU28 mU60 = A60-28

Bottom Top
Fig. 11. Comparison of surface roughness
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4. Conclusions

Many complex-shaped products are manufactured in the industry. The diversity and complexity
of products are increasing day by day with the developing technology. While conventional
manufacturing methods are insufficient to meet this need, additive manufacturing methods that
have many advantages offer many opportunities. Surface quality and production speed are very
important in the manufacturing of very complex shapes. Adaptive slicing can be used to achieve
high production rates without reducing surface quality.

The adaptive slicing method has been successfully applied in binder jetting. In addition, a
variable binder amount algorithm has been successfully implemented. Products with high
surface quality can be manufactured more quickly by using the adaptive slicing method. The
adaptive sample (A60-28), U28 and U60 have layers 242, 392 and 183, respectively. The
printing time of the U28 took 302 minutes, the U60 took 141 minutes, and the A60-28 took 182
minutes. Although 38% fewer layers are used in A60-28 (adaptive), similar surface roughness is
obtained compared with U28, and manufacturing time was reduced by approximately 40%.



It was determined from surface roughness tests that the surface quality of the top region of the
sample which was made by using the adaptive slicing method better than the bottom region of
the same sample. However, the surface quality of the top and bottom regions of the adaptive
sample was similar in the SEM images. The variable binder amount algorithm has a great role in
this situation. If this algorithm was not used, more binder would be sent to the thin layers in the
upper regions, and therefore the upper regions would have a worse surface. However, if the
amount of binder was reduced to compensate for this situation, this time there would be breaks
between the layers in the lower regions.

Because of the fact that commercial binder jetting 3D printers have closed software and
hardware, open-source printers and software are used in this study. If adaptive slicing is applied
to commercial printers, maximum performance can be achieved. As a result, the variable binder
amount algorithm and adaptive slicing will play an important role in the binder jetting method in
the future.
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