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Abstract. Sand Binder Jetting is one of the most important innovations that foundry field
experienced in recent years. One of the main challenges of Binder Jetting consists in the handling
of the large machine volumes and in the consequent tendency to show building box inhomogeneity,
in terms of performance and quality of the printed pieces. This paper presents a process capability
study of an industrial sand printer, used in the field of cores for the cast iron foundry of hydraulic
valves, with a focus on the part dimensional accuracy and mechanical resistance (bending
strength). Printing orientation of the parts, as well as their positioning inside the building box, are
considered as factors of the investigations. Results show that the printing direction is the most
impactful parameters, whereas the Z oriented parts show less dimensional accuracy and the
weakest mechanical resistance. XY location in the layer is also seen to vary the parts resistance,
more than the parts accuracy. Part density varies by about 20% while their bending resistance of
about 30% in the building box. Expressions of an existing correlation between parts resistance and
part density are observed, but these are not strong enough to justify all of the observed results.

1. Introduction

With the advancement of Industry 4.0 and hybrid manufacturing the integration of additive
manufacturing (AM) into casting processes has gained momentum. Foundries can now overcome
traditional limitations in the sand moulds and cores production, by producing highly intricate
components directly from digital models through Binder Jetting (BJ) technique [1]. This process
enables the rapid production of high-quality, complex sand molds and sand cores tailored for
improved casting outcomes [2]. Compared to conventional sand mold fabrication, BJ molds can
achieve weight reductions of up to 33% [1] and contribute to sustainable production by cutting
resin consumption by approximately 50% [3],[4]. Along with the above benefits, BJ printing
presents challenges. The reduction in resin content comes with a trade-off, leading to reduced core
strength compared to standard manufacturing techniques, such as blown method. This makes resin
selection a crucial factor in determining both structural integrity and thermal resistance
[31,[51,[6],[7]. On the other side, mechanical consistency and dimensional precision, particularly
when large build boxes are employed to meet high production demands, are additional aspects that
requires attention. In this process, binder droplets infiltrate compacted sand layers primarily
through capillary action [8], yet variations in sand compaction can lead to inconsistencies in local
binder saturation and adsorption, ultimately affecting the uniformity of BJ sand parts [9],[10].
Furthermore, large build boxes introduce additional variability in printed core properties,
complicating efforts to systematically evaluate machine performance across different regions of
the build chamber. Beyond these aspects, numerous process parameters, including sand type,
particle distribution, recoating velocity, layer thickness, activator concentration, and binder
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saturation, can further contribute to variations in thermo-mechanical behaviour of the sand cores
[2],[3],[11].

Therefore, assessing the dimensional accuracy and mechanical reliability of BJ printed cores, a
thorough assessment of machine performance and process stability is essential [3].

This study focuses on evaluating the homogeneity of an industrial BJ printer’s build box by
analysing the dimensional consistency of printed cores, as well as their density and mechanical
behaviour under bending loads. The paper is organized as follows: Section 2 introduces the Binder
Jetting industrial system used for the experimentation and the build box homogeneity
characterization approach. Section 3 presents the experimental assessment of mechanical strength
and dimensional uniformity through homogeneity analysis. Section 4 summarizes key findings
and provides recommendations for future research.

2. Material and Methods

2.1 Sand Binder Jetting Machine

ExOne S-Max Pro 3D system was used to print the tested specimens, Figure 1. The printer has a
building box of 1260 Liters (1.8 m x 1 m x 0.7 m). As the main objective of this work is to study
the effect of different setup configurations on the homogeneity of sand cores properties, the
printing parameters of the BJ process were kept constant (basing on previously performed printing
tests). In particular, the adopted layer thickness was 0.28 mm, the X-resolution was 0.14 mm, the
Y -resolution was 0.10 mm, the deposition speed was 155 mm/s. The sand adopted is a mixture of
Silica and synthetic ceramic sand. The binder used is a Furan-based resin, commonly employed in
3D sand printing for foundry applications. The percentage of binder used are 1.8%vol, while
catalyst is added in 0.1%vol.

ay psite recoater

Figure 1 Binder Jetting printer and top view of its building box (in the XY plane)

2.2 Experiments description:

2.2.1 Specimens geometry

The printed specimens are rectangular prisms with a square cross-section and nominal dimensions
of 172 mm X 22.4 mm x 22.4 mm according to guidelines of the American Foundry Society (AFS)
for the bending strength characterization. The specimens were stored 24 hours after printing and
then depowered. The dimensional analyses of the parts were conducted between 24h-36h after the
printing of the specimens and were executed following the scheme illustrated in Figure 2 by
adopting multiple vernier caliper measurements. For each specimen, three measurements were
taken for each dimension (L, W, B). The mean values of these three measurements per direction
were analyzed. Parts were then weighed once with aid of digital balance.
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Figure 2 Dimensional Measurements and relation with recoater and printed layer directions.

2.2.2. Experimental Design
The experiments are designed to establish the homogeneity of the printed specimens in terms of
dimensions, density and bending strength. The following factors are considered:
e Part orientation with respect to the printing direction (“Direction”) inside the building box
e The vertical distance Z from the platform (“Z position™)
e The position inside each layer on the platform XY (“Location”)
The levels for each of the varied factors are indicated in Table 1.

Table 1 Factors and levels for the homogeneity experiment

Factor Number of levels Levels
Direction 2 levels X, Z
Z position 3 levels Bottom, Middle, Top
Location 5 levels L1,L2,L3,1L4,L5

For each combination of Direction, Z position and Location 5 specimen replicates were printed,
therefore the total number of experiments was equal to 150 specimens: 2 Directions x 3 Height x
5 Locations x 5 replicates. All specimens were printed in the same printing job.

2.3 Mechanical Characterization

The Transverse Rupture Strength (TRS) was used as mechanical characterization method to
quantify the performances of the cores in different configurations of the building volume. Tests
were performed on a Benet Lab equipment at ambient conditions (24°C) by using a three-point
bending method after 24h/36h from the printing (to lock the known effect of self-curing time of
the cores [12],[13]). The maximum bending force, tackled by the parts, is transformed into TRS
value, by considering the resistant cross section. The TRS is estimated with the following formula:
TRS=3LF/2bd* (eq.1) where F is the measured force, L the distance between supports (150 mm),
and b and d are the parts’ cross-section dimensions.

3 Results

3.1 Dimensional Analysis

In almost all cases, the actual specimen sizes exceed the nominal values of about 0.8-1.2% per
direction. Figure 3 presents boxplots illustrating the deviation of the average dimensions from the
nominal values for different Z-positions and orientations. The only undersized dimensions were
found on the specimens printed in X and Z direction for the BOTTOM Z-position level, for the
breadth and the length direction, respectively. The parts printed in Z direction generally present
higher sizing errors than those printed along X direction (except for the Z oriented parts in the
MIDDLE Z-position level). This anisotropic behavior confirms what previous works have noticed
for sand BJ parts [14],[15]. The error in the length of the Z oriented specimens drops from the TOP
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to the BOTTOM Z-position level, where it is almost negligible. The absolute values found are in
the same range of previous literature. At the same time, the other dimensions of the Z oriented
parts seem not to vary with the Z-position level in the building box. Conversely, the X specimens
tend to show variable breadth with the printing level, whereas at the TOP Z-position level the parts
seem larger in breadth. Overall, the average parts’ height remains almost stable across different Z-
positions (but with an overall oversizing error of about 0.8%). To conclude, the average error in
Specimen Height is quantified as +0.2 mm, and +0.18 mm, for the X and Z oriented parts
respectively. The average error in Specimen Breadth is quantified as +0.06 mm, and +0.23 mm,
for the X and Z oriented parts respectively. The average error in Specimen Length is quantified as
+0.19 mm, and +0.92 mm, for the X and Z oriented parts respectively.
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Figure 3. Box plot of the dimensional deviation from the nominal value for a) length, b) breadth
and c) height.
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Figure 4 Box plot of the dimensional deviation from the nominal value for a) Density, b)
Average Volume and c) Mass

Figure 4 shows the Volume, Mass and Density boxplots. It can be observed that the volume of
the parts is on average bigger than the nominal of about 1.9% and that the Z-position strongly
affects the response (lower volume errors are observed in the BOTTOM plane. Mass property for
the parts, is varying in a less clear manner. The mass of the parts printed in Z orientation show
much larger variability (about 6.5% in average) than those printed in X direction (in average 2%).
This suggests the sequence of layering effect is very much governing the binder adsorption and
the sand agglomeration. Parts’ densities are affected consequently: larger variability in Z oriented
parts is observed with a clear contribution of the Z-position factor.

A statistical analysis was conducted to assess the effects of the varied factors. Since the three
dimensions are uncorrelated, three separate linear regression models were estimated. The boxplots
indicate that Z-position has a strong influence on the variability of the average length response.
Consequently, a weighted model was applied to this response. The weights were computed as the

inverse of the estimated variance for each Z-position level, following the equation w; = P eq.2,
h;
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where Gy, represents the estimated residual variance for each of the three levels (i) of the Z-position
factor. The model for height exhibited poor fit (adjusted R? around 10%) and was therefore
excluded from the summary. In fact, Height dimension remains largely unchanged across different
conditions and therefore the average height value can be adequately described by its mean value.
Several key findings can be derived from the statistical analysis, summarized in Table 2.

- The py position has a significant influence, particularly on the Length response.

- The Orientation factor is highly influential for both Length and Breadth responses.

A highly significant interaction is observed between Z-position and Orientation.

Breadth Term Estimate Std. Error t-value p-value
(Intercept) 23 0.064211 351,381 <2e-16 HHE
px -0.003500 0.008706 -0.402 0.68827
py -0.015722 0.008706 -1,806 0.07305
py? 0.029222 0.019467 1,501 0.13554
Height 0.037467 0.067435 0.556 0.57936
DirectionZ -0.113422 0.041204 -2,753 0.00668 **
Height*Direction Z 0.137133 0.019074 7,190 3.4e-11 ok
Height? -0.043967 0.016518 -2,662 0.00867 **
Length Term Estimate Std. Error t-value p-value
(Intercept) 172.4793 0.481592 358,144 <2e-16 ok
px 0.009921 0.020196 0.491 0.62401
py 0.062740 0.020196 3,107 0.00229 **
py? 0.150664 0.045160 3,336 0.00108 **
Height -0.427558 0.442730 -0.966 0.33582
DirectionZ 2,928,218 0.295401 9,913 <2e-16 HHE
Height Direction Z -1,078,817 0.101174 -10,663 <2e-16 HHE
Height? 0.098100 0.097792 1,003 0.31750

Table 2 ANOVA results for the average breadth and length (*** significant factor with p-value
< 10-4, ** factor significant with a p-value < 0.01 and * factor significant with a p-value <
0.05. R%adj = 60.1% for the Breadth. R*adj = 66.48% for the Length.

3.2 TRS Homogeneity

In terms of TRS values, the obtained values range from about 50 to 350 N/cm?. The maximum
values measured are in line with previous literature adopting the same printing equipment and
binder type, but different sand type

A correlation analysis between the density of the specimens and the resulting TRS value was
conducted, Figure 5. Five specimens were identified as outliers, due to their significantly lower-
than-expected TRS values (these specimens exhibited printing defects). The correlation seems
weak, with an R? of 29.3%. This indicates that specimen density alone is insufficient to fully
describe the overall mechanical behavior of the specimens.

The effects of Location, Z-position, and Orientation on TRS performance were then analyzed.
Given the weak correlation between density and TRS, a multivariate regression model was
employed to enhance predictive capability by incorporating this relationship. The ANOVA results
are presented in Table 3.

The low correlation between TRS and density leads to distinct significance structures for each
response. For TRS, the most significant effects are attributed to the position on the XY plane (py°),
Orientation, and the interaction between Z-position and Orientation. In contrast, for Density,
nearly all factors are significant, with Orientation being the least influential.

To visualize the variation of TRS and Density within the build volume, prediction maps were
generated based on the estimated equations. The prediction map for TRS (Figure 6) confirms a
strong influence of the XY position, as expected. It also highlights that the worst conditions occur
at the Top position when specimens are oriented in the Z direction. Conversely, for specimens
oriented along the X-axis, the Z-position has a smaller effect. This explains why the interaction
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between Z-position and Orientation is significant for TRS: the impact of Z-position depends on

how specimens are oriented during the printing.
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Figure 5 Correlation between density and TRS. a) Plot with all of the specimens, b) Correlation
analysis, after removing outliers.

TRS Term Estimate Std. Error t-value p-value
(Intercept) 264,689 15,742 16,814 <2e-16 HHE
px 3,608 2,177 1,657 0.09985
py -5,175 2,177 -2,377 0.01886 *
py? 19,756 4,774 4,138 6.08e-05 HEE
Height -2,275 16,613 -0.137 0.89130
DirectionZ -30,261 10,358 -2,921 0.00408 **
Height*Direction Z -13,115 4,783 -2,742 0.00692 *E
Height? 1,938 4,071 0.476 0.63488

Density Term Estimate Std. Error t-value p-value
(Intercept) 1,400,275 0.015806 88,590 <2e-16 ok
px -0.012209 0.002186 -5,584 1.22e-07 HHE
Py -0.010783 0.002186 -4,932 2.32¢-06 HHE
py? 0.059017 0.004793 12,312 <2e-16 HHE
Height -0.075364 0.016681 -4,518 1.34e-05 ok
DirectionZ 0.005305 0.010401 0.510 0.611
Height*Direction Z -0.010467 0.004802 -2,180 0.031 *
Height? 0.018428 0.004088 4,508 1.39¢-05 HEE

Table 3. ANOVA results for the TRS and density. (*** significant factor with p-value < 10-4, **
factor significant with a p-value < 0.01 and * factor significant with a p-value < 0.05). R’adj =
62.76 for the TRS. R’adj = 63.76% for the Density.

For part density, Figure 7, Orientation does not appear to have a significant effect, as the maps
remain similar for X and Y orientations at the same Z-position and XY location. However, Z-
position is clearly a highly significant factor, with specimen density decreasing as the distance
from the platform increases. For both TRS and Density, the py” factor is significant, as evident in
the influence of the L5 position, which consistently yields different results compared to the corners
of the build volume (positions L1, L2, L3, and L4). Consequently, mechanical properties are
different at platform edges compared to the center position. These findings indicate that part
position within the build volume and orientation can significantly impact the quality of cores
produced using the BJ system.

There is a high complexity of the physical phenomena involved in sand BJ printing and many
reasons could justify the observed behaviors. Clearly, the bed packing density is a leading factor
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that affects the binder adsorption and therefore the binder distribution. A more densely packed
sand bed and more resin content in the parts result in higher TRS values, primarily because of
increased interlocking among the sand particles within a given area and more resin necking among
sand particles, respectively. Loss of Ignition (LOI) testing have been preliminary conducted on
few of the tested samples, giving values ranging from 1.85%. This preliminary finding, which
agrees with the theoretical binder content adopted, seems to suggest that there were no sensible
variations in the actual binder content of the printed parts, excluding the binder content variations
from the leading mechanisms, that could have generated anisotropies among the parts. However,
further experiments must be carried out to confirm this point. Surely, the adopted hybrid sand,
which is composed of two sand types, with different shapes and flowability, is another important
factor that can introduce a relevant variability in the powder bed density. This could be the results
of powder spreading behavior of the sand mixture (with maybe some powder segregation) and
further investigations are required to confirm the importance of this aspect. The much lower values
in the TRS and density values, as well as in the geometrical and dimensional accuracy, noticed in
the Z-oriented parts is something that requires particular attention in the tested BJ system, which
confirms part orientation is a strong factor for the quality of the printing.

All in all, further analyses are required to determine whether the observed anisotropies inside
the powder bed also affect other core properties, with respect to studied ones.
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Figure 6 Prediction map for TRS (N/cm?) based on the multivariate regression model estimated.
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Figure 7 Prediction map for density (g/cm’), based on the multivariate regression model
estimated.

5. Conclusions

The analysis confirms that dimensional accuracy and mechanical strength of the horizontally and
vertically printed specimens are notably different. This makes the selection of the molds/core
orientation in the building box of the BJ machine critical and suggests that this aspect must undergo
detailed optimization. With respect to the very few previous literature works that attempt to map
the volumetric behavior of the BJ printer, such as [14],[15], this works provide a detailed statistical
characterization which improves the robustness of the findings and that can be straightly used to
develop advanced compensation algorithms, basing on the predicted map.

The sand BJ process appeared sensitive also to the position on the building box (both XY and
7). Quadratic effects were found on the XY positions, whose causes could be likely attributed to
the spreading inhomogeneities caused by the blade recoater mechanism.

The observed variability of the part strength could not be entirely explained by taking into
account the variations of the average part density. This suggests that the mechanical response
observed could have been led by contributes of local defects inside the printed cores, as a result of
the BJ process, or to additional inhomogeneities caused by unstudied factors, such as binder
adsorption and distribution or temperature evolution inside the bed. Future dedicated experimental
campaigns are needed to further investigate these aspects.

More generally, the applied statistical methodology enables the systematic mapping of all these
effects, enabling the possibility of verifying the effect of many other factors - such as sand
characteristics or printing parameters - on many other responses (such as cast quality). This can be
useful not only for implementing larger process optimization schemes, but also for running
condition maintenance routines on the system.
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