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Abstract

3D sand mold printing allows rapid and direct fabrication of complex-shaped molds and cores that helps to overcome the
limitations of conventional casting. The manufactured molds and cores, having complex geometries, are subjected to severe
thermomechanical loads during casting and thus must have sufficient rigidity to meet the technical requirements. Therefore,
a mastery of their behavior and intrinsic sand properties becomes essential for a better dimensioning of molds and cores but
also the simulation of casting processes. The bending is the most critical load type, for sand cores under casting conditions,
and therefore needs to be characterized. This study proposes to investigate the effect of testing parameters, which are span-
to-thickness and strain rate, on the three-point bending behavior of printed sand. The results showed that the elastic modulus
increases with the rise of the span-to-thickness parameter and is not affected by the strain rate. The bending strength, for its
part, is only affected by strain rate. The test results and DIC measurement made it possible to give recommendation for the

optimal testing parameters.
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1 Introduction

The 3D printing of molds and cores using binder jet technol-
ogy makes possible many improvements in casting process.
Compared to conventional casting, it provides the capability
to fabricate any complex mold and core geometries, which
are impossible to obtain without 3D printing, using layer-
by-layer deposition without the use of patterns and core box
[1, 2]. Indeed, 3D sand mold printing helps to overcome the
limitations of conventional casting such as limitations on
geometry, providing undercuts and higher lead times due to
the pattern making. This technology allows rapid and direct
fabrication of complex-shaped molds and cores of custom-
made and production of unit pieces.

The design freedom offered by additive manufacturing
(AM) combined with the good dimensional accuracies of
the obtained parts allows to increase the capability of casting
process by the following: the decrease of the required metal
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by using hemispherical riser instead of cylindrical riser [3];
improving the casted part quality and dimensional accuracy
following the fast and uniform cooling of the casting allowed
by the use of shell-truss sand mold [4, 5]; improving the melt
flow control that leads to reducing the presence of inclusion
by using optimized parabolic and conical-helix sprue [6];
increasing the freedom in design of riser and gating system
[7], etc. Additive manufacturing of sand mold has revolu-
tionized the molding industry by allowing weight reductions
of complex parts of up to 33% [8], without losing the techni-
cal requirements of the component, while reducing inclu-
sions [9] and offering energy savings [10].

However, to achieve these performances, the mechanical
behavior of the printed sand must have sufficient rigidity to
meet the technical requirements and not too high to avoid
generating excessive residual stress that may give casting
defects [11, 12]. Several works in the literature have there-
fore focused on the characterization of the mechanical behav-
ior of printed sands, through classical and non-classical
mechanical tests, to identify the intrinsic characteristics
of the material and to dimension the molds and cores for
foundry applications as accurately as possible. Due to the
difficulty in clamping the 3D printed sand specimen on the
tensile machine, which is due to the porous nature and brittle
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behavior, the most used tests to identify the mechanical
parameters are bending test using single prismatic specimen
[13, 14], tensile test using dog bone specimens [4], compres-
sion using unconfined compressive strength specimen [15,
16], and indirect tensile strength test using the Brazilian test
[17,18].

Three-point bending is the most widely used method for
testing the quality of cores and molds prepared with printed
sand in the foundry industry. This is due to the technical sim-
plicity of conducting these tests coupled with the need for
mechanical performance of the cores in terms of sufficient
strength to allow handling and manipulation operations and
high bending strength. Indeed, bending is the most criti-
cal type of loading, for sand cores under casting conditions,
which can be imposed by clamping forces, thermal load,
flow drag, and buoyancy loads.

The different results of the literature showed that the final
properties and quality of the 3D sand printed mold depend
on the printing parameters. A high re-coater speed results in
high porosity, which when followed by curing at lower tem-
peratures improves polymerization of resin and increases
the evaporation of solvent and hence, the sand particles get
tightly packed [14, 19]. Sand compaction, which affects the
strength and permeability of the mold and thus the casting
quality, is also affected by the orientation and the position
of the specimens in the job box [20]. This is due to the
layering which strongly affects the behavior of 3D printed
sands [17, 18]. This anisotropic behavior of printed speci-
mens is due to more oriented porosity along the direction
of printhead movement which impacts the trajectory of the
droplet [17]. This anisotropy effect must therefore be con-
sidered when defining the mold position in the printer job
box.

Another important parameter that has been studied is the
layer thickness. Indeed, increasing the layer thickness under
the same binder saturation conditions leads to an increase in
flexural strength due to improved powder pulverization and
binder penetration in the vertical and lateral directions [21].
Finally, concerning the effect of the constituent properties
of the printed sand, it has been shown in the literature that
increasing the grain fineness index leads to a decrease in
mechanical properties while increasing the binder ratio and
curing time improves the mechanical properties [15, 16].

In addition to the effect of processes, test conditions and
environment also play a non-negligible role on the measured
behavior. Indeed, the final properties and quality of the 3D
sand printed mold depend on the time and storage conditions
prior to testing due to the interaction of the material with the
environment and specially with the humidity uptake [13].
The analysis of the results of the different studies shows a
difficulty in reproducing the mechanical properties which
can be attributed to the porous nature of the printed speci-
mens but also to the testing conditions [22-24] or to test
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conditions. Some strategies were proposed to avoid dis-
persed mechanical properties obtained by three-point bend-
ing strength like the use of test with an anti-buckling device
[22].

Despite the numerous studies published in this field,
the behavior of printed molds remains not fully mastered
because of the several parameters influencing the behavior
of printed sand.

The studies of the literature highlighted the important
effect of the processes and the storage conditions on the
behavior of the printed sand but no studies, to our knowledge,
address the effect of test conditions. Moreover, the studies
use different experimental protocols to carry out the three-
point bending tests, which show a significant dispersion of
results, making it difficult to compare and cross-reference
their results. However, the dimensioning of foundry molds
and cores requires the behavior laws and the real intrinsic
elastic parameters of the material allowing to have robust
numerical simulations.

It is within this framework that this study aims to con-
tribute to the mastery of the printed sands’ behavior through
the evaluation of the effect of test conditions on the stiffness
measured by three-point bending test. Digital image corre-
lation (DIC) technique, which is a contactless method, was
used to measure the strain field of sand specimens during
tests to analyze the obtained behaviors according to the dif-
ferent conditions.

2 Experimental procedure
2.1 Materials and method

The three-point bending test specimens were printed, layer-
by-layer, by the binder jetting 3D printer ExOne S-Max
Machine, which is equipped with 1800 x 1000 x 700 mm?
job box. The re-coater spread a 280-pum layer of sand pre-
mixed with the acid activator on the job box and the inkjet
printer head applies a furfuryl alcohol-based binder to the
appropriate zone of the layer. A slice of specimen is formed
by particle sand bonding within the zone where the binder
was applied. The other areas with unbound sand, which will
be removed at the end of printing, are used as support for
next slices during printing. The job box moves downwards,
and a same process continues until the last slice is printed.
The recoating speed used for printing the specimens is
150 mm/s with a sand that has an average grain size of silica
particles of 140 pm and its standard deviation is 25 pm. The
drop frequency of the inkjet printer head is 10 kHz with a
print resolution of 0.11 mm and printhead voltage, which
controls drop volume, is 79.8 V. All the tested specimens
were printed in the “Z” direction to overcome the effect
of the printing direction on the characterized mechanical
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Fig. 1 Printing configuration of the specimens

behavior which has already been characterized in the lit-
erature (Fig. 1). The specimens were printed with several
lengths but with a 22-mm square cross-section. This cross-
section has been chosen because of being the most used in
the literature for the bending specimens of printed sand as
well as the sand obtained using core box [13, 24] but also
the most widely applied for the quality control of sand cores
as described by American Foundrymen’s Society [25] and
similarly by the German standard VDG [26]. The specimens
have an apparent density of 1315 +7 kg/m?>.

After printing the specimens, bending tests were per-
formed on a universal testing machine Instron 3366 with a
10 kN load cell. A data acquisition rate of 100 Hz was set
using a Bluehill software. The loading and supporting pins
of the three-point bending device have a diameter of 10 mm.

Two testing parameters were investigated in this study
to highlight their effect on the mechanical behavior of the
printed sand: testing speed and the span-to-thickness (length/
height) ration. Three-point bending tests were performed at
two displacement rate levels (0.05 and 5 mm/min) to investi-
gate the effect of strain rate on the 3D sand printed behavior.

To assess the effect of the span-to-thickness ration (L/h),
several configurations were tested. The three-point bending
test can give rise to a combined effect of bending and shear
behaviors. This combination is governed by the value of span-
to-thickness ratio. When it is important one tends to have a
pure bending, whereas when it is weak the shear behavior is
predominant. Between the two, one obtains a behavior com-
bining pure bending and shearing. Bending tests with differ-
ent span-to-thickness ratios (L/h) were therefore carried out to
define a ratio minimizing the shearing effect. Seven distances

between the two supporting pins (L from 60 to 200 mm) were
allowed by the used bending device (Table 1). This range of
variation integrates the most used distance in the literature
which is 150 mm [13, 20, 24].

The specimen section remained fixed (22 X 22 mm); this
gives a span-to-thickness ration going from 2.73 to 9.09
(Table 1). The different batches of specimens were printed
with length equal to the distance between the two support-
ing pins (L) to which it was added 10 mm overhang on each
side (specimen length =L +20 mm). Therefore, the specimens
are not of the same length. This avoids the parts of the speci-
men, which are located beyond the supports, generating forces
opposite to the applied load and therefore disturbing the result,
given the forces reached and the density of the material.

In a general case of three-point bending tests, the deflection
is given by the Timoshenko beam theory below:

pP.L3 P.L

A= LB
BbD | IAG M

where A is the deflection, P the applied force, b the width
of the specimen, L the distance between the two supporting
pins, D the bending stiffness, G the shear modulus, and A
the section of the specimen.

The resulting behavior is a coupling of pure bending and
shear behavior. To measure the bending stiffness, it is neces-
sary to know span-to-thickness threshold value beyond which
there is a pure bending configuration, without a coupling with
shear, and for which the theory of Euler—Bernoulli beams can
be applied. This is one of the objectives of this study which
aims to determine this threshold for the case of printed sand.
For the sake of simplicity, the elastic modulus (E) will be eval-
uated by the theory of Bernoulli beams in this study because
the use of coupling requires a characterization of the shear
beforehand whose testing is complex. The bending strength
(oyMap) and the fracture energy (W,,,) are calculated according
to continuum mechanics.

In addition, tests were also performed using digital
image correlation (DIC) measurements to obtain the
strain fields and compare them between different con-
figurations of span-to-thickness ratio (L/h). The con-
figurations used for these measurements are those with
distance between the two supporting pins of 100, 150,
and 200 mm. The principle of DIC is to assess the dis-
placement fields, and thus strain fields, over the sur-
face of a deforming specimen by comparing two images
acquired at different steps of deformation. The first
image, acquired at the beginning of the test, is used as
a reference image and the second one, acquired after

Table 1 Span-to-thickness ratio

Span length
used for the three-point bending pan length (mm)

60 75 100 125 150 175 200

tests Span length/thickness L/h (mm)

2.73 3.41 4.55 5.68 6.82 7.95 9.09
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some increment of deformation, is the deformed state of
the specimen. Prior to applying the measuring process,
a region of interest is defined on the reference image
and divided into small subsets. The software performs
an image correlation by identifying the most similar sub-
set in the deformed image and then calculating the local
strain tensor from the spatial distribution of the displace-
ment field for each image.

The stereovision system used is LAVISION Strain Master
composed of two CCD (charge coupled device) cameras,
which has 5-million-pixel resolution, connected to a com-
puter which allows the acquisition and processing of images
via software. Thirty frames per second were saved for each
test. Prior the tests, a random pattern is spread on the sample
surface with a painting to enhance the image contrast.

All the specimens have been stored after printing and
tested at room temperature with a 30-50% relative humidity.
The mechanical behavior of the sand varies during the first
hours of printing and stabilizes after a few hours [13]. To
limit this variability and its effect on the results of this study,
a sufficient time to stabilize the behavior and overcome the
environment effect has been set at 24 h after production. This
also represents the typical time between printing the molds
and core and their end usage in foundry practice.

At least three specimens were used for each testing con-
figuration to verify repeatability.

2.2 Quality control of the specimens

All specimens were printed in the same direction (direc-
tion “Z”) to avoid the anisotropy of the printed sand due
to non-uniform resolution of printing. The cross-section
dimensions of each specimen were controlled after clean-
ing to assess accurately the mechanical parameters such as
the flexural strength and modulus. The measured dimen-
sion tolerances of width and thickness are +0.15 mm and
0.11 mm respectively.

The loss on ignition was used to measure the amount
of binder in the printed specimens. To do so, a quantity of
printed sand with a mass of about 14 g was extracted from
3D printed specimen, and then put in ceramic crucible and
finally heated to calcinate the binder. The procedure fol-
lowed and the associated measures are described below.
The first step of loss on ignition procedure is weighting
empty crucible to get its mass M. Then, about 14 g of
sand samples is introduced into the crucible and they are
weighed again to get total exact mass M, of the crucible
with sand. The crucible is put in a furnace at 900 °C. After
2 h, the crucible is removed from the furnace and placed
in a desiccator for cooling. After cooling, the total mass of
the burned-out sand and the crucible is measured again to
get mass M.
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All of weighing was carried out by a precise balance with
an accuracy of £0.001 g. The loss on ignition was deter-
mined by the following equation:

L ignition (%) = 100 M, - M,
0SS on ignition = X —
& ‘ M, — M, 2)
Three measurements for each set of specimens with the
same length were performed, and an average of the results

has been done. The polymeric binder measured is equal to
2.033 £0.025% of the mass of the printed sand.

3 Results and discussion

An example of the force—displacement curve is given in
Fig. 2 for the case of a span length of 150 mm. A change
in the slope shown in the figure was observed on all the
curves with three distinct phases of the behavior (Fig. 2).
The beginning of the bending test (phase 1) is character-
ized by the crushing and sliding of sand particles located on
the specimen surface at the contact zones with the loading
and supporting pins. This leads to generates low forces and
therefore very low strains at the specimen/device contact
areas. This can be observed on the displacement measured
by DIC in the loading direction where the most important
values, but still weak (less than 0.01 mm), remain local-
ized at the contact area with the loading pin (Fig. 3a). In
this phase, variations and instability of the load can occur
(Fig. 2) due to the instability of the phenomena and the slid-
ing that occurs. The tested specimen does not undergo bend-
ing in this phase considering the very small displacement,
which is of the order of the precision of the DIC measure-
ments, measured on the rest of the specimen as well as the
lower part of the specimen.

Once local stability between sample and pins is achieved,
phase 2 of the behavior begins and the load increases non-
linearly (Fig. 2). In this phase, two concurrent phenomena
occur simultaneously: bending of the specimen and a local
crushing of the material due to Hertz pressure. Indeed, with
the increase in the force, we observe a beginning of the
specimen bending in this phase characterized by an increase
in the deflection. In the state of loading in phase 2 illus-
trated by Fig. 3b, a deflection of the specimen of the order
of 0.024 mm is measured. Part of the machine displace-
ment was not transmitted to the specimen as a whole and
was absorbed by the local compression, due to the Hertz
pressure, at the contact area with the loading pin where the
displacement is 50% greater (displacement of 0.038 mm).

Finally, once this phase is over, phase 3 is entered,
characterized by a linear behavior of the material (Fig. 2)
and where its deflection increases significantly but always
with the presence of compression on the upper part of the
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Fig.2 Example of load—dis- 180
placement curve of a speci-
men with a span length of 160
L=150 mm
140
120
= 100
g
£ 8o
60
40

20

specimen in contact with the device pins (Fig. 3c). To over-
come or limit the local crushing due to the Hertz pressure, it
would be necessary to favor the use of loading and support-
ing pins having a large diameter and not use small value as
in the literature [13, 19].

The behavior exhibits a brittle fracture that occurs spon-
taneously at the middle of the specimen when the maximum
force is reached (Fig. 4). The fracture initiation is localized
at the lower face of the specimen where tensile stress value
is maximum, which generates decohesion of sand grains.

The comparison of the force—deflection curves of three-
point bending tests performed for different span lengths with
a fixed testing speed of 5 mm/min is shown in Fig. 5. For
better readability, only one curve per configuration is plot-
ted in the figure. A change in the slope with the presence of
the three phases described before is observed for all tests
of each configuration. However, while increasing the span
length, the extent of phases 1 and 2 decreases and becomes
weaker for the configuration like with the spans 175 mm and
200 mm. The curves obtained for these two configurations
are also smoother than the others and contain less irregular-
ity in the evolution trend of the force.

All tested configurations exhibit a brittle fracture and a
good repeatability of the curve slope illustrated by a maxi-
mum dispersion of around 7% of the calculated parameters
(Table 2). The configuration with a span length of 75 mm
is the one that has the maximum dispersions (7% for the
maximal strength and 12% for the fracture energy).

The increase of supporting span value leads to a signifi-
cant decrease in the maximum force level and an increase

0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Displacement (mm)

in the deflection value at failure point (Fig. 5). The aver-
age values of the bending strength have ranged from 6 to
7 MPa. We observe a low standard deviation for each value
(Table 2), with a deviation less than 7%, in contrast to the
results reported by previous studies done on three-point
bending tests [22] or even the four-bending test [23], where
the test conditions are cleaner because they are free of shear,
with adapted protocols and setups.

The evolution of the bending strength as function of sup-
porting span seems to be not significant (Fig. 6a), which is
not the case for the fracture energy value that was assessed
by the integration of the area under the curve. Indeed, the
increase of distance between the supporting pins leads to a
decrease of fracture energy value of about 24 MJ between
the span lengths of 60 and 125 mm (Table 2). From the value
of 125 mm, corresponding to a span-to-thickness ration of
5.68, the fracture energy reaches a plateau with a value of
around 30 MJ and no longer evolves significant (Fig. 6b).

Concerning the stiffness of the material, it was evaluated
by calculating the Young modulus on phase 3 of the bending
curves according to Euler—Bernoulli beam theory instead
of the Timoshenko beam theory as discussed before. The
results show good repeatability with a maximum variation
of 10% obtained for the span length of 60 mm (Table 2). The
elastic parameter seems to increase continuously, without
stabilizing, with the span length evolution. To confirm this
trend, loading—unloading tests were performed with the dif-
ferent configurations to have more reliable measures.

Figure 7 represents a typical load—displacement response
of a loading—unloading bending test with hysteresis
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Fig. 3 Displacement fields in the loading direction of the specimen during testing. a Phase 1. b Phase 2. ¢ Phase 3

phenomenon. Five cycles uniformly distributed as function
of imposed load were carried out for each test. The response
of load—displacement of each cycle shows elastic and plas-
tic behaviors of 3D printed specimen until fracture, which
reflect the elastic behavior of binder and irreversible sliding
of sand particles, respectively. The elastic modulus values
were evaluated on the unloading parts of the curves in the
linear region. For each test, several values were measured
on the unloading phases of the elastic behavior. An average
value of the Young modulus, as well as the standard devia-
tion, was established for each span length configuration and
is presented in Fig. 8. In the same figure, the evolution of
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the Young modulus evaluated directly on the linear part of
the bending curves is plotted for comparison.

The first remark which can be made is that the values of
the Young modulus evaluated during the loading—unloading
tests are greater and with less dispersion (maximum vari-
ation of 1.3%) than those evaluated with the conventional
bending tests (Fig. 8). We reach a ratio of 3.2 and 1.3 times
between the two configurations respectively for the span
lengths of 60 mm and 200 mm. This deviation between the
values measured by the two methods decreases with the
increase of span length. This difference can be explained by
the fact that the evaluation of the elastic moduli during the
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Fig.4 Failure of the specimens. a Strain field (exx) distribution during the specimen failure. b Failure surfaces of the specimens

loading—unloading tests, which are more realistic, makes it
possible to overcome the effect of local compression, due
to Hertz pressure, at the contact zones between specimen
and the pins.

Elastic modulus increases with increasing span length.
However, for those measured during loading—unloading
tests, we reach a plateau at a span length of 175 mm, cor-
responding to a span-to-thickness ratio of 7.95, where the
value stabilizes around 2400 MPa (Fig. 8) that indicates that
the pure bending is reached after this. Remember that the
evolution of fracture energy reached a plateau starting from

a span-to-thickness ratio of 5.68 corresponding to a span
length of 125 mm. Consequently, for the characterization
of the bending behavior of sand using three-point bending
tests, it will be appropriate to choose a span-to-thickness
ratio greater than 8 to overcome the coupling with the shear
behavior and the parasitic phenomena, related to the spe-
cific behavior of sand or the experimental conditions, which
occur during the three-bending test.

Indeed, given its composition, sand can be considered
a composite material and therefore a heterogeneous mate-
rial. Its mechanical behavior is therefore governed by the
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Fig.5 Load—displacement
curves of the printed specimen
at different distances between
supports

Force (N)

combination of those of its constituents. Given the mod-
est values of the stresses reached during the tests, the sand
grains will tend to be animated by a rigid body movement
and not to deform, because of their great rigidity, while the
binder which is a polymer will deform. These mechanisms
will occur at the local (microscopic) scale of the material.

On a macroscopic scale, these behaviors will result in
a disparity of the deformations on a specimen or structure
which will depend on the level of the stresses which will be
reached locally, the test conditions, the homogeneity of the
composition, and the printing direction, etc. The strain fields
exx obtained by the DIC for a loading state before fracture
at different span lengths (100, 150, and 200 mm), presented
in Fig. 9, illustrate this well. To facilitate the comparison of
these measurements made on the elastic phase of the curves
(phase 3), the scale of the deformation iso-values was kept
fixed.

0.2 03 04 05 0.6
Displacement (mm)

As expected, we observe the presence of tensile strain
on the upper part of the test specimens and of compres-
sion on the lower part delimited by horizontal green lines
on the images which is positioned at the middle of the
specimens (Fig. 9). The location of the neutral plane
which is characterized by zero bending stress is function
of modular ratio ET/EC (where ET and EC are tensile
modulus and compression modulus respectively) [27].
The equal distances from neutral plane to top and bottom
of the specimen indicate hence that the tensile modulus is
equal to compression modulus. This symmetry of behav-
ior can be explained by the porous nature of structure that
allows the sliding of sand in compressed section without
compaction. For all the tested configurations, the strain
distribution is consistent, where the high strains are meas-
ured at the center of the specimens where the stresses
are higher. The maximum values of the strains, both in

Table 2 Results of the

. Span Maximal strength Elastic modulus Fracture energy (MJ)
mechanical parameters length
(mm) Average (MPa) Star}dgrd Average (MPa) Star.lda'lrd Average (MJ) Star}de}rd
deviation deviation deviation
(%) (%) (%)
60 6.73+0.12 1.76 308.64+30.23 9.80 54.11+1.96 3.63
75 6.78+0.47 6.95 504.54+17.82 3.53 43.88+5.31 12.11
100 6.76+0.25 3.63 832.02+56.46 6.79 37.88+1.34 3.54
125 6.39+0.32 5.01 1063.70+56.81 5.34 31.30+2.03 6.49
150 6.22+0.13 2.09 1372.41+691  0.50 28.39+1.26 4.45
175 6.68+0.25 3.75 1631.10+45.78 2.81 33.96+1.30 3.82
200 6.37+0.36 5.67 1821.02+5.17  0.28 30.74+3.56  11.57
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Fig.6 Bending strength (a) and fracture energy (b) evolution as function of span length

compression and in tensile, are measured in the case of
weak span length, i.e., at 100 mm, and are in sections
located on the central part of the tested specimen. This is
consistent because the forces, and therefore the stresses
given that the section is constant, are greater for low span
length tests (Fig. 5).

If we look to the symmetry of the measurements, we
observe that the strains located on the same section at
identical distances from the central axis of the specimen

Fig.7 Load-displacement 120
curve of cyclic bending test
performed at a span length of

200 mm 100

80

60

Force (N)

40

20

are not identical. This is illustrated by the values reported
in Fig. 9 which were measured on the ends of the cen-
tral sections, where the pin applies the bending force,
represented by the vertical green line on the images. We
observed in the case of specimens having a span length
of 100 mm, where the difference is significant, that the
tensile strain (0.133%) has an absolute value greater than
that of the compression (—0.1%). This can be attributed
to the local disparity in material composition and stresses

0.2 0.3 0.4 0.5 0.6
Dsiplacement (mm)
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Fig.8 Elastic modulus evolu- 3000
tion as function of span length
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but also to the effect of the onset of fracture initiation since
these measurements were made just before failure.

To investigate this, measurements of the deformation
fields were carried out at loading states well before failure.
An example is shown in Fig. 10 for tests with span length
of 200 mm. Strain distributions according to horizontal and
vertical lines (green lines on the figure) were extracted and
plotted on the curves under the image.

The symmetry of the strain’s measurements remains
correct in both directions with respect to the axes of
symmetry of the specimen. The difference between the
deformations measured, at the ends of the sections con-
sidered in the two directions (Fig. 10), remains small and
acceptable. The evolution trend of the strains between the
ends of the sections, both vertical and horizontal, also
remains correct. However, these evolutions are not linear
according to the vertical sections and are very disturbed
and not smooth for the horizontal sections. This effect
is attributed to the local variability of the printed sand
leading to a variability of local stresses and specifically
that of shear. That is confirmed by the measurements of
shear strains (sxy) representative of the state of the shear-
ing stresses, where one notes this variability which is
more pronounced in the case of small span length where
the level of stresses is more important like for normal
stresses (Fig. 11). The results of shear strain distribu-
tion obtained with span length equal to 100 mm indicate
that the bending specimen undergoes high level of shear
stress that requires considering the shear rigidity which
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is neglected by the used Euler—Bernoulli Beam equations.
The Timoshenko beam theory must be used to get exact
solution when bending is combined with shear [28]. The
axial strain and the shear strain are function of deflection,
horizontal displacement, and rotation of cross-section
[29], whereas in our study the rotation of cross-section
is not considered. For this reason, the elastic modulus
values calculated for span length less or equal to 150 mm
are different than the values determined for span lengths
equal to 175 mm and 200 mm.

To conclude, even if the measured strain fields remain con-
sistent with what can be expected for a bending test, they are
still marked by local variations due to the homogeneity of the
printed sand. When the span length increases, the distribution
of the strains becomes more homogeneous, both locally and
globally, and the strain values tend to fall (Figs. 9 and 11).
This constitutes an additional motivation to carry out the tests
with high span-to-thickness value, thus making it possible to
overcome the effect of local phenomena.

The second parameter used in this study is the testing
speed. Tests were performed with two speeds of the cross-
head tensile machine, which are 5 mm/min and 0.05 mm/
min. This represents a factor of 100, which is sufficient to
identify the potential effect of the strain rate on the mechan-
ical behavior of the printed sand. The span length was
150 mm. Another batch of samples, different from those
tested previously, was used to respect the conditioning con-
straints established at the beginning, that is, testing samples
24 h after production.
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Fig.9 Stain field (exx) measurements before fracture at different span lengths

The comparison of the behaviors is illustrated in Fig. 12
where only one curve per configuration is plotted for better
readability. Results of the mechanical parameter function
of the testing speed are given in Table 3. Thus, we observe
that tests performed at 5 mm/min (Table 3) exhibit the
same results than those obtained previously for the tests
with different span length on another batch of sample
(Table 2). This therefore confirms the repeatability of the
results and the robustness of the characterization protocol
as well as the reproducibility of the 3D printing process
used in this study.

The decrease of displacement rate from 5 to 0.05 mm/
min leads to a decrease of maximal bending strength value
of about 26%, whereas the elastic modulus only drops by

3.2%, which remains largely within the dispersion of the
results, which is between 2 and 6% for the two configura-
tions (Table 3). The ultimate stress, and therefore the dis-
sipated energy, evolves as a function of the strain rate, while
the elastic modulus is not affected.

Moreover, the force—displacement curves for the tests
performed at high displacement speeds are characterized
by several load drops while those at low speed are quite
smooth (Fig. 12). This effect may be due to the potential
effect of sliding between the sample and the device pins
or even progressive decohesion of sand particles. We can
therefore conclude that the effect of the strain rate is not sig-
nificant on the elastic parameters of the printed sand while
the breaking stress increases according to the testing speed.

@ Springer
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Span length 200 mm
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Fig. 10 Strain (exx) distribution along sections of the specimens with a span length of 200 m

Fig. 11 Shear stain field (exy)
measurements before fracture
point at different span lengths

Span length 100 mm
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Fig. 12 Load—displacement 160
curves as function of testing
speed 140 ——Z_0,05mm/min_test 3 s
// !
---Z_5mm/min _test 2 ,/' ,
|
]
|
|
1
z
3
8
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Displacement (mm)
Table 3 .Results of the . Parameter Test 1 Test 2 Test 3 Average Standard
mechanical parameter function deviation
of the testing speed (%)
5 mm/min Maximal stress (MPa) 6.24 6.09 6.21 6.18 +£0.08 1.29%
Young modulus (MPa)  1348.19 136390 1401.70  1371.27+275 2.01%
0.5 mm/min  Maximal stress (MPa) 4.44 4.53 4.67 4.55+0.11  251%
Young modulus (MPa)  1422.05 1271.36 1289.25 1327.56+82.33 6.20%

4 Conclusion

This study proposes to evaluate the effect of span-to-thick-
ness (specimen length/specimen height) and strain rates on
the printed sand mechanical behavior during three-point
bending tests instrumented with optical measurements.
The DIC measurements highlighted the presence of a local
crushing at the specimen/pin contacts, due to the Hertz pres-
sure, that affects the onset of the behavior. To overcome or
limit this phenomenon, it would be necessary to favor the
use of loading and supporting pins having a large diameter.

The assessed flexural strength of sand printed specimens
under three-point bending is not affected by span length value
contrary to the elastic modulus, which increases with span
length. This evolution was observed both during the simple
bending test, but without value stabilization, and with the
loading—unloading, more reliable method that gave rise to
higher results with a stabilization of the elastic modulus val-
ues after a span-to-thickness value of 8. The fracture energy,
for its part, decreased and reached a plateau starting after a
span-to-thickness ratio of 5.7. Moreover, when the span length

increases, the DIC measurements showed that the distribution
of the strain fields becomes more homogeneous both locally
and globally. Therefore, for the characterization of the intrinsic
elastic properties of printed sand using three-point bending
tests, it will be appropriate to use a loading—unloading test
and to choose a span-to-thickness greater than 8 to overcome
parasitic phenomena and coupling with shear behavior. The
increase of the strain rate, in the value range used, leads to an
increase of the breaking stress. Hence, for the determination
of the intrinsic stress of printed sands, it would be necessary
to choose the strain rate close to conditions during casting for
the intended application.

Future research will focus on the study of mechanical
behavior at high temperatures for relevant sizing of the foundry
molds and cores and to make simulations of the molding pro-
cess more robust.
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