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Abstract: The powder-based 3DP (3D printing) technique has developed rapidly in creative and
customized industries on account of it's uniqueness, such as low energy consumption, cheap
consumables, and non-existent exhaust emissions. Moreover, it could actualize full-color 3D printing.
However, the printing time and size are both in need of upgrade using ready printers, especially for
large-size 3D printing objects. Given the above issues, the effects of height and monolayer area on
printing time were explored and the quantitative relationship was given in this paper conducted
on the specimens with a certain gradient. On this basis, an XYX rotation method was proposed to
minimize the printing time. The mechanical tests were conducted with three impregnation types
as well as seven printing angles and combined with the characterization of surface structure based
on the scanning electron microscope (SEM) digital images to explore the optimum parameters of
cutting-bonding frame (CBF) applied to powder-based 3D printing. Then, four adhesives were
compared in terms of the width of bonded gap and chromatic aberration. The results revealed that
ColorBond impregnated specimens showed excellent mechanical properties which reached maximum
when printed at 45° to Z axis, and «-cyanoacrylate is the most suitable adhesive to bond full-color
powder-based models. Finally, an operation technological process was summarized to realize the
rapid manufacturing of large-size full-color 3D printed objects.

Keywords: powder-based 3D printing; large-size 3D printing; printing time; cutting-bonding frame

1. Introduction

Three-dimensional (3D) printing is a subversive technology which applies to a variety of materials,
such as paper [1,2], powder [3-5], and liquid [6]. Based on the principle of additive manufacturing (AM),
the technology has the power to greatly reduce the manufacturing time of small- and medium-scale
customized products [7], and the majority of 3D printers are equipped with a recycling system to reuse
the leftover material in printing process. With the technological innovation and academic research
of 3D printing technology in latest 30 years [8-10], some typical 3D printing processes are getting
mature and have evoked extensive industrial use in areas including bio-medical, aerospace, and culture
industries [11-13], such as stereo lithigraphy apparatus (SLA) [14], laminated object manufacturing
(LOM) [2,15], selective laser sintering (SLS) [16,17], fused deposition modeling (FDM) [18,19], selective
laser melting (SLM) [16,20], and three dimensional printing and gluing (3DP) [21,22]. The ASTM
(American Society of Testing Materials) F2792 standard further classify these techniques as vat
photopolymerization, powder bed fusion (PBF), binder jetting, material jetting, sheet lamination, and
material extrusion, directed energy deposition (DED). A method to realize large-size, full-color, and
high-precision 3D printing is the focus of research at this stage to widen the scope of this technology,
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such as military or educational uses (like maps) and artistic or cultural uses (like sculptures and
restoration of heritage).

The 3DP technique, whose main printing material is powder [23], was first developed and patented
by the Massachusetts Institute of Technology [24], and full-color 3D objects printed by the technique
with gypsum or ceramic powder have gained ground in custom models such as medical organization
structure [25], portrait, and prototype. Currently, there are two generally accepted full-colour 3D
printing techniques similar to 3DP: paper-based 3D printing (LOM) and polyjet technique, which can
produce rich gradual colors based on the principle of four-color printing. However, the speed and
accuracy of paper-based 3D printing is the main constraint on commercialization, and inadequate
penetration of printing ink brings about inaccurate color reproduction on sides. At the current stage in
full-color 3D-printing development, the polyjet technique demonstrates desirable printing precision,
but compared with the full-color 3DP technique, the restrictions including the enormous amount of
required support material as well as expensive material price reduce the manufacturability of large-size
3D printed objects [26].

Along with technical evolution of 3D printing, the size of 3D printers has also increased rapidly,
verifying the rising demand for large-size 3D printed objects. Some giant 3D printers have been
developed and applied to the construction industry. The Italian engineer Enrico Dini produced a
modular machine named D-Shape inspired by the Z-Corp 3D printer by swapping the powder build
material with sand or gravel and scaling up the process as well as the machine [27]. Concrete deposition
(CD) is one of the emerging technologies of recent years. In fact, the layering and deposition techniques
of it resemble FDM [28], i.e., with the help of a programmable logic controller (PLC), the concrete
nozzle moved along the outline to deposit the mortar as per slice of digital model [29]. Some buildings
with complex structures were printed by these 3D printers, nevertheless, the layer thickness of most
3D concrete printed objects was above 10 mm, so the resolution of CD technique is too low to meet the
requirement of most commercial customization models.

Therefore, powder-based 3D printing is found to be a viable choice to manufacture full-color 3D
models with large size and high precision. In addition, a number of materials have been developed
and will be applied to printing high-precision objects [30,31]. However, the size of printed model is
restricted to that of the build bin of a 3D printer, and the newest full-color powder-based 3D Printer
(3D Systems ProJet 860 Pro), of which the largest capacity is usually limited in 508 x 381 X 229 mm, still
cannot satisfy the sizes of all large-scale models. Moreover, some models with high complexity and
precision are prone to fracture in the process of printing or post-processing. A cutting-bonding frame
(CBEF) for paper-based 3D printing was proposed by Yuan et al. [2] in which one model is 3D printed
in parts first and bonded together in post-processing. Another restriction of large-size 3D printing,
reducing lengthy printing time, has been investigated in recent years [32]. This can be summarized
in three methods. The most immediate way is to upgrade the equipment, such as increasing the
number of nozzles and the sliding speed. However, based on an appointed 3D printer, one method
involves algorithms that were modified to minimize the trajectory planning [33]. The other method is
to increase slice thickness [34], but this method of sacrificing precision is only suitable for some models
with simple structure.

However, it is important to note that the aforementioned studies ignored the effect of different
machining parameters (like orientation) on printing time, and are based on large-size powder-based
3D printing, many properties related to CBE, such as mechanical properties of cut components and
color reproduction accuracy of bonded objects, have not been studied. The present study briefly
describes the technological process of powder-based 3D printing as well as an effective post-processing
method. Then a quantitative relationship for predicting printing time and the effective method to
reduce printing time was developed based on the analyses of two factors in printing time. Finally, the
tensile and flexural performances, consistency of surface color, and characterization of microstructure
were analyzed to explore the optimum parameters applied in CBF. Taken together, the tests and
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methods promote the development of large-size 3D printing, as well as reduce the molding time and
ultimate construction of a composite structure.

2. Results and Discussion

2.1. Effects of Z-Axial Height and Monolayer Area on Printing Time

The digital model files were imported into 3DPrint software, and placed in upper-right corner
of the build bin after adjusting orientation. Each specimen was printed in a single printing cycle.
Moreover, the printing time was automatically recorded by the software and displayed in a pop-up
window when the printing cycle was completed (Table 1).

Table 1. Selected parameters and obtained printing time of specimens.

Exp. A (Effects of Z-Axial Height

on Printing Time) Exp. B (Effects of Monolayer Area on Printing Time)

Parameters 7-Axial Basal Cuboids Cylinders

Basal Z-Axial Printing Height Area Side . . .

No. Area  Height Time & (cn%) (cm?) No. Length Tlr'ne No. Radius Tlr‘ne
2 . (min) (cm) (min)

(cm?) (cm) (min) (cm)
Al 2 65 100 B11 10.00 65 B21 5.64 68
A2 4 131 200 B12 14.14 83 B22 7.98 86
A3 6 196 300 B13 17.32 94 B23 9.77 102
A4 8 262 400 B14 20.00 105 B24 11.28 113
A5 100 10 327 5 500 B15 22.36 118 B25 12.62 126
A6 12 392 600 B16 24.49 126 B26 13.82 135
A7 14 452 700 B17 26.46 138 B27 14.93 150
A8 16 517 800 B18 28.28 148 B28 15.96 163
A9 18 582 900 B19 30.00 159 B29 16.93 174
A10 20 648 1000 B10 31.62 167 B20 17.84 184

In Exp. A, a positive linear trend between printing time and Z-axial height is shortly indicated
from the statistical values, in addition, based on the least square method, the quantitative relationship
of cuboids with basal area of 100 cm? can be expressed by Equation (1).

f(x) = 32.25x + 2.4 1)

where f(x) is the printing time (min), and x is the Z-axial height (cm).

Based on the relationship between printing time and Z-axial height, the validity of fore mentioned
cumulative method (i.e., monolayer printing time can be obtained by dividing the measured data by
the total number of layers) was confirmed. In Exp. B, the printing time of the cuboid and cylinder with
same basal area is pretty much the same, but that of the cylinder is slightly longer. Figure 1 presents
the fitting time-area curve, quadratic polynomial equation, R? (linearly dependent coefficient) and
standard error (RMSE) of two groups. That R? is greater than 0.99 and tends to 1 indicate a high degree
of agreement between the test data and the fitting function. Getting the printing time of all figures
accurately is hard before the printing process because of the diversity of slice shapes, so the time—-area
curve of cylinders was chosen to roughly predict the printing time of single layer. The specimens
with a height of 2 cm were divided into 196 layers obtained from the parameter display. Therefore,
Equation (2) was drawn to calculate monolayer printing time.

—2.5¢7°x2 +0.1539x + 55.1
flx) = oz @

where f(x) is the printing time (min), and x is the graphic area of a slice (cm?).
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Figure 1. Printing time - basal area fitting curves.

Therefore, prior to printing 3D objects with the same area per layer, the entire printing time can be
calculated directly by Equation (3).

(—2.5e—5x2 +0.1539x + 55.1)h
flx) = 7 3)

where f(x) is the printing time (min), x is the basal area (cm?), and / is the Z-axial height (cm).

In addition, the predicted printing time of other 3D objects can also be received as the following
steps: corresponding digital model is imported into slicing software first, then the parts that need to be
sprayed on a slice are extracted from the exported monolayer JPG image, and the total area of sprayed
parts of all slice is calculated and substituted in Equation (2).

2.2. Effects of Orientation on Printing Time

2.2.1. XYX Rotation Method

Z-axial height of objects is the predominant influence factor of printing time. Moreover, the
growth rate of printing time descends gradually as the rise of single-layer area (Figure 1). Hence the
most efficient way to reduce the time in 3D printing procedure for a finished digital model is to adjust
the orientation in build bin to minimize the Z-axial height. So, we propose the XYX rotation method to
find the best orientation quickly.

The function of displaying the Z-axial height is attached in many 3D modeling software.
3ds Max software (Autodesk Ltd, San Rafael, CA, USA) is chosen in this paper and the preset
coordinate system is shown in Figure 5b. However, it is unmanageable to catch the orientation with the
minimum value of Z-axial height by free rotation in software, thus XYX rotation method was proposed
and summarized as follows:

(@) The change of Z-axial height value is observed when the digital model is rotated around X axis,
and then the orientation with minimum z-axial height is found out in the angle range (0-180°).

(b) Based on the orientation of digital model in step 1, it is rotated around Y axis, and obtaining the
orientation with minimum Z-axial height in the angle range (0-180°).

(c) Based on the orientation of digital model in step 2, repeating step 1.



Molecules 2020, 25, 2037 5o0f 14

2.2.2. Verification and Analysis

Ten different digital specimens of three categories were devised to verify the practicability of XYX
rotation method. T1 indicates the printing time with the orientation in Table 2, and T2 expresses the
printing time of specimens directed by XYX rotation method, therefore the percentages of diminished
time to original printing time were counted and demonstrated. Among the time saved of the selected
samples, the maximum even reached 65.7% compared to initial printing time. Moreover, when the
space of build bin is filled with printing parts (44322 cm?), a single printing cycle will occupy more
than 40 h. Hence, prior to large-size 3D printing procedure, it is essential to optimize the orientation of
each part by the XYX rotation method.

Table 2. Measurements and differences of printing time of ten random 3D models.

Standard Primitives Compound Objects Body Objects
Specimens . . @ | i - E \k\h 0 ”ﬁ,ﬁ;/ é*’ ?}
T1 (min) 630 628 554 743 534 656 547 384 576 337
T2 (min) 223 434 320 602 183 508 316 377 382 251
(T1-T2)/T1 (%) 64.6 30.9 422 19.0 65.7 22.6 422 1.8 33.7 255

2.3. Effects of Impregnants on Mechanical Behavior

The flexural and tensile tests in this paper were conducted with an electronic material testing
machine (Instron 5565, Figure 2a). Fixing a reasonable support span of 40 mm in this test, along with
inputting the loading rate of 1 mm per minute, then the stress—strain relationship curve was drawn
automatically. The mean of flexural modulus of three specimens as well as maximum load data in each
group were calculated as shown in Figure 2d. Two impregnating methods, in a manner, increased
the bending resistance, and the increment was almost one order of magnitude in ColorBond group,
furthermore, the location as well as extending direction of the cracks (Figure 2b) and the fracture
processes (Figure 2c) were different in three groups. The first letter (B, C, or E) represents test groups,
and the number after the dash represents the specimen number nearest to average.

In the blank group, bending stress mainly depends on the bond of the color binder between
layers, but the cohesion between unbonded powder particles or between the bonded block structures is
insignificant. When the bottom of specimens failed, the upper layers would not fracture simultaneously,
so the stress-strain curve would slowly decline until approaching 0. The crack deviated slightly from
the middle in virtue of rough surface of the unimpregnated specimen, and the beginning may be a
large pore or a defect around the pressure direction. The added ColorBond, which acts as a binder
because it contains a certain amount of cyanoacrylate, filled most of the pores between the particles,
where the stress is chiefly dependent on the adhesion of dried impregnant. Once the maximum load
was reached, the specimen would abruptly break from the middle by strong tension on the base line,
along with the crack would extend apace.

In the epoxy resin group, there is an obvious yield segment in the stress-strain curve, where the
coating on the bottom was being rent, after which the curve would drop slowly. Meanwhile, the
extending direction of the crack is similar to that in blank group, so the bending stress in the group
mainly comes from the adhesion of surface coating, and it is demonstrated that two-component epoxy
resin hardly penetrates into powder-based 3D printed specimens.
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Figure 2. Flexural tests of specimens subjected to three impregnating process. (a) Flexural testing
device; (b) Image of flexural failure specimens; (c) Stress-strain curves of three-point flexural test;
(d) Bending-related properties measurements.

With the comparison of flexural tests in three groups, despite the fact that coating epoxy resin to
the surface of models after impregnation with ColorBond is the best way to strengthen powder-based
models, in practice, chromatic aberration will exist on the surface due to the non-uniformity of manual
coating and the different impregnated depth (Figure 2b). In addition, the transparency will decrease
as coating thickness increases. Thus, the ColorBond impregnating method is the most suitable for
full-color models.

2.4. Mechanical Tests Based on Different Angles

Despite the great clamping force, pneumatic grips would destroy the specimens directly, and
therefore the common grips (CAT. NO. 2710-101) were chosen (Figure 3a). Before running each test,
two grips should be aligned to prevent shearing, and the most suitable distance between them was
30 mm based on the size of specimens. During the tensile test, setting the loading rate to 1 mm per
minute, and negating some specimens that broke at the nips because the fracture did not necessarily
occur under tension; the parameters of flexural tests were similar to that in Section 2.3. Figure 3b,d
present separately the stress-strain relationship curves closest to the average for each angle in tensile
test and flexural test, and the corresponding average elastic modulus and maximum load were shown
in Figure 3c,e.
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Figure 3. Mechanical tests at different printing angles: (a) Image of a uniaxial force stretched
powder-based specimen; (b) Tensile stress-strain curves of a series of specimens; (c) Tensile-related
properties measurements; (d) Stress-strain curves of three-point flexural test; (e) Bending-related
properties measurements.

The distinction among specimens at different angles lies in the number of layers as well as the area
of each slice, and as total number of slices increased, the slice area would become smaller (Figure 4).
The surfaces of unimpregnated specimens, which are not perpendicular to Z axis, could be seen clear
laminated structures similar to the texture on sides of a book. However, surface laminated structures
have almost been filled up after impregnation, but there are still mechanical property differences in
these specimens at different angles. In tensile test, the stress—strain curves of TO to T45 fluctuated
slightly on account of the sliding caused by small surface roughness under insufficient clamping force,
however with the increase of printing angle, especially more than 60°, the friction required to stop
sliding was satisfied. The largest tensile strength was detected in T45, and total tensile test was divided
into two stages based on the inflection point as follows:

The tensile strength is positively correlated with angle from 0° to 45°. It is found that the stress
is chiefly dependent on the adhesion of ColorBond from the analysis in flexural test of different
impregnating methods. The more a printed specimen was sliced, the greater the roughness and
porosity on side were, and without the barrier of color binder, the impregnant could penetrate into
specimens easily, so the tensile modulus and the maximum load increased therewith.

The tensile strength and the maximum load are inversely correlated with angle from 45° to 90°,
and the strain of T60 to T90 decreased sharply as Figure 3b. Despite the ample impregnation, the
interlaminar gaps of small thickness test specimens are equal to the cracks, which reduced the stability
and even induced bending phenomenon when some specimens were printed at 90°.

In the flexural test, there is little difference the flexural strength at each test angle and the regularity
is similar to that in tensile test, however the flexural modulus of FO and F45 is obviously superior to
others, which indicates that FO is the most stable under the bending load, despite the relatively less
impregnant in its interior.
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Figure 4. Dissimilarities of laminated structures and permeating process of the specimens printed at
different angles, and characterization of surface appearance before and after impregnation.

Combined with above measured data and analyses, the optimum cutting angle is 45° to Z axis for
dividing the digital model prior to the printing process of large-size models, so that the tensile and
flexural strength of each impregnated part is maximum, which is also beneficial to the application of
high viscosity adhesive. Further, cutting along the direction in Z axis is an effective alternative for some
models with small z-axial height and large bottom surface, such as sand tables or topographic maps.

2.5. Related Performance Research of Adhesives

The reason why seamless adhesion plays an important part in CBF is that powder-based full-color
3D printing is mainly applied to produce artistic and cultural objects. Apart from the different
mechanical properties, the larger width of bonded gap also would darken the appearance of color to
observers. The widths of specimens bonded by all four adhesives are less than monolayer thickness
(Table 3), which meets the standard of seamless adhesion. However, the mechanical properties of
bonded assemblies vary greatly from adhesive to adhesive. Two environment-friendly adhesives,
vegetable glue and sodium silicate, are not as suitable for powder-based specimens as organic synthetic
adhesives. the fracture of specimens bonded by «-cyanoacrylate was not at the joint in tensile test, and
the tensile modulus as well as flexural strength are even higher than the average measured value of
non-cutting models. During the bonding process, adhesive would inevitably change the color around
the joint, and the correlation between AE and visual perception could be roughly summarized in
three intervals: the threshold of human eyes to perceive chromatic aberration is 1. 5 NBS and the
chromatic aberration can be distinguished when it ups to 3 NBS [35]. In contrast to the color measured
values before and after coating, the AE in the test groups of double component epoxy resin as well as
a-cyanoacrylate belong to the second interval and close to 1. 5 NBS. However, the chromatic aberration
is obvious in other groups. Altogether, -cyanoacrylate is the best adhesive for powder-based seamless
adhesion techniques.
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Table 3. Parameter values related to seamless adhesion of four adhesives.

Width of Tensile Test Flexural Test Chromatic
Adhesives Bonded Gap Tensile Tensile Fracture Flexural Flexural Aberration
(um) Strength Modulus Location Strength Modulus (AE, NBS)
(MPa) (MPa) (MPa) (MPa)
Vegetable glue 52 1.43 317.58 A 0.53 430.52 5.52
Sodium silicate 22.7 1.16 209.53 A 0.68 477.92 3.98
Double component 247 464 598.55 A 8.48 1786.74 1.78
epoxy resin
«-cyanoacrylate 15.3 6.58 786.33 N 13.57 2052.22 1.57

A represents the joint; N represents the location apart from the joint of bonded assembly.

3. Materials and Methods

3.1. Materials and Equipment

As for full-color 3DP technique, the major constituent of powder is usually one material that
can be formed rapidly with good molding properties, such as gypsum, ceramic, or quartz. The main
materials used in printing process (i.e., VisiJet PXL powder and color binders) were provided by 3D
Systems Ltd (New York, NY, USA). A computer installed with 3DPrint software (3D Systems, New
York, NY, USA) was selected to operate ProJet 860 Pro 3D printer (3D Systems, New York, NY, USA).

The popular file formats of 3D digital models are STL, WRL and OB], while WRL format is
commonly used in full-color 3D printing. Prior to the molding process, the 3D digital models are sliced
with the operational software (3DPrint, 3D Systems Ltd., New York, NY, USA) which includes the
most appropriate slicing method for 3DP technique (Figure 5a). The monolayer thickness range of
ProJet 860 Pro 3D printer is set to 0.089-0.102 mm for adjusting the printing resolution, and the default
value of monolayer thickness is 0.1016 mm. Each information layer of the sliced model is transmitted
by the computer to the 3D printer, in which the nozzle will jet color binders along the images.

(a) — 3D digital (b)
— model
~ i T
( apprint “ o Feed bin
Sowafe } .-"STL \ Roller

> | wrL | |:'I > /

f — ., \OB/ !
ANy Sliced model Powders <] 4

T~
information 1 Nozzle
(c l

~ Post-processing

/ Slide rails
<= Build bin
‘Y
-«
X Z

Figure 5. Workflow of powder-based 3DP technique: (a) Slicing and transmission of digital model; (b)
Printer structure chart and coordinate system; (c) Post-processing.

In order to maintain equipment at peak performance, all nozzles and slide rails are thoroughly
cleaned and the color binders as well as cleaning fluid are replaced with new ones. In addition, the
temperature of 12.7-23.9 °C and the humidity of 20%-55% in laboratory are recommended by the
machine use guide. Figure 5b exhibits the structure of ProJet 860 Pro 3D printer, in which the feed bin
is designed to ensure that powder can fleetly replenish to build bin using the roller, and the molding
process can be divided into the following steps in build bin:
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(@) The powder in feed bin is transported to build bin by the roller to build a substrate with
smooth surface;

(b) After paving a layer of powder on the substrate, the color binders are sprayed by nozzles onto
the powder along X axis;

(c) Repeating step b) until 3D models are formed;

(d) Impregnation with epoxy resin for post-processing.

Figure 5c presents the process of blowing off excess powder using an air wand. For almost all 3D
printing techniques, post-processing is a key step at present to increase surface gloss, eliminate staircase
effect and optimize color reproduction, and the fundamental post-processing technics including drying,
blowing, abrading and impregnating have been successfully applied to powder-based 3D printing.
The printer chamber is allowed to sit for about 30 min for full solidifying of binders, and then excess
powder is inhaled by the vacuum hose along the profile of components. Printed parts are transferred to
the cleaning chamber to remove residual powder using air wands, brushes and picks. Although Z-Corp
Inc. (acquired by 3D systems in 2012) recommends that the parts should be lightly sanded with 220 or
320 grade sandpaper to even out inconsistencies [36], this method is not suggested in practice due to
the fact that inappropriate friction will weaken surface color reproduction. The impregnating process
is the most crucial during post-processing that some commercial impregnants are recommended in
3D printing industry, as it, in addition to contributing to mechanical properties, also enhances color
saturation to ensure the required mechanical, surface, and color attributions [22].

3.2. Methods

3.2.1. Estimation and Reduction of Printing Time

The printing time of 3D objects chiefly correlates with three factors, i.e., Z-axial height of printing
parts, area per slice, and position in build bin. However, this study investigated large-size model, and
in view of the restriction of printing materials and time, the space of build bin should be used to the
full, therefore, the time difference due to altered position can be ignored. In addition, it is improbable
to print a monolayer model and measure the time, so the trials were conducted with specimens of
appropriate height, and the monolayer printing time was obtained by dividing the measured data by
the total number of layers.

The color of binder shows few effects on printing time on the principle of that white parts were
also be sprayed with transparent binder, and thus the surface color of specimens was entirely mapped
with neutral gray. A set of cuboids with a fixed basal area of 100 cm?, a square with side length of 10 cm,
were printed to test the relationship between printing time and Z-axial height of models. The heights
of ten cubes were equidistantly picked from 2 cm to 20 cm owing to the limitation (229 mm) of the
height of the build bin. The nozzle slipped from the right side on slide rail to the left end of printing
part in inkjet process, hence even for two models with the same monolayer area, the printing time of
the one with longer length in the direction of X axis is longer than that of the other. Taking into account
the above effect, the printing time measuring trials with different area parameters were divided into
two groups, whose specimens were respectively designed as ten cuboids and cylinders with the same
height (2 cm), and the basal areas of them, although different in shape, were all set from 100 to 1000 cm?
with an interval of 100 cm?.

3.2.2. Enhancement of Mechanical Properties

Type of adhesive, secant position and orientation of 3D object are involved in CBF application of
oversize specimens. On this basis, mechanical tests during pre- and post-bonding were conducted
with a series of powder-based 3D-printed angle-gradient models, besides, the changed mechanical
properties and surface color over addition of binders and impregnants were discussed in the following.

Prior to mechanical testing, it is significant to choose an impregnation method with simple
operation and excellent optimization in terms of surface color as well as mechanical properties.
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Therefore, we used the specification in “standard test method for flexural strength of advanced
ceramics at elevated temperatures” (ASTM C1211-2002(2008)). The three-point flexural tests were
conducted with nine 80 x 15 X 5 mm cuboids divided into three groups. One group is the blank
control group, in which specimens were not impregnated, and two common impregnants, ColorBond
(3D Systems) and two-component epoxy resin (Ergo), which can effectively improve surface color
reproduction accuracy [37], were severally applied to the other groups. The surface of powder-based
specimens should be fully immersed for 20 s in ColorBond group, while coated by soft brush in epoxy
resin group. All specimens were laid using the XYX rotation method.

Additive manufacturing brings about orthotropic surface structure and mechanical properties,
which should be taken into account when evaluating tensile strength or flexural strength found on CBE

The particularity of a 3D printing material and molding process restricts the applicability of the
cylinders with small radius to tensile test, so cuboids impregnated by ColorBond were designed for
mechanical testing with the dimensions of 80 x 15 X 5 mm, and seven printing angles—namely 0°,
15°, 30°, 45°, 60°, 75°, and 90°—defined as the angle between the longest edge and the horizontal
plane were set in tensile and flexural test groups. Hence, Z-axial height is the minimum at 0° and the
maximum at 90°. The specimens were named TO to T90 for tensile tests and F0 to F90 for flexural tests.
In addition, the tests of each angle were conducted with three specimens printed in different printing
cycles to reduce the effect of printer performance, and corresponding printed models were designated,
e.g., T0-1, TO-2, and T0-3.

3.2.3. Selection of Adhesives

The digital model of T45 was divided equally into two cuboids with the size of 40 X 15 X 5 mm,
and bonding experiments were conducted with four kinds of adhesives. Double component epoxy
resin (Ergo) and «-cyanoacrylate (Deli) organic synthetic adhesives are excellent impregnants in
themselves [37], hence they are very suitable to bond the powder-based specimens; vegetable glue
(WingArt) is one of organic natural adhesives with abundant sources, low price and environmental
protection; inorganic adhesives such as sodium silicate have been widely used in construction and
model manufacturing industries, and liquid sodium silicate was picked with 3.3 M and 40 Baume in
this experiment. Each adhesive was evenly coated with 20 mg on the splitted surface to fabricate three
bonded assemblies per test group, after standing about 10 h, the bonded gap of each specimen was
observed by metallographic microscope and its width was measured on random three points. Then the
tensile and flexural tests were carried out separately. A monochrome plate (R =G =B =128, RGBisa
staple color mode which represents red, green, and blue channels, and the color intensity span was
prescribed as 0-255) with the surface area of 100 mm X 100 mm was printed and divided into four
parts, and a spectrophotometer (X-Rite-il pro2) was employed to measure the surface colors five times
(at four corners as well as the center) on each part, then four adhesives were coated separately, and
the surface colors were measured in the same position after drying. Finally, the chromatic aberration
formula was adopted to calculate AE;qqo (CIEDE 2000) [38].

4. Conclusions

This paper studied the rapid manufacturing of 3D models based on inkjet 3DP technique to
break through the capacity constraint of printer with cutting-bonding frame. The correlation between
printing time, Z-axial height, and basal area was explored with preset gradient parameters, and a
simple formula for estimating printing time was presented, along with the XYX rotation method was
proposed to minimize printing time by changing the orientation of the digital model. With respect to
the optimization characteristics of impregnants and the orthogonal anisotropy of 3D printed objects,
the tensile and flexural tests were conducted with specimens impregnated by two impregnants and
printed at seven different angles. In addition, the mechanical properties and the surface color variation
before and after the gluing process of assemblies bonded by four adhesives were compared under the
standard of seamless adhesion.
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The results showed that the increment of Z-axial height is the predominant factor affecting the
printing time compared with the expansion of basal area. Ten universal test models taken from three
categories verified the effectiveness of XYX rotation method, in which the maximum shortened time
reached 65.7% of original print time. The mechanical properties of powder-based 3D printed objects
were substantially enhanced through the impregnating process, and the impregnating adequacy of
ColorBond impregnant as well as the printing stability at different angles resulted in the inconsistency
of mechanical properties expressed in SEM images and test data, from which 45° to Z axis is the optimal
cutting-bonding angle for powder-based 3D printing based on CBE. x-cyanoacrylate adhesive is the
best choice for seamless adhesion due to the narrowest bonded gap, excellent mechanical properties
and trifling effect on surface color. Finally, a systematic large-size 3D printing operating process
was summarized.

On the basis of the above results, a realizable procedure for the large-size powder-based inkjet
3DP technique was summarized as follows and could be extended to other 3D printing technics:

(a) Digital models are placed with the XYX rotation method.

(b) Models are split into several parts at an angle of 45° to Z axis according to the size and the capacity
of build bin.

(c) Following the printing and de-powdering processes, all parts are impregnated by ColorBond for
about 20 s.

(d) The impregnated parts are bonded by a-cyanoacrylate adhesive with the sizing of 25 mg/cm?.

Most powder materials can be applied to inkjet 3DP technique combined with suitable binders
and auxiliaries due to the simple molding process. With the parameters and methods suggested in this
work, large-size models with useful mechanical properties can be printed by diverse materials using
the inkjet 3DP technique and applied in more fields.

Author Contributions: H.C. and C.C. conceived and designed the study. X.W., C.C. performed the experiments.
XW.,, H.C,, C.C. collected and analyzed the data. G.C., X.W. wrote the paper. C.C. reviewed and edited the
manuscript. G.C. provided the funding. All authors read and approved the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China [Grant No. 61973127]
and Science and Technology Planning Project of Guangdong Province [Grant No. 2017B090901064].

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Park, J.; Tari, M.J.; Hahn, H.T. Characterization of the laminated object manufacturing (LOM) process.
Rapid Prototyp. ]. 2000, 6, 36-50. [CrossRef]

2. Yuan, ].; Yu, Z,; Chen, G.; Zhu, M.; Gao, Y. Large-size color models visualization under 3D paper-based
printing. Rapid Prototyp. J. 2017, 23, 911-918. [CrossRef]

3. Xu, X.; Meteyer, S.; Perry, N.; Zhao, Y.F. Energy consumption model of Binder-jetting additive manufacturing
processes. Int. ]. Prod. Res. 2015, 53, 7005-7015. [CrossRef]

4. Williams, J.M.; Adewunmi, A.; Schek, R.M.; Flanagan, C.L.; Krebsbach, P.H.; Feinberg, S.E.; Hollister, S.J.;
Das, S. Bone tissue engineering using polycaprolactone scaffolds fabricated via selective laser sintering.
Biomaterials 2005, 26, 4817-4827. [CrossRef] [PubMed]

5. Griffiths, V.; Scanlan, ]J.P.; Eres, M.H.; Martinez-Sykora, A.; Chinchapatnam, P. Cost-driven build orientation
and bin packing of parts in Selective Laser Melting (SLM). Eur. ]. Oper. Res. 2019, 273, 334-352. [CrossRef]

6. Wang, L.; Liu, J. Liquid phase 3D printing for quickly manufacturing conductive metal objects with low
melting point alloy ink. Sci. China Technol. Sci. 2014, 57, 1721-1728. [CrossRef]

7. Thrimurthulu, K.; Pandey, PM.; Reddy, N.V. Optimum part deposition orientation in fused deposition
modeling. Int. J. Mach. Tools Manuf. 2004, 44, 585-594. [CrossRef]

8. Lin, X;; Rivenson, Y.; Yardimci, N.T.; Veli, M.; Luo, Y.; Jarrahi, M.; Ozcan, A. All-optical machine learning
using diffractive deep neural networks. Science 2018, 361, 1004-1008. [CrossRef]

9. Lin, D,; Nian, Q.; Deng, B.; Jin, S.; Hu, Y.; Wang, W.; Cheng, G.J. Three-dimensional printing of complex
structures: Man made or toward nature? ACS Nano 2014, 8, 9710-9715. [CrossRef] [PubMed]


http://dx.doi.org/10.1108/13552540010309868
http://dx.doi.org/10.1108/RPJ-08-2015-0099
http://dx.doi.org/10.1080/00207543.2014.937013
http://dx.doi.org/10.1016/j.biomaterials.2004.11.057
http://www.ncbi.nlm.nih.gov/pubmed/15763261
http://dx.doi.org/10.1016/j.ejor.2018.07.053
http://dx.doi.org/10.1007/s11431-014-5583-4
http://dx.doi.org/10.1016/j.ijmachtools.2003.12.004
http://dx.doi.org/10.1126/science.aat8084
http://dx.doi.org/10.1021/nn504894j
http://www.ncbi.nlm.nih.gov/pubmed/25229948

Molecules 2020, 25, 2037 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Yang, Y,; Li, X.; Zheng, X.; Chen, Z.; Zhou, Q.; Chen, Y. 3D-printed biomimetic super-hydrophobic structure
for microdroplet manipulation and oil/water separation. Adv. Mater. 2018, 30, 1704912. [CrossRef]
Melchels, EP.W.; Domingos, M.A.N.; Klein, T.J.; Malda, J.; Bartolo, PJ.; Hutmacher, D.W. Additive
manufacturing of tissues and organs. Prog. Polym. Sci. 2012, 37, 1079-1104. [CrossRef]

Budzik, G. Geometric accuracy of aircraft engine blade models constructed by means of the generative rapid
prototyping methods FDM and SLA. Adv. Manuf. Sci. Technol. 2010, 34, 33—43.

Yuan, J.; Yan, X.; Wang, X.; Chen, G. Paper-based 3D printing industrialization for customized wine packaging
applications. In Proceedings of the NIP & Digital Fabrication Conference, Denver, CO, USA, 5-9 November
2017; Society for Imaging Science and Technology: Springfield, VA, USA, 2017.

Melchels, EP.W.; Jan, F,; Grijpma, D.W. A review on stereolithography and its applications in biomedical
engineering. Biomaterials 2010, 31, 6121-6130. [CrossRef]

Mekonnen, B.G.; Bright, G.; Walker, A. A study on state of the art technology of laminated object manufacturing
(LOM). In CAD/CAM, Proceedings of the Robotics and Factories of the Future, New Delhi, India, 6-8 January 2016;
Springer: Berlin/Heidelberg, Germany, 2016; pp. 207-216.

Olakanmi, E.O.; Cochrane, R.F.; Dalgarno, K.W. A review on selective laser sintering/melting (SLS/SLM) of
aluminium alloy powders: Processing, microstructure, and properties. Prog. Mater. Sci. 2015, 74, 401-477.
[CrossRef]

Shirazi, S.ES.; Gharehkhani, S.; Mehrali, M.; Yarmand, H.; Metselaar, H.S.C.; Kadri, N.A.; Osman, N.A.A. A
review on powder-based additive manufacturing for tissue engineering: Selective laser sintering and inkjet
3D printing. Sci. Technol. Adv. Mat. 2015, 16, 033502. [CrossRef]

Ligon, S.C,; Liska, R.; Stampfl, J.; Gurr, M.; Miilhaupt, R. Polymers for 3d printing and customized additive
manufacturing. Chem. Rev. 2017, 117, 10212-10290. [CrossRef]

Espalin, D.; Muse, D.W.; Macdonald, E.; Wicker, R.B. 3D Printing multifunctionality: Structures with
electronics. Int. |. Adv. Manuf. Tech. 2014, 72, 963-978. [CrossRef]

Yap, C.Y,; Chua, C.K.; Dong, Z.L.; Liu, Z.H.; Zhang, D.Q.; Loh, L.E.; Sing, S.L. Review of selective laser
melting: Materials and applications. Appl. Phys. Rev. 2015, 2, 041101. [CrossRef]

Peng, F; Meng, X.; Chen, J.E; Ye, L. Mechanical properties of structures 3D printed with cementitious
powders. Constr. Build. Mater. 2015, 93, 486—497.

Stanic, M.; Lozo, B.; Svetec, D.G. Colorimetric properties and stability of 3D prints. Rapid Prototyping |. 2012,
18, 120-128. [CrossRef]

Yuan, J.; Zhu, M.; Xu, B.; Chen, G. Review on processes and color quality evaluation of color 3D printing.
Rapid Prototyp. ]. 2018, 24, 409-415. [CrossRef]

Sachs, EM.; Haggerty, J.S.; Cima, M.J.; Williams, P.A. Three-dimensional Printing Techniques.
U.S. Patent 5,204,055A, 20 April 1993.

Mick, P.T.; Christoph, A.; Mainprize, ].G.; Symons, S.P.; Chen, ].M. Face validity study of an artificial temporal
bone for simulation surgery. Otol. Neurotol. 2013, 34, 1305-1310. [CrossRef]

Silver, K.; Potgieter, J.; Arif, K.; Archer, R. Opportunities and challenges for large scale 3D printing of complex
parts. In Proceedings of the 2017 24th International Conference on Mechatronics and Machine Vision in
Practice (M2VIP), Auckland, New Zealand, 21-23 November 2017; IEEE: New York, NY, USA, 2017.
D-shape. Available online: https://d-shape.com (accessed on 25 January 2019).

Buswell, R.A.; Soar, R.C.; Gibb, A.G.; Thorpe, A. Freeform construction: Mega-scale rapid manufacturing for
construction. Automat. Constr. 2007, 16, 224-231. [CrossRef]

Panda, B.; Paul, S.C.; Mohamed, N.A.N.; Tay, Y.W.D.; Tan, M.]. Measurement of tensile bond strength of 3D
printed geopolymer mortar. Measurement. 2018, 113, 108-116. [CrossRef]

Gibbons, G.J.; Williams, R.; Purnell, P.; Farahi, E. 3D Printing of cement composites. Adv. Appl. Ceram. 2010,
109, 287-290. [CrossRef]

Vorndran, E.; Klarner, M.; Klammert, U.; Grover, L.M.; Patel, S.; Barralet, ].E.; Gbureck, U. 3D powder
printing of B-tricalcium phosphate ceramics using different strategies. Adv. Eng. Mater. 2008, 10, B67-B71.
[CrossRef]

Jaeil, P.; Sungwook, C.; Gyeorye, L.; Dusu, K. Printing time/material usage estimation of 3-d printer using
digital printing method. Korean J. Comput. Des. Eng. 2017, 22, 215-221.


http://dx.doi.org/10.1002/adma.201704912
http://dx.doi.org/10.1016/j.progpolymsci.2011.11.007
http://dx.doi.org/10.1016/j.biomaterials.2010.04.050
http://dx.doi.org/10.1016/j.pmatsci.2015.03.002
http://dx.doi.org/10.1088/1468-6996/16/3/033502
http://dx.doi.org/10.1021/acs.chemrev.7b00074
http://dx.doi.org/10.1007/s00170-014-5717-7
http://dx.doi.org/10.1063/1.4935926
http://dx.doi.org/10.1108/13552541211212104
http://dx.doi.org/10.1108/RPJ-11-2016-0182
http://dx.doi.org/10.1097/MAO.0b013e3182937af6
https://d-shape.com
http://dx.doi.org/10.1016/j.autcon.2006.05.002
http://dx.doi.org/10.1016/j.measurement.2017.08.051
http://dx.doi.org/10.1179/174367509X12472364600878
http://dx.doi.org/10.1002/adem.200800179

Molecules 2020, 25, 2037 14 of 14

33.

34.

35.

36.

37.

38.

Ganganath, N.; Cheng, C.T.; Fok, K.Y.; Chi, K.T. Trajectory planning for 3d printing: A revisit to traveling
salesman problem. In Proceedings of the International Conference on Control, New York, NY, USA,
7-11 December 2016; IEEE: New York, NY, USA, 2016.

W, J. Study on optimization of 3D printing parameters. IOP Conf. Ser. Mater. Sci. Eng. 2018, 392, 062050.
[CrossRef]

Song, Q.; Haihong, Z.; Xiang, W. Visual threshold analysis of printing color. Guangdong Print. 1998, 13-14.
Walters, P; Huson, D.; Parraman, C.; Stani¢, M. 3D printing in colour: Technical evaluation and
creative applications. In Proceedings of the Impact 6 international printmaking conference, Bristol, UK,
16-19 September 2009; Impact: Bristol, UK, 2011.

Wang, X.; Chen, C.; Yuan, J.; Chen, G. Color reproduction accuracy promotion of 3D-Printed surfaces based
on microscopic image analysis. Int. |. Pattern. Recogn. 2020, 34, 2054004. [CrossRef]

Luo, M.R;; Cui, G.H.; Rigg, B. The development of the CIE 2000 colour-difference formula: CIEDE2000.
Color. Res. Appl. 2001, 26, 340-350. [CrossRef]

Sample Availability: Samples are available from the authors.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1088/1757-899X/392/6/062050
http://dx.doi.org/10.1142/S021800142054004X
http://dx.doi.org/10.1002/col.1049
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Effects of Z-Axial Height and Monolayer Area on Printing Time 
	Effects of Orientation on Printing Time 
	XYX Rotation Method 
	Verification and Analysis 

	Effects of Impregnants on Mechanical Behavior 
	Mechanical Tests Based on Different Angles 
	Related Performance Research of Adhesives 

	Materials and Methods 
	Materials and Equipment 
	Methods 
	Estimation and Reduction of Printing Time 
	Enhancement of Mechanical Properties 
	Selection of Adhesives 


	Conclusions 
	References

