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Optimization design of support
structure based on 3D printing
technology

Zhang Guoqing®™, LiJunxin?, Zhou Xiaoyu® & Wang Anmin?

Parts are often warped and deformed when they are molded using selective laser melting (SLM)
technology. Thus, it is necessary to study the addition support modes of parts molded using SLM.
Consequently, we designed dendritic, E-stage and conical supports, having different structural
parameters and different partitions using Magics, and then, we analyzed their performances using
the finite element software Abaqus. The structural parameters of the supports were optimized and
finally tested using SLM molding technology. The maximum stress concentration was found for
dendritic supports, followed by E-stage supports, and then conical supports. The stress concentration
and deformation level of Scheme 2 were less than those of Scheme 1. The stress intensity and
deformation levels for two partitions were less than those for three partitions. For parts molded by
SLM, the deformation was maximum for conical supports, followed by dendritic supports, and then
E-stage supports. When gradient supports of similar volumes were added, additional partitions did
not effectively improve the molding quality. When supports of similar volumes were added, adding
gradient supports did not effectively improve the molding quality. The results provide a basis for the
application of SLM in molding high-precision parts.
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Three-dimensional (3D) printing (additive manufacturing) technology adopts special software to slice and
stratify a 3D model, revealing cross-section data, and then, rapid molding equipment is used to manufacture
physical parts through the layer-by-layer superposition of materials. Owing to the use of layer-by-layer super-
positioning, 3D printing technology can manufacture complex parts of almost any geometry, and it has the
ability to process single pieces, small batches and complex geometries, producing finished parts with compact
structures™. Selective laser melting (SLM) is a 3D printing technology that uses laser melting metal powder®*.

SLM molding technology does not require a fixture because it manufacturers parts through layer-by-layer
superpositioning. However, during the manufacturing process, it is often necessary to add supports to guarantee
the molding of parts. When parts are manufactured using SLM technology, supports play the following vital
roles®~*: (D They hold the next layer of unmolded powder. When a large suspending part is molded, if there is no
addition support for the applied metal powder, then the powder will collapse. During the processing of the next
layer, when the powder brush spreads powder, the finished parts will be directly scraped away. When parts having
a preexisting matrix and large suspension are molded, adhering slag will appear on the back of suspending parts,
and the adhering slag will increase along with the suspension magnitude. If the suspension magnitude is too
large, then the mold will fail; @ Because parts molded by SLM are characterized by rapid heating and cooling,
a large shrinkage stress is generated inside the parts, making the parts warped and deformed. Supports connect
the matrix and parts or the molded and unmolded parts, so as to pull parts and avoid warping and deformation;
and Q) If there is no additional support when parts are molded by SLM, then the parts will be directly molded
on the matrix. Consequently, they need to be removed using wire electrical discharge machining, which results
in the parts losing their dimensional accuracy.

In view of the warping, deformation and collapse of parts molded by SLM, Lu et al.” analyzed and optimized
part supports by simulating molding and found that thermally conductive supports effectively reduce part
deformations. Reasonable hollow supports optimized the supporting structure to a certain extent, and heat
treatments effectively lessen part deformation and residual stress. Chen Chao et al.'® summarized the basic rules
of manual support addition by analyzing the mechanisms of deformation in the molding process of suspending
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structures using SLM, simulated deformation during the molding process of supporting structures and added
parts manually and automatically to verify the correctness of the rules of support addition. Zhang Xiaochuan
et al.' investigated the stress distribution law during the molding of suspending structures through experimen-
tation and simulation, and they determined the design concept of non-uniform support distribution, designed
a support layout based on the normal distribution and realized the optimized design of support distribution.
Craeghs et al.'? discovered that by generating more supporting structures, a more uniform distribution of tem-
perature can be achieved, resulting in a smaller temperature gradient, better thermal conductivity and lower
average temperatures. However, during the post-treatment stage, the supporting structures should be removed.
Too many supporting structures wastes materials and increases production cost. Calignano et al.'* derived an
optimized combination of blocky supports using a Taguchi orthogonal array. Ehsan et al.'* optimized the gen-
eration of supporting structures using geometric topology that took into account thermal conduction, and they
generated supporting structures by using minimizing the heat dissipation weaknesses of supporting structures as
the objective function, with a 3D topology optimization method. Our earlier studies revealed that'> when adding
supports having the same parameters as molded parts, if the latter have supporting chips for dividing non-tilted
supports, then good molding effects are achieved. The warping and deformation degrees of parts grow linearly
along with support height. Adding a 0°-tilted thermally conductive piecemeal support effectively reduces the
warping and deformation of parts.

Currently, the types of additional support for parts molded by SLM, the contact area between supporting
chips and physical parts and the addition of non-uniform supports have become research hotspots. The above
studies partly improve the quality of parts molded by SLM. However, supports yielding better performances
need to be studied. In this paper, the structures and addition modes of several popular supports were further
optimized through simulation and actual part processing experiments, to enhance the molding quality of parts.

Materials and methods

Structural design of common supports

When complex parts are molded by SLM, supports are needed for the suspending surfaces of the parts to
ensure molding quality. Dendritic, conical and E-stage supports are frequently used in SLM molding because
of their good mechanical properties and limited required additions!®. During SLM molding of physical parts
with support, warping and deformation usually appear in the 2-3 layers where the molded parts contact the
support. Therefore, to compare the performances of the above three support types, we designed a thin plate,
20 mm x 20 mm x 0.1 mm, in Magics, moved the thin plate to 10 mm above the processing platform and then
independently added the above three support types having the same parameters, as shown in Fig. 1. The param-
eters of the conical support were as follows: the diameter of the conical apex was 0.1 mm, the diameter of conical
base was 0.6 mm, the maximum row spacing between cones was 1.6 mm, the Z-axis offset was 0.05 mm, the
part volume measured 40 mm?, and the support volume was 171.286 mm®. The parameters of the E-stage sup-
port were as follows: the length and width of top support were both 0.1 mm, the length and width of bottom
support were both 0.5 mm, the influence area of the internal boundaries was 1 mm, the tilt angle of the bottom
grid connector was 47.29°, the Z-axis offset was 0.05 mm, the part volume measured 40 mm?, and the support
volume was 357.873 mm?. The parameters of the dendritic support were as follows: the diameter of the apex of
the dendritic support was 0.1 mm, the diameter of base was 0.6 mm, the maximum row spacing of branches was
1.6 mm, the number of branches was set to 4, the Z-axis offset was 0.05 mm, the part volume measured 40 mm?,
and the support volume was 104.692 mm?®.

Manufacturing methods
The forming material of the proposed parts is 316L stainless steel powder (Britain SANDVIK Osprey Company).
Its chemical composition meets the ASTM A276 requirement (Table 1). The average loose bulk density of 316L
stainless steel powder is 4.66 g/cm?, with an average flowability of 15.98 s/50 g. The particle size distribution is
narrowly concentrated, with D10 at 22.24 pm, D50 at 34.66 pum, and D90 at 53.38 pum.

We used nitrogen as protective gas and controlled the oxygen content within 0.03%. The power of the machin-
ing laser was 170 W, the scanning speed was 500 mm/s, the hatch distance was 60 mm, and the machining layer
thickness was 35 um. We applied an X-Y interlamination alteration scanning strategy.

Analysis methods

A thermal stress on parts with additional supports was analyzed using the finite element software Abaqus to
judge the pros and cons of different structural supports and addition modes. In thermal conduction analysis,
Abaqus determines the temperature distribution by solving the “energy conservation” equation. The simulation
parameters were set as follows: the material was 316 L, the elastic modulus was 206e® MPa, the Poisson’s ratio was
0.3, and the coefficient of thermal expansion was 1.9¢7*/°C. The initial temperature of predefined field support
was set to 100 ‘C, the heating mode was instantaneous heating, and the final temperature of predefined field part
was set to 1,000 °C. This temperature change differed from the actual change in the processing temperature, but
this did not affect a comparison of the impacts of different support addition modes on the part’s performance.
The constraint mode was that of the support base. In this research, the pros and cons of different support addi-
tion modes were evaluated, and an optimized design was proposed, by comparing the stress concentrations and
deformations of the parts.
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Figure 1. Schematic diagram of adding different structural supports to 0.1 mm thick thin plate: (a) Conical
support; (b) E-Stage support and (c) Dendritic support.

C <0.03 <0.03 Si <0.75 <1.00
Mn <2.0 <2.0 P <0.025 <0.045
S <0.01 <0.03 Cr 17.5-18 16-18
Ni 12.5-13 10-14 Mo 2.25-2.5 2-3

Cu 0.50 0.75 Fe Balance Balance

Table 1. The comparison of powder material manufactured in SLM and ASTM A276 standard.

Results and discussion

Thermal stress analysis of common supports

The stress and strain nephograms of a 0.1-mm thin plate added to different structural supports in Abaqus are
shown in Fig. 2. As shown in Fig. 2 (a—c), the stress distribution areas of conical, E-stage and dendritic sup-
ports were basically the same, the stress was concentrated in the apices of the supports, and the stress intensity
decreased progressively from apex to base. Nevertheless, the stress intensities of the above three supports dif-
fered slightly, with the maximum for the dendritic support being 1.45¢'* MPa, followed by the E-stage support at
1.32e'° MPa, and the minimum stress intensity being that of the conical support at 9.09¢” MPa. As shown in the
displacement nephograms of Fig. 2(d-f), the displacement distribution areas of conical, E-stage and dendritic
supports were basically the same, the maximum displacements all appeared at the four corners of the 0.1 mm
thin plate, and the maximum displacements of the supports also appeared at four corners, decreasing progres-
sively from outside to inside. In addition, the maximum displacements of the three support types were slightly
different, with the maximum for conical support at 0.241 mm, followed by the dendritic support at 0.136 mm,
and the minimum displacement was that of the E-stage support at 0.119 mm. The conical support may have
had the minimum stress concentration because it had a smooth gradient structure from top to bottom, allow-
ing the stress to be well released. The E-stage support had a large transition between areas of upper and lower
sections, whereas the dendritic support had a large transition between branches and crotches, which was not
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Figure 2. Stress—strain nephogram of 0.1 mm thick thin plate with different structural supports: (a) and (d) are
conical supports; (b) and (e) are e-Stage supports; (c) and (f) are dendritic supports.

conducive to the release of stress. When SLM molding technology was used to manufacture parts, the smaller
the part deformations, the better, as long as the support did not break. Therefore, the displacement analysis
results allowed us to speculate that, barring the support breaking, E-stage supports had the best performances,
followed by dendritic supports and then conical supports. However, E-stage supports require a large additional
support volume (357.873 mm?), which increased the processing time and cost of the parts. Thus, they are not
practical when processing precious metals or the processing schedule is constrained. The volume of the dendritic
support was only 104.692 mm?, and it also resulted in small part deformations. Thus, we attempted to optimize
the support design to minimize stress concentrations and deformations.

Analysis of the influence of changes in structural parameters on the performance of dendritic
support

Design of dendritic supports with different structural parameters

To compare the influence of changes in structural parameters on the performance of dendritic supports, we
designed a thin 20 mm x 20 mm x 0.1 mm plate in Magics, moved the thin plate to 10 mm above the processing
platform and then independently added two dendritic supports having different parameters, as shown in Fig. 3.
Scheme 1: The diameter of conical apex was 0.1 mm, the diameter of conical base was 0.6 mm, the maximum row
spacing between cones was 1.6 mm, the Z-axis offset was 0.05 mm, the maximum trunk height was 8 mm, the
number of branches was 4, the part volume measured 40 mm?, and the support volume was 95.611 mm? (Fig. 3a).
Scheme 2: The diameter of conical apex was 0.1 mm, the diameter of conical base was 0.6 mm, the maximum
row spacing between cones was 1.6 mm, the Z-axis offset was 0.05 mm, the maximum trunk height was 8 mm,
the number of branches was 4, a breaking point was added in the vertical direction (0.3 mm in diameter and
1 mm from the top), the part volume measured 40 mm?, and the support volume was 112.672 mm? (Fig. 3b).

Thermal stress analysis of dendritic supports with different structural parameters

The stress and strain nephograms of dendritic supports having different structural parameters are shown in
Fig. 4. As shown in Fig. 4(a) and (b), the stress distribution areas of dendritic supports having different structural
parameters all appeared at the apices of supports, and the stress intensity decreased progressively from apex to
base. The stress distribution areas of Scheme 2 were more uniform than those of Scheme 1. The stress intensity
distribution was 2.072e'® MPa for Scheme 1 and 8.272¢° MPa for Scheme 2, and the value for Scheme 2 was lower
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Figure 3. Schematic diagram of adding different structural supports to 0.1 mm thick thin plate: (a) Scheme 1;

(b) Scheme 2.
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Figure 4. Stress—strain nephogram of 0.1 mm thick thin plate with different structural supports: (a) and (c)

Scheme 1; (b) and (d) Scheme 2.

than those for common addition modes and Scheme 1. As shown in the displacement nephograms in Fig. 4(c)
and (d), the displacement distribution areas of dendritic supports having different structural parameters were
basically the same, the maximum displacements all appeared at the four corners of the 0.1 mm thin plate, and
the maximum displacement of the supports also appeared at the four corners, decreasing progressively from
outside to inside. The displacement magnitude was 0.137 mm for Scheme 1 and 0.129 mm for Scheme 2, with
the value of the latter being slightly smaller than that of the former. This may be because the addition of a break-
ing point to the dendritic support in the vertical direction allowed the stress to be released more easily through
horizontal deformations.
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Analysis of the influence of gradient dendritic supports having different partitions on
performance

Design of gradient dendritic supports having different partition numbers

To compare the influence of gradient dendritic supports having different partitions on the performances of
parts, we designed a thin plate, 20 mm x 20 mm x 0.1 mm, in Magics, moved the thin plate to 10 mm above the
processing platform and then independently added two dendritic supports having different parameters, as shown
in Fig. 5. The support having two partitions was as follows: the diameter of conical apex was 0.1 mm, the diam-
eter of conical base was 0.6 mm, the maximum row spacing between inner cones was 2 mm, the maximum row
spacing between outer cones was 1 mm, the Z-axis offset was 0.05 mm, the maximum trunk height was 8 mm,
the number of branches was 4, a breaking point was added in the vertical direction (0.3 mm in diameter and
1 mm from the top), the part volume measured 40 mm?, and the support volume was 131.835 mm?. The support
having three partitions was as follows: the diameter of conical apex was 0.1 mm, the diameter of conical base
was 0.6 mm, the maximum row spacing between inner cones was 2.5 mm, the maximum row spacing between
intermediate cones was 1.8 mm, the maximum row spacing between outer cones was 1.1 mm, the Z-axis offset
was 0.05 mm, the maximum trunk height was 8 mm, the number of branches was 4, a breaking point was added
in the vertical direction (0.3 mm in diameter and 1 mm from the top), the part volume measured 40 mm?, and
the support volume was 125.139 mm?>.

Thermal stress analysis of gradient dendritic supports having different partition numbers

The stress and strain nephograms and temperature distribution nephograms of gradient dendritic supports
having different partition numbers are shown in Fig. 6. As shown in the stress nephograms in Fig. 6(a), (c), the
stress distribution areas of dendritic supports having different structural parameters all appeared at the apices
of the supports, and the stress intensity decreased progressively from apex to base. The structure of a support
with three partitions was more uniform than that of one with two partitions. The stress intensity distribution was
9.925¢° MPa for the structure with two partitions and 1.109e!°MPa for the structure with three partitions, and
there was little difference in the stress intensity levels. The displacement nephograms in Fig. 6(b), (d) show that
the displacement distribution areas of the gradient dendritic supports having different partition numbers were
basically the same, the maximum displacements all appeared at the four corners of the 0.1-mm thin plate, and the
maximum displacement of the supports also appeared at the four corners, decreasing progressively from outside
to inside. The displacement magnitude was 0.1342 mm for the structure having two partitions and 0.1412 mm
for the structure having three partitions. The value of the structure having two partitions was slightly less than
that having three partitions, probably because the latter required a slightly larger support addition. Thus, when
the cross-sectional area of the part was not very big, there was not much difference between adding two or three
partitions to the gradient supports of the part. A comparison of a partitioned gradient support and Scheme 2
indicated that after the former was added, the stress distribution and displacement reduction for the molded
part did not improve, which may be related to the parts having fewer intermediate support additions, making it
difficult for intermediate heat to dissipate, thereby forming a large temperature gradient, as shown in Fig. 6(e-g).
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Figure 5. Schematic diagram of 0.1 mm thick thin plate adding gradient tree support in different zones: (a) 2
partitions; (b) 3 partitions.
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Figure 6. Finite element analysis results for a 0.1-mm thin plate with dendritic supports having different
structures: (a), (b) and (f) represent a support with two partitions; (c), (d) and (g) represent a support with three
partitions; (e) Scheme 2.

Analysis of the optimized partitioned gradient dendritic support’s design

Optimized design of a dendritic gradient support

Two further investigate the factors affecting dendritic support performance, we designed a thin
20 mm x 20 mm x 0.1 mm plate in Magics, moved the thin plate to 10 mm above the processing platform and
then added a gradient dendritic support, as shown in Fig. 7. The parameters of support having two partitions
was as follows: the diameter of conical apex was 0.1 mm, the diameter of conical base was 0.6 mm, the maximum
row spacing between inner cones was 1.6 mm, the maximum row spacing between outer cones was 1.2 mm, the
Z-axis offset was 0.05 mm, the maximum trunk height was 8 mm, the number of branches was 4, a breaking point
was added in the vertical direction (0.3 mm in diameter and 1 mm from the top), the part volume measured
40 mm?, and the support volume was 145.103 mm?>.
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Figure 7. Schematic of the optimized design of the gradient dendritic support.
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Thermal stress analysis of optimized dendritic support

The stress and strain nephograms of the optimized dendritic support are shown in Fig. 8. As shown in the stress
nephogram in Fig. 8 (a), the stress of the optimized dendritic support was concentrated in the apices of the sup-
ports, the stress intensity decreased progressively from apex to base, and the stress was evenly distributed. The
intensity distribution was 1.078¢° MPa for the optimized dendritic support, which was the equivalent to those
having two partitions and Scheme 2. The displacement nephogram in Fig. 8(b) shows that the displacement
distribution areas were basically the same, the maximum displacements all appeared at the four corners of the
0.1-mm thin plate, and the maximum displacement of the support also appeared at the four corners, decreasing
progressively from outside to inside. The maximum displacement of parts having the optimized support was
0.118 mm, which was slightly smaller than those having two partitions and Scheme 2. This may be because the
optimized dendritic support adopted a two-partition structure, and the inner support addition was the same as
that of Scheme 2, which ensured heat dissipation from inside parts, whereas the outer ring increased the pull-
ing force of the support and guaranteed the heat dissipation from outside parts by reinforcing and densifying
supports.

Performance analysis of parts having different structural supports molded by SLM

Placement of parts having different supports

In the above simulation analysis, adding different structural supports beneath a 0.1-mm thin plate was per-
formed mainly to minimize the difficulty levels of data calculations and analyses. In actual processing, owing
to the processing accuracy of the laser and the improved ability to observe part deformations, we adjusted the
thickness of the part to 0.5 mm, imported differently designed supporting structures into Magics software and
placed them in a certain order, as shown in Fig. 9.

Performance analysis of parts molded by SLM

Parts having different structural supports molded by SLM are shown in Fig. 10. The overall morphology of
the parts in Fig. 10 revealed bright and clean surfaces, as well as excellent metal textures. A comparison of the
deformations of parts having conical, E-stage and dendritic supports showed that the maximum deformations
occurred with a conical support, followed by a dendritic support and then an E-stage support. This suggested
that an E-stage support provided the best performance, but this support type required a large support addition,
as verified by the simulation in Section “Thermal stress analysis of common supports”. A comparison of the
deformations of parts with dendritic supports having different structural parameters (Schemes 1 and 2) showed
that Scheme 1 resulted in the largest deformations, which may be because the addition of a breaking point to
the dendritic support in the vertical direction allowed the stress to be released more easily through horizontal
deformations. This verified the simulation results of Section “Thermal stress analysis of dendritic supports with
different structural parameters” A comparison of the deformations of parts with gradient dendritic supports
having different partition numbers (two or three) revealed that three partitions resulted in a larger deformation
than two partitions, which indicated that when adding gradient supports of similar volumes, increasing the
partitions does not improve the molding quality of the parts. By comparing the deformation of parts having
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Figure 8. Finite element analysis results of tree support after optimization design: (a) Stress nephogram; (b)
Strain nephogram.
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Figure 9. Arrangement sequence of supporting parts of different structures.
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Figure 10. Part diagram of SLM forming with different structural supports.

supports (two partitions, Scheme 2 and optimized design), we found that deformations were minimized using
Scheme 2, and the deformations produced using the optimized design were similar to those of the two-partition
supports. The experimental results were slightly different from the simulation results, but not markedly, indicating
that when adding supports of similar volumes, the addition of a gradient support to parts does not improve the
molding quality. Figure 10 the microstructure of the part shows that the e-Stage support and tree support are in
good contact with the part. The tree support has more powder adhesion on the branch part in contact with the
part, which is mainly related to the high energy density of the branch part. The contact part between the conical
support and the parts is broken, which is mainly related to the large shrinkage stress, but the forming effect of
the support is good.

Conclusions

e The simulation results using a 0.1-mm thin plate having different supporting structures indicated that the
maximum stress concentration occurs with a dendritic support, followed by E-stage support and then coni-
cal support. The displacement order is slightly different, being greatest for a conical support, followed by
dendritic support and then E-stage support. As long as the support does not break, the E-stage support has
the best performance, but it requires a large support addition.

®  When dendritic supports having different structural parameters are added to parts, the stress concentration
and deformation of Scheme 2 were smaller than those of Scheme 1, which may be because the addition of a
breaking point in the vertical direction allows the stress to be released more easily through horizontal defor-
mations. The simulation results of parts having gradient dendritic supports with different partition numbers
(two and three) revealed that the stress intensity and deformations for two partitions were slightly smaller
than those for three partitions.

e For parts with different structural supports molded by SLM, the maximum deformation occurs with a conical
support, followed by a dendritic support and then an E-stage support. When gradient supports of similar
volumes were added, adding partitions did not effectively improve the molding quality. When supports of
similar volumes were added, adding gradient supports to parts did not effectively improve the molding qual-

ity.

Of course, follow-up studies are needed to further improve the quality of parts molded by SLM by reduc-
ing the residual stresses of molded parts by preheating the substrate, increasing the number of branches of
dendritic supports, optimizing the powder-spreading structure to minimize powder dispersal when parts come
into contact, changing the placement of parts to reduce the length of laser scanning line. The current study laid
a foundation for the direct manufacturing of high-precision parts using SLM technology.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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