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Abstract: To alleviate resource shortage, reduce the cost of materials consumption and the
pollution of agricultural and forestry waste, walnut shell composites (WSPC) consisting of walnut
shell as additive and copolyester hot melt adhesive (Co-PES) as binder was developed as the
feedstock of selective laser sintering (SLS). WSPC parts with different ingredient proportions were
fabricated by SLS and processed through after-treatment technology. The density, mechanical
properties and surface quality of WSPC parts before and after post processing were analyzed via
formula method, mechanical test and scanning electron microscopy (SEM), respectively. Results
show that, when the volume fraction of the walnut shell powder in the WSPC reaches the
maximum (40%), sintered WSPC parts have the smallest warping deformation and the highest
dimension precision, although the surface quality, density, and mechanical properties are low.
However, performing permeating resin as the after-treatment technology could considerably
increase the tensile, bending and impact strength by 496%, 464%, and 516%, respectively.
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1. Introduction

Additive manufacturing (AM), commonly known as 3D Printing, is a technology combined
with computer aided design, materials processing and molding. Based on digital model file,
software and control system, three-dimensional objects are fabricated by successive layers made by
laser sintering, fused deposition modeling [1,2], stereolithography [3], three-dimensional printing
[4] and hot-pressing [5]. Selective laser sintering (SLS) is one of 3D printing technologies, which was
put forward by C. R. Deckard [6] in his doctoral thesis at the University of Texas at Austin in 1988.
Compared with other 3D printing technologies, SLS has some advantages such as no support is
needed during manufacturing, materials can be reused, and parts have high precision [7]. Thus, SLS
has been widely applied in industries such as automobile making, medical treatment, casting,
aerospace and construction [8,9].

It is the feedstock of SLS that not only affect the development of SLS but also play a decisive
role in the mechanical strength and surface quality of sintered parts. At present, feedstock for SLS
are mainly focused on metal, ceramic, polymer and their corresponding composites [10-19].
However, because of rare species, lack structural diversity and high price, these materials do not
meet the market demand and limit the development of SLS. Therefore, it is urgent to develop a
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sustainable, low-cost and environmentally friendly material for SLS. Professor Guo was the first
devoted to developing natural, low-cost, recycled biomass material as the feedstock for SLS. Initial
studies were mainly focused on single sintering experiment, forming process, and the development
of composites such as aspen wood, rice husk and birch wood [20-22]. With more in-depth study on
pine wood, bamboo and walnut shell, sintered parts of high dimensional precision, good surface
quality and strength properties were obtained [23-25]. Different biomass powder particles have
different geometry, distribution, physical and chemical properties, which have direct effect on the
formability of sintering the composite. Compared to wood powder, bamboo powder and rice husk
powder, the walnut shell powder has unique advantages such as wide source, easy to crush and
good absorbability. In addition, approximately spherical walnut shell particles are helpful for
powder spreading and dispersing, which are the basis of producing high-precision parts. Porous
walnut shell particles have a good permeability, which is helpful to improve the mechanical
strength of sintered parts.

Therefore, waste walnut shell was chosen as raw material, added in copolyester hot melt
adhesive (Co-PES) matrix. Walnut shell composites (WSPC) powder of different content
proportions was studied systematically. In addition, laser sintering mechanism and after-treatment
technology were studied in-depth to assess the density, molding precision, mechanical property
and surface quality of the WSPC parts and after-treatment parts. This lays a good basis on the
molding precision, mechanical property and surface quality of the WSPC parts.

2. Materials and Methods

2.1. Experimental Materials

Walnut shell powder (approximately spherical particles, particle diameter range of 58-96 um,
and apparent density of 0.48 g/cm?) was obtained from food enterprise. Co-PES powder (particle
diameter range of 0-58 pum, apparent density of 0.7 g/cm?, melted index of 30 g/10 min@160 °C and
viscosity of 350 Pa-s@160 °C) was copolyester hot melt adhesive powder provided by Shanghai
Tiannian Material Technology Ltd. (Shanghai, China). Industrial wax (block, melting point of 58.58
°C, oil addition of 0.32%, needle penetration of 16 mm, No. 30 color, No. 3 light stability, kinematic
viscosity of 3.786 mm?/s, No.1 odor) was a mixture of solid high paraffin provided by Jiangyin
Chuanglin Chemical Ltd. (Guangzhou, China). Stearic acid (particle, melting point of 69.6 °C,
boiling point of 232 °C, density of 0.94 g/cm?, decomposition temperature of 360 °C, flashing point
of 220.6 °C) was a solid stearic acid provided by Hebei Delun Chemical Technology Ltd.
(Shijiazhuang, China). Epoxy resin E-44 (transparent liquid, epoxy equivalent weight of 70-210
g/eq, softening point of 2840 °C) was an epoxy resin adhesive provided by Nantong Xingchen
synthetic material Ltd. (Nantong, China). Low molecular 651 polyamide resin (red brown viscous
liquid, amine value of 400 + 20 mgKOH/g, viscosity of 200-3000 cP at 40 °C), a good epoxy resin
curing agent and toughening agent, was produced by Beijing Xiangshan joint additives factory
(Beijing, China). Industrial alcohol (transparent liquid, alcohol content of greater than 99.9%,
density of 0.791 g/cm?) was provided by Harbin Datong Chemical Ltd. (Harbin, China).

2.2. WSPC Powder Preparation

WSPC powder mainly consisted of walnut shell powder, Co-PES powder and micro-additive.
The walnut shell waste was processed by crushing, rotating, polishing, steaming, washing and
filtering, then, yellow-brown superficial porous particles were obtained. The microscopic
morphology of the particles was shown in Figure la. In Figure 1b, Co-PES powder was white
copolyester hot melt adhesive powder. The micro-additive mainly consisted of a small amount of
light stabilizers and lubricants, which improved the mixing efficiency and laser sintering
performance.
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Figure 1. Walnut shell composites (WSPC) power preparation process: (a) copolyester hot melt
adhesive (Co-PES) powder particles morphology; (b) walnut shell powder particles morphology;
and (c) WSPC powder mechanical mixing process.

Before the preparation of WSPC powder, walnut shell powder was dehydrated for 3.5 h in an
incubator of Beijing Longyuan Technology Ltd. (Beijing, China) at a temperature of 105 °C. During
dehydration, the walnut shell powder was weighed at 1 h intervals until the mass kept constant.
Then, the dried walnut shell powder was mixed with Co-PES according to specific formulas (shown
in Table 1) using an SHR50A high-speed mixer from Zhangjiagang Hongji Machinery Ltd.
(Dongying, China). To obtain preferable particle dispersion, a micro-additive was added during the
mixing process. The powder mixture was mixed for 15 min below 30 °C at low-speed and then 5
min at high-speed. The mixed powder was taken out from the high-speed mixer and cooled
naturally to obtain the WSPC powder for SLS. The preparation process is shown in Figure 1c.

Table 1. Volume content of ingredient in walnut shell composites (WSPC) powder.

Serial Number Walnut Shell Powder (%) Co-PES Powder (%) Micro-Additive (%)

1 0 98 2
2 7 91 2
3 12 86 2
4 17 81 2
5 22 76 2
6 27 71 2
7 32 66 2
8 37 61 2
9 40 58 2
10 42 56 2
11 47 51 2
12 52 46 2

2.3. SLS Experiments and Post Processing

SLS experiments: The sintering process of the WSPC parts with different ingredient
proportions were conducted on an AFS-360 rapid prototyping equipment produced by Beijing
Longyuan Technology Ltd. (Beijing, China). The equipment and building method are shown in
Figure 2. The main process parameters are as follows: laser power of 14 W, scanning speed of 2000
mmy/s, layer thickness of 0.1 mm, scan spacing of 0.2 mm, preheating temperature of 82 °C, and
processing temperature of 75 °C.
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Figure 2. The equipment and building method.

Post processing: The WSPC parts were removed from the AFS-360 rapid prototyping machine,
and redundant unsintered powder was cleaned up thoroughly on a powder-cleaning table. Then,
they were placed in an incubator of Beijing Longyuan Technology Ltd. at a temperature of 60 °C for
30 min. The post processing flow chart of WSPC parts is shown in Figure 3.

Permeating wax technology is shown in Figure 3a. The stearic acid was mixed with industrial
wax in 1:1 ratio and heated to 70 °C. When the temperature kept constant, the WSPC parts were
removed from the incubator and then immersed slowly in the melted mixed liquor using a hook,
with an immersion time of about 5-10 s, and then slowly removed and placed on a filter paper
which was used to absorb the redundant liquor on the surface of the parts. They were left to cool
down, then the wax-permeated parts were obtained.

Permeating resin technology is shown in Figure 3b. The epoxy resin, polyamide curing agent
and industrial alcohol were mixed in a ratio of 5:2:2, as resin mixed solution. The WSPC parts were
removed from the incubator and then the surface was smeared with the resin mixed solution using
a brush. When the permeation stopped, the redundant solution was cleared using a filter. After cool
down, the resin-permeated parts were obtained.

Clean redundant Powder Permeatin Wax-
power . 60°C |Incuba |Remove €| Remove
> cleaning 0minl tor wax Coold permeated
table min treatment |-°0' doWn parts
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Figure 3. The post processing flow chart of WSPC parts: (a) permeating wax technology; and

(b) permeating resin technology.
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2.4. Characterization

DSC: The WSPC powder with different ingredient proportions was analyzed using an
American Pyris Diamond differential scanning calorimeter (PerkinElmer, Waltham, MA, USA).
Testing parameters are as follows: the mass of every WSPC sample was 5 mg; heating rate was 10
°C/min; the range of testing temperature was 40-200 °C. DSC curves of the WSPC powder with
different ingredient proportions were obtained.

SEM: As specimens were non-conductive, they were sputtered with gold first. The walnut shell
powder, Co-PES powder, WSPC parts with different ingredient proportions, and cross sections of
after-treatment bending parts were scanned using a FEI Quanta200 SEM produced by the Dutch
company (Amsterdam, Netherlands). The powder and cross sections of specimens were observed.
The SEM diagram of morphology of powder particles and the inner microstructures of the before
and after post processing WSPC parts with different ingredient proportions were obtained.

Density: The mass and size of the WSPC parts and after-treatment parts were measured via an
electronic balance and vernier caliper. Herein, the density 0 is calculated via Equation (1).

=100 @)
where W is the mass of parts (g);  is the length of parts (mm); b is the width of parts (mm); and # is
the thickness of parts (mm).

Mechanical test: Mechanical performances of the WSPC parts and after-treatment parts with
different ingredient proportions were tested using a CMT5504 tensile testing machine of TMS
System Ltd. and a TCJ-4 impact testing machine of Jilin Province Taihe Ltd. (Changchun, China).
The testing standards are as follows: Tensile strength is determined in terms of the ISO527-2
Standard. Crosshead speed is 5 mm/min, and the gauge length is 50 mm. Three-point bending
strength is determined in terms of the ISO178 Standard. Crosshead speed is 5 mm/min, and span
length is 64 mm. U-notched impact strength is determined in terms of the ISO179-2 Standard.
Pendulum impact power is 4 J, and span length is 60 mm.

3. Results and Discussion

3.1. Thermal Analysis

Before the SLS of the WSPC powder with different ingredient proportions, the sintering
window were determined via differential scanning calorimeter (DSC) to prevent them from
warping deformation and hardening and improve the sintering performance of parts and the
utilization ratio of powder. Therefore, the determination of the sintering window for amorphous
polymers without melting point was great important.

DSC curves of the WSPC powder with different ingredient proportions are shown in Figure 4,
which shows that the glass transition temperatures of Co-PES powder (0% walnut shell powder),
7% walnut shell powder, 17% walnut shell powder and 40% walnut shell powder were 57.48, 58.15,
59.72 and 61.05 °C, respectively. To determine the sintering window, the laser sintering experiment
is needed. From the experiments, it can be observed that the WSPC powder with different
ingredient proportions was completely hardening at 92, 93 , 95 and 103 °C, respectively. Thus,
corresponding sintering window were (57.48, 92 °C), (58.15, 93 °C), (59.72, 95 °C) and (61.05, 103 °C),
respectively. There was a heat accumulation phenomenon in the powder bed during sintering; thus,
the preheating temperature and processing temperature of the WSPC powder bed with different
ingredient proportions were 82 and 75 °C, respectively.
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Figure 4. Differential scanning calorimeter (DSC) curves of the WSPC powder with different
ingredient proportions.

3.2. Laser Sintering Experiments

In the process of SLS, the precision of sintering parts is a significant evaluation index of
sintering material and sintering process. The WSPC parts with different ingredient proportions are
shown in Figure 5. Figure 5a shows that the warping deformation of the WSPC parts is the largest
when the volume fraction of the walnut shell powder is 0%. With an increase in walnut shell
powder content, the warping deformation of the WSPC parts decreases. However, when the
volume fraction of the walnut shell powder is 42%, the shape dimension deviation of the WSPC
parts appears and then increases with an increase in walnut shell powder content, shown in Figure
5b,c. The temperature has a greater effect on Co-PES powder. Higher laser sintering temperature
makes inner forming temperature of rapid prototyping machine decline quickly, which causes the
warping deformation of the Co-PES parts. With an increase in walnut shell powder content, Co-PES
powder decreases and the temperature has less effect on WSPC powder, thus the warping
deformation of the WSPC parts decreases. However, when the volume fraction of the walnut shell
powder reaches 42%, the friction increases among walnut shell powder particles, Co-PES powder
and spreading roller during spreading powder, thus the shape dimension deviation of the WSPC
parts appears and increases with an increase in walnut shell powder content. Therefore, the walnut
shell powder content need not be too much. When the dimension of sintered parts is within a
suitable range, the volume fraction of the walnut shell powder in the WSPC powder reaches 40%.
V8 engine cylinder demonstration part is shown in Figure 5d. It shows that the light brown WSPC
part has clear outline, good surface quality, and high shape precision, but poor mechanical strength
for direct use in automobile industry. Thus, it is often used as demonstration part of new product
development. The parts after post processing could have an enhanced mechanical strength and be
used as wood pattern and investment casting.

Figure 5. WSPC parts: (a) bending parts with different ingredient proportions; (b) left defect; (c)
right defect; and (d) demonstration part.
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3.3. Density of Parts

In the process of SLS, the density of sintering parts is one of criteria evaluating the
performance. The density changes and growth rate curves of WSPC parts with different ingredient
proportions are shown in Figure 6. Figure 6a shows that, with an increase in walnut shell powder
content, the density of the WSPC parts and keeps constant finally. The mainly reason is that, with
an increase in walnut shell powder content, Co-PES powder content decreases and it can not wrap
and bonds the walnut shell powder, which results in the inner holes of WSPC parts. The holes
become bigger and more with an increase of the walnut shell powder, thus the density decrease
continuously. The density of after-treatment parts also decreases then tend to constant. However,
compared with the WSPC parts, the density of after-treatment parts increases and the growth rate is
quickly, shown in Figure 6b. The mainly reason is that, with a decrease in walnut shell powder
content, Co-PES powder content increases and it can wrap and bond the walnut shell powder
adequately, which results in the fewer inner holes and higher density of WSPC parts. After the
parts are processed via permeating wax and permeating resin, it is hard for the wax mixed liquid
and resin mixed liquid to permeate to the interior of the parts, thus the influence is less. However,
with an increase in walnut shell powder content, Co-PES powder content decreases, resulting in
bigger and more inner holes of WSPC parts. After the parts are processed via permeating wax and
permeating resin, the wax mixed liquid and resin mixed liquid fill and solidify the holes of parts,
which makes the density of the parts higher. However, when the walnut shell power content
reaches a specific value, the inner permeating liquid wax and resin of WSPC parts is saturated, thus
the density of the parts keeps constant. Therefore, the density of wax-permeated parts and
resin-permeated parts decrease continuously and tend to constant finally. The density growth rate n
was calculated via Equation (2).

o
where 1 is density growth rate (%); 0, is density of WSPC parts (g/cm®); and 0, is density of

after-treatment parts (g/cmd).
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Figure 6. The density changes and growth rate curves of WSPC parts and after-treatment parts with
different ingredient proportions: (a) density bar chart; and (b) density growth rate curves.

3.4. Microstructure

The interfacial binding mechanism between the walnut shell powder and amorphous Co-PES
matrix, as well as the dispersion of powder particles are important factors influencing mechanical
properties of WSPC parts. The laser power is the main input power that combines the Co-PES
powder and the walnut shell powder, and the ingredient proportion of the powder is a factor
influencing the power absorption of the WSPC powder. Therefore, by SEM, the microstructure of
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the cross section of the WSPC parts and after-treatment parts was observed, as shown in Figure 7. It
can be seen in Figure 7a,b that the walnut shell particles are evenly distributed in the Co-PES
matrix, and there is no aggregation phenomenon. The size and quantity of inner pores of the WSPC
parts (22% walnut shell powder) are small, sintering neck is large and sintering zone is continuous.
However, the size and quantity of inner pores of the WSPC parts (40% walnut shell powder) are
large, sintering neck and sintering zone are small. Due to the small content of walnut shell powder,
Co-PES powder can fully absorb the power of the laser radiation and melt completely, and its
liquidity improves. Then, the bonded and wrapped walnut shell powder causes many continuous
sintering zones. However, when the content of walnut shell powder is large, the Co-PES powder is
prevented from absorbing the laser power, and the Co-PES powder liquidity declines. Therefore,
the size and quantity of its inner pores is small and sintering zone is small.

To reduce the quantity of inner pores of the WSPC parts and improve the performance of the
WSPC parts, WSPC parts are processed by permeating wax and permeating resin. The cross-section
morphologies of after-treatment parts are shown in Figure 7c—f. The size and quantity of inner
pores of the wax-permeated parts (22% walnut shell powder) are large, and interface bonded
loosely. However, the size and quantity of inner pores of the wax-permeated parts (40% walnut
shell powder) are small and the interface bonded tightly. The main reason is that, when the content
of walnut shell powder is small, internal structure of WSPC parts is dense; thus, it is not easy for
liquid wax to permeate to the inside of parts and fill the inner pores. However, when the content of
walnut shell powder is large, internal structure of WSPC parts is loose; thus, it is easy for liquid
wax to permeate to the inside of parts and fill the inner pores. Therefore, better wax-permeated
parts are obtained when the large walnut shell content; the size and quantity of inner pores of the
resin-permeated parts (22% walnut shell powder) are large, and the sintering neck is seen clearly.
The size and quantity of inner pores of the resin-permeated parts (40% walnut shell powder) are
small, and the inner structure is dense. When the content of walnut shell is small, internal structure
of WSPC parts is dense, thus, it is not easy for liquid resin to permeate to the inside of WSPC parts
and fill the inner pores. However, when the content of walnut shell powder is large, internal
structure of WSPC parts is loose. Thus, it is easy for liquid resin to permeate to the inside of WSPC
parts and fill the inner pores. Therefore, better resin-permeated parts are obtained when the large
walnut shell content. To sum up, the small walnut shell content leads to fewer pores and denser
structure of WSPC parts. However, the influence of after-treatment is weak, especially permeating
resin treatment; the large content of walnut shell leads to more pores and loose structure of WSPC
parts. However, the influence of after-treatment is good, especially permeating wax treatment. The
size and quantity of inner pores of WSPC parts are small, and the interface bonded tightly.
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Figure 7. The scanning electron microscopy (SEM) diagrams of cross-sections of WSPC parts and
after-treatment parts with different ingredient proportions: (a) WSPC parts (22% walnut shell
powder); (b) WSPC parts (40% walnut shell powder); (¢) WSPC wax-permeated parts (22% walnut
shell powder); (d) WSPC wax-permeated parts (40% walnut shell powder); (e) WSPC
resin-permeated parts (22%walnut shell powder); and (f) WSPC resin-permeated parts (40% walnut
shell powder).

3.5. Surface Quality

By SLS experiment, the WSPC parts of different ingredient proportions were obtained. By
after-treatment, and the wax-permeated parts and resin-permeated parts were obtained. The
surface morphologies of WSPC parts, wax-permeated parts and resin-permeated parts were
observed via SEM, as shown in Figure 8. Figure 8a shows the surface morphology of the WSPC
parts (40% walnut shell powder). The size and quantity of inner pores of the WSPC parts are large.
Co-PES powder particles are not fully melted. Sintering neck is smaller, and there is no continuous
sintering zone. Due to large walnut shell content and small Co-PES powder content, molten Co-PES
powder are unable to bond and wrap walnut shell powder particles. The other reason is the walnut
shell powder content is large, which prevents the laser power from radiating on Co-PES powder
particles. Thus, the power of laser radiation is not fully absorbed by Co-PES powder particles.
Figure 8b shows the surface morphology of the WSPC wax-permeated parts (40% walnut shell
powder). The size and quantity of inner pores are small but many holes on the surface, causing the
surface out of flatness. Its main reason is that the surface pores are filled with liquid wax, which
makes the size and quantity of inner pores are small. However, the liquidity of liquid wax is good,
permeating to the inner of parts through the pores, thus there are many holes on the surface of
wax-permeated parts. Figure 8c shows the surface morphology of the resin-permeated parts (40%
walnut shell powder). There is almost no pore on the surface of resin-permeated parts, and surface
is flat but a few holes. Its main reason is that, the surface pores are filled with liquid resin. The
liquidity of liquid resin is poor, but viscosity is good, which leads to an adhesive film on the surface
of parts. The air pores are produced by bonding and solidification during liquid resin immersing in
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the inside of parts. To sum up, the surface quality of wax-permeated parts and resin-permeated
parts is superior to WSPC parts, especially, the surface quality of resin-permeated parts is best.
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Figure 8. The surface morphology of WSPC parts and after-treatment parts (40% walnut shell
powder): (a) sintered parts; (b) wax-permeated parts; and (c) resin-permeated parts.

3.6. Mechanical Properties

In the process of SLS, the mechanical properties are one of the criteria evaluating the quality of
sintering materials and determining the performance and application range of sintering parts. The
mechanical properties change and growth rate curves of WSPC parts and after-treatment parts with
different ingredient proportions are shown in Figure 9. In Figure 9a-c, with the increase of walnut
shell powder content, the tensile, bending and impact strength of WSPC parts and wax-permeated
parts decrease. When the walnut shell powder content reaches 40%, the mechanical strengths
decrease slowly and tend to be constant, their values of 1.813 MPa, 3.12 MPa, 0.718 J/m?, and 2.809
MPa, 4.38 MPa and 1.079 KJ/m?, respectively. However, mechanical strengths of resin-permeated
parts decrease first, then increase, when volume fraction of the walnut shell powder is 12%, its
mechanical strengths reaches the lowest, with values of 7.605 MPa, 11.21 MPa and 2.941 KJ/m2
When walnut shell powder content is 40%, mechanical strengths increase slowly then tend to be
constant, with values of 10.811 MPa, 17.6 MPa and 4.423 KJ/m2.This is mainly because with the
increase of the content of walnut shell powder, the Co-PES powder binder content decreases.
Although fully melted, walnut shell powder particles cannot be fully bonded. The poor interface
bonding strength of walnut shell powder particles and Co-PES powder binder causes the
mechanical strengths of WSPC parts decrease. However, when walnut shell powder content
reaches 40%, the inner interface bonding strength of walnut shell powder is poorest. Although
walnut shell powder content continues increasing, the effect on mechanical strengths is very weak,
almost negligible. Therefore, mechanical strengths tend to be constant finally. After the pores are
filled with wax, permeating wax and Co-PES binder wrap the walnut shell powder particles
completely so that the interface bonding strength WSPC parts is better. When the walnut shell
powder content reaches 40%, wax in the WSPC parts plays an important role, and the mechanical
strength of wax-permeated parts almost no longer change and mechanical strength curve tends to
constant. The process of resin-permeated parts is the same way as the wax-permeated parts.
Besides, the solidification process causes internal interface bonding strength the WSPC parts
rapidly increase. When the walnut shell powder content is 12%, due to the low walnut shell powder
content, pores on the surface of WSPC parts are few. The liquidity of resin is poor, permeating resin
content is small and the solidification of WSPC parts is weak. Compared with Co-PES parts and
resin-permeated parts (more than 12% walnut shell powder), mechanical strengths of
resin-permeated parts (12% walnut shell powder) is poor relatively. When walnut shell powder
content reaches 40%, mechanical strengths of permeating resin are mainly determined by the
mechanical property of resin. Therefore, mechanical strengths of permeating resin tend to be
constant finally.

In Figure 9d—f, the growth rates of tensile, bending and impact strength of after-treatment parts
are increasing continuously; however, compared with wax-permeated parts, growth rate of
resin-permeated parts increases rapidly. The main reason that, although the mechanical strength of
the WSPC parts after permeating wax treatment technique is improved, the permeating wax
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treatment process is only mechanical combination among the walnut shell powder particles, the
Co-PES powder particles and wax, causing slow growth rate of mechanical strengths of
wax-permeated parts. However, after the surface pores are filled with resin, permeating resin and
Co-PES binder wrap the walnut shell powder particles completely. At the same time, solidification
process forms chemical cross-linking reaction, causing internal interface bonding strength the
WSPC parts rapidly increase. Therefore, the growth rate of mechanical strengths of resin-permeated
parts increases rapidly.
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Figure 9. The mechanical properties change and growth rate curves of sintered parts and
after-treatment parts with different ingredient proportions: (a) tensile strength; (b) bending strength;
(c) impact strength; (d) tensile strength growth rate; (e) bending strength growth rate; and (f) impact
strength growth rate.

4. Conclusions

The WSPC powder with different ingredient proportions was prepared by mechanical mixing
method. The maximum of additive amount of walnut shell powder was 40% via SLS experiments.
With an increase of walnut shell power content, the size and quantity of inner pores increase, the
density and mechanical properties decrease continuously. Compared to Co-PES parts, the lowest
density (0.897 g/cm?) of WSPC parts decreases by 26.78%, and the lowest mechanical strengths
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(1.813 MPa, 3.12 MPa, and 0.718 J/m?) decrease by 76.88%, 70.14%, and 70.2%, respectively. With an
increase of walnut shell power content, the size and quantity of inner pores and density of
after-treatment parts decrease. The mechanical properties of wax-permeated parts decrease, and
those of resin-permeated parts firstly decrease, then increase. Compared to WSPC parts, the density,
tensile, bending and impact strength of wax-permeated parts increase slightly by 30.32%, 54.94%,
40.36%, and 50.28%, respectively. However, those of resin-permeated parts increase considerably by
28.76%, 496%, 464%, and 516%, respectively. Therefore, a sustainable, low-cost and environmentally
friendly WSPC was feasible to be used as feedstock of SLS. Moreover, the surface quality, density
and mechanical properties of after-treatment parts are improved.

Acknowledgments: This study was supported by the National Natural Science Foundation of China
(51475089), the National Key R&D Program of China (2017YFD0601004), Fundamental Research Funds for the
Central Universities (2572017BB07); “Double First-Class” Fund of Northeast Forestry University (41112448),
the Innovation Funds of the Central University (2572015AB12), the Outstanding Academic Leaders Funds of
Harbin (2015RAXX]J022) and the Special Project of Scientific and Technological Development of Central
Guidance for Local (ZY16CO03).

Author Contributions: Y.G. and J.L. conceived the project and revised the whole manuscript. Y.Y. and T.J.
performed the experiments and wrote the paper. K.J. and H.Z. measured the characterizations and analyzed
the data. Y.G. contributed materials.

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

References

1.  Guessasma, S.; Belhabib, S.; Nouri, H. Significance of pore percolation to drive anisotropic effects of 3D
printed polymers revealed with X-ray p-tomography and finite element computation. Polymer 2015, 81,
29-36, doi:10.1016/j.polymer.2015.10.041.

2. Guessasma, S.; Nouri, H.; Roger, F. Microstructural and mechanical implications of microscaled assembly
in droplet-based multi-material additive manufacturing. Polymers 2017, 9, d0i:10.3390/polym9080372.

3. Liu, T.; Guessasma, S.; Zhu, ].H.; Zhang, W.H.; Nouri, H.; Belhabib, S. Microstructural defects induced by
stereolithography and related compressive behaviour of polymers. |. Mater. Process. Technol. 2018, 251,
37-46, doi:10.1016/j.jmatprotec.2017.08.014.

4.  Cao, S; Qiu, Y.; Wei, X.F.; Zhang, H.H. Experimental and theoretical investigation on ultra-thin powder
layering in three dimensional printing (3DP) by a novel double-smoothing mechanism. |. Mater. Process.
Technol. 2015, 220, 231-242, doi:10.1016/j.jmatprotec.2015.01.016.

5. Krinitcyn, M.; Fu, ZW.; Harris, J.; Kostikov, K.; Pribytkov, G.A.; Greil, P.; Travitzky, N. Laminated object
manufacturing of in-situ, synthesized MAX-phase composites. Ceram. Int. 2017, 43, 9241-9245,
doi:10.1016/j.ceramint.2017.04.079.

6. Deckard, C.R. Selective Laser Sintering. Ph.D. Thesis, The University of Texas at Austin, Austin, TX, USA,
1988.

7. Jia, L.B.; Wang, X.C,; Wang, X.J.; Xu, B.; Wei, J. The research and application progress of selected laser
sintering technology. Inf. Technol. Informatiz. 2015, 11, 172-175, d0i:10.3969/j.issn.1672-9528.2015.11.054

8. Dutta, B.; Froes, F.H. The additive manufacturing (AM) of titanium alloys. Met. Power Rep. 2017, 72,
96-106, doi:10.1016/].MPRP.2016.12.062.

9. Mangano, F.; Bazzoli M.; Tettamanti, L.; Farronato, D.; Maineri, M. Macchi, M., Mangano, C.
Custom-made, selective laser sintering (SLS) blade implants as a non-conventional solution for the
prosthetic rehabilitation of extremely atrophied posterior mandible. Lasers Med. Sci. 2013, 28, 1241-1247,
doi:10.1007/s10103-012-1205-1.

10. Bourell, D.L. Sintering in laser sintering. JOM 2016, 68, 885-889, doi:10.1007/s11837-015-1780-2.

11. Barrioberovila, P.; Gussone, J.; Haubrich, J.; Sandlobes, S.; Silva, J.; Cloetens, P.; Schell, N.; Requena, G.
Inducing Stable a + 3 Microstructures during Selective Laser Melting of Ti-6Al-4V Using Intensified
Intrinsic Heat Treatments. Materials 2017, 10, 268, d0i:10.3390/ma10030268.

12. Pace, M.L.; Guarnaccio, A.; Dolce, P.; Mollica, D.; Parisi, G.P.; Lettino, A.; Medici, L.; Summa, V.; Ciancio,
R.; Santagata, A. 3D additive manufactured 316L components microstructural features and changes
induced by working life cycles. Appl. Surf. Sci. 2017, 418, 437-445, d0i:10.1016/j.apsusc.2017.01.308.



Materials 2017, 10, 1381 13 of 13

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Maszybrocka, J.; Stwora, A.; Gapinski, B.; Skrabalak, G.; Karolus, M. Morphology and surface topography
of Ti6Al4V lattice structure fabricated by selective laser sintering. Bull. Pol. Acad. Sci. Tech. Sci. 2017, 65,
85-92, doi:10.1515/bpasts-2017-0011.

Shahzad, K.; Deckers, J.; Zhang, Z.Y.; Kruth. J.; Vleugels, ]. Additive manufacturing of zirconia parts by
indirect selective laser sintering. J. Eur. Ceram. Soc. 2014, 34, 81-89, d0i:10.1016/j.jeurceramsoc.2013.07.023.
Stasi¢, J.; Trtica, M.; Rajkovi¢, V.; Ruzi¢, J.; Bozi¢, D. Laser sintering of Cu-Zr-ZrB2 composite. Appl. Sutf.
Sci. 2014, 321, 353-357, d0i:10.1016/j.apsusc.2014.10.021.

Warnakula, A.; Singamneni, S. Selective Laser Sintering of Nano Al:0s Infused Polyamide. Materials 2017,
10, d0i:10.3390/ma10080864.

Wang, LF; Liu, Y.H.; Zhu, X.G,; Li, C.G,; Sun, J.; Cheng, L.Y.; Guo, L].; Yu, Z.S. Investigation on the
mechanical properties of PA6 by SLS. Appl. Laser 2016, 36, 136-140, d0i:10.14128/j.cnki.al.20163602.136
Bai, J.; Zhang, B.; Song, J.; Bi, G.J.; Wang, P.; Wei, ]. The effect of treatment conditions on the mechanical
properties of polyethylene produced by selective laser sintering. Polym. Test. 2016, 52, 89-93,
doi:10.1016/j.polymertesting.2016.04.004.

Qi, FW.; Chen, N.; Wang, Q. Preparation of PA11/BaTiOs, nanocomposite powders with improved
processability, dielectric and piezoelectric properties for use in selective laser sintering. Mater. Des. 2017,
131, 135-143, d0i:10.1016/j.matdes.2017.06.012.

Guo, Y.L,; Jiang, K.Y.; Yu, Z.X,; Xin, Z.S.; Zeng, W.L. The preparation technology and forming properties
of wood-plastic composite powder used in selective laser sintering. J. Shanghai Jiaotong Univ. 2011, 45,
1327-13311.

Zeng, W.L,; Guo, Y.L; Jiang, KY.; Yu, Z.X,; Liu, Y. Preparation and selective laser sintering of rice
husk-plastic composite powder and post treatment. Dig. ]. Nanomater. Biostruct. 2012, 7, 1063-1070.

Zeng, W.L.,; Guo, Y.L, Jiang, K.Y.; Yu, Z.X,; Liu, Y.; Shen, Y.D.; Deng, ].R.; Wang, P.X. Laser intensity
effect on mechanical properties of wood-plastic composite parts fabricated by selective laser sintering. J.
Thermoplast. Compos. Mater. 2012, 26, 125-136, d0i:10.1177/0892705712461520.

Zhang, H,; Guo, Y.L.; Zhao, D.J.; Yu, ZX. Preparation and selective laser sintering of Pine/Polyether
sulfone composite. J. Northeast For. Univ. 2014, 42, 150-152, 157, d0i:10.3969/j.issn.1000-5382.2014.11.034.
Zhao, D.J; Guo, Y.L; Song, W.L.; Jiang, K.Y. Preparation and forming characteristics of bamboo
powder/co-polyamide laser sintering composite materials. J. Northeast For. Univ. 2015, 43, 107-109, 115,
doi:10.4028/www .scientific.net/KEM.667.320.

Yu, Y.Q; Guo, Y.L, Jiang, T Jiang, K.Y.; Guo, S. Laser sintering and post-processing of a walnut
shell/Co-PES composite. RSC Adv. 2017, 7, 2317623181, doi:10.1039/c7ra00775b.

© 2017 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/).



