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Additive manufacturing is a rapid manufacturing based on discrete accumulation to achieve prototypes or parts of products. 

Inorganic non-metallic materials, as one of the three major materials, have incomparable application prospect in medical, 

aerospace, automotive, construction, arts and crafts, as well as many other fields. In order to rapidly create devices with 

arbitrarily complex shapes, additive manufacturing of inorganic non-metallic materials is becoming a hot spot of current 

research. In view of the technical types, materials and other aspects, this article introduced research status and development 

of additive manufacturing in inorganic non-metallic materials at home and abroad. Several common inorganic non-metallic 

materials are compared and analyzed, such as Al2O3, Si3N4 SiO2, ZrO2, etc. The forming characteristics and the problems 

of several popular ceramic materials and sand–casting materials are illustrated with emphases. The key problems existed 

in additive manufacturing forming process of inorganic non-metallic material are pointed out and urgent to be solved at 

present. Furthermore, the impacts of the material handling process, three dimensional printing (3DP), Selective Laser 

Sintering(SLS), Selective Laser Melting (SLM) three-dimensional forming processes and post treatment process on the 

quality and performance of the forming parts are analyzed. Finally, the prospects in SLS of the gem material are put 

forward.  

Keywords: additive manufacturing, inorganic non-metallic materials, material handling process, three-dimensional 

forming process, post treatment process, 3D printing; selective laser sintering, selective laser melting. 
 

1. INTRODUCTION 

With the development of materials science, the variety 

of inorganic non-metallic materials are increasing, the 

current commonly used inorganic non-metallic materials 

include: ceramics, glass, non-metallic ore, the original sand, 

cement, semiconductors, etc. In the crystal structure, the 

inorganic non-metallic crystal structure is far more complex 

than metal’s. It has no free electrons and has ionic bond and 

mixed bond which are stronger than the metal bond and pure 

covalent bond. This special high bond energy and high bond 

strength of chemical bond gives inorganic non-metallic 

materials many properties including high melting point, 

high hardness, corrosion resistance, wear resistance, high 

strength and good oxidation resistance and so forth. Besides, 

there are other characters, such as the broad electrical 

conductivity, thermal insulation, light penetration and good 

piezoelectric and ferroelectric and ferromagnetic [1]. These 

advantages of inorganic non-metallic materials are 

irreplaceable for polymer materials and metal materials, so 

that the application of such materials is becoming more and 

more important, especially in the architecture, national 

defense, electronic, medical, casting. 

The traditional processing technology of inorganic 

non-metallic materials has many defects include backward 

production technology, low level of automation, long 

production cycle, insufficiently use of materials and so on. 

The inorganic non-metallicmaterials processing is very 

difficult to meet production requirements. In order to seek 
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advanced manufacturing technology, both domestic and 

foreign scholars are constantly exploring. The emergence of 

additive manufacturing technology exactly makes up and 

overcomes the shortcomings of traditional processing 

technology, and brings a new future for the production of 

inorganic nonmetallic materials. Additive Manufacturing 

emerged in the late 1980s [1], also known as rapid 

prototyping technology, which changes the traditional 

“remove” manufacturing into “increase” manufacturing and 

which has the development of high efficiency, no mold, 

shape-forming complex devices, low cost and many other 

advantages. Its research and application in the field of 

inorganic nonmetallic materials not only provide a new way 

for the manufacture of inorganic nonmetallic materials, but 

also make its new products more competitive in the market. 

At present, there are several kinds of common additive 

manufacturing techniques: Laminated Object 

Manufacturing (LOM), Stereo Lithography Apparatus 

(SLA), Fused Deposition Molding (FDM), 3D Printing 

(3DP), Selective Laser Sintering (SLS), Selective Laser 

Melting (SLM), etc., among which 3DP, SLS and SLM are 

commonly used in the production of inorganic nonmetallic 

materials. Most of the inorganic nonmetallic materials used 

in additive manufacturing are in the state of slurry and 

powder. Whether the raw material is well handled is directly 

related to the quality and performance of the subsequent 

forming parts, and the state of the raw material also 

indirectly determines which kind of additive manufacturing 

technology should be used. 
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2. THE DEVELOPMENT OF INORGANIC 

NON-METALLIC MATERIALS USED IN 

ADDITIVE MANUFACTURING 

2.1. The development of inorganic non-metallic 

materials used in 3DP 

Three-dimensional printing (3DP) technology 

developed by the Massachusetts Institute of Technology, it 

is an additive manufacturing method that utilizes micro-

jetting technology whose process is similar to the printer. 

During the process, spray adhesive in the pre-paved powder 

where it is needed to form a thin layer, and then layer by 

layer to finally obtain the three-dimensional part [2, 3]. 

Most of materials used for three-dimensional printing of the 

material are in the state of powder, such as metal, ceramics, 

the original sand, gypsum, cement and other powder, of 

which these two categories of materials the ceramic and the 

raw sand are the most commonly used in three dimensional 

printing. 

2.1.1. 3DP of forming ceramics 

Ceramic material is a kind of inorganic nonmetal 

material, which is made of natural or synthetic compounds 

through the forming and high temperature sintering. It has 

the advantages of most inorganic non-metallic materials 

which can be used as structural materials, tool materials and 

functional materials. At present, ceramic material is 

irreplaceable in order to meet the demands of people in the 

following cases: alumina ceramic has high temperature 

resistance, corrosion resistance, high strength, which can be 

used as crucible, engine spark plug, thermocouple sleeve, 

sealing ring and also can be used as a tool and die; silicon 

nitride ceramic not only has the characteristics of alumina 

ceramic, but also has self-lubricating properties, which can 

be used as high temperature bearing and metal cutting tools; 

silicon carbide ceramic with high temperature, high 

strength, as well as good thermal conductivity, oxidation 

resistance, conductivity and high impact toughness, which 

can be used for rocket nozzle and grinding wheel, abrasive, 

etc [4]. Bioceramics have good biocompatibility and can be 

used to make human bones, teeth, tendons, etc. to repair or 

replace human organs or tissues [4]. 

2.1.1.1. 3DP of forming Al2O3 ceramics 

In 1993, Sachs et al. at first used 3DP method to form 

ceramics, and then the warm isostatic pressing was carried 

out to improve the ceramics density, eliminate the 

intergranular defects, and finally through the high 

temperature sintering, the ceramic part was obtained. 

Because the raw materials added MgO as sintering agent, 

the density and strength of the final ceramic pieces are 

higher [5]. J. Grau et al. made the Al2O3 mold instead of the 

traditional stone mold by 3DP method for grouting, which 

has high strength and short drying time [5]. R. Melcher et 

al. [6] in Erlangen – Nuremberg University of Germany 

used dextrin as binder and applied 3DP technology to print 

out the Al2O3 body, and then calcined at high temperature to 

obtain Al2O3 ceramics, finally infiltrate Cu2O/Cu alloy 

without pressure at high temperature, the final ceramic 

metal composite was formed, which is shown in Fig. 1.The 

surface of the formed specimen is rough, and its volume 

contraction reaches as high as 44.2 % after high temperature 

sintering. 

 

Fig. 1. Formed alumina green body (left), sintered preform 

(middle), infiltrated crucible (right). Reprinted with 

permission from [6]. Copyright © 2006 Elsevier B.V. 

In 2015, Yao et al [7] of State Key Laboratory of High 

Performance Ceramics and Super Fine Structures, Shanghai 

Institute of Ceramics, Chinese Academy of Sciences used 

coarse aluminum powder as raw material to forming with 

the 3D printing technology. Nearly zero shrinkage 

(shrinkage at 1 % – 2 %) of Al2O3 porous ceramic was made 

at high temperature sintering under aerobic conditions. As 

shown in Fig. 2. 

 

Fig. 2. Printed ceramic body (black) and sintered products 

(white). Reprinted with permission from [7]. Copyright © 

2015 Elsevier B.V. 

2.1.1.2. 3DP of forming Si3N4 ceramic 

Weng Zuhai, Zeng Qingfen, et al of China's 

Northwestern Polytechnical University, used silica gel as 

the starting material and dextrin as binder. The porous silica 

body was prepared by three-dimensional printing (3DP), 

then through the nitrogen (N2) environment sintered to 

obtain high porosity silicon nitride (Si3N4) ceramics. The 

bending strength of the silicon nitride ceramic highest at 

(5.1 ± 0.3) MPa, and the porosity is (74.3 ± 0.6) %, and the 

linear shrinkage less than 2 % in the process of reactive 

sintering [8]. B.Cappi et al [9]. at Germany Aachen 

University of Technology used silicon nitride suspensions 

as the raw materials, the first 3DP was adopted to forming 

this materials, then sintered at high temperature with yttrium 

aluminum garnet (YAG) as sintering agent. Finally, ceramic 

specimen was obtained [9]. Its density was 3.18 g/cm3, 

Vickers hardness (HV 0.2) was 17, the fracture toughness 

(KIC) was 4.4 MPa·m0.5, as shown in Fig. 3. 

2.1.1.3. 3DP of forming composite ceramic 

In 1999, two zirconia and alumina composite ceramics 

were prepared by M. and Mott, etc. [10], used inkjet printing 

technology (3DP) and high temperature sintering. In 2001, 

Jooho Moon et al. [2] of the Massachusetts Institute of 

Technology adopted furan resin as binder, forming 
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45 – 105um size of carbon particles, then pressureless 

reaction infiltration on the formed body under the 1450 ° N2 

environment, and ultimately SiC-Si composite ceramic was 

got, as shown in Fig. 4. 

 

Fig. 3. Printed Si3N4-gearwheel. Reprinted with permission from 

[9]. Copyright © 2008 Elsevier B.V. 

 

Fig. 4. d3D printed cuboid (up), pyrolyzed sample(middle) 

reactive-infiltrated composite ceramic of Si3N4-

SiC(down). Reprinted with permission from [2]. Copyright 

© 2001 Elsevier B.V. 

In June 2012, the Si3N4-SiC composite ceramics was 

fabricated by the method of three-dimensional printing and 

chemical vapor infiltration in Northwestern Polytechnical 

University [11]. In 2013, Z. Fu et al [12] of German El 

Langen-Nuremberg University used the mixture of silicon, 

silicon carbide and dextrin powder as the base material. The 

body was printed out with 3DP technique and it was 

penetrated by the resin to stabilize its shape, then thermal 

decompose resin in the N2 environment. The body was 

infiltrated by silicon powder, and sintered in high 

temperature, finally SiSiC composite ceramic was obtained. 

Fig. 5 is a complex structure of the prepared specimen. The 

proportion of Si and SiC content in base material is 

different, so the density, porosity, bending strength and 

fracture toughness of specimen are different.  

 

Fig. 5. a – CAD model; b – SiSiC part was obtained by reactive 

infiltration of formed billet. Reprinted with permission 

from [12]. Copyright © 2013 Elsevier B.V. 

The study found that the density of specimen is about 

2.5 g/cm3, he porosity is less than 8.2 %, flexural strength 

between 65 MPa and 233 MPa, the fracture toughness about 

1.1 – 2.7 MPa  m0.5. 

From the above research, it is shown that the ceramic 

porcelain prepared by three-dimensional printing has a 

larger porosity and a higher density, and it need subsequent 

sintering and liquid phase infiltration to obtain a higher 

quality ceramic device. In addition, the precision of the 

device is strictly limited by the nozzle size, and the nozzle 

is easily blocked which needs regular maintenance. 

2.1.2. 3DP of forming sand type 

Sand casting plays a very important role in the casting 

industry, and the application of three-dimensional printing 

technology, which can form any complex shape parts in 

sand casting has brought significant changes. 

Yang Weidong et al. [13 – 16] of China's Tsinghua 

University, have developed the Patternless casting 

manufacturing technology (PCM), which is based on the 

three-dimensional printing technology of spraying binder. 

According to the interface contour information, the binder 

and catalyst were sprayed out from dual nozzle at the same 

time. The cross-linking between them can make a coating 

which can be used to pour the sand. 70/140 resin sand in the 

traditional casting process were selected as material of 

patternless casting manufacturing technology. Through the 

comprehensive consideration of the hotspots of PCM 

technology, it can be seen that the furan resin binder and the 

toluene sulfuric acid catalyst have good physical and 

chemical properties. Moldless mold manufacturing 

technology is more suitable for the manufacture of large and 

medium-sized castings. Fig. 6 shows the impeller made by 

this technology [17]. Of course, although the mold made by 

moldless manufacturing technology has low cost, high 

strength and other advantages, its surface quality 

requirements have yet to be improved. 

 

Fig. 6. Impeller was fabricated by patternless casting 

manufacturing. Reprinted with permission from [17]. 

Copyright © 2013 Elsevier B.V. 

The technology, which combined 3DP and casting in 

abroad can be presented as follows: the direct shell casting 

(DSPC) process in the United States, GS (Generis'RP 

Systems) process the German, ZCorp's ZCast process and 

ExOne's ProMetal RCT process. DSPC process is similar to 

China's mold-free manufacturing process, which is based on 

the Massachusetts Institute of Technology 3DP patent 

which developed by a rapid prototyping casting process 

[18]. By using 75 – 150 um ceramic powder, it can form a 

better surface quality and it is suitable for manufacturing 

medium and small castings [18]. The first step of GS process 

is to pave sand and spray the resin into the sand bed with 

multi-nozzle cluster. Then the catalyst was sprayed by a 
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nozzle according to the contour path, and the glue reaction 

of the catalyst occurred, which made the layers solidified 

into forming. The size of the process sandbox is generally 

large, suitable for casting large and medium-sized castings. 

But the formed castings are surrounded by resin sand, so the 

sand is difficult to clean when sand mold was taken and 

special processing procedures are required. It also affects 

the accuracy and surface quality of the sand. ZCast process 

is mainly used to manufacture non-ferrous metal sand, the 

thickness of the wall of the molded shell can reach 12 mm. 

The material selected for this casting technique typically 

comprises a mixture of plastic, foundry sand, and the 

remainder of the mixture. In addition, in order to reduce the 

cost of printing, the standard ZP14 powder is often used as 

a printing material. ProMetal RCT process usually choose 

resin sand as a forming material, and synthetic sand, silica 

sand or other casting media as a sand material. The molded 

castings need not post-special treatment and it can be 

directly used to pouring after clean the sand around the 

castings. It is generally used to shape large casting [18]. 

Most of sand molds formed by 3DP are high resin 

content, poor mold permeability and low accuracy. And 

there is a step effect. It is generally suitable for small 

quantities of a single casting production rather than large 

quantities of industrial production. This is because the 3DP-

based casting sand process whose efficiency and quality are 

a pair of contradictory. High efficiency will inevitably 

enlarge the "step effect." In order to achieve mass-

production of sand molds with 3DP, it needs a variety of late 

processing technology to solve this problem. 

The same shortcoming of 3DP forming ceramic and 

sand type is that the forming accuracy is not high. It contains 

a lot of pores. However, this shortcoming is also an 

advantage in some situation, such as the application in 

biological tissue engineering stent, bone tissue and dental 

restorations [19 – 23]. Besides, for the construction industry 

which is not demanding for high accuracy [24], 3DP 

forming process will bring it a new look. 

2.1.3. Development status of SLS forming of inorganic 

nonmetallic materials 

SLS was proposed by Carl Ckard of the University of 

Texas at Austin in 1989 [25]. Using a pre-set powder, laser 

selectively sieves the solid powder and superimposes the 

sintered cured layers to form the desired shape. According 

to the mechanism of powder forming, SLS is divided into 

four types: solid phase sintering, liquid sintering part 

melting, all melting, chemical induction and combination 

[25]. Depending on whether the binder is used in the 

forming process, SLS is divided into two types: the addition 

of the binder and the without addition of the binder. The 

mixture made by SLS, which is added binder, can be divided 

into two types: one is the slurry, the other is the powder 

material. Both of them are made from the powder-like base 

material and binder composition. The slurry needs to be 

dried before selective laser sintering printing, while the 

powder material can be directly selected for selective laser 

sintering. The body printed by SLS needs debinding to 

remove the binder and impregnation of a material or 

isostatic pressing to improve the density. The mixture is 

composed of two kinds of powdery materials, which have 

low melting point and high melting point. High melting 

point material is the material to be formed. During the SLS 

process, the appropriate laser energy melts the low melting 

powder material and cannot melt high melting powder 

material, so that low melting point powder material bonds 

high melting point powder material to form it. 

There are many types of SLS formed materials, which 

are covered in the polymer materials, metal materials and 

inorganic non-metallic materials. In inorganic nonmetallic 

fields, SLS forming materials are commonly used as 

ceramic materials and coated sand. Wuhan Huazhong 

University of Science and Technology, Tsinghua University 

in Beijing, the University of Leuven in Belgium, the 

University of Texas at Austin, and other research 

institutions have a deeper study about it. The study of the 

ceramic material SLS molding mainly concentrated on the 

alumina ceramic (Al2O3), zirconia ceramic (ZrO2), silicon 

carbide (SiC) and some composite ceramics [26 – 29]. 

Khuram Shahzad et al. [30], University of Leuven, 

Belgium, coated the polyamide (PA) as a binder on the 

surface of the alumina powder particles by a dissolving-

precipitation method to prepare a powder base and then the 

laser selectively sintered to form the powder base. Finally, 

after hot isostatic pressing, infiltration of silica sol, 

degreasing and high temperature sintering treatment, the 

68 % relative density alumina ceramic was obtained. Yu-

sheng team of Huazhong University of Science and 

Technology made composite powder, which contains 

organic binder PVA and ER06 Al2O3, by using the 

technique of a combination of film and mixed preparation. 

After selective laser sintering, compression molding, 

degreasing and high temperature sintering of the mixed 

preparation, ceramic parts whose relative density greater 

than 92 % was obtained on its self-developed HRPS-

Ⅳ(Hua rapid prototyping system-IV) forming machine 

[31], as shown in Fig. 7.  

 

Fig. 7. Alumina green gear manufactured by SLS (left) and the 

alumina gear densified by CIP and process (right). 

Reprinted with permission from [31]. Copyright © 2014 

Elsevier B.V. 

Hwa-Hsing Tang [32, 33] of Taipei University of 

Science and Technology used fully hydrolyzed 

polyethylene glycol as a binder. Based on colloidal science 

principle, a good dispersion Al2O3 ceramic slurry was 

configured, which sintered layer by layer under the action 

of the laser, and the three-dimensional solid ceramic parison 

was accumulated. Then the parison passed through 

degreasing and sintering at high temperature. The average 

relative density of the final ceramic parts reached 98 %. 
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However, the method of forming ceramic parts is very 

inefficient because the slow drying of the upper forming 

layer, which must be completed before the next layer begins 

to form during the forming process. So the part forming rate 

is very slow and difficult to satisfy the future demand for 

mass and efficient manufacturing of ceramic parts, which is 

also a common drawback of slurry-based SLS technology. 

In 2007, Ph. Bertrand et al. [29] used the SLS process 

to print a zirconia blank with a density of 56 %. Khuram 

Shahzad et al. [34] of the University of Leuven in Belgium 

also studied the preparation of zirconia ceramics for SLS. 

They prepared spherical polypropylene-zirconia composite 

powders by heat-to-phase separation by using a SLS process 

to print green bodies with a relative density of 36 %. And 

the 92 % density zirconia oxide ceramics were prepared by 

pressure permeation of zirconia suspension, hot isostatic 

pressing and high temperature sintering. In order to maintain 

the shape of the green body and further improve the density 

of the green body during the high temperature sintering 

process, it is necessary to add a certain amount of Y2O3. 

Peugeamedu et al. [26] of the University of Pennsylvania 

found that the yttrium content in zirconia had a certain effect 

on the quality of the shaped parts. When the content of 

yttrium oxide in zirconium oxide is high, the surface quality 

of the molded parts is poor. There are cracks and holes 

caused a low density; yttrium oxide content is low, which 

have fine microstructure and high density. 

In 2006, Ren Yusong et al. [35] of Nantong University 

in China, achieved nano-SiC forming based on selective 

laser sintering process. The sintered nano-SiC 

microstructure in the sintering layer was analyzed by X-ray 

diffraction, scanning electron microscopy, meanwhile the 

laser sintering process and process the effects of parameters 

are discussed. The results show that the sintered shape of 

SiC ceramic block can be realized by selective laser 

sintering process. The internal structure of the sintered part 

is nanostructured, and the grain size of the material is not 

big. However, the decomposition of SiC in the sintering 

process produces nano Si and C. Xiong Huaping et al. [36] 

of Nanchang University of Aeronautics and Astronautics 

studied the effect of binder on the dimensional accuracy and 

mechanical properties of SLS-shaped SiC ceramics. It was 

found that SLS forming dimension accuracy was 98.42 % 

by using epoxy resin as binder. The use of epoxy resin and 

NH4H2PO4 as a binder maintained the dimensional accuracy 

of the body, and the tensile strength and bending strength 

are higher than prefabricated body, which used epoxy resin 

alone as a binder. After that, they tried to use nylon 6 and 

NH4H2PO4 as the binder, and the final SiC ceramics were 

improved in dimensional accuracy and mechanical 

properties. The effect of process parameters on the sintering 

quality of Al2O3/SiO2/ZrO2 composite ceramics during the 

SLS forming process was studied by orthogonal test method 

[37]. Shi Yusheng team of Huazhong University of Science 

and Technology studied SLS forming Al2O3/SiO2 

composite ceramics. The results show that the strength and 

density of the sintered parts increased with the increase of 

the SiO2 content. When the SiO2 content fraction reaches 

20 %, the tensile strength of the sintered material is 45 MPa 

at 1450 ° for 45 h, and the density is 2.35 × 103 kg/m3. 

The study found that SLS forming ceramic technology 

generally includes four processes: the preparation of 

materials, laser selective sintering forming, isostatic 

pressing, infiltration treatment and high temperature 

sintering. The asymmetric pieces are deformed obviously in 

the process of isostatic pressing and high temperature 

sintering process. It is also a common problem on the SLS 

forming ceramic that needs to improve on late research [38]. 

While molds formed with coated sand, silica sand and other 

materials, which based on the SLS process, do not need 

isostatic pressing and high temperature sintering treatment. 

The formed ceramic has high precision. This technology 

plays a huge role in the sand casting industry [39 – 41]. In 

addition, SLS process, which is used in bone and stent 

preparation with hydroxyapatite, β-tricalcium phosphate 

and other materials artificial, has also been extensively 

studied in the field of biomedical engineering [42 – 44]. 

2.1.4. Development of inorganic nonmetallic materials 

SLM forming 

The SLM evolved on the basis of SLS, which was 

designed by laminating the solid-state solid powder by laser. 

It was originally proposed by the German Fraunhofer Laser 

Institute in 1995 [45, 46]. Unlike SLS, SLM does not need 

to add binder during the forming process but is shaped by 

melt-curing of the powder. It is conveniently to control the 

porosity and pore shape and to form porous parts with 

complex internal structure [47]. The SLM process is mainly 

used for the forming of metal or alloy parts, and is less used 

for ceramic forming belong to inorganic nonmetallic 

materials [45]. 

Shishkovsky of the Lebedev Institute of Physics in 

Russia and Yadroitsev of the DIPI laboratory in France [48] 

used the SLM process to print the ZrO2-Y2O3 composite 

powder on the Phenix PM-100 machine in 2007. Finally, 

ZrO2 ceramics with relatively low porosity and relatively 

high geometric accuracy were obtained, but it still has pores 

and cracks, as shown in Fig. 8. Hagedom and Yves-

Christian [49] of Fraunhofer Institute of Laser Hagedom, 

who used the SLM process directly to produce almost 

100 % density of Al2O3-ZrO2 ceramic parts. In the study, 

although the forming powder was preheated at a 

temperature higher than 1600 ℃, the final printed ceramic 

was still cracked. 

 

Fig. 8. ZrO2 samples were produced by SLM process (Phenix PM-

100 machine). Reprinted with permission from [48]. 

Copyright © 2007 Elsevier B.V. 

During the forming process, the cracks often occur 

because of the greater temperature and stress changes 

[50 – 52]. In order to reduce the occurrence of cracks, SLM 

forming powder preheating process is very important. 

Dr. Wilkes [46] conducted an experimental study in this 

area. The SLM forming ceramic process have been also 
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studied in Huazhong University of Science and Technology 

and the University of Leuven, Belgium. Although the study 

found that the SLM process can form a high density 

specimen, there are inevitable cracks in the current ceramic 

which make the SLM process rarely used in ceramics [53]. 

3. FACTORS AFFECTING THE PRODUCTION 

OF INORGANIC NONMETALLIC 

MATERIALS 

In the whole process of inorganic non-metallic 

materials, there are many factors that will directly affect the 

quality and performance of the forming parts. The main 

factors that affect the rapid formation of inorganic 

nonmetallic materials are: material processing technology, 

3DP, SLS, SLM Three-dimensional forming process, the 

three major aspects of post-processing technology. In 

addition, the hardware situation of the material 

manufacturing machine will also affect the quality and 

performance of forming parts, but there's no discussion here. 

The detailed exposition on how these three factors influence 

the quality and performance of the forming parts as follows. 

3.1. Material handling process 

The forming material is mainly composed of base 

material, binder, additive and others, in which the binder 

plays an important role in shaping the inorganic nonmetallic 

material, and its selection depends on the performance of the 

substrate to be printed. The liquid adhesive used in 3DP 

process can be divided into three types. One is the liquid that 

cannot bond itself, another is the liquid that will react with 

the powder and last one is the liquid that can partly bond. 

Chloroform ethanol, some liquid resin, water-based 

adhesives are often used [54 – 56]; For the SLS, SLM 

process, the use of the binder are mostly powder, mainly 

divided into organic and inorganic two categories. 

Polymethacrylic resin (PMMA), nylon, epoxy resin, 

Dihydrogen phosphate (NH4H2PO4) and so on are often 

used [44, 57 – 58]. Among the many binders, the choice of 

binder with the base material can achieve the purpose of 

rapid prototyping. In the 3DP process, some powder binder, 

such as polyvinyl alcohol, cellulose, maltodextrin, can be 

added to strengthen the forming strength of the substrate 

powder. 

In contrast, the particle size and morphology of the 

powder have a deep influence on the quality and 

performance of the forming part. The particles with small 

particle size and irregular morphology can provide a strong 

van der Waals force, but its rollability is poor. And they are 

easy to splash during the printing process, which will lead 

nozzle clogging in the 3DP process. As for SLS, SLM, this 

kind of particles will lead uneven spread powder and cracks 

in every layer in laser sintering. Large spherical particles 

have better rollability, but they will affect the print accuracy 

of parts [59]. The powder particle size of the forming 

different materials depends on the material itself and the 

type of printer type. Typically, it is better that the size of the 

powder particles is different. Because the small particle size 

particles can be filled in large particles during the printing 

process, which increases the density of pieces. The shape of 

the powder is better to closer to the ball. In order to prevent 

the formation of piezoelectric ceramic transducer (PZT) 

cracks in the 3DP forming, Song and others of the 

University of Brunel, England [60] selected PZT with a 

diameter of 2 μm as a forming powder. Tang Chengcheng 

of Zhejiang University of Technology [61] who used Al2O3 

and PA12 powder materials to carry out SLS experiments 

and obtained Al2O3 ceramic specimen. During the 

experiment, Al2O3/PA12 composite powders with particle 

size distribution of 50 ~ 200 µm were prepared by screw 

extrusion granulation and cold crushing. The morphology of 

the prepared powder particles was analyzed in detail. 

Fig. 9 a and b shows that Al2O3 particles can be better 

dispersed in the PA12 matrix, there is no obvious 

agglomeration phenomenon. Fig. 9 c and d shows that the 

powder particles are irregular in shape, which conducive to 

sintering densification but not conducive to mechanical 

powder. 

 

Fig. 9. Fractured SEM morphology: a, b – particle; c, 

d – composite powder. Reprinted with permission from 

[61]. Copyright © 2015 Chine Plastic Industry 

In the process of making inorganic nonmetallic 

materials for 3DP, SLS and SLM, it is important to prepare 

the powder material before the preparation, and the 

preparation of the powder material to be shaped is 

determined by the material preparation process. Today, 

3DP, SLS, SLM powder material preparation process can be 

divided into mechanical mixing method, coating method 

and twin screw extrusion crushing, in which the coating 

method is divided into spray granulation and solvent 

precipitation method [62, 63]. Mechanical mixing process is 

simple, and different powders are difficult to mix evenly, so 

segregation phenomenon often occurred in the process of 

powder. The coating process is complex, but it can make the 

binder bone well on the base powder particles, so that the 

shape of prepared powder is close to a ball and good 

mobility of the powder is conducive to powder; The shape 

of the powder particles produced by the twin-screw 

extrusion pulverization method is extremely irregular and is 

not conducive to the improvement of the precision of the 

powder and the forming parts. Generally, the coating 

method is superior to the mechanical mixing method, the 

mechanical mixing method is superior to the twin-screw 

extrusion pulverization method. In order to obtain a more 

excellent molding material, the researchers usually combine 

the coating method and the mechanical mixing method 

[64, 65]. 
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In general, the material handling process is a complex 

process that is not only related to the material preparation 

process, but also related to the formulation of the material. 

For example, dispersants are often added to the powder to 

prevent the powder particles from agglomeration, which is 

beneficial for spreading powder. The most suitable material 

formula of different base materials is different. This is the 

research focus of rapid formation of inorganic non-metallic 

materials in the future. 

3.2. 3DP, SLS, SLM three-dimensional forming 

process 

In the process of printing non-metallic materials in 3DP 

process, the forming process parameters which affect the 

quality and performance of the parts are the diameter of the 

nozzle, the extrusion speed, the extrusion pressure, the 

scanning speed, the thickness of the layer. the middle delay 

time and construction direction and so on [66 – 68]. Liu 

Jiyuan of Shanghai Electric Power Institute [69] who 

focused on how the nozzle diameter, extrusion speed, 

extrusion pressure, scanning speed and the layer thickness 

influence the quality of forming parts. The experiment make 

a conclusion that the ideal ceramic part can be printed with 

the extrusion head length of 5 mm, an initial die diameter of 

0.6 mm, an extrusion pressure of 4 kg/cm2, a scanning speed 

of 20 mm/s and a thickness of 0.5 mm. Mitra Asadi-

Eydivand et al. [70] of the University of Malaya studied the 

influence of layer thickness, the delay time in spreading a 

new layer and build orientation. The optimum process 

parameters are shown in Table 1. Table 1 shows the 

optimum process parameters of the two samples. The 

compressive strength of the two samples is very similar, but 

the total porosity of the Young's modulus with the thickness 

of 89 µm is less than those with the thickness of 114 µm. So 

the former is more suitable for bone tissue engineering stent. 

The diameter of the nozzle in the 3DP process has a 

large influence on the porosity and surface roughness of the 

forming part [71, 72]. The larger diameter of the nozzle is, 

the larger porosity of the forming part is and the coarser the 

surface is and vice versa. It is difficult to produce a smaller 

diameter nozzle practically. Even if a small diameter nozzle 

is produced, it will also cause jamming of the material, 

which results in a larger porosity of the inorganic 

nonmetallic device prepared by the 3DP process. Although 

the formed body is post-treated, the density of the final piece 

is not high. So the process is not capable of producing fully 

dense inorganic non-metallic devices currently. 

In the SLS process, low melting point of the polymer 

material as a binder, preheating temperature is generally 

lower than the high-molecular material melting point of 2 to 

3 degrees [77]. Wang Wei of Institute of Mechanical and 

Electrical Engineering, Shenyang of Institute of 

Aeronautical Engineering and Yang Guang of Shenyang 

Institute of Automation, Chinese Academy of Sciences [77] 

studied the warping deformation of the selective laser 

sintering rapid prototyping parts to find out the root cause 

of warping deformation. They found how the parameters of 

laser scanning speed, laser power, preheating temperature 

and others influence the warping deformation. Table 2 

shows the different deformation produced at different 

preheating temperatures. It is found that the preheating 

temperature of 130 ℃ is relatively good.  

N. Raghunath et al. [78] of the Department of 

Mechanical Engineering in New Delhi Institute of 

Technology, in order to reduce the shrinkage of components 

to improve its accuracy, they used the Taguchi method and 

variance analysis to obtain the optimal laser power, 

scanning speed, scanning spacing, scanning layer thickness 

and other parameters. 

And they also analyzed which parameters are more 

affected by the contraction of X, Y and Z. Typically, in the 

SLS, SLM printing process, to the best value of the laser 

power, scanning speed, scanning distance, scanning layer 

thickness and other parameters are often obtained by the 

orthogonal experiment method.  

The degree of influence of different process parameters 

on contraction, relative density, bending strength and others 

of the body can be obtained by statistical variance analysis 

method. 

China Huazhong University of Science and Technology 

and Foreign Belgium Leuven University are two major 

research institutions of SLS, SLM technology. Liu Kai of 

Huazhong University of Science and Technology, who 

described the influence degree of the laser power, scanning 

speed, scanning distance, scanning layer thickness and other 

parameters on the relative density, shrinkage, bending 

strength of forming parts in detail in the study of SLS 

forming Al2O3 ceramic technology. As shown in Fig. 10. 

Table 1. The optimum fabricated scaffolds in terms of compressive strength [70] 

Layer thickness, 

µm 

Delay 

time, ms 

Degree of 

anisotropy 

 Compressive 

strength, MPa 

Young's 

modulus, Pa 

Close 

porosity 

Open 

porosity 

Total porosity, 

% 

89 300 0.43 0.75 47.15 0.29 67.62 67.71 

114 300 0.64 0.76 46.08 0.73 63.33 63.60 

Table 2. Different preheating temperatures cause different warping deformations [76] 

Preheating 

temperature, ℃ 

Warping deformation, mm Warping deformation 

rate, % group 1 group 2 group 3 average 

116 1.10 1.00 1.26 1.12 11.2 

119 0.56 0.70 0.82 0.69 6.9 

122 0.44 0.42 0.80 0.55 5.5 

125 0.38 0.44 0.80 0.54 5.4 

128 0.08 0.14 0.18 0.13 1.3 

131 0.10 0.10 0.00 0.07 0.7 

134 0.08 0.00 0.10 0.06 0.6 
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Fig. 10. Average effect of each laser sintering factor upon the a relative density b shrinkage c bending strength of the ceramic samples 

during the SLS processing [31] 

 

It shows that the laser power and scanning distance have 

a great influence on the performance of the formed 

specimen, and the scanning speed has no obvious effect on 

the performance of the forming specimen. So far, although 

there are a lot of studies on the parameters of inorganic non-

metallic materials in 3DP, SLS, SLM printing process, no 

mathematical model, which obtains the optimum 

parameters, can match one class of inorganic non-metallic 

materials. As for Inorganic non-metallic materials such as 

ceramic, orthogonal experimental method is used to study 

the optimal process parameters for different additive 

manufacturing of ceramic. The process is cumbersome, this 

special problem is one of the important study directions of 

the process parameter in 3DP, SLS, SLM printing process 

an in the future. 

3.3. Post-processing process 

The formed inorganic non-metallic materials in the 

material manufacturing machine often need to be post-

processed to get the required pieces, especially ceramic 

materials. The main post-processes include the 

impregnation, isostatic pressing, high temperature sintering. 

Its main functions are to improve the density, surface 

roughness, compressive strength, bending strength and 

other properties of final pieces. For the forming inorganic 

non-metallic body, it is generally desirable to combine one 

or more post-treatment processes. 

The impregnation is based on the porous media 

impregnation theory, which is impregnated into the pores of 

the medium by capillary force [78]. It is mainly intended to 

maintain the shape and dimensional accuracy of the 

preforms of the inorganic nonmetallic materials. Especially 

in the SLS rapid prototyping process of ceramic materials, 

in which the binder is removed and the billet is prone to 

scatter and collapse. 

Infiltration is generally divided into natural infiltration, 

vacuum infiltration and pressure infiltration, commonly 

used infiltration of silica sol, alumina sol, what Isostatic 

pressing technology is to place the product in a closed 

container, through the pressure medium, apply uniform 

pressure to the product to improve product density [79]. 

According to the different temperature during the pressure 

process, the isostatic pressing is divided into cold isostatic 

pressing and hot isostatic pressing. Cold isostatic pressing is 

the isostatic pressing method to suppress the product at 

room temperature to achieve densification. Hot isostatic 

pressing refers to a special dense isostatic pressing method 

for pressing and sintering products under high temperature 

and high pressure. 

High temperature sintering is generally applied in the 

ceramic rapid prototyping process. The 3DP, SLS formed 

ceramic beads are calcined in the boiling furnace at high 

temperature to improve the strength and density of the final 

parts. The sintering process can be divided into three stages 

without obvious boundaries. One is the contact bonding 

stage, the second is the sintering neck growth stage, the third 

is the pore closure, spheroidization and narrowing stage 

[80, 81 – 83]. In the high temperature sintering process, the 

sintering temperature and sintering time control is essential 

for different ceramic materials. These two parameters 

values are determined by the physical properties of 

materials. 
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The effects of infiltration, hot isostatic pressing (HIP) 

and high temperature sintering on the properties of the final 

forming parts were studied in detail in the process of 

forming Al2O3 or ZrO2 ceramics by the Khuram Shahzada 

et al. [34, 84 – 86]. Initially, the bulk density of Al2O3 or 

ZrO2 ceramic is about 36 %, but the density of the final 

ceramic member becomes 89 % after the pressure 

infiltration of alumina or zirconia suspension, hot isostatic 

pressing and high temperature sintering. The experimental 

data are shown in Table 3. As can be seen from the table 

below, the density of SLS forming body increased 2 % by 

high temperature treatment. The density increased 27 % by 

both pressure penetration and high temperature sintering 

treatment. The density increased 52 % by the hot isostatic 

pressing and high temperature sintering treatment. The 

density increased 51 % by pressure penetration, hot isostatic 

pressing, high temperature sintering treatment. The pressure 

penetration can prevent the collapse of the body when the 

body collapsed, so to obtain high-density of Al2O3 or ZrO2 

ceramics a combination of three post-processing methods is 

often used. 
In general, due to the performance of powder materials and 

other reasons, the density and strength of most the inorganic non-

metallic materials forming green body are not high, so the 

post-treatment process is very necessary. And infiltration, 

isostatic, high temperature sintering as a commonly used 

means of post-processing technology have been widely 

used, especially in the ceramic after the production process. 

4. PROSPECTS FOR THE MANUFACTURE OF 

GEMSTONE MATERIALS 

Gemstone materials are inorganic non-metallic 

materials in the non-metallic mineral category. It generally 

has bright color, special and beautiful patterns, uniform 

structure, strong refractive index, hardness, stable chemical 

composition, which is often used as collection, wearing and 

decoration. At present, different shapes of gemstones are 

finished by cutting, carving and other processes. In the 

cutting, carving process will produce some small gem 

waste. In order to make gem stone waste into treasure, the 

additive manufacturing of gem material is necessary. In 

addition, the material additive manufacturing technology 

can also be made high-complex structure of gem finished 

products which cannot be made by current processing 

technology. 

After drawing on the technical characteristics of 

inorganic non-metallic materials, the SLS is used as the 

technology for the forming materials. At first stage, whether 

the gemstone material can be shaped lies in the preparation 

of the material. First, the gem stone scraped into a certain 

size of the particles, and then mixed with the ball mill or the 

adhesive coated on the surface of the gem powder particles. 

In order to prevent the agglomeration of particles, the 

mixture can be appropriate to add some dispersant, or the 

like, and finally a mixed powder to be formed is prepared. 

Put the mixed powder into the SLS forming machine for 

three-dimensional printing, through continuous experiments 

to find a set of the best process parameters to get the best 

gem stone billets. Fig. 11 shows the use of gemstone powder 

forming bracelet body, from Fig. 11 can be seen that the 

forming effect is very good and gem stone 3D rapid 

prototyping is feasible. 

 

Fig. 11. Selective laser sintering jade powder to form bracelet 

green body 

Although the shape of the gemstone material had 

realized, but the formed gem is very rough and light. It has 

low density, low compressive strength, and it contains a 

small part of the external composition and so on. Further 

research is needed to improve the quality of the final pieces, 

to make the final pieces tend to be natural gem texture. 

5. CONCLUSIONS 

This paper elaborated the research and development of 

inorganic nonmetallic materials in detail, and mainly 

introduces the application of 3DP, SLS and SLM in the field 

of ceramic and sand casting and analyzes the factors that 

affect the performance of the material. The factors are 

material processing technology, 3D forming process and 

post-treatment process. Finally, the paper presents the 

prospect of the material additive manufacturing of the gem 

material which is an important branch of inorganic non-

metallic materials. 

Through the research and development of inorganic 

nonmetallic materials in recent years, the additive 

manufacturing process of inorganic nonmetallic materials 

has been developed rapidly, and some inorganic nonmetallic 

parts have been widely used, such as sand, sand core and a 

specific shape of gypsum. For materials such as ceramics 

and other products, although their performance has been 

improved, their density, compressive strength and 

dimensional accuracy are still not meet the needs of specific 

applications, so the material processing technology, three-

dimensional forming process, post-processing technology 

need a further study. 

 

Table 3. Effect of PI (13 MPa) ,WIP (64 MPa/135 ℃) and sintering on the density of parts [34] 

Process SLS density, g/cm3 (%) PI density, g/cm3 (%) WIP density, g/cm3 (%) Sintered density, g/cm3 (%) 

Sintering 

0.78（37） 

/ / 1.50（39） 

Sintering+PI 1.45（54） / 2.50（64） 

WIP+sintering / 1.96（93） 3.51（89） 

PI+WIP+sintering 1.45（54） 2.24（83） 3.43（88） 
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On the trend, the focus of the research of inorganic 

non-metallic materials in the future will be focused on 

improving the surface quality and overall mechanical 

properties, the specific improvements are as follows: 

1. Develop a specific process for shaping material. 

The material to be shaped is the most important source 

to determine the quality of the final piece and the 

performance of the material. The composition, composition 

ratio and particle size of the material to be shaped are 

important factors which affect the forming quality and 

performance. At present, the preparation of ceramic, coated 

sand has been commercialized, but manufacturers are fewer, 

especially the manufacture of forming ceramic materials. So 

it is the necessary to develop a variety of inorganic non-

metallic forming technology, and this necessity not only 

promotes the rapid formation of a wider range of inorganic 

nonmetallic materials, but also reduces the price of the 

product. 

2. The specific inorganic non-metallic materials, three-

dimensional forming process to establish a specific 

mathematical model. 

The quality, performance of final piece is effected by 

nozzle diameter, extrusion speed, extrusion pressure, 

scanning speed, layer thickness, the delay time, spreading a 

new layer, build orientation and other process parameters in 

3DP and preheating temperature, laser power, scanning 

speed, scanning distance, scanning layer thickness and other 

process parameters in SLS, SLM. So far, the optimal three-

dimensional process parameters of forming one material are 

obtained by orthogonal experiment method, which makes 

the different materials to be formed obtain the optimal three-

dimensional process parameters by orthogonal experiment 

method. The experimental process is so cumbersome that 

the three-dimensional forming process parameters 

mathematical model, which fits the certain material are very 

urgent to be established. 

3. In-depth study and broaden the post-processing process 

Impregnation, isostatic pressing and high temperature 

sintering are the most commonly used post-treatment 

processes for the rapid formation of inorganic nonmetallic 

materials. Optimizing these process parameters can further 

improve the density and mechanical properties of forming 

green bodies. For the isostatic pressing process, the complex 

shape of the body is easy to deformation under sharp edges 

and corners in the process of pressurization and 

densification. In order to reduce its deformation, the blank 

package should be designed to match the body. Pressurize 

the body surface with the blank package covered. In 

addition, the three kinds of post-treatment processes 

infiltration, isostatic pressing and high temperature sintering 

are often time-consuming and increase the forming time of 

parts which is not conducive to mass production. It is 

necessary to explore more efficient and feasible treatment 

process to overcome this problem. 
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