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ABSTRACT: Laser engineered net shaping (LENS) has been innovatively applied to direct 
additive manufacturing of ceramics in recent years. Using this technique, neat ceramic powder 
without binders can be completely melted and solidified, obtaining compact and high-purity net-
shaped ceramic structures rapidly. However, existing LENS process for fabricating ceramics 
suffers from cracking defect due to intrinsic brittleness of ceramics and high temperature gradient 
in deposition. Here we reported the effect of layer thickness on cracking in LENS of ceramic 
structure, which indicates that cracks can be effectively suppressed by reasonably optimizing 
process parameters. Pure Al2O3 structures with different layer thickness were fabricated by LENS 
system and their microstructure were analyzed to figure out the crack suppressing mechanism of 
optimizing layer thickness. Results indicate that cracks of fabricated specimen decreases obviously 
with the increase of layer thickness. Reduction of grain boundary defects and increase of 
transverse grain ratio are the main mechanism of crack suppression.  
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INTRODUCTION 
 
Due to ionic and covalent bonding characteristics, ceramics offer excellent high temperature 
resistance, wear and corrosion resistance as well as some special physical properties. Thanks to 
that, ceramics are widely used in modern industry as important engineering and functional material. 
However, the high melting point and brittleness also bring severe challenges to the preparation of 
ceramic parts. For a long time, the preparation method of ceramic parts has been mainly powder 
sintering. In this traditional method, typical process steps include powder preparation, shaping, 
green machining, de-binding, sintering and finishing (Ferraris et al., 2016). Obviously, the method 
needs long cycle, high energy consumption and high cost, and it is easy to form a continuous 
amorphous phase at the grain boundary, which will seriously affect high-temperature performance 
of ceramics (Waku et al., 1997). In addition, large shrinkage resulting from the de-binding and 
sintering makes it difficult to prepare highly accurate and complex structures. 
 
Laser engineered net shaping (LENS) is a typical powder feeding additive manufacturing 
technique, which can obtain net-shaped structures of high-melting-point materials by melting and 
depositing raw powder layer by layer. This technique has been successfully used for preparation of 
metal parts, and has also been gradually used in direct preparation of pure ceramic parts in recent 
years. Balla et al. (2008, 2010) firstly realized the fabrication of pure alumina ceramic structure 
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using LENS, and then successfully prepared the lead zirconate titanate functional ceramic structure. 
Li et al. (2017) also succeeded in obtaining 3D bulk alumina ceramic sample using the same 
technique. Studies by Niu et al. (2016) and Ma et al. (2017) show that the LENS process is also 
suitable for preparation of alumina/zirconia, alumina/YAG and other melt-growth eutectic ceramic 
structure. Existing researches show that this technique has great potential in overcoming the 
defects of traditional process and rapidly preparing high performance ceramic parts. However, due 
to high intrinsic brittleness of ceramic materials and high temperature gradient generated in the 
fabrication, the existing LENS process for fabricating ceramics is generally plagued by cracking. 
At present, there are few studies on crack suppression methods in LENS of ceramic structure, even 
limited investigations on effect of process conditions on cracking behavior have been reported. 
 
In order to solve the cracking problem in LENS of ceramic structure, the effect of layer thickness 
on crack suppression is studied in this paper. Pure Al2O3 ceramic structures with different layer 
thickness were fabricated by a LENS system and their microstructure were analyzed to figure out 
crack suppressing mechanism of optimizing layer thickness. 
 
EXPERIMENTAL METHOD 
 
A JK1002 LENS system (Nd:YAG continuous wave laser, 1000 W, laser spot size 2 mm) and pure 
Al2O3 ceramic spherical powder (45 m~90 m) introduced in the reference (Niu et al., 2015) 
were used for the experiments in this paper. Single bead multi-layer structures with the size of 15 
mm×4 mm×10 mm were fabricated on Al2O3 substrate as the study object. The preparation process 
used reciprocating deposition path, and the process parameters remained unchanged during the 
preparation of a specimen. All experiments were carried out in a high pure argon atmosphere. 
Cracking state of fabricated specimen was characterized by the number of intersections of a 
rectangular frame (10 mm×6 mm) and the cracks. The specimen was disrupted using the three-
point bending method to obtain the specimen fracture. The fracture was then plated with gold for 
SEM and EDS analysis. 
 
Five groups of experiments with different layer thickness ( ) were set at 0.2 mm intervals in the 
range of 0.2 mm to 1.0 mm. Scanning speed (v) of each experiment is 500 mm/min. Laser power 
(P) required for each layer thickness and designed specimen were calculated directly by the 
process model introduced in Reference (Niu et al., 2014). In order to maintain the consistency of 
structure size, the laser power increases accordingly with the increase of layer thickness. The 
powder feeding rate (m’) is adjusted so as to meet the requirement of designed layer thickness. 
With the increase of layer thickness, the powder feeding rate should increase proportionally, while 
the total number of deposited layers needs to be reduced proportionally. The specific process 
parameters for the final designed experiments are shown in Table 1. 
 
Table 1.  Designed experiments of different layer thickness 
No. 1 2 3 4 5 

 (mm) 0.2 0.4 0.6 0.8 1.0 
Number of layers 50 25 17 13 10 
v (mm/min) 500 500 500 500 500 
m’ (g/s) 0.0189 0.0378 0.0567 0.0756 0.0945 
P (W) 380 422 463 505 547 
Energy consumption (J) 34227 18995 18915 11379 9856 
 

Proc. Of the 3rd Intl. Conf. on Progress in Additive Manufacturing

465



RESULTS AND DISCUSSION 
 
Crack suppression effect 
Figure 1 shows the fabricated specimens and their crack characteristics obtained from each group 
of process parameters. It can be seen that the cracked state of the specimens shows a significant 
decrease with the increase of layer thickness. Under the condition of smaller layer thickness 
( z=0.2 mm), the fabricated specimen appears dense longitudinal cracks and several transverse 
cracks. When the layer thickness increases to 0.4 mm, the number of specimen cracks is reduced to 
only 6, and the direction of crack propagation is still mainly along the deposition height. The crack 
number of the fabricated specimen with layer thickness of 0.6 mm is further reduced to 4, and the 
extension direction of crack is no longer the direction of the deposition height; the transverse crack 
ratio starts to increase. When the layer thickness is raised to 0.8 mm and above, the number of 
cracks is further reduced to only 1, and the cracks in the height direction are no longer present. In 
general, the increase of layer thickness has a significant effect of crack suppression. 
 

 
 

Figure 1.  Specimens and their crack characteristics under different  
 
Crack suppression mechanism 
For a ceramic structure with certain size, the stress ( ) the specimen suffered and the strength of 
specimen material ( f) are the main factors that influence the cracking behavior. When the 
maximum stress ( max) generated in the shaping process exceeds the fracture strength of ceramics 
( f), existing defects in the fabricated structure will grow to form macroscopic cracks. This is more 
often referred to as the first strength theory. 
 
Because of temperature of fabricated specimen is very high during deposition, it is difficult to 
measure its stress in real time. Moreover, most of the specimens have been cracked during 
fabrication, thus the maximum stress before cracking cannot be measured realistically. Here, some 
stress measuring results of metal structures are referred to. The stress and deformation of bridge 
shaped specimens (Kruth et al., 2012), thin plates (Belle et al., 2013) and cantilever specimens 
(Zaeh et al., 2010) prepared by selective laser melting (SLM) are all reduced by increasing layer 
thickness. Moreover, studies of Zhao et al. (2016) also indicate that larger layer thickness can lead 
to smaller stresses and deformations for structures fabricated by LENS. In these researches, less 
depositing layers and less total energy consumption are considered to be the main causes of stress 
reduction for specimens with larger layer thickness. As shown in Table 1, total energy 
consumption for each ceramic specimen deceases obviously with increasing of layer thickness. 
When the layer thickness is 0.2 mm, the total energy consumed is 3 times more than that of the 
layer thickness of 1mm. Consequently, less energy will be converted to crack propagation energy 
or distortional strain energy, which has an effective suppressing effect on the crack. 
 
With regard to the fracture strength of a structure itself, the Griffith fracture mechanics theory 
(Griffith et al., 1921) holds that for the same material, it depends largely on the size of the existing 
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defects in the structure. Longitudinal section of each specimen is shown in Figure 2. The fracture 
of the specimen prepared under the conditions of 0.2 mm layer thickness (Figure 2 (a)) exhibits a 
neatly arranged raised stripe structure. The contours of these stripes are relatively smooth and their 
length direction is approximately parallel to the deposition height direction. This is a typical 
fracture feature resulted from crack extending along the grain boundary and the raised stripe 
structure is the outlines of columnar grains. With the increasing of the layer thickness, raised strip 
structure gradually reduced, and flush fracture area gradually increased. The flush fracture section 
is a main feature of trans-granular fracture. When the layer thickness is 0.6 mm and above, the 
whole fracture surface is basically trans-granular fracture, as shown in Figure 2(c)-(e). Compared 
to intergranular fracture, trans-granular fracture often requires higher fracture energy. Therefore, 
the change of fracture characteristics indicates that the bonding strength between grains increases 
with the increase of layer thickness. The direct result is a decrease in the number of cracks.
 

 
 

Figure 2.  Fracture morphology of different : (a) 0.2 mm; (b) 0.4 mm; (c) 0.6 mm; (d) 0.8 mm; 
(e) 1.0 mm 
 
In the LENS of ceramic structure, raw powder can be completely melted by laser irradiation to 
form a little molten pool. When the laser beam passes by, temperature of the molten pool reduces 
and grains precipitated from the pool. Convection and radiation of the molten pool surface, 
conduction of the bottom of the molten pool are main three ways of heat loss. Because the bottom 
of the small molten pool often has a very high temperature gradient, conduction heat dissipation 
efficiency at the bottom of the molten pool is much higher than the convection and radiation on the 
surface of the molten pool. According to the solidification fundamentals (Kurz and Fisher, 2010), 
grains tend to grow in the reverse heat flow direction, eventually forming a grain orientation 
feature. The grains at the bottom of the molten pool are grown along the deposition height, while 
the remaining grains are perpendicular to the molten pool surface. As a result, fracture of the 
fabricated specimens show obvious directional grains along the deposition height direction. 
 
Further observation of the fracture section obtained from Figure 2(a) ( z=0.2 mm) shows that 
some discontinuous two-dimensional structures attached on the surface of the main grains, as 
shown in Figure 3(a). EDS results show that these two-dimensional structures are rich in Y, Si, Ca 
and other impurity elements. With the increase of layer thickness ( z=0.4 mm), both the amount 
and size of the attached two-dimensional structures decrease (Figure 3(b)), and even disappear 
when the layer thickness increases to 0.6 mm and above (Figure 3(c)-(e)). As mentioned above, 
the smaller the layer thickness, the more energy needed to form the same volume specimen. When 
the layer thickness is 0.2 mm, the overall temperature of the specimen will be higher because the 
input energy is more, and the solidification rate of the melted ceramic will be lower. Under these 
conditions, the impurity elements in the molten pool have enough time to diffuse and enrich to the 
grain boundaries of the main crystal phase. In the later stage of solidification, these impurity 
elements and the remaining alumina tend to form eutectic structure and adhere to the surface of the 
main crystal phase. This is one of the main defects in the prepared ceramics structure. With the 
increase of layer thickness, solidification rate of the melt will increase accordingly because less 
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energy is required for the specimen. As a result, diffusion and enrichment of impurities in the melt 
will be suppressed, resulting from which both the amount and size of the two-dimensional eutectic 
structures decrease. According to Griffith's theory of fracture mechanics, the larger the defect size 
is, the lower the strength of the structure itself is. Therefore, large layer thickness is beneficial to 
crack suppression. 
 

 
 

Figure 3.  Microstructure of different : (a) 0.2 mm; (b) 0.4 mm; (c) 0.6 mm; (d) 0.8 mm; (e) 1.0 
mm 
 
As discussed above, the directional growth of grains and defects determine the preferential 
propagation direction of the crack. For the specimen with 0.2 mm layer thickness, vast majority of 
grains grown perpendicular to the molten pool surface is re-melted, leaving only the grains at the 
molten pool bottom those grow along the deposition height (Figure 4(a)). As a result, Cracks are 
preferentially formed along the height of the deposition, while the formation of transverse cracks 
requires trans-granular fracture and is therefore difficult to form. With the increase of layer 
thickness, more and more grains that are perpendicular to the surface of the molten pool are 
retained, as shown in Figure 4(b) and (c). Thus, the crack propagation along the deposition height 
is suppressed by the transverse grain, and a small amount of transverse cracks begin to appear.  
 

 
 

Figure 4.  Grain growth direction under different : (a) 0.2 mm; (b) 0.6 mm; (c) 1.0 mm 
 
CONCLUSIONS 
 
In view of the cracking problem in LENS of ceramic structure, process experiments of layer 
thickness was designed, and its effect on crack suppression was studied. Crack number of 
fabricated specimens decreases obviously with the increase of layer thickness, and crack direction 
gradually changes from horizontal direction to transverse direction. When the layer thickness is 0.8 
mm and above, near crack-free structures can be obtained. Total energy consumption for each 
ceramic specimen deceases obviously with increasing of layer thickness, which is beneficial to 
reduce the stress and thus reduce the cracking behavior. With the increase of layer thickness, 
reduction of total energy output improves the solidification rate of the molten pool, and then 
inhibits diffusion and enrichment of impurity elements, resulting in decrease of the amount and 
size of two-dimensional eutectic structure attached on the grain boundary, finally effectively 
suppress crack. More transverse grains that are perpendicular to the molten pool surface are 
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retained with the increase of layer thickness, which limits the propagation of the cracks along the 
deposition height. 
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