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Abstract:   10 

Because of its high ductile-brittle transition temperature, tungsten (W) is normally alloyed with 11 

other metal elements in order to obtain high fracture strength, excellent thermal and electrical 12 

properties for industrial applications. For tungsten samples sintered using the conventional powder 13 

metallurgy methods, bonding among tungsten particles is normally through sintered necking 14 

process, thus without providing a good metallurgical bonding strength. In this paper, we proposed 15 

to apply additive manufacture methodology to synthesize two types of porous tungsten skeleton 16 

structures, honeycomb (65% porosity) and square skeleton (80% porosity), using a selective laser 17 

melting (SLM) method. Results showed that for both these skeleton structures, grains in the XY 18 

plane showed an equiaxed crystal appearance, whereas those in the YZ/XZ plane showed 19 

columnar patterns parallel to the Z axis. The measured porosities for these two types of skeletons 20 

were 52 vol.% and 68 vol.%, and their compressive strength values were 256 MPa and 149 MPa, 21 

respectively. Both their compressive strengths and hardness showed anisotropic behaviors, with 22 

their highest values along the direction of Z axis. Results also showed that fracture morphology 23 

and mechanisms of these skeletons under compression were quite different when they were 24 

compressed along different directions, mainly due to the formed columnar crystals of the skeletons 25 

along the Z axis. Fracture morphology along the Z axis showed transgranular fracture and tearing 26 

features, whereas those along X axis showed only intergranular fracture features.  27 
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1.  Introduction 1 

 2 

Tungsten, one of the most important refractory metals, has many outstanding properties such 3 

as high melting point (3420℃), high hardness, excellent anti-ablation property and low tritium 4 

retention effect [1]. Owning to these merits, it has been the prime candidate material for rocket 5 

nozzles or plasma facing material in nuclear fusion [2]. It has also been applied as a matrix for 6 

alloying with other metals such as Cu, Fe or Ag, which have been successfully applied as the 7 

high-temperature components for the diverter and electrical contact [3]. The conventional methods 8 

used for fabricating tungsten matrix composites include powder metallurgy [4], spark plasma 9 

sintering [5] and hot isostatic pressing [6]. However, the tungsten matrix with a skeleton structure 10 

in composites prepared by these methods often showed poor bonding because these W particles are 11 

simply consolidated through sintered necking process, thus it is hard to achieve a solid structure 12 

with a high strength. 13 

It is well-known that modification of the interconnected structures could improve the 14 

mechanical and functional properties of skeletons [7]. Additive manufacture is regarded as an 15 

effective method to fabricate tungsten skeletons with good metallurgical bonding. Selective laser 16 

melting (SLM), one of the additive manufacture methods, has merits of design freedom and 17 

net-shape forming capability, and has been used to manufacture highly porous refractory metals 18 

such as tungsten [8] and tantalum [9,10]. However, as it is well-known, pure tungsten is prone to 19 

cracking during additive manufacturing, because of grain boundary oxidation [11] and large 20 

residual stress caused by its high ductile brittle transition temperature. 21 

Up to now, there are few studies of the porous tungsten fabricated by using SLM, and a lot of 22 

work is needed to understand the relationships among microstructures, mechanical properties and 23 

process parameters. Recently pure W samples with a density of 98.51% have been produced by 24 

SLM using spherical powders [12]. Hu et.al. [13] fabricated pure tungsten using the SLM and 25 

achieved a high density of 98.3±0.3%. They reported that the cracking of tungsten is due to the 26 

existence of tungsten oxide impurities at grain boundaries. Guo et.al. [14] studied the volumetric 27 

energy densities and their relationship with mechanical properties of tungsten sample prepared by 28 

the SLM, and reported that the fracture was brittle with an intergranular mode. Wen et.al. [15] 29 

manufactured high-density pure tungsten (98.71%) by SLM, and they found that the axial splitting 30 

was the main fracture feature and the crack appeared occurring at the grain boundaries. However, 31 

highly porous tungsten skeletons fabricated by SLM and their fracture behaviors and mechanisms 32 

have never been reported as far as we have searched in literature.  33 

This paper used the SLM method to fabricate highly porous tungsten but high strength 34 

skeleton structures with two different shapes, i.e., square and honey-comb. The isotropic and 35 
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anisotropic microstructures and mechanical properties of the sintered W skeletons were 1 

systematically studied, and the compressive fracture mechanisms of these two skeletons are 2 

systematically studied.  3 

2.  Experimental methods 4 

Spherical tungsten powders with an average particle size of 15-53 μm were obtained from 5 

Institute of Materials and Processing, Guangdong Academy of Sciences. Their compositions are 6 

listed in Table 1. Two types of porous tungsten skeletons were designed as shown in Fig. 1(a), e.g., 7 

honey comb (65% porosity) and square (80% porosity). Their designed structures and manufacture 8 

processes are illustrated in Fig. 1. The porous tungsten skeletons were synthesized using an EOS 9 

M290 SLM system equipped with a Yb fiber-laser (with a beam diameter of 100 μm and a 10 

maximum output power of 400 W). During the experiments, laser power and scanning speed were 11 

150 W and 350 mm/s, respectively. The scanning path of laser beam was a zigzag pattern with 67° 12 

rotation between the adjacent scanning layers. For each path, the layer thickness and hatch 13 

distance were 25 μm and 80 μm, respectively. All the experiments were conducted in an Ar 14 

atmosphere, and all the samples were synthesized on a pure tungsten plate. For compression tests, 15 

the compressive strength was obtained using a material testing machine (HT-2402) at room 16 

temperature, and the samples have a height to diameter ratio of 1~2. The compression directions 17 

were chosen along Z axis (building direction, BD) and X axis (perpendicular to the building 18 

direction, PBD), respectively.  19 

Microstructure of the W skeleton was observed using an inverted metallographic microscope 20 

(GX71, OLYMPUS, Japan), after the samples were etched with a chemical reagent of HF: HNO3 21 

(3:1 in a volume ratio). An X-ray diffractometer (XRD-7000, Shimadzu, Japan) with Cu Kα 22 

radiation at 40 kV and 40 mA was used to analyze the crystalline structures of the samples. The 23 

scanning speed was 2°/min and the scanning range of 2θ was 10-90° with a step size of 0.02°. 24 

Surface morphology and compression fracture morphology were observed using a scanning 25 

electron microscope (SEM, TESCAN VEGA3 XMU, Czech Republic). Sample were sectioned 26 

and polished before the Vickers hardness measurements.  27 

The Archimedes method (equation 1) was used to measure the specimen’s density, and the 28 

porosity (k) of skeletons was calculated using equation 2.  29 
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in which m0 is the sample’s weight in air, m1 is its mass submerged in water, V0 is the apparent 30 

volume of sample, ρw is the density of pure tungsten (19.25g/cm3), ρwater is water’s density 31 
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(0.9960g/cm3) at 25℃.  1 

Table 1 Composition of spherical tungsten powder (wt.%) 2 

Element W C O N P 

Value (wt.%) Balance 0.002 0.015 0.003 0.001 

 3 

Figure 1 Structural designs and printing method of porous pure tungsten skeleton fabricated by SLM, (a) The 4 

designed two types of porous skeletons; (b) Illustration of selective laser melting process; (c) Fabricated two 5 

types of porous tungsten skeletons 6 

3.  Results and Discussion 7 

XRD patterns of spherical tungsten powders and as-built tungsten skeletons are shown in 8 

Figure 2. There are four diffraction peaks corresponding to (110), (200), (211), (310) planes of 9 

tungsten crystals for both the powders and skeletons. However, compared to the pattern of raw 10 

powder, that of the as-built tungsten skeleton shows much stronger and shaper diffraction peaks, 11 

indicating an increased crystallinity. Meanwhile, there is no new tungsten phase formed after the 12 

SLM process. 13 
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Figure 2 XRD pattern of raw tungsten powder and as built tungsten skeleton 2 

3.1 Microstructural analysis 3 

Fig. 3 shows the optical images of as-built tungsten before and after chemical etching using a 4 

reagent of HF: HNO3 (3:1 in a volume ratio). As shown in Fig. 3(a), there are a few micropores on 5 

the surface, which are mainly concentrated in the YZ/XZ plane (seen the red arrow). Those planes 6 

are the beginning and ending positions of laser beam scanning. Formations of these micro-pores is 7 

mainly because during laser beam scanning process, the protective gases were trapped inside the 8 

molten tungsten pool, and also large residual stress was generated due to the rapid cooling of the 9 

molten pool. Columnar grains and cracks (the bule zone in Figure 3(b)) along the Z axis direction 10 

can be observed on YZ/XZ planes of the as-fabricated tungsten, which has been chemically etched 11 

to reveal the structures. These cracks tend to grow along the grain boundaries [13], and are mainly 12 

caused by the rapid thermal shrinkage and large residual stress [16,17]. In the subsequent 13 

fabrication process, the heat-affected zone of laser molten pool is extended to the underlying layer 14 

[18], and the temperature gradient is very large along the Z axis, thus resulting in the formation of 15 

columnar grains. Whereas equiaxed crystals are formed along the XY plane. 16 
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 1 

Figure 3 Optical microscopy images of pure tungsten manufactured by SLM, (a) polished and before chemical 2 

etching; (b) after chemical etching 3 

Figure 4 shows SEM morphologies of the porous skeletons (for both the honeycomb one with 4 

65% porosity and the square one with 80% porosity) along the XY plane. Figs. 4a and 4b show 5 

that the as-built skeletons show similar pore shapes as the designed patterns. However, the average 6 

pore size of skeletons is decreased compared to the designed ones (e.g., 890 μm and 1100 μm, 7 

respectively) because some tungsten powders were adhered along the edges of pores and the 8 

junctions of scaffolds. In the laser scanning process, a large overlapping rate about 40% was 9 

achieved. The laser beam was scanned in a zigzag pattern in the same plane, and the formed 10 

scaffolds did not show obvious cracks and holes. The tungsten powders were sintered under the 11 

heat-affected and hemispherical molten pool when the laser beam was applied [19]. The liquid 12 

front and boundary of adjacent molten channels can be clearly observed as shown in Fig. 4a2. 13 

There are a lot of micro-cracks at the grains boundaries as shown in Figs. 4a2 and 4b2, which are 14 

mainly caused by the rapid thermal shrinkage of heat-affected zone in the laser molten pool. 15 
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 1 
Figure 4 Microstructure morphology of SLM pure skeletons along XY plane: (a) (a1) (a2) macro and selective 2 

amplification zone image of 65% honey-comb skeleton; (b) (b1) (b2) macro and enlarged graphs of 80% square 3 

skeleton 4 

 5 

Figure 5 shows morphologies of skeletons along the YZ plane. Compared with those along 6 

the XY plane, these skeleton structures show much rougher features, but they have well-defined 7 

hole shapes without apparent macroscale defects. The rough surface is mainly caused by the 8 

generation of sintered spherical powders which are trapped in the laser molten pool and many of 9 

them are not fully melted [20]. The scale-like patterns can be observed at the starting/ending 10 

positions of laser process. At a higher magnification (Fig. 5a2), microcracks with radial 11 

distribution along the molten pool can be observed. For the SEM images of square skeletons (Fig. 12 

5b), there is a significant overhanging under the horizonal scaffold which increases the size of 13 

scaffold and reduces its porosity. During the laser beam scanning, in the first layer of horizonal 14 

scaffold, there is whole powder support area below the scaffold. The laser molten pool is 15 

immersed into this powder layer due to the capillary force. The enlarged molten pool causes 16 

excessive melting of the powders under the scaffold [21,22]. The scale-like pattern can be 17 

obviously seen in the vertical scaffold (Fig. 5b1). A small amount of micropores are found at the 18 

interfaces of adjacent layers (Fig. 5b2). The possible reason is that some gasses are trapped during 19 

the laser process. 20 
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 1 

Figure 5 SLM porous tungsten microstructure morphology of YZ plane: (a) (a1) (a2) macro and partial 2 

amplification graph of 65% honeycomb skeleton; (b) (b1) (b2) low and high magnification of 80% square 3 

skeleton 4 

Table 2 lists the measured porosities of all the samples. The relative density of tungsten 5 

obtained using a SLM method is ~98.7%. The obtained density (18.99 g/cm3) is lower than the 6 

theoretical density (19.25 g/cm3) because of the formation of cracks and micro-pores during the 7 

laser scanning process, as shown in Fig. 3. However, the porosity of the porous tungsten skeleton 8 

is lower than the designed one. From the microscopic images of porous skeletons shown in Fig. 5b, 9 

there is overhanging phenomenon in the horizontal direction of scaffold and partially melted 10 

powders in the edge of scaffold, both of which decrease the porosity of the skeleton. References 11 

[21,23] also reported that the measured porosity is much lower than the designed one during the 12 

additive manufacturing of porous titanium base materials, which is consistent with the trend of 13 

porosity measurement in this work.  14 

Table 2 The designed and measured porosities of different samples 15 

Sample Designed porosity Measured porosity Errors 

0% solid cube 0% 1.3% +1.3% 

65% honeycomb 65% 51.8% -13.2% 

80% square 80% 67.8% -12.2% 

 16 

3.2 Mechanical properties 17 

Compression properties of porous W skeletons were tested along both the Z axis and X axis 18 

(seen the inset in Fig. 6(a)). Fig. 6(a) shows stress-strain curves of different skeletons. The strength 19 

of 65% honeycomb skeleton is obviously anisotropic, e.g., the strength along the Z-axis is 256 20 

MPa, whereas that along the X-axis is only 50 MPa. When compressed along the Z-axis of 21 
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honeycomb skeleton structure, in which the cross-section morphology is alternatively hexagonal 1 

structs and uniform distributed scaffolds, the compressive stress is stably increased as shown in 2 

Fig. 6(a). Cross-section morphologies of the honeycomb skeletons along Z-axis and X-axis are 3 

quite different, thus causing these anisotropic properties.  4 

The average value of compressive strength for the square skeleton is 149 MPa, which is 5 

consistent with the strength of square skeletons (with a porosity of k=68%) prepared using a 6 

selective electron beam melting process reported in Ref. [24]. The square skeleton also exhibits an 7 

anisotropic behavior, mainly because the as-built sizes of horizontal and vertical scaffolds are 8 

different in the printing process. The overhanging phenomenon has significantly increased size of 9 

the horizontal struts (seen Fig. 5 (b)), and thus enhances the compressive strength in this direction.  10 

Figure 6(b) compares the values of ultimate compressive strength and relative compressibility 11 

for a solid cube and two types of skeletons. The compressive strength values of the solid cube 12 

along X and Z directions are 982 and 976 MPa, respectively, which do not show significant 13 

differences. This proves that the anisotropy of skeleton is mainly caused by the formation of 14 

porous structures. The relative compression ratio (eck) of samples can be calculated using equation 15 

(3).  16 

( )ck 0 k 0
e = h - h / A 100%   (3) 

where h0 is the original height, and hk is the height at fracture. The higher the relative compression 17 

ratio, the lower the strain. The higher relative compression ratio is linked with the less deformation 18 

of skeletons along compressive direction before fracture. The relative compression ratio of 19 

honeycomb skeletons also shows anisotropic behavior, e.g., 84% along Z axis and 96% along X 20 

direction, revealing that the compressive mechanisms of skeletons are different along the different 21 

directions.  22 

  23 
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Figure 6 The graph of compressive strength: (a) stress-strain curve of samples with different compressive 25 

direction; (b) Histogram of compressive strength and relative compression 26 

(a) (b) 
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Figure 7 shows the Vickers hardness values measured on different planes (e.g., XY, YZ, XZ) 1 

of the solid cube, 65% honeycomb and 80% square skeletons. It can be observed that the hardness 2 

values in the XY plane are lower than those in the other planes. There are two reasons to explain 3 

this trend. Firstly, the laser trace in the XY plane has a zigzag pattern, which generates a small 4 

temperature gradient. The scanning laser will cause partial melting of the as-formed layer, which 5 

releases the stress. [17]. Secondly, compared with the thermal gradient in the XY plane, that in the 6 

YZ/XZ plane is much larger. Because the adjacent area of laser starting/ending position is the 7 

powder area, the generated thermal stress cannot be easily released. The rapid cooling process 8 

results in a much higher hardness value along XZ plane. Clearly the hardness values are 9 

anisotropic along different planes after the laser selective melting process, which is caused by the 10 

different thermal gradients in each plane.  11 
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Figure 7 Vickers hardness of as built skeletons in different planes 13 

3.3 Fracture morphology analysis 14 

Figure 8 shows fracture morphologies of 65% porous honeycomb skeleton, which has been 15 

pressed along the Z axis and X axis, respectively. The fracture morphology shows a brittle fracture 16 

morphology, similar to those reported in Ref. [25]. Compared with the fracture morphology along 17 

the X-axis, that along the Z-axis shows transgranular fracture and severe tearing-like morphology. 18 

This is mainly because the columnar grains undergo severe extrusion and deformation before the 19 

final brittle fracture and the applied stress is perpendicular to the columnar grain direction. 20 

However, the fracture along the X direction appears to start from the middle of the horizontal 21 

scaffold, and there are no obvious tearing phenomenon and deformation of grain. This fracture 22 

morphology is a typical intergranular one with cleavage patterns. From the fracture photos (as 23 

shown in the insert images in Figure 8(a1)(b1)) and fracture morphologies in Figure 8(a)(b), the 24 
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deformation of grains along the Z axis is more severe than that along the X axis.  1 

 2 

Figure 8 Fracture morphology of 65% honeycomb skeletons: (a) (b) compressed along Z axis; (c) (d) 3 

compressed along X axis 4 

The fracture morphologies of square skeleton compressed along both the Z axis and X axis 5 

reveal typical brittle fracture ones as shown in Fig. 9. From the image shown in Figs. 9(a) and (b), 6 

with the increase of stress along the Z axis, we can observe that fracture occurs in the junction 7 

between horizontal and vertical scaffolds, where a stress concentration is generated during the 8 

compression process. When the skeleton is compressed along the Z axis, the twist angle of vertical 9 

struct is about 30°. When compressed along the columnar crystals, the crystal grains are 10 

perpendicular to the pressure direction. Meanwhile, when the horizontal and vertical scaffolds are 11 

under compressive stress, the tendency and extent of deformations of Figs. 9(a1) and (b1) are quite 12 

different [26]. When compressed in the X axis direction (Figs. 9c and 9d), the pressure is 13 

perpendicular to the direction of columnar structures. The possibility of fracture occurring along 14 

the grain boundaries is increased, thus the fracture surfaces present a typical intergranular fracture 15 

morphology. 16 
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 1 

Figure 9 Fracture morphology of 80% square skeleton: (a) (b) compressed with the direction of Z axis, insert is 2 

the macro fracture image; (c) (d) compressed with the direction of X axis 3 

Figures 10 shows the fracture morphologies of solid cube tungsten compressed along the Z 4 

axis and X axis, respectively. The fracture is along the diagonal direction of the block from the 5 

macroscopic image. Compared with the fracture surface compressed along the X axis, there are 6 

more obvious tearing morphology when compressed along the Z axis (shown in Fig.10a). When 7 

compressed along the Z axis, the angle between normal direction of the slip surface and the central 8 

axis of force is 90 degree. In this case, the stress is parallel to the direction of crystal grain. The 9 

crystals have been twisted, causing a brittle fracture (Fig. 10b, insert image). In the higher 10 

magnification image shown in Fig. 10b, brittle fracture can be clearly observed, including 11 

tearing-like and cleavage morphologies. A dense solid tungsten is a brittle material, and thus 12 

initiation and propagation of cracks are extremely fast, either through grain twisting/brittle fracture 13 

or intergranular fracture.  14 
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 1 

Figure 10 Compressive fracture morphology of cube tungsten: (a) (b) compressed along the Z axis, insert image; 2 

(c) (d)compressed along the X axis; Insert images are macro fracture 3 

3.4 Mechanisms of compressive fracture of porous skeleton 4 

Results clearly show that morphologies of the SLM processed samples along the Z axis and 5 

XY plane are quite different. The grains in the building direction show a columnar morphology. 6 

However, in the XY plane, grains show an equiaxial morphology. These different structures 7 

determine their fracture behaviors and fracture modes during the compression process [27,28]. 8 

Figures 11 (b-d) schematically show the compression process of tungsten skeleton along the X axis. 9 

When compressed along this direction, the cracks appeared in XY plane are much smaller. The 10 

grains on the XY plane show an equiaxed crystal morphology. The fracture firstly appears at the 11 

grain boundaries. However, with the increase of pressure, microcracks appear between the 12 

adjacent gains, thus the cracks propagate along the grain boundaries thus forming intergranular 13 

fracture. Figures 11(e-g) schematically show the compression process along the Z direction. In this 14 

case, the grain growth direction is parallel to the Z axis. The rough macroscopic fracture appears in 15 

the YZ plane and the grains show a tearing-like and decohesion morphology. When the angle 16 

between the normal direction of the sliding surface and external force (F) is 90°, the grains stop to 17 

slip. However, if the stress applied to the grains is larger than the critical value, the partial bending 18 

of crystals and tearing will occur, and then the crack develops into a macroscopic fracture.  19 
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 1 

Figure 11 Schematic representation of compressive fracture process for the tungsten skeleton: (a) Gains 2 

topography of SLM ample; (b) Sampling belong the X axis; (c) (d) (e) (f) (g)  3 

4.  Conclusion 4 

Following conclusions can be obtained from this study:  5 

(1) The porous skeletons with honeycomb and square shapes were successfully prepared 6 

using the LSM process. The skeletons have a porous structure with porosity values of 52 vol.% 7 

(honeycomb), 68 vol.% (square), and their compressive strengths are 256 MPa and 149 MPa, 8 

respectively. The hardness of a dense cube on XZ plane is higher than XY plane, and the 9 

maximum difference is 70.9 HV.  10 

(2) In the SLM processed porous tungsten samples, the grains present an equiaxed 11 

morphology in the XY plane, and a columnar morphology (parallel to the Z axis) in the YZ/XZ 12 

plane. The overlapping rate between adjacent laser channels (XY plane) is about 40%. In the YZ 13 

plane, the scale morphology of superimposed laser channels can be clearly observed. 14 

(3) The fracture mechanism is determined by the columnar crystals along the Z axis of the 15 

SLM samples. When compressed along the Z axis, some columnar crystals will show transgranular 16 

fracture, then microcracks are formed thus leading to the fracture with a rough morphology. When 17 

compressed along the X axis, the deflection of cracks occurs between adjacent crystal grains, and 18 

the fracture morphology is a typically intergranular fracture.  19 
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