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ABSTRACT 

Among different additive manufacturing technologies, Direct Metal Laser Sintering (DMLS) is gaining 
popularity to manufacture complex metal components. Tungsten, due to its inherent characteristics of 
high melting point and high thermal conductivity is difficult to process via DMLS. The objective of this 
investigation was to understand the critical material (powder type) and process parameters (laser power, 
hatch spacing and scan speed) affecting the DMLS processing of tungsten. DMLS trials were carried at 
laser power of 200-300 W, hatch spacing of 50-90µm and scan speed of 200-400 mm/s.  The trials were 
carried out on two tungsten powders with different bulk densities. Laser power was identified as the 
critical parameter affecting the densification of W powder. The density of the W samples increased with 
increase in power. At laser powers of 200 and 250 W, the densification was significantly higher for 
tungsten powder with high bulk density compared to the powder with low density. However, at laser 
power of 300 W the densification was similar for both tungsten powders. A maximum density of 96% 
theoretical was obtained in the study.  

INTRODUCTION 

Direct Metal Laser Sintering (DMLS) / Selective Laser Melting (SLM) is gaining acceptance as an 
economical technique for manufacturing near-net shape complex parts of many materials. The technique 
uses a CAD file of the part sliced into several layers as an input data for fabricating the part. The complex 
shaped parts are manufactured by exposing layers of powders to high energy lasers based on the data 
input from a CAD file [1-5].  

The characteristics of the powders used as starting raw material play a critical role in the successful 
manufacturing of parts without defects by the DMLS/SLM technique [6-10]. Powders with average size 
less than 50 µm exhibiting good flow characteristics are used as starting raw materials. In many instances 
additional processing steps like plasma densification, centrifugal atomization, plasma rotating electrode 
process, inert gas atomization etc. are carried out on the powder to obtain good flow characteristics.  The 
use of additional manufacturing steps in turn increases the cost of raw materials limiting the economical 
benefit of using the DMLS/SLM techniques for making complex shape parts. 

The effect of powder characteristics and process parameters on the densification and final properties of 
several materials like Fe [7-8], steel [3,9-13], Al-alloy [14-15], Ti-alloys [16-17] etc. during processing 



by the DMLS/SLM technique have been widely reported in literature. However there are very few studies 
focusing on understanding the effect of powder and process parameters on densification of high melting 
temperature materials like W, Mo, Nb etc. [18-20]. Identifying the critical parameters affecting the 
densification of high melting point metals like W during DMLS/SLM processing is critical for 
manufacturing complex shape parts with good mechanical properties. 

A study was carried out to identify critical process parameters effecting the densification of W powders. 
The effect of various process parameters like laser power, hatch spacing and scan speed on the 
densification of W powder was studied and analyzed. The study also focused on understanding the 
feasibility of using low bulk density (low sphericity) powder as a raw material for manufacturing parts 
with the DMLS/SLM technique. The properties of samples obtained using low bulk density powder were 
compared with typical high bulk density powders (high sphericity) used in the DMLS/SLM technique. 
The results from the present study will assist in identifying key powder and process parameters required 
for economically manufacturing W parts with superior properties through the DMLS/SLM technique. 

EXPERIEMENTAL PROCEDURE 

W powders of average size 31.91 and 19.48 µm were used as the starting materials in the study. The 
properties of the W powders used in the study are shown in Table 1. The powder with average size of 
31.91 µm exhibited a low bulk density of 8.75 g/cm3 and was identified as AM W300. The W powder 
with average size of 19.48 µm exhibited higher bulk density of 9.91 g/cm3 and was identified as AM 
WD200. Both the powders exhibited good flow properties. The morphology of the powders is shown in 
Figure 1. 

Table 1: Particle size distribution and properties data of the powders used in the study. 

Sample D10 (µm) D50  (µm) D90  (µm) Bulk density (g/cm3) Hall Flow (s/50g)

 AM W 300 17.12 31.91 56.04 8.75 9 

AM WD200       8.74 19.48 37.73 9.91 8 
 

A design of experiments (DOE) was carried out to understand the effect of process parameters like laser 

power, hatch spacing and laser speed on the densification of AM W300 and AM WD200 powders. The 

laser power was varied between 200-300W, hatch spacing from 50-90µm and laser speed between 200-

400 mm/s. The details of the DOE run carried out in the study is shown in Table 2. A total of 32 cubical 

samples (16 samples from each powder) of 10 mm x 10 mm x 10 mm dimensions were fabricated under 

different process conditions. All the samples were built at constant powder layer thickness of 30µm using 

an EOS machine (model: EOSINT M 280). A base plate made of steel was used for building the samples.  

The density of the fabricated samples was measured using the Hg immersion method after sectioning 

from the base plate. The sectioned samples were polished and etched using Murakami reagent for 

carrying out the metallography analysis. The microstructures of the fabricated samples were observed 

using a Hitachi S-3000N Scanning Electron Microscope (SEM). The statistical analysis was carried out 

using the Minitab version 17 software. 

 



 

Figure 1: Morphology of AM W300 (left) and AM WD200 (right) powders 

Table 2: Factorial design of experiments (DOE). 

Randomized 
Sample # 

Power 
(W) 

Hatch Spacing 
(µm) 

Scan Speed 
(mm/s) 

Thickness 
(µm) 

1 250 70 400 30 

2 200 90 400 30 

3 300 90 400 30 

4 250 70 300 30 

5 200 70 300 30 

6 300 90 200 30 

7 200 50 400 30 

8 300 70 300 30 

9 300 50 300 30 

10 250 50 300 30 

11 300 50 400 30 

12 200 90 200 30 

13 200 50 200 30 

14 250 70 200 30 

15 250 70 300 30 

16 250 90 300 30 
 

RESULTS AND DISCUSSION 

The energy density (E) in the present study was estimated based on equation 1. 

                                              E=P/(h*v*t)                                                                        (1) 

Where P is laser power, h is hatch spacing, v is scan speed and t is powder layer thickness. The densities 
of samples fabricated at various process conditions are shown in Table 3.  



Table 3: Density of samples made from AM W300 and AM WD200 powders under various processing 
conditions. 

Randomized 
Sample # 

Power 
(W) 

Hatch 
Spacing 

(µm) 

Scan Speed 
(mm/s) 

Thickness 
(µm) 

Energy 
density 

(J/mm
3
) 

Density (g/cm3) 

AM 

W300 

AM 

WD200 

1 250 70 400 30 297.6 91.2% 94.9% 

2 200 90 400 30 185.2 87.1% 91.7% 

3 300 90 400 30 277.8 95.8% 95.0% 

4 250 70 300 30 396.8 92.6% 95.6% 

5 200 70 300 30 317.5 88.9% 93.3% 

6 300 90 200 30 555.6 90.9% 95.6% 

7 200 50 400 30 333.3 85.8% 92.0% 

8 300 70 300 30 476.2 96.4% 96.2% 

9 300 50 300 30 666.7 95.9% 95.1% 

10 250 50 300 30 555.6 91.5% 95.7% 

11 300 50 400 30 500 95.1% 95.8% 

12 200 90 200 30 370.4 89.0% 93.4% 

13 200 50 200 30 666.7 88.2% 93.4% 

14 250 70 200 30 595.2 92.4% 96.0% 

15 250 70 300 30 396.8 92.4% 95.3% 

16 250 90 300 30 308.6 92.2% 95.4% 
 

The data in Table 3 showed no direct relationship between the energy density and the resulting density of 
the samples. Prior studies focused on DMLS/SLM processing of stainless steels and Fe alloys reported an 
increase in final density of the samples with increase in energy density [6,9,10].  

Analysis of variance (ANOVA) was carried out on the data shown in Table 3 to identify the critical 
parameters affecting the densification of the powders. The results from the analysis of variance for AM 
W300 powder are shown in Figure 2. The analysis identified the three parameters i.e. laser power, hatch 
spacing and scan speed as having a statistically significant effect on the densification of the powder. The 
p value for all the three parameters was ≤ 0.05. A p value of ≤ 0.05 suggests 95% probability of the 
parameter having an effect on the densification of the powders. Laser power was identified as the most 
important factor affecting the densification of the powder. Laser power contributed to 92% of the 
variation in density of the samples. On the other hand, the hatch spacing and laser speed contributed to 
only 1 and 4% of the variation in the density of the samples. The contour plot showing the variation in 
densification of the AM W300 powder with laser power and scan speed is shown in Figure 3. The plot 
confirms the significant effect of laser power on the densification of the samples. The density of the 
sample at any given power was fairly constant with varying scan speed. Highest laser power and lowest 
scan speed resulted in achieving the highest densification of the samples. 



Figure 2. ANOVA results identifying the effect of laser power, hatch spacing and scan speed on 
densification for AM W300 powders. 

 

 

Figure 3: Contour plot showing the significant effect of laser power compared to scan speed on the 
densification of AM W300 powders. 

The ANOVA results for AM WD200 powder are shown in Figure 4. Laser power and scan speed were 
identified as having statistically significant effect on the densification of the powder. The p value for the 
parameters was ≤ 0.05. Similar to AM W300, laser power was identified as the primary factor affecting 
the densification of the powders. Laser power contributed to 70% of the variation in density of the 
samples. Scan speed and hatch spacing contributed to 10 and 2% variation in density of the samples. The 

 
Analysis of Variance 
 
Source                  DF    Adj SS    Adj MS  F-Value  P-Value 
Model                    6  0.018187  0.003031   242.26    0.000 
  Linear                 6  0.018187  0.003031   242.26    0.000 
    Power (W)            2  0.016752  0.008376   669.45    0.000 
    Hatch Spacing (µm)   2  0.000255  0.000127    10.19    0.005 
    Scan Speed (mm/s)    2  0.000692  0.000346    27.67    0.000 
Error                    9  0.000113  0.000013 
  Lack-of-Fit            8  0.000110  0.000014     5.65    0.315 
  Pure Error             1  0.000002  0.000002 
Total                   15  0.018299 
 
 
Model Summary 
 
        S    R-sq  R-sq(adj)  R-sq(pred) 
0.0035372  99.38%     98.97%      97.90% 
 



contour plot showing the variation in densification of the AM WD200 powder with laser power and scan 
speed is shown in Figure 5. The plot identified a region corresponding to low scan speeds (200-250 
mm/s) and a power settings ~250-285W for achieving maximum densification in AM WD200 powders. 

Figure 4: ANOVA results identifying the effect of laser power, hatch spacing and scan speed on 
densification for AM WD200 powders. 

 

 

Figure 5: Contour plot showing the significant effect of laser power compared to scan speed on the 
densification of AM WD200 powders. 

 
Analysis of Variance 
 
Source                  DF    Adj SS    Adj MS  F-Value  P-Value 
Model                    6  0.002884  0.000481    24.57    0.000 
  Linear                 6  0.002884  0.000481    24.57    0.000 
    Power (W)            2  0.002128  0.001064    54.40    0.000 
    Hatch Spacing (µm)   2  0.000062  0.000031     1.58    0.258 
    Scan Speed (mm/s)    2  0.000292  0.000146     7.46    0.012 
Error                    9  0.000176  0.000020 
  Lack-of-Fit            8  0.000173  0.000022     6.29    0.299 
  Pure Error             1  0.000003  0.000003 
Total                   15  0.003060 
 
 
Model Summary 
 
        S    R-sq  R-sq(adj)  R-sq(pred) 
0.0044231  94.25%     90.41%      81.98% 
 



The ANOVA results in the study showed the densification of W powder is primarily dependent on the 
laser power. The energy density did not have any effect on the densification of W powder. However, in 
case of stainless steel the densification of the powders was reported to be dependent on the energy density 
[9]. The Taylor equation for temperature distribution on a semi-infinite substrate due to a moving point 
source energy of power (P) and velocity Vx shown below can explain the difference in sensitivity of 
densification of W and steel powders to various process parameters.  

      																																			 . 	                           (2) 

where ρ is density, Cp is heat capacity, k is thermal conductivity and  is energy input [21]. A summary 
of typical properties of Tungsten and stainless steel are shown in Table 4.Tungsten exhibits significantly 
higher density and thermal conductivity compared to stainless steel. The high density and thermal 
conductivity of W makes the second term in equation 2 smaller making the first power dependent term 
dominant. The domination of the first term in the equation 2 causes the temperature distribution and 
densification of W powder to be primarily dependent on the power. In case of stainless steel, due to low 
density and thermal conductivity the second term in the equation 2 is dominant causing the densification 
to be dependent on both energy density and power. Similar observation was reported during simulation 
and experimental studies carried out for densification of molybdenum powder by SLM technology [21].  

Table 4. Typical properties of W and stainless steel (316L) [22]. 

Property Tungsten Stainless steel 
Density (g/cm3) 19.3 8.0 
Melting point (°C) 3410 1410 
Heat capacity (J/mol°C) 24 26 
Thermal conductivity (W/m°C) 172 12 

 

The effect of laser power on densification (Table 3) is shown in Figure 6. The density of the both AM 
W300 and AM WD200 powders increased with increase in laser power. The density of AM WD200 
powders increased substantially with increase in laser power from 200 to 250W and remained constant 
with further increase in laser power to 300W. The density of AM W300 powders increased linearly with 
increase in laser power from 200 to 300W. The plot clearly shows superior densification of AM WD200 
powders compared to AM W300 powders at low laser power of 200 and 250W. The smaller size and 
better packing (high bulk density) of the AM W200 powders are considered to be the reason for the 
observed superior densification at 200 and 250W power compared to AM W300 powders. Similar 
observations of superior densification of smaller size powders during DMLS/SLM processing were 
reported in prior studies [6,9]. The small size powders due to their high surface area have the ability to 
absorb laser power and melt easily resulting in superior densification than the larger size powder. The 
better packing of the powders also assists in good particle to particle contact aiding in faster melting of 
powders and achieving higher density.  

 



 

Figure 6. Variation of density of AM W300 and AM WD200 powders with laser power. 

Both the powders exhibited similar densification at a high laser power of 300W. The ability of the both 
the powders to obtain similar densification at a high laser power of 300W shows that the effect of 
difference in powder characteristics on densification can be compensated with an increase in laser power.  
Similar observation of obtaining comparable densification for 17-4 PH stainless steel powders of different 
size and shapes was reported in a study carried out by Irrinki et.al [9]. 

The dynamic viscosity of the molten liquid (µ) formed during DMLS/SLM processing is related to the 
functioning temperature (T) by 

                  (3) 

Where m is atomic mass, γ is surface tension of the liquid [23]. Fabricating samples at high laser powers 
will result in increasing the operating temperature of the molten liquid metal. The high temperature in 
turn will reduce the viscosity of the molten metal. The high temperature will also cause complete melting 
of W powder and the formation of a large amount of liquid metal. The large amount of liquid metal 
formed with low viscosity will result in enhanced densification of powders processed at high laser 
powers. The larger size of AM W300 powder require a  higher laser power of 300W to form a large 
amount of liquid to densify whereas the AM 200 powders due to its smaller size and better packing 
properties melts and densifies at lower laser powers. It is interesting to note here that the densification of 
AM 200 powder was constant with an increase in laser power from 250 to 300W. However, in case of 
AM W300 the large size and poor packing properties required higher laser power of 300W to melt and 
achieve densification matching the smaller size and better packing AM WD200. The theory also supports 
the results from the ANOVA analysis. The ANOVA analysis suggested laser power contributing to 92% 
of variation in density for AM 300 powders and only 70% for AM WD200. The smaller size and better 



packing ability of AM WD200 powders result in easier melting of powder thus minimizing the 
dependency on laser power for achieving densification. On the other hand, AM W300 powders due to 
their large size and poor packing ability are highly dependent on laser power for obtaining superior 
densification.  

A maximum density of 96% theoretical was obtained for AM W300 and AM WD200 powders in the 
present study. The obtained densities were higher than prior studies reported in literature [19-20]. 
Maximum densities in the range of 59-83% were reported from prior studies carried out on W powders 
using the DMLS/SLM technique. Zhou et al have reported obtaining 77-79% density during SLM 
processing of W powder of average size 19.4µm [19].  The experiments were carried out at laser power of 
200W, hatch spacing of 90µm and scan speed varying between 125-250 mm/s. The powder size used by 
Zhou et.al was similar to AM WD200 used in the present study. The experiments carried out at similar 
process conditions as used by Zhou et al have resulted in densities greater than 90% in the present study. 
The bulk density of the powder used by Zhou et.al. was not reported. The difference in bulk density of the 
powders might be the reason for observed high densities in the present study. In another study, Zhang 
et.al. have reported achieving <60-82% density during SLM processing of W powder of average size 
75µm [20]. In this study, the experiments were carried out at laser powers 180-200W, scan speeds of 25-
300mm/s, scan intervals of 50-100 µm and power layer thicknesses of 50-70 µm. The 75µm particle size 
used by Zhang et al. was significantly higher than the AM W300 (31.91µm) and AM WD200 (19.48µm) 
used in the present study. The large particle size of the powders used by Zhang et.al. might be the reason 
for the observed low densities. 

The microstructures along and perpendicular to the laser scan direction for powders processed at laser 
power of 200 and 300W are shown in Figure 7 and Figure 8. The microstructures in Figure 7 show 
superior densification of AM WD200 powders compared to AM W300 powders at a lower laser power of 
200W. Large size pores were observed in the microstructure of AM W300 powders. Micro cracks were 
observed in the microstructures of both the powders. The microstructures at 300 W (Figure 8) showed 
good densification and absence of micro cracks. Large grains were observed in the microstructures due to 
melting and solidification of the molten W liquid. Residual porosity was observed in the microstructures 
as the samples were not densified to complete theoretical density.  



 

                        AM W300       AM WD200 

Figure 7. Microstructures along (top) and perpendicular (bottom) to the laser scan direction for powders 
processed at laser power of 200W, 70µm hatch spacing and scan speed of 300 mm/s. 

 

 

 



 

                        AM W300                     AM WD200 

Figure 8. Microstructures along (top) and perpendicular (bottom) to laser scan direction for powders 
processed at laser power of 300W, 70µm hatch spacing and scan speed of 300 mm/s. 

The SEM micrographs of the powders along and perpendicular to laser scan direction for the powders 
processed at laser power of 200 and 300W are shown in Figure 9 and Figure 10. Similar to 
microstructures, the SEM micrographs of powders at 200 W showed superior densification of AM 
WD200 powders. The SEM micrographs of AM W300 powders showed porosity and voids.  

The SEM micrographs of powders densified at a laser power of 300W showed some porosity and micro 
cracks. The micrographs did not reveal any balling of W during densification. Gu et.al. [23] studied the 
effect of energy density on the densification of W-2.5%TiC alloy powder during SLM process. In their 
study, the laser power (150W) was held constant and the energy density was varied by adjusting the laser 
speed.  The densification of W-2.5%TiC powder was reported to increase with increase in energy density 
(lowering of speed from 300 to 100 mm/s).  However the densification of the powder decreased with 
further lowering of laser speed from 100 to 50 mm/s. The low density was attributed to the balling of the 
low viscous molten metal formed due to the high energy density. In another study, Zhou et.al. observed 
balling phenomena on the surface of W samples during SLM processing at a  laser power of 200W and 
laser speeds varying between 125-250 mm/s [19]. The observance of any balling of molten metal in the 
interior sections of the samples was not discussed. The balling of molten W metal was not observed in 
internal sections of the samples in the present study. The laser power (200-300W) and scan speeds (200-
400 mm/s) in the present study were much higher than the parameters used by Gu et.al. The results from 
the present study indicate the balling phenomena in W might be avoided by operating at high laser powers 



and higher scan speeds. Increasing the laser power might be beneficial in achieving superior densification. 
However too high a laser power might result in very high temperatures resulting in evaporation of W and 
formation of porosity/voids resulting in lower densification. The higher stresses caused due to rapid 
cooling and exposure to high temperatures might also result in formation of micro cracks and warpage. 
Thus an ideal laser power should be chosen which will result in complete melting and formation of a large 
amount low viscosity liquid assisting in rapid densification but also preventing the evaporation of powder 
and micro cracking of the samples. 

 

 

                       AM W300       AM WD200 

Figure 9. SEM micrographs along (top) and perpendicular (bottom) to laser scan direction for powders 
processed at laser power of 200W, 70µm hatch spacing and scan speed of 300 mm/s. 



 

                      AM W300                                                            AM WD200 

Figure 10. SEM micrographs along (top) and perpendicular (bottom) to laser scan direction for powders 
processed at laser power of 300W, 70µm hatch spacing and scan speed of 300 mm/s. 

CONCLUSION 

A study was carried out to identify critical process parameters effecting the densification of W powders of 
different sizes and bulk densities. Laser power was identified as the critical parameter effecting the 
densification of W powder. The laser power contributed to 92% and 70% of the variation in final density 
of the samples made from low and high bulk density W powders. At laser powers of 200 and 250 W, the 
densification was significantly higher for tungsten powder with high bulk density compared to the powder 
with low density. However, at laser power of 300 W the densification was similar for both tungsten 
powders. A maximum density of 96% theoretical was obtained in the study. The results from the study 
confirm the ability of using a low bulk density W powder for fabricating parts by DMLS technology. 
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