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Abstract
The final part density in laser powder bed fusion is influenced by the powder particle size distribution. Too fine powders are 
not spreadable, and too coarse powders cause porosity. Powder blends, especially bimodal ones, can exhibit higher packing 
densities and changes in flowability compared to their monomodal constituents. These properties can influence final part 
density. Therefore, the influence of bimodal powder on final part density was investigated. Two gas atomized 316L (1.4404) 
powders with a D50 of 20.3 µm and 60.3 µm were blended at weight ratios of 3:1, 1:1, and 1:3, and the original and blended 
powders were processed. The results show that the final part porosity increases almost linearly with an increasing volume 
fraction of coarse powder. Furthermore, the final part density is independent of powder bulk density and flowability. Measure-
ments of the top surface show that an increase of part porosity by coarse powder is caused by an increase in melt pool fluctua-
tion, which in turn causes irregular solidified scan tracks. Additionally, the results show that the powder segregation during 
coating is stronger for the bimodal powder; however, no influence of the segregation on the part density could be found.
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1 Introduction

Final part density in laser powder bed fusion (LPBF) is 
influenced by the particle size distribution (PSD) of the feed-
stock material [1, 2]. Too fine powders cannot be spread in 
LPBF. Pleass and Jothi [3] have shown that powder with a 
D90 below 10 μm becomes unusable due to overwhelming 
cohesive forces. Too coarse powders are also unsuitable for 
LPBF, as they lead to porosity [2, 4] and low surface qual-
ity [4]. Therefore, the typical particle sizes for LPBF are 
between 10 and 60 µm [5].

It is an industrial practice to blend different batches of 
powder during the refilling of LPBF machines. Properties 
of powder blends can, however, differ from those of the 
original powders. The powder packing density influences 

the final part density [6–8], and McGeary [9] has shown that 
the packing density of bimodal blends of powders is higher 
than that of monomodal ones. Furthermore, the spreadability 
of bimodal powders can differ from that of monomodal ones 
[10], and spreadability, in turn, may influence the final part 
properties and can impede the final part density [11], which 
is a major quality metric of LPBF [12]. Therefore, the effect 
of powder blends on part properties, especially part density, 
is investigated.

Coe and Pasebani [13] investigated the influence of 
bimodal powders on the final part density in LPBF. They 
compared a monomodal 316L powder (D50 = 36.31 µm) 
with a bimodal powder with two modes at 36.31 µm and 
5.52 µm. Their results show a higher tap density of the 
bimodal powder and an increase of the part density of up 
to 2% points for processing parameters with low volumet-
ric energy density. No systematic difference in part den-
sity was found for high energy densities. Chen et al. [10] 
simulated the spreading of powders and found that bimodal 
powders might, despite their high bulk packing density, 
yield no improvement of the powder density in thin lay-
ers. They attribute this to cavities in the powder bed, which 
form during the coating process. Jeon et al. [14] investi-
gated the effect of blends of spherical and non-spherical 
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powders on the part density and found that the part poros-
ity increases with the degree of particle size misfit of the 
powders. Gürtler et al. [15] simulated LPBF with blends of 
fine and coarse powders and found that powders with small 
particles compensate defects in the powder layer better than 
coarse powders.

This study investigates the effect of powder blends on part 
density in more detail. Therefore, bimodal blends of fine 
(D50 = 20.3 µm) and coarse (D50 = 60.3 µm) 316L (1.4404) 
powder are created, characterized, and then processed. The 
density of the final parts is then measured, and the melt 
pool fluctuation is measured and compared for mono- and 
bimodal powders. Eventually, the powder segregation during 
coating is investigated.

2  Materials and methods

2.1  Experimental setup

The two gas atomized 316L (1.4404) powders, with their 
PSDs shown in Fig. 1, were blended to create the bimodal 
powders in Table 1. Both initial powders have narrow PSD 
and a D50 of 20.3 µm and 60.3 µm, respectively. The coarse 
powder is much smaller than the expected effective layer 
thickness, i.e. 150 µm [16, 17], and can, therefore, be pro-
cessed in LPBF.

The powders were blended with the weight ratios listed 
in Table 1. Each powder designation was chosen to reflect 
the weight fraction of the coarse powder in percent, e.g. 
P_025 is a blend of 25% coarse and 75% fine powder, and 
P_100 consists of 100% coarse powder. The blending was 
done for 2 h in a rotating cylindrical drum. Afterward, the 
homogeneity of the mixture was verified on a Leica DM6 
light microscope.

All five powders in Table 1 were processed on a Con-
cept Laser M2, using the parameters listed in Table 2. Five 
10 × 10 × 10 mm cubes were built at five scan speeds, result-
ing in 25 cubes per powder. These cubes were evenly dis-
tributed on the build platform to compensate for location-
dependent differences in part density, as is documented in 
Fig. 2 with a coordinate system according to ISO/ASTM 
52900 [18]. Cubes downstream of the shielding gas flow 
were scanned first for each layer, i.e. the scanning order was 
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Fig. 1  PSDs of the initial powders, measured by laser diffraction

Table 1  Weight fraction of the bimodal powders blends

P_000 P_025 P_050 P_075 P_100

Weight 
fraction of 
P_000 [%]

100 75 50 25 0

Weight 
fraction of 
P_100 [%]

0 25 50 75 100

Table 2  Parameters used for powder processing

Parameter Unit Value

Laser power [W] 180
Hatch [µm] 75
Layer height [µm] 30
Scan speed [mm/s] 1000, 1500, 2000, 2500, 3000
Shielding gas – Nitrogen
Coating technology – Brush
Beam diameter, 1/e2 

(measured)
[µm] 105

Coating speed [mm/s] 100
Scanning strategy – 90° alternating, parallel to the 

sides of the cube

x

y

Shielding
gas flow

Coating
direction

Fig. 2  Position of cubes on the build platform with scan speed indi-
cated for each cube
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from left to right in Fig. 2. A custom-made insert to reduce 
the build platform to 95 mm in diameter was used. The 
powder was sampled from the build chamber and overflow 
region after the build cycle to measure the powder segrega-
tion during the coating process.

2.2  Powder characterization

The particle shape was measured using a Leica DM6 light 
microscope. Images were taken by transmitted light micros-
copy and then processed in MATLAB, where all agglom-
erates were manually removed until 3000 particles per 
powder were identified. The circularity fcirc was calculated 
according to the equation used by Bouwman et al. [19] as 
fcirc = (4�A)∕P2 , where A is the area and P the perimeter of 
the projected particle. The apparent density �a and tap den-
sity �t of each powder were measured three times according 
to ASTM B417-18 [20] and ASTM B527-15 [21], respec-
tively. The Hausner ratio H was then calculated as the ratio 
of tap to apparent density H = �t∕�a . The powder flowabil-
ity was also assessed in a REVOLUTION Powder Analyzer 
(RPA) by Mercury Scientific Inc. The avalanche angle and 
surface fractal were measured according to the procedure 
described by Spierings et al. [11] with the measurement 
principle depicted in Fig. 3.

A description of the calculation of the avalanche angle 
and surface fractal was given by Amado [22]. The avalanche 
angle is the angle between a linear regression line of the free 
powder surface in the left half of the drum and the hori-
zontal before the start of a powder avalanche, as shown in 
Fig. 3. According to Amado [22] and Spierings et al. [11], 
the surface fractal corresponds to the fractal dimension of 
the free powder surface and is a measure for the roughness 
of the powder surface. The measurement is performed after 
each avalanche. A smooth powder surface results in a sur-
face fractal close to one, more rough and jagged powder 
surfaces will result in higher surface fractals.

2.3  Part characterization

The part density was measured with the Archimedes princi-
ple in acetone. Images of the part surfaces were taken with 
a GelSight Benchtop system by GelSight Inc. Five cubes, 
each from a different powder, built with a scan speed of 
1000 mm/s were analyzed in more detail. To measure the 
melt pool, the parts were cut perpendicular to the scan direc-
tion of the top layer, polished, and etched. A 10 mm wide 
cube with a hatch of 75 µm results in 134 melt pools along 
the top surface in each cross-section for which the 114 inner 
melt pools were sampled. The melt pool depth, melt pool 
area, and scan track width, as shown in Fig. 4, were then 
measured in a semi-automatic MATLAB script based on the 
MATLAB image segmentation toolbox for each melt pool.

3  Results and discussion

The D10, D50, and D90 of P_000 and P_100, as well as their 
particle circularity, are shown in Table 3. The D-values are 
not displayed for P_025, P_050, and P_075, as they are not 
suited to describe bimodal powders. The circularity of both 
powders is similar. Any influence of the particle circularity 
will therefore be neglected hereinafter.

Figure 5 shows the cumulative PSD of all powders. Also, 
it shows the theoretical PSDs of P_025, P_050, and P_075, 
based on their respective mixing ratio of P_000 and P_100. 
A qualitative evaluation of the homogeneity of P_025, 
P_050, and P_075 with a light microscope showed good 
mixing of the powders.

The tap density, apparent density, and Hauser ratio of 
all powders are displayed in Fig. 6. The tap density of all 
blended powders is higher than that of the monomodal 
powders. The higher packing density of blended powders 
is caused by the better arrangement of particles, as it has 
been shown by McGeary [9], Du et al. [23], and Karapatis 

Powder
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of drum

Avalanche 
angle

Surface 
fractal

Fig. 3  Avalanche angle and surface fractal measurement in an RPA 
[22]

Fig. 4  Measured melt pool dimensions; P1: left contact point of 
the melt pool and the surface, P2: the intersection of a vertical line 
through P3 and the surface, P3: deepest point of the melt pool, P4: 
right contact point of the melt pool and the surface
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et al. [24] for bimodal powders. The Hausner ratios of all 
blended powders are higher than the Hausner ratios of 
P_100 and P_000. The avalanche angle and surface frac-
tal, displayed in Fig. 7, indicate low flowability for P_025 

and P_050. P_075, however, shows only a little difference 
compared to the values of P_000 and P_100.

Figure 8 shows part densities for all powders at all scan 
speeds with a regression line for each scan speed. The part 

Table 3  D10, D50, D90, 
distribution-width (D90-D10), 
and circularity of P_000 and 
P_100, volume fraction

D10 [µm] D50 [µm] D90 [µm] D90-D10 [µm] Circularity 
mean

Circularity STD

P_000 14.2 20.3 27.7 13.5 0.96 0.08
P_100 50.9 60.3 75.4 24.5 0.94 0.15

Fig. 5  Cumulative PSD of the 
original and blended powders 
and the theoretical distributions 
of the blended powders based 
on the PSD of P_000 and P_100
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Fig. 6  Mean of tap density, 
apparent density, and Hauser 
ratio with standard deviation
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and surface fractal with stand-
ard deviation
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density decreases, as typical for LPBF [2, 25], with increas-
ing scan speed. All five powders yield parts with more than 
99% mean density at a scan speed of 1000 mm/s. The part 
porosity at higher scan speeds, however, increases linearly 
with an increasing volume fraction of coarse particles. 
The linear regressions in Fig. 8 fit this linear trend with a 

coefficient of determination R2 > 0.7 for all scan speeds but 
1000 mm/s. Even though the tap density of the bimodal pow-
ders is higher than that of the monomodal ones, no increase 
in final part density can be observed for bimodal powder 
blends. Also, the decrease in flowability of the bimodal pow-
ders is not reflected in the part densities in Fig. 8. Within 
the range of tested powders, the part density only depends 
on the volume fraction of coarse and fine powder and not on 
the powder densities or flowability. These findings are sup-
ported by the results of Coe and Pasebani [13], who found 
an increase of part density for bimodal powders when com-
pared to parts made from the coarse fraction for low energy 
densities.

Figure 9 shows the top surfaces of cubes made from all 
powders at 1000, 2000, and 3000 mm/s scan speed. The 
images show, similar to previous studies [25–28], a decrease 
in the regularity of the melt tracks for an increasing scan 
speed. While P_000 yields, according to the categoriza-
tion of [28], stable tracks at 1000 and 2000 mm/s, signs of 
humping appear at 3000 mm/s scan speed. Furthermore, the 
images show a decrease in the regularity of the melt tracks 
for an increasing volume fraction of coarse powder at all 
scan speeds. Qiu et al. [25] found that irregularly shaped 
scan tracks lead to a surface roughness, which in turn causes 
porosity in the final part. The images in Fig. 9 suggest that 
the findings of Qiu et al. also apply to the experiment at 
hand. Coarse particles cause a fluctuation of the melt pool 
and, in a similar fashion, cause the porosity shown in Fig. 8.

The depth, cross-sectional area, and scan track width of 
114 melt pools were measured for cubes made from all five 
powders at 1000 mm/s scan speed, i.e. the top row in Fig. 9. 
The measurements of melt pool depth, cross-sectional area 
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Fig. 9  Top surface images showing the scan tracks of the last layer
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and scan track width all support the finding that the regular-
ity of the melt tracks decreases for an increasing volume 
fraction of P_100.

Figure 10 shows the cross-sectional area of the melt 
pools at 1000 mm/s scan speed. Welch’s analysis of vari-
ance showed no significant difference in the mean melt pool 
area between the cubes (F(4, 278.82) = 0.45, p = 0.77). A 
pairwise comparison of the melt pool area with Levene’s test 
and Bonferroni correction, shown in Table 4, confirms the 
qualitative impression in Fig. 9. The standard deviation of 
the melt pool cross-sectional area increases for an increasing 
volume fraction of P_100.

Figure 11 shows the PSD of all powders before process-
ing, as also shown in Fig. 5, and the same powders after 
processing, sampled from the build chamber and over-
flow region. The powder of the overflow region and build 

chamber were extracted from the machine after the build 
cycle, homogenized, and then measured. Therefore, the 
results show the average PSDs in the build chamber and 
overflow region. Location-dependent PSDs, e.g. at the begin-
ning and end of the coating distance, were not measured. 
All PSDs were measured before sieving. Current research 
has shown that the effective powder layer thickness for this 
experiment must be assumed to be 150 µm [16, 17], which 
is relevant for the following discussion.

The results show the segregation of all powders during 
the coating process. The bimodal powders, however, exhibit 
more segregation than the monomodal ones. The segregation 
of powder during coating has been shown previously. Mindt 
et al. [29] show that a higher concentration of fine particles 
is deposited at the beginning of the coating distance which 
logically results in coarser PSD in the overflow region. 
These results are confirmed by experiments by Slotwinski 
et al. [30]. The same effect, even though not as pronounced, 
has also been shown experimentally by Whiting and Fox 
[31]. They furthermore showed that the PSD on top of parts 
is smaller than in the powder bed. Slotwinski et al. [30] 
argue that segregation happens because the larger particles 
are more likely to be carried away by the recoater arm. This 
segregation effect becomes much greater for the bimodal 
powders than the monomodal ones in Fig. 11, as the size 
difference of the particles is larger.

As the fine particles of the bimodal powders segregate 
during the coating process, the location dependency of the 
part density along the coating distance was investigated. 
Therefore, the location-dependent density deviation of each 
cube Δ�ci from the average density �c,avg was calculated as 
Δ�ci = �ci − �c,avg , where �ci is the relative density of a cube 
i and �c,avg is the average relative density of the five cubes 
made from the same powder at the same scan speed during 
the same build cycle, as they are shown in Fig. 2. In Fig. 12, 
this density deviation Δ�ci is plotted against the location 
along the coating distance, according to the coordinate sys-
tem in Fig. 2, for each cube. Some cubes are not included in 
Fig. 12, as they showed delamination defects. The Pearson 
correlation coefficient and the corresponding p value were 
calculated for each powder.

Figure 12 shows a statistically significant correlation 
between part density deviation Δ�ci and position along the 
coating distance for all powders but P_000. Three possible 
explanations for this effect are (1) the segregation of powder 
during coating, (2) the interaction of the laser with the weld-
ing fumes, or (3) spatters.

(1) First, the porosity might be caused by the segregation 
of powder so that more fine particles are deposited at 
the beginning of the coating distance. These fine par-
ticles might then yield parts with lower porosity at the 
beginning of the coating distance. The location depend-
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Fig. 10  Box plot of the melt pool area of parts from all five powders, 
manufactured at 1000 mm/s scan speed

Table 4  Posthoc comparison of the standard deviation of the melt 
pool area for five cubes at 1000 mm/s scan speed

*Shows a significant difference at the significance level α = 0.05 for 
the adjusted values p* = 10 × p

P_000 P_025 P_050 P_075 P_100

P_000 0.006* 0.920 0.003* < 0.001*
P_025 1 1 0.005*
P_050 0.838 < 0.001*
P_075 0.020*
P_100
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Fig. 11  PSDs of the origi-
nal powders and powders in 
the build chamber (BC) and 
overflow region (OF) after the 
build cycle. P_000 BC is almost 
identical to P_000 and therefore 
hard to tell apart
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Fig. 12  Location dependent 
deviation of the part density 
Δ�ci of each cube from the 
average density of cubes made 
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the same scanning speed �c,avg , 
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ency of the part density is, however, unlikely caused by 
the segregation of the powder. Only two of the three 
bimodal powders, P_050 and P_075, exhibit a strong 
density gradient. If the powder segregation was respon-
sible for this gradient, also P_025 would also exhibit 
a strong density gradient, which it does not. Further-
more, does also P_100 exhibit a strong density gradient 
but does not segregate strongly during coating. Lastly, 
P_025 does exhibit a small density gradient but strong 
segregation during coating. Therefore, the powder seg-
regation is unlikely to cause the density gradient along 
with the built plate, but it is caused by either (2) the 
interaction of the laser with the welding fumes or (3) 
spatters.

(2) Second, the laser power might be lost by scattering 
or attenuation of the laser by the welding plume of 
the melt pool [32, 33]. However, Reijonen et al. [32] 
have found only little location-dependent influence 
of the welding fumes on the part porosity and argue 
the increased porosity in downstream parts is more 
likely caused by the deposition of spatter on these 
parts. Therefore, welding fumes are also unlikely to be 
responsible for the density gradient in Fig. 12.

(3) Third, Ali et al. [34] have shown that spatter is more 
likely deposited at the outlet of the inert gas than at the 
inlet, as spatter is carried by the shielding gas. They 
have furthermore shown that the deposited spatter 
causes higher porosity in the parts downstream. This 
observation is also reported by Ladewig et al. [33] and 
Anwar and Pham [35]. This effect is most likely to be 
responsible for the density gradient shown in Fig. 11. 
However, it is not clear why P_000 is unaffected.

Overall, all powders segregate during the coating. Fine 
particles are more likely to be deposited during the coating 
process, while the large ones are swept away by the recoater. 
The segregation of the bimodal powders is stronger, as the 
size misfit between the particles is larger. There is no evi-
dence, however, that the part density is affected by the pow-
der segregation during this experiment.

4  Conclusion

The results show that the powder properties of bimodal pow-
der blends of gas atomized 316L powder differ from those of 
their monomodal constituents. For the investigated blends, 
the tap density is higher and their flowability, measured by 
Hausner ratio, avalanche angle, and surface fractal, is worse. 
However, the final part density is unaffected by the powder 
flowability and density for the tested process parameters. 
Part density only depends on the volume fraction of coarse 
and fine powder and decreases approximately linearly with 

the volume fraction of the coarse powder. These findings 
have a few implications for the industry. On the one hand, 
no benefit of bimodal powder mixtures on part density has 
been found, which eliminates bimodal powders as a way to 
increase part quality. On the other hand, no negative influ-
ence of bimodal powders on part density was found either, 
which eliminates one concern when blending powders. 
Furthermore, the results reveal the limits for the relevance 
of powder flowability for part density in LPBF, as changes 
of flowability were not reflected in the part density of this 
experiment.

The mechanisms that led to part porosity were investi-
gated. The powder-induced increase in part porosity was 
caused by irregularities of the melt pool, which in turn were 
caused by the coarse powder particles. It was shown that the 
powder segregates during coating because the larger parti-
cles are more likely to be carried away by the recoater arm. 
This segregation was stronger for the bimodal powders, as 
the size misfit of the particles was greater. It could, how-
ever, not be concluded that the powder segregation caused a 
location-dependent part porosity, e.g. lower part density at 
the end of the coating distance.
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