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A B S T R A C T   

The population of build defects as a function of position on the build plate was examined in Ti-6Al-4V specimens 
fabricated on two common commercial laser powder bed fusion (LPBF) systems. Using standard build parame
ters, X-ray computed tomography revealed that spatial heterogeneity of the defect population can be substantial, 
relative to the variations in defect population that can occur due to other parameters, e.g. part geometry, build 
orientation, and laser power schedule. To understand the potential importance of such variability, its impact on 
fatigue performance is considered. Asymmetries inherent to LPBF fabrication are investigated as potential 
sources of the spatial heterogeneity, with shielding gas flow simulations providing an explanation.   

1. Introduction 

Metal additive manufacturing (AM) is a rapidly emerging technology 
with the potential to displace traditional fabrication methods in several 
industries [1–4]. Currently, the most common subset of metal AM is 
laser powder bed fusion (LPBF) [5]. During LPBF, a laser is used to 
selectively fuse metal particles together, forming a solid component 
layer-by-layer. LPBF requires an inert build environment of argon or 
nitrogen-rich gas. This gas is streamed over the build plate to inhibit 
oxidation and remove by-products at the laser-powder interaction zone. 
Although this manufacturing technique can provide benefits when 
compared to traditional manufacturing, an industry aversion to fracture 
critical implementation exists due to ubiquitous defect populations 
found in LPBF components [6]. 

One indicator of the likelihood for defect formation is non-optimal 
thermal fields surrounding the melt pool. If the input energy is too 
low, the melt pool will shrink. This can create regions of insufficient melt 
overlap, which contain unmelted powder particles and inadequate 
adherence between layers, known as lack of fusion defects [7–9]. 
Inversely, if the input energy is too high, defects resulting from melt pool 
instabilities will dominate (e.g. powder displacement, molten ejection 
due to recoil pressure, and keyhole formation) [10–13,14,15]. These 
defect populations are detrimental to the mechanical performance and 

reliability of LPBF components, specifically with regard to fatigue life 
[16–19,20,21]. For this reason, the ability to predict, and thus reduce, 
defect populations is critical for the maturation of LPBF technology. 

Substantial efforts have been made to correlate defect formation to 
the prescribed power schedule during LPBF (e.g. laser power, scan 
speed, and scan strategy). Several studies have attempted to find optimal 
build parameters by investigating the melt bead characteristics of single- 
scans across a powder layer with varied laser parameters. These works 
produce LPBF process maps, with most reliant on the concept of melt 
pool energy density [22–25,26]. Component scale studies have also been 
performed to examine the influence of scanning strategy, geometry, 
build orientation, and heat buildup on defect populations [27–30,31, 
32]. These studies are tedious and expensive to perform; thus, conjugate 
computational models have been pursued to mirror experimentation 
[33–36]. The scale of these models ranges from fluid dynamics and so
lidification models of the melt pool to predicting defect distributions due 
to power schedule and build specific variables at the component scale. 
These models focus on the effects of prescribed build parameters (e.g. 
power schedule, build strategy, component geometry, and build orien
tation) on fabrication quality, without the consideration of the sto
chastic and systemic aspects of defect formation in LPBF systems. 

Although improving build parameters in an effort to decrease defect 
formation is critical, and thus deserving of such an intensive research 
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effort, we are unaware of published studies focused on the baseline 
variability of defect formation during a LPBF build. Specifically, a need 
remains to quantify defect distribution fluctuations expected during 
fabrication due to variables beyond the prescribed build parameters. To 
determine the significance of this point, two single sets of titanium 
specimens from previous projects, fabricated on different commercial 
LPBF machines, were examined. Computed tomographic (CT) analysis 
was performed on both sets of specimens to quantify the defect popu
lation across the build plate. The importance of the measured spatial 
variability was quantified by considering high cycle fatigue performance 
within the context of a weakest link model [19]. Lastly, the variability 
was examined relative to asymmetrical aspects of LPBF machines (e.g. 
re-coating, laser incidence angle, and the shielding gas velocity field). 

2. Materials and methods 

2.1. Specimen fabrication 

Two single sets of Ti-6Al-4V specimens were fabricated from two 
common commercial LPBF machines: the EOS M290 and the 3D Systems 
ProX DMP320. The M290 build envelope is 250×250×325mm (WxDxH) 
with a high speed steel blade re-coating system that deposits powder 
moving right to left; adhering to the frame of reference suggested by 
ISO/ASTM standards [37], using the perspective from the viewing 
window looking down on the build plate for both machines. That is to 
say, the “front” and “back” of the build plate are the edges closest and 
farthest from the build chamber door, respectively. The M290 employs a 
400 W Yb-fiber laser with a 1100 nm wavelength. The system is capable 
of rapidly rastering the laser across the build plate at speeds up to 7000 
mm/s utilizing an F-θ lens, although typical fabrication speeds are a 
fraction of this. The M290 infill build parameters followed a 
bi-directional parallel scanning strategy and are outlined in Table 1. 
Ultra-high purity (UHP) argon gas ([O2]<1000 ppm) is pumped through 
grated inlets with circular holes at the back of the build plate. This 
shielding gas system flows from back to front of the build plate where it 
is evacuated from the build chamber through an outlet and recirculated 
through the system. As seen in Fig. 1a, forty cuboid specimens were 
fabricated with the M290 system using LPW grade 23 Ti-6Al-4V powder 
stock. The LPW particle size distribution and chemical composition are 
shown in Table 2. Re-used powder was utilized during fabrication as fine 
particle agglomerates, which are more common in virgin powders, have 
been shown to increase defect populations and reduce the mechanical 
performance of LPBF components [38,39]. Specimen locations were 
distributed across the 625 mm2 build plate surface in accordance with 
NASA recommendation [40]. Each specimen had a square cross-section, 
rotated 45∘ about the build axis, with an edge length of 14 mm and a 
height of 105 mm oriented vertically from the build surface. The pre
scribed build parameters were held constant for all specimens as the EOS 
M290 system default settings for Ti-6Al-4V fabrication. This ensured 
that comparative analysis between specimens would be independent of 
power schedule, geometry, and build orientation. 

The DMP320 has a larger build envelope of 275×275×430mm 
(WxDxH) utilizing a bi-directional silicon strip powder deposition sys
tem. The DMP320 uses a 500 W Yb-fiber laser with a 1070 nm wave
length. The infill build parameters followed a bi-directional parallel 
scanning strategy and are outlined in Table 1. Before fabrication, the 

DMP320 build chamber is evacuated. Then UHP argon gas is introduced, 
flowing over the build plate from front to back (reversed direction of the 
M290). An open outlet at the back of the build plate draws gas flow from 
a linear inlet jet parallel to the build surface at the front of the build 
chamber. The DMP320 system advertises argon gas flow with extremely 
low oxygen content ([O2] < 25 ppm). Ninety-three specimens were 
fabricated on the DMP320 with re-used Tekmat ASTM grade 23 Ti-6Al- 
4V powder stock (Table 2). The build layout involved a combination of 
vertically built cylindrical and horizontally stacked cuboidal specimens 
as seen in Fig. 1b. The cylinders and cuboids had a cross-section diam
eter or square edge length of 13 mm, with a length of 94 mm along their 
long axis. Specimens were distributed across the build plate as five 
colonies of nine cylinders located at the four corners and the center of a 
rotated square build layout, connected by eight walls each containing six 
cuboidal specimens as seen in Fig. 1b. Similar to the M290 build, the 
DMP320 system default parameters for Ti-6Al-4V were used for all 
specimens. 

After fabrication, both sets of specimens underwent a low tempera
ture stress relief treatment in accordance with the best-practice recom
mendation of the manufacturers. The M290 specimens were heated to 
704∘ C for one hour in an argon environment then air-cooled. The 
DMP320 specimens were heated for two hours at 663 ∘ C then slowly 
cooled in an inert environment. Both of these thermal treatments are 
expected to reduce residual stresses in LPBF Ti-6Al-4V to negligible 
levels [41]. 

2.2. Defect distribution quantification 

To examine the build defects produced by the M290 and DMP320, X- 
ray CT was performed on a Zeiss Versa 520 micro-CT. A cylinder with 
height and diameter of 7 mm was scanned at the midpoint of each 
specimen’s long axis as seen in Fig. 2. The center 12 mm of each spec
imen was reduced to a diameter of 9 mm via a turret lathe. This was 
done to improve the X-ray CT analysis, reducing cost and noise. The 
diameter of the reduced section was much larger than the diameter of 
the scanned volume ensuring that surface machining did not affect scan 
results. X-ray CT was performed on the reduced section with the 
following parameters: power of 10 W, current of 71.6μA, and an accel
eration voltage of 140 kV. Approximately 1015 projections were 
collected on a scintillator detector rotating 360∘ around the specimen 
axis with 2.5–5 s exposure times for each scan. Voxel sizes were main
tained at about 7μm, entailing approximately 785 M voxels per scan. 3D 
analysis of the CT data was performed via the software package ImageJ 
[42], where low density regions containing eight or more contiguous 
7μm voxels were classified as build defects (an effective spherical 
diameter of 17μm). For reference, defects below a critical size of ~ 26μm 
are thought to be inert with respect to their contribution to high cycle 
fatigue failures in LPBF T-6Al-4V [43]. Conversely, due to the relatively 
small defects found in LPBF Ti-6Al-4V, fatigue response is not governed 
by the largest or most geometrically detrimental defect as in traditional 
fracture mechanics [18,43,44]. For these reasons, the shape of the de
fects in each specimen are not considered in this work. 

All forty specimens of the M290 build underwent CT scanning. As 
will be discussed in Section 3.1, the results of this scanning showed the 
most extreme deviation in defect populations were found near the edges 
of the build plate due to systemic asymmetries associated with the LPBF 
process. For this reason, and coupled with the cost of CT analysis, only 
nineteen of the ninety-three specimens (ten cuboids and nine cylinders) 
were examined from the edges of the DMP320 build plate. The defect 
populations were quantified using three metrics. The first was defect 
number density, or the number of defects meeting the criteria defined 
above per unit of scanned volume. The next was defect volume fraction, 
calculated by taking the ratio of the total defect volume to total scanned 
volume. The final metric was the effective diameter of individual de
fects. For each cluster of contiguous low density voxels within the 
scanned section meeting the build defect criteria defined above, an 

Table 1 
Ti-6Al-4V infill build parameters for the M290 and DMP320 LPBF systems.   

Laser 
Power 

Scan 
Speed 

Hatch 
Distance 

Layer 
Thickness 

Beam 
Diameter 

Energy 
Density  

(W) (mm/ 
s) 

(μm) (μm) (μm) (J/ 
mm3) 

M290  280  1200  140  30  100  55.6 
DMP320  245  1250  82  60  85  39.8  
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effective defect diameter was calculated by assuming the shape of these 
low density voxels’ volume to be spherical. The effective defect diameter 
of each defect was then averaged for every specimen’s scanned volume 
individually, and for all defects in every scanned specimens from the 
M290 and DMP320 builds as a whole. 

3. Results and analysis 

3.1. Defect populations 

The goal of this work is to identify and compare the spatial de
pendency of fabrication quality produced by the LPBF systems studied 
here. Due to the differences in component geometry, build parameters, 
and powder composition detailed in section 2, no conclusion on the 
superiority of one system relative to the other can be established [5,17, 
33]. For the two cases presented here (Table 3), the observed mean 
number density and volume fraction of defects in the components 
fabricated on the M290 were approximately an order of magnitude 
lower than those fabricated on the DMP320. Although more defects 
were observed in the DMP320 specimens, the average effective diameter 
of all defects measured in the M290 specimens was slightly larger 
(8.5%). Reiterating, the source of difference in average build quality 
between these two sets of specimens is not obvious to the authors as the 

discrepancies in build inputs creates too large of a parameter space for 
analysis. Contrastingly, this is not the case when considering the vari
ability of defect populations among specimens fabricated from the same 
build with the above mentioned variables held constant. For this reason, 
the defect population dependence on build plate location within each 
build was analyzed separately. The resulting defect population trends 
and the degree of spatial dependency of the build quality identified 
within each build was then compared. 

Considering the measured defect number density and volume frac
tion from the M290 build in Fig. 3a and c, it is clear that part quality is 
not spatially constant, but drastically reduced in a small region towards 
the back of the build plate. Specifically, the four specimens closest to the 
gas inlet (specimens 1–4) show an increased defect volume fraction by a 
factor ranging from 6 to 16 and an increased defect number density by a 
factor of 11–32 when compared to the average values from the 
remainder of the build (specimens 5–40). These same four specimens 
have an average effective defect diameter 14% smaller than the rest of 
the build. In other words, the specimens with highest number of defects 
have a reduced average defect diameter when compared to higher 
quality specimens. This observation might suggest that a separate 
mechanism could govern defect formation in this region of the build 
plate. Such a change in formation mechanism will be discussed further 
in Section 3.3. 

Examining the CT results for the DMP320 in Figs. 3b and 3d, a clear 
region of poor fabrication quality is not initially obvious. At the back of 
the build plate near the shielding gas outlet, the two wall specimens 
(specimens 2 and 3) exhibit the highest defect number density and 
volume fraction throughout the build. This is consistent with the M290 
data, indicating a region of reduced fabrication quality near the back of 
the build plate, i.e. close to the gas inlet in the M290 and outlet in the 
DMP320. The cylindrical specimen closest to the gas outlet (specimen 1) 

Fig. 1. Build layouts for the Ti-6Al-4V specimens fabricated on (a) an EOS M290 and (b) a 3D Systems ProX DMP320 LPBF system.  

Table 2 
Particle size distribution (PSD) and chemical composition (wt%) of Ti-6Al-4V powders.   

PSD (μm) Ti Al V Fe O N C H 

LPW 15–45 Bal.  6.4  4.0  0.2  0.12  0.02  0.02  0.002 
Tekmat 20–53 Bal.  6.17  3.88  0.16  0.075  0.02  0.007  0.002  

Fig. 2. Defect population in EOS M290 specimen 4 with reduced midsection for 
efficient CT imaging. The scanned cylinder has a diameter and height of 7 mm. 

Table 3 
Quantified defect populations in both LPBF systems.  

Build Defect Data Specimen Data 

System Measurement Defect 
Diameter 
(μm) 

Defect Volume 
Fraction (%) 

Defect Number 
Density (mm− 3) 

DMP320 Average 4.12E+ 01 3.56E-02 7.26E+ 00  
Variance 1.70E-01 5.56E-04 1.70E+ 01 

M290 Average 4.47E+ 01 3.74E-03 5.44E-01  
Variance 2.72E-01 4.01E-05 1.43E+ 00  
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Fig. 3. Measured specimen defect number density across the build plate of the (a) EOS M290 and (b) 3D Systems ProX DMP320 build. Measured defect volume 
fraction across the build plate of the (c) EOS M290 and (d) 3D Systems ProX DMP320 build. 

Fig. 4. Defect volume fraction in (a) M290 and (b) DMP320 specimens plotted as a function of distance along the build plate with 0 mm being the front of the build 
plate and 250 mm/275 mm being the back of the build plate for the M290 and DMP320 respectively. Note: The DMP320 specimens were plotted on separate axes to 
account for the effects of component geometry and build orientation on defect volume fraction. 

T.P. Moran et al.                                                                                                                                                                                                                                
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deviates from this trend, exhibiting only average defect number density 
and volume fraction when compared to the overall build. This may be 
due to differences in geometry and build orientation between the cy
lindrical and cuboidal specimens in the DMP320 build [32]. Because the 
effects of build orientation and geometry are beyond the scope of this 
work, which is to investigate spatial variability while holding these 
variables constant, it is necessary to separate the two specimen types 
when analyzing build quality. Fig. 4b shows that upon separation by 
component type between two axes, a common trend for both geometries 
is observed. Unlike the M290 data which shows a small region con
taining a sudden and large deviations in part quality when compared to 
the rest of the build (Fig. 4a), the defect volume fraction in the DMP320 
slowly increases with increased distance from the gas inlet. Despite the 
limited data presented in Fig. 4b, a strong positive correlation between 
defect volume fraction and distance along the build plate is quantified 
by a high Spearman’s rank-order correlation coefficient (ρ = 0.76), 
shown to be statistically significant (p = 0.00015). With increased CT 
scanning this correlation would be expected to increase, although the 
absence of scanned specimens from the center of the build plate could 
deviate from the trend presented in Fig. 4b. 

In addition to the sudden decrease in quality at the back of the build 
plate in the M290 versus a continuous trend of decreasing quality along 
the build plate in the DMP320, it is worthwhile to compare the degree to 
which location on the build plate causes deviation from the average 
build quality in both builds. In the DMP320, cylindrical specimens 1 and 
cuboidal specimens 2 and 3 show the lowest part quality when group 
geometries are analyzed separately. These specimens equate to an 
increased defect number density and volume fraction by a factor of 
approximately two. This, in contrast to the M290 build, is a much 
smaller deviation from the mean part quality, implying a reduced spatial 
dependence on fabrication quality in the DMP320. 

Despite relative deviations from the mean part quality being far more 
extreme and localized in the M290, the total range of measured defect 
volume fractions within the DMP320 build is greater than the M290 due 
to the DMP320′s decreased average build quality. Treating each scanned 
specimen’s measured percent defect volume fraction as a discrete data 
point, the range of defect volume fraction within each build due to 
spatial dependencies can be quantified by taking the difference between 
the maximum and minimum values. This range of measured defect 
volume fractions is 0.03% for the M290 and 0.092% for the DMP320. 
Comparing this metric, to previous studies examining part quality 
sensitivity to prescribed build parameters can be useful. Shange et al. 
examined the defect volume fraction in LPBF Ti-6Al-4V parallelepiped 
components as a function of local geometry by varying the overhang 
angle from the build plate [45]. Shange found that porosity was 
inversely proportional to the degree of overhang, with angles from 20∘ to 
90∘ producing a percent volume fraction decrease of 0.05%. Elambas
seril et al. investigated the defect volume fraction sensitivity to 
component build height in tall thin cylindrical Ti-6Al-4V specimens 
[30]. Using X-ray CT analysis Elambasseril showed changes in defect 
size, shape, and density towards the top of the cylinders due to heat 
build up in the components during fabrication. This change in percent 
defect volume fraction from the bottom third to the top third of the 
cylinders was 0.075%. Kasperovich et al. studied the effects of power 
schedule on defect volume fraction in LPBF components utilizing syn
chrotron tomography [10]. Specifically, the defect volume fraction 
measured in Ti-6Al-4V cubes as a function of hatch spacing, scan speed, 
and laser power were analyzed to bound optimal build parameters. The 
hatch distance, varied from 20 to 180μm, showed the smallest difference 
between the maximum and minimum defect volume fraction measured 
of 0.11%. Varying the laser power from 100 W to 200 W showed a 
increased volume fraction range of 0.81%. Lastly, the laser scan speed 
was increased from 200 mm/s to 1100 mm/s. This resulted in the largest 
volume fraction range of the three experiments of 2.29%. Contrasting 
the degree of spatial variability in defect populations measured here, 
which are independent of the prescribed build parameters, to the effects 

of these parameters in the three studies cited above suggests that spatial 
dependency plays a considerable role on LPBF fabrication quality. This 
degree of variability is shown in Fig. 5, where it is clear that build plate 
location is as influential on defect formation as variables like overhang 
angle, hatch distance, and build height, but less important than laser 
power and velocity.1 For this reason, future efforts to optimize compo
nent fabrication quality should also consider the spatial dependency of 
defect populations for a given LPBF system in addition to the prescribed 
build parameters. 

3.2. Predicted fatigue response 

In an attempt to provide context for the level of observed build plate 
variability, Li et al.’s [19] weakest link fatigue life model is considered. 
This model was experimentally validated by preforming fatigue testing 
of Ti-6Al-4V specimens in the “as-built” surface condition after under
going a low temperature stress relief treatment, similar to the work 
presented here. Li found that increased internal defect populations in 
specimens with “as-built” surfaces from the same build were responsible 
for a reduction in fatigue life, although other working hypotheses for 
this decreased performance exist [46]. In this model “internal” refers to 
defects far from the boundary, in the bulk of the component, where 
defect quantification via CT analysis can be more accurately performed. 

This weakest link model assumes a random fatigue life associated 
with each crack initiation site (i.e. defect), and a specimen life that is the 
minimum of its defects’ fatigue lives. A relationship between the sur
vival probability of a specimen and its number of crack initiating defects 
can then be written as 

P(log10Nf > log10nf ) = Sα(log10nf ) = (Sβ(log10nf ))
η
, (1)  

where P is the survival function of a specimen, α, with a fixed number of 
crack initiating defects. Sβ represents the survival function of a spec
imen, β, identical to α but with a homogeneously different defect pop
ulation. η represents the ratio of the number of internal defects between 
the two specimens, i.e. the number of internal defects in specimen α 
divided by the number in specimen β. Although defects at or very close 
to the surface (where CT analysis becomes difficult) are expected to be 
greater in number than internal defects in the bulk, this model assumes 
that the ratio of internal defect densities is equal to the ratio of surface 

Fig. 5. Comparing the degree of variability using the range of defect volume 
fractions due to spatial dependency measured in this work with the results of 
five parametric studies of LPBF [10,30,45]. 

1 Noting that this is true within the parametric boundaries of these studies, 
and that the relative importance of these variables may increase or decrease 
with large deviations from optimal parameters (e.g. very large hatch distance) 
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defect densities between two specimens. That is to say that ηbulk= ηsurf. Nf 
is a random variable representing the number of cycles to failure of a 
particular specimen. 

Assuming the presence of a large number of crack initiating defects, 
whose fatigue lives have independent and identically distributed (i.i.d.) 
attributes, asymptotic order statistics [47] provides a compact and 
useful description of the survival function for the specimens considered 
in this work, i.e. the three parameter Weibull distribution [48], 

S(log10nf ) = e
−

(
log10nf − θ

λ

)κ

, (2)  

where λ is associated with the variance of log10Nf , κ is the shape 
parameter describing failure rate with respect to log10nf , and θ is the 
location parameter controlling the minimum observable value of 
log10Nf . Keeping with traditional fatigue literature, the stress amplitude 
(σa) is assumed to be linearly related to number of cycles to failure (Nf) 
in log10 − log10 space, with the variance of these logarithms assumed to 
be independent of one another during high cycle fatigue [49,50]. 
Therefore, the stress dependency of fatigue life must be independent of κ 
and λ, being described only by the location parameter, θ, in the following 
form, 

θ = Alog10σa + B − λΓ
(

1 +
1
κ

)

, (3)  

where κ is governed by the total data variability, and A and B are gov
erned by the stress dependence and the mean of the fatigue data, 
respectively. 

The parameters for equation 2 and 3 were validated for stress 
relieved LPBF Ti-6Al-4V in the “as-built” surface condition and are 
available in [19]. Assuming an “as-built” surface condition, the pre
dicted number of cycles at which 95% of specimens considered here are 
expected to survive as a function of stress amplitude and defect number 
densities can be calculated by plugging equations 2 and 3 into equation 
1. Comparing the specimens containing high defect number density 
(specimens 1–4 for the M290 and specimens 1–3 for the DMP320) 
relative to the average defect number density of the remaining speci
mens in each build is plotted in Fig. 6. The high quality (i.e. low defect 
number density) parts away from the back of the build plate on the 
M290 (specimens 5–40) are predicted to perform the best. Following 
these specimens were the four lower quality M290 specimens (speci
mens 1–4) with the second lowest defect number density. Having an 
increased defect number density, the DMP320 specimens were predicted 

to perform the worst. Although a large reduction in fatigue life is ex
pected for the DMP320 specimens, the difference between specimens 
1–3 and 4–19 is small when compared to the two sets from the M290. 
This again is a result of the low build plate variability of the DMP320 
specimens when compared to the high build plate variability in the 
M290 build. 

3.3. Role of shielding gas 

Due to the aforementioned dependence of component quality on 
build plate location observed in both commercial machines, asymmet
rical aspects of the LPBF systems are examined here in an attempt to 
elucidate causation. One inherent asymmetry in both machines is the 
laser incidence angle. The laser housing is centered above the build plate 
creating a decreased laser incidence angle as the scan progresses radially 
outward towards the boundary of the build plate. This change in inci
dence angle could theoretically impact defect formation towards the 
edges of the build plate. However, no such trend in defect populations 
was observed. Another source of imbalance during LPBF is the deposi
tion of powder layers. The effects re-coater direction and powder 
flowability on part quality have been reported during LPBF [38]. In both 
the M290 and DMP320, powder is deposited by the re-coater in a lateral 
direction, orthogonal to principle gas flow direction. Once again the CT 
data presented here does not suggest such a lateral trend in defect 
populations which indicates layer deposition is not responsible for 
spatial dependencies on fabrication quality. The final asymmetry 
considered was the shielding gas velocity field which moves back to 
front in the M290, and front to back in the DMP320. The CT results do 
show specimen defect distribution variations along the gas flow axis, 
with high deviations from mean build quality near the inlet of the M290 
build and to a lesser extent near the outlet in the DMP320. For this 
reason, the shielding gas velocity field for both machines is considered 
here. 

Shielding gas is standard during LPBF fabrication to avoid oxidation 
and remove by-products originating from the melt pool, e.g. molten 
ejections and powder particles entrained in the vapor plume [51–54]. If 
by-products are not sufficiently removed from the laser’s path, scat
tering can decrease the energy input to the melt pool resulting in lack of 
fusion defects [51,55,56]. Furthermore, powder particles and spatter 
ejection from the melt pool, not sufficiently removed from the build 
chamber via shielding gas entrainment, can be redeposited on the build 
plate. Large redeposited particles can increase surface roughness and 
interfere with energy input and powder distribution, creating lack of 
fusion defects [51,52,57]. Shielding gas analysis exists in the literature 
for a variety of LPBF machines with the quality of these velocity fields 
correlating to melt pool geometry, component density, and defect pop
ulations [55,56,58]. A homogeneous gas stream with velocities capable 
of removing by-products from the build chamber, without deposited 
powder disturbance, is optimal during LPBF fabrication. 

To examine the velocity fields in both systems, computational fluid 
dynamics (CFD) modeling was performed. Due to the absence of a defect 
population dependency on lateral movement across the build plate in 
either system, a cross-section of the entire build chamber intersecting 
the center of the build plate, parallel with the gas flow direction was 
considered. Steady-state single-phase CFD analysis was performed for 
both build chamber geometries to model the shielding gas systems’ 
effectiveness relative to recorded CT build plate defect population 
spatial variability. The Reynolds Averaged Navier-Stokes (RANS) 
equations and the standard shear transport (SST) κ-ω turbulence model 
[53,59,60] was implemented in ANSYS Fluent [61]. The argon gas flow 
was assumed to be incompressible, with a low Mach number ~ 0.02 [57, 
62,63]. All walls of the build chamber were modeled with no-slip con
ditions prescribed [62,63]. Rectangular and triangular linear elements 
were used to mesh the build chamber, augmented by fifteen inflation 
layers at the domain boundary. An iterative solver was implemented to 
perform the simulation, with the scaled residuals of continuity, velocity, 

Fig. 6. Weakest link fatigue life predictions using measured defect number 
density data from X-ray CT scans. 
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energy, κ, and ω used as metrics of convergence. 
During the M290 fabrication, the default settings for Ti-6Al-4V argon 

gas flow were used. The EOS engineering team provided the following 
details regarding the shielding gas system in the M290. This entailed a 
total volumetric shielding gas flow rate of 65.4 m3/hr. The M290 system 
divides the total flow among two inlets. The primary inlet is located at 
the bottom of the back wall of the build chamber, spanning the width of 
the build plate, with flow directed horizontally over the build surface. 
This inlet consumes approximately 60% of the total flow, creating a gas 
stream which functions to remove ejected particles and process by- 
products from the laser-powder interaction zone and out of the build 
chamber. The secondary inlet is a small circular nozzle centered at the 
top of the rear build chamber wall. This lens-clearing nozzle provides a 
continuous gas stream over the protective glass window housing the F-θ 
lens on the build chamber ceiling. Although maintaining a glass window 
free from debris is important to the functionality of the system, this 
stream is not expected to affect the gas stream near the laser-powder 
interaction zone and was not considered in this analysis. Modeling the 
primary flow rate of 39.2 m3/h, a velocity boundary condition of 4.6 m/ 
s was applied at each circular 3.5 mm diameter hole of the grated pri
mary inlet. With this geometry and velocity, a percent turbulent in
tensity and hydraulic diameter of 6% and 3.5 mm respectively were 
applied as initial conditions. The authors acknowledge an assumption of 
uniform velocity at all inlet holes may not be fully representative of the 
nozzle’s true velocity. However, large deviations between individual 
nozzle hole velocities are not expected as the gas pathway before the 
inlet grate is long and does not have sharp cross-sectional dilations/ 
curvature. This is assumed to produce a relatively homogeneous cross- 
sectional velocity profile before the shielding gas reaches the grated 
inlet cover. 

Initial atmospheric pressure conditions were applied to the numeri
cal domain. A cross-section of the build chamber velocity field magni
tude from the prospective of the right side of the build chamber is shown 
in Fig. 7a. Towards the back of the build chamber, a large high-velocity 
laminar eddy is observed near the inlet. This circular flow deviates from 
the boundary layer flow parallel to the build plate surface. The jet 
stream continues across the build plate until boundary layer separation 
and evacuation out of the build chamber occurs through the outlet. This 
circular flow region near the inlet will entrain and locally circulate by- 
products formed by the melting of particles, causing scattering of the 
laser and thus lack of fusion defects. Additionally, small particles and 

molten ejection circulated in the laminar eddy will be locally redepos
ited, causing inhomogeneities in powder layer thickness which will also 
contribute to lack of fusion defect formation. The shift in defect for
mation mechanisms from that of sub-optimal build parameters 
described in Section 1 to by-product laser scattering and/or redeposition 
onto the build plate could be responsible for the measured decrease in 
effective defect diameter in this region, discussed in Section 3.1. 
Comparing the back row of specimens in Figs. 3a, 3c, and 4a to the 
bottom right corner of Fig. 7a, a clear correlation between the region of 
circular flow (i.e. the laminar eddy in Fig. 7b) and measured increases in 
both defect volume fraction and number density are present. This fluc
tuation in gas velocity field is the source of the high deviations in 
specimen quality for specimens fabricated within the laminar eddy 
when compared to specimens fabricated elsewhere on the build plate 
experiencing boundary layer flow parallel to the build plate. 

In contrast to the M290, the DMP320 gas flow driving force is a 
negative pressure maintained at the outlet. The DMP320 Ti-6Al-4V 
argon gas flow settings were built into the machine software and are 
not available to the authors, as this information is considered pro
prietary by 3D Systems. Accordingly, a parametric study was necessary 
to examine the effects of the pressure boundary condition prescribed at 
the outlet on velocity field shape and magnitude. It was found that as the 
magnitude of the pressure boundary condition was increased so did the 
gas velocity, but the general shape and trends of the gas flow field 
remained constant over the examined range of − 25 Pa to − 500 Pa. The 
final pressure boundary condition of − 70 Pa was applied to the outlet 
with a turbulent intensity and hydraulic diameter of 5% and 15 mm 
respectively. This pressure was chosen to produce mean stream veloc
ities at the center of the build plate approximately equal to the M290 
model. Unlike the M290, the resulting DMP320 velocity field (Fig. 7c) 
does not present a clear explanation for the decreasing specimen quality 
towards the back of the build plate. The velocity field shows boundary 
layer coverage of the full build plate, free of large eddies close to the 
laser-powder interaction zone. This homogeneous shielding gas field is 
believed to be responsible for the improved consistency in specimen 
quality across the build plate when compared to the M290 build. 

One potential explanation for the increasing number of defects in 
specimens towards the back of the build chamber is that by-products 
could be more easily entrained in a recirculated flow above the build 
plate in the DMP320. This can occur when ejected particle velocities are 
high or the bulk flow stream is thin, allowing the particle to pass through 

Fig. 7. Cross-section of build chamber gas velocity field looking from the right side (i.e. down the axis of the re-coater) of the build chamber for the (a) M290 with 
the gas eddy highlighted in red and (c) DMP320. A detailed view of the gas eddy in the M290 is shown in (b). 
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the primary stream and be circulated in the build chamber before 
eventual redeposition on the build plate [53]. Utilizing zero mass par
ticle tracing, the thickness of each gas stream which flows directly to the 
outlet and is not first recirculated above the build plate was measured. 
The stream thickness for the M290 was 21 mm and 11.5 mm for the 
DMP320. This analysis suggests that recirculatory particle entrainment 
is more likely in the DMP320. Due to the direction of the gas flow in the 
DMP320, recirculated particles are expected to be deposited with 
increasing density towards the back of the build plate which is consistent 
with the observed gradual decrease in part quality moving away from 
the gas inlet. Another potential explanation for the gradual increases in 
defect number density and volume fraction towards the end of the 
shielding gas stream is a reduced velocity. Reduced shielding gas ve
locity has been observed in other LPBF systems to be inversely propor
tional to part density, as insufficient velocities will not have enough drag 
force to entrain and remove by-products from the build chamber [51,53, 
57]. As can be seen in both systems, the velocity fields decrease moving 
away from the gas inlet. These effects could be responsible for the small 
increase in the DMP320 defect population and would not be as obvious 
in the M290 due to the overshadowing effect of the eddy. 

A possible solution for inconsistent component fabrication across the 
build plate is a redesign of the shielding gas systems to avoid the 
problems identified in this work. Such a redesign would ideally produce 
a homogeneous shielding gas velocity field covering the full surface of 
the build plate, absent of circular flow regions near the laser-powder 
interaction zone. This field would entail sufficient stream velocity and 
thickness to avoid recirculation of process by-products [51,53,57]. 
Specific improvements to these systems are beyond the scope of the 
work presented here, as potentially important variables are currently 
unknown to the authors (e.g. cost, manufacturability, and material se
lection). For this reason, only qualitative recommendations are made. In 
the EOS M290, geometrical improvements could be made near the pri
mary inlet to eliminate the detrimental laminar gas eddies. Reducing 
spatial variability in part quality for the DMP320 are less clear. This 
could potentially be achieved by redesigning the gas inlet geometry, 
resulting in a thicker jet stream across the build plate. An increased jet 
stream thickness could reduce the amount of gas recirculated up into the 
build chamber before reaching the outlet, producing less bi-product 
redeposition along the gas flow axis. 

4. Conclusion 

A major factor limiting the broader qualification and implementa
tion of LPBF components for fracture critical applications is the exis
tence of defect populations formed during fabrication [6]. An extensive 
research effort has been conducted to link formation of these defects to 
geometry and material specific build parameters. Far less work has been 
done to understand defect population baseline variability across the 
build plate. In this work, Ti-6Al-4V specimens were fabricated on two 
common commercial LPBF systems, i.e EOS M290 and 3D Systems ProX 
DMP320. The defect populations were examined with the use of X-ray 
CT, with clear spatial dependency of part quality observed across the 
build plate in both machines. The M290 showed higher part quality 
deviations from the rest of build in four of the specimens located in a 
small region towards the gas inlet. Similarly the DMP320 exhibited a less 
extreme, but continuously decreasing, part quality moving towards the 
back of the build plate. For both builds, the deviation in part quality was 
shown to be comparable in magnitude to other commonly studied LPBF 
build parameters such as hatch spacing, build height, and component 
geometry, but less important than laser power and scanning speed. To 
show the potential effects of these variations on mechanical properties 
in stress relieved LPBF Ti-6Al-4V with as-built surface condition, a 
weakest link model was implemented to examine expected fatigue 
performance. The predicted fatigue life decreases due to increased re
gions of defect number density across the build plate were found to be 
substantial. Finally, possible causes of inhomogeneous defect 

populations were investigated by examining the fundamental asymme
tries of these LPBF systems. For the M290, a large eddy in the shielding 
gas velocity field was observed near the inlet, corresponding to the same 
region where poor part quality was measured. For the DMP320 a clear 
explanation for spatially varied part quality due to the shielding gas field 
was not as clear, as the field maintained boundary layer flow across the 
build plate. This homogeneous flow is assumed to be responsible for 
increased consistency observed in the DMP320 specimens when 
compared to the M290 build. The authors hypothesize that the reduced 
defect population variability observed in the DMP320 could be a result 
of recirculation entrainment and loss of shielding gas velocity field to
wards the outlet. For a truly homogeneous build quality independent of 
component location, shielding gas systems in both machines are rec
ommended for redesign to produce a more consistent flow. 
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